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ABSTRACT: We report a simple and versatile waterborne
synthesis of magnetic nanowires following the innovative concept
of electrostatic “desalting transition”. Highly persistent super-
paramagnetic nanowires are generated from the controlled as-
sembly of oppositely charged nanoparticles and commercially
available polyelectrolytes. The wires have diameters around
200 nm and lengths between 1 um and 0.5 mm, with either
positive or negative charges on their surface. Beyond, we show
that this soft-chemistry assembly approach is a general phenom-
enon independent of the feature of the macromolecular building
blocks, opening significant perspectives for the design of multi-
functional materials.
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1. INTRODUCTION

Magnetic nanowires have received considerable attention
during the past years because of their potential applications in
cell manipulation,l_5 microfluidics,® and micromechanics.”®
These objects are anisotropic colloidal particles with submicronic
diameters and lengths in the range 1—100 um. For specific
applications, elongated magnetic structures appear as promising
alternatives to the spherical magnetic beads developed so far. At
the application of a magnetic field, torques may be applied to the
wires and their orientational behavior be monitored, providing
additional degrees of freedom for investigating complex fluids.
Wires can also be made hollow with an internal surface in contact
with the bulk phase and be used for separation and release of
actives.'

As far as the synthesis of magnetic nanowires is concerned,
two main strategies are put forward in the literature. The first
approach consists in the electrodeposition of magnetic atoms
such as nickel or iron into thin alumina-based porous templates
with cylindrical holes.""'> At the dissolution of the template,
ferromagnetic nanowires are produced and dispersed in water-
based solvents. These wires are used in cell §uidance, cell
separation, and microrheology experiments.””*®'> One major
drawback with nickel nanowires is that these structures carry a
permanent magnetic moment, and thus ag%regate spontaneously
because of magnetic dipolar interactions.”” The second strategy
is based on the coassembly of polymer microbeads loaded with
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magnetic nanoparticles.Fg’13”14 With this technique, permanent
chains are formed by the application of a magnetic field for
alignment and by the addition of binding agents for connecting
the beads. Filaments and chains with micronic diameters and
length 1—200 xm are fabricated, either in bulk solutions®'® or
tethered on substrates.”'*"> The two synthesis routes end up,
however, with different magnetic structures: the nickel nanowires
are stiff and ferromagnetic, whereas the bead assemblies remain
paramagnetic and semiflexible. Attempts to build supracolloidal
assemblies using sub-10 nm particles were also carried out,
resulting in isotropic clusters'®~"® or in tortuous pearl-necklace
filaments." '

We report here a simple and versatile waterborne synthesis of
magnetic nanowires following the innovative concept of electro-
static “desalting transition” put forward recently on a sub-10 nm
nanoparticles/charged-neutral block copolymers system.”>*’
We generalize this electrostatic coassembly pathway to strong
and weak homopolyelectrolytes (homoPEs) and demonstrate
that the transition between a disperse and an aggregated state of
particles observed as a function of the ionic strength is a general
phenomenon independent of the nature of the polyelectrolytes
considered. Furthermore, under the presence of a magnetic field
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Figure 1. Schematic representation of the desalting transition protocol that controls the nanoparticle coassembly and wire formation.

this soft chemistry approach enables the fabrication on-demand
of highly persistent superparamagnetic nanowires with lengths
comprised between 1 #m and 0.5 mm bearing either positive or
negative charges on their surface (Figure 1).

2. MATERIALS AND METHODS

Iron oxide nanoparticles were synthesized according to the Massart
technique®* by alkaline coprecipitation of iron(II) and iron(III) salts,
oxidation of the magnetite (Fe;O,) into maghemite (-Fe,O3) nano-
particles and by size-sorting by subsequent phase separations.*® At the
end of the synthesis, the particles were positively charged and dispersed
in water at a weight concentration ¢ & 10 wt % and pH 1.8. The magnetic
dispersions were characterized by transmission electron microscopy
(TEM) and diffraction, vibrating sample magnetometry (VSM), mag-
netic sedimentation and light scattering (DLS). For the dispersions
investigated here, the size distribution was found to be log-normal with
median diameter 8.3 nm and a polydispersity 0.26.>° The polydispersity
index is defined as the ratio between the standard deviation and the
average diameter. To improve their stability, the particles were coated
with My, = 2000 g mol ™' poly(acrylic acid) using the precipitation-
dispersion technique.* The thickness of the PAA,y brush was estimated
at 3 nm by dynamical light scattering, corresponding to 25 £ 3 chargeable
carboxylic groups per nm>. A complete characterization of the y-Fe,O4
nanoparticles with and without coating is provided in the Supporting
Information (SL1).

In a previous work, electrostatic complexation schemes were reported
using charged—neutral diblock copolymers synthesized by controlled
radical polymerization (MADIX).”” The polymer was poly(trimethyl-
ammonium ethylacrylate)-b-poly(acrylamide) with molecular weight
11000 and 30000 g mol ! for each block, abbreviated as PTEA, ¢
b-PAM;ox.>® Here, we generalized this strategy to widespread homoPEs
(Sigma), including My < 100000 g mol ' poly(diallyldimethyl-
ammonium chloride), 2000 g mol ' poly(ethyleneimine), and 15000
g mol " poly(allylamine hydrochloride). The cationic homoPEs used
here are typical building blocks encountered in the fabrication of
multilayers polyelectrolytes via the layer-by-layer sequential adsorption
technique.””*® In the following, they will be abbreviated as PDADMAC,
PEI and PAH, respectively (see the Supporting Information, SI-2). In
the mixed polymer/particle solutions, the relative amount of each
component was monitored by the charge ratio Z. Z was defined as the
ratio between the cationic charges borne by the polymers and the
anionic charges carried by the particles at their surfaces. With this

notation, Z = 1 describes the isoelectric solution, characterized by the
same number densities of positive and negative chargeable ions. For the
desalting transition pathway, ammonium chloride (Sigma) was used to
adjust the ionic strenght up to 3 M.

3. RESULTS AND DISCUSSION

The aggregate formation was monitored using different for-
mulation pathways, including direct mixing, dialysis, and dilution.
Only dialysis was performed in the presence of an external
applied magnetic field, in agreement with the scheme of Figure 1.

3.1. Direct Mixing. With the direct mixing protocol, the
complexation of oppositely charged species was controlled by
pouring rapidly the magnetic dispersion into the polymer solu-
tion at the desired charge ratio Z. The samples were allowed to
rest for a week before being investigated by light scattering.
Figure 2a displays the hydrodynamic diameters (Dy;) obtained
for PAA,x—7y-Fe,03 complexed with PTEA,x-b-PAM;¢x co-
polymers and with PDADMAC, PAH and PEI polycations. For
the 4 systems, the Dy’s were found to pass through a sharp
maximum around Z = 1. The measured diameters for PTEA k-
b-PAM;k diblocks (D = 100 nm) were lower than those of the
homoPEs (Dy; = 300 nm), indicating a softening of the assembly
process when noninteracting neutral blocks are present. The
intense peaks around the charge stoichiometry bear strong
similarities with that observed for polyplexes and lipoplexes
in transfection strategies, suggesting analogous complexation
mechanisms.*' ~*?

3.2. Desalting Transition without Magnetic Field. Although
appealing and simple, the direct mixing protocol was not appro-
priate to control the sizes and morphologies of hybrid nanos-
tructures. Indeed, under strong driving forces like electrostatic
interactions, the key factor in the complex formation is the
competition between the reaction time of the components and
the homogenization time of the solutions.**** To overcome
these limitations, alternative pathways inspired from molecular
biology were developed.””** The protocols applied here consist
first in the screening of the electrostatic interactions by bringing
the dispersions to high ionic strength (Is), and second in the
progressive reduction of Is by dialysis (Figure 1) or by dilution.
With this technique, the oppositely charged species were inti-
mately mixed in solution but did not interact owing to the
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Figure 2. (a) Hydrodynamic diameter Dy; as a function of Z for
PAA,x—Y-Fe;03 complexed with homo- and copolymers for charge
ratios 1 X 10> to 100 (black, PTEA, x-b-PAM;; red, PDADMAC;
blue,: PEI; and green, PAH). The polymer/particle dispersions were
obtained by direct mixing at concentration 0.1 wt % and temperature 25
°C. The samples were allowed to rest for a week before being
investigated by light scattering. (b) Ionic strength dependence of the
hydrodynamic diameter measured on dispersions containing PAA,x—y-
Fe,0j particles and oppositely charged polymers (Z = 1). The ionic
strength was monitored by addition of ammonium chloride (NH,ClI).
The color code is the same as in a). With decreasing I5 the desalting
transition occurred at a critical ionic strength 0.37, 0.54, and 2.3 M for
PTEA, x-b-PAM;0r, PDADMAC, and PEI respectively. The empty
symbols and hatched area indicate hydrodynamic sizes that could not be
measured by light scattering. Optical microscopy was used instead.

electrostatic screening. In the dilution process, deionized water
was added stepwise to the polymer/particle salted dispersion and
the scattered intensity and hydrodynamic diameter were deter-
mined by light scattering. For a dispersion containing both
anionic particles and cationic PTEA;x-b-PAMj;ox diblocks,
Dy versus I exhibited an abrupt upturn (Figure 2b). Found at
0.37 M, this upturn sets the limit between two states: above, the
particles remain disperse and unaggregated; below, the particles
are retained within dense spherical clusters thanks to the cationic
polymer “glue”.*” No transition could be evidenced for the
particles or for the copolymers taken separately (see the Sup-
porting Information, SI-3).

The desalting transition was shown to be a key feature in the
fabrication process of the nanowires; its occurrence with wide-
spread homoPEs had then to be investigated. The ionic strength
of mixed dispersions containing PAA,x—7y-Fe,O3 and PDAD-
MAC, PEL, and PAH was increased up to 3 M (NH,Cl) to verify
the efficiency of the screening. Effective screening was found for
PDADMAC and PEJ, but not for PAH. For this later system,
even at 3 M, the oppositely charged species interacted strongly

and large aggregates were formed (Dy = 400 nm, see the
Supporting Information, SI-3). Figure 2b displays the desalting
transition for PAA,x—y-Fe;,O3/PDADMAC and PAA,x—y-
Fe,O3/PEL at the critical ionic strengths 0.54 and 2.30 M
respectively. With the homoPEs, the features of the desalting
transition remained similar to those found with copolymers. The
sizes of the clusters below the critical value increased however
rapidly with decreasing Is. As anticipated, Figure 2b suggests that
the interactions are stronger with homoPEs than with the
diblock. Dispersions prepared apart from the charge stoichiom-
etry, i.e, at Z = 0.3 and Z = 7 were found to undergo similar
desalting transitions, with aggregates of smaller sizes and slightly
shifted ionic strengths (see the Supporting Information, SI-4).

3.3. Desalting Transition in the Presence of a Magnetic
Field. From the initial 3 cationic polymers, only PDADMAC and
PEI exhibited a well-marked desalting transition. These polymers
were tested with respect to dialysis in the presence of a 0.3 T
magnetic field to stimulate the unidirectional growth of the
aggregates (Figure 1). Once the ionic strength of the dialysis
bath reached its stationary value, the magnetic field was removed
and the solutions were studied by optical microscopy. Figures 3
show optical transmission microscopy images of aggregates
made of PAA,x—7-Fe,03;/PDADMAC dispersions at Z = 0.3
(Figure 3a), 1 (Figure 3b) and 7 (Figure 3c). Large and irregular
aggregates in the 100 um range were obtained at Z = 1,
illustrating again that at the charge stoichiometry the interactions
were strong and that electrostatic aggregates grew uncontrolled.
With an excess of cationic (Z = 0.3) or anionic (Z = 7) charges
however, regular nanostructured wires were readily fabricated.
The wires grown apart from the charge stoichiometry (Z = 0.3
and 7) had a median length Ly = 90 and 20 #m respectively, and
exhibited the same mechanical and magnetic properties than the
ones made from PTEA x-b-PAM;qx copolymers: they were all
rigid threads with su})er})aramagnetic properties inherited from
the single particles.””*® As an illustration of their magnetic
properties, a movie of wires subjected to 5r/2-reorientations is
shown in Supporting Information (Movie#1). The results ob-
tained with PDADMAC were utterly reproduced with poly-
(ethyleneimine) (see the Supporting Information, SI-S), showing
in fine that the wire formation is a general phenomenon that does
not depend on the nature of the polycations. For all polymers
tested, the length distributions of the wires were found to be log-
normal with median length L, (= 10—100 #m) and polydisper-
sity 0.5. With PDADMACG, the tail of the distribution contained
few but very long wires of length 0.5 mm, suggesting the possible
influence of the chain architecture (linear for PDADMAC and
branched for PEI) on the wire formation (Figure 3d). To confirm
that the wires made with copolymers and homoPEs had the same
structures, TEM was monitored on PDADMAC and PEI-based
dispersions. Figures 4 compare the internal structures of wires
obtained with PTEA x-b-PAM;k at Z = 1 (Figure 4a), PDAD-
MAC at Z = 0.3 and 7 (Figure 4b,c), and PEI at Z = 0.3 and 7
(Figure 4d,e) as binding agents. Extremities or intermediate
pieces reveal diameters comprised between 150 and 400 nm
with similar particles densities. These findings are in good
agreement with the optical microscopy images which displayed
no major differences between wires at the micrometer size.
Note finally that the desalting transition technique allows the
high-throughput synthesis, typically 1 x 10'* wires of length
10 um within 10 min.

In a recent paper,* it was concluded that the mechanism for
the wire formation proceeded in two steps: (i) the nucleation and
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Figure 3. Phase-contrast optical microscopy images ((a, b) 20X, (c)
40x%, (d) 10x) of a dispersion of nanostructured wires obtained by
dialysis from 8.3 nm y-Fe, O3 particles and PDADMAC at (a, d) Z=0.3,
(b) Z=1,and (c) Z="7. The wires appear thicker in d) because of the use
of alower-resolution objective. The images were taken in the absence of
magnetic field.

growth of spherical clusters of particles, and (ii) the alignment of
the clusters induced by the magnetic dipolar interactions. For the
kinetics, the clusters growth and their alignment occurred in
parallel, leading to a continuous welding of the cylindrical struc-
ture. The results obtained with homoPEs indicate that the
kinetics of coassembly at charge stoichiometry is extremely rapid.
All three pathways explored, direct mixing (Figure 2a), dilution
(Figure 2b), and dialysis (Figure 3) showed it: at Z = 1, the
nanoparticle aggregates are the largest and their morphologies
mainly uncontrolled. With block copolymers, the coassembly
kinetics was slowed down by the presence of the inert neutral
blocks. With homoPEs, the finding of regular nanowires apart
from stoichiometry suggests a kinetics governed by the balance
between electrostatic repulsions and dipolar attractions between
the precursor aggregates. We thus anticipate that the wires made
with an excess of polymers should be positively charged and
those with an excess of nanoparticles negatively charged. Elec-
trokinetic measurements were performed on the wire dispersions
to determine their electrostatic charges, however the data remained
inconclusive because of the large sizes of the aggregates. Smaller
Brownian isotropic clusters (D = 250 nm) were thus fabricated
using the same dialysis conditions but without external magnetic
field. Electrophoretic mobility and {—potential were determined

magnetic
nanowires

Figure 4. TEM images of nanostructured wires made from PAA,x—7y-
Fe, O3 nanoparticles and polymers: (a) PTEA; x-b-PAM;ox (Z = 1),
(b) PDADMAC (Z = 0.3); () PDADMAC (Z = 7); (d) PEI (Z = 0.3);
and (e) PEI (Z = 7). The diameters of the wires vary between 150 and
400 nm.
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Figure 5. Upper panels: Intensity versus electrophoretic mobility for
PAA,x—y-Fe,O3/PDADMAC and PAA,—vy-Fe,O3/PEI isotropic
clusters obtained by dialysis. Lower panel: phase-contrast optical
microscopy images ( X 20) of a dispersion of positively (green arrows)
and negatively (blue arrows) charged wires made from PAA,x—y-
Fe,O5 and PDADMAC.

for PDADMAC and PEI based complexes at Z = 0.3, 1, and 7
using Zetasizer Nano ZS Malvern Instrument. The intensity
distribution of the electrophoretic mobility shown in Figure S for the
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three systems confirmed our hypothesis. At Z = 0.3, (g is centered
around +3 x 107* em®* V' 57! for both polyelectrolytes,
whereas it is approximately 0 at Z = 1 and —22 x 10 * cm”
V's ' at Z = 7 (see the Supporting Information, SI-6). A final
test was performed to confirm these results. Positively (L, =
90 um) and negatively (L, = 20 um) charged PDADMAC wires
were mixed together. The suspended colloids precipitated, resulting
in the formation of large bottlebrush-like aggregates (Figure S, lower
panel), where the short wires agglutinated onto the large ones
thanks to attractive electrostatic interactions, suggesting oppositely
charged wires.

4. CONCLUSION

In conclusion, we have shown that the previous copolymer
based coassembly strategy could be generalized to strong and
weak polyelectrolytes. In terms of cost and practicality, this
represents a remarkable improvement. Beyond, it shows that
specific polymer architectures are not essential for the elabora-
tion of supracolloidal electrostatic assemblies of adaptable size,
charge and morphology, the structural, mechanical and magnetic
properties being independent of the nature of the binding agents.
The enhanced stability of the nanostructures built up with anionic
iron oxide nanoparticles and cationic homoPEs is interpreted as
resulting from a nonequilibrium associating process. Once the
aggregates are formed, their microstructure remained unchanged
over a period longer than years. As a result, the wires can be moved
in the solvent or rotated by the application of a field or gradient
without changing their internal structure. Because the present
strategy for electrostatic coassembly of nanoparticles is simple and
versatile, it should open new perspectives for the design of
nanodevices, such as tips, tweezers, actuators applicable in bio-
physics (e.g., biomicrorheology) and biomedicine for stimulating
and sorting living cells or as novel contrast agents. We envision
very exciting applications in these domains where the wires can be
tailored on-demand according to the medium under scrutiny.
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