DE GRUYTER

DOI10.1515/bmc-2013-0008 === BioMol Concepts 2013; 4(4): 425-432

Short Conceptual Overview

Niclas Solin*

Amyloid-like fibrils labeled with magnetic

nanoparticles

Abstract: A number of human diseases are associated
with the formation of insoluble protein aggregates com-
monly known as amyloid fibrils or amyloid plaques. Simi-
lar materials can be prepared in vitro resulting in so-called
amyloid-like fibrils. Herein is discussed how to prepare
such fibrils labeled with magnetic nanoparticles. Such
materials have the potential to be used as magnetic probes
for magnetic resonance imaging applications.
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Introduction

A number of human diseases are associated with the for-
mation of insoluble protein aggregates commonly known
as amyloid fibrils or amyloid plaques (1-3). In all these
diseases a normally soluble protein undergoes confor-
mational change followed by aggregation into insoluble
fibrils, which gradually accumulate in a variety of organs
and tissues. Such fibrils are associated with a number of
degenerative diseases including Alzheimer’s, Parkinson’s
and Huntington’s diseases (4), as well as various types
of amyloidosis (5). Generally, two types of processes are
responsible for the formation of amyloid fibrils in vivo; one
is related to genetic disorders that introduces amino acid
residues that destabilizes the native state of a globular
protein, making the protein more prone to aggregation; in
the other process, a high protein concentration, resulting
from overexpression of the protein or dysfunction of the
protein breakdown mechanism, enables nucleation and
subsequent fibril formation. High protein concentration
can also result from external causes as is demonstrated by
dialysis related amyloidosis, where a high concentration
of B,-microglobulin leads to deposition of amyloid fibrils

(6). Moreover, amyloid fibril deposits have been observed
in patients with type II diabetes as well as after insulin
infusion and repeated injection (7, 8). It has been demon-
strated that material isolated from amyloid plaques can
be infectious (9). For example, in animal studies it has
been shown that material from isolated amyloid [ plaques
induce formation of amyloid deposits (10). Interestingly,
synthetic amyloid 3 peptide did not induce plaque for-
mation (10). Moreover, it has been demonstrated that
amyloidosis is transmissible (11), and that even syn-
thetic amyloid-like peptides can shorten the lag phase
for amyloidosis in mice, when the synthetic peptide was
given intravenously at the time of inflammatory induc-
tion with silver nitrate (12). These findings are of high
relevance as it has been shown that foods, such as foie
gras may contain amyloid materials (13). Moreover, it has
been demonstrated that ovalbumin may form amyloid-
like fibrils under food processing conditions (14). It is thus
likely that in our natural and cultural environment we are
surrounded by and probably ingest and inhale many dif-
ferent protein assemblies, which may act as a trigger for
amyloid fibril formation in a susceptible individual (11).
It should be pointed out, however, that currently little is
known about these effects in humans.

It should be noted that cases where amyloid struc-
tures have beneficial properties for their host organism
are known, and a wide variety of organisms, including
mammals, employ the amyloid structural motif for con-
structive purposes ranging from pigment synthesis to
secretion of material with the purpose of scaring off pred-
ators (1, 15-18). Misfolded proteins formed in vivo can thus
have both detrimental and beneficial properties for their
host organisms.

It is well known that proteins forming amyloid
plaques in vivo will under appropriate conditions undergo
aggregation processes in vitro resulting in structures com-
monly called amyloid-like fibrils. This opens up the pos-
sibility of probing the aggregation process in more detail
than is possible in vivo. It is thus well established that the
aggregation process involves a conformational change
of the protein. In aqueous solvent, globular proteins
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adopt a well-defined three dimensional structure — the
native state. As a general rule, in the native state hydro-
phobic amino acid residues will be buried in the protein
interior, whereas the surface is preferentially covered
by hydrophilic residues. Moreover, conformational con-
strains and hydrogen bonding favors the formation of
secondary structural elements o-helices, B-strands, and
reverse turns. Under denaturating conditions in vitro — for
example, high temperature or acidic pH — the native state
becomes unstable, and the protein will unfold, resulting
in the rearrangement of the protein into conformations
other than the native state. If this alternative conforma-
tion contains B-strands the protein may aggregate into
fiber-like geometries known as amyloid-like fibrils when
formed in vitro (1-3). These fibrils consist of polypeptide
chains forming cross B-sheets, with peptide strands ori-
ented perpendicularly to the fiber axis (1-3). Fibrils have
typical diameters of approximately 10 nm and lengths in
the micrometer range. The interactions mainly responsi-
ble for the aggregation of proteins into fibrils are hydrogen
bonding between B-strands as well as hydrophobic inter-
actions (3).

It is well established that amyloid fibril formation
shows characteristics of a nucleated growth mechanism,
with an initial lag phase followed by a rapid exponential
growth phase (1-3, 19). However, the actual mechanism
whereby the soluble protein is converted into amyloid-like
aggregates is highly complex. A general finding in agree-
ment with a nucleation mechanism is that the addition of
preformed amyloid material to a protein solution gener-
ally leads to a shortening of the lag phase (1-3). The capac-
ity of globular proteins to form amyloid related structures
is believed to be widely spread among proteins (1-3).

Apart from enabling mechanistic studies of protein
aggregation, protein aggregation processes in vitro are
a convenient way to form protein nanowires that have a
range of valuable properties, such as high mechanical
strength and attractive templating and gelation proper-
ties. Protein fibrils are therefore being considered for
various applications, for example, in nanotechnology (20,
21), drug delivery (22), or foods (23). Owing to the adverse
effects amyloid structures might have, especially when
considering that such materials could function as seeds
for amyloid formation in vivo, it is important to under-
stand the fate of such aggregates in vivo. One appealing
way would be to use magnetic resonance imaging (MRI),
for example, using magnetically labeled amyloid materi-
als prepared in vitro. MRI is an appealing technique due
to its non-invasive nature and imaging depth and high
spatial resolution. Nanoparticles are currently being
evaluated as tools for increased contrast enhancement
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(24-26). MRI of amyloid plaques in the brain is currently
heavily investigated (27-31) and attempts have been made
to image conditions related to various amyloidosis dis-
eases (32-35). Owing to the possibility of human exposure
to various amyloid-like materials, it would be valuable to
study the behavior of such materials in animal studies,
in order to increase our understanding of the fate of such
materials in vivo. Such research could benefit from the
use of magnetically labeled amyloid materials combined
with MRI. In this overview, we will discuss recent devel-
opments in the preparation of amyloid-like fibrils labeled
with magnetic nanoparticles. This labeling will be called
functionalization. Characterization of amyloid materials
is traditionally done with a variety of organic molecules
such as congo red and thioflavin T (1). Moreover, various
thiophene-based probes show high promise as probes for
the presence of amyloid materials (36). These molecules
have the common feature of a linear shape that enables
favorable interactions with the grooves of the pleated
[B-sheet present in fibrils. Much less is known regarding
functionalization of proteins with nanoparticles (37).
Much focus has been on studies regarding the influence
of nanoparticles on amyloid formation kinetics (38-47).
The influence of nanoparticles on amyloid formation
kinetics is complex (37-42). Many amyloidogenic pro-
teins interact strongly with surfaces. Accordingly, nano-
particles, which have large surface to volume ratios, are
efficient at interacting with such proteins (37). Various
nanoparticles have been shown to promote aggregation of
proteins into amyloid fibrils (40, 41); other nanoparticles
have been shown to inhibit amyloid formation (43); and
other nanoparticles do not significantly influence fibril-
lation kinetics (44, 46). Any observations may be gener-
ally rationalized in terms of competing phenomena. Thus,
interaction between a protein and nanoparticles will
lead to a decrease in concentration of the protein, which
slows down or inhibits fibril formation. However, interac-
tion with nanoparticles may also induce conformational
changes in proteins, which may lead to an acceleration of
protein aggregation (37, 42).

In this short overview, we will focus on composites
between amyloid-like fibrils and magnetic iron oxide
nanoparticles. Such nanoparticles can be prepared from
readily available precursors; moreover, a wide variety of
iron oxide nanoparticles are commercially available. A
schematic drawing illustrating different approaches for
functionalizing amyloids with nanoparticles is shown in
Figure 1. Most studies focus on the use of water-soluble iron
oxide nanoparticles. By preparing nanoparticles that will
interact strongly with amyloid materials, this approach
enables the preparation of novel composites between
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protein fibrils and magnetic nanoparticles. However, a
challenging aspect for amyloid detection based on mag-
netic nanoparticles is to design nanoparticles that will
bind to the amyloid structural motif selectively in the pres-
ence of other bioanalytes. By contrast, if this challenge is
met, this method will provide a powerful means to image
amyloid structures in vivo. An alternative approach is to
functionalize the protein with nanoparticles prior to fibril
formation, thereby enabling monitoring of the aggrega-
tion process of the protein by magnetic probes. Thus, this
overview will be divided into two sections depending on
the method of preparation of the amyloid-nanoparticle
material: one section focuses on the functionalization of
preformed amyloid-like fibrils by water-soluble nanopar-
ticles, this section also discusses fibrillation in the pres-
ence of water-soluble nanoparticles; the other section
focuses on other functionalization methods, where the
protein is functionalized prior to fibril formation. These
different methods are illustrated schematically in Figure 1.

Functionalization with water-
soluble nanoparticles

Mahmoudi and co-workers investigated the effect of
surface coating of iron oxide nanoparticles on amyloid 3
aggregation kinetics (42). Interestingly, they found that
whereas lower concentrations of nanoparticles inhibited
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Figure1 Schematic drawing of different methods for preparation of
functionalized amyloid-like fibrils.

(A) Amyloid-like fibrils are formed and then functionalized with
nanoparticles. (B) Protein and nanoparticles are mixed and the
protein aggregates in the presence of nanoparticles. (C) The protein
and hydrophobic nanoparticles are mixed prior to dissolving the
materials. Owing to the hydrophobic effect, the material stays
together during protein aggregation and forms an amyloid-like
material incorporating nanoparticles.
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fibrillation, a higher concentration increased the rate of
fibrillation. Moreover, they found that positively charged
nanoparticles promoted fibrillation to a higher degree
than negatively charged particles (42). Transmission elec-
tron microscopy (TEM) images demonstrate that amy-
loid-like fibrils are stained by nanoparticles. Bellova and
co-workers investigated the effect of electrostatically sta-
bilized Fe,0, nanopatrticles on the fibrillation of hen egg
lysozyme and found that nanoparticles inhibit amyloid
formation, and that they even could disassemble already
formed fibrils (43).

The interaction between maghemite iron oxide
nanoparticles and amyloid fibrils, as well as the influ-
ence of iron oxide nanoparticles on protein aggregation
was investigated by Skaat and co-workers (44). Human
insulin amyloid-like fibrils were prepared by heating
protein at 65°C at pH 1.6. The resulting fibrils were then
treated with magnetic nanoparticles, which resulted in
efficient coverage of fibrils by nanoparticles. The authors
also investigated the effect of nanoparticles on fibrilla-
tion kinetics and showed that no significant influence
on fibrillation kinetics was obtained. The interaction of
preformed fibrils and iron oxide nanoparticles was dem-
onstrated by TEM images. Moreover, the authors demon-
strated by cryo-TEM that the aggregate between fibers
and nanoparticles exist in solution and is not an artifact
from drying of the sample on the TEM grid. The authors
demonstrated the magnetic separation of such magneti-
cally labeled materials by magnetic fields. Skaat and co-
workers also prepared fluorinated core shell iron oxide
nanoparticles and found that these particles slowed
down fibrillation kinetics of insulin (45). Moreover, Skaat
and co-workers have prepared fluorescent maghemite
nanoparticles (due to the inclusion of fluorescent dyes in
nanoparticles), which were used as multimodal imaging
agents for detection of amyloid B aggregation (46).
Again, it was found that nanoparticles have no effect on
the kinetics of amyloid 3 aggregation. The nanoparticles
stained amyloid-like fibrils efficiently as demonstrated
by TEM images and fluorescence microscopy. Examples
are shown in Figure 2.

For imaging applications where the magnetically
labeled amyloid-like fibrils are to be used as models that
allow monitoring of amyloid materials, it is desirable to
have strong non-reversible interactions between nano-
particles and amyloid-like fibrils. Otherwise, nanoparti-
cles may dissociate from the amyloid structure, resulting
in non-labeled materials. Therefore, it is appealing to
prepare structures where amyloidogenic proteins or the
corresponding antibodies are conjugated to nanoparti-
cles. For example, Skaat and co-workers have prepared
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Figure 2 TEM and fluorescence microscopy images of amyloid-like fibrils labeled with fluorescent magnetic nanoparticles.
(A) TEM image of amyloid B fibrils. (B) TEM image of amyloid  fibrils stained with magnetic nanoparticles. (C) Fluorescence microscope
image of fibrils stained with multimodal nanoparticles. (D) Corresponding microscope image. Reproduced, with permission from Elsevier,

from (46).

fluorescently labeled iron oxide nanoparticles conju-
gated to amyloid B (47). They investigated the influence
of such nanoparticles on the aggregation of amyloid B
and found that nanoparticles accelerate fibril formation.
The resulting aggregates were characterized by TEM and
fluorescence microscopy, demonstrating the formation
of amyloid materials incorporating nanoparticles. By
attaching a short peptide sequence, corresponding to a
hydrophobic domain in amyloid B, to the nanoparticles,
they could slow down amyloid formation. Again, these
reported materials may enable monitoring of protein
aggregates or protein aggregation in vivo by MRL In a
study by Wadghiri and co-workers, amyloid § was conju-
gated to iron oxide nanoparticles (48). The authors could
use these nanoparticles to image amyloid plaques by
means of uMRI. Moreover, Sillerud and co-workers could
show that conjugation of an anti-amyloid 3 antibody to
iron oxide nanoparticles enabled binding of nanopar-
ticles and contrast enhanced imaging of Alzheimer’s
amyloid plaques (49).

Functionalization with hydrophobic
nanoparticles

Another method to prepare proteins functionalized with
nanoparticles is to employ hydrophobic nanoparticles
capped with alkyl chains such as oleic acid (50). The com-
bination of such materials with hydrophilic proteins seems
problematic due to the orthogonal solubility of nanoparti-
cles and proteins. Globular proteins are, of course, hydro-
philic and soluble in aqueous media; by contrast, hydro-
phobic nanoparticles are naturally insoluble in aqueous
media. However, this orthogonal solubility can be turned
to an advantage by utilizing a mechanochemical approach
(50, 51). By mixing the proteins and hydrophobic material
in solid form, prior to addition of solvent, a composite
material can be formed. When dissolved in aqueous acid
and heated, this material still assembled into amyloid-
like structures (50). Owing to the hydrophobic effect, the
hydrophobic material remains associated with protein
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molecules throughout the aggregation process, thereby
ending up associated with amyloid-like structures. To
prepare insulin fibrils incorporating iron oxide nanopar-
ticles, bovine insulin was mixed with a toluene solution
of iron oxide nanoparticles, and the mixture was gently
ground while the toluene evaporated. This was followed
by grinding for an additional 5 min. Upon addition of
25 mMm HCI, a rust-colored solution was obtained that
formed fibrillar materials when heated. The functionali-
zation method is extremely facile; however, a drawback is
an irregular distribution of the nanoparticles in the result-
ing protein materials. In Figure 3A is shown a TEM image
of a sample not fibrillated, which shows an irregular dis-
tribution of protein and nanoparticles. By contrast, the
TEM image of the heated sample (Figure 3B) shows fibril-
lar material, with an irregular distribution of nanoparti-
cles within the fibers. The fibers have an unusually wide
diameter and seem to display a high degree of branching.
However, the fibrils can be stained by thioflavin T, which
demonstrates their amyloid character. The materials were
also characterized by electron tomography, which dem-
onstrated the location of the nanoparticles within the
protein fibrils (Figure 3C, D).
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For the utilization of these materials for MRI appli-
cations, it is important to know their magnetic relaxa-
tion properties. Accordingly, the resulting materials were
investigated regarding magnetic resonance properties.
These measurements demonstrated that relaxation time is
influenced by the protein aggregation state. Thus, a com-
parison of the relaxation times for non-aggregated and
aggregated solutions showed that transverse relaxivity r,
increased from 52 s/mM to 152.4 s/mM, whereas longitudi-
nal relaxivity r, remained largely unaffected (50).

Owing to the facile preparative method, it should be
possible to prepare amyloid-like materials labeled with,
for example, both magnetic nanoparticles and fluorescent
molecules, by combining the two approaches demon-
strated in Refs. (50) and (51).

Summary and outlook

There has been a growing interest in developing methods
to visualize amyloid plaques in vivo in mice by MRI, using
methods that could eventually be applied to humans

Figure 3 TEM and electron tomography images of investigated materials.

(A) TEM image of a non-fibrillated sample of bovine insulin grinded with iron oxide. (B) Corresponding image of the fibrillated material.

(C) Electron tomography image of high contrast area (imaged in red), corresponding to nanoparticles. (D) Electron tomography image with
a lower contrast threshold, showing protein material in gray. The image in (C) is overlaid, demonstrating that the nanoparticles are residing
within the protein material. Reproduced, with permission from Elsevier, from (50).
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(48). MRI has a high spatial resolution which may allow
for detection of early stages of amyloid deposition, which
would enable early diagnosis and treatment. It is thus of
great interest to prepare magnetic probes such as mag-
netic nanoparticles for amyloid detection. A variety of
methods exist to prepare amyloid-like materials labeled
with magnetic nanoparticles. One method involves the
use of water-soluble nanoparticles that interact with
amyloidogenic proteins or protein aggregates. Such nano-
particles are appealing to use as magnetic probes for the
presence of amyloid plaques, which could in principle
enable efficient MRI of amyloid deposits in vivo. However,
at present it is challenging to achieve selective binding of
magnetic nanoparticles to amyloid plaques in a biological
setting. If magnetic nanoparticles coated with substitu-
ents that enable selective binding to amyloid plaques
can be developed, this technique would be appealing for
diagnosis of amyloid plaques by MRI (48). By contrast,
with magnetic nanoparticles discussed in this overview
such selective interactions between amyloid plaques and
magnetic nanoparticles are difficult to achieve. Therefore,
an alternative approach is to use amyloid-like materials

References

1. Chiti F, Dobson CM. Protein misfolding, functional amyloid and
human disease. Annu Rev Biochem 2006; 75: 333-66.

2. Eisenberg D, Jucker M. The amyloid state of proteins in human
diseases. Cell 2012; 148: 1188-203.

3. Nelson R, Eisenberg D. Structural models of amyloid-like fibrils.
Adv Protein Chem 2006; 73: 235-82.

4, Haass C, Selkoe DJ. Soluble protein oligomers in neurodegen-
eration: lessons from Alzheimer’s amyloid B-peptide. Nat Rev
Mol Cell Biol 2007; 8: 101-12.

5. Merlini G, Bellotti V. Molecular mechanism of amyloidosis. N
Engl) Med 2003; 349: 583-96.

6. Heegaard NH. ,-Microglobulin: from physiology to amyloidosis.
Amyloid 2009; 16: 151-73.

7. Dische FE, Wernstedt C, Westermark GT, Westermark P, Pepys
MB, Rennie JA, Gilbey SG, Watkins P). Insulin as an amyloid-
fibril protein at sites of repeated insulin injections in a diabetic
patient. Diabetologia 1988; 31: 158-61.

8. Yumlu S, Barany R, Eriksson M, Rocken C. Localized insulin-
derived amyloidosis in patients with diabetes mellitus: a case
report. Hum Pathol 2009; 40: 1655-60.

9. Soto C. Transmissible proteins: expanding the heresy. Cell
2012; 149: 968-77.

10. Eisele YS, Obermiiller U, Heilbronner G, Baumann F, Kaeser
SA, Wolburg H, Walker LC, Staufenbiel M, Heikenwalder M,
Jucker M. Peripherally applied AB-containing inoculates induce
cerebral B-amyloidosis. Science 2010; 330: 980-2.

11. Westermark GT, Westermark P. Serum amyloid A and protein AA:
molecular mechanisms of a transmissible amyloidosis. FEBS
Lett 2009; 583: 2685-90.

DE GRUYTER

prelabeled with magnetic nanoparticles that can be used
for mechanistic studies. Assuming that the magnetically
labeled amyloid-like structures have similar properties to
non-labeled amyloid materials, such studies can provide
information on the fate of amyloid structures in vivo, using
non-invasive MRI. For example, labeled material could be
used in animal studies providing information on the fate
of ingested amyloid materials (13). Magnetic nanoparticles
covalently attached to amyloid-like structures are suitable
for such applications. Another example of a suitable mate-
rial is amyloid-like fibrils labeled with hydrophobic nano-
particles (50). Such materials are readily prepared from
commercially available starting materials and are thus
efficient to use for proteins available in large quantities.

Acknowledgments: Financial support from the Swedish
Research Council (VR) and the Royal Swedish Academy
of Sciences (KVA) is gratefully acknowledged, as is all co-
workers, whose names appear in the references, for their
contributions to the work described.

Received March 18, 2013; accepted May 15, 2013

12. Westermark P, Lundmark K, Westermark GT. Fibrils from
designed non-amyloid-related synthetic peptides induce
AA-amyloidosis during inflammation in an animal model. PLOS
ONE 2009; 4: e6041.

13. Solomon A, Richey T, Murphy CL, Weiss DT, Wall JS, Westermark
GT, Westermark P. Amyloidogenic potential of foie gras. Proc
Natl Acad Sci USA 2007; 104: 10998-1001.

14. Pearce FG, Mackintosh SH, Gerrard JA. Formation of amyloid-like
fibrils by ovalbumin and related proteins under conditions
relevant to food processing. ] Agric Food Chem 2007; 55:
318-22.

15. Fowler DM, Koulov AV, Balch WE, Kelly JW. Functional amyloid —
from bacteria to humans. Trends Biochem Sci 2007; 32: 217-24.

16. Fowler DM, Koulov AV, Alory-Jost C, Marks MS, Balch WE, Kelly
JW. Functional amyloid formation within mammalian tissue.
PLOS Biol 2006; 4: e6.

17. Iconomidou VA, Vriend G, Hamodrakas SJ. Amyloids protect the
silkmoth oocyte and embryo. FEBS Lett 2000; 479: 141-5.

18. Fudge DS, Gardner KH, Forsyth VT, Riekel C, Gosline JM. The
mechanical properties of hydrated intermediate filaments:
insights from hagfish slime threads. Biophys ] 2003; 85:
2015-27.

19. Yoshimura, LinY, Yagi H, Lee YH, Kitayama H, Sakurai K, So M,
Ogi H, Naiki H, Goto Y. Distinguishing crystal-like amyloid fibrils
and glass-like amorphous aggregates from their kinetics of
formation. Proc Natl Acad Sci USA 2012; 109: 14446-51.

20. Knowles TP, Buehler MJ. Nanomechanics of functional and
pathological amyloid materials. Nat Nanotechnol 2011; 6:
469-79.



DE GRUYTER

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Cherny I, Gazit E. Amyloids: not only pathological agents but
also ordered nanomaterials. Angew Chem Int Ed 2008; 47:
4062-9.

Maji SK, Schubert S, Rivier C, Lee S, Rivier JE, Riek R. Amyloid
as a depot for the formulation of long-acting drugs. PLOS Biol
2008; 6: 240-52.

Kroes-Nijboer A, Venema P, van der Linden E. Fibrillar structures
in food. Food Funct 2012; 3: 221-7.

Riimenapp C, Gleich B, Haase A. Magnetic nanoparticles in
magnetic resonance imaging and diagnostics. Pharm Res 2012;
29:1165-79.

Ahrén M, Selegard L, Klasson A, Soderlind F, Abrikossova

N, Skoglund C, Bengtsson T, Engstrom M, Kall PO, Uvdal

K. Synthesis and characterization of PEGylated Gd,0,
nanoparticles for MRI contrast enhancement. Langmuir 2010;
26:5753-62.

Petoral RM Jr, Soderlind F, Klasson A, Suska A, Fortin MA,

Kall PO, Engstrom M, Uvdal K. Synthesis and characterization
of Tb** doped Gd,0, nanocrystals: a bifunctional material

with combined fluorescent labeling and MRI contrast agent
properties. ) Phys Chem C 2009; 113: 6913-20.

Petiet A, Dhenain M. Improvement of microscopic MR imaging
of amyloid plaques with targeting and non-targeting contrast
agents. Curr Med Imaging Rev 2011; 7: 8-15.

Braakman N, van Buchem MA, Schliebs R, de Groot HJ, Alia A.
Recent advances in visualizing Alzheimer’s plaques by magnetic
resonance imaging. Curr Med Imaging Rev 2009; 5: 2-9.
Higuchi M, lwata N, Matsubo Y, Sato K, Sasamoto K, Saido

TC. F and 'H MRI detection of amyloid  plaques in vivo. Nat
Neurosci 2005; 8: 527-33.

Petiet A, Santin M, Bertrand A, Wiggins CJ, Petit F, Houitte

D, Hantraye P, Benavides J, Debeir T, Rooney T, Dhenain M.
Gadolinium-staining reveals amyloid plaques in the brain

of Alzheimer’s transgenic mice. Neurobiol Aging 2012; 33:
1533-44.

Kim JH, Ha TL, Im GH, Yang ], Seo SW, Lee IS, Lee JH. Magnetic
resonance imaging of amyloid plaques using hollow manganese
oxide nanoparticles conjugated with antibody a1-40 in a
transgenic mouse model. Neuroreport 2013; 24: 16-21.

Leung N, Nasr SH, Sethi S. How | treat amyloidosis: the
importance of accurate diagnosis and amyloid typing. Blood
2012; 120: 3206-13.

Mainenti PP, Segreto S, Mancini M, Rispo A, Cozzolino I, Masone
S, Rinaldi CR, Nardone G, Salvatore M. Intestinal amyloidosis:
two cases with different patterns of clinical and imaging
presentation. World ) Gastroenterol 2010; 16: 2566-70.
Asaumi J, Yanagi Y, Hisatomi M, Konouchi H, Kishi K. CTand MR
imaging of localized amyloidosis. Eur ) Radiol 2001; 39: 83-7.
Escobedo EM, Hunter JC, Zink-Brody GC, Andress DL. Magnetic
resonance imaging of dialysis-related amyloidosis of the
shoulder and hip. Skeletal Radiol 1996; 25: 41-8.

Nilsson KP, Aslund A, Berg I, Nystrom S, Konradsson P, Herland
A, Ingands O, Stabo-Eeg F, Lindgren M, Westermark GT, Lannfelt
L, Nilsson LN, Hammarstrom P. Imaging distinct conformational
states of amyloid-f fibrils in Alzheimer’s disease using novel
luminescent probes. ACS Chem Biol 2007; 2: 553-60.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51

N. Solin: Amyloid-like fibrils labeled with magnetic nanoparticles =—— 431

Shemetov AA, Nabiev I, Sukhanova A. Molecular interaction of
proteins and peptides with nanoparticles. ACS Nano 2012; 6:
4585-602.

Cabaleiro-Lago C, Quinlan-Pluck F, Lynch I, Dawson KA, Linse
S. Dual effect of amino modified polystyrene nanoparticles

on amyloid B protein fibrillation. ACS Chem Neurosci 2010; 1:
279-87.

Cabaleiro-Lago C, Szczepankiewicz O, Linse S. The effect of
nanoparticles on amyloid aggregation depends on the protein
stability and intrinsic aggregation rate. Langmuir 2012; 28: 1852-7.
Linse S, Cabaleiro-Lago C, Xue WF, Lynch I, Lindman S, Thulin
E, Radford SE, Dawson KA. Nucleation of protein fibrillation by
nanoparticles. Proc Natl Acad Sci USA 2007; 104: 8691-6.

Wu WH, Sun X, Yu YP, HuJ, Zhao L, Liu Q, Zhao YF, Li YM. TiO,
nanoparticles promote -amyloid fibrillation in vitro. Biochem
Biophys Res Commun 2008; 373: 315-8.

Mahmoudi M, Quinlan-Pluck F, Monopoli MP, Sheibani S,
Hojatollah V, Dawson KA, Lynch I. Influence of the physio-
chemical properties of superparamagnetic iron oxide
nanoparticles on amyloid B protein fibrillation in solution. ACS
Chem Neurosci 2013; 4: 475-85.

Bellova A, Bystrenova E, Koneracka M, Kopcansky P, Valle F,
Tomasovicova N, Timko M, Bagelova J, Biscarini F, Gazanova
Z. Effect of Fe,0, magnetic nanoparticles on lysozyme amyloid
aggregation. Nanotechnology 2010; 21: 065103.

Skaat H, Sorci M, Belfort G, Margel S. Effect of maghemite
nanoparticles on insulin amyloid fibril formation: selective
labeling, kinetics, and fibril removal by a magnetic field. |
Biomed Mater Res A 2008; 91A: 342-51.

Skaat H, Belfort G, Margel S. Synthesis and characterization
of fluorinated magnetic core-shell nanoparticles for inhibition
of insulin amyloid fibril formation. Nanotechnology 2009; 20:
225106.

Skaat H, Margel S. Synthesis of fluorescent-maghemite
nanoparticles as multimodal imaging agents for amyloid-§
fibrils detection and removal by a magnetic field. Biochem
Biophys Res Commun 2009; 386: 645-9.

Skaat H, Shafir G, Margel S. Acceleration and inhibition of
amyloid- fibril formation by peptide-conjugated fluorescent
maghemite nanoparticles. ) Nanopart Res 2011; 13: 3521-34.
Wadghiri YZ, Li J, Wang ], Hoang DM, Sun Y, Xu H, Tsui W,

LiY, Boutajangout A, Wang A, de Leon M, Wisniewski T.
Detection of amyloid plaques targeted by bifunctional USPIO in
Alzheimer’s disease transgenic mice using magnetic resonance
microimaging. PLOS ONE 2013; 8: e57097.

Sillerud LO, Solberg NO, Chamberlain R, Orlando RA, Heidrich
JE, Brown DC, Brady Cl, Vander Jagt TA, Garwood M, Vander
Jagt DL. SPION-enhanced magnetic resonance imaging of
Alzheimer’s disease plaques in AbPP/PS-1transgenic mouse
brain. ] Alzheimer’s Dis 2013; 34: 349-65.

Andersson BV, Skoglund C, Uvdal K, Solin N. Preparation

of amyloid-like fibrils containing magnetic iron oxide
nanoparticles: effect of protein aggregation on proton relaxivity.
Biochem Biophys Res Commun 2012; 419: 682-6.

Rizzo A, Ingands O, Solin N. Preparation of phosphorescent
amyloid-like protein fibrils. Chem Eur ) 2010; 16: 4190-5.



432 —— N. Solin: Amyloid-like fibrils labeled with magnetic nanoparticles

Niclas Solin received his PhD in 2004 from Stockholm University,
under the guidance of Prof. Kalman J. Szabd, investigating
palladium catalyzed organic synthetic methods. This was followed
by postdoctoral studies in the group of Prof. Eiichi Nakamura at The
University of Tokyo. He is currently Associate Professor in the
Biomolecular and Organic Electronics Group at Linképing University,
investigating novel methodology for materials preparation based

on self-assembly of proteins, as well as applications of the resulting
structures in materials science.

DE GRUYTER



