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Abstract

Blood banking is an essential aspect of modern healthcare. When red blood cells (RBCs)
are stored, they degrade over time as a result of various chemical and biological processes leading
to an accumulation of waste products and oxidative damage, among others. Significant growth in
the application of Raman spectroscopy (RS) to biomedical problems has made it a feasible tool for
investigating biochemical changes associated with storage of RBCs. It was hypothesized that RS
could be used to monitor in situ, non-destructively and non-invasively, certain structural and
compositional changes associated with these ageing effects as they occur in storage bags. The
presence of a relationship between these changes and the viability of RBCs would have substantial
implications for the health care industry.

Preliminary results demonstrated the oxygenation state of hemoglobin in stored RBCs
changed in a manner that was donor-dependent and that closely tracked the morphological index,
a qualitative metric for evaluating cell quality. Investigations of the storage-solution supernatant
revealed that lactate, a metabolic waste product, accumulated at different rates in stored bags and
displayed more rapid accumulation in units from male donors than units from female donors.

It was shown that spatially offset Raman spectroscopy (SORS) could measure stored RBC
biochemistry through the plastic bag. Spectra collected with SORS compared well with previously-
obtained conventional Raman spectra. Thus, information about the contents of a stored unit could
be obtained without breaching its sterility. These outcomes provided proof-of-concept for the
development of a SORS-based instrument to measure storage bag contents in a rapid and non-

invasive manner.



The results reported in this thesis fall into two distinct categories. Regarding the observed
data, the substantial inter-donor variability and gender and age effects have significant implications
for the design of clinical trials, the collection and administration of donated blood, and clinical
use. Regarding instrumentation, obtaining chemical information from stored RBCs using RS will
enable new research directions for the field of transfusion medicine and obtaining this information

in situ from storage bags will have utility for quality control in a blood bank or hospital setting.



Preface

“I have noticed that even people who claim everything is pre-destined, and
that we can do nothing to change it, look before they cross the road”

Stephen Hawking

This thesis contains completed research that has been the result of numerous collaborations
with multi-disciplinary scientists.

The latter portion of Chapter 2 was the result of an investigative review done by myself
and Kevin Buckley (School of Chemistry, National University of Ireland - Galway). We both
contributed to compiling the relevant scientific literature pertaining to the application of Raman
spectroscopy for the analysis of blood components. | completed the bulk of the writing. Editorial
suggestions were made by Georg Schulze (Michael Smith Laboratories, The University of British
Columbia) and my supervisors, Michael Blades and Robin Turner. This portion of Chapter 2 has
been accepted to the journal Applied Spectroscopy for publication as a focal point review article.

Chapter 3 was a collaborative research effort between myself, Deborah Chen (Department
of Pathology, The University of British Columbia), and Georg Schulze. | formulated the research
plan, experimental Raman data was acquired solely by myself, and data processing occurred with
guidance from Georg Schulze. Morphology measurements were performed solely by Deborah
Chen. The chapter was written by myself with input from Georg Schulze. Revisions and edits were
done by myself, Georg Schulze, Michael Blades, and Robin Turner. Chapter 3 will be submitted

to a spectroscopy journal for publication.



Chapter 4 represents an alternative sampling approach to the work presented in Chapter 3.
The research plan was formulated solely by myself and the experimental data was acquired solely
by myself, with samples provided by Deborah Chen. Data analysis was done by myself, Kevin
Buckley, and Georg Schulze. The chapter was written by myself, with input from Kevin Buckley
and Georg Schulze. Revisions and edits were done by all parties involved, including Dana Devine
(Department of Pathology, The University of British Columbia) and my supervisors, Michael
Blades and Robin Turner. Chapter 4 is the combination of a conference proceeding and a published

manuscript:

Atkins, C. G.; Buckley, K.; Chen, D.; Schulze, H. G.; Devine, D. V.; Blades, M. W.;
Turner, R. F. B. Raman Spectroscopy of Stored Red Blood Cells: Evaluating Clinically Relevant
Biochemical Markers in Donated Blood. Proc. of SPIE — Clinical and Biomedical Spectroscopy
and Imaging IV 2015, 9537, 95370X-95370X-7.

Atkins, C. G.; Buckley, K.; Chen, D.; Schulze, H. G.; Devine, D.V.; Blades, M. W.; Turner,
R. F. B. Raman Spectroscopy as a Novel Tool for Monitoring Biochemical Changes and Inter-

Donor Variability in Stored Red Blood Cell Units. Analyst 2016, 141, 3319-3327.

Chapter 5 is a continuation of previous chapters. The research plan was jointly formulated
by Kevin Buckley and myself, and we both contributed to the collection of Raman data. The
chapter was written by Kevin Buckley and myself, with input from Georg Schulze. As before,
revisions and edits were done by all authors, including Dana Devine and my supervisors, Michael

Blades and Robin Turner. The work from Chapter 5 has been previously published:



Buckley, K.; Atkins, C.G.; Chen, D.; Schulze, H. G.; Devine, D. V.; Blades, M. W.; Turner,
R. F. B. Non-Invasive Spectroscopy of Transfusable Red Blood Cells Stored Inside Sealed Plastic

Blood-Bags. Analyst 2016, 141, 1678-1685.

Ethics approvals were necessary before research with human blood could begin. The
procedures were initially approved by the Clinical Research Ethics Board (CREB) at The
University of British Columbia, Office of Research Services on July 14th, 2011 (UBC CREB
Number H11-00992), and by the Biosafety Ethics Board at The University of British Columbia,
Biosafety Committee (B15-0114). The project also received the approval of the Research Ethics

Board of Canadian Blood Services.
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Column B represents the fitting process used to match the storage range, and Column C is the
final data. Power fit and linear fit curves are shown in each Case. ........cccccvvevivieiiienciieiies 131
Figure 3-11: Morphology scores and spectral ratios are normalized and compared. Circle data
points are the morphology scores and triangles represent the normalized spectral ratios for all
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Figure 4-1: (A) A bright-field image showing the uneven topography of a typical drop of
supernatant. (B) The average (10 spectra, 100 second accumulation each) Raman spectrum of
RBC supernatant after two days of storage (in black), a Raman spectrum of pure SAG-M
solution (in blue), and a Raman spectrum of (powdered) hemoglobin (in red); both supernatant
and hemoglobin spectra show contributions from the internal porphyrin ring and from the amide
modes (753 cm™, 1500-1600 CM™).....cooiuiviiieiicece e 144
Figure 4-2: Distribution of two distinct spectral features across the width of a dried-drop
supernatant sample after two days of storage. The x-axis approximately corresponds to Figure
4-1A; the drop looks inhomogeneous but the chemical composition across the drop is uniform for
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Figure 4-4: (A) The change in relative intensity of the 853 cm™ (lactate) band with storage age
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Figure 4-6: The current practice is to use 'fresh' blood (<8 days) for very ill infants. The Raman
supernatant data shows that lactate content can vary by a factor of approximately two after 8
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reveal gender-related differences in lactate dynamics during storage. Separate gender-based
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Figure 4-9: Intensity changes of the 853 cm™ lactate band for younger females (light red), older
females (red), younger males (light blue), and older males (blue). Linear fits suggest both age-
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Figure 5-1: A standard bag of transfusable RBCs in a PVVC blood-bag (the white panel obscures
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Figure 5-2: Position A is the set-up for collecting a conventional Raman spectrum with the laser
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spectrum, the laser illumination line was moved 200 pm away from the focal point using the
beam-steer alignment mirrors (POSItION B)........ccoiieiiiiiiieiicse e 167
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Figure 5-7: Certain regions of the RBC spectrum are seen to vary with oxygenation (see Figure
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storage age (spectra are on the left and the trend from Figure 5-6 is on the right). The middle
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Chapter 1: Introduction

1.1 Preamble

The safe and effective transfusion of stored red blood cells (RBCs) is the cornerstone of
modern health care, and has been the core of transfusion therapy for nearly a century.! The utility
of RBC transfusion as a crucial component to medical care brought about the advent of the blood
bank and its ability to stock an inventory of blood products. Decades of research has resulted in
the improvement of storage conditions that extend the lifespan of stored RBCs, and current
regulatory conditions in Canada permit storage of a particular unit for up to 42 days. Despite the
significant progress that has been made in the field of RBC storage, blood banks lack efficient
methods to determine the quality of stored RBCs. The research objective of this thesis was to
demonstrate that Raman spectroscopy can be used to measure changing biochemical features
associated with stored RBCs and that such measurements can be done rapidly, non-destructively,
and non-invasively, without breaching the sterility of the storage bag.

Raman spectroscopy is an analytical method useful for the analysis of biological systems,
including that of intact cells, tissues, and biological fluids.? All active vibrational modes of each
constituent present in the sample are simultaneously observed through vibrational frequencies
dependent upon molecular bonds and their local environment. In turn, the corresponding
vibrational spectra are complex and provide insight into distinct features of molecular structure.
Such insight for blood and its individual components, as determined by Raman spectroscopy, is
reviewed in section 2.7 of Chapter 2.

The particular strength of Raman spectroscopy in the context of blood is its potential to

provide structural information in a non-invasive manner, by measuring vibrational features of an
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analyte through the side of an enclosure or through a physical barrier. This thesis represents the
first demonstration of the Raman technique to assess stored RBCs, and describes progress towards
a non-invasive Raman analysis capable of measuring stored RBCs through the side of their plastic
barrier. The following sections of this introductory chapter will provide background information
on the biology of RBCs as it pertains to details that are emphasized in the research chapters.
Specifically, in Chapter 3, oxidative damage and its effects on the RBC membrane,
hemoglobin, and morphology are explored as efforts are made to measure the loss of overall cell
quality using Raman. The metabolic pathways associated with RBCs are introduced below in
section 1.2.1.2, and the progression of these pathways during storage conditions is assessed in
Chapter 4. The preliminary results of Chapter 5 demonstrate potential to discern the oxygenation
state of hemoglobin from non-destructive, through-plastic measurements of stored RBC units. The
final chapter contains concluding remarks and describes the future direction of the methodology

as it applies to RBCs and related blood components.

1.2 Basics of Blood Chemistry

Blood is a bodily-fluid that constantly circulates through the heart and blood vessels.
Transportation is one of its main responsibilities, as it delivers necessary substances such as
oxygen and nutrients to tissues and carries waste products to the lungs, liver, and kidneys for
removal from the body.? It is composed of three different cellular components (outlined below)
which each have distinct roles in maintaining the body’s health.

When extracted from the body, the natural response of blood is formation of a clot. If the
removed blood is instead mixed with an anticoagulant, the cellular components will gradually

fractionate into three discrete layers based on their relative density (Figure 1-1): the top phase
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(comprising ~55% of total blood volume) is called plasma and is a pale yellow aqueous matrix
comprising all non-corpuscular components of whole blood; the middle layer (<1% of total blood
volume) is referred to as a buffy coat (due to its yellowish-white, or ‘buff’, color) and is composed
of white blood cells (WBCs) and small cell-like fragments, called platelets; and the bottom layer
(~45% of total blood volume) is red in color and is composed of RBCs. The research chapters

presented in this thesis all relate specifically to this RBC fraction.

AT
N
+«t— Plasma
\/ Bufty Coat
g (WBCs & platelets)
RBCs

Figure 1-1: A tube of fractionated non-coagulated whole blood. The distinct layers of blood

shown represent plasma, a buffy coat (WBCs and platelets), and RBCs.

121 Red Blood Cells

RBCs are the most abundant type of blood cells, and the typical human red cell has a mean
diameter of 8 um, a thickness of 2 um, a surface area of 140 um?, and a volume of 90 fL.* Their
specific function is transportation of oxygen between the lungs and the tissues. RBCs lack the

ability to synthesize proteins due to the absence of traditional cell organelles (e.g., a nucleus,
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mitochondria, ribosomes, etc.)® but possess components specialized for gas exchange and gas

transport, such as metabolic regulators, hemoglobin, and a cell membrane (see below).

1.2.1.1 RBC Membrane

The RBC membrane separates the internal components of the cell from the surrounding
aqueous environment, and its fundamental structure is that of a phospholipid bilayer. More
specifically, the membrane is a sheath broadly consisting of lipids (~40%), proteins (~50%), and
to a lesser degree, carbohydrates (~10%). Phospholipids are asymmetrically distributed between
the two leaflets of the membrane, and lipids on the inner leaflet can be exposed on the outer cell
surface during cell distress. As red cells continually pass through the body’s numerous capillaries
(on the order of 2 to 3 um), deformability, a characteristic that depends on interactions between
the membrane components, is particularly important.®

About half of the membrane mass is made up of over 100 different proteins that can all be
divided into one of two classes: integral proteins, which span the phospholipid bilayer and are in
contact with both sides of the membrane (e.g., Band 3), or peripheral proteins, which form an
underlying structural lattice on the inner surface of the membrane (e.g., spectrin and actin).” A
schematic of the red cell membrane (Figure 1-2) shows that peripheral proteins attach to the
internal ends of the integral proteins; it is the integrated properties of this skeletal structure that

generate the disc-shaped, inward-curving morphology of healthy RBCs.
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Figure 1-2: Schematic representation of a healthy RBC membrane. The figure shows a cross-
sectional view of the membrane with interactions between peripheral and integral proteins.

Adapted and reprinted from Reference 8 with permission from John Wiley & Sons, Inc.

This biconcave disc (Figure 1-3) shape of healthy red cells maximizes the cell surface-
area-to-volume ratio. Moreover, the RBC membrane is highly elastic, rapidly responds to applied
fluid pressures, and has a structural resistance stronger than steel.” Compared to a sphere with the
same volume, the surface-area-to-volume ratio of the red cell is 30% higher and this, along with
its special membrane properties, permits reversible deformation of the cell and facilitates its gas
exchange processes. Any alteration of membrane properties could therefore interfere with optimal
RBC function. A variety of means, both normal and pathological, can disrupt the structural and

functional integrity of the membrane.



Figure 1-3: Image of RBCs taken with a scanning electron microscope at a magnification of

x20,000. Reprinted from Reference 10 with permission from Nature Publishing Group.

1.2.1.2 RBC Metabolism

RBCs need energy for the maintenance of membrane ion-pumps, for protecting the
membrane from oxidative stress, and for preserving the oxidation state of iron atoms integral to
oxygen transport (section 1.2.1.3). Without mitochondria, RBCs are unable to generate energy
from the citric acid cycle. They instead are reliant on less efficient glycolytic pathways: the
Embden-Meyerhof pathway (anaerobic glycolysis, Figure 1-4), the Rapoport-Luebering shunt, the
met-hemoglobin (metHb) reductase pathway, and the pentose phosphate pathway (PPP). The
activation of these metabolic pathways is dictated by (in vivo) changing tissue conditions.

The Embden-Meyerhof pathway is the main metabolic pathway and metabolizes ~90% of
the glucose entering the red cell. For every glucose molecule introduced, the net output is 2
molecules of adenosine 5’-triphosphate (ATP), 2 molecules of lactate, 2 molecules of the reduced

form of nicotinamide adenine dinucleotide (NADH), and 2 protons. The ATP supplied by this
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pathway is responsible for restoring proper morphology and the intracellular ion balances!! that

are disturbed when RBCs pass through small capillaries.

Glucose [ Embden-Meyerhof Pathway ]

ATP
ADP
ATP

ADP
F-1,6,BP

—1

DHAP ¢mms) ((GAP NAD*

gADH

Rapoport- 1,3-DPG ADP
Luebering 2,3-DPG l<:_
ATP
Shunt 3PG

2PG _ PEP Pyruvate Q Lactate

ADP ATP NADH NAD~®

Figure 1-4: Anaerobic glycolysis via the Embden-Meyerhof pathway. The process requires
the input of ATP, but produces a net gain of both ATP and lactate. Adapted and reprinted

from Reference 12 with permission from SIMT]I Servizi srl unipersonale.

The Rapoport-Luebering shunt produces 2,3-diphosphoglycerate (2,3-DPG), an effector
molecule that modulates the release of oxygen from the RBC. When venous blood reaches a
threshold proportion of deoxygenated RBCs, the glycolysis pathway is shunted to produce more
2,3-DPG, thereby decreasing the RBC affinity for oxygen and allowing more of the gas to be
released at any tissue-oxygen tension.® The amount of 2,3-DPG produced depends on an enzyme

which is pH-sensitive and causes the rate of glycolysis to increase or decrease as the pH rises or
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falls, respectively. The metHb reductase pathway depends on NADH to keep the iron atoms of
hemoglobin in their reduced (Fe?") and active form.

The PPP is activated when glutathione (GSH), a peptide that protects against reactive
oxygen species (ROS) and membrane damage, is oxidized. The PPP supplies 2 molecules of the
reduced form of nicotinamide adenine dinucleotide phosphate (NADPH). These molecules
continuously reconvert oxidized glutathione, as glutathione disulfide (GSSG), back to its reduced

form (GSH).

1.2.1.21  Influence of RBC Oxygenation State

Activation of the Embden-Meyerhof pathway by enzymes is heavily reliant on the integral
membrane protein, Band 3, and intracellular cycling of the cells’ oxygenation-deoxygenation
states drives the modulation.* When the cell is deoxygenated, its oxygen-carrying component,
hemoglobin, binds to Band 3 in preparation for oxygen uptake!?; this creates competition between
key metabolic enzymes that bind to Band 3 for activation and ultimately leads to enzyme release
from the membrane.® Therefore, when glucose enters the cell, its metabolism will follow that of
the anaerobic glycolysis pathway, which produces ATP for membrane stability, or the PPP shunt,
which produces a sufficient level of NADPH necessary for cell protection from ROS.

In the high oxygenation state (HOS), RBCs are fully oxygenated, the oxygen load is high,
and glucose is preferentially metabolized by the PPP to ensure adequate protection from oxidative
stress. In the low oxygenation state (LOS), glycolytic enzymes are displaced from the membrane
and there is increased glucose consumption via glycolysis, increasing ATP and 2,3-DPG

production (Figure 1-5). Overall, the PPP shunt is about two times more active (at any pH) in fully



oxygenated samples.?®-18 This fact demonstrates the utility in knowing the oxygenation status of

RBCs, and hemoglobin oxygenation will be further explored in Chapters 3 and 5.

glucose glucose

$=][Tm

lactate ATP

LOS I

Figure 1-5: Simplified scheme representing the effect of oxygenation state on the RBC
metabolism. Note: 2,3-BPG is the same molecule as 2,3-DPG. Reprinted from Reference 13

with permission from SIMT]I Servizi srl unipersonale.

1.2.1.3 Hemoglobin

Hemoglobin is the main intracellular component of the red cell, constituting approximately
30% to 34% of its contents by weight,'® and is solely responsible for the delivery of oxygen. At a
hemoglobin concentration of 15 g/dL, 100 mL of whole blood contains ~20 mL of oxygen (at pH
=7.4, T =37°C, and POz = 100 mmHg). Under basal conditions, approximately 20% to 25% of
oxygen transported by red cells is released and the corresponding open binding sites are then

occupied by carbon dioxide for transport to the lungs.®



Normal type A adult hemoglobin (HbA) comprises >97% of total hemoglobin. HbA is
composed of four subunits: two o and two £ polypeptide chains with 141 amino acids and 146
amino acids, respectively. Each subunit contains a heme group non-covalently bound in a
hydrophobic pocket created by the polypeptide chain (Figure 1-6). Each heme group contains an
iron atom coordinated by four nitrogens of a porphyrin ring and a histidine amino acid from one
of the subunits (referred to as “proximal histidine”). The sixth coordination iron bond is the site
responsible for oxygen binding and is stabilized by another histidine amino acid (referred to as
“distal histidine”). The oxidation state of the iron atom is crucial to the functionality of hemoglobin
as a carrier of oxygen, and three different models have emerged over the last several decades to
describe the behavior of iron through oxygenation cycles. The most recent model, and one that has
been supported by experimental results, was proposed by Joseph J. Weiss and describes how an
oxygen molecule binds to a low-spin deoxygenated ferrous iron (Fe?*), withdraws an electron to
temporarily form a superoxide anion (O2:-), and forces iron to adopt a low-spin ferric (Fe*") state.
When oxygen is released, the electron is returned to iron, re-forming its low-spin ferrous state. It
is this form of iron (low-spin Fe?*) that is capable of reversibly-binding oxygen while an oxidized
form of iron (high-spin Fe®*) is not capable of oxygen uptake. As implied in section 1.2.1.2, when

hemoglobin contains an iron atom in this Fe3* state, it is referred to as metHb.
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Figure 1-6: Hemoglobin structure. On the left, the four subunits (two a chains and two
chains) are shown in their quaternary structure, each with a heme group in a hydrophobic
pocket. [©Richard Wheeler, title:1GZX Haemoglobin.png, CC BY-SA 3.0] The chemical

structure of the heme group is shown on the right.

There are two quaternary arrangements of the hemoglobin tetramer that are more stable
than all others: one dominates when the iron atoms are saturated with oxygen (oxyHb), and the
other prevails when the binding sites are vacant (deoxyHb). The deoxyHb structure is
characterized by the presence of salt bridges between subunits, producing a constrained or taut (T)
configuration, and the oxyHb conformation breaks these salt bridges, thereby giving the subunits
a relaxed (R) form. Furthermore, the tetrameric structure of hemoglobin is believed to be an
evolutionary improvement from more basic oxygen-binding proteins, as the uptake of oxygen by
one monomer eases uptake by other monomers, and similarly, release of one oxygen facilitates
release of the others (i.e., hemoglobin monomers are cooperative).?’ This cooperativity explains

why the relationship between PO, and bound oxygen content is sigmoidal in the hemoglobin
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oxygen dissociation curve (Figure 1-7). Without cooperativity, as is the case in some primitive

oxygen-binding proteins, the oxygen dissociation curve would exhibit a hyperbolic relationship.

tissues lungs

Fractional saturation

| | | | |
60 80 100 120 140
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Figure 1-7: Hemoglobin oxygen dissociation curve in the absence of allosteric effectors (dash-
dot-dotted line), in the presence of CO: (dashed line) and 2,3-DPG (dash-dotted line), and in
whole blood (solid line). Note: 1 torr is approximately 1 mmHg. Reprinted from Reference

21 with permission from John Wiley & Sons, Inc.

Fully oxygenated hemoglobin (oxyHb) is ligated with four oxygen molecules. As

demonstrated from the oxygen dissociation curve, ~97% of hemoglobin is saturated with oxygen
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in the lungs (where PO: is about 100 torr). The oxygen pressure at which 50% of the hemes are
saturated with oxygen is called the p50 and is the measure for hemoglobin oxygen affinity. At
standard conditions, (pH = 7.4, T =37 °C, PCO. = 40 mmHg) the p50 as extracted from the oxygen
dissociation curve in Figure 1-7 is 26 torr. The exact value of p50 depends on several factors that
can influence the binding of oxygen to hemoglobin: one is temperature, and the others involve
ligands that affect the function of hemoglobin by manipulating its conformation (allosteric
effectors, which include protons, 2,3-DPG, and carbon dioxide).?? Each of these ligands affects
the oxygen dissociation curve (i.e., the oxygen affinity) differently, and, as expected, ligands such
as protons and carbon dioxide will have different concentrations throughout the body. For
example, there are less protons in the lungs (i.e., high pH) and more protons in active tissues such
as muscles (i.e., low pH), leading to a lower and higher p50, respectively. This p50 shift is called
the Bohr effect and is physiologically-relevant because it favors oxygen uptake in the lungs and

release into tissues.

1.2.1.4 In Vivo RBC Life Cycle and Breakdown

The life cycle for normal human RBCs in circulation is approximately 110 to 120 days, a
time-frame that can significantly vary depending on an individual's physical fitness.?®?* The
metabolic and mechanical stress of repeated deformations as the cells traverse the circulatory
system eventually causes a decrease in cell flexibility. Circulation becomes more difficult, and
these aged cells undergo lysis (rupturing of the cell membrane) or phagocytosis (removal by
macrophages).

The spleen filters unfit RBCs from the circulation. RBCs enter the organ through arterioles

and pass through a small 2 to 5 um orifice (the approximate size of some capillaries) before re-
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entry into general circulation. Abnormally rigid cells are trapped and removed via phagocytosis.
The RBC itself is also capable of communicating to the body its senescent status by externalizing
specific membrane lipids that serve as markers for recognition by macrophages. Once removed by
a macrophage, RBCs are broken down by enzymes and essential components such as amino acids
and iron are recovered and reused. The heme porphyrin ring is broken and the opened tetrapyrrole,
a compound known as bilirubin, is carried to the liver where it is excreted into the bile.

Though less frequent, red cells can also lyse in circulation releasing hemoglobin directly
into the bloodstream. The tetramer quickly undergoes dissociation into a-f dimers because it is
unstable in plasma; these dimers bind to a plasma protein and the complex is processed in a similar

fashion to the phagocytosis described above.

1.2.1.5 Abnormalities, Pathologies, and Vulnerabilities

RBC abnormalities and pathologies can potentially shed light on the types of damage that
are incurred during prolonged storage while vulnerabilities might indicate the specific processes
or pathways that predispose RBCs to damage during storage. They can involve the membrane,
metabolic pathways, and hemoglobin.

Pathological disorders affecting the RBC membrane and shape are hereditary conditions
such as elliptocytosis, spherocytosis, and stomatocytosis. In these conditions, the interactions
between integral and peripheral membrane proteins are disrupted or the density of the peripheral
protein network is changed, thereby diminishing the biconcave disc cell shape.

Hemolytic anemia is the most common metabolic disorder and is caused by a genetic
glycolytic enzyme defect (such as pyruvate kinase deficiency), creating a dramatic reduction in

ATP formation. Unable to maintain flexibility and other properties of its shape, the RBC is
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removed from circulation. Another common enzyme defect causing hemolytic anemia is glucose-
6-phosphate dehydrogenase (G6PD) deficiency,?® resulting in reduced NADPH production.
Because the intracellular oxidants cannot then be neutralized, the polypeptide chains of
hemoglobin denature and precipitate, forming a structure known as a Heinz body.

Genetically abnormal metHb reductase results in a complete inability to convert metHb
(Fe**) to active hemoglobin (Fe?*). Patients who are homozygous for this condition can accumulate
between 20% to 40% metHb in RBCs. For heterozygous patients, the partial enzyme complement
is generally sufficient to maintain reduced hemoglobin under normal conditions.®

Abnormalities of the hemoglobin molecule can disrupt functionality, and most deviations
are caused by mutations affecting particular amino acids in the polypeptide chains. Some
substitutions alter hemoglobin’s affinity for oxygen by interfering with the transition from a T state
to an R state, while other substitutions affect the oxidation state of the heme iron. One of the more
common pathological defects is the substitution of valine for glutamic acid in the sixth position of
the B chain, producing a variant of hemoglobin referred to as hemoglobin S. When deoxygenated,
this hemoglobin S variant polymerizes into inflexible aggregates, a state that deforms the cell into
“sickle-like” shapes, the morphology responsible for sickle cell anemia.

Given that oxygen is constantly exchanged within the cell, the potential for the production
of ROS, in a variety of ways, is especially high. ROS can damage all parts of the cell including the
membrane, metabolic pathway components, and hemoglobin. The superoxide anion (O2:-) is
created from the normal cycling of oxygen that occurs in hemoglobin when a molecule leaves an
iron atom (Fe?*), goes into solution, and binds to another iron atom; oxygen keeps an electron from
the iron and forms O2- and metHb. The superoxide dismutase (SOD) enzyme converts this anion

to hydrogen peroxide which in turn can produce other kinds of oxygen radicals, such as hydroxyl,
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perhydroxyl, and peroxyl (-OH, -OOH and ROO-, respectively). If enzymatic protection against
such auto-oxidation is inadequate, ROS species can multiply and become destructive.

The RBC membrane is rich in unsaturated organic molecules with weak C-H bonds that
are particularly prone to undergo auto-oxidation.?® Oxidative damage can also disrupt the linking
sites of peripheral proteins with integral proteins. Indeed, the membrane seems especially
vulnerable to both chemical damage from ROS and repair mechanisms that are not readily
accessible.?” For example, -OH is the major radical responsible for lipid peroxidation, which in
turn produces an unstable lipid radical that further reacts with oxygen and produces a peroxyl-fatty
acid radical. A repetitive cycle then propagates through the lipid membrane, where new radicals
assist in forming radicals of neighboring molecules.

Operation of the Embden-Meyerhof pathway causes increased acidosis from accumulating
protons that inhibit critical enzymes in the pathway; this slows glycolysis and ATP formation.?®
Because ATP is necessary for maintaining cell shape and flexibility, repairing membrane lipids,
and energizing metabolic pumps that control electrolyte flux across the membrane lipids®, this
pathway must function normally and lactate must continually be eliminated. Thus, RBCs are
metabolically vulnerable from normal operation of the Embden-Meyerhof pathway when waste
products cannot be eliminated.

Oxidative damage is a key vulnerability of hemoglobin and the metHb reductase enzyme
plays an important role in keeping the iron atoms of hemoglobin in their reduced (Fe?*) form.
However, as described above, the iron can “rust” from repeated oxygenation cycles?® and produce
inactive metHb (Fe®*").2® The oxidation disrupts the position of the reduced iron atom, causing it to
sit within the plane of the porphyrin ring of the heme group, and the hydrophobic pocket that is

suitable for the binding of oxygen is compromised.
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Alluded to above in the context of ROS, the oxidation mechanism is given in Equation (1.1).%°

HbO, — metHb + 0, (1.2)

Damaging oxidative processes can propagate quickly because a single oxidized heme (Fe®*) can
effect the other three polypeptide chains within the same tetramer. For example, a random
distribution of 20% Fe®* would imply 58% of hemoglobin with at least one oxidized subunit.?
Such a molecule is dysfunctional because it is incapable of transitioning to the deoxy state, causing
a loss of active hemes and eventually decreased oxygen transport. MetHb also disrupts other
features of the red cell, as the oxidized hemoglobin binds irreversibly to some integral proteins,

creating alterations to the cytoskeleton.

1.3 Blood Banking and RBC Transfusion Medicine

The era of modern transfusion dates back to the early 1900s and coincided with the
identification of the ABO blood groups.®! It was at this point in time when health care professionals
realized that the oxygen transport functionality of blood was not limited to exist within an
individual, but could be transferred to benefit other individuals who had experienced an injury
involving excessive blood loss. Subsequent development of anticoagulant and preservative
solutions led to the establishment of the modern blood bank3? (detailed historical accounts have
been described elsewhere®334). Today, blood banking refers to the process of extracting blood from
a donor, separating it into its various components, and storing the final products to be transfused
at a later date according to the needs of a given patient. Such therapeutic transfusion of banked

RBCs is now a frontline treatment for restoring tissue oxygenation after blood loss.
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1.3.1 Properties of Blood Storage

When whole blood is donated, it is collected into an anticoagulant solution, composed of
citrate, phosphate, and dextrose, designed to preserve cellular function and to prevent blood from
clotting during storage. The last few decades have seen substantial development in the processing
of blood products and more importantly, in the techniques for preserving these products outside of
the body. Through these advances, it has been realized that the separation of whole blood into its
individual component parts (plasma, RBCs, WBCs, and platelets) is best achieved through

multiple centrifugation steps, as presented in Figure 1-8.

I, Plasma or platelet

’ additive solution +/= leukorediction

Pooled PC

Figure 1-8: Current production method for separating donated whole blood as implemented
nationwide by Canadian Blood Services (CBS) in 2006. In this process, known as the buffy
coat production method, multiple “buffy coats” - a mixture of platelets and WBCs - are
pooled together to enhance platelet recovery. RBCs are isolated from the primary spinning
stage. Adapted and reprinted from Reference 35 with permission from John Wiley & Sons,

Inc.
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Such processing technology has led to the development of large-scale blood banking
facilities and resulted in countless lives being saved. However, demand for blood products is
continually rising and managing the supplies is a global challenge faced by all blood service
agencies. The main difficulty arises from storage limitations inherent to even the most
sophisticated approaches for safe blood product storage. Despite adhering to these storage
conditions, blood products degrade much quicker ex vivo than in vivo and stored products from
different donors will degrade at different rates.?®3® Yet it is the responsibility of these blood
banking facilities to manage supplies and demands of various hospitals and distribute product of
the highest quality to those most in need. Accurately determining quality, however, is a challenge
that cannot be addressed by merely ranking the products according to their collection date. Instead,
a technology is desired that can rapidly and accurately assess the extent of degradation in a non-
destructive way without invasive sampling of the storage unit contents.

To provide a biocompatible ex vivo environment, donated RBCs are mixed with a buffered
additive solution (AS) intended to prevent coagulation, provide nutrients, and extend storage life.3’
Furthermore, RBC-AS mixtures are stored at 4°C in specialized plastic blood-bags where they
remain until transfusion. In the absence of technology for in situ monitoring, current regulatory
requirements tacitly assume that all RBCs stored under such optimal parameters will maintain their
viability for 42 days.*®% This much shorter ex vivo survival period is to be expected as the
prescribed environment for stored RBCs is not physiologically optimal and degradation products
accumulate instead of being automatically recycled. However, donor-to-donor variations are not
accounted for and a static outdate age misrepresents the multitude of negative effects that can

shorten the shelf-life of stored RBCs to significantly less than 42 days.
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In Canada (with the exception of Quebec), the entire process from collection to processing
for storage and eventual distribution to hospital sites is overseen by Canadian Blood Services
(CBS). The median storage time between collection and transfer to hospital sites varies, but is
typically about 6 to 8 days.*® The median age of blood at the time of transfusion is also variable,
but is typically 15 to 20 days.*® Hospitals attempt to employ a ‘first-in-first-out' strategy for
managing their on-site collections, and over the course of a standard fiscal year, the total rate of
discard due to outdate (by hospitals and the CBS combined) is approximately 3%. Therefore, a
large portion of transfused blood may be close to the 42 day limit, and concerns have been raised
that older RBCs may be responsible for a variety of post-transfusion illnesses and deficiencies (see
section 1.3.3 for more).*-44

This assigned outdate age originates from empirical studies which established 42 days as
the maximum storage time compatible with the following two FDA guidelines concerning the
usability of RBC product: 1) stored RBCs must maintain cellular integrity (free hemoglobin is
<1% of total hemoglobin as measured by spectrophotometry), and 2) there must be a post-
transfusion RBC survival rate of >75%.%° These guidelines permit a considerable amount of
degradation products and symptoms, collectively known as storage lesion (section 1.3.2), to be
present in RBCs near the 42 day storage limit. If blood from different donors ages differently, and
different patients exhibit different sensitivities to storage lesion present in transfused blood, then
for some units and/or some patients, the 42 day window may actually be too long. Yet significantly
reducing the storage age limit raises the risk of RBC shortages as the percentage of collections that

would be discarded due to outdate would rise considerably.
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1.3.2 RBC Storage Lesion

Because the prescribed environment for stored RBCs is not physiologically optimal, RBCs
are more susceptible to the various vulnerabilities outlined above. Starting from the moment RBCs
are collected and prepared for storage, the cells experience progressive damage that may affect
their viability, decrease their ability to carry oxygen, and increase the generation of potentially
harmful waste products. As this progression is complex and poorly understood, it is not clear in
what order the resulting defects occur. However, it is clear that many of the symptoms are
interconnected, and while the majority of these alterations can be readily measured in a laboratory,
they are extremely challenging to assess in situ within a storage bag. Furthermore, because the
extent of such defects and alterations cannot be readily measured immediately prior to transfusion,
their clinical impact is not easy to evaluate. This decline in red cell quality is known as the storage

lesion and encompasses many degradation symptoms,3*46-31 principally those listed below:

e morphological changes (e.g., microvesicle formation, decreased cell volume, shape loss)

e decrease in ATP (breakdown of glycolysis, leads to decrease in the phosphorylation of
structural proteins and, in turn, loss of deformability)

e formation of hemoglobin variants (metHb, denatured and dimerized forms)

e decrease in regulating molecules (e.g., 2,3-DPG)

e important antioxidant factors (e.g., NADP, NADPH, GSH, etc.) are no longer recycled
(leading to ROS, oxidative damage to membrane lipids, etc.)

e increased expression of phosphatidyl serine, a membrane phospholipid component

e decreased pH due to buildup of lactic acid and accumulation of protons
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The aberrations associated with RBC storage lesion can be divided into four different

categories: metabolic, enzymatic, oxidative, and physiological.?®

1.3.2.1 Metabolic Storage Lesion

Increased acidosis from operation of the Embden-Meyerhof pathway inhibits the activity
of key enzymes leading to a decreased production of ATP and other molecules capable of
protecting against oxidative damage. At an acidic pH, 2,3-DPG will break down. Because the 2,3-
DPG shunt bypasses one of the two ATP making steps in glycolysis, 2,3-DPG is made at the
expense of ATP. During the initial stages of storage, the pH of donated blood begins to decrease
from ~7.4 and the breakdown of 2,3-DPG leads to an initial burst of ATP production. However,
the pH continues to drop and by the second or third week of storage, concentrations of important
glycolytic products (ATP, NADP, NADPH) are all decreasing. The subsequent decrease in flux
through the PPP pathway causes a significant decrease in the concentration of GSH and the ability
of stored cells to avoid oxidative damage is diminished.>? The transfusion community is aware of
the difficulties presented by pH and, even within the initial manufactured storage solution

provided, the pH value can vary over a modest but clinically significant range.?®

1.3.2.2 Enzymatic Storage Lesion

Enzymatic storage lesion is said to contribute to damage of the carbohydrates and protein
segments of the membrane. The risk of such a mechanism occurring is related to residual WBCs
that could be present within a unit post-processing and reducing their presence ameliorates the
effects of enzymatic storage lesion.> Leucoreduction increases red cell recovery by ~2% and

reduces hemolysis (cell rupture) by half over the course of storage. However, there are still trace
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numbers of WBCs within a leucoreduced RBC unit, and WBC breakdown releases enzymes such

as proteases, lipases, and glycosidases® that can target the red cell surface.>*

1.3.2.3  Oxidative Storage Lesion

A stored RBC is continually exposed to oxygen during its storage life via a semi-permeable
plastic storage bag and initial levels of oxyHb present in the collected whole blood. Though the
rates at which they occur are lower because cells are stored at a low temperature, the main oxidative
reactions that can occur in vivo (dealkylation of lipids in the membrane, damage to integral proteins
essential for cytoskeleton, etc.) can also occur in storage. In the absence of ATP, it is more difficult
for the cell to counter or repair such breakdown® resulting in a morphological transformation that
occurs from the normal disc shape to an abnormal cell with thorny-like protrusions, called an
echinocyte.®® Eventually the protrusions bleb off the cell leading to the formation of
microvesicles.>’ % With the loss of membrane area, the favorable surface-area-to-volume ratio is
decreased and the cell becomes more spherical, making it more difficult to traverse circulation.
Over time, both the observed stiffness®® and the density of the cytoskeleton network®? increases
for aged cells. Attempts to reduce oxidative damage have been made by storing cells under

anaerobic conditions.®®

1.3.24 Physiological Storage Lesion

During the storage period, RBCs evolve from a biconcave disc to echinocytes (Figure 1-9)
and it is the spiny protrusions which eventually bleb from the membrane surface, resulting in
microvesicle release. These shape changes are related to an increasingly acidic environment and

decreased ATP concentration. When the shape changes are not accompanied by oxidative damage,
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which is rarely the case, they can be reversed when placed in an environment with normal ATP
concentration and cell electrolytes. However, when microvesicles are released, a substantial loss
of membrane material occurs and regeneration of the smooth biconcave disc shape is not possible
as RBCs have no mechanism in place to synthesize the lost material. Such cells are rigid spheres
that will either undergo hemolysis in storage or will be removed from circulation after transfusion.
Having knowledge of the morphology of cells would therefore be important prior to a transfusion,
as a unit with a large presence of sphere echinocytes would create extra stress on the clearance

mechanism of a patient.

Discocyte Echinocytes Sphere-Echinocytes

v - A

II

Figure 1-9: Cell morphologies of stored RBCs. Reprinted from Reference 64 with permission

from Springer International.

1.3.3 Health Risks Associated with Stored RBCs
It is intuitive that the longer donated RBCs are stored, the higher the risk of significant
storage lesion development. Therefore, there is concern that the longer RBCs are stored, the higher

the potential that transfusion could result in deleterious effects. One of the more controversial and
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heavily debated issues is whether RBC transfusion affects the morbidity and mortality of the
recipient.®®

Historically, investigations of adverse patient outcomes from transfusions of stored RBCs,
using observational analyses, animal models, and studies involving volunteers, have proved
provocative, controversial and contradictory.®® To resolve conflicting results, studies have been
undertaken to investigate the effects of transfusing aged blood on specific groups of patients
thought to be particularly vulnerable to storage lesion: cardiac, trauma, critical care, etc.%” While
some of these reports have demonstrated positive correlations between adverse effects and age of
transfused blood,®®"1 others have not.”2"* Interpreting the results is complicated by the fact that
RBCs with mild storage lesion can recover functionality hours after transfusion, while RBCs with

severe storage lesion may not recover and might impose a burden on the recipient.”

1.3.3.1 Clinical Trials

Much effort has been expended on randomized and controlled studies to obtain definitive
evidence of the deleterious effects of storage lesion on morbidity and mortality.”®"8 The results of
these multiple-year studies have started to appear and some have suggested that storage age may
have no relationship to negative outcomes,® %8 though more data are needed. In any case, the
presence of storage lesion clearly creates a product that is not optimal for transfusion and

complicates the management of inventories of RBC concentrate.

1.3.3.2 Controversy
Problems arise when the progression of storage lesion is not completely reliant on the proxy

measure of storage age, the metric used in studies that are both observational in nature and those
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that are properly controlled, but instead is based on the characteristics of individual donors. This
discrepancy could have serious implications concerning the results that have been presented and
the efforts that have attempted to characterize the effect of storage age on patient outcomes.

If initial blood quality and subsequent storage lesion progression significantly differ
between donors, there is a likelihood that a bias has been created against a definitive correlation
with “age” and outcomes. For example, it is known that the likelihood of hemolysis increases with
storage duration.® Technologists working in blood banks are tasked with identifying badly storing
RBC units by sight (i.e., units that undergo hemolysis will have a distinct reddish supernatant) and
removing them from active inventory.® If, as anecdotal evidence suggests, older RBCs from male
donors are more prone to lysis than those from female donors, an effective prejudice against using
older RBCs from male donors could arise. This would tend to deplete “standard-issue” inventory
of more harmful units and enrich it with blood from female donors that have more favorable
biochemical conditions within the stored unit. Hence, a differential harmful outcome upon
transfusion of older RBCs compared to fresh RBCs would be less likely to be observed. It could
also be postulated that RBCs from a younger person would be likely to be more metabolically
active, and their donated “fresh” RBCs could actually be more susceptible to develop a severe
storage lesion. Such “fresh” RBCs could represent a more detrimental load to transfusion
recipients compared to older RBCs. This scenario could contribute to the observed and
counterintuitive tendencies of older RBCs being safer than fresh RBCs.® Therefore, to obtain valid
data about the effects of RBC storage lesion on recipients, randomized clinical trials must use the
determined extent of storage lesion, and not storage age, as the independent variable. Such trials,
however, must wait until appropriate technology for determining the extent of storage lesion pre-

transfusion is developed.
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1.3.4 Administration of Blood Transfusion

The management of a blood banking system is an enormously challenging task from an

administrative standpoint. This is because blood banking organizations are responsible for

screening donated blood to ensure its safety, managing their banked libraries to provide adequate

availability, and minimizing costs.

Over the last several decades, screening has been in place for a variety of harmful
transfusion hazards, such as hepatitis, human immunodeficiency virus (HIV), and West
Nile virus (WNV).84

Blood banks have to maintain a complex inventory of rapidly outdating products, which is
complicated by blood types. Even though the AB blood group can accept blood from
donors of the other types, and everyone can receive group O negative (“universal donor”)
blood, to avoid waste of inventory, it is believed to be better if everyone gets their own
type (except in emergencies).

Transfusion is laden with costs. Money is needed to staff a transfusion facility and to buy
reagents, refrigerators, freezers, centrifuges, systems for blood testing, etc. The blood is
provided for free by volunteer donors, but there is still an associated administrative cost.

Recent estimates suggest the per-RBC-unit costs between $522 and $1183.8°

Donors are unique in their combinations of health, lifestyles, diet, gender, age, travel

histories, etc., and some individuals are desirable as donors for their genetic or phenotypic traits

(e.g., those with O negative blood group). It is required that different components isolated from

individual blood donors stay linked because risks related to mislabeling or contamination affect
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all products of a donation.®® Recipients can also have highly specific transfusion requirements,
(e.g., phenotypically-matched platelets or red cells). Considering these factors together, blood
banks are responsible for creating orderly records and maintaining these records indefinitely.

The administration of blood becomes even more challenging when the ownership of
liability is taken into consideration. If governments are responsible for the welfare of their citizens,
are they also responsible for any failures associated with blood safety? Due to awareness of
transfusion complications such as HIV and hepatitis C during the 1980s, blood banking agencies
often operate independent of governmental agencies. Furthermore, as the populations of citizens
in developed countries age, proper management of blood inventories will become more critical as

the cost, in terms of both dollars and patient health, increases.

1.4 Storage-Related Problems in Current Blood Banking Practice

When discussing whether particular units of stored RBCs contribute to adverse effects in
transfusion recipients, the decision-making process should be less about whether the unit is “fresh”
or “old”, but instead about the degree of storage lesion. Unfortunately, there are no methods by
which blood bank technicians could determine the extent of storage lesion without sampling the
cells from a particular unit, an action which renders a unit no longer sterile for transfusion.

Furthermore, it is not well known how specific donor characteristics (i.e., health, lifestyles,
diet, gender, age, to name a few)®” would affect the ageing of a particular unit in storage. The
ability to predict storage lesion progression from observable donor characteristics might lead to
enhanced administrative decision making. Currently, inventories are managed with storage age as
the proxy measure of quality and as mentioned above, most institutions abide by the principle of

“first-in, first-out.” If donated units age independently from one another, RBCs that don’t store
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well would need to be used sooner, regardless of their exact donation date. A blood bank therefore

requires an ability to predict the storability of a unit to reduce costs and improve clinical safety.

1.5 Assessing RBC Blood Quality

RBC transfusions act to improve tissue oxygenation for those patients who are anemic, or
those who have undergone serious blood loss. They have been implemented for over a century,
and during this time, countless lives have been saved. RBC collection, storage, and usage vary
between countries, but well-over millions of transfusions happen globally each year. Although the
introduction of blood banking and its corresponding administration has made blood safer than ever,

safety and administrative efficiencies can still be improved.

The work presented in this thesis is the first demonstration of Raman spectroscopy for
assessing stored RBC quality. This analytical technique will show potential for analyzing
individual units of stored blood and providing specific donor-dependent trends, based on the
presence of biochemical molecules within the unit. Progress has been made towards obtaining
through-plastic measurements of stored RBC units. This method will permit a more refined
approach to blood system management based on a new strategy that takes into account the

variations of RBC quality from individual donors.
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Chapter 2: Raman Spectroscopy and its Application to the Analysis of Blood

2.1 Optical Spectroscopy

Spectroscopy is a measurement of the interaction of light (electromagnetic radiation) with
various materials. Modern techniques use radiation from the ultra-violet (UV) to the infrared (IR)
regions of the spectrum and samples range from inorganic to living tissue in nature. In general,
when such light is incident upon a sample, the incident photons may be absorbed, modified,
scattered, or may not interact with the material at all and pass directly through it. The degree to
which each of these processes occurs is dictated by the chemical nature of the material and the
specific wavelength of light. The amount of light absorbed, emitted, or scattered by a sample is a
measure of the molecular energy levels in the system, and by analyzing this information, it is

possible to determine aspects related to the sample’s composition.

2.2 Molecular Energetics
Every molecule has a total energy which can be split into four components: electronic

energy, vibrational energy, rotational energy, and translational energy.

ETotaI = EEIectronic + EVibration + ERotation + ETransIation (2.1)

The last component, the translational energy, describes the kinetic energy of the bulk
system as it travels through space. The first three components (electronic, vibrational, rotational),

however, are directly related to specific states of the molecule and are therefore called “internal”
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components: the electronic component is related to the orbitals of the molecule inhabited by
electrons, the vibrational component describes the movement of bonded atoms, and the rotational
component is a measure of the movement of atoms on their internal axes. These three factors have
discrete non-zero energy levels (i.e., they are quantized) that depend on the atomic composition of
the system; the most probable state of a molecule at room temperature is its lowest-energy state
and is referred to as a ground-state.%®

The energetics of each internal component are vastly different and the technique of optical
spectroscopy can therefore be used to reveal specific chemical detail about any system. For
example, the energy associated with electron population is roughly three orders of magnitude
greater than the vibrational energy, which is roughly three orders of magnitude greater than the
rotational energy. Multiple vibrational levels populate a given electronic state, and multiple
rotational levels are said to populate individual vibrational states. When a system undergoes a
perturbation, the total energy of the system is subject to change as these internal states undergo
transitions between their quantized levels. Figure 2-1 shows a basic representation of the electronic
levels (denoted by S, to S,) and the vibrational levels in the S, electronic state (denoted by v, to

v,) of a molecule (rotational levels are not included).
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Figure 2-1: Jablonski diagram depicting various quantized energy levels for electronic and

vibrational states.

The energetic difference between electronic transitions and vibrational transitions defines
the type of information that can be extracted from each using techniques of spectroscopy. While
there are specific transitions that are possible for valence electrons in a system, the spacing between
vibrational energy levels is directly related to the local chemical environment of a particular bond,
and this allows vibrational spectroscopy to have the specificity to distinguish molecules from one
another.

In this chapter, a summary of current scientific literature on the analysis of blood and blood
components using the variant of vibrational spectroscopy known as normal Raman spectroscopy

will be presented.
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2.3 Molecular Vibrations

To understand the nature of vibrational states, it is first important to describe how they are
modeled. Chemical molecules are composed of atoms which have a defined mass and are
connected by “elastic” bonds. As a result, these atoms are able to perform periodic motions relative
to one another. The simplest model of a vibrating molecule describes an atom bound to a very
large mass by a weightless spring. The classical bond has a length, characterized by the
vibrationally averaged position of the atom at the end of the bond. The force required to move the
atom by a certain distance (x) from its equilibrium position is proportional to a force constant (f,

a measure of the bond strength) and is described by Equation (2.2).

F=f-x 2.2)

Combining Newton’s Second Law and solving the resulting differential equation, the motion of
the displaced atom is that of a simple harmonic oscillator whose frequency (v) is described by

Equation (2.3), a form of Hooke’s law:

_1|f
v=o- | (2.3)

where u is the reduced mass of the atoms involved in the system:

mpm;

p= @4

mq+my

33



The frequency of the vibration defines the condition of a particular bond: it will increase as the
strength of the bond increases, and will decrease as the reduced mass increases, as governed by
Equation (2.3). If it was possible to measure the frequencies originating from vibrations of atoms
within complex systems, then it would be possible to identify various chemical functional groups
based on their different bond strengths (i.e., as force constants are proportional to bond order, C-
C and C=C will have different frequencies) or based on their different reduced masses (i.e., O-H

alcohol bond vs C-H alkane bond).

2.4 The Raman Effect

First reported in 1928 by Chandrasekhara Venkata Raman,®® the Raman effect, which he
initially called “feeble fluorescence” and then termed “a new radiation”,*® is a molecular process
whereby scattered photons have different frequencies (i.e., energies) due to their interaction with
vibrational modes. The mechanism of the Raman effect is based on the interaction of the sample
with a monochromatic light (having an energy hv,) and is essentially a two-step process. In the
first step, the incident photon forces the electron cloud of the molecule to be distorted at the
frequency v, thereby creating an oscillating dipole moment. This perturbation forces the molecule
to exist in a ‘virtual state’ (labelled in Figure 2-2), a short-lived intermediate state that has no
guantum-mechanical solution. In the second step, a scattered photon emerges from the system
which returns the system to a particular vibrational state in the S, electronic state.

There are three scattering pathways that are associated with the Raman effect, and the only
difference between them are the initial and final vibrational states. The most probable pathway
(called Rayleigh scattering) accounts for the vast majority of scattered photons and is a case where

the released photons are elastically scattered (i.e., the final vibrational state is the same as the initial
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state). The other two pathways exist when photons are inelastically scattered (i.e., the final
vibrational state is different from the initial state). In one case, a small portion of energy from the
incident light (hv,) is lost to the vibrational energy levels and appears as photons with energies
h(v, — v;), h(v, — v,), etc. In the second case, if the vibrational levels v,, v,, etc., are close to
the ground state, they will have a noticeable population at room temperature as determined by the
Boltzmann distribution. In this case, molecules in these vibrationally excited states interact with
the incident radiation and return to the ground state. This results in scattered photons with energies
of h (v, + v4), h (v, + v,), etc. These shifts to lower and higher energy are respectively known
as Stokes and anti-Stokes Raman scattering,®* and all scattering pathways are labelled in the

Jablonski diagram of Figure 2-2.
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Figure 2-2: Schematic representation of the scattering pathways: (a) Stokes, (b) Rayleigh,

and (c) anti-Stokes.
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As the contributing modes to the scattering pathways are different, the measured intensities
of the pathways are also quite different. The elastic scattering is >10° times more likely to occur
than the inelastic alternatives, meaning the actual Raman photons are extremely rare in
comparison. Furthermore, the intensity of photons generated via the anti-Stokes pathway is much
less than the Stokes pathway; as described, the creation of anti-Stokes photons requires that the
molecule must exist in a vibrationally excited state when the incident photon is impingent. Even
if this excited state is populated, the vibrational ground state will be the most highly populated
state at room temperature, and the Stokes intensity will therefore be far greater than the anti-Stokes
pathway.

The information from scattered photons produces a Raman spectrum that is a characteristic
fingerprint for a given sample. A Raman spectrum is a plot of scattered light intensity vs. energy
(in units of wavenumbers, expressed as cm™) and the peaks that appear on the spectrum represent
molecular vibrations; their position is a direct reflection of the bond strength between particular
groups of atoms. In fact, these positions are often reported as Raman shifts which describes the
magnitude of the shift from the Rayleigh scattered line (hv,) which is positioned at 0 cm™. Because
both the Stokes and anti-Stokes transitions involve the same vibrational level, the absolute
difference between the incident light-frequency and their scattered frequencies is identical.
Therefore, the peaks represented by the Stokes and anti-Stokes Raman photons are symmetrically

distributed about the Rayleigh line.%

36



Anti-Stokes Rayleigh Stokes
| L _—
T I|I

)
o
=}
Py
g
5
L il
=
w
o
[47]
5

M A |

I | I | | I I | I I | I | | I I | I I

-500 400 -300 -200 100 0 100 200 300 400 500

Raman wavenumber (cmq)

Figure 2-3: A Raman spectrum of the mineral realgar (AsaSa) is shown in the anti-Stokes and
Stokes regions. Even though the Stokes photons represent a loss of energy from the incident
light, common convention is to display the transitions on the positive side of the horizontal
axis. The intensity of the Rayleigh line (0 cm™) is suppressed by a holographic filter in the

spectrometer. Reprinted from Reference 93 with permission from John Wiley & Sons, Inc.

Finally, as the magnitude of the Raman shift depends on specific molecular vibrations,
Raman spectra are independent of the excitation wavelength used, allowing for comparison of
Raman spectra collected with different excitation light sources. However, this should not be
confused with the fact that the intensity of the Raman scattering depends on the excitation source
(inversely proportional to A*) and that intensities from different sources cannot be compared as

different wavelengths may stimulate electronic transitions.
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2.4.1 Classical Derivation of the Raman Effect

In all forms of spectroscopy, there is a mechanism by which the incident radiation interacts
with the molecular energy levels. For Raman spectroscopy, the mechanism has its origins in the
phenomenon of light scattering, in which the electromagnetic radiation interacts with a deformable
(polarizable) electron cloud. The previous descriptions have used Jablonski diagrams to depict the
energetic requirements for quantized transitions between various internal molecular states.
However, these discussions do not model the properties of the incident light and how they
influence the Raman effect. The classical approach for achieving this involves treating the
scattering molecule as a collection of atoms undergoing simple harmonic vibrations, while
neglecting the quantization of the vibrational energy. A more appropriate treatment of light
scattering using quantum theory would treat both the incident radiation and the molecule as
quantum particles, and would involve relativistic effects®; such efforts are beyond the scope of
this thesis and the classical approach is outlined.

The incident light is associated with an electric field, and the electric field strength (E) is

expressed by:

E = Eycos 2@yt (2.5)

where E is the time-dependent intensity, E, the maximum amplitude, and v, is the frequency.
When a molecule is placed in such a fluctuating electric field, its electrons are displaced relative
to its nuclei and an oscillating induced dipole (l) is created that will re-emit (scatter) light at the
frequency of the dipole oscillation (v,). The induced dipole moment is proportional to the field

strength:
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u=akFE (2.6)

In this equation, the proportionality constant a is known as the polarizability. In actuality, the
induced dipole is not represented by just one term, but instead by a series of terms. A more general

expression defines the induced dipole as:

u=aE+ BEE+ yEEE + - (2.7)

where p is the polarizability, and B, vy, etc. are known as hyper-polarizability constants. The
magnitude of these components typically drops by 10 orders for each higher-order term, and these
terms are the foundation for other utilities of the Raman effect, collectively referred to as non-
linear Raman spectroscopy. This is beyond the scope of the research presented in this thesis.

Upon substitution of Equation (2.6) with Equation (2.5):

U= aE= aEycos2myyt (2.8)

the induced dipole will scatter radiation of frequency v,.

Now consider that the scattering body has vibrational modes of its own — a normal mode Qy, for

example, with a vibrational frequency of v,. The nuclear displacement created by this mode is

described by:
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Qr = Q) cos2mv,t (2.9)

If the oscillation of this vibration changes the polarizability, the effect can be written as:
a=ag+ ( ) Q) + higher order terms (2.10)
Multiplying by E gives:

= a0E+< )QkE (2.11)

QY
And substituting Equations (2.5) and (2.9) for E and Qy, the expression for pu now becomes:
U= aygEycos2mvyt + EoQk ( 0, ) cos 2mtvyt cos 2mvt (2.12)
Using a trigonometric identity for the product of two cosines, this can be rewritten as:
U= agEycos2mvyt + = EOQk ( ) [cos 2m(vy + V)t + cos 2T (Vy — vy t] (2.13)

The three terms of this equation represent the three major scattering pathways observed in a Raman

spectroscopy experiment: the first term is the elastic scattering (Rayleigh scattering), the second
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term (frequency v, + vy) is anti-Stokes Raman scattering, and the third term (frequency vy — vy)
is Stokes Raman scattering.®! From an experimental standpoint, Rayleigh scattered light has no
information pertaining to vibrational modes within the system, and so it has no spectroscopic
value.

Within a polyatomic molecule, numerous vibrational modes exist. In order for any of these
vibrational modes to be measurable via the Raman effect (i.e., Raman active), Equation (2.14)

shows that scattering can only occur when:
(—) £0 (2.14)

It is therefore evident that the molecule’s polarizability must change during a particular vibration
for it to be considered Raman active.®® Thus, the scattering intensity, all else being equal, is
dependent on the ease with which a molecule’s electron cloud can be distorted. Generally, as the
volume of molecular orbitals increases, polarizability of the molecule also increases.

Once such active modes have been identified, however, it cannot be assumed that each will
have the same intensity of scattered light. The mathematical expression describing the total

intensity of a Raman band with shift frequency v,;;, is:
I =k -Iy(vo — vyp)*a? (2.15)

For molecules of high symmetry, symmetric vibrations that do not distort the molecule are intense

in the Raman spectrum.®? If there are vibrations which do significantly distort the molecule, the
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Raman intensity of the mode is high if the atoms involved in the vibration are polarizable (e.g.,
sulfur or iodine). The intensity of scattered light is also influenced by many external factors, such
as the size of the particle under illumination, the frequency of the incident light, the orientation of

the incident light with regard to a given bond, and the intensity of the wavelength light.%

2.5 General Raman Instrumentation

Having discussed theoretical aspects of the Raman effect, it becomes relevant to understand
the basic components a Raman instrument needs to measure scattered light associated with the
Raman effect. The main requirements are a light source, a dispersion system, and a detector, which

are oriented as shown in Figure 2-4.

Light Source Dispersion Detector
J l System

Sample

Figure 2-4: Simplified block diagram of the main components in a Raman instrument.

The general principles behind each of these main components will be discussed below, with more

technical explanations being beyond the scope of this thesis.

e Light source. Over the last several decades, the driving force behind most improvements

in Raman spectroscopy instrumentation has been addressing the inherent weakness of the
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Raman effect. Not only does the information-rich inelastic scattering occur much less
readily than the Rayleigh scattering, but scattering efficiencies are highly dependent on
molecular cross-sections. To combat these issues, an intense light source is required. In
addition, the stability and power output of the source needs to be taken into consideration.
If the output of the laser is not stable, noise caused by source fluctuation would be
introduced, and if the sample of interest is biological in nature, it would have sensitive
components whose functions are dependent on structural integrity. Important advances in
diode laser research and fabrication have led to instruments that can provide a stable, high

intensity output at wavelengths below the damage threshold for most samples.

Dispersion System. A Raman instrument requires that the source radiation is directed onto
the sample of interest, and that the resulting scattered light is collected into a dispersion
system capable of separating individual wavelengths of light. Such functionality would
allow the less-intense inelastic photons to be distinguished from the Rayleigh photons, but
would also separate the inelastic photons from each other, creating a spectrum that
represents the various vibrational modes of the system. Lenses and filters are crucial at
each step in the process. The laser is usually focused onto the sample using a lens and a
filter with sharp cut-off characteristics, such as a holographic notch filter, is used to reject
the Rayleigh line. For separation of the inelastically scattered photons, a monochromator
equipped with a diffraction grating is used to disperse collected light across a slit for
sequential processing by a detector. This component is also integral in discriminating

against sources of noise such as stray light.
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e Detector: Since very few incident photons cause an inelastic scattering event, the detection
system must be extremely sensitive and able to detect small numbers of photons over the
dark noise background. These are not easy demands and the development of the technique
was hampered because early detectors, such as photographic plates, were unable to meet
these challenges. The most common detector in current instruments is the charge-coupled
device (CCD), which is a semi-conductor capable of measuring impingent photons by
creating a proportional electrical current which can be read (“clocked-out”)® by electrodes
and recorded by a computer interface. The overall sensitivity and quantum efficiency of a
CCD are its major advantages, while its major weakness is a limited spectral window
(several intermediate spectra must be obtained and attached if a full spectral scan is
desired). CCD’s are also often cooled to reduce the dark current formed by spontaneous

(thermal) production of current in the semi-conductor.®’

One development in the field of Raman instrumentation that has seen significant growth in the

last decade is the concept of coupling the spectrometer with an optical microscope (Figure 2-5).
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Figure 2-5: Typical schematic of a Raman microspectrometer. The main components are

present in the system: laser source, notch filter, diffraction grating, CCD detector.

In such a setup, the objective lens of the microscope focuses the laser to a small point on the sample
and then also acts to collect the resulting scattered light. In a confocal microscope setup, the most
common configuration is a backscattered geometry, where scattered light is collected back into the
objective lens. When a high-numerical aperture objective is used, the microscope experimental

setup is able to provide high spatial resolution approaching the diffraction limit.%

All experimental results contained in this thesis were collected with a Raman microspectrometer

represented by the schematic in Figure 2-5.
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2.6 Advantages and Disadvantages of Raman Spectroscopy

Raman spectroscopy offers benefits over more traditional forms of vibrational spectroscopy.

e The ease of adjusting the experimental setup of a Raman apparatus means that spectra can
be obtained from very small samples, whether solid, liquid, or gas, and with little sample
preparation or need for chemical labels.

e Water is a weak scatterer, a crucial advantage making biological systems accessible to
investigations.

e The excitation source of a Raman instrument is monochromatic and can operate at a variety
of wavelengths in the UV to IR regions.

e Specialized variants of Raman spectroscopy exist which are suited for particular
applications (e.g., signal enhancements can be achieved with careful selection of
instrumentation and setup).

e The technique can be applied non-destructively through appropriate selection of the
incident wavelength and power.

e A Raman spectrum is information rich because it is a superposition of all Raman-active
molecular vibrations within a sample and can be used to investigate the sample composition
or as a fingerprint of the sample identity.

e Because it is an optical technique requiring little or no sample preparation, it can readily

be applied remotely, for example, via fiber-optic probes.

The disadvantages of Raman spectroscopy are well-known and their impact has been reduced

extensively over the past few decades through instrument development.
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As previously stated, Raman signals are inherently weak. For every 10° photons generated
through scattering, only one is a Raman photon.®

Fluorescence is the emission of light after an electronic absorption process. Commonly
present in conjugated systems, the light produced from a fluorescence event is
approximately 10° times stronger than Raman scattering. This magnifies the disadvantage
above, though the use of near-IR incident light can help alleviate the problem as
fluorescence is less common at this energy. Unfortunately, as previously mentioned,
Raman intensity is inversely proportional to A* and moving towards the near-IR reduces
the intensity. Another common approach for addressing fluorescence is to “photobleach”
the sample, irradiating it for an extended period to quench the fluorophore.®® This works
well when the fluorescence originates from the matrix, but when the sample itself is
fluorescent, as is often the case in biological samples, photobleaching only functions to
damage the sample.

The intense focused beam from the incident light source can create photochemistry. It is
often important to consider the effects of laser power on a sample (e.g., degradation or
temperature effects) to understand its effect on Raman spectra.

Ambient light or background radiation can easily overwhelm the scattered light produced
by the Raman effect, and for this reason, measurements are regularly performed in a dark

room.
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2.7 Application of Raman to Blood*

On December 10th 1930, C.V. Raman collected the Nobel Prize in Physics for his work
“... on the scattering of light and for the discovery of the effect named after him”. That same day,
and at the same Stockholm ceremony (unusually), Hans Fischer collected the Nobel Prize in
Chemistry for “... researches into the constitution of haemin and chlorophyll and especially for
his synthesis of haemin” and another scientist, Karl Landsteiner, received the Nobel Prize in
Physiology/Medicine for the “... discovery of human blood groups”. In the decades since Raman,
Fischer, and Landsteiner were awarded their Nobel prizes, Raman spectroscopy has become an
established analytical technique and blood collection, blood transfusion, and blood research have
become global enterprises involving many thousands of scientists and clinicians.

Blood is a vital bodily fluid responsible for numerous physiological functions. It is
comprised of a yellow liquid medium called plasma in which a large number of cells, namely red
blood cells (RBCs, also called erythrocytes), white blood cells (WBCs, also called leucocytes) and
platelets (also called thrombocytes), are suspended. Briefly, RBCs transport oxygen and carbon
dioxide between cells and the lungs, WBCs fight disease and infection as part of the immune
system, and platelets are vital for blood clotting and wound healing. The extracellular plasma also
transports various proteins, electrolytes, and clotting factors, and changes in blood chemistry can

be used to help assess the health status of patients.

! The remainder of this chapter has been accepted as a focal point review article:

Atkins, C.G.; Buckley, K.; Blades, M.W.; Turner, R.F.B. Raman Spectroscopy of Blood and Blood Components.
Applied Spectroscopy 2016 (accepted).
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Numerous diseases, such as diabetes, malaria, sickle-cell disease, and even particular types
of cancers, can be characterized by distinct biochemical changes to the composition of blood. For
example, an increase in the concentration of a protein called troponin is a very specific and
sensitive indicator of heart muscle damage such as that which takes place during a myocardial
infarction (heart attack).%® Proper diagnosis of these health problems most often requires the
application of analytical techniques that can be time-consuming and invasive to a patient. As a
result, researchers have used Raman spectroscopy to help characterize blood and its cellular
components. Having the means to measure the status of whole blood, as well as its individual
components, in a rapid and non-invasive manner would provide clinicians with a diagnostic tool

for disease detection and treatment.

The remainder of this chapter is a literature review that will describe the utility of Raman
spectroscopy for the evaluation of whole blood and its various components. The sections listed
below, which include each individual blood constituent as well as a section on whole blood, will
provide a chronological overview of the published applications of Raman in that particular area.
For the most part, research that did not directly utilize blood from a human or an animal (i.e., an
analyte mixed with a single component of plasma, such as the globular protein albumin) was

excluded. The future direction of the field, as well as its limitations, will also be briefly discussed.

2.7.1 Blood Research and Raman Instrumentation

Different variants of Raman spectroscopy have been applied to the study of blood and each
has its own advantages and disadvantages. The variant introduced at the start of this chapter is
conventional Raman spectroscopy (also referred to as spontaneous Raman spectroscopy®°), and

when applied to the field of blood research, the preferred instrumental set-up couples a Raman
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spectrometer to an optical microscope (Figure 2-5) . This set-up is capable of creating high-spatial
resolution and enabling the interrogation of individual cells, through experimental methods known
as optical tweezing and laser trapping. With regard to the exceptional resolution, the technique can
create a contrast from differing molecular compositions allowing the collection of images on the
micron scale based on Raman spectra. To achieve single-cell tweezing, the focused laser beam
creates a gradient force strong enough to trap dielectric objects using only a few mW of excitation
power.

Components that are of interest when it comes to blood (proteins, nucleic acids, lipids, and
carbohydrates, among others) exist in low concentrations, and because the conversion efficiency
of generating Raman photons from the excitation laser is inherently small, the intensity of scattered
photons will be low. Furthermore, these molecular components can exhibit substantial
fluorescence capable of masking the existence of Raman signals. Raman studies involving blood

often involve variants capable of providing Raman-intensity enhancements.

2.7.1.1  Enhanced Raman Spectroscopy

One of the most common enhancements methods for Raman spectroscopy is to use an
excitation wavelength whose energy coincides with an electronic transition. This “resonance
Raman” spectroscopy (RRS) approach improves the scattering cross-section and selectively
enhances (by orders of magnitude) certain features primarily related to the bonds of the molecule
affected most by the electronic transition closest to the frequency of the excitation light. The choice
of wavelength depends on the analyte of interest; for example, resonant enhancement for
hemoglobin occurs with excitation of the Soret band (the S, to S, electronic transition, refer to

Figure 2-1) at approximately 400 nm. RRS has been previously reviewed elsewhere. !
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Another common practice for enhancing Raman signal is with surface-enhanced Raman
spectroscopy (SERS). First reported in the 1970s'%219 SERS functions to enhance Raman
scattering using metallic surfaces or nanoparticles with plasmonic resonance characteristics, with
reports of effective Raman cross-sections being increased by up to 14 or 15 orders of magnitude.
It can be performed either directly (“label-free”, where observed bands are associated with analytes
themselves) or indirectly (characteristic spectrum of the SERS label changes in the presence of
analyte). The field of SERS has grown rapidly since the late 1990s and has recently been
reviewed.%4

Variants of SERS also exist, such as tip-enhanced Raman spectroscopy (TERS)!%, which
combines the sensitivity of SERS with the spatial resolution of scanning probe microscopy. The
Raman enhancement occurs at the tip of a near-atomically sharp stylus, typically coated with gold,
which enables surface characterization and the study of individual molecules with sub-nanometre
spatial resolution. A more recently adapted variant, Surface-enhanced spatially offset Raman
Spectroscopy (SESORS)!%®, combines SERS with spatially offset Raman spectroscopy (SORS - a
technique described in Chapter 5). The advantage of SESORS is the ability to implant a metallic

substrate into a subject and obtain the subsequent chemical information by performing a

measurement through the covering layer (e.qg., skin).

2.7.2  Literature Review of Published Applications
2.7.2.1  Hemoglobin and RBCs
2.7.2.1.1  Isolated Hemoglobin
Hemoglobin, the main constituent of the RBC described in section 1.2.1.3 of the

introduction, is a very strong resonance Raman scatterer due to its highly conjugated heme sub-
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units. Thus, Raman spectra of both RBCs and whole blood are dominated by hemoglobin bands
and hemoglobin spectra were the subject of much of the early work in the field.

From mid-1972, groups from Princeton, NJ, USA (Spiro et al.) and Munich, Germany
(Brunner et al.) began publishing RRS studies of hemoglobin.X®” Spiro et al. reported the first
measurements (568.2 nm excitation)®® from dilute aqueous solutions of hemoglobin derivatives,
and the following month Brunner et al. presented similar Raman results (488 nm excitation) from
dilute hemoglobin solutions. In the latter work it was shown that the spectra of oxygenated
hemoglobin (oxyHb) and deoxygenated hemoglobin (deoxyHb) differed markedly and that bands
at 1220 cm™ and 1360 cm™ shifted upon transition from oxyHb to deoxyHb. It was deduced from
this information that these modes were dependent on the displacement between the iron atom and
the porphyrin group within the heme structure.®® Follow-up work from the Princeton researchers
demonstrated that the hemoglobin spectrum was polarization dependent (Figure 2-6) and

confirmed Albrecht’s Vibronic Theory? of on-resonance Raman spectroscopy.!?

2 Albrecht had theorized that on-resonance Raman had different selection and polarization rules to off-resonance
Raman spectroscopy
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Figure 2-6: Resonance Raman spectra of oxyHb as reported in 1972. The scattering geometry
is shown schematically at the top of the diagram. Both the direction and the polarization
vector of the incident laser radiation are perpendicular to the scattering direction. The
scattered radiation is analyzed into components perpendicular (I+) and parallel (I]) to the
incident polarization vector. The exciting wavelength was 568.2 nm and concentrations ~0.5

mM. Reprinted from Reference 110 with permission from the author.
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Brunner and Sussner published a deeper investigation of the oxygenation states of hemoglobin

and in it they made the following observations:

(1) Nearly all Raman lines of deoxyHb were approximately twice as strong as those of oxyHb.

(2) Three lines at 670, 1376 and 1468 cm™ showed an absolute increase upon deoxygenation.

(3) Three Raman lines of oxyHb (at 572, 1504, and 1636 cm™) were completely missing in the
spectrum of deoxyHb.

(4) The line at 1223 cm™ in oxyHb shifted to 1210 cm™ upon deoxygenation.

(5) The most conspicuous change was the frequency shift of the strongest line at 1376 cm™ in

oxyHb to 1355 cm™ in deoxyHb.

They deduced that the majority of Raman lines arise from vibrational modes involving the C-C,
C=C and C-N bonds of porphyrin conjugated ring structure.*'! In follow-up work, Brunner used
an oxygen isotope to identify a mode assignable to stretching of the iron-oxygen (Fe-O2) bond at

567 cm (Figure 2-7).112
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Figure 2-7: Resonance Raman spectra of hemoglobin, Hb-1*O2 and Hb-'802 at 15°C, pH 7.4,
488 nm excitation. The band at 567 cm appeared when hemoglobin was oxygenated, and
shifted when oxygenated with an isotope. This mode was assigned to Fe-O: stretching.

Reprinted from Reference 112 with permission from Springer-Verlag.

Understanding the nature of the Fe-O, bond was thought to be vital to the elucidation of
oxygen binding in hemoglobin and it became the subject of much work. In 1973, Yamamoto et al.
studied different forms of hemoglobin protein with RRS (441.6 nm excitation) to deduce the nature

of the Fe-O2 bond in oxyHb. Their results showed that iron in oxygenated hemoglobin exists in
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the low-spin ferric (Fe®") state rather than the low-spin ferrous (Fe?*) state.!!® The following year,
Spiro et al. published important work on the spin state of the central iron atom*!* and they later
published a report which described a sample-cell that allowed different forms of hemoglobin to
circulate whilst spectra were being collected (thereby reducing absorption and photo-damage).!®

Similar work continued into the early 1980s, as the Spiro group!®'’ and others!®-122
explored the strength of Fe-O. bonds in ligated hemoglobin-like molecules. Throughout the rest
of the decade, RRS*?% and SERS!24126 were deployed to study these different forms of hemoglobin
and both the spectral and denaturation properties of these systems were thoroughly characterized.
At the end of the 1980s, the Spiro group investigated the dynamics of ligand-binding to
hemoglobin, using time-resolved UV resonance Raman (229 nm excitation). The study, which
looked at carbonmonoxy-hemoglobin, found the transition time from the relaxed state

(oxygenated, R) to the tense state (deoxygenated, T) to be ~20 ps.?’

Raman studies of isolated hemoglobin continued into the 1990s. Ozaki et al. deployed near-
infrared (NIR) Fourier transform (FT) Raman Spectroscopy (1064 nm excitation) to study met-
hemoglobin (metHb), a form of hemoglobin which contains iron in the Fe** state but cannot bind
oxygen.!?® Later, the Spiro group subjected hemoglobin to chemical alterations in sub-unit regions
they suspected to be important to the protein’s quaternary structure (they removed C-terminus
residues from particular amino acids) and used two different RRS excitations (229 nm and 441.6
nm) to show the alterations increased hemoglobin’s oxygen affinity and affected its functionality

(the alterations reduced the protein’s Bohr Effect and its cooperativity).2

Raman analyses of isolated hemoglobin and its many variants'® have led to deeper

understanding of the metalloprotein’s form and function. The oxygenation of hemoglobin has
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continued to be of interest and enhancement Raman techniques other than RRS have been applied.
Coherent anti-Stokes Raman scattering (CARS) acquired quantitative measurements of oxygen
saturation that agreed well with optical absorption analyses,*! and one of the most highly cited
hemoglobin studies was a SERS experiment which obtained spectra from single hemoglobin

molecules attached to 100-nm-sized immobilized silver particles.!3

2.7.2.2 Raman Studies of Intact RBCs
2.7.2.2.1 Intracellular Hemoglobin
In one of the early studies mentioned above, the investigators compared the spectrum of

hemoglobin to the spectrum of intact RBCs and stated that:

“the recorded Raman spectra of erythrocytes were identical to that of oxy- and deoxyHb,
respectively, when we used the original suspension or added a small amount of

deoxygenating dithionite” 1!

In 2001, almost thirty years after the original report, workers at Monash University in
Victoria, Australia used conventional Raman spectroscopy (633 nm excitation) to record the same
oxyHDb (R state) and deoxyHb (T state) spectral features inside single living erythrocytes.®® The
group expanded their efforts in 2002 to include various excitation sources (488 nm, 514 nm, 568
nm, in addition to 633 nm), revealing differences in the spectra (Figure 2-8) that could only be
attributed to enhancement mechanisms associated with pre-resonance of the Soret band (~400 nm)
and resonance around the Q bands (525-575 nm).1® Excitation wavelengths between 400-500 nm

were shown to enhance the totally symmetric Aig modes while excitation between 500-600 nm
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enhanced the anomalously polarized A>g modes and depolarized non-totally symmetric B4 and
B2g modes.** In the years that followed, the Monash workers!®1%¢ and others*"1%® went on to
characterize the cellular oxygenation/deoxygenation cycle; they would publish evidence of heme
ordering within functional RBCs,**® report insights related to intracellular heme-aggregation and
denaturation,'®® investigate the effects of fixation and dehydration on heme environment of
hemoglobin,}#1%2 and use TERS to probe nanoscale oxidation changes on the surfaces of
hemoglobin crystals.}*® This body of work significantly shifted the boundaries of hemoglobin
research with conventional Raman spectroscopy from the isolated protein (i.e., model systems
using commercial lyophilized protein) to the intra-cellular protein (i.e., examination of hemoglobin

in real and living systems).
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Figure 2-8: Raman spectra of oxygenated single erythrocytes recorded using different
excitation wavelengths. The spectra presented are averaged from four spectra of different
erythrocytes under the same conditions. Reproduced from Reference 144 with permission

from John Wiley & Sons, Inc.

Other recent measurements have shown that two different types of hemoglobin molecule

can be resolved inside an intact living erythrocyte (submembrane-hemoglobin and cytosolic
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hemoglobin)*> and that SERS can be used to investigate oxy- and met-RBCs (the SERS spectra
show characteristic heme bands, but also exhibit other prominent bands that may have been
associated with cell membrane components and/or protein denaturation).¢ One of the co-authors
(McNaughton) of the latter study was a member of the Monash group who were responsible for
much of earlier work on the oxygenation/deoxygenation cycle. The following year he was involved
in another SERS study which characterized the interaction between nanoparticles and
hemoglobin/RBCs'#’, and the year after that, he co-authored work on hemoglobin’s non-
fundamental Raman modes!*®; enhanced overtones were observed in spectra of RBCs which,
interestingly, were not found in hemoglobin solutions. McNaughton and another member of the
Monash group (Wood) would go on to publish many Raman studies of pathology in erythrocytes
which are discussed in section 2.7.2.3 below.

In 2015, Raman spectroscopy (488 nm excitation) was combined with atomic force
microscopy (AFM) to image single RBCs from smears of dried whole blood and internal
distributions of Fe?*/Fe** hemes were shown for the first time.'*° The oxidation state of iron is
crucial to proper hemoglobin functionality, and Raman imaging of the smears showed the
existence of hemichrome (a non-functional form of Fe** hemoglobin) on the periphery of RBCs,

while the internal part of the cell existed in an oxyHb state after dying.

2.7.2.2.2  Laser Tweezers Raman Spectroscopy of Hemoglobin and RBCs

In the early 2000s optical tweezers (instruments that capture, hold, and perform very fine
mechanical manipulations on small particles) were combined with Raman spectroscopy to create
a new class of scientific instrument. The new ‘laser tweezers Raman spectroscopy’ (LTRS)

instruments could be used to collect chemically-specific information from cells, bacteria, and
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viruses. The technique allowed much more detailed investigations of hemoglobin and many of the

early demonstrations of LTRS were performed using RBCs as samples.t>01%3

As LTRS technology has matured, it has been used to refine previous studies that had
experienced limitations due to sampling protocols. Dasgupta et al. used LTRS to examine the laser-
induced degradation of hemoglobin inside trapped erythrocytes, where the results demonstrated
increased intensities of the 975 cm™, 1244 cm™, and 1366 cm™* Raman bands “after exposure to 7
mW of NIR light for a few tens of seconds”.'®* These bands were consistent with hemoglobin
existing in an aggregated form, confirming earlier work by researchers from the Monash group.
Ahlawat et al. then used LTRS to examine the ordering of hemoglobin inside the cell. They
observed that particular intensities were dependent on orientation, with the most prominent
intensity change occurring in the band at 754 cm™ (pyrrole breathing vibration). The results
suggested that hemoglobin “must be present in an ordered arrangement, such that the heme-
porphyrin planes are preferentially orientated parallel to the RBCs’ equatorial plane”.*>® LTRS has
become an increasingly important technique in the study of living RBCs, for investigations of
oxygenation within single cells, % and for investigation of the effects of laser-light on RBC
biology.?>%161 LTRS has also been integral for characterizing red cell response to stimulus/stress
(e.g., alcohol-induced denaturation,®? electrical current,'® oxidative stress,'®* and pH-changes!®®)
and has been deployed to compare oxygen uptake of different globin-containing cells.'%® Workers
at the Center for Biophotonics, Science and Technology, UC Davis, who contributed to developing

the LTRS capability, have studied a number of these phenomena,67-16°
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2.7.2.2.3 RBC Membrane

As some investigators were elucidating the form and function of RBC hemoglobin, other
groups were characterizing RBC membranes. In 1972, Bulkin reported a Raman spectroscopic
study (632.8 nm excitation) of human erythrocyte membranes. The spectra of the isolated
membranes (called ‘ghost cells’ due to the removal of all internal components) showed bands at

1110 cm™, 1340 cm™, 1420 cm?, and 1445 cm™ that were attributed to:

“the hydrocarbon chains of the fatty acids, with a possible small contribution from the CH2

groups of cholesterol”.}"°

In the mid-70s, Raman was used to study the protein components of RBC ghosts; the results
suggested that the protein fraction contained 40-55% a-helix with little B-configuration and that
55-65% of the hydrophobic side chain content of the phospholipid were in the ‘all-trans rigid’
configuration. All Raman modes were “assigned to either protein or phospholipid” at 488 nm
excitation, with no suspected contribution from cholesterol.}”* Verma and Wallach shed more light
on the ‘ghost cell’ system over the following years. They identified two strong bands attributable
to conjugated double bond systems’2 (later shown to be carotenoids!™), studied the effects of
transmembrane ion gradients'’*, and investigated the sensitivity of temperature/pH to membrane-
state transitions in the CH-stretching region.!”>’® During the same period, other workers
discovered specific vibrations related to membrane fluidity, peptide-backbone conformation, and

disulfide bonding.”’
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The 1970’s also saw Raman studies (514.5 nm excitation) of intact erythrocyte membranes
and of membranes from which the peripheral proteins had been extracted. The results indicated
that the extraction caused considerable changes in the peptide bonds but had little effect on lipids,
and that secondary structure of remaining intrinsic membrane proteins was modified.!”® Decades
later, the same group published work on the relative lipid and protein contributions to the amide |

band (using 488 nm excitation).17%180

More recently, Li et al. used Raman (785 nm excitation) and chemometric analyses to show
that 30 minutes of exposure to mid-ultraviolet (UVB) radiation could damage RBC membranes.
The data showed a decrease in the amount of a-helix and side-chains (CH2/CHz) while the random

coil conformation content increased.8!

2.7.2.2.4  RBC Cellular Biology

While Raman research into particular RBC components has continued, investigations of
whole-cell erythrocyte biology have also been reported. Raman spectroscopy has been used, for
example, to study the mechanisms associated with RBC ageing.8218% In these studies, cells were
separated by Percoll fractionation (where the lightest 25% were said to be youngest and the
heaviest/densest RBCs were said to be oldest) and subjected to line mapping analysis (514.2 nm
excitation). The intensity of the 1358 cm™ band (assigned in a previous work to the symmetric
half-ring stretch of pyrrole) across the samples suggested that hemoglobin was less uniformly
distributed in older RBCs. The authors stated that, in the older cells, hemoglobin molecules “are
aggregated and attached to the inside cell membrane” which reduced membrane flexibility and

possibly influenced hemoglobin’s oxygenation. The authors also suggested that when hemoglobin
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is bound to the inside of the membrane, “the reactive oxygen species generated in autoxidation are
not efficiently neutralized by the cellular antioxidant enzymes”.1%3

A more recent (2014) study used another variant of Raman spectroscopy (2D Raman
correlation spectroscopy) to investigate age-related disintegration of RBCs. The asynchronous
spectra in the data set (which represent the overall differences in the time behavior) led the authors
to suggest that the heme groups separate themselves from the globin proteins, and the synchronous
spectra (which represent the similarities in the time behavior) suggested that the globin proteins

break-down into individual amino acids. The data also pointed towards metal ion centers being

involved in the disintegration process.'®

2.7.2.25 RBC Transfusion

Described in section 1.3.1 of the Introduction, blood banking agencies obtain whole blood
from volunteer donors, separate the RBCs by differential centrifugation, suspend them in specially
formulated additive solutions such as saline-adenine-glucose-mannitol (SAG-M), and store them
in polyvinyl chloride (PVC) blood-bags at 4 °C until needed for transfusion. Chapters 3, 4, and 5
of this thesis describe research efforts where Raman spectroscopy was deployed to elucidate

changes related to degradation of stored RBCs.

2.7.2.3 Hemoglobin, RBCs, and Disease

Raman spectroscopy and LTRS studies of pathological hemoglobin and RBCs have

become increasingly numerous in recent years.
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2.7.23.1 Malaria

Malaria is caused by a genus of parasites called Plasmodium and is transmitted via the bites
of infected mosquitoes. The parasites multiply in the liver of the human body and then infect RBCs
where they catabolize hemoglobin and produce a waste-product called hemozoin. Each year, more
than 1 million of the (300 to 500 million) people infected with malaria die. The current gold-
standard for malaria diagnosis is the microscopic examination of Giemsa-stained blood smears, a
process that is time consuming and requires trained operators. Raman researchers have targeted
accurate detection of hemozoin as the metric for malaria diagnosis. If hemozoin can be measured,
then it is believed changes to the relative intensity of bands in its Raman signature could open
avenues for Raman spectroscopy to monitor interactions between hemozoin and drug candidates.

Since the 1990s, researchers have been investigating the possibility of using Raman
spectroscopy as an alternative diagnostic tool for malaria. Brémard et al. used RRS to characterize
hemozoin'® and Ong et al. used RRS to characterize infected RBCs.1%187 |t was mentioned above
(section 2.7.2.2.1) that workers at Monash University carried out some of the earliest studies of
intracellular hemoglobin!33136:18 and that in the years since, two members of the team, Wood &
McNaughton, have gone on to do much Raman analysis of pathological erythrocytes. In 2003,
Wood, McNaughton and co-workers reported an enhancement of a particular hemozoin Raman
band (at 1374 cm™) that allowed the food vacuole of a Plasmodium-infected cell to be imaged
(Figure 2-9).1®° The following year, they reported a more detailed Raman study of hematin (the

synthetic analog of hemozoin).1%
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Figure 2-9: Photomicrograph of P. falciparum-infected erythrocytes (late trophozoite stage)

showing the food vacuoles containing hemozoin. The arrows indicate the laser targets,

namely the food vacuole and the surrounding hemoglobin. The corresponding spectra are

compared with synthesized f-hematin. Reproduced with permission from Fig. 2 in Reference

189. Permission provided by Elsevier.
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In 2007 the Monash workers co-authored a study in which acoustic levitation was used to
suspend RBCs and Plasmodium cells in place allowing the measurement of the spectral signature
of hemozoin in infected cells.!® One of the co-authors of that study, J. Popp, had previously been
one of the early workers on LTRS.®2 Popp and his colleagues would go on to investigate hemozoin
morphology with visible light (633 nm & 647 nm)'* and later introduced a fiber-array based
instrument capable of selectively analyzing hemozoin in early stages of malaria infection.** Popp
would co-author many Raman studies on other types of blood-cells, and these are described in the

appropriate sections below.

In 2009 the Monash group combined RRS with partial dark-field microscopy to detect and
diagnose malaria signatures in thick blood films.!*®> Other groups would go on to use Raman to
elucidate hemozoin formation inside malaria-infected erythrocytes; for example, RRS would be
coupled with chemometric analysis to map the spatial distribution of heme species inside the
cells!® and LTRS would be used to compare healthy RBCs with cells that were infected with
Plasmodium vivax.®” In the latter study, spectral changes occurred in bands associated with heme
oxygenation, suggesting a significant fraction of intracellular hemoglobin in the infected cells had

a reduced oxygen-affinity.1%

Having developed a solid foundation for the Raman features of hemozoin, research began
to investigate practical applications. Wood, McNaughton et al. were the first to study the effect of
anti-malarial drugs on the hemozoin spectral signatures. In one study, infected cells were incubated
with the most commonly used drug, chloroquine, and structural changes in hemozoin were
detected with Raman as several bands became less intense in comparison to control cells.*®® In

another study, they demonstrated TERS could potentially be used to analyze drugs binding to the
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hemozoin surface inside the digestive vacuole of Plasmodium cells.!® The TERS spectrum
showed a similar hemozoin spectral profile to RRS in terms of band position, although the relative
enhancement of bands was somewhat different and band shifts were observed.

Raman spectroscopy has most recently been explored in malarial research for achieving
real-time diagnosis. In 2013, conventional Raman (532 nm excitation) was used to monitor the
progression of malaria in mice. The spectral changes in erythrocytes and plasma were followed
over the course of 7 days of infection. Heme-related changes were detected in the very early stages
of infection (as little as one day after Plasmodium infection) and this was meaningful because
existing techniques can struggle in these stages where the parasitemia levels are low (on the order
of 0.2%). Further principal component analysis (PCA) indicated erythrocyte membrane changes
at day 4, when parasitemia levels reached 3%.%%° Detection of hemozoin has also been attempted
with SERS in two ways: mixing silver nanoparticles with lysed blood for a SERS analysis, and
synthesizing the silver nanoparticles directly inside the parasites. Using the first method the lowest
detectable parasitemia level was reported as 0.01% and with the second method, the detection limit

was said to be as low as 0.00005% (approximately 2.5 parasites/pL of blood).2%

2.7.2.3.2  Genetic Blood Disorders

While there are numerous blood disorders affecting the human hematologic system, two
that have been investigated with Raman spectroscopy are thalassemia and sickle cell disease
(SCD). Thalassemia is characterized by abnormal formation of hemoglobin and improper oxygen
transport. LTRS has been used to probe thalassemic RBCs and it has been found that both the
spectroscopic and mechanical properties of the cells are different in comparison to normal

controls.?%? SCD results from a point mutation in a codon of the globin gene (a glutamic acid is
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replaced by valine). It causes RBCs to assume an abnormal, rigid, sickle-like shape and is
associated with a number of acute and chronic health problems, such as severe infections, attacks
of severe pain or stroke. The researchers from Monash University (mentioned above) investigated
sickle cells and determined that their Raman spectra resembled a normal deoxyHb red cell, but
with exaggerated features attributed to hemoglobin aggregation. They were able to image the 1248
cm? band, a prominent feature of aggregation, and visualize the aggregated hemes within the
sickled-cell.*** In 2012, the UC Davis group (also mentioned above) used sickle-cells as
demonstration samples in one of the early reports of LTRS,®8 and they later used the technique to
show that sickle-cells deoxygenated more readily under (optical or mechanical) stress than healthy
control cells.*®® Recently, Raman spectroscopy has been proposed as a tool for quick and accurate
diagnosis of SCD and a clinical investigation has been performed by researchers from Brazil. The
results showed that subtle changes in the polypeptide chain of abnormal hemoglobin could be
discerned from the normal hemoglobin variant, and that the chemometric model designed by the

group correctly discriminated 100% of the samples in each cell class.?%

2.7.2.3.3  Other Diseases and Disorders

The application of Raman spectroscopy as a tool to probe RBCs has also seen utility for
diseases and disorders that have a more convoluted connection to blood chemistry. A 1988 study
compared RBCs collected from seven people suffering from rheumatoid arthritis with seven
controls and used Raman spectroscopy to measure the rapidity of the hemoglobin oxygenation.
The cells from veins of those with rheumatoid arthritis were said to be more oxygenated initially,
but remarkably showed a (statistically significant) tendency to take-up atmospheric oxygen more
slowly.?%* A 2005 study compared RBCs from twelve male patients who had suffered from heart
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failure with RBCs from (younger) control donors. The results revealed patients with heart failure

exhibited:

Q) decreased total content of Hb—ligand complexes, such as O2, CO, and NO
(i) an attenuated number of Hb—NO complexes with preserved Fe—Hb bonds

(iii)  sharp decreases in the amount of Hb—NO complexes with cleaved Fe—Hb bonds

The authors stated that (i) and (ii) strongly suggest oxyhemoglobin content was diminished in heart
failure. They believed that (iii) contributed to the reduced O tissue supply seen in patients with

heart failure.?%®

Raman spectroscopy of RBC components has also been proposed as a new method of
diabetes diagnosis. The envisaged test would be based on the correlation of in vivo hemoglobin
glycosylation with the average concentration of glucose in blood-plasma. In 2010, it was shown
that SERS could be used to detect glycated hemoglobin (HbA1c) at very low concentrations,?% and
in 2014, drop-coating deposition Raman spectroscopy was deployed for the same task.?” That
same year, Lin et al. demonstrated that damaged membrane lipids (e.g., decreased liquidity and
altered phospholipid organization) could be detected using Raman in RBCs collected from diabetic
patients. With the aid of multivariate statistical methods (and analysis of the high-wavenumber
region of the spectrum), they achieved a diagnostic accuracy of 98.8% for differentiating diabetic

from normal RBC membranes.2%®
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Finally, recent Raman studies have investigated heme-proteins from the blood of children
with epilepsy,?®® and metHb has been measured as a clinical biomarker of pathophysiology, such

as nitrite poisoning.?10-211

2.7.2.4  White Blood Cells
2.7.2.4.1  Introduction and General Appearance of Raman Spectrum

WBCs are part of the body’s immune system and are responsible for fighting bacterial,
viral and fungal infections. There are three types of WBCs - monocytes, lymphocytes, and
granulocytes - and together they account for approximately 1 percent of blood cells.

Raman analyses of WBCs began in the early 1990s and many of the early studies were
published by Puppels et al. at the University of Twente. They showed that Raman could be used
to distinguish the WBC nucleus from the cytoplasm (Figure 2-10),2*2 that cytoplasm spectra could
be used to distinguish different subtypes of WBCs,?!* and that carotenoids (an important class of
anti-oxidants) were present in high concentrations at distinct sites in the cytoplasm of specific cell
populations.?** Another early Raman study of WBCs used RRS to detect cytochrome b558, an
enzyme thought to aid the generation of reactive-oxygen species for phagocytosis, in frozen pellets

of neutrophilic granulocytes.?®
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Figure 2-10: The spectra of a single intact granulocytes as obtained by Puppels et al. The
data confirmed the difference between the cytoplasm (spectrum A) and the nucleus
(spectrum B) in the same cell. Spectrum C is from a chromatid of a Chinese hamster lung
cell and functions to confirm the similarity of the chromatid to the nucleus spectrum in B
whose contributions are subsequently confirmed to be mainly DNA and protein. Reprinted
from Reference 212 with permission from Macmillan Publishers Ltd: Nature, Copyright

(1990).

In the 1990’s, WBCs were the subject of further Raman analysis by other groups. It was

reported that the level of carotenoids in one type of lymphocyte decreased with donor-age,?*® that
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both reduced and oxidized forms of important enzymes cytochrome b558 and myeloperoxidase
(MPO) could be distinguished,?!” and that these important enzymes could be elucidated using
Raman (the redox state of both cytochrome b558 and MPO were changed upon cell-activation
which demonstrated that processes inside living neutrophils could be monitored using

Raman).218:219

Raman studies of WBCs continued through the first decade of the 2000s and new
technologies such as Raman mapping?® and LTRS??* were utilized. One of the more prominent
groups in the period were J. Popp and his colleagues at Jena University who combined Raman
techniques with statistical analyses (hierarchical cluster analysis, PCA, support vector machines,
etc.) to rapidly identify various cells in various body fluids (as mentioned in section 2.7.2.3.1, this
group published Raman studies of various types of blood cells, including WBCs). In 2003, they
used fluorescence-labelling combined with Raman microspectroscopy to distinguish subtypes of
WBCs found in cerebrospinal fluid (interference was avoided by “using an appropriate
fluorescence dye and a Raman excitation wavelength [532 nm excitation] far away from the
absorption region of the dye”).??> The group then developed a Raman cell-classifier to create a
protocol that would be capable of identifying the two most abundant WBCs (the neutrophilic
granulocyte and the mononuclear lymphocyte) from one another. This process, which is illustrated
in Figure 2-11 , used Raman imaging to visualize morphological features and achieved an accuracy
of 94% in the validation step. It was able to predict the identity of unknown cells from a completely

different donor with an accuracy of 81% using a single spectrum.??
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Figure 2-11: Morphological characteristics of the different WBCs (neutrophil: A and E,
eosinophil: B and F, monocyte: C and G, lymphocyte: D and H) are displayed visually in the
images presented on the left and averaged Raman spectra of the cytoplasm, nucleus, and

background region are plotted on the right. Reprinted with permission from Reference 223.

The group at Jena are not the only ones continuing Raman studies on WBCs. In 2011, Pully

et al. used time-lapse Raman imaging to demonstrate that carotenoids, lipids, and RNA could be
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tracked in the cytoplasm of live lymphocytes. Using difference spectra (Figure 2-12) they also

revealed photo-induced changes to carotenoid molecules.??*
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Figure 2-12: Plot for the Raman difference spectroscopy results (647 nm excitation) for cell
spectra of first image minus other images showing variations in the carotenoid molecules (a)
image 1 to image 2, (b) image 1 to image 3, (c) image 1 to image 4, (d) image 1 to image 5, (e)
image 1 to image 6, (f) image 1 to image 7, (g) image 1 to image 8, (h) image 1 to image 9 and
(i) image 1 to image 10. As the carotenoid cellular content decreases, the carotenoid bands
increase in the difference spectra. Adapted from Reference 224 with permission from John

Wiley & Sons, Inc.
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2.7.2.4.2  Cancer and Disease

Most Raman studies of diseased WBCs have focused on the discrimination of diseased and
healthy cells rather than on the underlying pathology. The earliest work by Schmidt-Ullrich et al.
in 1975 used isoelectric focusing and Raman spectroscopy (488 nm excitation) to compare cell
membranes that had been isolated from normal hamster lymphocytes and cell membranes that had
been isolated from lymphoid cells (cells lacking granules that had been transformed by the DNA
virus, SV40). The study showed that membranes of transformed lymphocytes differed from those
of normal cells: several defined bands appeared, and two shoulders were replaced by defined
bands, with the general explanation that a greater proportion of aspartate-glutamate residues were

amidated in the membranes of the transformed cells.??

More recently, Popp et al. demonstrated that Raman microspectroscopy (785 nm
excitation) could be used to characterize WBCs, leukemic cells, and solid tumor cells that were
found in peripheral blood and dried on a slide.??®® Aspects of this research were repeated using
aqueous suspensions of the cells and produced comparable results.??” The same group have gone
on to combine optical traps (in microfluidic environments) and Raman microspectroscopy to
improve their classification of peripheral blood cells.??®® Figure 9 shows Raman results (514 nm
excitation) from a dedicated microfluidic glass chip which incorporated functionalities “to separate
cells from a reservoir, trap single cells, and sort them according to the Raman-based classification”.
The results showed that 77 out of 80 OCI-AML3 cells (96.3%), 83 out of 87 MCF-7 cells (95.4%),
25 out of 29 leucocytes (86.2%) and 75 out of 78 BT-20 cells were correctly classified. Similar
discrimination was also achieved in 2011, when a group from Emory University used SERS
nanoparticles to probe cells obtained from the blood of 19 patients diagnosed with cancer of the

head and neck. The spectral analysis was able to differentiate between circulating tumor cells and
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WBCs with high sensitivity, even though the host blood cells outnumbered cancer cells “by 5 to 6

orders of magnitude”.?%°
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Figure 2-13: Mean Raman spectra of WBCs compared to various leukemia (OCI-AML3)
and tumor (BT-20, MCF-7) cell lines measured with a dedicated microfluidic glass chip.
Spectra were background corrected and normalized and the grey region were used in the
statistical analysis by the authors. Reproduced from Reference 228 with permission from

The Royal Society of Chemistry.

In RBC sections above (specifically in sub-sections 2.7.2.2.2 and 2.7.2.3.2) workers at UC
Davis were mentioned in relation to LTRS studies of RBCs. This group (Chan et al.) has also
reported LTRS studies which compared normal and diseased WBCs. In 2006, they were able to

discriminate between unfixed normal human lymphocytes and lymphocytes from cultured cell-
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lines (Jurkat and Raji) that were transformed to model leukemia cells. The spectral differences
were highly reproducible for each neoplastic cell type with characteristic changes in the peaks
associated with DNA and proteins.?® A couple of years later, the study was reproduced using
actual cells from clinical patients, and “the results indicated that, on average, 95% of the normal
cells and 90% of the patient cells were accurately classified into their respective cell types.”?!
Chan et al. have also used LTRS to measure the effect that doxorubicin, a common
chemotherapy drug, had on leukemic lymphocytes at different time points over 72 hours of
exposure.?® The observed changes in the Raman spectra were dependent on drug exposure time
(sampling time-points at 24, 48, and 72 hours) and concentration (0.1 pm and 0.5 pum of continuous
doxorubicin exposure). The spectral changes included intensity changes in lipid Raman peaks, in
DNA Raman peaks, and in phenylalanine peaks. They concluded these features were consistent
with various biochemical responses that were expected to occur during the different stages of drug-
induced apoptosis. This study was later expanded and hyper-spectral Raman images (785 nm) of
lymphocytes were obtained after exposure to doxorubicin with an extra time-point at 96 hours.
These results showed significant differences between the biochemical trends in local and global

changes of the cells, which suggested that valuable information about the entire cell can be missed

if only Raman spectra of localized cell regions are used.?*

2.7.25 Platelets

Platelets are small anucleated cells that are central to blood coagulation, inflammation,
wound-healing, angiogenesis (the development of new blood vessels), and other
pathophysiological processes. The first Raman investigations of platelets and platelet-structure

were reported in the late 1970s when workers in France isolated platelets from whole blood,
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washed them, and put them in a continuous-flow system for Raman analysis (488 nm and 514.5
nm excitations). The spectra exhibited three prominent peaks that the authors assigned to
vibrations of carotenoids, but they were unable to exclude the possibility that the pigments had not
been internalized from plasma.?** A few years later the same research group analyzed the
variations to platelet membrane spectra at eight different temperatures. They claimed that heated
platelet-membrane lipids underwent a double thermotropic-state transition, and that there may

have been a link between the lipid transitions and the carotenoids.?®

For the following three decades the field stagnated and it wasn’t until the mid-2000s that
Okpalugo et al., motivated by an interest in films and biomaterials, used Raman and platelets to
investigate “the effect of changes in microstructure, surface energy, surface charge condition and
electronic conduction on the interaction of human platelets with silicon modified hydrogenated
amorphous carbon films”.%*® A few years later a group from the Guangxi Academy of Sciences in
China used LTRS to collect Raman spectra (785 nm excitation) from platelets derived from

different species (human, pig, rat, and rabbit).23” Their published spectra are shown in Figure 2-14.

Recently, Raman spectroscopy of platelets has become of interest to workers researching
Alzheimer’s Disease. In 2011, Chen et al. isolated and analyzed (633 nm excitation) platelets from
a mouse-model of Alzheimer’s and compared them to healthy controls; notable spectral
differences were revealed in the 740 cm™ band (protein side chain vibration) and the 1654 cm™
band (amide I band of the protein a-helix structure).?*® This research has since been expanded, as
multi-layer perception?®® and an adaptive Gaussian process algorithm?4%24! were used as strategies

for classifying suspect platelets.
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Figure 2-14: Mean Raman spectra of single platelets and tentative peak assignments
(abbreviations: Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan; Pro, proline). Reprinted

from Reference 237 with permission.

2.7.2.6 Plasma and Serum

As mentioned above, over 50% of the total volume of blood is plasma, a mildly alkaline
aqueous fluid in which the cells are suspended. Plasma is mainly water but it also contains
dissolved proteins (e.g., albumins, globulins, fibrinogen), clotting factors, and other metabolically-
relevant compounds (e.g., electrolytes, hormones, antibodies, etc.). When the fibrinogen and
clotting factors are removed from plasma, the simplified liquid is called serum. Molecular analysis

of blood plasma/serum can potentially offer insight into metabolic processes occurring in the body
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and there is growing interest in using Raman spectroscopy to develop molecularly-specific,

accurate, and reusable plasma/serum sensors for diagnostic and monitoring purposes.

2.7.2.6.1  Screening for Metabolites and Other Chemical Species

The earliest interrogation of blood plasma using Raman spectroscopy was performed by
researchers from the University of Goteborg in 1974. They discovered strong Raman scattering
bands (514.5 nm excitation) in plasma from healthy patients at 1160 and 1520 cm, and assigned
the bands to resonance-enhanced conjugated systems of C-C single and double bond stretching
vibrations. They also probed plasma from patients that had been suffering from various medical
conditions (various forms of bacterial, viral and fungal infections, and various forms of cancer)
and found many of those spectra to have more intense fluorescence backgrounds than the healthy
samples.?*? In 1976, researchers located in New Jersey, USA suggested that the Raman bands in
plasma were associated with carotenoids (Figure 2-15),2* and a decade later (488 nm excitation),
the assignment was confirmed with a larger cohort of patients who had been diagnosed with a

range of cancers (e.g., malignant tumours and also patients in remission).2**
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Figure 2-15: Early Resonance Raman (514.5 nm excitation) work showing enhanced
vibrational spectra of a) blood plasma (heparin, subjects fasted 12 h), b) petroleum ether
extract of alcohol-denatured blood plasma in chloroform, and c¢) p-carotene in chloroform.
Reproduced with permission from Fig. 1 in Reference 243. Permission provided by

Elsevier.

The use of Raman spectroscopy to screen for metabolites was dormant for much of the next

decade until technological developments brought the field back into focus. In the mid-1990s, Ozaki
82



et al. attempted to address the fluorescence background problem from plasma by utilizing the
chromatic aberration of a lens (514.5 nm excitation) to collect anti-Stokes Raman spectra.?* This
approach produced the same strong carotenoid bands as previously described, and, after adding
glucose artificially to both plasma and serum, the researchers used the intensity of a band at 1135
cm™ (due to the C-O stretching mode) to estimate glucose concentration. From this time onward,
there has been a concerted effort by many groups to measure plasma metabolites at physiological

concentrations.

In 1999, two groups investigated human sera from >60 individual donors to predict
concentrations of relevant metabolites with the aid of a multivariate model. Qu et al. collected
Raman spectra (785 nm excitation) to predict the analyte concentrations of total protein, albumin,
triglyceride, and glucose,?*® and Berger et al. generated Raman spectra (830 nm excitation) to
analyze concentrations for glucose, cholesterol, triglyceride, urea, total protein, and albumin (in
both of these studies, experimenters removed macro proteins that masked subtle features in their
analytes).?*’ Researchers in Germany made the next advance when they measured the
concentrations of eight analytes in serum from a pool of 247 donors.?*324° Berger et al. later
implemented a liquid-core optical fiber geometry (830 nm excitation) to enhance the Raman signal
from serum and urine samples by 1 to 2 orders of magnitude.?>® Another study attempted to avoid
the protein-removal step by concentrating spots of the plasma as dried drops; they attempted to
quantify fibrinogen and obtained results that were comparable to the traditional gold-standard

fibrinogen assay.?!

The strong fluorescence interference and the inherently weak Raman signals from the

lower-concentration components of plasma would always place limits on what could be achieved
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with conventional Raman spectroscopy, and in the 2000s research began a shift towards
enhancement techniques. At the forefront of this work was the group of R. van Duyne at
Northwestern University who developed a glucose sensing platform that consisted of a
functionalized SERS-active substrate (785 nm excitation).?®? Their preliminary experimental
approach demonstrated the potential for quantitative glucose measurements in the presence of
bovine serum using the 1462 cm™ line.?>® The next step involved implanting their substrate inside
a living animal and verifying if the platform could provide quantitative accuracy in vivo.?®* Using
Sprague-Dawley rats and a new Raman technique known as SESORS, which combined the
enhancement of SERS with the depth profiling of SORS, the researchers demonstrated that their
platform provided consistent and stable Raman measurements of glucose when implanted and
surrounded by interstitial fluid. The SESORS approach eliminated the need to remove the platform

from the rat and allowed direct detection of glucose with high accuracy.?®

The potential for Raman-sensing of glucose makes it an attractive target for scientific

enquiry but other metabolites have also been investigated:

1) In 2005, Stosch et al. applied SERS (514.5 nm excitation) with silver colloids to
quantitatively determine creatinine, an endogenous degradation product of muscle
metabolism and a marker for proper kidney function, in human serum. The addition of pure
unfiltered serum to the pre-aggregated silver colloid did not produce characteristic
creatinine bands in the SERS spectrum due to interference from proteins.?®

2) In 2008, Stokes et al. reported a SERS study of blood serum spiked with folic acid. This

vitamin is involved in many biosynthetic processes and related to disease processes, such
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3)

4)

5)

as certain birth defects, and the experiments showed the potential quantitative Raman
(514.5 nm excitation shown to be optimal) detection.’

Widely used as an indicator of muscular tolerance during exercise, lactic acid is difficult
to detect at physiological concentrations with traditional Raman spectroscopy.?*® In 2009,
Hsu et al. used silver nanoparticles for a SERS measurement to identify and quantify this
metabolite, which was demonstrated with sensitivity below physiological concentrations.
Once again, interference from non-specific adsorption dominated unless pure human serum
was used.?>

A protein native to blood plasma, called C-Reactive protein (CRP), is used as a clinical
biomarker of bacterial infection and tissue damage. When inflammation occurs, the
concentration of CRP circulating in the blood rises; in 2009, researchers from the
University of Southern Denmark acquired Raman spectra of CRP (785 nm excitation) and
measured the concentration of CRP in blood plasma from 40 donors.?%°As is common in
the complex plasma mixture, other proteins interfered with the ability of Raman to provide
specificity for a particular component. In this study, however, the authors concluded that
CRP could be differentiated from the varying plasma background with the assistance of a
multivariate model.

Researchers in Boston, USA sought to characterize the Raman activity of human blood and
its components. One key variable investigated in their experiment was the time dependence
of their SERS spectra, and how this data compared with non-SERS spectra. Without the
need to isolate or quantify a particular analyte, the researchers did not subject the plasma
to filtration prior to analysis, but did allow time on the solid-SERS support for the plasma

drop’s volume to be reduced from evaporation. The results demonstrated that over a period
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of 24 hours after sampling, the SERS spectrum of plasma became dominated by the

signature of hypoxanthine, a well-known purine degradation product.*4®

Despite the promising results obtained from SERS experiments on analytes in blood
plasma, most were proof-of-principle and only demonstrated the possibility of detecting an analyte
that was artificially-spiked with the analyte. In 2014, a study on the shortcomings of SERS
discussed the lack of published information on: (1) the effect of sample processing (e.qg., filtration)
and experimental parameters (e.g., excitation wavelength, metal colloid, etc.), (2) the comparison
of serum with plasma, and (3) the spectral variability between individuals. They concluded that
SERS spectra of both filtered serum and plasma were dominated by two highly-variable
metabolites, uric acid and hypoxanthine, and that the inherent problems with reproducibility had

profound consequences for the field.?%

2.7.2.6.2 Cancer

A number of Raman studies have sought to identify, classify, and even quantify biomarkers
that may provide information about various forms of cancer. In 2007, researchers based in Mexico
investigated serum samples from 23 patients (11 diagnosed with breast cancer and 12 healthy
controls) using Raman microspectroscopy (830 nm excitation) and multivariate statistical
methods.?%? The Raman spectra of the diseased samples and healthy controls were similar but had
slight peak shifts and differences in peak intensities; the researchers were able to identify seven
ratios of band intensities that appeared significant, and they assigned these ratios to represent
proteins, phospholipids, and polysaccharides. Scatter plots from their multivariate analysis,

however, did not show a clear discrimination between diseased and healthy patients as the number
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of samples was too small. The same methodology was used later for other types of cancers, such
as leukemia®®, head & neck cancer,?®* and cervical cancer?®, and the preliminary results were
similar with a reported improvement in class discrimination as presented by a multivariate

analysis.

In recent years, C. Murali Krishna et al. from the Chilakapati Laboratory in Mumbai, India
have carried out a series of Raman studies using plasma for the investigation of cancer. In 2013,
they obtained serum from 40 patients with tongue cancers and compared it with 16 healthy control
samples. They observed differences in the bands associated with nucleic acids (the differences
suggested an increased cell-free DNA presence) and a decrease in the amount of B-carotene for
patients in the cancer group.2%® In 2015, they repeated the study using a larger subject cohort (328
donors, 785 nm excitation) and an added dimension of evaluating the serum for the detection of
premalignant chemical conditions.?®” Another 2015 study from the group investigated the
feasibility of discriminating between serum from patients suffering from malignant tumors who
had endured a recurrence of their cancer post-surgery and serum from patients suffering from
malignant tumors who had not. While the spectra reported negligible pre-surgery differences
between serum from recurrence and non-recurrence patients, the post-surgery spectra revealed
measurable differences. These changes were attributed to DNA and variable protein content in the

groups.2%®

Researchers from Guangdon, China have carried out similar Raman work regarding cancer
detection in plasma. They used the drop-coated deposition technique on plasma from patients with
colorectal cancer (15 patients) and from normal healthy controls (21 volunteers). The Raman data

(785 nm excitation) suggested an increased level of cell-free DNA and a decreased level of -
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carotene in the cancer group, similar to that reported above. Two mechanisms have been proposed
to explain these increased nucleic acid levels in cancer patients’ blood (apoptosis/necrosis, or
release of intact cells in the bloodstream and their subsequent lysis), while a diminished -carotene
was in agreement with previous reports which suggested a deficiency of anti-oxidant species is an

important risk factor for the progression of pre-cancer to cancer.?%®

The studies of plasma and serum described above were completed using conventional
Raman techniques; SERS has also been used in a number of laboratories to tackle similar problems.
In 2010, researchers from Fujian Normal University of Fuzhou, China published the first SERS
analyses (785 nm excitation) of blood plasma for cancer detection.?’® Silver nanoparticles were
directly mixed with blood plasma from 76 samples (43 samples came from patients with
pathologically confirmed nasopharyngeal carcinomas and 33 from healthy volunteers) and the
SERS spectra showed distinct variation between the two patient groups for a variety of bands,
while PCA scores were compared to demonstrate the potential for discrimination. In the years that
followed, the same group published more studies of nasopharyngeal cancer (NPC)?"! and
numerous other SERS studies which took the same exploratory approach towards the detection of
different types of cancers, including gastric cancer?’>2’4, colorectal cancer?>2, and cervical
cancer.2’”” SERS spectra obtained from the 2014 NPC study (Figure 2-16) demonstrated that
different tumor (T) stages in NPC have distinct spectral differences. A repeated observation in all
of their studies, regardless of the type of cancer, was that the SERS band at 725 cm™ (assigned to
the C-H bending mode of adenine) was higher in cancer serum than in normal serum, suggesting

abnormal metabolism of DNA bases in the serum of cancer patients.
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Figure 2-16: (a) Normalized mean SERS spectra of blood plasma from 60 normal, 25 early
stage nasopharyngeal cancer (T1) and 75 later stage nasopharyngeal cancer (T2-T4)
patients. (b) Difference spectra calculated from the mean SERS spectra among the three

groups. Reproduced from Reference 271 with permission from Macmillan Publishers Ltd:

Scientific Reports, Copyright (2014).
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Another group of researchers from China, at Sichuan University in China, similarly used
SERS (633 nm excitation) to discover that the intensities of peaks assigned to nucleic acids and
proteins increased in the serum spectra of patients with parotid gland tumors compared to serum

spectra from normal healthy controls.?’

2.7.2.6.3  Other Diseases

Raman spectroscopy has been used to probe plasma/serum samples from patients with
various other types of disease. In 2006, Popp et al. used UV-RRS (244 nm excitation) to study the
cryoprecipitated human plasma of patients with thrombotic microangiopathy, a pathology that
results in thrombosis (formation of a clot inside a blood vessel).?”® At the selected wavelength,
Raman signals of aromatic amino acids and proteins were selectively enhanced and the study
demonstrated variations in the intensities of bands at 1551 c¢m™, 1615 cm?, and 1650 cm™
(associated with the amide 11 vibration, in-plane stretching vibrations of aromatic amino acids, and
the amide | vibration, respectively). While classifying the two groups using hierarchical cluster
analysis was possible, the contribution of lipoproteins to two of these bands raised questions about
the effect of sample processing on the plasma as lipids should not have been present in the
cryoprecipitated mixture. Almost a decade later, the same group tested Raman spectroscopy of
dried plasma (785 nm excitation) as a method for discriminating between bacterial (sepsis) and
non-bacterial inflammatory responses (samples from 70 individuals, 31 in former group, 39 in the
latter).28% The average spectra from both populations appeared very similar, but when multivariate
statistical methods were applied the patient data could be separated, and the authors concluded that

there was high potential to distinguish these populations.
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Raman spectroscopy of plasma has also been developed to detect dengue fever and malaria:

Dengue fever is caused by a virus that enters the body through the bite of an infected
mosquito. It binds itself to WBCs and replicates within the cells. In 2012, researchers from
Pakistan published a preliminary Raman study (442 nm and 532 nm excitations) that
compared normal dried serum with dried serum from a dengue patient.?®* Dengue serum
showed two peaks at 1614 and 1750 cm™?, assigned to the presence of immunoglobulin
(1g) G and IgM antibodies. The same group extended their Raman work in 2013 (532 nm
excitation) and again in 2016 by including more serum samples and including a
multivariate analysis for spectral discrimination. Carotenoid bands in the dengue-infected
blood sera disappeared, implying that anti-oxidant protection for cell membranes is
diminished. Their discrimination model was tested for six unknown human blood serum
samples and produced 100% accuracy in accordance with clinical results, 82283

Malaria is caused by Plasmodium parasites and transmitted via mosquitoes. As described
above (section 2.7.2.3.1), most Raman studies of malaria seek to describe the infected
erythrocytes, an approach that requires time to scan or image an entire blood smear. The
alternative to this traditional approach is to use Raman spectroscopy to measure plasma or
serum which has the advantage of measuring malaria-specific changes against a
background that is hampered by less background from cellular hemoglobin. One study,
which was previously mentioned above, produced results from malaria-infected plasma
that did not show a clear trend with respect to time after infection.?®® A more recent study

compared spectra from plasma of patients infected with malaria to those infected with
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dengue fever. The results showed a Raman line associated with [3-carotenoids to be present
in healthy patients, but that its intensity decreased substantially in the case of malaria and

completely disappeared in dengue-infected samples.?8

Other diseases or conditions that have been studied using plasma include brain ischemia
(insufficient blood flow to the brain)?8>2% hepatitis C (disease of the liver)?®’, pemphigus vulgaris
(skin disease)?®®and preeclampsia (a condition that can occur during pregnancy).?®® Early
investigations of plasma in asthma (lung inflammation)?®® and Alzheimer’s disease (form of

dementia)?®*?%2 have also been performed.

2.7.2.7  Whole Blood
2.7.2.7.1  Introduction and General Appearance of Raman Spectrum

To the first approximation, a unit volume of human blood comprises ~50% plasma (which
is mostly water and thus has a very weak Raman spectrum), 40-45% RBCs (which are, in turn,
mainly composed of highly scattering hemoglobin) and the remainder is WBCs/platelets. Thus,
with ~150 g of hemoglobin in each litre of whole blood, it is no surprise that the metalloprotein
dominates the Raman spectrum and makes analysis of other chemical species difficult.1?8

This fact has not deterred workers from undertaking Raman analysis of whole blood; in
1992 Ozaki et al. used FT-Raman (1064 nm excitation) to obtain a spectrum of whole blood and
compared the result to that of coagulated (via laser irradiation) whole blood. The spectra showed
that the amide I band had shifted, an indication that hemoglobin was denatured (a-helix structures

becoming random coil structures).*?® In 1997, related work by Schrader et al. would demonstrate
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the obvious similarities between Raman features of whole blood and those of erythrocytes (Figure
2-17).2%8

Ozaki and colleagues would later use three separate excitation wavelengths (514.5 nm, 720
nm, and 1064 nm) on samples of whole blood and isolated hemoglobin to determine that the 720
nm excitation yielded strong Raman scattering of carotenoids and protein. The wavelength was
also shown to give a Raman spectrum of the heme-chromophore, free from florescence
interference.?% Later work (785 nm excitation) by another group would conclude that dried whole
human blood produced spectra with features exclusive to oxyHb, and that hemoglobin
aggregation/denaturation would occur if stimulated with an excitation power over 2 mW. The
bands associated with these laser-induced effects in whole blood agreed with similar
aggregation/denaturation bands assigned by previous research groups in samples of isolated

RBCs.2%®
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Figure 2-17: Raman spectra (1064 nm excitation) from blood constituents. Reproduced with

permission from Fig. 8 in Reference 293. Permission provided by Elsevier.

As mentioned above (section 2.7.2.6.1) the detection and monitoring of glucose in blood
has been a prime target for many scientists because of its importance to diabetes medicine. One of
the pioneers in the Raman-detection of glucose in whole blood was MIT’s Michael Feld. In 1997,
his team reported on the feasibility of using Raman (830 nm excitation) to determine spiked
concentrations for above-physiological glucose levels in whole blood.?*® This work was developed
so that the superimposed bands of the analyte could be resolved (preliminary processing of the
spectra, with no correction for turbidity, produced significant prediction accuracy for four of six
analytes but not for glucose, and these spectra had a lower signal-to-noise ratio than the same

analysis performed in serum).?*” A 2002 report described an optimized Raman measurement for
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turbid samples and showed the first quantitative observation of multiple analytes (including

glucose) in whole blood.?’

The whole-blood studies described to this point mainly utilized conventional Raman but
recently some of the more specialized techniques have also been used in the field. In 2008,
researchers from Princeton, New Jersey utilized CARS to record Raman lines associated with
RBCs from oxygenated blood and the identified vibrational modes were in very good agreement
with previously published data. As is the case for CARS work, the actual shifts for the Raman
lines were preserved, while the relative intensities in the CARS spectra differed from the
spontaneous analog. The use of CARS, however, meant that spectra could be recorded very quickly
and there was no need for microscopy setups, isolation of RBCs, chemical preparation, or long
integration times.?®® In 2011, a SERS analysis of whole blood was reported by researchers in Italy.
Their work showed that conventional Raman and SERS favored different bands at different
excitation wavelengths (B-carotene at 514 nm excitation and hemoglobin at 785 nm excitation), so
one could selectively probe either -carotene or hemoglobin bands at 514 nm depending on
whether SERS conditions were created (i.e., hemoglobin markers showed up in SERS case at 514
nm excitation).?®® Similar phenomena were reported in 2012, when Premarisi et al. showed that
the SERS spectrum of whole blood had a storage time-dependence that was not evident in the

conventional Raman spectroscopy of whole blood.4

2.7.2.7.2  Forensic Science
Raman spectroscopy of blood has not been solely concerned with the biochemical,
biological and medical domains, as it has also been developed as a forensic tool. In 2008,

researchers from Belgium used Raman to analyze miniscule particles of coagulated blood that had
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been collected with a standard crime-scene tape-lifting technique. They compared four different
excitation wavelengths (488 nm, 514.5 nm 632.8 nm, and 752.6 nm); each had had different
enhancements but none could provide a spectral differentiation between blood particles of human,

feline, or canine origin.3®

That same year, Igor Lednev and his coworkers published a spectrum of dried whole blood

at 785 nm excitation, 3!

followed by a demonstration that multivariate analysis could be used to
differentiate human, feline, and canine blood within a confidence interval of 99%.%°? The study
was later repeated on a larger scale with blood from 12 animal species.* In 2010, the same group
showed that spectra obtained from multiple spots on the same dried sample were chemically
heterogeneous and that the relative contribution of the dominant hemoglobin and fibrin bands
varied with each donor.3* The assignment of certain bands to fibrin was later revised**® as more
was learned about the effect of intense laser exposure.?®® After understanding of the chemical
heterogeneity of blood spatters increased, Lednev et al. proposed that multi-dimensional Raman
measurements be attempted3® and in 2012 they used the technique to discriminate between dry
samples that contained mixtures of human blood and semen. With their multivariate algorithm,
mixtures with blood content higher than 80% could not be distinguished from pure blood, while
5% blood in a mixture resulted in a Raman spectrum distinguishable from the spectrum of pure

semen®®’ (later studies would report on the successful discrimination between dry samples of

peripheral blood and menstrual blood,* and also between races®®).

Raman analysis of blood is affected when the spatter dries on a non-ideal substrate such as
fabric. Bodily fluids are weak to moderate Raman scatterers and often the substrates can contribute

can contribute a dominant Raman or fluorescence signal.3!® Lednev et al. proposed solutions to
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this problem (such as varying the excitation laser source and selecting the wavelength that
produced the least luminescent for that particular substrate)®'! and they reported statistical methods

for reducing the interference.3!2

In 2012 Boyd et al. reported a study that showed SERS substrates can be used as swabs to
collect blood at a crime scene and they demonstrated a sensitivity comparable to traditional
chemical-based identification techniques.™® While the researchers state this approach qualifies as
non-destructive, Lednev and colleagues have avoided resisted the addition of metal nanoparticles
to their samples.** In 2012, a case of Raman spectroscopy being used in a murder investigation
was reported by Janko et al.; they identified hemoglobin in a tissue sample excised from Otzi, the
5,300 year old ‘Iceman’ whose preserved remains were found near the border of modern-day

Austria and Italy in 1991.3%

2.7.2.7.3  Disease Detection

Detection of disease using Raman analysis of whole blood is the obvious goal for many of
the studies outlined above (e.g., 2.7.2.3, 2.7.2.6.2, etc.). Some researchers have gone directly to
whole blood and used non-standard techniques to isolate compounds of interest. In 1999,
researchers at the University of Wyoming implemented a SERS assay that used an analyte-specific
reactive coating to trap the molecule of interest and then preform SERS (632 nm excitation) to
selectively enhance its spectrum. Their approach required less time and effort than standard
processing of whole blood and enabled bilirubin and salicylate to be probed within the blood

(compounds associated with jaundice and poisoning).3t®
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In 2004, whole blood from scrapie-infected sheep (a fatal, degenerative disease that affects
the nervous systems of sheep and goats, related to BSE or ‘mad cow disease’) was collected and
processed (subjected to centrifugation and osmotic shock) to produce pellets rich in pathogenic
prion proteins. These pellets were analyzed with Raman spectroscopy (1064 nm excitation) and
the data from 31 infected sheep were shown to be statistically different than those from 150 healthy

controls (no features attributable to B sheet content were present in the controls).3!

In 2011, researchers in Taiwan created SERS-based (632 nm excitation) multi-functional
biochips (silver nanoparticle substrates coated with vancomycin) for rapid detection of micro-
organisms in blood samples spiked with clinically-relevant bacteria. However, this method was
hampered by the necessity for chemical-immobilization on the SERS-active substrate, long
incubation time, and repeated wash steps to remove non-specifically bound cells.3’ A later study
coupled a compact hybrid electrokinetic mechanism (to exclude blood cells from the matrix) with

a SERS-chip substrate to address these disadvantages.3®

2.7.2.7.4  In Vivo Raman Analysis of Blood

If the Raman analysis of whole blood is the end-goal of many of the studies described
above, then the ultimate end-point for many of them must be the Raman analysis of whole blood
in vivo. For example, the development of a non-invasive, transcutaneous glucose monitor would

eliminate the need for diabetics to have blood sampled multiple times a day.

Thus far, hemoglobin and various blood metabolites, such as glucose, have been the two

areas in literature that have been featured for in vivo measurements:
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Hemoglobin: Some of the earliest work on in vivo whole blood Raman analysis was reported by
Chaiken et al. in conference proceedings of the SPIE. The work involved the application of
physical pressure to the fingertip (to produce an “un-squeezed” state, blood flow — normal, and a
“squeezed” state, blood-flow — altered), and Raman probing of the skin (785 nm and 830 nm
excitation). The spectral differences found from the tissue modulation weren’t assigned to
chemical species, but the analysis was performed on diabetic patients and said to be capable of
measuring physiological variations in glucose.®'*3% |t was later shown that this approach was

321,322

highly sensitive to an individual’s peripheral microcirculation and the test subject’s

hemoglobin concentration.3?

Much of the early work on the in vivo analysis of hemoglobin-oxygenation for surgical
applications was carried out by Torres Filho et al. They reported the utility of UVRRS for the
simultaneous identifications of oxyhemoglobin and deoxyhemoglobin in the microvessels of a
living rat using a single excitation wavelength (406.5 nm in one study,®?* and 532 nm in
another®?®). When the rat’s hemoglobin saturation (as measured by a commercial oximeter) was
<1% (deoxygenated) or >98% (oxygenated), a single Raman peak was observed. For intermediate
levels of saturation, the spectra showed two clearly defined hemoglobin peaks in the 1,350-1,400
cmL. These observations were consistent with the very first Raman studies of hemoglobin carried
out by Spiro, Brunner, etc. and outlined above (section 2.7.2.2.1). Torres Filho and colleagues
continued this work (using the sublingual mucosa of rats) and published the first pilot study of
RRS (406.5 nm excitation) to track microvascular hemoglobin oxygenation in tissue during
hemorrhage (Figure 14) and resuscitation.32632" The technique compared well with other important
indicators of tissue oxygenation, such as central venous oxygen saturation and lactate

concentration, among others. It was concluded that the ability to determine hemoglobin saturation
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depended on the amount of tissue present in the light path, and that the optical signal would be too
weak to be detected if the layer was too thick. Other investigators have also tackled the challenge

of attempting in vivo measurements of blood.
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Figure 2-18: Sample resonance Raman spectra of one animal showing the dynamic changes
in the deoxy and oxyhemoglobin spectral peaks in response to hemorrhage. Note the
progressive changes in the deoxy- and oxyhemoglobin spectral peaks in relationship to each
other indicating a greater percentage of deoxyhemoglobin as hemorrhage progresses.

Reprinted from Reference 326 with permission from Wolters Kluwer Health, Inc.
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More recently, Shao et al. used optical tweezers (785 nm) to capture single RBCs in the
microvessel of a mouse ear; their data relied on well-characterized hemoglobin modes which
indicated RBCs in arterioles were oxygenated, while those in the capillaries of venules were
deoxygenated.3?® Their next paper expanded on this work to involve glucose measurements, as
direct spectral evidence of its presence was indicated by a characteristic peak at 1125 cm™. Using
the concentration of hemoglobin as an internal standard, the impact of complexity (i.e., diversity
of both tissues and individuals) was reduced and clearly showed a relationship between Raman

intensity and glucose concentration in the mice’s blood.3?

Metabolites: One early in vivo study of blood metabolites saw researchers from Brazil
inject a rat with 1 mL of a concentrated lactic acid aqueous solution (120 mM) and use an optical
fiber cable to detect the Raman spectrum of the analyte through the skin of the rat groin.?®

It was outlined above (section 2.7.2.7.1) how, in the late 1990s and early 2000s, Feld et al.
used Raman to measure detect analytes (such as glucose) in whole blood. In 2005, three years after
their last in vitro study was reported, the same group reported the first successful study of Raman
spectroscopy (830 nm excitation) for quantitative, non-invasive measurement of blood glucose
from the forearms of 17 healthy human subjects. In order to measure glucose concentrations in
human skin, it was necessary to sample the innermost skin layer; the penetration depth of 830 nm
excitation light was shown to be sufficient for this as the Raman spectra collected from the
forearms were dominated by collagen (the major component of dermis). The underlying
subcutaneous fat was also sampled, as the second largest contribution to the data was shown to be
from triglyceride.3® Feld et al. found that their attempts to translate Raman spectroscopy to clinical

settings were impeded by the lack of robust in calibration models and the complexity of the
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blood/tissue spectra. It became clear that in order to tackle these problems and extract useful
information, multivariate analyses of the data were needed. Furthermore, in addition to the generic
problems associated with multivariate data analyses (system drift, covariations between
constituents, overfitting, etc.) blood applications were limited by variations in sample turbidity. In
2009, they presented turbidity-corrected Raman spectroscopy (TCRS), a technique that required
alternate acquisition of diffuse reflectance and Raman spectra and corrected for intensity and shape

distortions.3!

In 2011, in what were now posthumous publications for the group-leader, a revised version
of TCRS was reported which incorporated residue error plot-based wavelength selection and
nonlinear support vector regression (SVR). In these experiments, wavelength selection was used
to eliminate un-informative regions of the spectrum (and thus reduce the collection time of Raman
acquisition), and the SVR was used to model the curved effects such as those created by tissue
turbidity and temperature fluctuations.3? The following month, it was reported that an adapted
instrumental set-up had been used to collect Raman spectra (830 nm excitation) had been collected
from the hands (thenar skin fold) of 18 human volunteers in transmission mode. The subjects
ingested a glucose-rich beverage to induce changes in blood glucose levels and the spectral
quantitation was shown to compare well with glucose levels measured using conventional finger-

stick glucometers.33

2.7.2.8  Conclusions and Future Directions
This literature review has described the utility of Raman spectroscopy for the evaluation
of blood components and whole blood. It was shown that the earliest work in the field was

associated with the structural characteristics of hemoglobin (e.g., its degree of oxygenation and
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the oxidation state of its iron atoms) and that this work laid the groundwork for RBC studies over
the following decades. These RBC studies would show the potential of Raman for real-time
monitoring of oxygenation and deoxygenation, for elucidating the effects of storage on
transfusable RBCs, and for the detection of disease (e.g., sickle-cell disease, metHb, etc.).

The earliest Raman work on WBCs characterized cell composition of various cell sub-
types (major components identified were carotenoids, enzymes, lipids, and nucleic acids) and
explored the intracellular distribution of substances within the nucleus and cytoplasm. The most
effective procedures seemed to have involved laser trapping and multivariate analyses; such
reports demonstrated “Raman-based cell classifiers” that were capable of sorting WBCs from one
another, and more importantly, from deleterious cells such as tumor and cancer cells.

The chemical composition of plasma (and serum) has received considerable attention from
the Raman community due to its inherent utility as a barometer of the body’s health. The earliest
results showed the ability to detect relevant metabolites (glucose, cholesterol, triglyceride, urea,
total protein, albumin, lactic acid, etc.) and more recent work has focused on resolving relevant
biomarkers (nucleic acid and carotenoid intensity changes in cancer patients) using multivariate
models.

Raman investigations of whole blood is not as advanced as some of the blood component
work because the spectrum is dominated by hemoglobin. There has been some interesting work,
however, in the forensic field where Raman has shown promise for discriminating blood between
different species and also from other bodily fluids. The other main direction of whole-blood Raman
work has been in vivo analysis, especially efforts to develop a transcutaneous glucose monitor.

Taken together, the literature demonstrates how a trail of research that began in the 1970s

with basic research using highly specialized instrumentation has travelled all the way to the present
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day where real-time in vivo Raman monitoring of RBC oxygenation/deoxygenation, glucose

detection, and disease diagnosis are on the cusp of being realized.

2.7.2.8.1  Limitations in Blood Raman Research

The main limitations for Raman analysis of RBCs/whole-blood and Raman analysis of
purified plasma/serum are related to dominating signal from specific components (hemoglobin in
the former, macro proteins in the latter) which overwhelm and overlap the signal from the
components of interest.

Generic Raman problems, i.e., those associated with fluorescence and the inherent
weakness of the Raman effect, also limit application; selection of a suitably long excitation
wavelength can alleviate the former but with the drawback of aggravating the latter (the intensity
of Raman scatter being inversely proportional to the fourth power of the excitation wavelength).
In many situations the weak signal cannot by amplified by increasing the laser power because of
the fragile nature of the biochemical cells (i.e., the constant risk of photodegradation or thermal
damage) and many of the papers in this review focused on using specialized variants of Raman to

circumvent these problems (e.g., using RRS to enhance the signal from specific components).

2.7.2.8.2  Statistical Power Derived from Experiments

Numerous diseases, such as diabetes, malaria, sickle-cell anemia, and even particular types
of cancers, induce concomitant changes in the chemical composition of blood. Clinical diagnosis
of these diseases can involve time-consuming, expensive and/or invasive analyses that could be
replaced with Raman spectroscopy if the technology was suitably developed and the analysis

methodology became reliable. In order to bridge the gap between the spectroscopic research
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community and clinicians, a new approach and a greater weight of evidence will be needed. For
example, in the blood transfusion community there has long been a hypothesis that RBCs that are
stored for weeks have deleterious effects on a patient post-transfusion (described in section 1.3.3);
in 2015, the New England Journal of Medicine published the results of the ‘Age of BLood
Evaluation (ABLE) trial’, a multi-center, randomized, blinded trial, in which critically-ill adults
were assigned to receive RBCs that had either been stored for less than 8 days, or standard-issue
RBCs (the oldest compatible units available in the blood bank). The study took place at 64 centres
throughout Canada, the UK, France, the Netherlands and Belgium and n, the number of patients
tracked, was 1,211 (the primary outcome measured was 90-day mortality). The conclusion of the
study was that, surprisingly, the storage age of the blood had no effect and the transfusion of fresh
red cells, as compared with standard-issue red cells, did not decrease the 90-day mortality among
critically-ill adults.”

No Raman study reviewed in this chapter carries a weight of evidence that is comparable
to the ABLE trial (n in a typical Raman study might be <100) and for spectroscopic techniques to
begin to appeal to the readers of the New England Journal of Medicine and make the jump from

the lab to the hospital or clinic, this discrepancy will have to be addressed.

2.7.2.8.3  Direction of the Field

Raman spectroscopy, when combined with multivariate analysis, can enable rapid
distinction between sub-types of WBCs, and distinction in both healthy and diseased states. The
final objective for many Raman studies of blood and blood components is to achieve a method for
such a rapid and inexpensive analysis, but with the additional expectation that it can be performed

non-invasively. Current glucose-monitoring techniques used by diabetics, for example, require the
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extraction of a drop of blood, normally obtained via finger prick; a non-invasive Raman analysis
is being actively pursued by a number of research laboratories.

The most feasible instrumental approach to measuring analytes through barriers such as
plastic and skin, while reducing signal interference, is the technique of SORS. The difficulty in
attaining a sufficient Raman signal detectable above the typical fluorescent background requires a
balance between laser power to boost intensity and safety to human skin. Some of these difficulties
are more significant among individuals when variables such as skin thickness are introduced,
adding error to predictions and concentration estimates deduced from a Raman measurement. The
difficulty with the use of SORS for the application of a non-invasive human measurement is
twofold: its inability to provide selectivity for a particular analyte, especially not when the analytes
of blood are so unique, and its sensitivity, to distinguish a particular analyte.

As translation from laboratory to real-world settings continues, these limitations are being
addressed with Raman strategies that are known to offer specific enhancements. As SERS requires
direct contact with a metal surface, ‘non-invasive’ SERS would require the implantation of a
carefully designed chip. SESORS (the combination of SERS and SORS) may therefore offer a

unique contribution to the field of Raman spectroscopy of blood in years to come.

In Chapter 5, a proof-of-principle SORS study shows potential for measuring oxygenation

of stored RBCs through the plastic storage bag.
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Chapter 3: Interrogating Ageing Effects and Quality

in Banked Red Blood Cells®

3.1 Introduction

Human red blood cells (RBCs) are responsible for the delivery of oxygen to tissues and
clearing a portion of carbon dioxide from tissues. The unique biconcave disc shape of healthy cells
enables them to function in this capacity, as the high surface area-to-volume ratio of the membrane
facilitates flexibility and reversible elastic deformation.®** This feature is important for cell
movement through small capillary vessels and permits efficient transport of oxygen and carbon
dioxide throughout the body. Changes to the membrane properties or surface area of RBCs can
reduce cell deformability and potentially disrupt or impair circulation.

It is known that certain pathological conditions can cause significant alterations to the
biconcave shape of healthy RBCs. In patients with anemia, a peripheral smear permits assessment
of RBC abundance, shape, size, and color. Abnormalities of RBC shape and other RBC features
provide key information in distinguishing conditions that share similar symptoms.3* For example,
a blood smear is useful in the diagnosis of sickle cell disease, particularly if there is an urgent need
for identification and if the results of traditional chemical techniques are not available.®*® When
used properly, monitoring RBC morphology allows clinicians to recommend appropriate follow-

up procedures and to choose the best methods capable of providing a definitive diagnosis.

3 A version of this chapter is to be submitted:

Atkins, C.G.; Chen, D.; Schulze, H.G.; Devine, D.V.; Blades, M.W.; Turner, R.F.B. Raman Spectroscopy as a Tool
for Interrogating Ageing Effects and Quality in Banked Red Blood Cells. 2016 (to be submitted).
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The storage of RBCs by blood banking agencies has been shown to produce a multitude of
biochemical and physiological degradation-related changes that are all categorized under the broad
heading of ‘storage lesion’. During storage, glycolysis begins to slow down, ATP becomes
depleted, lactate accumulates, pH decreases, and free-radical species are generated, among other
changes. Oxidative stress is now widely accepted as a major cause of storage lesion formation in
long stored RBCs under blood bank conditions.®® These negative effects combine to also influence
distinct changes in both deformability®3’-34 and cell morphology (observed via characteristic
shape changes of the cell®*1-3%), The appearance of distinct morphologies has been previously
associated with decreasing ATP levels,2*2%46-3 and work by Usry et al.**® monitored the RBC
shape changes by scanning electron microscopy (SEM) on blood samples stored for three to six
weeks.

The utility of classifying cells based on their morphology resulted in the creation of a
‘morphological index’ (MI), a score-based system able to provide qualitative insight into cell
quality. This MI represents structural alterations (i.e., membrane deformability) and chemical
damage (i.e., loss of functionality) and thereby reflects the overall oxygen carrying capacity of the
cells. Membrane deterioration would significantly alter oxygen exchange across the membrane.
For example, microvesiculation (a blebbing process associated with RBC storage) would promote
loss of membrane surface and reduce the cell surface area-to-volume ratio®®°, thereby affecting
mass transport processes. Chemical damage might also affect the oxygen uptake or retention
capacity of RBCs. The main function of the most abundant RBC membrane protein (Band 3) is
modulation of gas transport, and lesions targeting this protein lead to the progressive loss of
metabolic modulation.® The membrane seems especially vulnerable to chemical damage from

ROS,?" an inherent danger due to the oxygen transport role of RBCs.
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Though controversy exists about the clinical impact of the age of stored blood,% it is
generally believed to be important to have a means to assess the apparent quality of stored blood
prior to transfusion. The Ml is a good visual metric that provides a qualitative illustration of cell
breakdown, but current practice dictates that morphological information can only be obtained
when the sterility of a stored unit is breached and a sample is directly extracted. Hence, it would
be beneficial for clinicians to receive similar information without the necessity of sampling.
Indeed, there is a need to develop rapid and robust measures and metrics to assess human RBC
storage quality before releasing units from the blood bank.3!

Existing literature suggests that oxygen saturation of stored blood®? changes in a similar
fashion as irreversible RBC morphological changes®? over a 42 day storage period, consistent
with the vulnerability of membrane components and structural proteins to oxidative damage.®>
Thus, the oxygenation state (OS) of hemoglobin might serve as a potential surrogate of the MI. If
a reliable relationship exists between OS and MI, and the OS of stored RBCs could easily be
assessed objectively and without sampling, it would pave the way for determining the quality of
individual units of stored blood in a clinical setting.

The technique of Raman spectroscopy, which has potential for non-invasive in situ
measurements, could offer an instrumental approach for assessing OS. Virtually any change that
takes place in the composition or structure of a chemical system is, in principle, reflected in the
molecular vibrational modes of the system. Spectroscopic techniques that probe molecular
vibrations are thus inherently information rich, and the benefits of using vibrations as a label-free,
non-destructive method for measuring biomolecules have been well established.®43% In
particular, Raman spectroscopy has previously shown promise for identifying features associated

with the oxygenation of hemoglobin in RBCs'*>!41:188 poth extra- and intracellular.
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In the work presented in this chapter, the potential utility of oxygenation information
obtained from Raman spectra was investigated as an objective non-invasive optical surrogate for
traditional MI scores. Raman data was obtained from both dry-fixed smears and liquid samples;
the results show a close relationship in ageing patterns between OS and MlI, and thus provide

proof-of-principle that blood quality could be assessed spectroscopically.

3.2 Experimental
3.2.1 Blood Collection and Sampling

Twenty-nine healthy volunteer adults (aged between 26 and 71 years; 16 females and 13
males) each donated a whole blood unit (450 mL % 10%) at the Canadian Blood Service (CBS)
NetCAD facility in Vancouver, Canada. RBC concentrates were isolated from the blood, subjected
to in-line leucoreduction filtering, and suspended in 110 mL of SAG-M additive solution (saline
with 1.25 mM adenine, 43.4 mM glucose and 28.8 mM mannitol). The concentrates were stored
in standard PV C storage bags at 4 + 2°C in accordance with CBS’ standard operation procedures.
Beginning shortly after donation, 1 mL aliquots were extracted on a weekly basis from the storage
bag by a trained technician (units were brought to room temperature, mixed via gentle massaging,
and extracted via the site-coupler in a Biological Safety Cabinet). This process occurred three to
four times throughout the forty-two day FDA stipulated shelf-life of the stored blood. The samples
were extracted in one laboratory and analyzed in another with an approximate transit time of ten

minutes between extraction and analysis.
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3.21.1 Dry-Fixed Smear Analysis

A single droplet of stored RBCs was deposited with a Pasteur pipette onto the edge of an
opaque gold-coated glass microscope slide, rapidly smeared across the length of the slide using a
spreader slide held at a ~45° angle, and dry-fixed under a stream of compressed air for a minute.
Except for the dry-fixing, this is similar to the procedure conventionally used to facilitate
microscopic observations of sampled RBCs, including for morphology assessment (Figure 3-1).
The slide was secured in the stage of the microscope platform and Raman data was acquired from
a dense part of the smear (Figure 3-4) using the Raman microspectrometer described below in

section 3.2.2.

Drop |:> (::I
bI:Ld
[ l;| [ ‘_| L [ ]

Deposition of drop Approach of spreader slide Adhesion to spreader slide Advancement of smear

Figure 3-1: Experimental method of dry-fixed smear. A drop of stored RBCs was deposited
onto a gold-coated slide and smeared across that slide using a spreader slide. The cells were

then dry-fixed under a stream of air.

3.2.1.2 Bulk RBC Analysis

With a view toward the long-term goal of adapting Raman spectroscopy as a tool for non-
invasive analysis of stored RBCs, performing preliminary measurements on a representative liquid
sample of the bulk environment would provide insight on relevant spectral features, especially

those that might correlate with the MI. In this analysis, ~200 pL of the stored RBC sample were
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deposited into a glass microscope welled-slide using a Pasteur pipette and then isolated from
atmosphere with a glass coverslip (Figure 3-2). The slide was secured in the stage of the
microscope platform and the laser excitation was focused beyond the surface of the coverslip and
into the liquid cells. A downfall of this methodology was that the 1300-1450 cm spectral region
suffered from fluorescence originating from the glass coverslip which masked any cellular
information contained within that spectral region (it is excluded from Figure 3-6). The full spectral
region could be observed by substituting the glass coverslip with a more chemically-inert
alternative (e.g., CaF>), but the inclusion of this region was not deemed necessary for the current

investigation because hemoglobin oxygenation bands of interest also exist at lower wavenumbers.

Coverslip

i
l T

Figure 3-2: Experimental method for the bulk RBC analysis. A glass microscope double-
welled-slide is shown on the left and a cross-section of a single-welled-slide is shown on the
right. ~200 pL of a stored RBC sample is added into the well which is then isolated from

atmosphere using a coverslip slide.
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3.2.1.3 Morphological Index

An adapted protocol developed in-house at the Centre for Blood Research (Vancouver,
BC, Canada) was implemented for obtaining morphology scores from seven of the twenty-nine
donors. 10 pL of freshly-sampled RBCs were added to 80 pL of a 2% glutaraldehyde solution. A
smear of these fixed cells was created on a glass microscope slide which was then enclosed with a
coverslip. The RBCs were viewed under 100x magnification with an oil-immersion objective lens
and a total of 100 cells were counted (in duplicate) using the previously developed morphology
score index shown in Table 3-1.3*° Samples from the studied donors were split, where one half
was used for morphology scoring and the other for spectral analysis of the liquid RBC samples.
The half earmarked for scoring was blinded (i.e., an arbitrary label was assigned) by the author

such that the technician would not be aware of the storage age for a given sample of RBCs.
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1. Smooth Disc 1.0

2. Crenated Disc 0.8

3. Crenated Discoid 0.6

4. Crenated Spheroid 0.4

5. Crenated Sphere 0.2

6. Smooth Sphere 0.0

Table 3-1: Gold-standard morphology scoring system. Images and scoring protocol were

adopted from Reference 349 and reprinted with permission from John Wiley & Sons, Inc.

3.2.2 Data Collection

Raman spectra of the smears and liquid RBC measurements were collected using a
commercial Renishaw inVia Raman microscope (Gloucestershire, UK) equipped with a 785 nm
excitation laser. The light was focused through a 20x objective lens (Leica Microsystems, Wetzlar,
Germany) and the resulting spot size was a 3 um x 30 um rectangle. In the smear experiments,
laser power on the sample was <5mW and seven to ten spectra (100 seconds accumulation time
for each) were collected and averaged. For the liquid RBC sample measurements, the power on
the sample was larger (10-20 mW) and ten to fifteen spectra (60 seconds accumulation time) were

collected from the centre of each well-pool and averaged. This measurement technique, for both
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the smear and liquid analysis, involved data collection from the same sample area multiple times,
instead of collecting from a different sample spot with each accumulation, as multiple spots would
require movement of the translation stage and re-focusing of the excitation beam thereby creating
larger deviations. Prior to data collection each day, the Raman instrument was calibrated using the
phonon band of silicon (520 cm™) as a reference.

The dry-fixation was intended to capture a “snapshot” of the condition and environment of
the stored cells at specific time points of storage. The liquid samples, however, were indirectly
(i.e., while under a coverslip) exposed to ambient atmosphere for a longer period of time (up to a
few hours) immediately prior to and during the measurements, and a concern was that the
oxygenation states could have been effected. To minimize this concern, the spectroscopy of the
liquid RBC samples was always performed as soon as possible after receiving samples extracted
from the bag. Accumulations were also done with a larger laser power than used for the dry-fixed
samples to compensate for reductions in Raman scattering caused by dilution of cells and turbidity
of the media. Beneficially, the liquid media was also able to distribute potential heating effects
from the laser and limit the extent of damage due to photo degradation. Figure 3-3 demonstrates
the effect of continual laser and (indirect) air exposure on the cells from a particular unit and
storage time point. The averages for the first 15 accumulations and the second 15 accumulations
appear to be consistent for both the deoxyHb and oxyHb bands in the 1200-1230 cm™ region. It is
not until the third set of 15 accumulations that substantial variation occurs to these regions, as the
deoxyHb band is almost entirely diminished. This gives confidence that the described protocol for

collecting 10 to 15 accumulations per sample accurately measures the condition of the cells.
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Figure 3-3: Shown are three averaged spectra collected from the liquid RBCs of Donor 34
over an extended period of accumulation time. The same sample region is analyzed for all 45

accumulations. The inset is a magnified view of the 1200-1230 cm™ region.

Reference spectra of human hemoglobin (normal human hemoglobin variant HbA, Sigma

Aldrich, St Louis, Missouri, USA) were collected for comparison.

3.2.3 Data Processing
For a set of data collected following a given calibration, a background measurement would
be obtained using the same parameters and sample scans. In the case of the gold-coated slide

background, a spot without any cellular material was analyzed. For the welled-microscope slide,
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a well was filled with water, covered, and analyzed. All Raman spectra were baseline corrected®’
and smoothed®® with automated algorithms coded in-house with MATLAB R2009a (The
MathWorks, Natick, Massachusetts, USA). Stored RBC spectra were then normalized to the
intensity of the 753 cm™ pyrrole breathing band, a mode believed to be present for all possible
inter-conversions of hemoglobin and one that remains consistent throughout storage.

The trends extracted from spectral ratios and morphology scores were normalized for

comparison to the same 0-1 scale using Equation (3.1):

x;j—min(x)

4= max (x)— min(x) (3.1)

where x = (x4, ... ,x,) and represents the ratios/scores, while z; is the i" normalized datum.

3.3 Results and Discussion
3.3.1 Raman Spectrum of Dry-Fixed Smears

The physical and biochemical characteristics of RBCs are known to change over time spent
in storage, and these changes are expected to correlate with the functionality of the cells. Blood
smears have historically been used to distinguish between morphological shapes (e.g., smooth
biconcave disc, crenated spheroid, smooth sphere, sickle-cell, etc.) that may indicate disease or
diminished cell quality. Such smears are considered to be representative of the characteristics of
the bulk sample. Similarly, a dry-fixed smear approach was selected in this study as it could
provide Raman information pertaining to the quality of the entire unit by measuring a small
representative population of fixed-cells. The results that follow highlight the potential for
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combining the measurable information from a Raman analysis with the more traditional
morphology-based identification process.

Figure 3-4A is a representative bright-field light microscopy image of a dry-fixed smear of
stored RBCs on a gold-coated microscope slide. The approximate center of the smear was chosen
for analysis as it allowed measurement of a high-density population of cells that could reflect the
biochemical nature of the unit. It also provided an adequate signal-to-noise ratio such that, in
contrast to the edge of the smear (shown in the inset of Figure 3-4A), the measurement could be
performed in a time frame where degradation from air exposure would be negligible. Figure 3-4B
shows typical Raman spectra collected from the “dense” region of the smear for five different

donors, and also shows a spectrum of pure hemoglobin for comparison.
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Figure 3-4: (A) A bright-field microscope image showing clusters of RBCs that have
aggregated together during the fixation process. The inset depicts the edge of the smear at a
single-cell level. (B) The average (10 accumulations, 100 second accumulation each) Raman
spectrum of (powdered) hemoglobin is shown vertically offset while the average Raman
spectra of dry-fixed smears for 5 different donors are also shown. The inset depicts the

variation for the bands found in the 1520-1680 cm™ region for the donors.

It is clear from the data presented in Figure 3-4B that the Raman spectrum of a dry-fixed
smear is completely dominated by features associated with hemoglobin. Also evident from this
plot is the comparison of different smears at approximately the same point in storage. While the
majority of bands are similar, it is apparent there are donor-dependent differences attributable to
specific differences in the structure of hemoglobin with the major variations in regions previously
characterized to its oxygenation. The Raman signatures of oxyHb and deoxyHb have several bands
that can be used to distinguish among them; for example, distinct Raman spectroscopic markers

of oxygenation occur at 1222 cm™ and 1208 cm™ and are C-H methine bending vibrations
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corresponding to oxyHb and deoxyHDb, respectively. Bands at 1545 cm™, 1561 cm™, 1619 cm™,
and 1639 cm™ have also been assigned to hemoglobin modes that are dependent on whether the
molecule was oxygenated or deoxygenated (inset of Figure 3-4B). For all five donors, the intensity
of these oxygenation bands were quite variable between the donors.

As evidenced from the image presented in Figure 3-4A, the bulk regions of the smear that
were spectroscopically sampled contained clumped cells of unknown depth, restricting control
over the amount of aggregation. The shoulder at 1249 cm™, a mode assigned to hemoglobin
stacking and aggregation'*°, demonstrates difficulty in controlling the extent of aggregation and

sampling from a region that is similar.
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Figure 3-5: The progression of storage for RBC samples from two donors, Donor 1 (top) and

Donor 6 (bottom), using the smear technique.

The effect of storage time on the Raman features measured in smears from two particular
donors is illustrated in Figure 3-5. The spectra presented for Donor 1 originate from smears

obtained after two days and forty-two days of storage, while the spectra for Donor 6 originate from
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smears representing two days and twenty-nine days of storage. These donors exemplify the
potential outcomes of this approach for making inferences about the condition of the cells. It is
clear from inspection of Donor 1 that spectral differences between the two time-points are minimal,
an interpretation that suggests RBCs remained largely unchanged despite significant time spent in
storage. This is in contrast to the spectra presented for Donor 6 where, after just twenty-nine days
of storage, differences appear in regions identified earlier as markers for hemoglobin oxygenation.
While the ultimate utility of the smear approach would involve connecting Raman features related
to storage with obvious morphologies, a concern is that the cellular components may be altered
during the fixation process, thereby resulting in the possible loss or aberration of vibrational
information about the true condition of the RBCs. To investigate this concern, liquid samples were

also measured.
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Figure 3-6: (A) Spectra obtained from stored liquid RBCs (2 days of storage) for three

different donors are presented. The inset is a magnification of the 1500-1660 cm™ region. The

excitation beam was focused through the coverslip and into the turbid media. (B) The effect

of storage length is shown for these three donors by inspection of the oxygenation marker

band region of 1200-1230 cm™.
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Results of the first experiments on the liquid samples are shown in Figure 3-6A. Similar to
results presented in Figure 3-4 for the smears, the spectra have complex features (attributable
mainly to hemoglobin), again with measurable donor-dependent differences. These changes tend
to occur in regions associated with the oxygenation marker bands (i.e., 1200-1230 cm™ as seen in
Figure 3-4B, and 1500-1660 cm™ as seen in Figure 3-4B inset). The advantage of analyzing the
stored cells as a liquid is that the RBCs are still ‘suspended’ in their additive solution matrix, better
reflecting their true chemical environment in the storage bag. Figure 3-6B shows evidence of a
general trend for the oxygenation bands at 1208 cm™and 1222 cm™. It would appear that over the
considered period of storage (forty-two days in the case of Donor 1, and twenty-nine days for
Donors 5 and 6) the deoxygenated band decreases while the oxygenated band increases. This
observation is not unexpected, as researchers in the field of transfusion medicine have long
understood that hemoglobin becomes oxygenated during its lifetime in storage, due in large part
to the semi-permeable nature of the storage bag and the metabolic pathways that are disrupted.®2
For example, 2,3-DPG, an effector molecule that binds to hemoglobin and shifts the Hb-O>
saturation curve to lower values of PO (triggering the release of oxygen to tissues deprived of
oxygen), is completely released from stored RBCs by twenty-one days of storage. Without
intracellular 2,3-DPG, oxygenated hemoglobin is favored. To reduce the influence of oxygen on
stored RBCs, investigators have also examined anaerobic storage, but found that oxidative stress
markers still accumulate under these conditions.®®

Investigating this experimental trend further, the data set was expanded to 27 different
donors and it became apparent that the observed tendency of hemoglobin oxygenation to increase
for stored RBCs over their storage lifetime is not consistent for all donors. A representation of the

oxygenation trend is shown in Figure 3-7 and presented as a ratio (1208 cm™/1222 cm™) of the
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deoxyHb/oxyHb bands in the 1200 cm™ to 1230 cm™ spectral region. While the data from earlier
storage time points (ten days or less) are more dispersed, because they have more high-ratio points,
than the more clustered data at later points of storage (forty to fifty days), the apparent lack of an
overall trend suggests that cells from each donor behave uniquely. The inset of Figure 3-7 shows
the oxygenation trend for two specific donors, Donor 40 and Donor 42, to portray the extremes of
what were observed exist for oxygenation trends as determined with Raman for this cohort of
donors. In the case of Donor 40, the deoxyHb (1208 cm™) band exists in an appreciable quantity
until at least twenty days of storage. The spectral data obtained from Donor 42, on the other hand,
suggests the sample was almost completely oxygenated from the first measured time-point of eight
days and remained this way over the course of fifty days of storage.

This discrepancy may point to specific characteristics within each donor that might be
difficult or impossible to account for (e.g., smoker vs non-smoker, dietary habits, physical fitness,
metabolism, etc.). Such donor-to-donor variations observed through the 1208 cm/1222 cm™ ratio
of spectral bands may originate from morphological characteristics of the cell. The reversibility of
morphologic alterations is dependent on membrane—cytoskeletal interactions and changes
inversely proportional to storage duration.®®3 If the membrane of the cell has undergone
alterations due to oxidative damage?®’ along with the increased oxygenation state (but reduced
ability to repair oxidative damage) of the cells’ hemoglobin content, it would suggest that
oxygenation may have contributed to the morphological changes. Such processes are likely to
affect all donors to some extent. Indeed, as will be explained further below, the greater dispersion
of points earlier in storage might reflect an oxidative damage deterioration process that can be

modeled with a power curve and that applies to all donors. The uniqueness of trends for individual
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donors might reflect different individual variations for this process that become manifested as

different fit-parameters for the function.
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Figure 3-7: The ratio of marker bands (1208 cm/1222 cm) associated with hemoglobin
oxygenation states as determined from the stored liquid RBC analysis. The inset highlights

the trends for Donors 40 and 42.

3.3.3 Stored RBC Quality
To compare the Raman measurements reflecting OS with the M, the standard metric used

in transfusion medicine to gain qualitative insight into cell processes and cell quality, 100 smeared
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cells were manually counted by an experienced technician and each was assigned a value based
on its morphology; the higher the score for the representative sample, the higher quality the cells
from that particular unit. The scoring system was outlined in Table 3-1. While recognizing cell
features and correctly classifying them into their respective category is a subjective process, the
process was done blind (as described in section 3.2.1.3), in duplicate, and scores were consistently
comparable (within <£5% difference). Samples from seven of the donors plotted in Figure 3-7
were subjected to this scoring, and these scores are presented in Figure 3-8.

It is apparent from inspection of these scores that each particular unit behaves uniquely
from a morphological perspective. The raw data presented in Figure 3-8 are fitted with similar
power curves to demonstrate this correlation (as will be seen later, however, linear fits may be
more appropriate in some cases after normalization). Donor 56, after three days of storage,
produced a morphology score of 96, implying that the vast majority of cells were still smooth
biconcave discs (i.e., completely healthy RBCs). This is in contrast to Donor 39, where the
morphology score was recorded as 81 after two days of storage. Furthermore, there are also
variations in the rates of change of the morphology scores as a function of time. Even though
Donor 56 had the highest morphology score after three days of storage, it does not have the highest
score after thirty days of storage. This suggests that, if the same morphological cell degradation

pathways are involved, they are uniquely expressed for each unit.
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Figure 3-8: The absolute morphology index results for seven donors. Counts were done in
duplicate and these scores were within <+5%. The regression lines were obtained using

power-curve fits.

3.3.4 Raman Spectra and Stored RBC Quality

Like the aggregate trend observed in Figure 3-7, the initial points in Figure 3-8 had higher
scores than later points, pointing to a possible relationship between the trends exhibited by the
morphological features of the cell and the oxygenation state of the cells throughout the storage
period. To investigate this relationship, the trends that have been presented above in Figure 3-7
and in Figure 3-8 were normalized to the same scale using Equation (3.1). This treatment revealed
that the data for some donors appeared to change in a non-linear manner while those for other
donors appeared to have linear relationships. If the processes that affect morphological changes

and hemoglobin oxygenation are closely related, it is reasonable to expect that they will change
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over time in a similar manner for each donor individually. A cross-correlation plot of the data set
is shown in Figure 3-9, and the linearity of the clustering confirms the existence of a relationship

between the MI and OS.
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Figure 3-9: A cross-correlation plot of the morphological index (MI) and the oxygenation

state (OS). Data was included only if time-points were comparable (+ 1 day).

The implications of similar trends between M1 and OS would provide evidence that Raman
spectroscopy can be used to provide a metric related to the quality of stored RBCs. However, due
to the small sample size considered here, further data manipulations are needed in order to
temporally align the data from the two independent assessments, and these are described below.

One difficulty with comparing the normalized data was that the starting and ending time

points of the morphology scores and the oxygenation ratios often differed by a day or two. This

129



was a result of scheduling conflicts, as the availability to perform the Raman measurements did
not always coincide with the day the blood units arrived to the Centre for Blood Research after
processing, which is when morphology samples were typically extracted and analyzed. For
example, the MI data for Donor 39 covered the period from days 2 to 46 of storage, but the
oxygenation data covered a different period from days 5 to 49. This discrepancy needed to be
accounted for to effect a meaningful comparison of the similarities between Ml and OS data.
Curve fitting was used to provide quantitative insight into the relationship between the Ml
and the spectroscopic ratio reflecting hemoglobin OS. The raw measurements were first fitted with
a function that provided the best regression, either linear or non-linear, and the fit was then used
to obtain extrapolated values at time points that corresponded to the extreme values of the time
period covered by all the measurements for a particular donor. After the initial fit, the
measurements (including extrapolated points), were then scaled according to Equation (3.1). This
was then followed by further fitting of the extended data set with both power and linear
relationships and an evaluation of the best fit correspondences between MI and OS data for each
donor. Data from Donor 39 illustrate these analyses in Figure 3-10 and the results are demonstrated

in Figure 3-11 for all seven donors.
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Figure 3-10: Complete data set obtained for Donor 39. The top row depicts plots related to

MI scores while the bottom row presents the OS ratios. Column A represents plots of the

raw data, Column B represents the fitting process used to match the storage range, and

Column C is the final data. Power fit and linear fit curves are shown in each case.

To equate the sampling ranges for the MI and the oxygenation data for Donor 39, the one-

term power law fits for these two measurements were used to augment the M1 data with an estimate

for day 49 and the OS data with an estimate for day 2. Thus both MI and OS measurements, when

including these estimates, would cover days 2 to 49. The R? for the power law fits of Ml and OS

131



data as measured were 0.9491 and 0.9266, respectively. After extrapolating and applying Equation (3.1), the fits of rescaled data that

included extrapolated values produced R? values of 0.9666 and 0.9752, respectively.

= ® Donor 38 . [ o Donor 39 - ® Donor40
-% 101 @ [ 4 Donor 38 - Spec Y A Donor 39 - Spec [ A Donor 40 - Spec
g |
S 0.8
E
ZO 0.6 1 .
< 04
= A 5 a g 8::2: gg Spect 1.0 '5
' A @ - 0=
i % ¢ S e ¢ ¢ A g
2 00 A M A A Py A A oft A 0.8 g
0 10 20 30 40 50 o 10 20 30 40 50 0 10 20 30 40 50 06 2
Storage Age (Days) Storage Age (Days) Storage Age (Days) o o 04<C
: . =
5 @ Donor55 © Donor 56 ® Donor 59 o] 0.2
E 1.0 4 .‘ A Donor 55 - Spec o) A Donor 56 - Spec [N A Donor 59 - Spec >
‘T 08 | © 002
£ A ' ; ' ‘ '
ZG 0.6 1 2 A 0 10 20 30 40 50
= 04 | A Storage Age (Days)
= [ ]
é 0.2 A e
Fiy
= 00 | o o 0% o
0 5 10 15 20 25 30 35 0 10 20 30 40 0 10 20 30 40
Storage Age (Days) Storage Age (Days) Storage Age (Days)

Figure 3-11: Morphology scores and spectral ratios are normalized and compared. Circle data points are the morphology scores

and triangles represent the normalized spectral ratios for all donors.
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In contrast to the power law fits, linear fits were worse with R? of 0.7205 and 0.6569,
respectively. Thus, neither the MI nor the OS data set for this donor could be better fit with a
straight line. Although both sets could credibly be fit with power equations, fitting the same power
equation to both sets would lend support to the notion that the OS data could be used as a surrogate
for MI data and hence be indicative of stored blood quality. After processing, the Donor 39 MI set
had parameter values (95% confidence intervals in brackets) of 1.746 (0.9184, 2.574) and -0.7993
(-1.2580, -0.3409), and these intervals included the parameter values of the OS set of 1.9630 and
-0.9272. It is reasonable, then, to suggest that for Donor 39 the OS data set closely tracked the Ml
data set.

Donor 55, in contrast to Donor 39, produced MI data that were better fit with a linear
function (R? = 0.9476) than a power fit (R? = 0.8174). Likewise, OS data from Donor 55 were
better fit with a linear fit (R? = 0.9601) than a power fit (R? = 0.7652). For the normalized data sets
that included the extrapolates to cover the same range, power fits for the Ml data (R? = 0.7413)
and the OS data (R? = 0.6726) were poorer than linear fits for the MI data (R? = 0.9476) and the
OS data (R? = 0.9747). As before, the normalized and extended data sets’ best fit parameters were
similar and their Cls included the parameter values of the other set. The fitting results for all 7

donors are presented in Table 3-2.
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Best Mutuality
2 2
Donor | fit R R MI best fit parameters and 95% Cls OS best fit parameters and 95% Cls of Ml /.O S
tvpe M 0S best fit
yp parameters
a = 1.866 (1212, 2.52) a= 1809 (0.7442, 2.874)
38 | Power | 0.9852 1 0.9514 "7 9617 (-1.281, -0.5224) b =-0.826 (-1.374, -0.278) both
a= 1744 (0.9295, 2.558) a=2.024 (0.9999, 3.048)
39 | Power | 0.9666 | 0.9752 = "7 7973 | (-1.247, -0.3473) b=-1.002 | (-1.556, -0.4485) both
a=1719 (0.9047, 2.533) a=2293 (1675, 2.91)
40 | Power | 0.9639 | 0.9956 =" 99651 (-1.224, -0.3284) b=-1.193 (-1.523, -0.863) one
. pl=-0.02311 | (-0.03393,-0.0123) | pl=-0.02362 | (-0.03235, -0.01488)
53 | Linear | 0.93911 0961 =5 9508 (0.6627, 1.257) D2 =1.024 (0.7859, 1.262) both
. pl=-0.03332 | (-0.1397,0.07311) | pl=-0.03449 | (-0.04095, -0.02802)
S5 | Linear | 0.9406 | 0.9821 == 5~ 753 (-1.206, 3.512) p2=1.104 (0.9741, 1.234) both
a=3.208 (0.9131, 5.503) a = 3.992 (0.7395, 7.244)
56 | Power | 0.972 1 0.9806 = "~ e (-1.604, -0.5016) b=-1.262 (-1.944, -0.5807) both
. pl=-0.02789 | (-0.05725, 0.001463) | pl=-0.02775 | (-0.0373,-0.0182)
59 | Linear ) 0.8931 | 0.9661 == 5 957, (0.2431, 1.571) p2 = 1.027 (0.8353, 1.219) both

Table 3-2: Best fits and corresponding fit parameters for each donor. Power fit curves were of the form f(x) = a*x?, while

linear fits were of the form f(x) = p1*x + p2.
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In 7 out of 7 cases, when the MI data is best fit with a power curve, the OS data are too,
and when the OS data are not best fit with power curve, the MI data are not either. Furthermore,
for both parameters in 6 out of 7 cases, the best fit parameter values of one fit are within the 95%
Cls of the best fit parameter values for the other data set and vice versa. Thus, not only do they
share the same type of temporal trend, but it could be argued that the same curve (i.e. curve with
given parameter values) fits both normalized data sets.

When evaluating these results statistically and testing for the hypothesis that the same type
of function that best fits the MI data is also the one that best fits the OS data, the smallest value
for which the cumulative binomial distribution is equal to or greater than 0.95 is 6. Therefore, the
results are significantly different from random variations. This is also true for the stricter
requirement of similar types of functions with similar parameters.

Though it is possible to test whether each pair of data sets come from the same distribution,
this does not provide insight into the nature of the changes as a function of time. The latter is of
interest because different decay rates have a bearing on the ‘storability’ and ‘usability’ of blood
with its concomitant implications for blood banking administration and clinical practice. In this
regard, the following three points are worth noting. First, there is substantial donor variation in
decay rates and blood quality throughout the storage period. It would be valuable to link them with
readily-identifiable donor characteristics such as gender, age, body mass index, and so on, if
possible. Second, some measurement data are better fit with linear curves and some with power
curves. It is unclear why different processes would be at work for different donors. Though
different processes are a possibility, it seems more likely that similar decay mechanisms apply to
all donors, but that the rates of decay vary substantially®'%° and that the linear fits are the result

of power functions that approach linearity over the portion of the storage period where
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measurements were taken. Third, because power functions decay fast initially, one could argue, a
priori and given these results, that ‘fresh’ blood is better than ‘old’ blood. However, clinical trials
have thus far not shown a significant difference in clinical outcomes between fresh and old
blood”,”®81360.361 nerhaps because the temporal definition of fresh blood in these studies is not
standardized.

Also worth noting is the lack of biophysical significance associated with power law fits.
Though an exponential decay might seem to be of greater biophysical significance, the law of mass
action that describes chemical reaction kinetics reliably in dilute and homogeneous media is
inadequate to describe reaction progress in intracellular environments. In such environments,
reaction progress is affected by low dimensionality, volume-exclusion from macromolecular
crowding and inhomogeneity, ionic interactions, and covalent interactions. As a result, rate
constants can be time dependent and reaction kinetic parameters can be fractal %235 Furthermore,
multiple exponential decay functions can mimic a power law function in vivo.®® It is not
unreasonable to expect the kinetics of membrane oxidative damage to be complex and to deviate
substantially from Kkinetics that might be applicable to homogeneous, three-dimensional
environments. Therefore, if the oxygenation status of Hb is associated with membrane oxidative
damage and RBC morphological changes are due to membrane oxidative damage, the OS and Ml
time-dependent changes might not reflect standard rate laws.

These results also raise a number of interesting questions. What determines the initial OS
of RBCs (i.e., immediately following processing as units of RBC concentrate)? Is this affected by
the actual processing? The processing of blood (i.e., the isolation of individual cellular components
from donated whole blood) could introduce artifacts that a recent study has suggested could be a

main factor in the onset of storage lesion.>®":3%8 Perhaps it is also important to ask if OS is affected
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by the hematocrit of the donor. Should a particular unit have more RBCs per unit volume than
another unit, would the measure of its oxygenation be representative as the same sample volume
would have more RBCs? Realistically, the hematocrit of units can vary from 40-60%, so some
variation in oxygenation could be attributed to this. In addition, it’s possible to wonder if the transit
time of receiving a sample in one laboratory and performing the analysis in another laboratory
could disturb the OS. However, because the transit time was always the same and aliquots were
analyzed immediately after the sample was obtained, any effect would be minimized.

Venous blood, normally used for donation, is about 94 % oxygenated. Why then, do the
spectroscopic results show that the blood from numerous donors seem to be only partly
oxygenated? Poor oxygenation is also consistent with literature data®? showing average Hb oxygen
saturation to be about 35% at the onset of storage. Furthermore, the main purpose of RBC
transfusion is to improve tissue oxygenation.**® Would the transfusion of inadequately oxygenated
blood not present a risk at the moment of transfusion (albeit later, once in circulation, transfused
RBC might become adequately oxygenated)? Should blood not be separated, stored, and used
based on OS because this could reflect initial blood quality and affect storability? If so, Raman

spectroscopy might be a valuable technique to assess the OS of stored blood.

3.4 Conclusions

This work demonstrates the utility of Raman spectroscopy for the investigation of stored
RBC ageing effects and RBC quality in dry-fixed blood smears and in liquid blood. Specifically,
it was possible to monitor spectral features associated with hemoglobin oxygenation as they
changed over the storage period. These features changed in a manner that closely tracked RBC

morphological changes over the same period. Because morphological changes are indicative of
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blood quality, it implies that blood quality could be inferred from Raman measurements of
hemoglobin oxygenation.

Though the MI sample size was small, these results have a number of important
implications and justify more extensive investigations. These results also offer some insights
relevant to blood banking and clinical use. First, RBCs seem to deteriorate, on average, faster in
the earlier period of storage. This implies that fresh blood should generally be better quality than
older blood as mentioned above, notwithstanding some recent clinical studies. Second, some
donors’ blood stores better than others. It would be valuable to identify newly collected units that
would be expected to store well, based on an objective measurement, so that other units could be
used first to minimize collection and storage expenses and reduce clinical and patient concerns.
Third, due to substantial variations in the quality of individual units, assessing the quality of blood
at hospital sites, immediately before use, might facilitate better patient outcomes.

Because near-infrared Raman spectroscopy can be performed through the wall of
intervening barriers and without damaging RBCs, Raman measurements can be performed on
blood-bags to evaluate the quality of RBCs without compromising their integrity. Indeed, Raman

spectroscopy offers unique attributes to assist in effective blood banking and clinical use.
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Chapter 4: Raman Spectroscopy as a Novel Tool for Monitoring Biochemical

Changes and Inter-Donor Variability in Stored Red Blood Cell Units*

4.1 Introduction

Current regulatory regimes permit storage of RBCs in specially formulated additive
solutions for up to six weeks (at 4°C). Throughout the storage period the RBCs remain
metabolically active and convert glucose (from the additive solution) into lactate, via the glycolytic
pathway. 13350370372 The |actate is transported out of the cells and its concentration in the bag
increases over time; a recent nuclear magnetic resonance (NMR) spectroscopy study of RBCs
collected from eight healthy male donors (aged between 25 and 50 years) showed that, on average,
lactate concentration increases seven-fold (~5 mM to ~35mM) over a six-week storage
period.63,82,370,3737375

When RBCs are transfused, the concomitant lactate is cleared from the circulatory system
by the liver and kidneys but it can be poorly tolerated by sick infants if given in large
quantities.®"437637 Current pediatric transfusion practices are based mainly on considerations of
a patient’s blood markers (e.g., on hemoglobin concentration and hematocrit) and it is
recommended that i) certain at-risk patients only be given fresh units (<5 day storage), ii) that the

total number of units transfused be limited, and iii) that older cells be washed if they are the only

4 A version of this chapter has been published:
Atkins, C. G.; Buckley, K.; Chen, D.; Schulze, H. G.; Devine, D.V.; Blades, M. W.; Turner, R. F. B. Raman

Spectroscopy as a Novel Tool for Monitoring Biochemical Changes and Inter-Donor Variability in Stored Red Blood
Cell units. Analyst 2016, 141, 3319-3327.
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units available. These precautionary steps are recommended for disparate reasons but they all have
a beneficial side-effect of reducing the risk of hyperlactataemia.®®3% Current transfusion
practices thus reduce the risk of harm from lactate, but it would still be useful to the transfusion-
medicine community to fully understand metabolite accumulation in RBC bags because it could
offer an indirect way of assessing stored blood quality.8-3%?

Raman Spectroscopy is an analytical technique that produces specific chemical
information from inelastically scattered light. It is a well-established tool for the accurate
monitoring of biochemical analytes and recent studies have used it to investigate aqueous solutions
containing lactate, glucose, urea, and other similar metabolites.247:329.3%3-3%7 Ag described in section
2.6, the Raman method does not require sample preparation or labelling; it is non-destructive, non-
contact, and capable of being used remotely. Several reports have demonstrated the utility of RS
in disease diagnosis, and hand-held probe designs are currently being devised that will enable
clinicians to identify diseased tissues via biochemical abnormalities.3%4%! The technique has also
been applied as a scientific tool for probing RBCs; work by Wood et al. has shown that specific
spectral features are associated with the oxygenation and deoxygenation of hemoglobin® and that
certain spectral features are indicative of heme aggregation and denaturation.'*® They and other
groups have used optical tweezing techniques to trap live RBCs and to obtain Raman spectra of
the cells under various conditions,162168.169.197.221.402 These works were described in greater detail
within Chapter 2. Most recently, stored RBCs were measured non-invasively using a confocal-
based SORS approach, and this work will be described further in Chapter 5.4%3

It is well-known that biochemical changes occur gradually in the first 14 days of RBC
storage5%4% put accelerate notably at later stages.®’%% Published data suggest that concentrations

of specific metabolites in individual units can stray far from the average trend-ling8’:3°0:370:374,405.406
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and that the integrity of RBCs as a function of storage-time has a wide inter-donor
variability.37040%4% This chapter will describe the first Raman study to identify spectral features
associated with these phenomena and it aims to shed light on the current practice of using storage-

time as a proxy measure of RBC degeneration.

4.2 Experimental
4.2.1 Blood Collection

Thirty healthy volunteer adults (aged between 21 and 70 years; 12 females and 18 males)
each donated a whole blood unit (450 mL + 10%) at the Canadian Blood Service (CBS) NetCAD
facility in Vancouver, Canada. RBC concentrates were isolated from the blood, subjected to in-
line leucoreduction filtering, and suspended in 110 mL of SAG-M additive solution (saline with
1.25 mM adenine, 43.4 mM glucose and 28.8 mM mannitol). The concentrates were stored in

standard PVC storage bags at 4 + 2°C in accordance with CBS’ standard operation procedures.

4.2.2  Supernatant Preparation

Raman spectra of isolated RBCs are dominated by features associated with
hemoglobin'®3140 and thus it is difficult to investigate spectral features associated with metabolism
in stored RBC units. Furthermore, in order to maintain standard conditions in the bag over a 42-
day storage period it is necessary to minimize losses of volume from the unit. In order to overcome
both problems, a preliminary sampling protocol was developed to isolate the supernatant and
analyze it separately from the cells. Approximately once a week, a sample of RBC concentrate (~1
mL) was aseptically removed via the site-coupler (Macropharma, Pasig City, Philippines) of each

stored bag using a syringe and was transferred into a microcentrifuge tube. Intact RBCs were
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separated from the additive solution by centrifugation at 3,000 RPM for 10 minutes. A small
aliquot of the resulting supernatant (20 pL) was extracted with a Pasteur pipette and deposited on
a gold-coated mirror (Thor Labs, Newton, New Jersey, USA) for Raman analysis. The drop was
left to dry at room temperature (for a minimum of 20 minutes) after which Raman data were
collected. The time for each data point measurement, from sampling to completed experimental

analysis, was approximately two hours.

4.2.3 Data Collection

Raman spectra of the dried-drops of supernatant were collected using a commercial
Renishaw inVia microscope (Gloucestershire, UK) equipped with a 785 nm excitation laser. The
light was focused through a 20x objective lens (Leica Microsystems, Wetzlar, Germany) and the
resulting spot size was a rectangle, 3 pm x 30 um. The power on the sample was approximately
10 — 20 mW and the instrument was calibrated using the 520 cm line of a silicon wafer. Seven to
ten spectra (100 seconds accumulation time) were collected from the centre of each dried-drop and
averaged to enhance the signal-to-noise ratio. Reference spectra of human hemoglobin (normal
human hemoglobin variant Ao, Sigma Aldrich, St. Louis, Missouri, USA) and sodium lactate
(Sigma Aldrich, St. Louis, Missouri, USA) were collected for comparison.

In order to validate the Raman analysis, the actual concentration of lactate was quantified
in two of the stored RBC units. The lactate was measured using a commercial YSI Lactate
Analyzer (Ohio, USA), a biosensor that uses an immobilized L-lactate oxidase enzyme to oxidize
lactate into hydrogen peroxide. The electrochemical detection of the hydrogen peroxide produces
a current proportional to the amount of lactate originally present. Calibration standards run

through the instrument before and after every measurement of RBC supernatant.
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4.2.4 Data Processing and Analysis

All Raman spectra were background subtracted, baseline corrected, and smoothed with
automated algorithms coded in-house with MATLAB R2009a (The MathWorks, Natick,
Massachusetts, USA).38407:408 The spectra were then normalized to the 883 cm™ mannitol band
and compared (mannitol acts as a free-radical scavenger and its concentration over 42 days has
been shown to be almost constant).3”

Principal component analysis (PCA) was performed in order to understand the variance in
the spectral data. PCA decomposes the total variance of the spectral data set into mutually
orthogonal, size-ranked sub-variances, each of which resembles a spectral pattern and represents
a decreasing contribution towards the total variance within the data set. In this study, the PCA
analysis included the entire data set and five PCs were used for the decomposition. A second
multivariate technique, band target entropy minimization (BTEM), was used to recombine the
PCA spectral patterns (which are known as eigenvectors) into meaningful spectra. The BTEM
algorithm combines the eigenvectors in various ways until it finds a local minimum for the
Shannon entropy (i.e., it finds the simplest combination of eigenvectors that fits inside a set of
user-determined constraints). The software for these multivariate analyses was also written in-

house with MATLAB. Statistics were performed using MATLAB.409-411

4.3 Results and Discussion
4.3.1 Raman Spectrum of Stored RBC Supernatant

Donated RBCs are known to undergo physiological, morphological and biochemical
changes during their time spent in storage. In order to test the ability of Raman spectroscopy to

elucidate metabolic changes in RBCs, it was important to reduce the spectral contribution from
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hemoglobin, a metalloprotein that comprises over a third of the total content in a RBC and is a
strong Raman scatterer. Thus, before Raman measurements were made, supernatants from thirty
different units of donated RBCs were isolated and dried as a drop on a gold mirror.*'%414 Figure
4-1A is a representative microscope image of a dried-drop of RBC supernatant on a gold mirror,
and Figure 4-1B shows a typical Raman spectrum collected from the center of the drop (from one
individual, Donor 9). Figure 4-1B also shows other relevant spectra, those of hemoglobin and the

SAG-M additive solution.
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Figure 4-1: (A) A bright-field image showing the uneven topography of a typical drop of
supernatant. (B) The average (10 spectra, 100 second accumulation each) Raman spectrum
of RBC supernatant after two days of storage (in black), a Raman spectrum of pure SAG-M
solution (in blue), and a Raman spectrum of (powdered) hemoglobin (in red); both
supernatant and hemoglobin spectra show contributions from the internal porphyrin ring

and from the amide modes (753 cm™, 1500-1600 cm-?).
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The Raman spectrum of the dried supernatant is relatively complex (i.e., it has many
Raman bands) and is still heavily influenced by the spectrum of hemoglobin (for example, in the
1500 — 1600 cm™ region both spectra show bands associated with the internal porphyrin ring of
the heme structure, as well as amine stretching modes characteristic of the globular section of the
protein). Hemoglobin accumulation in the supernatant generally represents a measure of cell-
breakdown, and we see from Figure 4-1 that it is present in the additive solution after only two
days of storage. This discovery was somewhat surprising, and suggested that hemoglobin was
released into the additive solution through an equilibration process or that some of the cells had
already undergone hemolysis. Realistically, collection and preparation processes, such as mixing
with anticoagulant or additive solutions, variation in centrifugation speeds, and shear stress
through tubing and ports, can contribute to red cell hemolysis. We have no corresponding
hemolysis data for this experiment but the results imply that Raman could hold promise as a tool
for measuring hemolysis-progression over storage time. Interestingly, the intensities and structure
of the hemoglobin bands in the supernatant spectrum do not completely match its pure form. This
suggests the conformation and composition of the hemoglobin becomes altered after is it
externalized.

Features other than those associated with hemoglobin can also be discerned in the
supernatant spectrum; some of the observed bands originate from cell fragments (e.g.,
microvesicles, proteins, lipids, etc.)*'® and others are linked with the biochemical components of
the additive solution (the more prominent bands are labelled and assigned in Table 4-1).

It is worth noting that supernatant data presented in this study has been normalized to the
mannitol band at 883 cm™, a component of the additive solution whose concentration has been

shown to stay relatively constant throughout the period of storage.
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Raman Shift (cm™?) Mode Assignment Biochemical Component

520 S-S disulfide stretch Hb*; protein
536 w (CO2°)*6 Lactate
565 v(Fe-02) Hb
622 C-C twisting of Tyr, Phe Hb; protein
677 S(pyrrole deformation) Hb
724 - Adenine
753 v(pyrrole breathing) Hb
853 C-C aliphatic stretch Lactate
880 CH2 rocking*’ Mannitol
926 Hb
1000 Phe Proteins
1031 S8(=CoH2)4 Hb
1040 C-CHs vibration Lactate
1071 S8(=CoH2)4 Hb
1081 C-O vibration Lactate
1124 CHs rocking / C-O vibration Lactate
1127 v(Cg-methyl) Hb
1338 v(pyrrole half-ring)sym Hb
1448 S6(CH2/CHs) Proteins, phospholipids
1526 v(pyrrole breathing) Hb

1547 & 1566 V(CeCyp) Hb

1582 & 1639 V (C,Cm)asym Hb
1604 v (C=C) Hb
1620 v (C=C) Hb
1653 Amide I modes Hb; protein

Table 4-1: Prominent bands and their respective vibrational modes.
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A potential artifact of the drop deposition sampling protocol was that the drying could
create a so-called “coffee-ring”, whereby a capillary effect from solvent evaporation distributes
analyte across the dried-drop in a non-random way.*2418-42L |n order to test whether these effects
were relevant to RBC supernatant, we collected 92 spectra across the diameter of a dried-drop
(shown as a bold horizontal line shown on Figure 4-1A).

Figure 4-2 shows the variation in intensity across the width of the drop for two spectral
features, one which is associated with hemoglobin (753 cm™, see Table 4-1) and the other which
is a metabolic by-product of the cells (853 cm™, see Table 4-1). The “coffee-ring” chromatographic
effect is not substantial for these components (the series averages are almost flat), though it may
appear more significant for the hemoglobin than the metabolic by-product (standard deviations of
0.31 and 0.25, respectively). To further minimize the already small chromatographic phenomenon,

all the RBC data in this study was collected from as close to centre of the drop as possible.

147



224 A 853cm’ .
] -1
| |
204 753 cm A
1 A
1.8 - - g -
4 A A
» 1.6 iom ok k. § = o
S 144 a ““A A A A & R AAM
g 1.2 - A. A t t A -AAAAA A AA» AA AAA 131
£ la o4 A A L, n A m, %A, u .
T 1.04 a4 . a A A, A
et n | | A n
_.2’ | m N A ] | § | A
h 08- u [} ] | ]
€ n n
c = [ ]
Los{ w w " . - L~ 0.64
L= ™ b | = s E N
04- mm m " L N
- ] | | m ||
0.2
0.0 T T T T T
-2000 0 2000

Relative Distribution from Center of Drop (um)

Figure 4-2: Distribution of two distinct spectral features across the width of a dried-drop
supernatant sample after two days of storage. The x-axis approximately corresponds to
Figure 4-1A; the drop looks inhomogeneous but the chemical composition across the drop is

uniform for the chemicals of interest.

4.3.2 Variation with Storage Time

Figure 4-3A shows Raman spectra from a representative donor (Donor 26) on days 2, 20
and 42 of storage. It is clear that many of the Raman bands are increasing as a function of storage
time, e.g., 530 cm™, 753 cm?, 853 cm?, 926 cm™, 1031 cm™, 1127 cm?, 1338 cm?, 1448 cm™,
1620 cm™. The band at 853 cm™ is clearly undergoing the most significant relative intensity

change. Chemometric analyses were used to isolate Raman bands that varied in intensity along
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with the 853 cm™ band and the resultant spectral pattern became the target of a literature search
(the result is shown in the side-panels of Figure 4-3). Figure 4-3B shows the spectral pattern of the
first PCA eigenvector, Figure 4-3C is a BTEM decomposition (targeting the 853 cm™ band)*®°,
and a spectrum of sodium lactate is shown in Figure 4-3D. After ascertaining that the major
spectral variation with time was due to an accumulation of lactate in the supernatant, its build-up

over the course of the 42 day storage-period was investigated.
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Figure 4-3: (A) The development of the supernatant spectrum over the course of a 42 day
storage-period. The dominant spectral change is the increase in band-intensity at 853 cm™.
(B) and (C) show PCA and BTEM analyses of the whole data set (all donors, all time-points)
that isolate other spectral changes that are associated with the 853 cm™ band. (D) is a Raman

spectrum of pure sodium lactate.
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Figure 4-4A shows the progression of lactate for two donors over the course of a complete
storage period (as would be expected from published observations, its relative concentration
increases). Each circle represents the average spectral intensities of the 853 cm™ band (from seven
to ten acquisitions) performed on the sample on a particular day. The spread of a donor’s data at
each time-point illustrates the reproducibility of the measurement®382, while the spread of points
between two donors illustrates inter-donor variability.

At present, storage duration is used as the proxy measure of biochemical change in an RBC
unit. This practice relies on the assumption that storage-related effects occur uniformly in every
bag. Figure 4-4B, however, shows that the metabolism of stored RBCs can vary considerably
between different donors (measurements beyond the 42 day storage limit are included to assess
trend behaviour). For example, the rate of lactate production for Donor 8 (green circles, 49 year
old female) is relatively slow when compared to that of Donor 9 (red circles, 55 year old male);
after approximately 21 days of storage, the lactate content in RBC concentrate from Donor 8 has
approximately doubled, while that of the Donor 9 has more than quadrupled. This suggests that
the rates of cellular metabolism are different for these donors and that the use of storage duration
as a proxy measure of RBC biochemical changes may not be adequate. Though extensive work
has been done describing the biochemical effects of storage on RBCs, the size of variation among
units of similar storage age has not been thoroughly investigated and is not fully understood. It is
also unclear what clinical significance the lactate variation has for patients.

After the analysis of lactate, it was investigated if similar trend information could be
obtained for hemoglobin. It was found that, unlike lactate, the hemoglobin bands did not have
consistent trends related to storage time. Therefore, the lack of clear trends was hypothesized to

be related to the formation of microvesicles, small structures of cell membrane that bleb off from
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cells as they age in storage. These vesicles are known to contain hemoglobin and their distribution

across dried drops of supernatant may not be uniform.*
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Figure 4-4: (A) The change in relative intensity of the 853 cm (lactate) band with storage
age for two (randomly chosen) donors (donor 9 and donor 18) is shown for all supernatant
sample points. (B) The average value of the lactate band at each time-point is shown for all

30 donors (bars are + std. dev.).
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The (first) PCA eigenvector shown in Figure 4-3B was obtained by decomposing the whole
data set (i.e., every spectrum) at the same time. Once this decomposition was performed one could
look at the contribution that this eigenvector made to each spectrum (the size of this contribution
is called a ‘loading’ and, in this data, can be regarded as a measure of lactate content). Figure 4-5
shows the average loading and the variation (std. dev.) that is obtained when all the data are
analyzed together. As expected (from a consideration of Figure 4-3B), the contribution from the
lactate bands increases, on average, with storage-time; interestingly, the data suggest that the
variability between individuals also increases with storage-time and that there is an increase in

variability after day 21.
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Figure 4-5: Every supernatant spectrum has a contribution (or ‘loading’) from the first PCA
eigenvector shown in Figure 4-3B, the average contribution increases with storage age, and

the variability between donors (the std. dev.) increases from (approximately) day 21.

The degree of inter-donor variability is such that even ‘fresh' blood (i.e., defined as < 8 days
in this work, but the definition varies in different studies)3’43763" can have sizable variability; for
example, Figure 4-6 shows that in supernatant from Donor 26 the relative concentration of lactate
increases approximately 150% (from 0.78 £ 0.05 units to 1.93 + 0.14 units) between day 2 and day
8, but the supernatant from Donor 27 doesn’t even increase 50% (i.e., it changes from

approximately 0.75 units to 1.12 £ 0.04 units) over a 9 day storage period. These differences mean
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that units from some donors can contain as much lactate after 8 days as units from other donors do

after >20 days.
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Figure 4-6: The current practice is to use 'fresh' blood (<8 days) for very ill infants. The
Raman supernatant data shows that lactate content can vary by a factor of approximately

two after 8 days (each data point is measurement of a single individual at a single time-point).

4.3.3 Quantification of Lactate

Raman spectral intensities are linearly correlated with analyte concentrations but they do
not provide an absolute measurement of quantity. Obtaining concentrations from a Raman
measurement requires intensities to be related to analyte standards on a calibration plot. In order

to understand the relationship between intensity and concentration for stored RBC supernatant, a
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commercial YSI biosensor instrument was used to quantify the lactate in two of the stored units.
Extracted samples were split and half was utilized for spectroscopy whilst half was used for lactate
quantification. Figure 4-7 shows the results for the two methods, and while there are no deviation
bars included on the YSI measurements due to lack of sample volume for replicate measurements,
the comparison appears to be quite robust. The lactate concentration was estimated to be ~7 mM
at two days of storage and ~27 mM at thirty-five days of storage. Noting that this final time point
is a week earlier than from quantitative lactate numbers reported by an NMR study®”, the values
compare well with time points included in this NMR report (~8 mM after two days of storage and
~35 mM after forty-two days of storage). It would be possible to further explore the relationship
between intensity and concentration, but for the purpose of this chapter, the qualitative relationship
in Figure 4-7 is clear enough to provide confidence that the presented trends are directly reflective

of lactate concentration.
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Figure 4-7: The comparison of Raman spectral intensity for the 853 cm! lactate band with

traditional quantification of lactate concentration as determined by a YSI analyzer.

4.3.4 Interpretations of Donor Characteristics and Variability

It has been proposed that the variable metabolic rate of stored RBCs could be affected by
certain characteristics of a blood-donor (e.g., age, gender),*242® and with this in mind the data was
divided by gender and the groups reanalyzed separately. Figure 4-8 shows that, on average, the
units from female donors had less lactate (2.812) than those from male (3.694) donors (ANOVA,
F=28.49; df =1, p = 0.004, s = 1.792). The slopes of the linear fits (and their 95% prediction
bounds) in Figure 4-8 suggest that the accumulation of lactate is slower in units from female
donors. The slope for males (0.101; 95% CI: 0.085 — 0.118) fell marginally outside the 95%

confidence bounds of the slope for females (0.085; 95% CI: 0.071 — 0.098).
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Figure 4-8: Intensity changes of the 853 cm™ lactate band for females (reds) and males (blue)
reveal gender-related differences in lactate dynamics during storage. Separate gender-based
linear fits show that lactate levels in blood from female donors increase more slowly than in

blood from male donors.

To explore the effect of donor-age on stored RBC concentrates, the data was divided by
age (at a 45-year-old threshold) and the groups reanalyzed (Figure 4-9). The cohort was not large
enough to make single-sex, age-separated groups of any great size (of 30 donors there were 10
donors who were under 45 years old (5 males and 5 females) and 20 donors who were 45 years or
older (13 males and 7 females)) and there was no observation of statistically significant
differences. However, lactate accumulated more slowly in units from younger females with a

regression slope (0.079, CI: 0.070 — 0.088) that had 95% confidence bounds that did not overlap
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the slopes of the other groups (0.092, 0.088 and 0.101 for younger males, older females and older

males, respectively).
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Figure 4-9: Intensity changes of the 853 cm™ lactate band for younger females (light red),

older females (red), younger males (light blue), and older males (blue). Linear fits suggest

both age- and gender-related differences. The slowest lactate increases in stored RBCs occur

for younger females.

The age/gender contribution to the phenomenon that was illustrated in Figure 4-5, i.e., the

increase in lactate-variation observed after ~21 days, was also investigated. Three F-tests for

differing variances were performed and three statistically significant results were found

(significant at the Bonferroni-corrected a. = 0.0167 level): first, the variations increased at the 21-

day cut-off for older male donors (F = 0.377; df. 40, 26; p = 0.01), second, those increases were
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much larger than those for younger female donors (F = 5.14; df. 40, 13; p = 0.003), and third, the
variations in older female donors were larger than those in younger female donors (F = 3.87; df.
19, 13; p = 0.0161). At this point, there is no explanation as to why the inter-donor variability
increases at 21 days of storage. One possible hypothesis is that the shift in cell metabolism (towards
the oxidative phase of the pentose phosphate pathway) that is known to occur in the second week
of storage is variable for different donors. It has previously been proposed that during the first two
weeks of storage the RBC metabolism works to sustain RBC energy production, but from day 14
onwards it produces metabolites that are known to initiate anti-oxidant responses. If this is the
mechanism responsible for the variation, then the data would suggest that cells from different
donors have variable resistance to the oxidative stresses that are encountered during storage. 3237

Ultimately, the cohort of donors in the present chapter was not large enough to draw solid
conclusions about donor characteristics. For example, evidence was presented above that the
increase in inter-donor variation observed after 21 days of storage was largely due to changes
occurring in units from older male donors, and it will take another specially designed study to test
any biological hypotheses satisfactorily. In these studies, it will be necessary to have more
information about the donors; in this case, there was access to age, gender, and the awareness that
each donor was healthy enough to donate, but nothing further about their lifestyle (for example,

whether donors were smokers or not).

4.3.5 Future Directions
The current regulatory management of RBC inventory is based solely on storage age and
inter-donor variability is not considered. The same is true of transfusion medicine, where suitable

units are differentiated from unsuitable units by consideration of their ‘freshness’ (storage age).8”%®
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The data presented above suggest that there are relationships between donor-gender/donor-age and
stored-RBC metabolism, and they suggest that Raman spectroscopy could be used to investigate
these relationships in larger (properly controlled) studies. The ability to measure the biochemical
constitution of an RBC unit rather than rely on the proxy measure of storage age could have
implications for the management of blood supplies and for the design of randomized clinical trials
that aim to determine if RBC quality has any effect on patient outcome, especially if the data could
be collected non-invasively from intact blood-bags.

The data generated in this study, like those typically generated in investigations of stored
RBCs, were obtained by taking aliquots of blood and analyzing them in the laboratory. In addition
to being slow and often complex, the sampling requirements for these analyses prevent the unit
from ever being used for transfusion. They are thus of little use to a clinician who wants to assess
if an aspect of the unit content is within an acceptable range before transfusing the unit into a high-
risk patient,384-386

Spatially offset Raman spectroscopy (SORS) has been developed for collecting spectra
through plastic containers**#2® and as will be shown in Chapter 5, SORS can be used to acquire
information from RBCs stored in intact plastic storage bags.**® As expected, the Raman data from
the RBCs are dominated by spectral features associated with hemoglobin and it is likely that the
features would obscure the biochemical information described in the present chapter. It is believed,
however, that a SORS instrument would be capable of performing a through-bag measurement of
the cell-free supernatant which exists once the RBCs have settled to the bottom of the bag. This
analysis could aid a more accurate determination of useful shelf-life — as a function of metabolite

concentrations — and would provide blood service organizations with another means for quality
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control and inventory management. It could also equip clinicians with additional information on

the “metabolically active substrates and electrolytes” contained in stored RBC units, 374403427428

4.4 Conclusions

The goal of this study was to use the non-destructive analytical technique, Raman
Spectroscopy, to investigate biochemical changes that occur in units of RBCs as the cells age. The
most prominent spectral change was the large variation in the intensity of Raman bands associated
with lactate. The data revealed detail of the magnitude of inter-donor variability and variability
associated with gender and age (though larger controlled studies will be needed to draw stronger
conclusions). The findings point the way to the development of a Raman instrument for probing
intact RBC units in blood banks and hospitals; such a tool could also be useful for investigating
which biochemical pathways dominate in units of RBCs from different donors and for correlating

these effects with patient outcomes.
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Chapter 5: Non-Invasive Spectroscopy of Transfusable Red Blood Cells

Stored Inside Sealed Plastic Blood-Bags®

5.1 Introduction

Modern medicine relies on safe, secure, and cost-effective supplies of transfusable RBCs.
Blood banking agencies obtain whole blood from volunteer donors, separate the RBCs by
differential centrifugation, suspend them in specially formulated additive solutions such as SAG-
M, and store them in PVVC blood-bags at 4°C until they are needed for transfusion.

Despite extensive efforts to maintain RBC viability and function, RBCs degenerate and
disintegrate whilst being stored.37379405429-432 Degraded cells have lower post-transfusion survival
rates and thus regulatory authorities limit the amount of time they can be stored; most agencies
specify that unused units be disposed of after five to six weeks (e.g., the storage period in SAG-M
is limited to 42 days. At this point, ~40% of RBCs show irreversible morphological changes and
~0.5% of RBCs have lysed).37:379:405429-432

The causes and effects of stored-RBC degeneration (the so-called storage lesion) are
complex, but the biochemistry that occurs inside blood-bags has been subject to much
study.37:82,352,370,373-375,379,405429-433 £ r examplle, it is well known that RBCs continue to metabolize
and convert glucose (from the additive solution) into lactate via the glycolytic pathway, and it is

known that as the concentration of lactate increases (from ~5 mM to ~35 mM) over a six-week

5 A version of this chapter has been published:

Buckley, K.; Atkins, C.G.; Chen, D.; Schulze, H. G.; Devine, D. V.; Blades, M. W.; Turner, R. F. B. Non-Invasive
Spectroscopy of Transfusable Red Blood Cells Stored Inside Sealed Plastic Blood-Bags. Analyst 2016, 141, 1678-
1685.
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storage period, the pH drops from ~7.0 to ~6.5.82374375.379433 Concomitant with these metabolic
effects are various degenerations of cellular membranes and changes in the concentration of
various cellular metabolites. For example, the intracellular concentration of 2,3-DPG, a metabolic
intermediate which affects the oxygen-carrying capacity of hemoglobin, decreases with storage-
time. 32370373 At present, the absence of a metric to quantify storage lesion, and concerns over
violating the integrity of closed sterile systems, mean there are no procedures in place for the
analytical testing of individual units of red cell concentrate (RCC).

SORS is a variant of Raman spectroscopy that allows the retrieval of chemical information
through over-lying surfaces and turbid media.*****® The technique involves the acquisition of
Raman spectra from locations on the sample-surface that are laterally separated from the laser
illumination zone. Photon diffusion causes spectra collected with larger spatial-offsets to have
greater relative-contributions from larger depths within the sample, i.e., photons that find their way
to the surface from greater depths are more likely to be found at greater (lateral) distances from
the illumination point.*** The development of SORS has unlocked a host of new applications
ranging from aviation security and pharmaceutical analysis, to the non-invasive detection of
disease (e.g., cancer),#11:424-426436

Recently, a form of “micro-SORS” that can interrogate samples through ~1 pm-thick
diffusely-scattering layers has been reported. The technique, which has applications in biology,
quality control, and material sciences, involves the introduction of a SORS offset along the plane
of the incident beam,**” % or the introduction of a lateral-offset across the plane of the
surface.**%44 |n the past, the lateral-offset has been achieved by spatially resolving images on the
CCD detector*® or by delivering the laser beam via a different path (i.e., completely bypassing the

microscope optics).*
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The current chapter will describe the application of a different form of micro-SORS to
probe RCC through standard (~400 pum-thick) blood-bags. In this formulation, the lateral-offset
was introduced across the plane of the sample-surface using the standard beam-steering optics of
the Raman microscope. This simple work-around did not require any optical or optomechanical
engineering Yyet it revealed rich chemical information about the oxygenation state of the stored
cells.

Until now, scientific investigations of the RCC storage lesion have relied on analytical
techniques that destroy the sample and/or breach the sterility of the bag. The demonstration that
RCCs can be interrogated non-destructively and non-invasively through standard storage bags
points the way to a tool for investigating RBC degeneration/disintegration in situ, and potentially

a Raman-based instrument for quality control in a blood bank or hospital setting.

5.2 Experimental
5.2.1 Blood Collection

Fifteen healthy adults (6 females and 9 males) aged between 20 and 68 years (Mean = 50
years, std. dev. = 15 years) each voluntarily donated a whole blood unit (450 mL + 10%) at the
Canadian Blood Service NetCAD facility in Vancouver, Canada. The RBCs were isolated from
the blood, suspended in 110 mL of SAG-M additive solution (saline with 1.25 mM adenine, 43.4
mM glucose and 28.8 mM mannitol), subjected to an in-line leucoreduction filtering and put into
standard PVC storage bags. The units of prepared RCC (Figure 5-1) were then stored under
standard blood banking conditions at 4 + 2°C. The protocols used for the donation and preparation

the isolation of the RBCs have previously been described.®®
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Figure 5-1: A standard bag of transfusable RBCs in a PVC blood-bag (the white panel

obscures barcodes and identification-labels).
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5.2.2 Data Collection and Processing
5.2.2.1  Collection of SORS Data

The intact units of RCC were probed with a commercial Raman microscope (Renishaw
inVia Raman microscope, Gloucestershire, England) that was equipped with a 785 nm excitation
laser (laser power at the sample 105 - 110 mW), a 50 pum confocal aperture, and a 5x microscope
lens (Leica, Wetzlar, Germany). The Renishaw WiRE™ software allowed visualization of the
laser spot on a video image of the sample and the laser spot appeared as a rectangular profile
(~40 um wide and ~300 um long) on the surface of the blood-bag (see Figure 5-2, position A).
The software gives the user the option of moving the laser spot across the focal plane with ‘beam-
steer’ alignment mirrors. The mirrors are accessible in order to allow the operator to move the laser
illumination spot to the center of the lens focal point and thereby maximize the Raman signal. In
this SORS experiment, however, the mirrors were used for the opposite purpose and the laser
illumination line was moved away from the illumination point, through a SORS offset of 200 pm
to position B in Figure 5-2 (200 um was the largest offset that could be introduced without warping
the illumination line with the edge of the lens). To collect the spectra, each blood-bag was taken,
in turn, directly from the refrigerator and placed on the microscope stage. A zero-offset spectrum
(Figure 5-2, position A) was first collected for 180 seconds (18 accumulations x 10 second
acquisition time) and then a SORS spectrum (Figure 5-2, position B) was collected for 180 seconds
(18 accumulations x 10 second acquisition time). After spectral data had been collected from a bag
it was returned to the refrigerator; previous research has shown that exposure to uncontrolled

temperatures for 60 min or less does not affect RBC quality.*2443
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Figure 5-2: Position A is the set-up for collecting a conventional Raman spectrum with the

laser line centered on the microscope’s focal point (the cross-hairs). In order to collect a

SORS spectrum, the laser illumination line was moved 200 pm away from the focal point

using the beam-steer alignment mirrors (Position B).

5.2.2.2  Collection of Supporting Data

The comparison spectrum shown in Figure 5-4 was collected by removing an aliquot of
RCC aseptically from a blood-bag and pipetting it onto a gold mirror (Thor Labs, Newton, New
Jersey, USA). The laser was directed onto the top of the liquid and a Raman spectrum collected in

the conventional manner. For ease of interpretation, the spectra in Figure 5-4 were normalized to
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make the hemoglobin features above 1500 cm™ have comparable intensity. The spectra in Figure
5-5 were collected with longer accumulation times (an equivalent of 6 minutes) in order to improve
the signal-to-noise ratio. The fluorescence backgrounds were removed by fitting a polynomial
baseline to each spectrum and subtracting it from the raw data (MATLAB, MathWorks, Natick,

USA).44

5.3 Results

A SORS experiment to probe the contents of a standard (400 um thick) blood-bag is shown
in Figure 5-3. A zero-offset measurement (labelled A in both panels) produces a spectrum
dominated by the PVC blood-bag whereas a 200 um offset measurement (labelled B in both
panels) produces a very different spectrum. The spectra are plotted as raw unprocessed data.

The 200 um offset SORS spectrum shown in panel B of Figure 5-3 is plotted again in
Figure 5-4, along with a spectrum of RCC that has been removed from a blood-bag, placed on a
gold mirror and probed using conventional (i.e., zero-offset) Raman spectroscopy. It is clear that
the two spectra share many of the same Raman bands and that both are dominated by spectral
features associated with hemoglobin (e.g., bands at 752 cm™, 1224 cm™, 1547 cm, 1582 cm™,

1606 cm™, 1617 cm™, and 1636 cm; see Table 5-1 for assignments).133445
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Figure 5-3: The schematic diagram of a blood-bag on the left shows two different

experimental geometries: conventional Raman spectroscopy, in which the backscattered

light is from the laser illumination point (geometry A) and SORS, in which the collection

point is laterally offset from the laser illumination point by 200 um (geometry B). The plots

on the right show the corresponding spectral data.

169



5. : g | —— SORS|
S LA : : RBCs
| y "l. f,!,.',kh
b a z P
4 W s | L
iy ? | P
PR P, ; 5 o
- : "'a,.m 5 : P
- : : i W :
$ 3 MM'\‘I. '.’| ‘ {!l ! :
> . 5 ‘W{# l jh ) Ih\ »"y “f 1N ':.““ F'
:"ﬁ : . "s’l\\'J “""‘“‘"q./wl;l\u "\‘ I’ 'M"’I "/‘"\”‘..“{H\ I;E \ ‘m ’,\‘L&l\‘
C 5 o : "'ﬁ \_l.l u’}l: . 1'.1
L 2 : : M e B T
= z TE. " L
. i ) | <y otk
- i |E.I / HI\("‘H’K / M Nsbl' .
14 [I| 1| ’H" J \“w 'IwJ. . lﬁ, \
\ |: J. il L
) A M ‘|:- | \ ’5 .‘{i"l '\' "’ ; ll"
J ﬂ"‘n"""%“.'f} n""‘a" i w’\»\\/ ",4~’\«,\.V"J',‘h "’"-'-""vf ‘\.'!/ '»-M"M‘J' . \\Y'.
. . ' r.l
z ' A
0 - : . :
| I I I I I
600 800 1000 1200 1400 1600

Figure 5-4: The SORS spec
plotted with a conventional
bottom trace). Both spectra

associated with hemoglobin.

Wavenumber (cm™)
trum of the blood-bag contents (from Figure 5-3; top trace)
Raman spectrum of RCC (i.e., the contents of a blood-bag;

exhibit many of the same Raman bands, in particular those
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Raman Shift (cm?) Mode Assignment Biochemical Component
622 C-C twisting of Tyr, Phe Hb; protein
635 & 695 C-Cl stretching PVC bag
677 o(Pyrrole deformation) Hb
753 v(Pyrrole breathing) Hb
853 C-C aliphatic stretch Lactate
880 CHz2 rocking Mannitol
1000 Phe Proteins
1031 6(=CbH2)4 Hb
1040 Ester of phthalic acid Plasticizer additive (PVC)
1040 C—CHs vibration Lactate
1071 6(=CbH2)4 Hb
1081 C-O vibration Lactate
1124 CHs rocking/C-0 vibration Lactate
1127 v(Cb-methyl) Hb
1212 6(CmH) Hb
1226 6(CmH) Hb
1448 6(CH2/CHs) Proteins, phospholipids
1427 & 1437 CHzscissors vibration PVC
1526 Pyrrole stretching Hb
1547 & 1566 CpCp stretching Hb
1580 & 1600 Ester of phthalic acid Plasticizer additive (PVC)
1482 & 1639 Asymmetric CoCnm stretching Hb
1604 C=C stretching Hb
1653 Amide | modes Hb; protein
1723 Carbonyl stretching PVC

Table 5-1: A list of the more prominent Raman bands in the SORS spectra.
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Figure 5-5A shows SORS spectra that were collected from two units chosen at random and
scanned on the same day (in this figure the fluorescence background has been removed for ease of
comparison); the main features of the SORS spectra show that similar biochemical information
has been retrieved from each unit and there is no substantial increase in the relative intensity of
bands at 662 cm™, 972 cm™, 1248 cm™, 1365 cm™, or 1396 cm™, which would indicate that the
cells are undergoing photo-damage.1° Figure 5-5B shows the 1200 to 1650 cm region of Figure
5-5A on an expanded scale. In this plot, slight differences between the spectra can be seen; these
subtle features have previously been reported in Raman studies of RBC oxygenation and
deoxygenation cycles and are well characterized.®*>° They indicate that the hemoglobin in cells
from Donor 15 are fully oxygenated inside the bag and the hemoglobin in cells from Donor 1 are
partially deoxygenated inside the bag. The only other plausible explanation for these spectral
features is the presence of metHb, which can be ruled out because there is no increase in intensity

of the Raman bands at 1516 cm™ and 1610 cm*,135140
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Figure 5-5: A) A comparison between a SORS spectrum of 27 day old RBCs and a SORS
spectrum of 1 day old RBCs (from a different donor). B) Emphasis on spectral features
related to oxygenation in the 1200-1650 cm region, the increase in intensity of the bands at
~1212 cm* and ~1547 cm™ (dotted lines) reveal that the 1 day old RBCs are oxygenated and
the 27 day old RBCs are partially deoxygenated. The Raman features associated with
molecular bonds that do not change confirmation or position with oxygenation, are

unchanged.
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The oxygenation state of hemoglobin in stored RBCs is an important topic in the
transfusion-research community and the diffusion of oxygen through the (gas-permeable) PVC
storage bags has been a subject of study.®? This work has shown that hemoglobin is affected in
complex ways by cold storage (for example, the drop in pH increases the oxygen-pressure needed
to saturate hemoglobin, but the loss of cellular 2,3-DPG decreases it).**® Despite the complexity
of the system there is consensus that ~99% of the hemoglobin in an RBC unit is oxygen-saturated
by the end of a six-week storage period.®

The expected trend towards increased oxygenation with storage time is inconsistent with
the results in Figure 5-5 where the cells in the 1-day-old bag from Donor 15 are more oxygenated
than the cells in the 27-day-old bag from Donor 1. In order to further investigate this apparent
anomaly, the relationship between hemoglobin oxygenation and storage age was analyzed for all
fifteen bags. No simple correlation between oxygenation and time was found when all the data
were analyzed together (Figure 5-6, R = 0.02), but there were some weak trends found in specific
bags. For example, the oxygenation of the hemoglobin in RBCs from Donor 1 (Figure 5-7, top
panel) decreased as storage time progressed (R? = 0.38) whereas a slight trend towards increased
oxygenation with time was more typical of the whole data set and more consistent with expected

trends.
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Figure 5-6: The data from each bag were decomposed with multivariate (Principal
Component) analysis. The primary difference between the spectra (the first eigenvector) was
associated with oxygenation/deoxygenation, as shown in the bottom panel in Figure 5-7. The
degree to which each spectrum is dominated by this eigenvector is plotted here. The large

scatter and absence of any simple relationship is discussed below.
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Figure 5-7: Certain regions of the RBC spectrum are seen to vary with oxygenation (see
Figure 5-5). The eigenvector which correlates with oxygenation-changes is plotted in the
bottom panel. The top panel shows Donor 1, an example of an RBC unit where oxygenation
decreases with storage age (spectra are on the left and the trend from Figure 5-6 is on the
right). The middle panel shows Donor 14, an example of an RBC unit where oxygenation
increases with storage age (again, spectra are on the left and the trend from Figure 5-6 is on

the right).
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The aim of the present study was to assess whether or not SORS could be used to probe
RCC non-invasively inside PVC bags. It was not designed to test a specific clinical or biological
hypothesis and did not have the statistical power to draw conclusions about the characteristics of
particular donors (e.g., spectral features related to age, gender, etc.). Nevertheless, the observation

is interesting and will be investigated in further studies (see below).

5.4 Discussion

Donated RBCs are not routinely subjected to analytical testing before they are transfused
because current techniques for evaluating cell-biochemistry are relatively slow, and they require
that the sterility of the unit be breached so aliquots can be taken. The present study shows that
SORS can be used to retrieve pertinent biochemical information from RBCs that are being stored
in standard PVC blood-bags. The non-invasive probing of stored RBCs creates new opportunities
to investigate the oxygenation-levels of the stored cells and, in the longer term, potentially offers
a powerful methodology for elucidating the relationship between storage lesion and patient

outcome.

5.4.1.1 Oxygenation State of Hemoglobin

Hemoglobin accounts for 97% of the dry weight of RBCs**" and >90% of hemoglobin is
oxygenated at the time of donation. As mentioned above, there is plentiful oxygen available to the
RBC hemoglobin during storage as atmospheric oxygen can diffuse through the gas permeable
PVC bags and it is thought that by the end of the storage period ~99% of the hemoglobin are

oxygen-saturated.®2
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The SORS technique, as deployed in this study, only interrogates RBCs that are close to
the inner surface of PVC bag (i.e., within ~100 um of the inner surface). No rigorous protocol was
deployed to shake the bag before the SORS spectra were collected and thus it is probable that the
data are weighted towards cells that had spent more time interacting with atmospheric oxygen (and
in regions of the bag that had a lower concentration of RBCs per unit supernatant due to settling).
Nevertheless, the SORS spectra presented confirm that in some blood-bags measurable amounts
of deoxygenated hemoglobin are present after six weeks of storage. The design of the study, to test
SORS as an analytical technique rather than to test a specific clinical/biological hypothesis, means
that it is not possible to draw any deeper findings from the data. The results do suggest two
interesting courses for future work: it would be useful to repeat the study in a situation where each
bag was agitated gently before scanning, and also to repeat the study in a situation where each bag
was disturbed as little as possible so as to intentionally look at oxygenation in cells that spend more
time near the P\VC membrane. The large scatter in Figure 5-6 shows that, in all probability, the

present study looked at some combination of the two.

5.4.1.2 Relationship Between Storage Lesion and Patient Outcome

Multi-center, randomized, blinded trials have shown that for critically ill adults in general,
there are no significant clinical consequences for receiving transfused RBCs that are reaching the
end of their shelf-life.”® More specific randomized controlled trials involving certain vulnerable
groups of patients also suggest that outcomes are unaffected by the storage age of the RBCs. For
example, RBC storage age does not have deleterious effects on premature, very low-birth-weight
infants*® or on adult patients that are undergoing cardiac surgical procedures.**® However, the

evidence that there is no link between storage age and patient outcome in some cohorts, does not
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prove that there is no link between those variables in all cohorts and randomized controlled trials
of children®® and adults*® are on-going.

For ethical and practical reasons, the clinical trials that have been reported so far have
compared outcomes of patients who have received blood that is ‘fresh’ (defined as being < 77448
or < 10*° days old) with outcomes of patients who have received ‘standard’ blood of variable age
(for example 22.0 + 8.4 days old in one study’® and 14.6 + 8.3*® days old in another), therefore,
in addition to the unanswered questions surrounding particularly vulnerable patient-groups, there
are still questions to be answered about the biochemical changes that occur at the extremes of the
storage-period, i.e., the earliest and latest days of storage.

Chapter 4 described attempts at using conventional Raman spectroscopy of supernatant
(aliquots) to investigate the related problem of lactate build-up in the RBC additive solution during
storage. It was shown that blood-bags can exhibit measurable variability in lactate concentration
and that some units of RCC carry a significantly larger load of metabolites than others.*>4°!
Although most transfusion recipients have the ability to compensate for lactate (and the
concomitant pH change) by metabolic and respiratory mechanisms, massive transfusions may
overwhelm some patients and lead to transfusion-induced acid-base abnormalities.”>3°0.3704%1
Future work will focus on methodological and/or data-analysis techniques that will enable the use
of analytical techniques described in the current chapter to interrogate supernatant in situ so that
bags containing irregular excesses of lactate can be identified. It is envisaged that SORS will be
used to probe the thin layer of additive solution that forms in stored bags when the RBCs settle to

the bottom, a natural sorting analogous to the centrifugation in the metabolic load study.
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5.5 Conclusions

SORS has been used to retrieve biochemical information from RBCs that have been
packaged for transfusion in PVVC bags. Most analytical techniques that have been used to analyze
RBCs previously require a breach of sterility and an invasive sampling of aliquots from the bag,
actions which renders the contents unusable for transfusion. The ability to probe the cells that are
inside standard blood-bags (i.e., the plastic containers that are used in blood banks and hospitals)
will open new avenues of research in the study the red cell storage lesion and could form the basis
of a clinical tool for probing of individual blood-bags before they are transfused into higher-risk

patients.
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Chapter 6: Conclusions and Future Work

The research presented in this thesis demonstrated that each unit of donated blood has a
unique, albeit changing, Raman fingerprint throughout storage. These unique features originated
primarily from differing lactate concentrations and hemoglobin oxygenation levels. Though the
exact clinical relevance of these fingerprints needs to be assessed, they appear to pertain to
metabolic load and RBC quality. Recent developments bode well for monitoring these fingerprints
non-invasively with an instrumental apparatus, potentially enabling a clinician to make better
informed decisions regarding the suitability of a given unit of stored RBCs prior to transfusion.
Furthermore, the utility of such a technique would extend to the management of the blood supply,

and could significantly facilitate the task of blood banking.

This chapter presents a summary of important findings from each of the research chapters along

with a brief discussion of future implications and research directions.

6.1 Raman Spectroscopy as a Tool for Interrogating Ageing Effects and Quality in
Banked Red Blood Cells

The ability of Raman spectroscopy to measure age-related chemical changes to RBCs
during blood bank storage was evaluated on dry-fixed RBC smears and liquid RBC samples. These
spectra were dominated by hemoglobin Raman features. For dry-fixed smears, distinct donor-
dependent spectral differences were observed in regions associated with hemoglobin oxygenation.
However, because dry-fixing affected the oxygenation of hemoglobin and created protein

aggregation, the results were deemed unreliable. Liquid RBC samples, considered more robust,
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also revealed donor-dependent differences in hemoglobin oxygenation as inferred from the ratio
of bands in the 1200-1230 cm region.

Hemoglobin oxygenation was hypothesized to be related to red cell morphology, a measure
of cell quality. Simultaneous analyses of the oxygenation status and cell morphology of a particular
unit revealed that RBC hemoglobin oxygenation trends closely mirrored RBC morphological
changes over the same period. These trends showed that the RBCs generally deteriorated faster in
the earlier period of storage and that some blood stored better than others.

The discovery that blood quality could be inferred from Raman measurements through
analysis of hemoglobin oxygenation is the first of its kind. It highlights the potential benefits of
using through-bag Raman measurements to assess the quality of stored units, without

compromising their integrity, for clinicians and blood banking agencies alike.

6.2 Raman Spectroscopy as a Novel Tool for Monitoring Biochemical Changes and Inter-
Donor Variability in Stored Red Blood Cell Units

Hemoglobin is both a strong Raman scatterer and a major RBC constituent, and rendering
spectral information from other chemical species within the cells is challenging. Because RBCs,
containing the great majority of hemoglobin, settle gradually over time, a supernatant emerges that
is relatively enriched in additive solution components (adenine, glucose, mannitol) and RBC
breakdown products. The supernatant fingerprint easily revealed the presence of features that were
not associated with hemoglobin or the additive solution. The most significant relative intensity
change identified was for the 853 cm™ band of lactate, a major metabolic breakdown-product.

Changes in Raman spectral intensities were confirmed with a commercial YSI biosensor. The clear
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relationship between the methods provided confidence that the spectral trends for the 853 cm™
lactate band were reflective of lactate concentration.

Analyses of storage-related trends of this band revealed up to three-fold differences in the
‘fresh’ blood (i.e., defined as < 8 days) from different donors. Furthermore, the inter-donor
variability of this band increased after day 21. Differences between donors also clustered by certain
readily obtainable characteristics such as age and gender. Statistical analyses of storage-related
trends demonstrated that, on average, units from female donors had significantly less lactate than
those from male donors, and that the accumulation of lactate was slower in units from female
donors. Additionally, when the data was further divided by age (at a 45-year-old threshold), it
appeared that lactate accumulated slowest in units from younger females, as the 95% confidence
bounds did not overlap with the slopes of the other groups.

Ultimately, though they need to be replicated with a larger cohort of donors, the findings
reported in this chapter have important implications for the improved design of randomized clinical
trials and for improving blood collection, blood bank administration, and clinical use. Thus, gender
and age differences should be taken into account when designing clinical trials to improve the
likelihood of observing meaningful outcomes. Finally, due to substantial inter-donor variations,
the RBC quality of each individual bag needs to be determined before use. The discovery that
lactate, a metabolic waste product of RBCs, could be measured in the supernatant of stored RBC
units with Raman spectroscopy has revealed the potential of Raman spectroscopy to realize these

benefits.
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6.3 Non-Invasive Spectroscopy of Transfusable Red Blood Cells Stored Inside Sealed
Plastic Blood-Bags

Modern investigations of the RBC storage lesion have relied on analytical techniques that
destroy the sample and/or breach the sterility of the bag. However, the non-destructive capabilities
of Raman spectroscopy can be implemented non-invasively with the use of Spatially offset Raman
spectroscopy (SORS) to permit the retrieval of chemical information through over-lying surfaces
and turbid media. With SORS, Raman spectra are acquired from locations on a sample-surface
that are laterally separated from the laser illumination zone; spectra collected with larger spatial-
offsets have greater relative contributions from larger depths within the sample. With micro-
SORS, the SORS technique is implemented on a Raman microscope by making minor optical
adjustments to achieve an appreciable offset of the excitation laser. This permits the interrogation
of RBCs through their plastic storage-barrier.

The zero-offset spectrum of RBCs stored within a plastic blood-bag (i.e., a conventional
Raman experiment) probed the surface of the storage bag and produced a Raman spectrum that
was dominated by chemical features associated with the PVC, its major constituent. Using micro-
SORS with a 200 um offset of the excitation laser allowed the collection of photons scattered from
within the bag. Comparing the RBC fingerprint of SORS spectra to Raman spectra obtained from
liquid samples showed that the SORS spectra exhibited many of the same Raman bands.
Furthermore, these spectra could be used to analyze RBC storage-related changes.

Micro-SORS investigations of features associated with oxygenation for fifteen different
RBC units demonstrated a weak trend towards increased oxygenation with time, consistent with
expectations. In addition, inter-donor variability was again evident with RBCs from one particular

donor decreasing as storage time progressed. Though interesting, the findings need to be
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substantiated in more focused studies as the only objective with this work was to demonstrate that
the RBCs could be interrogated inside the bag without compromising them. Replication would
need to address factors related to oxygen diffusion into the bag, the depth inside the bag from
which scattering is collected, the separation of bag contents due to settling of RBCs, and the effects
of handling on these factors. Regardless, the principle of using SORS to investigate the contents
of storage bags was clearly demonstrated in this chapter. Thus, not only can hemoglobin
oxygenation status, and by inference, RBC quality, be interrogated in situ, but there is also

potential to similarly measure the supernatant to attain its complementary information.

6.4 Outcomes and Future Work
6.4.1 Improvement to Clinical Trials

Much effort and substantial funds have been spent on randomized and controlled studies
to obtain definitive evidence of a relationship between deleterious effects to a transfusion patient
and the storage age of the RBC units. The most recent results of these multiple-year studies have
suggested that storage age may have no relationship to negative outcome, although the presence
of storage lesion clearly creates a product that is not optimal for transfusion. The work presented
in this thesis has demonstrated that each unit of stored RBCs has unique characteristics, whether
these pertain to metabolic products, such as lactate, or internal cell markers, such as hemoglobin
oxygenation. This highlights that storage age is, by itself, an inappropriate metric to use in clinical
trials. To obtain valid data about the effects of RBC storage lesion on recipients, randomized
clinical trials must use an appropriate metric that reflects the degree of storage lesion. It has been
shown here that Raman spectroscopy has the capabilities to contribute to the measurements

required for formulating such a metric.
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6.4.2 Improvement to Transfusion

The decision to transfuse RBCs should always be based on a thorough assessment of
medical indications that transfusion is necessary to save life or prevent serious illness. The
motivation to characterize aspects of the RBC storage lesion using Raman spectroscopy is based
on enabling future studies of how such degradation processes could affect a patient following a
transfusion. As mentioned, the potential of Raman spectroscopy to non-invasively inspect RBC
units without breaching the sterility of a bag or causing damage to the cells makes it an ideal
technique for providing detailed chemical information to a clinician, or a blood bank. These
professionals would then be better informed as to the status of a unit prior to transfusion and would

be able to serve particular patient groups more effectively dependent on perceived needs.

6.4.3 Future Work
Throughout the course of this thesis, a number of interesting questions have been raised

which can be addressed in the near future.

6.4.3.1  Smears of Stored RBCs

The dense part of the smear was investigated in Chapter 3 to model the bulk conditions of
the RBCs within a unit. However, can the smear be used to also obtain specific Raman images of
the various cell morphologies (as presented in Figure 1-9)? Could these images provide chemical
information related to the breakdown of the cell and give insight into the different metabolic
conditions in each? The inner leaflet of the RBC membrane is exposed during times of distress;

could these phospholipids be measured?
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6.4.3.2 Characterization of Supernatant

Separating the RBCs from the additive solution via centrifugation demonstrated that
biochemical information, such as the presence of lactate, was measured in Chapter 4 using Raman
spectroscopy. What other biochemical features could be measured if sampling effects were
eliminated and the measurement was performed non-invasively using a SORS strategy? One of
the current methods for evaluating the quality of a red cell unit is measuring the extent of
hemolysis. As mentioned earlier, technologists working in blood banks qualitatively identify badly
storing RBC units by sight (as units that undergo hemolysis have a distinct reddish supernatant).
The quantitative method for the determination of hemolysis is not standardized across different
quality labs, but involves a measurement (often with spectrophotometry) to determine the free
hemoglobin released into the supernatant relative to the total hemoglobin contained in the unit.
Could a non-invasive measurement of extra-cellular hemoglobin or the detection of released
microvesicles provide insight into the hemolysis of the stored RBCs? Acquiring such information
would allow additional insight into the metabolic pathways of stored red cells and further serve to

empower the decision-making of a clinician.

6.4.3.3  Instrument Development

In Chapter 5, the application of micro-SORS confirmed that RBCs could be assessed
through their plastic storage bag. The utility of a Raman microscope platform, however, is not
ideal if the technique is to be feasible for clinicians in a hospital or a blood bank. A more
convenient adaptation would be required that can rapidly measure both the RBC portion of the unit

and the supernatant (visible after the stored cells have settled). Parameters such as hemoglobin
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oxygenation, lactate accumulation, and other biochemical features could be easily obtained with a

low-barrier to proficient instrument operation.

6.4.3.4  Assessment of Other Blood Products

When whole blood is donated, it is separated into its individual component parts (RBCs,
WBCs/platelets, plasma) as depicted in Figure 1-8. Although this thesis only described the utility
of Raman spectroscopy for assessing stored RBCs, platelets also have value to modern healthcare
for therapies such as prevention of bleeding. They are enriched from the recovered buffy-coat layer
and stored upwards of 5 days at room temperature under constant agitation. The literature review
presented in section 2.7 revealed that Raman investigations of platelet chemistry are sparse. It
would therefore be useful to apply some of the techniques outlined in this thesis to assess features

related to the biochemistry associated with stored platelets.

6.5 Summary of Findings and Overall Impact

The results presented in this work demonstrated the first application of Raman
spectroscopy for assessing physiological, morphological, and biochemical aspects of transfusable
RBCs. The technique has potential in the field of transfusion medicine, as it has non-destructive
capabilities that can be implemented non-invasively. In this thesis, Raman spectroscopy was used
to investigate changes to hemoglobin oxygenation and lactate concentration in stored RBCs by
studying blood smears, bulk liquid, cell-free supernatant solutions, and measuring spectra directly

through a plastic over-barrier.
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The main conclusions of this thesis are:

e A correlation was found between the oxygenation state of hemoglobin (as determined from
a spectral ratio of bands) and the morphology of stored RBCs (as determined with an index
scoring protocol). The trends of both metrics changed rapidly in the early stages of storage,
and could be modeled using power-functions. It was evident that both trends were also
unique for different donors.

e Using Raman spectroscopy, the main waste product of stored RBCs, lactate, could be
measured in RBC supernatant due to less interference from hemoglobin. The accumulation
of this biochemical was quite distinct between different donors and also differed by other
donor characteristics such as gender and age.

e A variant of Raman spectroscopy, known as SORS, is capable of retrieving chemical
information through over-lying surfaces. It was demonstrated that micro-SORS could be
used to identify and measure RBCs through their plastic over-barrier, the first such non-
invasive measurement of stored RBCs. The potential exists to optimize this experimental
procedure such that both supernatant and RBCs can be interrogated non-invasively to
provide a clinician or blood bank with concrete chemical information pertaining to the

quality of a particular stored unit.

Overall, these conclusions confirm that Raman spectroscopy is a capable tool for the assessment

of stored RBCs.
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