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ABSTRACT

This study focuses on extending the release period of zinc-protein chelate through protamine modifi-
cation. Recombinant human interferon-a-2b (rhIFN), a highly pleiotropic cytokine with a short intrinsic
pharmacokinetic half-life when injected subcutaneously (~2-6 h), was used as a model drug. Protamine
modified zinc-rhIFN chelate microparticles were prepared by co-precipitating rhIFN with zinc and pro-
tamine. Introduction of protamine (2.5-20 mg/mL) into the chelation system had several prominent
effects. First, percentage of chelated rhIFN was lowered (from >99% to ~90%); second, particle size was
gradually increased (from ~0.45 pum to ~2 pum); last but important, it extended the release period of the
chelate both in vitro (complete release was retarded from 8 h to 48 h) and in vivo (t;;, was prolonged
from 4.5h to 15.5 h and mean residence time from 9.4 h to 29.6 h). Size-exclusion liquid chromatography
and cytopathic effect inhibition assay indicated rhIFN preserved its structural and functional integrity in
these chelates.

In vitro release
Pharmacokinetics
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1. Introduction

Metals are known to form bimolecular and bioinorganic inter-
actions with proteins (Matthews et al., 2008). A certain protein
presents different interaction manners towards different metal
ions, including binding sites, chelation affinity and stability (Dienys
et al., 2000). In pharmaceutical research, proteins are often pre-
cipitated into fine particles through chelation with bivalent metal
ions, for example, Zn2*. Such strategies formulate the soluble pro-
tein molecules into immobile and tight conjugates with metal
ions, which can allow for sustained release of the therapeutic pro-
tein as carrier-free delivery system and thus avoid the laborious
need of repetitive dosing (Gietz et al., 2000, 1998; Hallas et al.,
1952).

Recombinant human interferon-a-2b (rhIFN), model protein in
this study, is a highly pleiotropic cytokine in management of var-
ious neoplastic disorders and chronic viral diseases (Muss, 1987;
Quesada et al., 1984; Samuel, 2001). It is of a short serum half-life
when injected subcutaneously (~2-6 h) and frequent administra-
tion must be made to maintain the therapeutic efficiency. Several
formulations with protracted effect have been developed, including
biodegradable microspheres (Sanchez et al., 2003), multivesicu-
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lar liposomes (Qiu et al., 2005) and molecular modification with
polyethylene glycol (PEGylation) (Foser et al., 2003; Grace et al.,
2001). During these formulations, the preparation of PLGA micro-
spheres often incorporates conditions that denature and inactivate
many proteins, such as elevated temperatures, surfactants and
aqueous/organic solvent interfaces; also, the polymers still had to
been dissolved in organic solvents (such as methylene chloride)
which would affect the biological activity of the target protein (Lee
etal., 1997). Other techniques either include complicated manufac-
turing processes which result in relatively low loadings of the active
drug substances, or involve chemical modification and redesign
of the molecules which lead to the creation of new molecular
entities.

Alternatively, metal ion-protein chelation technology provides
us another promising approach. The present study investigates
the potential of using metal ion-rhIFN chelate microparticles
for local sustained release application of rhIFN. Zinc ions were
employed as chelating agent for facilitating microparticles for-
mation. To extend the in vitro and in vivo release profiles of
drug, protamine, a polycationic protein was employed as sur-
face modifier. Physico-chemical characterization of the chelate
particles with and without modification by protamine, including
morphology, particle size, biological potency assay and in vitro
release behavior, were compared. Moreover, in vivo serum phar-
macokinetics of the zinc-rhIFN chelate microparticles were also
investigated.
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2. Materials and methods
2.1. Materials

Recombinant human interferon a-2b (rhIFN) from Escherichia
coli, with a specific activity of 1.36 x 103 IU/mg, was provided by
Huaxin High Biotechnology Inc. (Shanghai, China). Protamine sul-
fate was purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All other reagents were of analytical grade.

2.2. Chelation of rhIFN with zinc ion

Chelation of rhIFN with zinc ion was achieved by mixing equal
volume of rhIFN and zinc solution (pH 7.0). The mixture was
kept at 4°C overnight. The resulted suspension was centrifuged
at 10,000 rpm/min for 5min and the supernatant was removed
for size-exclusion liquid chromatography (SEC-HPLC) analysis to
determine the amount of free rhIFN. Chelation efficiency (C.E.) was
calculated according to the following:

Wrree
CE.(%) = (1 - 7> x 100

Wadd
where Wy was the amount of free rhIFN in the supernatant, and
W,qq Was the total amount of rhIFN added.

2.3. Modification of zinc-rhIFN chelate with protamine

Modification of zinc-rhIFN chelate with protamine was accom-
plished by co-precipitating of rhIFN with zinc and protamine.
Briefly, protamine was dissolved in the zinc solution and mixed
with rhIFN solution at a volume ratio of 1:1. The resultant mixture
was also kept at 4°C overnight.

2.4. Scanning electron microscopy (SEM)

Samples for morphological examination were gently washed
with and dispersed in double-distilled water, and frozen at —20°C
overnight followed by lyophilization using a FD-1C-50 lyophilizer
(Beijing, China). The lyophilized powder was loaded onto a metal
stub with double sided tape and sprayed with gold vapor. Then the
SEM analysis was carried out at 5kV voltage on a Hitachi S-2400N
scanning electron microscope.

2.5. Size and zeta potential analysis

Samples for sizes and zeta potential analysis were also washed
with and then dispersed in double-distilled water before the anal-
ysis. The sizes and zeta potentials of the chelate particles were
analyzed by a NICOMP™ 380 ZLS Zeta Potential/Particle Sizer (CA,
USA).

2.6. High performance liquid chromatograph (HPLC)

The content determination of protamine in the chelates was per-
formed by reverse-phase HPLC (RP-HPLC). The chromatographic
system (Shimadzu, Japan) consists of a LC-10AT pump, a SPD-M10A
VP UV-vis detector, a CTO-10AS VP column oven and a CLASS-VP
Workstation. Chromatographic separation was performed on a WP
300 column (4.6 mm x 250 mm ID, Hanbon Sci.&Tech., China). The
mobile phase was composed of 94% of phosphate buffer (pH 2.0)
and 6% of acetonitrile. The column was eluted at the flow rate of
1.0 mL/min, and eluent was monitored at 214 nm.

Determination of rhIFN was performed by SEC-HPLC. The chro-
matographic system and separation were the same as above but
with a different column (Protein-Pak 125, 300 mm x 7.8 mm ID,

Waters, USA) and a different mobile phase (phosphate-buffered
saline).

2.7. Cytopathic effect inhibition assay

To determine the biological potency retention of rhIFN after
chelation with zinc, a cytopathic effect inhibition assay was
performed. The vesicular stomatitis virus (VSV) was used to
produce cytopathic effect on the human amnion WISH cells,
as previously described by Rubinstein et al. (1981). WISH cells
(3.5 x 10° cells/mL) were seeded in a 96-well microtiter and incu-
bated with 4-fold serial dilutions of rhIFN samples for 24 h at 37 °C.
After the virus diluent (100 CCID50) was added, the plates were
incubated for 24 h until the cytopathic effect with 90% cell lysis was
evident in the virus control wells. WISH cell viability was deter-
mined by measuring the absorbance of crystal violet-stained living
cells in an ELISA plate. The relative potency of rhIFN was expressed
as percentage of dilution multiples difference that shows 50% pro-
tection of VSV-induced WISH cells (EDsg ) between the chelated and
standard rhIFN samples.

2.8. Invitro release

The chelate particles (~70 wg) isolated from mother liquor were
suspended in 200 pL Tris-HCl buffer (pH 7.4) containing 25 mM
phosphate and incubated at 37 °C on a shaker (50 rpm/min). At set
intervals, the entire suspensions were subjected to centrifugation
at 5000 rpm/min for 5 min. The resultant pellets were re-suspended
in equal volume of fresh release medium. The amount of rhIFN
released in the supernatant was evaluated by SEC-HPLC analysis.
The cumulative rhIFN percentage released from the chelates was
calculated as the ratio of the amount of rhIFN released at time (t)
to the initial amount used.

2.9. Animal test

Healthy rabbits weighing 2.0+ 0.1kg were provided by the
pharmacological laboratory of our school. The study protocol was
reviewed and approved by the Institutional Animal Care and Use
Committee, Shenyang Pharmaceutical University, PR China. The
animals were randomly assigned to three groups followed by
the administration of soluble rhiIFN, zinc-rhIFN chelate and pro-
tamine modified zinc-rhIFN chelate by subcutaneous injection at a
single dose of ~1.5 x 107 IU. Blood samples were collected at deter-
mined time intervals followed by coagulation and centrifugation at
5000 rpm/min for 5 min. The resulting serum layers were separated
and stored at —80°C until ELISA analysis.

2.10. Pharmacokinetics and statistical analysis

The mean serum concentration profiles for each rhIFN for-
mulation were constructed. The pharmacokinetics parameters of
half-life (t;/,), mean residence time (MRT) and the area under the
concentration-time curve (AUC) were derived from the profiles
using a noncompartmental model of WinNonlin® software package
(Pharsight Corporation, USA).

3. Results and discussion

Polyelectrolytes can be used as surface modifiers for solid or
liquid materials by means of electrostatic adsorption to form lay-
ered structures with unique properties (Antipov and Sukhorukov,
2004). In pharmaceuticals, drug loaded cores are usually coated
with polyelectrolytes to form a protective envelope shielding the
active ingredient from environmental interruption. In such a way,
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Fig. 1. Schematic illustration of fabrication of negatively charged zinc-rhIFN
chelates by the polycationic protein, protamine.

drug delivery systems with controlled- or sustained-release func-
tions can be prepared (Qiu et al., 2001; She et al., 2010).

We employed protamine, a polycationic protein, to fabricate the
negatively charged zinc-rhIFN chelates (schematicillustration seen
in Fig. 1.). The obtained protamine modified zinc-rhIFN chelate
microparticles presented well-defined dissolution patterns both
in vitro and in vivo. Protamine, first studied by Friedrich Miescher in
1868 (Ando etal., 1973), consists of strongly basic aliphatic and pep-
tidesrichin arginine group. These peptides are present in the sperm
cell nuclei of fish with molecular masses ranging 4000-6000 Da
(Kossel, 1929). Protamine and its salts, such as sulfate, are now well
established as pharmaceutical excipients in insulin formulations
(Nelson et al., 2009, 2001) and certain controlled-release formula-
tions for antisense oligonucleotides (Junghans et al., 2005; Kratzer
et al., 2007). Clinically, protamine sulfate is usually administered
intravenously to reverse the large dose of heparin (Gillis, 1998). A
concentration of 10 mg of protamine sulfate per mL is usually used.

3.1. Chelation of rhIFN with zinc ions in the presence of protamine

With or without protamine in the precipitation system, the
chelation of rhIFN with zinc at neutral pH would both lead to the
formation of a milky suspension. When inspected in the form of
lyophilized powders by SEM, the chelates were displayed as small
and grainy particles, seen in Fig. 2.

Introduction of protamine into chelation system composed of
rhIFN and zinc brought down the chelation efficiency slightly.
When protamine was added at 1 mg/mL, the chelation efficiency
was lowered to ~94%; and when protamine was increased to
2.5 mg/mL, the chelation efficiency was down to ~90%. There were
two plausible for this. First, as protamine was provided as sulfate
salt, its addition would lower the pH of the precipitation system
since sulfuric acid is a strong acid. Precipitation systems with low-
ered pH were unfavorable for the chelation of zinc ions and rhIFN.
However, when the protamine solution was adjusted to pH 7.0, the
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Fig. 3. Sizes (M) and zeta potentials (a) of zinc-rhIFN chelates as a function of
protamine added. All data are presented as means +SD (n=3).

reduction in chelation efficiency remained, suggesting there were
some other underlying causes. As has been proved by Norrman
et al. (2007), in protamine-zinc-insulin chelate, the positions at
which protamine molecules bind to insulin molecules are close
to those where zinc ions interact with insulin molecules. A sim-
ilar interaction manner can be expected in protamine-modified
zinc-thIFN chelate. As a kind of Lewis acids, zinc ions can coor-
dinate with glutamic acid residues of rhIFN, which can be thought
as Lewis bases that give electron pairs. Therefore, the binding of
protamine molecules to rhIFN molecules would block the inter-
action between zinc ions and rhIFN molecules. Interestingly in
our study, when the concentration of protamine added was above
2.5mg/mL (5-20 mg/mL), the percentage of the chelated rhIFN did
not continue to decrease but remained almost the same as that with
2.5 mg/mL. This indicates that when added at 2.5 mg/mL, protamine
was able to make saturated bondage with rhIFN molecules.

3.2. Particle size and zeta potential

Without protamine modification, the chelate particles were
around 0.45 pm in diameter and were of negative charges (zeta
potential was ~—14.0mV). With the increase in amount of pro-
tamine added, the negative charges of the zinc-rhIFN chelate
particles tended to be gradually neutralized. As the protamine con-
centration added increased from 2.5 mg/mL to 10 mg/mL, the zeta
potential of the particles obtained were raised from ~—10.5mV
to ~4.0mV (seen in Fig. 3). This neutralization also lowered the

Fig. 2. SEM images of zinc-rhIFN chelate particles prepared without (A) and with protamine (5 mg/mL) (B) (Scale bar: 0.5 pm).
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Fig. 4. Protamine content in the zinc-rhIFN chelates. All data are presented as
means £SD (n=3).

electrostatic repulsive forces between the chelate particles. There-
fore, with more protamine added, the chelate particles were prone
to aggregate and greater particle sizes were rendered (Fig. 3).
However, a further increment in protamine concentration (from
10mg/mL to 20mg/mL) did not bring down the zeta potential
magnitude of the zinc-rhIFN particles, indicating the chelate par-
ticles were possibly fully covered on their surfaces by protamine
molecules at 10 mg/mL. That the particles made from 10 mg/mL
and 20 mg/mL protamine were of similar sizes (Fig. 3) also sup-
port this point. The micro sizes would make the particles prepared
from 10mg/mL and 20mg/mL protamine tend to settle very
quickly in water, during which the van der Waals attractive forces
could lead the particles to be bound to each other strongly (i.e.,
cannot re-suspend) when the particles are close enough. One strat-
egy to improve the suspension stability is to add polyethylene
glycols (PEGs) with large molecular weight (>6000) into these sys-
tems (Yuan et al., 2007), which would not be stressed too much
here.

The covering of protamine on the surface of zinc-rhIFN chelate
particles can also be reflected by protamine content in the chelates
indirectly. In this study, the content of protamine in the chelates
was presented as mass ratio to rhIFN, seen in Fig. 4. The protamine
content profile was of a similar pattern to the particle size/zeta
potential profiles. Added at concentrations of 2.5-10 mg/mL, pro-
tamine interacted with rhIFN in an increasing manner and greater
Worotamine/Wrnipn Tatio was gradually rendered. However, further
promoting the concentration (to 20mg/mL) was only found to
cause little increase in the protamine content in the chelates. This
result was also supportive for the point that the chelate parti-
cles were possibly fully covered on their surfaces by protamine
molecules at 10 mg/mL.

According to the results above, we can see that protamine could
interact with rhIFN in two different ways during the chelation of
rhIFN with zinc ions. First, protamine could structurally bind to
rhIFN molecules at certain special locations. This binding interac-
tion could be saturated as protamine concentration increased (from
1 mg/mL to 2.5 mg/mL). Second, protamine could also adsorb to the
surface of zinc-rhIFN chelate particles through electrostatic attrac-
tion. A full coverage of the particle surface could be reached by
raising the protamine concentrations from 5 mg/mL to 10 mg/mL.

3.3. Biological activity evaluation

Since the formation of chelate with zinc ions and further assem-
bly into microparticles may lead proteins to change their native
structure, the remained bioactivity needs to be identified. After dis-
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Fig. 5. SEC-HPLC chromatographs of rhIFN: (A) before chelation; (B) chelated with
zinc and (C) with protamine modification. The chelate particles were dissociated in
pH 7.4 Tirs-HCl buffer containing 25 mM EDTA before SEC-HPLC analysis.

sociation by EDTA, the structural integrity of released protein was
measured by SEC-HPLC. It was found that there were no detectable
changes in the retention time and peak shape of rhIFN before and
after formation into chelates with zinc (Fig. 5), which suggested
that little chemical degradation of rhIFN occurred within the for-
mulation process.

Cytopathic effect inhibition test was employed to assay the bio-
logical activity of rhIFN after being made into zinc chelates. While
the anti-virus activity of the chelate without protamine was some-
what lowered (the percentage of cytopathic effect inhibition to the
rhIFN before chelation was ~85%), the chelates prepared with pro-
tamine well maintained their antiviral activities (the percentages
of cytopathic effect inhibition to the rhIFN before chelation were
all >90%). These results show that the functional part of rhIFN was
not affected during chelate formation with protamine. Together
with the results of SEC-HPLC, it is indicated that both the structural
and the functional integrity of rhIFN was relatively well preserved
during the formation into chelate particles with zinc ions and suc-
ceeding modification by protamine.

3.4. Invitro release behaviors of zinc-rhIFN chelate
microparticles

As described above, protamine could interact with rhIFN in the
chelates through structural binding and electrostatic adsorption on
the surface. It is believed that it is the internal binding and external
coverage of protamine that enable rhIFN to be sustained-released
from the chelates.

General in vitro release profiles are shown in Fig. 6A. Obviously,
the addition of protamine into the chelation system reduced the
initial burst (percentage of rhIFN released within 0.5 h) of the pro-
duced chelates (Fig. 6B), which should be attributed to the shield of
the protamine layers on the surface of the chelates. Without pro-
tamine, more than 60% of protein was released from the chelate.
When protamine was added at 2.5 mg/mL, the initial burst of the
chelate was lessened to ~35%, suggesting the chelate particles were
partially covered with protamine. As the protamine concentration
rose to 10 mg/mL, the amount of rhIFN released from the chelate
was decreased to ~15%. Doubling the protamine concentration (to
20 mg/mL) did not bring a further reduction in initial burst (Fig. 6B),
indicating the chelate particles were fully covered with protamine
at 10 mg/mL, which is consistent with the results of size and zeta
potential analysis.

Moreover, involvement of protamine in the chelate modified the
release kinetics of rhIFN and extended the overall releasing period.
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Fig. 6. In vitro release of zinc-rhIFN chelates modified with different concentra-
tions of protamine: (A) general release profiles (protamine concentrations were:
(m) Omg/mL; (O) 2.5mg/mL; (®) 5mg/mL; (O) 10mg/mL and (a) 20mg/mL) and
(B) rhIFN released from the chelates within 0.5 (®) and 24 h (M) as a function of
protamine added. The dissolution medium was pH 7.4 Tris—HCI buffer containing
25 mM phosphate. All data are presented as means =+ SD.

Without protamine modification, the complete release of protein
from the chelate was reached at 8 h. However, after modification
by protamine, the release of protein from the chelate was much
slower (Fig. 6A) and the overall releasing period was extended to
>24h. In a more numeric way, only ~85% of the total protein was
dissociated from the chelate in 24h with 2.5 mg/mL protamine,
and this percentage was down to ~80% with 10 and 20 mg/mL
protamine (Fig. 6B). The complete dissociation of rhIFN from the
chelates modified with 10 and 20 mg/mL protamine was retarded
to 48 h.

Although protamine modification reduced the release kinetics
of rhIFN and extended the overall releasing period, it did not alter
the principal dissolution characteristics of the zinc-rhIFN chelates.
Since zinc ions constitute essential chelating groups in the chelates,
the introduction of ions that have greater chelation ability towards
zinc ions than rhIFN into the dissolution medium would lead to
the dissociation of zinc-rhIFN chelates, and the dissociation kinet-
ics should be both affinity and concentration dependent. In our
study, we found that the disintegration of zinc-rhIFN chelates was
sensitive to both ionic species and concentrations added in the
dissolution buffer, no matter whether the chelates were modified
by protamine or not. With 5mM EDTA, citrate or phosphate in
the dissolution buffer, the chelates prepared without protamine
modification would be completely dissociated within <10 min,
~30min, or ~24 h, respectively. However, with the same species
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Fig. 7. In vitro release characters of zinc-rhIFN chelates prepared with (open sym-
bols) and without (solid symbols) modification by protamine: (A) in dissolution
buffers with different phosphate concentrations ((a, A) 25mM; (®, O) 5mM and
(m, 0) 1mM) and (B) in dissolution buffers with 5mM EDTA/citrate ((M, O) EDTA
and (@, O) citrate). All data are presented as means + SD.

and concentrations of ions in the dissolution buffer, the correspond-
ing complete dissociation time of protamine (10 mg/mL) modified
chelates was much extended (Fig. 7). Because phosphate, citrate
and EDTA have gradually greater chelation affinity towards zinc
ions, the zinc-rhIFN chelates prepared showed a chelation rate-
limiting dissolution pattern, which is of similarity to the dissolution
patterns of zinc-insulin chelates (Prabhu et al., 2001). When the
phosphate concentration was raised to 25 mM, the release of rhIFN
was fastened; instead, with 1 mM phosphate in the dissolution
medium, the release of rhIFN became slower, seen in Fig. 7A.
Nevertheless, the chelate modified by protamine (10 mg/mL) still
displayed much slower dissolution profiles (Fig. 7A)

3.5. In vivo pharmacokinetic study

To evaluate the sustained release ability of the developed for-
mulations in vivo, the pharmacokinetic behaviors of the zinc-rhIFN
chelate microparticles with or without protamine modification
were investigated. Fig. 8 illustrates the serum rhIFN levels after
subcutaneous injection of soluble and chelated rhIFN in health rab-
bits. Main pharmacokinetic parameters for serum rhIFN levels of
each formulation are listed in Table 1. As seen in Fig. 8, when
administrated subcutaneously at a single dose, the absorption of
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Fig. 8. Pharmacokinetic profiles of different rhIFN formulations in rabbits: (W) sol-
uble rhIFN, (@) zinc-rhIFN chelate microparticles and (a) protamine (10 mg/mL)
modified zinc-rhIFN chelate microparticles. Each animal’s predose (time =0) rhIFN
level was used for calculating elevation above baseline. Error bars are standard error
of mean values (n=4-5).

Table 1

Pharmacokinetic parameters for serum rhIFN levels (mean +SD, n=4-5).
rhIFN formulation Soluble Chelate Protamine

modified chelate

Cinax (IU/mL) 1141 + 580 773 + 394 294 + 55
Tmax (h) 2.0 £ 0.0 6.0+ 14 10.0 £ 2.3
tij2 (h) 25 +0.7 45 +£0.8 155+ 1.9
MRT (h) 44 +£1.0 94 £25 29.6 + 6.8
AUCo_ (IUh/mL) 6946 + 3803 6414 + 3249 8623 + 449

soluble rhIFN solution was rapid with a much higher Cpax value
of 1411 £5801U/mL which were reached at 2 h after dosing. The
mean residence time (MRT) of soluble rhIFN solution was 4.4 h and
terminal half life (¢;,) was 2.5+0.7 h. Compared with the soluble
rhIFN, zinc-rhIFN chelates (with or without protamine) provided
prolonged PK profiles. Zinc-rhIFN chelate microparticles showed
a much lower Cpax value of 773 4+3941U/mL and a prolonged
Tmax of ~6h. Its MRT and typ were also extended to 9.44+2.5h
and 4.5+ 0.8 h, respectively. More significantly, the Cpax of pro-
tamine modified zinc-rhIFN chelate microparticles was lowered to
294 4+ 55 IU/mL and Tax was retarded to ~10.0 h. After its peak the
rhIFN level began to descend slowly to baseline at ~72 h, with MRT
and ty, being 29.6 £ 6.8 h and 15.5+ 1.9 h, respectively, displaying
a distinctively long-acting feature. Moreover, the low burst release
from the administration of protamine-modified zinc-rhIFN chelate
microparticles avoided potentially problematic serum levels and
thus provided safety.

4. Conclusion

Formulating rhIFN into chelate with zinc could prolong its
release profiles both in vitro and in vivo. Addition of protamine into
the chelation system could obtain protamine-modified zinc-rhIFN
chelate microparticles with even prolonged release profiles for
rhIFN, which can be applied to chelation systems of zinc with other
proteins. Since amino acids (Dolinska, 2001) and peptides (Dolinska
and Ryszka, 2003; Qian et al., 2009; Ryszka and Dolinska, 2003a,b)
are also of the properties to form chelates with zinc, the tactic
involvement of protamine into the zinc-protein chelates elongates
the release period of the target protein that can also be applicable
to amino acid and peptide formulations.
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