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ABSTRACT: Ferrofluids are stable colloidal dispersions of magnetic nanoparticles in
carrier liquids. Their combination of magnetic and fluidic characteristics not only inspires
fundamental inquiries into forms and functions of matter but also enables diverse
applications ranging from sealants and coolants in mechanical devices to active
components in smart materials and soft robots. Spurred by such fundamental and applied
interests, a growing need for easy-to-synthesize, high-quality ferrofluid exists. Here, we
report the facile synthesis and comprehensive characterization of a silicone oil-based
ferrofluid that displays the characteristic surface instability of high-quality ferrofluids and
demonstrate its functions in smart interfacial materials and soft robots. Silicone’s chemical
immiscibility with polar solvents and its biological inertness, when coupled with magnetic
responsiveness and fluidic deformability, enable the manipulation of solid particles, gas
bubbles, simple and complex liquids, as well as micro-organisms. We envision that the
silicone oil-based ferrofluid will find applications in diverse areas, including magnetic

1 e,

Silicone oil-based
ferrofiuid NVYVYVp

digital microfluidics, multifunctional materials, and small-scale robotics.
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INTRODUCTION

Ferrofluids are stable colloidal dispersions of magnetic nano-
particles in carrier liquids.' ~® The nanoparticles are about 10 nm
in size and are commonly composed of magnetite (Fe;O,),
maghemite (Fe,0;), or cobalt ferrite (CoO-Fe,0;). They can
be stabilized against agglomeration by surface charges, as in
many water-based ferrofluids, or by a layer of surfactant or
polymeric coatings, as in oil-based ferrofluids. (Ferrofluids are
not to be confused with magnetorheological fluids,® which
consist of micron-sized particles and thus have very different
properties and functions.) Ferrofluids have been used as sealants
in switches and pumps, coolants in loudspeakers, delivery
agents, and contrast agents in medical imaging.z_s’7’8 Recently,
ferrofluids have been used as active components in multifunc-
tional interfacial materials,””"" droplet-based microfluidic
systems,'>~'* and soft robots.'*~>* As a result, their potential
applications have exzpanded into emerging areas such as
programmable matter’® and intelligent matter.”’

Many unique properties of ferrofluids stem from the synergy
between the magnetic particles and their carrier liquids;
therefore, changing the chemical composition of the carrier
liquid of a ferrofluid significantly alters its properties. The most
common carrier liquids are water and hydrocarbon oils. Many of
these water- or hydrocarbon-oil-based ferrofluids are commer-
cially available and have been used in recent demonstrations of
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ferrofluid-based robots.'”~>> However, their miscibility with
water, common organic solvents, such as ethanol, and complex
biofluids, such as blood, poses risks of sample contamination and
degradation. Fluorocarbon-based ferrofluids™*® can overcome
the miscibility challenge because of their chemical and biological
inertness, but using per- and poly-fluoroalkyl substances brings
additional safety concerns because of their long-term accumu-
lation in the environment.”” Silicone oils, or more technically
called polysiloxane liquids, are also chemically and biologically
inert. They are considered superior to hydrocarbon oils in many
properties, such as high thermal stability, small dependence of
viscosity on temperature, and low surface tension.’’~> Their
superior properties have enabled applications including additive
manufacturing,* slippery coatings,*>*® pharmaceutical stor-
age,””*" and clinical operations.””*" It is therefore expected that
silicone oil-based ferrofluids would have similarly diverse

applications.
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Figure 1. Structural characterizations and magnetic properties of silicone oil-based ferrofluid. (a) Scheme of the two-step synthesis. (b) Photo of
the surface instability of the as-synthesized silicone oil-based ferrofluid. (c) X-ray diffractogram of the functionalized Fe;O, nanoparticles. The
peaks are labeled according to magnetite ICSD #26410. (d) Representative transmission electron microscopy image showing the functionalized
nanoparticles. The inset shows the crystal lattice. (e) Plot of the ferrofluid magnetization M versus the applied field H. The inset magnifies the
region from —40 to 40 Oe. The M—H curve shows no hysteresis, in agreement with the superparamagnetism of the nanoparticles. The red curve
is the fitting of the Langevin function. (f) Plot of zero-field cooling and field-cooling ferrofluid magnetizations M versus temperature T. The
dashed red vertical line at 110 K indicates the blocking temperature of the ferromagnetism—superparamagnetism transition.

Existing silicone oil-based ferrofluids,*' ~>° however, have not
fully realized these potentials. The challenge is mostly due to the
difficulty in uniformly and stably dispersing magnetic nano-
particles in silicone oils (Table S1). Commercial ferrofluids are
mostly water- or hydrocarbon-based ferrofluids; silicone oil-
based ferrofluids are rare, and their qualities are uncertain (Table
S2). Early patents explored using single-end functionalized
polysiloxane as surfactants*' but found it difficult to anchor
these surfactants on nanoparticles.*” This same strategy was
adopted in our previous report” and the report of Zhou et al.,*’
but no surface instabilities were observed. Another strategy was
to use hydrocarbon surfactants,"**" but this strategy created
potential solubility issues with many other hydrocarbon fluids.
Yet another strategy was to use siloxane-based surfactants with
multiple anchor points,”~*****” but it tends to agglomerate
nanoparticles and induce sedimentation. Hence, the potential of
silicone oil-based ferrofluids as a model system for fundamental
studies on ferrohydrodynamics or as active components in soft
robots, smart materials, or systems has not been fully realized.

Here we report the facile synthesis of a silicone oil-based
terrofluid with high saturation magnetization and demonstrate
its wide range of interfacial and robotic functions. Specifically,
we employ sonication to assist the bonding between the
monocarboxyl-terminated poly(dimethylsiloxane) and iron
oxide nanoparticles under mild synthesis conditions. The
resulting ferrofluid possesses saturation magnetization close to
30 emu/g (~490 G) and displays the surface instability
characteristic of a high-quality ferrofluid. We characterize the
ferrofluid’s rheological and mechanical properties and its

chemical compatibilities with representative polar and nonpolar
solutions/solvents, as well as reactive solutions. We further
demonstrate its interfacial functions in droplet-based micro-
fluidic systems on slippery-liquid-infused porous surfaces
(SLIPS) and ferrofluid-infused porous surfaces (FLIPS) and
illustrate its bioinert properties in bacteria, algae, and
mammalian cell cultures. Moreover, the dynamic topographical
response in FLIPS provides additional antibiofouling properties.
Finally, we demonstrate the potential of ferrofluid-based robots
using ferrofluid droplets. We envision that our silicone oil-based
terrofluid will find applications in magnetic digital microfluidics
for chemical and biomedical testing, in multifunctional materials
for antifouling and protective coatings, and in microrobots for
targeted delivery and minimally invasive surgery.

RESULTS AND DISCUSSION

Synthesis, Structure, and Magnetic Properties of
Silicone Oil-Based Ferrofluid. The silicone oil-based
ferrofluid was synthesized via ultrasound-assisted chemical
coprecipitation, functionalization, and redispersion of iron
oxide nanoparticles (Figure 1a). First, an acidic solution of
divalent and trivalent iron cations was mixed with an ammonia
solution to form iron oxide nanoparticles. Toward this mixture,
monocarboxyldecyl-terminated polydimethylsiloxane (PDMS-
C,,COOH) was added under continuous mechanical stirring
and ultrasonication. In basic aqueous solutions, deprotonated
carboxyl groups are bidentate ligands and form strong
coordinate bonds with iron cations, thereby anchoring PDMS-
C;,COO™ to the nanoparticle surfaces. As a result, the
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Figure 2. (a) Plot of shear stress versus shear rate of the as-synthesized ferrofluid under three different magnetic fields. (b) Plot of viscosity
versus temperature at a constant shear rate of 100 s™". (c) Plot of viscosity versus magnetic flux density at a constant shear rate of 500 s~'. The
inset shows the data points in the low field region on a log scale. (d) Plot of vertical force versus separation distance for three test surfaces: glass,
nylon, and PTFE. (e) Photos of chemical compatibility tests. The first row shows immiscible solutions and solvents. The second row shows
miscible solvents. The third row shows reactive solutions and solvents.

functionalized nanoparticles are surrounded by an inner layer of frequency range. Moreover, the proton magnetic resonance
carbon chains and an outer layer of PDMS groups. Then, the spectra (Figure S2) and gel permeation chromatograms (Figure
functionalized nanoparticles were washed with acetone and S3) of C,;-PDMS-C,,COOH before and after ultrasonication
redispersed in n-hexane. Any remaining acetone and ammonia treatment show little or no difference. Both results suggest the
were removed by ultrasonication at 50 °C. Finally, dimethylsi- dominance of the mechanical effect of ultrasonication in our
licone oil (10 mPa-s) was added to the dispersion, and n-hexane synthesis. Specifically, we surmise that (1) the ultrasonication
was removed by raising the water bath temperature to 80 °C to increases the chances (per unit time) of surfactants” carboxylic
obtain silicone oil-based ferrofluid. The quality of the final acid groups interacting with nanoparticles’ surface hydroxyl
product was readily assessed by observation of the characteristic groups by rapidly reconfiguring the conformation of PDMS-
surface instability under a strong permanent magnet (Figure C,0COOH and that (2) it facilitates the condensation reaction
1b). between carboxylic acid and hydroxyl groups by providing extra
Our previous synthesis’ used PDMS-C;(COOH as the energy to activate these groups, either in the form of kinetic
surfactant, but it did not produce a ferrofluid that displays energy released during the collapses of cavities or in the form of
surface instability. Our current synthesis improves upon the thermal energy.
previous synthesis in the following three aspects: (1) we employ Second, toluene was used in the dispersion step in our
ultrasonication to increase reaction rates and shorten the total previous synthesis” because it is a good solvent for PDMS.>* It
duration of the synthesis from 2 days to ~2 h; (2) we replace can unfold the polymeric chains of PDMS groups in the outer
toluene with more volatile hexane in the dispersion step, thereby layer of the functionalized nanoparticles and facilitate the
removing the need for the last step of heating in an oil bath; (3) interaction between these anchored PDMS groups and the
we identify that the PDMS oils of low molecular weight are chains of PDMS oils in the final dispersion. We hypothesized
better than PDMS oils of high molecular weight in synthesizing that other good solvents®* of PDMS can achieve a similar effect.
high-quality ferrofluid. We comment on these three aspects Indeed, n-hexane can redisperse the functionalized nanoparticles
below. in PDMS oils. The boiling point of n-hexane (69 °C) is lower
First, we performed control experiments to selectively turn off than that of toluene (110 °C) and can be easily removed by
ultrasonication in each of the two steps in the synthesis, and the heating in the same ultrasonication water bath. Thus, the heating
results show that ultrasonication in the coprecipitation and step in an oil bath is removed.
functionalization step is critical to the quality of the ferrofluid Third, low-molecular-weight PDMS oils are better than their
(Figure S1). Research in sonochemistry has shown that high-molecular-weight counterparts because their contributions
ultrasounds create cavities with sizes of ~1 ym and lifetimes to the mixing entropy AS; are higher. According to Flory—
of ~1 ns.”' ™’ In the low-frequency range of 20—100 kHz, Hugﬁgins theory of polymer solubility (Supplementary Section
mechanical effects, such as the shock waves and shear forces S1),> a polymer’s contribution to the mixing entropy of
generated by the collapses of cavities, dominate, whereas in the polymeric solution is inversely proportional to its molecular
high-frequency range of 100 kHz to 10 MHz, chemical effects, weight or its degree of polymerization. Higher mixing entropy
such as the formation of free radical species, dominate. The gives a lower mixing free energy and hence favors mixing.
measured ultrasound frequency in our ultrasonication vessel is Control experiments performed with PDMS oil of 100 mPa-s
~30 kHz at a power of ~0.7 W/cm?, which is in the low- did not produce a ferrofluid that displays surface instability
8906 https://doi.org/10.1021/acsnano.4c16689
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Figure 3. Interfacial properties and functions for droplet microfluidic platforms based on silicone oil-based ferrofluids. (a) Scheme of a
wrapping layer: a droplet of fluid 1 (blue) is wrapped around by a thin film of fluid 3 (brown) in fluid 2 (gray). (b) Plots of dielectric coefficients
€ versus frequency £ (in unit of eV) for liquids used in our experiments. (c) Plots of Casimir—Lifshitz energy per unit area G3, versus the
thickness of a wrapping layer. The configuration is a water droplet (1) wrapped by ferrofluid or hydrocarbon oil (3) in air (2). The numbers
correspond to the configurations in panel a. Energy decreases with increasing thin film thickness, indicating stable thin films. (d) Plots of the
Casimir—Lifshitz energy per unit area G,3, versus the thickness of a wrapping layer. The configuration is a water droplet (1) wrapped by
ferrofluid or hydrocarbon oil (3) in oleic acid (2). Energy decreases with decreasing thin film thickness, indicating unstable thin films. (e)
Photos of water droplets held by magnets on SLIPS (left) and FLIPS (right) in air. (f) Photos showing the absence of a wrapping layer when
oleic acid is added to replace air. (g) Demonstration of a ferrofluid droplet moving other droplets to perform an acid—based reaction on SLIPS.
(h) Demonstration of a ferrofluid ring enclosing other droplets to perform a Griess test reaction on FLIPS. (i) Plot showing the linear
dependence of absorbance on nitrite concentrations in the range of 1—100 #M for the Griess test. (j) Selected absorption spectra of the Griess
test.

(Figure Sle,f). The average molecular weights of PDMS oils of Langevin function (Supplementary Section S2) gives a particle

10 and 100 mPa-s are 1800 and 5800 g/mol, respectively.”’ size of 5.8 & 2.4 nm, comparable with the size observed in TEM.
Replacing PDMS oil of 100 mPa-s with PDMS oil of 10 mPa-s The volume fraction of magnetite nanoparticles in the ferrofluid
increases the oil’s contribution to the mixing entropy by a factor is about ~30%, estimated by dividing the saturation magnet-
of ~3, thereby creating a more stable solution. Indeed, the ization M, ~ 30 emu/g of the ferrofluid by the bulk
ferrofluid synthesized with PDMS oil of 10 mPa-s remained magnetization of magnetite My ~ 98 emu/g. The plot of zero-
stable under strong magnetic field gradients for at least a month field-cooling and field-cooling magnetizations M versus temper-
(Figure S4). ature T indicates that the blocking transition temperature from
Figure 1c—f shows the crystalline structure of the iron oxide ferromagnetism to superparamagnetism is about 110 K (Figure

nanoparticles and the magnetic properties of the silicone oil- 1f), well below room temperature.
based ferrofluid. The X-ray diffraction (XRD) pattern shows Rheological, Mechanical Properties, and Chemical
that the nanoparticles are composed of magnetite Fe;O,, with Compatibilities. To understand comprehensively the behav-
the typical inverse spinel cubic structure (Figure 1c). No other iors of the silicone oil-based ferrofluid for applications, we
phases of iron oxide were observed. The size of the nanoparticles characterize its rheological properties, mechanical properties,
obtained by transmission electron microscopy (TEM) is 6.0 + and chemical compatibilities (Figure 2). The rheological
1.4 nm (Figures 1d and SS). The inset in Figure 1d shows the properties of the ferrofluid depend strongly on magnetic fields
crystal lattice of a typical nanoparticle with a lattice spacing of and temperature. The ferrofluid shows the behavior of a
0.25 nm, corresponding to the (311) plane. The small sizes of Newtonian fluid, with a linear relation between shear stress and
the nanoparticles are consistent with their superparamagnetic shear rate up to 1000 s~ (Figure 2a). Its viscosity increases as
properties. The curve of the ferrofluid magnetization M versus the temperature decreases (Figure 2b); the rate of decrease is
the magnetic field H was measured on a vibrating sample slower than that of water-based or hydrocarbon oil-based
magnetometer at room temperature, and it shows no hysteresis ferrofluids. Thus, the silicone oil-based ferrofluid keeps its
(Figure le). Under the assumption of a log-normal distribution viscosity within the same order of magnitude over a wide
of particle sizes,”® the fitting of the M—H curve with the temperature range, allowing it to be used in high and low
8907 https://doi.org/10.1021/acsnano.4c16689
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Table 1. Spreading Coefficients for Ferrofluid/Krytox on Water Droplets in Air/Oleic Acid

interface 1—2 (y,, [mN/
1)

interface 3—1 (y5; [mN/
m 1))

m m

water—air (72)
water—oleic acid (13.9)

ferrofluid—water (36.4)
ferrofluid—water (36.4)

ferrofluid—air (21.0)

ferrofluid—oleic acid

(0.9)
Krytox—air (15.4)

water—air (72)
water—oleic acid (13.9)

krytox—water (53.7)
krytox—water (53.7)

interface 3—2 (73, [mN/
]

Krytox—oleic acid (10.6)

agreement with

Spreading coefficient, § =y, — (y3l + y32) [mN/m] experiments
14.6 yes
—23.4 yes
2.9 yes
—-50.4 yes

temperatures where other types of ferrofluids might fail. Its
viscosity at room temperature increases as the magnetic field
increases and plateaus at ~33 mPa-s (Figure 2c); the shape of
the curve resembles the shape of the magnetization curve,
suggesting the dominant role of magnetization in increasing the
effective viscosity.' It suggests that the magnetic field can be
used as a means of tuning the effective viscosity of the ferrofluid,
which is potentially valuable in applications where a change in
viscosity is required.

The silicone oil-based ferrofluid has a relatively low surface
tension of 21 mN/m (Figure S6a). Thus, it wets many high-
energy surfaces, such as glass and metals, and partially wets low-
energy surfaces, such as plastics. To investigate the effect of
wetting on the ferrofluid’s mechanical properties, we measured
the forces between a ferrofluid droplet under a magnetic field
and three test surfaces by first bringing the test surface down to
200 pm above the bottom glass surface and retreating the test
surface up (Figure 2d). The surface energies of the three test
surfaces are ~200—500 mN/m for glass, ~46 mN/m for nylon,
and ~18 mN/m for polytetrafluoroethylene (PTFE). Figure 2d
shows that during both compression and extension, the upward
forces increase with increasing surface energies of the test
surfaces. We surmise that this effect is due to increasing
interfacial interactions between the ferrofluid and the test
surfaces, which suggests a way to tune mechanical functions
using wetting properties in potential applications.

The chemical inertness of silicone oil suggests that the silicone
oil-based ferrofluids should also be chemically inert. However,
the presence of iron oxide nanoparticles, although surface
functionalized, can be chemically active. We test the chemical
compatibility of the silicone oil-based ferrofluid in three sets of
representative solutions and solvents (Figure 2e). The first row
shows the silicone oil-based ferrofluid with immiscible solutions
and solvents after 7 days: aqueous solutions of pH = 0 and pH =
14, dimethyl sulfoxide (DMSO), and acetonitrile; the second
row shows it with miscible solvents: dichloromethane,
tetrahydrofuran (THF), ethyl ether, and ethyl acetate; the
third row shows it with reactive solutions and solvents:
concentrated phosphoric acid, concentrated sulfuric acid,
concentrated hydrochloric acid, and acetyl chloride. These
chemical compatibility tests suggest that the silicone oil-based
ferrofluid is immiscible with more polar solvents and miscible
with less polar solvents, but the presence of iron oxide makes it
reactive with strong acids and corrosive compounds. These tests
offer a guide for selecting materials in the applications of
silicone-oil-based ferrofluids in smart materials and soft robots.

Smart Interfacial Materials Based on Silicone Oil-
Based Ferrofluids. The chemical compatibilities of silicone
oil-based ferrofluid enable its use on slippery liquid-infused
porous surfaces (SLIPS)*”** or in ferrofluid-containing liquid-
infused porous surfaces (FLIPS).” These smart surfaces can be
designed to repel or manipulate various simple and complex
liquids, solids, and biological soft materials. In particular, using
ferrofluid to manipulate droplets on FLIPS or SLIPS provides a
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new strategy for constructing magnetic digital microfluidic
systems.'' For these potential applications, understanding the
fundamental interactions between the droplets and the under-
lying lubricating liquid serves as the foundation for the practical
exploration of functions. One well-known phenomenon that
reveals such fundamental interactions is the formation of a
wrapping layer of lubricating liquid around a droplet (Figure
3a). Our new silicone oil-based ferrofluid allows easy visual-
ization of the wrapping layer and displays qualitatively similar
behaviors as the fluorocarbon-based ferrofluid in our previous
report,” but detailed quantitative analysis reveals new additional
insights. Replacing fluorocarbon-based ferrofluids with our new
ferrofluids in bioinspired interfacial materials will alleviate
environmental concerns about fluorocarbons without sacrificing
functions; thus, our new ferrofluids represent a more environ-
mentally friendly alternative. This section will start with an
investigation of the formation of wrapping layers and then
demonstrate droplet manipulations on SLIPS and FLIPS as
potential applications in magnetic digital microfluidics.

The formation of a wrapping layer is generally explained by
the spreading coefficient, S = ¥, — (713 + 753), where Vi
represents the interfacial tension between fluid i and fluid j,
and fluids 1—3 represent the droplet, the surrounding fluid, and
the fluid of the wrapping layer, respectively (Figure 3a).”~°" An
alternative approach based on the calculation of long-range van
der Waals interactions,®* also called Casimir—Lifshitz inter-
actions,®® was shown to give more accurate predictions for the
formation of wrapping layers around water droplets on FLIPS.”
For nonpolar liquids, such as silicone oils and fluorinated oils,
van der Waals forces are the dominant contributions to surface
tensions, so the two approaches should, in theory, yield the same
results. In practice, however, trace amounts of impurities, such as
dust organic particles in the air or small molecule plasticizers in
plastic syringes and tubing, can significantly change the
interfacial tension between water and a nonpolar fluid, thereby
introducing errors large enough to alter the signs of spreading
coeflicients.

Here, we calculate both the spreading coefficients (Table 1)
and the Casimir—Lifshitz interactions (Figure 3b—d) using the
physical properties of the liquids (Tables S3 and S4) and
compare these theoretical predictions with experimental results
(Figure 3e—f and Movie S1). In our calculations and
experiments, the droplet phase (fluid 1) is water; the
surrounding fluid (fluid 2) is air or oleic acid; and the liquid
of the wrapping layer (fluid 3) is silicone oil-based ferrofluid or
fluorinated oil Krytox GPL100.

The calculation of spreading coefficients (Table 1) is
straightforward when all the interfacial tensions are known
(Table S4 and Figure S6, Supplementary Section S3). The
results agree with the experimental observations. We make two
comments. First, the large negative values of S in situations
where oleic acid is the surrounding fluid are mostly due to the
small interfacial tension between oleic acid and water (~14 mN/
m). Oleic acid, being surface-active itself, has eliminated the
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Figure 4. Bioinertness and antibiofouling properties of silicone oil-based ferrofluid. (a) Photo of centrifugal tubes containing ferrofluid and
bacteria (E. coli), ferrofluid only, and bacteria only. (b) Representative microscope image of tracked bacteria motion after cultivation with
silicone oil-based ferrofluid for 29 days. (c) Plots of speeds of bacteria with and without ferrofluids versus time. The error bars are the standard
deviations of Gaussian fits of approximately 200 bacteria. Two sample ¢ tests show no significant difference between the swimming speeds of the
two groups. (d) Photos of centrifugal tubes containing ferrofluid and algae (C. reinhardtii) and algae only. (e) Representative image of algae
under a light microscope after cultivation with silicone oil-based ferrofluid for 2 weeks. (f) Plots of optical densities at 680 nm versus time for an
algae culture (control) and cultures with ferrofluid, bleach, and glutaraldehyde. The error bars are the standard deviations of absorptions of
three samples. (g) Fluorescent images of live-stained HeLa cell-only culture, HeLa cell culture with 10% silicone oil-based ferrofluid, and HeLa
cell culture with 0.1% doxorubicin hydrochloride. (h) Optical densities of cell-only cultures and HeLa cell cultures with 10% DMSO, 10%
silicone oil, 10% silicone oil-based ferrofluid, and 0.1% doxorubicin hydrochloride. The error bars are standard deviations of eight replicates.
The stars indicate that the p-value of the two-sample ¢ test is less than 0.0001. (i) Schemes of P. aeruginosa biofilm on porous PTFE film (left)
and FLIPS (right). An oscillating magnetic field was applied via a magnet below the FLIPS. (j) Fluorescence images showing extensive P.
aeruginosa biofilm attachment on porous PTFE (left) and no biofilm attachment on FLIPS (right) surfaces after 7 days. The insets are the
corresponding photos of the control PTFE and FLIPS surfaces after 7 days of biofilm growth.

effects of any surface-active impurities that may cause errors. frequency susceptibility (i) (Figure 3b). From the values of
Second, the small positive value of S = 2.9 mN/m for the Krytox €(if), we calculate the Hamaker coefficients and the interaction
wrapping layer around a water droplet in the air leaves a small energy G, 3, versus the thin film thickness. Figure 3c,d shows the

margin of error. A ~5% error in the measurement of the
interfacial tension between Krytox and water could change the
sign of S. The existence of a Krytox wrapping layer around the
water in the air, however, is not in doubt: its existence prevents
the complete wrapping of a water droplet by ferrofluid, as shown
in the left image of Figure 3e.

configurations in which the surrounding fluids are air and oleic
acid, respectively. The principle of free energy minimization in
equilibrium systems suggests that ferrofluid or Krytox wrapping
layers in the air tend to grow thicker and, hence, are stable. In
contrast, ferrofluid or Krytox wrapping layers in oleic acid tend

To calculate the energy of Casimir—Lifshitz interactions to grow thinner and eventually disappear, and hence, they are
(Supplementary Section S4.1), we used the refractive index and unstable. These results agree with the experimental observa-
the first ionization potential to construct a model for imaginary tions.
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Figure S. Manipulation of objects using droplets of ferrofluid in 2D and 3D. (a) Transport and self-assembly of three PNIPAM hydrogel
droplets by controlling a pair of ferrofluid droplets. The assembled hydrogel droplet preserves partly the initial spherical shapes of the hydrogel
droplets. (b) Transport of three particles at three interfaces to the target area in the U-shaped aluminum ring. The top and bottom liquids are
water (dyed green) and a fluorocarbon liquid, respectively. The red silicone particle at the air—water interface is pulled into the target area. The
yellow glass bead at the bottom is pushed into the target region. The blue polystyrene bead is pulled collectively by small ferrofluid droplets. (c)
Demonstration of dye release from a ferrofluid droplet inside a maze.

We make two further comments about the calculation of the
Casimir—Lifshitz interaction energy G;,. First, there are two
simplified methods to calculate G,3,’: one based on combining
relations (Supplementary Section S4.2 and Table SS) and one
based on nonretarded Hamaker constants (Supplementary
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Section $4.3 and Table S6). While the former gives the correct
predictions, the latter gives mixed results. Combining relations
uses interfacial tensions as input, so the accurate measurements
of interfacial tensions in our experiments produced the correct
results. On the other hand, the simplified method to calculate
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nonretarded Hamaker constants assumes the same electronic
absorption frequency of 3 X 10'° Hz (equivalent to a first
ionization potential of 12.4 eV) for all media,** but this
assumption introduces too much error, particularly for silicone
oil, whose first ionization potential is 6.37 eV (Table S3), so this
method produced mixed results. Second, our full calculation
could be further improved by incorporating more terms into the
models of imaginary frequency susceptibility £(i¢). The benefit
is that the results will be quantitatively accurate and enable us to
design more intricate systems by balancing disjoining pressures
(Figure S7) with magnetic and capillary pressures.

To demonstrate the potential of a silicone oil-based ferrofluid
in magnetic digital microfluidics, we performed droplet-based
chemical reactions on SLIPS (Figure 3g) and FLIPS (Figure
3h—j). On SLIPS, a robotic arm controlled the motion of a
permanent magnet array, whose magnetic field gradient
imposed a magnetic force on a ferrofluid droplet to move it.
When the ferrofluid droplet was near a nonmagnetic droplet, it
attracted the nonmagnetic droplet (basic aqueous solution of
sodium hydroxide with a phenolphthalein indicator) via
capillary interaction.”> The two droplets became attached and
moved together but were not mixed because of immiscible
solvents. When another nonmagnetic droplet (aqueous solution
of hydrochloric acid) was similarly attached, two aqueous
droplets mixed, and the resulting acid—base reaction was
monitored from the gradual color change (Movie S2). On
FLIPS, three droplets of different volumes were mixed in a
ferrofluid ring to perform the Griess test (Figure 3h and Movie
S3). The Griess test can determine the concentration of nitrite in
a solution and is widely used to detect urinary tract infections
and bacteriuria.””®” A ring magnet was used to create a ferrofluid
ring as a two-dimensional (2D) reaction vessel. This ferrofluid
2D reaction vessel opens automatically while moving to take in
and mix droplets. Absorptions at 540 nm were measured for
samples of different nitrite concentrations, and a linear
dependence of absorption on nitrite concentration was obtained
in the range of 1-100 uM (Figures 3ij). The strong linear
dependence and the high sensitivity of the test indicate that
silicone oil-based ferrofluid does not interact with any reagents
in the test because of its chemical inertness.

The silicone oil-based ferrofluid is biologically inert. We verify
its bioinertness in bacteria, algae, and mammalian cell cultures
(Figure 4a—h). We cultured Escherichia coli in the presence of
silicone oil-based ferrofluid for about a month and measured the
swimming speeds of bacteria as an indicator of their viability
(Figure 4a,b and Movie S4). The swimming speeds of bacteria in
cultures with and without ferrofluid showed no statistically
significant difference (Figure 4c). Similarly, we cultured
Chlamydomonas reinhardtii in the presence of silicone oil-
based ferrofluid and performed toxicity tests (Figures 4d—f and
S8). The optical densities of the cultures with and without the
ferrofluid show the same increase over a four-day period,
indicating no influence of the ferrofluid on the algae growth,
whereas the optical densities of cultures with common
disinfectants bleach and glutaraldehyde show a marked decrease
over the same period, as a result of the disinfectants’ toxicity
(Figure 4f).

Moreover, we cultured human HeLa cells in the presence of
silicone oil-based ferrofluid and performed the in vitro cellular
toxicity test according to ISO 10993-S (Figure 4g, h).
Fluorescent images taken after 24 h show no visual difference
between the cell-only control group and the group with 10%
ferrofluid. In contrast, most cells died in the negative control
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group of 0.1% doxorubicin hydrochloride, a cytotoxic drug
(Figures 4g and S9). To corroborate this result, Figure 4f shows
the optical densities at 450 nm for the groups of cell-only, 10%
DMSO, 10% silicone oil, and 10% ferrofluid showing similar
absorbance after 24 h of incubation, indicating no influence of
the ferrofluid on cell growth. In contrast, the optical density of
the control group treated with 0.1% doxorubicin hydrochloride
shows significantly low absorbance with p < 0.0001 (Figure 4f).

The response of ferrofluid to external magnetic fields allows us
to engineer FLIPS with dynamic topography. Surfaces with
active microscale topography have been shown to prevent
biofilm formation.”® We hypothesize that the dynamic top-
ography of FLIPS could similarly prevent biofilm formation. To
test this hypothesis, we cultured a common clinical pathogen
Pseudomonas aeruginosa on FLIPS in the presence of an
oscillating magnet for a week (Figure 4i). A control sample on
a porous polytetrafluoroethylene (PTFE) membrane but
without ferrofluid was also prepared. Fluorescent images taken
after 7 days show significant biofilm accumulation on the control
sample but no biofilm on the FLIPS sample (Figures 4j and
S10). This result suggests the potential of the antibiofouling
application of properly engineered dynamic FLIPS.

Soft Robots Based on Silicone Oil-Based Ferrofluid.
Ferrofluid-based soft robots relpresent an emerging area of
applications of ferrofluid.”*~"”"*~** The motivation is that
liquids are easier to deform than elastic solids; and magnetic
liquids, in particular, can be manipulated via external magnetic
fields to navigate through narrow channels to reach occluded
regions and perform tasks such as imaging, cargo delivery, or
localized heating. The chemical and biological inertness of the
new silicone oil-based ferrofluids suggests that they can be used
to construct soft robots to manipulate particles of a variety of
chemical compositions. As proof-of-concept demonstrations, we
show the behaviors of droplet-based robots made of silicone oil-
based ferrofluids in composite fluidic media environments
consisting of water and a fluorocarbon fluid. This section
demonstrates the use of millimeter-scale ferrofluid droplets to
manipulate various particles.

Using silicone oil-based ferrofluids, we performed two-
dimensional (2D) manipulation of a silicone rubber ball, a gas
bubble, and a water droplet, and the 2D assembly and cross-
linking of three hydrogel pregel droplets at the interface of a
fluorocarbon oil and air. The former (Figure S11 and Movie SS)
is a simple demonstration to showcase the versatility of objects
that the ferrofluid is capable of handling, while the latter (Figure
Sa and Movie S6) involves slightly more complex robotic
manipulation and timed rupture of wrapping layers. More
specifically, the latter case (Figure Sa) involves the transport,
self-assembly, and cross-linking of three droplets of poly(N-
isopropylacrylamide) (PNIPAM) pregel solutions by a pair of
terrofluid droplets. Two parallel stacks of permanent magnets
placed on the end effector of a robotic arm created a magnetic
double-well potential and were used to trap a pair of ferrofluid
droplets. This pair of ferrofluid droplets can attach a single
droplet of pregel solution between them via capillary force to
facilitate the transport of the pregel droplet. When pregel
droplets were brought to proximity, they self-assembled via
mutual capillary attraction to form a triangular configuration.
UV light irradiation initiated the cross-linking reaction during
the self-assembly process. Continued UV light irradiation
facilitated the rupture of the fluorocarbon wrapping layer
around the hydrogel droplets and the formation of a continuous
piece of hydrogel that preserves the overall shape of the
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triangular configuration. This hydrogel piece was shown to
exhibit the usual thermal responsiveness of PNIPAM (Figure
S12). We note that this simultaneous cross-linking and shape-
preserving capability was only recently accomplished using
droplets wrapped by expensive lipid molecules,’” and our use of
a fluorocarbon wrapping layer at the liquid—air interface to
achieve the same capability opens doors to convenient
fabrication of hydrogel network structures, with potential
applications in smart multifunctional materials and biomedicine.

We further demonstrate the capability of silicone oil-based
ferrofluid to manipulate particles in 3D in a solution containing a
top water layer (dyed green) and a bottom fluorocarbon liquid
layer (Figure Sb and Movie S7). A silicone rubber particle (red,
density ~0.9 g/cm?), a polystyrene particle (blue, ~1 g/cm?),
and a glass bead (yellow, ~2—3 g/cm?®) were positioned at the
air—water interface, the water-fluorocarbon liquid interface, and
the fluorocarbon liquid-container interface, respectively. The
density of silicone oil-based ferrofluid (~1.3 g/cm®) is larger
than water, but smaller than the fluorocarbon oil (~1.9 g/cm?).
The stable position of a ferrofluid droplet is at the water-
fluorocarbon oil interface, but it can float at the air—water
interface via a capillary force. We moved a ferrofluid droplet
across these interfaces by changing the vertical distance of the
permanent magnet with respect to the bottom of the container.
Using the ferrofluid droplet as a manipulator, we pulled the
silicone particle, pushed the glass bead, and pulled the
polystyrene particle via the collective efforts of many smaller
ferrofluid droplets at their respective interfaces toward a
common area enclosed by a U-shaped aluminum strip. The
formation of the smaller droplets takes advantage of the
hysteresis of ferrofluid surface instability’’: we moved the
magnet close to the bottom of the container to induce surface
instability and split the initial droplet into smaller droplets, and
then moved away from the container so that the smaller droplets
floated up to the water-fluorocarbon liquid interface and
performed the transport task collectively. Owverall, this
demonstration showcases a variety of manipulation strategies
based on the interplay among magnetic forces, buoyance forces,
and capillary interactions. It promises great flexibility in the
future design of soft robots based on silicone oil-based ferrofluid.

To demonstrate the potential of silicone oil-based ferrofluid
for drug delivery, we encapsulated a water-soluble dye in a
ferrofluid droplet and delivered the dye inside a maze (Figure Sc
and Movie S8). Permanent magnets below the maze controlled
the movement and deformation of the ferrofluid droplet. In
water, the ferrofluid droplet maintained a nearly spherical shape.
Moving the permanent magnets horizontally rolled the droplet
with little resistance. Moving the permanent magnets vertically
closer to the maze increased the magnetic field’s strength,
deformed the droplet, and released the dye. After the release, the
permanent magnets retracted to decrease the magnetic field’s
strength, and the droplet became spherical again and could be
rolled to exit the maze. This demonstration shows the navigation
of a ferrofluid droplet inside a complex channel and drug release
through simple magnetic field control and suggests the potential
of the silicone oil-based ferrofluid as a drug carrier.

CONCLUSIONS

We have reported the facile synthesis of a silicone oil-based
ferrofluid that displays the characteristic surface instability of
high-quality ferrofluid. This high-quality silicone oil-based
ferrofluid has allowed us to construct various smart multifunc-
tional interfacial materials and soft robots.

8912

This report raises a few immediate questions that warrant
further investigations. First, further optimization and systematic
exploration of the synthetic conditions, particularly with
automated laboratory hardware, will benefit mechanistic studies
and efforts to scale up the synthesis for potential commercial
applications. Second, the ability to modify the side chains in
polyalkylsiloxane affords us the capability to fine-tune Casimir—
Lifshitz interactions of ferrofluid with other liquids; quantifying
these interactions will require more detailed models of
imaginary frequency susceptibility e(i&); the parameters for
these models may be obtained from direct absorption
measurements. Third, the dynamic interface between magneti-
cally actuated silicone oil-based ferrofluids and aqueous
solutions of micro-organisms needs to be examined in detail.

Finally, we stress that the wholistic perspective of the entire
process from synthesis to the characterization of structures and
properties, and to the exploration of functions allows us to tailor
the synthesis—such as nanoparticle composition and sizes, the
types of monocarboxyl-terminated siloxanes, and the types of
silicone oils—for specific applications. We envision that our
silicone oil-based ferrofluid may find applications in artificial
muscle,”" low-temperature active fluids,”’ microscopic thermal
management systerns72 or sensors,”® thrumbus removal,”* and
targeted tumor therapy.”*

METHODS

Materials. Ferric chloride hexahydrate was obtained from Sigma-
Aldrich. Dimethylsilicone oil, ammonia, ferrous sulfate heptahydrate, n-
hexane, oleic acid, grape seed oil phosphate-buffered saline (PBS), and
glutaraldehyde were obtained from Macklin. Monocarboxydecyl
terminated polydimethylsiloxane MCR-B12 (PDMS-C,,COOH) was
obtained from Gelest. N-Isopropylacrylamide (NIPAm) was obtained
from Adamas. N,N'-Methylenebis(acrylamide) (MBA) was obtained
from Aladdin, and a-ketoglutaric acid (@-KGA) was obtained from
Amethyst. Polytetrafluoroethylene (PTFE) membranes with an
average pore size of 10 ym were obtained from Sterlitech and used as
received. The perfluoropolyether oil used for instabilities and wrapping
was Dupont Krytox GPL 100, obtained from 3 M. Perfluoropolyether
for hydrogel manipulation was obtained from Macklin (Mw = 4500).
FC3283 for the manipulation of ferrofluid microdroplet swarms was
obtained from 3M. Griess Reagent Kit for Nitrite Determination G-
7921 was obtained from Invitrogen. Cell Apoptosis Detection Kit with
SYTOX Green, Cell Counting Kit-8, and Calcein/PI Cell Viability/
Cytotoxicity Assay Kit were obtained from Beyotime. PBST (PBS with
0.05% Tween20, Ca®", and Mg*', pH 7.4, 0.01M) was obtained from
ACMEC. Escherichia coli and Pseudomonas aeruginosa were purchased
from BeNa Culture Collection Biological Technology Co., Ltd.
Chlamydomonas reinhardtii was purchased from Shanghai Guangyu
Biological Technology Co., Ltd. Adriamycin hydrochloride, DMSO,
THEF, Acetonitrile, ethyl acetate, dichloromethane, concentrated
phosphoric acid, sulfuric acid, and hydrochloric acid were obtained
from Adamas-Life.

Synthesis. In typical syntheses, ferric chloride hexahydrate solution
(0.1-0.5 mol/L) and ferrous sulfate heptahydrate solution (0.05—0.25
mol/L) were mixed in a three-neck round-bottom flask containing
deionized water (100 mL), and then, two drops of concentrated sulfuric
acid solution were added. The flask was placed in an ultrasonic bath,
and the water temperature was set at S0 °C. An overhead mechanical
stir blade was inserted via the middle opening of the flask, and the
rotational speed was set at 200 rpm. The ratio of Fe*":Fe?" ions was
1.5-2.5:1. The solution was stirred for 5—10 min. Then the
ultrasonication was turned on (nominal power: 180 W, nominal
frequency: 40 kHz; measured power density: ~0.7 W/cm? measured
frequency: ~30 kHz). 10—20 mL of ammonia was measured with a
graduated cylinder and added from the side neck of the flask all at once.
The mixture turned black while being stirred continuously.
Immediately after the addition of ammonia, 3—7 g of PDMS-
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C,oCOOH was added to the mixture via another side neck of the flask
all at once. The estimated molar ratios of ingredients are as follows:
Fe’":Fe*":OH :PDMS-C,;,COOH = 3—5:2:16—24:1. The ultrasonic
was kept on, and the stirring was continued for 0.5 h at 50 °C. During
the coprecipitation and surface functionalization, except when reagents
were added, the side openings of the three-neck flask were blocked with
glass stoppers. After the stirring was stopped, the black precipitate was
sedimented using a permanent magnet and washed with acetone several
times. Afterward, n-hexane (6—8 mL) was added to the black
precipitate to redisperse the functionalized nanoparticles. The
dispersion was kept in an ultrasonic bath at 50 °C for 5—10 min to
remove traces of acetone and ammonia. Finally, dimethylsilicone oil
(2—6 mL) was added to the dispersion, and the n-hexane was removed
by heating at 80—90 °C in an ultrasonic bath.

Other experimental procedures are included in the Methods section
of the Supporting Information file.
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