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Summary

Adriamycin-associated bovine serum albumin microspheres (Adr-BSA), plain magnetic BSA microspheres (Fe-BSA) and
adriamycin-associated magnetic BSA microspheres (Adr-Fe-BSA) were prepared by heat stabilization at different temperatures and
evaluated for their size, hydration characteristics, drug and/or magnetite entrapment, Fe,O, distribution within particles and drug
release properties. It was demonstrated that microspheres with a mean diameter of less than 1 um can be prepared at temperatures
between 105 and 150 ° C, in the presence of adriamycin and /or magnetite. Equilibrium hydration with these particles was attained in
about 2 h after soaking in normal saline at 37°C. The degree to which the particles increase in size was dependent on their
stabilization temperature. The entrapment of adriamycin was influenced by the presence of magnetite as well as the temperature
employed during the carrier stabilization. Maximum entrapment of adriamycin in Adr-Fe-BSA microspheres, after 4 washings, was
obtained at 120°C. The presence of adriamycin significantly affected the entrapment and distribution of Fe;O, in albumin
microspheres. The release rate of adriamycin entrapped within Adr-BSA and Adr-Fe-BSA microspheres was dependent on the
presence of magnetite as well as the stabilization temperature of the carrier.

Introduction et al., 1980; Tomlinson et al., 1982; Widder et al.,
1978; Willmott et al., 1985). An understanding of
the physicochemical properties of albumin micro-
spheres would be of value in gaining a better
appreciation of their use in vivo. The optimum
dosage regimen for a drug administered via micro-
spheres is dependent on the size, drug content,
hydration and drug release characteristics of these
particles (Oppenheim, 1981). In the case of drug
targeting using magnetic microspheres, the mag-
netite content of the carrier must also be consid-
ered (Bartlett et al, 1984; Elliot et al., 1984,

Albumin microspheres have been used exten-
sively in the diagnosis of abnormalities of re-
ticuloendothelial system and in the measurements
of blood flow (Blanchard et al., 1965; Del Maestro
et al.,, 1979; Rhodes et al., 1969; Wagner et al.,
1969; Zolle et al., 1970a). Recently, this carrier has
been investigated for active as well as passive drug
targeting (Kramer and Burnstein, 1976; Morimoto
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Gupta et al., 1986a; Morimoto et al., 1981; Morris
et al., 1984; Ranney, 1986; Sugibayashi et al.,
1982; Widder et al., 1979a).
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The particle size of a drug carrier can affect the
degree of drug entrapment (Kojima et al.,, 1984,
Tomlinson, 1983; Wakiyama et al., 1981; Yapel,
1979), drug release profile (Cavalier et al., 1986;
Duc-Mauger et al., 1986; Tomlinson et al., 1984)
and the hydration characteristics of the carrier
(Burger et al., 1985). It has also been postulated
that an increase in size of albumin microspheres
due to hydration can alter its body distribution
(Sugibayashi et al., 1979a). Use of submicron size
microspheres minimises the incidence of
pulmonary embolism often encountered with par-
ticles greater than 7 pm or particles which aggre-
gate upon their in vivo administration (Hampton,
1958; Hlum and Davis, 1982; Mattsson et al.,
1986, Schroeder et al., 1978; Sjoholm and Edman,
1984; Wagner et al.,, 1964; Zolle et al., 1979b).

The retention of magnetic microspheres at the
target site is dependent on the magnetite content
of the carrier and the magnitude of the applied
magnetic field (Driscoll et al., 1984; Ishii et al.,
1984; Kato, 1982; Senyei et al., 1978). Although
high magnetite content allows the use of smaller
magnetic fields, it reduces the effective space
available within the carrier for drug entrapment
(Zimmermann, 1983). Hence, the incorporation of
drug and magnetite needs to be delicately bal-
anced.

It has been suggested that peripheral distribu-
tion of Fe,O, incorporated in albumin micro-
spheres exhibits high response towards the applied
magnetic field (Senyei et al., 1978; Widder et al,,
1979b). This property therefore remains a desira-
ble characteristic of Fe-BSA and Adr-Fe-BSA mi-
crospheres.

This investigation has been undertaken to ex-
amine Adr-BSA, Fe-BSA and Adr-Fe-BSA micro-
spheres stabilized at different temperatures, with
respect to their particle size, hydration characteris-
tics, and drug and /or magnetite entrapment. The
distribution pattern of Fe,O, in Fe-BSA and Adr-
Fe-BSA microspheres has been examined using
transmission electron microscopy (TEM). Dy-
namic dialysis has been used to illustrate the effect
of magnetite and stabilization temperature on the
release rate of adriamycin from Adr-BSA and
Adr-Fe-BSA microspheres.

Materials and Methods

Materials

The materials and the apparatus used in the
synthesis and analysis of Adr-BSA microspheres
have been discussed earlier (Gallo et al., 1984;
Gupta et al., 1986b). Variable speed Heidolph
stirrers, model RZRI, and Dawe Soniprobe type
7530 A, were used for the synthesis of micro-
spheres. Adriamycin hydrochloride was donated
by Farmitalia Carlo Erba, Milan (Italy). Mag-
netite was obtained as a 25-35% w/v aqueous
suspension of Fe;O, from Ferrofluidics (Nashua,
NH). A Shimadzu Atomic Absorption AA-640-12
(P/N 204-29900) was used to analyse the iron
content of magnetic microspheres.

Synthesis of microspheres

(a) Fe-BSA microspheres. To 250 pul of aqueous
BSA solution (400 mg/ml), about 100 mg of mag-
netite was added while vortexing. 30 ml of cotton
seed oil (4°C) was added to it and the mixture
ultrasonicated for 2 min at 125 W. The magnetic
emulsion was then added (100 + 10 drops/min) to
100 ml of preheated cottonseed oil (105-150°C),
stirred at 1500 rpm. Heating and stirring of the oil
were continued for 10 min after the addition of
emulsion. The resulting suspension was ice-cooled
to 20°C and washed 4 times with 60 ml of
anhydrous ether, each time centrifuging at 3000 g
for 15 min. The washed microspheres were sus-
pended in 10 ml of ether and the unincorporated
Fe,0, removed by transferring the suspension into
a tared tube, in presence of a 300 Gauss bar
magnet placed at the rim of the decanting tube.
The weight of the microspheres was determined
after evaporating the ether under a gentle stream
of oxygen-free nitrogen, and stored as an ether
suspension (25 mg/ml) or as a free flowing powder
at —15°C until used.

(b) Adr-BSA microspheres. The method of pre-
paring these microspheres has been described
earlier (Gupta et al., 1986b, 1987a). Stabilization
temperatures of either 105, 120, 135 or 150°C
were used.

(c) Adr-Fe-BSA microspheres. These were pre-
pared in the same manner as the Fe-BSA micro-



spheres except that 200 pl of aqueous adriamycin
hydrochloride solution (50 mg/ml) was incorpo-
rated into the protein solution before emulsifica-
tion.

Size analysis of microspheres

Scanning electron microscopy (SEM) was used
for the size analysis of microspheres prepared in
the presence of drug and /or magnetite at different
stabilization temperatures. At least 200 particles
were measured per batch.

Hydration study

The three types of microspheres (Fe-BSA, Adr-
BSA and Adr-Fe-BSA), stabilized at 4 different
temperatures {105, 120, 135 and 150°C), were
subjected to 4 washings before carrying out the
hydration study (Gupta et al., 1986b and c). Each
washing was performed by sonicating about 50 mg
of microspheres in 5 ml of normal saline for 5
min, and then centrifuging at 5000 X g for 5 min.
The 4 times washed microspheres were suspended
in 5 ml of normal saline and maintained on a
rotator (40 rpm) at 37 ° C. Five-hundred microlitre
samples were removed at predetermined time in-
tervals over an 8 h period and immediately
centrifuged at 5000 X g for 5 min. The aqueous
supernatant was discarded and the microsphere
peliet washed twice with 10 ml of absolute alcohol
(Gupta et al., 1986b). The alcohol washed micro-
spheres were dispersed in a small volume of ether,
a drop of which was placed on a SEM stub. The
ether was allowed to evaporate and the micro-
sphere layer on the stub was coated with 30 nm
gold layer. These stubs were maintained in vacuum
until observed on SEM for the particle size and
shape of microspheres. The internal matrix of
these microspheres was examined using TEM
(Gupta et al., 1986b).

Analysis of free adriamycin

Free adriamycin was analysed using a reversed-
phase ion-pairing HPLC method (Gallo et al,
1986).

Analysis of adriamycin content of microspheres
Adriamycin content of Adr-BSA microspheres
at different stabilization temperature and washing
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levels was determined as described earlier (Gupta
et al., 1986b). The same procedure was adopted
for analysing the adriamycin content of Adr-Fe-
BSA microspheres.

Analysis of iron content of magnetic microsphere

The following method was adopted for analys-
ing magnetite in Fe-BSA and Adr-Fe-BSA micro-
spheres using atomic absorption at 248.3 nm: To
about 5 mg of microspheres, 2 ml of concentrated
hydrochloric acid was added and the contents
heated at 60°C for 2 h. To 0.5 ml of the hydro-
lysate, 0.5 ml of 20% v /v trichloroacetic acid was
added to precipitate the proteins. The tube was
centrifuged at 5000 X g for 5 min and the super-
natant diluted suitably before subjecting to atomic
absorption analysis.

Analysis of distribution of Fe 0, in magnetic micro-
spheres

Details of examining the internal matrix of
microspheres using TEM has been discussed earlier
(Gupta et al,, 1986b), The same procedure was
used to investigate the distribution of Fe,O, in
Fe-BSA and Adr-Fe-BSA microspheres.

Release study with Adr-BSA and Adr-Fe-BSA mi-
crospheres

Dynamic dialysis technique was used to study
the drug release characteristics of Adr-BSA and
Adr-FE-BSA microspheres stabilized at different
temperatures. A detailed description of this
method, and the mathematical model used therein
to account for the zero-order release of adriamy-
cin from Adr-BSA microspheres in aqueous media,
has been made earlier (Gupta et al., 1987b). About
50 mg of 4 times washed microspheres were sus-
pended in 7 ml of Tris buffer (pH 4.0) (Janseen et
al., 1985) and dialysed against 128 mi of buffer at
25°C. One-hundred microlitre samples of the
medium outside the dialysis bag were removed
over a 72 h period and assayed for adriamycin
concentration using HPLC. Dissolution studies
were carried out in triplicate for each type of
microspheres.

Data analysis
Analysis of variance (ANOVA) with factorial
design (Box et al.,, 1978) was used to analyse the
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difference in particle size, drug and magnetite
content of different types of microspheres, stabi-
lized at different temperatures.

Heat-stabilized Adr-BSA microspheres have
been shown to exhibit zero-order release of
adriamycin (Gupta et al., 1986b) and a mathe-
matical model to determine the release rate has
been suggested (Gupta et al., 1987b). In the pre-
sent study, the release study data were analysed
using the same mathematical model.

All statistical analyses were performed using
SAS computer package (SAS, 1985).

Results and Discussion

The mean diameters of all of 3 types of micro-
spheres prepared at different temperatures are
listed in Table 1. These data indicate that particles
with mean diameter less than 1 pm can be readily
prepared in the presence of adriamycin and/or
magnetite. However, wide coefficients of variation
(50-80%) in size were observed for all types of
microspheres regardless of their stabilization
temperature. Table 1 also lists the mean diameter
of different microspheres after 2 h of hydration in
normal saline at 37°C. It was found that particles
tend to aggregate upon hydration with simulta-
neous formation of pores and cavities. No detecta-
ble change in particle diameter was observed when
the microspheres were hydrated for more than 2 h
(see Fig. 1). Hence, 2 h appears to be a good
approximation of the equilibrium hydration time
for these particles. In addition, it was found that
irrespective of the stabilization temperature and

TABLE 1

presence of drug and/or magnetite, the diameter
of microspheres after hydration for 2 h is signifi-
cantly greater than those of the unhydrated par-
ticles.

In order to investigate the effect of stabilization
temperature and the presence of adriamycin
and/or magnetite on the size of microspheres,
before and after equilibrium hydration, the data
listed in Table 1 was divided into two groups: (i)
diameter of particles before hydration; and (ii)
diameter of particles after hydration. ANOVA for
a 3 X 4 factorial design, without interaction, was
then used to analyse each of the two groups. It
was found that the presence of drug and /or mag-
netite have no effect on the size of unhydrated or
hydrated microspheres. Interestingly, the stabiliza-
tion temperature, which has no effect on the par-
ticle size of unhydrated microspheres, show sig-
nificant influence on the size of the hydrated
microspheres (P = 0.0027). After hydration, the
size of microsphere stabilized at 105 or 120°C, is
significantly greater than the size of microspheres
stabilized at 135 or 150°C. However, no dif-
ference could be detected between the size of
microspheres stabilized at 105 or 120°C, or 135
and 150°C.

Table 2 presents the drug entrapment data for
Adr-Fe-BSA microspheres, prepared at different
temperatures. Drug-associated microspheres are
invariably washed before their in vivo administra-
tion (Gupta et al., 1986b and c; 1987a; Ovadia et
al., 1982; Ranney, 1985; Widder et al., 197%9a and
b). Hence, the effect of washing on the entrap-
ment of adriamycin was also included as a part of
this study. Since less than 3% w/w of the total

Mean diameter (um + S.D.) of microspheres before and after 2 h of hydration ¢

Stabilization Adr-BSA microspheres Fe-BSA microspheres Adr-Fe-BSA microspheres

b
Eingeratur ¢ Before After Before After Before After
105 0.69 +0.41 1.29 + 0.46 0.70 + 0.39 1.15+ 041 0.68 + 0.39 1.26 + 0.41
120 0.73 + 0.54 125+ 0.51 0.69 + 043 1.13 +0.37 0.75 £ 0.44 1.23 £ 045
135 0.69 +0.36 1.06 + 0.43 0.72 +£ 0.35 1.07 + 0.39 0.70 £ 0.41 1.02 + 0.37
150 0.71 £ 0.44 1.08 + 0.57 0.74 £ 0.45 1.02 4+ 0.40 0.74 £ 0.38 1.07 4+ 0.40

* Means of 200 particles.
b Maintained at +5°C level.
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Fig. 1. Plot showing the change in size of different types of

microspheres, heat-stabilized at 120+5°C, as a function of

their hydration time in normal saline at 37° C. Symbol repre-

sentation: ®, Adr-BSA microspheres; (O), Adr-Fe-BSA micro-
spheres; and a, Fe-BSA microspheres.

associated drug (i.e. surface adsorbed plus en-
trapped drug) was released during the fifth wash-
ing, a total of 4 washings represents an optimal
washing condition for Adr-Fe-BSA microspheres.
Similar washing level has been reported for Adr-
BSA microspheres (Gupta et al., 1986b and c;
1987a).

As shown in Table 2, the stabilization tempera-
ture markedly affects the incorporation of

TABLE 2

n

adriamycin in magnetic particles. Less drug incor-
poration at high temperatures is mainly due to
drug decomposition at temperatures above 120°C
(Gupta et al., 1987a, Widder et al., 1980). These
results are at variance to those reported by other
workers (Miyazaki et al., 1986a, b and ¢) where
stabilization temperature has been shown to have
no effect on the incorporation of adriamycin in
fibrinogen microspheres. One probable explana-
tion to this anomaly is the use of a non-specific
method for drug analysis by these workers. At low
temperatures, such as 105°C, the majority of as-
sociated drug exists as surface-adsorbed fraction
and is readily removed during the washing steps
(Gupta et al,, 1987a). Hence use of high as well as
low stabilization temperatures result in micro-
spheres with a low degree of drug entrapment.
After 4 washings of Adr-Fe-BSA microspheres,
the stabilization temperature of 120°C provides
maximum drug entrapment (9.1 + 1.8 pug
adriamycin-HCl/mg of magnetic carrier). This
value is considerably less than that reported by
Widder et al. (1978, 1979a, 1980, 1981) (between
23 and 56 pg/mg of magnetic carrier). This dif-
ference is probably due to low drug: protein ratios
employed, altered techniques of carrier synthesis
and drug analysis, and to the washing procedure.
Table 2 also lists the drug entrapment values of
unwashed and 4 times washed Adr-BSA micro-
spheres. Separate ANOVA for 2 X 4 factorial de-
sign were used to determine the effect of stabiliza-
tion temperature and presence of Fe O, on the

Effect of stabilization temperature and washing level on the entrapment of adriamycin in Adr-BSA and Adr-Fe-BSA microspheres

Stabilization pg adriamycin /mg microsphere (mean + S.D.) ©

3‘5’3"5““& * Adr-Fe-BSA microspheres Adr-BSA microspheres ©
04 1 2 3 4 5 0 4

105 68.9 + 8.7 261+39 164+19 92+22°¢ 69+11 52409 1002+94 108+13

120 386+62° 209+43 148+32 110+ 1.9 91+18 83+16 407+31 140107

135 194+67° 133+48 102439 88+41 80+26 74+22 209+11 129110

150 103 +43 79+ 38 70+31° 62427 56+30 53423 245423 154+10°

# Maintained at +5°C level.

> Means of four batches of microspheres.
¢ Adapted from Gupta et al. (1987a).

4 Washing level.

¢ Means of 3 batches of microspheres.
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Fig. 2. Plots of mean adriamycin content associated per mg of (A) unwashed and (B) four times washed microspheres. Symbol
representation: ®, Adr-BSA microspheres; and O, Adr-Fe-BSA microspheres.

drug content of unwashed and 4 times washed
albumin microspheres. The interaction between
the stabilization temperature and microsphere type
(i.e. Adr-Fe-BSA and Adr-BSA microspheres) was
found to be significant for unwashed (P = 0.0002)
as well as the 4 times washed (P = 0.0186) par-
ticles. This leads to the conclusion that regardless
of the washing condition, the drug content of the
two types of microspheres does not change uni-
formly over the range of stabilization temperature
studied. The unwashed Adr-BSA microspheres
stabilized at 105 and 150° C, contain significantly
higher amounts of adriamycin than the Adr-Fe-
BSA microspheres. At 120 and 135°C, the dif-
ference in the associated drug content is minimal
(see Fig. 2a). When 4 times washed microspheres
are compared, the drug entrapment in Adr-BSA
microspheres, at all stabilization temperatures, is
significantly greater than that in the Adr-Fe-BSA
microspheres (see Fig. 2b). These results indicate
that presence of magnetite probably reduces the
space available within the particulate carriers for
effective entrapment of a chemotherapeutic agent.

The magnetite content associated with the 4
times washed Fe-BSA and Adr-Fe-BSA micro-
spheres, is listed in Table 3. Washing procedure

was found to have no effect on the entrapment of
magnetite in both Fe-BSA and Adr-Fe-BSA mi-
crospheres. ANOVA for a 2 X 4 factorial design
was used to illustrate the effect of stabilization
temperature and presence of adriamycin on the
entrapment of Fe,O, in albumin microspheres. It
was found that stabilization temperature of micro-
spheres has no effect on the inclusion of mag-
netite. However, the presence of adriamycin sig-
nificantly increases its incorporation (P = 0.0014).
In general, 18-23% w/w Fe,O, can be readily

TABLE 3

Effect of presence of adriamycin and stabilization temperature on
the incorporation of Fe;O, in Fe-BSA and Adr-Fe-BSA micro-
spheres *

Stabilization % w/w Fe 0, ¢

b
temperature Fe-BSA Adr-Fe-BSA
°O
105 17.3138 20.1+42
120 18.5+2.9 212424
135 179426 226416
150 18.1+32 237433

# Using 4 times washed microspheres.
® Maintained at +5°C level.
¢ Means of 4 batches of microspheres.
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Fig. 3. A transmission electron microscope photograph of Fe-BSA microspheres prepared by heat-stabilization at 120 + 5°C.
(Magnification: 15,000 X ).

incorporated in these particles, and this figure
closely resembles the values reported by Widder et
al. (1979a and b). Figs. 3 and 4 display the TEM
photomicrographs of Fe-BSA and Adr-Fe-BSA
microspheres prepared at 120 + 5°C. Figs. 3 and
4 demonstrate that in Fe-BSA microspheres, the
majority of Fe,;0, is localized in the centre of the
carrier matrix. However, in Adr-Fe-BSA micro-
spheres, the magnetite is distributed throughout
the peripheral region. No explanation can be
offered for these observed differences in the mag-
netite entrapment and its distribution in albumin
microspheres, in the presence and absence of
adriamycin. Based on the suggestion that periph-
eral distribution of incorporated Fe,O, promotes

magnetic response of the carrier (Senyei et al.,
1978; Widder et al., 1979b), the Adr-Fe-BSA mi-
crospheres formulated in the present study appear
suitable for drug targeting using an external mag-
netic field.

Biphasic zero-order release profiles were ob-
tained for the 4 times washed Adr-BSA and Adr-
Fe-BSA microspheres using the dynamic dialysis
technique, at all stabilization temperatures. Table
4 lists the initial and the terminal release rates of
adriamycin from these particles. Regression equa-
tions were fitted through the terminal release rate
constants of microspheres as a function of their
stabilization temperatures. The relationships ob-
tained for Adr-BSA and Adr-Fe-BSA micro-
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Fig. 4. A transmission electron microscope photograph of Adr-Fe-BSA microspheres prepared by heat-stabilization at 120 £ 5°C.
(Magnification: 15,000 X ).

TABLE 4

Effect of carrier stabilization temperature and presence of magnetite (Fe;0,) on the release rate constant of adriamycin from Adr-BSA and
Adr-Fe-BSA microspheres *

Stabilization Release rate constant (mean + S.D.) ¢
temperature ®

°0) Adr-BSA microspheres Adr-Fe-BSA microspheres

Initial Terminal Initial Terminal
105 63.6X10724293%x107% 82x10724+75%x107% 296x%10724+594%x107% 81x1072+90x1073
120 590%x10724362x107% 50%x1072+50x1077 1995%x107%4+411x10"2 39%x107%2+30x103
135 365%10724+ 40x 107> 24%x10724+40%x107% 1787x1072+678%x1072 17x1072+1.0x1073
150 233x1072+ 79x107% 1.3%x10724+90%x107%  39.1x10724+118%x107% 10x1072+70x10"*

® Based on the biphasic zero-order release model (Gupta et al., 1987b).
® Maintained at +5°C level.
¢ Means of 3 release studies. Units: pg/mg microspheres.



spheres, respectively, were:
In(release rate constant)

=1.90 — 0.042 X (stabilization temperature);
and In(release rate constant)

= 2.41 — 0.047 X (stabilization temperature)

These results are similar to those obtained with
Adr-BSA microspheres using the conventional dis-
solution method (Gupta et al., 1986¢). Compari-
son of the two equations indicated that their inter-
cepts are statistically non-significant. However,
their slopes are significantly different (P = 0.0234).
This therefore leads to the conclusion that stabili-
zation temperature of microspheres, as well as the
presence of Fe;O, significantly affects the release
rate of the entrapped adriamycin. At a constant
stabilization temperature between 105 and 150°C,
the release rate of adriamycin from Adr-BSA mi-
crospheres is significantly greater than that ob-
served from the Adr-Fe-BSA microspheres. These
results indicate that the Adr-Fe-BSA microspheres
possess greater tortuosity and/or lower porosity
than that of the Adr-BSA microspheres.

Conclusions

The results of this investigation suggest that
irrespective of the presence of drug and/or mag-
netite, albumin microspheres with a mean diame-
ter less than 1 um can be synthesised at a temper-
ature range of 105-150° C. Use of submicron size
particles will reduce the clearance of incorporated
drug (DeLuca et al, 1980; Kanke et al., 1980;
Scott et al., 1967). This, in turn, would increase
the duration of drug action. In vitro hydration
studies carried out with these microspheres indi-
cate significant increase in particle diameter in 2
h. However, the increase in size was not to the
extent of 5-10-fold as postulated by Sugibayashi
et al. (1979a). This difference in the characteristics
of microsphere hydration may in part be due to
wide variation in their size distribution and dif-
ferences in their synthesis.
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The amount of drug entrapped in this carrier,
as analysed after 4 washings, is significantly in-
fluenced by the presence of magnetite as well as
the stabilization temperature. The 4 times washed
microspheres containing 18-23% w/w Fe;0,,
show a maximum entrapment of adriamycin (about
1% w/w) at 120°C.

Although peripheral distribution of incorpora-
tion Fe;O, is attained in Adr-Fe-BSA micro-
spheres, their magnetic response, in comparison to
Fe-BSA microspheres, still remains to be de-
termined. Dialysis results indicate that the rate of
release of adriamycin from Adr-BSA and Adr-Fe-
BSA microspheres may be controlled by altering
their stabilization temperature. Based on the re-
sults of this study it is evident that albumin micro-
spheres are promising candidates for drug delivery
and targeting.
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