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Biological systems demonstrate exquisite three dimensional (3D) control over crystal nucleation and growth using soft

micro/nanoenvironments, such as vesicles, for reagent transport and confinement. It remains challenging to mimic such

biomineralization processes using synthetic systems.

artificial

magnetosomes with programmable magnetic domains

A sythetic mineralization strategy applicable to the synthesis of

is described.  This strategy relies on the

compartmentalization of precursors in surfactant-stabilized liquid microdroplets which, when contacted, spontaneously

form lipid bilayers that support reagent transport and interface-confined magnetite nucleation and growth. The resulting

magnetic domains are polarized and thus readily manipulated using magnetic fields or assembled using droplet-droplet

interactions. This strategy presents a new, liquid phase procedure for the synthesis of vesicles with geometrically controlled

inorganic features that would be difficult to produce otherwise. The artificial magnetosomes demonstrated could find use

in, for example, drug/cargo delivery, droplet microfluidics, and formulation science.

24
Introduction 25
In  biomineralization organic/inorganic materials a%e6

combined in sophisticated architectures that provide critica
functionality (e.g., the structural rigidity of skeletal systems an
the directional sensing capabilities of magnetotactic bacterial;
Mimicking the spatial control of crystal nucleation/grow

found in biomineralization, synthetically, remains a significa

due to the complexities
compartmentalizing, transporting,

challenge associated  wi

and mixing inorganiC
precursors in 3D micro/nanoenvironments.2 Methods that
combine synthetic vesicles (surfactant-stabilized droplets) a

microfluidics for the compartmentalization and transport %P
inorganic precursors could address these limitations and thds
enable the rational nucleation and growth of functiona?
materials in processes more like those found in biology. ig

To demonstrate this concept, we synthesized magnetic
particles at droplet interface bilayers (DIBs)3 for the bOttOm-LAJ‘F;L
production of hybrid structures with programmed geometry‘)’
and functionality. Specifically, we produce precursor-loaded;
water-in-oil microdroplets using asolectin as a surfactant an
standard microfluidic procedures. When the microdroplets
were brought into contact with one another, a DIB was

spontaneously formed, and diffusion-based transport o
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precursors across the interface initiated localized
mineralization. This process could be tuned by controlling the
precursor species and concentration in the microdroplets.

We used this approach to produce a variety of “synthetic
magnetosomes”* (SMs) with rationally controlled magnetic
domains.

In addition to controlling the location of the magnetic
domains, it was also possible to manipulate these domains
during growth using external magnetic fields. This property
enabled the generation of “chiral” filaments and the formation
of droplets with different magnetic polarity. Furthermore, the
polarized magnetic domains of the SMs could be used to drive
their assembly into elongated structures.

The approach report
compartmentalization and transport using surfactant-stabilized

we relies on precursor
microdroplets and simple microfluidic devices, respectively,
thus enabling the programmed synthesis of SMs using scalable
liquid-based processing This
generalizable to other materials with different functional

techniques. procedure is
properties (e.g., semiconducting and catalytic microparticles).
Further, the droplet-interface-confined
nucleation/growth of functional materials provides access to a
new class of soft/hard hybrid materials with synthetic
programmability that mimics characteristics of
biomineralization. These findings are potentially useful to
scientists studying ferrofluids,® drug/cargo transprot,® magnetic
resonance imaging (MRI) contrast agents,’12 formulation
science,3 and cancer thereputics.14

We began by considering the methods available to generate
synthetic vesicles with tunable transport properties. Ubiquitous
in nature, lipid bilayers are essential to the structure and
function of vesicles and, more generally, cells. There have been
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Soft Matter

many technological advancements that have enabled the stid
of biologically relevant lipid bilayers synthetically and thatldd
not require the use of live cells. So called “artificial” lipi®
bilayers, which are constructed using biologically 148
synthetically derived phospholipids, are used to study iHel
effects of lipid chemistry on the passive transport propertied b
lipid bilayers, active transport function of trans-membrdd®
proteins, and architecture of lipid bilayers systematically.1> 117

Planar versions of artificial lipid bilayers used in such studid8
(e.g., the investigation of membrane proteins within bilaykl9
supported on micromachined substrates)6-19 are commadndy)
produced using the Montal-Muller method.2921 The bilayk2d
formed using the Montal-Muller method are, howeist?
metastable, and thus have limited application to conventich2B
analytical protocols and in microfluidic devices.2021 |n contrd24
lipid bilayers produced following DIB procedures havo
exceptional stability, with lifetimes of days to weeks (compal2b
to a few hours with the Montal-Muller approach).22-25 In 1R¢/
DIB method, bilayers are produced by contacting aquedd8
microdroplets formed in oil-lipid mixtures. These aquetid9
microdroplets are coated with self-assembled lipid monolayk3§
that, when brought into contact, spontaneously form a lib3dl
bilayer as oil is displaced from the contact interface. Tld2
procedures are followed to produce DIBs: the “lipid in” metA38B
uses lipid vesicles dispersed within the aqueous phase and 13}
“lipid out” method uses lipids dissolved in the oil phase.2326¥3b
maximum effectiveness in DIB formation, a prescrid&b
stabilization period should be allowed following introduction of
the aqueous phase in to the oil or lipid-oil mixture so that the
required lipid monolayers can form.2? 137

Osmosis across DIBs has been used to modulptg
supersaturation within droplets, providing a biomimgtig
approach to control the nucleation/growth of inorganic crystajg
in confined volumes.28 In the present work we demonstrate,fan
the first time, the transport of precursor species across DIBsfgp
the controlled initiation of precipitation reactions and thus {ig
localized growth of desired inorganic materials at the interfage]
of droplets. 145

A prototypical biomineral formed within cellular vesiqlgg
(i.e., liquids enclosed by lipid bilayers) is magnetite (FesO4),45
magnetic iron oxide. For example, magnetotactic bacteria ygeg
vesicle-enclosed magnetite particles (“magnetosomes”)1m
orient their bodies relative to the magnetic field of Eanthp
Magnetosomes contain crystals of magnetite that range in gigg
from 30 to 120 nm. In this size regime each crystal containgss)
single magnetic domain that drives crystal alignment and {3
spontaneous polarization of the magnetosomes (smajlgy
crystals are superparamagnetic while larger crystals contpyg
multiple magnetic domains).2® Synthetic magnetite partiqlgg
have broad applicability in, for examplgy
nano/biotechnologies,3° data recording,3! medical therapeutigg

(drug delivery,)®32  cancer treatment,>* ferrofluidgg9
biomolecular scavenging,3* and adaptive inks.3> 160
161

. . 162
Experimental Design 163
164

2| J. Name., 2012, 00, 1-3

Due to the broad range of applications of synthetic
magnetite and its convenient synthesis under room
temperature, agueous conditions, we focused this study on the
growth of magnetite at DIBs enabling the design and synthesis
of artificial magnetosomes with programmable magnetic
In this system, we have control over the location of
magnetite precipitation, its polarization, and (because we can
tune the supersaturation of the system) the size of the crystals.
We used hexadecane as a continuous phase and asolectin as a
surfactant for aqueous droplets as this is a well-established
droplet system in literature.3®3” Ammonia (from ammonium
hydroxide) was used to generate hydroxide because ammonia
is a small, uncharged species that can readily diffuse across lipid
bilayers. Iron(ll) chloride and iron(lll) chloride were used as
precursors for magnetite growth following well-established
protocols.38

We used 3D printing, soft lithography, and surface
passivation chemistry to prototype microfluidic droplet
generators and reaction wells (see supporting information).

features.

This approach facilitated containment, manipulation, and
imaging of  single/multiple  droplets simultaneously,
dramatically increasing throughput of the described

experiments. We demonstrated the ability to produce
magnetosomes with single/multiple magnetic domains in
predetermined positions.  This capability allows for the
synthesis of magnetosomes which orient/move uniquely within
magnetic fields.

Results & Discussion

We hypothesized that rapid crystal nucleation/growth at
DIBs could be used to suppress reagent transport into a droplet,
and thus concentrate the formation of crystals to the DIB site
while limiting the formation of crystals within the internal
volume of a droplet (Fig. 1A). To test this hypothesis, we
synthesized phospholipid stabilized microdroplets containing
FeCl, and FeCl; or NHs (Fig. 1A,B). When contacted these
droplets spontaneously form a DIB (Fig. 1B,C) and transport
between droplets initiates nucleation/growth (Fig. 1B-D). As
has been demonstrated,3® small uncharged molecules (e.g., NH3
and H,0) can move between droplets, through the DIB, along
gradients in concentration and ionic strength while charged
species (e.g., Cl, FeZ*, Fe3*) do not cross the DIB (Fig. 1B).

To confirm the transport of ammonia across the DIB, we
contacted a droplet containing ammonium hydroxide with one
containing cobalt (ll) chloride. As shown here and elsewhere,
aqueous Co(NHs3)«2* complexes are colored and their formation
is readily identified visually (or spectroscopically). Thus, a color
change in the Co2* upon contact with the ammonium hydroxide
droplet indicated NH;3 transport across the DIB (Fig. S1). We
further confirmed the transport of ammonium using an
acid/base indicator (phenolphthalein) (Fig. S2).

In a typical mineralization experiment, we contacted
droplets containing iron(ll) and iron(lll) (in a 1:2 ratio) with
droplets containing ammonium hydroxide. NHs3 transport into
the Fe2*/3+ droplet initiated the room temperature synthesis of
magnetite via the Schikorr reaction:40

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. Synthesis of synthetic magnetosomes (SMs). (A) Schematic
illustration of the synthetic procedure where two Ierecursor droplets
are contacted to initiate interface-confined growth of magnetite. (B)
Schematic detailing the transport and chemical processes that occur
in DIB magnetite synthesis. (C) Image of DIB formation on first
contact of two droplets. (D) Image sequence showing the growth of
magnetite over time.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Effect of precursor concentration on SM growth. (A) Growth over
time for three iron precursor concentrations. Row 1: No iron oxide
shell forms and growth via osmotic swelling; Row 2: Iron oxide shell is
fractured by osmotic ﬂressure; Row 3: Stable SM is formed. (B)
Temporal traces show change in droplet area for droplets in the three
regimes.

3Fe(OH)2 -> Fe304 + H, + 2H,0.

We confirmed the product of this reaction to be magnetite
using selected area electron diffraction (SAED) (Fig. S3 and S4).
The simulation and analysis of the SAED pattern was carried out
with Landyne 3 software.!

We observed a strong dependence of the growth behavior
on the concentration of the iron precursors in the target droplet
(where magnetite forms) (Fig. 2). Specifically, we observed
three different growth behaviors: (i) At very low iron
concentration, there is no visible color change, and we

J. Name., 2013, 00, 1-3 | 3
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Soft Matter

concluded there was thus very little if any magnetite growth (in
this regime the iron-containing droplet increased in volume due
to osmosis) (Fig. 2A top row); (ii) At 12.5 mM Fe2*/3*, arigid shell
forms along the interior of the droplet. This shell could form due
to preferential nucleation/growth of magnetite at the lipid
interface or through the formation of interfacial complexes
between the phospholipid and soluble/insoluble iron oxide
species. Regardless, in this concentration regime, the target
droplet maintains a constant volume until eventually the shell
cracks (presumably due to osmotic pressure) (Fig. 2A middle
row); (iii) At the highest Fe2*/3* concentrations we observe
magnetite growth that was mostly confined to the DIB contact
zone (Fig. 2A bottom row).

Ammonia transport across the DIB was driven by: (i) the
initial concentration gradient across the DIB set by the given
experimental conditions and (ii) Le Chatelier's principle which
dictates that the consumption of OH- in the Shikorr reaction will
continuously drive the conversion of ammonia to ammonium
until the Fe?*3* was consumed, thus maintaining a
concentration gradient that drives ammonia transport until
precipitation is complete. The existence of a gradient in ionic
strength across the DIB (favoring the Fe2*/3* droplet) coupled
with the formation of a magnetite shell on the Fe2*/3* droplet
develops osmotic pressure. If the shell thickness is adequate to
contain this pressure, the magnetosome is stable and the
droplet does not rupture (or grow in volume) (Fig. 2A bottom
row and Fig. 2B).

We could manipulate the magnetite during mineralization
using magnetic fields. In a simple demonstration of this
capability we placed a magnet ~1 cm from the DIB interface
during mineralization, “pulling” a fibril-like magnetite column
toward the magnet and rotating the target droplet during the
process (Figure 3 and Videos S1-S2). This procedure was
directional and could potentially be used to develop
magnetosomes with “chiral” magnetite morphologies. We
believe that translocation of the magnetite-“clogged” interface
toward the magnet generated clear DIB that was critical for fast
diffusion and continued growth.

We show that by positioning ammonia-loaded droplets to
contact Fe2*/3+ droplets, thus forming DIBs at defined positions
around the target droplet, we can produce artificial
magnetosomes with asymmetric or symmetric magnetic
domains (Fig. 4A-F). This utility can be used to tune the
response of these magnetosomes to magnetic fields (e.g., their
field-induced movements). As examples of this utility, we
showed that an asymmetrically loaded droplet moves through
a liquid (the continuous phase, hexadecane) toward a nearby
magnet (Fig. 4E and Video S3). Similarly, magnetosomes
produced in this manner will match the
clockwise/counterclockwise rotation of a rotating magnetic
field generated by a stir plate (Fig. S5 and Video S4). Throughout
these manipulations the magnetic domains of the SMs remained in
place, and did not translocate relative to one another, supporting the
assertion that the mineralized interfaces of the SMs are solid.

To investigate the polarity of the as-synthesized magnetic
domains, we placed SMs with a single domain in a rotating
magnetic field (Video S5-S9). We observed that the droplets are

4| J. Name., 2012, 00, 1-3

Page 4 of 9

A Contact & DIB Formation
Magnet
m
egn@f
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Fi%. 3. Manipulation of SM growth using magnetic fields. (A)
Schematic illustration showing the influence of a magnet on
magnetite growth. (B) Image sequence showing the growth of iron
oxide with a magnet to the left (annotated with red line). (C) Image
sequence showing the growth of iron oxide with a magnet to the right
(annotated with red line).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Polarization of SMs. Schematic (A) and image sequence (B-E)

showing the orientation of a single domain SM (synthesized in the
Fig. 4. Multi-domain SMs. (A) Schematic illustrating the loading of absence of a_ magnetic field) rotating in a magnetic field. (F) Schematic
droplets into PDMS templates to form DIBs at controﬁed locations. (B- illustration of the procedure used to program the polarization of an SM
F) Schematics and representative images of different varieties of arbitrarily. (G-J) Image sequence showing rotation of a programmed
single/multi-domain  SMs. (G) image sequence showing the single domain SM in an external magnetic field. Note vector from center
reorientation and movement of a multi-domain SM from panel E in of SM to magnetic domain aligns with the magnetic field vector B.

response to an external magnetic field.

234 polarized perpendicular to a line drawn from the center of the

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Soft Matter

droplet to the magnetic domain (Fig. 5A-E). We hypothesize
that during growth magnetite particles adopt a distribution of
alignment that favors polarization along the edge of the droplet
because this alignment
surface/magnetic interactions, thus giving rise to a net magnetic
To overcome (control) the
preferred orientation of the magnetic domains, we employed a

distribution maximizes

dipole in each magnetic domain.

magnetic field “templated” approach where pre-synthesized
magnetite particles were loaded into a droplet along with
Fe2*/3+ precursor. A magnetic field was applied to concentrate
and orient the particles in the preferred location and an
ammonium hydroxide droplet was introduced to form a DIB and
initiate magnetite growth. This particle overgrowth “locks” the
polarity of the magnetic domain formed (Fig. 5F-)J and Video
S10).

The serial, drop-by-drop fabrication method utilized to this
point could be problematic to scalability. To address this issue,
we developed a parallel fabrication procedure that is applicable
to the fabrication of hundreds to thousands of monodispersed
SMs, simultaneously (Fig.6A-D). As before, these SMs are easily
manipulated using a magnet, a procedure useful to collection of
products (Video S11).

This approach presented the opportunity to observe the
self-assembly of many droplets at once—a phenomena that was
anticipated based upon the polarization of the individual
magnetic domains. The interactions were apparent from the
formation of dimers, trimers, etc. that can be categorized as
follows: parallel (P), parallel skewed (PS), antiparallel (AP),
head-to-tail (HT), head-to-head (HH), tail-to-tail (TT) or
unaligned (U) (Fig. 6C,E). Observation of many (N=1,064)
droplets gave the following population distribution: 46.8 % U
and 26.3 % P or PS (Fig. 6E). We calculated the population
distribution expected based on random probability (which
would be the case when magnetic interactions were absent)
and would expect the following distribution: 74.3 % U and 9.02
% P or PS (Fig. 6E and Fig. S6). The observed P and PS alignment
occurred at a rate that was ~3X than that expected from
random interactions. We attribute this observed self-
assembling property to the magnetic polarization along the
edge of the magnetic domains (Fig. 6E).

Conclusions

We combine passive transport, agueous mineralization
procedures, and microfluidics to produce synthe2@Q
magnetosomes with programed magnetic domains. Tg
approach to the production of rigid, magnetic features on 299
surface of surfactant stabilized droplets under ambi298
conditions mimics the production of inorganic/organic hylygdl
materials seen in biomineralization. The distribution 29§
alignments of individual magnetite particles favor polarizat)®g
of individual droplets along the droplet edge and lead2&y
droplet-droplet alignment via magnetic effects. This meth®8
could be used to develop synthetic procedures to prodpo®
inorganic materials that are biologically compatible. Bg§)
approach provides opportunities to tune crystal growth3igyq
changing the lipids used, thereby altering the rate of diffusion

6 | J. Name., 2012, 00, 1-3
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Fig. 6. Parallel synthesis of SMs using microfluidics. (A) Schematic
illustration of Fe2+/3+ microdroEIets injected into a hexadecane continuous
phase with an NH; subphase. Magnetite synthesis begins at
subphase/microdroplet interface and the resulting SMs are collected with a
magnet. (B-D) Corresponding images of the SMs synthesized as shown in
panel A. (E) Orientation distribution of a population (N = 1,064) of SM
dimers, trimers, etc.

and deliver of precursor species; additionally, transmembrane
pore forming proteins like alpha-hemolysin can be incorporated
to further control the transport properties of DIBs for
mineralization control.4243

This approach to crystal growth is simple to perform,
requires readily available reagents, takes place at ambient
conditions, and is easily monitored/controlled using
microfluidic devices and optical microscopy. Researchers
interested in the biomimetic fabrication of materials with
properties related to magnetic bacteria could employ the
reported procedures in materials design/production. Scientists
studying ferrofluids,> magnetic microswimmers,*44> drug/cargo

This journal is © The Royal Society of Chemistry 20xx
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Templated Growth

A synthetic mineralization strategy applicable to the synthesis of artificial magnetosomes with
programmable magnetic domains is described. The resulting magnetic domains are polarized and thus
readily manipulated using magnetic fields or assembled using droplet-droplet interactions



