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Encapsulation of Hemoglobin Using Condensation
Reaction of Butylcyanoacetate with Formaldehyde

Hidenobu Shimizu,™ Masayo Tomizawa, Risei Wada, Masaru Okabe

Summary: Hemoglobin (Hb)-encapsulating particles have been prepared in a single
step by condensation reaction of butylcyanoacetate (BCNA) with formaldehyde (FA) in
Hb aqueous solution. Dimethylamine was used as a base catalyst and then the
reaction was performed in 0.1 M HEPES buffer (pH 7.4) at room temperature. Particle
composition analysis by extraction indicated that the particles consisted of PBCNA,
HEPES and Hb. The content of Hb loaded into the particles monotonously increased
with increasing initial Hb concentrations. Almost all Hb molecules in aqueous
solution could be recovered as particles. In addition, the encapsulated Hb maintained
the oxygen-carrying capacity similar to native Hb. These results indicate that
condensation reaction of BCNA with FA can provide the assembly of Hb molecules
in aqueous solution.
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Introduction

Encapsulation of biological molecules,
especially of proteins and enzyme, is of
great interest for protein delivery and
bioreactor systems. Various approaches
have been reported so far to encapsulate
these functional molecules.!'! Encapsula-
tion techniques are usually divided into two
basic groups, namely chemical and physical
processes. Physical processes include layer-
by-layer (LBL) assembly,””! complex coa-
cervation,”! injection inside preformed
capsules,*! macromolecular self-assembly,
and emulsification.[®! On the other hand,
chemical processes such as in situ polymer-
ization processes present the advantages of
being easy to control and versatile, but their
processes have not appreciably been used
for protein encapsulation due to a decline
of its activity during encapsulation pro-
cesses.”)
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Poly (alkylcyanoacrylates) (PACNA) is
biocompatible and biodegradable. Their
particles are therefore promising candi-
dates for a carrier of antisense oligonucleo-
tides,® drugs,””! or proteins.'”’ PACNA
particles can be obtained by anionic poly-
merization of ACNAM or condensation
polymerizations of alkyl cyanoacetates with
formaldehyde (FA).'?! The present paper
reports on the condensation reaction of
butylcyanoacetate (BCNA) with FA in
protein aqueous solution. Using alkyl
cyanoacetates instead of alkyl cyanoacry-
late would make it possible to better control
the polymerization processes. Hemoglobin
(HDb), which is a typical oligomeric protein,
was used as a model protein. Hb possesses
the ability to transport and transfer oxygen.
Hb capsules, which encapsulate the con-
centrated Hb inside the particles, have a
potential as a red blood cell substitute,
provided that the sizes could be very
small.'®!  Condensation reaction was
initiated by a basic catalyst of dimethyla-
mine (DMA). The reaction was also
performed in 0.1M HEPES buffer (pH
7.4) at room temperature. We then examined
the influence of initi:al Hb concentrations on
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Hb loading, entrapment efficiency, particle
size, and oxygen affinity of Hb-encapsulating
particles.

Experimental Part

Materials

Butylcyanoacetate (BCNA) was obtained
from Wako Pure Chemical Industries
(Osaka, Japan). Formaldehyde solution
and dimethylamine (DMA) solution were
purchased from Kanto Chmical Co.
(Tokyo, Japan). Soluble Hb powder was
purchased from Oxoid Ltd. (Cambridge,
UK). All chemicals were of analytical grade
and used without additional purification.

Preparation of Protein Nanocapsules

Commercially  available  hemoglobin
(methemoglobin, metHb) was dissolved
in 0.1M HEPES buffer (pH7.4). BCNA
(0.5g) and FA (0.1g) were then added into
the Hb-containing buffer (99 g). Condensa-
tion reaction was initiated by the addition
of DMA (0.03 g). The reaction was carried
out at room temperature for 7min. All
particles were purified by repetitive cen-
trifugation at 33,850g for 30min and
redispersion in distilled water several times.

Determination of Encapsulated Hb
Hb-encapsulating particles were isolated by
repetitive centrifugation, followed by
freeze-drying. The dried samples were
dispersed in acetone. In this process,
BCNA can be extracted as a soluble
fraction. Acetone-insoluble fraction was
collected with centrifugation, followed by
vacuum drying. The collected samples were
dispersed in distilled water, followed by the
extraction of the HEPES salt. Finally, Hb
remained in distilled water as the insoluble
fraction.

Characterization

The average hydrodynamic diameters of
the protein nanocapsules were measured by
using a homemade light scattering appara-
tus equipped with an ALV 5000/60X0 Tau
digital correlator and a 20 mW He-Ne laser
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(A=632.8nm). The dispersed particles in
water were allowed to equilibrate thermally
before measurements were taken at 30 °C.
Scattering data were collected at 90° and
the time correlation functions were
obtained. The average hydrodynamic dia-
meters were calculated from the transla-
tional diffusion coefficients by using the
Stokes-Einstein equation.

The spectra for Hb-loading nanocap-
sules were recorded (wavelength range:
380-650 nm) with a JASCO V-630 spectro-
photometer.

Results and Discussion

Hb Loading and Entrapment Efficiency
Condensation reaction of BCNA with FA
in HEPES buffer without Hb could provide
water-dispersible particles. And then the
reaction was carried out in buffer contain-
ing Hb molecules at different concentra-
tions. As a consequence, Hb aqueous
solution turned translucent as soon as the
base catalyst, DMA, was added to the
solution, and no precipitates were
observed, suggesting that stable PBCNA
dispersions were formed even in Hb
aqueous solution. The reaction was com-
pleted for about 5Smin. In addition, BCNA
conversion reached only about 60%, indi-
cating that FA may attack the amino groups
in Hb molecules during the encapsulation
process.

We then analyzed the particle composi-
tion by gravimetric method with extraction.
As a result, we can find that the particles
obtained by condensation reaction con-
sisted of PBCNA, HEPES, and Hb.
Figure 1 shows the weight percent of each
component as a function of initial Hb
concentrations. The concentration was
based on the BCNA monomer weight.
The content of Hb loaded into the particles
monotonously increased with increasing
Hb concentrations up to ca. 30%. The
HEPES salt content could also increase with
an increase in Hb loading. These results
indicate that Hb loading can be controlled
by varying initial Hb concentrations in the
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Figure 1.
Weight percent of each component in particles as a
function of Hb concentration.

range of 0 to 30 wt%. On the other hand,
varying the initial Hb concentrations
caused little significant change in Hb
encapsulation efficiency and the efficiency
was almost 100%, suggesting that almost all
Hb molecules in aqueous solution can be
encapsulated into polymeric particles in a
single step by condensation reaction of
BCNA with FA.

Particle Size Analysis

Figure 2 shows the effect of initial Hb
concentrations on the particle size deter-
mined by dynamic light scattering. Con-
densation reaction in HEPES buffer
without Hb molecules could bring about
water-dispersible particles with a size of
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Figure 2.
Size of Hb-encapsulating particles as a function of
initial Hb concentrations.
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700 nm. The size decreased dramatically to
less than 200 nm at performing the reaction
in Hb aqueous solution, and the increased
concentrations led to a gradually decreased
size. These results indicate that Hb may act
as surface active agents for particle forma-
tion process under condensation reactions.
Hb would be therefore both inside the
polymeric matrix and at the surface of the
particles. The particles obtained also had a
narrow size distribution.

Oxygen-carrying Capacity

The oxygen-carrying capacity is very
important to consider using the Hb-
encapsulating particles as an oxygen car-
rier. To clarify whether the encapsulated
Hb could maintain the oxygen-carrying
capacity of the native Hb, the capacity of
the Hb nanocapsules was measured with a
UV-Vis spectrometer. Figure 3 exhibits the
adsorption spectra of native and encapsu-
lated Hb. Encapsulated Hb corresponds to
metHb, and Fe>* was first reduced to Fe>*
with sodium dithionate, followed by the
formation of oxy Hb. Due to the light
scattering effect of the nanocapsules, the
turbidity of the dispersions was a little
higher than that of native Hb solution, but
the spectra and the peak can be clearly
observed. Encapsulated Hb in the disper-
sions bubbling with an oxygen gas showed a
positive peak at around 410, 540, and
580nm, which is in accord with that of
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Figure 3.

UV/Vis absorption spectra of encapsulated and
native Hb.
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native oxy Hb. After passing a nitrogen gas
to the dispersions, the peak that corre-
sponded to the encapsulated Hb in the
deoxidized state shifted to 430 and 555 nm,
which is also agreement with that of native
deoxy Hb. By changing the atmosphere, the
spectra of both encapsulated Hb reversibly
converted in spite of the Hb content of the
particles. These results indicate that the
encapsulated Hb would maintain the oxy-
gen-carrying capacity similar to native Hb.

Conclusion

Hb with oxygen-carrying capacity was
successfully encapsulated in a single step
by condensation reaction of BCNA with
FA in HEPES buffer containing Hb. The
resulting protein nanocapsules have a
unimodal size distribution and a size of
less than 200nm, depending on the Hb
initial concentrations. Furthermore, encap-
sulated Hb retained its activity. We believe
that this in siru polymerization process can
be applicable for other proteins.
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