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Abstract

:

Featured Application


Used in automatic cell culture equipment. For example, in vitro automated culture of stem cells as seed cells and the culture of iPS cells (induced pluripotent stem cells).




Abstract


Recently, there has been renewed interest in cell therapy, which plays a key role in the clinical research of genetic diseases, advanced blood disease, and other diseases. It shows considerable clinical application value and is known as “the new pillar of future medicine”. Automatic cell culture and operation technology is the key to ensuring scale, standardization, and stability between batches of therapeutic cells. The pH of the cell culture medium is vital for cell growth. Most cells are suitable for growth at pH 7.2~7.4. A pH of cell culture medium lower than 6.8 or higher than 7.6 is harmful to cells, and cells will degenerate or even die. At present, the monitoring method of cell culture medium pH of automatic cell culture equipment is mainly a visual observation method, which can not accurately or quickly reflect changes in the cell culture medium. To address the issue of monitoring of cell culture fluid pH for automated cell culture equipment and the inability to employ invasive sensors to measure pH during well plate culture, a pH monitoring method for orifice plate culture medium algorithm based on HSV (hue, saturation, value) model is proposed by studying the changes of cell culture medium in the process of cell culture. The research presented here reveals the laws of cell culture fluid pH change and its color moment, and the intelligent monitoring of cell culture fluid pH was successfully achieved. The problem of non-destructive monitoring of the pH of cell culture fluids in well plates is also addressed.
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1. Introduction


Cell therapy transplants or imports normal or bioengineered human cells into patients. The newly imported cells can replace the damaged cells for the purpose of treating diseases. Along with the rapid development of cell engineering, stem cell biology, immunology, molecular technology, and tissue engineering technology, cell therapy technology is becoming more and more mature. While cell culture techniques are fundamental to cell therapy, previous techniques were based on artificial culture. Recent developments in cell therapy have heightened the need for automated cell culture in vitro. For example, the culture of iPS cells (induced pluripotent stem cells). Ensuring that high-quality cells are stable and prepared with culture methods amenable to scaling is the key to achieving a wide range of clinical applications in the future. Automated cell culture technology can solve problems such as apoptosis or degeneration of cells due to mistakes resulting from the external environment, technical operations, and so on, to which artificial culture is subjected. Therefore, automatic cell culture using cellular automata may play a vital role in development [1,2].



One of the important parameters of cell culture is the pH of the culture medium. The optimum growth pH of most animal cells is 7.2–7.4 [3,4,5,6,7,8]. In the process of cell culture, the metabolites produced by cell growth will cause a change in medium pH. Therefore, the culture environment needs to contain about 5% CO2, which acts as a buffer with NaHCO3 and hydroxyethyl piperazine ethylthiosulfonic acid (HEPES) in the culture medium. Its pH is 7.2–7.4, and the color is displayed by the phenol red indicator. However, with the growth of cells, their metabolites accumulate to a certain amount, and CO2 can no longer play a buffer role. The pH will decrease to 6.5–6.6, and the color will turn yellow, which seriously affects the growth of cells [9,10]. Therefore, it is necessary to monitor the change in pH. When the pH drops to a set value, fresh medium must be restored or an alkali supplement operation is required.



Due to the small amount of stem cells in vitro culture, well plates are generally used for culturing as seed cells. Consequently, the change in pH is faster and not easy to observe. The traditional method for measuring the pH of the cell culture medium is to observe the color change of phenol red in the cell culture medium with the naked eye [11], with pH change countermeasures relying on subsequent liquid change or alkali replenishment as informed by training experience. However, traditional methods present changes in the color of the culture fluid as a yellow hue at pH 6.8–7.2. It is difficult for the naked eye to judge the specific value of pH, which can only be determined empirically. It is easy to manually judge where situations such as failure to change the culture solution in time or conduct alkali supplementation occurred, which adversely affects the cells. For the costly stem cell culture process, the cell damage caused by pH determination mistakes can also cause economic losses. Therefore, the method of manually determining pH not only affects the cell culture quality but also demands too much of the operator. Some current cell automated culture devices involve methods of pH determination based on manual experience. In addition, there are parts of automated culture equipment for direct determination of pH by invasive sensors and also some by sampling assays. This may present the possibility of cell contamination, which is also not suitable for automated culture equipment for stem cells.



Our method takes advantage of the chromogenic properties of phenol red for pH and machine vision technology to achieve intelligent pH monitoring of cell culture fluids. This method can not only improve the stability of cell culture quality but also produce savings in human resources. Over the last 30 years, machine vision technology has developed rapidly, and it is increasingly used in transportation, agriculture, medicine, industry, and other fields [12,13]. However, its application in the automated preparation of cells is rare in China. Currently, most automated cell-preparation equipment employs monitoring modalities. This is primarily based on manual empirical observations regarding the need for fluid changes or alkali supplementation [2,14,15,16,17]. None of the traditional methods consider non-invasive monitoring of pH changes in cell culture fluids, which can affect the quality of cell culture.



In this paper, we propose an algorithm for pH monitoring of culture fluid in well plates to address the problem of accuracy in determining pH with traditional manual observation methods. The algorithm utilizes a machine vision technique to extract the color characteristics of cell fluids in culture plates. The images are then segmented under the RGB color space. Finally, the mathematical relationship between pH and HSV model is established to realize intelligent pH monitoring based on the HSV of the acquired images and the pH information of the experimental acquisition. In this paper, a method of pH monitoring based on cell fluid color is proposed for the first time, which provides a theoretical basis for follow-up operations on cell culture, such as accurate liquid change or alkali supplement, and promotes the improvement of cell culture quality.




2. Methods


2.1. Image Acquisition


The equipment and materials used in this experiment include K562 cells, Costar3516 well plates (New York, NY, USA), cell culture medium (meilunbio RPMI1640 (1×) (Dalian, China), Sijiqing fetal bovine serum (Huzhou, China)), a Shanghai Tianda instrument pHS-3C-PH meter, an ATM industrial camera (China), a Philips LED white strip lamp (The Kingdom of the Netherlands), and a computer running Windows. The acquisition device was fixed above the incubator of the automatic cell culture equipment, 40 cm away from the orifice frame, connected to the computer by the data line, and the image acquisition was controlled by the software in the computer. After absorbing the cell fluid and injecting it into the well plate, the plate was placed on the well plate rack on the top layer of the incubator, as shown in Figure 1, for image acquisition.



In order to collect the image and pH value in the process of cell growth, different holes of a 6-well plate were inoculated with different concentrations of cell solution, and the image was collected after 2 days of culture. At the same time, the pH value of cell solution in different holes was measured by a pH meter, and the obtained image and pH value were used for subsequent analysis and calculation.




2.2. Image Processing Scheme


HSV is a representation of points in RGB color space in an inverted cone. HSV refers to hue, saturation, and value. Hue is the basic attribute of color and is identified by the name of the color, such as red, yellow, etc. Saturation(s) refers to the purity of color. The higher the saturation is, the purer the color is, and the lower it is, the closer it is to gray. Lightness (V) indicates the brightness of the color. For the light source color, the lightness value is related to the brightness of the illuminant; for the object color, this value is related to the transmittance or reflectance of the object.



First, the preprocessing algorithm to preprocess the collected image was selected in order to remove the background part and capture the liquid part in the hole. Then, the images of each hole were extracted separately and binarized, the centroid coordinates of the connected domain were obtained, and the image corresponding to each hole was obtained for holes 1–6. The model of HSV and pH of cell culture medium was established, and the relationship curve between HSV and pH of cell culture medium was fitted. The specific process is shown in Figure 2 below.




2.3. Scheme for pH Measurement


An amount of 50 mL of cell solution was cultured to a density of 1 × 107 cells/mL, separated into quantities of 6 mL, 5 mL, 4 mL, 3 mL, 2 mL, and 1 mL of cell solution. A 6-bit orifice was added in left-to-right and top-to-bottom order. Fresh medium was added to each hole to the 10 mL mark. Cells were placed in the incubator for 48 h, and the liquid in the orifice plate was numbered according to the adding order, from hole 1 to hole 6. The orifice plate was placed under the camera for shooting.



After calibrating the pH meter, the pH value was measured in holes 1 to 6, as shown in Table 1.



To simulate the pH state of cell culture medium after fluid replacement or fluid supplementation or alkali supplementation, 2 mL and 1 mL of cell culture medium were added to hole 1. Then, fresh culture medium was added to 10 mL at the positions of hole 1 and hole 3. The aim was to simulate the orifice image after a period of reaction in a carbon dioxide incubator. Another 10 mL culture medium was taken in hole 5. The pH value of the cell fluid in the hole was measured by collecting the image of the hole plate. This was used to verify the accuracy of the model relationship between HSV and pH.




2.4. Regression Model Analysis of pH and HSV Curve


As in the above steps, after calculating the HSV model index, the appropriate index and its corresponding pH to draw the corresponding curve were selected. According to the curve, the appropriate function for model fitting was selected, and the model fitting was analyzed. The fitted curve model established was then analyzed to sum its sum and mean variance, respectively, to react to the fitted effect of the model established. The above procedure was repeated for image acquisition at different locations on the above three liquid-filled well plates. Hmean of well plates was calculated for each picture. The fitted curve was used to predict its pH, and its RMSE was calculated, which was used to assess the precision of the predicted values.





3. Algorithm Principle and Result Analysis


3.1. Algorithm Principle


3.1.1. Target Image and Background Segmentation


To avoid color interference on the background part, the background part needed to be removed from the target image. As the background of the collected image is mainly white, the pore plate is transparent, and the cell culture medium is yellow, orange, and red. The method of extracting the red component was adopted based on the mechanism of the RGB color feature [18]. The extraction threshold of the red component was set at 15 while the other areas were set to white. The liquid in the hole was segmented by this method. The input image and the extracted image are shown in Figure 3.




3.1.2. Removal of Orifice Edge Profile


As the image after extracting the red component is still disturbed by the red light reflected by the transparent orifice plate, the edges of the transparent orifice plates were also segmented in the preprocessed image. According to the principle of binary image connectivity, the edge parts were removed and the image was binarized [19,20]. Then, the area of the connected domain was calculated, the area threshold of the connected domain was set, and the connected domain, which was smaller than the area threshold, was deleted. The area was opened and the object whose area was less than the threshold value in the binary image BW was deleted with eight neighbors. The processed image is shown in Figure 4.




3.1.3. Image after Cutting the Liquid in The Hole


Next, the centroid coordinates of the connected domain were obtained [21]. The position coordinates of the center of the liquid in each hole were determined in turn. Using this as the center, a 500 × 500 image was cut out. The HSV of the hole image was replaced by the HSV of the clipped image. The image center distance was used to locate the centroid, which was marked as ‘*’ for the liquid in the hole. The algorithm flow is shown in Figure 5.



The cropped liquid image in the hole is shown in Figure 6.




3.1.4. Color Moments in HSV Color Space


As the time in cell culture increases, carbon dioxide in the incubator undergoes a neutralization reaction with buffer substances in the culture fluid. The phenol red color development in the culture fluid gradually changes from red to orange and finally to yellow. Its color feature is often the standard to determine whether to change the liquid. The color feature is a global feature that describes the surface properties of the corresponding field within an image or image area. Color feature descriptions can be divided into color histograms, color moments (color distribution), color sets, color aggregation vectors, and color correlation plots [22,23]. A color moment in HSV color space was used as a color feature in this study [24,25,26]. As the color information is mainly distributed in low-order moments, the first, second, and third-order moments were sufficient to represent the color distribution of the image. The advantage of this method is that color space quantization is not required, and the dimension of the eigenvector is low. Its mathematical definition is:

Theorem 1.

Color moment eigenvalue [27].
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(1)




where, represents the i color component of the j pixel of a color image. N represents the number of pixels in the image. The first three-order color moments of RGB images form a 9-dimensional histogram vector. The color features of the image are expressed as:
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(2)







The steps for establishing a fitting curve model are as follows:



	(1)

	
Convert the image from RGB to HSV (hexconemodel) [28] format to obtain the HSV component of the image; calculate the number of image pixels;







	(2)

	
Then, the average, variance, and skewness of HSV are obtained;







	(3)

	
Coexist the obtained value with the measured pH value. For example, in the table file, the table is arranged according to the value of pH;







	(4)

	
Find out the color characteristics that meet the linear relationship, establish a functional model, and analyze the functional relationship between HSV and pH.









3.2. Analysis of HSV and pH Function Model


3.2.1. HSV Characteristic Quantification Value Selection


After extracting the target image and removing the interference image processing, the centroid coordinates were obtained, the target image was clipped, and the HSV feature quantification value of the clipped image was calculated. The quantified values of HSV characteristics and corresponding pH values of the in-hole images in this experiment are shown in Table 2 below.



The trend graph corresponding to the color moment in the HSV color space is shown in Figure 7.



According to the relationship between the pH of the orifice plate and the color moment of the image shown in Figure 7, only the value of the average hue and pH are inversely related among the quantified values of color moments of images. The larger the pH value (the color of the culture fluid is biased towards red), the smaller the average hue of the solution image inside the well. The greater the pH value (the color of the culture fluid is biased towards yellow), the greater its average of hue. According to this law, the average hue as a function of pH is established.




3.2.2. Curve-Fitting Analysis between the Average of Hue and pH


Image acquisition of the 6-hole orifice plate was carried out at different placement positions. Upon calculating the first moment of h of 6-bit orifice image, the results were sorted into holes 1–6; the calculation results of the first moment of h of the captured image are shown in Table 3.



After fitting the above data, the resulting model formula is:


  pH = 7.567 ×  e    − 0.860   ×  H  m e a n      



(3)







The fitting curve is shown in Figure 8. Since the pH value of cell culture fluid shows a tendency of step-down, Hmean does not change when it is in a certain range.



The sum of squares of the errors of the corresponding points of the fitted and original data were first calculated. The closer the SSE is to 0, the better the model selection and fit, and the more successful the data prediction is. The resulting SSE was calculated as follows:


  SSE =     ∑  i = 1  n    w i     y i  −   y ^  i       2  = 0.024  



(4)







When SSE was calculated, the values of SSE were smaller. This indicated that the model selection was appropriate, and the fit was quite good.



Next, the means of the sums of squares of the point errors corresponding to the predicted and original data are calculated. MSE was calculated as follows:


  MSE =  1 n      ∑  i = 1  n    w i     y i  −   y ^  i       2  = 0.0008  



(5)







The MSE is small, indicating that the fit data and the original data have less deviation from corresponding points.





3.3. Verification of Functional Model


3.3.1. Function Model Range Setting


The image of the orifice plate filled with three-holes liquid were input into the program. The average of hue and its corresponding pH are shown in Table 4 below.



The higher average hue of the images of well 5 was mainly due to the fact that the freshly removed culture medium was purple-red. However, the culture solution that had been incubated for a certain time in the 5% CO2 incubator reacted with the buffer system NaHCO3, and so on, in the culture solution. The culture gradually turned bright red [11,29].



Cells were cultured with 6-well plates, each containing different concentrations of cell fluid. During the incubation process, holes were collected at intervals to calculate the average hue. If the average of the hue of the calculated image in the hole was greater than 0.5, the calculation was made after a 12 h interval. The images collected after 12 h intervals were bright red or orange or yellow and had no effect on the pH calculation. If the average of hue was less than 0.07, the image was taken at an interval of 1 h, and the average hue was calculated to monitor the change in pH. When the pH set by the operator is reached, the operator is reminded to change fluids or perform alkaline recharge operations.




3.3.2. Error Analysis of Function Model


In order to verify the feasibility of the function model established by the experiment, pore 1 and pore 3 in Table 4 were utilized for model validation. We took pictures at different locations, then calculated Hee, as shown in Table 5 below.



The root means square error (RMSE) of the fitting curve is (does not contain well 5):


    RMSE =    1 n      ∑  i = 1  n      y i  −   y ^  i       2        RMSE = 0.1093    



(6)







The above experiments show that the culture medium was initially purple-red. After neutralizing in a carbon dioxide incubator for some time, it appeared bright red. Its average hue was reduced to between 0.01 and 0.02. Therefore, the average hue value of the image in the hole was calculated after obtaining the image, and if it was greater than 0.1, the image was acquired after 12 h.



The averages of hue values were calculated from the hole plate images taken at different angles, and the pH values were predicted from the average of hue. The root means square error RMSE of the fitted curve was 0.1093. The error was small and the prediction accuracy was high. Therefore, the error of predicting the pH value of HSV using the average of hue was small, and the curve fitted satisfied the requirements of the F test and feasibility analysis. That is, it was feasible to use the average of the hue of HSV to monitor and predict its pH change.






4. Discussion


In the process of cell culture, in order to meet the environmental conditions of cell growth, it is necessary to reduce the effect of low pH on cell growth. Along with the growth of cells, the waste of cell metabolism increases gradually. This process changes from bright red to orange in the cell culture medium as shown by color indicators. Therefore, in the process of cell culture in vitro, it is necessary to monitor the change of pH—that is, the change of the color indicator. In image processing, this process can be shown by its tone.



To solve the problem of excessive cell metabolites affecting cell growth, we need to monitor the change of pH during culture. This paper establishes the relationship between color distance characteristic values and pH and shows that there is an inverse relationship between pH value and the average hue. The cubic fit curve between the average of hue and its pH meets the requirements of the F-test and feasibility analysis. The root means square error between the predicted pH value and the real pH value of the fitting curve was 0.01588. Based on the experimental data, the accuracy of the predicted pH values is high. The results showed that pH monitoring of cell culture medium based on HSV color space did not require operator observation and midway sampling. This method reduces the possibility of cell contamination during sampling and is a low-cost and high-efficiency non-destructive pH monitoring method for cell culture media.




5. Conclusions


To address the the poor quality of cultured cells caused by a lack of monitoring of cell culture medium pH and visual observation, this paper studied a monitoring algorithm of cell culture medium pH by combining machine vision technology and image processing technology. In order to solve the problem that traditional monitoring methods have in risking cell pollution and producing cells of unstable quality, this paper used the color moment method to propose that the average of hue of the cell fluid can be used as the image feature of its pH value. The experimental results show that the pH value of the cell culture medium can be obtained in real-time for perforated plates taken at different positions on the cell culture plate scaffold. The method makes up for the lack of pH monitoring in automatic cell culture equipment, which can not only improve the accuracy and objectivity of the measured pH value, but also overcome the irreversible damage to cells caused by prolonged destructive pH levels in cell culture media produced by manual observation and empirical judgment or by the failure to supplement alkali in time. Especially when stem cells are cultured as seed cells, this method can reduce the labor cost of the culture process and does not require professional experience in pH prediction. This monitoring method provides a reliable basis for the determination of subsequent fluid replacement and alkali supplement in the cell culture process and provides certain technical support for the pH monitoring of automatic cell culture equipment. It has good application prospects and important social and economic value.
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Figure 1. Schematic diagram of the orifice plate image acquisition device. 
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Figure 2. Program design. 






Figure 2. Program design.
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Figure 3. (a) Input image; (b) extracted red components of the image. 
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Figure 4. Binary image after edge filtering. 
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Figure 5. Algorithm flow for cropping the liquid map in the hole. 






Figure 5. Algorithm flow for cropping the liquid map in the hole.



[image: Applsci 12 07560 g005]







[image: Applsci 12 07560 g006 550] 





Figure 6. Cropped 500 × 500 images. 
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Figure 7. (a) Trend graph of the average hue in HSV color space; (b) trend graph of variance in HSV color space; (c) trend graph of slope in HSV color space. 
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Figure 8. Fitting diagram of H-Mean and pH cubic curve. 
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Table 1. The pH values measured from Hole 1 to Hole 6.






Table 1. The pH values measured from Hole 1 to Hole 6.





	Hole Number
	pH





	Hole 1
	7.03



	Hole 2
	7.17



	Hole 3
	7.36



	Hole 4
	7.46



	Hole 5
	7.42



	Hole 6
	7.50
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Table 2. Color moments in HSV color space and pH.






Table 2. Color moments in HSV color space and pH.





	H-Mean
	H-Standard Deviation
	H-Skewness
	S-Mean
	S-Standard Deviation
	S-Skewness
	V-Mean
	V-Standard Deviation
	V-Skewness
	pH





	0.079131
	0.004208
	0.003359
	0.250748
	0.029091
	0.033622
	0.590624
	0.030555
	0.032838
	7.03



	0.069579
	0.004518
	0.002654
	0.229366
	0.017402
	0.009339
	0.547119
	0.029626
	0.020605
	7.17



	0.038364
	0.003331
	0.002590
	0.254440
	0.029068
	0.026202
	0.507212
	0.030528
	0.019104
	7.36



	0.023946
	0.002124
	0.002119
	0.260534
	0.024595
	0.024652
	0.644441
	0.057229
	0.034309
	7.42



	0.014058
	0.006678
	0.031144
	0.277370
	0.020455
	0.020543
	0.668518
	0.050389
	0.047473
	7.46



	0.008604
	0.017224
	0.065762
	0.302191
	0.029799
	0.020806
	0.648446
	0.072580
	0.031329
	7.50
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Table 3. Hmean and pH value measured by pH meter of orifice plate images of 6-well liquid, collected at different positions.






Table 3. Hmean and pH value measured by pH meter of orifice plate images of 6-well liquid, collected at different positions.





	
Number

	
pH

	
Hmean




	
Position 1

	
Position 2

	
Position 3

	
Position 4

	
Position 5






	
1

	
7.03

	
0.079131

	
0.079114

	
0.079093

	
0.077901

	
0.078625




	
2

	
7.17

	
0.069579

	
0.067355

	
0.067878

	
0.068542

	
0.066463




	
3

	
7.36

	
0.038364

	
0.030121

	
0.038853

	
0.035652

	
0.039785




	
4

	
7.42

	
0.023946

	
0.020722

	
0.025150

	
0.023590

	
0.026532




	
5

	
7.46

	
0.014058

	
0.011945

	
0.015283

	
0.013090

	
0.013878




	
6

	
7.50

	
0.008604

	
0.006950

	
0.010457

	
0.009035

	
0.010730











[image: Table] 





Table 4. The three wells of the well plate contain the pH of the liquid and its Hmean.
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	Number
	Hmean
	pH





	1
	0.013427
	7.36



	3
	0.010624
	7.42



	5
	0.965239
	7.60
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Table 5. Hmean and pH value measured by pH meter of orifice plate images of 6-well liquid collected at different positions.






Table 5. Hmean and pH value measured by pH meter of orifice plate images of 6-well liquid collected at different positions.





	
Number

	
Hmean

	
pH






	
1

	
0.013427

	
0.013818

	
0.013914

	
0.016804

	
0.012618

	
0.01268

	
7.36




	
3

	
0.010624

	
0.006117

	
0.008446

	
0.00916

	
0.00712

	
0.002938

	
7.42




	
5

	
0.965239

	
0.968422

	
0.974566

	
0.974045

	
0.969344

	
0.961255

	
7.60
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