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Introduction

The most recent statistics from the 2015 National Blood
Collection and Utilization Survey reported the collection of 12.6
million whole blood and red blood cell (RBC) units in the US.?
However, a decreasing trend in the number of RBCs distributed to
hospitals from blood collection centers both in the US and around

the world has been recently documented.? Although human RBC
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Single Cell Analysis of Aged RBCs: Quantitative analysis of the
aged cells and byproducts.

Kim, James, @ Weigand, Mitchell,2 Palmer, Andre F.,2 Zborowski, M.,? Yazer, M.H. ,¢
Chalmers, Jeffrey J.2

This study initially focused on characterizing the aging process of red blood cells by correlating the loss of hemoglobin and
the translocation of the phosphatidylserine (PS) in expired human red blood cells, hRBCs. Five pre-storage, leukoreduced
hRBC units in AS-5 solution were stored between 1 - 6 2C for 42 days. Aliquots from each of these units were stained with
Annexin-V FLUOS, which binds to externalized PS, and the hemoglobin within the cells were placed in a methehemoglobin
state with sodium nitrite, metHb. These aliquots were subsequently sorted into four sub-populations, ranging from no PS
expression to high PS expression using a BD FACS ARIAIII. Each of these sub-fractions were introduced into the Cell Tracking
Velocimetry apparatus which measured both the magnetically and gravity induced velocity. Subsequently, the samples were
removed from the Cell Tracking Velocimetry instrument and characterized using the Multisizer 4e Coulter Counter. From
the magnetic induced velocity, the amount of hemoglobin, in pg Hb/cell can be determined, and using an average value of
the density of RBCs, the size can be determined. For PS negative sub-fraction of RBCs, the size of the RBC was as expected
but the average hemoglobin, Hb, content was below the threshold which defines anemia. In contrast, unexpected results
were observed with the various levels of expression of PS. First, virtually all of the PS expressing cells were significantly
smaller, on the order of 1 micron, than a normal RBC after 42 days of storage; yet the density of these small
cells/microvessicles, had density such that they had settling velocities similar to normal sized RBCs. Further, while the total
amount of Hb per small cell/microvessicle, was only approximately 25% of the full-sized RBCs, the volume of these small
cell/microvessicle is only 1/200 of the PS negative RBCs. This suggests that these PS expressing cells are shrunken RBCs, or
shrunken microvessicles from RBCs that concentrated the Hb internally. These results suggest not only a relationship
between the loss of hemoglobin, and the amount of PS exposed on the cellular outer wall, but also a mechanism by which
these aged RBCs break down. It is not known at this time if this is an artifact of storage, or similar mechanism occur in
circulation within the human body.

(hRBC) units can be stored between 1-6 °C for up to 42 days,? in 2015
approximately 242,000 units outdated in the blood center, while
426,000 units expired in hospital transfusion services, before use.!
While 11.3 million RBC units were transfused in 2015, this small
surplus of RBCs does not reflect the day-to-day inventory at the local
blood collector or hospital transfusion service. These surplus RBCs
are not distributed evenly across the country at all times of the year
nor are they necessarily of the most common blood groups, thus

potentially making it difficult to find suitable recipients for these
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critically low, which can happen in emergency situations such as
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Hence, there is a need to have a mechanism in place to have enough
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RBC units of the right blood groups available at all times to minimize
schedule disruptions and patient morbidity.

Significant research has been, and is being conducted, on
the characterization of RBCs with respect to their aging process while
they are being stored in the blood bank awaiting transfusion. As RBCs
are stored, they undergo changes, some of which are permanent.
This so-called RBC “storage lesion” affects all aspects of the RBC,
including the membrane, which undergoes alterations in its
biochemistry, loss of cell surface area, and shedding of hemoglobin
(Hb)-containing vesicles. In cold storage, progressive aggregability,
reduced levels of cell membrane stomatin, increased cell rigidity, and
increased translocation of phosphatidylserine (PS) from the
intracellular RBC membrane bilayer to the extracellular membrane
bilayer where it is exposed to the outside environment. 7 It is known
that only ~75% of the RBCs from units with a mean storage age of 30
days survive in a human recipient beyond the first 24 hours following
transfusion. Fresher RBC units, at a mean of 5 days of storage,
feature >85% recovery at 24 hours.® However, in both cases, a large
quantity of RBCs are quickly removed from the circulation by the
reticuloendothelial system (RES). Several reviews®?> have
highlighted the possible dangers associated with the transfusion of
longer stored RBCs and the targeted delivery of iron to the RES
through these senescent RBCs that occurs during RBC transfusion.
The main clinical effects of transfusing older RBCs are postulated to
include impaired O, delivery, high plasma potassium ion levels in the
recipient (i.e. hyperkalemia), iron overload, complications due to Hb
microparticles (i.e. Hb vesicle) formation, cell-free Hb, and an
imbalance in nitric oxide (NO) homeostasis. Iron overload may occur
when clearance mechanisms of damaged RBCs (i.e. splenic
macrophages or Kupffer cells in the liver'®!8) and clearance
mechanisms of cell-free Hb and Hb degradation products (i.e.
haptoglobin, hemopexin, transferrin, heme oxygenase!®21) become
saturated. This can induce inflammation and iron toxicity in organs
involved in RBC and Hb clearance?>23, Lastly, transfusion of stored
RBCs along with Hb microvesicles and cell-free Hb derived from the
stored unit along with in vivo intravascular hemolysis that occurs
after RBC transfusion can induce an imbalance in NO homeostasis,
triggering vasoconstriction and hypertension?*26, Thus, removing
the senescent RBCs from units that are about to be transfused could

potentially improve the quality of the RBC unit and reduce the risk of

adverse events for the recipients of these units.
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In 1936, Pauling and Coryell observed that deoxygenated
Hb (deoxyHb) and oxidized Hb (metHb) both have a paramagnetic
moment due to unpaired electrons on the heme iron, while
oxygenated Hb (oxyHb) has a diamagnetic moment.?”-28 Qver the last
20 years, the Chalmers and Zborowski laboratory have developed an
instrument which can characterize this magnetic characteristic of
RBCs, the instrument is referred to as Cell Tracking Velocimetry
(CTV), or single cell magnetophoresis.?®-33

The CTV instrument tracks the magnetically induced
motion of individual cells (or particles) in a glass channel; from which
the magnetically and gravity induced velocity are determined. These
two velocities are mathematically defined as:

(Xcen — XFwid)Vceu
Uy = S,

(1)

3nDceun

(Pcett — Prria)Vceu
U =

(2)

3D ceun

Where X1 and X; is the volume magnetic susceptibility of the cell
and the buffer, pee, pris the density of the cell and fluid, Ve and Degy
is the volume and equivalent spherical diameter of a cell (particle),
is the viscosity of the suspending fluid and g is the standard
gravitational acceleration (9.8 m/s?). S, the magnitude of magnetic
energy density gradient, is defined by:

V52 3)

™ 2u
where g and B are the permeability of free space and flux density of

the source. The CTV instrument is capable of tracking hundreds to
thousands of particles.

In the case of RBCs, the magnetic susceptibility (volumetric
correspondingly, the

susceptibility, Sl unit system), and

concentration of Hb (mol/L) in each cell can be determined:

Umn g 4
XRBC = (?)(AP)(S*) + XH,0 )
S m,
(xrc = x11,0) [mol/ ] (5)
Cc =

b (Xm, metHb + Xm, globin — XHZO) : Vm, HbI' L

Hb (pg Hb (6)
mass of@(m) =cyp(GMW of Hb) -V ey

where Vp, 1, = 48.23 L/mol is the molar volume of metHb, ¥ giobin = -
37,830 x 10° L/mol is the molar susceptibility of the globin chain, and
20 = -12.97 x 10 L/mol is the molar susceptibility of water. The

molar susceptibility of the deoxyHb heme group is ¥ deoxyt» = 50,890

This journal is © The Royal Society of Chemistry 2018
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x 10° L/mol, and that of metHb heme group is ¥m metn» = 56,000 x
10 L/mol (all in CGS system of units). Using the CTV instrument and
these relationships, Chalmers et al. (2017) demonstrated that RBCs,
stored in a FDA approved storage solution lose, on average, 17% of
cellular Hb over the maximum FDA approved storage period of 42
days.3?

An alternative approach to label-free characterization of RBCs
using imaging technology has recently been reported. Using
guantitative phase imaging, QPI, and treating each RBC as a lens, this
approach allows multiple different types of anemia to be correlated
to RBC parameters obtained with the QPI algorithms. Types of
anemia include IRIDA, thalassemia, HS, etc. 3334

In this current study, we further characterize and quantify the
aging process of RBCs in storage by attempting to correlate this loss
of Hb to the translocation of phosphatidylserine, PS, from the
intracellular side of the RBC membrane to the extracellular side of
the RBC membrane. We will also demonstrate that a significant
number of microvesicles, expressing PS and containing a range of Hb
concentrations, are associated with this ex vivo aging process, i.e., in

the blood bank.

Experimental Methods

Sample Preparation

The method of obtaining and processing human RBC units
has been previously reported and will only briefly be presented
here.3334 Five expired, pre-storage leukoreduced human RBC units in
AS-5 solution (composition presented in supplemental information)
were obtained from a local FDA-licensed blood center. All blood
samples were obtained using IRB approved protocols including
informed consent. These units had been stored between 1 - 6 °C for
42 days, the maximum FDA permitted storage shelf life. Expired RBC
units were used for these experiments, since they would presumably
have higher levels of PS expression compared to RBC units that had
not been stored as long. The protocol for obtaining RBCs was
approved by the University of Pittsburgh’s institutional review board.
The size distribution and concentration of RBCs was measured using
a B23005 Multisizer 4e automated instrument (Beckman Coulter,
CA). Osmolality of the various buffers were determined using an
Osmoette A™ model 5002 Automatic Osmometer, (Precision
Systems Inc., MA). As previously demonstrated, the metHb form of

RBCs has nearly the exact same magnetic susceptibility compared to

This journal is © The Royal Society of Chemistry 2018
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deoxygenated form of RBCs. Therefore, for ease of study, only the
metHb form of Hb/RBCs were used. The metHb state of RBCs was
created as previously reported in the literature.393234 Next, the
metHb containing RBCs were stained with Annexin-V FLUOS (Roche,
Switzerland) for 1 hour at room temperature in the dark and washed

at 1000 g centrifugation with PBS.

Flow Cytometry

Met-RBCs, labeled with Annexin V-FLOUS, were sorted into four
sub-populations based on the fluorescence intensity of the samples
(high, medium, low and negative Annexin-V FLUOS expression) using
a flow cytometer BD FACSARIA Il (BD Biosciences, US). The sort was
operated until 500,000 events were collected in each of the four sub-

populations.

Cell Tracking Velocimetry

For the CTV instrument configuration reported in this
study, the magnetic field parameters were S, = 365 T*A/mm? £ 0.7%,
and the mean field gradient was 0.755 T2/mm over the field of view,
FOV. The standard gravitational acceleration is g = 9.81 m/s?,
resulting in g/S, = 2.68 x 10® m3/kg. The volume magnetic
susceptibility of the suspending fluid was taken as equal to that of
water, Xuig = -9.035 x 10 (in Sl system of units). The CTV software is
capable of tracking on the order of thousands of cells, and for the
experiments presented in this report, greater than 1,200 RBCs were
tracked per experimental condition using the following procedure:
the sorted metHb RBCs following the flow cytometric sorting were
loaded into the CTV channel, (each fraction had approximately the
same volume of 1 ml) and the channels were sealed on both ends
(using valves) enabling the fluidic environment in the channel to
reach steady state. After the samples began to settle, images of the
settling RBCs were captured (50 video images in 1 s interval) and
further processed using an in-house analysis program for calculation
of the magnetic/settling velocity. Next, the analyzed samples were
removed from the CTV instrument, and were subsequently

characterized using the B23005 Multisizer 4e Coulter Counter, CC.

Statistical Analysis
To evaluate the reliability of the data obtained from the
CTV system, the means and standard deviations (STD) of the ratio of

induced velocities, u,,/u,, from the particles in each sample, and the
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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

A total of five, expired, human RBC units were
investigated. Figure 1 presents the work flow of blood samples
starting from the storage bag to final CC and CTV analysis. Figure 2
presents a set of representative images of a flow cytometry analysis
and subsequent sorting. Figure 2A is a scatter plot of the
forward/side scatter, while 2B and 2C present the “gating” analysis
used for selection of “singlets” and removal of “duplets”. Figure 2D
presents the range of Annexin-V FLUOS expression (x-axis). The four
sorted fractions were contained within the four boxes in this figure
labeled P4 through P7.

Figure 3 presents a scatter plot, and corresponding
histograms, of the settling velocity versus the magnetic velocity of
the four sorted fractions based on PS expression. The most striking
observations of these scatter plots is the dense concentration of PS
negative events (black dots) and conversely, the much wider
distribution of the events from the samples containing different
levels of PS expression. The shaded region of the settling velocity
values below 0.005 mm/s corresponds to velocity at which CV values
begin to significantly increase.3!

As has been presented in the equations above, and
previous publications,3%32 the mass of hemoglobin (pgHb/cell), and
the diameter of the cell (or event) can be determined from these
values of usand u,,. Figure 4 presents a scatter plot, 4A, and
corresponding, relative frequency histograms, of the negative, and
high PS expression sub-fraction “events” converted to diameter, in
meters, and picograms of Hb per event. For the constants needed
to convert the velocities into diameter and Hb concentration
(Equations 2, 4-6) the previously published constants, and
experimentally determined density were used.3* Since,
independently determined size measurements were made with a
CC on the same samples immediately after CTV analysis, a
histogram of the relative frequency of the measured diameters are
included in this figure next to the calculated diameter histogram,

Figure 4D.

4|
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Inspection of Figures 4C and 4D presents both
information that confirms what was expected and surprising
results. The similarity of the shape and the location of the peaks at
approximately 4.8 microns for the PS negative cell populations
(Figures 4C and 4D) 4D confirms that these peaks correspond to
RBC(s) (PS negative cells). However, closer inspection indicates that
the peaks with high PS expression, moves from the calculated
diameter range of approximately 3.5 to 6 microns (Figure 4C), to 0.5
to 3 microns in 4D, thereby indicating that the cells that express the
most PS externally are also some of the smallest cells measured.
(Note, the aperture used in the CC analysis only allow particles
greater than 0.5 microns and larger to be detected). Thus, as RBCs
age and express PS, they also appear to shed membrane and
become smaller in size.

To further highlight this size distribution, Figure 5
presents CC analysis of each sorted fraction, negative through high
PS expression. Since the relative number of small cells/events
significantly increased with increasing PS expression, an
enlargement in the size range of 4 to 6 microns, and 0 to 2 microns
is included to highlight the shift to smaller events as PS expression
increased. To assist in further understanding the difference in event
sizes, a control was also included which represents the CC
electrolyte. For all samples analyzed, a dilution of 1:20 of sample to
electrolyte was used. Since we are interested in these small events,
the CC electrolyte was filtered using a 0.2 and 0.1 micron dead end
filter. While Figure 5 presents the results for one of the stored RBC
samples, the other four stored samples also demonstrated very
similar results.

A common assumption with flow cytometry is that the
forward scatter signal corresponds to the size of the event, and the
side scatter signal corresponds to the granularity of the event, (the
upper left scatter plot in Figure 2). Since BD FACSDIVA™ software
was used in the sorting performed in this study, it is possible to
determine the location of the specific dots for each of the sorted
sub-fractions, P4 through P7. Given the gating strategy used, and
highlighted in Figure 2, all of the events in P4 through P7 must be in
the selected regions highlighted. Further, by color coding each of
the events in P4-P7, it is possible to observe the specific location of
these sub-fractions in the original scatter plot of side scatter vs
forward scatter. For all five RBC samples tested, no discernible
trends in the location in the side scatter vs forward scatter could be

observed.

This journal is © The Royal Society of Chemistry 2018
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Inspection of Figure 5 indicates that the least number of
events in the size range of a RBC is observed with the high
expression PS events. Again, this observation was confirmed in all
five of the stored RBC units. Equation 2 indicates that if the
experimentally measured values of settling velocity and size can be
made, the only adjustable variable is the density difference
between the event and the suspending fluid. Assuming for all five
RBC units and an average value of the diameter of these CC
measured, PS expressing events to be 0.8 x 10°® m, and an average
settling velocity of 2 x 10°® m/s, a density difference of
approximately 5,623 kg/m3 is obtained compared to the
experimentally measured density difference of RBCs of 100 kg/m3.
With this average value of density, the mass of Hb per event can be
subsequently calculated. Table 1 present a summary of this analysis
of the five different stored RBC samples demonstrating a general
similarity between samples.

A concern can be raised that the results presented above
could be an artefact of changes in the osmolarity of the various
suspending solutions used in this study. Table 2 presents the
experimentally measured values, and the range of reported values

in the human body. %

Discussion

In this study, three distinct instruments, two commercially
available, and one unique to our laboratory, were used to
characterize five RBC units that had expired, i.e, had been stored for
>42 days. Each of these instruments allows distinct and
complementary measurements of cells and smaller vesicles
including: fluorescent signal, size, and magnetic susceptibility. This
study was designed to build upon our previous study in which we
demonstrated that RBCs lose, on average, 17% of their cellular Hb
during the 42 day FDA approved storage period.3?

Since PS expression on the surface of RBCs is a well-
known marker of RBC aging, we used RBC surface PS expression to
sort RBC into multiple sub-fractions with the intent of correlating
the extent of PS expression with the cell’s Hb content. While we
were able to fractionate RBCs into four sub-fractions based on PS
expression using a flow cytometer, the negative PS expressed sub-
fraction was composed of predominately RBCs, while the sub-
fractions with varying levels of PS expression, to our surprise, was

mostly composed of smaller Hb containing microvesicles with

This journal is © The Royal Society of Chemistry 2018
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significantly higher density than typical RBCs; It is this higher density
which resulted in a settling velocity that is similar to actual RBCs
with lower density (Figure 4C).

It is tempting to suggest that these smaller microvessicles
are an artifact of the analysis process. While it is known, and
quantitatively demonstrated that the hydrodynamics in a flow
cytometer are sufficient to actually damage cells,3 it is typically
assumed that such damage would result in complete destruction of
the cells with only cell debris present. Conversely, not only are we
able to sort small vesicles that appear on the flow cytometer to be
normal RBC expressing various levels of Annexin-V FLUOS but the
concentration of Hb within the vesicles was orders of magnitude
higher than typical RBCs. For example, Table 1 indicates that there
was 3 to 5 pgHb/microvesicle, which is approximately 25% of the
Hb content in a fully sized RBC with negative Annexin-V FLUOS
expression, yet the volume of microvesicles was over 1/220t% of a
RBC. Pure disruption, i.e., membrane rupture and the ensuing
destruction of the cell should not result in microvesicles with
significantly higher concentration of Hb, as we report here. While
the calculated density of these microvesicles might appear to be
high, 5,623 kg/m3, the high amount of Hb calculated per
microvesicle, based on experimentally observed magnetophoretic
mobility, suggests that these microvesicles are shrunken RBCs,
consisting mostly of iron and protein.

These results, while only a “snapshot” of aged RBCs,
present interesting questions for future studies. For example, are
these magnetic microvesicles present in normal blood or is this
observation an artifact of the ex vivo storage process? Is there a
progression of microvesicles that form, and bleb off the RBCs as
they age, or is this 1-micron vesicles just completely shrunken RBCs
that have also lost some, but not all Hb/iron? The scatter plots in
Figure 4 indicates that there are microvesicles that are still
magnetic and those that are not. Is this the final state of the RBCs?
Further, Annexin V negative RBCs had a mean Hb content of 21
pgHb/cell, below the generally accepted level for the diagnosis of
anemia. While anemic, are these old RBCs still fully functional?

Table 2 indicates that the FDA storage buffer, AS-5, has an
approximately 20 percent higher osmolality than human body
fluids. At this time we do not know if this contributes to
observations presented in this report, including the loss of

haemoglobin.
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Future studies will address these and related questions in
blood in various stages of storage and we will investigate normal
human blood to observe whether these 1 micron, PS expressing

entities can be detected.
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Figure Legends

Figure 1.

Figure 2

Figure 3.

Figure 4.

Figure 5.

Work flow for RBC analysis. RBCs were removed from the RBC unit and the number and size of RBCs characterized by
the Multisizer 4e. Cells were oxidized to metHb RBCs and subsequently stained with Annexin-V FLUQOS, and washed.
This stained population was sorted into four sub-populations by flow cytometry based on Annexin-V FLUOS expression.
Within several hours after sorting, the subfraction was characterized via CTV, cells collected, and analyzed with the
Coulter Counter.

Representative flow cytometry analysis, including Annexin-V FLOUS expression level corresponding to the four sub-
populations.

Scatter plot, and corresponding histograms, of the settling velocity and magnetic velocity for one of the five RBC units.

Scatter plot, 4A, and corresponding histograms, 4B and 4C, of the calculated RBC diameter, and amount of Hb per cell
(pg Hb/cell) for the Annexin-V FLOUS negative and highest expressing subpopulations. A second histogram, 4D, of the
experimentally measure diameters using the Coulter Counter is presented on the far right.

Histograms of the Coulter Counter analysis for each of the five sorted sub-populations. To assist in visualizing the
results, enlargements in the 0 to 2 micron, and 4 to 6 microns size ranges are provided.

This journal is © The Royal Society of Chemistry 2018 | 7
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Table 1. Summary of the RBC concentration in each of the five expired samples, as well and the average percent of the events that

expressed no, low, medium, or high PS expression. For each of these four subpopulations, the average, calculated pgHb/event is presented.

sample

m O 0O @ >

Mean

PS negative PS low PS medium PS high
Cell conc. % of % of % of % of
(Cells/ml) events pgHb/event events  pgHb/event events pgHb/event | events pgHb/event
1.20E+08 90 20.7 +16 5 3.0 4 53 1 0.0
5.40E+07 90 17.9 +6.7 6 3.8 3 38 1 19
1.00E+08 90 20.5+7.3 6 43 4 59 1 4.8
9.80E+07 86 21.9+6.4 6 4.0 6 3.4 2 33
8.60E+07 75 264 +8.1 9 5.8 13 53 4 5.0
9.16E+07 21.5 4.2 4.7 3.0

Table 2. Osmolality of the various solutions used in this study, and the reported range of osmolality in human body fluids.

8|

Solution Osmolarity [mOsm/kg]
AS-5 370

PBS 300

FACS Sheath Fluid 348.5

Body fluid 270-300

This journal is © The Royal Society of Chemistry 20xx
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