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Plasma-activated liquid (PAL) can effectively and selectively kill various types of cancer cells both in superficial and deeper tumors. As a promising novel approach to oncotherapy, the safety of PAL is essential in the clinic but has not been thoroughly assessed. In myeloma and blood tumors, the pathogenesis is in the bone marrow cavity. We have therefore evaluated the safety of PAL in New Zealand rabbits by intra-bone marrow injection, and provide a basis of further clinical research and application of PALs. In this study, both a plasma jet and plasma surface were used to treat saline solution, phosphate-buffered solution, and cell culture medium, to produce PAL. Then, oscillograms and optical emission spectra were evaluated to characterize the plasma discharge. Acute toxicity tests and safety evaluation studies were conducted by intra-bone marrow injection of PAL into New Zealand rabbits, while control rabbits received saline only. Body weight, vital organ coefficient, organ appearance, organ histopathology, blood cell and hemoglobin parameters, and blood biochemical indicators were tested on the 30th day after injection. We found that there was no mortality or loss of mobility throughout the experimental period. Acute toxicity tests showed that there were no PAL-related side effects in rabbits receiving the maximum dose of 700 μL PAL. PAL treatments did not affect body weight, organ coefficient, organ appearance, organ histopathology, or blood biochemical indicators. However, the percentage of lymphocytes decreased while the percentage of neutrophil granulocytes increased compared with the control group. In summary, our results indicate that PAL can be safely injected into bone marrow of New Zealand rabbits without significant toxicity.
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INTRODUCTION
The number of cancer cases is increasing in both developed and developing countries, and cancer continues to be a major health problem that has in recent years placed a heavy burden on families and society. According to GLOBOCAN2020 statistics, patients in China account for approximately 23.7% of fresh cancer cases and 30% of malignant tumor-related deaths worldwide [1]. Accumulating evidence has confirmed that cancer relapse and drug resistance are problems that urgently need to be addressed, despite great progress having been made in the field of cancer therapy [2, 3]; thus it is necessary to introduce new therapeutic strategies for cancer treatment.
In this study, we focused on the emerging technology of cold atmospheric plasma (CAP). Plasma is defined as a fourth state of matter in addition to solid, liquid, and gas. Thermal and non-thermal plasma are ionized gases composed of electrons and ions [4]. CAP is a typical non-thermal plasma, and since it can be produced at atmospheric pressure and near room temperature, it has been used in many medical fields, including wound healing, dentistry, sterilization, dermatology, and oncology, among others [5–8]. Many studies have shown that CAP can efficiently kill various types of tumor cells, including melanoma cells, colorectal cancer, leukemia cancer, multiple myeloma, and others [8–12]. However, the underlying mechanisms by which tumor cells sustain damage remain unclear. Many scholars have proposed that reactive oxygen species (ROS) and reactive nitrogen species (RNS) generated by CAP might play a significant role in the induction of cancer cell death [13, 14].
Depending on its application to biological tissues, CAP can be classified as direct or indirect plasma. Direct plasma, which employs direct application of the CAP device, is more suitable for treating surface diseases like cutaneous carcinoma and wound healing [5, 8]. Nevertheless, penetration of direct plasma into tissue is limited, and results from simulations showed that the active substances produced by plasma only extend into skin or tissues by 1–3 mm [15], which limits its use in clinical applications. Development of indirect plasma addressed this limitation. Indirect plasma, or plasma-activated liquid (PAL), involves treating a liquid with CAP, and the liquid is then applied to cells. Notably, PAL maintains its biological activity for at least 7 days when stored at −80°C or 4°C [16, 17], allowing it to be prepared in advance and later applied to cancer cells and tissues without a CAP device. Moreover, PAL can be used in solid and blood tumors that are not near the surface of the body by injecting it into tumor sites deep in tissue. Previous investigations showed that PAL could inhibit the growth of leukemia, bone cancer, pancreatic adenocarcinoma cells, glioblastoma cells, and other cancer cells in vitro [13, 18, 19]. Canal et al. [19] also found that the cytotoxicity of PAL indirect treatment of tumor cells was comparable to that of CAP direct treatment. Consequently, PAL greatly expands the potential application and development of CAP in medicine.
However, the biosafety of PAL in animals has not been systematically studied. Biscop et al. [20] reported that various components of plasma-treated liquid greatly affect cellular cytotoxicity of PAL. Thus, we selected three kinds of liquid in this study–saline, phosphate buffer solution (PBS), and cell culture medium–to evaluate the safety of different PALs in New Zealand rabbits by intra-bone marrow injection, and to provide further support for the safe application of PALs in the clinic.
EXPERIMENTAL SETUP AND METHODS
Plasma Generation Systems
The plasma jet system consisted of a gas flow controller, high-voltage power, oscilloscope, and plasma device. The plasma jet with a gas flow of two slm He (standard liters per minute with helium as the carrier gas) and an additional 0.01 slm of O2 was excited by a power supply generating a peak-to-peak sinusoidal voltage of 8 kV at a frequency of 10 kHz to generate He + O2 plasma. The jet length can be up to 1.5–2 cm. Figures 1A,B shows a diagram of the plasma jet device and a photograph of the jet itself. The plasma jet source adopted a needle-to-ring electrode structure. And a stainless-steel needle with an inside diameter of 1 mm was used as a high voltage electrode, which was enclosed in a 6 cm long quartz tube and about 15 mm above the top of the quartz tube. Quartz glass tubes with outer diameter of 6 mm and inner diameter of 4 mm were used as the insulating medium. A 10 mm copper ring was placed around the wall of the quartz tube as the ground electrode, 10 mm away from the tube at the bottom.
[image: Figure 1]FIGURE 1 | Low temperature plasma jet/surface at atmospheric pressure. (A) Structure and (B) photograph of the plasma jet device; (C) structure and (D) photograph of the plasma surface device.
The plasma surface was generated from ambient air using the same power as that applied to the plasma jet device. Figures 1C,D shows a diagram of the device and image of the discharge. The air surface discharge device is a sandwich structure formed by a dielectric layer and two electrodes. The dielectric layer is sandwiched between a high-voltage electrode and a mesh ground electrode. Each mesh element has a hexagonal shape.
The images were captured by a digital camera (Nikon D7200) using an exposure time of 0.5 s. We used an oscilloscope (Tektronix, DPO3000) to record the waveform of the discharge voltage and current detected by a high-voltage probe (Tektronix, P6015A) and a current probe (Tektronix, P6021), respectively (Figures 2A,B). It can be seen that for both devices, the positive and negative half-cycle current waveforms were asymmetrical. When the same voltage was applied at 8 kV, the jet device current generated by a positive half period voltage consisting of a series of small pulses typical of glow discharge. For the surface device, the peak current appeared at the rising and falling edges of the voltage waveform, which was composed of a series of small pulses. This is typical of filamentous discharge. Power waveforms of the jet and surface devices are plotted in Figures 2C,D, respectively. Average power was calculated by integrating voltage and current across multiple discharge cycles. The average discharge power of the jet device was 1.2 W, while that of the surface device was 4.62 W.
[image: Figure 2]FIGURE 2 | Waveforms of voltage and current (A, B) and power (C, D) for the jet (A, C) and surface (B, D) devices.
Measurements of Physicochemical Properties of PALs
Plasma discharge was used to treat three types of liquid: stroke-physiological saline solution (0.9% NaCl; SMARBO, Ningbo Yinuo Medical Equipment Co., Ltd., China), 1×PBS (Thermo Fisher Scientific, MA, United States; Cat No. 10010002), and RPMI (Roswell Park Memorial Institute) 1,640 complete medium containing 10% fetal bovine serum and 1% penicillin-streptomycin solution (Corning, NY, United States; Cat No.10-040-CVRC). For plasma jet treatment, 300 μL of liquid were placed in a 24-well plate and treated for 3 min, with a 10 mm distance between the end of plasma jet plume and the liquid surface. The three solutions treated by plasma jet discharge were 0.9% NaCl, 1,640 medium, and 1× PBS, and these treatment groups were abbreviated J-N, J-M, and J-P, respectively. For plasma surface treatment, 3.5 ml of liquid were placed in a 60 mm diameter dish 10 mm away from the plasma surface device and treated for 3 min. The same three solutions were treated by plasma-surface discharge, and the groups were abbreviated S-N, S-M, and S-P.
The pH and oxidation-reduction potential (ORP) of the liquids were measured with a pH meter (METTLER-TOLEDO, FE20) and a benchtop ORP meter (METTLER-TOLEDO, S210-K), respectively. The concentration of aqueous long-lived reactive oxygen and nitrogen species (RONS) of PALs induced by the plasma jet and surface devices was measured as follows. H2O2 was detected using a hydrogen peroxide assay kit (Beyotime, Shanghai, China; Cat No. S0038), NO2− was detected using a nitric oxide assay kit (Beyotime, Shanghai, China; Cat No. S0024), and absorbance was measured using a microplate analyzer (Thermo Science, MA, United States).
Optical Emission Spectroscopy
Optical emission spectroscopy (OES) of plasma jets and surfaces was performed using an Andor SR-750i grating monochromator (grating grooving 1,200 lines mm−1) in the presence of liquid. Wavelength ranged from 200 to 800 nm. The locations of the optical probe in the two devices are shown in Figures 1A,C. Light emitted by the plasma jet was collected at the nozzle of the quartz tube by an optical fiber perpendicular to the center of a quartz tube, which was focused on the jet plume at a distance of 1 cm from the discharge area. For the surface device, the optical probe was 30° from the horizontal at a distance of 1 cm from the discharge area. When measuring the spectra of different liquids treated by the two devices, OES detected a discharge area of about 2 mm2.
Animals and PAL Treatment
Healthy New Zealand Rabbits, weighing 2.35 ± 0.35 kg (p > 0.05), were raised in the Experimental Animal Center of Xi’an Jiaotong University under an experimental animal production license [SCXK (shaan) 2008-008] and animal use certificate [SYXK (shaan) 2008-002] issued by the Science and Technology department of Shaanxi province. They were housed individually in clean cages and were given water and a diet of pellets ad libitum. The animal house was maintained at a room temperature of about 20°C and 60% relative humidity. Twenty-one rabbits were randomly divided into seven groups of three rabbits each. Before treatment, all rabbits were anesthetized with sodium pentobarbital by slow injection via an ear side vein. Then, the surgical area was sterilized with iodine after gently removing hair. The puncture needles were used to inject the preparations at 0.3–0.5 cm below the tip of the third trochanter of the femur. Each of the rabbits was given 0.4 ml of prepared PAL and an equal volume of physiological solution was given to the control rabbits. After surgery, cefuroxime sodium was injected to reduce inflammation. Acute toxicity experiments in response to injection of PAL into bone marrow were performed at a dose of 700 µL saline using the above surgical procedures. During the experimental period (30 days post-injection), the rabbits were observed daily for any adverse effects such as illness or death, including changes in mental, dietary, and diarrhea status. After fasting overnight, all animals were sacrificed to collect blood and organ samples.
Analysis of Blood Biochemical Index and Blood Cell
At 8–9 am 30 days after surgery, blood from each rabbit was drawn from an ear vein. Then 1.5 ml of blood was injected into a vacuum anticoagulant tube containing EDTA that was gently inverted several times to mix the anticoagulant and blood. Whole blood was used for routine blood testing, which was performed by an automatic blood cell analyzer (Mindray veterinary automatic blood cell analyzer; model: BC-2800vet). The remaining 3.5 ml of blood was injected into a 15 ml EP tube, which was placed on a table at a tilt of 30° for 30 min. Serum, used to test liver and kidney function and other biochemical indicators, was obtained by centrifugation of the whole blood at 3,000 rpm for 10 min. All biochemical indexes were tested by an automatic biochemical analyzer (Shenzhen Rayto life science co. Ltd.; model: Chemray 240).
Coefficients of Vital Organs
The rabbits were weighed on day 30 and sacrificed after blood was taken and the abdomen and chest were opened with a scalpel to assess the organs. The connective tissue around the heart, liver, spleen, kidney, and lung was cut away and these organs were excised and weighed. The coefficient of an organ is expressed as organ index = weight of the organ (g)/weight of the rabbit (g) × 100%.
Histopathological Examination
After photographing each organ, small pieces of tissues from the same part of the same organ (heart, liver, lung, and kidney) were put into 4% paraformaldehyde, which was prepared in advance, and fixed at 4°C for 12 h. Subsequently, they were dehydrated in 30% sucrose and then embedded in OCT (optimal cutting temperature) compound. The tissue specimens were sliced into 5 µm sections with a freezing microtome (Leica CM1950, Leica Biosystems Nussloch GmbH, Germany) and then stained with hematoxylin and eosin (HE), according to standard protocols. After that, tissue slides were processed for histopathological examination under an optical microscope (BX53 and DP73, Olympus, Tokyo, Japan).
Statistical Analysis
In this study, SPSS 23 statistics software was used for statistical analysis. All data are expressed as mean ± standard error of the mean (SEM) for three independent experiments and analyzed by an independent sample t-test and one-way analysis of variance (ANOVA), followed by post-hoc multiple comparisons tests such as LSD and Duncan’s test. Differences were considered statistically significant when the p value was less than or equal to 0.05 (p ≤ 0.05) with a confidence interval of 95%.
RESULTS
Physicochemical Properties and Long-Lived RONS of PALs
As shown in Figures 3A,B, there were only small differences in the pH and ORP of the 0.9% NaCl solution, PBS and cell culture medium for the control group (no plasma treatment), mainly due to different liquid components. When comparing the control and plasma jet groups, we found that pH and ORP in PBS was little affected by jet treatment, however, the pH of the 0.9% NaCl solution and culture medium increased slightly while ORP exhibited a downward trend after jet treatment. In the case of the plasma surface device, the pH of all three solutions decreased when compared with the control and plasma jet groups. In contrast, we found that plasma surface treatment reduced the pH of the 0.9% NaCl solution much more than PBS and culture medium. ORP in PALs exposed to plasma surface treatment was negatively correlated with pH. Figures 4A,B shows the concentration of H2O2 and NO2− in the PALs. We found that the H2O2 concentration produced by the jet device was more than twice as high as that produced by the surface device, while there was less difference in the generation of NO2− in the liquids exposed to these two devices.
[image: Figure 3]FIGURE 3 | Values of pH (A) and ORP (B) in control, plasma jet- and surface-treated 0.9% NaCl solution, PBS, and 1,640 medium. Solutions were treated by the plasma jet or surface devices for 3 min.
[image: Figure 4]FIGURE 4 | Concentration of (A) NO2− and (B) H2O2 in the three types of PALs. All solutions are treated by the plasma jet or surface device for 3 min.
Spectra Characteristics
OES was used to determine the excited products of plasma treatment. Emission spectra were measured for treatment of PBS, 0.9% NaCl solution and RPMI 1640 medium by the He+0.5% O2 plasma jet (Figures 5A–C, respectively) and the plasma surface device (Figures 5D–F, respectively). For both the plasma jet and surface devices, the spectral bands were the same regardless of the solution being treated, but the intensity of each band varied slightly. However, the plasma jet and surface devices had quite different emission spectra. The spectrum of the plasma surface device was mainly composed of the first negative band of N2+(B2Σu+→X2Σg+), the second positive band of N2(C3Πu→B3Πg), and the second order diffraction of N2(C3Πu→B3Πg). In addition to the first negative band of N2+(B2Σu+→X2Σg+) and the second positive band of N2(C3Πu→B3Πg), the spectrum of the plasma jet device also contained the band of OH radicals and some excited states of He.
[image: Figure 5]FIGURE 5 | Emission spectra of the two plasma discharge devices in the presence of the three types of solution: (A) J-P, (B) J-N, (C) J-M, (D) S-P, (E) S-N and (F) S-M. The six treatment groups are described in Experimental setup and methods.
Acute Toxicity Test by Different PAL Injections
Acute toxicity experiments were conducted by injecting PAL into the bone marrow of rabbits. As shown in Table 1, no rabbit died after injection of 700 µL plasma jet- or plasma surface-treated PAL. We continuously observed the rabbits for one month after PAL injection. For either plasma jet- or plasma surface-treated PALs, body weight of the rabbits after PAL injection was similar to that of the control group (p > 0.05). The rabbits showed no abnormal behavior, such as mental state, excretion, food intake, etc. Therefore, the maximum tolerated dose (MTD) of PAL injection in the bone marrow of rabbits is greater than 700 µL.
TABLE 1 | Acute toxicity tests of PAL treatments of New Zealand rabbits.
[image: Table 1]Changes of Body Weight and Vital Organs After PAL Injection
Throughout the experimental period, no abnormal behavior or symptoms were observed in the rabbits. To evaluate the effect of different PALs, body weight and several vital organs were assessed 30 days after injection. There was no significant change in body weight between groups (p > 0.05; Figure 6A). After sacrificing the rabbits, organ coefficients were calculated and are shown in Figure 6B. No obvious differences in cardiac index, liver index, spleen index, lung index, or kidney index were found among the groups (p > 0.05).
[image: Figure 6]FIGURE 6 | Effects of different PALs at 30 days after injection on (A) body weight; (B) organ coefficient, including cardiac index, liver index, spleen index, lung index, and kidney index; (C) photographs of vital organs (heart, liver, spleen, lungs, and kidneys) in New Zealand rabbits (n = 3 rabbits/group, mean ± SEM). The control and six treatment groups (Con, J-N, J-M, J-P, S-N, S-M, and S-P) are as described in Experimental setup and methods.
Furthermore, post-mortem observations revealed that the heart, liver, spleen, lung, and kidneys of the rabbits in each treatment group had a shiny surface, uniform color, and a compact and flexible texture, as shown in Figure 6C, indicating that no abnormal organ morphology and no obvious macroscopic lesions emerged after different PAL treatments. Additionally, it can be seen in the images of Figure 6C that there were no visible differences in size, color, appearance, or morphology of each organ between the control group and the different PAL treatment groups.
Histopathological Changes in Vital Organs After PAL Injection
To assess the effect of the different PALs on microscopic tissue structure, frozen sections of the heart, liver, lung, and kidneys were processed for HE staining and visualization by light microscopy. Figure 7shows that there were no unusual pathological changes in the heart, liver, lung, and kidney tissue sections of the rabbits in each treatment group.
[image: Figure 7]FIGURE 7 | The histomorphological features of New Zealand rabbits after different PAL treatments. HE-stained images showed no pathological changes in heart, liver, lung, or kidney tissue when compared with the control group.
The images of heart tissue from each group showed that heart structure was intact and myocardial cells were cylindrical. The myocardial fibers were neatly arranged with clear horizontal lines, and no obvious atrophy, degeneration, hypertrophy, or necrosis was observed. In addition, no abnormalities, such as hemorrhage, were observed in the myocardial interstitium. This illustrated that there was no damage to the heart tissue after different PAL treatments and there were no significant differences when compared with the control group (Figure 7).
Liver structure appeared normal, with the central vein, hepatic sinus, hepatic lobule, and portal area clearly visible. Moreover, hepatocytes were arranged tightly and tidily, with the intermediate nucleus and the morphology being clear. No abnormalities, such as necrosis and degeneration, were seen in the liver cells. The liver sections showed no hyperplasia of collagen fibers in the central vein or perisinusoidal space, as well as no infiltration of the inflammatory cells or proliferation of connective tissue in the manifold area after different PAL treatments and no visible difference when compared to the control group (Figure 7).
The lung tissue structure was complete and clear, and the lung cells were regularly arranged without inflammatory cell infiltration. The alveoli were uniform in size, and no inflammatory exudates or thrombus were seen in the alveolar cavity or the capillaries of the alveolar wall, respectively. The epithelium of all the levels of bronchioles was intact, and no deformation or dilatation of each bronchiole, as well as no necrosis or degeneration of each bronchiole epithelium, was observed. No pulmonary interstitial inflammation, fibrosis, pulmonary edema, alveolar hemorrhage, emphysema, hyaline membrane formation, alveolar epithelial hyperplasia, etc., occurred after different PAL treatments and there was no difference when compared to the control group.
The structure of the renal tissue was complete and the epithelial cells of the renal tubules were arranged regularly, and the renal cortex, medulla, and nephrons were visible and had normal structure. There was no abnormal change in the shape of the glomerulus and there were no obvious pathological changes in the proximal and distal renal convoluted tubules. Additionally, we observed no infiltration of inflammatory cells in the renal interstitium nor any infiltration of inflammatory cells, fibrinoid necrosis, or thrombosis into the blood vessels of the kidneys. Therefore, we observed no kidney injury in response to the different PAL treatments, and no apparent difference was seen between the PAL treatment and control groups.
Changes of Blood Index After PAL Injection
To check for toxic side effects of the different PAL injections, we assessed several blood parameters in the rabbits, including biochemical indicators of liver and kidney function, electrolyte levels, myocardial enzymes, antioxidant levels, glucose metabolism, and lipid metabolism.
Table 2 shows changes in blood cell and hemoglobin parameters after the injection of different PALs into the bone marrow. We observed that the number of white blood cells (WBC), lymphocytes (Lymph), monocytes (Mon), red blood cells (RBC), the percentage of mononuclear cells (Mon%), hemoglobin (HGB), hematocritg (HCT), mean red blood cell volume (MCV), mean erythrocyte hemoglobin content (MCH), mean erythrocyte hemoglobin concentration (MCHC), erythrocyte distribution width variation coefficient (RDW), mean platelet volume (MPV), platelet distribution width (PDW), and platelet backlog (PCT) were not affected by the different PAL treatments.
TABLE 2 | Effect of different PALs on blood cell and hemoglobin parameters.
[image: Table 2]There were significant differences in the number of neutrophil granulocytes (Gran) among the groups; however, the values for each group were within the normal range (2.0–7.5). In addition, the percentage of neutrophil granulocytes (Gran%) and lymphocytes (Lymph%) were clearly affected by the PAL treatments. After performing a post-hoc multiple comparisons or independent sample t-test, we found that the Lymph% in the control group was significantly higher than in the JP, SN, SM, and SP groups. The Gran% in the control group was clearly lower than in the JM, JP, SN, SM, and SP groups. The platelet count (PLT) tended to be different among the groups (p = 0.086), and it was found that PLT was most notably elevated in all PALs with respect to the control group, although they were all within the normal range (100–712).
Alanine transaminase (ALT), aspartate transaminase (AST), albumin (ALB), total bilirubin (T-BIL), direct bilirubin (D-BIL), and alkaline phosphatase (ALP), which are indicators of liver health, did not differ between the different PAL treatments and control group at day 30, indicating that injection of PALs into bone marrow did not cause liver damage (Table 3).
TABLE 3 | Analysis of liver function after different PAL treatments.
[image: Table 3]Table 4 shows that different PAL treatments did not modify the concentration of nephrotoxicity markers [blood urea nitrogen (BUN), uric acid (UA), creatinine (CR)] and electrolytes (Zn, Fe, Mg, Cl, P, and Ca) when compared to the control group. Therefore, the different PAL injections were not harmful to kidney function and did not interfere with electrolyte balance.
TABLE 4 | Kidney function and electrolytes after different PAL treatments.
[image: Table 4]Furthermore, we analyzed myocardial enzyme levels and antioxidant index after different PAL treatments. The analysis showed that different types of PAL did not affect the myocardial enzymes lactate dehydrogenase (LDH) and creatine kinase (CK), nor the antioxidant indexes superoxide dismutase (SOD), malondialdehyde (MAD), and glutathione peroxidase (GPX) (Table 5, all p values >0.05). These results indicate that different PAL treatments do not cause myocardial damage or systemic oxidative stress.
TABLE 5 | Myocardial enzyme and antioxidant index after different PAL treatments.
[image: Table 5]Finally, we investigated serum lipid and glucose metabolism after the different PAL injections into the rabbits. The results did not reveal any significant changes in the levels of triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), glycated serum protein (GSP) or glucose (GLU) between the control group and different PAL treatments (Table 6). It can be inferred therefore that the PAL treatments did not cause lipid or glucose metabolism disorders.
TABLE 6 | Lipid and glucose metabolism after different PAL treatments.
[image: Table 6]DISCUSSION
PALs containing various active substances are an area of intense research in the biomedical field, especially in cancer therapy. It has been shown that atmospheric-pressure cold plasma selectively inhibits the growth of cancer cells and causes relatively less or no cytotoxicity in normal cells [10]. As a promising novel approach to cure certain cancers, studies of PAL safety, in assessing the potential side effects, are a basic premise, and it could be classified into three stages: pre-clinical trials, clinical trials in vivo, and detection trials of adverse reactions after approval [21]; the present experiments represent a non-clinical study of PALs. A review of PAL safety studies concluded that up to 25% of toxic reactions observed in animal experiments may occur in humans [22]. Therefore, we initiated the current study to test the safety of PALs and to provide a basis for clinical research and applications.
As mentioned in the literature, saline, cell culture medium, and PBS have been widely used in plasma-activated fluids since culture medium is suited to the study of cancer cells while buffers like saline and PBS have a relatively simple composition [23–26]. Hence, we chose them as plasma-activated liquids in the present work. We analyzed changes in the physicochemical properties of the different solutions after plasma jet/surface treatment and found that different PALs had different pH and ORP values. The PBS used in this study contained a large amount of potassium hydrogen phosphate (weak acid, KH2PO4, pH 4.4–4.9) and sodium hydrogen phosphate (weak base, Na2HPO4, pH 9.5) that makes it a strong buffer, so the pH and ORP of PBS did not change after the jet treatment when compared with the control group (Figures 3A,B). Jirasek et al. [27] reported that 85% hypochlorite in a physiological NaCl solution treated by a plasma jet existed in the form of NaOCl, and as a consequent had a high pH, consistent with our results (Figure 3A). As RPMI 1640 medium includes polysaccharides, amino acids, vitamins, and many other compounds, the increased pH of the jet-treated culture medium might be due to reaction of these organic compounds with plasma-generated chemicals (particularly ROS and RNS). Moreover, because of the disparate discharge gases of these two plasma devices and the greater variety of gases in the plasma surface discharge, the rapid decrease of pH in the three kinds of surface-treated solutions might be caused by reaction of the vapor-phase NOx species with H2O molecules to produce HNO3, resulting in the generation of a large number of H+ ions [28, 29]. The pH of 1,640 medium and PBS after plasma surface treatment did not decrease as significantly as that of saline solution, which was due to the buffering ability of 1,640 medium and PBS. ORP, a concentration-dependent indicator of solution oxidation capacity, is commonly used to evaluate the global level of RONS in PALs. Changes in ORP are often opposite to those in pH, which may result from PALs having a greater oxidizing capacity at lower pH [30].
In this study, the plasma jet was used with He+0.5% O2 and the plasma surface with ambient air, which are considered the most commonly used methods of applying plasma [10, 31]. Our previous results showed that 3 min of PAL treatment with either device could inhibit the growth of cancer cells since they generate various kinds of ROS and RNS, like hydroxyl radical (OH), hydrogen peroxide (H2O2), atomic oxygen (O), nitric oxide (NO), and peroxynitrite anion (ONOO−) (Figure 4) [10, 31]. Figure 5 shows the active particles in the gaseous state, and prior studies noted that only small amounts of O3, H2O2, OH, and NOx could pass through the gas-liquid interface [23, 24], while other ROS/RNS are transferred into liquid via secondary reactions [32]. Unlike H2O2, which can penetrate the cell membrane, most other radicals cannot and so may play roles in cell-signal transduction [10]. Furthermore, the addition of 0.5% O2 generated more ROS and caused more cell death compared with He plasma alone [10]. The generation pathway of H2O2 is mainly due to the combination reaction of aqueous hydroxide radical (.OH) [33]. As shown in Figure 5, bands of OH radicals were observed in the spectra of three different liquids treated by the plasma jet device, but not in the plasma surface device. Therefore, the concentration of H2O2 produced by the jet was much higher than that produced by the surface device (Figure 4B). Bands of N excitation were found in both devices for treating three different liquids (Figure 5), and they had significant effects on the production of NO2 and NO3.
PAL is administered via intravenous, intra-arterial, intramuscular, oral, intra-luminal injection, and other routes [34, 35]. In the present experiments, we adopted the route of intramedullary injection. Firstly, intramedullary injection is suitable for myeloma and blood tumors, especially since pathogenesis is in the bone marrow cavity, and the drug can directly act on the tumor site without being affected by the bone marrow-blood barrier. Likewise, many stem cells exist in bone marrow, and the current study provides a basis for further treatment of tumors by intramedullary injection of PAL to kill tumor stem cells [36]. Lastly, the advantage of intramedullary injection is that it can induce both local and systemic effects. Additionally, Wei Zhang et al. [37] found both intravenous and paravertebral dexmedetomidine attenuated independent lung injury.
Generally, we chose a higher dose of material for the acute toxicity test, and our results showed that rabbits injected with 700 μL of PAL did not exhibit any mortality, loss of mobility, or visible signs of toxicity when compared to the control group during the 30-days experimental period.
Changes in body and organ weight are sensitive indicators of the general health of animals [38]. Studies show that a loss of body weight of more than 20% should be considered a serious condition that can also impact organ size and weight [39–41]. Thus, the organ-to-body weight index is regarded as a useful indicator of the toxicity of new compounds. No morbidity or mortality was evident throughout the experimental period, and body weight of the rabbits actually increased similarly in the control and PAL-treated groups by day 30 (Figure 6A). Furthermore, in comparison with the control group, PAL treatment caused no lesions in the heart, liver, spleen, lung, or kidney (Figure 6C), and there were no significant differences in organ index (Figure 6B). Thus, we conclude that the different PALs had no adverse effects on growth of the rabbits.
Changes in histopathology of organs, examined by microscopy, are also considered a basic test of the safety of the materials [42]. No abnormality was observed in histopathological sections of the organs in this study (Figure 7), indicating that the different PALs did not induce any toxic symptoms in the major internal organs, including the heart, liver, lung, and kidney.
Hematological analyses are of critical importance in the evaluation of toxic effects induced by materials [43]. Due to blood being the main transporter of many xenobiotics in the body, blood components are exposed to numerous toxic compounds that induce damage or destruction of blood cells and harm normal physiological function [44, 45]. Our analyses of blood biochemistry in the treated rabbits suggested that the three types of PAL did not alter normal liver/hepatic/myocardial function, oxidative stress, and lipid or glucose metabolism. Observations of these blood parameters were consistent with measurements of body weight, organ index, organ appearance, and organ histopathology, further validating the absence of toxicity in response to PALs. Furthermore, our observations of blood parameters normally associated with systemic toxic symptoms showed that most were not affected by PAL treatment. In addition, the increase in the PLT count after PAL treatment revealed that PAL might accelerate blood clotting, as PLTs are small pieces of cytoplasm that detach from the cytoplasm of mature megakaryocytes of the bone marrow and are essential for hemostasis [46]. The findings of other studies also suggest that platelets are important for cold physical plasma-facilitated blood coagulation [47, 48]. However, Gran% increased and Lymph% decreased after PAL treatment, suggesting that PAL treatment might improve the activity of the immune system. Shi et al. [49] took peripheral blood lymphocytes from 20 healthy adults and found that plasma could induce apoptosis of lymphocytes as evidenced by leakage of protein, nucleic acid, and K+ after treatment, consistent with our observations of lymphocytes. It is worth noting that different immune cells exhibit distinct sensitivities after plasma treatment [50, 51]. Bundscherer et al. [51] observed that the number of CD4+ T helper cells, a kind of lymphocyte, decreased significantly in a time-dependent manner after 60 s of plasma treatment and there was a marked attenuation in monocyte growth after exposure to plasma for 360 s. In our study, 3 min of plasma treatment reduced Lymph% but did not affect Mon%, which was similar to the results of Bundscherer et al. [51]. Therefore, we speculate that the different changes in the levels of lymphocytes and monocytes after plasma treatment may be due to the duration of plasma treatment and the distinct sensitivity of immune cells to plasma. Meanwhile, as white blood cell count was not significantly different among groups, we suggest the increase of Gran% may be due to the reduction of Lymph%. Moreover, Lardner A (2001) reported that extracellular pH affected immune cells and immune function [52], so we suggested that the different pH values of PALs (Figure 3) might contribute to the changes of Gran% and Lymph% (Table 2).
Although the physicochemical properties and the active substances varied among the three PALs in our study, PAL injection did not cause toxicity, indicating that PAL treatment is safe for New Zealand rabbits when injected into the bone marrow, and therefore has great potential for development of clinical therapeutics. In the future, we will evaluate the safety and efficacy of PAL in humans and principally focus on clinical application of PALs in hematologic tumors such as leukemia and multiple myeloma. Specifically, PAL will be used alone or in association with other conventional chemotherapeutic agents to kill cancer cells and stem cells within the marrow cavities of patients during myeloablative treatments prior to bone marrow transplantation.
CONCLUSION
This work provides a foundation for safety and toxicity studies of PALs. PAL treatment of New Zealand rabbits by intra-bone marrow injection was not lethal and did not lead to any acute toxicity. In addition, PAL treatments did not affect body weight or the coefficient, appearance, or histopathology of the major organs. These results were consistent with blood biochemical indexes showing that PAL treatment had no observable effects on liver/renal/myocardial function, oxidative status, electrolyte and glucose levels, or lipid metabolism. Furthermore, PAL treatment decreased the percentage of lymphocytes while increasing the percentage of neutrophil granulocytes. In conclusion, the results of the present study indicate that PAL treatment can be used safely on New Zealand rabbits without significant toxicity when injected into bone marrow.
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GLOSSARY
ALB albumin
ALP alkaline phosphatase
ALT alanine transaminase
ANOVA analysis of variance
AST aspartate transaminase
BUN blood urea nitrogen
CAP cold atmospheric plasma
CK creatine kinase
CR creatinine
D-BIL direct bilirubin
GLU glucose
GPX glutathione peroxidase
Gran number of neutrophil granulocyte
Gran% percentage of neutrophil granulocyte
GSP glycated serum protein
HCT hematocritg
HDL-C high-density lipoprotein cholesterol
HE hematoxylin and eosin
HGB hemoglobin
H2O2 Hydrogen peroxide
LDH lactate dehydrogenase
LDL-C low-density lipoprotein cholesterol
Lymph number of lymphocytes
Lymph% percentage of lymphocytes
MAD malondialdehyde
MCH mean erythrocyte hemoglobin content
MCHC mean erythrocyte hemoglobin concentration
MCV mean red blood cell volume
Mon number of monocytes
Mon% percentage of mononuclear cells
MPV mean platelet volume
MTD maximum tolerated dose
NO nitric oxide
O atomic oxygen
OCT optimal cutting temperature
OES optical emission spectroscopy
OH hydroxyl radical
ONOO− peroxynitrite anion.
ORP oxidation-reduction potential
PAL plasma-activated liquid
PBS phosphate buffer solution
PCT platelet backlog
PDW platelet distribution width
PLT platelet count
RBC number of red blood cells
RDW erythrocyte distribution width variation coefficient
RNS nitrogen-based reactive species
RONS reactive oxygen and nitrogen species
ROS oxygen-based reactive species
RPMI Roswell Park Memorial Institute
SEM standard error of the mean
SOD superoxide dismutase
T-BIL total bilirubin
TG triglyceride
UA uric acid
WBC white blood cells
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