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is a challenging problem in microfluidics'™, and it is a

key requirement for many high-throughput analyses and
microassays®. One-dimensional photonic crystals made from
porous silicon have been constructed with amphiphilic properties”.
When prepared in the form of micrometre-sized particles and
placed in a two-phase liquid such as dichloromethane/water, these
materials will accumulate and spontaneously align at the interface.
Here we show that superparamagnetic nanoparticles of Fe,O, can be

The controlled manipulation of small volumes of liquids

incorporated into the porous nanostructure, allowing the materials
to chaperone microlitre-scale liquid droplets when an external
magnetic field is applied. The optical reflectivity spectrum of the
photonic crystal displays a peak that serves to identify the droplet.
Two simple microfluidics applications are demonstrated: filling
and draining a chaperoned droplet, and combining two different
droplets to perform a chemical reaction. The method provides a
general means for manipulating and monitoring small volumes of
liquids without the use of pumps, valves or a microfluidic container.
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Figure 1 Schematic diagram of the synthesis of bifunctional magnetic particles. A multilayered porous-silicon dielectric mirror (rugate filter) is first etched into the
single-crystal Si substrate. The film is then hydrosilylated to generate a chemically stable hydrophobic mirror. A second rugate filter with a different periodicity is etched
into the substrate, immediately beneath the first. The entire structure is removed from the Si substrate by application of a current pulse. The bifunctional, freestanding film
is placed in water and fractured into micrometre-sized particles by ultrasonication. The particles are then exposed to a solution of superparamagnetic Fe;O, nanoparticles.
Oxidation traps the nanoparticles in the porous Si matrix and imparts hydrophilic character to the second layer.
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Figure 2 Optical microscope images of bifunctional magnetic porous Si particles. The images show transport and delivery of an aqueous payload to a capillary and
then refilling of the assembly. a, Water drop surrounded by particles, immersed in 1:3 dichloromethane/hexane. The source needle is shown to the left, the drain capillary to
the right. The drop has a volume of about 30 pL, and contains a red dye to aid visualization. b, The assembly is moved to the drain capillary under the influence of a magnet
(not shown), positioned beneath the container, and begins to deliver the dye-containing water. ¢, Elimination of water from the assembly is completed. d, The dry assembly
is moved to the source needle by a magnet. e, Assembly is refilled with water containing a blue dye.

The synthetic scheme followed to produce the amphiphilic,
magnetic one-dimensional (1D) photonic crystals of porous Si is
outlined in Fig. 1. A multilayered porous Si dielectric mirror is first
electrochemically etched into the (100) face of a single-crystal, p-type Si
wafer using a sinusoidal current waveform®®, The sinusoidal variation
in refractive index that results, referred to as a rugate filter'®, produces
a sharp resonance feature in the optical reflectivity spectrum of the

2

film, whose wavelength is determined by the periodicity and current
limits used in the etch'. The film is then thermally hydrosilylated
with 1-dodecene, following published procedures'?3, to generate a
chemically stable hydrophobic mirror. A second rugate filter is etched
into the substrate, immediately beneath the first. The entire structure
is then removed from the Si substrate by application of a current pulse.
The freestanding film is fractured by ultrasonication in ethanol” and
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Figure 3 Reflectivity spectra of the bifunctional porous Si particle assembly
before and after delivery of payload. a, Reflectance spectrum obtained from
particles assembled on a water drop immersed in hexane. b, Spectrum obtained
from the assembly after delivery of the aqueous payload to a capillary. Spectra were
acquired using an Ocean Optics SD2000 CCD (charge-coupled device) spectrometer
fitted with focusing optics and using a tungsten light source coaxial with the
detection optics. The detection optics were positioned as indicated in the inset.

the resulting porous Si microparticles are infused with magnetite
nanoparticles from an aqueous suspension.

The high pH of the magnetite suspension spontaneously induces
oxidation of the second porous Si layer, presumably trapping the
magnetite nanoparticles in an oxide matrix. After isolation from the
solution with the aid of an applied magnetic field, the microparticle
composites are thermally oxidized to trap the magnetite more
completely. Oxidation of the porous Si films is confirmed by
Fourier transform infrared (FTIR) spectroscopy (see Supplementary
Information, Fig. S1), and the presence and disposition of magnetite
in the porous Si film is determined by FTIR and elemental mapping
of iron in a cross-sectional electron microscope image using energy
dispersive X-ray spectroscopy (Supplementary Information, Figs S1
and S2). Thermal oxidation preferentially produces oxide on the more
reactive, hydrogen-terminated porous Si layer. The oxide imparts
hydrophilic character to the second mirror whereas the hydrosilylated
side retains its hydrophobic nature, allowing the particles to align at an
aqueous—organic liquid interface.”

In a basic demonstration of a microfluidic application, the
bifunctional magnetic microparticles are used to chaperone droplets
of water immersed in an organic phase between a source and a drain
(Fig. 2). The microparticles spontaneously orient at the interface of the
30-uL water droplet, with the hydrophilic side facing the aqueous phase
(Fig. 2a). The interfacial adhesive forces are strong enough to allow
the particles to move the droplet when a magnetic field is applied.
When the droplet assembly is brought into contact with a glass capillary
(Fig. 2b), water is removed from the assembly by capillary action
(Fig. 2c). The magnetic porous Si chaperones can then be moved to a
stainless steel syringe needle (Fig. 2d) and refilled with liquid (Fig. 2e),
completing the transport cycle.

The reflectivity spectrum from the bifunctional mirrors provides
a signal that can be used to identify the payload. The position of the
spectral peaks in porous Si dielectric mirrors is a strong function of
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Figure 4 Reflectivity spectra of two sets of porous Si chaperones involved in
mixing two chemicals to perform a reaction. The inset of each spectrum shows a
photograph of the experiment representing that stage of the reaction. a, Reflectance
spectrum obtained from particles assembled on a water droplet (4 mm diameter)
containing Ag* ., The particles on this droplet contained a spectral code consisting
of two peaks. b, Reflectance spectrum obtained from water droplet containing I
and a separate spectral code consisting of a single peak. c, Reflectance spectrum
obtained from water droplet after the two drops were combined under the force of
a magnet, showing the superposition of the two spectral codes. The Agl, product

of the reaction is apparent in the image as a white cloud inside the drop. Water
droplets were immersed in octadecene throughout the experiment. The detection
optics were positioned as indicated in Fig. 3.

the average refractive index of the layers, and shifts in the wavelength
of the spectral features have been shown to provide a very sensitive
transduction modality for sensing condensable liquids, proteins,
DNA and other molecules***¢, In the samples represented in Fig. 2,
the hydrosilylated layer displays a spectral wavelength maximum of
540 nm that shifts to 579 nm when it is immersed in hexane (Fig. 3).
The opposite side of the particle displays a band at 660 nm in air that
shifts to 760 nm when in contact with water. The porous Si photonic
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crystals contain enough repeat layers (100) that cross-talk between
opposite sides is not readily observed in the spectra. The approximate
spherical shape of the water droplet/chaperone assembly leads to
a strong reflection from the hydrophobic side over a large range of
incident angles (Fig. 3, trace a). On delivery of the aqueous payload,
the sphere is deflated and reflection from the assembly is greatly
reduced in intensity (Fig.3, trace b). A slight blueshift is observed
in the spectrum on deflation of the droplet, as expected from the
angular dependence (Bragg’s law) observed with photonic crystalst®.
These spectral characteristics can thus indicate the identity of the
chaperones and the status of the chaperoned droplet.

A common microfluidic application is the mixing of two reagents
to perform a chemical transformation. In an experiment demonstrating
this concept, we mixed a water droplet containing Kl with one
containing AgNO,,,, (Fig. 4, and Supplementary Information, movie
S1). The chaperones for these two droplets each contain a different
spectral ‘barcode’, prepared by etching the Si wafer using a superposition
of sine waves as previously described’®®. The droplets are forced to
coalesce under the influence of a small magnet, and the Agl reaction
product is observed as a white precipitate in the resulting droplet.
The spectral code measured on the coalesced droplet contains three
peaks, resulting from a combination of the two spectral signatures of
the parent Ag* (two peaks) and I- (one peak) droplets.

As is apparent in movies of the experiment (Supplementary
Information, movie S1), the presence of chaperones at their surface
exertsastabilizing influence on the water droplets, somewhat impeding
coalescence. The presence of hydrophobic particles on the surface of a
water droplet suppresses wetting, restricting the ability of two drops to
merget. Here it is found that coalescence is aided by increasing the rate
at which the two drops collide. The droplets deform on impact, creating
a larger contact surface that overcomes the effect of surface tension.

The method presented here provides a simple means for
manipulatingsmallvolumes of liquidswithoutamicrofluidic container.
Because the magnetic porous Si particles adhere to the surface of the
water drop, they do not require a specific payload composition such
as a high ionic strength to effect liquid motion. The electrochemical
synthesis of porous Si photonic crystals allows the incorporation
of spectral ‘barcodes™?, allowing the possibility of distinguishing
between multiple distinct liquid drops in combinatorial assays.
Because either water or an organic liquid can be encapsulated by the
amphiphilic particles, a wide range of inorganic or organic molecules
can be manipulated for the purpose of carrying out microreactions.
Mammalian or bacterial cells can also be incorporated in this system
for cell-based assays*2,

METHODS

PREPARATION OF POROUS Si FILMS

Multilayered porous Si dielectric mirrors were prepared by electrochemical etch of a single-crystal,
(100)-oriented p-type Si wafer with a resistivity between 0.08 and 0.2 mQ cm, by application of
asinusoidal current waveform oscillating between 13.3 and 39.8 mA cm-2. The periodicity of the
waveform was 8 s, repeated for 100 cycles in a 3:1 (vol/vol) aqueous 49% solution of HF/ethanol.
Thermal hydrosilylation was accomplished by placing the porous Si sample in liquid 1-dodecene (95%,
Sigma-Aldrich) in a Schlenk flask, degassing the liquid with three successive freeze—pump-thaw cycles,
and then heating at 120 °C under nitrogen for two hours. A second rugate filter with a periodicity of
10 s was then etched into the substrate, immediately beneath the first layer for the same number of
repeats. The porous Si structure was then removed from the crystalline Si substrate by application of
acurrent pulse of about 15 mA cm~2in a 1:13.5 (vol/vol) aqueous 49% HF:ethanol solution for about
1 min, and the freestanding film was rinsed with ethanol.

PREPARATION OF MAGNETITE

In a representative preparation®, 100 ml of a 1 M aqueous NH,OH solution was added over a
period of ten minutes to 10 ml of a 4:1 solution of 1 M FeCl, and 2 M FeCl, in water. The resulting
black precipitate (magnetite) was filtered and then redispersed in 10 ml of 40 wt% aqueous
tetrabutylammonium hydroxide. Dynamic light scattering measurements indicated that the particles
were about 30 nm in diameter.

TRAPPING OF MAGNETITE INTO POROUS S| PARTICLES
The freestanding film was fractured by ultrasonication in ethanol and the resulting microparticles
allowed to settle. The supernatant was removed, and the agueous magnetite colloidal suspension

was added. After stirring for 5 min, the magnetic porous Si photonic crystal particles were isolated from
solution by removal with a bar magnet. While still being held in the flask with a magnet, the particles
were rinsed several times with acetone to remove free magnetite nanoparticles. The isolated magnetic
microparticles were then thermally oxidized in air at 100 °C for 1-2 h.

PRECIPITATION OF Agl USING ENCODED CHAPERONES

Two batches of magnetic nanoparticles were prepared as described above, except that the hydrophobic
(hydrosilylated with dodecene) layer of each batch was etched to display either one peak at ~580 nm
(code 100) or two peaks at ~770 nm and ~830 nm (code 011). The etching conditions to produce

the double peak (code 011) consisted of two superimposed sine waves of different frequencies®. The
specific conditions for preparation of the particles were: code 100: 20-60 mA cm-2 current density,

50 repeats, 6.8-s period; code 011: 30-80 mA cm current density, 50 repeats, two superimposed sine
waves with 6.1- and 5.7-s periods. The hydrophilic, magnetite-loaded layer for each set of particles
was produced by etching a layer beneath the hydrosilylated film at a constant current density of

60 mA cm2 for 8 min. Removal of the film from substrate and preparation of particles followed the
procedure described above. The isolated magnetic microparticles were then added to separate solutions
of deionized water. One particle-coated water drop from each set was then added to a mixture of

95% octadecene and 5% CH,Cl, in an aluminium dish. The deionized water was removed from each
drop using a syringe fitted with a 30-gauge needle, leaving two collapsed masses of particles. Each set
of particles was re-inflated with the appropriate solution: code 001 with 0.1 M Kl(aq) and code 011
with 0.1 M AgNO,(aq). The particles were then manipulated with a magnet held underneath the dish,
allowing the drops to combine and mix.
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