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Characterization of Insulin Adsorption Behavior
on Amphoteric Charged Membranes

By Shaoling ZHANG, Keiichiro SAITO, Hidetoshi MATSUMOTO,

Mie MINAGAWA, and Akihiko TANIOKA™

With view to develop an amphoteric charged membrane for drug delivery, we have studied the adsorption of insulin on it.
In the present study, the amphoteric charged membranes were prepared by pore-surface modification of porous
poly(acrylonitrile) (PAN) membranes by grafting with acrylic acid (AAc) and/or N,N-(dimethylamino)propyl acrylamide
(DMAPAA). Their surface charge properties and the insulin adsorption behaviors were investigated by zeta potential
measurement and UV spectrophotoscopy, respectively, at different pHs. The equilibrium adsorbed amount of insulin

correlates well with the charge properties of the membranes and insulin, which indicates that electrostatic interaction played
an important role in the insulin adsorption. In addition, adsorption kinetics changed from a Fickian mode to a non-Fickian one

when adsorbed amount increased to very high values.
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Insulin is a polypeptide hormone produced by the
pancreatic 8 cells, and regulates carbohydrate homeostasis.
Currently, the administration of insulin through parenteral
injection (e.g., subcutaneous injection) is the commonest
therapy of diabetes. Since pain and risk for infection cannot
be completely avoided in this method, novel non-invasive
insulin delivery techniques such as iontophoresis have been
required.'”

The adsorption of proteins on biomaterial surfaces has been
widely studied,%'® and it has been identified to be very
complex and can be influenced by a lot of factors such as
electrostatic interactions and hydrophilicity/hydrophobicity.
Protein adsorption on membranes not only could change the
pore size and charge property of the membrane but also could
give valuable information for the study of the protein transport
mechanism within the membrane.®!"!2 There have been,
however, few reports on the relationship between insulin
adsorption on and transport through a membrane for the drug
delivery. It is of great interest to study the insulin adsorption
behavior on the charged membranes for the administration of
insulin release.

Recently, amphoteric charged membranes have attracted
considerable interests due to their pH-responsibility, anti-
fouling property, flexibility in the design of charge structure,
and they are expected to be applied in various fields such as
proteins separation and drug delivery systems.!'!3-16 In the
present study, a series of amphoteric charged membranes with
different ratios of acidic to basic groups were prepared, and the
insulin adsorption on the prepared membranes was investigated
at different pHs. The aim of this study is to investigate the
relationship between the insulin adsorption behavior and the
surface charge property of the amphoteric charged membranes
for drug delivery.
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EXPERIMENTAL

Materials

Poly(acrylonitrile) (PAN, M,, 410,000 Da) and poly(vinyl-
pyrrolidone) (PVP, M, 40,000Da) were provided by
Mitsubishi Rayon, Japan and Wako Pure Chemical Industries,
Japan, respectively. Recombinant human insulin (M ~
6000 Da, isoelectric point (IEP) ~ 5.4) was obtained from
Wako Pure Chemical Industries, Japan. N,N-dimethylform-
amide (DMF), Acrylic acid (AAc, pK, = 4.26), N,N-(dimethyl-
amino)propyl acrylamide (DMAPAA, pK, = 10.35), ferrous
sulfate, hydrogen peroxide, sodium bisulfite, ammonium
persulfate  (APS), N,N,N,N'-tetramethyl-ethylenediamine
(TMEDA), glycerol were purchased from Wako Pure Chemical
Industries, Japan. These reagents were of extra-pure grade and
were used without further purification.

Membrane Preparation

Porous PAN membranes were prepared by phase inversion
method, and then modified by grafting with AAc and/or
DMAPAA as described in our previous papers.'>!7 Single-
charged membranes were prepared by graft polymerization
with the initiation of redox systems—Fe?*-H,0, for AAc and
NaHSO3-(NHy4),S,0g for DMAPAA. The amphoteric charged
membranes were prepared by a radical reaction with APS
as initiator and TMAEDA as additive. After grafting, the
membranes were washed sufficiently with 1mM HCl and
0.1mM NaOH ~ NaOH, respectively. The degree of graft
polymerization (DG) was estimated using eq 1.

W =W
=~

DG ey

Department of Organic and Polymeric Materials, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8552, Japan
*To whom correspondence should be addressed (Tel: +81-3-5734-2426, Fax: +81-3-5734-2876, E-mail: tanioka.a.aa@m.titech.ac.jp).

Polymer Journal, Vol. 40, No. 9, pp. 837-841, 2008

doi:10.1295/polymj.PJ2008093

( 370104V HV1ND3Y

837


http://dx.doi.org/10.1295/polymj.PJ2008093

838

S. ZHANG et al.

Table 1. Physicochemical properties of the prepared membranes
Monomer Contact Hydraulic Pore Zeta potential
Sample feed DG angle permeability sized (mv)e
membrane ) (Wt %) orb 2

ratio? ©) (mL/m?2.h.cm H,0) (nm) pH 3.3 pH 7.4

AAc-grafted 100:0 0.53 52 695 12.7 -4.4 -6.1
Amphoteric-1 80:20 0.63 53 884 13.5 0.3 -5.1
Amphoteric-2 55:45 0.90 52 758 13.0 4.8 -0.8
Amphoteric-3 30:70 1.16 57 616 12.3 7.2 1.7
DMAPAA-grafted 0:100 0.97 59 584 121 8.0 4.4
Unmodified PAN — — 56 1895 16.3° -1.8 -5.1

aMolar ratio of AAc to DMAPAA. PMeasured with deionized water at pH 5.6 with the dynamic sessile drop method. °Measured by the capillary condensation
method. “Estimated according to the Hagen-Poisseuille equation. ®Obtained from zeta potential measurement.

where W; and W, are the weights of the dried membranes
before and after graft polymerization, respectively.

Characterization of the Prepared Membranes

Hydraulic Permeability Measurement. The hydraulic perme-
ability of the membranes was calculated from the flow rate of
deionized water at 25°C, with a constant pressure difference
0.1 MPa across the membrane. The membrane area exposed to
the flow was 3.8 cm?. Pore sizes of the membranes can be
estimated from the hydraulic permeability according to the
Hagen-Poiseuille equation.>! In our case, by assuming that the
pore number and thickness of the membrane did not change
after grafting, the pore sizes of the grafted membranes were

estimated by eq 2.
J (r 4 )
Jo  \ro

where Jy and ry are the hydraulic permeability and pore size of
the unmodified PAN membrane, respectively. ry was measured
by the capillary condensation method as 16.3 nm.
Water Contact Angle Measurement. The contact angles of the
water droplets were measured by the sessile drop method using
a contact angle measurement system (DropMaster 500, Kyowa
Interface Science, Japan). The weight of the water droplets for
the measurements was 2mg. All measurements were carried
out at five or more different points for each sample at 25 4+ 1°C
and were reproducible within 3°.
Zeta Potential Measurement. The streaming potential
measurement was done using an electrokinetic analyzer
(SurPASS, Anton Paar GmbH, Austria) equipped with a
Clamping Cell.'® A pair of the prepared membranes having
an area of 25 x 55 mm? were placed in the measuring cell. The
membranes were separated by a spacer that forms a streaming
channel. The streaming potential was detected by the Ag/AgCl
electrodes. A background electrolyte of 1 mM KCI solution
was used and the pH was adjusted with 0.1 M HCI and 0.1 M
NaOH. The zeta potential was obtained from the streaming
potential using eq 3.

dUg, nk

= e (3)

where Uy, is the streaming potential, p is the pressure drop
across the streaming channel, gy is the vacuum permittivity

(8.854 x 107 12J71 C?2m™"), &, is the dielectric constant of the
solution (78.3), n is the solution viscosity (0.8902 mPas), and «
is the electrical conductivity of the bulk solution.

Adsorption Measurement. The freeze-dried test membrane
was first immersed in a buffer solution for one day and then
soaked in 10mL of 0.22mg/mL insulin solution. The UV
absorption intensity of the insulin solution was measured by a
UV-Vis spectrophotometer (U-2000, Hitachi, Japan) at 276 nm.
The concentration of insulin in the solution was determined by
the calibration curves. The adsorbed amount of insulin was
estimated from the decrease of insulin amount in the solution.
The adsorbed insulin onto the vessel was deduced as a blank.
All adsorption experiments were carried out at 37 °C.

RESULTS AND DISCUSSION

Physicochemical Properties of the Prepared Membranes

Physicochemical properties of the prepared membranes
were summarized in Table 1. After grafting, hydraulic perme-
ability of the membranes decreased, and the grafted mem-
branes have smaller pore sizes than the unmodified PAN
membrane. This suggests that the functional monomers were
grafted onto the membrane pore surface. However, all of the
grafted membranes have a similar water contact angle with
the unmodified PAN membrane. As functional monomers, both
AAc and DMAPAA have hydrophilic charge groups, and there
are reports that the water contact angle of the membrane
decreased with degree of grafting until a constant value.!*->2
Therefore, the similar water contact angle before and after
modification is possibly due to the relatively low degree of
grafting. Another possible reason in our case is that the water
contact angle of the unmodified PAN membrane is in the same
range as that of the reported AAc and DMAPAA grafted
membranes, so the effect of graft polymerization on the water
contact angle of the membranes is not remarkable.

The zeta potential of the membranes grafted with AAc and/
or DMAPAA varied with pH. The AAc-grafted membrane that
had functional anionic groups showed negative charge at both
pH 3.3 and 7.4, and the zeta potential was more negative at
higher pH due to the dissociation of the carboxylic groups. In
the case of the DMAPAA-grafted membrane that had func-
tional cationic charge groups, the zeta potential was always
positive, and larger values appeared at lower pH due to the
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existence of amine groups. For the amphoteric membranes,
their zeta potential depended on the ratio of AAc to DMAPAA,
and it can be seen that the zeta potential increased with the
DMAPAA ratio in the grafting feed solution. This demon-
strates that the surface charge of the amphoteric charged
membranes can be designed by controlling the ratio of AAc to
DMAPAA. Here we should note that besides the ratio of AAc
to DMAPAA, the conformation of the grafted polyelectrolyte
chains and the degree of graft can also influence the zeta
potential of the membranes.'*!3 Additionally, the zeta potential
of the unmodified PAN membrane was also measured and it
turned to be negative at both pHs, although this membrane has
no charge groups. Similar phenomena have been found, and it
is ascribed to the specific adsorption of electrolyte anions onto
the membrane surface.!>?3

Equilibrium Adsorbed Amount

The adsorption measurements were conducted at different
pHs. Since the IEP of insulin is about 5.4, two kinds of pH
conditions, pH 3.3 (pH lower than the IEP, 10 mM acetic acid
buffer) and pH 7.4 (pH higher than the IEP and the
physiological pH, 10mM Tris-HCI buffer), were used (We
cannot prepare insulin solution near pH 5.4 due to the
aggregation of insulin). The reported zeta potential values of
insulin at these two pHs are about 33mV and —65mV,
respectively.?* Figure 1 shows the effect of pH on the insulin
equilibrium adsorbed amount onto the prepared membranes.

At pH 3.3 (Figure 1(a)), the AAc-grafted membrane was
negatively charged and the other grafted membranes and
insulin were positively charged. Insulin adsorbed on the
oppositely (negatively) charged AAc-grafted membrane and
the Amphoteric-1 membrane with almost neutral charge. At
pH 7.4 (Figure 1(b)), the physiological pH condition, on the
other hand, the DMAPAA-grafted membrane and the Ampho-
teric-3 membrane were positively charged and the other grafted
membranes and insulin were negatively charged. Adsorbed
amount of insulin on the grafted membranes decreased with the
zeta potential value from +4.4 to —6.1 mV. These results show
that the electrostatic effect (attractive or repulsive) is an
important factor for insulin adsorption, and higher equilibrium
adsorption amount appeared when insulin and the membrane
carried opposite charge.

Besides electrostatic interaction, other factors like the
hydrophobic interaction between the membrane and insulin
may also contribute to the insulin adsorption.®?® For the
unmodified PAN membrane, because it had no charge groups,
its insulin adsorption amount was less dependent on pH, and
the adsorption of insulin was mainly due to the hydrophobic
interaction. Also, for the membranes with almost neutral
charge (i.e., Amphoteric-l membrane at pH 3.3 and the
Amphoteric-2 membrane at pH 7.4), the insulin adsorption
could be ascribed to the contribution of hydrophobic inter-
action. In addition, the insulin adsorption on the AAc-grafted
membrane at pH 7.4 seems to contradict the electrostatic
interaction; even though both the insulin and the AAc-grafted
membrane were negatively charged at pH 7.4, there was still
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Figure 1. Insulin equilibrium adsorbed amount on the prepared membranes

in (a) 10mM acetate buffer (pH 3.3) and (b) 10 mM Tris-HCI buffer
(pH 7.4).

some adsorption of insulin on the membrane. This may be due
to the inhomogeniety of the grafted layer on the membrane, and
the hydrophobic interaction may also play a role to some
degree. Here we should note that the association state of
insulin, which can be affected by buffer and pH,26‘29 also,
might influence the insulin adsorption.b

Adsorption Kinetics

All the adsorption measurements showed similar time
dependence; the adsorbed amount increased with time until
reached the equilibrium. According to the equation for
membrane sorption,® insulin adsorption was analyzed by

using eq 4.
M, Dt 3
=4 “
My 2

where M;/M, is the fraction of insulin adsorption, D is the
diffusion coefficient, ¢ is time and / is the membrane thickness.
Figure 2 presents the kinetics of insulin adsorption plotted
in coordinates of the sorption equation. At pH 3.3, only curves
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Figure 2. Insulin adsorption kinetics (a) at pH 3.3 (10mM acetate buffer)

and (b) at pH 7.4 (10mM Tris-HCI buffer).

of AAc-grafted and Amphoteric-1 membranes are shown
(Figure 2(a)), because insulin adsorbed amounts on Ampho-
teric-2, Amphoteric-3 and DMAPAA-grafted membranes were
very low at this pH (as shown in Figure 1(a)), and the
adsorption reached the equilibrium in a very short time, so that
it was difficult to get a relationship between the adsorption
fraction and time.

In the cases of AAc-grafted and Amphoteric-1 membranes
at both pHs and Ampohteric-2 at pH 7.4, insulin adsorption
kinetics belongs to Fickian diffusion: the fractional adsorption
M, /M, was proportional to the square root of time at the early
adsorption stage. However, the curves of Amphoteric-3 and
DMAPAA-grafted membranes at pH 7.4 (Figure 2(b)) were
sigmoid in shape, indicating an anomalous behavior. Under
such conditions, the adsorption behavior seems to need more
parameters to describe besides diffusion coefficient. One
possible reason for the non-Fickian behavior is the reaction
between insulin and the charge groups of the grafted
polyelectrolyte chains when insulin and the membrane carried
opposite charge. Such reaction changed the structure of the
interface between the membrane and solution! or the charge
properties of the membranes, which makes the interfacial
diffusion of insulin from the solution to the membrane become
important in the insulin adsorption. As a consequence, insulin

adsorption behavior changed with the adsorbed amount.
Moreover, it seems that this effect is more remarkable when
the adsorbed amount increased.

CONCLUSIONS

We focus on the amphoteric charged membranes as a
material for insulin delivery system. A series of amphoteric
charged membranes were prepared by grafting AAc and/or
DMAPAA onto porous PAN membranes. By controlling the
ratio of AAc to DMAPAA, the surface charge property of the
amphoteric membranes can be designed. The adsorbed amount
of insulin correlated well with the charge properties of the
membranes and insulin. This result showed that the contribu-
tion of electrostatic interaction was dominant for insulin
adsorbed amount. In addition, it revealed that the adsorption
kinetics showed non-Fickian behavior when the insulin adsorb-
ed amount increased to very high values. These results
provided the fundamental information for amphoteric charged
membrane-based controlled release of insulin. Further studies
on transport of insulin through the amphoteric charged
membranes are now in progress and will be published soon.
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