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Synthesis and characterization
of heat-stabilized albumin

magnetic microspheres

Abstract Human serum albumin
magnetic microspheres containing
30% iron oxide particles were
synthesized by a heat-stabilization
process. The average diameter, the
size distribution and the morpholo-
gy were characterized by scanning
electron microscopy, atomic force
microscopy and transmission
electron microscopy. The distribu-
tion of the iron oxide nanoparticles
within the microspheres was
confirmed by the contrast obtained
in the morphology by backscattered
electron imaging in scanning elec-
tron microscopy. Energy-dispersive
X-ray spectroscopy showed the
presence of iron in the microspheres.
The cabbage like surface structure in

some of the microspheres obtained
in scanning electron microscopy can
be better understood by atomic
force microscopy. This peculiar
surface structure in the microsphere
may be due to the cross-linking in
the protein molecule by heat. The
amount of iron oxide in the micro-
sphere was analyzed by atomic
absorption spectroscopy. The mag-
netic properties of the particles were
measured in a superconducting
quantum interference device
magnetometer.
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Introduction

Albumin encapsulated magnetic microspheres have been
reported to have potential in several biomedical appli-
cations, such as cell separation [1-4], diagnosis [5, 6] and
targeted drug delivery [7-12]. Earlier, we reported the
synthesis and use of chemically cross-linked albumin
magnetic microspheres for the separation of red blood
cells from whole blood [13]. In that case chemical cross-
linking was done using glutaraldehyde and the chemi-
cally cross-linked microspheres were modified with
lectin, a carbohydrate binding protein that effectively
couples with red blood cells. The chemically cross-linked
microspheres showed nonuniform sizes and aggregates.
This behavior was also reported by Gupta and cowork-
ers [14, 15]. In this article we report the synthesis of
albumin magnetic microspheres in the submicron and

micron range using nanosized magnetic particles. The
microspheres were stabilized by thermal treatment of the
protein human serum albumin (HSA). The heat treat-
ment causes the formation of intermolecular disulfide
bridges between the free SH groups on adjoining protein
chains. Thus, the thermal denaturation is a curing
process that yields a chemically cross-linked polymer
network structure. These heat-stabilized albumin mag-
netic microspheres are found to be more stable and are
more polydisperse than those of the chemically cross-
linked microspheres.

The size characterization of these microspheres is
important for magnetic blood cell separation, cell
sorting, diagnosis and drug delivery [16]. The size
distribution and the magnetic properties of the micro-
spheres are important for different applications. The
magnetic force that is needed to isolate the magnetic
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microsphere from the fluid is proportional to the volume
of the magnetic material entrapped in the microspheres,
its magnetic properties, the magnetic field strength and
the magnetic field gradient. Scanning electron micros-
copy (SEM) is the most common and widely used tool
for characterizing the microspheres in terms of size,
shape and the surface characteristics. The structures of
the macromolecules, for example, proteins and nucleic
acids, have been observed by atomic force microscopy
(AFM) recently [17-19] and AFM can be used to obtain
the surface characteristics of the microspheres in detail.
Both SEM and AFM were used to characterize the
albumin microspheres.

The amount of magnetic material encapsulated in the
microsphere and its location are important factors when
considering the characteristics of any magnetic micro-
sphere. Any microsphere, even with adsorbed magnetic
particles, may behave as a magnetic microsphere and
will respond to an external magnetic field; however, this
class of material would not be considered as a stable
magnetic microsphere as the adsorbed magnetic particle
may detach from the surface during washing or a change
of temperature or pH of the medium. In order to classify
the microspheres as stable magnetic microspheres the
location of the magnetic particle should be inside the
microsphere. The use of confocal microscopy to show
the contrast due to the presence of a magnetic particle
within the sphere has been reported [20]. Transmission
electron microscopy (TEM) can be a very important
characterization technique to show the distribution of
particles inside the microsphere, especially when they are
in the submicron range. The capability of using back-
scattered electron microscopy to produce compositional
contrast has existed since the 1960s. In present study the
backscattered electron imaging mode of SEM was used
to show the contrast due to the presence of an iron oxide
particle in the sphere. This image obtained by backscat-
tered electrons is different from the secondary electron
image in terms of the inner morphology of the micro-
sphere.

The signal for the iron present in the microspheres
was detected by energy-dispersive X-ray analysis
(EDXA). A JSM 5900 was used for EDXA in different
places of a microsphere. The results showed that the
magnetic particles were more or less evenly distributed
in the microsphere but did not cover the entire volume of
the sphere.

TEM was performed on y-Fe,O3; (maghemite) parti-
cles to show their size distribution. TEM of the albumin
microspheres was also performed to show the presence
of magnetic iron oxide particles inside the microsphere.

The magnetic force on microspheres that encapsulate
superparamagnetic material is proportional to the
volume of the magnetic material and the magnetic
properties of the material. A high maghemite content in
the sphere will need a lower magnetic field to affect the

motion. The iron content in the microspheres was
measured by atomic absorption spectroscopy. The
magnetic properties of the microspheres were measured
using a superconducting quantum interference device
(SQUID) magnetometer. The measurements showed
that the magnetic microspheres synthesized have super-
paramagnetic characteristics.

Experimental

HSA, cottonseed oil, was obtained from Sigma Chemical Compa-
ny. Iron oxide (maghemite, y form of Fe,O; with an average
particle size of 26 nm) was obtained from Nanotechnolgy Corpo-
ration.

Synthesis of the albumin magnetic microsphere

HSA (250 mg) was dissolved in a dispersion of 75 mg iron oxide
(~30% of the weight of HSA) in 1 ml distilled water and was

Fig. 1 Scanning electron microscopy (SEM) of an albumin magnetic
microsphere sample a from dispersion and b in powder form
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finally added to 30 ml cottonseed oil containing 0.2 ml sorbitan
sesquioleate. The mixture was then shaken vigorously and then
sonicated (Cole Parmer ultrasonic homogenizer) for three 30-s
intervals at an amplitude of 60%. The sonication process was done
at 4 °C using an ice-water bath. This primary emulsion was then
added dropwise to 100 ml cottonseed oil heated at 130 °C and
stirred at 1500 rpm. The whole addition was done in 10 min. The
mixture was kept at 130 °C with the same stirring speed (1500 rpm)
for another 15 min. The heat-stabilized microspheres were then
cooled and extracted with diethyl ether. The microspheres were
washed by adding diethyl ether to the microspheres and centrifug-
ing. After washing three times with diethyl ether, the dispersion of
the microspheres in ether was filtered successively using nylon filter
membranes (Pall Speciality Chemicals) with pore sizes of 3, 1.2, 0.8,
0.65, 0.45 and 0.30 um. The microspheres were retained on the

filter papers except for the one with 3 um pore size. A total of
300 mg microspheres was obtained from all the filter membranes
and of that approximately 250 mg was collected from the filter
membranes with pore sizes of 1.2, 0.8 and 0.65 um. The micro-
spheres were then dried in air and stored in a vacuum desiccator.

Scanning electron microscopy

SEM was performed using a JSM 840 (Jeol) and a JSM 5900
microscope. The samples were placed on carbon tape when they
were in powder form and on glass cover slips when they were taken
from suspension and mounted on aluminium stub. The samples
were coated with gold—palladium (about 15-nm thickness) and were
observed under 20 keV for both secondary and backscattered

Fig. 2 Histogram for the particle 14
size distribution as obtained from a
SEM a in dispersion and b in

powder form 12 |
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electron imaging. The incident beam energy was chosen as 20 keV.
The backscattering coefficient increases slightly with the incident
beam energy (between 10 and 30 keV) for the elements with atomic
number less than 47 [21].

EDXA samples were taken in carbon tape and mounted on a
carbon stub in order to avoid signals for aluminum (from the
aluminum stub) and silicon (from the glass cover slip).

Atomic force microscopy

A D-3000 (Digital Instruments, Santa Barbara) atomic force
microscope was used in this study. Samples were deposited on
glass slides coated with poly(L-lysine) solution and then washed
with distilled water and dried. Poly(rL-lysine) creates a charged
surface that helps to immobilize the albumin magnetic micro-
spheres nicely on the glass surface. Magnetic force microscopy
(MFM) was performed with the same sample as for AFM, except
the tip was magnetic in MFM.

Atomic absorption spectrometry

A PerkinElmer Zeeman 5100 furnace atomic absorption spectro-
photometer was used to determine the iron concentration in the
microspheres. The analysis utilized pyrolytically coated graphite
tubes equipped with L’vov platforms. Samples (of the order of a
few micrograms) were suspended in 10 ml 0.2% nitric acid and
digested using a CEM microwave (model MDS 2000). After
digestion, the samples were made up to 1,000 ml with MilliQ water
and were analyzed in the spectrophotometer.

Transmission electron microscopy

A JSM 2010 scanning transmission electron microscope was used
to determine the size of the maghemite particles and to show the
presence of maghemite inside the albumin microspheres. A drop of
very dilute solution of both the maghemite and the albumin
microspheres was placed on a carbon-coated copper grid and the
diameter was determined from the micrograph.

Measurement of magnetic properties

A Quantum Design MPMS5 DC SQUID magnetometer was used to
study the magnetic properties of the maghemite particles and the
albumin magnetic microspheres. Samples were placed in a gelatin
chamber and then inserted into the SQUID chamber. The magne-
tization measurements were done under both zero-field cooled
(ZFC) and field cooled (FC) conditions with an applied constant
field of 50 G. The magnetization at different applied magnetic fields
ranging from —5 to 5 T was also measured at both 5 and 300 K.

Results and discussion

Scanning electron micrographs of the heat-stabilized
microspheres obtained from dispersion and from pow-
der are shown in Fig. 1a and b. The size distributions are
observed in the histogram in Fig. 2a and b. The average
particle sizes were 0.8 and 1 um, respectively. It is
evident from the micrograph that these microspheres are
not agglomerated. The cabbage-like surface structure is
probably due to the cross-linking of albumin protein by
heating. In fact heating allows the evaporation of water
from the emulsified droplet of protein and thus ensures
the rigidity of the sphere [22]. SEM micrographs for

Fig. 3a, b SEM of chemically stabilized albumin microsphere
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Fig. 4 SEM of albumin microspheres in powder form, backscattered
electron image
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Fig. 5 Transmission electron microscopy (TEM) micrographa of
amaghemite (y Fe;O3) powder and b albumin magnetic microspheres

chemically stabilized particles are shown in Fig. 3a and
b. Here the surface remains smooth. The method of
synthesis for chemically stabilized microspheres is de-
scribed elsewhere [13]. These microspheres have a wide
size distribution, though most of them are in the
submicron range; however, irrespective of the sizes,
their surface does not show any special morphology,
unlike the heat-stabilized microspheres.

0 250

Fig. 6 a Surface structure in phase mode and b flattened view of the
surface structure in height mode on an enhanced scale

Figures 1 and 3 are the secondary electron images
conventionally used for observation of morphology.
The backscattered electron image for the same sample
of the heat-stabilized microsphere is shown in Fig. 4.
Secondary electrons have low energy and are unlikely to
escape from the specimen if produced at a depth of 50
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below the surface; thus, they provide the finer detail of
the surface. Backscattered electrons have more energy
than 50 eV, the backscattering coefficien, 7, is usually
defined as the ratio of the number of backscattered
electrons to the number of incident electrons [21]. n
varies markedly with the atomic number [23, 24]. The
contrast in the internal morphology of the particles
shown in Fig. 4 is due to the incorporated iron oxide.
The contrast is observed from both discrete nanosized
particles and from agglomerated particles. TEM micro-
graphs of the iron oxide particles and the albumin
microspheres are shown in Fig. 5a and b, respectively.
Figure 5a shows the wide range of particle sizes in the
maghemite used.

AFM gives the finer detail in the cabbagelike
structure of the microsphere. The surface structure of
the microsphere in phase mode is shown in Fig. 6a. The
surface structure of the same sphere in height mode on
an enhanced scale is shown in Fig. 6b. The cracks and
crevices observed in this structure are due to heat cross-
linking as confirmed by the surface morphology of both
the heat-stabilized and the chemically stabilized micro-
spheres as shown in Figs. 1 and 3, respectively. MFM
was also performed; however, no contrast was obtained
owing to the presence of the magnetic particle in the
microsphere. This could be due to the fluctuation of the
magnetization of the particles owing to the applied field
at the tip of the scope and the quasispherical magnetic
particles.

The EDX of the microspheres as obtained using a
JSM 840 is shown in Fig. 7. The signal for the iron (from
the magnetic particle) was obtained clearly at 6.403 keV
for Fe Ko and at 7.057 keV for Fe Kf. For the sulfur
(present in the albumin molecule) the signal was
obtained at 2.3 keV.

Atomic absorption analysis shows approximately
32% iron in the microspheres. This amount is much
higher than the chemically cross-linked microsphere
(about 20%) reported earlier [13].

Temperature—susceptibility plot at 50 G for the ZFC
and FC cases for yFe,O5; and both heat-stabilized and
chemically stabilized albumin magnetic microspheres are
shown in Fig. 8a and b, respectively. In the ZFC case the
sample is brought to 5 K while the applied field is
maintained at zero. When the temperature stabilizes at
5 K an applied field of 50 G is imposed on the sample.
The temperature is then raised in steps of 10 K. The
SQUID that is used in this experiment is limited to
300 K. Once the temperature reaches 300 K the sample
is cooled back to 5 K in steps of 10 K while the applied
field remains at 50 G (FC). Initially an increase in the
susceptibility with temperature was observed in the ZFC
data, as there was no applied field; the particles all had a
random orientation of their magnetizations. When a
small field is applied and thermal energy is added to the
sample, the smaller particles will have an amount of
energy comparable to their energy barrier. Thus, their
magnetization aligns in the direction of the applied field
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and an increase in the sample magnetization is observed
with temperature. Because of the significant distribution
of particle sizes from submicron to more than 1 um,
there will be a range of blocking temperatures depending
on the particle sizes. Thus, we did not observe a blocking
temperature (temperature below which the particle

Fig. 8 a Temperature-suscepti-

moments are blocked and it is usually determined by
measuring the peak position of the ZFC susceptibility
versus temperature curve [25] even at room temperature.
As the sample was cooled in a constant applied magnetic
field, the thermal energy was being reduced, which
allowed the particles to fix their magnetic moment in the
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Fig. 9 Applied field versus
magnetization plot a for y Fe,O3,
b for chemically stabilized albu-
min magnetic microspheres and
¢ for heat-stabilized albumin
magnetic microspheres
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direction of the magnetic field. Thus almost no change in
the susceptibility was observed.

The magnetization at 5 and 300 K is shown in Fig. 9a,
b and c as a function of applied magnetic field for the
yFe,0j3 particle, chemically stabilized and heat-stabilized
albumin magnetic microspheres, respectively. Room
temperature magnetization plots as a function of mag-
netic field show a small hysteresis loop. At 5 K, the
hysteresis is rather sizable with a coercive field. The
hysteresis loop is also symmetric about the center for
both temperatures. This symmetric nature of the loop is a
characteristic of superparamagnetic behavior [26]. The
data on the magnetization—-magnetic field plots at 5 K
can be assumed to be below the blocking temperature of
almost all the particles, whereas the data at 300 K suggest
that there are still more particles which have not reached
their blocking temperature, otherwise no hysteresis
would be observed at that temperature, which is typical
of the behavior of superparamagnetic particles [26]. In
fact TEM micrographs of the maghemite particles show a
wide distribution of particle sizes and the temperature—
susceptibility (Fig. 8) also did not show any maxima,
even at 300 K, indicating a wide range of blocking
temperatures depending on the sizes of the particles.

Conclusion

Heat-stabilized microspheres are better dispersed than
chemically cross-linked albumin microspheres. The
particle size distribution analysis shows microspheres
in the micron and submicron range. The submicron
particles mostly have diameters between 0.3 to 0.8 um.
This certainly shows the probability of obtaining
nanosized particles using the synthesis process described
in this article. The optimization of the synthesis
parameters needs additional studies. Backscattered elec-
tron imaging could be a very useful and information-
providing tool for microspheres containing metals.

The surface structure of the microsphere was ob-
tained in more detail by AFM than by SEM. TEM
micrographs showed that maghemite particles used here
are spherical in shape and have a wide size distribution.

The magnetic microspheres have a magnetic moment
in an applied field but due to their wide size distribution
and blocking temperature could not be obtained at or
below room temperature. Superparamagnetic behavior
was observed for the albumin magnetic microspheres
synthesized.
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