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Abstract

Bovine hemoglobin (bHb) was purified from bovine red blood cells (bRBCs) via anion exchange chromatography preceded by dialysis. This
is a fast and effective way to obtain bHb from bRBCs using Q Sepharose XL, a strong anion exchange resin. This resin had double the binding
capacity for bHb compared to three other anion exchange resins that were studied in this work. Methemoglobin levels remained below 2% with
bHb concentrations between 0.7 and 1.7 mM. The high purity of bHb was confirmed via SDS-PAGE and size exclusion chromatography (SEC).

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The purification of hemoglobin (Hb) is a necessary first step
in the synthesis of Hb-based oxygen carriers (HBOCs) that are
being developed for application in transfusion medicine and tis-
sue engineering [1,2]. There are many different types of HBOCs
that are currently in development, including polymerized acellu-
lar Hbs [3-7], liposome encapsulated Hbs [8§—10], polymersome
encapsulated Hbs [11], and hydrogel-based O carriers [12—-14].
Since each of these HBOCs require purified stroma-free Hb as
the starting material, it is essential to develop an efficient and
streamlined purification method of Hb to ensure that the starting
product is of high purity and high yield.

There have been many studies that have focused on the purifi-
cation of Hb from red blood cells (RBCs). Initial studies focused
on the use of centrifugation to first wash the RBCs and remove
plasma proteins followed by the addition of a hypotonic buffer
to extract Hb from the RBCs [15]. This was sometimes fol-
lowed by the addition of toluene or another organic solvent to
remove cell debris; however, it was found that toluene could
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remain within a hydrophobic pocket in Hb [16]. To avoid the
use of organic solvents, some studies have focused on the use of
microfiltration, ultrafiltration, and hemolysis [17] to purify Hb.
However, excess cell debris tends to block the membrane pores
in these methods, which ultimately compromises the integrity of
the membrane. Another technique that has been utilized in bHb
purification has been ion exchange chromatography. While there
has been much success with conventional ion exchange resins,
new resins are continually being manufactured and should be
evaluated to determine if they can more effectively purify Hb.
Within this study, four anion exchange resins (Q Sepharose
Fast Flow, Q Sepharose XL, ANX Sepharose 4 Fast Flow, and
DEAE Sepharose Fast Flow) were purchased from GE Health-
care (Piscataway, NJ) to compare their binding affinity for bHb.
Q Sepharose XL was found to have the highest binding affin-
ity for bHb, which included DEAE Sepharose, the follow-up
to DEAE Sephadex that was used by Riggs [16] and Dozy et
al. [18] to purify bHb. Additionally, Q Sepharose XL’s binding
affinity for bHb was much higher than the 26.1 mg of bHb/mL
resin that was measured for QMA-Accell by Christensen et al.
[19]. Shorr et al. [20] utilized QMA-Spherosil to purify Hb via
ion exchange chromatography. QMA-Spherosil does not cap-
ture bHb; instead, DNA and endotoxins bind to the resin while
allowing the bHb product to freely elute [20]. In this case, there
is concern that other proteins and lipids could also elute into the
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final bHb product. Additionally, this purification was performed
at 3-8 °C and yielded methemoglobin (metHb) levels less than
3% compared to the purification described in this study which
was performed at room temperature and yielded metHb levels
less than 2%. Hb purification has also been performed with Q
Sepharose Big Beads by Lu et al. [21]. However, this method
was performed at a pH 6.8 [21], which is of concern since metHb
forms rapidly at a pH less than 7 [15]. Additionally, the Hb was
not absorbed by the resin, which increases the amount of lipid
in the final bHb product.

This study describes the purification of bHb that entails the
extraction of bHb from bRBCs with a hypotonic phosphate
buffer solution, the removal of cell debris via filtration and dialy-
sis, and the capture of bHb with Q Sepharose XL resin at a pH of
7.9 and at room temperature. The final product was determined
to be pure by SDS-PAGE and size exclusion chromatography
(SEC).

2. Materials and methods
2.1. Selection of resin

A HiTrap IEX Selection Kit was purchased from GE Health-
care (Piscataway, NJ) to evaluate the binding affinity of bHb
to four 1 mL columns of anion exchange resins: Q Sepharose
Fast Flow, Q Sepharose XL, ANX Sepharose 4 Fast Flow, and
DEAE Sepharose Fast Flow. Each column was overloaded with
bHbD, before being equilibrated with start buffer (20mM tri-
ethanolamine, pH: 7.9). The bHb was subsequently removed
from the column with 1 M sodium chloride. The total mass of
the bHb that was bound to each column was determined from
the concentration of Hb and the total volume of fractions con-
taining bHb. The concentration of bHb was determined via the
cyanomethemoglobin technique (see below).

2.2. Scale up

Q Sepharose XL had the highest binding capacity for bHb,
and was chosen as the anion exchange resin for scale-up studies.
A XK50 column (I.D.=5cm) and 300 mL of Q Sepharose XL
media stored in 20% ethanol were purchased from GE Health-
care in order to scale up the process and obtain the required yield
of bHb per purification. The column was packed at a flow rate of
16.3 mL/min, and the final bed height was measured to be 9 cm
for a total column volume of 177 mL. The column was loaded
with bHb at 30% of its binding capacity and operated at flow
rates no greater than 75% of the packing flow rate.

2.3. Initial purification

Sterile bRBC:s in citrate buffer were purchased from Quad 5
(Ryegate, MT). bRBCs were washed three times with isotonic
saline (0.9%, w/v) solution to remove acellular Hb, and any
remaining plasma proteins in a centrifuge for 15 min at a speed
of 4500 rpm at 4 °C. bHb was subsequently extracted with three
equivalents of 15 mOsM phosphate buffer (pH 7.2) for 1h in
an ice—water bath. The extract was then passed through glass

wool three times and qualitative filter paper to remove excess
cell debris. The filtrate was placed into a dialysis bag with a
molecular weight cut-off of 10kDa and dialyzed overnight at
4°C with start buffer (20mM triethanolamine, pH 7.90) at a
dialysis buffer to filtrate concentration of 35,000 to 1. This pro-
cess removed small particles from the filtrate and placed the bHb
solution into the proper start buffer.

2.4. FPLC purification

The FPLC system utilizing the scaled up column, which was
packed with Q Sepharose XL resin, was equilibrated with 10 col-
umn volumes (CVs) of start buffer (20 mM triethanolamine, pH
7.9) at flow rates of 6, 9, and 12 mL/min. One hundred milliliters
of 1 mM bHb solution in 20 start buffers was loaded onto the
column where it was captured by the resin. A five CV linear
gradient, consisting of equal volumes of start buffer and running
buffer (20 mM triethanolamine + 0.5 M NaCl, pH 7.9) connected
by a U-tube, was developed and run through the column at room
temperature. The column was subsequently washed with five
CVs of 1 M NaCl, and then stored with five CVs of 20% ethanol.
All buffers were filtered through a 0.22 pm filter. Fractions were
collected with a fraction collector, and the absorbance and con-
ductivity of the samples were measured. The absorbance of each
fraction was measured at a wavelength of 280 nm with a Syn-
ergy HT 96-well plate reader (Biotek; Winooski, VT) on Costar
UV transparent flat bottom plates (Corning; Corning, NY). The
fractions that constituted the peak of the bHb product were
pooled together as the final purified product. The conductiv-
ity of the fractions was measured with a Cole-Palmer (Chicago,
IL) conductivity meter.

2.5. Bovine hemoglobin and methemoglobin concentrations

The concentration of bHb was determined using the
cyanomethemoglobin method [22]. In this method, Hb is con-
verted into cyanomethemoglobin, which has a known ¢ of
11/mM/cm at 540nm [23,24]. The & of metHb at 630nm is
3.7/mM/cm [25]. The absorbance of both cyanomethemoglobin
and metHb were measured in triplicate for each bHb solution
to determine the metHb level, the percent of bHb in the metHb
state.

2.6. SDS-PAGE

The purity of the bHb was determined via gel electorphoresis
in a Mini-PROTEAN 3 Cell (Bio-Rad; Hercules, CA). Sam-
ples were collected post-lysis, post-filter, post-dialysis, and from
the two fractions closest to the peak of the bHb chromatogram
at flow rates of 6, 9, and 12 mL/min. Additionally, for the
12 mL/min purification, two fractions that were not captured by
the Q Sepharose XL resin and eluted prior to the bHb peak were
run on the gel. The samples were run along with a prestained
broad range molecular weight marker (Bio-Rad), which con-
sisted of proteins having molecular weights between 7.1 and
209kDa, in a Laemmli buffer system [26] with a 6% acry-
lamide stacking gel and a 16% acrylamide resolving gel. bHb
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Fig. 1. The column was injected with the following protein standards: ({)
cytochrome ¢ (12.3 kDa); (*) myoglobin (17 kDa); (x) superoxide dismutase
(31.2kDa); (A) ovalbumin (44 kDa); ((J) BSA (66 kDa); (O) IgA (150kDa);
and (+) Bovine thyroglobulin (670 kDa). bHb (@) was found to elute as an a3
dimer (32 kDa).

was found to migrate as a monomeric band due to the denaturant.
The gels were then stained with EZBlue (Sigma) and imaged on
a Kodak EDAS 290 (Rochester, NY) to determine relative band
intensities.

2.7. Size exclusion chromatography

The purity of the bHb was also tested via SEC. The
final product was dialyzed into 0.1 M phosphate buffer (pH
6.8). The purified bHb sample (800 g) was injected into a
Waters’ HPLC (Milford, MA) system that was connected to
a Phenomenex (Torrance, CA) SEC column (Biosep-SEC-S
3000; 60cm x 7.8 mm). The column was run at a flow rate of
1 mL/min, and the chromatogram was evaluated for purity. The
column was calibrated with proteins having molecular weights
between 12 and 670 kDa to determine the size of the bHb species
by plotting the log of the molecular weight versus Ky (Fig. 1).
Proteins that are labeled red were injected into the SEC column
by Phenomenex, while the blue proteins were injected into the
SEC column in this study. The Ky is defined by Eq. (1) [27]
where Vol is the elution volume of the species, Vol is the
void volume, and Vol;, is the included elution volume. The Vol,
was determined with a high molecular marker to be 10.978 mL,
while the Vol was determined to be 22.91 mL via the injection
of uridine (244.2 Da) into the column.

_ Volynk — Vol,

Kq
Vol — Vol,
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2.8. Column cleaning

After each run, the resin was cleaned with 1 M NaCl and then
stored in 20% ethanol to prevent bacterial growth. Additionally,
thorough cleanings of the resin were performed with 10 mM
EDTA in a 0.1% TritonX solution to remove free heme groups
that bound to the column. This step can be avoided with care-

ful preparation in the washing and filtering stages of the bHb
purification procedure.

3. Results and discussion
3.1. Selection of resin

Q Sepharose XL had more than twice the binding capacity
for bHb compared to Q Sepharose Fast Flow, ANX Sepharose 4
Fast Flow, and DEAE Sepharose Fast Flow (Fig. 2). The binding
capacity is reported in milligrams of bound bHb per milliliter of
packed resin. The binding capacities reported here are artificially
high, since the columns were overloaded with bHb before equi-
librating with start buffer and eluting the bHb from the column
with 1 M NaCl. Additionally, the Q Sepharose XL purification
was able to yield metHb levels less than 2% while operating at
a pH 7.9 and room temperature.

3.2. FPLC Purification

Fig. 3 shows the FPLC elution profiles at each of the flow
rates used in the 300 mL column packed with Q Sepharose XL,
where the absorbance is in red and the conductivity is in blue.
Fig. 3A also shows the different stages of the FPLC purifica-
tion, starting with the equilibration of the column with start
buffer to the reestablishment of the baseline with 1 M NaCl.
Lipids and metHb have previously been found to elute earlier in
the purification process [19], and this peak can be seen best in
Fig. 3A which utilized bRBCs that were 4 weeks old compared
to Fig. 3C which utilized bRBCs that were 2 weeks old. Signif-
icant cell debris remained in the product even after filtering the
lysate through glass wool and dialyzing this product overnight
at 4°C. This was evident by an increase in cloudiness in the
initial fractions of the purification fractions post-injection, and
suggests that ion exchange chromatography should be able to
capture the bHb product to ensure that all cell debris is removed
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Fig. 2. The binding capacity of the four anion exchange resins within 1 mL
columns at room temperature and a pH of 7.9.
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Fig. 3. Typical FPLC elution profiles for the XK50 column packed with 300 mL of Q Sepharose XL and operated at flow rates of (A) 6 mL/min, (B) 9 mL/min, and

(©) 12 mL/min.

from the final product. The final bHb product was collected from
the fractions that represented the bHb peak. Typical concentra-
tions of the final bHb product ranged between 0.7 and 1.7 mM
with metHb levels between 0.5 and 2% as determined by the
cyanomethemoglobin technique. It is important to emphasize
that the FPLC purification was performed at room temperature
and was still able to achieve these low metHb levels.

Fig. 4 shows the SDS-PAGE results for each step of the bHb
purification procedure described above, at flow rates of 6, 9, and
12 mL/min. Bovine hemoglobin represents 90% of the protein
content within bRBCs with the remaining protein content mainly
consisting of carbonic anhydrase and superoxide dismutase [21].
Additionally, albumin, a serum protein, has been found as an
impurity in previous bHb purification methods. In order to assess
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Fig. 4. SDS-PAGE results after each step of the bHb purification procedure at flow rates of 6, 9, and 12 mL/min.
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Fig. 5. HPLC size exclusion chromatogram of the final purified bHb product at
flow rates of 6, 9, and 12 mL/min at an absorbance of 280.5 nm.

the level of impurities, each lane was overloaded with 75 g of
bHb, with the exception of the last two lanes in the 12 mL/min
gel which were loaded directly from two fractions that were not
captured by the resin prior to the bHb peak in Fig. 3C. The bHb
travels through the gel as a monomer (a and 3 globin chains)
and is present as a thick band at the bottom of the gel. The
post-lysate product is mostly bHb for each flow rate studied;
however, a decrease in impurities can be seen throughout the
purification process, with the only impurity that remains in the
final product occurring at around 32kDa. This impurity was
thought to be either bHb dimers that do not fully denature or
remnant superoxide dismutase. There is no significant difference
in the purity of the bHb product at any of the three flow rates
within this study.

On the 12 mL/min gel, two lanes were loaded with FPLC
fractions containing impurities not captured by the resin. Within
these lanes, the bHb concentration is smaller compared to the
other lanes as evidenced by the smaller area of the bHb band.
These lanes show a significant amount of impurities that were
removed from the final bHb product during the FPLC purifi-
cation with Q Sepharose XL resin. The high purity of the final
bHb product was confirmed via SEC on a HPLC system (Fig. 5),
where only one peak was observed. The bHb product was deter-
mined to elute from the SEC column as o3 dimers rather than as
tetrameric bHb, since its K is between the Ky of superoxide dis-
mutase (31.2 kDa) and ovalbumin (44 kDa) (Fig. 1). Since bHb
of3 dimers are in equilibrium with the bHb tetramer, a higher
available pore volume is available to bHb resulting in the elu-
tion of bHb as an a3 dimer. Additionally, superoxide dismutase
was observed to have a retention time of 19.056 min within the
SEC column. However, no peak was observed at this retention
time for the final bHb product, suggesting that the impurities
seen in the SDS-PAGE gel at 32kDa (Fig. 4) were af3 dimers
rather than superoxide dismutase.

4. Conclusions
The purification of bHb is an essential first step in the syn-

thesis of HBOCs for use as artificial blood substitutes and in
tissue engineering applications. This study determined that Q

Sepharose XL had a superior binding capacity for bHb com-
pared to the other resins within this study. It was determined
that it is essential to have the ion exchange resin capture the
bHD, in order to ensure the removal of all cell debris. MetHb
levels were kept below 2% at room temperature which reduces
energy costs compared to purifications that operate in a cold
room.

Acknowledgements

The authors would like to thank Timothy Rembold, Rebecca
Dunn, and Jennifer Keegan for their help in the development of
the methods. Dr. Paul Huber was of great help in the develop-
ment of cleaning protocols. This work was supported by grants
RO1HL078840 and RO1DK070862 from the National Institutes
of Health.

References

[1] J.P. Sullivan, A.F. Palmer, Biotechnol. Prog. 22 (5) (2006) 1374.

[2] J.P. Sullivan, J.E. Gordon, A.F. Palmer, Biotechnol. Bioeng. 93 (2) (2006)
306.

[3] J.H. Eike, A.F. Palmer, Biotechnol. Prog. 20 (3) (2004) 953.

[4] J.H. Eike, A.F. Palmer, Biotechnol. Prog. 20 (3) (2004) 946.

[5] J.H. Eike, A.F. Palmer, Biotechnol. Prog. 20 (4) (2004) 1225.

[6] J.H. Eike, A.F. Palmer, Biotechnol. Prog. 20 (5) (2004) 1543.

[7] M.L. Dimino, A.F. Palmer, Biotechnol. Bioeng. 97 (3) (2007) 462.

[8] D.R. Arifin, A.F. Palmer, Artif. Cells Blood Substit. Biotechnol. 33 (2)
(2005) 137.

[9] D.R. Arifin, A.F. Palmer, Artif. Cells Blood Substit. Biotechnol. 33 (2)
(2005) 113.

[10] D.R. Arifin, A.F. Palmer, Biotechnol. Prog. 19 (6) (2003) 1798.

[11] D.R. Arifin, A.F. Palmer, Biomacromolecules 6 (4) (2005) 2172.

[12] J.N. Patton, A.F. Palmer, Biomacromolecules 6 (4) (2005) 2204.

[13] J.N. Patton, A.F. Palmer, Langmuir 22 (5) (2006) 2212.

[14] J.N. Patton, A.F. Palmer, Biomacromolecules 6 (1) (2005) 414.

[15] C.R. Haney, P.W. Buehler, A. Gulati, Adv. Drug Deliv. Rev. 40 (3) (2000)
153.

[16] A.Riggs, Methods Enzymol. 76 (1981) 5.

[17] C.T. Privalle, C.J. Stacey, T.L. Talarico, Methods for the synthesis of a
modified hemoglobin solution, 6 (747) (2004) 132.

[18] A.M. Dozy, E.F. Kleihauer, T.H. Huisman, J. Chromatogr. 32 (4) (1968)
723.

[19] S.M. Christensen, F. Medina, R.W. Winslow, S.M. Snell, A. Zegna, M.A.
Marini, J. Biochem. Biophys. Methods 17 (2) (1988) 143.

[20] R.G.L. Shorr, K. Nho, P.C. Myung-ok, C. Lee, B. Czuba, H. Shankar,
Process for hemoglobin extraction and purification. US Patent 5, 264, 555,
1993.

[21] X. Lu, D. Zhao, Z. Su, Artif. Cells Blood Substit. Immobil. Biotechnol. 32
(2) (2004) 209.

[22] P.B. Hawk, Blood Analysis. In Hawk’s Physiological Chemistry, 14th ed.,
Oser, B.L., Blakiston Division, New York City, 1965, 1090-1099.

[23] E.J. Van Kampen, W.G. Zijlstra, Clin. Chim. Acta 6 (1961) 538.

[24] International Committee for Standardization in Haematology. Recom-
mendations for reference method for haemoglobinometry in human
blood (ICSH standard EP 6/2: 1977) and specifications for international
haemiglobincyanide reference preparation (ICSH standard EP 6/3: 1977).,
J. Clin. Pathol. 31 (2) (1978) 139-143.

[25] P. Bonsen, M.B. Laver, K.C. Morris, Novel polymerized, cross-linked,
stromal-free hemoglobin, 4, 001, 200, 1975.

[26] U.K. Laemmli, Nature 227 (5259) (1970) 680.

[27] K.M. Gooding, FE. Regnier, in: K.M. Gooding, FE. Regnier (Eds.),
In HPLC of Biological Macromolecules: Methods and Applications, M.
Dekker, New York, 1990, p. 47.



	Purification of bovine hemoglobin via fast performance liquid chromatography
	Introduction
	Materials and methods
	Selection of resin
	Scale up
	Initial purification
	FPLC purification
	Bovine hemoglobin and methemoglobin concentrations
	SDS-PAGE
	Size exclusion chromatography
	Column cleaning

	Results and discussion
	Selection of resin
	FPLC Purification

	Conclusions
	Acknowledgements
	References


