Excellence in Separations

OptiPrep™ Application Sheet C35
Fractionation and analysis of normal erythrocytes, sickle cells and
reticulocytes; removal of erythrocytes from blood and bone marrow
♦
♦

OptiPrep™ is a 60% (w/v) solution of iodixanol in water, density = 1.32 g/ml
To access other Application Sheets referred to in the text return to the Cell Index; key Ctrl “F” and
type the C-Number in the Find Box

1. Background
1a Reticulocytes
A number of density gradient strategies have been developed for the fractionation of human
erythrocytes according to their age. As the cells age, so their density tends to increase; reticulocytes
therefore have the lowest densities. Reticulocytes have frequently been partially purified on
discontinuous gradients of arabinogalactan; the actual density range being quite variable, sometimes
broad, e.g. 1.066-1.220 g/ml [1], sometimes narrow, e.g. 1.083-1.124 g/ml [2]. These gradients have
entailed the use of unusually high RCFs of 27,000g [1] 74,000g [2] for approx 1 h. Such high RCFs are
rarely used for other types of cell and are often detrimental to cell function; the viscosity of
arabinogalactan gradients maybe a contributory factor. Continuous gradients of metrizamide (12%27%) equivalent to a density range of approx 1.07-1.15 g/ml were used by Lodish et al [3] to purify
rabbit reticulocytes and again a relatively high RCF was used – approx 27,000 g for 1 h.
1b Erythrocytes
Percoll® gradients have also been used to fractionate erythrocytes on the basis of density in selfgenerated gradients, again RCFs more associated with the banding of smaller particles (33,000g) were
used [4]. Moreover importantly, the properties of reticulocytes, which control their release from bone
marrow, i.e. their deformability and rigidity, may be compromised by the use of Percoll®. There is
evidence that the colloidal silica particles of Percoll® adhere to the surface of erythrocytes (even after
washing) and cause progressive hemolysis; the elongation index of erythrocytes is thus difficult to
measure and their deformability is affected [5].
2 Nycodenz® applications
2-1 Comparison with OptiPrep™
Many of the published Nycodenz® methods report the use of an isoosmotic solution of density
1.15 g/ml (NycoPrep™ 1.15); this is no longer commercially available. The two options are to prepare
the solutions from Nycodenz® powder or to substitute iodixanol. The latter is available as a sterile 60%
(w/v) solution (OptiPrep™) that can simply be diluted with a buffered saline; all dilutions will be
isoosmotic. Nycodenz® and iodixanol solutions of the same % (w/v) have an almost identical density
and at densities <1.15 g/ml, they will also have a very similar osmolality. It is unlikely that substitution
of Nycodenz® by iodixanol at such densities will have any affect on the behaviour of the erythrocytes,
but no comparative data is available. For density tables of Nycodenz® and iodixanol solutions see
Application Sheet C01.
2-2. Erythrocyte density determination
Erythrocytes washed three times in a buffered saline were layered over a single Nycodenz®
solution (ρ = 1.095-1.105 g/ml) and centrifuge at 600 g for 20 min. By observing the distribution of
cells above, below and within the Nycodenz® solution, Tong and Caldwell [6] could determine
whether a particular in vitro treatment modulates the density of erythrocytes.
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2-3 Maintenance of erythrocytes in suspension
Nycodenz® solutions gave also been used to maintain erythrocytes in suspension during video
microscopic observation [7] although physical measurements on such cells are now widely carried out
using an iodixanol solution (see Application Sheet C38).
2-4 Separation of erythrocytes and leukocytes
A simple Nycodenz® density barrier (1.11 g/ml: approx. equivalent to 19.5% w/v Nycodenz®) can
also be used to separate leukocytes and erythrocytes; it was used in immune complex binding studies
[8].
2-5 Separation of dense and light sickle erythrocytes in a two-layer discontinuous gradient [9]
After washing the erythrocytes three times in PBS, the cells are suspended to an 80% haematocrit in
PBS. One ml of the cell suspension is then layered over 1.5 ml each of 27.5% (w/v) Nycodenz® (ρ =
1.145 g/ml) and 15.7% (w/v) Nycodenz® (ρ = 1.105 g/ml). After centrifugation at 1000 g for 20 min
(slow acceleration and no brake to decelerate the rotor) the light and dense erythrocyte layers are
harvested; diluted with at least 3 vol. of PBS and the cells collected by centrifugation at 2000 g for 8
min.
3 OptiPrep™ applications
3-1 Introduction
Gradients of iodixanol are able to resolve, at least partially, different sub-populations of normal
human erythrocytes, sickle erythrocytes and reticulocytes. One of the first publications reporting the use
of OptiPrep™ by Kamiyama et al [10] described the use of discontinuous gradients of iodixanol
(covering the density range 1.097-1.104 g/ml) and RCFs of 1000 g for 30 min to separate younger from
older human erythrocytes in their studies on the correlation of deformability and CR1 activity.
Holtzclaw et al [11] employed a similar gradient (1.077-1.107 g/ml) to separate sickle erythrocytes on
the basis of density in order to analyze the production of low-density cells from high-density cells by
oxygenation or oxygenation/deoxygenation cycles. Again the RCF used was 1000 g. In both of these
studies the erythrocyte fraction was layered on top of the gradient. More recently Inaba et al [12] have
used a discontinuous 1.077-1.100 g/ml gradient to obtain a reticulocyte-enriched fraction by flotation
from whole blood, layered beneath the gradient after adjustment of the plasma to 1.105 g/ml.
Sections 3-2 and 3-3 describe the execution of the methods described in refs 10-12; there is also an
extensive Notes Section (3-4) containing brief comments on some methodological variations. Section 4
summarizes a few of the most recently published methods.
3-2. Iodixanol solution preparation
To keep the buffer concentration in all gradient solutions constant and their osmolality approx 290305 mOsm, make a 50% (w/v) iodixanol working solution before making further dilutions with a
buffered saline as follows:
A. OptiPrep™(shake the bottle gently before use)
B. OptiPrep™ Diluent: 0.85% NaCl, 60 mM
HEPES-NaOH, pH 7.4
C. Working Solution (50% iodixanol): mix 5 vol. of
Solution A with 1 vol. of Solution B
D. Buffered saline: 0.85% (w/v) NaCl, 10 mM
HEPES-NaOH, pH 7.4

Keep the following stock solution at 4°C:
500 mM HEPES (free acid): 11.9 g per 100 ml water.

Solution B: Dissolve 0.85 g NaCl in 50 ml water; add 12
ml of buffer stock solution; adjust to pH 7.4 with 1 M
NaOH and make up to 100 ml.
Solution D: Dissolve 0.85 g NaCl in 50 ml water; add 2
ml of buffer stock solution; adjust to pH 7.4 with 1 M
NaOH and make up to 100 ml.

3
3-3 Protocols
3-3-1. Fractionation of erythrocytes in a four-step discontinuous gradient
1. For sickle cell studies make up four gradient solutions of 1.077, 1.087, 1.097 and 1.107 g/ml [11]
by mixing Solution C with Solution D, equivalent to approx. 13.5%, 15.5%, 17.5% and 21.5%
(w/v) iodixanol respectively (see Notes 1, 2, 7 and 9).
For studies on normal human erythrocytes make up four gradient solutions of 1.097, 1.099, 1.101,
1.104 g/ml [10] equivalent to approx. 17.5%, 17.9%, 18.2% and 18.8% (w/v) iodixanol respectively
(see Notes 1 and 2).
2.

Wash the erythrocytes three times in PBS and then resuspend in this solution to 50% haematocrit.

3.

Produce a discontinuous gradient from 2.5 ml of each of the density solutions, by underlayering
using a syringe and metal cannula (see Note 3).

4.

Layer 1 ml of the blood cells on top of the gradient and centrifuge at 1000 g for 30 min at 20-22°C
(see Note 4).

5.

Collect specific density fractions by aspiration or harvest the entire gradient by upward
displacement with a dense medium or aspiration form the bottom of the tube (see Notes 5-9).

3-3-2. Isolation of a reticulocyte-rich fraction in a four-step discontinuous gradient
1. Make up four gradient solutions of 1.077, 1.092, 1.095 and 1.100 g/ml [12] equivalent to approx.
13.5%, 16.5%, 17%, and 18% (w/v) iodixanol respectively (see Notes 1, 2, 10,11).
2. Adjust the density of whole blood to 1.105 g/ml (for blood with an haematocrit of 45% mix 2.1 ml
of OptiPrep™ with 10 ml of blood) OR for a total erythrocyte fraction in buffered saline, then at a
45% “haematocrit”, mix 2.6 ml of OptiPrep™ with 10 ml of the suspension (see Note 12).
3. Layer 1-2 ml of sample under the gradient and centrifuge at 1000 g for 30 min at 20-22°C (see
Notes 4 and 13).
4. Collect specific density fractions by aspiration or harvest the entire gradient by upward
displacement with a dense medium or aspiration form the bottom of the tube (see Notes 14-16).
3-3-3. Separation of leukocytes and erythrocytes from human blood
A mixture containing 12% (w/v) iodixanol and 1.66 % (w/v) Methocel in 130 mM NaCl effectively
removes erythrocytes [13,14] for the subsequent separation of PBMCs and PMNs using an iodixanol
discontinuous gradient (see Application Sheet C11). Austin et al [15] removed the erythrocytes from a
suspension of mouse bone marrow cells by centrifugation at 900 g for 15 min over a density barrier of
16 % (w/v) iodixanol in 10 mM HEPES-NaOH, pH 7.4 (containing 0.1% azide)
3-4. Notes
1. Check the density of the solutions by refractive index; if a refractometer is not available optical
absorbance is an alternative way of determining density: see Application Sheet C52.
2. It may be necessary to customize the gradient density range to the operator’s requirements, once
the efficacy of one or other of these gradients has been determined.
3. Discontinuous gradients are normally most easily prepared by underlayering (i.e. low density first)
using a syringe (2 ml) and a long metal cannula; overlayering solutions, particularly those which
differ in density by only a small amount, is more difficult. One alternative for overlayering is to use
a small volume (low-pulsating) peristaltic pump; first to take up the required volume of solution
into the attached tubing and second, reverse the flow, to expel it slowly on to a denser layer in the
centrifuge tube. For more information about preparing gradients see Application Sheet C02.
4. Do not use the brake to decelerate the rotor.
5. Any appropriate means of harvesting the gradient may be used.
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Using the 1.097-1.104 g/ml gradient [10]; erythrocytes that banded in the 1.097 g/ml layer
exhibited approx four times the CR1 activity and greater (approx 40%) elongation index than those
in the 1.104 g/ml layer.
Using the 1.077-1.107 g/ml gradient [11,16]; high-density sickle erythrocytes band in the 1.107
g/ml layer.
Huang et al [17] employed an interesting alternative approach that avoids the requirement of
making shallow gradients for the fractionation of sickle venous blood. By mixing the blood with an
isoosmotic solution of iodixanol prepared from OptiPrep™, phosphate-buffered saline and dextran,
the authors separated a dense population (∼ 15%) that sedimented from the remainder, which
floated. The latter was collected and adjusted to a lower density and re-centrifuged to produce a
second pellet (∼45%) and another floating fraction. In this manner, three fractions of light, median
and high density, each of which had a distinctive deformability coefficient.
Using a discontinuous gradient Arnold et al [18] studied two fractions; 1.093-1.100 g/ml (normal)
and >1.120 g/ml (sickle). More recently Barber et al [19] used a discontinuous gradient with
densities of 1.073, 1.087, 1.093, 1.100 and 1.120 g/ml (1000 g for 30 min) to resolve hydrated
sickle cells (≥1.093 g/ml) and pathologically dehydrated sickle cells (≥1.120 g/ml)
Joiner et al [20] used a 1.075, 1.080, 1.085, 1.090, 1.095, 1.100 g/ml gradient to enrich for
reticulocytes and fractionate cells according to age; the blood was top-loaded and centrifuged at
3000 g for 5 min. In the method of Sentürk et al [21] the densities were 1.075, 1.085, 1.095, 1.105
and 1.115 g/ml and the centrifugation carried out at 2,500 g for 25 min.
Gifford et al [22] prepared a very shallow continuous gradient of iodixanol of 16-19.6% (w/v) in a
15 ml tube; the blood was bottom-loaded; centrifugation was carried out at 3100 g for 20 min and
the topmost layer was collected as a reticulocyte fraction.
In the method to purify a reticulocyte-enriched fraction, Inaba et al [12] used whole blood, but the
method may work equally well with a total erythrocyte-fraction.
Inaba et al [12] used 800 g for 30 min.
Using the 1.077-1.100 g/ml gradient the reticulocytes band close to the top interface [12].
Larkin et al [23] also collected reticulocytes as a <1.077 g/ml fraction.
The Inaba et al gradient [12] was also used by Sarachana et al [24] to isolate a pure fraction of
mature erythrocytes for their studies on the role of small non-coding RNAs in blood storage
lesions; the fraction contained no leukocytes and only 0-2 reticulocytes per 1000 cells.

4. Recent publications on erythrocyte/reticulocyte fractionation
4-1 Simple mixer technique
Mixing OptiPrep™ with whole blood (1:8 v/v) raises the density of the plasma sufficiently to allow
a total erythrocyte fraction to be harvested by centrifugation at 2000 g for 15 min [25].
4-2. Age-related effects
More recently fractionations of erythrocytes were carried out on discontinuous iodixanol gradients
of the following densities 1.085, 1.090, 1.095, 1.100, 1.105 and 1.110 (equivalent to 15%, 16%, 17%,
18%, 19% and 20% w/v iodixanol) obtaining 7 erythrocyte subfractions [26] that demonstrated an agerelated density and IgG increase together with a loss of phospholipid asymmetry.
4-3. Sickle cell studies
A similar range of gradient densities (1.075, 1.085, 1.090, 1.095, 1.100 and 1.105 g/ml)
centrifuged at 1875 g for 30 min was used in studies of ROS production in sickle cells [27]. Other
gradients covering, broadly, the same density range (sometimes with fewer layers) have also been
shown to be effective in sickle cell studies. The mean corpuscular haemoglobin content was shown to
rise over four fractions of increasing density from 27.3 to 50 g.dl-1 [28]. Four populations of sickle cells
(1.081-1.091, 1.091-1.100, 1.100-1.110 and >1.110 g/ml) were also studied by Du et al [29]. Light,
intermediate and dense fractions were obtained by Hannemann et al [30] who interestingly tailored the
gradient density ranges to the individual, HbSC or HbSS.
4-4. Red cell progenitor subsets
Gradient solutions of Ficoll™ and OptiPrep™ of densities 1.091, 1.109 and 1.117 g/ml have been
reported [31].
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4-5. High g-force methodology
In a study of microcytic anaemia in mice by Blanc et al [32] an iodixanol gradient of 1.083, 1.087,
1.091, 1.095 and 1.100 g/ml centrifuged at 141,000 g for 30 min was used. Reticulocytes were very
clearly resolved in the lower density fractions and there was a pronounced and significant shift towards
these lighter density cells in the knock-out mice compared to the normal mice.
5. References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Waugh, R. E. (1991) Reticulocyte rigidity and passage through endothelial-like pores Blood, 78, 3037-3042
Sorette, M. P., Shiffer, K. and Clark, M. R. (1992) Improved isolation of normal human reticulocytes via exploitation of
chloride-dependent potassium transport Blood, 80, 249-254
Lutz, H. U., Stammler, P., Fasler, S., Ingold, M. and Fehr, J. (1992) Density separation of human red blood cells on self
forming Percoll gradients: correlation with cell age Biochim. Biophys. Acta, 1116, 1-10
Kamiyama M. (2002) Personal communication
Lodish, H. F., Small, B. and Chang, H. (1975) Maturation of rabbit reticulocytes: Degradation of specific reticulocyte
proteins Develop. Biol., 47, 59-67
Tong, X. and Caldwell, K.D. (1995) Separation and characterization of red blood cells with different membrane
deformability using steric field-flow fractionation J. Chromatogr. B, 674, 39-47
Hoffman, J.F. and Inoue, S. (2006) Directly observed reversible shape changes and hemoglobin stratification during
centrifugation of human and Amphiuma red blood cells Proc. Natl. Acad. Sci. USA, 103, 2971-2976
Nielsen, C.H., Matthiesen, S.H., Lyng, I. and Leslie, R.G.Q. (1997) The role of complement receptor type 1 (CR1, CD35)
in determining the cellular distribution of opsonized immune complexes between whole blood cells: kinetic analysis of the
buffering capacity of erythrocytes Immunology, 90, 129-137
Hofstra, T.C., Kalra, V.K., Meiselman, H.J. and Coates, T.D. (1996) Sickle erythrocytes adhere to polymorphonuclear
neutrophils and activate the neutrophil respiratory burst Blood, 87, 4440-4447
Kamiyama, M., Inada, Y., Berezina, T., Zaets, S., Condon, M., Spolarics, Z., Kim, J., Deitch, E. A. and Machiedo, G.
(2002) Correlation between RBC deformability and CR1 activity Proc. 25th Annual Conference on Shock, June 2002
Holtzclaw, J. D., Jiang, M., Yasin, Z., Joiner, C. H. and Franco, R. S. (2002) Rehydration of high-density sickle
erythrocytes in vitro Blood, 100, 3017-3025
Inaba, N., Hiruma, T., Togayachi, A., Iwasaki, H., Wang, X-H., Furukawa, Y., Sumi, R., Kudo, T., Fujimura, K., Iwai, T.,
Gotoh, M., Nakamura, M. and Narimatsu, H. (2003) A novel I-branching β-1,6-N-acetylglucosaminyltransferase involved
in human blood group I antigen expression Blood, 101, 2870-287
Niggli, V. (2003) Microtubule-disruption-induced and chemotactic-peptide-induced migration of human neutrophils:
implications for differential sets of signaling pathways J. Cell Sci., 116, 813-822
Dehghani Zadeh, A., Seveau, S., Halbwachs-Mecarelli, L. and Keller, H.U. (2003) Chemotactically-induced
redistribution of CD43 as related to polarity and locomotion of human polymorphonuclear leucocytes Biol. Cell, 95, 265273
Austin, W.R., Armijo, A.L., Campbell, D.O., Singh, A.S., Hsieh, T., Nathanson, D., Herschman, H.R., Phelps, M.E.,
Witte, O.N., Czernin, J. and Radu, C.G. (2012) Nucleoside salvage pathway kinases regulate hematopoiesis by linking
nucleotide metabolism with replication stress J. Exp. Med., 209, 2215-2228
Crable, S.C., Hammond, S.M., Papes, R., Rettig, R.K., Zhou, G-P., Gallagher, P.G., Joiner, C.H. and Anderson, K.P.
(2005) Multiple isoforms of the KC1 cotransporter are expressed in sickle and normal erythroid cells Exp. Hematol., 33,
624-631
Huang, Z., Hearne, L., Irby, C. E., King, S. B., Ballas, S. K. and Kim-Shapiro, D. B. (2003) Kinetics of increased
deformability of deoxygenated sickle cells upon oxygenation Biophys. J., 85, 2374-2383
Arnold, L.E., Palascak, M.B., Ciraolo, P., Joiner, C.H. and Franco, R.S. (2006) Aminophospholipid translocase activity
and phosphatidylserine externalization in sickle red blood cell subpopulations Blood, 108 Abstr. 1241
Barber, L.A., Palascak, M.B., Joiner, C.H. and Franco, R.S. (2009) Aminophospholipid translocase and phospholipid
scramblase activities in sickle erythrocyte subpopulations Br. J. Haematol., 146, 447–455
Joiner, C. H., Rettig, K., Jiang, M. and Franco, R. S. (2004) KCl cotransport mediates abnormal sulfhydryl-dependent
volume regulation in sickle reticulocytes Blood, 104, 2954-2960
Sentürk, U.K., Gündüz, F., Kuru, O., Kocer, G., Özkaya, Y.G., Yeşilkaya, A., Bor-Küçükatay, Üyüklü, M., Yalçin, O.
and Başkurt, O.K. (2005) Exercise-induced oxidative stress leads hemolysis in sedentary but not trained humans J. Appl.
Physiol., 99, 1434-1441
Gifford, S.C., Derganc, J., Shevkoplyas, S., Yoshida. T. and Bitensky, M.W. (2006) A detailed study of time-dependent
changes in human red blood cells: from reticulocyte maturation to erythrocyte senescence Br. J. Haematol., 135, 395-404
Larkin, S.K., Morris, C.R., Styles, L.A. and Kuypers, F.A. (2005) Elevated plasma arginase levels in hemoglobinopathies
Blood, 106, ASH Annu. Meeting Abstr. 2346
Sarachana, T., Kulkarni, S. and Atreya, C.D. (2015) Evaluation of small noncoding RNAs in ex vivo stored human mature
red blood cells: changes in noncoding RNA levels correlate with storage lesion events Transfusion 55, 2672–2683
Guo, J., Chen, L., Huang, X., Li, C.M., Ai, Y. and Kang, Y. (2015) Dual characterization of biological cells by
optofluidic microscope and resistive pulse sensor Electrophoresis, 36, 420–423
Franco, R.S., Puchulu-Campanella, E., Barber, L.A., Palascak, M.B., Joiner, C.H., Low, P.S. and Cohen, R.M. (2013)
Changes in the properties of normal human red blood cells during in vivo aging Am. J. Hematol., 88, 44–51

6
27.
28.
29.
30.
31.
32.

George, A., Pushkaran, S., Konstantinidis, D.G., Koochaki, S., Malik, P., Mohandas, N., Zheng, Y., Joiner, C.H. and
Kalfa, T.A. (2013) Erythrocyte NADPH oxidase activity modulated by Rac GTPases, PKC, and plasma cytokines
contributes to oxidative stress in sickle cell disease Blood, 121, 2099-2107
Li, X., Du, E., Lei, H., Tang, Y-H., Dao, M., Suresh, S. and Karniadakis, G.E. (2015) Patient-specific blood rheology in
sickle-cell anaemia Interface Focus, 6: 20150065
Du, E., Diez-Silva, M., Kato, G.J., Dao, M. and Suresh, S. (2015) Kinetics of sickle cell biorheology and implications for
painful vasoocclusive crisis Proc. Natl. Acad. Sci. USA, 112, 1422–1427
Hannemann, A., Rees, D.C., Tewari, S. and Gibson, J.S. (2015) Cation homeostasis in red cells from patients with sickle
cell disease heterologous for HbS and HbC (HbSC genotype) EbioMedicine, 2, 1669–1676
Lv, H., He, J., Wang, F. and Zhu, F. (2012) Isolation and identification of red cell progenitor subsets from whole blood,
mobilized peripheral blood and cord blood Transfusion, 52 (Suppl.), 185A
Blanc, L., Papoin, J., Debnath, G., Vidal, M., Amson, R., Telerman, A., An, X. and Mohandas, N. (2015) Abnormal
erythroid maturation leads to microcytic anemia in the TSAP6/Steap3 null mouse model Am. J. Hematol. 90, 235–241

Application Sheet C35; 6th edition, June 2016

