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Abstract

Objective: Plasma is often used to assess the concentration of
clinical markers, as the presence of red blood cells (RBCs) can
interfere with the correct measurement of parameters. The
objective was to select a simple, rapid and efficient method for
RBCs removal from a small volume of whole blood usable at
the point of care.

Methods: Three alternative RBC removal methods were
assessed from 50 µL of whole blood and compared with the
centrifugation method. Two methods involved agglutination
molecules, such as lectins or antibodies, whilst the third
method used lateral filtration on a glass fiber paper strip.

Results: In each case, the RBCs were efficiently separated
from whole blood in less than five min at room temperature. In
terms of marker recovery and residual hemoglobin
concentration, the method that used antibodies performed the
best and could be integrated into a process whereby plasma
markers are measured from a small volume of whole blood at
the point-of-care.
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Introduction
Today, many clinical diagnostic assays that involve blood specimens

require the use of plasma or serum samples to prevent interference
from red blood cells [1-3]. Conventional methods for plasma or serum
separation from whole blood, such as centrifugation, are often
impractical in remote settings or in physician’s offices because they
take time, require trained technical personnel and specific equipment,
such as a benchtop refrigerated centrifuge and electricity to operate
[4].

Cells and plasma are the main constituents of whole blood and on
average account for approximately 45% and 55% volume fractions,
respectively. The serum is the fluid and solute component of blood
after clotting. Of the 45% blood cell components, more than 99% are
RBCs [5]. Removal of these cells, for use in downstream disease

diagnosis and biochemical analysis, is necessary for most clinical
assays that involve blood specimens. This is mainly to prevent the large
volume of cellular inclusion, cell lysis and contamination from lysates
from potentially affecting the accuracy and reproducibility of
diagnostics and analytical measurements [5,6]. For example,
hemoglobin found in erythrocytes, has been identified as a PCR
inhibitor [7].

The hematocrit is the relative volume occupied by blood cells (99%
of which are RBCs), when compared to the total volume of blood.
Hematocrit is expressed as a percentage. The normal range is 47% ± 5
for men and 42% ± 5 for women [8,9]. As the hematocrit is variable
from person to person [10] and a marker concentration is generally
given as a plasmatic dose, it is important to perform measurements on
a blood product from which the RBCs have been discarded.

In an attempt to overcome some of the limitations associated with
the traditional techniques for plasma separation, strategies have been
developed using various sophisticated approaches, such as
hydrodynamic filtration [11,12], the Zweifach-Fung effect [13],
dielectrophoresis [14], magnetic interactions [15], acoustic transducers
[15] and hydrogen peroxide-powered pumping [16,17]. However, to
date, there are few methods for removal of RBCs that are equipment
free, take less than five min and are simple enough to be performed
with minimal training. Effective but unsophisticated methods for RBC
removal include simple sedimentation, agglutination or passive
filtration, where RBC sedimentation occurs through gravity. These
methods are very simple but take time. Molecules that can agglutinate
RBCs are mainly plant lectins and RBC-specific antibodies.
Agglutination occurs when these molecules come into contact with
RBCs [18,19].

Technical paper, such as VIVID paper, is able to filter blood cells
from whole blood but is expensive and requires the application of a
vacuum to recover the plasma. Glass fiber paper is traditionally used in
commercial lateral flow assays to perform the sample preparation,
which is upstream from marker detection on an adjacent nitrocellulose
strip [20,21]. Filtration using glass fiber paper is passive and does not
require any equipment. In order to improve the efficiency of
separation, agglutination can be combined with sedimentation or
filtration [22].

In this study, methods that use sedimentation, agglutination and
filtration for the removal of RBCs from whole blood were compared in
terms of simplicity, efficiency, rapidity and biomarker recovery.

Materials and Methods

Materials and specimens
The anti-RBC monoclonal antibody (3B9A6D5) was an

Immunoglobulin M (IgM) that was directed against a RBC surface
protein and was produced by bioMerieux SA (Lyon, France). Lectins
were obtained from Vector Laboratories (Burlingame, CA USA) or
Sigma-Aldrich (Saint Louis MO USA).

Procalcitonin (PCT) and Prostate Specific Antigen (TPSA)
recombinant proteins were developed and produced by bioMerieux SA
(Lyon, France) using expression in prokaryotic (PCT) or eukaryotic
cells (TPSA).
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Whole blood specimens were obtained from healthy donors from
the French National Blood Bank (Establishment Francais du Sang,
Lyon, France). Informed consent was obtained for any
experimentation. All experiments were performed in compliance with
the relevant laws and institutional guidelines and in accordance with
the ethical standards of the Declaration of Helsinki.

Red blood cell agglutination using lectins or specific antibodies
Fifty μL of fresh whole blood (heparinized or citrated) were mixed

with various concentrations of lectins or antibody 3B9A6D5, diluted in
PBS1x (Euromedex, France). After five min of incubation at 22°C ±
1.5°C (room temperature, RT), the supernatant was recovered for
further analysis. A mix of antibodies that contained both 3B9A6D5
and a donkey IgG directed against mouse IgM (Jackson
Immunoresearch, Baltmore Pike, PA USA) was also used.
Agglutination was observed using an inversed microscope (AXIO
Imager M1m, Zeiss, Oberkochen, Germany) as follows: 25 µL of blood
was mixed with 25 µL of PBS1x. The diluted sample was dropped onto
a glass slide and the reading was performed under the microscope,
using 40 x magnifications.

Blood cell filtration on glass fiber paper
Fifty microliters of fresh whole blood were loaded onto a laser-cut

strip of MF1 glass fiber paper (GE Healthcare, Velizy, France). When
the blood had been completely absorbed into the paper and the plasma
was completely separated from the RBCs, the section of paper
corresponding to the “plasma” (in the present study “plasma” refers to
whole blood without RBCs) was cut out and punched ten min in 25 µL
of PBS1x before analysis.

Blood centrifugation
Blood centrifugation was used as a reference method for plasma

separation. Fresh blood was centrifuged for five min at 20 000 g, at
4°C, using a refrigerated microcentrifuge 5424R (Eppendorf,
Montesson, France). After centrifugation, the supernatant, which
corresponds to the plasma, was recovered for further analysis.

Measurement of the amount of residual hemoglobin and blood
markers
After removal of the RBCs, the residual hemoglobin concentration

was estimated using the hemoglobin assay kit (Abnova, Tapei, Taiwan),
following the manufacturer’s instructions. For the measurement of
blood markers before and after RBC removal, the fresh whole blood
was first spiked with a precise amount of purified recombinant protein.
The quantity of the protein was then measured in 25 µL of the sample
using a VIDAS kit on a VIDAS automate, in accordance with the
manufacturer’s instructions (bioMerieux SA, Marcy l’Etoile, France).

Results

Development of a method for RBC agglutination using lectins
In order to determine the most suitable type of lectin for RBC

agglutination, six plant lectins were evaluated. These originated from
Ulex europeaus (gorce), Phaseolus vulgaris (red bean), Lens culinaris
(lentil), Solanum tuberosum (potato) and Triticum sativum (wheat).

Ten μL of each lectin were mixed with 50 µL of fresh blood (final
lectin concentration: 1 µg/mL), spread on black waterproof cardboard
and incubated for five min at RT. As illustrated in Figure 1a, a strong
partitioning of the RBCs was observed when S. tuberosum lectin was
added. The results were much less pronounced with lectins from U.
europeaus, P. vulgaris and T. sativum. No difference was observed with
L. culinaris when compared to the control without lectin.
Agglutination was visible within a few sec from blood contact when
using S. tuberosum lectin.

Fifty μL of blood samples from eight patients with different
serogroups (five group O, two group A and one group B) and different
hematocrit rates (mean: 42.5%, range: 40-48%) were mixed with S.
tuberosum lectin (1 µg/mL). The female to male ratio was 6/2 and the
average age was 44.6 (range: 19-66). All the samples showed strong
agglutination (data not shown), which indicates that this method can
be reproducibly used for blood samples, regardless of the serogroup
and the hematocrit rates.

In order to determine the minimal concentration of S. tuberosum
lectin required for efficient RBC agglutination, serial dilutions of the
lectin, from 2 µg/mL to 8 ng/mL, were assessed using 50 µL of fresh
blood (Figure 1b). Although agglutination tended to decrease below
250 ng/mL, it could still be observed for a lectin concentration of 31.2
ng/mL. Below this value, the effects of lectin were not visible.

The agglutination of RBCs was observed under an inversed
microscope, after the addition of lectin (1 µg/µL). No agglutination was
observed in the sample without lectin (Figure 1c).

Figure 1: Lectin-based method for RBC removing from whole
blood. a: test of different lectins on 50 µL of fresh whole blood. b:
RBC removal from 50 µL of whole blood using serial dilutions of
the S. tuberosum lectin. c: observation of samples with or without S.
tuberosum lectin (Lectin and No lectin, respectively) on inversed
microscope (40x magnification). d: effect of the S. tuberosum lectin
on 50 µL of whole blood after 5 min of incubation at RT. Lectin:
sample with lectin ; No lectin: sample without lectin.

To demonstrate the role of lectins in RBC separation by gravity in a
vertical container, 100 µL of blood and 20 µL of S. tuberosum lectin
(500 ng/µL) were mixed in a polypropylene Eppendorf tube. After five
min of incubation at RT, the lectin-agglutinated RBC sediment could
be observed at the bottom of the tube (Figure 1d). As a control, when
100 µL of blood was mixed with 20 µL of PBS1x, little sedimentation
was observed after five min of incubation.
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In conclusion, it is possible to efficiently separate the RBCs from 50
µL of whole blood, using S. tuberosum lectin at 250 ng/mL, in less than
five min.

Development of a method for RBC agglutination using
antibodies

We evaluated an IgM monoclonal antibody (Ab1), which was
directed against a surface protein of the RBC. Ten μL of serial dilutions
of the antibody, from 2 µg/µL to 0.125 µg/mL, were mixed with 50 µL
of fresh blood, spread on black waterproof cardboard and incubated
for five min at RT. As illustrated in Figure 2a, no agglutination of the
RBCs was observed five min after addition of the antibody, at any
concentration. A small effect was observed 10 min after addition of the
antibody (data not shown).

In order to accelerate the agglutination rate, a second antibody,
which was directed against the µ chain of the mouse IgM (Ab2, range
of concentration; 100 ng/mL to 25 ng/mL), was tested in association
with the anti-RBC antibody (Ab1, 1 µg/µL). As illustrated in Figure 2a,
when Ab1 was mixed with Ab2 (100 ng/µL), a partitioning of the RBCs
was clearly noticeable after five min of incubation at RT. When 50
ng/µL were used, the effect was less visible and disappeared at lower
concentrations of Ab2.

No agglutination was observed when Ab2 was tested alone (range of
concentration: 100 ng/µl to 50 ng/µL), even after 10 min of incubation
(Figure 2a).

Agglutination of the RBCs was observed under an inversed
microscope when Ab1 and Ab2 were added (1 and 0.1 µg/µL,
respectively). No agglutination was observed in a sample without
antibodies (Figure 2b).

Figure 2: Antibody-based method for RBC removing from whole
blood. a: test of different concentrations and combinations of
antibody on RBC removal efficiency. Ab1: anti-RBC mouse IgM
antibody ; Ab2 : donkey IgG anti-mouse IgM antibody. b: samples
with or without addition of antibodies (Ab1+Ab2 and No Ab,
respectively) on inversed microscope (40x magnification). c: effect
of the antibodies Ab1 and Ab2 on 50 µL of whole blood after 5 min
of incubation at RT. Ab1+Ab2: sample with the mix Ab1+Ab2 ; No
Ab: sample without antibody.

To demonstrate RBC separation by gravity, in a vertical container,
blood and the two antibodies (Ab1 and Ab2) were mixed in a

polypropylene Eppendorf microtube. After five min of incubation at
RT, sedimentation of the RBCs could be observed at the bottom of the
tube (Figure 2c). When fresh blood was mixed with 10 µL of PBS1x, as
a control, no sedimentation was observed, even after 15 min of
incubation.

In conclusion, it was possible to separate out the RBCs from 50 µL
of whole blood in five min using a mixture of two antibodies, with the
first directed against RBCs (1 µg/µL) and the second directed against
mouse IgM (100 ng/µL).

Development of a method for RBC removal using glass fiber
paper

Glass fiber paper has already been shown to be efficient at RBC
removal from whole blood [20]. Here, a method was optimized for
separation using 50 µL of fresh blood. We also measured a plasmatic
marker on a simple strip of laser-cut MF1 glass fiber paper.

We estimated the minimum size of the MF1 strip required for
optimal separation of the RBCs. To compare the relative migration
distance of RBCs and “plasma”, MF1 strips of 10, 8, 5 or 4 mm widths
were tested (see supplementary data S1). The length of the strip was
always 45 mm. We found that the greater the width, the shorter the
migration distance. For example, on a 10 mm wide strip the RBCs
migrated 14 mm and the plasma migrated 5 mm. On a 4 mm wide
strip, the distances of migration for RBCs and plasma were 25 and 16
mm, respectively. On a 5 mm wide strip, 29 to 30 mm of length was
found to be the minimum size covered by 50 µL of blood. When using
50 µL of blood, RBCs migrated 21 mm and plasma migrated 7.7 mm
(average of eight samples). Thereafter, 50 µL of blood were loaded onto
5 × 30 mm laser-cut strips. Under these conditions, the separation of
the RBCs from the plasma was effective within two min from
deposition of the blood at one extremity of the strip (Figure 3b, No
Ab).

Migration distance (mm)

Width (mm) RBC (mean) SD plasma (mean) SD

11 14 1.8 19 1.1

8 19 2.2 25.5 1.4

5 21 2.5 28.7 1.5

4 25 3.3 41 2.1

Supplementary data S1: migration distance of RBC and “plasma” using
different widths of MF1 glass fiber paper. SD: standard deviation,
mean of 8 experiments.

The effect of the addition of anti-RBC antibody on RBC separation
was then evaluated. The 3B9A6D5 antibody was loaded onto different
locations of the test strip. For each deposit, 2.5 µL of antibody, diluted
in PBS1x, were coated onto the strip at a concentration of 4 mg/mL.
After deposition of lines over the width of the strip, the antibodies were
fixed by a three min incubation at 60°C. One to three deposits and
different distances from the end of the strip were evaluated. The first
line of antibody was placed 10 mm from the edge of the MF1 strip
where the sample was loaded. The second and the third lines were
applied at 15 and 20 mm from the edge, respectively. The results
obtained after three min of migration, using eight blood samples, are
summarized in Table 1.
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Ab1, 1 line Ab1, 2 lines Ab1, 3 lines No Ab1

RBC "Plasma" RBC "Plasma" RBC "Plasma" RBC "Plasma"

Migration (mean), mm 19.2 29.4 17.1 29.7 17.4 29.6 21 28.7

(Plasma - RBC), mm - 10.2 - 12.6 - 12.2 - 7.7

SD 1.14 0.97 0.63 0.8 0.83 0.4 2.61 1.55

Table 1: MF1 strips: Effect of RBC antibody on sample migration. One to three lines of anti-RBC antibody were loaded on MF1 glass-fiber paper.
No Ab1: no RBC antibody loaded. The distance of migration of the RBC (RBC) and the distance of migration of the “plasma” (“plasma”) on the
strip, were measured. (Plasma-RBC): distance of migration of plasma minus distance of migration of RBC. SD: Standard Deviation. Results
correspond to the mean of 8 samples.

The results showed that adding antibodies to the MF1 strip reduced
the migration distance of the RBCs and increased the length of paper
soaked by the plasma (Figure 3). In addition, the presence of
antibodies minimized variations in RBC migration, which depends on
RBC rate (hematocrit) and is variable from patient to patient.

Figure 3: MF1 paper-based method for RBC removing from whole
blood. a. Schematic illustration of the MF1 glass-fiber paper strip.
Fifty µL of fresh blood are loaded at one end of the strip. Lines of
RBC antibody can possibly be loaded on the paper (2 lines
illustrated here). b: effect on sample migration and blood cell
separation on strips with (Ab) or without (No Ab) lines of anti-RBC
antibody. Scale in cm.

Two antibody deposits (10 and 15 mm from the end of the MF1
strip) gave the best results in terms of RBC migration, plasma
migration and robustness of data. Consequently, this combination will
be used for later experiments.

In conclusion, it was possible to separate RBCs from 50 µL of whole
blood, in less than three min, using a strip of MF1 glass fiber paper.
The addition of two lines of antibodies directed against RBCs
improved both the separation efficiency and robustness.

Comparison of marker recovery and hemoglobin
contamination after RBC removal

As the three methods used for removing RBCs may have an impact
on plasma protein concentrations, a comparison of these methods was
performed in terms of marker recovery.

The two markers that were evaluated were procalcitonin (PCT) and
total prostatic specific antigen (TPSA). The recombinant proteins that
correspond to these antigens were spiked into fresh whole blood at a
concentration of 5 ng/mL (PCT) or 7 ng/mL (TPSA). These
concentrations correspond to high physiological levels. The marker
concentration was estimated on a VIDAS using the BRAHMS PCT
and TPSA VIDAS kits (bioMérieux SA). The experiments were
conducted twice on three fresh blood samples (two females and one
male; average age 48; average hematocrit 41%). Each method was
compared with the reference method (i.e. blood centrifugation at 20
000 g at 4°C for five min). A mean and percentage of marker recovery
were calculated. The percentage corresponded to the ratio of the
concentration of a marker, using a specific RBC removal method,
against the concentration of the same marker using the reference
method (centrifugation).

As illustrated in Table 2, for methods using lectins or antibodies, the
PCT concentrations were equivalent to those obtained after blood
centrifugation (99.2% to 100% of the reference method). However, for
the MF1 paper, the PCT ratio represented 63% of the concentration
obtained with the reference method. For TPSA, the method using
antibodies provided a concentration close to that obtained with the
reference method (96%). However, methods using lectin or MF1 paper
performed less well (67.4% and 60%, respectively).

Lectin Ab1+Ab2 MF1 paper Centrifugation

PCT 99.2a 100 63.4 100

TPSA 67.4 96 60 100

Table 2: Impact of the method of RBC depletion on PCT and TPSA
plasmatic concentration. a: Results expressed in percentage of
recovery/reference method (Centrifugation).PCT: procalcitonin;
TPSA: Prostate Specific Antigen. The methods of RBC removing are:
lectin of S. tuberosum (Lectin), mix of antibodies (Ab1+Ab2), MF1
glass fiber paper (MF1 paper) and centrifugation.

In order to check for the presence of hemoglobin residues in the
preparations, the hemoglobin concentration was measured in plasma
using a specific commercial kit. As shown in Figure 4, the results
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indicated a low level of hemoglobin, close to that obtained with the
centrifugation method, particularly for the MF1 paper ([Hb]=63 µM)
and, to a lesser extent, for the antibodies ([Hb]=97 µM). The highest
concentration of hemoglobin was found for the method using S.
tuberosum lectin ([Hb]=133 µM). As a reference, unpurified blood
gave a saturating hemoglobin signal of over 800 µM. Interestingly,
Figures 1c and 2c show supernatants with a slight red coloring, which
confirmed the presence of residual hemoglobin in preparations using
lectin or antibodies.

Taken together, these comparative results showed that the method
using antibodies performed best in terms of PCT/TPSA recovery and
residual hemoglobin concentration.

Figure 4: Hemoglobin concentration before and after RBC
removing. Hemoglobin concentration was determined before
(Blood, the reference-ref.), and after RBC removing using either
lectin of S. tuberosum (Lectin), mix of antibodies Ab1+Ab2
(Ab1+Ab2), MF1 glass-fiber paper (MF1 paper) or centrifugation.

Discussion
In this study, different methods for removing RBCs from whole

blood, using sedimentation, agglutination and lateral filtration on glass
fiber paper, were compared in terms of simplicity, efficiency, rapidity
and marker recovery.

It was possible to easily and reproducibly separate the RBCs from 50
µL of whole blood, in less than five min, using either S. tuberosum
lectin at 0.5 µg/mL, a mix of two antibodies (the first being directed
against RBCs and the second against mouse IgM) or a strip of MF1
glass fiber paper that had been functionalized with anti-RBC
antibodies.

The method that used the mix of antibodies was the best in terms of
marker recovery and residual hemoglobin concentration. The MF1
paper-based method was the most rapid.

The use of two monoclonal antibodies, one IgM directed against
RBCs and the other against the mouse IgM antibody, demonstrated an
improvement in RBC agglutination when compared with the RBC
antibody alone. Previous studies have discussed the use of two
antibodies (RBC antibody+anti-species antibody) for the efficient
agglutination and separation of RBCs from plasma. The Coombs
antibody test [23] traditionally used for the detection of plasma
immunoglobulins that can opsonize red blood cells and involved in
diseases uses also these two kinds of antibody. In the experiment

presented here, it was hypothesized that the binding of the second
antibody on the anti-RBC IgM increases the formation of a network
that accelerates the agglutination and the sedimentation of RBCs.

Plant lectins, particularly those from S tuberosum, have strong
clumping properties on different types of RBCs. The combination of
two or three different lectins (S. tuberosum/U. europeaus/P. vulgaris
lectins) has been tested but did not improve the agglutination rate.
Results from samples that contained TPSA showed that the use of
lectins may have consequences for the recovery of markers in the
plasma. The TPSA is a glycoprotein that harbors N-glycans on its
surface [24]. Solanum tuberosum lectins bind to polysaccharides that
contain N-Acetyl glucosamine and galactose, which are all sugar
components of N-glycans. Consequently, lectins may also bind to the
sugars on the surface of TPSA and, more generally, on the surface of all
glycoproteins. For TPSAs that have at least one N-glycan, the percent
recovery after using the lectin method was lower than the technique
that uses antibodies. In contrast, there are no N-glycans on the surface
of PCT [25] and the percent recovery was equivalent to the method
using antibodies, which indicates that the lectin method has no impact
on PCT recovery.

The use of glass fiber paper, such as MF1, is a potential alternative in
terms of time to result and purity. However, part of the plasma is
probably retained in the fibers of the paper, which impacts the marker
recovery. The marker recovery rate can be increased by washing the
MF1 strip with small volumes (10-20 µL) of a buffer, such as PBS1X or
TBS1X, supplemented with trehalose [26]. The disadvantages of this
additional step (deposition of the elution buffer) are that it makes the
method more complex and doubles the time required to obtain plasma.
Moreover, the marker concentration is diluted when compared with
the others methods.

The recurring problem with these methods is the purity level.
Indeed, it is important to obtain samples with a highly reduced
hemoglobin level as it is known to interfere with immunoassays [27]
and is also an inhibitor of gene amplification [3]. For immunoassays,
working with hemolyzed samples is generally not recommended
(www.biomerieux.com/techlib). In this study, all techniques gave a low
level of hemoglobin, under 150 µM. The level of residual hemoglobin
for each method was compatible with the implementation of an
efficient immunoassay. For gene amplification, the inhibitory
concentration of hemoglobin is 16 µM. All methods assessed in this
study, including centrifugation, were above this threshold. To bring the
concentration below the threshold, it will be necessary to dilute the
samples (e.g. six fold dilutions for the method using antibodies) before
the application of amplification techniques.

The volume of blood used for RBC removal is small and for an
initial sample of 50 µL it is possible to recover a volume of between 20
and 25 µL, after purification. This small volume may be difficult to
handle in an automated environment, which may need to be addressed
during product development. In the case of the MF1 test strip, the
sample volume is integrated into the paper support and can be handled
more easily. However, a sample elution from the glass fiber paper may
be necessary, which increases the time to result for this technique.

When we considered the cost of goods for the different techniques,
the glass fiber paper method was the most expensive. If the cost is
based on one hundred tests, this method is approximately two times
more expensive than the antibodies method and 12 times more
expensive than the lectins method. If MF1 paper is functionalized with
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lines of RBC antibody, the cost of this method increases dramatically
and is 22 times more expensive than lectins.

Conclusion
Three simple methods have been successfully tested for the rapid

removal of RBCs from whole blood. The method that used a
combination of a mouse RBC monoclonal antibody and a mouse IgM
antibody, allowed clear plasma to be obtained in five min. This plasma
was suitable for the measurement of biomarkers, particularly in the
context of an immunoassay. For molecular biology techniques, it may
be necessary to dilute the plasma before the measurement of markers.
These methods may be integrated into an automated process,
potentially at the point-of care.
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