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Abstract
Background: Red blood cells (RBCs) stored for transfusions 
can lyse over the course of the storage period. The lysis is 
traditionally assumed to occur via the formation of spicu-
lated echinocyte forms, so that cells that appear smoother 
are assumed to have better storage quality. We investigate 
this hypothesis by comparing the morphological distribu-
tion to the hemolysis for samples from different donors. 
Methods: Red cell concentrates were obtained from a re-
gional blood bank quality control laboratory. Out of 636 
units processed by the laboratory, we obtained 26 high he-
molysis units and 24 low hemolysis units for assessment of 
RBC morphology. The association between the morphology 
and the hemolysis was tested with the Wilcoxon-Mann-
Whitney U test. Results: Samples with high stomatocyte 
counts (p = 0.0012) were associated with increased hemoly-
sis, implying that cells can lyse via the formation of stomato-
cytes. Conclusion: RBCs can lyse without significant echino-
cyte formation. Lower degrees of spiculation are not a good 
indicator of low hemolysis when RBCs from different donors 
are compared. © 2020 S. Karger AG, Basel

Introduction

Red blood cells (RBCs) that are stored for transfusions 
undergo a number of changes during the storage period, 
culminating in lysis of a proportion of the cells. The ex-
tent of the hemolysis is used as the primary marker to 
determine if RBCs are suitable for transfusion, but addi-
tional markers can be used to obtain a more complete 
picture of the state of the RBCs. These markers include 
the levels of metabolites such as ATP, the extent of pro-
tein oxidation, the extracellular pH and potassium con-
centrations, and also the cell morphology, which is the 
focus of the current work. 

Healthy RBCs in vivo have a smooth biconcave disc 
shape that can be lost as the cells age during storage. De-
pletion of ATP levels that occurs as RBCs are stored is as-
sociated with the formation of bumpy echinocytes [1], 
possibly in association with the decrease in the activity of 
the ATP-dependent systems that maintain the lipid asym-
metry of the cell membrane [2]. The formation of the 
echinocytes is associated with the expansion of the outer 
leaflet of the cell membrane relative to the inner leaflet, 
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which drives the formation of the convex bumps, as illus-
trated in Figure 1 [3, 4]. Multiple factors in addition to 
ATP depletion can drive the formation of echinocytes, 
including increased pH, the addition of compounds that 
insert selectively into the outer membrane leaflet, in-
creased concentration of many salts, and mechanical 
force acting directly on individual cells [3, 5–8]. Con-
versely, many agents can drive the RBC shape in the di-
rection opposite to echinocyte formation by expanding 
the inner leaflet of the membrane relative to the outer 
leaflet (Fig. 1), thus leading to the formation of stomato-
cytes. Stomatogenic agents include decreased pH [7, 9], 
agents that insert selectively into the inner leaflet [3], al-
bumin, which extracts lipids from the outer leaflet [10–
12], and the plasticiser that leaches out of standard trans-
fusion bags and which may promote scrambling of lipids 
from the two membrane leaflets [13]. 

The goal of the work presented here is to compare the 
distribution of cell shapes at the end of the storage period 
to the extent of the hemolysis. This is done using groups 
of high and low hemolysis samples that have been identi-
fied and collected from different donors. One of the im-
portant questions about hemolysis is the extent to which 
its variation depends on the donor [14–17]. Observation 
of RBCs from a group of donors makes it possible to eval-
uate the link between inter-donor variability in the hemo-
lysis and the RBC morphology, thus providing a simple 
approach towards a complex question.

Materials and Methods

Blood Samples
Blood samples were obtained from the quality control labora-

tory that monitors 1% of transfusion bags of RBCs collected and 
processed by the German Red Cross Blood Service, Baden-Würt-

temberg/Hessen, Germany. Bags with Rh-positive and type A or 
AB blood were selected randomly for monitoring, with the hemo-
lysis being measured the week of the expiry date: free hemoglobin 
(Hb) is measured according to Harboe following the kit manufac-
turer’s directions (Bioanalytic) and the hemolysis is calculated us-
ing hematocrit values obtained from a CELL-DYN Ruby hematol-
ogy analyzer (Abbott Diagnostics). Samples with the highest and 
lowest hemolysis values at 42 days were selected each week for 5 
weeks, providing one set of 24 low hemolysis samples and a second 
set of 26 high hemolysis samples out of a total of 636 units assessed 
for hemolysis. Of this total, 404 were from male donors and 232 
from female donors. 

The RBC concentrates (RCCs) were prepared from whole blood 
anticoagulated with ACD (acid citrate dextrose solution; collection 
endpoint set by weight to maintain the ratio of ACD to collected 
blood) and processed by buffy coat removal and leukocyte filtra-
tion. The RCCs thus produced were stored at 2–6  ° C in PAGGSM 
(phosphate-adenine-glucose-guanosine-saline-mannitol) within 
polyvinyl chloride storage bags (Fresenius or Macopharma). 

Observation of RBCs for Morphological Analysis
The morphology of the high and low hemolysis groups was as-

sessed at 42 ± 3 days (average ± SD), within 2 days of the hemoly-
sis measurements. The RBCs were stored in the transfusion bags 
used for collection until the day of the morphology measurements. 
The RBCs were observed after rinsing in phosphate-buffered sa-
line (from tablets, VWR) on an adhesive polymer layer as de-
scribed previously [13, 18] using a phase-contrast microscope 
(Zeiss Axiovert A1 with a 40× objective, NA = 0.55) and a Zeiss 
AxioCam ICc1 camera. Details of slide preparation are described 
in the online supplementary material (for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000508711). For each sam-
ple, an initial field was selected near the central point of the slide; 
two fields were selected on one side of this point and two fields 
were selected on the opposite side. Sample unmodified images 
showing the whole field of view are shown in online supplemen-
tary Figures S1–S3. In every case, the five non-overlapping views 
provided a total of more than 100 cells, the count in similar deter-
minations of morphological index (MI) [19] while avoiding the 
unconscious personal bias introduced by detailed observation of a 
sequence of cells, selected and then terminated by a stopping rule 
(i.e., “stop at 100 cells”).

Fig. 1. Formation of stomatocytes and 
echinocytes in association with changes in 
the relative areas of the inner and outer 
leaflets of the RBC membrane, showing 
formation of a stomatocyte as the inner 
leaflet expands relative to the outer leaflet 
(a), a discocyte, when the two leaflets are at 
the preferred area difference to give the 
minimum membrane energy (b), and for-
mation of the convex bumps of echinocytes 
when the outer leaflet expands relative to 
the inner leaflet (c).
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MI Calculation and Counts
The cell shapes were separated into the following categories, as 

illustrated in Figure 2: stomatocytes; discocytes; type I echinocytes 
with ripples around the edge but no bumps on the top surface; type 
II echinocytes, with small numbers of large spicules; type III echino-
cytes, which included all other spiculated cells. Cells were more like-
ly to adsorb as shown in Figure 2, but some cells adsorbed edgewise, 
as shown in online supplementary Figures S1–S3. Early-stage sto-
matocytes that adsorbed as shown in Figure 2a were identified based 
on work reported elsewhere, in which individual cells were rotated 
to show the cup-shaped profile and then the top view [13]. The mor-
phological counts required identification of the top views of cells, but 
these were always supported by the presence of the more typical 
views of stomatocytes, including cells that had adsorbed edgewise to 
show the cup-shape of early-stage stomatocytes, and also later-stage 
stomatocytes showing a central linear slit, as illustrated in online sup-
plementary Figure S3. In some cases, it was not possible to differenti-
ate between late-stage echinocytes and late-stage stomatocytes; in 
these cases, cells were counted as type III echinocytes. The average 
number of cells counted per sample was 428. 

MI scores were assigned to the different shape categories as in-
dicated in Figure 2. The MI was then calculated as the average for 
all the cells counted in each sample. The MI scores assigned to the 
discocyte, stomatocyte, and the stage II echinocyte shown in Fig-
ure 2 correspond to the MI scores that have been used elsewhere 
for these shapes [20]. The score of 0.5 is assigned here to the type 
I echinocytes in Figure 2c, which are intermediate between the dis-
cocytes at MI = 0 and the echinocytes at MI = 1. The cells classified 
as stage III echinocytes have been described elsewhere as having 
MI values ranging from 2 to 5 [20]; they have been grouped to-

gether here because it is not possible to separate them reliably into 
specific categories. The shape shown in Figure 2g corresponds to 
the shape that has been assigned elsewhere to MI = 3 [20].

Preparation of RBC Ghosts for Mass Spectrometry 
Packed RBCs at the end of the storage period were collected and 

centrifuged briefly (2 min at 300 g) to separate the cells; 300 µL of 
the packed RBCs was then collected and washed 4 times in water, 
with centrifugation for 10 min at 2,500 g. The water wash served 
the dual purpose of lysing the cells and also lowering the salt con-
tent for the MALDI-ToF analysis (matrix assisted laser desorption 
ionization-time of flight mass spectrometry). After the final wash, 
100 µL of the pellet was collected and frozen. Samples were then 
thawed for the MALDI-ToF. 

Mass Spectrometry
The relative amounts of POPC (palmitoyloleoyl-phosphatidyl-

choline) and membrane-adsorbed Hb in the RBC ghosts were de-
termined by MALDI-ToF mass spectrometry, as described in the 
online supplementary material. The POPC is a membrane phos-
pholipid present in relatively high amounts and is used here as an 
indicator for the amount of membrane lipid present.

Statistical Analysis
The sample sets obtained as described above resulted in one set 

of low hemolysis samples (0.07% ≤ hemolysis ≤0.15%; average he-
molysis ± SD = 0.11 ± 0.02%) and one set of high hemolysis sam-
ples (0.50% ≤ hemolysis ≤1.20%; average = 0.76 ± 0.20%). We 
inferred systematic differences between low- and high-hemolysis 
samples, if any, by calculating two-sided p values for Wilcoxon-

Fig. 2. Cell shapes and the corresponding values used for the MI calculations: stomatocyte (S), –1 (a); discocyte 
(D), 0 (b); echinocyte I (E I), 0.5 (c); echinocyte II (E II), 1 (d); echinocyte III (E III), 3 (e–h). These values are 
compared to literature values in the Materials and Methods section. The images shown here are cropped selec-
tions from the larger fields of view used for the morphological analysis, as shown in online supplementary Figures 
S1–S3. The focal plane of the images is near the boundary of the cells in b and c. As the cells become rounder 
(e–h), features move out of the focal plane, and also become too fine to resolve (h). The stomatocytes are distin-
guished by the brighter ring surrounding the central spot, in addition to their smaller diameter.
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Mann-Whitney U statistics on the Vassar website (http://vas-
sarstats.net/utest.html). The uncorrected p values from the site are 
reported before any correction for multiple testing. Eleven p value 
tests were performed if we consider all graphs in the online supple-
mentary material, so under a Bonferroni correction for multiple 
testing (which corrects for the increased probability of having a 
false positive if many tests are performed), we considered an un-
corrected p value < 0.05/11 = 0.0045 as significant, corresponding 
to a false positive probability (type I error rate) α = 0.05. 

Results

Distribution of Cell Shapes and Statistical Analysis
Figure 3 shows the relative numbers of cells in the five 

shape categories outlined in Figure 2, for both the high and 
the low hemolysis groups. The discocyte counts are fairly 
similar for samples from both groups. The high and low 
hemolysis groups differ at the ends of the shape scale; both 
the stomatocyte counts (p = 0.0012, significant) and the lat-
er-stage echinocyte EIII counts (p = 0.049, not significant 
after a Bonferroni correction for multiple testing) are high-
er for cells with high hemolysis. The statistical analysis 
therefore shows that samples with high lysis have high sto-
matocyte counts, beyond chance alone. High stomatocyte 

counts were more indicative of high hemolysis than were 
high counts of type III echinocytes: it was possible for sam-
ples to have a high type III echinocyte count while still hav-
ing a low hemolysis, but all samples with high (≥6%) sto-
matocytes also had high hemolysis (see also online suppl. 
Fig. S4). The numbers of cells in the different shape catego-
ries are also summarized in online supplementary Table 1.

Figure 4 shows examples of the morphology at the end 
of the storage period for cells from different donors, and 
serves to illustrate the points made by the statistical anal-
ysis described above. One donor with a high stomatocyte 
count and a low MI had 1.2% hemolysis, the highest he-
molysis observed of all the samples, and above the per-
mitted limit for transfusions (typically 0.8 or 1%, depend-
ing on jurisdiction). The second example, with moder-
ately high echinocyte counts and a high MI, had 0.09% 
hemolysis, close to the minimum value observed here 
(which was 0.07%, out of the 636 samples assessed). De-
tails of the cell counts are given in the figure legend. 

Figure 5 illustrates the range of shapes that can be pres-
ent in single samples: cells from a high stomatocyte sam-
ple show a range of stomatocyte shapes, and cells from a 
high echinocyte sample show a corresponding range of 
echinocyte shapes. 

MI Scores
The MI scores are shown in Figure 6. The low hemo-

lysis group can be identified as a well-defined cluster, 
while the high hemolysis group had a greater range of he-
molysis values. The low hemolysis group of samples had 
a somewhat smaller distribution of MI values, but the 
same average as the high hemolysis group (MI = 0.91 ± 
0.44 for the high hemolysis group; MI = 0.87 ± 0.22 for 
the low hemolysis group).

POPC Content and Adsorbed Hb in RBC Ghosts
Mass spectrometry was used to determine the relative 

amounts of adsorbed Hb for the different samples, and 
also the relative amounts of POPC, the most readily iden-
tifiable lipid peak. The MALDI-ToF measurements pro-
vide an m/z value (mass over charge) together with a peak 
intensity. Samples can be identified by the presence of 
peaks at known mass values. The measurements are semi-
quantitative: if samples are processed in the same way, as 
were the ones in these experiments, then the relative peak 
heights can be used to determine the relative concentra-
tions of analytes of interest in the different samples. 

In the m/z range of 10–50 kDa, the protein peaks identi-
fied were from Hb. The full-range spectrum is shown in 
online supplementary Figure S5. No other protein peaks 
were identified, although other proteins were present in the 
preparation, as identified by SDS-PAGE (online suppl. Fig. 
S6). The Hbα and Hbβ subunit monomers were identified 
(online suppl. Fig. S7), as was the Hbα-Hbβ dimer (online 

Fig. 3. Distribution of cell shapes for the low hemolysis group 
(white boxes) and the high hemolysis group (shaded boxes). S, sto-
matocytes; D, discocytes; E I, II and III, echinocytes I, II and III (as 
defined in Fig. 2). The mid-line of the boxes indicates the median, 
the top and bottom ends indicate the quartiles, and the whiskers 
show the maximum and minimum values. The stomatocyte counts 
are significantly higher for the high hemolysis group (p = 0.0012); 
the type III echinocytes are also higher for this group, but at p = 
0.049, with a difference that becomes insignificant after the correc-
tion for multiple testing (for discussion of the statistical analysis, 
see text). The type I echinocytes are lower for the high hemolysis 
group (p = 0.0019); the type II echinocytes are slightly lower, but 
not significantly so (p = 0.018); the discocytes are present at similar 
levels in both groups (p = 0.401).
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suppl. Fig. S8), the Hb trimer, and the doubly charged tri-
mer (online suppl. Fig. S9). Hb is known to bind to the 
membrane of ageing RBCs [21, 22]. The POPC was identi-
fied by the parent ion peak at the expected value of 760.59. 

The Hb content, POPC content, and the ratio of the 
POPC and Hb signals (using the Hbα monomer) were 
compared for the high and low hemolysis groups, as 
shown in Figure 7. The two-sided Mann-Whitney U test 
showed no significant link between hemolysis levels and 
the Hb, POPC, or the ratio (p = 0.48, 0.40, and 0.60, re-
spectively). Similar results were obtained for all the other 
peaks associated with Hb (online suppl. Fig. S10).

Figure 8 compares the relative amounts of Hb and 
POPC to the stomatocyte counts. The Pearson correla-
tion coefficients in Figure 8 show little correlation be-
tween adsorbed Hb and the stomatocyte numbers. There 
is a weak negative correlation between the POPC content 
and the formation of stomatocytes which rests on rela-

tively few points (the high stomatocyte counts with high 
leverage, to the lower right of the plot). These results are 
also presented in online supplementary Figure S11 as a 
box plot for direct comparison to Figure 7.

Proteins in the RBC Ghosts by SDS-PAGE
The samples were separated into groups with similar 

characteristics (high hemolysis and high stomatocyte 
counts vs. low hemolysis and low stomatocyte counts). 
There was no consistent difference apparent in the cyto-
skeletal proteins, as seen on the gels (online suppl. Fig. S6).

Discussion

In this work, we investigated inter-donor variability in 
RBC morphology and correlated the observed shapes 
with the inter-donor variability of hemolysis that is 

Fig. 4. RBC morphology at the end of the 
storage period for a sample with high sto-
matocyte counts, low type III echinocytes, 
low MI, and high hemolysis (16.9, 13.2, 
0.37, and 1.2%, respectively; a), and a sam-
ple with low stomatocyte counts, high echi-
nocyte counts, high MI, and low hemolysis 
(1.0, 25.8, 1.11, and 0.09%, respectively; b). 
Scale bars, 5 µm. The full fields of view for 
a and b are shown in online supplementary 
Figures S1 and S2. Representative disco-
cytes are circled on both images; represen-
tative stomatocytes on either side of the 
circled discocyte in a are indicated by aster-
isks.

Fig. 5. Samples can show a range of different RBC morphologies. a Stomatocytes from a single sample. b Echi-
nocytes from a single sample. RBCs are initially discocytes, and can form increasingly rounded stomatocytes, or 
increasingly rounded echinocytes. Each set here was taken from a single field of view image, as illustrated in on-
line supplementary Figures S2 and S3.
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known to occur during storage. In order to produce re-
sults relevant to the samples used for clinical purposes, 
one requirement is to have storage conditions similar to 
those used by the blood bank; this is clearly met by mak-
ing use of RCC units stored by the Red Cross blood ser-
vice. A second requirement is to have accurate hemolysis 
values, which we have ensured here by using the measure-
ments from the routine quality control analysis. We also 
need a relatively large initial group of RCC units from 
which to draw our samples, to provide examples of high 
and low hemolysis samples, and to produce statistically 
robust results, which is achieved here by making use of 
the large numbers of RCC units that are routinely pro-
cessed by the Red Cross quality control laboratory. This 
does, however, lead to the limitation that the high and low 
hemolysis samples are only identified at the end of the 
storage period, so that we are not observing the change in 
the RBC morphology over the course of the storage pe-
riod. Previous work in which the morphology was mea-
sured as a function of time for a small number of samples 
and compared to the hemolysis does not appear to offer 
additional information [23].

Assessment of the RBC shapes at the end of the storage 
period after the cells have been rinsed in PBS and depos-
ited on PAH-coated slides clearly means that we are ob-
serving the cells that remain after any hemolysis that oc-
curs during storage and sample preparation. This would 
not be expected to have a significant effect on the shape 
distributions shown in Figure 3 because of the small mi-
nority of cells that lyse. An additional point to consider is 
whether the morphology that we observe is an accurate 
reflection of the shapes of the cells in the transfusion bags. 

The most distinctive feature of our morphological analy-
sis is the high stomatocyte counts. We do not rinse the 
cells with albumin solutions or with plasma, which are 
known to cause stomatocyte formation, possibly through 
extraction of lipids from the outer membrane leaflet [10–
12, 24], and we do not expose the cells to low pH, or any 
of the ions known to lead to induced stomatocytes. There 
is therefore nothing in our procedure that would be ex-
pected to lead to artifactual high stomatocyte counts. In 
addition, we can clearly observe inter-donor differences 
in morphology. The high stomatocyte counts seen for 
samples from some donors therefore appear to reflect 
patterns that occur in the transfusion bags. The notable 
feature of our analysis that leads to the high stomatocyte 
counts is that we identify stomatocytes from the top view, 
based on previously reported work [13]. This identifica-
tion is based on the altered thickness of the cells, which 
results in a different pattern of light and dark regions in 
phase-contrast microscopy, as illustrated in Figure 2; the 
cells retain the circular outline of discocytes, and might 
therefore be counted as such when using procedures in 
which the cells are processed by drying, staining, and ob-
servation by regular light microscopy.

The first conclusion that we can draw from our results 
is that the MI is not a good marker of storage quality when 
comparing RBCs from different donors that are stored  
in PAGGSM, as illustrated by Figure 6. Morphological 
changes are certainly an indicator of storage-related 
events: there is a long-established link between the de-
crease in ATP levels and the increased spiculation [1], and 
it has been shown that the average MI increases with stor-
age time for RBCs stored in PAGGSM [25]. It is, however, 
important to differentiate between measuring changes in 
a single sample or a defined group of samples, and the use 
of the MI as a marker of storage quality for an individual 
measurement. The inter-donor variability in morphology 
that has been noted here would not affect the morpho-
logical analysis used to assess the response to toxins [26], 
the effects of sample transportation [27], variation of 
samples with time [23], or the comparison of the effects 
of storage media [28].

Our results also show that it is possible for cells to lyse 
without forming significant numbers of echinocytes, as 
illustrated by Figure 4a and the significant link (uncor-
rected p = 0.0012) between high hemolysis and stomato-
cyte formation. The implication here is that hemolysis 
can happen without the formation of echinocytes, and 
that there are therefore two lysis pathways. It is known 
that RBCs can form smooth spherical shapes via both the 
stomatocyte and the echinocyte pathways [7, 20, 29]. The 
spherocytes formed via the two pathways are similar, but 
not identical [20]; spherocytes formed via the stomato-
cyte pathway have been described as having endocytic 
vesicles formed from membrane invaginations that break 

Fig. 6. MI for RBCs as a function of hemolysis at the end of the 
storage period. The low and high hemolysis groups of samples can 
be clearly distinguished by the hemolysis values. The average he-
molysis ± SD was 0.11 ± 0.02% for the low hemolysis samples, and 
0.76 ± 0.20% for the high hemolysis group. The MI values, how-
ever, are similar for both groups (0.87 ± 0.22 for the low hemolysis 
group and 0.91 ± 0.44 for the high hemolysis group).
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off [30, 31], while spherocytes formed from echinocytes 
are described as having shed their spicules [32, 33]. The 
spherocytes can be grouped together by automated anal-
ysis of RBC morphology during storage; when this is 
done, the resulting total spherocyte counts are propor-
tional to hemolysis [34].

One question to consider is how much hemolysis oc-
curs via stomatocyte formation, and how much occurs via 
echinocyte formation. For the high hemolysis group of 
data points in Figure 6, the MI seems to be fairly equally 
distributed between low and high values. The morpho-
logical changes that occur during storage are relatively 
slow because of the additives used to extend the shelf life. 
If we can therefore take the appearance of the cells at the 
end of the storage period as a snapshot that measures a 
gradual sequence of events, the implication here is that 
both hemolysis pathways are significant for the high he-
molysis group of samples. Although it is possible to find 
stomatocytes and type III echinocytes in the same sample, 

the general trend in the high hemolysis samples is for an 
inverse relationship in the counts of stomatocytes and 
type III echinocytes, as shown in online supplementary 
Figure S12 (the Pearson correlation coefficient for the two 
shapes in the high hemolysis group of samples is –0.63). 
This suggests that RBCs in a given sample will follow ei-
ther the pathway in which the outer leaflet expands, lead-
ing to echinocyte formation, or the pathway in which the 
inner leaflet expands and causes stomatocyte formation 
(as shown in Fig. 1), but are less likely to follow both path-
ways simultaneously in different cells. 

If cells can lyse via two pathways, then it is of interest 
to speculate about the mechanism behind this. As units of 
RCCs age during storage, the ATP levels drop, causing the 
formation of echinocytes [1]; the pH also drops, which 
drives the cells towards stomatocytes. At the end of 42 
days of storage in PAGGSM, the pH is about 6.6 [35]. This 
is higher than the range of 5.6–5.8 at which cells are re-
ported to form stomatocytes [7, 9], but the pH-induced 

Fig. 7. Relative amounts of hemoglobin and POPC measured by MALDI-ToF for the low hemolysis group (white 
boxes) and the high hemolysis group (shaded boxes). The mid-line, top and bottom ends of the boxes, and whis-
kers are as described for Figure 3. The Hb was determined using the peak for the Hbα monomer. Relative amounts 
of the Hb dimer, trimer, and doubly charged trimer are compared for the high and low hemolysis groups in on-
line supplementary Figure S10.

Fig. 8. Comparison of cell composition and 
shape: amounts of Hb (a) and POPC (b), as 
measured by MALDI-ToF, as a function of 
the percentage of stomatocytes. The Pear-
son correlation coefficient (Pcc) is shown 
for each graph, indicating that there is  
no correlation between stomatocyte count 
and Hb, but that there is a slight negative 
correlation between POPC content and 
stomatocyte formation.
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shape change has also been reported to be donor specific 
[36]. It is therefore possible that the decrease in pH during 
storage can affect some cells, or at least make them more 
susceptible to stomatocyte formation. The mechanism be-
hind the pH-related shape changes has been attributed not 
to the presence of charged groups on the cell surface, but 
rather to the action of the band 3 anion transporter, which 
can change the relative areas of the inner and outer mem-
brane leaflets by changing conformation [9]. The high 
band 3 content in RBCs from llamas has been associated 
with the resistance to shape changes [37]; it might be pos-
sible for smaller inter-donor differences to exist in band 3 
content of the RBCs collected here, affecting the morphol-
ogy of the hemolysis. This was, however, not possible to 
detect on the SDS-PAGE gels, possibly due to the fact that 
band 3 is diffuse because of glycosylation differences [38].

In order to explain donor variability, we must look for 
inter-donor differences in the RBCs, although the rela-
tionship between potential markers and hemolysis will be 
complicated if there are two different hemolysis path-
ways. In the present work, we analyzed POPC content 
and adsorbed Hb, and compared these values to both the 
hemolysis and the stomatocyte formation. Membrane-
associated Hb has been found to bind to the membrane 
protein band 3 as part of a mechanism that leads to the 
removal of the RBCs from the circulation [22]; the amount 
of bound Hb has also been found to increase with storage 
time [21]. In the present case, however, there was no link 
between the Hb content found in association with the 
RBC ghosts prepared for the MALDI-ToF and the extent 
of the hemolysis. A weak negative association was found 
between the POPC content and the stomatocyte forma-
tion. Phosphatidylcholines comprise about 29% of the 
membrane phospholipids [39] and are predominantly in 
the outer leaflet of the membrane [8]. Changes in the lip-
id content of one of the membrane leaflets can have sig-
nificant effects on the RBC shape [8], and it is therefore 
plausible that changes to the membrane lipids could be 
associated with changes to the RBC shape.

A final point to consider here is how the RBC mor-
phology could affect the performance of the RBCs after 
transfusion. The goal for transfusions is to maximize the 
function of the transfused cells while minimizing the 
transfusion of harmful species. It is therefore of interest 
to note that the high and low hemolysis groups both have 
the same numbers of discocytes. It is possible to reverse 
the early-stage echinocytes by replenishing the ATP levels 
[1], but both the type I and II echinocytes identified here 
would have to be included in order to differentiate be-
tween the high and low hemolysis groups, and even then 
there is some overlap in the numbers (online suppl. Table 
S1). Vesicles shed from the echinocyte spicules are poten-
tially harmful [40], meaning it would be beneficial to 
minimize the transfusion of late-stage echinocytes, but 

stomatocytes may also cause some problems due to re-
duced deformability in narrow channels [30]. The prob-
lems of using MI to identify storage quality operate in 
both directions: if the goal is to use an optimum shape of 
RBCs for transfusions, then it is not possible to identify 
this by measurement of the hemolysis. 

In conclusion, our results suggest that RBCs stored for 
transfusion lyse via two different pathways. Extensive 
shape changes away from the initial discocyte morphol-
ogy are associated with hemolysis, but these shape chang-
es can occur in two different directions, resulting in the 
formation of either echinocytes or stomatocytes. A sig-
nificant proportion of RBCs stored for transfusions ap-
pear to lyse via the stomatocyte pathway, so that it is pos-
sible for cells to lyse while remaining predominantly 
smooth. The MI, which measures the degree of spicula-
tion, is therefore not a useful measure of storage quality 
when RBCs from different donors are compared.
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