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Abstract

The magnetic characteristics of hemoglobin (Hb) changes with the binding of dioxygen (O5) to the
heme prosthetic groups of the globin chains: from paramagnetic ferrous Hb to diamagnetic ferrous
oxyhemoglobin (oxyHb) with reversibly bound O2, or paramagnetic ferric methemoglobin
(metHb). When multiplied over the number of Hb molecules in a red blood cell (RBC), the effect
is detectable through motion analysis of RBCs in a high magnetic field and gradient. This motion
is referred to as magnetophoretic mobility which can be conveniently expressed as a fraction of the
cell sedimentation coefficient. In this report, using a previously developed and reported
instrument, cell tracking velocimetry (CTV), we are able to detect difference in Hb concentration
in two RBC populations to a resolution of 1 x 107 Hb molecules per cell (4 x 107 atoms of Fe per
cell, or 4 — 5 femtograms of Fe). Similar resolution achieved with Inductively Coupled Plasma-
Mass Spectrometry requires on the order of 10° — 108 cells and provides an average, whereas CTV
provides a measurement for each cell. CTV analysis revealed that RBCs lose, on average, 16% of
their Hb after 42 days of storage over the maximum FDA-approved length of time for the cold
storage of RBCs in additive solution. This difference in Hb concentration was the result of routine
RBC storage; clinical implications are discussed.
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Introduction

Iron (Fe) is one of the top ten most abundant elements in the universe and an essential trace
element for nearly all forms of life.! Fe’s ability to readily accept or donate electrons not
only makes Fe fundamental to metabolic pathways but also results in it being highly reactive
and potentially toxic. Nature provides a wide range of proteins and prosthetic groups
contained in proteins to tightly control Fe within cells; hemoglobin (Hb) likely to be the
most well-known; however, the Fe storage protein, ferritin, is actually more ubiquitous
across the animal kingdom.2 To provide context, Table 1 lists average values of reported Fe
content for a number of different cell types.

Magnetism originates at the atomic level and is considered a specific, quantum-mechanical
phenomenon. Paramagnetism, and its contrasting behavior, diamagnetism, which is one type
of magnetism is the fundamental phenomena used to track red blood cells (RBCs) in this
study. Both types of magnetism only occur in the presence of an externally applied magnetic
field (this external field induces a magnetic moment in the Fe containing material of
interest). This is in contrast with the more commonly experienced ferromagnetism which
exists without an externally applied magnetic field. When an externally applied field has a
gradient, a resulting attractive (paramagnetic) or repulsive (diamagnetic) force occurs on this
magnetic moment.

Most of the common transition metal atoms, and the corresponding molecules containing the
transition atoms, in biological systems are diamagnetic; the exceptions being Fe and
manganese (Mn). This ready ability of Fe and Mn to accept or donate electrons (i.e. their
easily changeable oxidation states, and in the case of Fe in Hb, the interchanging of a
covalent bond with O, and an ionic form of Fe) results in the potential to transition to an
unpaired electron state and consequently, acquire paramagnetic properties. In 1936 and
1937, Linus Pauling and coworkers reported that the chemical bond between the Fe atom
and the porphyrin ring in Hb changes from an ionic bond in the deoxygenated state to a
covalent bond in the oxygenated state.”8 In the 2+ valence state, the heme Fe (Fe2*) has
unpaired electrons, which gives deoxygenated Hb (deoxyHb) paramagnetic characteristics in
contrast to the diamagnetic character of the covalent Fe bonds in oxygenated Hb (oxyHb).
They further noted that methemoglobin (metHb, i.e. oxidized Hb), which can be synthesized
by oxidizing Hb, is similarly paramagnetic.
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The importance of heme in Hb, and more generally the importance of RBCs carrying O to
tissues, is obvious. RBC transfusion is clinically used to treat hemodynamic instability and
O,-carrying deficits in patients with acute blood loss and patients with chronic anemia
caused by bone marrow failure/suppression.®-12 Currently, cold storage of human RBCs
(hRBCs) in FDA-approved storage solutions can preserve hRBCs for a maximum of six
weeks (i.e. 42 days).13 Despite widespread clinical use of maximally stored RBC, in theory,
adverse clinical events might occur in recipients of longer stored RBCs.14-20 The supply of
RBCs is expected to diminish as the population base ages and demand increases.%21-23 As
the stored RBCs age, they undergo biochemical and biophysical changes that are often
collectively referred to as the storage lesion,24-30 which has been a subject of significant
number of recent clinical studies, including three large, randomized controlled trials that did
not show any adverse clinical effects of transfusing longer stored RBCs in a variety of
patient populations.31-33 Using this change in the RBCs’ magnetic properties between the
oxygenated, deoxygenated, and met form of Hb, Jin et al/. reported that the magnetic
susceptibility of RBCs changes during ex vivo storage, and they suggested this change in
magnetic susceptibility is a result in changes in the affinity of Hb for O, or loss of Fe/Hb
from the RBCs.34 In this study, we wish to demonstrate from first principle relationships of
independently known physical properties and experimental measurements, that statistically
significant estimates of the concentration of Fe within RBCs at the resolution of 5 x 10715 g
of Fe per cell can be made, clearly demonstrating the loss of Fe, and presumably Hb with
increasing ex vivo storage time.

Method of magnetophoretic analysis by cell tracking velocimetry

Governing equations

The magnetically induced velocity of a cell or particle, suspended in a fluid, is represented

by:
wy, = Xase = XP) Ve g
37D 01 1)
where
Sn =T

Hand By are the magnetic field strength and flux density of the source, yzgcand yrare the
magnetic susceptibilities of the dispersed phase (RBC) and continuous phase (suspending
fluid), Vipgcis the volume of the RBC, Dgpgcis the hydrodynamic diameter of the cell, and
nis the viscosity of the suspending fluid. These derivations apply to the magnetic field
gradient in one dimension.34

An analogous relationship applies to the settling velocity, ug, of a cell or particle:
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Ug =

where gis the gravitational acceleration (the sedimentation driving force), and prgcand pr
are the mass densities of the RBC and suspending fluid, respectively. Assuming that the
suspending fluid is a dilute electrolyte solution in water so that o= prooand y = xHzo,
and dividing Equation 1 by 3, one obtains:

h_ (XRRC - XH20> S,

Us (pRBC - pH20> 7 (4)

(Note: the ratio of u,/lsis independent of the size (diameter) of the cell; it is only a
function of the cell density and the magnetic susceptibility).

Rearranging Equation 4, the magnetic susceptibility of each RBC is only a function of the
experimentally measured ratio, v/l and the density difference, 4p, between the cell and
the suspending fluid.

Xrsc = <1:—m) (Ap) (%) + Xiyo 5)

Further, yzpc can be mathematically related to the concentration of Hb inside the RBC, cpyp,
with the following relationship where the constants are independently known (Jin et al.
2011):34

€= Xrpo — Xmy0 [mol/L]
(Xm,,m,ef,Hh_'— Xm,globin — XH20> Vo mo (6)

Vin,Hp = 48.23 L/mol is the molar volume of Hb, x 3 gropin =—37,830 x 1079 L/mol is the
molar susceptibility of the globin chain, and y -0 =—12.97 x 1079 L/mol is the molar
susceptibility of water. The molar susceptibility of the deoxygenated Hb heme group is
Xm,deoxyHb = 50,890 x 1079 L/mol, and that of metHb heme group is X m metHp = 56,000 x
1079 L/mol (all in CGS system of units). The molar susceptibility of the oxyHb heme group
is zero. Note: the magnetic susceptibilities in Equation 5 are volume magnetic
susceptibilities (dimensionless) whereas those in Equation 6 are molar magnetic
susceptibilities (in L/mol). The conversion factor is equal to the mass density divided by the
molecular weight ratio, 0.021 mol/L for Hb and 55.6 mol/L for water. In addition, the same
system of electromagnetic units is used for susceptibility values in Equations 5 and 6. The
conversion factor is 4r from CGS to Sl system of units.
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Up through the derivation of Equation 6, the size of the RBC was not needed; however, in
Equation 6, the concentration of Hb is reported in units of mol/L. To determine the amount
of Hb per cell, the volume of the specific cell is needed. If one makes the assumption that
RBC becomes spherical with storage (a common assumption with visual verification)!4,
Equations 3 through 6 can be combined to give:

{ mol Hb

} B 9.205. 7 {um . ug"Snl'E’]
cell Sm - (ijnet[[b—i_ Xm,globin — XH2O> ' VWH"

05 0.5
(Ap)™7yg @)

Accuracy of magnetic susceptibility measurements

With respect to the magnetic susceptibility estimate of a CTV-tracked RBC (Equation 5),
two types of accuracy can be considered: the average value of magnetic susceptibility of the
population evaluated and the distribution around this mean value. Previous publications on
the use of the CTV instrument have involved measurements of magnetic particles,
polystyrene microbeads (PSM), and magnetically labeled and unlabeled cells.

While calibration particles can be purchased for size measurement tests, we know of no
particles sold with the express purpose of calibrating magnetic susceptibility measurements.
A previous publication (Nakamura et a/.) demonstrated close agreement between the
manufacturer’s specifications, coulter counter measurements, and the CTV instrument with
respect to size and standard deviation of calibration beads of three different sizes (Equation
3).35 The supplemental information presents this comparison.

With respect to measurements of the intrinsic magnetic susceptibility of particles/cells, we
have previously reported that the CTV instrument can accurately estimate the magnetic
susceptibility of the diamagnetic PSMs to be —0.80 x 107> or —0.77 x 107> (two independent
studies), while other independently reported values are —0.75 x 107> and -0.82 x 1075.36. 37
However, we did not report the distribution around these reported mean values, nor our
ability to accurately differentiate the difference in magnetic susceptibilities between two
different populations.

To estimate the potential propagation of error in estimating the magnetic susceptibility of a
RBC, Equation 5 is of the general form:

U,
XrBC™ f (U_s~ A[)7 Sm) (8)

where “m /u , dp, and Sy, are experimentally determined/measured. The quotient, Um / o
used in Equation 5 and 8 is actually the x and y vector components of the single overall
velocity determined by the CTV software.

From the principle of error propagation, the coefficient of variation, cv?

xnpe OF the magnetic
susceptibility measurements can be estimated:
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The value of S, in the CTV system is based on computer models and experimental
validation at specific locations. Based on these studies, a maximum CVZ;;, of 0.035 can be
assigned to the current system. For this current study with RBCs, Jin ef al. measured the
density of RBCs over ex vivo storage time and noted a maximum 0.5% change drop on day
42 of storage, which corresponds to a CV/, of 0.0045. In contrast, as might be expected, the

greatest potential of variation is in the CTV-determined cell velocity ratio, “’"/u .
s

To obtain a measure of this variation, Table 2 presents the means, standard deviation, 95%

confidence interval, Cl, and CV of “"”/u from previous publications. PSM or commercial
S

magnetic particles are presented assuming that the magnetic susceptibility of the material in

these particles is more uniform than cells. The CVs of these four selected samples ranged

from 0.21 to 0.32, which confirms that the ratio, Um/u , is the primary contributor to the

variability in the magnetic susceptibility measurements (the CV for “m/usis much higher
than the other CVs in Equation 9).

Experimental section

Figure 1 presents a previously published screen shot of oxygenated, 1A, and metHb form of
RBCs, 1B, obtained in the CTV instrument which allows individual cells to be tracked
microscopically in a nearly constant, well-defined, magnetic energy gradient, S,,.34 In this
field of view (FOV), the force of gravity operates in the vertical direction, and the value of
S, (Equation 2) is constant and operates in the horizontal direction.3% 40 For the CTV
instrument configuration reported in this study, the magnetic field parameters were Sy, = 150
tesla.ampere/mm?2 % 0.7% (150 x 1076 joule/mm* % 0.7%), the mean magnetic field value
was 1.40 T, and the mean field gradient was 0.131 T/mm over the FOV. The standard
gravitational acceleration is g = 9.81 m/s?, resulting in g/S;,, = 6.54 x 1078 m3/kg. The
volume magnetic susceptibility of the suspending fluid was taken as equal to that of water,
xr=-9.035 x 1076 (in SI system of units). The different (higher) magnetically induced
velocity of the metHb form of RBCs (Figure 1B) is qualitatively observable by the
approximate 45 degree angle of the tracks (settling velocity in vertical direction,
magnetically induced velocity in the horizontal direction). The CTV software is capable of
tracking on the order of hundreds to thousands of cells, and for the experiments presented in
this report, greater than 1,200 RBCs were tracked per experimental condition.

The method of obtaining and processing the human RBC samples has also been previously
reported and will only briefly be presented here.34 Four pre-storage leukoreduced human
RBC units in AS-5 solution were obtained from a local FDA-licensed blood center and
stored between 1 — 6 °C for 42 days. This protocol was approved by the University of
Pittsburgh’s institutional review board. A 5 mL sample was removed using sterile technique
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weekly starting on day 7 of storage. This sample was divided into three aliquots designated
“oxyHb RBC,” “metHb RBC,” and “deoxyHb RBC.”

To obtain oxyHb RBCs for analysis, 0.1 mL of RBCs removed from the storage bag and
placed in 4.9 mL PBS was exposed to room air for approximately 10 minutes. Subsequently,
1.5 x 108 oxyHb RBCs were added to 4 mL PBS containing 0.1% Pluronic F-68 (Sigma-
Aldrich, St Louis, MO) in preparation for CTV analysis.

To obtain metHb RBCs for analysis, a 5 mM oxidant solution was prepared by dissolving
sodium nitrite (NaNO», Sigma-Aldrich Co., Milwaukee, WI) in PBS at room temperature. 2
x 108 RBCs were pelleted and resuspended in 5 mL of the 5 mM sodium nitrite solution,
which was then incubated for about 1.5 hours to achieve a 100% metHb oxidation.

To obtain deoxyHb RBCs for analysis, a Glove-Bag inflatable glove chamber (Cole Parmer,
Vernon Hills, IL), filled with nitrogen (Medipure nitrogen, concentration > 99%, Praxait,
Inc., Danbury, CT) and tightly sealed, was used to deoxygenate RBCs. The nitrogen gas was
humidified by bubbling through water. 2 x 108 RBCs in 5 mL PBS were stored in an
inclined 50 mL conical tube affixed to a stirring rotator, which was kept in the N»
atmosphere for 3 hours.

Statistical Analysis

To evaluate the reliability of the CTV system, the means and standard deviations (STD) of
the ratio of induced velocities, v,/ from the particles in each sample, and the repeated
measures from the same sample, as well as the coefficient of variance (CV=STD/average
ratio) for each sample were calculated. The changes of the ratios over time for each sample
were estimated using the 2-sample t-test.

Results and discussion

Figure 2 presents histograms of the magnetically induced velocity of deoxygenated RBCs
for the same specific donor after 14, 28, and 42 days of storage. As a point of comparison, a
histogram of the settling velocity of these same RBCs at 14 days is presented as an inset
histogram.

As indicated by Equation 4, dividing the experimentally measured magnetically induced
velocity by the settling velocity for each tracked cell results in a non-dimensional velocity
ratio, which is only a function of the cell’s magnetic susceptibility and density difference
with the suspending fluid. Figure 3 presents plots of this velocity ratio as a function of
storage time, for oxygenated, metHb, and deoxygenated RBCs, 3A, 3B, and 3C,
respectively, for four different donors. Each bar is the mean of the RBCs tracked for the
specific condition, and the error bars represent a 95% confidence interval. Visual inspection
indicates a clear decrease in the ratio of v,/ with storage for all three types of RBCs. As a
point of comparison with respect to the size of the 95% confidence interval, one bar graphs
are added from the data in Table 2 with a ratio of u,/lis in the same range of the RBCs.

The dashed lines in Figure 3 correspond to the theoretical ratio of v,/ for oxygenated
(Figure 3A), metHb (3B), and deoxygenated RBCs (3C).34 As can be observed, oxygenated

Anal Chem. Author manuscript; available in PMC 2017 November 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chalmers et al.

Page 8

RBCs approach the theoretical value of the ratio of u,;/l/sas the cells age during ex vivo
storage. This is expected as it has been previously reported that the O, saturation
equilibrium of RBCs shifts to higher O, affinity with time, and spectroscopic analysis of the
actual samples used in Figure 3A indicated that the percent saturation increased from 90 to
100% from day 7 to day 42.34 In contrast, the metHb and deoxygenated RBCs exhibited the
opposite behavior; RBCs approached the theoretical maximum ratio of v,/ when the cells
were fresh and decreased with ex vivo storage time. While one could explain that it is harder
to deoxygenate the Hb contained in the RBCs with longer storage time, hence the lowering
of the u,/uratio with time, this argument cannot be made with the metHb form. As with the
oxygenated RBCs, spectroscopic analysis was conducted on the metHb-converted RBCs,
and for all storage time points, 100% of the Hb was in the metHb state. This 100% metHb is
to be expected with the chemical treatment used.4!

In Jin et al., we observed no change in RBC density, using Percoll gradient, for four different
donors, measured on day 7, 14, 21, 28, and 35. The only slight drop was from the average of
1.10 g/ml, (1,100 kg/m?3), for all of the samples, to 1.095 g/ml, on day 42 (p>0.05). Given
the average density difference between the cell and suspending buffer, 4o, the value of g/S;,
and y rare constant, the magnetic susceptibility of each individual RBC is directly
proportional to the ratio of induced velocities, u,yUs Therefore, Equation 6 allows one to
calculate the concentration of Hb in mol/L, or the total amount of Hb in the cell (Equation
7). Figure 4 is a refinement of Figure 3B, with the y-axis on the left hand side, replaced with
the amount of Hb per cell, in picograms (pg), and the y-axis on the RHS representing the
number of femtograms (fg) of Fe atoms per cell (assuming all of the Fe is contained in the
Hb). Table 3 presents this data with the percent change in Hb content between 7 and 42 days
for each of the four donor samples.

As in the previous figures, the error bars represent a 95% confidence interval for the specific
data set. The two gray boxes (or zones) in Figure 4, correspond to a range of approximately
5 fg, the suggested accuracy based on 95% confidence intervals. Visual inspection of Figure
4 indicates that the CTV instrument provides data demonstrating that not only there is a
statistically significant drop in the amount of Hb (or Fe) as a function of storage, but also
there can be statistical differences in different donor populations at a given time point.

It is clear from Figure 3C that the change in the v/l ratio with storage time is even greater
in the deoxygentated cells than in the metHb cells (Figure 3B). Since, as discussed above for
the oxygenated RBCs (Figure 3A), it is highly likely that not all of the RBCs are fully
deoxygenated at these later time points. This would result in the RBCs having a lower u,/us
ratio (i.e., lower magnetic susceptibility), thereby exaggerating this decrease in Hb
compared to that in the metHb-containing RBCs.

Potential variation of cell size with Hb content and storage

While the ratio of experimentally determined velocities, and the subsequent calculations, are
independent of cell size (the drag term is the same for settling and magnetic velocity and
subsequently cancelled in Equation 4), we further investigated if any correlation existed
between the calculated Hb content and settling velocity (cell size), as well as any change in
settling velocity (cell size) with the length of storage. Figure 5A presents the calculated Hb
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concentration per RBC versus settling velocity for all the cells from the four donors
(n>4,000) at 7 and 42 days of storage in which the Hb was converted to the metHb form.
The solid and dotted line corresponds to the mean of the Hb content and settling velocity, for
the 7 and 42 day old samples, respectively. To further investigate the difference in settling
velocity, and corresponding size of RBC with storage (since it was established that there is
no significant difference in cell density), the mean and 95% confidence interval for the four
donors at the six different time points are presented in Figure 5B. While slight changes are
observable, it is not clear at this point what these changes mean.

Conclusions

We suggest there are two significant findings in this study: (1) the CTV system can detect
the difference in Hb concentration in two RBC populations to a resolution of 1 x 107 Hb
molecules per cell (4 — 5 fg of Fe); (2) RBCs lose, on average, 16% of their Hb at 42 days of
storage compared to the values at 7 days. The claim of this level of sensitivity is based on
the ranges of the confidence interval presented in Figure 4 and the definition of confidence
interval (i.e. the lack of overlap in confidence intervals provides a plausible conclusion that
there is a difference in the average amount of Hb (Fe) in the specific populations).

We know of no other instruments with this level of sensitivity. The most common method to
obtaining Fe concentration data, including the data in Table 3, uses state of the art
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). To obtain a sufficient amount of
Fe signal above background with ICP-MS, cells on the order of 10° — 10° are needed to
accurately quantify Fe content. Consequently, the concentration of Fe per cell is averaged
over 1 x 106 cells. In contrast, using the CTV instrument, we are calculating the Fe content
on a per-cell basis; therefore, it is 10° to 10° times more sensitive and effective compared to
ICP-MS.

Further, we know of no other report indicating that stored RBCs lose the amount of Hb that
we report here. It is important to note that we are basing this quantity of Hb lost on a per
intact cell basis, not on measuring the amount of free Hb. Traditionally, the United States
Food and Drug Administration (US FDA) criteria for approving new RBC additive solutions
is that at the proposed end of storage, no more than 1% free Hb must be present in the unit.
This is a crude measurement of Hb loss and expressed as a percent of the total amount of Hb
present in the unit. Given that it has been reported that sub-micron microvesicles are shed by
stored RBCs, it is possible that at least some of this lost Hb are in these microvesicles.#2

We suggest that the primary assumption that can be debated in this analysis is the
assumption of RBC shape change during storage. While the determination of the ratio of the
magnetic to settling velocity does not require knowledge of the hydrodynamic drag
coefficient (which is a function of shape of the cell), converting the subsequently calculated
magnetic susceptibility of the individual cell into a concentration of Hb within the cell does
require the knowledge of the cell volume. A recent publication documents that over a 42 day
storage period, RBCs change from 76/24 of disc/spherical split to a 23/77 disc/spherical
distribution.#3 Consequently, we reported our size estimates in terms of settling velocity in
Figure 5, and not actual RBC size/volume. We suggest that future studies will also include a
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number of methods to investigate the cell size/volume with storage as a means to further
refine the calculations of cell size/volume from settling velocity measurements.

While this study has focused on RBCs, we suggest that this experimental and analysis
technique has applications beyond RBCs and can be used on any cell or particle that can be
tracked with the CTV system. Further, as we have previously published, this system can be
used to determine the diamagnetic properties of particles when the particles are suspended in
paramagnetic fluids.3’ In such a case, the repulsive magnetic force, in contrast to the
attractive magnetic force, is determined. Otherwise, the mathematic analysis is identical.
Also, the system is capable of measuring magnetic susceptibility of the continuous phase
(including colloidal suspensions of nanoparticles) by tracking the magnetophoresis of tracer
microspheres of known size and magnetic susceptibility (such as monodisperse polystyrene
microspheres). Finally, we are developing systems in which the magnetic energy gradient,
S, is approximately 10 times higher in the FOV of the instrument. Given the linear nature
of the magnetically induced velocity with S, (Equation 1), this corresponds to a 10-fold
increase in instrument sensitivity. As indicated in Table 1, the average Fe concentration in
cultured animal cells is on the order of 4 x 107 atoms per cell; a 10-fold increase in our
analysis system indicates that not only can physiologically relevant Fe concentration
measurements be made, but the instrument is sensitive enough to measure levels below this
average level, which presents the potential to conduct studies when Fe concentrations are
modulated.*

This work has some potentially important clinical implications. An allogeneic RBC unit
from the blood bank contains RBCs of a variety of different ages — from reticulocytes that
have just been released from the bone marrow through to RBCs that are nearing the end of
their typical 120 day lifespan. This is important because it is known that the 24 hour RBC
recovery (or survival after transfusion into a recipient) from units that have been stored for
on average 5 days and would generally be considered “fresh” is only approximately 87%,
while the recovery from RBC units that have been stored for a mean of 30 days is
significantly lower at approximately 74% (p<0.01).#* This means that between 13 — 26% of
the transfused RBCs are immediately cleared from the recipient’s circulation by the
reticuloendothelial system (RES). This targeted delivery of Fe to the macrophages in the
form of senescent RBCs is hypothesized to lead to an increase in non-transferrin bound Fe
which might predispose the recipient to infection and oxidative complications, as well as the
release of inflammatory cytokines that might cause or exacerbate lung injury following
transfusion.* Thus, if it would be possible to quickly, and in a sterile manner, use magnetic
sorting to remove the oldest RBCs (i.e., those that have lost the most Hb) before the RBC
unit was issued, the product provided to the recipient could be more potent in terms of its
ability to transport O, and the burden of senescent RBCs on the recipient’s RES would be
reduced. Given the large quantity of RBCs that do not survive the first 24 hours post-
transfusion in both fresh and older stored RBC units, magnetic sorting could be beneficial if
applied to all RBC units issued by the blood bank. Administering fewer RBCs by
eliminating those that had lost Fe during storage could also reduce adverse transfusion-
related events such as circulatory (volume) overload and Fe overload in chronically
transfused recipients such as those with sickle cell disease or chronic hematological
malignancies, in addition to the benefits of reducing the Fe burden on the RES. We have
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demonstrated, as a proof of concept, the separation of deoxyHb and metHb RBCs from a
cell mixture, and theoretical designs indicate that larger scale RBC separation based on
intrinsic magnetization is possible.46

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Examples of the computer screen output of the CTV software showing the motion

trajectories of A) oxyHb RBCs (note the virtual absence of magnetophoretic movement
along the horizontal axis) and B) metHb RBCs (from Jin et a/. 2010).34
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Representative histograms of the magnetically induced velocity of deoxygenated RBCs for
the same specific donor after 14, 28, and 42 days of storage, 2A, 2B, and 2C, respectively.
As a point of comparison, a histogram of the settling velocity of these same RBCs at 14 days
is presented as an inset histogram in 2A.

Anal Chem. Author manuscript; available in PMC 2017 November 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chalmers et al.

Um/Us

Um/Us

Figure 3.

7 14 21 28 35 42
Storage time [day]

0.7

0.6

0.5

42 Control

T 14 21 28 35
Storage time [day]

0.7

i

0.6

S

3
A
oOom>»

0.5

o
K

0.4

0.3

0.2 |

0.1

ot

7 14 21 28 35 42
Storage time [day]

Page 15

The ratio of RBC magnetic field induced velocity to settling velocity, v/, of the four RBC
samples at different storage times, for oxy, met, and deoxy forms of the Hb, 3A, 3B, and 3C,
respectively. Error bars correspond to 95% confidence interval measurements. The dashed,

horizontal lines in 3A, 3B, and 3C, correspond to the theoretical ratio of um/us for

oxygenated, metHb, and deoxygenated RBCs.
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Figure 4.
Mean values of the calculated concentration of Hb per cell (pg/cell) (LHS y-axis) and the

corresponding number of Fe per cell (fg/cell) (RHS y-axis) for metHb as a function of
storage time. As with previous plots, the 95% confidence interval is represented by error
bars. The horizontal gray shaded areas correspond to the range of + 95% confidence around
the specific mean value (i.e. for day 7, mean of 34.5 pgr Hb, range 34.2-35.2)
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A) Calculated concentration of Hb per cell (pg/cell) as a function of settling velocity for
each of the four donor populations at 7 and 42 days. B) the mean and 95% confidence
interval for the settling velocity of RBC from each donor at six time points.
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Estimated, average values of Fe content in various types of cells

Table 1

Cell type #atoms/cell  Concentrationin cell Reference
E. coli 10°-108 1.6x10°M 3
K562 3.6 x 107 3.0x10°M 4
T. pseudonana 2.7 x 107 45x10*M 5
Human red blood cell 1.1 x 10° 20x1072M 6
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