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An intracerebral hemorrhage (ICH) is a devastating stroke that results in high mortality and 

significant disability in survivors. Unfortunately, the underlying mechanisms of this injury are not 

yet fully understood. After the primary (mechanical) trauma, secondary degenerative events 

contribute to ongoing cell death in the peri-hematoma region. Oxidative stress is thought to be a 

key reason for this delayed injury, which is likely due to free-Fe-catalyzed free radical reactions. 

Unfortunately, this is difficult to prove with conventional biochemical assays that fail to 

differentiate between alterations that occur within the hematoma and peri-hematoma zone. This is 

a critical limitation, as the hematoma contains tissue severely damaged by the initial hemorrhage 

and is unsalvageable, whereas the peri-hematoma region is less damaged but at risk from 

secondary degenerative events. Such events include oxidative stress mediated by free Fe presumed 

to originate from hemoglobin breakdown. Therefore, minimizing the damage caused by oxidative 

stress following hemoglobin breakdown and Fe release is a major therapeutic target. However, the 

extent to which free Fe contributes to the pathogenesis of ICH remains unknown. This 

investigation used a novel imaging approach that employed resonance Raman spectroscopic 

mapping of hemoglobin, X-ray fluorescence microscopic mapping of total Fe, and Fourier 

transform infrared spectroscopic imaging of aggregated protein following ICH in rats. This 

multimodal spectroscopic approach was used to accurately define the hematoma/peri-hematoma 

boundary and quantify the Fe concentration and the relative aggregated protein content, as a 

marker of oxidative stress, within each region. The results revealed total Fe is substantially 

increased in the hematoma (0.90 μg cm−2), and a subtle but significant increase in Fe that is not in 

the chemical form of hemoglobin is present within the peri-hematoma zone (0.32 μg cm−2) within 

1 day of ICH, relative to sham animals (0.22 μg cm−2). Levels of aggregated protein were 

significantly increased within both the hematoma (integrated band area 0.10 AU) and peri-

hematoma zone (integrated band area 0.10 AU) relative to sham animals (integrated band area 

0.056 AU), but no significant difference in aggregated protein content was observed between the 

hematoma and peri-hematoma zone. This result suggests that the chemical form of Fe and its 

ability to generate free radicals is likely to be a more critical predictor of tissue damage than the 

total Fe content of the tissue. Furthermore, this article describes a novel approach to colocalize 
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nonheme Fe and aggregated protein in the peri-hematoma zone following ICH, a significant 

methodological advancement for the field.
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An intracerebral hemorrhage (ICH) is a devastating stroke. ICH mortality is higher than that 

for ischemic stroke, and survivors are often permanently disabled. ICH can result from a 

range of conditions such as hypertension, amyloid angiopathy, drug abuse, as a secondary 

event to coagulation disorders, ischemic transformation, arteriovenous malformation, 

traumatic brain injury, tumors, or aneurysms.1 ICH creates several pathophysiological 

conditions within the brain, such as inflammation, increased water content (brain swelling or 

edema) and raised intracranial pressure, neurotoxicity, and potentially ischemic conditions 

that surround the hematoma.2–4 All of these events may damage brain tissue and contribute 

to neuron death following hemorrhagic stroke.

Although the initial hemorrhage into the brain parenchyma is a major cause of tissue 

damage (primary damage), prolonged (secondary) neuronal death is known to occur 

following hemorrhagic stroke in both humans and animal models.2,5–7 This observation has 

stimulated interest in identifying mechanisms of secondary damage, notably the hypothesis 

that reactive free Fe accumulates in the parenchyma following erythrocyte lysis and 

hemoglobin breakdown, thereby propagating damage.8–10 The brain has several endogenous 

mechanisms to minimize tissue damage, which use proteins and mobile cells (microglia and 

macrophages) to sequester or transport free Fe released by hemoglobin degradation.8,9,11 

Macrophages keep much of this iron within phagosomes prior to its ultimate storage in 

ferritin. However, saturation of the intracellular Fe storage mechanisms would result in 

elevated free Fe content, which catalyzes free radical production and mediates oxidative 

stress through classic Fenton chemistry pathways. Although Fe-mediated oxidative stress 

has not conclusively been proved to be responsible for ongoing neuron death following ICH, 

it is widely accepted that a zone of at risk tissue surrounds the hematoma (i.e., peri-

hematoma zone), and there are clear signs of sublethal and lethal injury occurring here over 

time.12 Thus, a major aim of stroke research has been to minimize or prevent neuron death 

in the peri-hematoma zone through development of therapies that will minimize the toxicity 

of chemical species (i.e., free Fe) that spread from the hematoma.

Although Fe-mediated toxicity seems to be a likely cause of tissue damage, much remains 

unknown about the exact biochemical mechanisms and their time course that contribute to 

neuron death within the peri-hematoma zone following ICH. Indeed, the extent that Fe 

contributes to tissue damage within the peri-hematoma zone after ICH remains a point of 

controversy. For example, some studies find that iron chelators reduce injury,13–15 whereas 

others do not.16–19 Besides this controversy, a significant limitation of previous work has 

been the inability to image, quantify, and correlate the distribution of hemoglobin, total Fe, 

and markers of oxidative stress (i.e., oxidized protein) in the same sample. By definition, the 

peri-hematoma zone begins at the boundary of the hematoma, which is the furthest extent 
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that blood penetrates into the brain parenchyma. Histology, specifically to identify the 

presence of erythrocytes in the brain parenchyma, is conventionally used to define the 

hematoma boundary. However, as the spread of blood is irregular, definitive assessment of 

the hematoma/peri-hematoma boundary is difficult in both fresh and fixed sections. 

Discrimination between the hematoma and peri-hematoma zone is impossible when using 

traditional biochemical assays of dissected tissue. For example, biochemical assay of total 

Fe, heme-Fe, and nonheme-Fe requires homogenization of dissected tissue, which cannot be 

performed with sufficient anatomical precision to precisely delineate the hematoma/peri-

hematoma boundary. Dissection often results in contamination of the peri-hematoma zone 

with hematoma tissue, which produces artificially high measurements of Fe concentration. 

Alternatively, a conservative peri-hematoma boundary may be used to ensure that no 

hematoma tissue is sampled. However, this approach fails to detect important biochemical 

changes in the peri-hematoma immediately adjacent to the hematoma. Typically, research in 

this field limits biochemical assays to a comparison of the ipsilateral hemisphere to the 

contralateral hemisphere (or tissue from sham animals).9,18 Although this provides valuable 

information, important biochemical changes within the peri-hematoma may be missed due 

to the dilution effect associated with tissue homogenization. Investigation of therapies to 

target iron toxicity would be strengthened with a better analysis of the peri-hematoma 

region, such as direct demonstration that increased nonheme Fe occurs colocalized with 

oxidative stress and cell death.

Histochemical stains for Fe also suffer from several limitations. For example, the Perls and 

Turnbull stains predominantly detect ferric and ferrous Fe in ferrihydrite contained within 

ferritin or hemosiderin and are much less sensitive to other forms of Fe. Since it takes 

several days for Fe released from hemoglobin breakdown to be incorporated into 

hemosiderin, histochemical analysis of Fe distribution is relevant only for hemorrhages that 

are at least several days old.20–22 The Perls and Turnbull stains are not applicable to recent 

hemorrhages in which the chemical form of Fe is either hemoglobin or labile reactive Fe 

products released by uncontrolled hemoglobin breakdown.20–22 Therefore, a major benefit 

to this research field would be a suite of imaging techniques capable of imaging and 

colocalizing hemoglobin, total Fe, and biochemical markers of oxidative damage, which has 

not previously been possible.

As an alternative to histochemical staining for ferric Fe or ferrous Fe, X-ray fluorescence 

imaging (XFI) has found increased use to image total Fe in the brain.18,23–32 XFI detects all 

chemical forms of Fe and does not display preferential specificity for certain chemical forms 

or suffer from nonspecific binding. As such, XFI has been a valuable technique to study the 

distribution of brain Fe following events such as ICH and traumatic brain injury.18,28 

However, as XFI cannot differentiate between heme Fe and nonheme Fe, accurate 

identification of the hematoma boundary is difficult. It is generally assumed that the greatest 

Fe concentration is observed at the site of hemorrhage and the transition to lower Fe 

concentration marks the approximate hematoma boundary. However, this approach is 

subjective and does not provide the anatomical precision to accurately quantify the Fe 

concentration in the peri-hematoma zone. Likewise, red blood cells can also spread into 

parenchyma in smaller pools (e.g., along white matter tracts), which makes it hard to draw 

any simple demarcation lines. Therefore, an approach capable of accurately defining the 
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hematoma boundary through direct imaging of hemoglobin, allowing the total Fe 

concentration to be quantified in the adjacent peri-hematoma zone (without contamination 

from hemoglobin signal), would be advantageous.

A spectroscopic technique well-suited to image the distribution of hemoglobin is resonance 

Raman spectroscopy. Resonance Raman spectroscopy can be used to selectively enhance 

vibrational modes of heme groups to image the distribution of hemoglobin.33 Specifically, 

the resonance Raman spectrum of hemoglobin obtained with excitation at 514 nm contains 

bands assigned to oxy- and deoxy-hemoglobin (i.e., ν19 and ν10 modes at 1545 and 1582 

cm−1, respectively).33,34 This property has been used to image the distribution of deoxy- and 

oxy-hemoglobin in arterial and venous tissues.33 In addition, the resonance Raman 

enhancement is in excess of 1000× stronger than nonresonance Raman signal, allowing 

selective imaging of heme components in complex biological samples.33 Because resonance 

Raman spectroscopy in nondestructive, it can be performed prior to XFI such that images of 

hemoglobin and total Fe can be obtained from the same tissue section.

In addition to XFI and resonance Raman spectroscopy, a third spectroscopic technique, 

Fourier transform infrared spectroscopic imaging (FTIRI), holds great potential to study 

protein aggregation.26,35–41 Furthermore, it is established that free Fe induces the formation 

of high molecular weight protein aggregates.42

This investigation serves as an important method validation for the use of resonance Raman 

spectroscopy, XFI, and FTIRI to delineate the Fe and aggregated protein content within the 

hematoma and peri-hematoma zone following ICH. The results of this study demonstrate 

that total Fe, which is not in the chemical form of hemoglobin, is elevated within the peri-

hematoma zone 1 day after ICH. Such early detection of elevated nonheme Fe has not 

previously been made.9,18 Furthermore, the results of FTIRI demonstrate that protein 

aggregation is present to a significant extent within both the hematoma and peri-hematoma 

zone. This result highlights that total Fe may be a less important indicator of tissue damage 

than once thought, whereas the chemical form of Fe and its ability to redox cycle may be a 

more critical factor for mediating tissue damage. Alternatively, these results could support 

the possibility that other factors, such as inflammation, are more critical than Fe in 

mediating early tissue damage after ICH. The method validated by this study lays the 

foundation for future more detailed investigation of the exact mechanisms of acute and 

chronic tissue damage after ICH.

RESULTS AND DISCUSSION

Proof of Principle: Analysis of Fresh and Aged Blood with Resonance Raman 
Spectroscopy and XFI

Two drops of dried blood were prepared from fresh and aged aliquots of the same blood 

sample and imaged with resonance Raman spectroscopy and XFI to demonstrate the ability 

of two complementary techniques to differentiate between heme Fe and nonheme Fe. The 

visual appearance of both dried blood samples was comparable, and both dried drops 

displayed intense red coloration around the periphery (Figure 1A,B). The point of focus with 

visible light was different between the center and periphery for both dried drops, indicating a 
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difference in thickness. The periphery of both dried drops was observed to be thicker than 

the center. However, the center of both dried drops shared the same focus point (i.e., 

equivalent thickness). Hemoglobin resonance Raman signal was observed for both drops of 

blood; however, the signal was substantially stronger within the center of the fresh blood 

relative to that at the center of the aged blood (Figure 1E–G). Within both samples, the 

strongest resonance Raman signal was observed to colocalize with the most intense red 

coloration in the visible light image, at the periphery of the dried drop. XFI revealed that the 

Fe concentration was greatest at the periphery of both dried drops, and the concentration of 

Fe within the center of the dried drops was approximately equal between the two drops (i.e., 

light blue pixels in the center in Figure 1C,D).

The results from the proof-of-principle experiment of fresh and aged blood demonstrate the 

complementary spectroscopic approach of resonance Raman spectroscopy and XFI to study 

heme-Fe and total Fe. XFI detects all chemical forms of Fe and revealed that both drops of 

blood contained approximately equal amounts of Fe. Indeed, this would be expected for two 

aliquots from the same blood sample. However, XFI does not reveal any information 

regarding the chemical form of Fe. In contrast, resonance Raman detects heme-bound Fe. As 

the second blood aliquot was subjected to three freeze–thaw cycles that cause red blood cell 

lysis, enzymatic degradation of hemoglobin would be expected to occur during the 12 h 

incubations under ambient laboratory conditions. Therefore, although the total Fe content of 

the sample would be expected to remain the same, the majority of Fe would be expected to 

be released from hemoglobin and exist as free Fe or secondary reaction products in the aged 

blood sample. The results of resonance Raman support this, with a strong resonance Raman 

hemoglobin signal observed from the center of the dried drop of fresh blood but only weak 

signal observed from the center of the dried drop of aged blood. It is important to note that 

comparison between samples was made only for regions that shared the same focus point 

(the center of the two dried drops shared the same focus point). This is a common and well-

validated approach, with numerous investigations using Raman spectroscopy to study the 

biochemical composition of dried drops of biological fluids.43,44 Because the edge of the 

dried drops was thicker, it did not share the same focus point, and reliable comparisons 

cannot be made for this region.

Characterization of the Hematoma Boundary and Quantification of Nonheme Fe in the Peri-
hematoma Zone 24 h after Hemorrhagic Stroke Using Resonance Raman Spectroscopy 
and XFI

Histology—To characterize the hematoma boundary, visible light microscopy images were 

taken from unstained tissue and tissue sections stained with hematoxylin and eosin (H&E) or 

cresyl violet (Figure 2). The hematoma boundary was defined by blood by dark red/black 

coloration in the unstained tissue from animals 1 day after ICH (Figure 2D), brown 

coloration in the cresyl violet stained tissue (Figure 2E), and bright orange coloration in the 

H&E stained tissue (Figure 2F). It is important to note that the coloration of blood in Figure 

2D,E is not a result of any staining but rather is the natural pigment of blood, as described by 

others.21 The tissue surrounding the hematoma showed distinct characteristics of edema, 

such as a darker coloration compared to unstained tissue (Figure 2D) and lighter staining 

with both cresyl violet and H&E (Figure 2E,F). These histological markers allowed 
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identification of the hematoma and the spread of edema into the peri-hematoma zone, which 

has been annotated in Figure 2G–I. The annotation presented in Figure 2G–I was used as a 

guide to calculate the average Fe and aggregated protein concentration within the hematoma 

and peri-hematoma zone from XFI and FTIRI analyses.

As Perls and Turnbull stain predominantly detects Fe bound within hemosiderin, positive 

staining within 24 h of ICH is either minimial9 or not observed,21 in contrast to staining at 

later time points following hemoglobin breakdown and storage of excess Fe within the 

hemosiderin complex.9 This is demonstrated in this study in Supporting Information Figure 

1, in which tissue sections from a representative animal 1 day after ICH showed negative 

Perls staining, whereas strong Perls staining was observed in tissue from animals 7 and 14 

days after ICH.

Resonance Raman Spectroscopic Mapping of the Hematoma Boundary—In 

order to accurately identify the hematoma/peri-hematoma boundary, resonance Raman 

spectroscopy was used to study the distribution of hemoglobin. Hemoglobin distribution was 

visualized in tissue sections using the integrated area from 1535–1590 cm−1 (ν19 bands of 

oxy- and deoxy-hemoglobin),33,34 detected by resonance Raman spectroscopic mapping 

with 514 nm excitation. To allow visualization of the hemoglobin signal from the 

hemorrhage that is above the background signal endogenous to brain tissue, the scaling of 

resonance Raman images was set so the minimum pixel value that was equal to the 

maximum intensity observed for all sham animals. For example, the maximum integrated 

band area (arbitrary units, AU) for sham animals was 300 (AU), so the minimum pixel 

intensity was set to 300 (AU) for all images. Therefore, in the resonance Raman images, all 

pixels that display coloration represent signal greater than that observed in sham animals. 

Using this approach, the intense hemoglobin signal provides objective and reproducible 

identification of the hematoma boundary. The visible light microscopy images of unstained 

tissue sections of sham animals and animal 1 day after ICH are presented in Figure 3A,E. 

Representative resonance Raman spectroscopic maps of the distribution of hemoglobin in 

sham animals and animals 1 day after ICH are presented in Figure 3B,F. Representative 

spectra taken from individual pixels that correspond to the hematoma, hematoma/peri-

hematoma boundary, and the peri-hematoma are presented in Figure 4 and clearly highlight 

the strong resonance Raman signal from hemoglobin observed within the hematoma 

boundary, which is absent immediately adjacent to the boundary. For all samples, no 

resonance Raman signal was observed at distances farther from the hematoma/peri-

hematoma boundary, unless there was an obvious blood vessel (Figures 3B,F and 4 are 

representative examples). Tissue regions that contained an obvious blood vessel were 

excluded from analysis. Using the resonance Raman images of hemoglobin to define the 

hematoma/peri-hematoma boundary, a region of interest was determined for the peri-

hematoma zone that extends for 500 μm from the hematoma/peri-hematoma boundary 

(annotated in Figure 3E–H). A similar-sized region of interest was drawn within the 

hematoma and also for sham tissue. The above regions of interest were used to calculate the 

average Fe and aggregated protein content from XFI and FTIRI experiments, respectively.
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XFI Elemental Mapping of Fe Distribution within the Hematoma and Peri-
hematoma Zone—Total Fe distribution was imaged using XFI elemental mapping with a 

synchrotron light source. Representative Fe elemental maps from a sham animal and an 

animal 1 day after ICH are presented in Figure 3C,G. As expected, there is an obvious visual 

increase in Fe concentration in the brain tissue 1 day after ICH relative to that in the sham 

animal. The greatest Fe concentration is observed within the hematoma zone (labeled H in 

Figure 3E), and subtly increased Fe appears to border the region of greatest Fe 

concentration. Overlay of XFI maps of total Fe with resonance Raman maps of hemoglobin 

confirmed that this location is the peri-hematoma zone (labeled PHZ in Figure 3F). We note 

that the XFI image alone does not specifically locate the hematoma/peri-hematoma 

boundary and that the resonance Raman images are required for definitive identification of 

the hematoma/peri-hematoma boundary.

The total Fe concentration was calculated for regions of the hematoma and peri-hematoma 

zone (hematoma boundary to 500 μm away from the boundary). The location of the 

hematoma and peri-hematoma zone is annotated in Figure 3E–H, and the average Fe 

concentrations for the tissue zones are presented in Figure 5. The average Fe concentration 

was 0.90 μg cm−2 within the hematoma, 0.32 μg cm−2 within the peri-hematoma, and 0.22 

μg cm−2 in sham animals. Fe concentration was significantly increased within the hematoma 

(p < 0.001) and peri-hematoma (p < 0.001) relative to that in sham animals. The Fe 

concentration was significantly increased within the hematoma relative to that in the peri-

hematoma zone (p < 0.001). As no resonance Raman signal was present within the peri-

hematoma zone, the increase in Fe concentration is not in the chemical form of hemoglobin.

The exact source of the elevated Fe within the peri-hematoma zone was not determined in 

this study. Likely possibilities include free Fe released from hemoglobin breakdown, Fe 

contained within plasma proteins, such as transferrin, which have diffused beyond the 

hematoma boundary, or Fe contained within macrophages and microglia that have migrated 

to the site of tissue injury.9,10,45

FTIRI Reveals a Significant Increase in Aggregated Protein within the Hematoma and Peri-
hematoma Zone

The results from FTIRI revealed that aggregated proteins are elevated within the hematoma 

and peri-hematoma zone relative to that in the sham group (Figure 3D,H). Curve fitting of 

the average spectra for the regions of interest that correspond to the hematoma and peri-

hematoma zone, as well as the average spectrum for sham animals, revealed a significant 

increase in the integrated band area attributed to aggregated protein in the peri-hematoma 

zone (0.10 AU, p = 0.005) and the hematoma zone (0.10 AU, p = 0.013) relative to that in 

sham animals (0.056 AU) (Figure 6). However, no significant difference was observed 

between the hematoma and peri-hematoma zone (p = 0.992). A representative example of 

the curve fitting procedure used is presented in Supporting Information Figure 2. Similar 

results were observed from analysis of second-derivative intensities, with a significant 

increase in second-derivative intensity observed at 1625 cm−1 within the peri-hematoma 

zone (0.000092 AU, p < 0.001) and the hematoma (0.000085 AU, p = 0.002) relative to that 

in sham animals (0.00025 AU). No significant difference in second-derivative intensity was 
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observed between the hematoma and peri-hematoma zone (p = 0.99). Representative spectra 

of the peri-hematoma, hematoma, and sham tissue are presented in Figure 6, which shows 

the characteristic second-derivative peak at ~1625 cm−1, diagnostic of high molecular 

weight protein aggregates.46–48 It is well-established that oxidative damage to proteins 

results in the formation of high molecular weight protein aggregates.42,49,50 Indeed, Fe-

mediated oxidative damage is a major cause of protein aggregation, as demonstrated in vitro.
42 Therefore, the most likely cause of the increase in protein aggregates observed in this 

study is oxidative damage. However, it must be stated that other biological processes that 

cause protein misfolding could also contribute. Similarly, although Fe is known to mediate 

oxidative stress and protein aggregation in vitro, the data from this study does not explicitly 

delineate that Fe-mediated oxidative stress is the cause of protein aggregation.

The combined results of resonance Raman, XFI, and FTIRI suggest that increased total Fe 

within the hematoma relative to the peri-hematoma zone does not necessarily result in 

increased oxidative stress and tissue damage following ICH. For example, although there is 

significantly more Fe present within the hematoma relative to that in the peri-hematoma 

zone, no significant difference was observed in the aggregated protein content. Therefore, 

although a large amount of Fe is released into the brain parenchyma at the time of ICH, this 

likely does not directly participate in mediating tissue damage while it is in the chemical 

form of hemoglobin contained within red blood cells. Rather, it may take several days or 

weeks for the Fe contained within the red blood cells to be released into the surrounding 

tissue. The observation of a subtle increase in nonheme Fe within the peri-hematoma zone, 

alongside an increase in aggregated protein content, may fit with the hypothesis of free-Fe-

mediated oxidative stress following release of Fe from hemoglobin. If so, then the results of 

this study suggest that the chemical form of Fe is a more important factor in mediating tissue 

damage, not the absolute concentration of Fe present. However, the subtle increase in Fe 

concentration could also be the result of infiltrating macrophages and microglia and might 

not be a source of free radical generation.8,9,11 Under these circumstances, the results would 

indicate that other mechanisms are involved in tissue damage during the acute phase after 

ICH, (i.e., within 24 h), such as edema, inflammation, or, in some cases, ischemia. Further 

studies employing high spatial resolution imaging to localize these chemical changes at the 

subcellular level, in addition to immuno-histochemical analysis of the distribution of 

macrophages and microglia following ICH, will be required to reveal further information on 

the role of Fe-mediated toxicity following ICH.

CONCLUSIONS

This studied has employed a multimodal approach of resonance Raman spectroscopy, XFI, 

and FTIRI to study the distribution of hemoglobin, total Fe, and aggregated protein 1 day 

after collagenase-induced ICH in rats. The results provided accurate demarcation of the 

hematoma/peri-hematoma boundary, revealing a large increase in total Fe within the 

hematoma, which is primarily hemoglobin, and a subtle but significant increase in Fe within 

the peri-hematoma zone, which is not in the chemical form of hemoglobin. Both the 

hematoma and peri-hematoma zone contained a significant increase in aggregated protein 

content relative to control tissue, but no significant difference was observed between the 

hematoma and immediate peri-hematoma zone. These results highlight that the chemical 
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form of Fe, rather than the total Fe concentration, may be a more important mediator of 

oxidative stress and tissue damage. In addition, the results of this study showed a 

discrepancy in the distribution of Fe and aggregated protein content within the peri-

hematoma zone. Although a large decrease in the total Fe concentration was observed at the 

hematoma/peri-hematoma boundary, the aggregated protein content remained constant. 

Therefore, free radicals may propagate through the tissue away from their originating Fe 

source, or, more likely, other mechanisms may be involved in mediating tissue damage 

within the acute period after ICH. Future studies will use the analytical approach developed 

and validated in this study to monitor the spread of Fe, the kinetics of hemoglobin 

breakdown, and protein aggregate formation across an extended time course following ICH. 

Such time course studies are needed to design and optimize therapies following ICH in 

humans.

METHODS

Preparation of Dried Blood Samples for Proof-of-Principle Experiment

As a proof-of-principle experiment, resonance Raman analysis and XFI analysis were 

performed on dried drops of blood prepared from two samples. Arterial blood was obtained 

from a naïve rat. For the first blood sample (blood sample 1), a 1 μL drop was placed on a 

metal-free plastic thermanox coverslip (Thermo Scientific) and allowed to air dry. 

Resonance Raman spectroscopic analysis was performed immediately. The second blood 

sample (blood sample 2) was subjected to three freeze–thaw cycles (to lyse erythrocytes) 

and allowed to stand under ambient laboratory conditions for 12 h between each cycle. A 

dried drop of blood was then prepared as for blood sample 1, and resonance Raman 

spectroscopic analysis was performed immediately. The focal plane was set to the center of 

both dried drops, and it was found that both dried drops shared the same focal plane. This 

method of drop drying biological samples for Raman analysis has been previously reported.
43,44 Following resonance Raman analysis, the dried drops of blood were kept in a 

desiccator in a dust-free environment until XFI analysis, which was performed 1 week later.

Collagenase Intracerebral Hemorrhage (ICH) Surgery

Surgical procedures were performed aseptically as previously described.18 Briefly, young 

adult male Sprague–Dawley rats (Biosciences breeding colony at the University of Alberta) 

were anaesthetized with isoflurane (4% induction, 2–2.5% maintenance, 60% N2O balance 

O2), and a hole was drilled 3.5 mm right and 0.5 mm anterior to Bregma into the skull. A 

26-gauge Hamilton needle (Hamilton, Reno, NV) was inserted 6.5 mm deep from the 

surface of the skull, and 0.14 U of collagenase (ICH group, Type IV–S collagenase, Sigma) 

in 1 μL of saline was infused into the striatum. Collagenase breaks down the basal lamina of 

blood vessels, resulting in bleeding from multiple vessels over the course of several hours.
7,51 This is a widely used model of ICH in rodents. Only saline was infused in the sham 

group. The wound was closed, and Marcaine was applied to diminish postoperative pain. 

During surgery, rectal temperature was maintained at 37 °C ± 0.5. A total of 12 animals 

were used in this study, which corresponded to six sham animals and six animals 1 day after 

ICH. These procedures were approved by the Biosciences Animal Care and Use Committee 
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at the University of Alberta and were in accordance with the guidelines of the Canadian 

Council for Animal Care.

Tissue Preparation and Tissue Sectioning

Brain tissue was prepared as previously described.52 In general, rats were anaesthetised with 

isoflurane and killed via decapitation. The head immediately went into liquid nitrogen to 

freeze the sample within <30 s. The frozen rat brain was chiseled out from the frozen rat 

head on dry ice. Coronal tissue sections were cut at a Bregma location between 1 and 2 mm 

anterior to Bregma, which corresponded to the center of the hematoma within the striatum. 

The tissue sections were cut using a cryo-microtome at −18 °C, at a thickness of 20 μm. For 

each animal, four serial sections were cut: one section was mounted on metal-free 

thermanox plastic coverslips for resonance Raman and XFI analysis, one section was 

mounted on CaF2 for FTIRI analysis, and two sections were mounted on regular glass 

microscope slides for H&E and Perls histology. In addition, following resonance Raman and 

XFI analysis, the tissue section mounted on the thermanox plastic coverslip was also stained 

with cresyl violet. The tissue sections were air-dried prior to Raman spectroscopic analysis. 

All Raman spectroscopic analysis was performed within 24 h of tissue sectioning. Following 

Raman spectroscopic analysis, tissue sections were stored in the dark on desiccant until XFI 

analyses (1 week later). The Raman spectrum of the blank coverslip was recorded to confirm 

that bands from the plastic polymer would not interfere with the Raman mapping.

Resonance Raman Spectroscopic Mapping

Resonance Raman spectroscopic mapping of the distribution of hemoglobin was performed 

with a Reflex spectrometer controlled with Renishaw WiRE software (Renishaw, WiRE, 

version 3.3). The inVia Reflex spectrometer is equipped with an air-cooled charge-coupled 

device (CCD) camera and a Leica DMLM microscope. Sample excitation and selective 

resonance enhancement of heme moieties of hemoglobin was achieved using an Ar+ laser 

(Modu-Laser, UT, USA) emitting at 514.5 nm. Stokes Raman spectra were collected using a 

1200 mm/line grating across the spectral range of 1900–650 cm−1. Spectra were collected 

with a 50× microscope objective, using 100% laser power, with an accumulation time of 10 

s and an effective step size of 20 μm in streamline mapping mode. The size of the maps 

collected ranged from 100 × 100 μm2 to 500 × 500 μm2. Data analysis and maps of 

hemoglobin distribution were generated with Renishaw WiRE software (Renishaw, WiRE, 

version 3.3). Well-established resonance Raman marker bands of hemoglobin were used to 

generate maps, with the integrated area calculated from 1535–1590 cm−1, to include both the 

bands centered at 1545 and 1582 cm−1 (ν19 mode) (combined oxy- and deoxy-hemoglobin).
33,34 No attempt was made to differentiate between oxy- and deoxy- hemoglobin in this 

initial investigation, but future time course studies will use resonance Raman spectroscopy 

to evaluate the oxygenation state of hemoglobin following ICH. Note that due to the longer 

image collection time associated with resonance Raman spectroscopy relative to XFI and 

FTIRI a smaller area of analysis was performed with resonance Raman spectroscopy.

Synchrotron Radiation XFI

Elemental maps were collected with XFI using synchrotron light at beamline 10-2 at the 

Stanford Synchrotron Radiation Lightsource (SSRL) (http://www-ssrl.slac.stanford.edu/
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beamlines/bl10-2/). The energy of the incident X-ray beam was 13 450 eV, and the incident 

X-ray intensity was measured using a nitrogen gas-filled ion chamber. A monocapillary 

optic (XOS, East Greenbush, NY, USA) was positioned with its output 1 mm away from the 

samples, resulting in a X-ray spot size of approximately 25 μm at the sample. The sample 

was mounted at 45° to the incident beam and rastered through the beam, with a beam 

exposure time of 200 ms per 20 μm step. A 4-element Vortex silicon drift detector at 90° to 

the incident beam collected the X-ray fluorescence spectra from the brain tissue. The 

detector readout was synchronized to the stage movement speed, and data were collected 

continuously such that the full emission spectrum was collected every 200 ms, for an 

average stage movement of 20 μm. This method of rapid scanning has been described 

previously.31 The full emission spectrum was recorded at each pixel (multichannel analysis, 

MCA), in addition to single channels for P, S, Cl, K, Ca, Fe, Cu, and Zn fluorescence lines 

and inelastic scatter. Since this study has sought to validate the method of multimodal XFI, 

resonance Raman, and FTIRI, only the results of Fe distribution are reported. Future time 

course studies will use all elemental information. In addition to measurements of brain 

sections, emission spectra were collected from an Fe calibration standard to provide 

quantification of Fe concentration. The Fe standard was commercially sourced from 

Micromatter (Vancouver) and consisted of a known concentration of Fe (56.0 μg cm−2), 

sputter coated onto a 6 μm thick layer of mylar film. Single channel analysis of standards 

was used to quantify single channel data from brain tissue samples, as previously reported.
53,54 Samples were treated as thin sections, in accordance with previous studies.55 XFI 

images of Fe distribution were generated using MicroTool Kit software (http://smak.sams-

xrays.com/). Quantification was performed on regions of the hematoma and peri-hematoma 

zone (and equivalent area in sham animals) that corresponded to approximately 200 pixels 

(i.e., an area of 80 000 μm2). The minimum detection limits for each element were 

calculated using the fluorescence signal for each standard and a blank, as described in 

Supporting Information,56 and are presented in Supporting Information Table 1.

FTIRI Analysis of Relative Aggregated Protein Content

Globar-FTIR-focal plane array (FPA) spectroscopic images were collected at the Canadian 

Light Source (CLS) with a Hyperion 3000 microscope fitted with an upper objective of 15× 

magnification and a numerical aperture of 0.6 and a lower condenser of 15× magnification 

and 0.4 numerical aperture. This arrangement yielded a pixel size of 2.65 μm, which was 

later subjected to 8 × 8 pixel binning to yield an effective image pixel size of 21.4 μm 

(similar to the effective pixel size of XFI experiments). The FTIRI data were collected with 

a spectral resolution of 4 cm−1 and the coaddition of 32 scans, and a background image was 

collected from blank substrate using 32 coadded scans. The background was collected 

immediately prior to each sample.

All data processing and image generation were performed using Cytospec software 

(Cytospec, version 1.2.04) and Opus software (version 6.5, Bruker, Ettlingen, Germany). 

Raw spectra were vector-normalized to the amide I band (1700–1600 cm−1), and second-

derivatives were calculated with a Savitsky-Golay 13-point smoothing average. False color 

functional group images of the relative concentration of high molecular weight β-sheet 

aggregates were generated from the second-derivative intensity at 1625 cm−1. Statistical 
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analysis was performed on the average second-derivative intensity at 1625 cm−1. To further 

support the analysis of second-derivative spectra, curve fitting was applied to the vector-

normalized non-derivatized spectra to determine the relative content of high molecular 

weight β-sheet aggregates. Curve fitting was performed with a mixed Lorentzian/Gaussian 

line band shape, using the second-derivate spectra as a guide for the location of bands. Curve 

fitting was performed with Opus software (version 6.5, Bruker, Ettlingen, Germany) over the 

spectral range 1700–1600 cm−1, using 10 bands, centered at 1690, 1680, 1673, 1665, 1656, 

1646, 1636, 1625, 1616, and 1605 cm−1, with least-squares minimization, similar to 

methods previously described.57

Histological and Histochemical Staining

Visible light microscopy images were captured from the unstained tissue sections prior to 

spectroscopic analysis with a Nikon Eclipse 50i microscope, using NIS Elements F3.0 

software. Following spectroscopic analysis, tissue sections were fixed with 4% formalin 

solution and stained with cresyl violet. Serial tissue sections were fixed in the same manner 

and stained with hematoxylin and eosin (H&E) and Perls stain. For Perls histochemistry, 

tissue sections were incubated with equal parts 0.1 M HCl and 0.1 M ferricyanide for 30 min 

at room temperature, followed by rinsing off of excess reagent in deionized water, 

dehydration in alcohol, and counter staining with nuclear fast red. Microscopic images of the 

stained tissue were captured as described for the unstained tissue. Note that tissue sections 

from rats 7 and 14 days post ICH from a different study were used as positive controls for 

the Perls stain.

Data Analysis and Statistics

The aim of this investigation was to demonstrate the complementary capabilities of a novel 

direct biospectroscopic imaging approach to elucidate the role of Fe-induced oxidative stress 

and protein aggregation after ICH. To this end, this study sought to determine if nonheme Fe 

and aggregated protein levels were significantly increased in hematoma and peri-hematoma 

tissue relative to healthy tissue from sham animals. Therefore, the null hypothesis was that 

the Fe concentration and aggregated protein content were not significantly increased in 

hematoma and peri-hematoma tissue relative to that in sham animals. All data was 

considered as continuous quantitative parametric data (semiquantitative for FTIR data). 

Normality of data sets was confirmed with the Kolmogorov–Smirnov normality test. A one-

way ANOVA was performed to confirm a significant effect for the concentration of Fe; 

F(2,17) = 110.70, p < 0.001; relative concentration of protein aggregates determined from 

curve fitting F(2,17) = 12.49, p < 0.001; relative concentration of protein aggregates 

determined from second-derivative spectra F(2,17) = 33.72, p < 0.001. Levene’s test was 

used to test for homogeneity of variance within groups. If the Levene’s test statistic was 

significant, then a two-tailed Dunnet T3 posthoc test that does not assume equal variance 

was chosen. If the Levene’s test was not significant, then a two-tailed Dunnet posthoc test 

that assumes homogeneous variance was applied. Levene’s test was significant for analysis 

of XFI Fe concentration data (p = 0.004) and FTIRI curve fitting data (p = 0.032), but it was 

not significant for FTIR second-derivative data (p = 0.180). The respective posthoc tests 

were used to reject the null hypothesis that Fe concentration or aggregated protein content 

was not increased within the hematoma or peri-hematoma zone relative to tissue from sham 
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animals. The 95% confidence limit was used (p < 0.05). All statistical analysis was 

performed on six animals for each group (n = 12 total). All statistical analysis was 

performed with SPSS v. 13. It is important to note that the statistical approach used assumes 

normality of data. Due to the modest sample size used in this investigation (n = 6), it can not 

definitively be shown that the assumption of normality holds true. If this assumption does 

not hold true, then the equivalent nonparametric statistical analysis (for example Kruskal–

Wallis and Mann–Whitney U test posthoc) would provide more statistical power. Therefore, 

the approach used in this study represents a more conservative statistical analysis. We note 

that when nonparametric statistical analysis was applied to this data set the same scientific 

conclusions were obtained (data not shown).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Resonance Raman and XFI analysis of fresh and aged blood from the proof-of-principle 

experiment. (A, B) Bright-field visible light images of dried drops of blood prepared from 

(A) fresh blood and (B) dried blood. (C, D) XFI images of total Fe in dried drops of blood 

prepared from (C) fresh blood and (D) aged blood. (E, F) Resonance Raman images of 

hemoglobin distribution in dried drops of blood prepared from (E) fresh blood and (F) aged 

blood. (G) Representative resonance Raman spectra (514 nm excitation) collected from fresh 

and aged blood. The intensity scale for panels C and D is in μg cm−2. The intensity scale for 

panels E and F is integrated Raman counts (AU). Vertical arrows indicate characteristic 

resonance Raman heme bands. Scale bar = 500 μm.
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Figure 2. 
Visible light microscopy and histological characterization of the hematoma boundary 

following ICH. Visible light microscopy of (A, D, G) unstained tissue sections, (B, E, H) 

cresyl violet stained tissue sections, and (C, F, I) H&E stained tissue sections. (A–C) Sham 

tissue. (D–F) Tissue 1 day after ICH. (G–I) Tissue 1 day after ICH with annotations to 

demarcate hematoma boundary (H) and peri-hematoma boundary (PHZ) (based on spread of 

edema into the tissue). Scale bar = 500 μm.
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Figure 3. 
Resonance Raman, XFI and FTIRI analysis of the distribution of hemoglobin, total Fe, and 

aggregated protein in the rat striatum 1 day after ICH. (A–D) Representative images from a 

sham animal. (E–H) Representative images from an animal 1 day after ICH. (A, E) Visible 

light microscopy images of the unstained tissue. (B, F) Resonance Raman images of 

hemoglobin distribution. (C, G) XFI images of total Fe distribution. (D, H) FTIRI images of 

the aggregated protein distribution. Regions of interest that correspond to the hematoma (H) 

and peri-hematoma zone (PHZ) and a similar-sized area in sham animals have been 

annotated in white. The intensity scale for panels B and F is integrated Raman counts (AU). 

The intensity scale for panels C and G is in μg cm−2. The intensity scale bar for panels D 

and H is second-derivative intensity (AU). Scale bar = 500 μm. Asterisks indicate the 

location of blood vessels, which were excluded from analysis.
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Figure 4. 
Representative resonance Raman spectra. (A) Cresyl violet histology showing the hematoma 

(H) and peri-hematoma zone (PHZ). (B) Enlarged resonance Raman map from Figure 3F. 

(C) Resonance Raman spectra extracted from positions that correspond to the hematoma 

(P1), hematoma/peri-hematoma boundary (P2), and peri-hematoma (P3). Vertical arrows 

indicate characteristic resonance Raman heme bands. Horizontal arrows indicate bands from 

the plastic thermanox substrate. Scale bar = 500 μm.
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Figure 5. 
Quantification of total Fe from sham animals and the hematoma and peri-hematoma zone 

from ICH rats 1 day after ICH. Data are shown as the mean ± SD. Dagger (†) indicates a 

significant difference relative to sham animals. Asterisk (*) indicates a significant difference 

between the hematoma and peri-hematoma zone. Each group contained six animals. A 

significant difference was determined using a one-way ANOVA and two-tailed posthoc test 

(as described in Methods) and 95% confidence limit (p = 0.05).
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Figure 6. 
FTIRI analysis of the relative aggregated protein content. (A) Normalized nonderivatized 

FTIR spectra from a representative sham animal and the hematoma and peri-hematoma zone 

in an animal 1 day after ICH. Spectra have been offset vertically for clarity. (B) Second-

derivative FTIR spectra from a representative sham animal and the hematoma and peri-

hematoma zone in an animal 1 day after ICH. The difference in spectra intensity at 1625 cm
−1 between the blue and red spectra is not significant. Arrow indicates location (1625 cm−1) 

of the characteristic second-derivative minima of aggregated proteins. (C) Average 

integrated band area for the band centered at 1625 cm−1 (aggregated protein) from the 

results of curve fitting spectra from sham animals and the hematoma and peri-hematoma 

zone 1 day after ICH. (D) Average second-derivative intensity at 1625 cm−1 from sham 

animals and the hematoma and peri-hematoma zone 1 day after ICH. Dagger (†) indicates a 

significant difference relative to sham animals. Asterisk (*) indicates a significant difference 

between the hematoma and peri-hematoma zone. Each group contained six animals. Data in 

panels C and D are shown as the mean ± SD. A significant difference was determined using 

a one-way ANOVA and two-tailed posthoc test (as described in Methods) and 95% 

confidence limit (p = 0.05). Note that in second-derivative spectra increased concentration 

results in lower (more negative intensity) values.
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