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ABSTRACT We report on the synthesis and magnetic-responsive

behavior of hybrids formed by dispersing negatively charged iron oxide 5 C
(Fes0,) magnetic nanoparticles in positively charged [-lactoglobulin
protein solutions at acidic pH, followed by heating at high temperatures.
Depending on the pH used, different hybrid aggregates can be obtained,
such as nanoparticle-modified amyloid fibrils (pH 3) and spherical
nanodusters (pH 4.5). We investigate the effect of magnetic fields of
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varying strengths (0—>5 T) on the alignment of these Fe;0,-modified amyloid fibrils and spherical nanoclusters using a combination of scattering, birefringence and

microscopic techniques and we find a strong alignment of the hybrids upon increasing the intensity of the magnetic field, which we quantify via 2D and 3D order

parameters. We also demonstrate the possibility of controlling magnetically the sol —gel behavior of these hybrids: addition of salt (NaCl, 150 mM) to a solution

containing nanoparticles modified with /3-lactoglobulin amyloid fibrils (2 wt % fibrils modified with 0.6 wt % Fe;0, nanoparticles) induces first the formation of a

reversible gel, which can then be converted back to solution upon application of a moderate magnetic field of 1.1 T. These hybrids offer a new appealing functional

colloidal system in which the aggregation, orientational order and rheological behavior can be efficiently controlled in a purely noninvasive way by external

magnetic fields of weak intensity.

KEYWORDS: f-lactoglobulin amyloid fibrils - microgels - nanoclusters - hybrid iron-oxide protein aggregates - alignment -
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evelopment of bioinorganic hybrid
D nanomaterials' with advanced prop-
erties and improved performance?
is receiving considerable interest due to
the possibility to achieve biocompatibility>*
and to trigger novel nanotechnological
applications.>® Special interest has been
devoted to biotemplated magnetic nano-
materials’® due to their potential use® in
medical diagnostics'®'" as contrast agents,'?
biosensing agents'> and therapeutic agents,'*
but also due to their relevance in high-density
data storage units.' In particular, magnetic
hybrids offer the possibility to achieve high
spatial order and alignment,'® which is a highly
desirable feature in several applications."”'®
For example, aligned ZnO nanowire arrays'®
and liquid crystalline arranged CdSe® nano-
rods can produce stable and continuous direct
current output, whereas aligned carbon nano-
tubes have been shown to improve the overall
mechanical properties of hybrid materials.'
Several techniques and strategies®? have
been considered to achieve high spatial
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alignment of hybrid nanostructures,>** such
as physical and chemical vapor deposition
techniques,? biorecognition,?® orientation
growth on substrates,>” exploitation of liquid
crystalline or fluidic interactions, Langmuir—
Blodgett®® transfer and exposure to external
electric®® and magnetic fields.3**" Within all
these techniques, the alignment induced by
an external applied magnetic field is highly
preferable in several aspects, as this can be, at
the same time, noninvasive in nature, of low
cost, and relatively easy to be implemented.
However, due to the low magnetic suscept-
ibility of organic matter,*? inorganic magnetic
nanoparticles® often have to be attached to
the starting constituents in order to generate
improved response to magnetic fields.>* 3¢
External magnetic fields can also be used
in combination with other techniques to
produce three-dimensional alignment of bio-
inspired nanohybrids. For example, Reches
et al. demonstrated that external magnetic
fields can control the horizontal alignment
of aromatic peptide nanotubes noncovalently
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Figure 1. Schematic illustration of the preparation of magnetic-responsive amyloid fibrils and spherical nanoclusters, and their
alignment in presence of a magnetic field. (a) 5-Lactoglobulin protein monomers. (b) Magnetic Fe30, nanoparticles. (c) Formation
of nanoparticle-modified spherical nanoclusters at pH 4.5; corresponding TEM image. (d) Self-assembly of the protein monomers
and Fe30, nanoparticles into nanoparticle-modified amyloid fibrils; corresponding AFM image. Alignment of (e) nanoparticle
modified spherical nanoclusters and (f) the amyloid fibrils after application of the magnetic field (B). (g) Gel formation after addition
of NaCl to the nanoparticle modified amyloid fibrils and their (h) reversible solution transition with application of magnetic field.

bonded to ferrofluids and vertical aligned peptide
nanoforest growth achieved by chemical vapor de-
position method.?

p-Lactoglobulin contains a diverse complement of
amino acids, making it a versatile protein for the
directed synthesis of hybrid gold,*” titanium dioxide>®
and magnetic inorganic structures.®® Here, we dis-
cuss the synthesis of a new type of bioinspired
hybrids, consisting of FesO, magnetic nanoparticles
and fS-lactoglobulin protein aggregates, the latter in
the form of either amyloid fibrils or spherical nanoclusters.
Mixing the negatively charged magnetic nanoparticles
and positively charged protein solution causes the
electrostatic complexation of nanoparticles and pro-
teins, which after heating of the solution at acidic pH
undergo unfolding and aggregation. The pH of the
solution settles the final structure of the self-assembled
bioinorganic hybrid aggregates. Fes0, magnetic nano-
particle-modified amyloid fibrils are formed at pH 3,
whereas Fe;0, magnetic nanoparticle-modified sphe-
rical nanoclusters are obtained at pH 4.5. We then show
that these self-assembled magnetic biohybrids can be
aligned in three dimensions by magnetic fields as low
as 0.1 T. We study in detail the orientational order of
these hybrids at increasing magnetic fields by small
angle neutron scattering (SANS), birefringence, optical
and atomic force microscopy (AFM) techniques. We
also show the possibility of magnetically and reversibly
controlling the sol—gel behavior*®*' of these hybrids:
with the addition of 150 mM NaCl salt to the Fe;0,4-
nanoparticle modified amyloid fibrils, the system under-
goes a sol—gel transition due to the screened electro-
static repulsion among fibrils and the dominating behavior
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of hydrophobic attractions.** However, upon application
of 1.1 T to the gel, the amyloid fibrils align, inducing a
backward gel—sol transition, which can again be sup-
pressed when the magnetic field is released. Thus, the
present system offers a new type of bioinspired hybrids in
which the collective colloidal behavior and corresponding
rheological properties can be controlled reversibly and
noninvasively by an external magnetic field.

RESULTS AND DISCUSSION

Figure 1 summarizes the preparation of the nano-
particle-modified spherical nanoclusters, and amyloid
fibrils together with their alignment and gel-to-solu-
tion transition in presence of a magnetic field. Initially,
mixing f3-lactoglobulin protein monomers (Figure 1a)
with magnetic nanoparticles (Figure 1b) causes the
formation of electrostatic complexes. A combination of
heat treatment and acidic pH induces protein dena-
turation and aggregate formation. The structure of the
aggregates could be fine-tuned by varying pH and
temperature. At pH 4.5, magnetic nanoparticles mod-
ified spherical nanoclusters formed after 15 min of heat
treatment at 55 °C (see Figure 1c for a schematic and
corresponding TEM image). At pH 3, magnetic nano-
particles modified amyloid structures formed after 5 h
of heat treatment at 90 °C (see Figure 1d for a sche-
matic and corresponding AFM image). The ratio of
protein/nanoparticles in both the fibrils and the sphe-
rical aggregates can be altered by varying the initial
weight fractions of the two components. As it will be
shown later in this manuscript, both hybrid structures
have ability to align in the direction of magnetic field
(Figure 1e/f). Below, we discuss the main results by the
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Figure 2. Optical microscopy images of the nanoparticle-modified 3-lactoglobulin spherical nanoclusters formed at 2 wt %
protein concentration and pH 4.5 and their alignment after application of a horizontal 0.1 T magnetic field after a time of
(@) 0s, (b)30s,(c) 505, (d) 70 s, (e) 100 s. (f) Variation of the 2D order parameter and average contour length of clusters versus

time of exposure to the external magnetic field.

class of hybrid aggregates. Additionally, the magnetic
nanoparticle-modified amyloid fibrils undergo reversi-
ble gel (Figure 1g, addition of NaCl) to solution transi-
tion (Figure 1h) after application of a magnetic field.

Nanoparticle-Modified Spherical Nanoclusters. Hybrid na-
noparticle clusters can be synthesized following a
multitude of techniques.**~*° In this section, we describe
the process leading to protein-templated FesO4-3-
lactoglobulin nanoclusters and their magnetic-respon-
sive properties. In a typical composition, the hybrid
Fes0, nanoparticle-modified spherical nanoclusters were
synthesized by incubating 0.6 wt % of the 10 nm size
anionic Fe304 nanoparticles (see Figure S1 of the
Supporting Information) with 2 wt % of the f3-lactoglo-
bulin protein monomers at pH 4.5. The protein
[-lactoglobulin undergoes microgel-like aggregation
near the isoelectric point (pH 5.1),*? leading, when
heated at pH 4.5 and 55 °C for 15 min, to the final
nanoparticle mediated spherical hybrid nanoclusters
schematized in Figure 1 and shown in Figure 2a. The
size of the cluster depends on the protein concentration
as well as the nanoparticles concentration: at the
P-lactoglobulin concentration of 2 wt %, the hybrid cluster
is above 1 um in size. These protein-based ferrofluids are
very stable for several weeks and no precipitation, nor
aggregation, is observed under rest conditions.

Figure 2b—e shows the colloidal behavior of the
spherical hybrid nanoclusters in presence of an exter-
nal magnetic field as observed by optical microscopy.
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Figure 2b clearly shows that the horizontal application
of the external magnetic field of 0.1 T already after 30 s
causes the self-assembling of nanoclusters to longer
chain-like clusters, perfectly aligned in the field direc-
tion. A video in the Supporting Information shows the
real-time growth and alignment of the magnetic na-
noclusters in presence of the magnetic field. The snap-
shots of the video at the various times of 0, 30, 50, 70,
and 100 s are shown in Figure 2, panels a, b, ¢, d, and e,
respectively. Within a very short time, a perfect align-
ment is reached and the only notable effect with time is
that the length of the clusters keeps increasing steadily
from the micrometers to the millimeter range. The 2D
order parameter of the cluster strings is calculated from
the optical images using the equation S,p=(2 cos* © — 1),
where O is the angle between any specific aggregate
string and the mean orientation director  and the
bracket denotes an average over all observations. The
2D order orientation parameter reaches the extremely
high value of 0.99 within a few decades of seconds,
indicating a nearly perfect orientational order. Inter-
estingly, the removal of the magnetic field causes the
destruction of the alignment and redispersion of the
initial individual nanoclusters into a random colloidal
dispersion, indicating complete reversibility of the
process (see Supporting Information Figure S2).

The alignment of the spherical nanoclusters is pos-
sible in all the three-dimensional magnetic field direc-
tions as shown in Figure 3. While Figures 3a and 3b
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Figure 3. Optical microscopy images showing the alignment of the f-lactoglobulin Fe30, nanoparticle modified hybrid
spherical nanoclusters by applying a magnetic field of 0.1 T in (a) horizontal direction, (b) vertical direction and (c)
perpendicularly to the substrate plane.

Intensity [a.u.]

Azimuthal Angle [deg]

Figure 4. (a) TEM image of the nanoparticle modified spherical nanoclusters formed using 0.2 wt % of -lactoglobulin and pH 4.5. (b)
Optical microscope image of the alignment of the hybrid spherical nanoclusters along the vertically applied magnetic field. (c) SANS
of the nanoparticle modified spherical nanoclusters without magnetic field. (d) SANS in presence of 0.1 T magnetic field. () SANS in
presence of 3 T magnetic field. (f) SANS intensities as a function of the azimuthal angle at 0, 0.1, and 3 T magnetic fields, respectively.

show the alignment produced applying a magnetic
field of 0.1 T in the horizontal and vertical direction,
respectively, these nanoclusters can also align perpen-
dicular to the plane of the substrate, as shown in
Figure 3c, when the magnetic field is applied along
this direction. In Figure 3¢, a slight tilt from 90° is
applied for visualization purposes. The corresponding
image for a perfectly aligned magnetic field at 90° is
given in the Supporting Information as Figure S3,
where only point-like clusters are visible. Figure S4 of
the Supporting Information shows the alignment of
B-lactoglobulin spherical nanoclusters formed at the
slightly different concentration of 1 wt % protein ex-
posed at a magnetic field strength of 0.1 T.

Figure 4 shows the case of spherical hybrid na-
noclusters obtained at the much lower protein con-
centration of 0.2 wt % and their alignment after
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application of magnetic fields of different strengths.
The hybrid structure is first analyzed using TEM: in
Figure 4a, it can clearly be observed that the Fes0,
nanoparticles are self-assembled within the protein
nanoclusters, the latter being polydisperse in size with
an average diameter of 100 nm. Additional TEM images
are shown in Supporting Information (Figure S5). Thus,
the size obtained for the nanoparticle-modified sphe-
rical nanoclusters at 0.2 wt % f-lactoglobulin protein
concentration is much smaller compared to the corre-
sponding hybrids prepared at 2 wt % protein, illustrat-
ing how the aggregate structure and size depend
directly on the initial protein concentration. The optical
microscopy image in Figure 4b shows that these
smaller nanoclusters still align efficiently upon application
of the magnetic field of intensity 0.1 T, following a
mechanism analogous to what is observed for the
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larger spherical nanoclusters (Figure 3). Similar to the
larger homologues, these structures relax to the iso-
tropic fluid after removing the magnetic field. We then
studied the effect of magnetic field intensity on
the alignment of the magnetic nanoparticle modified
spherical nanoclusters structures at much smaller
length scales and in 3D using SANS. For the SANS
measurements, the field was applied only in the hor-
izontal direction. The orientations of the structures
were investigated at the different magnetic field in-
tensities of 0.1 and 3 T. SANS is advantageous to
investigate Fe30,-nanoparticles mediated alignment be-
cause the scattering length of the Fe30, nanoparticles
is similar to that of the background solvent D,0,% so
that a contrast matching is realized and we obtain the
main scattering intensity primarily from the protein
aggregate structures.

The SANS intensity is isotropic without applying the
magnetic field, as shown in Figure 4c, where the
corresponding 2D SANS profile is given. The corre-
sponding scattering intensity, averaged radially be-
tween scattering vectors of 0.07 and 0.25 nm™~' and
plotted as a function of the azimuthal angle, confirms
isotropic alignment of the aggregates, as shown in
Figure 4f. The SANS measurement of the same sample
is then measured after applying 0.1 T magnetic field, as
shown in Figure 4d. The scattering intensity changes
from isotropic to anisotropic in presence of the mag-
netic field, as revealed by the anisotropic scattering
profile, where two polar maxima indicate orientation of
the clusters in the horizontal axis, i.e., parallel to the applied
magnetic field. The magnetic field strength is then further
increased to 3 T and the corresponding SANS 2D diffrac-
togram is shown in Figure 4e, whereas the radially
averaged scattering intensity versus azimuthal angle is
given at the different magnetic field strengths in Figure 4f.
Therefore, it can clearly be concluded that an increase in
intensity of the magnetic field induces the distribution of
the scattered intensity to becomes progressively more
peaked, witnessing an increased orientation in the mag-
netic field direction. The radially averaged intensities and
the quality of the alignment were further quantified by
extracting the 3D orientation order parameter by:*’

/2
/ 1(®)(3cos’O — 1)sin@®9O
S3p = g =7 (M
/ 1(©)sin@sO
0

The 3D orientation order parameter quantified in eq 1
is found to have a value of 042 at the magnetic field of
0.1T; however, the order parameter increases to 0.68 when
the magnetic field intensity is increased to 3 T, confirming,
quantitatively that the level of order can be controlled
directly by the intensity of the applied magnetic field.

Nanoparticle-Modified Amyloid Fibrils. We then investi-
gated the effect of exposure to an external magnetic
field on the nanoparticle-modified amyloid fibrils.

BOLISETTY ET AL.

Figure 5. AFM images of iron nanoparticles modified amy-
loid fibrils: (a) without applying the magnetic field and (b)
after applying the external magnetic field of 1.1 T for 120 s.

Protein fibrils are well-known to undergo, with increas-
ing concentration, a first order thermodynamic transi-
tion from an isotropic to a nematic phase. This tran-
sition is purely ruled by excluded volume interactions;
at higher concentrations, a sol—gel transition is ob-
served. Our previous reports have investigated in detail
these transitions at different fibril contour lengths, pH
and ionic strengths.*>*® Here we are primarily centering
the study on the role that the magnetic field plays on their
alignment; for this reason, we chose to work, in most of
the results presented below, just underneath the isotropic—
nematic transition, which in these thick fibril is expected at
protein fibrils concentration above 0.3 wt %:*?

The nanoparticle-modified amyloid fibrils were pre-
pared in a similar procedure as that followed for the
spherical nanoclusters, by mixing -lactoglobulin and
magnetic nanoparticles prior to heating. However, in
this case, the solution is maintained at pH 3 and heated
at 90 °C for 5 h. The low acidic pH conditions used in
this case induce S-lactoglobulin protein fibrils forma-
tion. The detailed structural analysis of these amyloid
fibrils is given in our previous publications.*® To start,
we used (AFM) to detect and quantify the effect of the
magnetic field on these hybrid fibrils. The nanoparticle
modified amyloid fibrils prepared at 2 wt % were
diluted to 0.1 wt % and imaged before and after
exposure to an external magnetic field. A typical AFM
image of the hybrid protein fibrils before exposure to a
magnetic field is shown in Figure 5a. The linear amyloid
fibrils decorated with nanoparticles are clearly visible.
Interestingly, the conditions used in this study (e.g.,
pH 3, etc.) produced fibrils with the main population
peaked around a maximum height of about 6 nm,
higher compared to our previous work where the main
population of fibrils obtained at pH 2 had a maximum
height of about 4 nm.* Therefore, the fibrils are more
rigid with a higher persistence length of /, = 3.6 um;
this persistence length is in good agreement with the
persistence length previously found for the population
with maximum height 6 nm.*® Without exposure to a
magnetic field, the fibrils were randomly oriented on
the mica substrate: the 2D order parameter calculated
for semiflexible objects in two dimensions is very small
(Sop = 0.14). Figure 5b shows the AFM image after

VOL.7 = NO.7 = 6146-6155 =

2013 @L%N J: ( j

WWwWW.acsnano.org

6150



Intensity [a.u]

Azimuthal Angle [deg]

Figure 6. SANS 2D profiles for nanoparticle-modified amyloid fibrils diluted at 0.3 wt % total weight concentration and at
increasing magnetic field intensities. (a) No magneticfield (0 T), (b) 0.1T, (c) 1T, (d) 3T, (e) 5 T. (f) SANS intensity as a function of

the azimuthal angle at the various magnetic fields considered.

applying a magnetic field of 1.1 T. The magnetic field
was applied during incubation of a solution of mature
hybrid fibrils on the mica substrate, during 120 s. In this
case, the micrograph shows that the fibrils are preva-
lently aligned in the direction of the magnetic field
direction, with a 2D order parameter S,p = 0.65. Inter-
estingly, the other visible effect produced by the
presence of the magnetic field is the stretching of
the fibrils in the direction of the field, with a persistence
length increased to 4.2 um. Additional AFM images
before and after exposure to the magnetic field are
provided in the Supporting Information (Figure S6).
The effect of the different magnetic field strengths
on the alignment of the nanoparticle-modified amyloid
fibrils was analyzed via SANS experiments, starting with a
colloidal suspension prepared using 2 wt % protein and
diluted to 0.3 wt % total mass. Figure 6a to Figure 6e show
the SANS 2D scattering profiles at different magnetic
field strengths of 0, 0.1, 1, 3, and 5 T, respectively. The
corresponding azimuthal anisotropic scattering inten-
sities are given for all cases in Figure 6f. The anisotropic
scattered intensity increases in the direction perpen-
dicular to the magnetic field direction with increasing
magnetic field strength. The 3D order parameter calcu-
lated by eq 1 indicates that the order parameter of the
nanoparticle-modified amyloid fibril increases from 0 to
0.38, 0.4, 0.49, and 0.52 when increasing the magnetic
field strength from 0 to 0.1, 1, 3, and 5 T, respectively.
Having assessed the effect of the intensity of the
magnetic field on the alignment, we then investigated
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the reversibility of the alignment process, that is,
whether the spatial alignment is completely erasable
upon removal of the magnetic field. Figure S7 of the
Supporting Information shows the 2D SANS scattering
profile generated by the nanoparticle-modified amy-
loid fibrils at three different stages before exposure,
during exposure and after removing the magnetic
field. The alignment of the nanoparticle-modified amy-
loid fibrils is demonstrated to be reversible upon
exposure/removal of the magnetic field.

We also prepared hybrid magnetic protein fibrils
containing three different quantities of magnetic
nanoparticles on their surface by varying the initial
nanoparticles concentration. The alignment of these
fibrils was investigated at a constant magnetic field
strength of 3 T. Figures S8a, S8b, and S8c of the
Supporting Information show SANS 2D profiles of the
hybrid protein fibrils prepared at an initial 2 wt %
protein concentration with 0.12, 0.6, and 1.12 wt %
magnetic nanoparticles, respectively, then diluted
to a final 0.3 wt % total mass concentration prior
to measurements. The anisotropic scattering pattern
becomes sharper with increasing concentration of
magnetic nanoparticles. As expected, the 3D order
parameter increases from 0.43, to 0.49 to 0.63, with
increase in the concentration of the magnetic nano-
particles, respectively.

The effect of increasing the concentration of hy-
brid protein fibrils at constant protein/nanoparticles
composition and under exposure of a fixed magnetic
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Figure 7. (a) Change of optical birefringence for bare protein fibrils (blue circles), nanoparticle-modified amyloid fibrils (0.3 wt %
protein, 0.6 wt % nanoparticles, red squares) and nanoparticle-modified spherical nanoclusters (0.2 wt % protein, 0.6 wt %
nanoparticle, - black triangles) at different magnetic field strengths. (b) Evolution of the order parameter Sz, of the aggregates in

part (a) as a function of different magnetic field intensities.

field of 3 T was also briefly investigated by SANS.
Initially, hybrid amyloid fibrils were prepared at the
protein concentration of 2 wt % with 0.6 wt % nano-
particles, and the final amyloid fibrils concentrations
were adjusted to 0.3, 1, and 5 wt % prior to the
measurement. The 2D scattering patterns for concen-
trations of 0.3, 1, and 5 wt % hybrid fibrils are shown in
the Supporting Information Figure S9 after applying an
external magnetic field of 3 T. The scattering pattern at
1 wt % (Figure S9b) is clearly more anisotropic than
what recorded at 0.3 wt % (Figure S9a): in this regime of
concentration, where the nematic phase is expected
also for pristine 5-lactoglobulin fibrils,*? both excluded
volume interactions and the external magnetic field do
contribute to the alignment of the fibrils, leading to an
increased alignment with concentration. When the
fibrils' concentration, however, reaches 5 wt %, the
fibrils form a gel, in which physical interactions among
contacting fibrils smear the overall alignment, leading
to the isotropic 2D SANS pattern observed in Figure
S9c¢, and as expected for isotropic physical gels.
Comparison of Alignment of Nanoparticle-Modified Amyloid
Fibrils and Spherical Nanoclusters. Optical microscopy, AFM
and SANS allow assessing the alignment of both
amyloid fibrils and spherical nanoclusters at length
scales intrinsically related to the resolution of the
specific technique used. To quantify the spatial align-
ment of these hybrid aggregates induced by the
presence of an external magnetic field, in bulk and at
macroscopic (>wavelength of light) length scales, we
also used the optical birefringence technique.”® The
change of the birefringence of bare protein fibrils,
nanoparticle-modified amyloid fibrils and nanoparticle-
modified spherical nanoclusters is shown in Figure 7a
as a function of increasing magnetic field intensity. At
zero magnetic field intensity, the birefringence is zero
for all the samples. Furthermore, the bare amyloid
fibrils show zero birefringence at all magnetic field
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strengths up to 5.5 T, as expected based on the low
magnetic susceptibility of pure protein-based aggre-
gates. However, when magnetic nanoparticles are
embedded in the amyloid fibrils, birefringence starts
to rise rapidly with increase in magnetic field intensity,
confirming macroscopic alignment of the fibrils. The
birefringence values of the nanoparticle-modified
spherical nanoclusters prepared at pH 4.5 exhibit even
higher values compared to the nanoparticle-modified
amyloid fibrils, which infers a better alignment for the
spherical nanoclusters. This is consistent with the
values of the 3D order parameters for both classes of
aggregates as a function of magnetic field, as deter-
mined by eq 1 on the corresponding SANS profiles and
shown in Figure 7b. Thus, the various techniques used
all confirm independently that both spherical and fibril-
lar hybrid aggregates can be efficiently aligned by an
external magnetic field, with the spherical aggregates
being slightly more efficient in achieving a cooperative
alignment, possibly due to their improved mobility
associated with the lower hydrodynamic radii.
Magnetic-Responsive Sol—Gel Transition. We finally ex-
plored the possibility of tuning the sol—gel transition in
the nanoparticle-modified amyloid fibrils by using the
external magnetic field. To this end, the ionic strength
of a 2 wt % solution of nanoparticles-modified amyloid
fibrils prepared at pH 3 was increased by adding
150 mM NaCl. Under these conditions, protein fibrils
form a gel due to the screening of the electrostatic
repulsive forces between the fibrils, leading hydropho-
bic and van der Waals attractive forces to dominate,
and inducing physical cross-links among fibrils.*?
Figure 8a shows the nonflowing gel aspect of the
hybrid fibrils prepared as discussed above. Interest-
ingly, after the application of a magnetic field of
intensity 1.1 T (using a Halbach magnet), the gel turns
into a solution and starts flowing again, as shown in
Figure 8b. This is a consequence of the fact that the
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Figure 8. (a) Visual aspect of the gel-like behavior of
nanoparticle-modified amyloid fibrils after addition of
150 mM Nadl salt. (b) Gel—sol transition during exposure
to 1.1 T magnetic field and (c) recovery of the gel after
removing the magnetic field. (d) Autocorrelation function of
the electric field acquired by diffusive wave spectroscopy
for nanoparticle-modified amyloid fibrils in presence of
150 mM NaCl. Red: prior to exposure to the magnetic field,
indicating gel-like behavior. Black: during exposureto 1.1 T
magnetic field, indicating solution-like behavior. Blue: re-
stored gel after removing the magnetic field.

magnetic field induces alignment of fibrils into a
strongly oriented nematic phase, which, due to the
reduced excluded volume, minimizes the number of
intermolecular contacts among fibrils, and thus sup-
presses the physical gel behavior. After removing the
magnetic field, the solution reverts back to the pristine
gel, due to the increased excluded volume interactions
and interfibrillar physical contacts, as shown in Figure 8c.

To quantify this responsive gelation behavior in-
dependently, we used diffusive wave spectroscopy.
The auto correlation functions of the electric field,
g»(t) — 1, before and after exposure to the magnetic
field, are shown in Figure 8d. The auto correlation
function before exposure to the magnetic field does
not decay to zero, due to the nonergodic gel-like
behavior. However after applying the magnetic field,
the auto correlation function does relax to zero and
shows a fast decay time, as expected for ergodic solu-
tion systems. As expected based on visual inspection

MATERIALS AND METHODS

Biopure bovine S-lactoglobulin (lot JE 002-8-415) was kindly
donated by Davisco Foods International (Le Seur, MN) and
anionic magnetic iron nanoparticles (10 nm) were purchased
from Ferrotec Corporation (anionic EMG-705). -Lactoglobulin

BOLISETTY ET AL.

(Figure 8b,c), the hybrid protein fibrils show self-healing
behavior:*?> upon removal of the magnetic field, the
physical interactions between fibrils are restored, ulti-
mately causing again the formation of the gel. The auto-
correlation function of the restored gel shows slow decay
time (Figure 8d), inferring that the topology of the healed
network is similar to that of the pristine gel and that the
sol—gel behavior is entirely reversible.

CONCLUSIONS

Magnetic-responsive biohybrids of Fes0, nanopar-
ticles and f-lactoglobulin, in the form of either fibrils or
spherical nanoclusters, have been synthesized. The
synthesis procedure involves first electrostatic com-
plexation of proteins and nanoparticles, followed by a
heating protocol, which induces the proteins to dena-
ture and aggregate into either amyloid fibrils or sphe-
rical nanoclusters, depending on temperature and pH
used. In this self-assembly process, the protein plays
the role of gluing together the magnetic nanoparticles
and controls the final morphology of the hybrid ag-
gregate. These hybrids can be aligned in three dimen-
sions using magnetic fields of intensity as low as 0.1 T.
Their alignment has been investigated by SANS, optical
birefringence, optical microscopy and AFM. Analysis of
the 2D and 3D order parameters, extracted from
microscopy and scattering techniques, respectively,
shows that the alignment of these structures is strongly
dependent on both the intensity of the magnetic field
and the concentration of the nanoparticles in the
hybrids. Furthermore, the alignment is completely
reversible on the ON/OFF state of the external mag-
netic field, and this, over several cycles of its applica-
tion and removal. Finally, we have shown that the
sol—gel transition in hybrid nanoparticle modified
amyloid fibrils can be manipulated by using an external
magnetic field, providing the possibility of converting,
reversibly and iteratively, the protein gel into a liquid
colloidal dispersion upon application/removal of the
external magnetic field. This is a consequence of
the reduced excluded volume of the amyloid fibrils in
the aligned state (magnetic field ON), which decreases
the average number of physical contacts among fibrils,
converting the physical gel into a liquid. Due to the
moderate intensity of the magnetic field used, its
noninvasive nature, and the biocompatibility of the
B-lactoglobulin-nanoparticle hybrid fibrils, this stimuli-
responsive reversible sol—gel transition may find use-
ful applications in several area of bionanotechnology.

protein purification was performed following a procedure
described by Jung et al®' In brief, -lactoglobulin protein
solutions were purified by centrifugal filtration followed by
dialysis for 5 days. After purification, the protein solutions were
adjusted to pH 2 and lyophilized.
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The synthesis of hybrid iron nanoparticle modified amyloid
fibrils and spherical nanoclusters used for the alignment study is
prepared at various concentrations and discussed comprehen-
sively in the results section. In brief, for the nanoparticle-
modified spherical nanoclusters, protein monomers and iron
nanoparticles are mixed at pH 4.5, followed by heating at 55 °C
for 15 min. For the nanoparticle-modified amyloid fibril aggre-
gates, protein monomers and iron nanoparticles are mixed at
pH 3, followed by heating at 90 °C for 5 h.

Characterization Methods. Atomic force microscopy (AFM) in
tapping mode was carried out on a Multimode 8 Scanning Force
Microscope (Bruker). MPP-11100-10 tips for tapping mode in
soft tapping conditions were used (Bruker) at a vibrating
frequency of 300 kHz. The images were simply flattened using
the Nanoscope 8.1 software.

Small angle neutron scattering (SANS) was used to investi-
gate the structure®® and the spatial alignment of nano-
structures.”>* The facilities provided by SANS-Il at PS|, Villigen,
allow inducing the external magnetic force of different field
strengths to the sample environment. The incident beam had a
wavelength of 1 = 05269 nm, and the sample to detector
distance was varied between 1.2 and 6 m, corresponding to a g
range of 0.05-24 nm~'. The 2D scattering spectra were
azimuthally averaged after correction of the background and
the transmission. D,0 solvent was chosen instead of H,O due to
the better contrast for neutron scattering measurements. The
scattered intensity versus azimuthal angle spectra were used to
calculate the order parameter. Magnetic fields in the range of
0—5 T were applied using an electromagnet. The sample
solutions were equilibrated for minimum 30 min at the mag-
netic field strength of interest before starting the measure-
ments. Order parameters were extracted from azimuthal
intensities measured in triplicate samples.

Polarized optical microscopy was performed using a Zeiss
Axioskop 2 instrument. The magnetic field was applied by using
a permanent magnet having field strength of 0.1 T.

Spatial alignment of protein aggregates ultimately develops
the optical birefringence. Thus, a quick assessment of the protein
aggregates alignment at various magnetic field strengths can be
done by quantifying the resulting optical birefringence.>>>® We
measured the change in the optical birefringence of iron coated
protein aggregates based on the phase modulation technique.
A photoelastic modulator (PEM-90, Hinds Instruments), set to an
operating frequency of 50 kHz, was placed between two
crossed linear polarizers (Newport, Irvine, CA); a diode laser
(Newport, Irvine, CA) with a wavelength (1) of 635 nm was used
as light source. The first and second harmonic, l;w and l,w, of
the AC signal were detected with two lock-in amplifiers (SR830,
SRS, Sunnyvale, CA). The PEM amplitude A, was chosen to be
2.405 rad, therefore, making the DC component birefringence-
independent. The birefringence An is obtained using:

oA
An = 5ed (2)

where d is the sample thickness and 6 = arctan {[/;,/2(Ao)]
/l,J1(A0)1}, where J; and J, are the Bessel functions with
J1(2.405) = 0.5191 and J,(2.405) =0.4317.

Diffusive wave spectroscopy measurements were perfor-
med using a commercial DWS apparatus (LS instruments,
Fribourg, Switzerland) having laser wavelength of 683 nm.
The gel samples were directly prepared inside flat glass cells
having optical path length of 2 cm, by mixing nanoparticles
modified 2 wt % of amyloid fibrils (pH 3) with 150 mM NaCl. The
intensity fluctuations were measured by a digital correlator and
the electric field auto correlation function (g,(t) — 1) was
determined. Multispeckle spin echo method was used to cal-
culate the long correlation time. The temperature of the sample
was maintained at 25 °C by a Peltier temperature controller.

Light scattering experiments were performed using a 3D
cross correlation spectrometer (LS instruments) equipped with
a HeNe laser (1 = 632.8 nm). The time-averaged intensity
correlation function was measured at a constant scattering
angle (0 = 90°) and the data were analyzed by CONTIN method.
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