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Abstract

:

Cold atmospheric plasmas (CAPs) used in plasma medicine have shown great potential in various aspects including wound healing, dermatology, cancer therapy, etc. It is one of the important issues to determine the plasma dosage in plasma medicine because it dominates the specific plasma treatment results. However, the multi-process interactions between CAPs and biological materials make it rather challenging to give an accurate and versatile definition for plasma dosage. In this study, the ratio of the discharge energy to the number of the treated in vitro kidney cells (mJ/cell) was employed as the unit of the plasma dosage. Additionally, inspired by basic knowledge of pharmacy, the median lethal dose (LD50) was employed to help estimate the plasma dosage. The experimental results show that the value of LD50 using the newly designed CAP Bio-Med Platform for the kidney cells is 34.67 mJ/cell. This biology-based method has the advantages of easy operation, independence of specific CAP sources, and also independence of complex interactions between CAPs and the treated biological targets, and consequently, may provide a new direction to quantitatively define the plasma dosage in various plasma medical applications.
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1. Introduction


Plasma medicine [1] is one of the most widely concerned interdisciplinary fields of cold atmospheric plasmas (CAPs) owing to its great potential in clinical treatment. Up to now, it has been proved that CAPs are efficient in aspects ranging from sterilization [2] and disinfection [3] to wound healing [4,5], skin disease treatment [6], and even cancer therapy [7]. These results show that the CAP treatment can be more effective than the traditional method for certain diseases with few side effects. Based on the state-of-the-art knowledge, the CAPs contain abundant reactive oxygen and nitrogen species (RONS), which can regulate cell metabolisms and play a dominant role in the plasma-induced biological effects [8,9,10]. Some of the most frequently discussed RONS are hydroxyl (OH), atomic oxygen (O), nitric oxide (NO), and hydrogen peroxide (H2O2). The generation and transport characteristics of the RONS largely depend on the CAP sources and the ambient conditions. Generally, the CAP sources used in plasma medicine are operated at atmospheric pressure and have gas temperatures close to room temperature, making it feasible and convenient to be applied for the treatment of biological materials such as living tissues, cells, etc. Detailed descriptions and features of various kinds of CAP sources used in plasma medicine can be found in some topical reviews [7,9,10].



From the very beginning of the research on plasma medicine, the treatment safety issues have been widely investigated. The inactivation of microorganisms by plasma treatment has been proved and applied before 2000 [7], whereas Stoffels et al. first reported the non-destructive CAP treatment on mammalian cells under moderate conditions in the early 2000s [11]. Later, they found that the CAP treatment for a too-long time period would cause mammalian cell necrosis [12]. Using different CAP generators, Fridman et al. came to a similar conclusion that the cells were hardly damaged with a relatively low CAP treatment energy density, whereas with a medium- to high-level treatment, the cells began to be harmed and even died [13]. That is to say, different CAP treatment intensities will lead to completely different results in plasma medicine. To quantitatively describe how much CAPs are interacting with the targets (e.g., living tissues, cells, etc.), the concept of “plasma dosage” should be introduced. Additionally, only with a clear definition of the “plasma dosage” the users can accurately determine, and thus, carefully adjust, the action intensity of the CAPs to obtain the desired results in plasma medicine.



Many studies have involved plasma dosage when investigating possible factors which intrinsically influence the CAP treatment effects. On the one hand, from the aspect of physical plasmas, various factors including power input into the CAP system, chemical compositions of the working gas, amplitudes and waveforms of discharge voltage and current, gas temperatures, treatment times and distances are all believed to be significant factors in plasma dosage [8,9,12,13,14,15,16]. In addition, some biological experimental parameters such as the thicknesses of the cell culture medium and the numbers of cells can also have obvious influences on the CAP treatment results [17]. A recent study by Cheng et al. provided an important attempt to define plasma dosage by the simplified equivalent total oxidation potential of several important RONS [8]. However, as shown in Figure 1, the interactions between the CAPs and the treated biological targets involve multiple physical, chemical and biological processes, leading to the significantly complicated, nonlinear, and multi-variable natures. These have made it extremely difficult to propose an accurate and versatile definition for plasma dosage, considering all the possible mechanisms. More recently, in order to adjust and/or control the effective CAP dosages, some researchers begin to focus on machine learning and neural network [18,19], which further proves the complexity and difficulty of the plasma dosage definition.



In our opinion, since the concept of “dosage” is frequently used in pharmaceuticals, the definition of plasma dosage can refer to the basic knowledge in pharmacy. The median lethal dose (LD50) is one of the most typical expressions to describe the drug toxicity which represents the exact dose that can kill half of the experimental subjects (e.g., cells, animals, etc.). The measurement of the LD50 values usually serves as an important and basic step for the systematic assessment and evaluation of the drug toxic characteristics [20,21,22]. Inspired by this methodology in pharmacy, we intend to introduce a novel method to estimate the plasma dosage: treating the in vitro cells with different CAP intensities to find the value of LD50 which corresponds to the situation under which the CAP treatment can kill a half number of the cells. The value of LD50 can serve as an indicator to help the users determine and control the plasma dosage used in their practical studies. Distinguished from the physics- and/or chemistry-based method to define or control the plasma dosage [8,18,19,23,24,25], this biology-based approach has the advantages of being versatile to various CAP sources and easy to be conducted without considering the specific and complex interaction processes between the CAPs and the treated biological targets.




2. Materials and Methods


2.1. Cells and Cell Culture


The flexibility of CAPs has enabled them to be applied in the internal clinical treatment [26]; therefore, the human embryonic kidney cell line was employed to conduct the primary experiments, considering the possible CAP applications in viscus therapy. Before CAP treatment, the cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1% Penicillin–Streptomycin. The cells were not treated by CAPs until the logarithmic growth phase was reached. Before the treatment, the cells were observed by the XD biological microscope (Sunny Optical Technology Co., Ltd., Ningbo, China) to make sure that they were in the logarithmic growth phase. Then, the cells were seeded near confluence in 96-well plates (5000 cells per well). Additionally, the cells were then kept in the cell incubator (Thermo Fisher Scientific Co., Ltd., Waltham, MA, USA) for 24 h with 37 °C and 5% CO2 prior to the CAP treatment. The cell line, the reagents, and their sources of procurement used in this study are listed in Table 1.




2.2. CAP Bio-Med Platform and Treatment of Cells


As shown in Figure 2a, the CAP Bio-Med Platform employed in this study is a newly designed all-in-one device developed by the Plasma Health Scientech Group (PHSG) of the Tsinghua University of China. The upper part of the device has double doors to form a confined space. The UV lamp attached to the ceiling can be applied for atmosphere sterilization and disinfection. The CAP Bio-Med Platform is a multi-function device and mainly consists of three units:




	(i)

	
The CAP unit: It includes a co-axial type of atmospheric pressure dielectric barrier discharge (AP-DBD) plasma generator and the high-voltage alternating-current (HVAC) power supply module. As shown in Figure 2b, a tungsten wire confined inside a quartz tube works as the powered electrode, whereas a copper slice works as the grounded electrode. An acrylic tube is connected to the exit of the CAP generator to keep the treatment distance fixed at 2.0 cm and simultaneously protect the CAP jet from the entrainment of the surrounding air. The plasma jet shown in Figure 2c is uniform and stable with a gas temperature close to the room temperature, which meets the basic requirements of plasma medical applications.




	(ii)

	
The control unit: It includes the helium gas flow rate control module (0–20 slpm), the driving frequency control module (0–25 kHz), the discharge voltage control module (0–15 kV), and the discharge time control module (0–999 s). These control modules can ensure that the experimental parameters can be conveniently adjusted in a wide range. Moreover, the discharge will automatically stop when the pre-set discharge time is up. The HVAC power supply and the preceding control modules are integrated inside the lower part of the device as illustrated in Figure 2a.




	(iii)

	
The positioning unit: It includes a customized holder that supports the AP-DBD generator and the three-dimensional (3D) precision translational stages (LWX60-L200 and LWE4090, Misi Automation Equipment Co., Ltd., Dongguan, China). The CAP generator holder is used to fix the generator and to keep it vertical to the treated materials. When treating the cells, a 96-well plate can be put on the horizontal plane attached to the precision translational stage as shown in Figure 2a, so that the distance between the plasma jet exit and the upper surface of the 96-well plate can be adjusted precisely.









For the cell treatment, the plasma dosages were varied by changing the treatment time and simultaneously keeping all the other parameters unchanged. The discharge frequency was fixed at f = 23 kHz and the pure helium (99.999%) gas flow rate was Q = 8.0 slpm. The amplitude of the discharge voltage was fixed to be Vd = 3.5 kV measured by a digital oscilloscope (DPO4034, Tektronix, Beaverton, OR, USA) and a voltage probe (P6015A, Tektronix, Beaverton, OR, USA). Under such conditions, the free CAP jet was approximately 5.0 cm long, determined by a visible image processing technique [27,28]. With an unchanged discharge voltage, the power input was also constant and should be measured, because it was an important factor for plasma dosage as discussed in Section 1 and would influence various interaction processes as shown in Figure 1. The CAP treatment times (t) were 0 (control), 2, 3, 3.5, 4, 4.5, 5, 7, and 10 min. All the experiments were repeated three times. Starting from the moment that the discharge was triggered, the gas temperatures of the CAP jet were measured and recorded every 30 s to estimate the thermal effects.



To qualitatively analyze and quantitatively determine the value of LD50, both the optical and electrical features of the CAP generator were measured. First, the reactive species in the CAP jet were detected by the spectrometer (Avaspec Multi-Channel Spectrometer, Avantes, Apeldoom, the Netherlands) with a fiber probe to show whether RONS exist in the CAP jet which are important for the plasma medical applications. The discharge power (Pin) was obtained by the voltage/charge Lissajous figure method [29] with the aid of a digital oscilloscope and two voltage probes. To quantitatively obtain the LD50 value of the CAP jet to the HEK293 cells, the ratio of the discharge energy (W) to the number of cells (N) in each well, i.e., (W/N), was used when half of the cells in a well were killed. For a certain CAP treatment time t, the value of (W/N) could be calculated by:


W/N = Pin × t/N.



(1)








2.3. Cell Viability Measurement by the MTT Assay


In this paper, only the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay method was used to evaluate the cell viability after the CAP treatment as a preliminary study. On the one hand, the reliability of the MTT assay for evaluating the cell viability has been discussed by Yang and Acosta with a conclusion that the results obtained by MTT assay were comparable with those of the Lactate dehydrogenase (LDH) release assay [30]. On the other hand, the advantages of ease of operation, sensitivity, rapidity and low cost have made the MTT assay as one of the most widely used methods for measuring the cytotoxic effects and for evaluating the cell viability [31,32,33,34,35].



After CAP treatment, the 96-well plates were put into the cell incubator to cultivate for a certain time (e.g., 0, 6, 12, 18 or 24 h), then, 10 μL MTT solution was added to each well. After another 4 h incubation, the formed formazan crystals were dissolved in 110 μL dimethyl sulfoxide (DMSO) in each well. Finally, the absorbance was detected at 570 nm by a microplate reader (Tecan Trading AG, Männedorf, Switzerland). Since the cell numbers had a linear relationship with the absorbance, the cell viability was calculated by:


     A i     A  control     × 100 %  



(2)




where A was the value of the absorbance, the subscript i represented the treatment time, i.e., i = 2, 3, 3.5, 4, 4.5, 5, 7, 10.




2.4. Statistical Analysis


The statistical analyses were performed with a one-way analysis of variance (ANOVA) using the Prism Software (GraphPad, San Diego, CA, USA). The data were reported as the mean ± standard error. Additionally, compared with the control group, the p-value **** p < 0.0001 was considered to be statistically significant.





3. Experimental Results


3.1. CAP Jet Features


Under the discharge conditions listed in Section 2.2, the discharge power obtained from the Lissajous figure method was Pin = 0.8 W. As shown in Figure 3, the CAP jet issued from the generator contained various kinds of reactive species. Besides the abundant helium species, several kinds of RONS, i.e., nitrogen molecules, hydroxyl (OH), and oxygen atoms (O) [36], also had relatively high intensities, indicating that the CAP device was a suitable source for plasma medicine and was promising for investigating the plasma dosage. In addition, with an initial room temperature of 22 °C, the gas temperature of the CAP jet did not exceed 24 °C after the discharge was on for 10 min, proving that the CAP jet had good thermal stability and safety during the whole CAP treatment process.



Here, there is one issue we hope to emphasize. As illustrated in Figure 2a, during the CAP treatment, the plasma jet directly interacted with the cell culture in the 96-well plate which worked as a liquid substrate. Although previous studies have shown that different substrates could influence the features of the impinged plasma jets, for example, the number densities of some important RONS such as hydroxyl (OH) and atomic oxygen (O) increased obviously due to the existence of water [37] compared with the plasma free jet, in our opinion, determination of the cell viabilities would, to some extent, not be affected since the cell culture used in all the experiments was completely the same in this study. Our goal in this paper is to determine the plasma dosage by avoiding the considerations of the extremely complicated interactions between the CAPs and the treated biological targets (Figure 1).




3.2. Selection of the Incubation Time


In the previous studies concerning the cell viability after CAP treatment, the cells were incubated for a certain period of time before the viability assays were conducted. However, different researchers used different incubation durations and seldom discussed the reasons to select such a duration [11,12,13]. Therefore, as the first step of this study, we incubated the cells after CAP treatment for different durations, i.e., 0, 6, 12, 18, and 24 h, and compared the measured cell viabilities. It could be seen clearly from Figure 4 that, under a fixed CAP treatment time, the cell viabilities seemed to remain unchanged with the longer incubation time after 12 h. The only exclusion was that, when the CAP treatment time was 3 min, the cell viability after 24 h incubation was higher than that after 18 h incubation. The possible reason might be explained as follows: the low dosage of plasma treatment, e.g., 3 min in this study, could not lead to an unrecoverable lethal effect to the treated cells, and consequently, the cell activity could still increase gradually after a long term incubation. This is, to some extent, consistent with the experimental results presented in Section 4 in which the plasma dosage corresponding to the 3 min CAP treatment time is lower than the value of LD50. The sub-lethal effects of CAP-treated living biomaterials form a very important and complex research aspect, which is beyond the scope of this paper. Therefore, we focus on the lethal effects of the CAP-treated HEK293 cells in this paper, and use the cell viabilities corresponding to the 24 h incubation after CAP treatment to calculate the value of LD50 in the following sub-sections.




3.3. Cell Viability in Response to the CAP Treatment


Since the discharge power and the initial number of cells in each well were both fixed, the different values of (W/N) in Figure 5, i.e., 19.44, 29.16, 34.02, 38.88, 43.74, 48.60, 68.04, and 97.20 mJ/cell, actually corresponded to different plasma treatment times of 2, 3, 3.5, 4, 4.5, 5, 7, and 10 min. The experiments were repeated three times on different days in this study. It could be seen from Figure 5 that: (i) with increasing in the treatment time, the cell viability decreased obviously; (ii) the value of (W/N) corresponding to LD50 should lie between 30 and 45 mJ/cell.





4. Discussions


4.1. Elimination of Thermal Effects


Most of the studies on plasma dosage highlight the dominant role of the multiple RONS, whereas the role of the thermal effect, in our opinion, should be considered in the first place. Normally, the biological materials are especially sensitive to the ambient temperature. For example, it was reported that treatment to the human skins for only 6 s under 59 °C could lead to a blister, whereas at the single cell level of in vitro experiments, cell necrosis was always observed when the gas temperature was higher than 42 °C [38]. Though the specific cell necrosis rate also relates to other parameters such as the duration and the type of the cells, it is anticipated that, when the gas temperature of the CAP jet is too high, the cell death resulting from thermal damages will appear, which means that the discussions on plasma dosage will be meaningless. Therefore, the gas temperature used for plasma medicine should be carefully controlled within an appropriate range.



In this study, the rise in gas temperature within the 10 min discharge was less than 2 °C, and its absolute value was always lower than 24 °C, which was still close to room temperature and much lower than the environment temperature in the cell incubator. Therefore, it is reasonable to conclude that no damages to the cells were caused by the thermal effect in our study.




4.2. Determination of LD50


In order to obtain the value of LD50 of the CAP jet to the HEK293 cells, the cell viabilities in Figure 5 are plotted versus the logarithmic values of (W/N), forming an S-shaped curve, as shown in Figure 6. The fitted value of log(W/N) corresponding to the cell viability of 50% is 1.54. Thus, the value of LD50 is 34.67 mJ/cell. Although the obtained LD50 value in this section is not versatile for other CAP sources and biological materials, this method combining plasma physics and pharmacy provides a novel idea that is easy to conduct and realize for estimating the plasma dosage in plasma medicine. The value of LD50 plays a critical role as an indicator for studying the plasma biomedical effects provided that various types of CAP sources and cell lines are used in future studies. On the one hand, this dosage equals a 217-s CAP treatment to the HEK293 cells under the operating parameters as listed in Section 2.2. Thus, when studying the sub-lethal effects of the HEK293 cells using the CAP Bio-Med Platform, it would be better to limit the plasma treatment time to be shorter than 217 s under the discharge power of 0.8 W, or control the discharge power to be lower than 0.8 W when the plasma treatment time lasts 217 s or even longer. On the other hand, the LD50 value of 34.67 mJ/cell is also an important reference datapoint when studying the lethal and/or sub-lethal effects of other cell lines using different types of CAPs.



The published results concerning plasma dosage can be roughly divided into two types: one is the quantitative definition of plasma dosage [8], and the other skips the definition of plasma dosage but controls specific effects with the help of advanced algorithms such as machine learning [19,23,24,25]. For the first type, the number densities of all the considered RONS should be precisely measured or calculated with great efforts; in particular, whenever the discharge parameters or even the environmental conditions are changed, all the measurements or calculations need to be re-conducted. While for the second type, the design, validation, and optimization of the algorithm with the considerations of complex processes as illustrated in Figure 1 are also a very challenging job. In this study, the measurement of LD50 value is determined based on the biological effects of the CAP treatment with no considerations on the complicated physical and biochemical processes, as well as specific geometrical configurations and operating conditions of the CAP generators; consequently, it is a time-saving and feasible method for estimating the plasma dosage in practice.





5. Conclusions


Inspired by the methodology in pharmacy to quantitatively describe the drug dose using the concept of LD50, this study provides a proof of concept to estimate the plasma dosage in the field of plasma medicine by measuring the value of LD50 with the CAP treatment of the in vitro kidney cells. This novel method opens a new and promising direction for a quantitative definition of the plasma dosage with the advantages of versatility and easy manipulation. In future research, more systematic research needs to be conducted in order to deepen our understandings to the CAP cell treatment effects quantitatively. For example, the cell morphological changes after CAP treatment with the aid of cell staining and a high resolution image recording facility can be investigated; complementary assays on the cell viability can be conducted to further improve the accuracy of the LD50 values; the sub-lethal effects on living cells when the CAP treatment dosage is lower than the value of LD50 should also be studied in detail. Consequently, a database including the macroscopic morphologies, CAP sub-lethal effects, and values of LD50 for various cell lines using different types of CAP sources can be established. This may form the basis for investigating the quite complex biomedical effects of CAPs in plasma medicine.
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Figure 1. Schematic of the complex interactions between CAPs and treated biological targets (cells). 
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Figure 2. (a) Picture of the CAP Bio-Med Platform; (b) schematic of the geometrical configuration of the CAP generator; and (c) typical image of the CAP jet. 
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Figure 3. Emission spectrum of the helium CAP jet. The discharge parameters are: f = 23 kHz, Vd = 3.5 kV, Q = 8.0 slpm, Pin = 0.8 W. 
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Figure 4. Variations of the HEK293 cell viability under different incubation durations and CAP treatment times. 
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Figure 5. Variation of the cell viability with the value of (W/N). **** p < 0.0001. 
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Figure 6. S-shaped curve of the cell viability versus the logarithmic value of (W/N). 
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Table 1. Materials and their sources of procurement used in this study.
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Materials

	
Sources of Procurement






	
Cell line

	
Human Embryonic Kidney 293 (HEK293) cells

	
Cell Center of Peking Union Medical College, Beijing, China




	
Reagents

	
Dulbecco’s Modified Eagle Medium (DMEM)

	
Thermo Fisher Scientific Co., Ltd., Waltham, MA, USA




	
Fetal bovine serum

	
Thermo Fisher Scientific Co., Ltd., Waltham, MA, USA




	
Penicillin–Streptomycin

	
Thermo Fisher Scientific Co., Ltd., Waltham, MA, USA




	
CO2

	
Beijing Praxair Practical Gas Co., Ltd.,

Beijing, China




	
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution

	
Beijing Leagene Biotech. Co., Ltd.,

Beijing, China




	
Dimethyl sulfoxide (DMSO)

	
Beijing Leagene Biotech. Co., Ltd.,

Beijing, China
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