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Blood is an important type of forensic evidence because it can be used for source identification, toxicological analyses, and bloodstain pattern interpretation. Determining the time that bloodshed occurred, often described as the bloodstain’s time since deposition (TSD), has important implications for crime scene investigation. In this work, we focus on using electrochemical methods to monitor the gradual oxidative changes and electron-transfer reactions of hemoglobin (Hb) occurring in degrading bloodstains using differential pulse and hydrodynamic voltammetry. Bloodstains were monitored across a two-week time series in five different temperature conditions. Linear mixed models generated from the differential pulse voltammograms (DPV) suggested that 7 of 27 variables related to the redox reactions associated with the blood film were significantly correlated with time (p < 0.033). Of these correlated variables, all were related to the reduction of bound oxygen to hemoglobin or the oxidation of hemoglobin degradation products within the film. Hydrodynamic voltammetry demonstrated that hemoglobin retains its catalytic activity for oxygen reduction when aged on an electrode surface with a shift to greater peroxide formation the longer it is aged. The time series models are improved when the biological replicate is considered as a random effect, and as well as when peak area ratios are included in the model. Interestingly, using linear mixed models we observed a significant change in redox response at the 96-h time point (p < 0.043) regardless of temperature condition. Overall, we demonstrate preliminary support for DPV as a technique for TSD estimation of bloodstains.
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1 INTRODUCTION
Blood samples and bloodstained evidence remain amongst one of the most frequently collected substances by forensic professionals (Virkler and Lednev, 2009; Dinis-Oliveira et al., 2010). Bloodstains encountered at crime scenes and blood samples obtained for investigative purposes hold high evidentiary value because of its distinctive physical, chemical and biological properties (Barni et al., 2007; Liu et al., 2012; Attinger et al., 2013; Sparer et al., 2020; Streeting et al., 2020). Whole blood contains several biomolecules of interest to forensic and medical professionals including DNA and RNA, hemoglobin (Hb), as well as drugs and their respective metabolites. For example, forensic investigators collect blood evidence for source attribution through DNA profiling and, forensic toxicologists routinely analyze blood samples for the presence of illicit or impairing drugs, poisons, and prescribed medications (Peters, 2007; Dinis-Oliveira et al., 2010; Simões et al., 2018). Additionally, bloodstain pattern analysis can be applied to specific types of bloodstains and bloodstain patterns observed at crime scenes (James et al., 2005).
Within forensic science, estimating the time since deposition (TSD) of evidence is of major interest. Across the TSD literature, the unity of place and time is a primary objective in evidence analysis. Linking an individual or material to a location within a particular time frame offers a more detailed explanation to the sequence of events. This is valuable information for law enforcement and courtroom testimony. A number of forensically relevant samples that have been studied for TSD applications include: paints/inks (Lociciro et al., 2004; Weyermann et al., 2007), fingerprints (Weyermann et al., 2011), and various biological evidence including blood (Bauer et al., 2003; Anderson et al., 2011; Li et al., 2013; Doty et al., 2016, 2017; Shukla, 2017; Yinming Zhang et al., 2017; Salzmann et al., 2021).
Blood evidence holds a wealth of information for investigators but determining the time of bloodshed remains a challenging question to answer. Research regarding methods to estimate the TSD of a bloodstain has been conducted for roughly 20 years (Zadora and Menżyk, 2018), with a focus on studies that measure Hb and cellular component degradation through spectrometric techniques (Bremmer et al., 2011; Hanson et al., 2011; Doty et al., 2017) and the changes in DNA and/or RNA (Alshehhi and Haddrill, 2019; Fang et al., 2019; Fu and Allen, 2019; Cossette et al., 2021; Heneghan et al., 2021). However, there is currently no generally accepted method for determining the TSD of a bloodstain, and previously proposed methods are still being optimized for time resolution and extended age correlation (Mc Shine et al., 2017; Alshehhi and Haddrill, 2019). Complexity largely arises from the variation in the blood source and environmental conditions like temperature, humidity, and sunlight (Bremmer et al., 2011; Li et al., 2013; Zadora and Menżyk, 2018; Cossette et al., 2021).
For TSD estimates of bloodstains, Hb remains the primary biomolecule of interest because it comprises roughly 90% of the dry weight of red blood cells (RBCs) (James et al., 2005). The oxidative changes of Hb, particularly the central iron atom, demonstrate promising correlations with time in past forensic research initiatives (Hanson and Ballantyne, 2010; Bremmer et al., 2011; Hanson et al., 2011). In a healthy individual, Hb exists in three states: oxygenated Hb (oxyHb), deoxygenated Hb (deoxyHb), and methemoglobin (metHb). OxyHb refers to when the primary ligand, oxygen (O2), is reversibly bound to the central iron atom located in the protoporphyrin ring. There is debate whether iron is in its ferrous (Fe2+) or ferric (Fe3+) oxidation state during this configuration with the majority of the research supporting the ferrous state (Bremmer et al., 2012; Zadora and Menżyk, 2018). Upon O2 binding, the central iron atom is brought into plane with the protoporphyrin ring, adopting a low spin state. The absence of O2 in the Hb-protein complex refers to deoxyHb. In this state, the central iron atom is in a ferrous state and sits 0.4 Å outside the protoporphyrin ring to protect itself from oxidative damages (Umbreit, 2007; Zadora and Menżyk, 2018). These two states form the majority of Hb in a healthy individual. However, despite the stability of oxyHb, roughly 3% is oxidized daily to metHb (Toh et al., 2014; Zadora and Menżyk, 2018). During this process, the bound O2 is reduced to water, coupled with the oxidation of Hb from its Fe2+ to Fe3+ state. In its Fe3+ form, water is the primary ligand and the Hb protein is unable to carry O2. In a healthy individual the concentrations of metHb are maintained through internal reduction mechanisms such as glutathione peroxidase, cytochrome b5 oxidoreductase, and methemoglobin reductase (Shikama, 1998; Lemler et al., 2014; Zadora and Menżyk, 2018). These mechanisms effectively recycle metHb to deoxyHb where they can carry O2 again. Issues with these internal reduction systems are the primary causes for blood related conditions such as anemia and thalassemia (Bonaventura et al., 2013; Kassa et al., 2016; Hussain et al., 2017). In a bloodstain, similar oxidative changes to Hb occur over time with additional degradation processes to cellular components.
In ex vivo conditions, such as when a bloodstain is formed, the available deoxyHb is immediately saturated with atmospheric O2 and is converted to oxyHb. The high affinity for an O2 molecule by free heme is responsible for this immediate reaction (Bonaventura et al., 2013). From here, the oxyHb begins its gradual oxidation to metHb. The enzymes responsible for converting metHb back to deoxyHb are no longer available due to denaturation (Dissing et al., 2010). Following this, the degradation continues with both reversible and irreversible changes to the protein structure resulting in the formation of hemi- and hemochrome (HC). These species are named from the oxidation state of the iron, either in its ferric (hemichrome-Fe3+) or ferrous (hemochrome-Fe2+) states (Hanson and Ballantyne, 2010). Over time further degradation of the bloodstain is driven by environmental stresses leading to cellular damage and hemolysis. The ex vivo Hb degradation pathway is of interest to forensic researchers as it offers insight in TSD estimation changes that can be detecting using analytical techniques.
In this study, we use electrochemical methods to study degrading bloodstains, and assess if Hb related measurements are useful for TSD estimation. Electrochemical methods, including differential pulse voltammetry (DPV), offer sensitive analysis using small sample sizes and minimal sample preparation steps. Forensic electrochemistry has demonstrated significant advances in detecting and quantifying forensic samples including: explosives (Yu et al., 2017), gunshot residue (Harshey et al., 2021), alcohol consumption (Wigmore and Langille, 2009; Rahman et al., 2016; Easton et al., 2020b), and illicit drugs (Ramdani et al., 2013; Smith et al., 2013; Elbardisy et al., 2019; Mendes et al., 2019; Samyn and Wael, 2019; Naomi Oiye et al., 2020). Electrochemical techniques applied to blood samples for medical research purposes and have demonstrated applicability for diagnosing blood related diseases through Hb species differences (Xu et al., 2008; Amreen and Kumar, 2016; Doménech-Carbó et al., 2016). Similar autoxidative and cell damaging events that can be detected in the body can be translated to the natural degradation of Hb and blood in the environment. The bloodstain TSD literature is a current and important space in forensic chemistry as there are critical medico-legal implications for being able to provide a time-stamp to when a bloodstain was formed at a crime scene. Employing electrochemical techniques to probe the redox chemistry of degrading bloodstains complements the currently studied techniques surrounding TSD estimates and may support the combination of multiple methods answer these temporal questions.
2 MATERIALS AND METHODS
2.1 Blood Source and Blood Property Measurements
Whole bovine blood with 12.5% v/v acid citric dextrose anticoagulant (ACD-A) was obtained from Windcrest Meat Packers (Port Perry, ON, Canada). The blood was used for electrochemical preparation and fluid property measurements within the first 4 h of collection, and was stored at 3°C when not in use.
Density was measured using a 1 ml Hamilton glass syringe and an analytical balance. Dry weight of the syringe and with 1 ml of blood was used to determine density in replicates of 5. The packed volume percentage (PCV%) measurements were obtained by centrifuging whole blood-filled capillary tubes at 12,000 rpm for 2 min using the Haematokrit 200 (Hettich Zentrifugen) in replicates of 8. Density and PCV% were measured at room temperature (22°C and RH%) for both property measurements, the same conditions as electrode preparation conditions.
2.2 Electrode Preparation and Bloodstain Imaging
Glassy carbon (GC) electrodes (CHI 104, purchased from CH Instruments, Austin, United States) were polished with 0.05 μm alumina slurry on a microcloth pad prior to film preparation and after each analysis. Blank electrode measurements were recorded for each electrode before blood deposition.
Using a Hamilton #75, 5 μl glass syringe, 1 μl of a 5 wt% Nafion 117 (Naf) solution was dispensed on the electrode surface followed by 1 μl of whole bovine blood and then with an additional 1 μl layer of the Naf solution. Five minutes for drying was allotted between each layering stage. Uniform layers were approved through manual inspection. Before the top layer of Naf was deposited, the electrode was placed in an ESPEC SH-262 environmental chamber for aging. Prior to analysis the top Naf layer was deposited. The final sequence of deposition for electrode preparation was Naf/Blood/Naf.
2.2.1 Imaging Methodology
Digital photography and SEM were used to characterize the blood films deposited on GC electrodes. An electrode was prepared in the previously described manner without the top layer of Naf. A Canon EOS Rebel T6i camera with a macro lens was used to image the electrode surface. The image specifications were: ¼ shutter speed, 100 ISO and 3.2 F-stop. Additionally, a FlexSEM 1000 was used for the analysis. The SEM working conditions were: 15.0 kV accelerating voltage, 3.57 cm working distance, and an emission current of 108 μA.
2.3 Electrochemical Measurements
2.3.1 DPV Measurements
Following electrode preparation steps the electrode was placed in an electrochemical cell filled with 0.05 M disodium phosphate buffer solution (Na2HPO4). The pH of this solution was adjusted using 85 wt% phosphoric acid to 7.0, and was measured prior to electrochemical measurements using a Mettler Toledo™ FiveEasy Plus™ FEP20 pH meter. All reagents were purchased from Sigma-Aldrich (Oakville, ON, Canada). The electrochemical cells were then purged with high purity N2 (99.998%) for 15 min to allow deoxygenation of the solution to occur. Immediately after purging, DPV was used to analyze the electrode.
Electrochemical measurements were obtained using a Pine Instruments model AFPC2 and Pine WaveDriver 20 potentiostat connected in a three-electrode system. The three electrodes include: a platinum wire counter electrode, a Hg/Hg2SO4 reference electrode saturated in K2SO4, and a working GC electrode with deposited Naf/Blood/Naf film. The GC working electrodes had a 3.0 mm carbon diameter (0.0707 cm2 surface area. The same Hg/Hg2SO4 reference electrode (CHI 151) was used for all analysis and the reported electrochemical potentials are adjusted to the reversible hydrogen electrode (RHE).
Cyclic DPVs were collected between 300 mV to −1,000 mV (vs. Hg/Hg2SO4) with a 10 mVs−1 scan rate. The initial potential was 300 mV and once the potential was reached −1,000 mV the potential was reversed to go back to 300 mV. The pulse parameters used for analysis were: height of 50 mV, width of 250 ms, and period of 2 s. All electrochemical analyses were performed at room temperature (22–25°C). Voltammograms were collected using AfterMath version 1.5.9807 software. All potentials were corrected to the reversible hydrogen electrode (RHE) potential. Faradaic currents were determined by subtracting the electrochemical response of the blank (bare GC electrode) measured under the same conditions. OriginPro 2019b was used for peak processing. The reduction and oxidation DPVs were first smoothed with the Savitzky-Golay method with five points of window and 2nd polynomial order. A manually defined baseline was established and the peak analyzer function in OrginPro was used to integrate resolved peaks in both the reduction and oxidation sweep. Unresolved peaks were processed similarly with the peak deconvolution function using a Gaussian distribution. For each peak the peak potential (V), area (μW), and height (μA) were recorded.
2.3.2 RDE Measurements
Using a Pine research E6R1 ChangeDisk Series rotating ring-disk glassy carbon working electrode (5.0 mm diameter, 0.1963 cm2 surface area) linear scan voltammograms (LSV) were obtained between 300 mV and −1,300 mV (vs. Hg/Hg2SO4). Consistent electrode preparation steps were maintained for creating the Naf/Blood/Naf film on this electrode. To keep the same mass loading of blood used on the 3.00 mm electrode, 2.75 μl of 5% wt Naf and whole bovine blood were deposited on the rotating ring-disk electrode.
Voltammograms were obtained through AfterMath version 1.5.9807 software. The electrode was held in a large voltammetric glass cell (approximately 250 ml) by a Pine research modulated speed rotator with the same counter and refence electrode as the DPV measurements.
After filling up the cell and securing the Naf/Blood/Naf rotating electrode the cell was purged with nitrogen gas for 20 min. Next, a blank LSV was obtained, and then the cell was then purged with O2 for 20 min. The rotator was then turned on and the O2 was set to a slow continuous purge. Voltammograms were collected at the following RPM: 1,000, 800, 600, 400, and 200.
Two electrolyte solutions were tested. The first being 0.05 M disodium phosphate buffer solution (Na2HPO4) with a pH of 7.0, which was adjusted using 85 wt% phosphoric acid. The other electrolyte solution was 0.1 M KOH (pH = 13.0). The same reference electrode was used for each electrolyte solution and was calibrated so the voltammograms could be plotted in the same potential range of 0.96 V to −0.64 V vs. RHE.
Measurements were completed with two separate bovine blood collections. The first involved the pH 7, 0.05 M PBS. Five replicates of fresh bovine blood were analyzed on the day of collection and 2 weeks after. The blood was stored in an opaque container in the refrigerator over the 2 weeks. Additionally, blood was deposited on the electrode after the first day of analysis without the top Naf layer. This electrode was aged for 3 days in the ESPEC SH-241 environmental chamber at 22°C and 40% RH. After the aging period the top Naf layer was deposited. The RDE analysis in the basic electrolytes were analyzed in replicates of five using fresh blood only. The data was used to conduct a Koutecky-Levich analysis of the Naf/Blood/Naf film in the separate conditions.
2.4 Time Series Experiments
For the time series, the electrodes were prepared within 4 h of the blood collection. A total of nine time series were conducted with the following timepoints (hours): 0, 1, 3, 6, 9, 24 (1 day), 48 (2 days), 72 (3 days), 96 (4 days), 168 (1 week), 240 (10 days), 336 (2 weeks). Five time series were completed at standard laboratory conditions: 22°C and 40% RH. The other four time series were completed at the following temperatures with constant RH of 40%: −20°C, 3°C, 30°C, and 40°C. The 22°C, 30°C, and 40°C temperatures were maintained in the environmental chamber. The −20 and 3°C temperatures were maintained in the freezer and refrigerator respectively. In the cold conditions, the electrodes were placed in a large glass beaker filled approximately a quarter volume with desiccant to maintain the desired 40% RH. A small dual temperature and humidity gauge was placed in the beaker with the electrodes to monitor RH.
Separate from the temperature time series, two additional time series were conducted at 25% and 55% PCV%. A centrifuge was used to separate the RBCs and plasma in fresh bovine blood for PCV adjustments. These time series were carried out in the 4°C and 40% RH condition and were compared to the natural PCV time series in the same environmental condition. A total of three time series were used to evaluate the effects of PCV on electrochemical responses.
2.4.1 Statistical Analysis
Following data collection, RStudio version 3.6.2 (2019) was used for statistical analysis and to generate linear regression plots. Ratios between the reduction and oxidations peak heights and areas were calculated.
Each measured electrochemical response was fitted using a linear correlation with Log(Time). The common logarithm was used to transform the time point (in hours) with the T0 time point set to 6 min (0.1 h), the realistic time when the first measurement was obtained. Pearson’s correlation coefficients were calculated for each response variable in the standard time studies with Log(Time) and to other measured responses.
Linear mixed models against Log(Time) and with biological replicate as a random effect were determined for each of the measured electrochemical responses. These correlated variables were then used to build the Principal Component Analysis (PCA) models to further investigate time affected correlations and temperature effects. This was completed with the standard time series first (22°C and 40% RH) and then temperature.
We used a Wilcoxon T-test to assess significant time differences before and after time points collected in our studies. The time groups chosen were: 24, 48, 72, 96, 168 h. The means, and confidence intervals of each significant response were calculated. This time separation division was then applied to the previously computed PCAs for data visualization purposes.
3 RESULTS
3.1 SEM Results
The surface morphology of the dried blood is important when considering electron transfer kinetics. In relation to electrochemical analysis, even distribution of blood across the electrode surface is desirable. The goal of the electrode imaging was to understand how the blood films are drying on the electrode, specifically if uniform morphology was being achieved.
In Figure 1, image A shows the blood film under relatively low magnification. In this image, crack formations are visible and formed over the 2 days the blood was deposited on the electrode. Image B magnifies one of the cracks in this stain and possible RBC stacking is observed in the edges of the crack. Lastly, image C show a magnified SEM image at the center of the film, where the majority of cellular content was confirmed. This is also observed in digital images of the film which can be found in the Supplementary Material S1. The SEM images of the center of the film has an irregular morphology with no distinctly visible RBCs. These irregularities are likely from blood coagulation and non-uniform surface spreading during electrode preparation. The effects of RBC layering are of importance to electrochemical studies as it effects the accessibility to active Hb sites in the film.
[image: Figure 1]FIGURE 1 | SEM images of blood film on GC electrode, image (A) shows approximately half of the blood film, image (B) magnifies on a crack formation at the center of the film and image (C) shows a magnified image taken from the center of the blood film.
3.2 DPV Analysis
The DPVs of the Naf/Blood/Naf film had reproducible peaks related to Hb redox reactions in the pH 7.0 PBS buffer conditions. In panel A of Figure 2 the full scan range DPV of the Naf/Blood/Naf film is shown, and panel B shows the anodic sweep with just the oxidation peaks. The peaks were labeled based on the order of occurrence during analysis and given ‘Red’ or “Ox” depending on whether they are observed on the cathodic or anodic sweeps respectively. A total of five peaks were observed at reproducible potentials: 1 Red ([image: image] 0.7062 V ± 0.0175), 2 Red ([image: image] 0.0465 V ± 0.0386), 3 Ox ([image: image] −0.0751 V ± 0.0168), 4 Ox ([image: image] 0.0799 V ± 0.0268), and 5 Ox ([image: image] 0.6339 V ± 0.0120). Peaks 2 Red, 3 Ox, and 4 Ox correspond to Hb related redox reaction in the blood film. The peaks 1 Red and 5 Ox are attributed to redox reactions associated with quinone and hydroquinone species on the GC electrode (Easton et al., 2020a), thus they were treated as background peaks.
[image: Figure 2]FIGURE 2 | (A) Cyclic DPVs of 1 μl whole bovine blood deposited on GC electrodes (Naf/Blood/Naf) in pH 7.0 PBS (0.05 M). (B) Blank subtracted anodic sweep of cyclic DPV. 10 mV/s scan rate and purged with N2. The 2 Red peak corresponds to ferric Hb reduction and Hb catalyzed oxygen reduction, peaks 3 Ox and 4 Ox correspond to ferrous Hb oxidation in healthy and lysed RBCs respectively, and peaks 1 Red and 5 Ox correspond to quinone reduction or oxidation reactions respectively which are attributed to the GC electrode.
3.2.1 RDE
3.2.1.1 Neutral pH RDE Results
In the neutral pH PBS buffer fresh blood, liquid aged blood in the refrigerator (2-week) and a dried bloodstain (3 days) were studied. Figure 3 shows the LSVs of the fresh Naf/Blood/Naf film in the neutral pH and the Koutecky-Levich plot at the potential −0.6384 V vs. the RHE. The LSV curves show the beginning of the plateau and the plotting of near limiting currents show that this reaction is sluggish given the intercept greater than zero. Implying, the blood film and Hb accessibility remains the limiting factor here and is not governed by mass transport.
[image: Figure 3]FIGURE 3 | (A) LSV scans of fresh Naf/Blood/Naf film on GC-RDE in 0.05 M disodium phosphate buffer (pH = 7.0) with different RPM (200–1,000), purging gas O2. (B) Koutecky-Levich plot for currents at −0.6384 V vs. RHE.
Koutecky-Levich analysis and results are shown for each replicate in the Supplementary Materials S2–S4 including electron number calculations, correlation coefficients, kinetic current, and onset potential. For the fresh blood in the neutral pH the average was between two and three (2.27 ± 0.21). This implies that both the 4-electron and 2-electron processes are occurring forming water and hydrogen peroxide (Gaixia Zhang et al., 2017). The onset peak at approximately −0.2 V vs. the RHE supports the claim that peroxide formation is occurring.
In the neutral pH, the 2-week aged blood stored in the refrigerator saw an average electron number below two (1.58 ± 0.24). Therefore, as the blood ages its ability to directly reduce O2 to water decreases and is dominated by a 2-electron reduction process forming hydrogen peroxide. The blood aged 3 days on the electrode provided an electron number of 2.08, similar to the aged blood in the refrigerator. This relates to a 2-electron process and supports finding that the Hb within the blood aged on the electrode loses its catalytic activity to form water after 3 days.
3.2.1.2 Basic pH Results
Alkaline buffers are commonly used to study the ORR (Osmieri et al., 2016; Fruehwald et al., 2021). The lower pH provide a less corrosive environment to catalysts and the ORR kinetics are more rapid compared to acidic media (Ge et al., 2015). The basic pH samples did reach limiting currents and also had the similar onset peak to the neutral pH samples. Voltammograms and Koutecky-Levich analysis results are summarized for each replicate in the Supplementary Materials S5, S6. The average electron number involved in the reaction was close to two (1.72 ± 0.10), inferring that the two-electron pathway was occurring forming a hydrogen superoxide (Min et al., 2014; Ge et al., 2015). The results from the RDE analysis in the basic pH offer insight into the catalytic activity of Hb in whole blood for biofuel cell technologies (Ayato et al., 2014). As expected, the lower pH had higher onset ORR potentials (0.647 V ± 0.008 vs. RHE) when compared to the neutral pH condition.
3.3 Standard Condition Time Series Results
The blank subtracted and baseline corrected data from one of the standard time series (22°C, 40% RH) is shown in Figure 4. Visual interpretations of voltammograms indicate no clear correlations to time and a large amount of variation is observed between time points. Generally speaking, it was noticed that higher magnitude reduction peaks were often followed by higher magnitude oxidation peaks. This supports the hypothesis of using peak ratios for correlations with time opposed to single peak metrics.
[image: Figure 4]FIGURE 4 | Cathodic (A) and anodic (B) of Naf/Blood/Naf film deposited on GC electrodes over a 2-week period, stored at 22°C and 40% RH. 10 mV/s scan rate and purged with N2 in 0.05 M PBS.
For the standard time series data, a Pearson’s correlation matrix was constructed to represent how the measured responses correlate to each other, independent of time. This matrix is found in Figure 5 and only includes the peaks related to the Hb within the Naf/Blood/Naf film. The Pearson’s correlation coefficient describes the strength and direction of two chosen variables. One observation from this matrix was that within a peak, the height and area were strongly correlated (Figure 5: outlined in red). This was expected and confirms that the general peak shapes are being maintained across time points and time series replicates.
[image: Figure 5]FIGURE 5 | Pearson’s Correlation plot of the Hb electrochemical response variables. The size and colour represent the strength and direction of correlation respectively. (Blue = positive correlation, Red = negative correlation). The outlined red boxes highlight the correlations between peak height and area within single Hb peaks and the yellow boxes highlight the correlations between Hb reduction and oxidation peaks.
Another key finding was that the 2 Red peak height and area had a strong positive correlation with the 3 Ox and 4 Ox heights and areas, respectively (Figure 5: outlined in yellow). This supports the hypothesis that the Hb molecules able to undergo reduction or facilitate the ORR can participate in the oxidation reaction in the anodic sweep. In other words, greater reduction signals correspond to greater oxidation signals in the Hb related peaks due to the same active Hb sites being measured. This is also confirmed by the strong positive correlation seen between the height or area of the 2 Red peak and the height or area of the combined 3 + 4 Ox peak. The Pearson’s correlation matrix demonstrates how peak characteristics are changing with each other and was a starting point to begin assessing each of these dependent measurements with time.
3.3.1 Standard Condition Linear Modeling
Table 1 summarizes data from the linear mixed models for the standard time series (n = 5). The bolded response variables represent the significantly correlated variable (p < 0.05). There were 7 significantly correlated variables: the peak potential of the 2 Red peak, and the height and area ratios of the Hb related redox peaks (2 Red/3 Ox, 2 Red/4 Ox, and 2 Red/3 + 4 Ox). As predicted, the peaks associated with quinone redox reactions (1 Red and 5 Ox) were not correlated with time since they are from the GC electrodes. The potential shift to more positive potentials over time is possibly due to the degradation of cellular components leading to less resistant electron transfer pathways. This pattern is noticed in Figure 4 with the later time point cathodic sweeps having higher peak potentials.
TABLE 1 | Mixed linear models of laboratory condition time series (n = 5). All electrochemical responses were assessed.
[image: Table 1]The linear mixed models demonstrate weak correlations with time. Low Pearson correlation coefficients (i.e., 0.20–0.39) and R2 (i.e., 0.30–0.49) values relate to this, however when biological replicate (i.e., blood source) is considered, more variation is explained in the linear models.
3.4 Temperature Time Series Results
3.4.1 Temperature Incorporated Linear Models
The seven significantly correlated variables (p < 0.05) from the standard condition were assessed with the added temperature data. With this temperature combined dataset each of the seven electrochemical responses demonstrate significant correlation to Log(Time). The additional temperature time series were leveled to the standard condition replicates to make ‘temperature’ an independent variable. Using linear regressions, it was found that many of the electrochemical responses were significantly different from the standard condition time series replicates. The results from this analysis are summarized in Table 2 with the estimates, confidence intervals, and p-values for each measured electrochemical response in each measured temperature.
TABLE 2 | Influencing effects of Log(Time) and temperature (leveled to 22°C) for measured electrochemical responses significantly correlated with Log(Time).
[image: Table 2]The marginal and conditional R2 values for the temperature combined dataset are consistent with the standard temperature time series. Demonstrating relatively weak correlations with a greater proportion of variance explained when biological replicate (i.e., blood source) is considered.
3.4.2 Influence of Temperature on TSD Signatures
The Wilcoxon Test was used to determine at which time point the most significant differences occur in the standard time series and temperature included datasets. Summary tables of these results can be found in the Supplementary Material for each of these datasets respectively Supplementary Materials S7–S8. The results suggest that the most electrochemical changes in the Hb related responses occur within our experimental conditions at the 96-h point for both datasets.
The mean and confidence interval for each of the significantly different electrochemical responses at the 96-h time division were calculated and are organized in Table 3. For standard condition dataset the 2 Red potential, 2 Red/4 Ox area ratio, and the 2 Red/3 + 4 Ox area ratio were significantly different (p < 0.05) between the below/above 96-h time point. The temperature included dataset had similar results with the same three electrochemical responses along with the 2 Red/4 Ox peak height ratio. The combined time series dataset serves as a preliminary dataset for future studies independent of temperature.
TABLE 3 | The mean and confidence interval for the electrochemical responses, significantly different from the below/above 96-h for the standard time series and the temperature included dataset.
[image: Table 3]Labeling the 96-h time separation within the PCA plot for the temperature combined dataset is shown in Figure 6. Ellipses represent 95% confidence intervals around the two respective groups. The PCA considers the 2 Red peak potential and all of the area ratios for the Hb related peaks (2 Red/3 Ox, 2 Red/4 Ox, and 2 Red/3 + 4 Ox) to combine dependent variables and reduce the dimensionality of the data.
[image: Figure 6]FIGURE 6 | PCA of temperature included dataset separated by 96-h time separations, including standard time series (n = 5) and 4 temperature variations (each n = 1).
3.4.3 PCV Time Series
The Hb measured electrochemical responses correlated with Log(Time) determined through the standard time series experiments were used to compare the effects of PCV. Table 4 summarizes these results. The estimates and p-value for the adjusted PCVs (25% and 55%) were leveled to the average range blood PCV condition (45%). Significant differences are observed in the 25% PCV time series for each response except the height and area ratios for the 2 Red/4 Ox peak ratio. The 55% PCV time series had less significantly different responses from the 45% PCV replicate. Only the 2 Red peak potential and the 2 Red/4 Ox peak height ratio were significantly different.
TABLE 4 | Linear model results from PCV comparison experiment on electrochemical responses. Includes three time series carried out in 4°C and 40% RH with 45%, 25%, and 55% PCV. Results for the adjusted PCV were leveled to the average range blood PCV condition of 45%.
[image: Table 4]These time series were correlated to Log(Time) with the results shown in Table 4. These additional time series are consistent with the results from the standard and temperature time studies, finding overall weak correlations.
4 DISCUSSION
4.1 Bloodstain Electrochemistry
Electrochemical techniques have been growing in popularity for forensic applications including drugs (Aymerich et al., 2018; Darzi and Garg, 2020; Naomi Oiye et al., 2020) and explosives (Yu et al., 2017). Electrochemical techniques have been and continue to be researched for medical applications related to blood analysis. The majority of these studies focus on the Hb/ORR redox system to diagnose blood related diseases such as anemia (Ogunlesi et al., 2009; Toh et al., 2014; Amreen and Kumar, 2016; Doménech-Carbó et al., 2016). These articles demonstrate the structural changes of Hb and its natural oxidation in vivo can be monitored using voltammetry methods for medical interpretations.
When electrochemical techniques were first being applied to blood analysis, the Hb electron mediated transfer was thought to be a slow and relatively difficult process to monitor due to the electroactive components being buried inside the cell membrane (Toh et al., 2014; Yu et al., 2014). For this reason, purified Hb and pretreated blood samples were primarily used for analysis. This, along with the risk of biofouling dissuaded the use of whole blood as a sample matrix. Given these early challenges, researchers have explored many variations of electrode materials and sample immobilization techniques to effectively study Hb redox reactions and have shown that direct electron transfer is possible through the cell membrane. A number of articles report a quasi-reversible to nearly reversible Hb corresponding redox peak using many electrode materials, including the well-studied GC electrode (Wang and Hu, 2001; Yao et al., 2007; Safavi et al., 2008; Sun et al., 2008; Xu et al., 2010).
The focus of this research was to take these principles of blood electrochemistry and apply them to forensic scenarios. The principles of Hb degradation and natural oxidation are consistent between diseased blood samples and bloodstains. This research supports the use of voltammetry and GC electrodes to studied whole blood samples, and specifically bloodstains created and aged on the electrode surface.
4.1.1 Electrochemical Characterization
The largest peak in the voltammograms is the 2 Red peak ([image: image] 0.0465 V ± 0.0386). This peak corresponds to Hb catalyzed oxygen reduction (ORR) and reduction of ferric Hb (HbFe3+). In addition to the transport of O2 through the body, Hb facilitates the ORR at the same potential of HbFe3+ reduction (Bonaventura et al., 2013; Yu et al., 2014). In aqueous solutions the ORR is propagated through two pathways: a direct 4-electron/4-proton pathway forming water, and a 2-electron/2-proton transfer pathway forming hydrogen peroxide. The two ORR pathways catalyzed by Hb are shown below in Eqs 1, 2. The RDE experiments support that both of these reactions are happening in the fresh bloodstains with a shift to Eq. 2 in aged samples. This offers interesting results to forensic and biomedical fields when storing blood over longer periods as hydrogen peroxide can lead to destructive oxidative pathways for Hb and other proteins found in blood (Bonaventura et al., 2013).
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As previously mentioned HbFe2+ is able to catalyze the reduction of oxygen at the potential of HbFe3+ reduction, shown in Eq. 3, while preserving its ability to bind oxygen. In other words, during the process of oxygen reduction, HbFe2+ is able to stay in its healthy form without being oxidized to its physiologically damaging HbFe3+ form. The oxidation of HbFe2+ to HbFe3+ does occur and has the potential of initiating an oxidative cascade that leads to heme loss and cellular damages (Bonaventura et al., 2013). This reaction is shown in reaction 4. This reduction process of bound O2 while maintaining Hb in its physiological important oxidation state is critical to life and relates to the reusability of Hb. Given the high affinity HbFe2+ has for O2, any dissolved O2 in the buffer solution would bind and undergo reduction, increasing the magnitude of this peak. For this reason, the electrochemical cell was purged with N2 prior to analysis to remove any dissolved O2.
[image: image]
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Coupled to the ORR and HbFe3+ reduction are peaks 3 Ox and 4 Ox in the anodic sweep, shown closer in Figure 1 panel B. Within the neutral pH buffer, the peak potential for the 3 Ox and 4 Ox reactions are, [image: image] −0.0751 V ± 0.0168, and [image: image] 0.0799 V ± 0.0268 respectively. These peaks are not fully resolved and are predicted to correspond to Hb contained iron oxidation, on the basis that these regions are roughly at the same potential of the oxygen and HbFe3+ reduction. Heme containing iron oxidation is shown below in Eq. 5.
[image: image]
The two regions of these peaks are seen across timepoints and replicates. It is proposed that these regions are related to the structural integrity of the RBCs. Similar peak characteristics were observed in the anodic sweep of research published by Doménech-Carbó et al. (2016) when studying hemolysis using square wave voltammetry. Both peaks relate to the electron transfer involving HbFe2+/HbFe3+ but peak potentials are shifted based on varying cell membrane properties that favour/resist electron transfer processes. Peak 3 Ox is proposed as corresponding to “healthy” or undamaged cells which contain HbFe2+. Electron transfers from the electrode surface are able to migrate through the cell membrane to the protected HbFe2+ contained within the cell’s microenvironment. Peak 4 Ox is proposed as the electron transfer process of lysed, or structurally faulty, cells (Doménech-Carbó et al., 2016). Drying conditions and exposure to the environment leads to the degradation of cell structures. As cellular components break down, damages to the cell membrane expose the Hb to environmental stresses that can change protein structures.
The peaks 1 Red ([image: image] 0.7062 V ± 0.0175) and 5 Ox ([image: image] 0.6339 V ± 0.0120) are attributed to the redox reactions of quinone and hydroquinone species on the GC electrode surface and not the deposited blood film. These reactions are a 2-electron/2-proton mechanism (Easton et al., 2020a) and blank electrode voltammogram subtractions did not remove these peaks. The presence of Nafion, which is a perfluorosulfonic acid (PFSA) polymer that acts as a proton donor in these reactions, shifting the local pH to potentials where these peaks would be observed in this potential window, and is why these peaks were not observed in bare electrode analyses (Sun et al., 2008; Wedege et al., 2016; Yu and Manthiram, 2018). Adjusting the potential vertex before the onset of the 2 Red peak had both the 1 Red and 5 Ox peaks present, supporting that they are related to the GC electrode and not the deposited blood film.
4.2 Bloodstain TSD Through Electrochemistry
The trends from the time series experiments were predicted and present similar conclusions to other Hb related TSD techniques (Hanson and Ballantyne, 2010; Bremmer et al., 2011; Doty et al., 2017; Cossette et al., 2021). The mixed linear models from these time series support the use of peak height and area ratios for Hb related peaks when correlated with Log(Time). The use of peak ratios mitigates variation between replicates because the number of Hb molecules participating in the redox reactions is relative for each analysis. Variations in film morphology and the formation of complex 3D networks may influence the accessibility of electrons to the Hb sites and likely change how the film ages. This is supported by PCV time series experiments. Lowering the PCV observed more significant differences in electrochemical responses. A lower PCV theoretically allows greater space between RBCs and allows different 3D network arrangements for the cells, which would impact electron transfer pathways through the film. This implies that higher PCVs, where more RBCs deposited on a space defined surface, influence the drying morphology and create more complicated available electron pathways to Hb active sites. Understanding the magnitude of influence PCV has on electrochemical analysis is an important consideration as it likely affects the availability of Hb active sites and in turn diagnostic power of the test.
In the time series experiments, it was observed that all of the correlated ratios were decreasing over time, or in other words, the reduction peak was decreasing in magnitude and/or the collective oxidation peaks were increasing in magnitude. This makes sense with what is expected to be happening in the bloodstain as it ages. Natural environmental oxidative damages are expected; the Hb bound O2 is reduced to water with HbFe2+/HbFe3+ oxidation (Bremmer et al., 2011; Zadora and Menżyk, 2018). This correlates to the decreased available O2 to undergo reduction at the 2 Red peak and the increase in HeFe3+ is able to participate in oxidation reactions during the 3 Ox and 4 Ox peaks. The oxidative changes of Hb in bloodstains remains the primary analyte for bloodstain aging due to its abundance. The DPVs demonstrate the natural oxidation of HbFe2+ to HbFe3+ and O2 reduction in older bloodstains compared to fresher stains. This research supports the use of peak ratios for TSD estimates, as a means to account for signal variation from differences in bloodstain deposition, drying and Hb accessibility.
Similar to other forensic blood time studies, considering the biological replicate as a random effect improved correlation (Cossette et al., 2021). The variation of blood between individuals is a major obstacle for real work scenarios where the blood source may not be known. Bloodstains from different individuals and on different surfaces result in different drying and degradation processes (Brutin et al., 2012; Laan et al., 2016). Analytical techniques independent of blood source are desirable, but this level of sensitivity has not been reached. Advances and further study of analytical methods applied to blood TSD research may be able to quantify this variation but with real-world cases in mind, the identity of the blood source must be known. This is critical information for forensic bloodstain TSD estimations since it means that the blood source influences the electrochemical measurements. This is consistent with other TSD research, finding that biological replicate influences the degradation rates of blood-related molecules studied for TSD purposes such as Hb, RNA, and RBCs (Zadora and Menżyk, 2018; Cavalcanti and Silva, 2019; Cossette et al., 2021).
Another important consideration in TSD estimates is the effect of environmental conditions such as temperature, humidity, sunlight, and daily condition fluctuations. Many blood TSD researchers account for these metrics in model development and interpretation (Hanson and Ballantyne, 2010; Cavalcanti and Silva, 2019; Cossette et al., 2021). Understanding the effects of these factors on aging bloodstains is critical for TSD estimates. With the development of analytical techniques to study bloodstains, the application to TSD estimates in diverse and fluctuating environmental conditions remains a central area of study. In this work, temperature did have a significant effect the Hb related electrochemical measurements. Temperature is a necessary factor to consider, changing the kinetics of degradation and often increases the rate of change (Matsuoka et al., 1995; Fujita et al., 2005; Bremmer et al., 2011; Hanson et al., 2011).
Across the bloodstain TSD literature, similar correlations with time and associated challenges are discussed. Researchers have yet to pinpoint a universal method to accurately date bloodstains. For this reason, the combination of various techniques that focus on different physical and biochemical changes in degrading bloodstains is proposed. The shift to multivariate statistical analysis from single variable analysis is a part of the bloodstain TSD timeline. These trends will likely continue, with chemical methods being paired with PCR methods to monitor changes in Hb and RNA within a bloodstain (Hanson and Ballantyne, 2010; Boyd et al., 2011; Fu and Allen, 2019; Cossette et al., 2021). The combining of variables may prove effective in mitigating biological replicate variation and have stronger correlations with time when environmental conditions are considered.
4.3 Research Summary and Future Directions
Electrochemical methods have been used for blood analysis in medical fields and have many desirable characteristics for forensic analysis including: sensitivity, ease of use, quick analysis times and portability. Research design and proof-of-concept methodologies using electrochemical methods are the first steps toward applying electrochemical methods to TSD estimates. The results presented here demonstrate the proof-of-concept foundations for electrochemical applications to bloodstain TSD. Weak correlations to Hb related redox peaks were observed and statistical analysis shows promising applications to diagnostic dating metrics.
Future applications to case-specific experimentation are encouraged. This research created bloodstains directly on the electrode surface but transferring bloodstains to the electrode after they have dried is a more realistic forensic scenario, and one that has not yet been studied for electrochemical techniques. Additionally, research in optimizing electrode preparation methods and understanding the sensitivity of these methods in other static and dynamic environmental conditions, particularly humidity, is required.
The question of a bloodstain’s age is unanswered in forensic science and the studied TSD techniques have yet to obtain forensic level accuracy and precision. Many analytical techniques are increasing in sensitivity to study blood evidence and researchers are incorporating statistics to strengthen predictor models. Understanding the environmental effects on degradation and blood source variation are high priorities for researchers focused on TSD questions. The assemblage of other bloodstains TSD analytical methods to form multivariate statistical analysis is on the path ahead. Combining techniques that detect different biomolecules related to bloodstain degradation may improve TSD diagnostic power. Integrating a variety of analytical techniques, including electrochemical methods, opens the door to new and exciting perspectives on the toolkit of useful for techniques to age a bloodstain.
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