[bookmark: OLE_LINK77] A novel method of cell culture based on the microfluidic chip 
for regulation of cell density
[bookmark: OLE_LINK81][bookmark: OLE_LINK91]Fei Zhang,1 Rongbiao Zhang,1 Mingji Wei,1 Yecheng Zhang1
[bookmark: OLE_LINK95][bookmark: OLE_LINK97]1School of Electrical and Information Engineering, Jiangsu University, Zhenjiang, Jiangsu 212013, China
Correspondence
[bookmark: OLE_LINK117][bookmark: OLE_LINK118]Rongbiao Zhang, School of Electrical and Information Engineering, Jiangsu University, Zhenjiang, Jiangsu 212013, China
E-mail addresses: zrb@ujs.edu.cn (R. Zhang)













ABSTRACT
[bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK111][bookmark: _Hlk36740413][bookmark: OLE_LINK40][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK108][bookmark: OLE_LINK112][bookmark: OLE_LINK80][bookmark: _Hlk36741129][bookmark: OLE_LINK9][bookmark: _Hlk36743592]The regulation of cell density is an important segment in microfluidic cell culture, particularly in the repeated assays. Traditionally, the consistent cell density is difficult to achieve owing to the inaccurate regulation of cell density with manual feedback. A novel microfluidic culture method with automatic feedback is proposed for real-time regulation of cell density in this paper. Here, an integrated microfluidic system combining cell culture, density detection and control of proliferation rate was developed. Interdigital electrode structures (IDES) are sputtered on the microchannel for automatically providing the real-time feedback information of impedance. The most sensitive frequency is studied to improve the detection resolution of the sensing chip. Cells were cultured on the chip surface and the cell density was detected by monitoring the alternation of the impedance. The feedback controller is established by least squares support vector machines (LS-SVM). Then, the cell proliferation rate was automatically controlled using the feedback controller to achieve the desired cell density in the repeated assays. The results show that the standard error of this method is 2.8% indicating that the method can keep consistency of cell density in the repeated assays. This study provides a basis for improving the accuracy and repeatability in the further assays of finding the optimal drug concentration.
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[bookmark: OLE_LINK14][bookmark: OLE_LINK15][bookmark: OLE_LINK52][bookmark: OLE_LINK68][bookmark: OLE_LINK50]1. INTRODUCTION 
[bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK39][bookmark: OLE_LINK38][bookmark: OLE_LINK54]Precise cell culture is an essential tool in cell biology and biochemical engineering areas (Hung et al., 2005), providing ways to control cell density with feedback to achieve density consistency, and thus more accurately carry out the repetitive assays in drug testing (Ermer et al., 2005) and biological detection (Contreras-Saenz et al., 2016). However, feedback is dependent on human manipulation which is laborious and highly subjective (Wu et al., 2016), and may cause the differences of cell density in cell culture, ultimately resulting in the inaccuracy of the repeatability of dose-response assays in anti-cancer drug development (Chang et al., 2019). Thus, it has become increasingly important to develop a precise cell culture method with the automatic control of cell density in order to achieve density consistency.
[bookmark: OLE_LINK33][bookmark: OLE_LINK26][bookmark: OLE_LINK65][bookmark: OLE_LINK16][bookmark: OLE_LINK37][bookmark: OLE_LINK7][bookmark: OLE_LINK19][bookmark: OLE_LINK244][bookmark: OLE_LINK245]Studies of cell culture can be divided into three levels. In the first level, conventional cell culture techniques usually adopt dishes and flasks for the maintenance and growth of cells in vitro (Gao et al., 2012; Magrofuoco et al., 2019). However, conventional methods face two major challenges. First, the culture system cannot provide a clean, sterile, endotoxin-free environment (Mehling et al., 2014). Second, this culture scheme may not adequately represent the natural context of the cell (S. Zhang, 2004) and are lack of satisfactory laminar flow characteristics (Halldorsson et al., 2015). 
[bookmark: OLE_LINK246][bookmark: OLE_LINK247][bookmark: OLE_LINK55][bookmark: OLE_LINK56][bookmark: OLE_LINK34][bookmark: OLE_LINK49][bookmark: OLE_LINK48][bookmark: OLE_LINK31][bookmark: OLE_LINK32]The second level is biomimetic microfluidic cell culture which enables the sterility condition because the closed microfluidic system provides better insulation from the external environment (Huang et al., 2018). Culture systems can better mimic a dynamic environment replicated physiological flow conditions (Zang et al., 2012) to bridge the gap between conventional cultures and complex native in vivo environments (Kieninger et al., 2018). The challenges still remain in the accurate control of the environment to meet requirements for basic culture condition. The cell environment (Young et al., 2010), like flow rate (Giulitti et al., 2013), temperature (Petronis et al., 2006), gradient of O2 (Lo et al., 2010; Peng et al., 2013), concentration of CO2 (Forry et al., 2011) and PH (Kim et al., 2015), were controlled to determine the optimal culture strategy and prolong culture duration. 
[bookmark: OLE_LINK51][bookmark: OLE_LINK47][bookmark: OLE_LINK46][bookmark: OLE_LINK53]On the basis of the optimal culture condition, controlling characteristics of cell population such as cell density (Jaccard et al., 2014) is required in microfluidic cell culture because these characteristics may affect cell growth status, which then, bring effect on the drug assays (Kepp et al., 2011). For instance, Eric Leclerc (Baudoin et al., 2011) controlled cell density using flow rate and monitored the cell growth. However, those control methods above are open-loop and cannot achieve consistent results of cell density in repetitive assays causing imprecision of cell culture.
[bookmark: OLE_LINK8][bookmark: OLE_LINK27][bookmark: OLE_LINK28][bookmark: OLE_LINK41][bookmark: OLE_LINK42][bookmark: OLE_LINK45][bookmark: OLE_LINK84][bookmark: OLE_LINK83][bookmark: OLE_LINK23][bookmark: OLE_LINK22][bookmark: OLE_LINK251][bookmark: OLE_LINK252]Nowadays, the third level is precise cell culture. Compared to above methods, the precise cell culture technology enables the closed-loop control of cell density that improve the control accuracy. The feedback method is the key to controlling cell density. For example, Jin-Ming Lin (Wu et al., 2013) simply and accurately regulated cell density by counting cell numbers on the microfluidic chip. However, this manual cell counting method often is labor-intensive and may subject to human errors (Ker et al., 2011). Rajeev J. Ram (Lee et al., 2006) demonstrated a feedback strategy using HLPC analysis to control cell density. However, feedback-based regulation is limited by the offline sampling (A. Zhang et al., 2015) and thus the real-time detection of cell density cannot be realized. Alex Groisman (Groisman et al., 2005) published the control method of the growth rate by taking series of fluorescence images of the same chamber in Nature Methods. Yet, phototoxic effects may be induced upon frequent fluorescence imaging which harms cells (Rines et al., 2011). In addition, several groups have also investigated microfluidic cell culture for the closed-loop control of the growth rate or cell density by optical imaging (Melendez et al., 2014; Chunbo Wang et al., 2015) or flow cytometry (Sitton et al., 2008). Nevertheless, the low number of parameters that can be extracted limits the information that can be obtained in the image due to limitation of the field of view and require dedicated software for cell segmentation (Chawla et al., 2018). Besides, the method of flow cytometry requires detachment of the cells which limiting collection of feedback information of cell density in real-time. 
[bookmark: OLE_LINK44][bookmark: OLE_LINK43][bookmark: OLE_LINK96][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK18][bookmark: OLE_LINK17][bookmark: OLE_LINK36][bookmark: OLE_LINK35]Whereas precise cell culture has been well studied, there have been relatively few reports for regulation of cell density with automatic feedback in real-time owing to the difficulties in obtaining feedback information in microfluidic devices. Here, we described a novel cell culture method based on microfluidic chip that improves the automation degree and the real-time performance of more density feedback information when compared with the current method. An integrated microfluidic system combining precise cell culture, impedance detection and control of cell density was developed. The interdigital electrode structures (IDES) were embedded into the culture channel for impedance measurement based on the microfluidic cell culture. The impedance is detected using electrochemistry technology and provided as the feedback information. The increase of cell density causes the increase of the cell number, ultimately resulting in the change of impedance. Thus, we discussed the relationship between cell density and impedance, and the electrochemistry impedance was used as a real-time feedback signal in the closed-loop control system for regulation of cell density in the study. To improve the impedance resolution and monitor the dynamics of cell growth, we discovered the most sensitive frequency from impedance spectroscopy. The repetitive drug assays were required to be conducted in order to improve the accuracy and reliability of the optimum drug dose. It is necessary to consider important parameters, such as initial cell density, incubation time and drug concentration. Our method can achieve density consistency as expected and constitute a useful foundation for exploring further drug assays of accuracy and repeatability.
2. MATERIALS AND METHODS
[bookmark: OLE_LINK208][bookmark: OLE_LINK209]2.1. Cell culture 
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK13]Human gastric cancer cells (SGC-7901) obtained from Medical School, Jiangsu University (China) were maintained in Dulbecco's Modified Eagle's Medium (DMEM) which is supplemented with 10% fetal bovine serum (FBS) (Gibco, USA). Prior to the experiments, the chip was placed inside a Water Jacketed CO2 Incubator (Heal Force®) with 5% CO2 at 37°C. The IDES of microfluidic chip was coated with fibronectin (FN), whose solution with the concentration of 30 μg/mL was filled into the microchannel cultured for 2 h to enhance the adhesion performance. Then the microfluidic channel was washed thoroughly with phosphate-buffered saline (PBS) using the syringe pump purchased from Baoding Shenchen Precision Pump Co., Ltd. (Hebei, China) to prepare the assay of cell culture.
[bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK58][bookmark: OLE_LINK57][bookmark: OLE_LINK90][bookmark: OLE_LINK89][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK211][bookmark: OLE_LINK210]Cells were dissociated from a cell culture dish using trypsin-EDTA (Life Technologies GmbH, Darmstadt, Germany) for 2 min, and then they were centrifuged at a speed of 600 rpm for 5 min. The supernatant solution was removed, and the residual solution containing cells was mixed uniformly with the 3 mL new medium (DMEM with 10% FBS) by blowing 10-20 times. The cell suspensions at a cell density of 1×105 cells/mL was injected into the microfluidic channels via polytetrafluoroethylene (PTFE) tubes using syringe pump. Once the cells are adhered on the microelectrodes, it was required to regulate cell density to achieve density consistency for accurately further use of finding the drug screening concentration.
[bookmark: OLE_LINK85][bookmark: OLE_LINK86]2.2. Fabrication of the microfluidic chip with embedded microelectrodes
[bookmark: OLE_LINK61][bookmark: OLE_LINK62]Polydimethylsiloxane (PDMS) was selected for the fabrication of the integrated microfluidic chip due to the ability of hydrophobicity and gas permeability. This PDMS-based microfluidic device was used for a variety of repeatable biological experiments. However, small hydrophobic molecules, including hormones and most small-molecule drugs the porous was rapidly absorbed by the PDMS material, which affects the accuracy of the drug experiments (Gomez-Sjoberg et al., 2010). Thus, this phenomenon makes it necessary to perform the sol-gel treatment that reduce nonspecific adsorption to PDMS in microfluidic devices before the fabrication of the microfluidic chip. Firstly, we immersed the PDMS chips (not mounted on glass) in pure TEOS for the indicated times. After TEOS immersion, the PDMS was quickly rinsed with pure ethanol followed by de-ionized (DI) water preventing the formation of silica crystals on the surface of the PDMS and the degradation of the transparency of the material. Then we immediately immerse PDMS chip in DI water containing a 4% (v/v) solution of methylamine for at least 24 h to ensure biocompatibility (after the methylamine step). It is noticed that we need to change the water twice during the immersion, to remove contaminants from the interior of the PDMS. Finally, the PDMS was dried in an oven at 80°C to 95°C for at least 1 h. 
[bookmark: OLE_LINK294][bookmark: OLE_LINK109][bookmark: OLE_LINK110][bookmark: OLE_LINK59][bookmark: OLE_LINK60]In this study, the proposed microfluidic chip integrates the functions of cell culture, and density detection and the control of proliferation rate. Its layout is schematically illustrated in Figure. 1(c). The chip was fabricated by Wenhao Chip Technology Co., Ltd. (Suzhou, China). The chip includes a top polydimethylsiloxane (PDMS) layer containing a microfluidic channel (Figure.1(a)) and a glass substrate with electrodes (Figure.1(b)). The inlet and outlet was created by a puncher, then the microfluidic channel was fabricated by SU-8 cast modeling. The microchannel was patterned onto the gold electrodes of substrate. Meanwhile, the interdigital electrode structures were prepared on the glass substrate using a standard photolithography protocol. Finally, the PDMS layer was aligned and bonded with the glass substrate containing the electrodes via oxygen plasma (Nguyen et al., 2018).
[bookmark: OLE_LINK82][bookmark: OLE_LINK306][bookmark: OLE_LINK71][bookmark: OLE_LINK92]In the Figure. 1(a), the width and the length of whole chip are about 1 cm and 4 cm respectively. Besides, the channel (3 cm×800 μm×120 μm) of the microfluidic chip was designed. The diameter of the channel port is 2 mm. As can be seen from Figure. 1(b), the length of substrate is 40 mm, while its width is 20 mm. The glass substrate sputtered by interdigital electrode structures (IDES) is used for impedance measurements. The width of an electrode is 50 μm, while the spacing between two neighboring electrodes is 50 μm too. Meanwhile, the thickness of the electrodes is 250 nm including the first layer of 50 nm chromium and the upper layer of 200 nm gold. The IDES (with length of 2.5 cm) was coated with FN which was filled into the channel cultured for 2 h to improve the cell adhesion and cell proliferation and consequently enhance the culture performance of cells (Li et al., 2008). 
2.3. Experimental procedures
[bookmark: OLE_LINK2][bookmark: OLE_LINK5][bookmark: OLE_LINK1][bookmark: OLE_LINK6][bookmark: OLE_LINK115][bookmark: OLE_LINK114]In this study, illustration of the experiment setup of the cell culture incorporated with impedance measurement is shown in Figure. 1(d). Firstly, cells are placed at 37°C and 5% CO2 inside a Water Jacketed CO2 Incubator (Heal Force®) for 3 hours to ensure that cells were adhered on the electrodes. Then, new medium was continuously injected into the microfluidic chip at different initial flow rates, and the waste medium was guided into the waste liquid pool. It is significantly important to keep the upper level medium higher than the outlet of duct to avoid drying of the channel during cell culturing. Besides, the microfluidic chip was cultured inside the incubator for 3 h for cell adhesion and proliferation. For real-time monitoring and detecting cell density, an electrical signal (10mV, 10 kHz) was generated by impedance analyzer which is purchased from Chenhua Instrument (Shanghai China) and was applied on the vertical gold electrodes for 2 s. We use the signal detect the cell density and provide the feedback information of impedance. 
[bookmark: OLE_LINK162][bookmark: OLE_LINK161]In this study, we aim to make cells grow at a same proliferation rate and achieve consistency of cell density in repetitive assays. After we detected impedance, the flow rate was calculated by controller established by LS-SVM. We use syringe pump at the calculated flow rate injected medium into channel. The whole process was controlled by the microcontroller unit (MCU) interfaced with the computer that can realize the automatic degree. Meanwhile, the samples are repeated for 5 times reducing errors of other influencing factors in the repetitive assays. All experimental results of impedances are exported to a computer for further processing by origin 2016. 
2.4. Impedance detection of cell density
[bookmark: OLE_LINK102][bookmark: OLE_LINK103][bookmark: OLE_LINK138][bookmark: OLE_LINK140][bookmark: OLE_LINK137][bookmark: OLE_LINK139][bookmark: OLE_LINK74] As was described in (Shih et al., 2013; Xiao et al., 2002), cell density was shown to be proportional to impedance (Fernandez et al., 2017). When cells grow in size and number, the adhesion area of electrodes is enlarged causing the increasement of impedance accordingly (see Figure. 2(c) and (d)) (Xu et al., 2016). Thus, for regulation of cell density, the impedance can be used as the feedback quantity of cell density. To better describe the cell density changes using the Electrochemical impedance spectroscopy (EIS) method, cell index (CI) defined as the normalized impedance is used to monitor cell proliferation and cell density (Rahim et al.) in this paper. The reference impedance Zcell-free is considered as the control group and the measurement impedance containing cells is used as Zcells. So, CI can be expressed as Equation. (1):

                                  (1)
In order to achieve the consistent density in the repetitive assays, we need to ensure that cells grow at a suitable proliferation rate. Then the cell proliferation rate is used as a good control indicator of general cell condition (Hou et al., 2014). The proliferation rate can be expressed as Equation. (2):  

                                   (2)
[bookmark: OLE_LINK214]where CI is the normalized impedance, η and n are the cell proliferation rate and the measured sample, respectively. From the Equation. (2), it can be found that an impedance slope is set as the proliferation rate in the impedance curves at different culture time (Parekh et al., 2018). 

[bookmark: OLE_LINK216]2.5. Introduction of LS-SVM (least squares support vector machine) method
In order to accurately regulate the cell density with feedback in the microfluidic chip, the flow rate needs to be adjusted by the pump automatically according to the dynamic changes of cell density. Therefore, a feedback controller is designed by LS-SVM in this paper. LS-SVM is a network model based on statistical learning theory with good performances and fast learning speed that is widely used in function estimation and approximation. The structure of least square support vector machine is shown in Figure. 5(b). Where, the output of the LS-SVM (Ji et al., 2016) is given as : 

                                 (3)

[bookmark: OLE_LINK326][bookmark: OLE_LINK327][bookmark: OLE_LINK335][bookmark: OLE_LINK336]where,  is the kernel function. The kernel function is the mapping from the input space to the high dimensional feature space. In this paper, the Gaussian radial basis kernel function (RBF) is selected to establish the controller which is commonly used because of the good local classification performance. The RBF can be described as:

                             (4)

where is the kernel parameter. 
In the control model, we trained the data and acquire the LS-SVM controller. We then compare the calculated cell index from the control model with the measured cell index. The relative errors of different flow rates are shown in Figure. 5(d) and the mean relative error is 2.27%. It is indicated that the performance of the controller is favorable and the flow rate can be controlled by the controller to regulate the cell density, so that the cell density is similar with the desired density.

[bookmark: OLE_LINK172]3. RESULTS AND DISCUSSION
[bookmark: _Hlk11765535]3.1. The sensitive frequency f0 and Influence of flow rate to Cell-Free EIS. 
The frequency f0, when Zcells reaches to the maximum, is considered as the sensitive frequency. However, 4 kHz (Asphahani et al., 2008) or 40 kHz (Wegener et al., 2000) were used as the working frequency for monitoring the cell cycle in many papers. The sensitive frequencies are different in many researches which are highly dependent on some factors, such as cell types, culture environment, cell behavior and cell medium consumption, (Wei et al., 2019) etc. Thus, the sensitive frequency f0 is firstly needed to study for the impedance measurement in this paper. 
In this study, medium was automatically injected into the microfluidic chip at flow rate of 1 μL/min and then the chip was cultured inside a CO2 incubator at 37 °C and 5% CO2 for 3 h for cell attachment. The impedance spectroscopies were shown in Figure. 2(a) indicating that 10 kHz can be used as the optimal frequency for impedance measurement because the impedance reaches to the maximum at the frequency ranging from 1 Hz to 100 kHz. 
In order to realize the real-time monitoring and regulating of cell density using EIS method, we need to eliminate the influence of flow rate on the impedance. So the influence of the flow rate on cell-free EIS is firstly studied in microfluidic chip. The results show that the EIS is little affected by flow rate at the high frequency (>1 kHz). However, at the lower frequency (<1 kHz), we can see a large effect on EIS when the flow rate is above 2000 μL/min (see Figure 2(b)). In this paper, 10 kHz is used as the sensitive frequency for the impedance measurement. Thus, the EIS of no-cell adhesion has no effect by the flow rate in the microfluidic chip when flow rate is below 2000 μL/min. 
[bookmark: _Hlk22030159][bookmark: OLE_LINK219][bookmark: OLE_LINK222][bookmark: OLE_LINK223][bookmark: OLE_LINK221][bookmark: OLE_LINK224][bookmark: OLE_LINK225][bookmark: OLE_LINK220][bookmark: OLE_LINK171]3.2. Analysis of fluidic properties and Evaluation of the suitable initial flow rate 
In the culture process, the microfluidic chip allows for experimentally controlling the cell growth by adjusting the nutrient supply into the microchannel. It is required that the fresh medium is balanced by the waste medium, living cells and cell debris, allowing growth to occur at an equilibrium, with growth of new cells being balanced by those washed out. So the proliferation rate is controlled by manipulating the medium addition to the channel using syringe pump. Flow rate is considered as the control parameter for regulation of cell density. Due to the different designs of the microchannels and different types of the injection syringe, the flow rate is transformed into shear stress to improve the comparability between results in many papers. The shear stress is the mechanical force generated by laminar flow in the microchannel (see Figure 3(a)) which can be described as (Chinchin Wang et al., 2018):

                                                               (5)
[bookmark: OLE_LINK167][bookmark: OLE_LINK119]where τ is shear stress (dyne/cm2), μ is the dynamic viscosity which is 0.0085 (dyne·s·cm-2), u is the fluid velocity (m/s) and du/dy is the velocity gradient namely shear rate (s-1). Figure. 3(c) shows the medium flow condition in a horizontal plane of the culture channel which is simulated by COMSOL Multiphysics. In Figure.3(c), The arrows represent the flow direction and the length indicates the velocity field intensity. The result shows that the highest fluid velocity is at the midpoint of the chamber height and the shear stress at the wall of channel is bigger than the interior. 
The side view of the microfluidic chip (Figure. 3(b)) shows the shear stress at the wall of cross section. The parabolic flow profile in the cell culturing chamber, in the case of laminar flow, has the shear stress at the wall estimated as:

                                         (6)
[bookmark: OLE_LINK105][bookmark: OLE_LINK104][bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK72]where Q is the flow rate ranging from 0.1 to 100 μL/min, τw is the wall shear stress, w is the width of the channel and h is the height of the channel. As we can see from Figure. 3(d), the flow rate Q can be transformed to the wall shear stress τw for the comparability among many results, that is .
[bookmark: OLE_LINK120]It is known that the excessive shear stress would compromise surface attachment of adherent cells, even causing them to die. Therefore, the range of initial shear stress is needed to study for the further regulation of cell density. Firstly, we injected the medium into the inlet at different flow rate, and then we monitored the cell growth by impedance analyzer and a microscope. When cells were in stationary phase, the impedance was detected and considered as the growth state at this flow rate. Figure. 4(a) shows the relationship between the between the corresponding CI and the flow rates at 10 kHz and the results indicate that the flow rate ranging from 0.1 μL/min (0.008 dyne/cm2) to 10 μL/min (0.8 dyne/cm2) is optimal for the cell culturing in the microfluidic chip. Besides, we can see a large impact on the impedance at the shear stress larger than 8 dyne/cm2 (100 μL/min) in the Figure. 4(d) and Figure. 4(e). Perfusion cell culture at such low flow rates did not interfere with cell proliferation and was not observed to affect cell morphology or growth. It can be seen that the cell number was sharply decreased at higher flow rates due to the higher shear. Because lower metabolites depletion but highest washing out of factors secreted by cells (i.e. EnF) was caused by the higher flow rate, whereas a low or no flow rate favors the increase of EnF concentration and cell density. It is worth to understand that mechanical stimulation can be neglected at a relatively low flow rate at which shear stress. So the range (0.1 μL/minto 10 μL/min) is optimal.   
[bookmark: OLE_LINK164][bookmark: OLE_LINK173]3.3. Regulating cell density with automatic feedback in real-time
[bookmark: OLE_LINK66][bookmark: OLE_LINK67][bookmark: _Hlk18520442][bookmark: OLE_LINK73]To achieve consistent density in the repeated experiments of cell culture, we aim to regulate cell density using fresh medium delivery and thereby causing the balanced proliferation. We should make cells grow at a certain proliferation rate. The feature of a positive correlation between cell density and proliferation rate is observed according to population-based mathematical model. Thus, the control of the cell proliferation rate is used to regulate the cell density in this paper. In this study, the cell culturing was repeated five times and the average impedance value was taken as experimental cell density. The closed-loop control block diagram is shown in Figure.5(a). In the control system, the control quantity is flow rate, the fixed variable is proliferation rate and the controlled variable is cell density. Firstly, the desired cell density and the expected culture time were set in the computer. Secondly, three groups of different initial flow rate (0.1 μL/min, 2 μL/min, 10 μL/min) were applied in the process of the medium injection for real-time detection of the cell density. Cells were cultured in the microfluidic chip incubated inside a Water Jacketed CO2 Incubator at 37℃ and 5% CO2 lasting for about 3 h. Then medium was automatically injected into the chip at a flow rate using syringe pump. We should notice that the upper level of medium about 5 cm is higher than out port along duct so as to avoid the drying of the channel and to provide abundant nutrition. Then cells were cultured in the chip for 3 h for cell adhesion and proliferation. Meanwhile, the cell density was detected using the EIS at 10 kHz to acquire the feedback information of CI. After we acquired the feedback information, the current cell density and proliferation rate were analyzed via processing the information, and then flow rate was adjusted according to the controller established by LS-SVM. It is noticed that nutrient supply and waste removal should be finely balanced with the requirement of cell growth. So we need to wash the waste medium and then apply the perfusion volume by fresh medium according to the controller. The medium injection was administered after impedance detection to preserve the cell microenvironment and to avoid nutrient depletion. Besides, MCU automatically controlled the flow rate by computer to realize the automatically closed-loop regulation of the cell density in real time.
The images of cell growth status using different flow rates (shear stresses) at 6 h and 24 h respectively are shown in Figure. 4(d) and Figure. 4(e). The bar is 50 μm. It can be seen that cell proliferation was favorable. The results (shown in Figure. 4(c)) show that the slope of experiment curves at different flow rates are similar with that of the fitting lines indicating that the cell proliferation rate is controlled to be almost the same and cell growth was consistent with our plan. From Figure. 4(b), we can see that the cell index tends to be steady and the proliferation rate of 10 μL/min is slower than that of other flow rates because the cells are more sensitive at the higher flow rates. When we conducted five repeated assays, the cell index was averaged and compared with the desired rates. It can be seen from Figure.4(c) and Figure.5(c) that the relative output steady-state errors is small showing that the cell density is nearly the same with the desired density during the expected culture time. The results indicated that the cell culture is consistent with our plan that cells grow at a certain rate. The repeatability results showed in Figure. 5(e). The simulation and results show that the standard error of this method is 2.8% indicating that the method can keep consistency of cell density in the repeated assays. Thus, it is indicated that the cell density is kept nearly the same in the repeated assays and the regulation of cell density with real-time feedback in microfluidic chip can be realized by this proposed cell culture method. The repeatability of dosage in drug testing and accuracy in biological detection require the same culture conditions including cell density and proliferation rate. The cell culture method suggests that the consistent density in the repeated assays may offer future potential for precisely carrying out the repetitive assays.
4. CONCLUSIONS 
[bookmark: OLE_LINK10]In summary, a novel method of cell culture based on microfluidic chip for regulation of cell density is proposed to improve the accuracy of repeatable biological assays and provide the basis of the assays. The challenge of cell culturing is to find an automatic feedback method which can detect cell density in real-time. Here, we have reported an integrated microfluidic system combining precise cell culture, impedance detection and control of cell density. In this system, interdigital electrode structures (IDES) are sputtered on the microchannel for automatically providing the real-time feedback of impedance information. Meanwhile, the sensitive frequency 10 kHz considered as the measuring frequency is used to monitor the dynamics of cell density and proliferation. In this study, we established the closed-loop control system and used flow rate to control the proliferation rate and ultimately to achieve consistent density. Besides, the flow rate is converted into shear stress for the purpose of comparability between different results of many papers and study the suitable interval of flow rate ranges to avoid the cell death due to the high shear stress. In addition, the results of simulation and experiment show that accurate control of cell density is able to be realized based on the control system, whose feedback is provided by normalized impedance. We believe that the novel cell culture method achieves the consistent density, paving the basic way to carry out the repetitive assays in drug testing and biological detection.
However, the medical school mainly provides the cell type to us, so we have to pick this cancer cells. Our designed device can work for other adherent cells, rather than suspension cells due to different requirements of culture condition. The range of flow rate is different due to different sensitive performance of cells to shear stress. Besides, this regulation approach of cell density is highly dependent on the current growth status of different cells. Thus, further researches about the different cell types should be studied in order to control the cell density. We use the LS-SVM to establish the control system, but it has the problems that it cannot solve too much data. Thus, we will study better algorithm that can present a big data analysis and improve our approach of control cell density in the future. Limited by sputtering technology, the IDES is too thick to observe the images of cell adhesion on electrodes in microfluidic chip. In the future, we will try to improve the technology of gold sputtering, so that both carrying more information about cell adhesion on electrodes and clearly observing the image of cell morphology through electrodes can be realized.
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[bookmark: _GoBack]FIGURE LEGENDS
FIGURE. 1. The process of the cell culture assay. (a) The PDMS slab of the designed microfluidic chip. (b) The substrate of the microfluidic chip. The substrate is sputtered by the interdigital electrode structures. (c) The image of designed microfluidic chip. It is composed of PDMS micro-channel and substrate (d) The experiment setup of the cell culture incorporated with impedance measurement. Springe pump is connected with MCU to control the flow rate.
FIGURE. 2. The relationship between impedance and cell proliferation (a) The sensitive frequency decided by the impedance spectroscopy. (b) The influence of flow rate on impedance without cells. (c) The schematic of cell growth on the electrodes. Cells grow from suspension to adhere, and then they are proliferated. (d) The impedance measured at 10 kHz by the impedance analyzer. The control group is Zcell-free meaning impedance without cells. Cell index is described as the normalized impedance to accurate calculation and eliminates the effect during the cell culture.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]FIGURE. 3. The effect of flow rate on the shear stress. (a) The schematic of the shear stress of the adherent cells in medium flow. (b) Schematic diagram of wall shear stress. The flow velocity in the bottom of the chip causes the wall shear stress on the cells. (c) Shear stress is simulated by giving different flow rate of perfusion using COMSOL Multiphysics 5.2. The arrows denote the flow velocity in the micro-channel. (d) The relationship between flow rate and wall shear stress calculated by the Equation. (6) and the COMSOL simulation.
[bookmark: OLE_LINK88][bookmark: OLE_LINK87][bookmark: OLE_LINK70][bookmark: OLE_LINK69][bookmark: OLE_LINK133][bookmark: OLE_LINK132][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK145]FIGURE. 4. The results of cells cultured in microfluidic chip (a) The relationship between flow rate of perfusion and normalized impedance. The flow rate used in the experiments is from 1 μL/min to 100 μL/min (b) The cell proliferation affecting by different flow rates of 0.1 μL/min, 2μL/min and 10 μL/min. (c) The experiment results (several points) and fitting results (lines) of impedance measurements at the flow rate of 0.1 μL/min, 2 μL/min and 10 μL/min. Data in all panels represent mean of five biological replicates. (d) The images about adherent cells using different flow rates at 6 h. (e) The images of cells culturing in the chip at 24 h. The bar is shown in the images.
[bookmark: _Hlk32308144]FIGURE. 5. The regulation of cell density by controlling proliferation rate. (a) The control block diagram (b) The simulation diagram of the control system using the least squares support vector machines method (c) The experimental errors in the experiments compared with the desired curves at the 0.1 μL/min, 2 μL/min and 10 μL/min. (d) The errors of the simulation results at different flow rates. It can be seen that the designed controller is proper to regulate the cell density. (e) The detection results in the repeated assays at different flow rates showing the method can keep consistency of the desired density. 
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