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Albumin microspheres (AMS) are usually pre-
pared using an emulsion process. An aqueous
phase containing albumin and a drug is emulsified
in an organic phase, such as olive oil or cottonseed
oil. Stable microspheres are obtained by chemical
crosslinking or thermal denaturation.

The AMS surface obtained in this process are
hydrophobic. Albumin molecules, aligning at the
oil-water interface, undergo conformational cha-
nges such that hydrophobic regions of the mo-
lecules are preferentially exposed to the oil
phase.” The hydrophobic surface requires the use
of a surfactant to prepare stable resuspension.
Hydrophobicity may also influence the in vivo
biodistribution. Tabata and Ikada? for instance,
showed that phagocytosis of modified cellulose
microspheres increased " with enhanced hydro-
phobicity. To obtain hydrophilic AMS, Longo et
al® used a solution of poly(methy! methacrylate)
in chloroform/toluene as an organic phase. Glu-
taraldehyde (a chemical crosslinker) was extrac-
ted in toluene or chloroform and added after
emulsification of the aqueous albumin solution. In
addition to hydrophilicity of the surface, a high
concentration of unreacted aldehyde groups was
present at the surface. These groups could be
used for further surface modification, such as
coupling antibodies or bioactive agents to the su-
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Drugs incorporated into polymeric microsphe-
res used to be loaded concurrently with micro-
sphere preparation. This mechanism of drug loa-
ding is possible only for drugs which are stable
during microsphere preparation. If the drug co-
ntains functional groups, the drug may be cova-
lently modified during the crosslinking proce-
dure,” and the drug may be altered if it exhibits
heat instability."® This is especially relevant with
peptides and protein drugs.

Another disadvantage of AMS are low payload
which is generally obtained. The payload was
improved by incorporating negatively charged
polymers, such as poly (B-aspartic acid)® and poly
(a-L-glutamic acid),” in the polymer matrix, thus
resulting in ion-exchange microspheres. Recently,
it has been shown that ion-exchange microsphe-
res can be loaded with positively charged various
drugs, yielding relatively high payloads.” An ad-
ditional advantage of drug loading after the mi-
crosphere preparation is that unreacted aldehyde
groups can be quenched with glycine prior to the
drug loading, thus preventing covalent coupling
of drugs containing amino groups.

The objective of the study is the development
of biodegradable ion-exchange microsphers based
on the serum albumin and heparin for the loading
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Figure 1—Shematic illustration of drug loading and release from albumin-heparin microspheres via ion-exchange me-

chanism. Zy and Zs are the electrochemical valances of the drug and counter ion, respectively.

and controlled delivery of a cytotoxic agent, ad-
riamycin and macromolecules. Heparin was in-
corporated into albumin microspheres to increase
its biocompatibility, hydrophilicity, and enhanced
ion-exchange property for drug loading and re-
lease.

The loading and release of positively charged
drugs from albumin-heparin microspheres is il-

lustrated in Figure 1.

Materials and Methods

Synthesis of Albumin-heparin Conjugate

The protocol used to synthesize soluble albu-
min-heparin conjugates was based on the method
of Hennick ef al.¥ The procedure was slightly
modified to inhibit denaturation of the serum
albumin during the conjugation process. A buffer
was used to keep the pH constant during the
course of the reaction without the addition of HCI,
and all steps were carried out at 4T.

Two different conjugates were prepared from
human serum albumin and heaprin; an unfrac
tionated conjugate with a heaprin content of 10.
7 +0.9% w/w and a high affinity conjugate (he-
parin content of 10.2 + 1.2%) prepared by frac-
tionation of an unfractionated conjugate by ion-
exchange chromatography using a DEAE-sepha-
rose column. Furthermore albumin-heparin con-
jugates, prepared from porcine albumin with he-
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parin contents of 5.9%, 16.0%, and 21% as indi-
cated by the manufacturer, were obtained from
Holiand Biomaterials Group (HBG), Enschede,
The Netherlands.

Preparation of Albumin-heparin and Albumin
Microspheres (AHMS)

Microspheres were synthesized using a pro-
tocol similar to Burger et al.” A 125 mlL volume
of olive oil was placed in a baffled cell and stirred
at a predetermined rate for 30 min. The 100 mg
of albumin-heparin conjugate or serum albumin,
which had been dissolved in 400 uL of distilled
water at 4C, was added dropwise into stirred
olive oil at 25C, and stirring was continued for
15 min. A predetermined amount of purified
glutaraldehyde (25%, w/v) to make 1 to 4% (w/v)
of the albumin-heparin solution was then added,
and if required, twice the equimolar amount of
sodium cyanoborohydride based on the added
glutaraldehyde was added as a reducing agent.
The crosslinking reaction was allowed to proceed
for 3.5 h. A 100-mL aliquot of glycine (10%, w/v)
was then added to quench unreacted aldehyde
groups and allowed to proceed for 30 min. Su-
bsequently 60 mL of acetone was added to dilute
the oil phase and the emulsion were isolated by
centrifugation at 1000 rpm for 15 min. The su-
pernatant was then decanted. The microspheres
were resuspended in acetone, collected on a
Teflon membrane (0.45 um pore size), and washed
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and dehydrated with acetone. The collected mi-
crospheres were resuspended in acetone, and
washed with isotonic phosphate buffered saline
(PBS). The microspheres were air-dried for 24
h, vacuum-dried for an additional 24 h, and stored
frozen. In the preparation of AHMS, crosslinking
density, reduction and quenching did not change
the size distribution. Using the high affinity co-
pjugate, a more viscous aqueous solution was
obtained at the same conjugate concentration,
resulting in larger microsphere with a broader
distribution.

Carrier for Adriamycin (ADR)

In a typical experiment, 10 mg of AHMS (5
~35 um size) was ulfrasonically suspended in 1
mL of a *C-adriamycin solution {5 mg/mL water).
The ratio of adriamycin to AHMS was varied.
This suspension was gently rotated for 20 h at
4T in the dark. The suspension was then cen-
trifused, the loading solution was decanted and
1mL of distilled water was added to rinse the
microspheres. After centrifugation, the washing
solution was decanted again. This procedure was
repeated three more times and was subsequently
repeated four more times with 1 mL of acetone
to dehydrate the microspheres. The microspheres
were left overnight at room temperature in the
dark to evaporate the acetone, and subsequently
dried i vacuo for 3 h at room temperature. The
loading kinetics were determined by monitoring
the “C-adriamycin levels in the solution during
the drug loading. The maximal payload of the
microspheres was determined by increasing the
concentration of the loading solutions (0.5~10
mg/mL).

Results

Compared with AMS, the AHMS are more hy-
drophilic and relatively easy to resuspend in
aqueous medium. This enables resuspension of
AHMS in the ADR containing loading solution.

Due to the negatively charged heparin moieties
in the AHMS, the loading of the positively cha-
rged ADR is a fast and effcient precess, as can
be seen Figure 2. If an ADR/AHMS ratio of 1/2
(w/w) was used, drug loading was completed after
2-3 h and approximately 90% of the drug initially
present in the loading solution was entrapped in
the AHMS.

The binding capacity of ADR to AHMS was li-
mited. At higher concentrations the ADR binding
became saturated. Increasing the concentration in
the loading solution to an ADR/AHMS ratio of 1/1
(w/w) gave only a small increase in payload. This
is demonstrated in Figure 3 in which the maxi-
mum ADR payload of the microspheres as a fu-
nction of the concentration of the loading solution
is given.

The loading efficiency, expressed as the rela-
tive ADR depletion from the loading solution, was
almost 100% up to the level, at which the maximal
loading capacity was reached. This also indicates
that under these circumstances, no unbound ADR
is present. Unbound ADR, removed during the
washing and dehydration procedure would give
a lower efficiency.

Figure 4 shows the influence of the heparin
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Figure 2— Relative amount of ADR in the loading solution
during ADR loading of 10 mg of a typical AHMS (cross-
linked with 0.5% glutaraldehyde) using 1 mL of an ADR
solution of 5mg/mL. ADR/AHMS ratio=0.5 mg/mg.
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Figure 3-~Influence of the ADR/AHMS ratio on the pay-
load and the loading efficiency after.24 h of drug loading.
AHMS (10 mg) were suspended in 1 mL of ADR solutioon
(0.5~10 mg/mL).

content on the drug loading capacity of AHMS.
With increasing heparin content, higher payload
can be achieved. From this experiment, it can be
concluded that the heparin content may be the
most important parameter determining the pay-
load. Previously, Menozzi and Arcamone'® have
determined the ADR-binding capacity of heaprin.
They found that 3.3moles of ADR could be bound
per mole of hexosamine residues of heparin. It
was determined that, in solution, the unfractio-
nated albumin-heparin conjugate had an ADR bi-
nding capacity of 3.2 moles of ADR/mole of he-
xosamine residues. Therefore the ADR-heparin
binding appears not to be influenced by the co-
valent coupling of albumin and heparin.

The ADR-heparin binding experiments with the
drug solution suggest that several types of drug
binding accur. Next to an initial electrostatic bi-
nding between the basic group of the aminosugar
moiety of the drug and the polyanions, the drug
binding may be enhanced by self association of
ADR due to hydrophobic interactions between
ADR molecules.”” Formation of ADR aggregate in
the concentrated solution is a well known phe-
nomenon, which was described previously.'”
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Figure 4 —Maximal ADR payloads as a function of heparin
content of AHMS.

The fractionation of the conjugate based on io-
nic interaction with DEAE sepharose, yields a
conjugate which shows more affinity towards ADR
compared to the unfractionated conjugate. Acco-
rdingly the ADR payloads of microspheres pre-
pared from the high-affinity conjugate were hi-
gher than that of micropheres prepared from the
unfractionated conjugate (32% instead of appro-
ximately 27%). The concentration of the crossli-
nking agent, quenching and reduction had vir-
tually no influence on the payload (data not pre-
sented). From these results, it can be concluded
that the charge density of the matrix material is
the most important factors determining the final
payload. The drug loading process is a very at-
tractive one since it allows effective drug loading
with little or no drug loss during the procedure.

Adriamycin release experiments were carried
out using a batch system. The loaded AHMS were
weighed on an aluminium foil basket, which was
then put into a 20 mL polypropylene vial. Two
hundred mL ethanol was added and the AHMS
were ultrasonically resuspendea. At t=0, 20 mL
of various release media was added and the cou-
nting vials were put into a shaking bath at 37C.
The amplitude of the shaking was 2.5 cm and the
frequency, approximately 120 strokes/min. At
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Figure 5—Cumulative ADR release from AHMS (0.5%
glutaraldehyde) in several release media at 37C.

predetermined intervals, the vials were taken
from the bath and shaken vigorously to homo-
genize the suspension. A 0.5 mL sample was pi-
petted from the vial into a 1.5 mL Eppendorf cup®.
After centrifugation, two 200 uL samples were
taken from the supernatant, and tranferred into
6 mL counting vials. Scintillation medium (4 mL)
was added and the activity was determined. The
release profile was calculated from the activity of
the samples.

ADR release from AHMS is controlled by the
ionic strength of the medium, as shown in Figure
5. The release in ion-containing media, such as
PBS and human plasma, was fast. Almost all of
the drug was released within two hours. In non-
ionic media, however, only 30% of the drug was
released. The ion controlled release provides a
method to prepare an ADR-AHMS suspension
containing little drug. This is demonstrated in
Figure 6. Maximally 30% of the drug may be re-
leased prior to ‘injection’. Upon increasing the
salt concentration up to the physiological level by
addition of sait solution, thus imitating injection,
the ramaining ADR was released immediately.
Another important feature is that ADR remaining
in the AHMS after the initial release is not re-
leased in fresh glucose solution, indicating that
the ADR released prior to the injection can be
removed using a simple washing step with non-
ionic medium. The drug release in non-ionic me-
dium (30%) was unexpected since the ADR ought
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Figure 6— Cumulative ADR release from AHMS (1.0%
glutaraldehyde) in 5% w/v glucose solution at 20T, At t=90
min, warm saline was added to increase the NaCl conce-
ntration of the release medium to a physiological level and
temperature to 37C.

to be bound ionically to the matrix. Moreover, no
drug was released in water during the washing
steps in the drug loading procedure. It was al-
ready mentioned, however, that the electrostatic
interaction of the ADR and the matrix is not the
only mode of binding in this system. Apart from
this type of binding, a substantial amount of ADR
will be bound by self association of ADR. It is
suggested that due to the dehydration steps with
acetone during the drug loading procedure, some
of the hydrophobically bound ADR is detached
from the ionically bound ADR. Previously, it has
been shown that the dimerization equilibrium of
antracyclines, such as ADR and daunomycin, is
shifted towards free drug in the presence of or-
ganic solvents.”* This drug remain trapped in
the dehydrated microspheres as an unbound
drug. Upon swelling in water, this drug is relea-
sed, regardless of the ionic strength of the me-
dium. Figure 7 shows the ADR release profiles
from several types of AHMS. As can be seen in
the figure, the ADR release profile was not inf-
luenced by the quenching and reduction steps,
nor by fractionation of the conjugate. All micro-
spheres crosslinked with 1.0% glutaralhehyde

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)
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Figure 7—Cumulative ADR release from several types oof
AHMS in Phosphate buffered saline at 37C.

(AHMS 10) released the drug within 45 min.
There was an influence of corsslinking density,
ie., the drug release from microspheres cross-li-
nked with 50% (AHMS50) glutaraldehyde was
slower.

Figure 7 also shows that not all of the drug was
released from the microspheres. In the best case,
approximately 90% was released. If this is due
to covalent binding of ADR to the unreacted al-
dehyde groups, quenching should result in more
complete drug release. The maximal release of
these microspheres quenched with glycine was
not different from that of unquenched micros-
pheres. Quenching in the presence of a reducing
agent, however, did result in more drug release.
This indicates that adequate quenching imay only
be achieved if a reducing agent is present. It also
indicates that some of the drug remaining in the
non-quenched microsphers after drug release,
may be covalently bound to the matrix. Since ADR
release from the microspheres quenched in the
presence of a reducing agent is only 90%, covalent
coupling of ADR to the albumin-heparin conjugate
matrix does not account for all the drug remaining
in the microspheres. An explanation for the drug
remaining in the microsphere is the stabilization
of electrostatically bound ADR by hydrophobic
interactions with other ADR molecules, which was

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)

already memtioned before. Menozzi and Arca-
mone'” found that in solution, only 50% of the
ADR could be displaced from the heparin by Na*
at physiolosical concentrations. ADR-conjugate
binding studies carried out with solution showed
that, in PBS, only 80% of the drug was displaced
from the conjugate. Based on these results it is
likely that some of the ADR aggregate, electros-
tatically bound to the matrix cannot be detached
by counterions in the release medium.

Carrier for a Model Protein, Lysozyme

In these studies, both chicken egg and human
lysozymes were used as model proteins. Both
lysozymes have been well chararacterized"; the
protein has a molecular weight of 14,000 and an
isoelectric point of 10.0~11.0, therefore being po
sitively charged at pH 7.0. The amino acid co-
mposition of the lysozymes is different at 40%
of the positions. There exist approximately one
third as many negatively charged groups as there
are positively charged groups on the surfaces of
both lysozymes.” In previous studies chicken egg
and human lysozymes exhibited dissimilar ad-
sorption behavior on polymer surfaces.”” Human
lysozyme exhibited a typical protein adsorption
isotherm on model negatively charged surfaces.

The larger of AMS and AHMS prepared from
unfractionated albumin-heparin conjugate (hepa-
rin content; 10 w/w%) were used for lysozyme
loading and release experiments, the diameter
of which ranged from 50 to 150 ym in the hy-
drated state.

Lysozyme adsorption isotherms were obtained
for both chicken egg and human lysozyme on
AHMS and AMS. Chicken egg and human lyso-
zymes (37.5 mg) were separately dissolved in 15.0
mL of PBS (28 mM potassium phosphate, 39 mM
disodium phosphate), pH 7.0 at 25T and diluted
to make 5 mL solution of concentrations ranging
from 0.078 mg/mL to 5.00 mg/mL. The AHMS and
AMS were separately swollen and washed with
3 portions of 25 mL PBS, pH 7.0 on a cellulose
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acetate filter membrane (pore size 8.0 um). Va-
cuum was applied to remove buffer solution from
the interstitial spaces of the microspheres. The
microspheres were then weighed out in 100 mg
portion and added to the lysozyme solutions. The
éxperiments were carried out for 25h at 25T
under constant agitation using a shaking appara-
tus. The amount of adsorbed lysozyme was de-
termined by the solution depletion method, where
the absorbance of the loading solution was mea-
sured at 280 nm with UV/Vis spectrophotometer.
The concentration of the lysozyme adsorbing to
the microspheres was calculated by™

m,= (W./We)(mi—my)
where m, is the molarity of the protein in the
microspheres, mi: and my are the molarities of the
lysozyme in the loading solution at the initial and
equilibrium states respectively, Ws is the weight
of the lysozyme solution and W is the weight of
the swollen microspheres. The adsorption of hu-
man lysozyme on AHMS was also carried out in
67 mM PBS, 0.50 M NaCl, pH 7.0 using identical
experimental conditions.

The adsorption isotherms of human lysozyme
on AHMS and AMS are shown in Figures 8A and
8B, respectively. The adsorption of human lyso-
zyme onto AHMS did not reach a distinct plateau
at the initial concentrations of human lysozyme
used for loading of the microspheres. The adso-
rption of human lysozyme on AMS appeared to
increase rapidly at low equilibrium concentrations
of human lysozyme and then reached to plateau
at higher equilibrium concentrations to approxi-
mately 40 mg/mL gel. The effect of higher ionic
strength on human lysozyme adsorption on
AHMS is shown in Figure 8C. At higher ionic
strength a linear isotherm was observed. No pla-
teau was reached at the initial concentrations of
human lysozyme used for this experiment. The
amount of adsorbed human lysozyme at 67 mM
PBS, 0.50 M NaCl, pH 7.0 was much less than in
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Figure 8 — Adsorption isotherms of (A) human lysozyme to
AHMS, (B) human lysozyme to AMS, (C) human lysozyme
to AHMS at high ionic strength (0.50 M NaCl), and (D)
chicken egg lysozyme to AHMS at 25C in 67 mM PBS (pH
7.0). The solid lines in A and B were calculated from the
Freundlich equation and parameters in Table 1.

67 mM PBS, pH 7.0. The adsorption isotherm of
chicken egg lysozyme on AHMS is shown in Fi-
gure 8D. The adsorption of chicken egg lysozyme
onto AHMS also exhibited a linear isotherm but
abruptly reached a plateau at 100 mg/mL gel at
an equilibrium concentration less than 0.2 mg/mL.

The adsorption of human lysozyme on AHMS
and AMS corresponded to the Freundlich type of

isotherm'”

a=ac'”™
where a is the amount of adsorbed human lyso-
zyme in mg/mL gel, a is the adsorption constant
in mg/mL gel, 1/n is the adsorption exponent and
c is the equilibrium concentration in mg/mL. The
adsorption parameters and coefficients of deter-
mination are shown in Table 1. The adsorption
constant is a measure of the adsorption capacity
and for AHMS is approximately 100 times the
value of AMS. The adsorption exponent indicates
the intensity of the adsorption process and was
greater for AHMS to AMS. The adsorption data

J. Kor. Pharm. Sci., Vol. 25, S\xppkemeﬁt 1995)
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Table 1—Freundlich parameters for human lysozymes ad-
sorption to AHMS and AMS

Microspheres a 1/n r
AHMS 316 0.72 0.99
AMS 30.9 0.24 0.96

fit the Freundlich equation which suggested the
presence of heterogeneous binding sites' due to
multivalent adsorption. Multivalent adsorption
may account for the heterogeneous binding sites.
Electrostatic interactions between human lyso-
zyme and the microspheres may be univalent,
bivalent, etc., and thus exhibiting varying adsor-
ption energies.

Protein adsorption isotherms may be analyzed
in terms of multiple equilibria models, as discu-
ssed by Andrade.” Negatively chargéd groups of
the microspheres may be considered as ligands
at a fixed concentration, and the adsorption may
be studied at varying protein concetrations as was
carried out for these studies. The Scatchard plots
of human lysozyme on AHMS and AMS are il-
lustrated in Figures 9A and 9B. The concavity
upward suggested negative cooperativity of the
adsorption process in both cases. This was con-
sistent with multivalent adsorption in that nascent
human lysozyme adsorbed to fixed negative cha-
rges of the microspheres decreased the likelihood
of subsequent lysozyme adsorption. Jennissen has
termed such a phenomenon as sequential adso-
rption.'” For such adsorption processes the ma-
ximum binding sites are available for nascent
proteins; subsequent proteins would find fewer
sites for multivalent adsorption. Clearly this
would account for the nonindependence of the
adsorption phenomenon. At high ionic strength
the Scatchard plot of the human lysozyme on
AHMS was linear with zero slope (Figure 9C). For
Scatchard plots the slope is typically the binding
constant and at high ionic strength the adsorption
energy of human lysozyme with AHMS was ne-
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Figure 9— Scatchard plots of the adsorption isothgrms of
(A) human lysozyme to AHMS, (B) human lysozyme to
AMS, (C) human lysozyme to AHMS at high ionic strength
(0.50 M NaCl), and (D) chicken egg lysozyme to AHMS at
25C in 67 mM PBS (pH 7.0). The solid lines in A and B
were calculated from the Freundlich equation and para-
meters in Table 1. v denotes the amount of adsorbed ly-
sozyme in mg/mL gel, and c is the equilibrium concent-
ration in mg/mL.

gligible. Thus at 67 mM PBS, 0.50 M NaCl, pH 7.0
AHMS behaved as an uncharged gel. Figure 9D
shows the Scatchard plot of chicken egg on
AHMS. The downward concavity indicated posi-
tive cooperativity for the adsorption process; ad-
sorption of nascent chicken egg lysozyme facili-
tated the subsequent adsorption of chicken egg
lysozyme. To account for the linear adsorption
isotherm of chicken egg lysozyme on model ne-
gatively charged surfaces protein-protein intera-
ction in the form lysozyme multilayers has been
postulated.™

The lysozyme loaded microspheres (50.0 mg)
were placed in 10 mL isotonic PBS with 0.01%
sodium azide, pH 7.0 at 37C. The vials were then
placed in a shaking water bath and agitated at 100
strokes/min. The release medium was assayed at
appropriate times by withdrawing 1.00 mL sam-
ples and replacing the volume with 1.00 mL iso-
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Figure 10—Release of human lysozyme from AHMS of
varying loading content in isotonic PBS, pH 7.0 at 37C.
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Figure 11— Release of human lysozyme from AMS varying
loading content in isotonic PBS, pH 7.0 at 37C.

tonic PBS with 0.01% sodium azide, pH 7.0 to
maintain constant volume of 10.0 mL. The amount
of chicken egg and human lysozyme released was
quantitated by measuring the absorbance at 280
nm by UV/Vis spectrophotometer.

To investigate the effect of release media ionic
strength, the release of human lysozyme from
AHMS was examined using 67 mM PBS, 0.50 M
NaCl, pH 7.0 as the release medium. In addition,
the release of human and chicken egg lysozyme
from AHMS was also carried out in deionized
water (0-ionic strength).

The total amount of incorporated lysozyme in
the microspheres was determined by placing the
microspheres in 67 mM PBS, 0.50 M NaCl, pH 7.0
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Figure 12—Fractional release of hyman lysozyme from
AHMS and AMS in isotonic PBS, pH 7.0 at 37C.
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for 100 h and then assaying the released amount.

The release kinetics of human lysozyme from
AHMS and AMS and the effect of loading on re-
lease are illustrated in Figures 10 and 11. The
loading of human lysozyme into AHMS and AMS
ranged from 4.6 to 31% and from 0.45 to 7.3%
(w/w), respectively. With increased loading of
human lysozyme the absolute amount released
versus time was greater for both AHMS and AMS.
In Figure 12 the release of human lysozyme at
varying loading contents from AHMS andAMS
was plotted as fraction released versus time. Ap-
parently at the loading levels used there was no
significant effect of loading on the fractional re-
lease for either AHMS and AMS. The release of
human lysozyme from AMS was initially rapid (up
to ~30% release) and then slowed considerably.
For AHMS release of human lysozyme exhibited
a slower release rate relative to AMS. For both
cases long term release of human lysozyme was
attained under isotonic conditions. Figure 13 il-
lustrates the release of human lysozyme from
AHMS in 67 mM PBS, 0.50 M NaCl, pH 7.0 and
in deionized water. The release of human lyso-
zyme was very rapid at high ionic strength. Pra-
ctically no release of human lysozyme from
AHMS was observed when the release medium

J. Kor. Pharm. Sci, Vol. 25, Supplement (1995)
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Figure 13— Release of human lysozyme from AHMS at 37C
in 67 mM PBS, 0.50 M NaCl, pH 7.0, and deionized water.
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Figure 14—Release of chicken lysozyme from AHMS at
37C in 67mM PBS, 0.50 M NaCi, pH 7.0, and deionized
water.

was deionized water.

Chicken egg lysozyme (10% w/w loading) re-
lease from albumin-heparin microspheres was si-
milar to the release of human lysozyme except
for an initial burst effect not prevalent for human
lysozyme release from AMS (Figure 14). Very li-
ttle release of chicken egg lysozyme was observed
from AHMS in deionized water.

The long term release kinetics of lysozyme
from AHMS and AMS was likely due to an ion

J. Kor. Pharm. Sci., Vol. 25, Supplement (1995)
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exchange mechanism. For the ion exchange of two
counter ions A and B in a gel the following ex-
pression of Fick’s First Law has been derived.”

&
]B: —Das x

where

DAB:[ Da DB(fo Ci + #Cs) ]
7 Ca Di + 7 Cs Dp)

The counter ion A is considered to be in the
solution and the counter ion B bound to the ion-
exchanger. The flux of B is dependent on the
individual diffusion coefficients of the counter
ions A and B, the valences of the counter ions,
the concentrations of the counter ions in the ion-
exchanger and the concentration gradient of B.
The over bars indicate that the parameters are
of the ion exchanger. The counter ion B may be
considered to be the adsorbed lysozyme. The
equation suggests that the ion in the smaller co-
ncentration has a larger effect on the rate of in-
terdiffusion.

Even though diffusion process is not a rate li-
miting step, the flux of ion B was expressed in
Fick's First Law with the interdiffusion coeffi-
cient.?” Thus, Fick’s Second Law could be applied
for sphere geometry. A short time solution (e.,
<40% release) may be obtained®

M, D 3Dt
A Rl el

to determine values for the apparent diffusion
coefficents of lysozyme release from AHMS and
AMS. The apparent diffusion coefficents of human
lysozyme in AHMS and AMS and other release
parameters are given in Table 2. The apparent
diffusion coefficents are much less than the self
diffusion coefficient of human lysozyme (D.=1.
12X 10 °cm?/sec).”® The apparent diffusion coef-
ficient of human lysozyme in AHMS was about
20 times less than in AMS and was attributed
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Table 2—Release parameters for human and chicken egg
lysozyme from AHMS and AMS

Apparent diffusion Diameter Swelling ratio

(Viwotien/ Viriea)

Microspheres . .
coefficient(cm®/s) (um)

AHMS 2.1X107" 100 + 46° 18
AHMS 4.1X107%¢ 100 + 46° 18
AMS 39x107" 100 + 50° 16

%, Chicken egg lysozyme; °, mean £ SD (n=2300).

largely to the difference in the number of nega-
tively charged groups between AHMS and AMS
and the availability of charged sites. Heparin of
the conjugate does not participate in the cross-
linking reaction in the formation of the micros-
phere network, but is grafted onto the network
and may exhibit greater accessibility for lysozyme
adsorption. This suggests that the rate determi-
ning step of release was the adsorption/desorp-
tion of the human lysozyme on the microspheres.
With the albumin-heparin microspheres stronger
multivalent adsorption occurred probably due to
the higher charge density. The increased binding
sites for multivalent adsorption with proteins re-
sults in higher adsorption affinity.” That diffusion
was not likely the main release mechanism was
also indicated by the absence of effect of drug
loading on fractional release versus time of hu-
man lysozyme from both albumin-heparin and
albumin microspheres.

An apparent diffusion coefficient of chicken egg
lysozyme release from AHMS of 4.1X 10" 2cm?/
sec was determined (Table 2). This indicated that
the initial rapid release of chicken egg lysozyme
from AHMS was perhaps due to the release from
the multilayers of chicken egg lysozyme at the
surface of the AHMS. The low amount of chicken
egg lysozyme release in deionized water from
albumin-heparin microspheres support ion ex-

change as the primary release mechanism.

Conclusion

Albumin-heparin conjugate microspheres are

biodegradable ion-exchange particles prepared
from endogeneous materials. The AHMS could
easily loaded with the positively charged adria-
mycin up to payloads of 10 to 34%, depending on
the type of conjugate used. Drug release was io-
nically controlled and this enabled us too prepare
injectable suspension in which the drug release
could be delayed until contact with body fluids.

The adsorption of human lysozyme on the mi-
crospheres was fit to the Freundlich equation
suggesting heterogeneous binding sites. Scat-
chard plots of the adsorption processes of human
lysozyme on AHMA and AMS suggested negative
cooperativity which was consistent with multiva-
lent, electrostatic interactions. The Scatchard plot
for the adsorption of chicken egg lysozyme on
AHMS suggested positive cooperativity. This was
accounted for by the formation of chicken egg
lysozyme multilayers at negatively charged sur-
faces and suggested that protein-protein intera-
ctions are important in the design of DDS for
proteins.

The long term release of human and chicken
lysozyme was obtained from AHMS and AMS.
These studies indicated that the release kinetics
were not dependent on diffusion, but the rate
determining step was likely adsorption/desorp-
tion processes. The low release rate of lysozyme
from albumin-heparin microspheres via ion ex-
change suggested that this was a viable mecha-
nism for the controlled release of polypeptides
and proteins.
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