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Abstract

Background

Although periodic blood shortages are widespread in major Chinese cities, approximately

1x105 U of whole blood are discarded yearly because of under-collection. To reduce the

wastage of acid citrate dextrose solution B (ACD-B) anticoagulated under-collected whole

blood (UC-WB), this study was performed to elucidate the effect of extracellular pH and

holding time on erythrocyte quality. Mannitol-adenine-phosphate (MAP) erythrocyte con-

centrates (UC-RBCs) were prepared with UC-WB to assess the safety and efficacy of

this component.

Methods

The effect of the different extracellular pH levels and storage times on erythrocytes was as-

sessed by fluorescent probes, SDS-PAGE electrophoresis, electron microscopy and spec-

troscopy. In vitro properties of 34 UC-RBCs that were prepared with UC-WB at different

times after collection were analyzed and compared to normal RBCs during 35 days of stor-

age. The results of transfusion with UC-RBCs and the incidence of adverse reactions in 49

patients were determined.

Results

1) Low extracellular pH levels and long storage time induced increases in RBC fluorescence

polarization and mean microviscosity, changes in membrane fluidity, band 1, 2 and 3 protein

expression, and erythrocyte morphology. 2) During storage for 35 days, difference in be-

tween-subjects effects of K+, hemolysis and supernatant erythrocyte membrane protein

(EMP) were statistically significant (P = 0.041, 0.007 and 0.002, respectively), while the
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differences between these parameters in the 4 h group and comparable controls were less

significant. 3) Clinical data from 49 patients confirmed that transfusions with UC-RBCs were

satisfactory with no adverse reactions.

Conclusion

These results suggest that it is feasible to prepare RBCs with ACD-B anticoagulated UC-

WB at a minimum of 66% volume of the labeled collection. It was effective and safe to trans-

fuse the UC-RBCs prepared within 4 h after collection and stored within 7 days. The use of

UC-WB would be a welcome addition to limited blood resources in China.

Trial Registration

Chinese Clinical Trial Registry ChiCTR-TRC-13003967

Introduction
Over the past 15 years, the supply of blood for transfusion in China has attained an average an-
nual growth of 12.6% but is still unable to meet the clinical need. Despite intensive efforts to in-
crease the number of blood donors, the marginal supply remains unchanged; blood shortages
have changed from seasonal and/or structural a few years ago to conventional today in major
Chinese cities.

However, large quantities of allogeneic whole blood units are discarded because of an insuf-
ficient collected volume. The percentage of units with unsatisfactory volumes varies among re-
gions and blood banks, according to data publicly reported in the Chinese literature; a
conservative assumption states that the percentage of under-collected units ranges from 0.5%
to 1.0% of all collections and therefore at least several million liters of whole blood are dis-
carded yearly in China because of under-collection. In the USA, this percentage is between
2.5% and 3.5% of all blood collections [1, 2].

At present, there is limited information regarding the in vitro and in vivo behavior of
under-collected whole blood, in which an acceptable volume for the clinical application of
under-collected units differs according to different models. For the collection of 450 ml of
whole blood, Button et al. demonstrated that 400 g blood samples collected in ACD solution or
300 g in CPD anticoagulant were acceptable. Davey et al. [1] chose 275 ml as the minimum
clinically useful volume of blood in CPDA-1 [3]. Joseph et al. showed that donation volumes of
between 180 and 211 ml in CP2D-A could be transfused with a shortened expiry of 21 days [2].
However, for the component prepared with UC-WB, only one report exists, in which Weisbach
et al. determined the quality of RBCs stored in PAGGS-M additive solution prepared from 150
to 300 ml under-collected whole blood in CPD solution [4]. To date, we are unaware of any re-
ports in the literature that could inform guidelines on how to treat inadequately filled units of
ACD-B anticoagulated whole blood to prepare MAP erythrocyte concentrates.

Although the ACD-B anticoagulant was gradually replaced by CPD/CPDA solution in
whole blood collection in Europe and North America because of the “acid load” imposed by ex-
cess citric acid [5, 6], it remains the most commonly used in blood banking practice in China.
However, UC-WB erythrocytes could be impaired by an acidic intracellular environment, and
the quality of stored UC-WB cannot be guaranteed at the end of whole blood storage time. To
explore the basis for the clinical use of ACD-B anticoagulated UC-WB (minimum 66% volume
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of the intended collection), and to determine the feasibility of transfusing the MAP erythrocyte
concentrates prepared with these under-collected units. We designed the first experiment to
study the relationship between the extracellular pH environment (an approximate representa-
tion of WB collected volume), the holding time and the RBC quality. Then, we analyzed the
properties of 34 UC-RBCs in vitro that were prepared with UC-WB>66% volume of the la-
beled collection at different holding times compared to those of normal RBCs during 35 days
of storage. Finally, we examined the safety and efficacy of the transfusion of UC-RBCs in 49 pa-
tients. These results provide experimental evidence for the clinical use of UC-RBCs and the
protocol for this trial and supporting CONSORT checklist are available as supporting informa-
tion (see S1 CONSORT Checklist and S1 Protocol).

Materials and Methods

The effect of different extracellular pH environments and holding times
on RBC quality
A pool-and-split study design was used to investigate the effects, as follows: six healthy blood
donors with group A and RhD-positive blood were randomly selected, and 5 ml venous blood
was simultaneously collected from these donors. Immediately after collection, these matched
WB were washed, pooled, mixed, and aliquoted to make five identical RBC units. One unit
from each pool was suspended in ACD-B anticoagulant pH (5.0), and four additional anticoag-
ulant solutions that were identical in composition to ACD-B but with different pH levels (5.6,
6.2, 6.8 and 7.4) according to the addition of NaOH. The proportion of red blood cells to anti-
coagulant was 4:6. Then, all samples in were stored at 4°C in capped tubes. The membrane flu-
idity, membrane protein, morphology of the erythrocyte membrane and concentration of FHb
at 4, 8 and 24 h were measured by fluorescent probes, SDS-PAGE electrophoresis, electron mi-
croscopy and spectroscopy, respectively.

For membrane fluidity, erythrocyte ghosts were prepared according to the method of Steck
and Kant [7]. Fluorescence depolarization was measured as described previously by Shinitzky
and Barenholz [8]. Briefly, after erythrocyte membranes were incubated for 30 min at room
temperature with 1,6-diphenylhexa-1,3,5-triene (DPH; Sigma) in tetrahydrofuran to a final
concentration of 50 μg/ml for protein and 1 × 10-6mol/L for fluorescence labeling, fluores-
cence-polarization measurements were performed on a RF-540 luminescence spectrometer
(Shimadzu). Excitation was set at 362 nm, and emission was detected at 432 nm using a 10 nm
band-pass on both light-paths. The degree of fluorescence polarization (P) was calculated ac-
cording to the following equations:

P ¼ ðIvv�GIvhÞ=ðIvv þ GIvhÞ
Z ¼ 2P=ð0:46� PÞ
G ¼ Ihv=Ihh;

where Ivv and Ivh represent for the fluorescence intensities recorded with the analyzing polari-
zer oriented parallel with the plane of the excitation beam and perpendicular to it, respectively.
Ihh was the intensity of emitted light when the two analyzing polarizer orientations were both
horizontal. Ihv was the intensity of emission light when the emission polarizer was horizontal
and the excitative polarizer was vertical. G denoted a correction factor.

For electron microscopy, samples were fixed in suspension in 0.5 M cacodylate buffer
(pH 7.4), which contained 2.5% glutaraldehyde. The material was post-fixed with OsO4, dehy-
drated and embedded in Epon. Sections were stained on the grids with uranyl acetate and lead
citrate, and observations were carried out on a JEM-1010 transmission electron microscope
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(JEOL). SDS-PAGE analysis was performed according to conventional techniques. FHb levels
were tested spectrophotometrically by the cyanomethemoglobin method with Microlab 300
(Vital Scientific, Netherlands).

The preparation of MAP RBCs from ACD-B anticoagulated UC-WB
Units of UC-WB that were more than 66% volume of the intended collection were selected to
prepare MAP UC-RBCs. Blood components were investigated following manual preparation
in a conventional triple or quadruple bag system. Briefly, after centrifugation at 3500 g for
15 min at 4°C with slow braking, the plasma and buffy coat were first removed in the transfer
bag. Then, the packed red blood cells were weighed, and an appropriate volume of MAP addi-
tive solution was added in a sterile manner to the packed RBC at a ratio of 1:2 (v/v). The units
were mixed well, stored under standard blood banking conditions at 4°C, and were sampled
aseptically on days 0, 7, 14, 21, 28, and 35 of storage.

In vitro properties of UC-RBCs
After gentle mixing by inversion, samples from stored units were collected by a sterile sampling
procedure in a biological safety cabinet. The pH values were measured at ambient temperature
(26°C) using a pH meter. Counts of total hemoglobin (Hb), hematocrit (Hct), red cells, leuco-
cytes, and platelets, as well as the mean corpuscular volume, were performed on a Sysmex XT-
1800 cell counter (Sysmex, Japan). The osmotic fragility of erythrocytes was determined by
the brine osmosis method. Supernatant sodium and potassium were measured with the Easy-
lyte Plus K+/Na+/Cl− analyzer (MEDICA, Bedford, Massachusetts, USA). The levels of 2,3-
diphosphoglycerate acid (2,3-DPG, R&D, Minneapolis, MN, USA) and EMP (Cusabio,
Wuhan, China) were determined using commercial kits according to the recommended
protocol.

Hemolysis was measured by determining supernatant Hb levels with conversion to percent
hemolysis using total Hb and Hct levels [9]. Briefly, free Hb was determined by absorbance
measurements of cell supernatants at 510 nm by a spectrophotometer, and hemolysis was ex-
pressed as a percentage of total Hb present in RBCs after a correction for the Hct. The rate of
hemolysis was calculated using the following formula:

Hemolysis ð%Þ ¼ ½100 � Hct ð%Þ� �Free Hb ðmg=dLÞ = Total Hb ðmg=dLÞ � 100

Clinical assessment of UC-RBCs
All ongoing and related trials for this intervention have been registered: this study was part of a
clinical trial (Controlled Trials number: ChiCTR-TRC-13003967, Chinese Clinical Trial Regis-
try) to assess the safety and efficiency of UC-RBCs. Ethics approval was obtained for the study
from the Medical Ethics Committee of Jiangsu Province Blood Center (ref: 2012001) on the
15th March 2012. All participants involved in our study at the First Affiliated Hospital, the Sec-
ond Affiliated Hospital, Nanjing Medical University and the Nanjing General Hospital of Nan-
jing Military Command gave written informed consent.

The study enrolled 56 patients who were older than 18 years of age and had indications for
transfusion, as defined by the technical specifications of the clinical blood transfusion depart-
ment: the patients transfused were those who underwent preplanned surgeries, or those whose
Hb values were<70 g/L, were an internal medicine patient who suffered from one or more
clinical symptoms of anemia, such as pallor, giddiness, shortness of breath, or palpitations. Im-
portant exclusion criteria were active bleeding, hemolytic disease, autoimmune diseases and
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serious systemic disease or complications. For each case, the patient had at least 1 U of UC-
RBCs transfused, which were prepared within 4 h after collection and stored for less than 1
week. The adverse reactions as referenced by the European Hemovigilance Network (EHN),
were observed and followed-up during and within 180 days of transfusion, and changes in the
Hb level of each patient before and 24 h after the transfusion were assessed. The flowchart of
patient involvement in this non-randomized trial is shown in Fig. 1.

Statistical analysis
Data were expressed as the mean ± SD or mean ± SEM (for repeated-measures analysis). All
statistical analyses were performed with statistical software SPSS, version 15.0 (Chicago, IL).
For each variable, a repeated-measures analysis of variance was performed to identify subject-
by-time profiles. A paired t-test was utilized to compare the clinical effect of UC-RBCs. Differ-
ences are considered to be significant with a P-value of less than 0.05.

Results

Effect of different pH levels and holding times
The results of this study indicated that the microviscosity (η) of erythrocyte membranes and
the supernatant Hb levels increased in accordance with increased holding times (Fig. 2-A).
They also showed that extracellular pH levels were lower, and the difference of the two indexes
was larger. Among the 0 h vs. 4 h and 0 h vs. 8 h of the time-treated group, there was a signifi-
cant difference in most pH-treated groups (p< 0.001), except in the pH 6.8 group. A signifi-
cant difference in microviscosity was observed in all 0 h vs. 24 h and 4 h vs. 24 h groups
(p< 0.001); while in the 4 h vs. 8 h group, only the pH 5.0 and pH 5.6 groups were significant
(p< 0.001). By contrast, there was a significant difference in the 8 h vs. 24 h group, except for
the pH 5.0 and pH 5.6 groups (p< 0.001).

With the exception of the pH 6.8 group, the concentration of free hemoglobin (FHb)
showed an overall upward tendency during storage, with the 24 h of the treated groups higher
than that in the 0 h untreated group, Among the 0 h vs. 4 h, 0 h vs. 8 h, 0 h vs. 24 h, 4 h vs. 8 h,
4 h vs. 24 h and 8 h vs. 24 h groups, the quantity of FHb was significant (p< 0.05). Changes
were not seen in the pH 6.8 group at all time points (p> 0.05) (Fig. 2-B).

SDS-PAGE analysis revealed the effects of suspension pH and holding time on the erythro-
cyte membrane protein. We found that an aggregation of spectrin (bands 1 and 2) at low pH
levels and large amounts of band 3 proteins were lost from the ghosts during treatment incuba-
tions. The oxidization and solubilization of band 3 protein increased with higher holding times
and decreases in extracellular pH levels. The gels indicated no significant loss of band 3 protein
between 4 h and 8 h of holding time in both the pH 6.8 and control groups (Fig. 2-C).

RBC morphology changes as a result of suspension pH and holding time were observed
under the microscope. Along with increasing holding times and decreasing extracellular pH
levels, the normal structure of red blood cells disappeared, RBCs gradually transformed their
shape from normal smooth discocytes into stomatocytes, and even became spherical, with a
large number of pseudopodia, debris and impurities appearing. This phenomenon arose when
the 4 h group was stored in pH 6.2 anticoagulant, and the effect was enhanced with greater in-
cubation times and lower extracellular pH values (Fig. 2-D-G).

Component data
The UC-WB of 34 donors with vasovagal syncope or that had technical difficulties during veni-
puncture were used in a random order to prepare MAP UC-RBCs within 4 h, 8 h and 24 h of
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Fig 1. Flow chart of patient involvement in this clinical trial. This trial enrolled 56 participants, in which seven patients were excluded as they did not meet
inclusion criteria.

doi:10.1371/journal.pone.0117928.g001
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Fig 2. Effect of suspension pH and storage time on erythrocyte. A. Effect of the suspension of pH and
storage time onmicroviscosity. *, p< 0.001, 0 h vs. 4 h; **, p< 0.001, 0 h vs. 8 h; ***, p< 0.001, 0 h vs.
24 h; #, p< 0.001, 4 h vs. 8 h; ##, p< 0.001, 4 h vs. 24 h; ^, p< 0.001, 8 h vs. 24 h. B. Effect of the
suspension of pH and storage time on free hemoglobin. *, p< 0.001, *0, p< 0.05, 0 h vs. 4 h; **,
p< 0.001, 0 h vs. 8 h; ***, p< 0.001, 0 h vs. 24 h; #, p< 0.001, #0, p< 0.05, 4 h vs. 8 h; ##, p< 0.001, 4 h vs.
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collection from volunteer donors attending the Jiangsu Province Blood Center (Nanjing,
Jiangsu, China) or Yangzhou Blood Bank (Yangzhou, Jiangsu, China). All UC-RBCs units met
the Chinese specification for Hct, Hb content and hemolysis. The osmotic fragility, pH, super-
natant Na+ and 2,3-DPG showed a decreasing trend, while supernatant K+, EMP and hemoly-
sis all had an upward trend. In short, pH changes from the baseline at each time point of the
experimental groups were not significantly different. During storage, the supernatant K+ level
increased from 4.34 ± 0.71 to 12.99 ± 4.23 in the 4 h group, whose potassium leakage was the
smallest among the four groups and had a significant difference from 14 days in comparison
with the 8 h and 24 h groups. Similar decreases that were not statistically different in sodium
and 2,3-DPG levels were displayed throughout the storage period in all groups, but 2,3-DPG
concentration decreased rapidly during the first 14 days. Although at the end of 35 days of stor-
age, the percentage of hemolysis met regulatory requirements in all groups, there was a signifi-
cant difference in the pairwise comparisons between the 4 h and 8 h groups, as well as the 4 h
and 24 h groups from 14 days, and a significant difference in EMP was observed at 28 days be-
tween the 0 h and 4 h groups.

The results of pH, supernatant K+, Na+, percentage hemolysis, EMP and 2,3-DPG are
shown in Fig. 3. These findings demonstrated that, during 5 weeks of storage, the differences in
the between-subjects effects of K+, free Hb and EMP were statistically significant (p-values =
0.041, 0.007 and 0.002, respectively); during 2 weeks of storage, most physical and chemical in-
dicators of experimental groups did not show a statistical difference compared to controls;
after 3 weeks of storage, the greatest difference was between the control group and the 24 h
group for K+, FHb and free EMP, whereas the differences between the 4 h group and the com-
parable controls were less significant.

Clinical assessment of UC-RBCs
A total of seven patients were excluded as they did not meet the study inclusion criteria; the
clinical data of 49 patients were therefore studied in this trial. Their diseases included coronary
heart disease, chronic nephropathy, iron-deficiency anemia, liver cirrhosis, femoral head ne-
crosis, intussusception and malignancies, such as acute myeloid leukemia, gastric cancer, pros-
tatic carcinoma, rectal cancer, uterine cervix cancer and colorectal cancer. The clinical data
were shown in Table 1. There were 19 men (38.8%) and 30 women (61.2%), with a mean age of
53.71 ± 11.11 years (range: 23–65 years). The mean Hb count of patients before transfusion
rose from 91.18 ± 34.84 g/L to 101.10 ± 32.95 g/L at 24 h after transfusion (t = 2.946, p<
0.0001), and clinical symptoms of hypoxia regressed or disappeared in all affected patients
(Fig. 4). Clinical data from these 49 patients showed that the transfusion of UC-RBCs was satis-
factory and no adverse reactions occurred either during transfusion of within 180
days thereafter.

24 h; ^, p< 0.001, 8 h vs. 24 h.C. Analysis of erythrocyte membrane protein expression by SDS-PAGE
electrophoresis. Proteins were resolved by SDS-PAGE. Normal erythrocytes of healthy donors were used
as the control. Lane 1 and lane 2 were the experimental group treated for 4 h or 8 h in an extracellular pH 5.0
environment; lane 3 and lane 4 were the experimental group treated for 4 h or 8 h in an extracellular pH 6.2
environment; lane 5 and lane 6 were the experimental group treated for 4 h or 8 h in an extracellular pH 6.8
environment. D-G. Effects of suspension pH and storage time on erythrocyte membranemorphology.
D: normal biconcave red cells (20,000 x); E: Red cells that were stored for 4 h in ACD-B anticoagulant (pH
6.2) became invaginated and rough (20,000 x); F: red cells stored for 4 h in ACD-B anticoagulant of pH 6.8
were similar in morphology to normal erythrocytes (60,000 x); G: membrane dissolution of two spherical cells
after storage for 24 h in ACD-B anticoagulant (pH 5.6; 60,000 x).

doi:10.1371/journal.pone.0117928.g002
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Discussion
A large number of investigations have shown that cell pH, a fundamental biological property
that independently modulates erythrocyte membrane structure and function, is an important
factor that affects red cell viability. It has been reported that the pH value of the extracellular
medium affects erythrocyte morphology and functions by influencing its membrane [10–12].
There is also evidence to suggest that the initial pH in RBCs might have an effect throughout
the entire storage period of RBCs [13, 14]. Low pH levels could cause an aggregation of integral
membrane proteins [11] and alter the activity of certain enzymes and biochemical pathways
[15]. The inorganic phosphate in RBC anticoagulant or additive solution may also reduce
phosphate loss, induce the formation of organic phosphate esters together with an increase of
pH of solution, and reduce the depletion of 2,3-DPG., Underweight units generally deviate
from standard ratios of whole blood to anticoagulant, and their suspension pH is less than that

Fig 3. Major characteristics of UC-RBCs in vitro. A. Changes in K+ concentration over time during storage
at 4°C;B. Changes in Na+ concentration over time during storage at 4°C; C. Changes in pH over time during
storage at 4°C; D. Changes in 2,3-DPG over time during storage at 4°C; E. Changes in EMP over time during
storage at 4°C; F. Changes in the percent of hemolysis over time during storage at 4°C. a: p< 0.05,
comparison of between-subjects effects; b: p< 0.05, pairwise comparison at the same time point between 4
h and 8 h group; c: p< 0.05, pairwise comparison at the same time point between 4 h and 24 h group; d:
p< 0.05, pairwise comparison at the same time point between 4 h and control group; e: p< 0.05, pairwise
comparison at the same time point between 8 h and 24 h group; f: p< 0.05, pairwise comparison at the same
time point between 8 h and control group; g: p< 0.05, pairwise comparison at the same time point between
the 24 h and control groups.

doi:10.1371/journal.pone.0117928.g003
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of normal units. We measured the pH value of 55 under-collected WB units whose real collect-
ed volumes were greater than 200 mL: the mean values within 24 h after collection of these
samples were 6.34 ± 0.26, and we therefore speculated that this imbalance leads to a more acid-
ic environment in under-collected units that is a principal cause of damage to RBCs. Further-
more, as MAP contains sodium phosphate and has a higher pH value than ACD-B, we
hypothesized that collecting low volume units should be more compatible with the ACD-B/
MAP system.

To elucidate how the supernatant pH and holding time contribute to deleterious changes to
RBCs, we have investigated membrane fluidity, proteins and RBC morphology by exposing
erythrocytes to various pH values as well as holding times. Our study indicated that a loss of
membrane fluidity and protein was associated with acidification of the suspension medium:
the lower was the pH value, the greater was the decrease of membrane fluidity and membrane
proteins in the acidic range of pH (5.0–6.8). Increased holding times, however, had the

Fig 4. Change in Hb levels of patients before/after transfusion. A. Average Hb levels of 49 patients
before and 24 h after transfusion. B. Diagram of Hb levels of 49 patients before and after transfusion.
*: p< 0.0001, compared with the ‘before transfusion’ group.

doi:10.1371/journal.pone.0117928.g004
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opposite effect. From Fig. 2, we can see that some changes in membrane proteins in different
pH suspensions were found in the constitution of the major bands of the RBCs, such as bands
1, 2 and 3; the intensities of these bands changed markedly as the pH value deviated from the
neutral one. The aggregation of integral membrane proteins and volume changes of functional
proteins at low pH levels can affect the membrane fluidity, morphology and function
of erythrocytes.

Although many investigations have demonstrated that the morphology of human erythro-
cytes changes in accordance with variations in the extracellular medium pH, the threshold
value that had an effect on morphological changes was not identical. Gedde et al. consider that
intact cells can maintain normal shape in a pH range of 6.3–7.9 [16, 17]; this pH range is wider
than the 7.2–7.4 range reported by Wu et al. [18] that maintains the biconcave discoid shape of
intact erythrocytes. Our investigation was not consistent with these above-mentioned results:
we found that erythrocytes had no noticeable changes in morphology in the investigated pH
range of 6.8–7.4; moreover, we found that some erythrocytes became spherical when incubated
in an extracellular medium of pH 6.2 rather than pH 4.82 reported by Wu et al. In this study,
the highest value of supernatant Hb was 65.9 ± 0.9 mg/L after incubation of 24 h in pH 5.0 me-
dium; these result were similar to an earlier report by Arvinte et al. [19], which indicated that
erythrocytes undergo moderate and slow hemolysis due to acidic intracellular environments.
Therefore, we hypothesized that a suspension environment of UC-WB with a lower pH than
that of normal whole blood might impair the quality of RBCs.

In general, for a unit to be usable, the current regulations require that the quantity collected
be within 10% of the intended collection volume to ensure that prepackaged anticoagulants are
diluted appropriately and that the expected standard dose for a unit of blood is achieved. A
non-standard donation (either under- or overweight) should usually be removed from the sup-
ply or be labeled accordingly if released for clinical use. Given that there are three models of
bags (200, 300 and 400 ml) for whole blood collection in China, many low volume units greater
than 200 or 300 ml are discarded because of non-compliance with Chinese regulatory stan-
dards. For example, if a donor had planned to donate 400 mL whole blood and has even donat-
ed more than 300 mL of blood, but the amount of blood does not reach 360 mL, or a donor
had planned to donate 300 mL whole blood and even has donated more than 200 mL of blood,
but the amount of blood does not reach 270 mL, then the blood donated has to be described as
an underweight unit. If extrapolated to the 2011 national annual blood collection of 2.082 x 107

U, this represents a loss equivalent to the annual collection of a large provincial blood center.
However, underweight units are allowed to be used in clinical transfusion in the USA and
many European countries. For example, 300 to 404 mL of whole blood collected into an antico-
agulant volume calculated for 450 ± 45 mL or 333 to 449 mL of whole blood collected into an
anticoagulant volume calculated for 500 mL ± 50 mL is now eligible to be labeled and released
as “red blood cells—low volume” by AABB [20]. This policy gave us the guidelines for deter-
mining the limit of UC-WB used to prepare UC-RBCs in our investigation: the units of UC-
WB volume that were more than 66% of the intended collection, (i.e., real collected volume
>198 ml in a 300 ml bag;>264 ml in a 400 ml bag), were selected. These were randomly divid-
ed into 4 h, 8 h and 24 h groups to prepare MAP UC-RBCs, as blood components in China are
generally prepared fromWB between 6 and 8 h after phlebotomy. To avoid damage to erythro-
cytes by the leukocyte depletion filter, no UC-RBCs were leukoreduced.

As the WB holding time before separation into components is a factor that influences the
quality of red cells [21], we determined the major physical and chemical indicators of UC-
RBCs to describe the effects of preparation time on the quality of MAP UC-RBC units. By ana-
lyzing the differences in data at the same time points across the four groups, we found that the
difference between the 4 h group and the comparable controls was less significant among the
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three groups with between-group differences: there was no difference in the levels of hemolysis
between the 4 h and control groups over the entire storage period and any index of the 4 h
group. This was with the exception of K+ concentration, which did not differ from that of the
control group during 14 days of storage, while the difference between the 24 h and control
groups was significant for supernatant EMP from day 7 onwards. As the K+ concentration of
the 4 h group was lower than the normal control group and it turned out that a significant dif-
ference existed between the 24 h and control groups for supernatant EMP and hemolysis from
the 7th storage day, we speculated that shortening the time between the collection and separa-
tion of RBC from the acidic suspension helps to reduce the leakage of K+ in RBCs, and a longer
holding time or greater separation time was unfavorable to maintaining the structure and func-
tion of erythrocytes. These results will be helpful to provide a reliable basis for preparing and
transfusing MAP UC-RBCs. We therefore undertook clinical experiments using blood compo-
nents prepared within 4 h after collection and stored within 1 week among patients who had
given informed consent. We found that all MAP UC-RBCs units were transfused without cre-
ating clinical confusion or patient risk, and satisfactory clinical outcomes were achieved that
demonstrated the safety and effectiveness of this blood product.

Conclusions
Although the sample size was relatively small, and the trial was conducted in three centers, we
believe that the recovery of UC-WB would be a welcome addition to our limited blood re-
sources. Our experimental and clinical data might serve as a reference for revising the actual
guidelines or regulatory standards in order to improve the shortage of blood in our country.
Therefore, we propose the following recommendations: 1) ACD-B anticoagulated UC-WB that
is greater than 66% of the intended collection volume can be used to prepare the MAP UC-
RBCs; 2) MAP UC-RBCs prepared within 4 h after collection and stored within 1 week can
maintain the quality of standard RBC under the precondition of a shortened storage period;
and 3) such RBCs are effective and safe for transfused patients and can be utilized in
transfusion therapies.
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