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Abstract

:

Gas plays a crucial role in cell culture as cells require a specific gas environment to maintain their growth, reproduction, and function. Here, we propose a gas supply system for tri-gas multi-channel cell incubators to meet the specific needs of various cells. The system utilizes a circulating gas supply method powered by air pumps for each chamber. Gas inflow from the cylinder is independently controlled by Mass Flow Controllers (MFCs), and a quantitative step-by-step adjustment control strategy is employed to calculate the volume of different gases being introduced. Through mixing simulations and experiments, we identified the SV static mixer with an L/D ratio of 2.5 as the optimal choice. To evaluate the concentration accuracy and gas consumption of the gas system, we conduct gas mixing and distribution experiments under different conditions. The results show that the system could achieve a concentration range of 0–100% for O2 with an accuracy of ±0.5%, and a concentration range of 0–10% for CO2 with an accuracy of ±0.1%. The daily gas consumption during cultivation is 3570 mL of N2, 330 mL of CO2, and 115 mL of O2, significantly lower than conventional incubators. Overall, our system can effectively manage dynamic gas concentration changes, particularly in high O2 concentration environments. It offers advantages such as low gas consumption, a wide concentration range, and high accuracy compared to existing incubators.
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1. Introduction


Mixed gas is one of the essential conditions for the development of mammalian cells in vitro, and, normally, the main components of the mixed gas are oxygen (O2), carbon dioxide gas (CO2), and nitrogen (N2). CO2 plays a key role in regulating and maintaining the pH of the culture medium within the optimal range of 7.2–7.4 [1,2]. Generally, the standard concentration of CO2 in mixed gas is 5%. However, different cells have varying demands for oxygen at different stages of development [3,4]. For instance, embryos grow best under 6% O2 before the early blastocyst stage but require over 20% O2 after the gastrula stage [5,6]. Oxygen availability also influences organogenesis and tissue development [7,8]. The early development of organoids often relies on physiological hypoxia, while in later phases of growth, a sufficient supply of oxygen is required to support proliferation, final differentiation, and maturation [9,10]. Therefore, it is of great significance to support wide-range oxygen concentration regulation for an excellent cell culture system.



In cell laboratories, two types of incubators are commonly used for cell culture: CO2 incubators and tri-gas incubators. CO2 incubators utilize CO2 as the sole gas source, while tri-gas incubators use a combination of CO2, O2, and N2. CO2 incubators typically allow for adjusting the CO2 concentration from 0–20%, regardless of the O2 level, suitable for general cell culture requirements. On the other hand, tri-gas incubators offer the flexibility to adjust both CO2 and O2 concentrations, ranging from 0 to 20% and 0 to 90%, respectively, catering to the needs of hypoxia and hyperoxia cell culture. Both types of incubators have an internal volume of approximately 180 L, resulting in a gas concentration recovery time of over 60 min after opening and closing the door, leading to gas environment disruption and high gas consumption [11].



In recent years, with the increasing requirements for specialization and customization in cell culture, multi-channel incubators have become more and more popular [12,13,14]. These incubators can consist of either single or multiple small culture chambers, offering superior temperature and gas control capabilities due to the smaller interior volume of each chamber. To maintain the internal gas environment of the chamber, a small flow of gas is usually used for continuous gas supply. One common approach involves releasing mixed gas into the chamber and then venting it into the atmosphere, such as Genea Biomedex Geri [15]. As a result, this method results in significant gas consumption over time. A more efficient alternative is to circulate the gas within the system for reuse, such as ESCO medical Miri TL [16]. Although the circulation method can reduce gas consumption, it imposes higher demands on gas control and still represents relatively high levels.



To establish an ideal gas environment to meet the hypoxia and hyperoxia requirements of cell culture, we propose a tri-gas supply system and method for the multi-channel incubator. The system allows for gas circulation inside to supply gas to multiple chambers simultaneously and achieves control of gas concentration through a quantitative step-by-step adjustment strategy. This method enables the system to achieve a wide range of gas concentrations with low gas consumption while maintaining high control accuracy. Consequently, we offer an exceptional gas system for cell culture that can accommodate nearly all applications.




2. Materials and Methods


2.1. Gas Mixing and Distribution System


The proposed gas supply system is shown in Figure 1. Three Mass Flow Controllers (MFCs) are used to accurately regulate the flow rate and volume of N2, O2, and CO2 from the high-pressure cylinders to the gas mixer [17,18]. The gas mixer facilitates the mixing of gases within the system. Each individual chamber in the system is connected to a micro pump and a check valve. These pumps circulate gas from the mixer to the culture chambers and back, creating a closed-loop gas supply system. The check valve prevents air from entering the system when a chamber lid is opened. The state of each chamber lid (open or closed) can be identified by a switch sensor. The pump is automatically deactivated when the chamber lid is open and only operates when the chamber lid is closed. The gas sensor is positioned downstream of the gas mixer and upstream of the chambers, along the flow direction, to measure the gas concentrations (volume fraction). Additionally, a solenoid valve, which is a three-way valve, is positioned between the gas sensor and the culture chambers. It can be controlled to switch between two positions: either to the atmosphere or the system.



The proposed system calculates the required volume of various gases using real-time gas concentrations obtained from gas sensors. It then accurately regulates the gas volume entering the system from the gas cylinder through MFC. Mixing and distribution processes are subsequently conducted within the system. By employing automatic control and adjustment mechanisms, the gas concentration within the system can be maintained within the acceptable error range of the desired value. In summary, to enhance mixing efficiency and accuracy, the system raises two main concerns: determining the optimal mixing parameters and calculating the inflow volume of N2, O2, and CO2.




2.2. Numerical Simulation for Mixers


As a key component of the gas system, the mixer plays an important role in enhancing gas mixing efficiency and the concentration uniformity of the output gas [19,20,21,22]. Here, a static mixer is utilized instead of a dynamic one. The static mixer has no moving parts and can realize movements such as diversion, confluence, and rotation to achieve effective dispersion and thorough mixing of different fluids by its mixing unit assembled in the pipe. Static mixers can be categorized into various types based on the structure of the mixing units [23]. Among them, the SV mixer is particularly suitable for gas mixing. Hence, the SV mixer is chosen for use in this study.



The static mixer consists of a closed thin-walled cylindrical tube filled with SV mixing units. The length–diameter ratio (L/D) is a crucial parameter for the design and selection of the mixing chamber in addition to internal volume. To investigate the optimal L/D of the mixer for the gas system, three mixer structures with L/D ratios of 0.75, 2.5, and 6 are developed, all with an internal volume of 800 mL, as shown in Figure 2. In each mixer, the thickness of the spoiler elements is 1 mm, and three groups of SV units are arranged along the length at a dislocation angle of 60°. To compare the mixing efficiency of mixers with different L/D ratios, a binary gas mixing simulation is employed as a research model to simplify numerical analysis and reduce computational load. Each mixer includes two gas inlets and one gas outlet.



The mixer structure model is created using 3D software (UG NX 10.0) and then imported into the COMSOL multi-physics software (v.6.1) for simulating gas mixing. The simulation is conducted in coupled physical fields involving single-phase fluid—turbulent flow and chemical species transport—concentrated species transport. The mesh is automatically generated with tetrahedral elements and a general element size. The Realizable k-ε model is selected in the turbulence flow physics field with default parameters [24]. The inlet flow rate is set at 2 L/min and the outlet pressure at 0 kPa. The Maxwell–Stefan model is used for the diffusion model in the concentrated species transport physics field [25], with a mass diffusion coefficient of 1 × 10−5 (m2/s). The initial gas mass fraction at the two inlets is set to 100% and 0, respectively. The properties of the gas under study are based on air properties, selected directly from the system material library.




2.3. Calculation Method of Inflow Volume


The theoretical inflow volume of N2, O2, and CO2 passing through the MFC can be derived using the following method. For a single gas in the circulation part, the calculation involves adding the volume of the original gas to the volume of the newly introduced gas and then subtracting the volume of the gas discharged from the relief valve. This resulting volume should be equal to the product of the total volume of the circulation part and the target concentration. Therefore, the calculation for the inflow volume of CO2 or O2 passing through the MFC can be represented as:


(Volume of original gas + Volume of new gas − Volume of discharged gas) = (Total volume of circulation

part) × (Target concentration).











Consequently, the inflow volume of CO2, O2 and N2 satisfies the following formulas, respectively:


   C c  V + X − ( X + Y + Z )  C c  =  C  c s   V  



(1)






   C o  V + Y − ( X + Y + Z )  C o  =  C  o s   V  



(2)







When X, Y, and Z are all positive, it is feasible to achieve the target concentrations of CO2 and O2 by introducing the corresponding volume. However, the two formulas mentioned have three unknowns and cannot be directly solved.



In practical applications, a quantitative step-by-step adjustment control strategy is adopted, as illustrated in Figure 3. The following agreements are made:




	(1)

	
Prioritize ensuring the CO2 concentration through a step-by-step adjustment strategy;




	(2)

	
When the CO2 concentration is normal, the subsequent gas introduced always contains the target proportion of CO2 in order to reach the target O2 concentration while keeping the CO2 concentration constant;




	(3)

	
If the CO2 concentration is higher, N2 is used to dilute its concentration to the target level instead of O2.









The specific control process, outlined in the figure, is divided into different scenarios.



	(1)

	
If the original CO2 concentration is higher than the target concentration, i.e., Cc > Ccs:







In this case, N2 is introduced to dilute the gas, and the inflow volume of N2 (Z1) must satisfy the following formula:


   C c  V −  C c   Z 1  =  C  c s   V  



(3)







The inflow volume of N2 (Z1) is determined by the following formula:


   Z 1  =    (  C c  −  C  c s   ) V    C c      



(4)







Then, the theoretical O2 concentration Co1 after mixing is:


   C  o 1   =  C o   (  1 −     Z 1   V    )  =     C o   C  c s      C c      



(5)







At this point, the intermediate concentration of O2 (Co1) is compared with the target concentration of O2.



	1)

	
If the intermediate concentration of O2 is higher, i.e., Co1 > Cos







Then, N2 and CO2 are filled using MFC simultaneously, with the CO2 concentration in the mixed gas already at the target concentration,


    X  X +  Z 2     =  C  c s    



(6)







In this scenario, according to the equilibrium requirements of O2 (Formula (2)),


   C  o 1   V −    X +  Z 2     C  o 1      =  C  o s   V  



(7)







Then, the inflow volume of N2 (Z2) and CO2 (X) can be calculated according to the following formulas:


   Z 2  = ( 1 −     C  o s    C c     C o   C  c s      ) ( 1 −  C  c s   ) V  



(8)






  X = ( 1 −     C  o s    C c     C o   C  c s      )  C  c s   V  



(9)







	2)

	
If the intermediate concentration of O2 is lower, i.e., Co1 < Cos







Then, O2 and CO2 are filled using MFC simultaneously, with the CO2 concentration in the mixed gas already at the target concentration,


    X  X + Y    =  C  c s    



(10)







In this scenario, according to the equilibrium requirements of O2,


   C  o 1   V + Y − ( X + Y )  C  o 1   =  C  o s   V  



(11)







Then, the inflow volume of O2 (Y) and CO2 (X) can be calculated according to the following formulas:


  Y =    V ( 1 −  C  c s   ) (  C  o s    C c  −  C o   C  c s   )   (  C c  −  C c   C  c s   −  C o   C  o s   )     



(12)






  X =    V  C  c s   (  C  o s    C c  −  C o   C  c s   )   (  C c  −  C c   C  c s   −  C o   C  o s   )     



(13)







	(2)

	
If the original concentration of CO2 is lower than the target concentration, i.e., Cc < Ccs,







According to the strategy above, CO2 is filled and the inflow volume of CO2 (X1) must satisfy the following formula:


   C c  V +  X 1  −  X 1   C c  =  C  c s   V  



(14)







The inflow volume of CO2 (X1) is obtained


   X 1  =    V (  C  c s   −  C c  )    (  1 −  C c   )      



(15)







Then, the theoretical O2 concentration Co1 after mixing is


   C  o 1   =  C o   (  1 −     X 1   V    )  =     C o  ( 1 −  C  c s   )   1 −  C c      



(16)







At this point, the intermediate concentration of O2 (Co1) is compared with the target concentration of O2.



	(1)

	
If the intermediate concentration of O2 is higher, i.e., Co1 > Cos







Then, N2 and CO2 are filled using MFC at the same time, and the concentration of CO2 in the introduced mixed gas is the target concentration already,


      X 2     (   X 2  + Z  )     =  C  c s    



(17)







In this scenario, according to the equilibrium requirements of O2,


   C  o 1   V − (  X 2  + Z )  C  o 1   =  C  o s   V  



(18)







Then, the inflow volume of N2 (Z) and CO2 (X2) can be calculated according to the following formulas:


  Z = V [ 1 −  C  c s   −     C  o s   ( 1 −  C c  )    C o     ]  



(19)






   X 2  = V [  C  c s   −     C  c s    C  o s   ( 1 −  C c  )    C o  ( 1 −  C  c s   )    ]  



(20)







	(2)

	
If the intermediate concentration of O2 is lower, i.e., Co1 < Cos







Then, O2 and CO2 are filled using MFC simultaneously, with the CO2 concentration in the mixed gas already at the target concentration,


      X 2     X 2  + Y    =  C  c s    



(21)







In this scenario, according to the equilibrium requirements of O2,


   C  o 1   V + Y − (  X 2  + Y )  C  o 1   =  C  o s   V  



(22)







Then, the inflow volume of O2 (Y) and CO2 (X2) can be calculated according to the following formulas:


  Y =    V (  C  o s   −  C c   C  o s   −  C o  +  C o   C  c s   )    (  1 −  C c  −  C o   )      



(23)






   X 2  =    V  C  c s   (  C  o s   −  C c   C  o s   −  C o  +  C o   C  c s   )    (  1 −  C c  −  C o   )  ( 1 −  C  c s   )     



(24)







After determining the method for calculating gas inflow volume, the gas supply and distribution process is illustrated in Figure 3. The standard operational procedure of the system, starting from the initial gas condition, comprises four stages:




	(1)

	
Initially, all pumps operate at a high flow rate for a few minutes to enhance rapid gas flow and mixing through the gas mixer. This step ensures the proper distribution of gas across the chambers and minimizes gas concentration gradients to achieve uniformity. Monitoring gas concentrations over time can provide insights into the effectiveness of the mixing process.




	(2)

	
If post-mixing gas concentrations are outside the acceptable range, Mass Flow Controllers (MFCs) regulate the flow of CO2, O2, or N2 into the gas mixer at specific volumes. Simultaneously, the existing gas in the mixer is slowly released through the relief valve until the MFCs are closed, with a small amount of new gas potentially escaping. Inflow volumes of CO2, O2, and N2 can be calculated based on system parameters and measured gas concentrations. It is essential to keep the pumps off during this stage to ensure thorough replacement of the original gas with the new gas.




	(3)

	
Similar to stage 1, all pumps are activated to blow for a few minutes to facilitate the mixing of new gas with any remaining original gas, aiming for consistent gas concentration throughout the system.




	(4)

	
All pumps are initially set to a low flow rate, known as breezing, to prevent air leakage into the chamber and potential disruption of cell development. This breezing state is maintained as long as the lid remains closed unless there is a change in gas concentration. Upon opening and closing the lid, a blowing operation is triggered instead of breezing, enabling the system to swiftly revert to the previous atmosphere within a brief timeframe. In case of abnormal gas concentration, the system automatically re-regulates to the initial stage.










2.4. Gas Mixing Experiment on Multi-Chamber Cell Incubator


A multi-chamber cell incubator is fabricated and assembled based on the gas supply system, as shown in Figure 4. The incubator is a compact device containing 12 chambers arranged in two rows. The gas system components are mainly installed at the rear of the incubator, including air pumps (Thomas Diaphragm pump, model 2002 VD BLDC, Monroe, LA, USA), CO2 sensor (Novasis Innovazione Novagas2, model NG2-A-2, Pont-Saint-Martin AO, Italy), O2 sensor (Figaro, model KE-25LF, Maxell, Tokyo, Japan), MFCs (AITOLY, model MFC300_RS485, Wuxi, China), gas mixer (Henan Xingchao Electromechanical Equipment Co., Ltd., Xinxiang, China), check valve (SMC, model AKH06, Tokyo, Japan), and solenoid valve (AVIC ZEMIC, model FOA-3T24, Xi’an, China). The gas mixer is designed as an enclosed thin-walled cylinder, filled with three SV static mixing units each positioned at a 60-degree angle to the adjacent units. The total volume of the gas circulation part is 1800 mL, with 950 mL for the gas mixer and 850 mL for the rest.



The gas experiment is carried out in two phases. The first phase aims to determine the optimal mixer for the system. Three mixers with different L/D ratios are separately connected to the device for testing. Each mixer is initially filled with the same mixed gas, and the remaining space of the system is filled with air. Subsequently, all the air pumps are activated to allow the gas to circulate, while monitoring changes in gas concentration. In the second phase, the optimal mixer identified in phase one is connected to the device. Gas mixing and distribution control are performed according to the workflow illustrated in Figure 3, followed by the measurement of CO2 and O2 concentrations over time.



2.4.1. Mixer Performance Experiment


To assess the mixing performance of different gas mixers, three SV static mixers with different L/D ratios of 0.75, 2.5, and 6 were constructed, each having a volume of approximately 950 mL. The selection of a mixer should consider both gas mixing concentration uniformity and mixing efficiency. To evaluate the concentration uniformity of mixers with different L/D ratios, an open system experiment was conducted where three different gases were passed through the mixer via MFCs and released into the atmosphere, with the changing concentration of the discharged gas being monitored over time. Additionally, a circulatory system experiment was performed to evaluate mixing efficiency. In this experiment, the gas mixer was reconnected to the circulation system, excluding the gas source. Initially, the mixing chamber and culture chamber was filled with different gases, followed by activating all pumps to initiate operation. Subsequently, the concentrations of CO2 and O2 were monitored over time.




2.4.2. Three-Gas Mixing Experiment


Following the mixer performance experiment, an optimal mixer was selected for the subsequent three-gas mixing experiment. All components were connected to the circulation system as illustrated in Figure 1. As depicted in Figure 3, the gas system of the incubator predominantly remains in a breezing state; therefore, there are three different operating scenarios to be considered, on which the gases need to be consumed more. Then, the three-gas mixing experiments were conducted in the following scenarios:




	
Initialization








At the onset, when the mixing chamber and incubation chamber are initially filled with air, it is essential to regulate the gas concentration in the culture environment, for example, 5% O2 and 5% CO2. This process is known as initialization. Following the gas inflow volume method outlined above, CO2 must first be replenished to achieve a set concentration of 5%. Then, the O2 concentration should be regulated to 5% by the addition of N2 and CO2, and the newly introduced gas should maintain a CO2 concentration of 5% to ensure that both CO2 and O2 reach the desired concentration levels. Multiple adjustments may be necessary if the initial adjustment is unsuccessful.



	
O2 concentration changes






During the actual culture process, the CO2 concentration is typically maintained at 5% (to stabilize pH), while varying O2 concentrations are required at different stages to meet the dynamic concentration demands of cell culture. The O2 concentration progressively increases as cells proliferate. In the experiment, the CO2 concentration was held constant at 5%, while the O2 concentration was incrementally raised from 5% to 80%, with gas concentrations recorded at different set values. To ensure thorough mixing after each gas inflow, a mixing time of 2 min is recommended.



	
Chamber lids open






Chamber lids are opened during the culture process to facilitate observation or exchange of culture solutions. When the lid is opened, the gas within the chamber is replaced by air. To restore the previous gas environment, the gas system must be recirculated, new gas replenished, and a portion of the gas discharged to establish a gas concentration balance. To simulate this process, the chambers were fully opened and closed in a gas atmosphere of 5% O2 and 5% CO2. The pumps were activated to thoroughly mix the gas, resulting in low CO2 concentration and high O2 concentration. CO2 and N2 were then introduced to restore the initial gas environmental conditions.






3. Results


3.1. Numerical Simulation Results of Mixers


The simulation of a gas mixer can generate velocity and concentration fields, with the concentration field being the main focus for evaluating the mixing effect. The concentration field distribution results of the static mixer with various L/D ratios under identical operating conditions are shown in Figure 5 and Figure 6. Upon reaching a steady state, it is observed that the gas concentration gradient inside the SV mixer with different L/D ratios of 0.75, 2.5, and 6 are approximately 20%, 8%, and 2%, respectively. It is noted that a higher L/D ratio results in improved gas phase uniformity and enhanced gas mixing efficiency within the mixer.



The simulation results of mixers with various L/D ratios indicate that a larger L/D ratio leads to a longer gas flow path within the mixer, enhancing turbulence effects due to turbulence elements. This increased path length and narrower space can further improve the convective diffusion of substances in both time and space dimensions. However, it is important to consider the limitations of installation space and manufacturing processes when determining the optimal L/D ratio for a mixer, as increasing it indefinitely is not feasible and should be balanced with actual test results.




3.2. Experiment Results of Mixer


3.2.1. Open System Experiment


In an open system experiment, N2, O2, and CO2 gases are simultaneously introduced into a mixer with different L/D ratios through MFCs, flowed through a gas sensor, and discharged into the atmosphere. The molar fractions of the three gases are 5%, 5%, and 90%, with a total flow of 1000 sccm. The concentration of the discharged gas after the mixer changed with time is tested as shown in Figure 7. Therefore, the larger the L/D, the shorter the numerical stability time of the gas concentration, which is consistent with the simulation results, and conversely, the smaller the L/D, the longer the gas concentration stability time.




3.2.2. Circulatory System Experiment


The experiment begins with a gas mixture of 5% CO2 and 5% O2 in the mixer, while the culture chamber is filled with air and all pumps are activated at a total flow rate of approximately 1 L/min. The changes in CO2 and O2 concentrations are monitored during various mixer tests, and the results are depicted in Figure 8.



The figure illustrates that the mixer with an L/D ratio of 0.75 has a stability time of around 0.5 min, the L/D 2.5 mixer has a stability time of about 1 min, and the L/D 6 mixer has a stability time of roughly 2 min. This suggests that lower L/D ratios result in shorter gas concentration stability time, whereas higher L/D ratios lead to longer stability time.



Based on considerations of concentration uniformity and mixing efficiency, the static mixer with an L/D ratio of 2.5 is chosen as the optimal mixer and utilized in further gas mixing and distribution experiments.





3.3. Gas Concentration and Consumption under Different Scenarios


3.3.1. Initialization


The gas concentrations from the initial air condition to 5% CO2 and 5% O2 are depicted in Figure 9a, with the gas consumption for each concentration adjustment shown in Figure 9b. After three phases of concentration adjustments, the adjustment time is approximately 15 min. The first adjustment results in a decrease in O2 concentration from 19.2% to 10.7% and an increase in CO2 concentration from 0.1% to 4.6%, primarily due to a large volume of incoming N2 (1250 mL) and some gas being discharged to the atmosphere via the relief valve, preventing a complete exchange. The second adjustment brings O2 concentration to 6.3% and CO2 concentration to 4.75%, while the third adjustment achieves the target concentrations of 4.99% O2 and 5.01% CO2. The gas consumption is 233 mL of CO2 and 2580 mL of N2 in total.




3.3.2. O2 Concentration Changes


The experiment involves maintaining a constant CO2 concentration while gradually increasing the O2 concentration from 5% to 80% in incremental steps (5%, 8%, 13%, 18%, 23%, 28%, 33%, 38%, 43%, 48%, 53%, 60%, 70%, and 80%). Gas concentrations at various set values are recorded, and the resulting curves are depicted in Figure 10 and Figure 11. The volume of gas consumed with each concentration change is illustrated in Figure 12. Results indicate that smaller changes in O2 concentration, like 5%, require only one adjustment to reach the target concentration, with CO2 consumption ranging from 6 to 13 mL and O2 consumption increasing gradually from 101 mL to 202 mL. However, for larger O2 concentration changes, particularly at high concentrations, multiple adjustments are often required to reach the target concentration due to increased gas inflow. This leads to significant fluctuations in CO2 concentration and higher gas consumption as shown in Figure 11 and Figure 12.



The experiment results and deviation data are detailed in Table 1. The system demonstrates an accuracy of ±0.1% for CO2 concentration with minor fluctuations, and an accuracy of ±0.5% for O2 concentration across the range from 5% to 80%. Consequently, the system exhibits effective concentration control performance, meeting the gas concentration requirements for various cultivation scenarios.




3.3.3. Chamber Lids Open


After opening and closing the lid, thoroughly circulating, and mixing the gas concentration reaches 2.84% for CO2 and 11.3% for O2, indicating a scenario of high O2 concentration and low CO2 concentration. Following this process, the gas is replenished and adjusted to the target concentration, with the gas concentration change curve depicted in Figure 13a. The adjustments are made twice to achieve a target concentration. The total consumption illustrated in Figure 13b includes 85 mL of CO2 and 1400 mL of N2, with a recovery time of less than 15 min.






4. Discussion


For the calculation method of inflow volume, a step-by-step adjustment strategy is adopted to ensure the CO2 concentration preferentially and the subsequent gas introduced always contains the target proportion of CO2 so that the CO2 concentration remains unchanged during the time of adjusting the O2 concentration because of the importance of CO2 concentration. For the intermediate concentration of O2, the theoretical calculation value (Co1) is used during the process instead of the measured value for the convenience of calculation, while the measured value will be susceptible.



Meanwhile, when changing the gas concentration, since the relief valve is positioned downstream of the gas mixer and upstream of the chambers to avoid the effect of chamber tightness when new gases pass into the mixer, the equal volume of original gases is discharged into the atmosphere from the relief valve, theoretically. Therefore, if the total gas inflow volume does not exceed the total capacity of the mixer during each adjustment, a good “new for old” can be realized, which satisfies the theoretical calculation model. This method is effective for small concentration changes, maintaining CO2 levels while gradually increasing O2 concentration. However, for large-scale adjustments, multiple adjustments are needed due to more gas discharge, resulting in longer adjustment times and higher gas consumption. Despite these challenges, gradual improvements in reducing gas concentration deviations are observed after several adjustments. For each subsequent adjustment, the gas concentrations of the system will approach the target value, and, thereafter, the interval of stabilization between adjustments depends on the acceptable deviation.



Sealing is a critical factor in ensuring the proper functioning of the gas system and minimizing gas consumption. Theoretically, as long as the chamber lid is closed, no gas will be consumed in a breezing state. However, in the actual situation, poor sealing leads to an amount of air entering the system due to the negative pressure in the chambers, resulting in longer adjustment time, more gas consumption, and even failure to reach the target value. Therefore, better sealing helps to maintain longer concentration stability and lower gas consumption.



In terms of gas consumption, the system is in a state of minimal gas usage under good sealing conditions. As air gradually enters the system, the O2 concentration increases and the CO2 concentration decreases. When the gas concentration exceeds the threshold value, new gas needs to be replenished to reach the target concentration as outlined in the control process in Figure 3.



Here, we assume the gas concentration deviation threshold value is ±0.5, and the gas system needs to adjust once every two hours because the gas concentration exceeds the threshold value. According to the calculation method, the gas consumption is 17 mL of CO2 and 150 mL of N2 per adjustment, totaling 204 mL of CO2 and 1800 mL of N2 daily. A hypothetical gas concentration scenario for week-long cultivation is outlined: (1) Day 1 starts with air, transitions to 5% CO2 and 5% O2 for one day; (2) Day 2 maintains 5% CO2 and increases O2 to 8%; (3) Day 3 increases O2 to 13%; (4) Day 4 increases O2 to 18%; (5) Day 5 increases O2 to 23%; (6) Day 6 increases O2 to 28%; (7) Day 7 increases O2 to 33%. Throughout the cultivation, the lid is opened once daily for medium change and observation, and the other time the breezing state is kept with a little flow for circulation. The average daily consumption during cultivation is calculated to be 3570 mL of N2, 330 mL of CO2, and 115 mL of O2. Comparatively, the ESCO medical Miri TL, which also utilizes a recirculating gas supply method, consumes < 2 L/h of N2 and <12 L/h of CO2 under normal conditions without gas concentration changes or lid openings. The recirculating system’s gas consumption is significantly lower than that of the ESCO MIRI, let alone traditional incubator systems with open gas supply methods.




5. Conclusions


This study presents a gas supply system and method with low gas consumption and a wide concentration range for a multi-chamber tri-gas cell incubator. The system utilizes a circulating gas supply method and an innovative quantitative step-by-step adjustment strategy to control gas concentration. Numerical simulation and experiments are conducted to enhance gas mixing efficiency, with results indicating that an SV mixer with an L/D ratio of 2.5 is the optimal choice. Additionally, the three-gas mixing and distribution experiments in different scenarios are carried out to test gas concentration and gas consumption. The system finally allows for dynamic gas concentration adjustments across a wide range to meet various cell culture requirements while maintaining high accuracy. Thanks to the circulation method, the system demonstrates significantly lower gas consumption compared to existing incubators. Future research will involve conducting cell culture experiments in the system-based incubator to verify its effectiveness. The proposed system and method have strong universality and can be extended beyond the field of life science to applications in food processing, environmental protection, scientific experiments, and industrial production.
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Nomenclature




	V
	Total volume of circulation part, including mixer, chambers, pipelines, etc.



	Cc
	Original concentration of CO2



	Co
	Original concentration of O2



	Co1
	Intermediate concentration of O2 (theoretical)



	Ccs
	Target concentration of CO2



	Cos
	Target concentration of O2



	X
	Inflow volume of CO2, the subscript “1” means the volume of the first step during once adjustment and the subscript “2” means the volume of the second step



	Y
	Inflow volume of O2, the subscript “1” means the volume of the first step during once adjustment and the subscript “2” means the volume of the second step



	Z
	Inflow volume of N2, the subscript “1” means the volume of the first step during once adjustment and the subscript “2” means the volume of the second step
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Figure 1. Schematic of the gas mixing and distribution system for a multi-chamber cell incubator. The system requires compressed gases of pure N2, O2, and CO2. The red arrows indicate the gas flow direction. 
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Figure 2. Mixers with different length–diameter ratios (L/D). 
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Figure 3. Gas supply and distribution process. 
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Figure 4. A system-based multi-chamber cell incubator. 
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Figure 5. The concentration distribution at the center section (molar fraction). 
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Figure 6. The concentration distribution at the outlet section (molar fraction). 
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Figure 7. Concentration changes of CO2 (a) and O2 (b) in an open system with mixers with different L/D ratios. 
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Figure 8. Concentration changes of CO2 (a) and O2 (b) in circulatory system experiment with mixers with different L/D ratios. 
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Figure 9. (a) Concentration changes of CO2 and O2 when initializing (b) gas consumption during each adjustment. 
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Figure 10. Concentration changes of CO2 under different set concentrations of O2. 
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Figure 11. Concentration changes of O2 under different set concentrations of O2. 
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Figure 12. Gas consumption during each adjustment. 
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Figure 13. (a) Concentration changes of CO2 and O2 after lids open (b) gas consumption during each adjustment. 
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Table 1. The gas concentration measured and deviation in different scenarios.
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Target Concentration

	
Measured Concentration

	
Deviation






	
CO2

	
O2

	
CO2

	
O2

	
CO2

	
O2




	
5%

	
5%

	
5.01%

	
4.99%

	
0.01%

	
−0.01%




	
8%

	
4.97%

	
7.87%

	
−0.03%

	
−0.13%




	
13%

	
4.92%

	
12.71%

	
−0.08%

	
−0.29%




	
18%

	
4.93%

	
17.65%

	
−0.07%

	
−0.35%




	
23%

	
4.96%

	
22.90%

	
−0.04%

	
−0.02%




	
28%

	
4.96%

	
27.73%

	
−0.04%

	
−0.27%




	
33%

	
4.92%

	
32.50%

	
−0.08%

	
−0.50%




	
38%

	
4.90%

	
37.50%

	
−0.10%

	
−0.50%




	
43%

	
4.90%

	
42.70%

	
−0.10%

	
−0.30%




	
48%

	
4.91%

	
47.50%

	
−0.09%

	
−0.50%




	
53%

	
4.90%

	
52.82%

	
−0.10%

	
−0.18%




	
60%

	
4.95%

	
59.88%

	
0.05%

	
−0.12%




	
70%

	
4.92%

	
69.51%

	
−0.08%

	
−0.49%




	
80%

	
4.93%

	
79.81%

	
−0.07%

	
−0.19%
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