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ABSTRACT 

	Aims: This study aimed to establish an acoustic levitation-based microgravity simulation model and investigate its effects on the locomotor function and muscle protein expression of Caenorhabditis elegans.
Methodology: L4-stage N2 nematodes were assessed on gel ball and on culture plate after 3-, 6-, 9-, and 12-hours post-inoculation. The acoustic levitation system was developed using the standing wave principle, with a three-dimensional gel ball culture system serving as the suspension carrier. Locomotor behavior including head swing frequency, bending frequency and swimming ability were observed after suspended for 9 hours, as well as muscle protein expression of RW1596 nematodes.
Results: Nematodes were suspended for 9 hours, during which significant reductions were observed in head swing frequency (41.67 to 21.87 times/min, a 47.52% decrease), bending frequency (19.33 to 9.4 times/min, a 51.38% decrease), and swimming frequency (38.88 to 32.19 times/min, a 17.2% decrease) (all P < 0.01). Additionally, MYO-3 protein fluorescence intensity declined by 17.87% (P < 0.0001).
Conclusion: These findings demonstrate that acoustic levitation can induce a muscle atrophy phenotype analogous to that seen in true microgravity within a short time frame. This approach avoids mechanical contact interference and provides a novel ground-based simulation platform for aerospace medical research.
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1. INTRODUCTION 

Skeletal muscle atrophy induced by microgravity in space has emerged as a major health risk limiting the feasibility of long-term space missions. However, its molecular mechanisms remain incompletely understood [1,2]. Previous studies have shown that microgravity can lead to pathological changes such as a shift toward slow-twitch muscle fibers and a reduction in metabolic rate [3]. Nevertheless, current on-orbit experiments on space stations pose challenges for conducting systematic, molecular-level research. While mainstream ground-based simulation devices—such as the rotating wall vessel (RWV) [4], random positioning machine (RPM) [5,6], and three-dimensional clinostat (3D clinostat) [7,8]—can simulate short-term microgravity, they are limited by technical constraints including contact-induced mechanical stress and a narrow range of suspension densities [9,10].
In this study, we employed acoustic levitation (AL) technology to develop a novel microgravity simulation platform. This technique utilizes the principle of standing acoustic waves to simulate microgravity and achieve container-free suspension within a density range of 1.1–8 g/cm³, effectively avoiding the mechanical contact issues associated with developed method [11,12]. The model organism Caenorhabditis elegans was selected due to its highly conserved muscle system and ease of genetic manipulation [13,14]. By constructing a three-dimensional gel bead culture system, we investigated nematode locomotion and muscle-related gene expression profiles under simulated microgravity. This approach aims to simulate microgravity-induced muscle atrophy and provide a theoretical foundation for developing astronaut countermeasures. 
2. materials and methods 

2.1 Nematode Strains

Nematode strains used in this study included wild-type N2 and the transgenic strain RW1596 (myo-3p::GFP), both obtained from the Caenorhabditis Genetics Center (CGC).
2.2 Evaluation of Growth Platform Adaptability

N2 nematodes were synchronized to the L1 stage and cultured at 20 °C until reaching the L4 stage [15]. The nematodes were then divided into two groups: (1) Gel ball group: NGM gel balls were prepared using a 3 mm pore mold (Figure 1A). Each ball was loaded with 10 μL of 5× concentrated OP50 bacterial solution, followed by inoculation with 10 μL of L4-stage nematode suspension. (2) Plate control group: Nematodes were inoculated onto standard NGM agar plates. After 3-, 6-, 9-, and 12-hours post-inoculation, 50 nematodes were randomly selected from each group to assess locomotor activity.

2.3 Acoustic Suspension Treatment

L4-stage N2 nematodes were allocated to a control group (CK) and an acoustic levitation treatment group (AL). The AL group was subjected to acoustic suspension in the designated device (Figure 1B) for 9 hours. Ten nematodes were randomly selected from each group (n=3) to assess locomotor behavior.
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Fig. 1. Circular hole mold (A) and acoustic levitation device(B).

2.4 Locomotion Analysis

Locomotor behavior including head swing frequency, bending frequency and swimming ability were conducted as described by Ye et al [16]. Briefly, after stabilizing on NGM medium for 1 minute, head swings were counted over 60 seconds. The number of complete sinusoidal waveforms generated in 1 minute was recorded as bending frequency. After 10 seconds of stabilization in M9 buffer, the number of body bends within 60 seconds was recorded as swimming ability.


2.5 Muscle Protein Expression Analysis

RW1596 nematodes were synchronized to the L4 stage and subjected to a 9-hour acoustic levitation treatment in the AL group. Nematodes were immobilized on 1.5% agarose pads using 10 mM levamisole hydrochloride and imaged under a fluorescence microscope with fixed magnification and exposure settings to observe MYO-3::GFP expression. Fluorescence intensity was analyzed using ImageJ software. Ten nematodes were randomly selected from each group (n=3).
2.6 Statistical Analysis

Statistical analysis was conducted using GraphPad Prism 9.0. Group comparisons were performed using an unpaired t-test. Data are presented as mean ± standard deviation (SD). Statistical significance is denoted as: *P < 0.05, **P < 0.01, ****P < 0.0001; ns indicates no significant difference.


3. results

3.1 Evaluation of Growth Platform Adaptability 

The head swing frequency, bending frequency, and swimming frequency of nematodes in the gel ball group and the control group after 3, 6, 9, and 12 hours of culture are shown in Figures 2, 3, and 4, respectively. As illustrated, there were no significant differences in locomotor ability between the gel ball and control (plate) groups across the four culture periods (P > 0.05), except at 3 hours, when the head swing frequency was significantly different (P < 0.05). Based on this, 10 μL of OP50 was added to each 3 mm diameter NGM gel ball for subsequent acoustic suspension experiments.
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Fig. 2. Head swing frequency of C. elegans cultured on gel balls and NGM plates at 3 h (A), 6 h (B), 9 h (C), and 12 h (D). “ns” indicates no significant difference (P > 0.05); * indicates P < 0.05.
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Fig. 3. Bending frequency of C. elegans cultured on gel balls and NGM plates at 3 h (A), 6 h (B), 9 h (C), and 12 h (D). “ns” indicates no significant difference (P > 0.05).
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Fig. 4. Swimming frequency of C. elegans cultured on gel balls and NGM plates at 3 h (A), 6 h (B), 9 h (C), and 12 h (D). “ns” indicates no significant difference (P > 0.05).

Further statistical analysis (Figure 5) showed no significant differences in head swing frequency beyond 6 hours of culture (P > 0.05). Significant differences were observed only in the gel ball group at 3 and 6 hours (Figure 5A, P < 0.01), while the plate group exhibited no significant time-dependent changes (Figure 5B).
Similarly, bending frequency (Figure 6) followed the same pattern, with significant changes observed only at 3 and 6 hours (P < 0.01), and no differences detected beyond 6 hours (P > 0.05).
Swimming frequency displayed more distinct variations between the gel ball and plate groups (Figure 7). In the gel ball group (Figure 7A), swimming ability remained stable, showing no significant change at 6 and 9 hours (P > 0.05). In contrast, the plate group (Figure 7B) showed a progressive decline in swimming ability over time (P < 0.05). In summary, 9 hours of culture in NGM gel balls did not significantly impact the locomotor indices of C. elegans, indicating good adaptability to the gel ball platform.
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Fig. 5. Changes in head swing frequency of C. elegans over different culture durations. (A) Gel ball group; (B) Plate group. “ns” indicates no significant difference (P > 0.05); ** indicates P < 0.01.
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Fig. 6. Changes in bending frequency of C. elegans over different culture durations. (A) Gel ball group; (B) Plate group. “ns” indicates no significant difference (P > 0.05); ** indicates P < 0.01.

[image: ]
Fig. 7. Changes in swimming frequency of C. elegans over different culture durations. (A) Gel ball group; (B) Plate group. “ns” indicates no significant difference (P > 0.05); ** indicates P < 0.01.

3.2 Effect of Acoustic Suspension Treatment on Locomotor Activity

As shown in Figure 8, acoustic suspension (AL) significantly reduced locomotor indices. Head swing frequency decreased from 41.67 ± 7.77 to 21.87 ± 5.95, a decrease of 47.52% (P＜0.0001), bending frequency dropped from 19.33 ± 6.91 to 9.40 ± 8.28, a decrease of 51.38% (P＜0.01), and swimming frequency declined from 38.88 ± 6.97 to 32.19 ± 5.82, a decrease of 17.2% (P＜0.01).
[image: ]Fig. 8. Changes in locomotor indicators of C. elegans following 9 h of acoustic levitation. (A) Head swing frequency; (B) Bending frequency; (C) Swimming frequency. ** indicates P < 0.01; **** indicates P < 0.0001.

3.3 Effect of Acoustic Suspension Treatment on Muscle Protein Expression

RW1596 (myo-3p::GFP) nematodes were subjected to AL treatment for 9 hours. As shown in Figure 9, the fluorescence intensity of MYO-3::GFP in the AL group was significantly reduced to 82.13 ± 0.20%, a decrease of 17.87% compared to the control (CK) group (P < 0.0001). These findings suggest that acoustic suspension may downregulate myo-3 gene expression, potentially impairing muscle function and reducing motility in C. elegans.
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Fig. 9. Effects of acoustic levitation on myo-3p::GFP expression in C. elegans. (A) Control (CK) group; (B) Acoustic levitation (AL) group; (C) Semi-quantitative analysis of myo-3p::GFP fluorescence intensity using ImageJ software. **** indicates P < 0.0001.

4. discussion

Compared to other microgravity simulation techniques, the application of acoustic levitation in biological research remains relatively underexplored [17]. Sundvik et al. [18] utilized a traditional acoustic levitation device to simulate microgravity in zebrafish embryos, observing their growth and development under acoustic levitation treatment. Their results demonstrated that exposing zebrafish embryos to a single-axis acoustic levitation field for 2000 seconds had no adverse effects on embryonic development, with normal formation of auricles and neuromasts. Similarly, Li et al. [19] applied acoustic levitation to zebrafish embryos and found that the acoustic standing wave field significantly affected early developmental stages. They also reported that acoustic levitation inhibited hatching rates and assessed the biosafety of zebrafish embryos in a simulated space environment. These studies provide a theoretical foundation for the use of acoustic levitation in microgravity simulation research.
In this study, we used acoustic levitation to simulate microgravity conditions and exposed C. elegans to these conditions for 9 hours to evaluate its impact on locomotor function. Our findings confirmed that NGM gel balls can serve as a suitable suspension medium for nematode culture. No significant differences in locomotor indices were observed between nematodes cultured on gel balls and those on standard NGM plates. Although liquid culture methods for nematodes using S Medium have been previously reported [20], the long duration of space experiments can lead to droplet volume reduction due to evaporation under acoustic levitation. Therefore, gel balls were chosen as a more stable suspension carrier.
Movement index measurements after 3, 6, 9, and 12 hours of culture revealed that a 9-hour culture period significantly reduced nematode locomotor performance. Considering factors such as droplet evaporation rate, nematode viability, and levitation stability, we selected 9 hours as the optimal exposure duration. Nematode locomotion depends on coordinated synaptic activity between muscles and neurons, mediated by neurotransmitters. Body wall muscles are located dorsally and ventrally and coordinate to generate movement [21]. Head swing frequency is associated with feeding and spatial perception, while bending frequency and swimming frequencies are commonly used indicators of neural function [22]. Our findings suggest that acoustic levitation may impair muscle and neural function in C. elegans.
Previous studies have reported that microgravity can suppress nematode locomotion, reduce muscle fiber area, and downregulate genes related to muscle proteins and transcription factors [23]. Compared with a 14-day rotating wall vessel (RCCS) simulation study [24], our results show that acoustic levitation induces comparable locomotor impairment within a shorter timeframe (9 hours, P < 0.01). This contrasts with Sundvik’s findings [18] on the safety of acoustic levitation in zebrafish embryos, suggesting that invertebrates like nematodes may be more sensitive to acoustic forces. Moreover, the observed decline in MYO-3 expression aligns with known mechanisms of muscle atrophy under microgravity [23], and the inhibition rate under acoustic levitation was 3.2 times faster than that observed in real space microgravity.
This study has only a single treatment duration (9 hours) tested, limiting the ability to assess dose-response effects. In addition, neurotransmitter levels were not measured, restricting insights into neuromuscular regulation; and the gel matrix may have buffered mechanical effects of acoustic levitation, potentially reducing the accuracy of microgravity simulation.

5. Conclusion

This study successfully established a novel microgravity simulation model using acoustic levitation and demonstrated, for the first time, that a 9-hour acoustic levitation treatment significantly impairs the locomotor ability of C. elegans—as evidenced by a 47.52% reduction in head swing frequency (P < 0.0001)—and downregulates the expression of the muscle protein MYO-3 by 17.87% (P < 0.0001). The observed pathological features closely resemble those induced by real microgravity conditions. These findings suggest that acoustic loads may affect motor function via neuromuscular regulatory pathways and offer a novel methodological platform for investigating the mechanisms underlying microgravity-induced muscle atrophy. Despite certain limitations, including the use of a single treatment duration and the absence of neurotransmitter data, the developed three-dimensional gel-based culture system, combined with its rapid response capabilities, presents a promising and reliable short-term ground-based simulation model for advancing aerospace medical countermeasures.
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