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Controlled Alignment of Filamentous Supramolecular Assemblies of
Biomolecules into Centimeter-Scale Highly Ordered Patterns by Using
Nature-Inspired Magnetic Guidance**

Binrui Cao, Ye Zhu, Lin Wang, and Chuanbin Mao*

Filamentous supramolecular assemblies of biomolecules, such
as bacterial flagella,"! bacterial pili,”) and bacteriophages
(also called phages),”! are naturally occurring nanofibers
assembled from their subunits in a highly ordered fashion.
Owing to the structural ordering, chemical and thermal
stability, and genetically tunable surface chemistry, biological
nanofibers can be used as templates for directing the synthesis
and assembly of functional nanomaterials such as bone
minerals® and silica.®) However, to assemble biological
nanofibers into controlled structures at a large scale (e.g.,
up to centimeter scale) is still a challenge. Currently, several
methods have been tried to form assemblies of biological
nanofibers, including electrostatic interactions,* liquid-crys-
talline assemblies,”® capillary forces,”! and molecular recog-
nitions.??) However, these methods are relatively complicated
in handling and most of them (except the liquid-crystalline
assembly method) can only generate small-scale nanostruc-
tures. Furthermore, although large-scale vertical assemblies
of filamentous inorganic hard nanostructures such as nano-
tubes of boron carbonitride,”® carbon,” as well as titania,['"!
and nanowires of GaAs!! Sil'? 7ZnO[M! and cadmium
chalcogenide, have been reported, to our knowledge, no
method for the large-scale vertical assembly of filamentous
soft biological nanofibers has been reported to date. To
advance the practical use of biological nanofibers with various
shapes and functionalities in building devices, it is important
to have a facile method that can lead to either single- or
multilayered assemblies with controlled (either horizontal or
vertical) orientation of constituent biological nanofibers on
a solid substrate. Therefore, a method that is easy to handle is
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needed to assemble the biological nanofibers into large-scale
assemblies with controlled orientation.

In nature, Fe;O, is present in many organisms such as
magnetotactic bacteria (MTB), honey bees, pigeons, dolphins,
and butterflies,"” allowing the magnetic dipolar field of the
earth to assist their orientation, navigation, or homing. MTB,
as one of the most well-known examples, are capable of
taking up Fe sources and converting them into magnetic
nanoparticles (MNPs) such as Fe;O, or Fe,S, in vivo.'! As
aresult, MTB become oriented along the magnetic field lines
of the magnetic field of the earth simply because they contain
MNPs.'¥) The magnetically guided orientation of organisms
such as MTB simply because of their association with MNPs
inspired us to use a magnetic field to guide the assembly of
biological nanofibers with the help of MNPs (Figure 1a).
Although the arrangement of synthetic MNPs along magnetic
lines was applied to align MNPs themselves'”! carbon
nanotubes,"™™ and polymers,”! using them to guide the
alignment of biological nanofibers into long-range-ordered
patterns has not been reported to date. Here, we report the
controlled alignment of three structurally different types of
biological nanofibers, including wave-like bacterial flagellar
filaments (termed flagella for convenience), straight type 1
bacterial pili, and the semiflexible M13 phage. These nano-
fibers were first decorated with Fe;O, MNPs into long-range-
ordered arrays by simply varying the direction and strength of
the external magnetic field. Single-orientation arrays (Fig-
ure 1b), where biological nanofibers were parallel to each
other, were fabricated by applying a magnetic field with its
direction parallel to the substrates. Multi-orientation multi-
layered assemblies of biological nanofibers were synthesized
through layer-by-layer deposition with the magnetic field
alternatively twisted for each alternating layer. During the
formation of such assemblies, biological nanofibers were
aligned parallely into one single-orientation layer along one
magnetic field and then the magnetic field was twisted into
another direction to align the nanofibers into a neighboring
single-orientation layer (Figure 1c). In the multi-orientation
multilayered assemblies, the orientation of nanofibers in each
layer was parallel to the external magnetic field (Figure 1c).
When the magnetic field was twisted during the deposition of
biological nanofibers, a new neighboring layer made of
nanofibers parallely aligned along a different orientation
was formed. Vertically aligned nanofiber arrays (Figure 1d)
could also be made by simply changing the external magnetic
field to be perpendicular to the substrates. The degrees of
ordering of the formed nanofiber arrays were also found to be
affected by the strength of external magnetic fields (Figure S1
in the Supporting Information).
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Figure 1. Illustration of using a magnetic field to guide the alignment
of filamentous supramolecular assemblies of biomolecules with the
help of magnetic nanoparticles. a) General idea of the method.
Positively charged Fe;O, MNPs interact with negatively charged
biological nanofibers to form MNP-nanofiber complexes, which can be
further guided by magnetic fields. b) Arrays of biological nanofibers
aligned parallely with a single orientation. c) Multilayered assemblies
of nanofibers with multiple orientations (“multi-orientation”) formed
by twisting the direction of the magnetic field for each neighboring
layer. After one parallely aligned nanofiber layer is formed under the
guidance of one magnetic field (B1), another layer of parallely aligned
nanofibers is deposited under the guidance of a magnetic field with

a different direction (B2). d) Vertically aligned nanofiber arrays guided
by a magnetic field perpendicular to a substrate. e-g) Structures of
three types of bacteria-related biological nanofibers: bacterial flagellum
(e), which protrudes from the bacterial cell surface for assisting cell
swimming, type 1 pilus (f), which is attached to the bacterial cell
surface for assisting cell adhesion, and M13 phage (g), which is

a virus specifically infecting bacteria.

It is known that most proteins and protein-based supra-
molecular assemblies are negatively charged with an iso-
electric point (pI) below 7,”” including the three filamentous
supramolecular assemblies of biomolecules studied in this
work, namely, bacterial flagellum (Figure 1e), type 1 bacterial
pilus (Figure 1f), and M13 phage (Figure 1g). Flagellar
filament is a wave-like nanofilament (14 nm wide and
length tunable depending on the number of protein subunits)
assembled from several thousand copies of protein subunits
called flagellin (Figure S2a). The solvent-exposed domain of
wild-type flagellin (FLiC gene product) for bacteria contains
negatively charged amino acids such as aspartic acid (D) and
glutamic acid (E) with a pI estimated to be approximately
5.3.2Y Type 1 bacterial pilus is a rigid hair-like appendage
(6 nm wide and 1-2 pm long; Figure S2c¢) found on the surface
of bacteria. It is predominantly assembled from the protein
subunit, FimA, and has a pl of approximately 3.9 at room
temperature.”! M13 phage (ca. 6.6 nm wide and 880 nm long),
a semiflexible biological nanofiber (Figure S2d), is composed
of circular single-stranded DNA (ssDNA) encapsulated in
approximately 2700 copies of its major coat protein and
capped with a few copies of minor coat proteins at both tips.
The high copy numbers of solvent-exposed negatively
charged amino acids in the N terminus of major coat proteins
make M13 phage negatively charged with a pI of approx-
imately 4.2.5>2 Since most biological nanofibers are neg-
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atively charged, positively charged Fe;O, MNPs were used to
electrostatically interact with them to achieve the assembly
(and the consequent decoration) of MNPs along them,
forming MNP-nanofiber complexes for alignment guided by
a magnetic field. If the surface of a biological nanofiber
changes to be positively charged owing to genetic engineer-
ing,”"! negatively charged Fe,;O, MNPs can also be synthesized
to decorate the nanofiber for the alignment. Herein, we used
negatively charged bacterial flagellum, type 1 bacterial pilus,
and M13 phage as the examples for the study of the alignment
of MNP-decorated biological nanofibers by external magnetic
fields. The flagellum, pilus, and phage nanofibers were
biologically produced and amplified following our reported
procedures.?21-221

Positively charged Fe;O, MNPs were synthesized follow-
ing a reported method.”! Briefly, a mixed solution of FeCl,
(4 mL, 1m) and FeCl; (1 mL, 2™, in 2M HCl) was added to an
ammonia solution (50 mL, 0.7Mm). The black precipitates were
collected by centrifugation (10 min at 7500 g), washed with
nitric acid (2M) and resuspended in water to form a trans-
parent and uniform Fe;O, MNP solution. The synthesized
MNPs were analyzed by using the electron diffraction pattern
(Figure S3a, inset)? and their diameter was 5-8 nm (Fig-
ure 2a). The measured room temperature hysteresis curves
(Figure S3 b,c) show that the saturation magnetization and
coercivity value of the as-synthesized MNPs are 35 emug™'
and 8 Oe, respectively. When Fe;O, nanoparticle solution was
placed close to a magnet, Fe;O, nanoparticles were attracted
by the magnet (Figure 2a inset), which also confirmed the
superparamagnetism of the synthesized Fe;O, nanoparticles.
The as-synthesized MNP solution (70 mgmL ', pH 4.0) was
used directly in this work.

Figure 2. TEM images of Fe;O, MNPs and MNP-nanofiber complexes
formed by the assembly of MNPs along different biological nanofibers.
a) As-synthesized Fe;O, MNPs. Inset: the synthesized Fe;O, MNPs
can be attracted by a magnet. b) MNP—flagellum complexes. c) MNP-
pilus complexes. d) MNP-phage complexes. In (b—d), the nanoparti-
cles are coated on the surface of the biological nanofibers.
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To verify the interaction between positively charged
Fe;O, MNPs and negatively charged biological nanofibers,
they were mixed in an aqueous solution. Immediately, some
rust-red precipitates were formed (Figure S4) owing to the
coating of MNPs onto the biological nanofiber templates.
Then the rust-red precipitates were observed by using a trans-
mission electron microscope (TEM) and were found to be
made of MNP-nanofiber complexes (Figure 2b-d), in which
Fe;O, MNPs were assembled along biological nanofibers
(flagella, pili, or phages) to form a “beads-on-rods” structure.
This fact indicates that our synthesized positively charged
Fe;O, MNPs can interact with negatively charged biological
nanofibers through electrostatic forces to form MNP-deco-
rated biological nanofibers.

To achieve single-orientation horizontally aligned nano-
fiber arrays (Figure 1b), Fe;O, MNPs solution (70 mgmL ™",
pH 4) was mixed with nanofiber solution (flagellum solution,
OD,g04m = 0.1; pilus solution, OD g, =0.25; phage solution,
10" pfumL"; pfu: plaque forming unit; all biological nano-
fibers dissolved in water with pH 7.0) at a volume ratio of 1:49
(MNP/biological nanofiber) to form MNP-nanofiber com-
plexes, respectively, and then air-dried on a cover slide in
a constant magnetic field (1 T) with a direction parallel to the
surface of the cover slide (Figure 1b). The size of assembled
MNP-nanofiber structures could reach up to centimeter scale
(Figure S5). The scanning electron microscopy (SEM) and
optical microscopy results (Figure 3) showed that not only
Fe;O, MNPs (Figure 3a) but also MNP-nanofiber complexes
(flagellum: Figure 3b and Figure S6a; pilus: Figure 3¢ and
Figure S6¢; phage: Figure 3d and Figure S6e) could be
parallely aligned along the direction of the magnetic field
perfectly. However, when not decorated with Fe;O, MNPs,
biological nanofibers were randomly oriented and not
assembled into any aligned pattern even in the presence of
a magnetic field (Figure S7). This fact confirmed that the
alignment of the nanofibers was due to the alignment of their

~ 100 pm
il

¢) . pili+ MNPs

Figure 3. SEM images of the single-orientation horizontally aligned
Fe;0, MNPs and MNP-nanofiber complexes in the presence of
magnetic fields (B, indicated by arrows). a) Aligned Fe;O, MNPs.

b) Aligned MNP—flagellum complexes. c) Aligned MNP—pilus com-
plexes. d) Aligned MNP-phage complexes. The corresponding optical
images of MNP-nanofiber complexes in the presence of magnetic
fields can be found in the Supporting Information (Figure S6).
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associated Fe;O;, MNPs guided by the magnetic fields.
Notably, some biological nanofibers are flexible and curved
in their natural form,**?'®22 such as flagella (Figure 2b,
Figures S2b and S8) and phages (Figure 2d, Figure S2c). But
when they were decorated with MNPs and placed in magnetic
fields, they became straight (Figure 3), thereby indicating the
straightening of biological nanofibers is due to the alignment
of associated Fe;O, MNPs by magnetic fields. In addition, we
used the flagellum—-MNP system to systematically study the
factors that may affect the biological nanofiber assembly,
including the strength of the magnetic field, surface charge of
the nanofibers, concentration of nanofibers and MNPs, and
drying speed. These studies show that both the strength of the
magnetic field (Figure S1) and the flagellum surface charges
(Figure S9) greatly affect the ordering of the nanofiber arrays.
Only when a relatively strong magnetic field (1 T; Figure Sla)
is applied and flagella are used that have an overall surface
charge opposite to that of the MNPs (i.e., slightly negatively
charged WT flagella or more negatively charged flagella
displaying peptide EEEEEEEE; Figure S9a,b), highly
ordered arrays are obtained. The effects of concentrations
of biological nanofibers (Figures S10 and S11) and MNPs
(Figures S12 and S13) are trivial once the optical density at
280 nm (OD,g,,,) of flagella and the mass concentration of
MNPs are above 0.01 and 0.14 mgmL~', respectively. In
addition, the drying speed, either fast drying in a flow of N, or
slow drying in air (Figure S14), does not show any effect on
the biological nanofiber assembly.

When the direction of the magnetic field was twisted
every time after the deposition of a single-orientation layer
under the guidance of a magnetic field with the same strength
but in a different direction, a multi-orientation multilayered
nanofiber assembly could be synthesized, where each layer is
made of single-oriented biological nanofibers with the
orientation defined by the twisting magnetic field (Figures 1¢
and 4). Briefly, after the complete drying of the first layer of
aligned nanofiber arrays in the presence of a magnetic field,
a mixed solution of Fe;O, MNPs and nanofibers were applied
onto the first layer and air-dried in a twisted external
magnetic field (Figure 1c). Optical microscopy (Figure 4a—c
and Figure S6b,d,f) images showed that the nanofiber
assemblies were composed of two layers of nanofiber arrays
and each layer was made of parallel biological nanofibers,
which were aligned in the direction of the external magnetic
field applied during the formation of this layer. By using the
magnetically guided layer-by-layer deposition method, it is
possible to construct large-scale multi-orientation multilay-
ered structures of biological nanofibers with a controlled
twisting angle between two neighboring layers, which is
dictated by the angle between the magnetic fields applied
during the deposition of these two layers. Since the direction
of each single layer of biological nanofibers is determined by
the applied magnetic field, the final structure of the multi-
orientation multilayered nanofiber assemblies can be easily
controlled by controlling the applied magnetic field.

Although self-assembled peptide nanotubes®! and rod-
like tobacco mosaic virus (TMV) particles”®! were vertically
aligned before by evaporation and interaction between
cysteine and metal substrate, respectively, those methods
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Figure 4. Optical images of double-orientation multilayered nanofiber
arrays. a) Optical image of double-orientation layered MNP—flagellum
complexes. b) Optical image of double-orientation layered MNP—pilus
complexes. c) Optical image of double-orientation layered MNP—phage
complexes. d) The tilt view of the peripheral edge (intentionally broken
to expose the two layers by removing some materials) of double-
orientation layered MNP—pilus complex arrays. Similar views of
double-orientation layered flagellum and phage arrays can be found in
the Supporting Information (Figure S6).

were limited to rigid peptide nanotubes and TMYV, and could
not be extended to other biological nanofibers, especially
long, flexible (e.g., flagellum), or semiflexible (e.g., M13
phage) biological nanofibers. Moreover, only certain peptides
can form nanotubes, and the vertical assembly of TMV relies
on the presence of cysteine and the use of a metal substrate,
thus those techniques are limited to biomolecules with certain
sequences and/or substrates of certain types. Here, we found
that biological nanofibers could also be vertically aligned on
a substrate by simply allowing the direction of the external
magnetic field to be perpendicular to the substrate. Towards
this end, Fe;O, MNP solution (70 mgmL~") was mixed with
flagellum solution (OD,g,,, = 1.1) at a volume ratio of 1:100
and air-dried on a cover slide in a constant magnetic field
(2T) with a direction perpendicular to the cover slide
(Figure 1d). SEM imaging (Figure S15) showed that thou-
sands of flagellum-MNP complex nanofibers were standing
on the substrate side-by-side along the direction of magnetic
field. We did not observe such vertical alignment when either
the magnetic field strength or flagellum concentration was
reduced (Figure S15b,c), thus suggesting both a strong mag-
netic field (2 T) and a high concentration of the nanofiber
solution (flagellum concentration, OD,,, = 1) are critical to
achieve such vertical alignment of biological nanofibers. We
also found that the type of substrate does not affect the
assembly. The vertical assembly of filamentous hard inorganic
nanostructures on a substrate has been used to develop
electronic and magnetic devices, biosensors, and medical
implants.””). We envision that the vertical assembly of
biological nanofibers could lead to novel structures that can
be used to build novel functional devices, given the fact that
biological nanofibers can be decorated with functional
components such as magnetic, semiconducting, metallic, and
bone mineral nanoparticles.”>!

Angew. Chem. 2013, 125, 11966 —11970

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

@ngewandte
Ch

Such long-range-ordered nanostructures may be used as
unique scaffolds in tissue engineering for controlling the
alignment and morphology of resident stem cells, which may
in turn direct the proliferation and differentiation of stem
cells owing to the unique topography.”’! In addition, the
biological nanofibers we used are all genetically modifiable
and can display foreign peptides on the surface by using
genetic techniques,”***?! thereby providing biochemical
cues for directing stem cell behavior. For example, an RGD
cell adhesion peptide™ can be genetically inserted into every
subunit of the flagellum using our reported method,”"
allowing the full display of RGD peptides on the flagellum
surface. Displaying RGD peptides on the surface of biological
nanofibers can enhance cellular adhesion and growth on
them.P'l As a proof of concept, mesenchymal stem cells
(MSCs; 1 x 10* cells/mL) were seeded onto the single-orien-
tation parallely aligned arrays (Figure 1b) of MNP-decorated
wild-type flagella (WT-flagellum-MNP) and MNP-decorated
RGD-displaying flagella (RGD-flagellum—-MNP) and their
morphology was monitored. It was found that MSCs did not
adhere onto the WT-flagellum—-MNP arrays (Figure S16a).
However, MSCs were found to adhere onto the RGD-
flagellum—MNP arrays (Figure S16b) owing to the display of
RGD cell adhesion peptides. More importantly, the MSCs
adhered onto the RGD-flagellum—MNP arrays are elongated
along the long axis of the flagella. Conversely, MSCs seeded
on a control cell culture plate adhered onto the plate but did
not show any morphological control (Figure S16¢) such as
stem cell elongation, which was recently found to favor the
stem cell differentiation.®? These results indicate that our
long-range-ordered nanostructures (nanofiber-MNPs) along
with tunable surface chemistry (peptide display) are able to
direct the fate of stem cells.

In summary, for the first time, we took advantage of the
capability of MNPs being aligned along a magnetic field to
reproducibly generate large scale assemblies of biological
nanofibers with the orientation of the constituent biological
nanofibers defined by the applied magnetic field. When
decorated with MNPs, the nanofibers could be guided by the
external magnetic field to become oriented horizontally
(Figure 1b,c) or vertically (Figure 1d) with respect to the
substrate surface, thereby forming single- and multi-orienta-
tion assemblies. We believe that the magnetically directed
assembly method is not limited to the three biological
nanofibers studied herein, but can be extended to other
filamentous supramolecular assemblies for generating long-
range-ordered nanostructures. Such long-range-ordered
nanostructures can be used as magnetic scaffolds in tissue
engineering for promoting the adhesion, proliferation, and
differentiation of resident cells.?”¥ In addition, since the
biological nanofibers, such as flagella, pili, and phages, can be
biologically engineered to display functional peptides on their
surfaces®* " and decorated with functional nanoparti-
cles,?%! an oriented assembly of the peptide-displaying
versions of these biological nanofibers is expected to find
potential applications in functional devices, materials science,
magnetics, electronics, tissue engineering, and nanomedicine.
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Experimental Section

Typical alignment experiments: Fe;O, MNPs solution (typically
70 mgmL~!, pH 4.0) was mixed with nanofiber solution (flagellum
solution, ODg,,, = 0.1; pilus solution, OD ., = 0.25; phage solution,
10" pfumL™"; all biological nanofibers dissolved in water with
pH 7.0) and the mixture was allowed to incubate for 10 s at room
temperature to form MNP-nanofiber complexes, and then air-dried
on a cover slide in a constant magnetic field with a defined direction
and strength (Figure 1). Then the dried samples were directly
visualized by using a light microscope or coated with a layer of Pt
and characterized by using SEM. The magnetic field used here was
generated within two parallely placed neodymium cylinder magnets.
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