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Abstract

The design of DNA-containing biomaterials for forensic science.
Amanda M. Orr
Access to human blood for forensic research and training in bloodstain pattern
analysis (BPA) can be difficult due to many ethical, safety and cost concerns.
Mammalian blood alternatives can be sourced, especially from local and willing
abattoirs, but some concerns remain, and the added difficulties of high variation
and species-specific differences in cellular components pose other issues.
Therefore, synthetic alternatives to human blood provide practical options for
the BPA community. This thesis explores the use of alginate hydrogels as a base
material for forensic blood substitute (FBS) development. Hydrogels are first
explored as a suitable environment for DNA stability and functionality and
compared to other polymer systems. The ability of DNA to remain intact while
undergoing electrospray ionization (ESI) is also investigated. The FBS design
focuses on mimicking the fluid properties and genetic capabilities of whole
human blood - a material not developed in FBSs previously. ESI was used to
develop microparticles (MPs) that serve as cellular components of human blood
(the red blood cells - RBCs, and white blood cells - WBCs). The microparticles
were ionically crosslinked using calcium to provide small MPs (RBCs) or

covalently crosslinked with functional DNA to provide larger WBC-like functional



particles. The integration of these novel MPs into alginate-based materials is
optimized and their use in BPA scenarios is explored. The FBS is tested in BPA
scenarios of dripping experiments, impact patterns, and the ability to extract
and amplify the contained DNA. In addition, the stability (or shelf-life) of the FBS
was also assessed. The FBS exhibited similar spreading ratios to blood and
demonstrated feasibility in use for impact angle (o) determination and impact
pattern creation. Importantly, the DNA contained within the FBS could be
processed with analogous protocols used in DNA evidence processing,

enhancing its applicability to BPA research and training.
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Chapter 1

An introduction to blood, DNA, and hydrogels

1.1 Blood and its Versatility in Forensic Science

The analysis of blood in criminal investigations has been well documented’?,
and its probative value can be used to answer important questions such as the
‘who', ‘what’ and ‘where’ of forensic scenarios. Bloodstain pattern analysis (BPA)
analyzes the size, shape, and distribution of bloodstains and bloodstain patterns
observed at a crime scene in order to provide information on the events that
occurred during bloodshed. Despite their value, forensic science and BPA have
deservedly faced scrutiny for lack of scientific rigour. This has been emphasized
in the 2009 National Academy of Sciences (NAS) report addressing the needs
of the forensic community® and the President’s Council of Advisors on Science
and Technology (PCAST) report which suggested the need for objectivity and
error rates studies*. While much research has been completed since 2009 to
strive to achieve accuracy, reliability, and objectivity in BPA methodologies®'°,
the field has been recognized as still needing to reduce subjectivity in BPA™'-13,
Understanding the behaviour of blood at the crime scene requires continued
efforts into fundamental research to model blood formation and interpretation.

These research endeavours will ultimately require more access to research and
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training for the BPA field, where the need for reliable blood sources to conduct

this research is paramount.

1.2 Blood Properties

Blood is a complex fluid that is primarily made of red blood cells (RBCs), white
blood cells (WBCs) and platelets all suspended in a liquid plasma’ 4 (Figure 1.1).
The RBCs account for the majority of the solid components and are small, (~8
um) flexible disc-shaped cells that have high deformability’"7. The ratio of the
RBCs to the total volume of blood, which is referred to as the packed cell
volume, or PCV%, ranges between 40-50%'82>. The PCV% varies with many
factors such as sex, age, and activity levels?3. The WBCs, which make up <1% of
the total blood volume are larger than RBCs (~15-25 pm) and contain
deoxyribonucleic acid (DNA) within their nucleus that encodes for the genetic
information useful for developing DNA profiles'?¢. Blood plasma is composed
of mostly water (92%) but also contains proteins (albumins, globulins,
fibrinogen), salts, lipids and dissolved gases'?7:?8, Given the high water content
of plasma, it has traditionally been considered a Newtonian fluid (a material

whose viscosity remains constant under various applied shear stresses), but it



has been shown that plasma in fact has viscoelastic properties influenced by the

interaction of plasma proteins'>27:2%,
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Figure 1.1. Composition of human blood®.

Related to BPA, blood has four main fluid properties that are relevant to its
behaviour at the crime scene. Viscosity is described as a material's resistance to
flow and is influenced by factors such as temperature and PCV%, where itranges
anywhere between 3.2-6.93 mPa-s'820.21.23-2530 Sy rface tension is the force (or
energy) per unit area and related to the ability of a droplet to remain intact, is

also influenced by temperature, and typically ranges from 51-61 mN-m’

2 Created with BioRender.com. Copyright is in Appendix I.



1820.21,232531.32 The density of a material corresponds to its mass per volume
(between 1052-1063 kg/m?3 182021.2325) and as described previously, the PCV%
also plays an important role in the properties of blood, which is ~45% in
humans?'. Each of these properties is inherently linked and primarily relies on
the RBCs, since more RBCs lead to a higher PCV%, an increased viscosity and

density, and influences the overall surface tension.

1.3 Modelling the Fluid Mechanics of Blood

When studying how blood impacts a surface, we consider the spreading and
splashing dynamics relating to blood'’s properties in addition to the properties
of the target surface. Blood is a non-Newtonian fluid, meaning its viscosity
changes with applied shear rates, and more specifically it is shear-thinning or
pseudoplastic (its viscosity decreases with increased shear rates)!”?'. The
spreading dynamics of blood are influenced by its shear thinning behaviour and
fluid properties, namely the viscosity, density, surface tension and PCV%?'28,
The shear-thinning behaviour of blood is also driven by the RBCs. At low shear
rates, the RBCs aggregate into stacks (called “rouleaux”) and have an increased
resistance to flow (more viscous); at higher shear rates, the rouleaux break

down, and the flexible RBCs elongate and orient in a more horizontal fashion,



which can flow more easily and decreases the overall viscosity®334. RBCs,
therefore, play a large role in the spreading dynamics of blood and have been
shown to also be influential in the drying mechanisms as well 3>, emphasizing

the importance of these cellular components in BPA scenarios.

Modelling blood in forensic scenarios can be done through the use of the
dimensionless Reynolds (Re), Weber (We), and Ohnesorge (Oh) numbers
21283637 To understand the ratio between inertial and viscous forces, the Re
number is calculated using Equation 1; the We number represents the ratio
between inertial to surface tension forces and is calculated using Equation 2;

and the Oh number is the ratio between these two, described in Equation 3.

vD
Re=u

” (1)

2
We = 2220 (3)

The variables are the density (p), impact velocity (v), the initial droplet diameter
(Do), the viscosity (n) - typically the effective viscosity, and the surface tension (o).
These numbers allow for the relative assessment of various properties relating

to bloodstain formation and can provide an intuitive interpretation of raw data?’.



For example, using these models, predictions can be made for the maximum
spread factor (Ds/Dg) where Dy is the final stain diameter, the number of spines
and scallops for dripping bloodstains?’38, and used in blood simulant (synthetic
or mammalian) validation to assess a material’'s spreading and splashing

behaviourd’.

1.4 Forensic Blood Substitutes

Access to human blood in forensic science can be problematic, relating to
ethical, biohazardous, and cost concerns3?. Other mammalian alternatives have

been explored in forensic research, but only blood sourced from ovine

18,19 40,41

(sheep)'®'?, equine (horse)??, porcine (pig)*®*', and bovine (cow)?® sources have
actually been validated for bloodstain and bloodstain pattern simulation in BPA
scenarios. These materials can be sourced locally from abattoirs, limiting the
costs associated with human blood use, but their use still poses ethical issues
(e.g., should we use animal blood?), translational issues (e.g., how applicable is
this behaviour to human blood at the crime scene?), and training limitations
relating to the inability to generate human DNA profiles. Additionally, species-

specific differences exist in the relative size and concentration of the cellular

components of blood?>30942-45 Despite this, the high number of studies using



animal blood stresses the need for access to blood in research, where synthetic

alternatives can provide many benefits.

Forensic blood substitutes (FBSs) are materials that are designed for forensic
purposes as alternatives to human blood. If designed appropriately, FBSs can
provide chemically safe, practical, and relevant (physical, biological, and
chemical) alternatives that can be used in forensic research and training*¢. FBS
materials have been explored in the past two decades using a variety of
chemistries. In 2002, Millington*’ reported on the development of a FBS
material that could be formulated using easily accessed materials such as flour,
dessert mix, strawberry sugar syrup, sodium chloride, glycerol, and various food
colourings. In 2016, Li et al.*® used a FBS made of Acrysol 110 mixed with water
and Direct Red 81 dye to obtain a material with relevant viscosity to human
blood. When comparing the wicking of porcine blood and the FBS, they found
that the wicking into fabric surfaces produced similar stain features, but was
overall larger due to the lack of solid components in the artificial material®®.
Stotesbury et al.#?°0 used hybrid inorganic-organic silicon solution-gelation (sol-

gel) chemistry to design materials that had similar fluid properties to human

blood, and validated its spreading dynamics and use in impact patterns®' in BPA



scenarios. Importantly, these works in combination with earlier work by
Stotesbury et al.3” enhanced the validation criteria for the performance of FBS
materials. Later, Polacco et al.>> demonstrated the sol-gel base is a suitable
system for the integration of horseradish peroxide (HRP), an enzyme with
structural similarity to hemoglobin, that is capable of simulated reaction with
luminol. In 2018, Li*® described a FBS made using an emulsion technique
using styrene and polyvinylpyrrolidone (PVP) as a stabilizer to develop small
particles (1-3 pym). In this work, it was demonstrated that their FBS had similar
fluid properties to human blood (surface tension, viscosity, PCV%), and showed
similar stain diameter (Ds) and number of spines and scallops on hard non-
porous surfaces and some porous surfaces®. Two years later, work done by Lee
et al.>* presented the development of a FBS that combined an amino acid
solution, hyaluronate acid, hemoglobin from bovine blood, potassium
ferricyanide, and bovine serum albumin. They reported that their materials
showed similar properties to human blood (viscosity, viscoelasticity, surface
tension, density), and showed similar stain features when dripped on steel and
glass which outperformed commercial substitutes on paper surfaces®*. The
most recent discussion of a FBS material for forensic science applications was

described by Rubio et al.>> using an emulsification technique to generate small
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polydimethylsiloxane (PDMS) microparticles (9.76 + 3.26 pm) that possessed the
flexible and deformable mechanical properties of RBCs. Their work focused on
mimicking the mechanical properties of the RBCs and obtaining a relevant
PCV%; they also found that the material’s viscosity was like human blood>. To
date, the design of FBS materials has used various methodologies to produce
varying degrees of success in mimicking human blood; however, the rise in
particle-based materials highlights the consensus of the field to develop FBSs
that incorporate RBC-like particles into their design. An area that has not been

explored for FBS development is the use of hydrogels, which is discussed next.

1.5 Alginate Hydrogels

Alginate is a negatively charged linear polysaccharide that is derived from
seaweed and is composed of repeating blocks of B-D-mannuronate (M block)
and a-L-guluronate (G block) that occur in an intermixed homogenous (MM, GG)
or heterogenous (MG) fashion®->? (Figure 1.2). Alginate can ionically crosslink
with divalent cations such as calcium (Ca?*) under mild gelation conditions (e.g.,
relatively fast timescales, performed at room temperature, in aqueous solutions,
and in neutral pH conditions) to form what is called an "egg-box” model>’

(Figure 1.2). Typically, it is assumed that the ionic crosslinking occurs only



between the negatively charged G blocks and Ca?*, where strains of alginate
that have more G blocks would lead to a stiffer gel®®¢?. The hydrophilic
components of alginate hydrogels (the COO- groups) lead to high water-
absorbing capabilities and similar mechanical properties to the extracellular
matrix (ECM) in the human body®¢°?¢0, This feature, in addition to the non-toxic,
bioinert, and biodegradability properties of alginate has driven its use in many
applications relating to biomedical fields, drug delivery, tissue scaffolding and

food packaging, among others®¢>7.61-64,
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Figure 1.2. Structure of A: alginate M and G blocks, B: linear arrangement and C: egg-box
model from ionic crosslinking with CaCl,. Adapted from Davis et al.®> and Christensen et al.%¢. ®

b Copyright permission is in Appendix |.

10



Further, by using covalent crosslinking strategies (covalently binding
crosslinkers to the alginate backbone), hydrogels can be designed with precise
control over properties to tailor materials with biological, chemical and physical
processes exhibited by the human body®'. For example, hydrogels developed
with biological functionalities (biofunctional) can mimic processes within the
human body, such as interaction with cell signalling and/or biological pathways
to obtain desired effects®?¢’%?, The type of crosslinker used in the hydrogel
growth typically reflects the end application of the material, whether it be
modifications to improve mechanical stability’®74, bioprintability’>77, or the
inclusion of functional crosslinkers’®’?. By including various lengths of amine-
modified poly(ethylene glycol) (PEG) linkers, hydrogels of different mechanical
strengths can be developed®®?®'. The bioprintability of hydrogel materials can
also be improved through the use of many different crosslinking chemistries®283,
such as those that lead to both biocompatible and self-healing gels when
crosslinked with semicarbazone imine linkages®. An example of functional
materials includes scaffolding alginate hydrogels which can be made by
covalently attaching the cell-specific ligand, RGD (Arginine-Glycine-Aspartic
Acid), to alginate. Desired cell types can be introduced into the functional RGD-
modified alginate to create cell-crosslinked hydrogels which can be used for
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regenerative applications®> 8. The inclusion of the RGD linker on the alginate
backbone is also a critical component for cellular signalling pathways in a
functional ECM mimetic®'. Other functional hydrogels typically are developed
for the purpose of biosensing, either through electrochemical or stimuli-

responsive materials (light, temperature, pH, etc.)>?¢.

Relating to blood, hydrogel-based materials have been used in the design of
particle-based blood analogues for biomedical purposes’®, and have used a
variety of techniques such as electrospray ionization (ESI) to develop particles of
RBC size and shape?®’. ESI offers a beneficial technique for particle generation
since its soft ionization technique allows for the transfer of large molecules (such
as alginate polymers - functionalized or non, and/or bioactive components) into
the gaseous phase, and can achieve nanometer to micron-sized particles®,
relevant to mimicking the various sizes of blood cells. Importantly, ESI
apparatuses for microparticle generation can be set up relatively easily with a

variety of customizable configurations.
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1.6 Objectives

The objectives of this work explore the design, characterization, and
implementation of deoxyribonucleic acid (DNA), and more specifically single-
stranded DNA (ssDNA) in forensic scenarios with a specific focus on the design

of functional blood simulants. This work has four main objectives.

Objective 1: To introduce hydrogels as a viable material for soft tissue simulation,
providing stable environments for ssDNA designed to mimic human DNA.
a) Design ssDNA to amplify with known human primer sets for CODIS loci;
and,
b) Encapsulate DNA in hydrogel-based materials and assess their

functionality and stability.

Objective 2: To optimize a method to accurately analyze short ssDNA using high-
resolution mass spectrometry (HRMS).
a) Use Fourier-transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) as a technique to characterize ssDNA;
b) Design and optimize a method that can allow for accurate mass
determination of real-time binding of DNA within sol-gel matrices; and

c) Assess the ability of DNA to remain intact during ESI.

Obijective 3: To covalently crosslink alginate and DNA and design an ESI device
that can be used for microparticle (MP) generation resemblant of blood cells.
a) Covalently crosslink the DNA with alginate and understand the effect this
has on material properties;
b) Design and optimize an ESI device that can obtain small and relevant MP
sizes;
c) Explorethe use of this apparatus for the development of DNA-crosslinked

alginate MPs; and,
13



d) Understand the ability to produce MPs on a large scale.

Obijective 4: To design a FBS using hydrogel-based materials that incorporate
multiple components of human blood functionality and assess its use in forensic
research and training.
a) Design and optimize the FBS materials to obtain desired fluid properties
of human blood;
b) Measure the FBS stability to understand storage conditions and shelf life;
c) Evaluate the performance of FBS in basic BPA scenarios such as drip stain
simulation and impact patterns; and
d) Assess the functionality of the DNA within the FBS for training

applications.

1.7 Thesis Outline

This thesis focuses on the main theme of ssDNA and is divided into two sub-
themes. The first sub-theme deals with 1) the design and characterization of
DNA relevant to forensic genotyping. The second sub-theme assesses 2) the use
of alginate-based hydrogels as a suitable material for the incorporation of

ssDNA for soft tissue simulant with a focus on whole human blood imitation.

The thesis is organized as follows. The functionality of ssDNA in alginate
hydrogels is assessed and the hydrogel components are optimized (Chapter 2).

The use of HRMS and ESl for the analysis of ssDNA is explored, and DNA binding
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within a sol-gel matrix is investigated using this optimized technique (Chapter
3). Dual amine-terminated ssDNA is covalently crosslinked to alginate, and its
binding is characterized using a variety of techniques (Chapter 4). In addition,
the DNA-alginate crosslinked materials are used to create MPs using an
optimized ESI apparatus (Chapter 4). The design of an alginate-xanthan gum
based FBS is presented, and its performance in BPA scenarios is evaluated
(Chapter 5). Finally, future directions and conclusions of this research are

discussed (Chapter 6).
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Abstract

Hydrogels are desirable materials to the field of forensic science and offer many
advantages for use as tissue simulants in research and training scenarios. In this
work, we demonstrate a proof-of-concept study for our biomaterial described
as the Calcium-Alginate Tissue Gel (CATG). CATG biomaterials integrate
functional DNA strands designed to amplify with known human primer sets for
genetic profiling. Our range of CATG materials demonstrate successful DNA
extraction, PCR amplification and genotyping when both fresh and aged for 21
days. The rheological properties of the CATGs were measured and the
incorporation of DNA into the CATGs was assessed. Overall, the CATGs
demonstrated increased viscoelastic behaviour with the addition of DNA. In
addition, two methods of sampling were considered, where it was found that
cutting a sample of the dried CATG produced higher allele peak heights in the
genotype compared to swabbing. Overall, our CATG biomaterials can be
designed for multiple applications in forensic science with tunable functions for

various training and research needs.
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2.1 Introduction

Hydrogels are versatile polymeric materials that have been used in the
development of many functional biomaterials for a variety of biomedical
applications. By definition, hydrogels have a high water content and typically are
comprised of a crosslinked network of polymers???9. Common polymers used
to form hydrogels include hyaluronic acid, collagen, chitosan, and
alginate®®7290-92 These naturally occurring polymers are desirable due to their
relevant mechanical properties, as well as their biocompatibility and non-toxic
nature®’®?. In addition, the polymers can be chemically modified to contain
various adaptations and crosslinkers for targeted applications in tissue
98-100

regeneration®®7892-97 = drug  delivery  systems ,  stimuli-responsive

materials®8101-103 and biosensorst’6?7.104-106 +5 name a few.

Traditionally, hydrogels that are used for biomedical purposes focus on in vitro
or in vivo capabilities and applications given the tunable similarities between
hydrogels and living tissues’®’8. Of note, studies have used crosslinkers that
contain cell-specific adhesion receptors which undergo targeted degradation in
the body'07198 Typically, hydrogels are used for tissue generation as scaffolds

that house relevant cell types and/or biomolecules which promote the
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regeneration of multiple tissue types’®72. While hydrogels have been
researched extensively as therapeutic and regenerative biomaterials and their
applications are continually advanced, there has been limited use of hydrogels

109,110

for applications in forensic science , particularly as it relates to biological

evidence in ex vivo conditions.

Hydrogels are attractive materials for the forensic sciences given their tunable
structures which can obtain a variety of relevant properties. Their applicability in
research settings is especially suitable since hydrogels can mimic physiological

78,111 For

behaviours of human tissues both mechanically and chemically
example, hydrogels are desirable for the development of biological tissue
simulants including blood or other soft tissues due to the ability to tailor the
mechanical properties, such as the viscoelastic capabilities, stress relaxation,
self-healing and degradation’®. Because of their demonstrated similarities to
human tissues, hydrogel simulants can be beneficial to the forensic community

as standard reference materials with known and controlled properties and

behaviours.
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A prevalent area of forensic science research focuses on biological tissue
degradation in both post-mortem and ex vivo conditions, especially considering
DNA degradation''?. Other areas look at biological markers to estimate the
post-mortem interval (PMI) or time since deposition (TSD) from various
biological tissue types''3'">, Also of importance is the use of standardized
materials in fundamental studies in forensic science, especially where access to

47,50,54110.116-120 - Therefore, hydrogel-based

human samples is not possible
materials that contain desirable functionalities can be of value to understanding

relevant questions regarding tissue and biomarker degradation in a forensic

context.

In this work, we provide a proof-of-concept study for the development of
calcium-alginate tissue gels (CATGs) for forensic research and training
applications. Alginate is a well-suited polymer for CATG development as it is
non-toxic, bioinert, and easily tailored for many applications®®¢'-63, Alginate is a
naturally occurring linear polysaccharide that contains repeating blocks of (1-4)-
linked B-D-mannuronic acid (M) and a-L-guluronic acid (G) residues”. Alginate
can form a hydrogel through ionic crosslinking between the reactive carboxyl
(COO) groups on the G residues and divalent cations, such as calcium
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(Ca?*)>76164 The CATGs developed in this research are designed with
integrated functional DNA strands that have forensic relevance. Specifically, we
designed short single stranded DNA (ssDNA) that is incorporated within the
CATGs to mimic human short tandem repeat (STR) profiles. By integrating DNA
that is smaller than a typical locus, CATGs can be used as training materials
where they can be processed similar to biological evidence, while the contained
genetic profile is unlike a human profile from analogous loci. The CATGs can be
designed to contain relevant human or non-human DNA for specific training
scenarios, as well as tailored for various biological tissue simulants. This study
focuses on the proof-of-concept development for the CATGs as both liquid and

semi-solid materials and assessed the feasibility for DNA extraction and analysis.

2.2. Materials and Methods

2.2.1 Materials and hydrogel preparation

Alginic acid sodium salt was purchased from Sigma Aldrich (Oakville, ON) and
used as received. Calcium chloride dihydrate (CaCl,92H,0) (Westlab
Adlergrove, BC) was dissolved in Milli-Q® water to make a stock aqueous

solution of 100 mM. Synthetic single stranded DNA (ssDNA) was purchased
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from Integrated DNA Technologies (Coralville, 1A), and a 100 uM stock solution
was prepared for further dilutions. Three phosphorothioate bond modifications
were included at both the 5" and 3’ ends to resist against exonuclease activity.
The synthetic strand(s) was designed to amplify using published primer sets for
the CSF1PO locus (Table 2.1) which contained five AGAT repeats and is
designated as “Allele 1”. A second strand, "Allele 2", was designed to be 2
repeats longer than the original strand and was used in the locus amplification

assessment later.

Table 2.1. Primer Sequences and DNA repeats for Alleles 1 and 2 in CATG biomaterials.

Product
Sequence Allele Reference
Length

5'- AAC CTG AGT CTG CCA AGG ACT AGC -
3 CSF1PO™?!
Forward Primer | 5'- TTC CAC ACA CCA CTG GCC ATC TTC -3'

Reverse Primer

Template AGAT x5 1 98
Strand AGAT x7 2 106

To generate ionically crosslinked calcium-alginate hydrogels, alginic acid was
allowed to mix in Milli-Q® water overnight to fully dissolve to create a 1% w/v
alginate solution. Next, DNA and alginate were mixed using a benchtop vortex.
A 50 mM solution of calcium chloride was added, where the ratio between

alginate to calcium was maintained at 4:1. The samples were vortexed again in
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two 10-second intervals to achieve homogenous liquid hydrogel solutions.
DNA-containing calcium-alginate hydrogels are designated as Calcium-
Alginate Tissue Gels (CATGs). For hydrogels without DNA, CaCl, was added
directly to the 1% w/v alginate solution without the addition of DNA and
vortexed similar to the DNA-containing materials. These are referred to as CA,

as there are no genetic component(s).

We assessed a range of DNA concentrations integrated into the CATGs from
1000-0.0001 ng/uL to understand the detection limits of DNA within the
hydrogels. A total of 8 CATG samples were prepared which contained DNA
(1000, 100, 10, 1, 0.1, 0.01, 0.001, and 0.0001 ng/pL), as well as two negative

samples which did not contain DNA (CA).

2.2.2 DNA Extraction, Amplification and Analysis

To extract the DNA from the CATGs, we used the Monarch® DNA Gel Extraction
Kit (New England Biolabs), and DNA was eluted with 20 pL of Invitrogen™
UltraPure water (ThermoFisher Scientific). Two replicates of each of the fresh
liquid CATGs were prepared for the extraction, as well as two replicates of the

negative CA controls. The extraction procedure was optimized by assessing two
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ratios of sample to gel dissolving buffer. One method explored the addition of
100 pL of the liquid CATG/CA to approximately 450 uL of the gel dissolving
buffer, which was extracted immediately following mixing. In the second
method, 250 pL of CATG/CA was added to 550 pL of buffer, which was the
volume limit in the column. For this method, the CATG/CA-buffer mixture was
left overnight to allow for complete dissolving. The samples were incubated in
an Eppendorf ThermoMixer F1.5 at 52°C and 500 rpm for 20 minutes. After

incubation, the manufacturer's protocol? was followed as suggested.

The extracted DNA was directly added to a PCR reaction without further dilution
where 2 pL was used as a DNA template. The extracted DNA was not quantified
prior to PCR amplification due to its single stranded nature. The PCR conditions
were as follows: 95°C for 10 minutes; 94°C for 30 seconds; 53°C for 1 minute;
72°C for 1 min; this process was repeated for a total of 30 times with a final step

of 65°C for 15 minutes.

d Protocol NEB #T71020
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Once amplified, a 1:20 dilution was prepared on a separate plate, and the
diluted samples were genotyped using an ABI 3730 DNA Analyzer with a
GeneScan 500 ROX size standard. To assess variability in each ABI run, a second
dilution plate was prepared for each sample, and resubmitted to obtain a

second replicate for the genotyping results.

2.2.3 Drying Experiment

To assess the effect of drying on the ability to extract DNA from the CATGs, 2.5
mL of each sample was allowed to dry in a Petri dish for 21 days at room
temperature (Temperature: 23.1°C = 0.6°C; Relative Humidity: 56.2% + 3.2%).
The CA hydrogels were also prepared as a negative control in the drying

experiments similar to the fresh samples.

To assess whether DNA could be extracted from dried CATGs, two methods of
sample processing were explored. The Petri dishes were placed overa 1 cm x 1
cm grid paper so that the hydrogels could be sampled over consistent areas
between samples and methods (Figure 2.1). First, sterile swabs were inserted
into individual aliquots of distilled water, similar to common evidence

processing methods. A 1 cm x 1 cm area was swabbed using the wetted swab
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to bind DNA from the dried CATG. An attempt was made to obtain as much of
the rehydrated hydrogel on the swab as possible. The swab was then inserted
into a 1.5 mL centrifuge tube containing 500 pL of gel dissolving buffer

(Monarch® DNA Gel Extraction Kit) and left to dissolve overnight.

Figure 2.1. Experimental setup for CATG sampling during drying experiment. Grid pattern
represents a 1 cm x 1 cm grid, where single samples were taken for swabbed (S) and cut (C)
samples. Image (a) represents the dried CATG before sampling, and (b) after sampling.

The second method explored the efficacy of cutting a sample from the dried
CATGs. Cuts were made using individual sterile scalpels along the outline of a 1
cm x 1 cm area. The piece was removed using individual sterile forceps and
inserted into a 1.5 mL centrifuge tube containing 500 pL of gel dissolving buffer
and left overnight. Samples were then extracted using the modified protocol

similar to the fresh samples.
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2.2.4 Rheology

Rheological characterization of the materials was performed using a Discovery
HR20 stress-controlled rheometer with an advanced Peltier plate and solvent
trap system (TA Instruments). All tests were performed using a 40 mm parallel
plate geometry at 22°C. Oscillation amplitude tests were performed at 1 Hz and
between 0.01-100% strain to determine the linear viscoelastic region (LVR) of
the sample(s). Oscillation frequency tests were performed between angular
frequencies (w) of 0.05-150 rad/s at 1% strain determined from the LVR, and 15
points per decade were collected. The gap was setto 500 um, and a solvent trap

filled with water was used to reduce evaporation of the sample during runs.

2.2.5 Locus Amplification

Allele 1 was used in the CATGs to optimize DNA extraction and understand its
viscoelastic properties. To assess the possibility of multiplexing in the future
within these materials, we added a second strand, Allele 2, into the CATG. Allele
2 contained seven AGAT repeats total, which corresponded to a difference of 8

bases between Allele 1 and 2. For the co-amplification, 1:1 volume ratio of the
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two alleles were added into the CATGs using 25 pL or 50 pL (1 ng/pL each).

Extraction, amplification, and analysis were all performed like section 2.2.2.

2.2.6 Data Analysis

Comparisons between materials was done using a two-way ANOVA where the
independent variables were DNA concentration (1000-0.0001 ng/pL) and
sample type (fresh or dried), and the dependant variable was allele peak height.
A Tukey's Honest Significant Difference test was used post-hoc to determine
where the significant differences in the data occurred, if present. Linear
regressions were performed on allele peak height data as a function of DNA
concentration for both the fresh and dried samples. Comparisons between
swabbed and cut samples was done using a Student’s T-test where comparisons

were made at each DNA concentration.

2.3. Results

2.3.1 DNA Extraction and Amplification
DNA extractions were performed with each of the eight liquid CATGs (1000-

0.0001 ng/uL) and the two CA negative controls. Two extraction methods were
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explored with two replicates of each sample and two replicates submitted for
genotyping. The overall extraction efficiency of the first extraction method (100
uL CATG/CA in 450 L buffer) for the fresh samples was 100.0%, and 43.8% for

the second method (250 pL CATG/CA in 550 uL buffer).

The amplified product was visualized on an ABI DNA Analyzer, which showed
successful extraction and amplification of the DNA from the CATG materials
(Figure 2.2). No alleles were observed in the negative controls, demonstrating
that no contamination occurred during CATG preparation or extraction. The
lowest concentration of 0.0001 ng/pL in the CATG showed relatively smaller
allele peak heights of the visualized product compared to the other
concentrations (Figure 2.2), which was also confirmed through the statistical
assessments. Replicate extractions had unconfirmable alleles for this
concentration where the peak heights were below a minimum threshold of 500
Relative Fluorescence Units (RFUs). Therefore, 0.0001 ng/uL was reasoned to be

the lower detection limit for the DNA concentration in CATG.

Allele peak height weakly correlated with DNA concentration (Figure 2.2), which
was also shown with the linear regressions for the fresh (R?= 0.33) and dry (R?=
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0.47) samples. However, there was a significant difference between peak
heights (p<0.01), with most of the differences occurring from the relative peak

height of the 0.0001 ng/pL concentration.

111111 02 103 104 % " 100 0 02 LJ 04
1000 ng/uL. | -~ / 0.1 ng/uL
100 ng/pL - ‘ 0.01 ng/uL
— — = , - i - ]
10ngL | .. | 0.001 ng/pL
i 0 33 103 1 9 x5 o 100 0 I3 l,J 04
1 ng/pL > / 0.0001 ng/puL

Figure 2.2. STR genotyping results of ssDNA (Allele 1) extracted from liquid CATGs with various
concentrations of DNA between 1000-0.0001 ng/uL.

2.3.2 Drying Experiment

DNA STR genotyping was also successful for the dried CATGs. There were no
significant differences found in the allele peak heights between fresh and dried
samples (p=0.61). Drying at ambient conditions for 21 days did not influence
the ability to extract DNA, and in some cases, the overall heights of the detected

peaks were higher compared to the fresh samples (Figure 2.3). The fresh
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samples in Figure 2.3 include all confirmable allele peak heights for each
extraction type and replicate (1000 and 10 ng/pL n=8; 100 and 1 ng/uL n=6; 0.1-
0.0001 ng/pL n=4). Similar to the fresh samples, no allele attributed to Allele 1
was observed in the CA hydrogel negative controls. Both swabbing and cutting
the CATGs were successful methods of extracting DNA, although typically
cutting the sample outperformed swabbing the hydrogels (Figure 2.4). There
was a significant difference in the peak heights between swabbed and cut

samples when accounting for DNA concentration (p=0.007).
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Figure 2.3. Detected allele peak height (RFUs) from samples containing various DNA
concentrations between 1000-0.0007 ng/uL. Ranges shown are from fresh (n=44) and dried
samples (n=32). Dried samples were aged for 21 days at room temperature and include both
cut and swabbed samples.
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Figure 2.4. Differences in DNA extracted between swabbing (n=16) and cutting (n=16) a
sample from the dried CATGs. Both methods sampled a 1 cm x 1 cm area of the same dried
CATG. Significant differences between swabbed and cut sampling is noted with a (*); where (*)
is p values <0.05, (**) is p values <0.01; and (***) is p values < 0.001). Differences were found at
concentrations of 0.007 ng/ulL (p=0.006), 0.01 ng/uL (p=0.0004), 1 ng/uL (p=0.01) and 100
ng/uL (p=0.04).

2.3.3 Rheological Characterization

The rheological characterization was performed by conducting frequency
sweeps with 1% strain, which was within the LVR. In general, in each material the
storage modulus (G’) was always higher than the loss modulus (G"), indicating
dominant elastic properties. No crossover between G’ and G"” was observed for

any of the CATG or CA materials, except for CATG with 0.01 ng/uL which

exhibited an uncharacteristic G’ curve compared to the others (Figure 2.5, A).
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The hydrogel that did not contain DNA (CA) had a lower storage modulus
compared to each CATG material, indicating increased microstructure in the
CATGs versus CA materials (Figure 2.5, A). There was no clear relationship in the
moduli values based on the concentration of DNA added to the CATGs,
although general trends were observed where higher DNA concentrations
tended to have higher G’ values, and lower DNA concentrations in the CATGs

exhibited lower relative G’ values.

The higher DNA concentrations in the CATGs showed less dependence on the
angular frequency compared to other CATG/CA materials. In addition, some G’
curves indicate a weaker structure versus the others, such as the 0.01 ng/pL
CATG (Figure 2.5, A). Generally, the CA material had lower G’, G” and complex
viscosities (") but had generally higher loss factor (tand) values compared to the

CATG materials (Figure 2.5, A-D).
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Figure 2.5. Rheological characterization of CATG and CA materials based on frequency
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sweeps. Data shown are: (A) storage modulus (G’), (B) loss modulus (G”), (C) complex viscosity
(n*), and (D) loss factor (tan§) as a function of angular frequency (w). Frequency sweeps were
measured at angular frequencies from 0.05-150 rad/s at 22°C.

2.3.4 Locus Amplification

The addition of the second allele showed successful co-amplification within

CATGs (Figure 2.6). Allele 2 was preferentially amplified compared to Allele 1,

which had a consistently higher allele peak height. Both volumes added of each

allele, 25 uL and 50 L of each, generated accurate STR profiles.
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Figure 2.6. Co-amplification results for the integration of Allele 1T and 2 into the CATGs. The
genotyping results show the amplification of two alleles added in 1:1 ratio: (A) 25 uL of each
strand and (B) 50 uL of each strand.

2.4. Discussion

2.4.1 DNA Strands
The DNA used in the CATGs were designed to amplify using published CODIS
primer sets outlined on the National Institute of Standards and Technology

(NIST) Database'?'22. The CSF1PO locus was chosen as an initial locus as it is a
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simple tetranucleotide repeat, AGAT, and was designed to be smaller than
reported allele sizes in the human population. The typical size range for alleles
at the CSF1PO locus for the chosen primer set is 287-331 base pairs,
corresponding to 5-16 repeats, respectively’®?. The size of the alleles at our
synthetic CSF1PO locus is 98 bases for Allele 1 and 106 bases for Allele 2. The
purpose of the smaller size was to ensure that a full or partial profile extracted
from CATGs is unlike a human profile from analogous loci, but still can be used
with typical kits for training. In this study, we did not use the primer sets from
common kits such as Identifiler or PowerPlex, but this could be easily adjusted

for specific training needs.

One noted variation observed in the analyzed DNA strands was the determined
size of the alleles in the genotype. The determined sizes were slightly smaller
than the actual size, where Allele 1 aligned at 94 bases, and Allele 2 was 102.9
bases (Figure 2.6). This attributes to a size difference of 4 and 3 bases smaller
for Alleles 1 and 2, respectively. This observation is likely caused by the size of
the ladder used on the ABI instrument, where the optimal fragment sizes for
alignment with GS500 is much larger than the allele sizes used'??, and would
likely be resolved if a smaller ladder was used.
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2.4.2 DNA Extraction and Amplification

The small size of the DNA strands was thought to be an issue for the functionality
of the CATGs, as leaching of the DNA from the calcium-alginate network is
possible for smaller strand sizes'?*. However, the DNA integrated into the
CATGs was able to be easily extracted and amplified using standard protocols.
The extraction process used a DNA gel extraction kit as the method of DNA
extraction from the CATGs. Because the DNA encapsulated within the CATGs is
single stranded, other extraction techniques such as gel electrophoresis was not
practical'?*. More pertinently, the use of an extraction kit was a necessary step
to provide demonstrative training scenarios for typical biological evidence

processing.

Gel extraction kits are typically used for the isolation of double stranded DNA
after visualization with agarose gel electrophoresis. Agarose is also a naturally
occurring polysaccharide similar to alginate, which initiates crosslinking via
hydroxyl (OH) groups unlike alginate which initiates via its carboxyl (COO")
moieties'?>. Because of the similarities between alginate and agarose, it was
reasoned that the gel extraction kits would be as effective in isolating the DNA

on the columns from alginate-based materials as compared to removal from
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agarose. The gel dissolving buffer in the gel extraction kit contains guanidine
thiocyanate and sodium iodide'. Both sodium iodide and guanidine
thiocyanate play a critical role in DNA binding to extraction columns'?7-12%, |n
addition, given that guanidine thiocyanate is a chaotropic agent, it can cause the
disruption of the ionic bonds between calcium and alginate, simultaneously
breaking down the hydrogel structure. This breakdown is supported by the

observation of small alginate particles in the eluent discard solution after the

subsequent wash steps.

Two variations of the extraction protocol were explored. The first added 100 uL
of the liquid CATG to approximately 450 uL of the gel dissolving buffer. In the
second method, 250 uL of CATG was added to 550 pL of buffer, bringing the
total volume to 800 pL, the maximum volume capacity of the extraction columns.
The first method typically performed better than the second based on the alleles
detected (100.0% extraction efficiency with method 1 versus 43.8% in method
2). These efficiency variations could be attributed to the differences in CATG
volume added to the column in each method. The manufacturer suggested ratio
for buffer to agarose is 4:1 for optimal DNA extraction using the gel extraction

kits. By adding a larger volume of CATG in method 2, the suggested ratio could
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not be achieved in a single column, which lead to increased clogging on the
column in method 2 as more CATG was left undissolved. Therefore, the
suggested method to extract DNA from CATGs is to dissolve 100 pL of the liquid

material in 450 uL of gel dissolving buffer.

2.4.3 Drying Experiment

The CATGs were dried for 21 days in room temperature to assess whether DNA
could be extracted from both fresh liquid and dried semi-solid materials. The
purpose of this specific study was to address the potential of using CATGs as a
dried coating in training scenarios. Additionally, time of drying was also a
consideration for DNA extraction ability. The dried CATGs were able to produce
STR genotypes similar to the fresh samples (Figure 2.3), demonstrating the
ability of DNA to remain encapsulated over time similar to another study'°. The
ends of the DNA strands were modified with phosphorothioate bonds to protect
against DNA degradation in solution from exonucleases and prolong
stability'3"132, The inclusion of these modifications was intended to improve the
stability and functionality of the ssDNA over long periods of time since
fragmentation from exonucleases is inhibited. The influence of these bonds on

the prolonged stability of the DNA in the hydrogels was not directly explored in
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this research but could be a reason that DNA extraction was so efficient after a

21-day drying time.

We explored two methods of sampling the materials, which was designed to
compare swabbing versus excising the CATGs. Swabbing with a cotton swab is
a standard procedure for sampling biological evidence'3'34 This method
works by moistening the swab with sterile water and concentrating the sample
on the tip of the swab to obtain DNA from a piece of evidence. We performed a
similar method and found that regardless of the solid-like state of the dried
CATGs after 3 weeks, DNA could still be collected from the object, which in this
case was a Petri dish. Cutting the CATG was done to simulate collecting a tissue
sample, although this is typically collected by a pathologist instead of
processing at the scene’33. Here, the cut samples were visually different from a
typical tissue sample but demonstrates a similar process which could be applied

using other tissue variations of the CATG.

The cut samples were shown to have higher RFU values compared to the
swabbed samples (Figure 2.3). This observation is likely caused by the more
complete removal of the CATG in the cut samples compared to the swabbed.
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An attempt was made to sample an equal area between cut and swabbed
methods, but swabbing was challenging as rehydration of the CATG caused the
formation of tacky particles which were difficult to fully collect on the swab.
Regardless, swabbing, a more standard practise, was still able to obtain accurate
DNA STR profiles for our designed locus. In addition, placing the swab/cut
directly into the gel dissolving buffer overnight and extracting as normal yielded

similar DNA profiles to the fresh materials (Figure 2.3).

Both methods demonstrate the promising potential for the CATGs as training
standards in forensic scenarios. The CATG materials explored in this study can
be used to coat forensically relevant pieces of evidence, which can be swabbed
by trainees to obtain relevant genetic profiles. Future work will build on the
ability to simulate tissue collection by tailoring the CATGs to resemble various

tissues such as blood, skin, or muscles.

2.4.4 Rheological Characterization
Forthe rheological assessments, we wanted to evaluate if there were differences
in the viscoelastic properties of the two different material types (with and without

DNA). The CATGs differed from CA in their loss factor (tand) profiles. CA
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exhibited higher tand, characteristic in materials with more liquid-like
properties, or in this case less relative microstructure. The CATGs had higher
storage moduli (G’) values and complex viscosities (n*) overall compared to the
CA material. A higher G’ is attributed to more elastic properties, likely caused
by the presence of DNA in the CATGs leading to a more structured or entangled
arrangement of crosslinks. When a DNA-alginate solution is mixed with calcium,
DNA becomes encapsulated within the ionic crosslinks of calcium-alginate,
leading to higher storage modulus values. In addition, DNA and alginate are
both negatively charged molecules and would therefore exhibit repulsion in
solution, also increasing stiffness. These arguments were also supported by the

increased viscosity observed for the CATGs versus CA materials (Figure 2.5, C).

Interestingly, the concentration of DNA in the CATGs did not exhibit any clear
linear trends for the four variables evaluated, although there were differences in
the respective curves for G’, implying structural differences (Figure 2.5).
Intuitively, it would be expected that more molecular components, achieved
with higher DNA concentrations, would lead to more structured materials. While
we did not observe a distinct linear relationship between DNA concentration
and G', there were general trends exhibited. For example, CATGs with low DNA
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concentrations (0.001 ng/uL) had the lowest G’ of all the CATGs and exhibited a
curve shape similar to the CA materials (Figure 2.5A). In addition, the CATG with
a 0.01 ng/uL DNA concentration was the only material to exhibit a crossover
point, where G'=G", followed by a subsequent decrease in G'. Clearly, there is a
relationship between the structural arrangement and the concentration of DNA
added to the CATGs. Future work will explore the rheological profiles in more
detail to fully understand this relationship and characterization will assist in the
development of other tissue types with variable applications and functions. This
will also explore the development of CATGs with more similar storage moduli
to human tissues (>100 Pa) as the soft liquid materials studied herein currently
possess low moduli when fresh'®>. The rheological properties of the dried
materials were not assessed in this research, but would exhibit increased

storage modulus, likely to more realistic tissue moduli ranges.

2.4.5 Locus Amplification

The CATGs, as expected, are capable of functioning in reactions similar to
biological tissues under a heterozygote profile. While we only explored co-
amplification for two alleles at a single locus, it justifies the potential for the

CATGs to integrate more loci or other DNA types based on the needs of the
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forensic community. The calcium-alginate hydrogel is a suitable material to
encapsulate and stabilize the contained DNA, as demonstrated through our
drying study. Because of this, it is reasoned that optimizing the ratios of other
DNA strands for a multiplexing reaction would be the limiting factor in the
generation of a fully functional genetic profile CATG. This would open the door
for opportunities for training materials that exhibit complex mixtures, multiple

species, and other training standards of value.

2.5. Conclusions

This study shows the potential for CATG materials to be used as tissue simulants
in forensic science research and training. Short, single stranded DNA was
successfully integrated into calcium-alginate hydrogels, which could be easily
extracted and amplified using standard forensic procedures. In addition, the
potential of these materials to be easily tailored for co-amplification was
demonstrated. The effect of drying on the functionality of the CATGs was also
explored where drying in ambient conditions for 21 days did not inhibit the
ability to extract and amplify DNA. This is promising for intended coating

applications of the CATGs and suggests a stable environment for DNA
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functionality. The CATGs exhibited higher G’ and viscosities compared to non-
DNA containing materials. Rheological assessments also suggested an effect on
the viscoelasticity based on the concentration of DNA added to the CATGs,
although no clear relationship was observed in this current study. The non-toxic,
bioinert, and tunable nature of CATGs can provide safe alternatives to traditional
training materials in forensic science. Future work with the CATGs will continue
to develop relevant tissue simulants such as blood and other soft tissues with

relevant biomechanical and biochemical properties.
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Abstract

High-resolution mass spectrometry (HRMS) is a highly effective technique for the
analysis of DNA and other biological macromolecules, and has potential to be a
valuable tool for forensic chemists. In this work, we introduce the concepts of
HRMS, discuss benefits of the technique, and outline the steps involved in
developing an application utilizing this platform. We examine the importance of
optimizing instrumental conditions, selecting an appropriate solvent, and
interpreting mass spectra with considerations to determining charge state, mass
accuracy and resolution. Specifically, we present a method for the analysis of
short single stranded oligonucleotides (26-base and 28-base) using Fourier-
transform ion cyclotron mass spectrometry (FT-ICR MS), while exploring the
importance of sample matrix. Results of this work indicate that analysis of small
oligonucleotides with 50:50 water:acetonitrile + 20 mM imidazole (C3H4N>)
produced a mass spectrum with the -5 charge state as the base peak. Charge
states of -4 and -15 were also observed, although at much lower ion intensity.
Analysis of the oligonucleotides using water + 20 mM imidazole produced a
charge state distribution from -5 to -11 over the mass range m/z 200 to 2500.
These two solvents, paired with the optimized HRMS method, produced

multiple charge states, high resolution mass spectra, and high ion signal
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intensity that allowed for unambiguous peak identification. This work serves as
a "how-to guide” for forensics scientists who require efficient and accurate HRMS
protocols. Our research supports using nucleic acids for diagnostics to analyze
oligonucleotides, short DNA fragments and other biological macromolecules

using HRMS.
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3.1 Introduction

High-resolution mass spectrometry (HRMS) is a technique that offers both high

136137 Resolution is the ability of the

resolution and high mass accuracy
instrument to separate adjacent peaks in a mass spectrum, while mass accuracy
is a measure of how closely a mass can be measured in comparison to the
calculated theoretical value. These terms are closely related because generally
mass accuracy improves as resolution increases'3¢. Generating accurate mass
values are extremely powerful for the identification of unknowns, as they can be
used to predict chemical (molecular) formulas of analytes. Likewise, HRMS
instruments are capable of separating isotopic peaks of an analyte. Isotopes of
elements found in biomolecules such as carbon, oxygen, hydrogen and
nitrogen contribute to the average mass of a molecule'®, and are observed as
separate, isotopic peaks on a mass spectrum. For example, the first peak in a
given isotopic distribution corresponds to the monoisotopic mass of the
molecule, which is the mass of a molecule based on the mass of the most
abundant isotopes of each of the contained atoms'¥?. A common isotopic
distribution that is easily identified is the '3C isotopic distribution. This

distribution is characterized by the first peak representing the monoisotopic

peak (only °C), and each adjacent peak after corresponds to the addition of one
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or more '3C atoms. The ability to identify isotopic distributions is important as it

can help identify the most common isotopes found in a molecule.

HRMS instruments include Fourier transform ion cyclotron resonance mass
spectrometers (FT-ICR MS) in addition to Orbitrap and Time of Flight (TOF)
analyzers. FT-ICR MS has demonstrated utility in identifying and interpreting
biological macromolecules such as oligonucleotides™? 4>, This mass
spectrometer determines the mass-to-charge ratio (m/z) of ions based on the
cyclotron frequency of the ions in a magnetic field and a Fourier-transform of
the data is necessary to produce a mass spectrum. These instruments are
beneficial as they use small sample volumes, provide high resolution and mass
accuracy, and can be coupled to soft-ionization techniques. Electrospray
ionization (ESI) is a soft ionization process because the ions are generally formed
in solution without fragmentation of the molecule itself'*?. Pairing HRMS
instruments, like the FT-ICR MS, with soft-ionization techniques such as ESI
allows for the analysis of large biomolecules such as proteins and
oligonucleotides. ESI permits the analysis of intact molecules and produces

multiply charged species, which allows for observation of ions at lower m/z
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values. ESl is also a beneficial technique for these large molecules as itis able to

preserve non-covalent interactions in the gas phase'#.

Analysis of oligonucleotides can also be done using matrix-assisted laser
desorption ionization (MALDI), another soft ionization technique, but it has been
reported that when analyzing oligonucleotides that are longer than
approximately 20 bases, there is a loss of purine base(s)'*°, which inherently
affects the mass of the ions. However, because MALDI produces singly charged
ions, the complexity of the spectra can be diminished using this technique. The
choice of ionization source should reflect the length of oligonucleotides being
analyzed, and the ability of the user to appropriately analyze the resulting

spectra.

The benefits of high-resolution and high-mass accuracy achieved with HRMS
allow for identification and interpretation of biomolecules of forensic relevance.
For example, HRMS is useful in determining the elemental composition of an
unknown using the accurate mass'0147148 By assessing elemental
compositions, e.g. the chemical formula, for molecules such as

oligonucleotides, the DNA or RNA base composition can be determined using
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this information'9. High mass accuracy allows for unambiguous determination
of the bases in a sample as each particular combination will result in a unique
mass value, and therefore a unique m/z value as well. With HRMS, it is also
possible to determine the sequence of DNA and RNA strands based on accurate
assessment of masses, as well as assessment of microsatellite repeats for
comparison'#’. While this type of information is outside of the scope of this
paper, sequence determination approaches have been outlined

e|sewhere140,141,150

In this guide, we identify the typical steps and considerations involved in the
analysis of biological molecules, such as oligonucleotides, using HRMS. This
includes calculating m/z values and charge distributions, solvent choice and
optimizing instrument conditions, calculating mass accuracy and resolution, and
interpretation of spectral results. We discuss each of these steps as we present
our research on the development of an HRMS method for the analysis of short
single stranded oligonucleotides with a focus on matrix (solvents and additives)
assessment. We identify two matrices that are appropriate for analysis of

oligonucleotides based on our work. Our work is meant to act as a useful
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resource for anyone implementing HRMS in both operational and research

contexts.

3.2 Methods and Materials

3.2.1 Chemicals

The two DNA strands used in this research were a single stranded 28-base
(8608.47 Da) and a single-stranded 26-base (7847.34 Da) strand that were
designed and purchased from Integrated DNA Technologies (Coralville, IA,
USA). The sequence of the 28-base oligo was 5'-TTCATCTCAGACT-
GGGATTCAGAAAGGC-3', and the sequence of the 26-base strand was 5'-
GCTTGGAAATAACCCTCCTGCATCCC-3'.  The DNA samples were
reconstituted in Ultrapure water. Ultrapure water was obtained from
Invitrogen™, ThermoFisher Scientific (Waltham, MA, USA). Acetonitrile,
methanol and isopropanol, all HPLC-grade, were obtained from ThermoFisher
Scientific (Whitby, ON, Canada). Ammonium acetate and imidazole were

purchased from Sigma-Aldrich (Oakville, ON, Canada) and used as received.
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3.2.2 FT-ICR MS Instrumentation

For this research, a 7T Bruker Solarix FT-ICR MS, equipped with an ESI source
operating in negative ion mode, was used. All samples were analyzed using the
following conditions: 50°C dry gas temperature, 180 uL/h flow rate, a capillary
voltage of 5 kV, and a nebulizer gas (N) pressure of 4.0 bar with a dry gas flow
of 4.0 L/min. For all analyses, the accumulation time was optimized for ~1 x 107
ions in the ICR cell. For the majority of the samples, 4 M data points were
collected per scan (free ion decay (FID) time was 3.9147 s). The number of data
points in the transient controls the resolving power of the instrument. When
investigating resolution, samples were also analyzed using 32K (FID time =
0.0306 s), 128K (FID time = 0.1223 s), and 16M data points (FID time = 15.6587
s). External calibration of the instrument was conducted using sodium
trifluoroacetate (NaTFA) (0.1 mg/mL). For all analyses, the mass range was m/z
200-5000 and 200 scans were acquired. All spectra were acquired using Bruker
ftms Control software (version 2.1.0) and analyzed using Bruker Compass

DataAnalysis software (version 5.0) for charge identification and deconvolution.
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3.2.3 Solvent Selection

For the matrix assessment, we analyzed four solvents of various imidazole and
ammonium acetate concentrations to determine optimal conditions for DNA
analyses using FT-ICR MS. The four solvents that were assessed were: UltraPure
water, water and acetonitrile, water and isopropanol, and water and methanol,
all in 50:50 (v/v) preparations. The DNA was assessed at a concentration of 5 uM
for all samples. After analysis of the mass spectra using the above solvents, the
three solvents that produced resolved spectra with considerable signal were
chosen and analyzed with the addition of: 20 mM imidazole; 10 mM ammonium
acetate; and a combination of 20 mM imidazole/10 mM ammonium acetate. The

conditions for the matrix assessment are shown below in Table 3.1.
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Table 3.1. Assessment of various solvent matrices for optimal DNA analysis using ESI FT-ICR
MS. Solvents assessed were various combinations of ultrapure water, isopropanol (IPA),
acetonitrile (ACN), and methanol (MeOH). Solvents containing imidazole and ammonium
acetate contained concentrations of 20 mM imidazole and 10 mM ammonium acetate for all
solvents.

DNA Concentration Solvent Temperature

Ultrapure Water
50:50 H,O:IPA
50:50 H,O:ACN
50:50 H,O:MeOH

Ultrapure Water + Imidazole
Ultrapure Water + Ammonium Acetate
5uM
50:50 Ultrapure Water + Imidazole + Ammonium Acetate 50°C
50:50 H,O:ACN + Imidazole
50:50 H,O:ACN + Ammonium Acetate
50:50 H,O:ACN + Imidazole + Ammonium Acetate
50:50 H,O:MeOH + Imidazole
50:50 H,O:MeOH + Ammonium Acetate

50:50 H,O:MeOH + Imidazole + Ammonium Acetate

3.3 Results and Discussion

There are many factors that affect the quality of a resulting spectrum and
therefore must be considered in optimization protocols. It is important to note
that with the analysis of oligonucleotides using HRMS instruments, there will be

variation of results between instruments, and even within instruments of the
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same make and model''. Thus, these are general guidelines that may differ for

spectral optimization.

3.3.1 Instrumental Conditions

Instrumental conditions, especially ESI parameters including nebulizer gas
pressure and temperature, spray voltage and flow rates influence the resulting
mass spectrum and require optimization. The literature reports varying flow
rates, between ~ 10 pL/hrto 300 pL/hr, for oligonucleotide analysis'3152153 byt
will depend on the instrument being used. The flow rate must ensure there is a
constant spray of ions that can be detected'3¢. Based on our work using an FT-
ICR MS instrument, we found that a flow rate of 180 uL/hr was appropriate. This
flow rate was sufficient to produce a constant signal and resulted in low sample
consumption, which is ideal for the analysis of oligonucleotides, as they are

generally prepared in small volume quantities.

The nebulizer gas temperature is influential because it is the temperature
applied to the electrosprayed sample to assist in evaporation of the solvent 3.
When analyzing oligonucleotides, the confirmations of the oligonucleotides can

change with temperature. For example, Hofstadler et al.'®, used a
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countercurrent dry gas temperature equivalent to room temperature to
maintain the double stranded conformation of the DNA, while assisting in
desolvation of the sample. There is variation in the reported dry gas
temperatures in the literature, where temperatures vary anywhere from room
temperature to 200°C'40.143.145152154 |n our research, we found that a dry gas
temperature of 50°C was optimal to produce ions of intact DNA molecules. We
found that increasing the temperature resulted in a loss of ions, possibly due to
the degradation of the DNA molecules with higher temperatures. The ability of
the non-volatile oligonucleotides to enter into the gas phase at this low
temperature was assisted by the volatility of the solvents used, which is

discussed in the next section.

3.3.2 Solvent Choice

The choice of the solvent for analysis of any analyte is important to the resultant
spectra, which is especially true for larger, more complex molecules. Larger
biomolecules tend to have multiple sites for protonation/deprotonation. The pH
of the solvent significantly dictates the charge state(s) of the molecule'?. If
electrolytes are presentin the solvent, adducts can form with the biomolecule in

solution>, which can lead to larger than anticipated m/z values and more

60



complicated mass spectra. Appropriate solvents must also consider
instrumental compatibility. When using ESI, solvents must be protic (contain a
labile H*) or, in the case of aprotic solvents, mixed with a protic solvent. For
example, acetonitrile itself is aprotic, but, when mixed with methanol and/or
water can be an appropriate solvent mixture for ESI protocols. Solvents should
also be (semi)volatile to assist in allowing the generally non-volatile analytes,
such as biological macromolecules, to become ionized and enter into the gas

|14‘I,‘I42

phase during ES . In addition, organic solvents have been identified to

produce a larger ion abundance’".

There are many options for solvents, but the choice of solvent should
accommodate minimal interaction with the analyte and allow for ionization of
the analyte without the formation of adducts. Commonly used solvents for the
analysis of oligonucleotides are methanol, acetonitrile, and isopropanol,
although these are not exhaustive. We have assessed the ability to use these
solvents for analysis of short oligonucleotide strands (26- and 28- bases) in our
matrix assessment study. In our analysis, we found that two solvents were
appropriate for oligonucleotide HRMS analysis: (i) water and 20 mM imidazole,
and (ii) 50:50 (v/v) water: acetonitrile and 20 mM imidazole (Figure 3.1). Using
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water and 20 mM imidazole as a solvent produced a mass spectrum with charge
states between -5 to -11; the -6 to -8 charge states had the largest ion signal
intensity. Dissolving the DNA in 50:50 (v/v) water:acetonitrile and 20 mM
imidazole produced a mass spectrum with the -5 charge state as the base peak.
Charge states between -4 and -15 were also observed. It is important to note
that ion signal intensity was more than 5 times greater when the DNA strands
were analyzed in water, acetonitrile and 20 mM imidazole. The difference in ion
signal intensity and charge state distribution observed for the two different
solvents exhibit the effect that solvent has on the resulting spectra. Different
solvents can promote larger charge states, as is the case with the water,
acetonitrile and 20 mM imidazole solvent, and can also affect the intensity of the

ions. Calculation of charge states will be explored below.
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Figure 3.1. FT-ICR mass spectrum of 26-mer oligo (5 uM) in two optimal solvents. Using water +
20 mM imidazole (blue), charge states from -5 to -11 were observed, with the highest ion signal
intensity for -6 to -8. Using 50:50 water:acetonitrile + 20 mM imidazole (orange) the -5 charge
state is the base peak; -4 and -15 were also observed.

The addition of volatile compounds such as imidazole, ammonium acetate or
piperidine to the solvent solution can help to decrease the cation adducts
attracted to the negatively charged phosphate backbone of DNA, and improve
the ion intensity of peaks and decrease charge state 414> (Figure 3.2). From
Figure 3.2 we can see that the addition of imidazole, ammonium acetate or a
combination of the two leads to improved mass spectra in terms of increased
ion signals and increased resolution compared to analysis of the

oligonucleotides without these molecules. In addition, Figure 3.2 showcases the
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benefits of these cation-reducing molecules on the resulting mass spectrum of
oligonucleotides. In Figure 3.2 (A), the DNA is analyzed with only water and
acetonitrile as a solvent. The -5 charge state occurs at higher m/z values
compared to the analysis with imidazole and/or ammonium acetate. If we were
to infer mass from the analysis in (A), it would result in higher mass
determinations of the molecule, and therefore a larger error in the assignment
of base compositions or sequencing. In addition, because there is such a low
signal to noise for the water and acetonitrile solvent, we would likely not be able
to conduct meaningful determinations as the signals are not well resolved. The
addition of cation-reducing agents, such as imidazole or ammonium acetate,
significantly improve the quality of the spectra and can then be used to conduct

useful analyses of the oligonucleotides.
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Figure 3.2. Comparison of the same 5 uM 28-base oligonucleotide using four different solvents:
50:50 v/v water and acetonitrile (A), 50:50 v/v water, acetonitrile and 20 mM imidazole (B),
50:50 v/v water, acetonitrile and 10 mM ammonium acetate (C), and 50:50 v/v water,
acetonitrile, 20 mM imidazole, and 10 mM ammonium acetate (D). * Denotes the theoretical
monoisotopic peak at 1720.687367 m/z.

Along with solvent choice, there is also the consideration of the concentration
of analyte being analyzed. The amount of analyte is important as having too low
of a concentration can cause low signal to noise ratios or generation of too little
ions to be detected™!. The analyzed concentration will depend on the
instrument being used, and also the information sought from the molecule
being analyzed'#. For example, the concentration should reflect whether
molecular weight information or non-covalent interactions are being

investigated'#. For oligonucleotide investigations using HRMS, reported

65



concentrations vary between 0.05 uM to 15 pM'43150 but more commonly are
analyzed with concentrations 1-10 uM'2. In our research, we found that a
concentration of 5 uM provided high signal-to-noise ratios with high mass
accuracy. A concentration of 5 uM was chosen as preliminary assessments found
that a concentration of DNA that was 0.5 uM was too low (data not shown). Table
3.2 below summarizes the components of oligonucleotide analysis discussed

thus far.

Table 3.2. Considerations for oligonucleotide analysis using HRMS. Considerations are: pH,
solvent, other molecules, concentration of DNA, and temperature. * Variation depends on the
molecular weight

Considerations for Oligonucleotide Analysis with HRMS

Higher - increase in negative ions

pH
- increase in charge state

Volatile - acetonitrile, methanol, isopropanol, (water, as co-
Solvent

solvent)
Additives Imidazole, ammonium acetate, piperidine
[DNA] 1-10uM (~7.5-80 ng/uL)*
Temperature Analysis dependent (room temperature - 200 °C)

3.3.3 Charge State Calculations
To acquire structural and composition information about oligonucleotides from
mass spectra and confirm the charge assignment of an identified peak(s) from

software, it is important to not only know how to calculate charge states but also
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understand why the charges are assigned. To calculate the theoretical m/z of the
sample, the exact monoisotopic mass of the oligonucleotide must be
determined. The monoisotopic mass refers to the mass of a molecule based on
the mass of the most abundant isotope of the contained atoms'3. In this work,
exact masses are calculated using six decimal places. When working with shorter
strands, it may be acceptable to use a chemical sketching program, such as
MarvinSketch, to draw the molecule and calculate its exact mass (Figure 3.3).
This is particularly useful if the DNA strand is chemically modified in any way. For
longer strands (>30 bp), there are various programs available that are able to
calculate the monoisotopic mass, such as the Mongo Oligo Mass Calculator
developed by the RNA Institute'®, based on entry of the sequence of the DNA

strand.
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Figure 3.3. Structure of the first é base pairs found at the 5 end of the characterized 28-mer
DNA strand (monoisotopic mass = 8608.473216 Da). The sequence of the strand is 5'-
TTCATCTCAGACTGGGATTCAGAAAGGC-3'. The entire strand’s structure was created using
MarvinSketch program and was used to determine the monoisotopic mass.

Once the monoisotopic mass has been determined, simple calculations can be
applied to compute the theoretical mass to charge, m/z, distribution for the
specific oligo, as shown in Equation 4:

M-z[H"]
m/z = ——— (4)
z
where M is the monoisotopic mass, [H*]is the exact mass of a proton (1.007276),
and z is the charge of the ion. It is important to note that when using HRMS and
calculating m/z values, the exact mass of a proton should be used and not the

exact mass of a hydrogen atom (1.007825); the difference between the two

being the mass of an electron (0.00055). To illustrate the concept of m/z
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calculations, if we wanted to calculate the theoretical m/z for the -3 charge state
of a DNA molecule with an exact mass of 8608.473216 Da, it would be:

_ (8608.473216)-(3)(1.007276))
B 3

m/z = 2868.483796

m/z

The theoretical m/z for any charge state can be calculated using the formula
shown above. The theoretical m/z for charge states -1 to -15 for a DNA molecule

with an exact mass of 8608.473216 Da are shown in Table 3.3.

Table 3.3. Theoretical m/z values of 28-mer DNA strand based on theoretical calculations of
m/z up to a charge of -15. Monoisotopic mass of 28-mer strand is 8608.473216 Da. Calculated
m/z values represent the loss of z number of protons (H*) in the first column. Respective

columns show the m/z values accommodating one to five '3C isotopes.

awoe | e | ot | f | me | M |

[-H*] 1"°C 2"°C 3"°C 4"°C 5"°C
1 8607.465940 8608.469295 8609.472650 8610.476005 8611.479360 8612.482715
2 4303.229332 4303.731010 4304.232687 4304.734365 4305.236042 4305.737720
3 2868.483796 2868.818248 2869.152699 2869.487151 2869.821603 2870.156054
4 2151.111028 2151.361867 2151.612706 2151.863544 2152.114383 2152.365222
5 1720.687367 1720.888038 1721.088709 1721.289380 1721.490051 1721.690722
6 1433.738260 1433.905486 1434.072712 1434.239938 1434.407163 1434.574389
7 1228.774612 1228.917948 1229.061285 1229.204621 1229.347958 1229.491294
8 1075.051876 1075.177295 1075.302715 1075.428134 1075.553554 1075.678973
9 955.489748 955.601232 955.712716 955.824200 955.935684 956.047167
10 859.840046 859.940381 860.040717 860.141052 860.241388 860.341723
"1 781.581198 781.672412 781.763626 781.854840 781.946055 782.037269
12 716.365492 716.449105 716.532718 716.616331 716.699944 716.783557
13 661.182971 661.260153 661.337334 661.414515 661.491696 661.568877
14 613.883668 613.955336 614.027004 614.098673 614.170341 614.242009
15 572.890938 572.957829 573.024719 573.091609 573.158500 573.225390
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3.3.4 Mass Spectral Interpretation

The monoisotopic peak corresponds to the monoisotopic mass, and is the first
peak in an isotopic distribution, which represents the loss of z number of H* ions
for a given molecule. When analyzing large biomolecules, the monoisotopic
peak often has the smallest peak intensity, where the largest peak in the isotopic
distribution, the base peak, is close to the average mass of the molecule.
Generally, when the isotopic distributions are resolved, as is the case in Figure
3.5 B below, each peak after the monoisotopic peak represents the addition of
one proton to the molecule. Generally, this is 3C, but can also include 2H, "°N,
or 7O. As the resolution is increased, more isotopic contributions can be
identified, as we can see in Figure 3.5 A, where the peaks start to have fronting
or tailing on the peak shapes, indicating the identification of isotopes that were

not visible in spectra collected at lower resolutions.

The monoisotopic peak(s) for each identified charge state (generally identified
by software) should be compared to the theoretical m/z values calculated
previously. This determines if the charge states have been assigned correctly, as
well as assesses the appropriateness of the solvent for generating spectra with
high mass accuracy. An example of this was shown in Figure 3.2 where the
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spectra in (A) has a -5 charge identified but occurs at a higher m/z than the
spectra in (B). The matrix in Figure 3.2 (A) leads to increased mass of the DNA
strand, where it is identified as a charge state of -5. Contrarily, with the addition
of the cation-reducing molecule imidazole to the same solvent, we can see that
the peaks become more resolved and closer to the theoretical monoisotopic
mass, as denoted by *. The difficulty in determining the m/z value of the
monoisotopic peak in Figure 3.2 (A) is due to the low signal to noise ratios
observed for this solvent. Because of this, we can use the difference between
the base peaks to attempt to identify adducts that are being added to the DNA
strands. The base peaks are labelled in Figure 3.2, and the identified difference

between the two base peaks is m/z 69.97851.

Table 3.3 represents the charge state calculations of an 8608.473216 Da DNA
strand, where the charge states for the monoisotopic mass are shown, as well as
calculated m/z peaks for ?H, '3C, >N, and '"O isotopes as these isotopes are an
important consideration for actual spectral interpretation. An important note is
that these calculations explained represent the theoretical form of a molecule
with the loss of z number of H* ions. Complex solvents and heterogeneous

samples can lead to mass spectra that do not precisely correspond to the
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theoretical mass calculations. For example, common cation additions to DNA

can occur with sodium (Na*) and potassium (K*) ions. It may therefore be

necessary to consider these adducts for spectral interpretation, as they are

helpful with identifying peaks that do not correlate to the theoretical m/z values.

3.3.5 Mass Accuracy

Comparison between the experimental peaks with theoretical peaks will also

allow for intuitive interpretation of spectra. An example of the theoretical mass

spectrum, generated using Bruker Compass DataAnalysis software, compared

to the experimental mass spectrum is shown in Figure 3.4.
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Comparison between the experimental and theoretical isotopic distributions
can also be quantified by determining the mass accuracy using the following
equation:

Mexperimental — Miheoretical X 106 (5)

Mass accuracy (ppm) =
Miheoretical

where Meyperimental is the experimental m/z value and the Miheoretical is the
theoretical m/z value. To determine the mass accuracy of the base peak for the

spectra in Figure 3.4, we use Equation 5 as follows:

1434.23934 - 1434.23958 6
Mass accuracy (ppm) = 1434 73958 x 10

=-0.17 ppm
Therefore, the mass accuracy for the observed base peak in Figure 3.4 was -0.17
ppm, indicating high mass accuracy compared to the theoretical distribution.
The negative sign indicates that the observed value was lower than the
theoretical values, but these low values give confidence in the corresponding
mass calculations of the oligonucleotides which can allow for accurate
determinations of base compositions or sequence determination. Determining
the base composition can be done by comparing the determined experimental
mass to the mass for various combinations of bases. Given the high accuracy,

we can unambiguously assign the base makeup of the analyzed DNA strand by
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comparing theoretical combinations of bases to the determined mass.
Sequencing of analyzed oligonucleotides using HRMS has been outlined in

other articles'0141.150.155 and is beyond the scope of this paper.

In our research, the highest mass accuracy (smallest ppm value) was observed
when analyzing the DNA strands with a solvent of water and 20 mM imidazole.
The average mass accuracy values for the two solvents are presented in Table

3.4 below.

Table 3.4. Average mass accuracy values (ppm) for the HRMS analysis of 26- and 28-base single
stranded DNA in two solvents (50:50 water:acetonitrile + 20 mM imidazole and water + 20 mM
imidazole) that were used to analyze 26- and 28-base single stranded DNA. The “-” symbol
denotes no observed peaks for designated charge states. Note: smaller ppm values correspond
to higher mass accuracy

28-base 26-base
50:50 50:50
Charge Water + Water +
Water:Acetonitrile Water:Acetonitrile
State Imidazole Imidazole
+ Imidazole + Imidazole
-4 153.239309 - 3331.651543 -
-5 -8.369947 45.691043 -23.135809 0.274049
-6 12.017535 -13.442545 -17.807049 -16.910374
-7 2.887711 -11.735319 13.244430 -0.160647
-8 310.570407 28.392339 -3.745251 -12.980799
-9 11.759488 -9.182156 1.451040 -11.109091
-10 8.940396 -0.477085 638.855134 53.658831
-1 10.244317 -0.556756 - -
-15 6426.048087 - 2730.491142 -




As we can see from Table 3.4, the observed mass accuracy was on average much
higher with the water + 20 mM imidazole solvent compared to the 50:50
water:acetonitrile + 20 mM imidazole solvent. While the 50:50 water:acetonitrile
+ 20 mM imidazole was shown to produce high signals for the -5 and -4 charge
states, the overall mass accuracy of the spectra is lower compared to the other
solvent. Based on these results, we identify water + 20 mM imidazole as an ideal
solvent for high mass accuracy for charge states between -5 to -11. If it is
required that high charge states, such as -15, be observed to analyze large
oligonucleotides so that they can be viewed in a smaller m/z range, the 50:50
water:acetonitrile + 20 mM imidazole solvent is favourable, although there is

considerably low mass accuracy for that charge state.

3.3.6 Resolution

The resolution of mass spectra can be calculated by measuring the width of a
peak at a designated percentage of height of the peak’3¢. The most commonly
used method in HRMS is calculating resolution using the full width half maximum
(FWHM), which measures the peak width at 50% of the height. Resolution, R is

calculated using Equation 6:

/.
Rrwhm = %ﬁz (6)
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where m/z is the m/z value for the peak being used to calculate R, and Am/z is

the peak width at FWHM, and is usually provided by the instrument software.

We analyzed the 28-base DNA strand at four different resolutions. An example

calculation for the resolution for spectra C in Figure 3.5 is:
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Figure 3.5. Analysis of 28-base DNA strand (monoisotopic mass = 8608.473216 Da) at four
different resolutions, Rrwmmis) = 490,074 (A); 119,427 (B); 7800 (C); and 701 (D). The number of
data points per scan were: (A) 16M, (B) 4M, (C) 128K, and (D) 32K. Labelled peaks show their

FWHM values. Resolutions are at nominal m/z 1721.

Figure 3.5 directly showcases the influence that resolution has on resulting

spectra. At too low of resolutions the isotopic distributions are not separated,
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and the entire isotopic distribution can be contained by one peak, as is the case
in spectra D where R= 811 for the monoisotopic peak. In Figure 3.6, we can see

the effect that resolution has on multiple peaks of the same charge.
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Figure 3.6. ESI mass spectrum of 28-mer oligo in four different resolutions, using16M (A), 4M
(B), 128K (C), and 32K (D) data points per scan. The average resolutions for these scan sizes at
the -4 charge are: Rewnmia) = 383,103 (A); 116960 (B); 1142 (C); and 873 (D). The spectra shown
represents the -4 and -5 charge states of the 28-mer DNA strand. The solvent shown in these
spectra is 50:50 water:acetonitrile + 20 mM imidazole + 10 mM ammonium acetate.

It is important to address resolution and its effect on the ability to perform
meaningful analysis of oligonucleotides as different instruments are capable of
various resolving powers. The purpose of resolution comparison was to assess

the samples from the lowest to highest resolutions capable with the Bruker
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Solarix FT-ICR MS and provide a general idea of spectral data that would be
attained using another instrument with lower resolution capabilities, such as an
Orbitrap instrument. Figure 3.6 depicts the range of resolving power
capabilities of the FT-ICR MS instrument used in this research, where the lowest
resolving power is attributed to 32K data points (resolution of approximately
800), with the highest being 16M (resolution of approximately 313,000). Even
though there are clear differences in the resolution between the different
resolving power values, the peaks are still conserved between the different
values. In Figure 3.6, for the -4 charge there are five main peaks clusters
identified. With analysis at the 32K resolving power, approximately six peaks are
observed, although this lower resolution has only six peaks total. In the higher
resolving power scans, we can see that the six peaks are each cluster that contain
multiple peaks within. However, due to the lower resolution in 32K compared to

16M, those clusters are only detected as one broad peak.

As a general rule of thumb, the minimum resolution required to fully resolve the
isotopic distribution of a molecule is equal to the mass of the ion'3¢. For
example, the nominal monoisotopic mass of the 28-base strand is 8608 Da and
therefore the minimum resolution needed is 8600. The nominal resolutions for
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the 32K, 128K, 4M and 16M scan sizes were found to be on average 701, 7800,
119428, and 490075, for the -5 charge states respectively. The resolutions were
calculated automatically using software via the FWHM as explained above.
These resolution values correspond to the minimum resolution needed to fully
resolve the isotopic distribution of the 28-base oligo based on the observed
data. In Figures 3.6 and 3.7, it can be seen that the isotopic pattern is not
separated sufficiently until analysis in 4M, which corresponds to a resolution of
97,245. In spectra C of Figures 3.6 and 3.7, the sample was analyzed with a scan
size of 128K, or a resolution of approximately 6145. As this value is below that
of the mass of the molecule, there was not sufficient resolving power to
effectively separate the ions. There is also evidence that there was insufficient
resolving power at the scan size of 128K and lower because the resulting peaks

are wider than the distribution observed at the more resolved spectra'3®.

Even though lower resolution was determined to be insufficient to fully resolve
the isotopic patterns, it can be observed that these lower scan sizes do still
detect the base peaks that are observed with higher scan sizes. The wider peak
envelopes observed in the lower scan sizes would lead to a larger mass error,
but if only lower scan sizes are available to a user, these still can provide intuitive
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mass spectrometry analyses of oligonucleotides. The average mass for the 28-
base oligonucleotide is 8612.674 Da, which corresponds to a m/z value at

1721.527524, as is shown in Figure 3.7.
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Figure 3.7. ESI mass spectrum of 28-mer oligo at four different data points per scan sizes: 16M
(A), 4M (B), 128K (C), and 32K (D). Each spectrum represents four different resolutions:
RFWHM(-5) = 490,074 (A); 119,427 (B); 7800 (C); and 701 (D). Spectra show the -5 charge state
of the 28-mer DNA strand in 50:50 water: acetonitrile + 20 mM imidazole + 10 mM ammonium
acetate. Black dashed line represents the theoretical m/z of the average mass for the 28-base
strand which is 8612.674 Da.

Clearly, lower resolution does have an effect on the mass accuracy of the analyte
and peak distribution. At the lowest resolution analyzed, the peak envelope
shifted to the left, or lower than, the average mass of the 28-base
oligonucleotide. This is true for both the average mass (identified by the middle

of the peak distribution) and the monoisotopic mass. However, as we increase
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the resolution, the distribution shifts such that the base peaks come closer to the
average mass of the sample, demonstrating that increased resolution also
increases mass accuracy. Generally, the average mass can be in between two
peaks, or close to the base peak but does not necessarily need to be

represented by a detected peak'3°.

If information regarding the mass of the analyte is required, lower resolutions
will only be able to give average mass values, as the monoisotopic peaks are not
shown in the lower resolution scans, such as 32K data points. Because of these
shifted distributions, it can lead to erroneous monoisotopic and average mass
determinations, specifically mass determinations that are smaller than the actual
mass. Having said this, even at the lower resolutions, the general distributions of
the analyte are conserved, regardless of the isotopic distributions being lost.
This indicates that lower resolving instruments can be used to infer general
information about oligonucleotides but should be avoided for high mass
accuracy analyses. The mass accuracies of the average masses are shown below
in Table 3.5. It should be noted that the differences in Table 3.5 represent the
difference between the theoretical m/z for the average mass at -5 charge state
and the base peak.
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Table 3.5. Comparison of theoretical m/z of average mass of 28-base oligonucleotide (average
mass = 8612.674 Da) to observed m/z values of base peak for different data points per scan, or

resolutions.
Theoretical
Data Points Observed m/z of Average mass
Average mass Ainm/z
per scan base peak accuracy (ppm)
m/z
16M 1721.628260 0.503680 58.515475
4M 1721.430420 -0.485520 -56.405720
1721.527524
128K 1720.932340 -2.975920 -345.730168
32K 1721.128740 -1.993920 -231.645440

3.3.7 Applications of HRMS to Forensic Science

The benefits of HRMS outlined in this paper have direct application to forensic
science. The ability of these instruments to sequence DNA strands shows
promise for their use in the field yielding high mass accuracies that lead to
confident sequence determinations. The low sample consumption is ideal for
any DNA analyses, as it allows for multiple analyses on the samples due to a
minimal quantity required for analysis with HRMS. The protocol discussed within
this paper consumes only 180 ulL of sample per hour, where the scan time takes
roughly twenty minutes to complete. Not only does HRMS allow for low sample
consumption, but also relatively quick analyses. In addition to DNA analyses,
HRMS can also be used for drug identification'38157-159 identification of

explosives'®®, and any other application that exploits knowledge of a molecule’s
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mass. We believe that these techniques can benefit the field of forensic science

in many subfields such as toxicology, chemistry, and biology.

3.4. Conclusions

The purpose of this paper was to provide a resource for method development
to fully utilize the potential of HRMS for the analysis of biological
macromolecules. Specifically, we outline the method development process for
oligonucleotide analysis and discuss calculating m/z values and charge
distributions, choosing appropriate solvents, and optimizing instrument
conditions, calculating mass accuracy and resolution, and interpretation of
spectral results. The benefit of HRMS lies in its ability to accurately determine the
mass of a molecule which can be helpful to identify base composition in
oligonucleotides, as well as the structure of proteins. Based on our
characterization, those conducting HRMS analyses of biomolecules such as
oligonucleotides will be able to optimize and develop protocols that can
provide both high resolution and high mass accuracy of oligonucleotides. Our
characterization demonstrates that interconnecting of HRMS into informative

markers such as DNA can be applied to forensic applications such as DNA
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quality characterization, methylation, accurate mass determinations, low sample
consumption and confirmation of DNA-binding for training purposes or
protocol optimization. These assays are also cost-effective and have shorter
analysis times, the latter being particularly important in reducing forensic
backlogs. Further to this, the potential exists for HRMS to be applied to RNA,

proteins assays and other macromolecules.

Ultimately, the potential uses for these instruments includes sequencing of and
structure reconstruction of DNA and RNA strands, determination of protein
structures and many other applications that rely on high mass accuracy. The
optimization and introduction of such applications to forensic science will
ultimately require collaboration between forensic scientists, chemists and
biologists. This collaboration will be beneficial not only to the multidisciplinary
nature of forensic science but will also help strengthen the field of forensic
science by developing quantitative methods for analysis of biomolecules

relevant to forensic science.

End of publication. The next sections are unpublished experimental results.
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3.5 Using HRMS to Characterize ssDNA Binding

HRMS is a formidable technique for the high-accuracy analysis of ssDNA mass,
as shown above. Using this concept, we wondered if it were possible to use FT-
ICR MS to show the real-time binding of amine-terminated ssDNA within a
hybrid inorganic-organic silicon solution-gelation (sol-gel) material. The aging
process of the sol-gel material generates spherical colloidal particles, with an
inorganic silica core and an outer surface decorated with organic epoxide rings
(R-COC)*. The epoxides can undergo ‘ring opening’ in the presence of a variety
of conditions but are mainly opened in the presence of primary amines (R'=NHy).
This mechanism has been explored in the development of microarrays, where
an epoxide-functionalized surface can immobilize ssDNA probes with a terminal
NH, group'!. We aimed to use a similar mechanism to immobilize amine-
terminated ssDNA within the sol-gel to develop a DNA-containing material

capable of performing as a sol-gel FBS with bound DNA#?7:50,

3.5.1 Methods
3.5.1.1 Chemicals
(3-Glycidyloxypropyl)trimethoxysilane (GPTMS) was purchased from Gelest

Chemicals and tetraethylorthosilicate (TEOS) was purchased from Sigma
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Aldrich. The sol-gel was made using both GPTMS and TEOS using a previously
described protocol*’. A 5" amine-terminated ssDNA (N-DNA) of 58 bases in
length with a 3-carbon spacer on the 3" end was purchased from Integrated DNA
Technologies  (Toronto, ON). The DNA sequence was: 5'-
GGCCTCCATTTCCACAGAATTTCAAGATAGATAGATTAAAGGACACAGTCTG
GGACAA-3’; three phosphorothioate bonds were also included on the 5" end
(M =18279.039772 Da). Estrone (Sigma Aldrich, Oakville, ON) was used as an

internal standard for certain time studies.

3.5.1.2 Time Studies
To assess the interaction of the two matrices (sol-gel or GPTMS) with N-DNA, six
sets of time studies were conducted, which explored N-DNA mixed with sol-gel

(TS1,TS2) or GPRTMS (TS3-TS6). The time studies are outlined below in Table 3.6.
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Table 3.6. Outline of six time studies conducted with N-DNA and sol-gel or GPTMS. TO-T4
represents a “time zero” where the solutions were just made, and each number represents a
replicate. *No imidazole was present in the solvent.

Study Solvent Samples Time points
Water + 20 mM 6 uM DNA TO-T4; 1 hr;2hr; 4 hr; 8
1 imidazole 6 uM DNA + 0.05% sol-gel hr; 24 hr
Water + 20 mM 6 uM DNA TO-T1;1hr;2hr; 4 hr; 8
T2 imidazole 6 uM DNA + 0.05% sol-gel hr; 24 hr
Water + 20 mM 6 uM DNA Ohr;1hr;2hr; 4 hr; 8
imidazole 6 uM DNA + 50 ppm GPTMS* hr; 24 hr
TS3 6 uM DNA + 50 ppm GPTMS
50 ppm GPTMS*
50 ppm GPTMS
Water + 20 mM 6 uM DNA O hr; 2 hr; 24 hr
imidazole 6 uM DNA + 50 ppm GPTMS*
TS4 6 uM DNA + 50 ppm GPTMS
50 ppm GPTMS*
50 ppm GPTMS
50:50 ACN:Water 6 uM DNA x3 replicates of each
TS5 + 20mM imidazole 6 pM DNA + 50 ppm GPTMS 1 hr; 8 hr; 24 hr; 48hr;
+ 1 ppm estrone 50 ppm GPTMS TS6: + 72 hr, 7 days
50:50 ACN:aceticacid | 6 uM DNA x2 replicates of each
TS6 + 20mM imidazole 6 pM DNA + 50 ppm GPTMS 1 hr; 8 hr; 24 hr; 48hr;
+ 1 ppm estrone 50 ppm GPTMS 72 hr, 7 days

The mixtures were analyzed with a solvent of either water and 20 mM imidazole
(TS1-TS4), 50:50 volume ratio of water and ACN with 20 mM imidazole (TS5) or
50:50 volume ratio of ACN and acetic acid (0.05 M) (TSé) and acquired at 4M for

a total of 75-100 scans, depending on the time study. The use of 50:50
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water:ACN was chosen from our initial matrix optimization outlined above to
promote ionization by using a more volatile solvent. For the sample preparation,
a T-connector was used to merge a DNA-solution and either a sol-gel or GPTMS
solution into the ESI source (Figure 3.8). First, the DNA solution was pumped
into the ESI source (200 pL/hr) with one end of the T-connector blocked until a
DNA signal was observed on the FT-ICR MS. Next, the sol-gel/GPTMS solution
was connected to the previously blocked end of the T-connector to merge with
the flowing DNA solution at the same flow rate. This solution was pumped into
the ESl source until sol-gel/GPTMS signal was observed. After sufficient time had
elapsed, both pumps were stopped, and the capillary tubing, containing the
merged solution, was removed and capped with parafilm, then stored in the
fridge (4°C) for a designated time. Control samples of just DNA or GPTMS/sol-
gel were prepared in a similar way. This was repeated for the total number of
time points being analyzed. Once a certain time had elapsed, e.g., 4 hours, the
capillary was removed from the fridge, connected to the ESI source and

analyzed with the FT-ICR MS.

88



Figure 3.8. Set up for analysis of DNA and sol-gel/GPTMS binding with FT-ICR MS. The samples
were fed through a T-connector pushing DNA sample (1) sol-gel or GPTMS (2) which was
merged into the ESl source (3).f

3.5.1.3 Statistical Assessments

To compare the spectra, individual spectral files were made for each sample,
time, and replicate. These files were composed of the monoisotopic mass and
the corresponding intensities to account for both the m/z and the charge of the

ions to compare detected masses in each spectrum. The spectral files were

filtered by masses greater than 15,000 Da. The spectral files were formatted for

f Created with BioRender.com. Copyright permission is in Appendix I.
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analysis with the MetaboAnalyst 5.0 software’9?%3 and Partial Least Squares-

Discriminant Analysis (PLS-DA) were performed.

3.5.2 Results & Discussion

The analysis of DNA and sol-gel using FT-ICR MS led to overall complex spectra,
with an observed loss of some of the DNA-specific ions (Figure 3.9). The loss of
DNA signal could suggest either suppression of the DNA signal from the sol-gel
matrix or a change in mass from DNA binding to large colloidal particles. The
complexity of the spectra further makes the identification of DNA-sol-gel
binding difficult. This was because without an idea of the mass or charges of the

colloids, predicting a DNA-colloid complex was problematic.

TS5 assessed 6 pM amine-DNA, 6 pM amine-DNA + 50 ppm GPTMS, and 50
ppm GPTMS. A key observation from this time study was the appearance of a
“second set” of DNA-like peaks when the DNA was mixed with GPTMS. This can
be seen in Figure 3.10 below in the purple spectra, and more closely on the
right. The “second set” of peaks occurs close to the theoretical mass of a
potential DNA-GPTMS coupling, but does not have the same m/z values as the

theoretical monoisotopic mass (Figure 3.10). This second set of DNA features
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was observed up to 48 hrs (TS5), but peaks attributed to single DNA molecules
were also observed, indicating that there are still unbound DNA molecules even

after 48 hours of reaction in the capillary tube.
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The main issue with the time studies was that there was no direct m/z value that
directly corresponded to the theoretical m/z value(s) of a GPTMS-bound DNA
molecule, despite ions corresponding to the monoisotopic mass of DNA being
identified. We attribute this to the multi-charge potential of the ionization
process and a complex system of even ssDNA and GPTMS. The use of statistical
assessments of the spectra over time could prove useful, although it is difficult
to say whether any statistical differences observed between spectra would
conclusively indicate binding. This is especially true given that there are clear
differences in the spectra between DNA, DNA+GPTMS and GPTMS, which could
be due to binding or changes in solvent properties and therefore the ionization
process. To avoid this potential influence, we filtered for monoisotopic masses
that were similar or larger than the mass of an unbound DNA molecule. For
example, we conducted a PLS-DA which showed differentiation in both the DNA
and DNA + sol-gel spectra (TS1, Figure 3.11) and the DNA, DNA + GPTMS and
GPTMS spectra (TS5, Figure 3.12). TS6, which used the 50:50 ACN:acetic acid
solvent could not be analyzed with PLS-DA since the ions where multiply-
charged DNA species exist in the spectrum did not have identified charge

states, which led to no observed masses over the cut-off of 15 000 Da.
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Figure 3.11. PLS-DA from TS2 of reaction between DNA and DNA + sol-gel. Image on the left
shows the plots without sample names, and image on the right has sample name/time.
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Figure 3.12. PLS-DA from TSb5. Filtered for >15,000 Da. Thirteen GPTMS samples were not
included due to no masses present over the cut-off (8 hour - replicates 1, 4, 6; 24 hour -
replicates 1, 2, 3, 5, 6; 48 hour - replicates 1, 2, 3, 4, 6).

In both the time studies that investigated DNA and sol-gel reaction and DNA
and GPTMS, the highest variable importance in projection (VIP) scores within the
respective PLS-DAs were attributed to masses larger than the single DNA
molecule - suggesting the differences are being caused by complexed
molecules. For example, in the DNA + sol-gel experiment, the five highest VIPs

were monoisotopic masses of 19168.96214, 19145.89498, 19138.94467,
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19277.01418, and 19235.05746 — although their relative concentrations were
higher in the DNA only spectra. In the DNA + GPTMS study, however, the
highest VIPs were masses of 18332.27754, 18331.26738, 18334.2689,
18351.20732, and 18330.26954, which were highest in the DNA+GPTMS
spectra. The monoisotopic mass of the DNA molecule in this reaction is
18279.03977, where there is an approximate mass change of ~53 Da higher
between the monoisotopic mass and the highly contributing peaks in the
DNA+GPTMS spectra. The monoisotopic mass of a GPTMS monomer ranges
depending on the hydrolysis, but for simplicity can range between 236.10800
to 194.06105 Da, representing a GPTMS molecule with 3 methoxy (R-O-CH3)
groups to GPTMS with hydroxyl groups (R-OH), respectively. In fact, for a DNA
and GPTMS complex, we would expect this mass to range between 18473.1008
to 18545.1947 Da, assuming only this range of hydrolysis of GPTMS.
Theoretically, the DNA is in a charged state anywhere between -10 to - 21 for
our system; we assume the GPTMS molecule exists in a -1 state and does not
exceed above a tetramer (see below). In the VIP scores, there are contributing
masses which fit within the expected mass range of a DNA-GPTMS complex;
these most often correspond to m/z values of the extra set of peaks being
observed (Figure 3.10). Again, while this suggests that GPTMS-related mass
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adducts are occurring with the DNA, we cannot be certain that we are observing

binding exclusively.

Beyond DNA binding, a valuable finding from the time studies was the
identification of various ions attributed to GPTMS hydrolysis and polymerization
(Table 3.7). We observed similar structures to other works'¢416> in the GPTMS
aging. Interestingly, there were monomers of GPTMS still observed after 7 days.
This could be due to the surface area restrictions within the capillary tubing. The
large number of GPTMS conformations further explains the difficulty in
identifying a single DNA-GPTMS complex, where this complex could be a

combination of any DNA or GPTMS confirmation at various charge states.

Table 3.7. GPTMS molecule identification during a 7-day time study. The tentative structure and
m/z of monoisotopic mass are shown (left side) and the corresponding m/z values for each
sample (right). Only three decimal places are shown for the m/z values. Designations are low
signal (L), high signal (Y), and non-confirmed (NC) - which are designations that have
differences beyond 0.01 m/z.

GPTMS Structure Time Elapsed in Reaction
(m/z of monoisotopic mass) 0 hr | 8 hr | 24 hr | 48 hr 72 hr 7 days
GPTMS
L L L Y Y Y
%\/\/\\/ 193.05375 | 193.054 193.054 193.054 193.054 193.054
on DNA + GPTMS
193.054 T v y v y
193.054 193.054 193.054 193.054 193.054
GPTMS
L L L L L L
L\/o 207.06945 | 207.069 | 207.06937 | 207.069 207.069 207.069
DNA + GPTMS
207.069 NC-L L L L L
207.070 207.069 207.069 207.069 207.069
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GPTMS

Y L
% \ N 221.085 | 221.085
— DNA + GPTMS
221.085 Y Y Y L Y
221.085 221.085 221.085 221.085 221.085
GPTMS
L&L’ o Y Y Y Y Y Y
g X\ 369.104 369.104 369.104 369.104 369.104 369.104
L\/ < DNA + GPTMS
369.104 L Y Y Y Y Y
369.104 369.105 369.104 369.104 369.104 369.104
GPTMS
A \ _ _ _ B
NP L L NC-L NC-L NC-L NC-L
R \ o 383.120 383.120 | 383.11214 | 383.11212 | 383.119 383.119
~
L\/"Ws\o DNA + GPTMS
/ L Y Y NC-L NC-L
383.120 383.120 383.120 383.120 | 383.11244 | 383.11993
GPTMS
A/ \ /ON L L
\ 397.13583 | 397.135
% / ~
DNA + GPTMS
397.136 / v v v L
' 397.136 397.136 397.136 397.136
- GPTMS
% \/\/5/ ™~
% A\ O
K DNA + GPTMS
/ L L
411.151 411.151 411.151
GPTMS
f Y Y Y Y Y Y
J 527.144 527.144 527.144 527.144 527.144 527.144
- DNA + GPTMS
A W‘\ 4 7\
Y Y Y Y Y Y
527.144 527.145 527.144 527.144 527.145 527.145
527.144 °
(A° GPTMS
S :
"o 541.160
A/ \/\/i‘\o/sl
k DNA + GPTMS
l L L
541.160 541.160 541.160
GPTMS
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A NC-L NC-L NC-L
f 555.137 555.137 555.137
{ DNA + GPTMS
L\/"\/\/%\o/%
] NC-L NC-L NC-L NC-L
l 555.092 555.092 555.092 555.092
555.175
(A“ GPTMS
| (f NC NC NC
) 7o 569.155 569.155 569.155
%"\/\\«\i_"/ "
P DNA + GPTMS
l NC-L NC-L NC-L
569.191 569.155 569.156 569.155
/\‘n
) [ GPTMS
< [
&LC .j Y Y Y Y Y Y
N 703.19492 | 703.195 703.194 703.194 703.195 703.195
f f DNA + GPTMS
oj Y L Y Y Y Y
703.195 703.195 703.195 703.195 703.195 703.195 703.195
) / GPTMS
Y NC NC
; o
LYW_V\/\ 805.366 | 805.366
A A DNA + GPTMS
S
) NC-L NC-L NC-L NC-L
805.303 805367 | 805367 | 805367 | 805.367

3.5.3 Conclusions

The time studies were conducted to follow up on the high potential of HRMS for

the analysis of DNA molecules. It was reasoned that using FT-ICR MS we could

observe DNA binding in the sol-gel matrix. The sol-gel was complex, and the

attribution of designated peaks was difficult due to the uncertainty in potential

masses. The analysis with DNA and GPTMS reactions observed a “second set”

of DNA morphology peaks that indicate larger DNA structures than a single
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DNA molecule of the same charge state. However, we were unable to observe
a monoisotopic mass value corresponding to a DNA-GPTMS complex
exclusively. We also observed the self-polymerization of GPTMS over time,
complexes of up to four GPTMS-containing molecules were observed in our

solvent system.

The overall complex nature of the sol-gel, in addition to its other caveats justifies
the exploration of a more favourable environment for DNA binding that could
be better characterized and controlled. Our work with alginate and CATGs
supports the use of hydrogel-based polymers as a favourable environment for
DNA functionality and its modification potential provides promising avenues for

forensic blood simulant development and soft tissue design.
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Abstract

Alginate-based hydrogels provide many advantages in the design of functional
tissue mimetics given their low toxicity and mechanical similarities to native
tissue types. However, deoxyribonucleic acid (DNA)-crosslinked alginate
hydrogels are often not explored despite the added functional capabilities of
DNA inclusion into the hydrogel. We have previously demonstrated the
potential of DNA-encapsulated ionic alginate hydrogels to serve as human
genetic training standards for forensic biology research and training. In this
work, we present further development of these materials through covalent
attachment of the DNA to alginate for targeted forensic applications. These
crosslinked materials not only promote a more stable 3D polymeric network, but
also achieve localization of the functional ssDNA - which is particularly desirable
for the development of human white blood cell (WBC) mimetics for forensic
science. Herein, we investigated the covalent attachment of dual amine
terminated ssDNA (N-DNA-N) to alginate of three different concentrations and
various amine functionalities (none, one terminal amine and two terminal
amines). Fourier transform infrared spectroscopy analysis confirmed the
formation of amide bonds, indicative of successful crosslinking between the N-

DNA-N and alginate. Rheological characterization showed that each DNA-
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crosslinked material forms similar structures, but the higher DNA concentration
behaved like a dynamic viscoelastic material. Scanning electron microscopy
visualization indicated that each material had distinct topographies, where the
covalent crosslinked alginate-DNA materials had more ordered particles and
networked structures. It was revealed that the covalent crosslinking occurs
primarily from the terminal amines on the DNA strands, further suggesting the
formation of a 3D network. From here, microparticles (MPs) using the dual amine
DNA-crosslinked materials were developed, and the particle morphology, sizes,
and DNA functionality were assessed. It was determined that MPs made using
DNA-crosslinked materials had larger particle diameters compared to the non-
DNA controls and these MPs could be successfully processed in a relevant
forensic scenario through extraction, amplification, and genotyping. The
functionality of the DNA-crosslinked MPs demonstrates their feasibility for use
as WBC mimetics that can be used as a standalone material and/or integrated

into a forensic blood simulant containing genetic components.
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4.1 Introduction

Alginate-based hydrogels have continually been developed in the areas of
bioengineering, biomedicine, and the food industry owing to the many benefits
of alginate such as biodegradability, printability, and low toxicity>¢6477.166,167,
Alginate is a desirable polymer for these applications not only due to its
biocompatibility and mechanical similarities to the extracellular matrix (ECM)°,
but also due to its versatile crosslinking potential. Covalent crosslinking of
alginate can be used to design chemically modified hydrogels (chemical gels)
with targeted functions, mechanical, and/or chemical capabilities. Alginate is
composed of repeating blocks of B-D-mannuronate (M) and a-L-guluronate (G),
each containing carboxyl (COOH) functional groups. The COOH moieties are
one of the main sources of covalent crosslinking of alginate'®®, where typical

crosslinking can be achieved through incorporation of photoionizable

169-171 172

groups click chemistry'’?, carbodiimide chemistry®?'73, or through
esterification reactions with alcohol- or alkyl halide-functionalized groups®’.
Other types of crosslinking include ionic and pH-induced crosslinking, but are
often not used in biomaterial development due to properties such as gel

instability and lack of stiffness when compared to covalently crosslinked

materials’374. Recent work has even demonstrated the potential of hydrogels to
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be developed without the use of traditional crosslinkers, where hydrogel
polymerization is controlled via physical forces such as hydrogen bonding and
electrostatic interactions while retaining similar properties to crosslinked

hydrogels'’4.

Hydrogels can incorporate a variety of crosslinkers including deoxyribonucleic
acid (DNA). DNA-based hydrogels are an emerging and attractive option for
polymer materials primarily due to the predictable and base-specific binding of
DNA'>. Furthermore, DNA integration into hydrogels procures additional
benefits such as controlled biodegradation, spatial control, and stimuli-
responsive behaviour'’>17¢, DNA-containing hydrogels are extremely versatile
and programmable materials that make these hydrogels useful in host
recognition or controlled transfection of DNA”#, biosensensing’’’, and drug
delivery applications'’¢'78, Commonly, these materials incorporate aptamers in
the hydrogel matrix; which are short single stranded ligands with high specificity
for a given target molecule(s)'”?. The aptamers can be used as either single
stranded crosslinkers, or can be hybridized with its complementary strand to
form crosslinked hydrogels'’>'7?. Most often, the aptamers are constructed
through functionalization or decoration of polymers'® that primarily provide
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functional properties within a hydrogel'’é. However, the DNA can be included
for both mechanical and functional purposes, where the three-dimensional (3D)
crosslinked networks are formed through hybridization of two complementary
immobilized single stranded DNA (ssDNA). Beyond aptamer-based DNA
hydrogels, various forms of DNA can be integrated into the polymer network,
including X- or Y-DNA/nanostars, i-Motifs, DNAzymes, and Guanine (QG)-
quadruplexes using a variety of modification strategies'?>176.181 For example,
using X- and Y-shaped DNA, hydrogels can be easily tuned to possess

182 controlled stiffness and degradation'83, all

properties such as self-healing
while produced under physiological and non-toxic conditions. G-quadruplexes
and i-motifs can be used to achieve hydrogels with photo-responsiveness and
shape-memory functionalities' 8>, and DNAzymes can be effective in the

colorimetric detection of hydrogen peroxide (H,O3) down to 1.0 pm?8¢,

While DNA-crosslinked hydrogels have been investigated previously, the
included sequence was usually some form of an aptamer, and materials typically

use other polymer bases such as polyacrylamide!”>177.187.188

polyethylene
glycol>18 or even DNA itself'?%19! but infrequently alginate. Of the few

examples of alginate-DNA crosslinked hydrogels in the literature, these
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materials typically bind the DNA from one end of a short aptamer sequence to

192-194 -~ or crosslink the hydrogel through imine linkages formed

alginate
between DNA and oxidized alginate'”8. The work described herein presents a
DNA-alginate hydrogel structure not previously investigated, where a single
long ssDNA of approximately 100 bases is crosslinked in an alginate system by
both ends. In addition, we discuss novel applications of DNA-based hydrogels
in the niche field of forensic science. Relating to forensic science, few DNA-
based hydrogels have been discussed for the detection of analytes such as
drugs and metabolites, identification of biological evidence'?®, and imaging of
latent fingerprints'?, although none use alginate. Beyond these applications,
and the focus of this research, is the development of functional tissue mimetics
or standard reference materials with controlled hydrogel properties. These

materials can assist in training and understanding the complex degradation

mechanisms experienced by biological tissues in crime scene scenarios.

The present work focused on the 3D crosslinking of alginate and functional dual
amine terminated ssDNA, which has not been reported previously. Alginate is
not only desirable for many of the reasons explained above, but its soft material
characteristics makes it favourable in the design of functional tissue mimetics
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with genetic components. The purpose of this research was to characterize the
covalent crosslinking between alginate and dual amine ssDNA to expand on our
previous research with ionically crosslinked DNA-encapsulated alginate
hydrogels (CATGs)'"’. Here, we explore covalent crosslinking with DNA strands
of similar size (98 bases); where the dual amine-terminated 98-base ssDNA was
covalently crosslinked to alginate using carbodiimide chemistry. These
covalently crosslinked alginate-DNA hydrogels are desirable to localize DNA
binding in the alginate and develop more stable hydrogels, which have
significant forensic applications. In particular, we investigated the ability of the
DNA-crosslinked materials to be used in microparticle (MP) formation and

assess their use as white blood cell (WBC) mimetics.

4.2. Experimental Section

4.2.1 Materials

1% w/v alginate (low viscosity, Sigma, Oakville, ON) was dissolved in 2-(N-
morpholino)ethanesulfonic acid (MES) buffer (0.05 M, pH 6.0) and allowed to
mix overnight at room temperature (22°C + 2°C). 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide®HCI (EDC, BioShop, Burlington, ON) and
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N-Hydroxysulfosuccinimide (Sulfo-NHS, ThermoFisher, Mississauga, ON) were
used as received. The ssDNA crosslinker was purchased from Integrated DNA
Technologies (Toronto, ON) and reconstituted in UltraPure™ water to create a
100 uM stock solution. The crosslinker was a 98-base ssDNA'?7 with primary
amine groups (NH - R) on both the 5" and 3’ ends (N-DNA-N). Various amine
modified ssDNA were also investigated, including: i) primary amines on both
the 5 and 3" ends - “"N-DNA-N" (AXD2N), ii) primary amine on the 5" end - "N-

DNA" (AXD1N) and iii) no terminal amines - “DNA" (AXDON) (Table 4.1).

4.2.2 Crosslinking Scheme

Each crosslinking reaction had a total volume of 5 mL. First, 1% w/v alginate
(MES) was added to individual vials on a stir plate, and EDC (261 pmol) and
Sulfo-NHS (65 pmol) were added and allowed to react for 20 minutes at room
temperature (22°C + 2°C). 100 pL of NaOH (1 M) was added to raise the pH to 8
before the addition of the ssDNA (N-DNA-N, N-DNA or DNA). Various
concentrations of the DNA crosslinker were added (0.01, 0.025 and 0.05 pmol
= 0.02, 0.05 and 0.1 pmol amines, respectively) to assess the effects of
crosslinking on the materials. The general reaction scheme is shown below

(Scheme 1). The samples were allowed to react for 24 hours and EDC/Sulfo-NHS
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removal was completed using Amicon Ultra 30K MWCO filtration units. Three
filtration/wash steps were performed: i) filtration step (1000 x g, 30 minutes), ii)
wash step 1 (1000 x g, 15 minutes), and iii) wash step 2 (1000 x g, 15 minutes). 1
mL of MilliQ® water was added to each sample before each of the wash steps.
In total, nine materials were formed: seven different materials with the
carbodiimide crosslinkers present, as well as two controls without crosslinkers

(Table 4.1).

Scheme 4.1. Covalent attachment of dual amine-terminated ssDNA to alginate
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' Created with BioRender.com. Copyright permission is in Appendix |.
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Table 4.1. Outline of crosslinking reactions. The presence of “X" indicates that the covalent
crosslinkers EDC and Sulfo-NHS were added to reaction, whereas “P” indicates the DNA was
mixed with alginate without EDC/Sulfo-NHS. Identification in square brackets represents the

classification with the addition of Ca?*.

ssDNA
Main Crosslinking EDC Sulfo-NHS ssDNA
Material Concentration pH
[+ Ca?] (pumol) (pumol) Structure
(nmol)
AXo 261 65 -- --
AXD10 261 65 N-DNA-N 10
8
AXD25 261 65 N-DNA-N 25
Covalent
AXD50 261 65 N-DNA-N 50
[Dual]
AXDON 261 65 DNA 50
AXD1N 261 65 N-DNA 50 8
AXD2N 261 65 N-DNA-N 50
Non-Covalent Aq -- - --
8
[lonic] APD50 -- - 50

4.2.3 Materials Characterization

4.2.3.1 Rheology

For the rheological characterization, samples were made to be dual crosslinked
(4:1 volume ratio alginate:calcium (50 mM CaCly); where “alginate” in this case
refers to the final material - or "material” - from Table 4.1). Rheological
assessments were conducted using a Discovery HR20 stress-controlled
rheometer with an advanced Peltier plate and a solvent trap system (TA
Instruments). All rheological tests were conducted at 22°C using a 40 mm

parallel plate geometry with Millipore water in the solvent trap and a 500 pym
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gap. Oscillation amplitude sweeps and frequency sweeps were preformed
between strains of 0.01-150% and frequencies of 0.05-200 rad/s, respectively.

The frequency sweeps were conducted at a strain of 2%.

4.2.3.2 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy and scanning electron
microscopy (SEM) analyses were performed using both the DNA crosslinked
materials and controls, both with and without the addition of Ca?*. For the FTIR
characterization, 1 mL disposable transfer pipettes were used to place three
drops of each material into individual Petri dishes where they were allowed to
dry. The dried films were placed directly on the FTIR crystal for analysis. FTIR
measurements were conducted using a Thermo Fisher Nicolet 380 FTIR
spectrometer in absorbance mode (ATR) between wavenumbers of 4000-500

cm! with a total of 32 scans.

4.2.3.3 Scanning Electron Microscopy
SEM analyses were used for morphological characterization of the materials,
using a Hitachi's FlexSEM 1000 Scanning Electron Microscope. The materials

were allowed to air dry on stainless steel stubs, and analyzed at 5 kV. Images
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were magnified at 500 (100 pm scale), 1K (50 pym scale), and 2K (20 ym scale)

SE, and certain images were analyzed at 4K SE (10 pym scale).

4.2.3.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used for materials characterization of the
different amine variation ssDNA materials, where only dual crosslinked materials
were investigated. For this, a TA Instrument SDT Q600 thermal analyzer was
used. The dual crosslinked materials were freeze-dried for 24 hours prior to
TGA, and the freeze-dried materials (8 - 12 mg) were analyzed between 25°C to

800°C, with a heating rate of 10°C/min, and under Argon gas (50 mL/min).

4.2.4 Electrospray lonization Optimization & Microparticle Generation

Before microparticle (MP) development with the crosslinked materials, an
optimization experiment was first conducted using alginate dissolved in water,
Alg(H20), to understand the effects of concentration, voltage (V), spraying
distance (d), and flow rate (Q) on MP formation. For the purposes of this
research, the optimized conditions were found to be: 2.5% w/v alginate + 0.5%
v/v Tween 20 at a flow rate of 2 uL/min, with 10 kV applied to the needle tip that

was 4 cm from the CaCl, collection bath (7.35 wt/v%). Following the
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optimization, MPs were created using the 2.5% w/v alginate dissolved in MES
buffer, AIg(MES), a crosslinking control (AXp) and two DNA crosslinked materials
- a low concentration of DNA (AXD10) and a high concentration (AXD50). Each
crosslinked material was made using the same conditions as described in
Section 4.2.2, with the exception that 2.5% w/v alginate was used instead of 1%
w/v. The DNA used in the crosslinking reactions was the dual amine terminated

98-base strand (N-DNA-N).

The electrosprayed MPs were washed three times with MilliQ® water before
visualizing on an EVOS FL Auto microscope (Life Technologies) under 20x and
40x magnification in the brightfield mode. Once imaged, the images were
imported into Fiji (Image J, 2.3.0/1.53q), scaled, and the particle diameters were
manually measured using the “Measure” tool. RStudio (2022.07.1) was used to
statistically compare the respective particle diameters using a student’s t-test,

and generate the particle size distributions.

4.2.5 DNA Extraction and Amplification of the MPs
Finally, the washed MPs underwent an extraction and amplification process,

similar to a method used in our previous work with CATGs'”’. Specifically, the
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MP solutions were first inverted to ensure homogenous distribution of MPs, and
100 pyL was added to 450 pL of gel dissolving buffer (Monarch® DNA Gel
Extraction Kit, New England Biolabs). The MPs were incubated at 52°C and 500
rom for 20 minutes (Eppendorf ThermoMixer F1.5), and the manufacturer’s
protocol was followed as suggested hereafter. The DNA was eluted with 20 pL
of Invitrogen™ UltraPure water (ThermoFisher Scientific). 2 pL of the extracted
DNA was added to a 10 pyL PCR reaction (95°C for 10 minutes; 94°C for 30
seconds; 53°C for 1 minute; 72°C for 1 min; repeated for a total of 30 times with
a final step of 65°C for 15 minutes). A 1:50 dilution of the amplified product was
genotyped using an ABI 3730 DNA Analyzer with a GeneScan 500 ROX size

standard.

4.3. Results and Discussion

4.3.1 Rheology

The rheological analyses show that overall, the ionically crosslinked samples
have much higher storage (G’) and loss (G”) moduli compared to the dual
crosslinked counterparts (Figure 4.1). This is unlike other studies with dual
crosslinking’¢?171.198: however, there are two likely explanations for the lower
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moduli values in the dual crosslinked samples. First, the egg box model of Ca?*-
Alg hydrogels leads to tighter junctions, and therefore stiffer gels compared to
the hydrogels crosslinked with elastic and larger ssDNA. Furthermore, if alginate
is bound to either N-DNA-N, or in the case of the Ca-AXo, likely bound to Sulfo-
NHS (see Section 4.3.2), there are fewer available COO- groups to participate in
Ca?* coordination, leading to softer materials. Additionally, the DNA used in this
research is typically larger than the length of DNA incorporated into other
hydrogels through 3D crosslinking or functionalization. For example, aptamers
can typically range between 20 and 60 nucleotides'’, but in a majority of work
that includes functionalized ssDNA, the DNA sizes are less than 40 nucleotides.
Furthermore, the attachment of ssDNA is usually bound by a single end, where
the 3D hydrogel formation is achieved through either hybridization of

192 or through hybridization of

complementary sequences of bound strands
another unbound complementary strand??. Using similar attachment strategies
to the one used in our research (ssDNA immobilized by both the 5" and 3" ends),
Murakami et al.'’’ used 29-base amine-terminated ssDNA to investigate the
ability of the DNA-crosslinked hydrogel to shrink or swell when bound to
complimentary strands, but did not investigate the rheological profile of these

materials. Pan et al.?%! investigated the effect of rigid and flexible DNA strands
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on the hydrogel rheology and found that flexible chains can lead to better
stability and stretchability, although Jiang and coauthors have shown thatlonger
DNA strands can lead to softer gels?%2. In our hydrogels, we observed the latter,
where the long ssDNA incorporated into our hydrogels leads to very flexible,
and soft gel characteristics. Because of this, we do not see linear trends in our
moduli values, where the G’ should be much larger than G” as the DNA

concentration (and theoretically number of crosslinks) is increased.
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In the amplitude sweeps, the dual crosslinked materials each had G">G’
indicating the formation of viscous materials instead of elastic (Figure 4.1, A).
Each DNA crosslinked material showed similar curve characteristics,
demonstrating similar structural formations, and had distinct behaviour in the
amplitude sweeps as demonstrated in another study?%4. The DNA exhibits strain
stiffening at the higher oscillation strains due to its elastic nature. This behaviour
is different from the Ca-AXy sample as the material has a smaller linear
viscoelastic region and exhibits more of a structural breakdown in the same

strain range (Figure 4.1, A).

In the frequency sweeps, the Ca-AXD50 was the only material of the dual
crosslinked materials that did not exhibit structural breakdown at higher
frequencies (Figure 4.1, B). This breakdown was concentration-dependant,
where Ca-AXD10 deforms first (7.9 rad/s), followed by Ca-AXD25 (23.2 rad/s),
and then Ca-AXo (107.7 rad/s), whereas the Ca-AXD50 does not show structural
breakdown (Figure 4.1, B). In the high frequency region (>100 rad/s), Ca-AXD50
behaves like a viscoelastic material?®®>, where G'>G”, and the material shows

high frequency dependence. Frequency dependence can indicate dynamic
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gels?%, which is likely the case. Besiri et al?®’ have shown that higher
frequencies can lead to increased distribution of Ca?* during in situ assessments
of Ca-alginate crosslinking. These higher frequencies can theoretically disrupt
the coordinated Ca?* ions in the dual crosslinked materials, causing structural
deformation. Consequently, the Ca-AXD50, which has more covalent crosslinks,
can then withstand the higher frequencies despite the reorganization of the Ca?*
ions. The Ca-AXD50 also showed less frequency dependence at lower
frequencies in the tand (Figure 4.1, C), indicating a more relatively stiff material
compared to its other dual-crosslinked counterparts. It should be noted that
other work has suggested the influence of inertial effects in the high frequency
range of low viscosity materials which can be misinterpreted as structural
response®®3. When the inertial limits are overlayed over the rheological data
(Figure 4.1) the high frequency region could be influenced by inertial effects,
although replicate analyses suggest this is a true material behaviour (see Section

4.3.4).

Interestingly, even though we see a distinct structural difference in the Ca-
AXD50 in the frequency sweep, there was not a large difference between the
Ca-AXD50 and Ca-AXD25 in the amplitude sweep. In fact, the Ca-AXD25 shows
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a higher G' compared to the Ca-AXD50. This observation could be due to the
Ca?" interactions offsetting the extra DNA crosslinking occurring in the Ca-
AXD50; where less DNA crosslinks in the Ca-AXD25 means that more Ca?* can

interact with the COO" groups, leading to higher G’ overall.

4.3.2 FTIR Spectroscopy

The FTIR spectra showed similar trends to the rheology analyses, especially
regarding the AXD50 sample. The main comparison is shown between the DNA-
crosslinked samples (AXD10, AXD25, and AXD50) and controls (AXo, Ao, and
APDS50) (Figure 4.2). The control materials were included to directly assess the
effects of the covalent crosslinkers (AXg) as well as the presence of ssDNA on the

hydrogel structure (APD50).
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Figure 4.2. FTIR spectra for six different alginate materials. Materials AXo, AXD10, AXD25, and
AXD50 were covalently crosslinked using EDC/Sulfo-NHS only (no Ca?*); and samples Ao and
APD50 were mixed without the addition of EDC/NHS or Ca?*.

Alginate was observed to have characteristic peaks at 1603 and 1406 cm,
which corresponds to the COO™ moieties of the M and G blocks, specifically the
symmetrical stretching of the carbonyl groups (C=0) at 1603 cm”' and
asymmetrical stretching (C-OH) at 1406 cm™ 298, In the presence of EDC/Sulfo-
NHS, the 1603 cm™' peak is split into two peaks at 1609 and 1561 cm™', which is

likely due to residual C=0 in solution from Sulfo-NHS. This is also supported
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given that S=O stretching can be seen only in the covalent materials at 1176 cm-

1

In the AXD50 material, there is an even further red shift in the split peaks to 1654

1 attributed to the amide | bond formation. There is also an additional

cm’
simultaneous loss of the 1407 cm™" peak. Both changes indicate the loss of COO-
groups, which occurs during amide bond formation from N-DNA-N binding to
the alginate (Scheme 4.1). Other indicators of amide bond formation are
observed in the increased absorbance of the peak at 1562 cm™, likely due to the
N-H deformation of amide 11%?. There is also a more distinct peak at 3321 cm™™,
which is reasoned to be caused by N-H stretching of the amide A bond?%?. The
addition of N-DNA-N in the alginate material without crosslinkers (APD50)
shows relatively no change to the COO" groups. This indicates that the presence
of DNA alone is not leading to the amide bond detection observed in the DNA-
crosslinked materials, which naturally exist in three of the four DNA bases. An
interesting note is the slight shift of the asymmetrical stretch of the COO" to a
higher wavenumber in the Ca-APD50 sample from 1415 cm™ to 1417 cm!
(Appendix A2.1). A shift to lower wavenumbers can indicate ionic binding

between alginate and Ca?* 2'%. The higher shift in Ca-APD50 could be due to the
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interaction of the N-DNA-N ions with the negatively charged alginate leading to

less Ca?* interaction overall. 210

In both the FTIR and SEM assessments, the calcium-crosslinked samples (ionic,
dual) showed less distinct differences overall (Appendix Il Figures A2.1, A2.2),
especially between covalently crosslinked samples. This is likely the result of the
calcium ionic crosslinks masking any underlying covalent linkages between DNA
and alginate, as mentioned previously. It should be noted that even though
materials made with the addition of calcium showed less distinct differences in
the SEM and IR assessments, the rheological assessments did observe distinct
differences, largely as the technique can directly probe the viscoelastic

properties of materials on a more sensitive molecular level.

4.3.3 SEM

Analyses with SEM showed that the DNA-crosslinked materials had more order
and structured surfaces compared to encapsulated N-DNA-N (APD50) and the
non-DNA containing materials (AXo, Ao) (Figure 4.3). Both the Ag (Figure 4.3, A
and B) and AX, (Figure 4.3, C and D) materials had relatively smooth and pitted

surface morphologies compared to any of the DNA-containing materials. The
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DNA-crosslinked materials exhibited varying surface morphologies, signifying
more structured and complex materials (Figure 4.3, E-J). Compared to the DNA-
crosslinked materials, the APD50 sample displayed a more porous structure,
with a less structured fibrous surface (Figure 4.3, K and L). This contrasts its
covalently crosslinked counterpart, where more circular aggregations were
observed with more apparent order (Figure 4.3, J) and intricate networks (Figure

4.3, 1).

As mentioned previously, the calcium crosslinked samples (dual or ionic)
demonstrated less distinct surface morphologies between samples, but still
showed general material differences including more bulbous surfaces in the
non-crosslinked controls and particle shape differences between the DNA-

crosslinked materials compared to the alginate controls (see Appendix Il).
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Figure 4.3. SEM images of six different materials with/without crosslinkers and with/without N-DNA-N. Samples from left to right are: Ao(A, B),
AXo(C, D), AXD10 (E, F), AXD25 (G, H), AXD50 (I, J), and APD50 (K, L). The first row shows magnification at approximately 1000 x, and the
second row is 2000 x. High resolution images of these scans can be found in Appendix Il Figures A2.3-A2.8.
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4.3.4 Influence of ssDNA Structure

The different ssDNA structures used in the crosslinking reaction (N-DNA-N, N-
DNA, and DNA) appear to influence the overall material properties. When
assessed with rheology, materials crosslinked with either dual ended amine
ssDNA (Ca-AXD2N) or single amine ssDNA (Ca-AXD1N) did not exhibit any
structural breakdown at high frequencies, similar to Ca-AXD50, and were unlike
the alginate material covalently crosslinked with DNA without any terminal
amines (Ca-AXDON) (Figure 4.4). The replicate dual amine DNA crosslinked
material (Ca-AXD2N) demonstrated more of a linear viscoelastic region (LVR) in
the amplitude sweep (Figure 4.4, A) compared to the first reaction (Ca-AXD50,
Figure 4.1, A). When ssDNA without any terminal amines was reacted in a
covalent crosslinking reaction (Ca-AXDON), the material had a lower G’
compared to the materials crosslinked with DNA that contain terminal amines
(Figure 4.4, A). Interestingly, the Ca-AXDON material behaved differently than
both encapsulated ssDNA (Ca-APD50, Figure 4.1, A) and the alginate covalent
controls (Ca-AXo, Figures 4.1, A and Figure 4.4, A), indicating a unique material
influenced by the lack of terminal amines. Furthermore, the FTIR analyses
detected no amide bonds the AXDON material (Figure 4.5), suggesting that the

DNA without terminal amines did not attach covalently to the alginate as the

129



AXD2N and AXD1N did. Without chemically attaching to the alginate backbone
directly, the EDC can still react with the phosphate backbone of the DNA?',
which could be causing nonspecific reactions between DNA molecules and
thereby result in a structurally weak material. This is also supported by the SEM
observations, where the AXDON material appears more porous similar to the
AXo material, butis unlike the AXD1N and AXD2N which have more smooth and

structured surfaces (Figure 4.5, A-H).
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Figure 4.4. Amplitude sweeps (A) and frequency sweeps (B) and tand(C) for 4 ssDNA with varying amine reactivities: no DNA (Ca-AXo), ssDNA
with no terminal amines (Ca-AXDON), one terminal amine (Ca-AXD1N), and two terminal amines (Ca-AXD2N) covalently crosslinked with
alginate. The samples were made to be dual crosslinked with Ca?*. The filled in symbols represent the Storage Modulus (G’) and the

corresponding non-filled symbols are the Loss Modulus (G”) for a given sample.
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Figure 4.5. FTIR spectra (left) 4 different alginate materials crosslinked with no DNA (AX0),
ssDNA with no terminal amines (AXDON), ssDNA with one terminal amine (AXD1N), and ssDNA
with two terminal amines (AXD2N). Images on the right show the corresponding SEM images of

each material. Two SEM images are included to show the variation in surface morphologies:
AXD2N (A, B), AXD1N (C, D), AXDON (E, F), AXO (G, H).

Finally, TGA denoted overall similar degradation profiles (Figure 4.6), with slight
variation during each degradation event. Ayouch et al.?'? indicate that alginate-
based materials can undergo three degradation events; between 30-150°C
(water desorption), 200-300°C (decomposition of carbon in alginate backbone
and formation of sodium carbonate - NayCQO3), and 600-700°C (two-stage

breakdown of NayCOjz). Our TGA analyses showed similar degradation
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characteristics in the materials, with more distinct material differences shown at
higher temperatures. The Ca-AXD2N material had the least relative amount of
weight loss (74.37%) compared to Ca-AXD1N (78.16%), Ca-AXDON (77.38%)
and Ca-AX, (82.49%). At higher temperatures (over 600°C), the alginate control
(Ca-AXp) was more easily degraded compared to the other materials, which is
likely due to the strong molecular networks of the DNA-crosslinked materials?'3,

and explains why the Ca-AXD2N has more residual material.
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Figure 4.6. TGA curves of four different dual crosslinked alginate materials covalently
crosslinked with no DNA (Ca-AX0), ssDNA with no terminal amines (Ca-AXDON), ssDNA with
one terminal amine (Ca-AXD1N), and ssDNA with two terminal amines (Ca-AXD2N). Samples
were made to be dual crosslinked with Ca2+. The dashed curves represent Weight/ <C, while
the solid curves are the Weight % at each temperature.
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Together, the analyses signify that the amine modification of ssDNA at either
one or both terminal ends leads to the immobilization of DNA to alginate. The
ability to covalently attach the DNA by either one end or both ends is particularly
beneficial as it allows for many applications of the hydrogel materials.
Specifically, the development of microparticles (MPs) using DNA-crosslinked

alginate is of particular interest and is discussed in the next section.

4.3.5 Microparticle Generation & Applications

Human reference standards with the hydrogels can be developed in many
forms, but one valuable application is the development of forensic blood
simulants that have both relevant fluid properties and genetic capabilities
similar to human blood®?#¢. To accomplish this, the covalently crosslinked
alginate and ssDNA hydrogels were used to develop MPs of relevant WBC
size(s). MPs can be effectively generated through electrospray ionization (ESI),
where the covalent crosslinked alginate-DNA is extruded through an electrified
needle into a calcium bath with a counter electrode. The overall MP size and
morphology are influenced by many factors®, but the covalent materials must
be able to coordinate effectively with Ca?* to achieve relevant MPs, especially

for our applications.
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The MPs assessed in this work included those derived from Alg(MES), AXo,
AXD10 and AXD50, all with 2.5% w/v alginate. The 2.5% Alg(MES) was used as
a control to compare with materials that had undergone the conditions of a
crosslinking reaction (AXp) and a crosslinking reaction with both low (AXD10)
and high (AXD50) ssDNA concentrations. Tween 20 was added to the materials
as a non-ionic co-solvent to lower the surface tension of the materials?'4215,
which allowed for a more stable Taylor cone and more homogenous particle
distributions. The two non-DNA materials (2.5% AlIg(MES) and AXp) had similar
average particle diameters (p = 0.78), and were smaller than the DNA-
crosslinked MPs (Figure 4.7). The AXD10 material had MPs that were statistically
different from both 2.5% AIg(MES) (p = 0.0003) and AXq (p = 0.0004). Similarly,
the AXD50 was also statistically different from both 2.5% Alg(MES) (p = 6.81 x10-
®)and AXp (p = 9.91 x107). Interestingly, it appears that by crosslinking alginate
with DNA, the MPs are larger than MPs electrosprayed without DNA. This is true
irrespective of the concentration of DNA attached to alginate, as both AXD10
and AXD50 had similar average particle sizes (p = 0.68). This finding is
appropriate for the development of human blood simulants, as WBCs are
typically larger than red blood cells (RBCs) naturally.
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Figure 4.7. Microparticle (MP) size distribution of four different materials: 2.5% w/v alginate in
MES buffer (A), AX0 (B), AXD10 (C) and AXD50 (D) electrosprayed with 0.5% v/v Tween 20 into
a CaCl2 bath. Inlet images show microscopic images of MPs visualized in brightfield mode at
40x magnification. Corresponding genotype of ssDNA extracted and amplified from AXD10 (E)
and AXD50 (F) microparticles.
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Therefore, by simply crosslinking alginate with ssDNA, the particles formed (our
"WBCs") would be larger than those electrosprayed without DNA (our “"RBCs")
under the same conditions. Having two different cell mimetic types is not only
important for the overall functionality of the blood material, but also the
incorporation of viscoelastic RBCs is a critical feature to accurately simulate
blood drop dynamics of spreading and splashing’® in crime scene scenarios.
Another important consideration in forensic blood simulants is the ability for
materials to be processed in a similar manner to blood evidence - specifically,
the ability to extract, amplify and genotype the contained DNA. We investigated
the overall functionality of the candidate WBCs and determined that following a
typical blood processing procedure with an additional modification to break
down the alginate material’?’, the crosslinked DNA was extracted, amplified and
produced an interpretable genotype similar to non-crosslinked controls. This is
promising because it indicates that the crosslinked DNA still remains both
functional and intact through the electrospraying process, a critical finding for
developing forensic materials. This work shows that our alginate-DNA
crosslinked MPs are viable materials as WBC mimetics with forensic applications
given their ability to retain functional DNA that is mimetic of human Combined
DNA Index System (CODIS) loci. Future work will incorporate these WBCs into
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an alginate-based whole blood simulant that has both fluid properties and
biological components similar to human blood for forensic research and
training. Regardless, the material can be used as is for applications in forensic

science.

4.4. Conclusions

This work explored the effect of covalent crosslinking between amine-
terminated ssDNA and alginate and its role in generating MPs for forensic blood
simulants. The covalent attachment of ssDNA to alginate provides more stable
linkages and immobilization of the DNA within the hydrogels. The
characterization of the alginate-DNA hydrogels demonstrated covalent
crosslinking between alginate and ssDNA based on the detection of amide
bonds in the highest DNA concentration material. The rheological assessments
also showed that the AXD50 material had less frequency dependence in the
tand, as well as dynamic gel characteristics in the high frequency range, unlike
the other covalent crosslinked materials. This unique behaviour can be
attributed to the higher number of crosslinks formed in the high DNA
concentration material, where the flexible ssDNA allows for soft gel

characteristics. Similarly, SEM revealed that the DNA crosslinked alginate
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hydrogels were more structured, with interconnected networks distinct from the
alginate and DNA control materials. Finally, investigation into the molecular
dynamics of the alginate and DNA crosslinking suggests that the binding of
ssDNA primarily occurs from the primary amines at the 5" and 3’ ends, further

supporting the development of 3D crosslinked networks in the reaction.

The attachment of DNA to the alginate backbone while maintaining functionality
in the MP form lends the material to such roles as mimetic WBCs in forensic
blood simulants. The low G’ characteristics of the covalent crosslinked Alg-DNA
hydrogel is favourable for the development of MPs containing immobilized
DNA, much like traditional WBCs in human blood. This work provides the
baseline for the development of our alginate-based forensic blood simulant.
Future works include characterizing these materials in complex biological and
physical processes that occur during evidence formation and degradation at the

crime scene.
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Abstract

Understanding the behaviour of human blood outside of the body has
important implications in forensic research, especially related to bloodstain
pattern analysis (BPA). The design of forensic blood substitutes (FBSs) can
provide many advantages, including the incorporation of multiple physiological
components for use as safe and reliable materials for forensic applications. In
this work, we present the design of synthetic alginate and xanthan gum-based
hydrogels that contain electrosprayed microparticles (MPs) with and without
crosslinked DNA. In addition to the MPs, the alginate/xanthan gum FBS
materials include fillers to alter the physical appearance and fluid properties of
the material. The optimized FBS consisted of alginate (1% w/v) and xanthan gum
(5.0 x10° % w/v), 2 mM CaCly, ferric citrate (0.5% w/v), magnesium silicate
(0.25% w/v), Allura Red dye (2% w/v), 0.025% v/v Tween 20 and 9.5% v/v MPs.
The FBS was tested in passive dripping experiments relevant to BPA scenarios
at various impact angles. The spreading ratio (Ds/Dg) was determined for 90°
stains made on a paper surface and compared to bovine blood where the FBS
was shown to simulate accurate and predictable spreading behaviour. In
addition, we simulated other common BPA scenarios (e.g., impact patterns) and

evidence processing potential. The FBS could be swabbed, and the DNA could
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be extracted, amplified, and genotyped analogous to human blood evidence.
A stability test was also conducted which revealed a shelf-life of over 4 weeks

where the material remains relevant to human blood at physiological

temperature.
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5.1 Introduction

Blood evidence is commonly encountered in crime scene scenarios and can
provide detail into the ‘who’, ‘'what’" and ‘where’ as it relates to criminal
investigations. The ‘who’ can be revealed through DNA genotyping to establish
a genetic profile, and bloodstain pattern analysis (BPA) experts can analyse the
bloodstain size, shape, and distribution to ascertain the events of bloodshed
that took place’?. Access to human blood for training and research in forensic
science can be an issue due to high costs, biohazards relating to blood-borne
pathogens, and ethical concerns®?4447. These obstacles have driven the need
for whole-blood alternatives in forensic science research and training,
particularly alternatives that can simulate ex-vivo formation and degradation
conditions for blood. While an influx of research has been conducted to
understand and validate appropriate mammalian sources'8-202541.216 the use of
whole animal blood can still pose procurement issues and has limited
capabilities in training (e.g., cannot generate human genetic profiles). The use
of synthetic materials that can simulate blood behaviour in forensic scenarios
(forensic blood substitutes, or FBSs) on multiple levels (physical, biological, and
chemical) can provide valuable materials for forensic science research and

training.
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FBS materials can provide advantages such as standardized fluid properties,
increased shelf life as well as chemical and biological safety3?4¢. These materials
have explored everything from the use of household product mixtures
containing flour, glycerol, syrup etc.3”#’; aqueous Acrysol and dye material“?;
silicon solution-gelation (sol-gel) materials*?>?; hyaluronate- and amino acid-
containing materials®¥; to emulsion-based materials using styrene and
polyvinylpyrrolidone (PVP)*3 or polydimethylsiloxane (PDMS) microparticles®®.
The available commercial blood materials have limited rheological properties
and bloodstain features in comparison to human blood>%>4, limiting their use in
BPA research and training. Recent FBS research describes materials that contain
multi-functional and/or multi-component structures. For example, materials
have been developed using hybrid inorganic-organic silicon sol-gel chemistries
that can mimic the rheology and spreading dynamics of blood*?>", in addition
to materials that possess the chemiluminescent properties of blood with
reaction to luminol®?. Other work has developed a material that contains amino
acids, bovine serum albumin, bovine hemoglobin and potassium ferricyanide to
create materials that can simulate drip stains, and suggest functional materials

that can react with luminol®*. Most recently, a particle-based blood simulant was
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designed that contains a similar particle amount to that of human packed cell
volume (PCV%)>> and addresses the identified value of red blood cell (RBC)

deformability in blood spreading and splashing®.

In BPA, itis important to understand the spreading and splashing of blood when
in contact with a variety of target surfaces in different environments. This is
especially important to increase the reproducibility of pattern classification and
the development of more objective and quantitative methods within the
field>69:38217 The use of FBSs in this area can be used to investigate the complex
impact mechanisms of relevant fluids in forensic contexts. In addition, FBS use
in training scenarios provides standardized materials that can accurately depict
bloodshed events and can be safely implemented into training programs at the
practitioner and academic levels. As mentioned, the incorporation of multiple
functions of human blood into FBS materials can provide enhanced training and

research opportunities.

The work described herein presents a multi-component FBS that integrates
electrosprayed microparticles (with and without DNA) that resemble the cellular
components of blood into an alginate-based hydrogel. In this way, we
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wondered if it were possible to design a material that has similar fluid properties
to whole human blood but also contains genetic components to provide the
‘who' through the integration of synthetic DNA designed to mimic human DNA
loci’?7:218, We explore the use of alginate and xanthan gum co-polymers as the
basis of the FBS, which is appropriate since their hydrogel properties have a
high water content, characteristic of blood plasma which is mostly water?’. We
further explore the addition of other fillers (Allura red, magnesium silicate, ferric
citrate, and surfactant) into our FBS material to modify the visual features of the
FBS to better resemble blood. Allura red and magnesium silicate (talc powder)
were added to achieve appropriate colouring and opacity of whole blood. Ferric
citrate was included to obtain the deep colouring of blood, increase opacity,
and provide oxidative capabilities to the material, and the use of a surfactant
(Tween 20) allowed for modification of the surface tension of the FBS. The
optimization of these fillers is investigated and their influence on the overall
properties is discussed. The performance of the optimized FBS material is
assessed and compared to both the human blood range and bovine blood to

understand the feasibility of the FBS in training and research capacities.
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5.2. Experimental

5.2.1 Materials

Low-viscosity alginic acid sodium salt, ferric citrate (C¢HsFeO;), magnesium
silicate (talc, MgQO3Si), and Allura red (CygH14N2Na2OgS,) were all purchased
from Sigma Aldrich (Oakville, ON) and used as received. Calcium chloride
dihydrate (CaCl,#2 H,O) (Westlab, Adlergrove, BC) was dissolved in MilliQ
water to make various stock aqueous solutions (500 - 100 mM). Tween 20 was
obtained from MP Biomedicals (Solon, OH) and xanthan gum (Bob’s Red Mill)
was used. For the microparticles (MPs) that contain DNA, the dual-amine ssDNA
was purchased from Integrated DNA Technologies (Toronto, ON) and were

crosslinked as described previously?'®,

5.2.2 Microparticles

Microparticles (MPs) were made using a custom-built electrospray ionization
device that has been optimized and described previously?’®. In brief, the
optimized parameters were found to be a working distance (needle to 7.35%
w/v CaCl; bath) of 4 cm, a flow rate of 2 uL/min, with 10 kV applied to the tip of
a 30-gauge hypodermic needle. The optimized particles were made using

either an alginate solution (2.5% w/v in MilliQ water + 0.5% v/v Tween 20) or a
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dual amine DNA-crosslinked alginate material (2.5% w/v alginate crosslinked
with 10 nmol ssDNA in MES buffer + 0.5% v/v Tween 20). 2'®The electrospray
setup was optimized to achieve the smallest possible MP size for large-scale
production (22.0 + 8.9 um for the alginate solution; 24.1 + 7.8 um for the DNA-

alginate crosslinked materials?'8).

Once formed, the collected MPs were centrifuged and washed with MilliQ water
for a total of four times (3000 x g, 8 minutes). After each spin, the supernatant
was removed and replaced with MilliQ water, mixed, and spun down again. The
washed MPs were compiled and stored until needed for incorporation into the
blood material. Visualization on an EVOS FL Auto microscope (Life
Technologies) was done to ensure no lysis of the particles occurred during the

washing and centrifugation.

The MPs were visualized with scanning electron microscopy (SEM) using
a Hitachi FlexSEM 1000. A concentrated solution of washed MPs was placed on
3M™ Copper Foil EMI Shielding Tape 1182 attached to stainless steel stubs and
dried overnight at room temperature. SEM images were taken at 5 kV and
magnifications of 1000x and 4000x.
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5.2.3 Material Optimization

For the base material, various concentrations of weight per volume (w/v %)
alginate were assessed (1, 2, 2.5%), which were dissolved overnight in MilliQ
water. Upon the use of xanthan gum (XG), a serial dilution was made, reaching
a final concentration of 1.0 x102 or 5.0 x103 % w/v XG. Once these aqueous XG
solutions were made, they were used as the solvent for alginate preparation
(e.g., 1% w/v alginate dissolved and mixed in a 1.0 x103 % XG solution). The
initial choice of dye (Allura red) was based on visual similarities to human blood

colour and was kept constant at 2% w/v throughout all experiments.

The additional fillers that were explored were talc, ferric citrate, and Tween 20
to modify the properties of the bulk material. Finally, the MPs were assessed for
optimal concentrations in a volume by volume (v/v %) ratio. A summarization of
the component concentrations explored during optimization is shown in Table
5.1. To integrate MPs, the combined and washed MPs were spun down (if not
already) and the supernatant was removed, attempting to remove as much of
the supernatant as possible without removing any particles. The supernatant

was transferred to a clean tube and was combined with other supernatants, spun
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down, and any MPs remaining were reused. The concentrated MPs were briefly
vortexed to mix any remaining liquid, creating a homogenous, pipettable
mixture. An appropriate v/v % was transferred using a micropipette. The full list

of optimized material components can be found in Appendix II.

Table 5.1. Overview of components tested in FBS candidates. Combinations include some or all
components listed. A full detailed table can be found in Appendix Il Table A2.1.

Xanthan Gum Alginate Filler Amount Particles
Filler(s)
(w/v %) x10°3 (w/v %) (v/v or w/v %) (v/v %)
Allura Red
2%
(w/v %)
Talc 0 0
(w/v %) 0.25% 5
0 7.5
1%
1.0% Ferric citrate 0.5% 8
2%
5.0% (w/v %) 0.75% 9.5
2.5%
1% 10
0 15
Tween 20 0.0025 20
(v/v %) 0.025
0.0375

5.2.4 FBS Material
To make the candidate FBS, a 5.0 x103 % w/v solution of XG was created. To
this, 1% w/v alginate was added, and mixed overnight at room temperature

(22°C £ 2°C). For visual simulation of the appearance of blood, fillers, such as
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talc powder (magnesium silicate), ferric citrate and Allura red dye were also
added. To ensure a homogenous mixture, Allura red (2% w/v), ferric citrate
(0.5% w/v) and talc (0.25% w/v) were all added to the 1% w/v alginate in 5.0 x10°
3% XG and mixed overnight. Typically, an equilibration period of 30 minutes
was allowed for mixing between each filler addition. The following day, 2 mM
CaCl, was added in a 4:1 volume ratio of alginate/XG/talc/ferric citrate/Allura

red to CaCl,. This material constitutes what we describe as the “"FBS base”.

The optimized FBSs contained 9.5% v/v of the washed/concentrated MPs; the
MPs were added to an empty tube, followed by an appropriate amount of the
FBS base. Finally, Tween 20 was added using a 5% v/v stock solution to achieve
a final concentration of 0.025% v/v. The components were vortexed together

and at least an hour was allowed before use.

5.2.5 Material Characterization

All FBS measurements were conducted at room temperature (22°C + 2°C).
Viscosity, density, and surface tension were measured as follows. A rheometer
was used as a preliminary screening technique to assess the bulk viscosity of the

materials during optimization. Flow sweeps were performed using a Discovery
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HR20 stress-controlled rheometer with an advanced Peltier plate and a solvent
trap system (TA Instruments) between shear rates of 1to 1200 s™' using a 40 mm
2° cone with a 60 um truncation gap. For all FBS candidate materials, rheological
assessments were performed at 22°C. Flow sweeps were plotted for all
materials; the low torque limit??® was calculated using a minimum torque value
of 0.01 uN-m. Oscillation amplitude and frequency sweeps were also performed
with a solution of concentrated MPs and the FBS to understand the
viscoelasticity. Amplitude sweeps were performed between strains of 0.01-
150% and frequency sweeps between frequencies of 0.05-200 rad s at a strain
of 3.5% for the FBS and 0.05-350 rad s at 0.1% strain for the MP solution. The
relative density of select materials was measured relative to MilliQ water by
weighing a known volume of material in a 1000 pyL Hamilton gas-tight
syringe. Surface tension was measured using the pendant drop method. A
Canon EOS Rebel T6i DLSR camera equipped with a Canon EF-5 60 mm macro
lens was used to capture the falling droplets and the surface tension was

measured using the “Pendant Drop” plugin in FIJI (version 2.9.0/1.53t).

Drip stains were also created to visually assess the performance of the materials
in passive dripping scenarios, which measured the average stain diameter (Ds)
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and the average number of spines. Preliminary screening assessed 90° passive
drip stains made at 20, 60 and 100 cm from a hard paper surface (67 Ib
coverstock). Bovine blood (Windcrest Meat Packers, Port Perry, ON, n=2) was
included as a comparison control for the drip stains since comparison to human
blood was difficult to source the specific target surfaces used in the literature.
The bovine blood contained 12.5% v/v acid citrate dextrose (ACD-A)
anticoagulant, which has previously demonstrated similar properties to human
blood?®. The fluid properties of the bovine blood were measured, including the
viscosity, density, surface tension and packed cell volume (PCV%). All bovine
blood properties except the PCV% were analyzed at both room temperature
(21.8°C + 0.4°C, 38% + 8% RH) and physiological temperature (37°C + 2°C) in a
similar manner to the synthetic materials. A bovine drip stain library was made
from impact angles (a) between 10°-80° (drop heights of 20, 60 and 120 cm)

and 90° (20, 40, 60, 80, 100, and 120 cm).

Once an optimized FBS material was determined, a full suite of drip stains was
also made at similar angles/heights as the bovine blood (10-80°, 20, 60 and 120
cm; 90°, 20-120 cm) for comprehensive comparative analysis®’. The drip stains
were made by manually dropping the material (FBS or bovine blood) from a
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glass pipette perpendicular to the target surface (in the case of 90° stains) or
perpendicular to the floor where the target surface was angled to 10, 20, 30, 40,
50, 60, 70, and 80° and fixed for the generation of drip stains. In all cases, the
average mass of the droplets was measured to determine the droplet volume
for modelling the spreading ratio (final stain diameter divided by the initial
droplet diameter - Ds/Dy). For this drip stain experiment, the FBS with 0.4% v/v
blue food colouring dye (Club House) was used (FBS+B). Other relevant
bloodstain patterns were made such as impact patterns (FBS, FBS + B) and 90°
drip stains on various surfaces (FBS - acetate, tile, linoleum, 110 lb cardstock,
wood, and cardboard) similar to those above. The impact patterns were made
by manually striking a secured hockey puck that contained approximately 1 mL
of FBS material with a hammer. The hockey puck was placed 24 cm out from the

target surface.

5.2.6 Data Analysis

Drip stains (both 90° and angled) were scanned as a JPEG image at 400 dpi. The
images were imported into FlJI, scaled, and the stain characteristics (stain area,
Ds, and impact angle) were measured; the number of spines were manually

counted by one researcher. The measurements were conducted as follows:
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angled drip stains (10-80°) were fitted at the maximum width with the ellipse tool
and the major and minor axes values were measured; for 90° stains, the ellipse
tool was used to measure the Ds while held as a perfect circle. The impact angle
was found by taking the inverse sine of the width to length ratio of the ellipse of
the stain. The stain area was determined by converting the image to a binary
image and the “"Analyze Particles” function was used with a lower threshold of

50 mm?2.

5.2.7 DNA Functionality in FBS

To provide a functional training aid for forensic scenarios, we assessed the
functionality of our alginate-DNA crosslinked MPs in the FBS material. For the
purposes of a DNA-containing FBS (DNA-FBS) 9% v/v MPs were mixed with 0.5%
v/v alginate-DNA crosslinked MPs for a total of 9.5% v/v MP concentration,
similar to the FBS. The DNA-FBS was prepared the same way as the FBS, where
the only difference was the use of different particle compositions (9% MPs +

0.5% DNA-crosslinked MPs).

To mimic scenarios related to crime scene DNA processing, 90° drip stains were

made on 6 target surfaces (tile, linoleum, acetate paper, 110 |b cardstock, wood,
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and cardboard). The stains were allowed to dry, and individual wetted sterile
swabs were used to swab a single stain on each surface. The swabs were placed
in 500 pL of gel dissolving buffer overnight (Gel Extraction Kit, New England
Biolabs) and followed a validated procedure demonstrated in our previous work
with DNA-encapsulated hydrogels'”’. The following day, the swab-containing
tubes were incubated at 52 °C and 500 rpm for 20 min (Eppendorf ThermoMixer
F 1.5), and hereafter the manufacturer’s protocol was followed as suggested. 20
uL of ultrapure water was used to elute the DNA. The extracted DNA was added
to a PCR reaction as either stock solution or a 1:10, 1:20 or 1:40 dilution (PCR:
95 °C for 10 min; 94 °C for 30 s; 53 °C for 1 min; 72 °C for 1 min; repeat for a
total of 30 times with a final step of 65 °C for 15 min). Once amplified, a 1:50
dilution was prepared and genotyped using an ABI 3730 DNA Analyzer with a

GeneScan 500 ROX size standard.

5.2.8 FBS Stability

To evaluate the shelf-life of the FBS material, a stability test was conducted to
understand the aging of the material. A 15 mL batch was made and used for the
duration of the stability experiment and the FBS material was left at room

temperature (21.6°C £ 0.3°C, RH= 30% + 1%). The material assessed for stability
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included the blue food colouring dye, 9% v/v MPs, and 0.5% v/v MPs crosslinked
with  DNA (DNA-FBS). A complete assessment of both fluid property
measurements (viscosity, surface tension, and relative density) and drip stain
features (number of spines and Ds/Dy) were measured at 1 day, 4 days, 1 week,
2 weeks, 3 weeks and 4 weeks after making the FBS. A DNA extraction was
performed at 4 weeks using approximately 100 mL of the liquid FBS (n = 4).
Continued measurements of select FBS properties were conducted at 6, 10, and
12 weeks which were chosen based on the availability of the remaining FBS
sample. At 12 weeks, an evaluation of the MPs in the FBS material was also
conducted using an EVOS FL Auto microscope (Life Technologies) under 20x

and 40x magnification in brightfield mode.

5.3. Results & Discussion

5.3.1 Material Optimization

In total, seven variables were optimized in the FBS materials to obtain an ideal
human blood simulant; these consisted of concentrations of alginate, XG,
CaCly, talc, Tween 20, ferric citrate and MPs. Blood is an inherently complex fluid

composed of soft-solid components (RBCs, white blood cells - WBCs, and
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platelets) suspended in liquid plasma’. Blood is a non-Newtonian fluid that is
shear-thinning due to the RBC aggregation and elongation at increased shear
rates'>1621 When designing FBS materials, this complex behaviour should be
considered, and the role that blood components have in the fluid behaviour
related to forensic scenarios is also important. For example, the spreading and
splashing of blood are primarily governed by the fluid properties of blood,
namely the viscosity, PCV% (the ratio of solid to liquid components), surface
tension, and density?’?821% RBCs influence many of these parameters and
reasonably should be incorporated into FBSs, especially given their role in
complex non-Newtonian behaviour of blood'#1621220  Therefore, the fluid
properties and inclusion of particle-based components that resemble blood
cells are important in FBS performance. In the FBS optimization, materials that
had similar properties to the human blood range directed their concentration

choice in the optimization process.

The amount of alginate used (w/v %) influenced the viscosity of the materials,
and their shear-thinning behaviour (Figure 5.1, A). The low torque limit was
calculated and fell below the viscosity values in our tested range; therefore, it is
not visible in Figure 5.1's flow sweep plots and all subsequent flow sweeps. In
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general, the higher amount of alginate used, the higher the viscosity; in addition,
the higher concentration of CaCl, used to ionically crosslink alginate, the more
shear thinning was observed. 1% w/v alginate was chosen since its viscosity was
on the lower end of the human range (Figure 5.1, A) which could best

accommodate the added viscosity of fillers - such as XG.
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Figure 5.1. Viscosity profiles of (A) materials with various alginate concentrations (1, 2, 2.5%
w/v) and CaCl2 concentrations (0.5, 1, 2.5, 5 mM) used to ionically crosslink alginate. (B)
Viscosity profile of various 1% w/v alginate materials with two xanthan gum concentrations: 1.0
x10-3 w/v % (purple) and 5.0 x10-3 w/v % (orange). Square symbols represent the base
material (alginate with XG), triangles represent the base material with 2.5 mM CaCl2, and the
circles represent the addition of microparticles to the ionic crosslinked materials at different v/v
% concentrations (5, 10, 20%). All materials have 2% w/v Allura red. The dashed lines represent
the range of reported human blood viscosity profile* fitted with a polynomial trend line.

XG was used as a co-polymer in the materials since it has shear-thinning
properties??!, good compatibility with alginate?????4, and provides stability?2°.

Low concentrations of XG were necessary to design materials within the human
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viscosity range since XG has excellent gelation properties?®® and high
concentrations led to highly viscous materials. The higher assessed XG
concentration (5.0 x10-3% w/v) had more shear thinning behaviour compared to
the lower concentration, and when incorporated with low amounts of MPs
showed typical properties of human blood (Figure 5.1, B). Therefore, 5.0 x103%
w/v XG was chosen as the optimal co-polymer concentration for the material

base.

The optimal concentration of CaCl, was chosen primarily based on the shear
thinning behaviour (Figure 5.2). The shear-thinning behaviour of blood plays an
important role in pattern formation at the crime scene since many impact events
occur at high shear rates (e.g., impact velocities)'®?". While modelling blood
spread can be done using effective viscosity??¢, the FBS materials should be able
to mimic the entirety of the pseudoplastic behaviour since bloodstain pattern
formation can occur across a range of shear rates*”. As mentioned, materials
made with higher concentrations of Ca?* were observed to have more shear
thinning, similar to other works??7.226, 2 mM CaCl, was chosen as the optimal
crosslinking concentration since it had the most relevant shear thinning
behaviour and displayed high shear viscosities in the middle of the human
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range, especially when incorporated alongside MPs (Figure 5.2). The addition
of the MPs appears to play a large role in altering the viscosity - even at a low
concentration of 10% v/v - while maintaining the desirable non-Newtonian
behaviour and exhibiting an important resemblance to the relationship between
RBCs and viscosity in human blood'?8, The change in viscosity with small
relative amounts of particles could be due to the size and morphology of the
particles (discussed in Section 5.3.2) and/or their properties relating to
deformability (Young's modulus). Other work has shown similar phenomena
with 6 pm stiff spherical particles, which have Young's modulus values of 2-6
GPa'(2-6 x10% kPa). While we did not explicitly explore the deformability of our
particles in this work, visualization of the drying of the FBS using microscopy
suggests the MPs display deformability (Appendix Il Figure A2.9). It has also
been shown that calcium-alginate beads made from similar concentrations
(although much larger in size) have Young's modulus values around 0.46 MPa???
(460 kPa), suggesting deformability of our MPs, although they have slightly
larger values than RBCs which typically display values between 1-30 kPa'é->>,

Exploring the deformability of our MPs is an important future avenue to fully

understand the FBS behaviour in spreading dynamics'®.
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Figure 5.2. Viscosity profiles of materials made using 1% w/v alginate, 0.0005% w/v XG (AX5),
2% w/v Allura red with various CaCl, concentrations (“C”, 1, 1.5, 2 mM) and MP concentration
(v/v %, 0, 10%). The dashed lines represent the range of reported human blood viscosity
profile* fitted with a polynomial trend line.

The addition of fillers to the materials was necessary to achieve the most relevant
fluid property profiles and visual characteristics. The MPs are essential to the
synthetic blood material to imitate the cellular components of blood - such as
the RBCs and WBCs, a concept discussed and validated in our previous work
with DNA-crosslinked MPs?'8, Talc was added to increase the opacity of the
materials for practical applications in forensic research and training since the
combination of alginate/XG and red dye was relatively translucent (Appendix |l

Figure A2.10). Ferric citrate was desired due to its oxidative properties and
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resemblance to the colour changes in blood relating to the aging process ex

vivo?30231 |n addition, Tween 20 was incorporated into the materials to lower

the surface tension to the relevant human range without affecting the

215,232 8

viscosity and improve spreading on surfaces?®.
Compared to the base material of alginate, XG, Allura red, and calcium chloride
(AX5C2), the addition of a small amount of talc had little influence on the
viscosity profile but did appear to lower the viscosity at high shear rates (Figure
5.3, A). The addition of ferric citrate, also at a low concentration, had an evident
influence on the viscosity of the material - namely the decrease in the high shear
viscosity and apparent loss in shear thinning behaviour, resembling a Newtonian
fluid. When combined, the viscosity of the materials made with both talc and
ferric citrate was very similar to those made with only ferric citrate, suggesting
that ferric citrate has a greater effect on the material viscosity. Fe3* is capable of
crosslinking with both alginate and xanthan gum?33-235_ It could be that the lower
viscosity of the material when ferric citrate was included indicates a disruption
or competitive binding/exchange in Ca?* for Fe3* ions. Materials made with just

the base (AX5C2) and MPs up to 10% v/v all had relevant viscosity profiles to
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human blood; however, the visual characteristics of blood were best achieved

when MPs, talc, ferric citrate, and Tween 20 were all incorporated.

To include all desired fillers, the MP concentrations needed to be less than 10%
v/v, since the combination of all components had too high of viscosities (Figure
5.3, A). Therefore, when analyzing slightly smaller concentrations of MPs added
with the three desired fillers, a concentration of 9.5% v/v particles produced
relevant behaviour of human blood (Figure 5.3, B). It is important to note that
the inclusion of the three fillers (talc, Tween 20, and ferric citrate) was not only
necessary to accomplish the visual features of blood (in addition to the Allura
red), but their combination was necessary to achieve relevant pseudoplastic
behaviour. When talc or ferric citrate was mixed with Tween 20, the materials
had viscosities that were relatively high and exhibited abnormal shear thinning
behaviour (Figure 5.3, A); however, when combined, the shear thinning is very
similar to that of blood and the obtained high shear viscosities are also

appropriate (Figure 5.3, B).
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Figure 5.3. Viscosity profiles of materials made using 1% w/v alginate, 0.0005% w/v XG and 2
mM CaCl, (AX5C2) with various filler concentrations: talc (“Ta”, 0, 0.25% w/v), ferric citrate (“Fe”,
0, 0.5% w/v), Tween 20 (“Tw”, 0, 0.0025, 0.025, 0.0375 % v/v), and MP concentration (0, 5, 7.5,
10% v/v) (A). Profiles in (B) shows a narrow range of MPs (8-9.5%) with various filler
combinations. All materials contain 2% w/v Allura red dye. The dashed lines represent the
range of reported human blood viscosity profile* fitted with a polynomial trend line.

Finally, we assessed the limit of ferric citrate that could be added to the
materials. Since ferric citrate can imitate the oxidation process of blood once
deposited, a higher concentration is ideal to observe the oxidative changes.
Ferric citrate can also have interesting features related to wettability of the
materials, where Fe3*-alginate interactions can lead to more hydrophobic
material surfaces?®®, which can play a role in stain and pattern formation.
Preliminary tests with ferric citrate above 1% w/v concentrations caused
gelation, so concentrations at or below 1% were assessed. Interestingly, the
higher concentration of ferric citrate added, the lower the viscosity of the

materials, and ultimately the loss of shear thinning behaviour at 1% w/v ferric
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citrate (Figure 5.4, A). This observation is like the behaviour previously observed
(Figure 5.3) and suggests the disruption of the Ca-alginate interaction by Fe3*.
Although Fe®*-alginate gels are known to have enhanced mechanical stability
and stifness?®®, we did not investigate oscillatory tests in our material
optimization stage. While it could be argued that based on viscosity alone, 0.5%
or 0.75% w/v ferric citrate is ideal, the evaluation of the drip stain features of
droplet spread (Ds) and the number of spines made from these materials
supports the use of 0.5% w/v ferric citrate since it was most like the bovine blood

(Figure 5.4, B, C).
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Figure 5.4. Influence of ferric citrate on material viscosity (A). The dashed lines represent the range of reported human blood viscosity profile*” fitted with a
polynomial trend line. The effect of ferric citrate on drip stain features of average stain diameter (B) and the average number of spines (C) compared to bovine
blood (n=2) is also shown.
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5.3.2 Forensic Blood Simulant (FBS)

The FBS material has similar fluid properties to human blood at physiological
temperature (37°C) and visually looks like fresh blood (Table 5.2). It should be
noted that the density of the material is lower than human blood, but is
comparable to other synthetic blood materials®**°>. The colour of the FBS
resembled fresh blood, but the potency of the Allura red dye led to difficulty in
observing the low concentration of ferric citrate, where stains made with the FBS
material did not undergo any colour changes. To overcome this colour
difference, we incorporated a small amount of blue dye to emulate the colour
of blood typically observed by BPA experts at the crime scene. The addition of
the blue dye did not influence the viscosity profile of the FBS material, and both

materials show reproducibility within the human range (Figure 5.5).

Table 5.2. Summarized property measurements of FBS material, FBS + blue dye (FBS + B), the
bovine blood used (n=2) and the reported human ranges for each property summarized
previously?®. TThe density was measured relative to MilliQ water.

Effective Viscosity
Surface Tension Relative Density*
Material (>1005s™)
(mNm™) (kgm™3)
(mPa-s)
FBS 53.04+£1.01 6.03£1.16 1025.80 +40.40
FBS + B (DNA) 52.66 +£0.62 6.04+0.35 1017.08 £9.75
Bovine Blood 58.17 +1.27 3.35+0.13 1069.03 £ 8.06
Human blood 51-61 3.2-6.93 1052-1063
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12 Copyright permission is in Appendix I.
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Figure 5.5. SEM image of concentrated MPs (A), the FBS components (B) and the average viscosity profiles (C) of FBS (n=7) and FBS with 0.4%
v/v blue dye (FBS+B, n=4). The error bars represent the standard deviation of the replicates. The dashed lines represent the range of reported
human blood viscosity profile*’ fitted with a polynomial trend line. Image in B was created with BioRender.com'?.
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The high water content of hydrogels is similar to blood plasma (~92% water)?,
and provides other properties of blood plasma including viscoelasticity?” since
alginate and xanthan hydrogels are viscoelastic materials'?”233, While not
evaluated in this work, the soft electrosprayed MPs can drive the viscoelastic
behaviour further, similar to RBCs which are known to play a crucial role in the
spreading and splashing dynamics'. Ideally, MP concentration would be
representative of the PCV% of human blood, which typically ranges from 40-
50%'8-25, Our cellular components only accountfor 9.5% v/v of the total material,
largely due to the size of MPs used (~22 pm) compared to typical RBC size.
Interestingly, the morphology of some of the MPs when visualized with SEM
appears to have biconcave shapes and sizes similar to RBCs (Figure 5.5, A).
Other work has generated similar morphologies of electrosprayed alginate MPs
using the addition of alcohols in the collection bath and increasing the flow
rate?®. Enhancing the production of these MP morphologies shows promise for
the FBS to achieve desirable PCV% values in the future. Regardless, since we
could only achieve a low ratio of MPs in the FBS, the incorporation of other
elements that drive the pseudoplastic behaviour such as alginate and xanthan
gum was necessary. The spreading of blood is governed by the deformability of
RBCs which aid in the resistance of friction between cells, where friction reduces
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the spreading factor'®23¢. The soft gel characteristics of the MPs can allow for
deformability and the ionically crosslinked alginate can also add overall
deformability?®®, as discussed above. Importantly, the charged nature of the
particles also aids in reducing friction between particles since similar surface
charges would lead to repulsion and increased spreading factor. When
assessed using microscopy, the MPs were shown to retain their shapes after
shear was applied and the ‘bloodstain’ has formed (Appendix Il Figure A2.11).
While this was not directly assessed in this work, the use of high-speed video in
the future to assess these spreading parameters would be valuable to
understand the capabilities of the FBS in more complex crime scene scenarios,
especially since both the microparticles and the FBS material displayed

viscoelastic behaviour (Appendix Il Figure A2.12).

Bovine blood was used in this validation to compare the FBS behaviour on our
investigated target surface (67 lb coverstock) to control for the influence of
surface variation on the resulting stain features. Relating to the applicability in
BPA scenarios, both FBS and FBS+B have similar spreading ratios (Ds/Dy) to
bovine blood (Figure 5.6) and similar stain features (number of spines and
scallops). The number of spines and scallops is an important and sometimes
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overlooked feature in synthetic blood development, but plays a crucial role in
modelling bloodstain mechanisms®?37:38 Importantly, the addition of the blue
dye improved the stain appearance and more closely resembles day(s) old
blood (Figure 5.7). It has been pointed out that comparing synthetic materials
to blood may not be enough, and understanding how the material differs from
Newtonian materials such as water, is also valuable3?. The stain morphologies
made with the FBS more closely resemble blood, where comparison of our drip
stains shows a marked difference from water. Given that the FBS is water based,
this emphasizes the role of the components that drive the non-Newtonian

behaviour, such as the MPs, the alginate and xanthan.
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Figure 5.6. Overall comparison between FBS candidate (AX5C2 + Ferric citrate + Talc + Tween

20 + 9.5% particles), FBS + B (FBS material + 0.4% v/v blue dye) and bovine blood for 90 °drip

stains made on 67 Ib coverstock. The comparison shows (a) the average spreading ratio (Ds/D,)
and (b) the average number of spines.
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5.3.3 BPA Scenarios

The ability of our FBS material to be used to make multiple bloodstain patterns
enhances its use in training scenarios. Both FBS materials (with and without blue
dye) can be used for practical BPA training scenarios to determine the impact
angle (a) (Figure 5.7) and displayed general expected trends of drip stain
simulation on a variety of target surfaces (Appendix Il Figure A2.13). Another
important pattern type is an impact pattern, which is a pattern made when an
object strikes a liquid blood source??’. Impact patterns made using the FBS+B
show visually similar stain features to those made with whole blood (Figure 5.8).
In addition, an important consideration for BPA training and research is the
ability to process blood evidence to obtain DNA profiles. This concept is

discussed in Section 5.3.5.
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Figure 5.7. Comparison of FBS vs FBS + B drip stains with bovine blood (rep 1) from 10-90 °impact angles. Comparisons show the stain features
atA: 209 60 cm and B: 509 60 cm and C: the measured impact angle between the three materials.
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Figure 5.8. Impact pattern (A) made using FBS+B candidate and a close-up of upward moving
stain morphology (B).

5.3.4 FBS Stability

Understanding the shelf-life of the FBS materials has considerable application
for BPA researchers and practitioners, where an improved shelf life over whole
blood is desirable*. Designing a stable FBS was sought in our material
development to provide accessible and reliable materials that have reasonable
expiration. Fe3*-alginate hydrogels have been shown to have superior stability
due to higher crosslinking density with GG and MG blocks on the alginate
backbone?3® and xanthan gum has sufficient stabilizing properties?®>. We
believe these components play a role in the stability of our FBS material over
time (Figure 5.9). The stability of the properties of our material over the course

of 12 weeks has a comparable shelf-life to other synthetic blood materials® and
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can be stored at room temperature - enhancing its accessibility. The surface
tension of the FBS did rise over the tested time interval but was shown to
decrease again at 4 weeks (Table 5.3). This behaviour is likely caused by the
potential degradation of Tween 20 in aqueous solutions?38, especially since the
base material (that does not contain Tween 20) showed little variation over the
4 weeks. Despite this, the other properties remained relatively constant. The
average effective viscosity generally decreased over 10 weeks, with an apparent
decrease in the extent of shear thinning behaviour of the FBS at 10 weeks.
However, our assessment of the stain features at 12 weeks showed similar
spreading ratios to fresh FBS. At 12 weeks of aging, the MPs remained intact

which reasonably contributes to the FBS stability over time (Figure 5.9).

Itis also important to note the similarities in the fluid properties between the FBS
with and without DNA (Table 2, Figures 5 & 9). The inclusion of a complete DNA
profile (and added DNA) may influence these properties - namely the viscosity
- and will be explored further in the future. The included DNA in our material
has been shown to have long-term stability when encapsulated in a hydrogel
environment for up to 21 days'?’. After 4 weeks, the DNA in the FBS+B remained
functional, where the material was able to be processed and generated the
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expected allele size and morphology, showing the long-term stability of the

genetic components as well.
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Figure 5.9. Viscosity profile of FBS base (AX5C2, includes red dye, talc and ferric citrate), and the FBS+B material over 10 weeks (left). The FBS +
B material contains 0.5% v/v DNA-crosslinked MPs. The dashed lines represent the range of reported human blood viscosity profile* fitted with
a polynomial trend line. The image on right is a microscopic image of MPs within the FBS after 12 weeks of storage.
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Table 5.3. Summarized property measurements of DNA-FBS + blue dye (FBS + B) over 12

weeks.
Time Surface Tension Effective Viscosity Density D./Dq
(weeks) (mN-m™) (mPa:-s) (kg/m?3) °
20cm: 2.85+0.14
Day 1 52.72 £ 0.62 6.04 =0.35 1017.08 £ 9.75 60 cm: 3.43 £0.09
100 cm: 3.82 +0.18
20cm: 2.86 +0.08
1 55.23 £0.55 5.93+0.35 1014.29 £24.16  60cm:3.56 +£0.10
100 cm: 3.76 + 0.08
20cm: 2.98 +0.18
2 58.15 = 0.54 5.92 +0.36 1013.37 £5.06 60 cm: 3.66 =0.07
100 cm: 3.84 + 0.06
20 cm: 3.05 +0.02
3 60.80 £ 0.40 5.66 =0.31 1012.04 £5.65 60 cm: 3.61 =0.07
100 cm: 3.87 +0.10
20cm: 3.02 +£0.04
4 57.65 = 2.24 6.02 £0.35 1015.40 £15.09 60 cm:3.59 = 0.09
100 cm: 3.89 + 0.09
6 63.78 £0.33 5.40 £ 0.27 1017.71 £ 4.53
10 62.58 = 0.69 5.08 £0.29 1023.98 £ 7.85 -
20cm: 2.96 +0.04
12 - - 60 cm: 3.59 +0.06

100 cm: 3.89 = 0.11

5.3.5 Genetic capabilities

The FBS made with DNA-alginate crosslinked MPs (DNA-FBS) was able to be
processed and interpreted similarly to human blood evidence - demonstrating
the potential of these materials for forensic training scenarios (Figure 5.10). The
use of a gel extraction kit provides an analogous procedure to DNA evidence
processing and can effectively extract the crosslinked DNA from the FBS. This

method does, however, have some visible differences from blood extraction.
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The use of ethanol-based wash buffer caused some of the fillers to precipitate,
where a red powder sat above the filter. A separate experiment assessing the
extraction procedure with materials made with each filler individually showed
that all fillers (talc, ferric citrate, Allura red) precipitated upon filtration and
washing during DNA extraction; but since the Allura red dye is present in a
higher concentration (2% w/v), the precipitate appears dominantly red. Upon
the elution step with water, the dye is rehydrated, and the eluted DNA volume
is red, which leads to PCR reactions that are also red in colour (Appendix Il
Figure A2.14). However, despite the apparent filter clogging and eluent colour,
the DNA could still be extracted and amplified. The DNA amplification is best
achieved using bovine serum albumin (BSA) in the PCR master mix, and dilution
of the extracted DNA prior to PCR amplification (a 1:10 dilution was shown to be

sufficient, Figure 5.10).
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Figure 5.10. Process of DNA extraction from FBS material swabbed from various substrates.
Each material was able to produce the included allele crosslinked in the MPs within the FBS.
Image was created with BioRender.com. '3

It is worth mentioning that the DNA-FBS explored here only assessed a single
allele mimetic for the CSF1PO locus of the human genome. Our previous work
has shown the potential of co-amplification of alleles within alginate
hydrogels'’, and suggests the potential for multiplexing to incorporate a
relevant genetic profile for training needs in forensic science. We reason that

the incorporation of an analogue “full DNA profile” is possible and depends on

13 Copyright permission is in Appendix |.
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the training needs of the forensic community. For example, these materials were
designed for training in basic BPA pattern recognition and blood evidence
processing, where it may be sufficient to only incorporate some loci for training
purposes. Regardless, the DNA-FBS demonstrates functionality across a variety
of substrates, further supporting the use of these materials in BPA scenarios with

or without DNA.

5.4 Conclusions

This work investigated the design of multi-component FBS materials for use in
forensic science research and training. We explored the complete design of
these FBS materials and discuss the effect of each component. Our FBS
materials are hydrogel-based that use alginate and xanthan gum co-polymers
to promote pseudoplastic behaviour of blood. Importantly, we also incorporate
MPs that were made using electrospray ionization to provide both DNA and
non-DNA crosslinked MPs for added functionality. Our MPs can be reproducibly
developed in the lab and their incorporation into the FBS material can deliver
viscoelastic properties to enable accurate material behaviour and stain features.

The MPs can also be made to contain relevant synthetic human DNA that can
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integrate a full genetic profile (if desired), providing enhanced training options
to other blood analogues (synthetic or mammalian). The FBS was shown to
behave predictably and reproducibly in BPA scenarios of drip stains and impact
patterns. Further, the material contains relevant fluid properties, especially
relating to the viscosity and surface tension which play a major role in pattern
formation. The FBS was also shown to have good stability, with a shelf life of over
4 weeks when stored in ambient conditions where the properties remain
relevant. Future work should investigate the spreading dynamics of our material
compared to human blood in more detail, further assessing its feasibility in other
complex mechanisms related to BPA. The goal of this material is to provide safe,
reliable, and long-term options for practitioners, researchers, and students to

use viable blood alternatives in many areas relating to blood.
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Chapter 6

Conclusions, future work & considerations.

6.1 General Conclusion of Thesis

The works outlined in this thesis have demonstrated the value of alginate-based
hydrogels in soft material design, including FBS development. The alginate
hydrogels were shown to provide favourable environments for ssDNA
encapsulation and prolonged DNA stability (Chapter 2). In Chapter 2, the
designed ssDNA was shown to be functional and suitable as mimetic human
DNA for training purposes. The alginate hydrogels not only provided DNA
functionality and stability, but the characterization of DNA binding in this system
was also more conclusive and comprehensive (Chapter 4) compared to the

other explored sol-gel systems discussed in Chapter 3.

The primary work described in Chapter 3 provides a valuable tool to the forensic
community on the use of HRMS for the analysis of large biomacromolecules such
as DNA. HRMS was shown to be a viable technique to accurately characterize
ssDNA, and importantly confirmed that large DNA molecules remain intact

when undergoing electrospray ionization. This knowledge was applied to
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design a custom electrospray device that could produce microparticles

representative of cellular components found in blood on a large scale.

The optimized conditions of the electrospray setup were described in Chapter
4. This chapter also demonstrated the binding between alginate and DNA using
a variety of characterization techniques to investigate a hydrogel configuration
(dual amine-terminated ssDNA covalently crosslinked to alginate) which has not
been reported previously. Further, it was found that the DNA-alginate
crosslinked materials could also be used to make MPs with the ESI and that the
DNA remained functional throughout this process, supporting the use of these

MPs as functional components in the FBS material.

Finally, the FBS was optimized to incorporate multiple functions of human blood
such as the fluid properties and genetic capabilities. Various fillers (talc, ferric
citrate, dye, Tween 20, and MPs) were modified in an alginate/xanthan gum
polymer base ionically crosslinked with CaCl, to obtain relevant viscosity,
density, and surface tension of human blood (Chapter 5). The FBS material was
found to be stable beyond the 4-weeksnand visually looked similar to whole
human blood when tested in impact patterns and drip stains on various surfaces.
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Quantitatively, the drip stains made with the FBS showed similar spreading
ratios, number of spines, and calculated o angles when compared to stains
made with bovine blood on the same surface. When DNA-crosslinked MPs were
added to the FBS, stains made from this material were able to be swabbed and
processed like blood evidence, demonstrating the value of the FBS in training

scenarios.

6.2 General Commentary on FBS Performance

The FBS material designed in this work has shown practical and demonstrative
promise for use as training or research aid for BPA scenarios. Quantitatively, the
material behaves like human blood at physiological temperature, providing
clear relevance to scenarios that involve bloodshed at the crime scene. The use
of alginate and xanthan gum as a polymer base satisfies a primary requirement
of a blood simulant design relating to user safety*®. Another benefit of using
these polymers comes from their ability to be easily modified with crosslinkers
to achieve specific function(s). The modification of alginate with the ssDNA

crosslinkers in our FBS is an excellent example of alginate’s potential in future
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FBS development and enhancement. Through this modification, we were able

to achieve genetic functionality within the FBS for added training benefits.

It should be noted that up to this point, the FBS has only been assessed using
DNA-crosslinked materials that have used one strand size (or one ‘allele’). The
natural progression of the FBS development is the inclusion of a more complete
reference genome, if desired, to assess its function in training. This reference
genome could include the same number of CODIS loci used in casework or can
use a number of loci that is sufficient for training scenarios. It was shown in
Chapter 2 that DNA encapsulated in ionically crosslinked calcium-alginate
hydrogels could be co-amplified with 2 ‘alleles’. It is reasoned that optimizing
the multiplexing reaction and subsequent crosslinking ratios would be the only
challenges in the design of a complete genetic reference since alginate has
been shown to have no inhibition on DNA functionality. Collaboration with the
forensic community on what exactly is required for training can help design
tailored materials for this purpose. This has value in academic settings where
students can be trained in biological evidence processing and interpretation of
victim/suspect profiles and/or complex mixtures. The DNA-encapsulated

materials discussed in Chapter 2 also provided added benefits; these relatively
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clear materials can be used to create DNA-containing films on forensically
relevant pieces of evidence and can be processed accordingly for training in

evidence processing techniques.

The shelf-life of the FBS material was only investigated up to 12 weeks, but
shows stability in the fluid properties within this time. This characteristic satisfies
another requirement of designing viable FBSs, especially since it surpasses the
shelf-life of most mammalian blood sources with consistent properties'®20.2541,
To truly test the applicability of the FBS in training scenarios, it should be
integrated into training programs such as those in university courses or

practitioner training programs. This will allow for collaboration on

improvements and needs of the forensic community for future FBS materials.

6.3 Future Work in FBS Design

The future of FBS development using the hydrogel system has many exciting
avenues for continued development for applications in forensic science.
Alginate hydrogels have been designed for a wide variety of applications in

fields ranging from biomedical to the food industry, and its potential can be just
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as dynamic in forensic science. From a training perspective, the FBS can be
enhanced to include relevant properties necessary for accurate and reliable BPA
training. The FBS can be modified with chemiluminescent dyes as fillers to
provide enhanced training opportunities for sequencing the formation of
bloodstain patterns as was previously demonstrated in the FBS materials
designed by Stotesbury et al. 4. Further, using a HRP enzyme that has structural
similarities to hemoglobin has been shown to produce similar kinetics to
reaction with luminol when integrated into a sol-gel matrix®?. Theoretically, the
same HRP enzyme can be encapsulated within the MPs for a similar reaction with
luminol, especially given the smaller relative size of HRP compared to the
MPs?3?, Research into the optimal concentrations of HRP, encapsulation rate,
spray conditions, and the overall influence on the FBS fluid properties will need
to be investigated. Integration of HRP into the MPs will provide chemically
relevant RBC mimetics that could easily be integrated with the DNA-crosslinked
MPs for an FBS with physical, biological, and chemical relevance in forensic

t?3? and the incorporation of this and

scenarios. HRP has a high molecular weigh
other cellular components can also help achieve a more dense FBS material

closer to the human blood range.
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Further, the incorporation of other relevant biological and chemical
components of blood can also be integrated into the FBS. This can include
amino acids, and even the potential for clotting simulation. Alginate hydrogels
are often used in drug release applications that can release the doped agents at
a controlled rate®?78240 |t is reasoned that similar mechanisms can be used to
release gelling agents or initiate crosslinking to simulate appropriate clotting
rates of human blood ex vivo. These features typically require covalent
modification of alginate, but could be effectively applied in a forensic setting.
Other responsive functionalization could be easily integrated into the alginate
backbone to have stimuli-responsive functions such as gelation, oxidation,
degradation, etc. Mimicking blood degradation could be of value in time since
deposition (TSD) where the determination of the age of a bloodstain is desired.
It has been reported that inter-donor variability is a contributing issue in the
accuracy of predictive models to estimate bloodstain age''#?41242  and
designing materials that have standardized degradation could prove useful in

building and testing TSD models.
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6.4 Final Remarks

The future of these materials is promising, and their limit is the innovation of their
design. It is the hope that this work, in combination with the research already
done on FBS materials, inspires collaboration between research and practice to
strive towards standardized, functional and holistic FBS materials for research
and training in forensic science. The aim(s) of the FBS designed here is to
enhance accessibility for institutions that cannot currently access reliable blood
sources. By designing materials that can be safely and reliably integrated into
training and research programs, we can investigate and equip individuals with
the tools to investigate the complex questions that are currently pressing in

forensic science.
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