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Abstract: Maghemite (g-Fe2O3) magnetic nanoparticles of
15.0 6 2.1 nm were formed by nucleation followed by con-
trolled growth of maghemite thin films on gelatin-iron ox-
ide nuclei. Human insulin amyloid fibrils were formed by
incubating the monomeric insulin dissolved in aqueous
continuous phase at pH 1.6 and 658C. Magnetic human in-
sulin amyloid fibrils/g-Fe2O3 nanoparticle assemblies were
prepared by interacting the g-Fe2O3 nanoparticles with the
insulin amyloid fibrils during or after their formation. The
nanoparticles attached selectively to the insulin fibrils in
both cases. The kinetics of the insulin fibrillation process
in the absence and the presence of the g-Fe2O3 nanopar-
ticles was elucidated. The insulin amyloid fibrils/g-Fe2O3

nanoparticle assemblies were easily extracted from the
aqueous phase via a magnetic field. We hypothesize that
this selective extraction approach may also be applicable
for the removal of other amyloidogenic proteins that lead
to neurodegenerative diseases (e.g., Alzheimer’s, Parkin-
son’s, Huntington’s, mad cow, and prion diseases) from
their continuous phase, e.g. milk, blood, neurological fluid,
etc. � 2008 Wiley Periodicals, Inc. J Biomed Mater Res
91A: 342–351, 2009
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INTRODUCTION

Human diseases characterized by insoluble extrac-
ellular deposits of proteins have been recognized for
almost two centuries.1 Amyloidoses have traditionally
been defined as diseases in which normally soluble
proteins accumulate in the extracellular space of vari-
ous tissues as insoluble deposits of about 10 nm di-
ameter fibrils.2 These amyloid fibrils commonly con-
sist of polypeptide chains organized mainly into cross
b-sheets, in which the peptide strands are arranged
perpendicularly to the long axis of the fibril.1–8 The
formation of amyloid aggregates in tissues is a patho-

logical feature of many neurodegenerative diseases
such as Alzheimer’s, Parkinson’s, Huntington’s, mad
cow, and prion diseases. There are many examples of
secreted circulating proteins that can, under abnormal
circumstances, be converted in part to highly stable
extracellular fibrils. These include immunoglobulins
in primary systemic amyloidosis, multiple myeloma,
amylin in the diabetic pancreas and small soluble
proteins of uncertain function such as amyloid b-pep-
tide (Ab) in Alzheimer’s disease.1 However, the
mechanism for normal and soluble proteins to assem-
ble into fibrillar and insoluble aggregates still remains
unresolved.

In this study, insulin was chosen as a model amy-
loidogenic protein. The formation of insulin fibrils is
a physical process in which non-native (or unfolded)
insulin molecules interact with each other to form
structure aggregates. Amyloid fibril deposits of insu-
lin had been observed both in patients with type II
diabetes as well as after insulin infusion and
repeated injection.1,3 Insulin fibrils are known to de-
posit in arterial walls and membrane surfaces. Insu-
lin aggregation is a major problem in production,
storage, and delivery of the protein.
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Recent literature concerning novel biomaterials
indicates increasing interest in developing nanopar-
ticles to detect, prevent and treat protein-misfolding
diseases.9–12 Their potential to influence protein fi-
brillation is a function of both the nanoparticle sur-
face interfacial properties including charge and its
enormous surface area/volume. Various nanopar-
ticles such as copolymer particles of N-isopropyla-
crylamide/N-tert-butylacrylamide, cerium oxide,
quantum dots, and carbon nanotubes have been
reported to promote protein assembly into amyloid
fibrils in vitro by assisting the nucleation process.13

Metal nanoparticles such as gold or Pd have also
been used for metallization of a synthesized peptide
fibrils prepared from 12 amino acids residues.14,15

Magnetic iron oxide nanoparticles have a large
number of potential applications due to their high
surface area/volume, magnetic properties, nontoxic-
ity, and biodegradability. These nanoparticles have
already been used for the separation of the particles
and/or their conjugates from undesired compounds
via high gradient magnetic field (HGMF) separation.
In addition, they have been used for magnetic re-
cording, magnetic sealing, electromagnetic shielding,
and various biomedical uses such as magnetic reso-
nance imaging (MRI), hyperthermia for tumor treat-
ment, cell labeling and sorting, DNA separation and
drug delivery.16–29

The present article describes a method for specific
magnetization of human insulin fibrils by maghemite
nanoparticles. g-Fe2O3 nanoparticles of narrow size
distribution were synthesized by nucleation, fol-
lowed by controlled growth of maghemite thin films
onto gelatin-iron oxide nuclei. Human insulin amy-
loid fibrils were formed by incubating the mono-
meric insulin dissolved in aqueous continuous phase
at pH 1.6 and 658C. Magnetic human insulin amy-
loid fibrils/g-Fe2O3 nanoparticle assemblies were
prepared by interacting the g-Fe2O3 nanoparticles
with the insulin amyloid fibrils during or after their
formation.27,28 The nanoparticles were attached selec-
tively to the insulin fibrils in both cases. The kinetics
of the insulin fibrillation process in the absence and
the presence of the g-Fe2O3 nanoparticles was deter-
mined. In contrast to previous work which indicated
that various nanoparticles are used as catalysts for
the protein fibrillation process, the g-Fe2O3 nanopar-
ticles did not significantly affect the lag time and
hence the kinetics of nucleation and oligomer forma-
tion prior to the formation of the fibrils.13

Strategies for extraction of amyloid fibrils from liq-
uid phases have been recently reviewed.30–33 For
example, the removal of abnormal prions from blood
and plasma components for increasing the safety
profile of plasma products has been reported.34–40

The present article describes a novel method to
remove insulin fibrils from the aqueous phase by

binding of the g-Fe2O3 nanoparticles to the fibrils
directly. The formed amyloid fibrils/g-Fe2O3 nano-
particle assemblies were then completely removed
from the aqueous phase by a magnetic field. We
hypothesize that this approach may also be applica-
ble for the removal of prion and other amyloido-
genic fibrils from their continuous phase, e.g. milk,
blood, neurological fluid, etc. This will, of course,
depend on the ability of the nanoparticles to bind to
these fibrils in complex protein-containing solutions.

MATERIALS AND METHODS

Materials

The following analytical-grade chemicals were purchased
from commercial sources and were used without further pu-
rification: ferrous chloride tetrahydrate, hydrochloric acid
(1M), sodium hydroxide (1M standard solution), sodium
chloride, sodium nitrite, phosphate buffered saline (PBS,
0.1M), gelatin from porcine skin, human serum albumin
(HSA), and human insulin from Sigma; Mica from Asylum
Research, Santa Barbara, CA; water was purified by passing
deionized water through an Elgastat Spectrum reverse os-
mosis system (Elga, High Wycombe, UK).

Synthesis of the c-Fe2O3 nanoparticles

g-Fe2O3 magnetic nanoparticles of 15.0 6 2.1 nm diame-
ter were prepared according to previous manuscripts.27,28

Briefly, 240 mg of gelatin was dissolved in 80 mL of water
at 608C. Then, 160 lL of Feþ2 solution (10 mmol in 5 mL
0.1 N HCl) and 57.6 lL of sodium nitrite solution
(7.27 mmol in 5 mL H2O) were added, respectively, to the
shaken gelatin solution. For nucleation, titration with so-
dium hydroxide (1M) was then performed until a pH of
9.5 was reached. This procedure was repeated successively
four more times. Then, the reaction mixture was shaken at
608C for an additional 1 h. The formed magnetic g-Fe2O3

nanoparticles were then washed from nonmagnetic waste
with water by the HGMF technique.27

Behavior of the c-Fe2O3 nanoparticles in acidic pH
and high temperature

The temperature of a vial containing 10 mL of g-Fe2O3

nanoparticles (4 mg/mL) dispersed in 0.025M HCl aqueous
solution containing 0.1M NaCl (pH 1.6) was raised from
room temperature to 658C. Samples (0.1 mL) were then
taken from the nanoparticles mixture at various time inter-
vals for measuring the diameter and diameter distribution.

Preparation of the human insulin amyloid fibrils

Several tubes each containing 2 mg of human insulin
dissolved in 1 mL of 0.025M HCl aqueous solution con-
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taining 0.1M NaCl (pH 1.6) were incubated at room tem-
perature. For initiating the insulin fibrillation process, the
temperature of the insulin solutions was quickly raised to
658C. Studies of fibrillation kinetics were accomplished by
decreasing the temperature of a chosen tube to room tem-
perature at each time interval. All the insulin samples
were freshly prepared immediately prior to each experi-
ment in order to minimize the possible formation of fibril
nuclei in the solution, which would affect the kinetics of
the fibril formation. The concentration of the dissolved
monomer and other oligomers was obtained from the cali-
bration absorbance curve at 280 nm versus a series of insu-
lin concentrations. The absorbance at 280 nm was mea-
sured after removal of the insulin fibrils by centrifugation.
The kinetics of the insulin fibril formation was obtained
using the absorbance at 600 nm.

Preparation of the human insulin amyloid
fibrils/c-Fe2O3 nanoparticle assemblies

Human insulin amyloid fibrils were labeled with differ-
ent concentrations of the g-Fe2O3 nanoparticles in two
ways: (1) Insulin fibrillation in the presence of the g-Fe2O3

nanoparticles; (2) Addition of the g-Fe2O3 nanoparticles to
already prepared human insulin amyloid fibrils dispersed
in aqueous solution at pH 1.6 or in PBS (pH 7.4) solution.
Briefly, for the first method, different volumes,7.5–70 lL,
(0.03–0.28 mg or 1.5–14.0 (w/w)%) of the g-Fe2O3 aqueous
dispersion (4 mg/mL) were added to 1 mL aqueous solu-
tion at pH 1.6 containing 2 mg insulin, as described above.
The formation of fibrils was then initiated by quickly rais-
ing the temperature of the aqueous mixture from room
temperature to 658C for different time intervals. For the
second method, various volumes (as above) of the g-Fe2O3

aqueous dispersion (4 mg/mL) were added to the insulin
fibrils aqueous dispersion at pH 1.6 or pH 7.4. The mix-
tures obtained were then incubated at room temperature
for 3 h. The aqueous dispersion of the human insulin amy-
loid fibrils at pH 1.6 was prepared as described above,
and at pH 7.4 by extensive dialysis of the insulin fibrils
aqueous dispersion at pH 1.6 against PBS.

Characterization

Fourier transform infrared (FTIR) analysis was per-
formed with a spectrophotometer (Bomem, model MB100,
Hartman and Braun). The analysis was performed with
13 mm KBr pellets that contained either 2 mg of the
insulin fibrils (in the absence or the presence of labeled g-
Fe2O3 nanoparticles) samples and 198 mg KBr, or 0.5 mg
g-Fe2O3 nanoparticles and 199.5 mg KBr. The pellets were
scanned over 200 scans at a 4 cm21 resolution.

Transmission electron microscope (TEM) images were
obtained with an electron microscope (Model JEOL-JEM
100SX) with 80–100 kV accelerating voltage. High-resolu-
tion TEM (HRTEM) images were obtain by employing
an accessory (JEOL-3010) to the JEOL-TEM device with
300 kV accelerating voltage. Samples for TEM and HRTEM
were prepared by placing a drop of diluted sample on a
400-mesh carbon-coated copper grid. The dry particles’ av-

erage size and size distribution were determined by meas-
uring the diameter of more than 100 particles with the
image analysis software (AnalySIS Auto, Soft Imaging Sys-
tem GmbH, Germany).

Hydrodynamic diameter and size distribution of the
nanoparticles dispersed in aqueous continuous phase were
measured using a submicron particle analyzer (Model N4
Plus, Coulter Electronics, England).

Magnetic measurements were performed at room tem-
perature with an Oxford Instrument vibrating sample
magnetometer (VSM, oxford Instruments, UK).

Absorbance measurements at 280 and 600 nm were per-
formed with UV–visible spectrophotometer (model Carry-
1E, from Varian company, Australia).

Atomic force microscope (AFM) imaging was performed
using MFP-3D-SA AFM (Asylum research, Santa Barbara,
CA) and standard silicon cantilevers (AC240TS, Olympus
America, Center Valley, PA). All experiments were per-
formed in air under ambient conditions. For routine AFM-
imaging the tapping mode was employed. Samples for

Figure 1. TEM images of the human insulin amyloid
fibrils (A) and the g-Fe2O3 nanoparticles (B). The insulin
fibrils and the g-Fe2O3 nanoparticles were prepared
according to the experimental section.
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AFM were prepared by placing a drop of diluted sample
of the insulin fibrils/g-Fe2O3 nanoparticle assemblies on
mica surfaces.

RESULTS AND DISCUSSION

TEM images of the human insulin fibrils and the
g-Fe2O3 nanoparticles are illustrated in Figure
1(A,B), respectively. Figure 1(A) shows the fibrous
and nonbranching structure of the insulin fibrils
with lengths up to several micrometers and an aver-
age diameter of about 10 nm. However, due to the
low contrast in the TEM image, the detailed struc-
ture of the human insulin fibrils is not completely
clear. The TEM image of the g-Fe2O3 nanoparticles
[Fig. 1(B)] demonstrates that these nanoparticles are
stable against agglomeration and possess a diameter
of 15.0 6 1.2 nm. Light scattering measurements per-
formed in our lab show that the diameter and size
distribution of the g-Fe2O3 nanoparticles dispersed
in water is 81.6 6 0.2 nm. The difference between
the diameter of the nanoparticles measured by TEM
and light scattering is due to the fact that the first
method measures the dry diameter of the nanopar-
ticles while the second one measures the hydrody-
namic diameter, which takes into account the surface
adsorbed solvent molecules and the swelling of the
particles by the solvent molecules.

The change of the hydrodynamic diameter and
size distribution of the g-Fe2O3 nanoparticles with
time at pH 1.6 at 658C is presented in Figure 2. A

Figure 2. Time-dependent change of the size and size
distribution of the g-Fe2O3 nanoparticles dispersed in
aqueous continuous phase at pH 1.6 and 658C. 0.1 mL
samples were taken at various time intervals from 10 mL
aqueous dispersion of the g-Fe2O3 nanoparticles (4 mg/
mL) in 0.025M HCl containing 0.1M NaCl (pH 1.6) at
658C. The hydrodynamic size and size distribution of the
nanoparticles were measured according to the experimen-
tal section.

Figure 3. TEM (A), cryo-TEM (B), and HRTEM (C)
images of the human insulin fibrils labeled with the g-
Fe2O3 nanoparticles. The insulin fibrils/g-Fe2O3 nanopar-
ticle assemblies were prepared by adding 1.5 (w/w)% g-
Fe2O3 nanoparticles to 1 mL aqueous solution at pH 1.6
containing 2 mg insulin.
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significant increase in the size distribution of the
nanoparticles due to the change in the continuous
phase from water at room temperature to 0.025M
HCl aqueous solution containing 0.1M NaCl (pH
1.6) at 658C is observed. This figure also illustrates a
systematic decrease in the hydrodynamic diameter
of the particles during the first 60 min from about
81.6 6 0.2 nm to 51.2 6 8.2 nm. Thereafter, up to
240 min, no significant change in the diameter was
noticed. However, if the aqueous dispersion of mag-
netic nanoparticles were stored under these condi-
tions for a few days, complete dissolution of the g-
Fe2O3 in the aqueous phase was observed. Thus,
within the time scale of the experiments of several
hours the particles were stable.

Data for TEM (A), cryo-TEM (B), and HRTEM (C)
images of the human insulin fibrils/g-Fe2O3 nano-
particle assemblies prepared in the presence of the
g-Fe2O3 nanoparticles, by adding the nanoparticles
before the onset of the fibril formation, are presented
in Figure 3. The g-Fe2O3 nanoparticles appear to
bind freely with the axial external surface of the
fibrils with almost no freely unassociated suspended
nanoparticles. Careful measurements indicate that
the dry diameter of the g-Fe2O3 attached to the insu-
lin fibrils is 9.0 6 1.5 nm. We assume that the
decrease of the original diameter of the nanoparticles
from 15.0 6 1.2 to 9.0 6 1.5 nm is derived from the
acidic media of the g-Fe2O3 nanoparticles, which
leads to a gradual decrease in the nanoparticle diam-
eter, as was illustrated in Figure 2. The cryo-TEM
image [Fig. 3(B)] reveals that the g-Fe2O3 nanopar-
ticles are attached to the insulin fibrils in real time
and are not due to the water evaporation that is

required for preparing the TEM images. The g-Fe2O3

nanoparticles self-assemble at the surfaces of the in-
sulin fibrils probably through charge and/or hydro-
phobic interactions. The HRTEM image [Fig. 3(C)] of
individual insulin-g-Fe2O3 fibril clearly demonstrates
the edges of the fibril and the adsorbed nanopar-
ticles on the surface of this fibril. These data illus-

Figure 4. TEM images of the human insulin fibrils/g-Fe2O3 nanoparticle assemblies prepared by addition of the g-Fe2O3

nanoparticles to the insulin fibrils dispersed in aqueous continuous phase at pH 1.6 (A) and pH 7.4 (B). 1.5 (w/w)% g-
Fe2O3 nanoparticles were added to 2 mg insulin amyloid fibrils dispersed in 1 mL aqueous solution at pH 1.6 and at pH
7.4 (PBS).

Figure 5. FTIR spectra of the g-Fe2O3 nanoparticles (A)
and insulin fibrils in the absence (B) and the presence (C) of
1.5 (w/w)% g-Fe2O3 nanoparticles added to the aqueous
continuous phase after completion of the fibrillation process.
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trate strong binding of the magnetic nanoparticles to
the insulin fibrils during the fibril reaction.

Next, the g-Fe2O3 nanoparticles were added after
completion of the insulin reaction, i.e. post addition.
The data shown in Figure 4 at pH 1.6 (A) and at pH
7.4 (B) is similar to those from Figure 3. Nearly all
the particles are bound to the fibril external surface
while little or none are seen free away from the
fibrils. Similar results were also observed under
competitive conditions, e.g., in the presence of 4%
HSA at pH 7.4.

The FTIR spectra of the g-Fe2O3 nanoparticles (A)
and of the insulin fibrils at pH 1.6 in the absence (B)
and presence (C) of 1.5 (w/w)% g-Fe2O3 nanopar-
ticles (0.03 mg nanoparticles/2 mg insulin fibrils) are
shown in Figure 5. For the last case the g-Fe2O3

nanoparticles were added after the completion of the
fibrillation process. The IR spectrum of the g-Fe2O3

nanoparticles [Fig. 5(A)] shows a typical absorbance
peak at 610 cm2l corresponding to the vibration
band of Fe��O, a peak at 1650 cm21 corresponds to
the gelatin N��H stretching band and a very broad
peak at 3406 cm21 belonging to the vibrational band
of O��H. The latter peak is probably due to the pres-
ence of surface hydroxyl groups (Fe��OH) of the
iron oxide and carboxyl groups of the gelatin. The
IR spectrum of the insulin fibrils [Fig. 5(B)] shows a
peak at 1535 cm21 corresponding to the vibrational
band of N��H (amide II), a peak at 1639 cm21 corre-
sponding to the stretching band of C¼¼O (amide I),
indicating antiparallel and parallel b-sheets, and
peaks at 3299 and 3435 cm21 corresponding to the
stretching vibration of N��H. The IR spectrum of the
insulin fibrils/g-Fe2O3 nanoparticle assemblies [Fig.

Figure 6. TEM images of the human insulin amyloid
fibrils/g-Fe2O3 nanoparticle assemblies prepared by addi-
tion of different concentrations of the g-Fe2O3 nanopar-
ticles to the insulin fibrils dispersed in aqueous continu-
ous phase at pH 1.6. 1.5 (A), 14.0 (B), and 24.0 (C) (w/
w)% g-Fe2O3 nanoparticles were added to 2 mg insulin
amyloid fibrils dispersed in 1 mL aqueous continuous
phase at pH 1.6.

Figure 7. Sigmoidal kinetics of the fibril formation using
absorption at 600 nm as a function of time at pH 1.6 in the
absence (A) and the presence of 1.5 (B) and 24.0 (C) (w/
w)% g-Fe2O3 nanoparticles. The g-Fe2O3 nanoparticles
were added to 2 mg monomeric insulin dispersed in 1 mL
aqueous solution at pH 1.6 and 658C.
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5(C)] is composed of peaks belonging both to the in-
sulin fibrils (e.g., 1535 and 1639 cm21) and to the g-
Fe2O3 nanoparticles (610 and 3406 cm21), thereby
demonstrating the attachment of the g-Fe2O3 nano-
particles to the insulin fibrils.

TEM photomicrographs in Figure 6 illustrate the
interaction between human insulin fibrils prepared
at pH 1.6 with increasing concentrations of the g-
Fe2O3 nanoparticles. With increased loading of the g-
Fe2O3 nanoparticles, the amount of nanoparticles
bound to the fibrils increases. For example, in the
presence of 1.5 (w/w)%, only a relatively small frac-
tion of each fibril is coated [Fig. 6(A)], while at 14.0
(w/w)% nanoparticles the density of the coated par-
ticles on the fibrils increases significantly [Fig. 6(B)].
For the highest concentration of the nanoparticles at
24.0 (w/w)% the fibrils are maximally coated and
the excess unbound nanoparticles are clearly
observed in the background of the TEM image [Fig.
6(C)].

Typical sigmoidal curves for the formation of insu-
lin fibrils at pH 1.6 and 658C in the absence (A) and
the presence of different concentrations [1.5 (B) and
24.0 (C) wt %] of the g-Fe2O3 nanoparticles are

shown in Figure 7. In the absence or the presence of
the nanoparticles a similar behavior was observed:
the main growth of the insulin fibrils was initiated

Figure 8. AFM images of the human insulin amyloid fibrils/g-Fe2O3 nanoparticle assemblies prepared by fibrillation of
human insulin in the presence of 6 (w/w)% of g-Fe2O3 nanoparticles for different time intervals: 3.0 (A), 3.5 (B1,B2), 4 (C)
and 5.0 (D1,D2) h. B2 & D2 represent higher magnification of the circled regions shown in B1 and D1, respectively. The g-
Fe2O3 nanoparticles were added to 2 mg human insulin dispersed in 1 mL aqueous solution at pH 1.6 and 65 8C.

Figure 9. Magnetization curves of the g-Fe2O3 nanopar-
ticles (A) and human insulin fibrils/g-Fe2O3 nanoparticle
assemblies prepared by addition of 14.0 (B) and 1.5 (C) (w/
w)% of g-Fe2O3 nanoparticles to the insulin fibrils dispersed
in aqueous continuous phase at pH 1.6. The g-Fe2O3 nano-
particles were added to 2 mg insulin amyloid fibrils dis-
persed in 1 mL aqueous continuous phase at pH 1.6.
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�3.0 h after initiating the fibrillation process and
completed after �5.0 h. It should be noted that after
removal of the insulin fibrils generated after 4.5 h,
the absorbance of the supernatant at 280 nm was
zero, indicating that all the monomeric insulin had
already been converted to insulin fibrils. This figure
also demonstrates that the kinetics of insulin fibril
growth appears to be almost unaffected by the pres-
ence of the different concentrations of the g-Fe2O3

nanoparticles.
The AFM images in Figure 8 show the growth

kinetics of the human insulin fibrils/ g-Fe2O3 nano-
particle assemblies for samples taken at 3–5 h during
the insulin fibrillation process, see Figure 7(A). Here,
the samples were prepared with fresh monomeric in-
sulin dispersed in an aqueous continuous phase at
pH 1.6 and 658C in the presence of 6.0 (w/w)%
of the g-Fe2O3 nanoparticles. The AFM image taken
3.0 h after the initiation of the fibrillation process
[Fig. 8(A)] reveals the appearance of small spherical-
like aggregate structure, which may indicate the
onset of the growth of the fibrils. Figure 8(B–D) illus-
trates the gradual growth with time of the insulin
fibrils. The relatively small fibrils are linear, while
the longer ones are partially twisted. Figure 8 also
indicates the selective binding the g-Fe2O3 nanopar-
ticles onto the insulin fibrils, with almost no free
nanoparticles in the background.

The magnetization curves at room temperature of
the g-Fe2O3 nanoparticles (A) and the human insulin
fibrils/g-Fe2O3 nanoparticle assemblies prepared by
addition of 1.5 (B) and 14.0 (C) weight % g-Fe2O3

nanoparticles to the insulin fibrils dispersed in aque-
ous continuous phase at pH 1.6 are shown in Figure
9. It is readily observed that the M(H) curve of the

g-Fe2O3 nanoparticles has no hysteresis loop.
Zero field cooled-field cooled (ZFC-FC) measure-
ments of the g-Fe2O3 nanoparticles exhibit blocking
temperature (TB) at ca. 275 K, which indicate a
superparamagnetic behavior.41 Figure 9 also illus-
trates that all the M(H) plots reach saturation at
fields of around 2000 Oe. The staturation magnetiza-
tion of the g-Fe2O3 nanoparticles [Fig. 9(A)] is
58 emu/g while the labeled fibrils with 14.0 and
1.5 (w/w)% of the g-Fe2O3 nanoparticles [Fig. 9(B,C),
respectively] are 11.3 and 1.42 emu/g, respectively.
The difference in the magnetization of the labeled
fibrils is probably related to the different concentra-
tions of the g-Fe2O3 nanoparticles attached to the
fibrils. The higher the concentration the higher is the
saturation magnetization.

A relatively simple and convenient way to remove
the insulin amyloid fibrils from the aqueous continu-
ous phase is shown in Figure 10. Advantage is taken
of the binding of the g-Fe2O3 nanoparticles to the in-
sulin fibrils. The magnetic insulin amyloid fibril
assemblies are easily removed from the aqueous
phase using a simple magnet. Scale up of this pro-
cess, assuming that the particles will adhere to the
fibrils under competitive adsorption conditions (i.e
in complex solutions like cereable fluid or fermenta-
tion broth), should not be too complicated.

CONCLUSIONS

In Summary, this article describes the synthesis
and characterization of magnetic human insulin
amyloid fibrils/g-Fe2O3 nanoparticle assemblies, by

Figure 10. Magnetic insulin amyloid fibrils dispersed in aqueous continuous phase, before (A) and after (B) applying a
magnetic field. The insulin fibrils/g-Fe2O3 nanoparticle assemblies were prepared by addition of 1.5 (w/w)% g-Fe2O3

nanoparticle to 2 mg insulin amyloid fibrils dispersed in 1 mL aqueous continuous phase at pH 1.6.
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selective binding of g-Fe2O3 nanoparticles to human
insulin fibrils. The kinetics of the insulin fibrillation
process in the absence and the presence of the g-
Fe2O3 nanoparticles was also illustrated. The re-
moval of the insulin amyloid fibrils from its continu-
ous phase by magnetization has been illustrated. In
future studies we plan to extend the present work to
other amyloidogenic proteins, e.g., prions, amyloid
b, b2-microglobulin, etc. under competitive adsorp-
tion conditions. In addition, we plan to modify the
surface of the magnetic nanoparticles with ligands of
different functionality and chemical nature and
explore the effect of the various nanoparticles on the
kinetics of the protein fibrillation process

Authors thank Arne Staby (Novo Nordisk A/S, Dene-
mark) for supplying the human insulin.
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