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ABSTRACT
Blood is one of the most common types of biological evidence found at the scene of
violent crimes. Whilst the first step in processing this evidence is observation and
documentation, this is closely followed by presumptive testing. Due to the fact that
many substances have an appearance similar to blood, the sample must be analysed
at the crime scene firstly to determine if the material is likely to be blood, and
secondly if it is likely to be of human origin. Depending on the case context, this
ensures time and resources are not wasted testing a substance of little or no forensic
value. However, this can be complicated if the selected testing kit has the ability to
produce false-negative results.
There are many degradative substances and environmental conditions within a crime
scene in which a bloodstain can be exposed to. Substantial degradation may result in
an inability for the presumptive test to recognise the sample as blood. The ABACard®
HemaTrace® from Abacus Diagnostics Inc. tests for the presence human
haemoglobin by antibody-antigen immunohematological chromatography, and is
routinely used by forensic Police forces and biological laboratories worldwide.
However, it is currently unknown in the scientific literature, how certain degradative
agents, such as high temperature, high intensity ultra violet (UV) radiation and
sodium hypochlorite (household bleach) affect the haemoglobin within a blood
sample in terms of subsequent presumptive testing. If the haemoglobin is structurally
degraded beyond recognition, it may not be able to bind to the antibodies present
within the HemaTrace® kit, producing a false-negative result. This literature review
aims to address the affect these three degradative agents (high temperature, UV
radiation and bleach) have on human haemoglobin and the subsequent testing using
the ABACard® HemaTrace® kit. The purpose of this literature review is to dictate
parameters for potential research that may aid in answering the investigative
question.
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1.0 INTRODUCTION: CRIME SCENES AND PRESUMPTIVE
TESTING FOR BLOOD
Blood is one of the most common types of biological evidence found at the scene of violent
crimes. Not only can it be used for event sequencing and pattern reconstruction for
Bloodstain Pattern Analysis, but also the biological properties allow for the analysis of DNA
for human identification. The correct identification of human blood can therefore aid in
determining a suspect, exonerating an innocent individual or linking bloodletting events to
particular wounds or injuries (Virkler & Lednev, 2009). It is therefore critical to establish
what bloodstains belong to whom. However, before this can be done, the stains must first be
identified as blood. This is because other substances can have a similar appearance to blood
or may be of animal origin and therefore irrelevant to the criminal investigation (Virkler &
Lednev, 2009). This is usually done through the use of presumptive testing at the crime scene
and there are numerous commercially available kits for this purpose, such as ABACard®
HemaTrace, Seratec® HemDirect Hemoglobin, Galantos® Rapid Stain Identification of
Human Blood (RSID™-Blood) or HemaStick testing (Horjan, Barbaric, & Mrsic, 2016).
However, most presumptive tests have a trade-off between specificity and sensitivity.
Therefore, as the sensitivity of the test increases, meaning smaller concentrations of the
target substance are required for detection, there is an increased chance of cross reactivity
with other substances that can produce erroneous results (Horjan, Barbaric, & Mrsic, 2016).
Consequently, it is possible to obtain false negative or false positive results from such tests.
Whilst false positive results can mean a waste of investigative time and resources analysing a
substance of little or no forensic value, a false negative result may cause the dismissal of vital
forensic evidence.
ABACard® HemaTrace® (Abacus Diagnostics Inc.) is a highly sensitive commercially
available kit used for the presumptive testing of human blood at crime scenes with minimal
cross reactivity from other species (Abacus Diagnostics , 2001). As a result, it is routinely
employed in major crime cases by Forensic Police forces world-wide (Abacus Diagnostics ,
2001). It operates on the principle of protein chromatography and immunohematological
reactions, with the target substance being haemoglobin present within red blood cells
(Reynolds, 2004). However, it is unknown what state the haemoglobin must be present in to
allow successful binding to the antibodies within the HemaTrace® kit. This is because studies
have shown that degraded blood samples have the capability of producing a negative
HemaTrace® result, despite being able to obtain a complete or partial DNA profile (Coy, et al.,
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2005). This phenomenon may have been encountered in the extreme climate of Western
Australian, where forensic investigators have obtained a negative result for the presence of
blood using the ABACard® HemaTrace® kit, despite the sample being of human origin. With
little literature content addressing common degradative agents in isolation, rather than a
combination of variables, it is difficult to conclude what may be producing the false-negative
results. This is a scientific area that this literature review aims to address, with the purpose of
experimental validation.
Blood samples deposited at crime scenes are rarely in controlled environments, but rather
exposed to degradative agents. The basis for the literature review stems from the
presumption that if the haemoglobin in a blood source is severely degraded, it may affect the
ability for the antibodies to bind, resulting in a false negative test result. Therefore, the
purpose of this literary review is to determine if three commonly encountered degradative
agents (high temperature, ultra violet radiation and sodium hypochlorite) could potentially
degrade a known blood sample beyond the detectable ability of the presumptive testing kit
ABACard® HemaTrace®. This literary review will aid in the determination of an
experimental design to allow for the testing of the investigative question under Australian
environmental conditions. Results of this study will aid forensic investigators when selecting
samples for presumptive testing that have been exposed to the degradative agents and may
aid in interpreting and explaining false negative test results both in an investigative sense
and in a court of law.

2.0 DISCUSSION
This section aims to address the literature that is currently available in regards to the
biological and physical properties of bloodstain found at crime scenes. This incudes what is
currently understood about the degradation process human haemoglobin undergoes outside
the body and the subsequent testing using the ABACard® HemaTrace® blood testing kit from
Abacus Diagnostics Inc. This section will finish by discussing the known effects the three
degradative agents (high temperature, UV radiation and Sodium Hypochlorite) have on
bloodstains and human haemoglobin.
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2.1

BIOLOGICAL AND PHYSICAL PROPERTIES OF BLOOD

Albeit a fluid, blood is essentially a connective tissue (Dailey, 2001). It constitutes between 79% of the human body mass, which for healthy adults, translates to approximately 5.5 L in
males and 3.8 L in females (Gibson & Evans, 1937). Human blood is a complex fluid composed
of formed elements (cells) and intracellular material (plasma). It forms part of the circulatory
system and performs three main functions within the body; the transportation of nutrients
and waste products, protection through the inflammatory response and regulation of pH and
water content within the body (Marieb & Hoehn, 2010). At the most elementary level, blood
can be broken down into 4 main constituents- red blood cells (RBCs), white blood cells
(WBCs), platelets and plasma (Boryczko, Dzwinel, & Yuen, 2003). Whilst the nucleated WBCs
are employed in forensic investigations primarily for DNA analysis, the RBCs are employed
for presumptive blood testing due to the presence of haemoglobin.
RBCs or erythrocytes are small (~7.5µm in diameter), biconcave disk shaped cells, which
constitute approximately 99% of the formed cellular components of blood (Dailey, 2001).
Mature RBCs are bound by a plasma membrane but loose nearly all cellular components
during maturation (Maclean, 1978). Essentially RBCs are therefore only composed of a
cellular membrane and cytoplasm. The cell membrane is comprised of a lipid bilayer of which
glycophorin proteins are situated, as well as a cytoskeleton. Cholesterol, phospholipids and
proteins are what comprise the lipid layer, where as the cytoskeleton is formed from the
proteins spectin, ankyrin and actin (Beutler, et al., 1995)(figure 1).

Figure 1: Cross section of a red blood cell membrane displaying the lipid by layer, membrane
protein glycophorin and cytoskeletal proteins.
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Due to the fact that RBCs loose all cellular components after maturation, they do not contain a
nucleus or organelles meaning they are incapable of aerobic respiration. This therefore
makes them ideal carrier cells for oxygen transportation (Maclean, 1978). This
transportation of oxygen throughout the body to target cells is achieved through the protein
haemoglobin, found only within RBCs.

2.2

HUMAN HAEMOGLOBIN

Haemoglobin is a protein synthesised for the transportation of oxygen from the capillary gasexchange interface within the lungs to cells around the body (Marieb & Hoehn, 2010). The
molecule has a composite structure formed by the joining of the haeme and globin units. The
haemoglobin molecule is naturally comprised of aggregates of the single haemoglobin
monomer (Maclean, 1978). This is in the form of four monomers bound together to form the
functional complex (figure 2).

Figure 2: Four haeme-globin units forming a single molecule complex of haemoglobin
(Lehmann & Huntsman, 1974).

The haeme component of the haemoglobin complex is a very stable compound of ferrous iron
(Fe2+) and protoporphyrin IX (Maclean, 1978). Protoporphyrin IX is formed when SuccinylCoA binds with glycine to form a pyrrole molecule (Maclean, 1978). Four pyrrole molecules
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then combine to create the final protoporphyrin IX molecule. The iron atom is coupled to the
porphyrin ring by four nitrogen atoms. However, the iron atom makes an additional two
links; one to the globin polypeptide chain at the histidine F8 residue, and the other to the
oxygen atom being transported (Maclean, 1978). The bound oxygen molecule serves as
ligand, or complexing agent, and has two important characteristics. Firstly, the ligand site is
only made available when the haeme is complexed to the globin chain. Therefore, haeme
alone cannot act as a transport molecule for oxygen (Beutler, et al., 1995). Secondly, the
binding of the oxygen molecule as a ligand affects the spin state of the electrons surrounding
the iron atom. This affects the manner in which the iron atom fits into the porphyrin ring,
which in turn affects the tertiary structure of the protein. This is important as it is the tertiary
structure that gives the protein its functionality (Maclean, 1978).
The binding of the haeme and globin components plays a crucial role in the state of the iron
atom. When complexed, the oxygen atom bound for transportation does not result in the
oxidation of the iron atom itself. When the ferrous iron (Fe2+) is oxidised to the ferric state
(Fe3+), it becomes functionally useless as an oxygen carrier. If the globin protein is denatured,
this property is lost and the haeme cannot transport the oxygen (Maclean, 1978).
The globin component of haemoglobin is essentially the protein component of the molecule
and is comprised of a primary, secondary, tertiary and quaternary structure. The primary
structure is the number and arrangement of amino acids in the polypeptide chain (Neuwirt &
Ponka, 1977). The number itself differs between different globins and between species. The
secondary structure dictates the configuration the polypeptide adopts and is almost
invariably always a coil structure, referred to as the α-helix (Neuwirt & Ponka, 1977). The
tertiary structure is a third dimension added by the folding of the coil structure upon itself.
This occurs when the individual amino acids are added one at a time during synthesis in
order to provide a stable configuration during the natural coiling process (Neuwirt & Ponka,
1977). The disfiguration of the tertiary structure is known as denaturation of the protein and
cannot be re-natured once lost, only resynthesis one amino acid at a time can restore the
conformation (Maclean, 1978).
Haemoglobin exists as tetramer of four monomers constituted of α and β chains. Each
monomer consists of a single globin in which one haeme group is embedded (Neuwirt &
Ponka, 1977)(Figure 3). The four monomers are held together by hydrophobic links between
the adjacent polypeptide chains (Maclean, 1978). These links play an essential role in the
physiological allostery displayed.
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Figure 3: The molecular structure of haemoglobin within the red blood cell displaying the four
subunits each with the haeme group, iron atom and globin chains.

The allosteric binding properties exhibited by the haemoglobin at the oxygen-binding site,
arises from the interaction between the iron atom within the haeme group and the oxygen
molecule itself. This has resultant affects on the quaternary structure of the protein. When
the oxygen binds to the haemoglobin, it triggers a biochemical cascade. As the iron atom
moves into the porphyrin plane of the haeme, the histidine F8 residue of the globin
polypeptide chain is also pulled towards this plane as a consequence of being bound the iron
atom (Wood, et al., 2005). The conformational change is transmitted throughout the peptide
backbone resulting in a change to the tertiary structure of the subunit (Wood, et al., 2005).
This conformational change results in new binding interactions between adjacent subunits
dictating the quaternary structure (Maclean, 1978). The interaction between the adjacent
subunit allows for a transformation meaning the access for oxygen to the binding pocket of
the second haeme unit is made easier. This therefore increases the affinity of the
haemoglobin molecule for a second oxygen atom in solutions of high oxygen concentration,
such as in the lungs.
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The affinity for oxygen exhibited by haemoglobin is dictated by the concentration of oxygen
within in the surrounding tissues. The haemoglobin protein will absorb and release oxygen
molecules when there is an imbalance in comparative pressure or oxygen concentration in a
solution. When transported to tissue cells where the oxygen tension is low, the binding is
decreased, resulting in a weakening of the bond between the oxygen and haeme unit. When
this bond is broken, the oxygen is released into solution. The Oxyhaemoglobin Dissociation
Curve describes this relationship, relating the pressure (PaO2) and oxygen availability with
the saturation of haemoglobin (SaO2) (Hooley, 2015). As the pressure increases, such as in
the lungs during breathing, the affinity for oxygen in increased, resulting in complete
saturation of the haemoglobin (Figure 4).

Figure 4: The Oxyhaemoglobin Dissociation Curve displaying the relationship between
haemoglobin saturation and partial pressure. A shift to the left (green line) is the
result of low oxygen demand in the tissues meaning the haemoglobin retains affinity
for oxygen. A shift to the right (purple line) represents when oxygen is in high
demand from the tissue and hence the haemoglobin’s affinity for oxygen is
decreased.

Therefore, when blood is initially deposited, the amount of bound oxygen will depend on the
blood source within the body, which will either be highly oxygenated or de-oxygenated.
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2.2.1 HAEMOGLOBIN HUMAN SPECIFIC
The confirmatory identification of human haemoglobin relies on the differentiation of the
protein between species. This is achieved through different amino acid sequences within the
protein. The phylogenic relationship between humans and higher primates suggests why
most haemoglobin detection kits, such as the ABACard® HemaTrace®, are only higher
primate specific, not human specific. However, a common cross-species interference is
experienced with ferret samples. This is due to the common α-chain within the haemoglobin
between ferret species and higher primates. In particular, this is exhibited in the amino acid
sequence TNAVAH, which spans the residues 67 – 73 (Johnston, Newman, & Frappier, 2003).
This section has optimal use for haemoglobin recognition from monoclonal antibodies as this
is the section that exhibits maximum variation between human and animal species (Johnston,
Newman, & Frappier, 2003). Whilst it has not been made publically available the exact amino
acid sequence that the ABACard® HemaTrace® kit employs as the antibody-binding site, it is
presumed to be a highly conservative sequence, such as the one mentioned by Johnston,
Newman and Frappier (2003).
Even within humans, there is variation in the structure of haemoglobin throughout the
embryonic, foetal and adult stages of life (Maclean, 1978) (table 1).

Table 1:

Human haemoglobin (Hb) structures throughout healthy human development and
their subunits.

Developmental stage

Symbol

Globin units

Embryonic

HbE1

α2ε2

HbE2

e2ζ2

HbE3

ζ2 γ2

HbF

α2γ2

Foetal

(Note: the γ chain is duplicated and not absolutely

identical).

Adult

HbA

α2β2 (constitutes 97.5% of total haemoglobin)
α2δ2

Adapted from Maclean (1978).
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2.2.2 HAEMOGLOBIN DEGRADATION
RBCs have a natural lifespan of 100-120 days until they loose their flexibility and become
rigid and fragile. At this point they are usually trapped in smaller channels, fragment and
become engulfed and destroyed by macrophages, typically in the liver or spleen (Marieb &
Hoehn, 2010). The haemolysis or rupturing of the RBCs, result in the release of haemoglobin
that undergo further enzymatic degradation processes before being recycled or excreted. The
degradation process of human haemoglobin inside the body from senescent RBCs has been
well documented through the literature (Lehmann & Huntsamn, 1974; Neuwirt & Ponka,
1977; Maclean, 1978; Marieb & Hoehn, 2010). However, the blood encountered at crime
scenes has been exposed to the external environment, and hence not controlled by the bodies
regulation systems. The degradation process of haemoglobin outside the body from dried
bloodstains, in terms of changes to the molecular structure during the denaturation process,
is not fully understood within the scientific literature. However, the molecular species have
been identified during the different stages of degradation.
Bremmer, et al. (2012) determined that once outside the body, the haemoglobin in blood is
saturated by oxygen from the external environment. This results in all haemoglobin
molecules becoming oxyhaemoglobin, which is present in the ferrous state (Fe2+). The
oxyhaemoglobin is then auto-oxidized to form methaemoglobin, which is present in the ferric
state (Fe3+), meaning it can no longer bind oxygen. If within the bodies system, cytochrome
b5 would reduce the methaemoglobin allowing its reversal back to haemoglobin that could
re-oxygenate (figure 5). However, due to the limited availability of cytochrome b5 outside the
body, the auto-oxidation of methaemoglobin is essentially irreversible (Bremmer, et al.,
2012). This process was supported by Wood, et al. (2005) who found no difference in Raman
Spectra of haemoglobin that had been deoxygenated, left to rest in ambient temperatures,
and subsequently re-oxygenated, suggesting the methaemoglobin exposed to the
environment could not uptake the oxygen atoms, even when in abundance. Once the
methaemoglobin is formed, it is then denatured to form hemichrome, which is a low spin
form of methaemoglobin formed by an internal conformational change to the haeme group
(Sugawara, et al., 2003; Hanson & Ballantyne, 2010)(figure 5).
This process was supported by the findings of Marrone and Ballantyne (2009), who also
assessed the degradation process of haemoglobin from dried bloodstain. The authors
reinforced the degradation process of oxyhaemoglobin to methaemoglobin and subsequently
hemichrome (Marrone & Ballantyne, 2009). However, the authors also detected free ferric
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and ferrous iron atoms within the bloodstains, which they hypothesise were detached from
the oxyhaemoglobin and methaemoglobin during each stage of denaturation (Marrone &
Ballantyne, 2009)(figure 5).

Figure 5

Schematic representation of the oxidative process and degradative process of
haemoglobin (Hb) to oxyhaemoglobin (Oxy-Hb) and methaemoglobin (MetHb) in vitro and in vivo (adapted from Marrone & Ballantyne, 2009; Bremmer
et al., 2012).

In addition to the species mentioned above, the authors also found a fourth species present,
but were not able to identify the molecule using the UV Spectroscopy technique employed
(Marrone & Ballantyne, 2009). It was hypothesised that the molecule could potentially be
ferrylhaemoglobin or choleglobin. Ferrylhaemoglobin is formed when oxyhaemoglobin is
combined with hydrogen peroxide (H2O2), which can potentially form through Fenton
Chemistry reactions (Halliwell, Gutteridge, & Aruoma, 1987). Alternatively, choleglobin is a
denatured form of haemoglobin when the porphyrin ring is hydroxylated or broken open,
however their studies could not confirm the unknown species to be either of these (Marrone
& Ballantyne, 2009). It was concluded however, that dried blood samples undergo rapid
oxidation reactions (Marrone & Ballantyne, 2009). The authors hypothesised this to be
accelerated by the formation of the hydroxyl radical (OH•) formed from the release of free
iron during the degradation of haemoglobin (Marrone & Ballantyne, 2009). Molchanova
(1981) also detected the presence of an oxidative species with the denaturation process of
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haemoglobin. The author found the production of a super oxide [O2-] during the autooxidation of oxyhaemoglobin that could potentially assist in further alterations to remaining
RBC membranes, accelerating further degradation with the deposited bloodstain.

2.3

ABACARD® HEMATRACE®

Knowledge of the degradation process of human haemoglobin is crucial for interpreting
presumptive testing kits for the detection of human blood at crime scenes. This is because
haemoglobin is the primary detection molecule for many kits, including the ABACard®
HemaTrace® test. The HemaTrace® kit is an immunohematological test that is used for the
detection of human blood by identification of the human haemoglobin present in the sample.
The test works on the premises of an antigen/antibody reaction and protein chromatography
(Reynolds, 2004). Contained within the stationary phase of the test is an absorbent
membrane material. The bottom layer of the membrane is present at the sample well, where
the test solution is inserted. The stationary phase contains mobile dye-tagged monoclonal
antihuman antibodies located near the sample well, which will complex with the
haemoglobin if present in the solution (Reynolds, 2004) (figure 6). The haemoglobin is made
available to bind with the antibodies after haemolysis within the HemaTrace® buffer (pH
7.5) (Johnston, Newman, & Frappier, 2003). This complex migrates towards the test panel ‘T’
which contains immobilized antibodies (figure 6). These antibodies are polyclonal antihuman haemoglobin antibodies, which capture the complexed haemoglobin so that an
antibody-antigen-antibody compound is formed (Reynolds, 2004). If the concentration of
haemoglobin is greater than the minimum detection level, the dye will precipitate forming a
visible pink band in the ‘T’ panel representing a positive result for the presence of human
blood (Reynolds, 2004). Any excess mobile monoclonal antibodies that do not bind in the ‘T’
panel continue to migrate along the membrane towards to the control ‘C’ panel. Here, they
bind with immobilized polyclonal anti-immunoglobulin antibodies and precipitate to form a
pink band in the ‘C’ panel (Reynolds, 2004) (figure 6). This acts as a form of internal control
and indicates the test has worked as intended.
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Figure 6

Schematic representation of the ABACard HemaTrace process.

If two pink bands (one in the ‘T’ panel and another in the ‘C’ panel) are present in the test
after a maximum time of ten minutes (as recommended by the manufacturer), the result is
positive for human blood (figure 7). If only a single band present in the ‘C’ panel, the result is
negative for human blood, provided there was not a high dose hook effect. The high dose
hook effect results in false negative test results due to excessively high concentrations of
haemoglobin present in the sample. The haemoglobin inhibits the binding of the mobile
human haemoglobin-antibody complexes to the stationary antibodies. This is due to the
excessive concentration of haemoglobin, which becomes a competitive inhibitor for the antihuman haemoglobin-antibody complex, preventing binding in the ‘T’ panel. False-negative
results can also be obtained if the test solution is too viscous, resulting in an inability for the
solution to migrate through the test membrane (Johnston, Newman, & Frappier, 2003).
Alternatively, if no band appears in the ‘C’ panel, the test result is invalid, meaning either the
test did not operate as intended due to a defect or proper analysis procedure were not
adhered to (figure 7).
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Figure 7

Possible results from the HemaTrace Kit displaying a negative result, positive result
and invalid results (Abacus Diagnostics , 2001).

For most presumptive testing kits, there is a trade off between sensitivity and specificity.
HemaTrace® has shown to have a sensitivity level greater than other commercially available
presumptive blood tests, whilst retaining a high degree of specificity (Horjan, Barbaric, &
Mrsic, 2016). Horjan, Barbaric & Mrsic (2016) found that the ABACard® HemaTrace® could
detect as little as 2 x10-6µl of blood in a sample where as similar kits required larger
concentrations such as 2 x10-5µl for the HemDirect Hemoglobin Test or 0.02µl for the RDIS™
Blood Test. Experimental studies have related this to a minimum detection amount of
0.07µg/ml (Johnston, Newman, & Frappier, 2003), however the ABACard® HemaTrace®
technical information sheet states as little as 0.05µg/ml is required for identification of
human haemoglobin (Abacus Diagnostics , 2001).
Validation studied have also shown that cross reactivity does not occur with negative results
obtainable from Canine, Porcine, Equine and Feline blood samples (Reynolds, 2004).
However, false positive results can be found with higher primate and ferret species
(Atkinson, Silenieks, & Pearman, 2003). The problem arises, however, as most validation
studies have been conducted with high quality haemoglobin samples. It is unknown if
degradative agents, such as high temperatures, UV exposure or sodium hypochlorite, would
effect the binding of the haemoglobin to the antibodies within the testing kit. The limited
information available pertaining to degraded samples, was conducted with aged bloodstain.
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Whilst Johnston, Newman and Frappier (2003) achieved positive HemaTrace® results for
bloodstain aged between 25 to 30 years, Horjan, Barbaric and Mrsic (2016) achieved mixed
results. These authors found that of the five bloodstains tested, aged between 19 and 28
years in a controlled environment, only two produced a positive reading (19 and 21 year old
samples). However, it was not determined, or even hypothesised, why three tests failed to
produce a positive result. It should also be noted, that not only was a very small sample size
employed in the experiment, replicate samples were not performed.

2.3.1 ABACARD® HEMATRACE®: A PRESUMPTIVE OR CONFIRMATORY
TEST?
There appears to be an inconsistency within the literature, as to whether the ABACard®
HemaTrace® Kit can be classified as a confirmatory crime scene testing kit, or whether it
should remain as a presumptive test for the detection of human blood. The distinction of
which term is employed, appears to be dictated by the context in which the author refers to
the applicability of the test. The authors that refer to the test as ‘confirmatory’ do so on the
basis that the test has the ability to distinguish between human blood and other species (with
the acknowledged exception of ferret and higher primates) and therefore can provide more
specific information to an investigator on site above what most other presumptive tests are
capable of (Reynolds, 2004; Coy, et al., 2005). Conversely, other authors who classify the test
as presumptive, do so on the firm basis that the test has the potential to return a false
positive result for human blood and consequently requires further testing before making any
conclusions (Horjan, Barbaric, & Mrsic, 2016).

2.4

DRIED BLOODSTAINS

The drying process a deposited bloodstain undergoes is a function of the surface area and
volume of the bloodstain (Ramsthaler, et al., 2012). These factors are further influenced by
the temperature and humidity of the external environment, the air circulation, vapour
pressure, the surface characteristics on which the blood was deposited and the composition
of the blood including the viscosity, all of which may impact the degradation process of the
RBC (Brutin, et al., 2011; Ramsthaler, et al., 2012). When a bloodstain is deposited, the RBCs
interact with each other and with the peripheral walls of the bloodstain. These interactions
are governed by biology, chemistry and fluid mechanics (Brutin, et al., 2011). However, the
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colloidal particles, predominantly the RBCs, are carried by the flow of motion within the
bloodstain as precipitation occurs. This is what causes the formation of a corona within a
dried bloodstain, described as the dark red ring below the periphery of the bloodstain
(Brutin, et al., 2011) (figure 8).

Figure 8

A dried bloodstain displaying the central portion, the corona and periphery (Brutin,
et al., 2011).

The crack formations that appear are formed by dehydration of the colloidal particles, when
on a fixed/stationary surface. It is hypothesised that this is due to the salinity of the solution
and the instability of cellular components during desiccation resulting in buckling of the cells,
particularly in larger bloodstains (Brutin, et al., 2011). This occurs after the RBCs have
ruptured releasing the liquid cytoplasm to complete the drying stage (Brutin, et al., 2011).
Brutin, et al. (2011) proposed the drying process of a bloodstain occurs in five phases (table
2):
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Table 2:

Phase
1

The five drying phases exhibited from deposited bloodstains (Brutin, et al., 2011)

% Dry
0-20%

Description
Directly after deposition, the cellular components, predominately the RBCs,
migrate to the periphery of the bloodstain. This is due to Marangoni
convection, which is the transfer of substances along a liquid interface due to a
tension gradient (Brutin, et al., 2011). The RBCs then recede from the
periphery, leaving a light red deposit line at the edge of the bloodstain.

2

20-50%

During this stage, crystallisation occurs at the edge of the drop, which
proceeds inwards toward the centre. A dark red torus ring of RBCs is observed
just below the periphery of the stain, displaying separation of the fluid
components.

3

50-70%

At this drying stage, the torus ring beings to desiccate and the central part of
the bloodstain lightens in colour. It is at this stage the first cracks begin to
appear between the periphery and what will eventually be the corona. Minor
cracks also begin to form between future corona and the central portion of the
stain.

4

70-85%

At this stage, the drying process at the centre of the bloodstain is nearly
complete. The RBCs accumulate by convection to form a solid deposit just
below the periphery, referred to as the corona. Circular drying spots begin to
appear around the corona. It is at this point, the RBCs rupture releasing the
liquid cytoplasm portion, including the haemoglobin protein, for further
desiccation.

5

85-100%

During this stage, large plaques of the corona will move slightly as the
cytoplasm of the RBCs dehydrates. Beyond this, no further physical changes
are observed.

These five stages of drying, as depicted in figure 9, are dramatically accelerated with
increases in temperature. Ramsthaler, et al. (2012) found that a blood drop deposited and
maintained at 20°C took 60 minutes to dry to the point that a smear could not be achieved,
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whereas it only required 30 minutes at 24°C to achieve the same state. An increase of only
4°C resulted in half the required drying time (Ramsthaler, et al., 2012).

Figure 9

The five drying stages of a blood drop deposited from a healthy individual at 22°C
(Brutin, et al., 2011).

The degree of dehydration can potentially affect the ability to solubilise the bloodstain into an
aqueous solution, such as a buffer for further laboratory testing. Blood, as a substance, is
readily soluble in water. For this reason, blood from a dried bloodstain can be simply
rehydrated, with the best capturing material being cotton, or a similar fabric (Hillman &
Schaler, 1981). This is supported by studies that have successfully captured, by means of
rehydration, bloodstains that are multiple years old (30 years) and exposed to various
temperatures (including fire conditions) (Johnston, Newman, & Frappier, 2003). However,
for hardened bloodstains, either by means of age or temperature, some authors suggest
extending the extraction/rehydration time, either by prolonging contact time between the
moistened swab and the blood source or prolonging the immersion of the stained material in
the solution beyond regular protocol (Johnston, Newman, & Frappier, 2003; Horjan, Barbaric,
& Mrsic, 2016).
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2.5

DEGRADATIVE AGENTS

There are numerous degradative agents present in the environment that are capable of
coming into contact with blood deposited at crime scenes. The most commonly encountered
agents are extreme temperatures, ultra violet (UV) radiation from the sun and sodium
hypochlorite (house-hold bleach). Whilst the effects of these agents have been well
documented for the purpose of DNA degradation and subsequent forensic analysis, their
specific effects on RBCs, in particular haemoglobin for the purpose of presumptive blood
testing remain limited in the scientific literature.

2.5.1 TEMPERATURE, HAEMOGLOBIN AND ABACARD® HEMATRACE®
The temperature a blood sample is exposed to at a crime scene is essentially an
uncontrollable variable and may not be accurately determinable either. This poses a problem
for many forensic investigators, particularly those assessing information pertaining to the
drying or degradation process of the bloods components. This is because the drying and
denaturation process of blood deposited outside the human body is dramatically accelerated
when exposed to increasing temperatures (Brutin, et al., 2011).
The affect of heat on a blood sample causes considerable alterations to the haemoglobin
forms detected (Seto, Kataoka, & Tsuge, 2001). What can be considered as ‘mild’ heating,
between 50°C and 54°C is sufficient to significantly accelerate the denaturation of
haemoglobin to methaemoglobin (Seto, Kataoka, & Tsuge, 2001). Seto, Katakok and Tsuge
(2001) measured the concentration of haemoglobin and its degradative product
methaemoglobin, by headspace-gas-chromatography in heat-treated samples. They found
that little change occurred overnight when stored at body temperature (37°C), however,
when exposed to 54°C for three hours, the concentration of methaemoglobin dramatically
increased by 69.2% (Seto, Kataoka, & Tsuge, 2001). When the blood sample was heated to
65°C for an hour, the amount of methaemoglobin increased by 41%, however, the amount of
haemoglobin left in the solution, was decreased by 88.9% (Seto, Kataoka, & Tsuge,
2001)(table 3). This result revealed that nearly all of the haemoglobin had degraded to
methaemoglobin, however, further degradation, potentially to hemichrome, was occurring at
a faster rate with increased temperatures.
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Table 3:

The concentration of Haemoglobin (Hb) and Methaemoglobin (met-Hb) as a
comparison to a control sample after different temperature exposure for different
time periods, as measured by gas-chromatography.

Temperature

Length of exposure

% concentration of

% concentration of

Hb*

met-Hb*

37°C

Over night

↑ 11%

↑ 24.8%

54°C

3 hours

↑ 1.5 %

↑ 69.2%

65°C

1 hour

↓ 88.9%

↑ 41%

* % concentration recorded as a comparison to the control reading of untreated blood sample,
where the % concentration in the control is 100%. Therefore concentrations either increased (↑) or
decreased (↓) when compared to the control reading.
Source: Seto, Kataoka, & Tsuge (2001).

Wood, et al., (2005) also assessed the effect of temperature and found an unusual Raman
profile of erythrocytes at temperatures beyond 42°C. They determined this to be the result of
excitonic effects as a response to the haeme aggregation of haeme moieties due to thermal
degradation. This is because erythrocytes have a physiological tolerant temperature range
between 25°C and 40°C, beyond which instabilities occur (Wood, et al., 2005).

These

instabilities are generally the result of an increase in kinetic energy supplied to the biological
system as a result of an inclining temperature. The kinetic energy, if sufficient, can disrupt
hydrogen and ionic bonds within the protein, which are responsible for maintaining the
secondary and tertiary structure of the molecule (Hardin & Bertoni, 2015).
Ivanov (2010), when addressing the effect of temperature on RBCs, determined that
approaching 49.5°C, spectrin, the structural membrane protein of RBCs, will denature.
Therefore heating erythrocytes to this temperature will specifically affect the membrane
causing irreversible denaturation of the spectrin protein. This results in an equilibrium shift
between dimer and tetramer proteins within the membrane causing irreversible unfolding of
dimer proteins into α- and β-monomers (Ivanov, 2010). The major concern is that this is an
irreversible process, meaning once the cell wall of a RBC is lysed, which occurs at
approximately 55°C, it cannot be re-natured, causing the release of haemoglobin and
subsequently direct exposure to the degradative agent (Wood, et al., 2005).
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Cho and Choy (1980) suggest the stability of haemoglobin, when exposed to thermal
degradation, is dependent on both the spin state of the iron atom, which determines the
tertiary and quaternary structure, as well as steric interactions between the proteins. Steric
interactions occur due to the amount of space each atom within a molecule occupies. When
atoms are brought too close together, there is an associated cost in energy, which can affect
the molecules conformation and reactivity (Sapir & Harries, 2015). Furthermore, steric
interactions have been shown to be temperature depended (Sapir & Harries, 2015). Wood, et
al. (2005) also acknowledged that aggregation and hence the lack of space for molecules to
occupy during desiccation, plays an important role in haemoglobin denaturation. They found
that at high temperatures, beyond 42°C, aggregation of haeme moieties is promoted (Wood,
et al., 2005). Upon aggregation, the distance between haeme units is diminished and
therefore the migration of energy, in the form of kinetic excitation through the porphyrin
structural network is facilitated (Wood, et al., 2005). This results in exitonic interactions
between induce transition dipole moments enabling the movement of electrons through out
the aggregate (Akins, et al., 1997).
As established, at higher temperatures, the denaturation of haemoglobin occurs more readily.
This starts with the unfolding of the physical structure of the haemoglobin molecule
(Mechnik, et al., 2005). Drzazga, et al. (2001) determined via differential scanning
calorimetry, that the denaturation of haemoglobin from 40°C up to 80°C is followed by an
exothermic reaction. This is because the aggregation of proteins is classified as an exothermic
response. Therefore it was established that the primary aggregation process of RBCs occurs
during or after the thermal denaturation of the molecule. The authors determined that the
thermal denaturation (referred to here as unfolding) occurs in a four-stage process. Firstly,
the tetramer structure (four joined haeme-globin subunits) is degraded to form a dimer,
which degrades further to a monomer (Drzazga, et al., 2001). Once in the form of a monomer,
unfolding of the individual chains occurs (Drzazga, et al., 2001). Furthermore, the β-subunit
denatured before the α-subunit. The authors found that this process was not only accelerated
at higher temperatures, but they were not able to determine a melting profile of haemoglobin
within the 40°C to 90°C range tested (Drzazga, et al., 2001). This was supported by Mechnik,
et al. (2005), who determined that the unfolding process of the haemoglobin tetramer begins
between 63°C and 67°C, but could not determine a melting point for isolated haemoglobin.
After haemoglobin is denatured to methaemoglobin, the subsequent process is to form
hemichrome (Bremmer, et al., 2012). Studies have shown that much lower temperatures are
required for the denaturation of methaemoglobin into hemichrome, with values as low at
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20°C to 36°C being recorded (Tsuruga, et al., 1998). Therefore, in circumstances of high
temperatures, this process would be accelerated.
Although some sources have suggested the thermal denaturation of haemoglobin is partly
reversible, providing exposure does not extend beyond 42°C for full recovery (Wood, et al.,
2005) or 68°C for partial renaturation (Mechnik, et al., 2005), most sources say the
denaturation process is irreversible (Cho & Choy, 1980; Drzazge, et a., 2001; Seto, Kataoka, &
Tsuge, 2001). The subsequent affect this has on the ability to employ the ABACard®
HemaTrace® Kits for thermally denatured bloodstains is concerning. The kit relies on the
ability to bind haemoglobin with the antibodies present in the chromatography membrane,
however the structural integrity of the haemoglobin required to achieve this is not known. If
thermal degradation of the haemoglobin is such that the destruction to the structural
integrity or the formation of different epitopes does not allow binding or recognition from
the antibodies, the HemaTrace® Kit will not be able to provide an accurate depiction of the
constitutes within the blood sample. This may therefore result in a false negative reading for
human blood.

2.5.2 ULTRA VIOLET LIGHT, HAEMOGLOBIN AND ABACARD®
HEMATRACE®
Ultra Violet (UV) light forms part of the electromagnetic spectrum and falls between 100 nm
and 400 nm. This range is further classified into three categories: UV-A or long wave (400 nm
– 313 nm), UV-B or mid-wave (315 nm – 280 nm) and UV-C or short wave (280 nm – 100
nm), all of which are emitted by sunlight (Alados, et al., 2004). The level of exposure to
surface irradiance is a combination of the solar zenith angle, surface elevation, cloud cover,
aerosol loading, optical properties, surface albedo and the vertical profile of the ozone
(Alados, et al., 2004). Prolonged or intense exposure to UV radiation is known to cause lethal
damage to cells (Laroussi, 2005), however, its effect on the degradation of blood, specifically
haemoglobin, is limited in the scientific literature, with the exception being the impact on the
challenge of ‘aging’ bloodstains. Majority of the research focus is on the exposure of forensic
samples for the purpose of subsequent DNA analysis.
In terms of cell degradation, Laroussi (2005) established that UV exposure below 285 nm
produced an insufficient power density, equivalent to 50 µW/cm-2, which was not adequate
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to cause sufficient cell destruction. This threshold required to cause cell damage could be the
reason why different authors have reported mixed results in terms of the degradative effect
of UV on haemoglobin. However, the literature lacks substantial and crucial information
pertinent to the experiments carried out. For example, when addressing the UV exposure of a
bloodstain, few authors reference the intensity, wavelength or total UV dose of the light
source employed, making comparisons and conclusions difficult to achieve (Bremmer, et al.,
2012).
Further compounding the problem of addressing the degradative effect of UV radiation, is the
fact that each author employs a different method of exposure, including different exposure
lengths, intensities, conditions and measurement methods. For example, Inoue, et al. (1992)
found a slower rate of bloodstain aging when exposed to fluorescent light, where as Fujita, et
al. (2005) found the aging rate to be increased when sunlight is used as the UV agent.
However, contradictory, Bauer, Polzin and Patzelt (2003) found no difference in the RNA
degradation rate between bloodstains that were exposed or sheltered from sunlight. Without
specific knowledge of the experimental methods employed by these authors, it is difficult to
draw any comparative conclusions.
Drzazga, et al. (2001) specifically addressed the effect of UV exposure on human haemoglobin
and found that the haemoglobin was destabilised after a fifteen minute exposure period at a
wavelength of 246 nm. This result was linked to denaturation temperature, with the authors
reporting UV exposure reduced the transition temperature by 2°C, thereby suggesting that
UV exposure can assist the denaturation process of haemoglobin by creating an initial
destabilisation the molecule (Drzazga, et al., 2001). The advanced degradation process of
haemoglobin when UV and temperature are coupled, was supported by Fujita, et al. (2005)
who reported the same aging rate between sunlight exposed bloodstains maintained at 20°C
and bloodstains maintained at 40°C in a dark room.
In terms of the specific effect UV has on RBCs and haemoglobin, different authors have
hypothesised alternative mechanisms. Bauer, Polzin and Patzelt (2003) suggested that the UV
radiation from exposure to direct sunlight destroys the RNA nucleic acids within the
bloodstains, which accelerates the destabilisation and ultimately the degradation process.
This destruction was reported after an exposure period of two months. Others however,
suggest the UV radiation attacks carbon bonds to form free radicals, which further react with
atmospheric oxygen destabilising essential bonds that results in a loss of the structural
integrity of the haemoglobin molecule (Drzazga, et al., 2001). Specifically Drzazga, et al.
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(2001) state that under the exposure of UV, it is the haeme pockets (where the oxygen being
transported is bound) that disorder first, before any unfolding of the globin chains occurs.
Much like the specific molecular thermal-degradation process of haemoglobin, the process of
UV denaturation on the molecular structure is an area that requires additional research.
Inoue, et al. (1992) addressed the exposure of fluorescent light (300 – 400 Lux) to
bloodstains and found an accelerated rate of transformation from haemoglobin into haeme
and the α- and β- globin sub-units and further into smaller constituents. However the authors
also found an additional species that was present in the fluorescent degraded bloodstains
that was not present in fresh bloodstains (Inoue, et al., 1992). Using high-performance liquid
chromatography (HPLC), the authors determined the species to have a retention time of five
minutes and increased in concentration during ageing of the bloodstains. The concentration
of the unknown species was further increased in samples exposed to the fluorescent light
source (Inoue, et al., 1992).
Without a clear delineation in the scientific literature pertaining to the specific degradative
effects UV has on the structural stability of haemoglobin or the required exposure times
necessary to achieve complete denaturation, it is difficult to predict the impact a UV exposed
blood sample will have on the HemaTrace® kit. Although some literature suggests it is
possible to achieve a positive HemaTrace® result from UV exposed blood samples, the lack of
controlled experimental conditions limits their applicability (Johnston, Newman, & Frappier,
2003). For example, the blood sample employed in the study, was left outside for a period of
one month, where the average temperature was 21.4°C, UV index was moderate to high and
total precipitation was 40 mm (Johnston, Newman, & Frappier, 2003). However, the
combination of variables complicates the ability to directly assess the effect on the blood
sample from each agent’s exposure. Likewise, without information pertaining to the intensity
of the UV radiation, in terms of the total UV dose the blood sample was subjected to,
conclusions to the degradative power of UV is problematic.
If it is a conformational alteration in the structure of the molecule that occurs, as
hypothesised by Drzazga et al., (2001), then it is possible the molecule will be incapable of
successfully binding to the antibodies within the test kit, producing a false-negative result.
This concept will therefore form the basis of an experimental aim requiring analysis in the
proposed study.
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2.5.3 SODIUM HYPOCHLORITE, HAEMOGLOBIN AND ABACARD®
HEMATRACE®
Sodium hypochlorite is the primary chemical found in household bleach and is commonly
encountered at crime scenes when an individual attempts to clean or conceal a bloodletting
event. Attempts to obscure evidence with bleach primarily arise from the established
degradative effects it has on DNA and the subsequent forensic analysis process (Coy, et al.,
2005). Bleach is a powerful oxidative reagent, meaning it has the capability of transferring
electrons during oxidation-reduction reactions (PubChem, 2016). This makes it a highly
degradative agent, particularly to organic compounds (PubChem, 2016). However, the
specific degradation process in relation the to the conformational changes to the molecular
structure of haemoglobin in an environment of oxidative stress is relatively unknown. It is
however understood that bleach has the potential to cause significant cellular damage. This is
primarily due to the production of free radicals that cause the removal of oxygen atoms from
molecules, affecting cellular bonds that are crucial to maintaining the structural integrity of
the molecule (Dunne, et al., 2006).
Dunne, et al. (2006) assessed the degradative effect of powerful oxidative agents on human
haemoglobin. The authors found that oxidative agents, such as sodium hypochlorite or
peroxides, causes haemoglobin to undergo a stoichiometric conversion from the ferric iron
(Fe3+) state to a ferryl redox state (Fe4+), which donates two electrons to the oxidative agent
(Dunne, et al., 2006). This process causes the production of a cationic radical species, which
has a complex nature within the erythrocyte. Ultimately, the cationic radical formed is less
stable and resides on the tyrosine and tryptophan amino acids in the globin polypeptide
chain, causing the haemoglobin molecule to become unstable (Dunne, et al., 2006). The
presence of oxidative agents, even in low concentrations, is sufficient to cause oxidative
damage, seen in the unfolding of proteins and irreversible protein aggregation (Winter, et al.,
2008).
Most studies that have addressed the effect of bleach on the degradation and subsequent
detection of haemoglobin have done so in the context of laundering/machine washing of
clothing. This is problematic in the sense that extensive dilution of the haemoglobin in the
sample is occurring, which could be the cause a false negative detection results, not as a
direct result of bleach degradation. Nevertheless, this presents an applicable forensic
relevant scenario. However, much like experimentation with UV, extreme variations in
experimental design make the comparison of results complicated.
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Horjan, Barbaric & Mrsic (2016) deposited whole blood onto cotton fabric, which was then
left to dry over night before being soaked in 50 mL of water, subsequently rinsed and again
left to dry before analysis. Three treatment types were assessed in the experiment: warm
water (40°C) with stain remover containing active oxygen (2% v/v), cold water with the
same stain remover and warm water (40°C) with no stain remover. All samples returned a
positive result for human blood using the ABACard® HemaTrace® kit. However, a similar
experiment conducted by Coy, et al. (2005) produced a very different result. The authors
again deposited bloodstains onto cotton fabric in the following amounts: whole blood, 1:20,
1:100, 1:250 and 1:500 dilutions. The exhibit was dried before being placed into a standard
washing machine of which a standard cold cycle was employed. The test samples were mixed
with 125 mL of household bleach (% sodium hypochlorite unknown), which was added after
the water level reached maximum in the machine (Coy, et al, 2005). All samples exposed to
bleach returned a negative result using the ABACard® HemaTrace® kit (Coy, et al, 2005).
Whilst the control whole blood sample and 1:20 dilution (no bleach exposure) returned a
positive result, all other control samples produced a negative result using the ABACard®
HemaTrace® kit (Coy, et al, 2005). This suggested that the dilution of the sample, both prior
to deposition and the additional machine water, had diluted the haemoglobin in the sample
beyond the detectable limits of the test.
The oxidative effects of bleach that targets the break down of molecular chemical bonds, also
target the chromophore or colour-containing component of a molecule. This results in a
whitening effect of the substrate. Due to the fact that the ABACard® HemaTrace® kit works
on the premises of a colorimetric change through the presence of dye-tagged antibodies, the
direct effect of bleach within the test solution on the functioning of the presumptive test are
uncertain. However, the presence of bleach within the test solution adds another concern.
Bleach is a strong alkaline solution with a pH of 11-12 for a Sodium Hypochlorite base or pH
13 for a chlorine base. The ABACard® HemaTrace® Technical information sheet
recommended the pH of a test solution to remain below pH 9, beyond which the result will be
affected, which is why the extraction buffer is a pH of 7.5 (Abacus Diagnostics , 2001). The
addition of concentrated bleach to the test solution may potentially increase the pH beyond
the functioning capability of the HemaTrace® kit, producing either false-negative or
inconclusive results. However, this can only be hypothesises, due to the lack of literature that
addresses the direct affect on the ability for the ABACard® HemaTrace® kit to detect human
blood after exposure to undiluted bleach. This is an area that the current research attempts to
address.

30

3.0 EXPERIMENTAL DESIGN ELEMENTS

3.1

AUSTRALIAN ENVIRONMENTAL CONDITIONS

The Australian summer months can experience extreme weather conditions, governed by the
hot, sinking air of a subtropical high-pressure belt (Bureau of Meterology, 2016). The
Australian summer months fall between December and February and experience extreme
temperature levels and UV exposure.

3.1.1 TEMPERATURE CONDITIONS IN PERTH AND NORTHERN AUSTRALIA
The hottest months for Perth, Western Australia, fall between December and February, where
the average maximum temperatures exceed 30°C (Bureau of Meterology, 2016)(Table 4).
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Table 4:

Monthly temperatures recorded for Perth (International Airport Station) and
Broome (Airport Station) during 2015 displayed as monthly average maximum and
minimum temperature and the maximum temperature recorded within the month.

Month

Average

Average

Maximum

Maximum

monthly

monthly

recorded

recorded

minimum

maximum

temperature

temperature

temperature

temperature

Perth

Broome

(°C)

(°C)

(°C)

(°C)

January

17.7

33.8

44.2

44.1

February

18.6

33.1

39.6

42.7

March

16.2

29.9

38.6

42.2

April

13.4

25.7

30.5

41.0

May

8.8

21.4

26.1

38.7

June

10.0

21.0

24.9

36.2

July

9.1

18.7

21.8

36.0

August

9.2

19.4

27.4

37.8

September

9.3

22.7

31.6

41.3

October

12.2

27.0

34.7

42.8

November

15.6

29.0

39.2

44.3

December

16.0

30.1

41.7

44.8

During an Australian summer, it is not uncommon to encounter temperatures above 40°C
(Bureau of Meterology, 2016). However, certain circumstances can result in dramatically
higher temperatures recorded, such as a parked vehicle in direct sunlight. In an experiment
conducted in Perth, WA, the temperature recorded in the trunk of a parked vehicle on a 45°C
day, reached a maximum of 70°C (Dadour, et al., 2011). In general the authors concluded that
the temperature inside the cabin of a vehicles could reach 20°C - 30°C above the outside
ambient temperature (Dadour, et al., 2011). These temperatures are sufficient to rupture the
RBCs present in a blood sample, which occurs between 40°C and 55°C (Wood, et al., 2005).
Furthermore, the literature suggests these temperatures would be sufficient to cause the
unfolding of the molecular structure of haemoglobin, which is reported to occur at
approximately 65°C (Michnik, et al., 2005).
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In order for the current research to apply to the majority of West Australian forensic cases,
the experimental design needs to include a temperature range commonly encountered. With
the average temperature during summer months being between 30.1°C – 33.8°C, but the
potential to reach between 39.6°C – 44.2°C, and further accelerated by 20°C - 30°C in
situations such as a parked car, the experimental temperature should represent the average
of these values. This value has been approximated at 45°C.

3.1.2 ULTRA VIOLET EXPOSURE LEVELS IN PERTH AND NORTHERN
AUSTRALIA
The Australian Bureau of Meteorology records the monthly average maximum level of UV
exposure at ground level and reports this figure as a UV index level. This is achieved by UV
readings spanning wavelengths of 290-400 nm, which are weighted by the Erythemal Action
Spectrum. The UV index ranges from extreme to low exposure (table 5) where one UV index
is equal to 25 mW/m2.

Table 5:

The UV index scale displaying the level of UV irradiation exposure at ground level
(Bureau of Meterology, 2016).

Description

UV Level

Extreme

11 – 14

Very High

8 – 10

High

6–7

Moderate

3–5

Low

1–2

NB: One level is equivalent to 25 mW/m2 of UV irradiation.

Perth, WA, reports levels of UV exposure all throughout the UV spectrum, with summer
months showing higher intensity. These intensities increase in the northern portion of
Western Australia, in comparison to Perth and southern regions. Table 6 displays the average
monthly exposure in the Perth (southern) and Broome (northern) regions as an integrated
analysis by NASA using the Total Ozone Mapping Spectrometer (TOMS) mission in 2008.
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Table 6:

Level of UV exposure in Perth (southern) and Broome (northern) regions of Western
Australia as conducted by NASA and the TOMS mission in 2008 (Bureau of
Meterology, 2016).

Month

Average monthly

Average monthly

UV level in Perth

UV level in Broome

January

12

14

February

11

14

March

9

12

April

6

10

May

3

7

June

2

6

July

3

6

August

4

8

September

6

9

October

8

12

November

10

13

December

12

13

In addition to the Total Ozone Mapping Spectrometer (TOMS) mission in 2008, The
Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) measures the total
dose of UV exposure cumulative in a twenty-four hour period for a specific location. The total
dose experienced at the earths surface level, is measured as units of Standard Erythemal Dose
(SEDs) where one SED is equivalent to 10mJ/cm2. On an extreme UV exposure day (i.e. UV
Index 12) the average daily dose of UV approximates 55 SEDs (ARPANSA, 2016).
Of the UV radiation emitted (short, mid and long waves) most irradiation that reaches the
ground level is in the form of UV-A or long wave radiation which falls in the spectral range of
315 – 400 nm. The stratospheric ozone absorbs most of the mid-range radiation before it can
reach the ground, where as short wave radiation is completely absorbed by the earth’s
atmosphere. Whilst the UV-A radiation is less intense than the UV-B rays that reach the
earth’s surface, the rays are 30 – 50 times more prevalent (Alados, et al., 2004). For this
reason, any UV exposure employed in the experimental design should be between 315 – 400
nm. This level of exposure surpasses the UV levels recorded in the scientific literature for
denaturation. Drzazga, et al. (2001) reported that exposure at 246 nm is sufficient to cause
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destabilization of the haemoglobin molecule, which Laroussi (2005) suggested a minimum
exposure level of 285 nm is required to begin denaturation. Exposure between 315 – 400 nm
will therefore be sufficient to determine if haemoglobin denaturation by means of UV
exposure is capable of producing a false-negative result using the ABACard® HemaTrace®
Kit.

3.2

SODIUM HYPOCHLORITE

During the attempted clean-up of a bloodletting event with a bleaching agent, an offender
may not dilute the bleach, particularly if the primary aim was to destroy evidence in the form
of nucleic acids employed for forensic DNA analysis. The active agent in most household
bleach is sodium hypochlorite, which accounts for less than 10% of the concentration, with
most common concentrations between 5.25% and 8.25%. White King Ultra Bleach is a
common bleaching agent found in all supermarkets across Australia. The active ingredients
are detailed in table 7 (Pental, 2016).

Table 7:

Concentration of the active ingredients contained in White King Ultra Bleach product
(Pental, 2016).

Chemical

Reported % Concentration

Sodium hypochlorite

< 10

Sodium hydroxide

1–5

Coco dimethyl amine oxide

1

Sodium laureth sulphate

1

For any experimentation conducted, undiluted household bleach should be used to determine
if the sodium hypochlorite is having a specific degradation effect on the haemoglobin beyond
the detectable capabilities of the ABACard® HemaTrace® kit. The concentration of bleach to
blood is not a variable that can be standardised for real-world applications. This is because it
is highly dependent on how the individual would choose to clean the scene, limited by the
amount of bleach available to the individual as well as the amount on blood deposited during
the violent event. With little research in the literature relating to direct exposure between
blood and bleach, a base level to begin for a pilot study would be a 1:1 ratio.
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3.3

SUBSTRATE EFFECTS AND EFFECT ON SAMPLING PROCEDURE

The surface in which a bloodstain is deposited can greatly affect the subsequent analyses that
can be performed. Whilst substrate is a variable that is always stated when addressing
bloodstain pattern analysis and pattern recognition, other studies using blood as a medium,
such as bloodstain aging or degradation, often fail to acknowledge the effect of the substrate
(Bremmer, et al., 2012). When addressing washing/laundering, most experiments employ
cotton fabric as a substrate (Horjan, et al., 2016), where as other studies addressing drying
properties employ a glass or similar substrate (Brutin, et al., 2011). The characteristics of the
substrate, in particular if the porosity, may affect the interaction between the haemoglobin
present within the blood sample and the degradative agent. For example a highly porous
substrate may act as a protective barrier to any UV radiation exposure. Alternatively, a
surface may enhance the degradative process, such as a substrate that may amplify the
surface temperate above experimental conditions, such as black tar roads.
From a practical sense, different substrates define the ability or mechanism of how samples
are collect. Some substrates allow total immersion of the blood sample in the extraction
buffer whilst still on the substrate, whilst others require a collection process such as
swabbing. Those that can be directly immersed are preferred by scientist when prolonged
extraction is suggested, such as for severely aged bloodstains, however swabbing has shown
to suffice (Johnston, Newman, & Frappier, 2003). If swabbing is employed, Johnston,
Newman, and Frappier (2003) recommend snipping the swab for immersion in the buffer,
rather than pulling fibres.
For the pilot study being conducted, the substrate should remain a constant variable
throughout the experimental design. Due to the colorimetric bleaching property of sodium
hypochlorite, bleach may not be a preferred cleaning solution for a porous surface. Therefore,
a non-pours surface that is unlikely to amplify temperature conditions, such as a light
coloured bathroom/kitchen tile should be employed.

3.4

SOLUBILITY OF DRIED BLOODSTAINS

Fresh blood and human haemoglobin is readily soluble in aqueous solutions (Weister, et al.,
2002). However, this property becomes less capable with hardened bloodstains (Bremmer, et
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al., 2012). The exposure of bloodstains to high temperatures or extreme UV levels for an
extended period of time may cause the severe aggregation of RBCs and degraded products
such that collection and subsequent immiscibility in a buffer solution maybe problematic. The
blood sample needs to be able to form a homogenous solution to allow for successful
chromatography through the testing membrane. To ensure this, the bloodstain may require
significant rehydration via a moistened cotton swab during collection of the sample. As
suggested by the literature, this should be coupled with prolonged exposure time in the
buffer solution (Johnston, Newman, & Frappier, 2003). Whilst the ABACard® HemaTrace®
Technical Information sheet suggests the extraction period in the buffer to be five minutes at
room temperature, some sources suggest for aged bloodstains the extraction time should be
between thirty minutes (Johnston, Newman, & Frappier, 2003) and one hour (Horjan,
Barbaric, & Mrsic, 2016) depending on the age and concentration of the collected blood
sample (Atkinson, Silenieks, & Pearman, 2003). Therefore, regarding experimental design,
bloodstains that have been subjected to prolonged exposure to temperature and UV, should
remain in the extraction buffer for an extended period of time, up to thirty minutes. In order
to assess the solubility of these bloodstains, the same extraction solution should be processed
through a HemaTrace Kit at five minutes as per the technical protocol and after thirty
minutes as per the literature to assess the difference.

3.5

EXPOSURE TIME

The degradative impact of many agents is dependent on the level and time of exposure. Most
degradative agents studied as a function of time display an increase in denaturation with
extended exposure periods (Seto, et al., 2001; Fujita, et al., 2005; Wood, et al., 2005;
Bremmer, et al., 2012; Horjan, et al. 2016). However, each agent (temperature, UV and
bleach) report variable exposure periods required to initiate the denaturation process of
haemoglobin, partly due to the different intensities at which samples were exposed. For real
world applicability, samples should be exposed at the chosen level of intensity/concentration
for time frames that forensic experts commonly encounter with violent offences. However,
this time frame can be any where between hours to months and potentially years. Therefore,
the experimental exposure times selected for each agent may require dictation by the results
collected. Whilst negative results maybe achieved in short time frames for some agents (such
as temperature which reports a fast process of thermal denaturation), other agents may
require time periods longer than those achievable in the allowed experimental parameters
(up to two years in direct sunlight (Laroussi, 2005).
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3.6

QUANTIFICATION OF HAEMOGLOBIN DEGRADATION

PRODUCTION
The experimental design will determine if exposure to degradative agent: high temperatures,
extreme UV exposure and household bleach, have the capabilities of returning a falsenegative result for the presumption of human blood using the ABACard® HemaTrace® kits. If
such results are obtained, it would be of value to be able to quantify the degradation products
of haemoglobin in order to gauge the level of degradation achieved at the point of obtainable
false-negative results. This quantification can be achieved through methods such as high
performance liquid chromatography to determine the physical state of the degraded
haemoglobin (HPLC) (Bremmer, et al., 2012). This will provide a more in-depth indication as
to the quality of the degraded sample, beyond the information of a false or positive result.

4.0 EXPERIMENTAL AIMS AND HYPOTHESIS
In light of the research presented in the literary review, it is evident that high temperatures,
exposure to ultra violet light and sodium hypochlorite (in the form of household bleach), may
have a degradative effect on the haemoglobin within a blood sample beyond the capabilities
of detection using the ABACard® HemaTrace® Kit. This may be due to extensive
denaturation and changes in the structure of the molecule resulting in the inability for the
molecule to bind to the antibodies present within the kit, producing a false negative test
result. If this is the case, then forensic investigators may dismiss vital forensic evidence,
thought to be irrelevant at the time of presumptive testing. The experiment, as dictated by
the literary review, therefore aims to determine if the commonly encountered degradative
agents: high temperature, extreme UV levels and bleach, can cause a false-negative result for
human blood using the ABACard® HemaTrace® kit. Subsequently there are three hypothesis
to be tested:
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Experimental Hypothesis 1:
H 0:

Exposure of a whole blood sample to 45°C over a one-week period is not sufficient to
cause a false-negative test result for human blood using the ABACard® HemaTrace®
kit.

H 1:

Exposure of a whole blood sample to 45°C over a one-week period is sufficient to
cause a false-negative test result for human blood using the ABACard® HemaTrace®
kit.

Experimental Hypothesis 2:
H 0:

Exposure of a whole blood sample to a wavelength of 315 nm or equivalent 55 SEDs
dose/day over a one-week period is not sufficient to cause a false-negative test result
for human blood using the ABACard® HemaTrace® kit.

H 1:

Exposure of a whole blood sample to a wavelength of 315 nm or equivalent 55 SEDs
dose/day over a one-week period is sufficient to cause a false-negative test result for
human blood using the ABACard® HemaTrace® kit.

Experimental Hypothesis 3:
H 0:

Exposure of a whole blood sample to a single drop (25µ) of 5.25% sodium
hypochlorite (household bleach) over a one-week period is not sufficient to cause a
false-negative test result for human blood using the ABACard® HemaTrace® kit.

H 1:

Exposure of a whole blood sample to a single drop (25µ) of 5.25% sodium
hypochlorite (household bleach) over a one-week period is sufficient to cause a falsenegative test result for human blood using the ABACard® HemaTrace® kit.
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5.0 CONCLUSION
Blood is one of the most common types of biological evidence found at the scene of violent
crimes. Not only can it be used for reconstructive purposes by Bloodstain Pattern Analysts, it
can also be employed for human identification through DNA analysis. For this reason, it is
highly important that crime scene investigators are able to identify the substance as human
blood before any further processing is conducted. This is achieved through the use of
presumptive blood testing kits at the crime scene, such as the ABACard® HemaTrace® kit
from Abacus Diagnostic Inc. However, as with most presumptive testing kits, there is a tradeoff between sensitivity and specificity. The HemaTrace® kit reports a high degree of
specificity with very little cross-reactivity, whilst maintaining a sensitivity level of
0.05µg/mL(Abacus Diagnostics, 2001), which is lower than other commercially available
presumptive blood test kits. However, the literature has shown that these testing kits are not
immune to producing false-negative test results. This is predominantly due to the exposure of
degradative agents commonly encountered within crime scenes.
The ABACard® HemaTrace® Kit works on the basis of protein chromatography and
antibody-antigen binding when human haemoglobin is present within a sample. However, if
the haemoglobin is structurally degraded beyond recognition, it may not be able to bind to
the antibodies, producing a false-negative test result for the presence of human blood. This
could result in the dismissal of potentially vital forensic evidence. Therefore, crime scene
investigators need to be aware of degradative agents that the sample may have been exposed
to and the subsequent interpretation of miscellaneous test results.
Whilst there is extensive literature available pertaining to the degradation of DNA at crime
scenes, there is very little that address the degradation of human haemoglobin. Whilst the
degradative process is known in terms of species formation, the precise molecular changes to
the molecule still remain relatively unknown. This complicates any interpretation of how
each degradative agent specifically affects the haemoglobin, beyond an understanding of the
acceleration rate of transformation into the degradative species. Nevertheless, this literature
review aimed to address the impact of three common degradative agents: high temperature,
ultraviolet (UV) radiation and sodium hypochlorite (bleach), on human blood samples and
the subsequent impact on presumptive testing using the ABACard® HemaTrace® kit.
High temperatures (beyond 42ᴼC) can significantly increase the rate of transformation from
haemoglobin to methaemoglobin and subsequent degradative products, such as hemichrome.
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This is thought to be due to numerous factors including an increase in kinetic energy
resulting in molecular instability (Wood, et al., 2005), particularly in the structural
membrane proteins (Ivanov, 2010) as well as disruption of hydrogen and ionic bonds
(Hardin & Bertoni, 2015) and the spin state of the central iron atom(Cho & Choy, 1980).
These in combination result in increased degradation of the haemoglobin molecule.
Ultraviolet radiation forms part of the electromagnetic spectrum and is classified into three
categories: UV-A or long wave (400 nm – 313 nm), UV-B or mid-wave (315 nm – 280 nm) and
UV-C or short wave (280 nm – 100 nm). Whilst all three wavelengths are emitted by the sun,
most of the radiation that reaches the earth surface is in the form of long wave radiation.
However, the intensity of this light is dependent on numerous factors including but not
limited to surface elevation, the ozone shield and cloud cover. Prolonged exposure to high
intensity UV radiation is known to cause lethal cell damage, including damage to the
haemoglobin protein. Whilst most authors who addressed this topic agree that UV
denaturation is caused by destabilization to the molecular structure, the authors’ hypothesis
this to be for different reasons. Bauer, Polzin and Patzelt (2003) suggest the denaturation is
due to the destruction of RNA acids within the red blood cells, whilst Drzazga, et al. (2001)
suggest it is the carbon bonds that are destabilized causing the production of free radicals
that further attack structural bonds within the haeme pocket. Although all authors agree that
UV can have degradative effects on biological samples, comparison of results is difficult with
a lack of specific information recorded in the literature, including the exposure intensities
and/or wavelength, exposure time or experimental parameters such as surface texture or
concentration of haemoglobin.
Sodium hypochlorite is the active ingredient found in common household bleach. Bleach is
commonly encountered in crime scenes when an individual attempts to clean or conceal the
blood evidence. As a powerful oxidative reagent, it can cause significant cellular damage by
the production of free radicals that remove oxygen atoms from a molecule and destroy bonds
that are crucial to maintaining the structural integrity. When bleach is exposed to
haemoglobin, it results in the systematic unfolding of the protein and irreversible aggregation
(Winter, et al., 2008). However, majority of the studies that have addressed the effect of
bleach on subsequent presumptive blood testing, have done so in the context of machine
washing/laundering of clothing. The direct effect of bleach on liquid blood appears to be less
established in the scientific literature.
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Whilst the three degradative agents discussed have the potential to cause cellular damage,
their direct effect on human haemoglobin and the subsequent effect on the reliability of
presumptive blood testing is less recognised. This literature review has established that the
structural integrity of the haemoglobin may be diminished after exposure to these agents,
such that the antibodies within a presumptive blood testing kit may not be able to recognise
the binding site of the molecule. Consequently, a false-negative result may be obtained.
However, further research is required to directly answer this question. The findings of such a
study will assist in explaining the causes of false-negative results and aid crime scene
investigators in critical decision-making when selecting bloodstains to test, if there is
suspicion of severe degradation.
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ABSTRACT
The ABACard® HemaTrace® (Abacus Diagnostics, Inc.) is an immunoassay test
employed for the qualitative detection of human haemoglobin. However, if the
protein is structurally degraded beyond recognition from the test antibodies, the kit
may have the potential to produce a false-negative result. This could potentially result
in the dismissal of vital forensic evidence. This study evaluated the effect of
temperature (55°C), ultraviolet (UV) radiation (500mJ/cm2/24 hours), and sodium
hypochlorite (42g/L in the form of household bleach) on human haemoglobin for the
purpose of subsequent analysis using the ABACard® HemaTrace® kit. After total
exposure periods of two weeks (temperature), 95 days (UV) and one week (sodium
hypochlorite), the ABACard® HemaTrace® kit was able to positively detect human
haemoglobin. Immunoassay kits that test for the presence of human haemoglobin,
such as the ABACard® HemaTrace® kit, are therefore capable of detecting human
blood even after even level of exposure to degradative agents employed in this study.
__________________________________________________________________________________________________
Key Words: Forensic Science, ABACard® HemaTrace®, Haemoglobin degradation,
Temperature, Ultraviolet Radiation, Sodium Hypochlorite.
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INTRODUCTION
Blood is one of the most common types of biological evidence found at the scene of
violent crimes. Not only can it be employed for event sequencing and pattern
reconstruction for Bloodstain Pattern Analysis, but also the biological properties
allow for the analysis of DNA. The correct identification of human blood can therefore
aid in determining a suspect, exonerating an innocent individual or linking
bloodletting events to particular wounds or injuries [1]. Due to the fact that blood can
have a similar appearance to other substances, it is of upmost importance that the
material be identified as blood before further analysis is conducted. However, the
blood found at crime scenes is often exposed to many elements that have the
potential to degrade biological proteins. This is an important issue for forensic
scientists as the structural integrity of blood proteins, such as haemoglobin, may
affect the ability to employ immunochromatographic test kits for the forensic
identification of human blood at the crime scene or in the laboratory. Without this
knowledge, it is difficult to explain how or why crime scene and laboratory test kits
can produce false-negative results for human blood, particularly when the substance
is still capable of producing typable DNA results [2].

Immunochromatographic test kits, such as the ABACard® HemaTrace® (Abacus
Diagnostics, Inc.) detect the presence of human haemoglobin (with cross-reactivity
from higher primate and ferret haemoglobin
acid sequence T-N-A-V-A-H-V

[4].

[3])

by recognition of the unique amino

This sequence, found on the α-chain of the globin

unit, is recognised by the monoclonal antihuman haemoglobin antibodies with the
test membrane

[4].

However, if exposure to degradative agents at the crime scene is

sufficient to cause the structural denaturation of the haemoglobin protein, such that
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the amino acid sequence cannot be recognised by the antibodies, a false-positive
result may be attainable.

Thermal denaturation of haemoglobin is achieved when excessive kinetic energy is
applied to the cellular matrix causing instability. Erythrocytes have a physiological
tolerance between 25° C and 40° C

[5],

beyond which the excitonic effects can cause

disruption to the hydrogen and ionic bonds within the haemoglobin protein, which
are responsible to maintaining the secondary and tertiary structure [6]. Furthermore,
the primary structural membrane protein of erythrocytes, spectrin, will begin
denature at 49.5° C
irreversible beyond

[7],

causing the eventual rupture of the cell wall, which is

55° C

[5].

Whilst the unfolding process of the haemoglobin

tetramer is reported to begin once the molecule reaches between 63° C and 67° C [8],
other sources suggest heating between 50° C and 54° C may be sufficient to begin the
degradation process of haemoglobin into methaemoglobin [9].

UV radiation forms part of the electromagnetic spectrum and falls between 100 nm
and 400 nm. However, the amount of UV radiation that reaches the earth’s surface is
dependent on a number of factors including the solar zenith angle, surface elevation,
cloud cover, aerosol loading, optical properties, surface albedo and the vertical profile
of the ozone [10]. UV exposure can have lethal consequences for cellular survival as the
radiation attacks the carbon bonds within the molecule causing the production of free
radicals, which further react with atmospheric oxygen to destabilise structural
bonds [11]. More specifically, under UV exposure it is the haeme pocket that contains
the bound oxygen being transported, that disorders before any unfolding of the
globin chain occurs

[11].

It is somewhat unclear what intensity, wavelength and
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duration of UV exposure is required for complete structural denaturation of the
haemoglobin protein as many authors who have addressed this fail to specify these
parameters [12].

Sodium hypochlorite is the primary oxidative agent found in household bleach.
Bleach is a significant chemical in forensic investigations, due to its oxidative power
that can cause the destruction of DNA molecules and hence is sometimes employed
when there is an attempt to clean or conceal a bloodletting event. When haemoglobin
is combined with an oxidative agent, such as sodium hypochlorite, the molecule
undergoes a stoichiometric conversion from the ferric iron (Fe3+) state to a ferryl
redox (Fe4+) state, which donates two electrons to the oxidative agent

[13].

This

process causes the production of an unstable cationic radical species that resides
particularly on the tyrosine and tryptophan amino acids within the globin chain,
causing the haemoglobin molecule to become unstable

[13].

Furthermore, as an

oxidative agent, sodium hypochlorite has the potential to produce free radicals that
remove oxygen atoms from haemoglobin molecules, assisting in creating instability in
structural bonds [13].

This objective of the present study was to address the effect these three degradative
agents: temperature, ultraviolet (UV) radiation and sodium hypochlorite (in the form
of household bleach) on a human blood sample for the purpose of subsequent
analysis using the ABACard® HemaTrace® kit.
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MATERIALS AND METHODS
The bloodstains that were subjected to the degradative agents: temperature, UV and
sodium hypochlorite, were deposited onto three white-gloss ceramic kitchen tiles
(30 cm x 30 cm) that were sterilised using 70° C water and 70% ethanol solution
prior to deposition. The tiles were gridded to isolate the bloodstains into different
analysis time periods with five replicates at each time point. 4 mL of human venous
blood was extracted from a 25 year old, healthy female and immediately deposited
onto the tile surfaces in approximately 25µl droplets (Figure 1).

Figure 1:

Experimental set-up of bloodstains gridded onto the tile with
positive and negative sampling areas and five replicate test samples
for each time period.

Before the tiles were transferred to the exposure cabinets, the bloodstains were left
to partially dry at room temperature (19° C – 20° C) until a fixed periphery was
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established in order to avoid running. Prior to any exposure, a positive (fresh blood
from the same donor) and negative control (tile surface) sample was analysed using
the ABACard® HemaTrace® kit.

Temperature Exposure
The bloodstained tile was placed into a Contherm Digital Series 5 Incubator pre-set at
55°C. Samples were analysed in replicates of five after an exposure period of six
hours, one week and two weeks. In addition to the five minute buffer extraction time,
a thirty minute extraction time was also employed for samples exposed after one and
two weeks. Furthermore, samples at these time frames required rehydration with
one drop of extraction buffer immediately prior to swabbing.

Ultraviolet Radiation
The bloodstained tile that was employed for UV exposure was placed into a BioRAD
GS Gene Linker UV Chamber. Using the program code C4 (250mJ/cm2 per cycle) the
bloodstains were exposed to UV levels up to 52,500 mJ/cm2, with interval sampling
occurring at four exposure periods (500 mJ/cm2, 750 mJ/cm2, 17,500 mJ/cm2 and
35,000 mJ/cm2)(Table 1). These periods were calculated to represent an exposure
period equivalent to a daily dose of UV on an extreme day (level 11-14). The samples
were exposed to an equivalent time period up to 95 days where one day’s exposure
corresponds to 55 standard erthermal doses (SEDs) of UV

(Table 1). A buffer

extraction period of five minutes was employed for all samples.
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Table 1:

The amount of UV exposure to the bloodstain and the equivalent time in
days this would represent.

UV exposure (mJ/cm2)
500
750
17,500
35,000
52,500

Number of Standard
Erthermal Doses
(SEDs)
50
75
1750
3500
5250

Equivalent number of
exposure days
1
13
31
63
95

NB: The number of exposure days was rounded to the nearest whole day.

Sodium Hypochlorite Exposure
Approximately 25µl of Coles™ Brand Bleach (42 g/L Sodium Hypochlorite, 4% w/v
available chlorine, 9 g/L sodium hydroxide) was deposited directly on top of the
partially dried bloodstains. The tile was left to sit at ambient temperature (19° C - 20°
C) away from direct sunlight. The blood samples were analysed in replicates of five at
time periods of 6 hours, 30 hours and 1 week. Rehydration of the blood samples
exposed for a one week period was achieved using 25µl of extraction buffer
immediately prior to analysis. In addition to a five minute buffer extraction time that
was employed for all samples, a 30 minute extraction period was employed for the
one week samples.

To assess the affect neat bleach has on the functioning of the dye-tagged antibodies
within the ABACard® HemaTrace® kit, 200µl of undiluted bleach was run through
the testing kit.
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Sampling and Testing Procedure
The blood samples were collected and analysed as per the ABACard® HemaTrace®
technical information sheet using sterile cotton swabs to collect the blood samples [3].
A positive result was recorded if two pink lines were present in the test and control
panels. In order to remove any subjective interpretation of the presence/absence of
very faint lines, if the colour pigment was too faint to confidently score and could not
be visible on photographic documentation, it was recorded as a ‘partial negative’ for
the purpose of this experimentation. A negative result was recorded if a pink line was
visible in the control panel, but failed to produce a line in the test panel. Any test that
did not produce two lines (control and test) would be classed as inconclusive. All
results were recorded within ten minutes of analysis from the ABACard®
HemaTrace® as per the technical information sheet [3].

RESULTS
After the bloodstains were exposed at 55°C for a six hour period, all five replicates
returned a positive HemaTrace® result. After a one-week continual exposure period,
one positive result, two faint positive results and two partial negative results were
obtained following a 5 minute extraction time (Table 2). Due to the faint and partial
negative results, a 30 minute extraction time was also employed. This returned a
result of one positive, three faint positive and one negative result for the five
replicates (Table 2).

For analysis after two weeks of exposure at 55°C, the ABACard® HemaTrace® kits
produced three positive results, one faint positive and one negative. After further
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extraction time in the buffer, these results changed to two positives and three faint
positive results (Table 2).

After a UV dosage equivalent to one, 13 and 31 days, all five replicates returned
positive results (Table 2). However, after a 63 day exposure dosage, the ABACard®
HemaTrace® kits produced three positive results, one faint positive and one partial
negative result (Table 2). Furthermore, when the dosage period was extended to 95
days, the HemaTrace® results returned four positive and one faint positive result
(Table 2).

After six hours exposure to the bleach solution, the ABACard® HemaTrace® kits
produced three positive results and two faint positive results (Table 2). When this
exposure time was extended to 30 hours, the tests produced four positive and one
partially negative result (Table 2). However, after one week of exposure to the bleach
solution, the HemaTrace® kits produced four positive results and one negative after
5 minutes in the extraction buffer. Due to the presence of the negative result, an
additional extraction phase in the buffer (30 minutes) was employed, which returned
five positive results (Table 2).
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Table 2:

ABACard® HemaTrace® results after a total two weeks at 55°C, 95 days
of UV exposure and one week exposure to 25µl sodium hypochlorite,
with interval testing results.

Replicate
1
2
3
4
5

Temperature exposure at 55° C
Exposure Time
6 hours
1 week
2 weeks
5 min
5 min
30 min
5 min
30 min
extraction
extraction
extraction
extraction
extraction
+
-**
+
+
+*
+
+*
+*
+
+
+
+
+*
+*
+*
+
+*
+*
+*
**
+
+
+
2
Ultraviolet radiation at 550mJ/cm /day
Exposure time as the equivalent daily dosage

Replicate

1
5 min
extraction

13
5 min
extraction

31
5 min
extraction

63
5 min
extraction

95
5 min
extraction

1
2
3
4
5

+
+
+
+
+

+
+
+
+
+

+
+
+
+
+

+*
+
+
-**
+

+
+
+
+*
+

Replicate
1
2
3
4
5
+
+*
-**
~

Sodium hypochlorite (bleach) exposure
Exposure Time
6 Hours
30 Hours
1 Week
5 min extraction 5 min extraction
5 min extraction
30 min extraction
+*
+
+
+
+*

+
+
+
+
-**
Scoring system

+
+
+
+

+
+
+
+
+

Positive HemaTrace® result
Negative HemaTrace® result
Very faint positive HemaTrace® result
Partial Negative: potential positive test result, but too faint to confidentially class as positive
Inconclusive due to no control line produced.

In order to assess the effect straight bleach has on the functioning of the dye-tagged
antibodies within the ABACard® HemaTrace® kit, approximately 200µl of undiluted
bleach was run through the testing kit. This produced two faint grey lines within the
control panel and one faint grey line in the test panel within ten minutes of analysis.
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DISCUSSION
Blood samples deposited at crime scenes may be exposed to a number of degradative
agents. This can include exposure to high temperatures in summer climates,
ultraviolet radiation from the sun and oxidative agents, such as sodium hypochlorite
present in household cleaning products. The specific effect these agents have on the
integrity of the blood and the molecular structure of the biological components,
including haemoglobin is relatively unknown [5]. Furthermore, the effect of degraded
samples on the subsequent testing at the crime scene and in forensic laboratories
using immunochromatographic tests, such as the ABACard® HemaTrace® kit,
remain unknown. This knowledge would help to explain if and why immunoassay test
kits have the ability to produce false-negative results, in order to assist with the
analysis procedure and interpretation of results.

Temperature
After a two week exposure period at 55° C and with a 30 minute buffer extraction
time, the ABACard® HemaTrace® kit was able to correctly identify the human
haemoglobin, with five positive results obtained. These results are somewhat
contradictory to the literature surrounding thermal degradation of haemoglobin,
which states that red blood cells (RBCs) have a physical tolerance between 25° C and
40° C [5]. Beyond this temperature range, the cell experiences an excessive amount of
kinetic energy, which ultimately causes the cell to become unstable [5]. Furthermore,
spectrin, which is the structural protein within the membrane of a RBC denatures at
49.5° C after only a ten minute period [7]. Therefore, at an exposure temperature of
55° C over a two week period, it is expected that the RBC would have ruptured,
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releasing the haemoglobin to direct exposure from the heat. Therefore, by obtaining
positive results after the experimental period, it is suggestive that although heat has
an affect on the stability of the RBCs, it does not impact the haemoglobin amino acid
binding sequence that the ABACard® HemaTrace® recognises.

Once the haemoglobin has been exposed to the environmental temperature, the
unfolding of the tetramer will begin. Michnik, et al., suggest this unfolding of the
haemoglobin protein will occur between 63° C and 67° C [8], which was above the
experimental range. However, others have suggested that the melting point of
haemoglobin could be as large as 90° C [11]. These parameters surpass the achievable
environmental temperatures experienced in Western Australia (WA). Even in
situations where the temperature can be substantially increased, such as the trunk of
a parked vehicle, temperatures approximating 90° C are not achievable [14]. This was
tested in an experiment conducted in Perth, WA, where the temperature recorded in
the trunk of a parked vehicle on a 45° C day reached a maximum temperature of 70° C
[14].

In general, the authors concluded that the temperature inside the cabin of a

vehicle could reach 20° C – 30° C above the outside temperature [14]. Therefore, in
order to reach the reported haemoglobin melting point at 90° C, a 60° C day would be
required, which has never been recorded in WA, with the current record standing at
49.4° C in December 2011, in the Pilbara region [15].

Therefore it can be concluded that exposure of a bloodstain to 55° C over a two week
period is not sufficient to cause denaturation of the haemoglobin molecule beyond
the capabilities of the ABACard® HemaTrace® kit to identify the substance as human
blood. Therefore, if thermal denaturation of a blood sample is suspected at a crime
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scene and the suspected temperature exposure is within the parameters employed in
this study, then the ABACard® HemaTrace® still has the capabilities of correctly
identifying human haemoglobin.

Ultraviolet Radiation
The UV radiation employed in the study was on the basis of a ‘daily dosage’, which
exposed the blood samples to the equivalent amount of UV that would be experienced
on the earth’s surface in a 24 hour period for an ‘extreme’ UV level day. Whilst UV
lamps or cabinets are often employed for exposure experiments, these methods are
difficult to control the intensity of the radiation and the amount of exposure that the
light emits, with variables such as wavelength, distance between the sample and light,
and angle of light needing consideration. For this reason, it is difficult to ensure that
the intensity (power per unit) is equivalent to the damage that would be experienced
at the earth’s surface from the exposed wavelength. Likewise, UV lamps and cabinets
make it difficult to control the quantity of UV that would realistically reach the earth’s
surface. For this reason, a ‘daily dosage’ method was employed, that would best
represent the UV exposure that is experienced at the earth’s surface. This is measured
by the Australian Radiation Protection and Nuclear Safety Agency (ARPNSA) in the
form of a Standard Erthermal Dosage (SED), which can then be converted into
mJ/cm2.

The amount of UV exposure utilised in this study was on the basis of an ‘extreme’ UV
day, as defined by a level 11-14 day on the World Health Organisation's Global Solar
UV Index [16]. This level of exposure is not uncommon in Western Australia, where
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‘extreme’ level days are experienced during summer months, particularly between
November and March [17]. On a day of ‘extreme’ exposure, the average SED reading is
55 per 24-hour period, which equates to a 550 mJ/cm2 dosage of UV.

Positive results were obtained for all five replicates after one, 13 and 31 days of
‘extreme’ UV exposure. At 63 days exposure, one partial negative result was obtained,
however at 95 days, all replicates returned positive results. Therefore it can be
concluded, that exposure of a bloodstain to a UV level equivalent to 95 days at an
‘extreme’ level, is not sufficient to degrade the amino acid recognition sequence
within the haemoglobin beyond the detectable limits of the ABACard® HemaTrace®
kit.

These results are difficult to compare to other literary sources, due to varied
experimental parameters including the choice of direct sunlight or UV lamp exposure,
different wavelengths, exposure times and radiation intensities [12]. These parameters
need to be defined if attempting to compare experimental findings. As a result of
highly varied experimental parameters, the literature is conflicted about the
degradative power of UV when exposed to bloodstains

[12].

For example, when

addressed in the context of the bloodstain aging process, authors report contradicting
conclusions ranging from negative to neutral to positive damaging effects of UV on
the RBC

[18-20].

Whilst this study addressed the degradative effects of UV on

haemoglobin, not the aging process, it supports the notion that the damaging
potential of UV radiation on a blood sample appears to be method-specific.
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Sodium Hypochlorite
Sodium hypochlorite is a powerful oxidation agent found in common household
bleach. The bleach employed in this study was not diluted in order to test the full
denaturation power of the solution when exposed to a bloodstain. After six hours
exposure, all bloodstain returned a positive result, however after 30 hours, this
changed to four positive and one partial negative. This single negative result was
replicated at one weeks exposure after an extraction time of five minutes, however
after 30 minutes in the extraction buffer, all five replicated returned a positive result.

The ability to achieve full positive results after one weeks exposure, is surprising
considering that the presence of oxidative agents, such as sodium hypochlorite, even
in low concentrations, is sufficient to cause oxidative damage and the subsequent
unfolding of proteins and cellular aggregation [21]. Whilst severe aggregation was
observed in the bloodstains after 30 hours with the bloodstains forming a consistency
of a mouldable soft-elastic plastic, this combination of exposure concentration and
time was not sufficient to degrade the haemoglobin beyond recognition of the
ABACard® HemaTrace® kit.

Dunne, et al., suggest this may be due to the manner in which sodium hypochlorite
attacks organic compounds [13]. Sodium hypochlorite, when exposed to haemoglobin,
changes the iron state from ferric (Fe3+) to a ferryl redox state (Fe4+), which in turn
produces a cationic radical species within the RBC [13]. These radical species reside on
the tyrosine and tryptophan amino acids within the globin chain and are the primary
reason for causing instability within the haemoglobin protein [13]. The amino acid
binding sequence that the ABACard® HemaTrace® kit recognises, does not contain
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tyrosine or tryptophan [4]. Therefore if the instability in the polypeptide chain occurs
at these points, it is possible that the sodium hypochlorite is denaturing the
haemoglobin unit, but not in the amino acid binding sequence. Therefore, the
ABACard® HemaTrace® kit is still capable of recognising the human haemoglobin
returning positive results after one week of exposure.

In addition to testing the effect of sodium hypochlorite on blood for subsequent
immunoassay testing, this study also addressed the effect undiluted bleach had on the
direct mechanism of the ABACard® HemaTrace® kit. The bleach had a direct affect
on the pink dye particles within the test, as the bands produced were grey. However,
unexpectedly, in addition to the lines produced in the control panel, the solution
produced a faint grey line in the test panel. The significance of the line being grey
rather than pink is unknown. Oxidative stress in antibodies may negatively impact
their affinity and fine specificity [22], which may explain why the pink dye was unable
to be expressed, or alternatively, it may be the dye that was directly that was affected.
If the presence of a line regardless of colour is significant, then bleach may potentially
be a solution capable of producing false-positive results using the ABACard®
HemaTrace® kit, however this is an area of study that requires further research.

The sampling of all bloodstains was completed in accordance with the ABACard®
HemaTrace® technical information sheet

[3],

however rehydration of some blood

samples was required prior to swabbing, which is not specified in the sampling
protocol. This was completed on bloodstains that displayed severe cell aggregation
(bleach samples after 30 hours and one week) or extensive cracking (temperature
samples after one and two weeks). As a result, these bloodstains no longer adhered to
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the tile surface and direct swabbing would have resulted in the entire blood volume
being collected. Had this been done, it risked the chances of obtaining a negative
result due to the ‘high dose hook’ effect, which occurs when there is saturation of
haemoglobin on the test membrane [3]. For this reason, a single drop of extraction
buffer was used for rehydration, followed immediately by agitation and collection
using a moistened swab.

The technical information sheet specifies a five minute extraction time in the supplied
buffer

[3].

However, if the bloodstains are aged (up to five years), a 30 minutes

extraction time is recommended [3]. These two extraction times were analysed within
the experiment conducted. In three instances (temperature exposure after one and
two weeks and bleach exposure after one week), the longer extraction time changed
the outcome of the result where a negative or partial negative result produced a
positive result after a 30 minute extraction. At no point did a positive result change to
a negative result with additional extraction time, however a partial negative was
confirmed to be negative (temperature exposure after one week). Therefore, for aged
bloodstains or stains that show signs of environmental stress by means of cracking or
extreme cell aggregation, it is recommended that a 30 minute buffer extraction period
be employed if the result returns an initial negative or partial negative result after a
five minute extraction time. The test can be reproduced/repeated with the same
sample in the given volume of buffer, which is sufficient to be replicated 4-8 times
depending on the initial volume employed [3].

The ABACard® HemaTrace® technical sheet states that the intensity of the test band
cannot be used as a quantitative or qualitative measure of the haemoglobin within the
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test solution [3]. Although there was an increase in faint test results obtained as the
exposure period increased, this cannot be used as a direct indication that the quality
of the haemoglobin in the sample was degrading. This would require substantiating
by more comprehensive testing, such as high performance liquid chromatography
(HPLC) in order to quantify the concentration of haemoglobin degradation products
within the bloodstain

[12].

However, it can be concluded, that the experimental

parameters were not sufficient to cause the degradation of the haemoglobin beyond
the detectable capabilities of the ABACard® HemaTrace® kits. However, this may be
due to the nature of the amino acid binding site on the haemoglobin that the kits
recognise.

It was hypothesised that false-negative results could potentially be achieved if the
haemoglobin molecule was structurally degraded beyond recognition from the
antibodies within the test. However, this does not imply complete degradation. The
test only requires recognition of the amino acid sequence T-N-A-V-A-H-V on the alpha
chain of the globin unit that is specific to human/higher primate haemoglobin [4]. It is
known that the haeme pocket denatures before the globin unit [11, 23-24]. Therefore, if
the binding sequence remains intact, despite degradation of the surrounding
structure, then the test would still be able to provide a positive result. This may
explain why positive result were still obtained from the experimental parameters,
when the literature suggests that the degree of exposure to the degradative agents
would have been sufficient to cause haemoglobin denaturation. If the degradation of
the amino acid binding site occurs later in the degradative cascade, then this would
explain why the ABACard® HemaTrace® kit would be able to still recognise severely
degraded haemoglobin.
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Whilst the experimental parameters employed in the pilot study attempted to mimic
conditions that may be encountered in forensic cases, the experimental conditions
require further analysis. This includes employing cycling conditions for temperature
and UV exposure to mimic day and night exposure levels, assessing the effect of
combined variables and employing a range of exposure levels including different
temperatures, UV intensities and bleach concentrations or bleach-to-blood ratios.
Furthermore, in order to understand why some forensic samples may produce falsenegative results, additional variables need to be analysed including humidity,
moisture and bacterial growth. Only one substrate was employed in the current
study, which is a limiting factor as samples may behave differently to alternative
substrates. These factors should be considered in further research conducted in this
area.
CONCLUSION
The parameters that were employed in the study for the thermal denaturation,
ultraviolet radiation and sodium hypochlorite exposure to haemoglobin were not
sufficient to cause severe degradation to the molecule such that false-negative results
were obtained by the ABACard® HemaTrace® testing kit. This was despite the
surrounding literature suggesting that the level of exposure should have been
sufficient to cause degradation of the haemoglobin molecule. Therefore, it is
concluded that although the haemoglobin molecule may have begun to degrade, the
amino acid binding sequence recognised by the antibodies within the ABACard®
HemaTrace® kit, remained intact to provide positive results. However, in order to
obtain full positive results for all five replicate samples, an extended extraction time
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in the buffer was required. Therefore, it is recommended that if a negative result is
obtained and the investigator suspects the material to be human blood, the solution
should be re-tested after an extended buffer extraction period. Although the current
study has provided an insight into how some environmental agents affect blood
samples, further research is required within the field to explain why potential falsenegative

results

for

human

blood

can

be

achieved

when

employing

immunochromatographic test kits, such as the ABACard® HemaTrace® kit.
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