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Polyethylenimine (PEI) has been widely used as a coating material to produce stationary phase for ion-
exchange chromatography of biomolecules. However, a precise study of the PEI coating fraction has been
lacking, despite such quantification being very important for fundamental research as well as identifying
further industrial applications.

In this study, we produced four types of PEI-coated hydroxyapatite (PEI-HAp) with various frac-
tions of PEI (0.16%, 0.5%, 1.0%, 1.5%) using a spray-drying system to evaluate correlations between

IC(?; ;V::l;d;graphy coating fractions and the thermochemical or chromatographic behaviors of theses products. The ther-
Hydroxyapatite mal analyses of these matrices showed two exothermic peaks when the PEI coating fraction exceeded

1.0%. The one peak indicated a PEI decomposition peak and the other would indicate bond disso-
ciation of PEI layers formed over the HAp surface as the PEI concentration increased. Furthermore,
the chromatographic analysis for the surface chemical characteristics showed the correlation between
coating fraction and the retention time of protein or nucleotide. Acidic or phosphorylated proteins
were more strongly adsorbed as the PEI coating fraction increased when the initial coating frac-
tion was low, but at fraction exceeding 0.5%, constant retention was observed. The retention time
of nucleotides increased in proportion to the fraction of PEI added. The good selectivity of PEI-
HAp may be attributable to multifunctional interactions of electrostatic and bare Ca sites on HAp,
not just the amino sites of PEL These precise studies of PEI coating fraction are our original novel
contributions, which could be achieved by quantitative consideration using thermal analysis and
chromatography.

Polyethylenimine
Surface functionalization
Phosphorylated protein
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1. Introduction

Hydroxyapatite (HAp) liquid chromatography for protein purifi-
cation was first introduced by Tiselius et al. in 1956 [1]. The
binding mechanism bases on dual ion-exchange sites; positively
charged calcium and negatively charged phosphate groups. The
ion-exchange chromatography is one of the major methods in the
biomolecules separation such as proteins, e.g. enzymes and anti-
bodies, and also poly-nucleotides [2-4]. Polyethylenimine (PEI) has
been widely used as a coating material to produce stationary phases
for chromatography of biomolecules [5-10]. In our previous report,

Abbreviations: HAp, hydroxyapatite; PEI, polyethylenimine; PEI-HAp,
polyethylenimine-coated Hydroxyapatite; AMP, adenosine monophosphate;
ADP, adenosine diphosphate; ATP, adenosine triphosphate; CV, column volume.
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we described a basic method for preparing PEI-coated hydroxya-
patite (PEI-HAp) and discussed its characteristics [11]. However,
as with other materials (PEI-silica, PEI-cellulose and so on), no
correlation was demonstrated between the quantities of PEI used
to coat the matrix and properties such as the thermochemical or
chromatographic characteristics of these materials [5-10]. Because
conventional PEI coating methods require a decantation process
for removal of excess PEI, the quantity of PEI coating material is not
constant, i.e., there is instability. Therefore a precise study of the PEI
coating fraction has been lacking, despite such quantification being
very important for fundamental chromatographic research as well
as identifying further industrial applications. Herein, we produced
four types of PEI-HAp with different PEI fractions (0.16%, 0.5%,
1.0%, 1.5%) using an improved preparation method not requiring a
decantation process which destabilized the amount of the coating
material. Furthermore, we analyze the surface chemical condition
by using thermal analysis and chromatography, and correlations
between PEI coating fractions and the adsorption behaviors of pro-
teins and nucleotides.
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Table 1
Weight percent fraction of coated PEI and the quantities of reactants used in this
preparation.

PEI/HAp % (w/w) PEI (mL) PEl-water solution (mL) HAp (g)
1.5 50.0 9000 1000
1.0 333 9000 1000
0.5 16.6 9000 1000
0.16 53 9000 1000

2. Materials and methods
2.1. Materials

The ceramic HAp stationary phase (CHT, Type II, 40 wm par-
ticle size) was obtained from Bio-Rad (Hercules, CA, USA). This
material is standardized and yields reproducible chromatographic
results [12-14]. PEI (30% aq., P-1000 solution: average molecular
weight =70,000, specific gravity = 1.0) was purchased from NIPPON
SHOKUBAI (Osaka, Japan). Therefore, approximately 1654 basic
skeletons were included in this PEL Proteins (ovalbumin (chicken
egg white), myoglobin (equine heart), a-chymotrypsinogen A
(bovine pancreas), cytochrome ¢ (equine heart), a-lactalbumin
(bovine milk), and trypsin inhibitor (soybean)) were supplied by
Sigma Aldrich (St. Louis, MO, USA). Nucleotides (adenosine, AMP,
ADP, ATP; abbreviations given in section of “Sample preparation
procedure for proteins and nucleotides in solution”) were pur-
chased from Oriental Yeast (Tokyo, Japan).

2.2. Preparation of PEI-HAp

In this study, four types of PEI-HAp with different coating
fractions, (PEI)/(HAp) x 100 wt%, were produced. The preparations
of these fractions are summarized in Table 1: 50.0 mL, 33.3 mL,
16.6 mL and 5.3 mL of PEI (30% aq.) were individually diluted to
9000 mL with Milli-Q water. Then, 1000g of HAp particles were
added to each diluted PEI solution in a 20 L polypropylene reaction
tank. The respective suspensions corresponded to 1.5, 1.0, 0.5, and
0.16% final PEI fractions. Next, each suspension was stirred for 24 h,
and the particles were dried employing a spray-dryer (Ohkawara
Kakohki, Kanagawa, Japan) with a centrifugal wheel atomizer at
220°C. The varying PEI-HAp fractions produced were observed
with a scanning electron microscope (SEM) (S-4300, Hitachi, Tokyo,
Japan).

2.3. Thermal analysis

The thermal behavior of PEI-HAp was evaluated using a
thermogravimetric-differential thermal analyzer (TG-DTA) (SHI-
MADZU, Kyoto, Japan). Approximately 10.0 mg of PEI-HAp were
used for TG-DTA analysis under heated conditions, with tempera-
tures rising from 35 °C to 600 °C at a rate of 20 °C/min, in a nitrogen
atmosphere (using a-alumina as the standard material).

2.4. Sample preparation procedure for proteins and nucleotides
in solution

Protein and nucleotide mixtures were used to evaluate
chromatographic-separation behavior. For preparation of the stan-
dard protein mixture solution, ovalbumin (10mg), myoglobin
(5mg), a-chymotrypsinogen A (5mg) and cytochrome c (5mg)
were mixed with 1mL of 1mM sodium phosphate buffer, at pH
6.8. Furthermore, each a-lactalbumin (10 mg) and soybean trypsin
inhibitor (5 mg), one of the acidic proteins, was mixed with 1 mL
of 1 mM sodium phosphate buffer, at pH 6.8, for the extensive dis-
cussion of the chromatographic behaviors. For preparation of the

standard nucleotide mixture solution, adenosine (1 mg), adeno-
sine monophosphate (AMP) (1 mg), adenosine diphosphate (ADP)
(1 mg) and adenosine triphosphate (ATP) (1 mg) were mixed with
1 mL of 1 mM sodium phosphate buffer, at pH 6.8.

2.5. Chromatographic procedure with phosphate buffer solution

The PEI-HAp was packed into a 4.0 mm x 100 mm stainless steel
column (Sugiyama Shoji, Kanagawa, Japan). As a control, the HAp
column was prepared as above. These chromatographic procedures
were performed with a Biologic Duo Flow (Bio-Rad). The initial
buffer A was a 10 mM sodium phosphate buffer (pH 6.8). The final
buffer B was a 400 mM sodium phosphate buffer (pH 6.8). These
columns were washed with 8 column volumes (CV) (10mL) of
100% buffer B and equilibrated with 16 CV (20 mL) of 100% buffer
A. Finally, 50 p.L of the protein mixture and other acidic proteins
or 30 wL of the nucleotide mixture were loaded onto the column.
The chromatographic separation was performed according to the
following protocol: 100% A (0.8 CV), linear gradient 0-75% B (12
CV), 100% B (4 CV), except for a-lactalbumin and soybean trypsin
inhibitor. For a-lactalbumin and soybean trypsin inhibitor, follow-
ing protocol was accomplished: 100% A (1.6 CV), linear gradient
0-75% B (12 CV), 100% B (4 CV). Chromatography was performed
at a flow rate of 1 mL/min, at room temperature.

2.6. Influence of different base buffers

To evaluate the adsorption site interacting with an acidic mate-
rial, the chromatographic elution pattern of the nucleotide solution
was examined with a NaCl gradient based on different buffers using
0%, 0.5% and 1.5% PEI-HAp. The column washing process described
in section of “Chromatographic procedure with phosphate buffer
solution” was used.

2.6.1. Elution with water-based sodium chloride gradient

The initial buffer (D1) was Milli-Q water. The elution buffer (E1)
was a 1M Nacl solution and the final buffer (F) was a 400 mM
sodium phosphate buffer (pH 6.8). These columns were equili-
brated with 16 CV (20mL) of 100% D1. In total, 30 nL of the
nucleotide mixture was loaded onto the column. Chromatographic
separation was carried out according to the following protocol:
100% (D1) (0.8 CV), linear gradient 0-100% (E1) (16 CV), 100% (E1)
(4 CV), 100% F (12 CV). Chromatography was performed at a flow
rate of 1 mL/min, at room temperature.

2.6.2. Elution with sodium phosphate buffer-based sodium
chloride gradient

The initial buffer (D2) was a 10 mM sodium phosphate buffer
(pH 6.8). The elution buffer (E2) was a 10 mM sodium phosphate
buffer, pH 6.8, including a 1M NaCl. The final buffer (F) was a
400 mM sodium phosphate buffer (pH 6.8). The chromatographic
separation was carried out according to the following protocol:
100% (D2) (0.8 CV), linear gradient 0-100% (E2) (16 CV), 100% (E2)
(4 CV), 100% F (12 CV). Chromatography was performed at a flow
rate of 1 mL/min, at room temperature.

2.7. Durability of PEI-HAp

Multiple-cycle chromatographic durability was examined using
1.5% PEI-HAp. Measurements were made to assess the separation
behaviors of protein mixtures during chromatography. The dura-
bility of repeat-use experiments was assessed with an Ez Chrom
Elite (Hitachi). A 50 wL protein mixture was injected onto the col-
umn and eluted in the same manner as described in section of
“Chromatographic procedure with phosphate buffer solution”. The
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Fig. 1. Scanning electron micrograph of PEI-HAp powder prepared with different PEI fraction: (A) 0% (HAp), and (B) 1.5%.

PEI-HAp column was equilibrated with 8 CV of 10 mM sodium phos-
phate buffer, pH 6.8, at a flow rate of 1.0 mL/min for each protein
mixture injection. This measurement procedure was repeated for
100 cycles.

3. Results and discussion
3.1. Evaluation of PEI-HAp

3.1.1. SEM images

Fig. 1 shows the SEM images of (A) HAp, without PEI coating,
and (B) PEI-HAp with PEI coating of 1.5% fraction. Because there
is no significant difference between the SEM images of the other
PEI fractions, one typical picture of PEI-HAp was showed. Both
images indicate no significant differences between HAp and 1.5%
PEI-HAp in primary crystals. Furthermore, none of the PEI-HAp par-
ticles broke, and each maintained its spherical form throughout the
spray-drying processing. These results show the surface structure,
especially the primary HAp crystal, to be unaffected by the PEI coat-
ing. The coating process did not alter the crystal structures of the
HAp particles, nor were these particles broken during the spray-

drying process. Therefore, the improved coating method employed
herein has the potential to allow a precise analysis of the PEI coat-
ing fraction and large-scale preparation of PEI-HAp particles which
would be useful as chromatographic matrices.

3.1.2. Thermal analysis

Fig. 2 shows the DTA curves of PEI-HAp with various PEI frac-
tions. The DTA curves had two exothermic peaks at around 260 °C
and 320°Cin the 1.0% and 1.5% PEI-HAp groups, while one exother-
mic peak was detected at around 320°C in the 0.16% and 0.5%
PEI-HAp groups. Fig. 3(A) and (B) shows the TG-DTA profiles of
products with 0.5 and 1.5% PEI, respectively. The TG curves show
a two-stage weight decrease between 35°C and 600°C in both
groups. The first weight decrease, between 35 °Cand 150 °C, would
be attributable to desorption of adsorbed water [15]. Fig. 3(A) shows
that the second weight decrease, between 210°C and 600 °C, was
accompanied one exothermic peak on the DTA curve, indicating this
weight loss to be attributable to decomposition of PEI [16]. In con-
stant, in Fig. 3(B), the first peak of the DTA curve began to appear in
the approximately 150°C-210°C range without an accompanying
weight decrease (arrow).
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Fig. 3. TG-DTA profiles of the productions: (A) 0.5% PEI-HAp and (B) 1.5% PEI-HAp.
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plicated because adsorption state depends on the surface condition
of protein such as electric charge. Further detailed analysis, now in
progress, will be discussed in another paper.
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each protein: (O) ovalbumin, (4) myoglobin, (o) a-chymotrypsinogen A, and (@)
cytochrome c. This data was extracted from Fig. 4(A).

These data indicate the necessity for appropriate positive
charges to prevent retention of neutral or basic proteins. Acidic
or phosphorylated proteins are adsorbed more strongly as the
PEI coating fraction increases, when the PEI coating fraction is
low (0-0.5%). In contrast, when PEI coating fractions exceeded
0.5%, acidic or phosphorylated proteins can be considered to be
constantly retained by the interaction between negatively and pos-
itively charged proteins.

3.1.4. Chromatography of nucleotides with phosphate buffer
solution

Nucleotide chromatograms and the correlations between the
PEI coating fraction and the retention time of each nucleotide are
shown in Figs. 6 and 7. PEI-HAp, for fractions examined (0.5%, 1.0%,
1.5%), had an ability to retain even AMP, though the 0.16% PEI-HAp
and HAp (0%) did not retain AMP. Clear elution of nucleotides could
be obtained depending on the number of phosphate residues. The
retention times of AMP, ADP and ATP increased in proportion to the
fraction of PEI added. Therefore, the adsorbability of the PEI-HAp
surface for AMP, ADP and ATP, which have only positive charges,
increased in accordance with the PEI coating fraction on HAp. Fur-
thermore, ata PEI coating fraction of 1.5% or more, PEI-HAp retained
more of these nucleotides (unpublished observations).

3.1.5. Chromatography with sodium chloride gradient
Employing the water-based 1M NaCl gradient, only adenosine
and AMP were eluted from the PEI-HAp (Fig. 8). With the 10 mM
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1.0% PEI-HAp column and (® ) 1.5% PEI-HAp column. Clear elution of nucleotides
was obtained in order of adenosine, AMP, ADP, and ATP. Individual components
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sodium phosphate buffer-based 1 M NaCl gradient, adenosine, AMP
and even ADP were eluted from the PEI-HAp (Fig. 9). Each retention
time increased with the additive fraction of PEI. These chromato-
graphic patterns differed from those of conventional PEl-silica,
suggesting the surface condition of PEI-HAp to be different from
that of PEI-silica [5]. These data indicate sodium phosphate buffer
to have a higher elution ability for acidic materials than NaCl solu-
tion. Thus, this PEI-HAp presumably has a bare calcium (Ca) site
on its surface, because sodium phosphate buffer generally shows a
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Fig. 9. Chromatogram of nucleotides mixture solution (adenosine, AMP, ADP, and
ATP) using the 10 mM sodium phosphate buffer-based 1 M NaCl gradient. (O ) HAp
column, (&) 0.5% PEI-HAp column, and (&) 1.5% PEI-HAp column.
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stronger interaction with Ca sites than does NaCl solution. There-
fore, the good selectivity of PEI-HAp may be attributable to the
multifunctional interaction of the electrostatic and the bare Ca sites
on HAp, not just the PEI amino sites.

3.1.6. Durability of PEI-HAp

The above results (sections of “SEM images”, “Thermal analysis”,
“Chromatography of proteins with phosphate buffer solution” and
“Chromatography of nucleotides with phosphate buffer solution”)
indicate that PEI coating fractions of at least 1.5% are needed to
meet the performance requirements for an ion-exchange matrix.
Therefore, 1.5% PEI-HAp was used as a standard material. The chro-
matograms are shown in Fig. 10. When these tests were repeated,
to assess the reproducibility of results, the chromatographic peaks
were unchanged, showing essentially the same pattern as in
Fig. 4(A). Thus, PEI-HAp is a stable material even when used for
up to 100 cycles.

4. Conclusion

The surface chemical condition of PEI-HAp was analyzed by
using thermal analysis and chromatography, after the HAp sur-
face was coated with various fractions of PEIl using the spray-drying
method.

The thermal analysis showed two exothermic peaks when the
PEI coating fraction exceeded 1.0%. The one peak was attributable
to decomposition of PEI and the other could be considered to rep-
resent bond dissociation of PEI layers formed over the HAp surface
as the PEI concentration increased. Therefore, such a PEI-HAp has
a stable PEI “shell”.

In chromatography, acidic or phosphorylated proteins, like oval-
bumin, were more strongly adsorbed as the PEI coating fraction
increased when the initial coating fraction was low, but at fractions
exceeding 0.5%, constant retention was observed. In the nucleotide
mixture, the retention times of AMP, ADP and ATP increased in
proportion to the fraction of PEI added. Thus, the adsorbability of
PEI-HAp surfaces for molecules such as AMP, ADP and ATP, which
have only positive charges, was dependent upon the PEI coating
fraction added to HAp. Furthermore, it was suggested that the PEI-
HAp had a bare Ca site on its own surface. The good selectivity of
PEI-HAp may thus be attributable to multifunctional interactions
of electrostatic and bare Ca sites on HAp, not just the amino sites
of PEL

Among the coating fractions examined herein, 1.5% PEI-HAp
showed performance and properties suitable for a stable chro-
matographic material. Such a precise analysis of PEI coating
fractions, which is our original contribution, is very important
for fundamental chromatographic research as well as develop-
ing new industrial applications. It has been lacking, because
the conventional preparation method requires a decantation
process and thus yields an unstable coating amount material.
Our novel method is anticipated to allow preparation of an
optimal ion-exchange matrix, scaling-up for large-scale chromato-
graphic processes such as antibody purification, and to offer a
viable alternative to the diethyl aminoethyl (DEAE) matrix. These
improvements and advances are made possible by the good selec-
tivity and stability of PEI-HAp, which became identified in this
study.
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