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Recent advancements in cell culture have significantly impacted various fields, including drug discovery and regenerative medicine. Consequently, there is an increasing need to minimize the contamination risks and labor involved in cell culture processes. Traditional cell detachment methods typically employ proteolytic enzymes followed by centrifugation to remove these enzymes after cell detachment. This process often requires numerous manual interventions which can lead to potential contamination and deterioration of cell quality. In this study, we propose a novel cell detachment method that eliminates the need for centrifugation even with less trypsinization time. Our approach involves reducing the duration of trypsinization, collecting the trypsin before complete cell detachment, and subsequently detaching the cells using forced vibration within the culture medium. We conducted experiments to optimize the enzyme treatment time and vibration conditions. Our results demonstrated that this method achieved an 82.8% detachment rate of cells from the culture surface. These findings indicate that the proposed cell detachment technique is effective in removing cells from the culture substrate and the following subculture process without the need for centrifugation.
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1 INTRODUCTION
Cell culture, a technique for maintaining or growing cells in an artificial environment, is a fundamental technology with broad applications across various fields, including regenerative medicine (Mani, 2023). Regenerative medicine is domain of research and clinical practice focused on replacing or regenerating human cells, tissues, or organs to restore or establish normal function (Mason and Dunnill, 2008). A prominent application within regenerative medicine is autologous cell therapy, which utilizes the patient’s own cells for treatment, thereby minimizing the risk of immune rejection and eliminating the need for external donors. In autologous cell therapy, cells are harvested from the patient, cultured, and subsequently utilized for therapeutic purposes (Kazmi et al., 2009; Li et al., 2021). Consequently, reducing the contamination risks and costs associated with cell culture can directly contribute to the quality of treatment and lowering the overall costs. Beyond regenerative medicine, cell culture plays a critical role in other domains such as drug discovery (Blay et al., 2020) and vaccine production (Rajaram et al., 2020). Therefore, minimizing risks and costs of cell culture is crucial for advancing these fields and enhancing their economic feasibility, leading to their dissemination.
Cells that are removed from organisms are initially isolated and cultured in primary culture, followed by proliferation through subculture (Freshney, 2015; Pastan and Jakoby, 1979). A common method for subculture involves the use of proteases, such as trypsin. In this process, cells adhering to the culture surface are detached by the enzyme, after which a medium is added to inhibit the enzyme’s activity. Subsequently, cells and enzyme are separated by centrifugation, and the enzyme is removed (Vanderbilt University, n.d.) (Thermo Fisher Scientific, n.d.). Although this traditional method has been extensively used for an extended period, it presents challenges, including the substantial operational burden due to the numerous and complex steps involved. More the steps, more the contamination risks (Imashiro et al., 2020). To address these issues, automated culture systems have been developed to enhance efficiency and to reduce the possible contamination due to manual procedure; however, these systems also face challenges related to reliability, cost, and spatial requirements (Doulgkeroglou et al., 2020). In addition to operational difficulties, the traditional method poses risks of cellular damage due to the enzyme. Alternative enzyme-free buffer detachment methods have been proposed; however, these methods encounter issues regarding safety and versatility (Heng et al., 2009). Cell scraping with a cell scraper offers a means to detach cells without the use of enzymes, but this method can lead to significant cell damage (Batista et al., 2010).Ultrasonic cell detachment offers a promising enzyme-free alternative; however, it still requires subsequent centrifugation during the subculture process, meaning that the necessary steps for subculture are maintained (Kurashina et al., 2017; Kurashina et al., 2019).
In this study, we propose a novel protocol for cell detachment in culture medium using controllable forced vibration. Since forced vibration alone is insufficient to detach cells, a brief exposure to trypsin is employed to weaken cell adhesion prior to the application of vibration. This approach contributes not only to automation but also to the simplification of the subculture process by eliminating the need for centrifugation, as cell detachment occurs directly within the culture medium. Additionally, the duration of trypsin treatment is reduced compared to conventional methods, potentially minimizing cellular damage. Furthermore, because cell detachment is achieved through forced vibration, the process can be easily controlled mechanically, which is anticipated to enhance efficiency by enabling simultaneous processing of multiple vessels through stacking and automation.
2 MATERIALS AND METHODS
2.1 Concept of the proposed method
Figure 1 illustrates our proposed and the conventional cell detachment method involved in the subculture process (Thermo Fisher Scientific, 2024; Vanderbilt University, 2024).
[image: Figure 1]FIGURE 1 | Processes of our proposed and the conventional cell detachment method. (A) Processes of our proposed cell detachment method. (B) Processes of the conventional cell detachment method.
In the proposed method, as illustrated in Figure 1A, trypsin is initially added to the cell culture vessel. The cells are then incubated briefly to partially degrade the proteins that mediate cell adhesion. Prior to complete cell detachment, trypsin is removed and fresh medium is introduced. This process results in the cells being suspended in the culture medium with reduced adhesion. Subsequently, the cells are detached through the application of a physical stimulus, specifically forced vibration of the culture vessel.
In the conventional method, as shown in Figure 1B, trypsin is added to the cell culture vessel. The cells are then incubated for several minutes to facilitate the degradation of proteins that mediate cell adhesion to the culture substrate. Complete detachment of the cells is achieved through tapping the culture vessel or pipetting. Following detachment, the enzymatic activity of trypsin is halted by the addition of culture medium. To remove trypsin, the cell suspension is transferred to a centrifuge tube and subjected to centrifugation. The supernatant is then replaced with fresh medium, and the resulting cell suspension is prepared for reseeding into a new culture vessel.
2.2 Experimental setup and condition of forced vibration
In this study, a 60-mm dish was utilized as a culture vessel, and cell detachment was achieved through forced vibration generated by a shaker (BT300 Vibration Speaker 36W, Adin) (Figure 2). Vibrations of 500 Hz, 1000 Hz, and 2000 Hz were employed during the experiments. Amplitudes at the center of the dish were measured using a laser Doppler vibrometer (Laser Vibrometer LV-1800, Ono Sokki). Given that the maximum amplitude achievable by the shaker at 2000 Hz was 2.08 µm, the vibration conditions for different frequencies were adjusted as outlined in Table 1 to ensure that the maximum acceleration at the center of the dish was approximately equal across all frequencies.
[image: Figure 2]FIGURE 2 | The system of applying forced vibration to 60-mm dish. Felt between the vibration device and the base absorbs vibration. The 60-mm dish is fixed to the vibration device by suction cups. Forced vibration is applied in the vertical direction.
TABLE 1 | Vibration amplitude and maximum acceleration at center of a 60-mm dish with different frequencies. Amplitudes for 500 Hz and 1000 Hz were adjusted to achieve maximum accelerations approximately equal to that at 2000 Hz.
[image: Table 1]2.3 Cell preparation
We utilized the Chinese hamster ovary-K1 (CHO-K1) cell line in this study. The CHO-K1 (RCB0285; Riken Bio Resource Center) were cultured in Ham’s F-12 Nutrient Mix (11,765,054; Gibco, Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (2917354H; MP Biomedicals) and 2% Antibiotic-Antimycotic (100) (15,240,062; Gibco, Thermo Fisher Scientific) at [image: image]C and 5% [image: image]. Cells were passaged twice a week using 0.05% trypsin-EDTA (25,300,054; Gibco, Thermo Fisher Scientific). For the experiments, cells were prepared at a density of [image: image] 5 live cells per 60-mm dish (Iwaki, AGC Techno Glass) and incubated for 48 h. To determine cell counts, dead cells were stained with 0.4% Trypan blue solution (15,250,061; Gibco, Thermo Fisher Scientific), and the numbers of live and dead cells were quantified using a hemocytometer (A116; Asone).
2.4 Trypsinization time
To determine the optimal trypsinization time required to weaken cell adhesion in the proposed method, we conducted experiments to identify the time at which cells begin to detach. Initially, the prepared cells were washed twice with 1 mL of phosphate-buffered saline (PBS). Subsequently, 1 mL of 0.05% trypsin-EDTA was added to the dish, and the cells were incubated at [image: image]C with 5% [image: image]. After incubation, the trypsin-EDTA solution was collected. Trypsinization times were varied from 0.5 to 2 min in 0.5-min increments. Detached cells were then collected using a pipette. The cells remaining on the dish surface were subjected to an additional 3-min trypsinization, after which they were pipetted and collected. It should be noted that the specified trypsinization times refer to the incubation period, with an additional 1 minute required for handling before and after incubation, thus ensuring a constant total operation time. The number of cells collected during the initial trypsinization (denoted as N1) and the number collected during the second trypsinization (denoted as N2), representing the number of cells remaining after the initial trypsinization, were counted. The ratio of N1 to the total number of cells (N1 + N2), denoted as R1, was calculated as Equation 1.
[image: image]
This ratio was used to evaluate the cell detachment capability at each trypsinization time.
Figure 3 illustrates the values of R1 at various trypsinization times. Statistical analysis (cf. 2.7) revealed a significant difference only at a trypsinization time of 2 min. This result suggests that a substantial number of cells began to detach after 2 min of trypsinization. Given that trypsinization primarily affects cell adhesion and that trypsin-EDTA must be thoroughly removed before cell detachment in the proposed method, we selected a trypsinization time of 1.5 min. This time did not exhibit significant differences in detachment ratio against shorter trypsinization time, indicating its suitability for optimal cell detachment.
[image: Figure 3]FIGURE 3 | Cell detachment ratio at each trypsinization time (mean ± SD, n = 3, * p < 0.05). Cultured cells were trypsinized for the respective time, and the number of detached cells and remained cells were counted respectively.
2.5 Cell detachment with the proposed method
To evaluate the effectiveness of the proposed method in the centrifugation-free subculture procedure, CHO-K1 cells were detached using the proposed technique. Initially, cells prepared in a 60-mm dish were washed twice with 1 mL of phosphate-buffered saline (PBS). Subsequently, 1 mL of trypsin-EDTA was added, and the cells were incubated at [image: image]C for 1.5 min, as decided in Section 2.4. After removing the trypsin-EDTA solution, 5 mL of fresh medium was added to the dish. The dish was then subjected to forced vibration under the conditions outlined in Table 1. Following the forced vibration, the medium containing suspended cells was collected.
The cells were enumerated at each stage, and the following parameters were defined: the number of cells detached by trypsinization before the forced vibration (Nt), the number of cells detached by forced vibration (Nv), and the number of cells remaining on the dish surface after the forced vibration (Nr). The ratios of these quantities to the total number of cells (Nt + Nv + Nr) were calculated as Equations 1–4,
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where, Rt, Rv, and Rr represent the proportions of cells detached by trypsinization, by forced vibration, and those remaining on the dish surface, respectively.
2.6 Cell proliferation in the following subculture process
To assess the viability of cells detached using the proposed method, we performed a subculture procedure. Cells were detached under the following conditions: a trypsinization duration of 1.5 min, a forced vibration frequency of 500 Hz, and a vibration duration of 5 min. Following detachment, [image: image] cells were plated into 60-mm dishes and incubated for 24, 48, and 72 h. For comparison, cells detached using conventional trypsinization (as illustrated in Figure 1B) were incubated under the same conditions, with a trypsinization duration of 3 min. After incubation, the cells are collected with a trypsinization and enumerated.
2.7 Statistical analysis
Values are expressed as means [image: image] SDs. Statistical significance was evaluated using Student’s t-test for comparisons between two means, and ANOVA and Tukey’s multiple comparisons for comparisons between three or more means. Results with [image: image] values of less than 0.05 were considered significant.
3 RESULTS AND DISCUSSION
3.1 Cells detached by the proposed method
Figure 4 illustrates the proportions of cells detached via pre-trypsinization (Rt), by forced vibration (Rv), and those remaining adherent to the dish surface (Rr), at frequencies of 0 Hz, 500 Hz, 1000 Hz, and 2000 Hz, respectively. At 0 Hz, indicating no applied mechanical stimulation, approximately 30% of cells were detached. This detachment is attributed to minor medium flows associated with procedural operations, such as the addition or removal of liquids, or the handling of the dish when placing it in or removing it from the incubator. At frequencies of 500 Hz and 1000 Hz, a higher proportion of cells were detached compared to 0 Hz, suggesting that forced vibration contributed to cell detachment. Conversely, at 2000 Hz, the detachment levels were comparable to those observed at 0 Hz, indicating that the forced vibration at this frequency did not significantly influence cell detachment. Comparing the results at 500 Hz and 1000 Hz, where cell detachment was observed, it is evident that more cells were detached at 500 Hz. These findings imply that the maximum acceleration of forced vibration is not the primary factor influencing cell detachment; rather, the frequency, amplitude of the vibration, and the resultant medium flow are crucial factors.It has been shown that cell detachment is predominantly influenced by the shear flow of the surrounding medium (Kurashina et al., 2019). Additionally, Goldasteh et al. investigated particle removal from a substrate under fluid flow, demonstrating that the drag force magnitude depends on the shear velocity, which is, in turn, proportional to frequency and amplitude (Goldasteh et al., 2013). Based on this understanding, the shear velocity is likely maximized at 500 Hz, decreasing to half and one-quarter of this value at 1000 Hz and 2000 Hz, respectively. From this perspective, the cell detachment results presented in Figure 4 appear to be reasonable.
[image: Figure 4]FIGURE 4 | Ratio of number of cells detached by each step in cell detachment using forced vibration at forced vibration frequency of (A) 0 Hz, (B) 500 Hz, (C) 1000 Hz, and (D) 2000 Hz (mean±SD, n = 4, * p < 0.05). The first trypsin treatment to reduce cell adhesion was performed for 1.5 min. The plots represent the results from four trials. Rt, Rr, and Rv are the proportions of cells detached via pre-trypsinization, those by forced vibration, and those remaining adherent to the dish surface, respectively. Since Rt is common among (A–D), and Rr is related to Rv, statistical evaluation was only conducted about Rv.
Focusing on the effect of vibration time, it was observed at 500 Hz that the proportion of cells detached by forced vibration (Rv) increased with longer vibration times. However, the rate of increase in Rv diminished as vibration time continued to increase. At 1000 Hz, Rv also increased with vibration time from 0.2 min to 5 min, similar to the trend observed at 500 Hz. However, Rv decreased at 25 min. This decrease can be attributed to an anomalously low experimental value at 25 min, which caused a reduction in the mean value and an increase in the standard deviation. When considering this outlier, the mean Rv at 25 min is 74.1%, with a standard deviation of 12.4%. The trend at 1000 Hz shows that the increase in Rv with longer vibration times becomes less pronounced over time. These findings suggest that while increasing vibration time generally leads to greater cell detachment, there is an upper limit to the detachment ratio that depends on the vibration frequency.
The optimal results were achieved with a pre-trypsinization time of 1.5 min, a vibration frequency of 500 Hz, and a vibration duration of 5 min. Under these conditions, cells were exposed to 0.05% trypsin-EDTA for only 1.5 minutes—half the duration typically required for conventional trypsinization—while the cell detachment ratio was effectively controlled by the forced vibration. This approach may offer an additional advantage by potentially eliminating the need for centrifugation in the subculture process. Consequently, it could mitigate the adverse effects of trypsin on cell viability and function (Danika et al., 2006).
3.2 Cell proliferation assay
Figure 5 presents the cell counts following incubation in the subsequent subculture for cells detached using both methods. A reader may doubt the negative effect of forced vibration on cell viability; however, no statistically significant difference in cell numbers was observed between cells detached by the proposed method and those detached by the conventional method. These results suggest that the proposed method does not have a detrimental effect on cell proliferation, suggesting that the proposed method is compatible for cell passage.
[image: Figure 5]FIGURE 5 | The number of cells detached by both methods after 24, 48, and 72 h of culture (mean±SD, n = 6, * p < 0.05).
4 CONCLUSION
In this study, we propose a novel cell detachment method utilizing forced vibration to detach cells from the culture medium, potentially eliminating the need for centrifugation in the subsequent subculture process. This may reduce the risk of potential contamination, as well as the associated economic and labor costs, and the necessary space required for the system. We conducted experiments to investigate the relationship between trypsinization time and cell detachment ratio. Based on these results, we identified the optimal pre-trypsinization time that weakens cell adhesion without fully detaching the cells. Subsequently, we performed cell detachment experiments using the proposed method at various vibration frequencies and duration, preceded by pre-trypsinization and replacement with fresh medium.
Our results demonstrated that, for CHO-K1 cells, significant detachment occurred when the trypsinization time exceeded 2 min with 0.05% trypsin-EDTA. Applying the proposed method with a pre-trypsinization time of 1.5 min, we observed effective cell detachment at vibration frequencies of 500 Hz and 1000 Hz. The detachment ratio increased with longer vibration times, though it approached a maximum limit. The optimization of trypsinization and vibration conditions across different cell types and culture conditions requires comprehensive parametric studies for practical applications. Nevertheless, this study primarily demonstrates the feasibility of in-medium cell detachment and provides an initial framework for determining optimal trypsinization and vibration conditions.
While further biological assays are necessary for a comprehensive evaluation, our findings suggest that the proposed method is effective for cell detachment within the medium, eliminating the need for centrifugation. This method simplifies culture operations by removing the need for centrifugation equipment and manual cell transfer. Additionally, it avoids the necessity of manual tapping or pipetting, with cell detachment achieved through easily controllable forced vibration, thereby contributing to the automation of the culture process.
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