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Acoustic manipulation of dense nanorods in microgravity

the modification of the equilibrium between the axial and transverse components of the ARF. While these experiments show that some phenomena, like the propulsion of nanorods by ARF, may not be applicable in microgravity, they do confirm that acoustic manipulation of particles or cells in microgravity is possible, which paves for the development of many useful techniques for particles or cells manipulation, like cell cultures, during long-term space travel.

Abstract

Because the absence of sedimentation in zero-gravity makes the culture and the manipulation of cells or particles challenging, an attractive alternative is to use the Acoustic Radiation Force (ARF) as an artificial "acoustic gravity." To evaluate the potential of this approach we studied the behavior of dense gold nanorods under ARF during a parabolic flight campaign. Using dense objects enhances the effect of gravity on the axial position of the socalled "levitation plane," which is the equilibrium position at which ARF balances gravity in the laboratory. Further, using elongated objects, instead of spherical particles provides information about their spatial orientations in addition to their propulsion observed in standard gravity conditions. Our experiments clearly show a different collective organization and individual behavior of the rods in micro-gravity conditions. First, the axial location of the levitation plane is different in microgravity than in hypergravity: it matches the nodal pressure plane in microgravity while it is much lower than the nodal plane in hypergravity. Our experiments also show a sharp transition from horizontal to axial orientation of the rods axis. The propulsion of the rods also stops when transitioning to micro-gravity. A possible explanation for the sudden change of orientation and stopping of propulsion is

Introduction

Many studies have demonstrated that living organisms, and especially human organisms, do not behave in space as they do on Earth. For instance, it has been shown that heart-rate and arterial pressure change in microgravity [START_REF] Fritsch-Yelle | Microgravity decreases heart rate and arterial pressure in humans[END_REF][START_REF] Paul Avan | Noninvasive in-ear monitoring of intracranial pressure during microgravity in parabolic flights[END_REF][START_REF] Ogoh | Interaction between graviception and carotid baroreflex function in humans during parabolic flight-induced microgravity[END_REF]. One can also expect significant impacts of long-duration spaceflights or long missions (more than one year) aboard the International Space Station (ISS) on human physiology [START_REF] Garrett-Bakelman | The nasa twins study: A multidimensional analysis of a year-long human spaceflight[END_REF]. If macro-organisms do not behave in microgravity as they do on Earth, this must also be the case for micro-organisms, including human cells. Studying cells in microgravity is not only a challenging and great opportunity, but mandatory to prepare humans for long space missions.

The differences in cell behavior and evolution in microgravity provide us with an opportunity to understand and solve health issue encountered on Earth [START_REF] Becker | Using space-based investigations to inform cancer research on earth[END_REF]. However, cell cultures on Earth rely entirely on the sedimentation of the cells toward the substrate of a Petri dish on which they will be grown; this creates a challenge because, in the absence of gravity, cells remain suspended in the culture medium and standard cell culture techniques are not possible. For this reason, cell cultures are usually prepared on Earth, so the cells are already stuck to the substrate prior to being launched toward the space station [START_REF] Jha | Simulated microgravity and 3d culture enhance induction, viability, proliferation and differentiation of cardiac progenitors from human pluripotent stem cells[END_REF], where their behavior will be studied while still in contact with a solid substrate. While these studies are very interesting and demonstrate that cells behave differently in these conditions than on Earth [START_REF] Baio | Cardiovascular progenitor cells cultured aboard the international space station exhibit altered developmental and functional properties[END_REF], the ultimate goal is to study the behavior of cells living and growing in the absence of gravity, suspended into a culture medium and without contact with a solid substrate.

One way to study the influence of microgravity on cells -on Earth -is to simulate the microgravity environment using devices called "clinostats," which are 2D or 3D rotating devices that achieve weightlessness conditions similar to those experienced in space [START_REF] Grimm | Growing tissues in real and simulated microgravity: New methods for tissue engineering[END_REF][START_REF] Victor Camberos | Effects of spaceflight and simulated microgravity on yap1 expression in cardiovascular progenitors: Implications for cell-based repair[END_REF].

To create a substrate-free environment on Earth similar to the one created in microgravity one can use the Acoustic Radiation Force (ARF) [START_REF] Vessot | On the acoustic radiation pressure on spheres[END_REF][START_REF] Yosioka | Acoustic radiation pressure on a compressible sphere[END_REF], which depends on the intrinsic properties (volume, density, and compressibility) of the suspended objects and on the properties of the acoustic field (acoustic frequency and energy), to force particles or cells toward and acoustic pressure node or antinode, where they can be maintained in "acoustic levitation." In this state, cells are no longer distributed randomly in the medium, but concentrated in the so-called "levitation plane" (Fig. 1), which will be discussed thoroughly in the following section. Once in the levitation plane, cells are forced to gather further into a well-defined area of the nodal plane in which they will be trapped due to the radial component of the ARF, which is greatest in the nodal plane [START_REF] Whitworth | Particle column formation in a stationary ultrasonic field[END_REF]. Moreover, once the particles gather in the nodal plane and form a cluster, the Bjerknes force, an indirect close-range inter-particle force induced by particle vibration, helps the cluster to remain stable and packed closely together [START_REF] Castro | Determination of the secondary bjerknes force in acoustic resonators on ground and in microgravity conditions[END_REF]. This is referred to as an "acoustic trap". Once in the trap, even self-propelled living organisms like bacteria cannot escape the combined ARF and Bjerknes force effects [START_REF] Gutiérrez-Ramos | Induced clustering of escherichia coli by acoustic fields[END_REF]. It is possible to control the shape and geometry of the acoustic field using transducers arrays, leading to controllable equilibrium positions of the levitated objects [START_REF] Fushimi | Acoustophoretic volumetric displays using a fast-moving levitated particle[END_REF].

Figure 1: An acoustic pressure node is generated at mid-height within a cavity. Particles with a positive acoustic contrast factor in suspension have migrated toward the acoustic pressure node to form an aggregate that can be maintained in stable acoustic levitation. Usually, one considers the equilibrium aggregate position and the pressure node to be in the same axial position. In reality this position corresponds with the microgravity case. On Earth, the equilibrium position of the acoustic levitation plane is lower than the pressure node, and even lower in hypergravity.

In a weightless environment, in contrast to the behavior on Earth, the ARF can be used as an artificial gravity [START_REF] Gires | The acoustic radiation force: a gravitation-like field[END_REF]. Indeed, in this situation, the acoustic levitation plane on Earth becomes an "acoustic gravity plane"; the particles or cells are forced to gather in the plane of the acoustic pressure node, which can be seen as a local gravity plane. It should then become possible to grow cells inside this plane, as the cells will be forced into confluence by the radial component of the ARF. The micro-gravity environment, together with the absence of mechanical stimulation from the solid substrate, will lead to different cellular behavior than what has previously been observed on Earth and in space -an important point of future study. Unfortunately, studying cellular evolution requires cultures over long times; a minimum of 24 hours is needed to witness significant evolution of the cells' activities, and this is possible only on the ISS.

Nevertheless, there are some fundamental questions that can be tackled in short microgravity experiments with particles, for instance in zero-g flights, before turning to long term experiments on the ISS. Acoustic manipulation techniques are well suited for short experiments thanks to their dynamics and ease of implementation, and have been used to study droplets and bubble oscillations in microgravity for instance [START_REF] Taylor G Wang | Bifurcation of rotating liquid drops: results from usml-1 experiments in space[END_REF][START_REF] Robert E Apfel | Free oscillations and surfactant studies of superdeformed drops in microgravity[END_REF][START_REF] Philip L Marston | Oscillatory dynamics of single bubbles and agglomeration in a sound field in microgravity[END_REF]. Answering such questions is the objective of this study, led during the October 2018 CNES parabolic flights campaign.

Our main objective is to study the influence of micro-gravity on the acoustic manipulation of particles. On Earth, as previously discussed, particles gather in the levitation plane, which is theoretically considered to be close to the acoustic pressure node plane. This assumption is not reflective of reality, as the actual axial position of the levitation plane is the equilibrium position between gravity and the axial component of the ARF, as shown in Fig. 1. Because using dense metallic particles enhances the difference in this levitation plane position, we used case gold particles in these experiments.

Another interesting question is how the axial location of the levitation plane influences the spatial organization of objects. In order to have a clearer view of the objects' individual orientations, we used elongated particles, specifically gold nanorods.

One very instructive feature of gold nanorods is that, unlike passive spherical particles, they become acoustically-propelled "artificial swimmers" once inside the acoustic levitation plane [START_REF] Wang | Autonomous motion of metallic microrods propelled by ultrasound[END_REF]. This phenomenon has been called "self-acoustophoresis" and could be used, for instance, in drug-delivery applications [START_REF] Ahmed | Steering Acoustically Propelled Nanowire Motors toward Cells in a Biologically Compatible Environment Using Magnetic Fields[END_REF]. Therefore it is important to investigate whether selfacoustophoresis is possible in microgravity. Moreover, microgravity experiments may help in understanding the origins of self-acoustophoresis. Indeed, this phenomenon is only observed with dense objects, and has no effect for instance on silicon-carbide fibers [START_REF] Rachel R Collino | Deposition of ordered twophase materials using microfluidic print nozzles with acoustic focusing[END_REF], suggesting a role of gravity in the process, even if the only plausible theoretical explanations so far suggest that fluid streaming around the oscillating elongated rods may be responsible for this acoustic propulsion [START_REF] Nadal | Asymmetric steady streaming as a mechanism for acoustic propulsion of rigid bodies[END_REF][START_REF] Collis | Autonomous propulsion of nanorods trapped in an acoustic field[END_REF]. It has been demonstrated that acoustic streaming propulsion could be generated through bubble oscillation, that have a much larger deformation capacity than the metallic rods used in this study [START_REF] Bertin | Propulsion of bubble-based acoustic microswimmers[END_REF][START_REF] Louf | Hovering microswimmers exhibit ultrafast motion to navigate under acoustic forces[END_REF] .

To summarize, the objectives of these experiments are three-fold:

• first, to evaluate for the first time the real position of the acoustic levitation plane using dense particles;

• second, to evaluate the influence of the ARF axial and radial components on the spatial organization of elongated objects;

• third, to check whether the modification of the location of the acoustic levitation plane has an effect on the self-acoustophoresis of dense nanorods.

In the following, we first recall the theoretical basis of acoustic levitation and discuss the axial position of the levitation plane, depending on the particles' density. Then, we present the experimental setup, particularly its adaptation to the constraints of parabolic flights, which allows us to observe micrometric objects in a challenging noisy environment. Finally, we present our observations, in which we discuss thoroughly several of the classic hypotheses frequently used in acoustofluidics and, in particular, in self-acoustophoresis theoretical background. We confirm that it is possible to handle efficiently large numbers of particles or cells in microgravity, but it appears that it may be impossible to use self-acoustophoresis in zero-g, as the propulsion mechanism seems linked to the position of the levitation plane.

3 Theoretical considerations 3.1 Discussion about the actual axial position of the acoustic levitation plane for dense objects Fig. 1 depicts the fundamental mode of an ultrasonic resonator composed of two infinite parallel plates. Fulfilling the condition h = λ ac /2, where h is the height of the cavity or micro-channel and λ ac is the acoustic wavelength, generates one node at mid-height of the cavity where the acoustic pressure p ac = 0 and two pressure anti-nodes on the walls of the cavity. In this case, the suspended particles can be driven by the ARF towards the node or the antinodes, depending on their acoustic properties. The acoustic radiation force has been theoretically derived for spherical particles, first by King [START_REF] Vessot | On the acoustic radiation pressure on spheres[END_REF] (rigid and incompressible spheres), improved by Yosioka [START_REF] Yosioka | Acoustic radiation pressure on a compressible sphere[END_REF] (compressible spheres), then advanced even further by Gor'kov [START_REF] Gor'kov | On the forces acting on a small particle in an acoustical field in an ideal fluid[END_REF] (ideal fluid) and by Doinikov and Bruus [START_REF] Doinikov | Acoustic radiation pressure on a compressible sphere in a viscous fluid[END_REF][START_REF] Settnes | Forces acting on a small particle in an acoustical field in a viscous fluid[END_REF] (viscous fluid). In the following we will consider the model proposed by Yosioka, where the z axis is aligned with the direction of the acoustic wave, as shown in Fig. 1, and which defines the axial component of the ARF as:

F axial rad = 4πa 3 F Y k ac E ac sin(2k ac z)e z (1) 
where -denotes time averaging; a is the particle radius; E ac is the acoustic energy density; k ac = 2π λac = 2πfac c 0 is the wave number of the acoustic plane wave of frequency f ac ; and z is the axial (or vertical) position of the particle, where z = 0 represents the bottom of the channel and z = h represents the top.

The acoustic contrast factor F Y of a given particle of density ρ p in a medium of density ρ 0 , exposed to an acoustic wave propagating at c 0 in the medium and at c p in the particle, is defined as:

F Y = 1 + 2 3 (1 -ρ 0 /ρ p ) 2 + ρ 0 /ρ p - ρ 0 c 2 0 3ρ p c 2 p (2) 
In general, this expression is a positive numerical value for any object that is denser and less compressible than the suspending fluid, like polystyrene or silica particles in water or cells in plasma. When F Y is positive, the particles are forced to move toward the pressure nodes of the acoustic field, where they gather to form aggregates. F Y is negative for objects that are lighter and softer than the suspending fluid, like air bubbles or lipid droplets in water. In this case, the objects move toward the pressure anti-nodes (i.e. velocity nodes). This phenomenon is often referred to as "acoustophoresis" or acoustic levitation, as it opposes gravity and buoyancy and can keep one or multiple particles in a stable equilibrium position.

Once the particles have reached the levitation plane, the axial position of the aggregate they form depends on the balance between gravity and buoyancy forces acting upon them. The location of the aggregate at mid-height of the cavity is an asymptotic solution of Eq. 1 that assumes infinite acoustic energy and zero gravity or totally buoyancy-neutral particles. It is interesting, then, to study the behavior of particle suspension under various gravity regimes, since the acoustic force can be considered an artificial gravity [START_REF] Gires | The acoustic radiation force: a gravitation-like field[END_REF] and can be exploited in zero-g environments to provide local acceleration to suspensions when needed (for example, for cell manipulation or cultures in space).

In the framework defined in Fig. 1, we have the following force balance at equilibrium:

F ac + F buoy + F grav = 0 (3) 
leading to the following expression for the normalized equilibrium position using Eq. 1:

z eq h = 1 2π × arcsin g(ρ f -ρ p ) 3k ac F Y E ac (4) 
The final equilibrium position of gold or polystyrene particles as a function of the acoustic energy for three different gravitational fields intensities is plotted on Fig. 2. As shown, the deviation from the theoretical nodal position is small for polystyrene particles, while it is much larger for gold particles. A vertical asymptotic line denotes a settling of the aggregate. In both standard gravity and hypergravity, a minimal acoustic energy level is needed to trigger the levitation. However, significantly more acoustic energy is required for the levitation plane to reach the actual pressure node. Thus, under everyday laboratory conditions, the acoustically propelled metallic nanocylinders presented in Wang et al. [START_REF] Wang | Autonomous motion of metallic microrods propelled by ultrasound[END_REF] are actually observed to be in a vertical position that is considerably lower than the real geometric pressure node of the acoustic field. This point has never been considered or observed in previous studies, despite its potential importance as it suggests a different balance between the axial and radial components of the ARF.

Discussion of the behavior of elongated objects

Apart from the modification of the axial position of the levitation plane when dealing with dense particles, it has also been shown that elongated dense particles do not behave the same way as spherical particles. Instead of aggregating passively inside the levitation plane, nanorods are suddenly propelled and start moving randomly inside the levitation plane [START_REF] Ahmed | Artificial Swimmers Propelled by Acoustically Activated Flagella[END_REF] with various trajectories [START_REF] Zhou | Twists and Turns of Orbiting and Spinning Metallic Microparticles Powered by Megahertz Ultrasound[END_REF]. Further, the directed chirality of the particles can be used to influence proper rotation under acoustic actuation [START_REF] Sabrina | Shape-directed microspinners powered by ultrasound[END_REF]. It is very interesting, then, to try to evaluate the influence of the actual location of the levitation plane on the autonomous propulsion of the metallic nanorods. Another benefit of using elongated particles is that the orientations of their long axes can be evaluated. This point may have been overlooked in most of the previous studies. Indeed, previously reported observations show that nanorods are propelled inside the levitation plane, and that their long axes are parallel to the levitation plane and generally aligned in the same direction in which they are being propelled. Fig. 3 shows a typical snapshot of acoustically propelled nanorods observed in the laboratory for a given set of acoustic parameters. One can see that the nanorods long axes are always inside the levitation plane as sketched in Fig. 4b) and their orientation does not have a random distribution (Fig. 4a)). It makes sense from a hydrodynamic point of view to have the long axis aligned with the propulsion direction, but the explanation for the long axis alignment with the nodal plane was never clearly established.

The orientation of the long axis of elongated objects can also be used as a proxy value for the equilibrium between the forces applied to these objects. If the location of the levitation plane is modified by gravity, then the forces applied to the particles will also be altered, leading to a change in orientation. This point will be discussed in a following section. Designing a resonant acoustic cavity is relatively straightforward. Indeed, all that is needed to trap a fraction of the acoustic energy injected by the acoustic source is a cavity with hard enough boundaries and an approximate matching of the acoustic wavelength in at least one dimension. Designing a good resonant cavity -one that allows us to achieve specific objectives -is challenging. Our cavity must allow us to identify the locations of the principal and secondary nodes generated by the acoustic field. And, in order to allow us to manipulate a broad range of objects, particularly dense gold and platinum nanorods, it must be designed so as to maximize the amplitude of the ARF.

Another challenge in designing a good resonant acoustic cavity is associated with the constraints of the zero-z flights. The cavity must be sealed so that the fluid medium does not leak during flight. The design must also allow us to swiftly change both the fluid medium and the nanorods or particles used between each set of parabolas (usually there is a 10 minute break after five parabola). In addition, we used a dedicated, closed micro-channel Figure 4: a) Sketch of the acoustic resonant cavity. The cavity height is 200 µm, resulting in an acoustic resonant frequency f ac = 3.65 MHz. The cavity's upper wall is directly the quarter-wave layer of a packaged transducer, embedded in PDMS walls. b) When the ultrasounds are turned on the nanorods gather at the equilibrium levitation plane and form a swarming cluster. The equilibrium levitation plane is lower than the nodal plane due to the effects of gravity, and the distance from the nodal plane is larger for high-density nanorods, like the gold ones used in this study. In microgravity, nanorods are expected to gather in the nodal plane. built in PDMS (polydimethylsiloxan) bonded to a glass microscope slide, which allows a better matching of the frequency, a larger acoustic force, and a well-defined acoustic focusing area. As described in Fig. 4, the upper-wall of the cavity is the quarter-wave length layer of the ultrasonic transducer (Signal Processing TR0408SS 4MHz packaged transducer), which is in direct contact with the fluid medium. 1 mm glass microscope slide serves as the reflecting layer. The single node resonance for a cavity height h = 200 µm is obtained with an acoustic resonant frequency f ac = 3.65 MHz. The transducer is actuated by a TiePie wave-generator, controlled electronically.

Microscopy

In order to simultaneously observe and manipulate our samples, we used an inverted microscope coupled with an X, Y, Z motorized stage, based on a LaVision Flowmaster MITAS setup, and manually controlled. The rods are observed using an Olympus x10 objective and a Hamamatsu OrcaFlash 4.0 v1 camera, directly streaming the images onto the controlling computer. The samples are illuminated by a pe4000 CoolLed light source connected to the microscope through an optical fiber (Fig. 5).

Experiment control

Injection of samples and buffer was done by a KD Scientific Legato 100 Series syringe pump, also controlled by the computer (Fig. 5). The tubing and connections were prepared on the ground prior to the flights. Only sample injections were performed during the flights. Time series of the local acceleration and temperature of the channel were recorded during the entire flight using LSM9DS0 accelerometer sensors and a TMP36 thermometer sensor, which were all mounted onto an Arduino-based electronic setup made by our team. All of the instruments used were controlled electronically.

Image analysis

The images recorded during the flights were processed using the free image analysis software ImageJ [START_REF] Schneider | Nih image to imagej: 25 years of image analysis[END_REF]. Due to vibrations induced by the aircraft, the particles were moving too fast to track them using an automated routine; therefore, we tracked them manually, using the Manual Tracking package for ImageJ. The results were filtered using a moving average with an N = 10 block size in order to filter out the high frequency components of the particles' velocity.

Conception and fabrication of a set-up adapted to the zero-z flights

The only way to run zero-gravity experiments, outside the International Space Station is to compensate for the gravitational effect on Earth by freefalling in a controlled parabolic trajectory. At the top of the parabolic trajectory, approximately 22 s of micro-gravity can be achieved. The microgravity phase is preceded and followed by periods of hyper-gravity, during which vertical acceleration may reach up to 1.8 g (Fig. 7). The wide range of gravitational forces experienced within the flights allows us to study the influence of both micro and hyper-gravity on various physical phenomena. During a zero-g flight, it is possible to run experiments during a succession of 30 parabola, each 75 seconds long and separated by 105 seconds in standard gravity conditions. There are longer breaks in standard gravity conditions after every fifth parabola.

In order to run experiments in a zero-g flight, one must adapt the setup to two types of constraints: first, constraints imposed by security considerations and specific integration limitations inside the aircraft, and second, constraints imposed by the users and the need to control as many parameters as possible in the simplest way. Since the microgravity phase of each experiment can last a maximum of 22 seconds and the standard gravity phase a maximum of 105 seconds, the experimental parameters must be changed quickly between each parabola. Therefore, the experimental setup must be optimized and controlled electronically as much as possible.

Our setup did not exhibit major hazards issues. However, dealing with liquids in microgravity environments is challenging, and in order to prevent leaking, we designed a double confinement system consisting of a fluid closed circuit between the syringe and the waste collection vial within an IP58 Zarges box enclosing the whole experiment. The overall structure was also reinforced to be able to survive up to 7 g acceleration.

The noisy environment in which we conducted our experiments led to a number of issues, like unwanted flows induced by vertical acceleration variations, temperature elevation thanks to the closed environment, and vibrations. Since we were tracking microparticles with a microscope, even vi- brations with a very small amplitude could interfere with our results. Thus, it was very important to limit as much as possible the transfer of vibrations from the aircraft into the box that encased our experiment.

Nanorods

We used the same pure gold nanorods that were used in previous studies [START_REF] Wang | Autonomous motion of metallic microrods propelled by ultrasound[END_REF]. They are approximately 3 µm long, with a 0.3-0.4 µm diameter (Fig. 8). They are obtained by electrodeposition of metal ions in the pores of an aluminium oxide filter membrane, growing from a sacrificial silver electrode [START_REF] Wang | Bipolar Electrochemical Mechanism for the Propulsion of Catalytic Nanomotors in Hydrogen Peroxide Solutions †[END_REF].

Experimental observations in zero gravity conditions

The self-acoustophoresis of nanorods has been studied during each of the three phases of zero-g parabolic flights: the micro-gravity phase (10 -2 g), the two hyper-gravity phases (1.8 g), and the standard gravity phases both on the ground and between parabolas. In principle, changing the gravity should also change the axial equilibrium position of the acoustic levitation The aircraft accelerometer data is filtered at 7 Hz, while our accelerometer polls up to 400 Hz. We carry out experiments during both the micro-gravity and hyper-gravity phases to evaluate the different gravitational forces influence on the particle aggregates equilibrium positions and spatial organizations.

plane z f oc , as illustrated in Fig. 1. The effect of gravity on the equilibrium position depends on the density of the particles or nanorods being used, and should be the greatest for high-density gold or platinum nanorods. Typical visualizations obtained during the three phases of gravity that occur during zero-g parabolic flights are shown in Fig. 9. All experiments have been carried out with the same sample of gold nanorods and with a given acoustic frequency (f ac = 3.6 MHz) and acoustic energy density (25 J.m -3 ). In both standard and hyper-gravity, a large cluster of dense swarming nanorods can be observed (movie online). The nanorods move randomly and autonomously inside the aggregate, and can be seen as bright, elongated objects, because of the reflection of light over the long axes of the metallic rods.

First, we observe that the axial position of the levitation plane indeed changes with gravity. During the experiments, we had to adjust the microscope focus to be able to observe the cluster of nanorods. The axial shift of the levitation plane could be estimated based on the information pro- vided by the microscope motorized moving stage, and was dependent on the acoustic force applied. The axial position of the levitation plane can change by as much as 20 percent of the channel's total height. For larger deviations we observe a sinking of the cluster. This observation confirms that the levitation plane is not located in the acoustic pressure node, but below it, and that the denser the particles, the lower this position.

Next, we observe that micro-gravity drastically changes the shape and organization of the aggregate of nanorods. In microgravity, unlike in standard and hypergravity, the nanorods that comprise the aggregate are barely visible. They are far less luminous than in non-zero-g conditions, and appear as tiny, dimly illuminated stationary dots. It is important to emphasize that the transition is very sharp, as demonstrated in the video added as supplementary material. The nearly instantaneous change in the spatial organization of nanorods is reminiscent of the nematic transition of liquid crystal. This transition was observed clearly in three successive parabolas.

Our interpretation of these observations is that the nanorods main axes are no longer aligned with the horizontal focusing plane. Indeed, if their long axes rotate quickly to align with the acoustic axial axis, it leads to a strong reduction in the reflection of incident light by the nanorods. Since we are working in reflection (observation perpendicular to the levitation plane), the light reflected toward the camera is also strongly reduced. The rotation and realignment also lead to an apparently less dense aggregate.

This unexpected result challenges the standard hypothesis used until now: why do the nanorods move into the acoustic focusing plane with their main axis parallel to the horizontal (x, y) plane? And, what is the influence of the real location of the levitation plane relative to the location of the acoustic pressure node? These points will be discussed in the following The large circles observed in the aggregates are 15 µm polystyrene particles that were used to find the equilibrium positions of aggregates prior to the experiment, and were not completely washed away by the buffer. We also show the trajectories of nanorods in laboratory conditions (video online) (c). section.

Discussion

Most of the established knowledge about self-acoustophoresis relies upon experiments conducted in standard gravity conditions, which leads to this question: will the behavior of nanorods change when the local vertical acceleration changes? This question is further justified by the observation that the axial equilibrium position of the levitation plane may be different in non-standard gravity conditions than the position of the acoustic nodal plane, as described in the previous sections. Since all the current theoretical frameworks proposed to explain acoustofluidic propulsion rely on the hypothesis that the nanorods are propelled inside a levitation plane located at the pressure node [START_REF] Nadal | Asymmetric steady streaming as a mechanism for acoustic propulsion of rigid bodies[END_REF][START_REF] Collis | Autonomous propulsion of nanorods trapped in an acoustic field[END_REF], i.e. in a plane where the axial component of the ARF vanishes and the transverse component is non-null, our observation may have consequences in terms of the actual force fields applied to the nanorods and, subsequently, on their propulsion. However, the models rely only upon the hypothesis that a rod vibrating in a fluid induces streaming, and do not take into account the radiation processes. (Note: the ARF on elongated non-spherical objects is an active area of research [START_REF] Philip L Marston | Acoustic radiation force on elliptical cylinders and spheroidal objects in low frequency standing waves[END_REF][START_REF] Fg Mitri | Acoustic radiation force on oblate and prolate spheroids in bessel beams[END_REF][START_REF] Bob | Numerical calculation of acoustic radiation force and torque acting on rigid non-spherical particles[END_REF][START_REF] Glauber | Acoustic radiation force exerted on a small spheroidal rigid particle by a beam of arbitrary wavefront: Examples of traveling and standing plane waves[END_REF]). Another standard hypothesis is that the long axis of the rods is always inside the levitation plane, even if this hypothesis is never discussed or justified.

Discussion of the orientation of the nanorods main axis relative to the levitation plane

We have shown in the previous sections that the orientation of nanorods changes in the absence of gravity. From this, we assume that the nanorods axial position within the acoustic field plays a role in the particles response to acoustic actuation. We first discuss the origin of the orientation of the nanorods main axes in the acoustic focusing plane. Recall that the ARF has two components: an axial component, defined in eq. 1, and a transverse component, F axial rad . The transverse component is usually negligible relative to the axial component, except in the nodal plane where the axial component vanishes [START_REF] Tuziuti | Measurement of Distribution of Acoustic Radiation Force Perpendicular to Sound Beam Axis[END_REF][START_REF] Woodside | Measurement of ultrasonic forces for particle-liquid separations[END_REF]. The transverse component of the ARF (T-ARF) for a radially symmetric acoustic wave in the nodal plane has been derived by Whitworth [START_REF] Whitworth | Transport and harvesting of suspended particles using modulated ultrasound[END_REF]:

F radial rad (x, y) = 8a 3 3(ρ p -ρ f ) ρ f + 2ρ p ∇ E ac (x, y) (5) 
This component depends directly upon the radial gradient of the acoustic energy ∇ E ac (x, y) and is responsible for the aggregation of particles in the levitation plane toward the local maximum of acoustic energy in the acoustic focusing plane, which is the final equilibrium position that we observe in standard gravity conditions.

In these experiments, we used a packaged cylindrical transducer which has a relatively well-controlled spatial acoustic energy field. Acoustic measurements conducted on this transducer [START_REF] Dron | Micro-manipulation acoustique de particules: application aux mesures par micro-PIV[END_REF] show that the acoustic energy field is nearly Gaussian with a well-defined maximum in the center. Using the cylindrical symmetry of the acoustic field, we define the spatial dependence of the acoustic energy density following Whitworth and al [START_REF] Whitworth | Particle column formation in a stationary ultrasonic field[END_REF]:

E ac (r, z) = E 0 ac J 0 (X 01 r R c ) 2 sin 2 (kz) (6) 
where E 0 ac is the nominal acoustic energy density on the axis of the acoustic transducer, J 0 is a Bessel function of the first kind, R c is the radius of the cavity, and X 01 is the first solution to the equation J 0 (x) = 0.

This leads to a stable and repeatable positioning of the aggregation area in the center of the cylindrical acoustic force field with spherical particles moving toward the center of cylindrical cavity to form large, stable aggregates. However, the standard expression for the transverse component of the ARF is incomplete. As previously noted, in standard conditions on Earth, where large aggregates can be quickly formed, gravity causes the real acoustic focusing plane to be lower than the acoustic nodal plane. Therefore, we must use the full expression [START_REF] Whitworth | Particle column formation in a stationary ultrasonic field[END_REF] of the transverse component of the ARF which includes both the z dependency and a second term dealing with the fluid and particles compressibility which is no longer negligible when the particles are not in the nodal plane:

F radial rad (x, y, z) = 8a 3 ∇ E ac (x, y)× 3(ρ p -ρ f ) ρ f + 2ρ p sin 2 (kz) - κ f -κ p κ f cos 2 (kz) (7) 
where κ is the fluid or particle compressibility. The T-ARF, as shown, depends upon the differences in the density and compressibility of the particles and the surrounding fluid. In our case, a 3 should be replaced by the volume of the rods.

When dealing with spheres, F axial rad leads to the creation of compact aggregates, whereas for elongated particles, like nanorods, the radial forces will first force the objects to change their orientation. Indeed, an elongated object cannot stay horizontal when trapped within a radial force field; any slight movement outside of the horizontal plane will trigger its realignment along the vertical axis. Since nanorods have a very small radius, random Brownian oscillations are sufficient to tilt them around the horizontal axis, leading to a larger radial force while the apparent surface subjected to the radial force increases. During the zero-g phase of parabolic flights, the equilibrium position of the nanorods may be changing sharply in the axial direction, while at the same time maintaining the same equilibrium position (Fig. 11).

In hyper-gravity, on the other hand, the equilibrium position is lower than the nodal plane, and the T-ARF remains strong enough to force the nanorods to gather around the z axis, even as it becomes much weaker than the ARF axial component and gravitational acceleration (Fig. 12). The equilibrium position of the main axis of the rods is now forced by the balance between gravity and axial ARF, leading to the orientation of the nanorods inside the (x, y) plane. This hypothesis explains the transition observed in the video when the gravity changes from 0 g to 1.8 g.

Breaking up of symmetry as a component to the propulsion ?

We have shown that microgravity leads to a clear reorganization of the nanorods along the axial direction. Average velocities of gold nanorods are presented in Table 1 for several values of vertical acceleration. We attempted to measure the nanorods propulsion speed during the microgravity phases of the parabolic flights, but their positions were difficult to track due to the low contrast of the images taken during this phase, which we discussed in a previous section. The aircraft's own vibrations also introduced too many uncertainties to precisely quantify the propulsion speeds during the microgravity phases. Future microgravity campaigns with an upgraded experimental setup are planned so that we can obtain more robust data. However, in spite of the noisy environment, we were able to discern that the nanorods move less in microgravity than in standard or hypergravity. This suggests that the horizontal orientation of the nanorods along the acoustic levitation plane is a key step for self-propulsion. We have shown that in both standard gravity and hypergravity, the orientation of the nanorods is forced into the horizontal plane. Of course, because of Brownian motion for homogeneous rods or because of an asymmetric mass distribution for bi-metallic nanorods, the main axis of the nanorods experience a slight rotation, creating small angles existing between the main axes of the nanorods and the horizontal plane. This slight deviation from the horizontal plane may be a key step in triggering the self-propulsion of the nanorods, since it breaks the axial symmetry. When the nanorods are tilted at an angle with the (x, y) levitation plane, the T-ARF acts on a larger cross-section of the nanorods which in turn are propelled randomly inside the plane (Fig. 13). This phenomenon is increased for dense, bimetallic nanorods for which the equilibrium orientation is also associated with the mass distribution. The denser end of the rod tilts lower than the lighter end (it sediments faster), leading to a given angle α relative to the levitation plane. This interpretation is compatible with the observations of Ahmed et al. [START_REF] Ahmed | Density and Shape Effects in the Acoustic Propulsion of Bimetallic Nanorod Motors[END_REF] who noticed that the bimetallic nanorods are propelled with the lighter end leading first. If these hypotheses are correct, then the T-ARF could be responsible for a part of the nanorods self-propulsion.

Figure 13: Possible mechanism leading to acoustofluidic propulsion of the nanorods in the acoustic levitation plane (z < h/2) in hypergravity (and standard gravity). In the equilibrium plane, the axial component of the ARF is large whereas the transverse component is much weaker. The orientation of the nanorods main axes is mainly along the (x, y) plane. Still, we are dealing with dense objects with very small dimensions, with a radius of approximately 0.5 µm.

Interestingly, Ahmed et al. [START_REF] Ahmed | Density and Shape Effects in the Acoustic Propulsion of Bimetallic Nanorod Motors[END_REF] have shown that lower density nanorods are propelled faster than higher density nanorods, a phenomenon that is not addressed in the hypotheses proposed by Nadal & Lauga [START_REF] Nadal | Asymmetric steady streaming as a mechanism for acoustic propulsion of rigid bodies[END_REF] regarding the streaming effect (they are, however, addressed in [START_REF] Collis | Autonomous propulsion of nanorods trapped in an acoustic field[END_REF]). If the T-ARF is indeed responsible for the propulsion of the nanorods, then this density dependency of the propulsion velocity follows the model, since the T-ARF depends explicitly upon the rods density (eq. 7). Of course, the effective velocity is simultaneously lowered by the Stokes force, so the velocity is not dependent solely upon the T-ARF. Further, the Stokes force is different for cylinders than for spheres, so the magnitude of its impact varies depending on whether it is acting upon a spherical particle or an elongated rod.

If these hypotheses are true, future experiments regarding the small size and velocity of the nanorods will demonstrate that nanorods will always be slightly tilted. We expect that the denser end of the rod would be slightly out-of-focus, in images capturing their self-propulsion.

Propulsion velocity

Assuming our hypotheses are valid, it is possible to estimate the velocity of the propulsion caused by the mechanism described in the previous section. To estimate the velocity of elongated particles, such as the nanorods used in our experiments, we must consider the Stokes force for cylinders. For rods with a mean length L rod and a mean diameter a rod , moving with a velocity v rod in a fluid at rest, and assuming their long axes are aligned with their velocity, the Stokes force can be defined as [START_REF] Batchelor | Slender-body theory for particles of arbitrary crosssection in stokes flow[END_REF]:

F Stokes = 2πηL rod u rod log(L rod /a rod ) -(3/2) + log(2) = Γ u rod ( 8 
)
where η is the fluid viscosity. Based on the hypotheses above, we can postulate that the T-ARF plays a role in the propulsion of the nanorods. Starting with the expression derived above, acting on the volume of the nanorod, and writing an equilibrium between the Stokes force and the T-ARF (approximated for cylinders by assuming a sphere of equivalent volume) leads to the following expression for the propulsion velocity of the rods in the acoustic levitation plane, in z = z lev :

u rod (x, y, z lev ) = L rod a 2 rod Γ ∇ E ac (x, y, z lev )× 3(ρ p -ρ f ) ρ f + 2ρ p sin 2 (kz lev ) - κ f -κ p κ f cos 2 (kz lev ) (9)
However, when this expression is evaluated for the geometrical parameters of the rods used in our experiments, the magnitude of the resulting velocities ranges between 10 -1 and 10 -3 µm.s -1 , far less than what we typically measure in the lab, or what we measured during the microgravity campaign (Table 1). This is most likely due to the crude assumption used to express the T-ARF for a cylinder by substituting an expression for sphere of similar volume; the inhomogeneity of the nanorods geometry and mass distribution may account for the amplified force expressed through these higher velocities, and will be explored in future refinements of this model. It is also important to note that the T-ARF is centripetal in our assumptions; if it were the sole cause of the propulsion, we would observe centripetal motion aligned with the force field, which we do not. Nevertheless, we do observe a radial confinement of the self-propelled nanorods, and while this mechanism cannot alone explain the phenomenon of acoustic propulsion, it highlights the importance of the z position in the acoustic field on the velocity observed. 

Local acceleration

Conclusion

The acoustofluidic-propulsion of gold nanorods has been studied in zero-g flights in order to evaluate the influence of gravity, (from hyper-gravity 1.8 g to microgravity 10 -2 g) on the position of the acoustic levitation plane.

In our experiments, we showed that a shift in the gravitational force leads to a variation in the balance between the buoyant and acoustic forces. In spite of the challenges related to running such experiments in zero-g flights, such as the difficulty in tracking individual nanorods in a noisy environment, we gleaned two significant observations that shed new light on the so-called "self-acoustophoresis". The first major observation is that a cluster of nanorods undergoes a sharp transition when entering into micro-gravity from hypergravity: the previously bright, dense and active cluster suddenly becomes dimmer and less compact. This observation can be explained by a sharp transition in the orientation of rods long axes which switch from horizontal to axial. This reorientation suggests that if the axial forces are lowered relative to the radial forces in the nodal plane, the transverse component of the ARF aligns the rods in the axial direction.

The second notable observation is that nanorods in hypergravity align toward the horizontal plane, and yet still form a large cluster. This clustering proves that the T-ARF in hypergravity is not insignificant, as it is strong enough to confine the nanorods in an aggregate. At the same time, the rods realignment along the horizontal plane proves that the balance between gravity and ARF has changed, resulting in the observed new equilibrium orientation of the rods. Our observations also demonstrate that the T-ARF continues to act upon the nanorods in microgravity, forcing them to swith their axes vertically. As the T-ARF is now much weaker than the axial forces in standard and hypergravity, the rods are only slightly tilted out of the horizontal plane and are then pushed forward by the T-ARF, leading to random movement of the nanorods inside the horizontal plane, and confined within the radial acoustic force field.

We also emphasize the fact that the classic assumption that the levitation plane and the geometric pressure node are superposed may be incorrect for dense particles and low-amplitude acoustic fields, and can lead to an underestimation of the T-ARF. We recall the full expression of the T-ARF as proposed by Whitworth et al. [START_REF] Whitworth | Particle column formation in a stationary ultrasonic field[END_REF], and use it, together with a modified expression of the Stokes force adapted to elongated objects, to propose an analytic expression for the propulsion velocity of nanorods. The proposed expression, however, strongly underestimate the propulsion velocity, and requires further refinement.

The hypotheses we propose are compatible with previous results, and with the theory based solely on acoustic streaming. Further research will involve precisely tracking the particles in hyper and micro gravity by improving the experimental setup, further developing the model presented here, and assessing it extensively.

Figure 2 :

 2 Figure 2: a) Evolution of the normalized position of equilibrium for gold particles, as a function of the acoustic energy carried by the acoustic field at f ac = 3.65 MHz, for the three acceleration regimes accessible during microgravity flights. b) Same evolution for polystyrene particles. The influence of gravity on the location of the levitation plane is much stronger for gold particles than for polystyrene particles.

Figure 3 :

 3 Figure 3: Snapshot of acoustically-propelled gold nanorods observed in the levitation plane with dark-field microscopy, in standard laboratory conditions (f ac = 1.83 MHz, U pp = 10 V). Movie online.

Figure 5 :

 5 Figure 5: Detailed sketch of the full experimental setup. A computer controls the syringe pump, camera, CoolLED and wave generation.

Figure 6 :

 6 Figure 6: Pictures showing the final setup used on the Airbus Zero-G. (a) Control rack supporting the computers, illumination source and control commands of the actuation devices. (b) Experimental setup, including an inverted microscope, a syringe pump and a Hamamatsu OrcaFlash camera, all integrated into a Zarges box to ensure containment of the fluids during zero-g flights.

Figure 7 :

 7 Figure 7: (a) During a daily campaign, the Zero-G Airbus experiences 30 parabolas. Each parabola contains three phases: two hyper-gravity phases and one zero gravity phase. (b) Measurement of the local acceleration on our experiment (blue line) compared with the plane accelerometer (red line).The aircraft accelerometer data is filtered at 7 Hz, while our accelerometer polls up to 400 Hz. We carry out experiments during both the micro-gravity and hyper-gravity phases to evaluate the different gravitational forces influence on the particle aggregates equilibrium positions and spatial organizations.

Figure 8 :

 8 Figure 8: SEM picture of gold nanorods used in these experiments.

Figure 9 :

 9 Figure 9: Visualizations of a large aggregate of acoustically-propelled nanorods in acoustic levitation in 1g (a), 1.8 g (b) and micro-gravity (d).The large circles observed in the aggregates are 15 µm polystyrene particles that were used to find the equilibrium positions of aggregates prior to the experiment, and were not completely washed away by the buffer. We also show the trajectories of nanorods in laboratory conditions (video online) (c).

Figure 10 :

 10 Figure 10: Evolution of the radial component of the ARF for 1 µm gold particles in a 3.6MHz acoustic field with the same geometry as the one used in our experiments. The two figures represent a top view quarter section plotted at mid-height of the resonator (a), exactly in the geometric nodal pressure plane, and in the levitation plane in standard gravity (b). We use the same color scale for both plots to highlight the difference in amplitude of the force along the axis of the resonator.

Figure 11 :

 11 Figure 11: Visualization of the force balance in the nodal plane (z = h/2) in microgravity. In the nodal plane, the axial component of the ARF is null while the transverse component is not, even if it is weak. The orientation of the nanorods depends only upon the T-ARF which is radially distributed and oriented toward the center of the cavity. A slight movement of the nanorods outside of the nodal plane leads to a reorientation along the z axis.

Figure 12 :

 12 Figure 12: Visualization of the force balance in the acoustic focusing plane (z < h/2) in hyper-gravity. In the equilibrium plane, the axial component of the ARF is large whereas the transverse component is much weaker. The orientation of the nanorods depends only upon the ARF axial component, which is oriented upward, and on gravity, which is oriented downward. A slight movement of the nanorods outside of the z axis leads to a reorientation into the (x, y) plane.

  

Table 1 :

 1 Propulsion velocities of gold nanorods measured under similar acoustic conditions for micro, standard and hypergravity. Values for 1g were taken from laboratory experiments, with low ambient noise, and values for 0g and 2g were taken from the zero-g flight experiments, in which ambient noise was high. No accurate quantitative results could be obtained in 0g; in addition to the high level of ambient noise, rods in zero-g are barely visible due to the orientation of their long axis relative to the horizontal focusing plane.

		Mean velocity Standard deviation
	0g (n=0)	not reliable	not reliable
	1g (n=311)	28.02 µm.s -1	σ = 4.59
	2g (n=31)	54.16 µm.s -1	σ = 23.9
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