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Human hemoglobin was modified with polyethylene glycols. The conjugates
exhibited P 0 values of 10-15 mmHg, those are enough to deliver oxygen from
the Tungs tg tissues. The most remarkable characteristic is their long half
disappearance time from the circulation. The Tongest half disappearance time
of these derivatives is about 180 minutes in contrast to 45 minutes of free
hemoglobin. The half disappearance time shows a good corelation not to molecu-
lar weight but to the effective molecular size, which is determined by the
elution time of HPLC on a gel permeation column.

In many approaches to artificial blood, the use of the stroma free hemo-
globin seems most promising (1,2). However the infused hemoglobin is known to
disappear from the circulation in a short time and so many researchers have
tried to extend the residence time in the circulation by increasing the bulki-
ness of hemoglobin; for example they prepared the polymerized hemoglobin with
the help of glutaraldehyde (3) and the dextran-hemoglobin conjugates (4-6).
But the need for more bijocompatibie oxygen carriers still remains because some
compounds of them show high viscosity and some have too tight oxygen affinity

to supply it to tissues.

Recently Abuchowski et al (7) reported that conjugation of polyethylene
glycol to albumin reduces its antigenicity and extend its residence time in
the circulation (8). We modified the hemoglobin with polyethylene glycols of
different molecular weight and tried to see the effect of molecular size on
the disappearance time from the circulation. We would like to report in this
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communication the characteristics of the polvethylene glycol modified hemo-

globin as a potential candidate for the blood substitute.

MATERIALS AND METHOD

A stroma free hemoglobin solution was prepared according to the method
of Savitzky et al (9), from outdated human blood. The reaction of polyethylene
glycol with hemoglobin was followed by the procedure of Abuchowski et al (7).
The reaction mixture was analyzed with a JASCO Trirotar HPLC apparatus equipped
with a TSK G 3,000 SW column (7.6x600 mm). The eluates were monitored with a
Uvidec 100 I W visible spectrometer and a Shodex SE-11 refractive index
detecter. The modified hemoglobin solution was treated with an Amicon UM 30
menbrane filter untill the unreacted polyethylene. glycol or hemoglobin is no
more detected. The number of the coupled polyethylene glycol was determined
by the following two methods; one is by comparison of peak areas of carbonyl
carbons of the hemoglobin with methylene carbons of the polyethylene glycol
in carbon-13 NMR spectrum measured by a Varian XL-100 NMR spectrometer and the
other is by measuring of the net weight after freeze-drying the modified hemo-
globin solution of the known concentration. The absorption spectra were
measured with a Hitachi 320 spectrometer and oxygen dissociation curve (and
also P., value) was obtained by an Aminco Hem-0-Scan. The disappearance
time f§8m the circulation was measured as follows; male Spaque Dawley rats
(200-300 g) were anesthetized by ip. injection of 400 mg/Kg pentobarbital.
After phlebotomy of 5 ml1/Kg blood through a polyethylene catheter inserted
in femoral vein, the same volume of the hemoglobin or polyethylene glycol-
hemoglobin conjugate (4-6 % concentration) was infused through the same
catheter. Aliquots (0.5 m1) of the blood were collected at 5, 10, 30, 60,
90, 120 minutes after infusion and the concentration of the injected samples
in the plasma was determined by the cyanomethemoglobin method after centrifuga-
tion. The half disappearance time was obtained from semilogarithmic plots
of concentration against the time after the infusion.

RESULTS AND DISCUSSION

UV and visible spectra of the modified hemoglobin were the same as those
of intact hemoglobin regardless of the kind or the number of the coupled poly-
ethylene glycols (Figure 1). The molecular weight of the conjugates was plotted
against the retention volume of a HPLC equipped with a TSK G 3,000 SW column
(Figure 2). Subunits of hemoglobin and its derivatives seem to dissociate
into monomers in this column (10). The semilogarithmic plot of molecular
weight of the polyethylene glycol-hemoglobin conjugates against the retention
volume is not the same as that of globular proteins. Furthermore it is note-
worthy that the gradient in Figure 2 is dependent on the molecular weight of
polyethylene glycol used for the modification. A series of modified hemo-

globins from smaller polyethylene glycol exhibited shorter elution time than
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Figure 1. Absorption spectrum of the polyethylene glycol (4,000 dalton)-
hemoglobin conjugate.

that from larger polyethylene glycol, even though both have the same molecular
weight. The result means that, between the modified hemoglobins of the same
molecular weight, the effective size of the conjugates from smaller poly-
ethylene glycols is bulkier than that from larger polyethylene glycols, and

it is the reason why the former elutes faster.

Figure 3 represents the relation between the half disappearance time and
the retention volume in HPLC. The half disappearance time has better core-
lationship with the effective size of the conjugates than with the molecular
weight. For example, two modified hemoglobins of molecular weight 70,000
obtained from the polyethylene gliycol 4,000, and of 48,000 obtained from the
polyethylene glycol 1,900, which eluted at 13.5-14 m1 of retention volume,
and showed the almost equal half disappearance time (95-110 minutes). From
Figure 2, the molecular size of these two modified hemoglobins correspond to
a globular protein with molecular weight of about 100,000. As it is known

widely that the upper limit of the glomerular filtration is about 100,000 for
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Figure 2. Plots of the retention volume in HPLC versus the molecular weights
of the hemoglobin (e )}, the globular protein (x—=x}, and the modified hemo-
globin with polyethylene glycols [4,000 dalton (e—-o), 1,900 dalton (rp——nu),
750 dalton (s—a)}], TSK G 3,000 SW column was used with 0.05 M phosphate
buffer (pH 7.0) at 1 ml/min.

©

Figure 3. Plots of the retention volume versus half disappearance time (T]/z)
of hemoglobin (e ) and the modified hemoglobin with polyethylene glycols
[5,000 dalton (@), 4,000 dalton (o), 1,900 daiton (e ), 750 dalton (& )].
The condition in HPLC is same as in Figure 2.

globular proteins, these two modified hemoglobins described above may not be
cleared through the kidneys into urine.

The half disappearance time in the plasma of rats of modified hemoglobins
is summarized in Table 1. The haif disappearance time of the stroma free hemo-
globin of our experiment (45 minutes) is cosiderably short compared with 3.5
hours reported by DeVenuto et al (11). As reported by Mok et al (12) that the
half disappearance time depends strongly on the amount of the infused solution,
the difference, pointed out above, may be ascribed to the difference of the
infused volume, namely we infused only 10 percent of the total blood volume,
while they exchange-transfused 91-93 percent. Consequently, the half disap-
pearance time of the polyethylene glycol-hemoglobin conjugate will
survive longer if a larger amount of the blood is exchange-transfused.

The oxygen dissociation curve of the modified hemoglebin in Figure 4
scarcely showed sigmoidicity or the Bohr effect when pH of the solution was

changed. The same phenomenon was observed for all the polyethylene glycol-
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Characteristics of the polyethylene glycol-hemoglobin conjugates.

mol. wt. of retention? number of b ol wtb p half
polyethylene volume polyethylene R 50 disappearance

glycol in HPLC glycol time

750 12.6™ 8.8 24,000  11.5™M9 qqgMin-

15.6 6.6 22,000 13.0 85

1.900 13.5 15.5 48,000 11.5 110

? 19.0 3.6 23,000 14.7 65

12.4 16.0 85,000 1.5 135

4,000 14.0 12.6 70,000 9.5 100

10.9 14.7 91,000 10.5 180

5,000 12.0 12.0 78,000 10.5 110

15.0 6.6 50,000 12.0 75

hemoglobin 21.0 ———— 16,100 15.5 45

a) In HPLC, TSK G 3,000 SW column was used with 0.05 M

(pH 7.0) at 1 ml/min.

b) Values for one subunit of hemoglobin.

hemoglobin conjugates.

So it may be suggested that the

phosphate buffer

polyethylene glycols

attach preferentially to the amino groups of o - 1 Val, 8 - 82 Lys, and/or

B - 40 Lys, which are recognized to have the strong contribution to the cooper-

ativity and the alkaline Bohr effect (13). The P50 values in Table 1, though

it seems a little smaller than that of the intact hemoglobin, would be enough
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Figure 4, Oxygen dissociation curve of the polyethylene glycol (4,000 dalton)-

hemoglobin conjugate in 0.1 M NaCl solution at pH 7.0.
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values for oxygen delivery to tissues, for Tam et al (6) reported that dogs
continued to survive when 95 percent of the total blood volume was exchange-
transfused with dextran-hemoglobin conjugate which showed 2.5 fold greater
oxygen affinity than the free hemoglobin.

From the viewpoint of blood substitute, the modified hemoglobin with
smaller polyethylene glycol seems superior to that from the Targer polyethylene
glycol, but the former has a disadvantage that a large number of polyethylene
glycol must be Tinked in order to get the enough molecular size, and also
such modification makes the conjugates unstable to irreversible oxidation.
Consequently, the modification by the polyethylene glycol of 4,000-5,000

daltons seems practical preparation for the blood sbstitute.
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