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Besides many efforts on the detection and quantification of reactive oxygen and nitrogen species 
(RONSs) in the aqueous media activated by the cold atmospheric plasma, to get a better insight 
into the dominant mechanism and reactive species in medical applications, a challenge still remains 
in monitoring the real-time evaluation of them. To this end, in the present work, relying on the 
photonic technology based on the time-resolved phosphorescence spectroscopy, real-time tracking 
of RONSs concentration in treated aqueous media is achieved by following the dissolved oxygen 
(DO) production/consumption. Using a photonic-based dissolved oxygen sensor, the dependence of 
real-time RONS concentration evaluation of plasma activated medium on plasma nozzle distance, 
non-thermal plasma jet exposure time, various culture media, and presence of cells is investigated. 
Analyzing the results, the activation parameters including the time of reaching maximum RONS 
concentration after treatment and defined activation parameter ϵ  of the treated media for each case is 
measured and compared together. Moreover, employing the scavengers related to two involved ROSs, 
the dominant chemical reactions as well as ROS contributed in the DMEM medium is determined. As a 
promising result, the obtained correlation between the real-time DO level and viability and toxicity of 
the cancer cells, MCF-7 breast cancer cells, could enable us to exploit the present photonic setup as an 
alternative technique for the biological assessment.
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Plasma medicine is an emerging field that has exhibited tremendous potential in the last decade. With the 
promising prospect of new medical and biomedical treatment, direct cold atmospheric plasma (CAP) jet 
treatment and indirect ones corresponding to plasma-activated medium (PAM) are in the spotlight. Diverse 
studies have shown the effect of non-thermal plasma on the decontamination of microorganisms1–6, wound 
healing7–9, water purification10,11, dental treatment12–14, blood coagulation15 and also the selective killing of 
cancer cells through induction of apoptosis16–27. The CAP consists of electrons, ions, photons, electric and 
magnetic fields, free radicals, as well as RONS. The RONS such as 1O2 (singlet oxygen), atomic oxygen (O), 
H2O2 (hydrogen peroxide), OH· (hydroxyl radical), HO2

· (hydroperoxyl radicals), O2
·− (superoxide anions), O3 

(ozone), NO2
− (nitrite), NO3

− (nitrate), ONOO− (peroxynitrite) and NO· (nitric oxide) transferred to liquids 
through secondary reactions are known as key factor associated with biological response of treated medium. The 
presence of RONS in balanced levels is necessary for apoptosis, immunity, and cell differentiation. Moreover, 
within a certain range, they exhibit anti-cancer selectivity through DNA damage, and failure of antioxidant 
defense without harming healthy cells28. However, the imbalance between their production rate and available 
antioxidants can damage many organelles and cellular processes and eventually disrupt the normal physiology 
of cells. Therefore, real-time monitoring of RONS concentration in the activated medium not only has a crucial 
role in the clinical implementation of plasma therapy but also in understanding the dominant species in each 
therapeutic process.
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Until now, the common methods of colorimetric and fluorescence kits, electrochemical sensors, in-
situ absorption spectroscopy, and electron paramagnetic resonance (EPR) were employed to measure the 
concentration of the RONS in the medium29. The kits and EPR methods, in addition to relatively high cost 
and lack of affordability, provide only the possibility of a single measurement of the concentration at a specific 
time and the electrochemical method suffers from repetitive calibration. In the present work, relying on 
photonic technology based on time-resolved phosphorescence spectroscopy, real-time measurement of RONS 
concentration in treated aqueous media was achieved. One of the main advantages of the employed method 
in this investigation is that, the time-resolved phosphorescence spectroscopy is immune to noises caused by 
photobleaching/quenching and background signals compared to the common intensity-based measurements 
which leads to accurate concentration measurements. In this method, by using an oxygen probe to measure the 
concentration of DO, as a key molecule in the production of RONS, the rate of RONS production/consumption 
in a medium was monitored. Basically, the proposed photonic-based oxygen sensor contains an indicator 
substance which its photoluminescence (PL) lifetime alters due to the reaction with the DO in the medium. 
The platinum porphyrin oxygen sensor is excited using a 30 ns pulsed LED light source. Thereafter, using a 
fast photodetector with a 60 ns rise time, the sensor PL lifetime was calculated in real-time using a one-term 
Levenberg–Marquardt algorithm. By reducing the concentration of the DO in the medium to produce the 
RONS, the PL lifetime of the oxygen sensor increases.

In this work, the proposed photonic technique for real-time tracking of RONS generation and consumption 
following argon CAP plasma jet delivery was assessed with three different biological media of Deionized water, 
Dulbecco’s Modified Eagle Medium (DMEM), DMEM + 10% Fetal bovine serum (FBS) treated with argon (Ar) 
CAP jet. In this perspective, various plasma parameters including the distance between the plasma nozzle and 
the treated medium surface, and the plasma exposure time on the concentration of the RONS species in three 
media were measured instantaneously. To determine the dominant ROS in the DMEM culture medium, two 
scavengers of sodium pyruvate (SP) and terephthalic acid (TA) were adopted to remove H2O2 and OH· species 
in the medium, respectively. Last but not least, besides evaluating the cell’s present role in extracellular RONS 
concentration in the treated cell-culture medium, the correlation between the real-time DO concentration curve 
and the proliferation and apoptosis of cells was found and confirmed by the MTT (3-(4,5-Dimethylthiazol-2-yl)-
2,5-Diphenyltetrazolium Bromide) test.

Materials and methods
Plasma jet device
The CAP used in this work was based on the dielectric barrier discharge method. The components of this jet 
include a quartz dielectric with an inner diameter of 3 mm and an outer diameter of 5 mm. The inner electrode, 
which was surrounded by dielectric, was stainless steel and its diameter was 1.6 mm. The plasma jet consists of 
a 12 cm long, 7 mm inner diameter Teflon assembly merging the quartz capillary and the outer stainless steel 
grounded electrode, wrapped around this Teflon body. The RF power supply with a frequency of 13.56 MHz 
was purchased from Basafan. The power of the power supply was set to 35 W. To control the flow rate of the Ar 
carrier gas, a mass flowmeter by Breezens was used. The gas flow rate during the experiment was set to 4 SLM.

Chemicals
High glucose DMEM culture medium, DMEM/F12, Trypsin-EDTA, and penstrep were purchased from Bio Idea 
and FBS from DNA BioTech. TA scavenger was purchased from Merck and was used to remove hydroxyl radical 
oxygen species from DMEM. SP scavenger was obtained from Sigma Aldrich and was used to remove hydrogen 
peroxide from DMEM. Polydimethylsiloxane (PDMS) was purchased from Dow Corning and was employed to 
glue the oxygen sensor to the bottom of the wellplate due to its biocompatibility.

Preparation of the media
48-well plate was used for the experiment. First, the oxygen sensor was attached to the bottom of the well plate 
with a drop of PDMS and placed in an oven at a temperature of 80 °C for 2 h. The height of each plate well is 
1.7 cm. In the well of the plate where the sensor was located either 1 mL of DI water or DMEM or DMEM + 10% 
FBS or DMEM containing 1 mg SP scavenger or DMEM containing TA scavenger was poured. 0.008 g of TA 
powder and 0.004 g of sodium hydroxide were dissolved in 1 mL of DI water to dissolve TA in the medium. 
The obtained solution was allowed to dissolve well for 1 h. 10 µL of the prepared solution was added to 1 mL of 
DMEM.

Optical spectroscopy
A 4-channel optical spectrometer Avantes model AVS-DESKTOP-USB2 was used to measure the optical 
spectrum of the Ar plasma jet, the absorption spectrum of the DMEM, and the absorption spectrum of the 
photonic sensor. It has a 2048 Pixels CCD linear array and a wavelength range of 197–1072 nm with a resolution 
of 0.19 nm.

Oxygen sensor
To prepare the oxygen-sensitive photonic sensor, platinum metal complex platinum (II)-5,10,15,20-tetrakis-
(2,3,4,5,6-pentafluorphenyl)-porphyrin (PtTFPP) was purchased from Frontiers scientific. 10  mg of PtTFPP 
was combined with 2 mL of toluene and placed on the stirrer for 10 min until they were completely dissolved. 
To prepare the oxygen-permeable polymer matrix, 1 g of polystyrene (PS) granules were obtained from Tabriz 
Petrochemical, dissolved in 5 mL of toluene, and placed on the stirrer for 1 h until these two were well combined. 
Finally, both prepared compounds were mixed and stirred again for 10 min until the desired composite was 
obtained. 100 µL of the prepared composite was poured on a microscopic glass slide to form a 0.1 mm thick film. 
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Then, the sensor was placed in a 53 L Memmert oven for 2 h at a temperature of 80 °C to remove the remaining 
toluene. Finally, using a biopsy punch with a diameter of 8 mm, the oxygen sensor was punched in the form 
of a disk. Both sides of all the sensors were coated with biocompatible PDMS hydrogel to prevent toxicity and 
ensure the biocompatibility of the sensors in the vicinity of the cells. Thus, 1 mL of precured PDMS and 100 µL 
initiator were thoroughly mixed and 10 µL of the mixture was injected on the sensor surface. Then, a 10 μm layer 
was created on each side of the sensor using a spin-coating machine with a spin speed of 2500 rpm for 5 min. 
Afterward, the sensors were placed in an oven for 2 h at a temperature of 80 ℃ finalize the preparation of the 
PDMS layers.

Time-resolved phosphorescence spectroscopy
A homemade oxygen meter was used to measure the concentration of DO in different biological media in real-
time. The oxygen meter includes a blue pulsed LED light source. When the LED light excites the oxygen-sensitive 
film, the sensor emission in the red spectrum was collected using a 3 cm lens on a photodiode. The PtTFPP metal 
complex has absorption in the blue region, so a blue light source was used for its excitation. The PtTFPP oxygen-
sensitive phosphorescent indicator was excited using a 460  nm LED excitation source. DOs in the medium 
penetrate the matrix and interact with the excited indicator molecules. Interaction between the indicator and 
oxygen (O2) molecules changes the PL lifetime of the indicator30. Thus, the excited indicator relaxes from the 
excited state to the ground state and emits light. Using an OSRAM SFH2704 silicon fast photodetector and the 
Levenberg–Marquardt algorithm, PL data was recorded every 2.9 s and is fitted with a one-term exponential 
function. In this system, a combination of two rail-to-rail amplifiers was used to amplify the PL signal. A 10-bit 
analog-to-digital signal converter ADS820 transfers the digital signals to the microprocessor and a computer 
finally processes this information. Corresponding PL lifetimes were calculated and displayed every 2.9 s.

Sensor calibration
The sensor was calibrated to make a correlation between the sensor PL lifetimes and the DO concentrations. 
For this work, a Clark electrochemical sensor was used, which shows the DO concentration in the medium 
in terms of ppm. To calibrate the Clark electrode, 1 g of sodium sulfate (Na2SO4) was dissolved in 100 mL of 
DI water, and then 0.001 g of cobalt chloride was added to the solution as a catalyst. Na2SO4 alone can remove 
the DO of the water, however cobalt chloride (CoCl2) accelerates this process. Clark electrode was held above 
the prepared salt solution very close to the surface to calibrate the upper level (100%) of DO concentration. 
Subsequently, it was placed inside the stirred solution to calibrate the lower level of DO (0%). With this process, 
the Clark electrode was calibrated. Therefore, to calibrate the optical oxygen sensor using the Clark electrode, 
first, the DO concentration inside a tank containing DI water was reduced to 0 ppm purging nitrogen (N2) gas. 
Then, the 0% DI water was pumped into the tank in the area of the oxygen sensor, and for every 0.1 ppm, the DO 
concentration and corresponding PL lifetime were recorded. Thus, the sensor calibration function was achieved 
for further applications. The calibration setup is depicted in Fig. 1.

Temperature and humidity sensor
To measure the temperature and humidity of the surrounding environment before carrying out the experiment, 
the humidity and temperature sensor model DHT11 was used with an accuracy of 1  °C in temperature 
measurement and with an accuracy of 5% in humidity measurement. To measure the temperature of biological 
media treated with plasma, before and after the treatment, the DS18B20 temperature sensor made by Dallas 
Instrument was used.

Fig. 1.  Photonic-based sensor calibration setup including reference oxygen sensor, photonics-based oxygen 
sensor, calibration gauge and N2 cylinder.
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MCF-7 cell culture
To cultivate this cell line, a complete culture medium containing DMEM/F 12, FBS, and penstrep was used, 
with FBS at a ratio of 10% to the complete culture medium and penstrep at a ratio of 0.5%. 5 mL of the prepared 
culture medium was poured into the T25 flask containing cells. The flask was placed inside the incubator with 
95% humidity and 5% CO2 at the temperature of 37 ℃. 0.05% trypsin was used for passage of the cell line with 
2000 rpm centrifugation.

MCF-7 cell line
The MCF cell line was purchased from IBRC. The cell line belongs to a 47-year-old woman.

Results and discussion
The flowchart of the present work is shown in Fig. 2. It is designed to study the dependence of RONS concentration 
in a plasma-activated medium on culture medium, plasma exposure time, nozzle distance, and cell presence, 
based on the real-time monitoring of DO concentration by the proposed photonic technique using optical 
oxygen sensor. The other parameters such as frequency (13.56 MHz) and power (35 W) of the power supply as 
well as gas flow (4 SLM) and gas type (Argon) were kept constant in the experiments. To this end, a schematic of 
the setup is shown in Fig. 3, including an Ar plasma jet powered by an RF power supply, optical oxygen sensor, 
and time-resolved phosphorescence spectroscopy and controller devices.

Figure  4a illustrates the UV-NIR optical spectrum of the Ar plasma jet. Emission peaks corresponding 
to some gas-phase RONS appear in the UV spectrum and the excited Ar molecules in the near-infrared 
spectrum. The oxygen sensor is required to be calibrated to establish a relation between the PL lifetime and the 
DO concentration. Figure 4b shows the calibration data of the sensor fitted with the single-site Stern-Volmer 
function31. The ratio of the PL lifetime at zero oxygen ( τ 0) over the lifetime ( τ ) for a wide range of DO 

Fig. 3.  CAP treatment setup.

 

Fig. 2.  Work flowchart of CAP distance, exposure time and culture medium investigation based on time-
resolved spectroscopy of a DO sensor.
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concentrations is depicted in this figure. By measuring the PL lifetime it is possible to calculate its corresponding 
DO concentration.

A typical example of real-time DO concentration of plasma-activated DMEM medium following a 180 s long 
exposure at the distance of 7 mm from the plasma to the liquid surface is shown in Fig. 5. The DO concentration 
of the medium was monitored for 10 min before applying the plasma, approving the consistency of the DO level 
of the oxygen sensor, placed at the bottom of the well plate. It must be mentioned that as a control case applying 
only Ar without discharge has not considerable change on the DO level.

Immediately after the plasma treatment, the real-time DO concentration in the medium was recorded. 
When the concentration of DO in the medium is reduced, the rate of oxygen penetration into the PS matrix 
of the oxygen sensor is reduced consequently. As a result, there is less collisional interaction with the excited 
PtTFPP molecules which increases the PL lifetime. As shown in the figure, firstly after plasma treatment the PL 
lifetime of the sensor increased, which shows that the DO concentration in the medium is decreasing. Since 
the O2 molecule is one of the main elements in the production of RONS in the medium, consumption of DO is 

Table 1.  Resulting data for the effect of exposure time in DMEM medium at the distance of 7 mm.

 

Fig. 5.  DO variation after CAP treatment for DMEM medium for 180 s exposure time in the 7 mm distance.

 

Fig. 4.  (a) Plasma gas phase radicals in the UV spectrum and excited molecules in the near-infrared spectrum. 
(b) Calibration function of the photonic-based oxygen sensor based on the Stern–Volmer equation.
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related to increasing of RONS in the medium. The RONSs exhibit a limited lifetime, thus after a while the DO 
concentration reaches a minimum and the curve behavior is reversed until it approximately returns to its original 
level. To estimate the activity of the medium during the various treatment conditions, an activation parameter of 
the medium ( ϵ ) was defined as the surface area between the DO curve and the zero DO level. The change in the 
treated medium temperature was also measured. The initial temperature of the surrounding environment and 
DMEM were measured as 26 °C and 25.62 °C, respectively. Instantly after applying the plasma, the temperature 
of the DMEM was measured as 24.31 °C. This reduction in the temperature is due to the evaporation caused 
by the surface layer of the liquid, the creation of a vortex, and the presence of a buoyancy force32,33. Moreover, 
in the treatment by CAP, there is some evaporation from the surface of the medium. The higher the gas flow 
rate, the higher the evaporation rate. In this experiment, the gas flow rate was 4 SLM and there was a significant 
percentage of evaporation.

Evaluation of real-time RONS concentration versus plasma exposure time
In the first step, the dependence of the real-time DO consumption and RONS production in the DMEM medium 
on the plasma exposure time was investigated. To this end, the exposure times of 30, 60, 90, and 180 s were 
examined to monitor the real-time changes in the DO level, where the distance between the plasma nozzle and 
the DMEM surface was fixed at 7 mm. According to Fig. 6a, increasing the exposure time of plasma from 30 s 
to 180 s, the level of DO decreases during and right after plasma treatment, indicating the increment of RONS 
production rate by exposure time in agreement With RONS transfer from the gas phase to the liquid sample. 
Moreover, increasing the evaporation of liquid by the exposure time, the OH· mainly formed from water vapor 
could cause the increment of the concentration of the RONS in the gas phase and also the liquid phase by 
enhancement of H2O2 level. The minimum DO concentration reduces from 3 ppm to 5.5 ppm over time.

According to Table 1, for the plasma exposure time of 30 s, the DO level of DMEM reached its minimum in 
29.2 min after treatment, defined as tmin,DO. This parameter is not dependent on exposure time, where the values 
are approximately 27.3 min and 29.8 min for 60 s and 90 s, respectively. It is suspected that the measured almost 
constant minimum DO time reveals that a single mechanism is involved in all four experiments.

The activation parameter, ϵ , and the temperature of the culture medium before (Ti) and after (Tf) plasma 
treatment for various plasma exposure times are listed in the table. As can be seen, ϵ  is raised by increasing the 
plasma treatment time. In addition, the effect of exposure time of 30 s, 60 s, 90 s, and 180 s for the DMEM at 
two other distances of 14 and 21 mm was investigated. Moreover, the effect of exposure time was studied for two 
media of DI water and DMEM + 10% FBS at 3 distances of 7, 14, and 21 mm and the results are provided in the 
supplementary file (Supplementary Figs. S1, S2, and S3).

Evaluation of real-time RONS concentration following DMEM exposure for different nozzle-
sample gap distances
In the second stage, to evaluate the effect of plasma nozzle distance on the RONS generation/consumption 
in the DMEM, the real-time DO measurement was carried out for 180 s plasma treatment of DMEM at three 
distances of 7, 14, and 21 mm, presented in Fig. 6b. As can be found, by increasing the distance between the 
plasma nozzle and the treated surface from 7 to 21 mm, the ∆ DO and as a result, the RONS generation in the 
medium decreases. This means that the concentration of RONS produced in the aqueous phase has an inverse 
relationship with the plasma distance. The greater the distance between the plasma nozzle and the surface, the 
lower its effect on the medium. At shorter distances, the species produced in the gas phase by the discharge have 
more opportunity to instantly reach the liquid phase and thereby perform repetitive chemical reactions. When 
the distance increases, these species in the gas phase do not have enough time to reach the liquid phase, so they 
dramatically disappear after a limited time and reduce the amount of RONS concentration in the medium. For 
180 s plasma treatment, increasing the distance from 7 to 21 mm, the ∆ DO changes from 5 to 2.5 ppm. For 
DMEM in three treatment durations of 30, 60, and 90 s and two media of DI water and DMEM + 10% FBS in all 

Fig. 6.  (a) The effect of exposure time on the DO variation. (b) The effect of plasma distance on the DO 
variation.
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four mentioned exposure times, the effect of plasma distance was measured and available in the supplementary 
file (Supplementary Figs. S4, S5, and S6).

Realtime RONS concentration measurement for different culture medium
In the third step, the effect of culture medium type on the real-time RONS production at the distance of 7 mm 
of nozzle from the treated surface and the plasma exposure time of 180 s was studied for three media including 
DI water as a basic medium, DMEM, and DMEM + 10% FBS. As a first output, one can clearly find that the 
maximum RONS be achieved for the DMEM rather than basic DI water, while it is reverse for the DMEM + 
10% FBS due to the presence of albumin protein with antioxidant properties to trap RONS such as OH·34. On 
the other hand, comparing the tail of the graphs in Fig. 7a, the time it takes for DI water and DMEM + 10% FBS 
to recover the initial DO concentration level is shorter than DMEM. It shows the plasma-treated culture media 
remain longer active compared to basic ones and it is greater for DMEM in comparison with the DMEM + 10% 
FBS solution. This can be due to the presence of different types of amino acids, vitamins, glucose, and inorganic 
salts in high-glucose DMEM. Finally, the obtained activation parameters for three activated media have been 
reported in Table 2. As can be found, ϵ  is equal to 50,015 ppm.s for DMEM, which is more than DI water and 
DMEM+10% FBS with values of 20,341 ppm.s, and 25,314 ppm.s, respectively. More results for various plasma 

Table 3.  The effect of simultaneous and discrete scavengers in DMEM on t min, ∆ DO, ϵ , Ti and Tf.

 

Table 2.  The effect of different culture media at the distance of 7 mm and the exposure time of 180 s.

 

Fig. 7.  (a) The effect of different media on the DO variation for the exposure time of 180 s in the distance of 
7 mm. (b) Change in DO concentration for all three media at the distance of 21 mm and the exposure time of 
30 s. (c) application of SP, TA and simultaneous application of both in DMEM media.
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nozzle distances and plasma exposure times are available in the supplementary file (Supplementary Figs. S7, S8, 
and S9).

To examine the nozzle distance and exposure time effects on the activation of three media, the DO 
concentration of three media at the distance of 21 mm and the exposure time 30 s is documented in Fig. 7b. 
From this figure, the DO level is approximately equal for all three media of DI water, DMEM, and DMEM + 10% 
FBS. For this distance and treatment time, the RONS level in the medium was not considerable due to the 
relatively large distance to the treated surface and the short exposure time. In this sense, the species did not have 
sufficient time to transfer from the gaseous phase to the liquid ones. For this reason, in this timing, the dip of the 
diagram disappeared as is clear in the Fig. 7b. For 30 and 60 s treatment of DMEM + 10% FBS at the distance of 
14 mm, and for 60s at the distance of 21 mm, the conditions were similar, where the corresponding graphs are 
available in the supplementary file (Supplementary Figs. S8a, b, S9a).

Realtime monitoring of dominant RONS in plasma-activated DMEM
In this section, to track the real-time concentration of the dominant species of RONS including OH· and H2O2 
in activated DMEM, sodium pyruvate (SP) and terephthalic acid (TA) scavengers were employed separately 
and simultaneously for the treated DMEM by the plasma. Plasma nozzle distance and plasma exposure time of 
respectively 7 mm and 30 s were set constant during these experiments. In Fig. 7c, the pink triangles represent 
the DMEM + SP and the green circles show the DMEM + TA, whereas the red squares illustrate the DMEM 
in the absence of scavengers. Comparing the graphs, the considerably deeper dip corresponding to the DMEM 
in the absence of scavengers than the other two media including the scavengers shows the critical role of the 
OH· and H2O2 in the activity of the treated media. From the DO concentration graph of DMEM + TA, it can be 
observed that by removing the OH· in the medium, the DO level increases compared to DMEM. In agreement 
with the results, removing the OH· from the medium, the hydrogen atom (H) by the reaction OH + e → H +O 
cannot be created and so, regarding the reaction H +O2 → HO2, the DO in the medium cannot be consumed. 
On the other hand, according to the reaction OH +OH +O2 → H2O2 +O2, if the OH· is removed from 
the medium, the O2 cannot be consumed to produce H2O2 as a more stable RONS in the medium. As a result, 
this can be another reason for the higher concentration of DO in the medium after the removal of the OH· 
compared to DMEM. It must be mentioned that, by removing the OH·, H2O2 remains in the medium and 
since it is a more stable RONS, the DO level does not increase significantly. By removing the H2O2, according 
to the reaction OH +H2O2 → H2O +HO2, the OH· cannot be consumed in the medium. Due to the 
reaction OH +O → H +O2 the concentration of DO inside the medium is significantly higher than DMEM 
and even than that of DMEM+TA. Comparing the dip corresponding to DMEM + TA and DMEM + SP with 
DMEM+TA+SP, one can find that with the removal of H2O2, unlike the removal of OH·, the RONS level in 
the medium is greatly reduced compared to DMEM, which likely indicates that H2O2 is a dominant species in 
the activated medium rather than its dominant precursor OH·. It could be found from the approximately same 
behavior of the DMEM+SP compared to the DMEM+TA+SP.

The activation parameters of the different conditions are gathered in Table 3. As can be seen, the ϵ  in DMEM 
is more than the other media, and then DMEM + TA has a larger ϵ  than DMEM + SP + TA and DMEM + SP. 
Additionally, the results obtained for all three times of 30, 60, and 90 s at a distance of 7 mm and the simultaneous 
application of TA + SP for the exposure time of 90 s are available in the supplementary file (Supplementary Fig. 
S10).

Real-time monitoring of RONS concentration in the culture medium containing cells
In the last step, using the optical method for real-time DO detection, the effects of cell presence, MCF-7 breast 
cancer cells in the present section, on the evaluation of extracellular RONS concentration after CAP treatment 
was investigated. The designed experiment is a response to raised questions about how the presence of cells 
influences the production/consumption of the extracellular RONS in the medium after the plasma treatment 
and whether there is a significant correlation between the real-time RONS evaluation with the viability or 
toxicity of the cells. For this aim, for two plasma exposure times of 90 s and 180 s at the nozzle distance of 7 mm, 
the role of the presence of cells inside the culture medium DMEM/F12 was examined on the DO concentration 
level of medium, or equivalently the extracellular RONS production/consumption. In Fig. 8a, b, the trend of the 
graph for the 90s and 180s exposure times in the culture medium containing cells is different from the medium 
in the absence of cells, where the black squares are related to the change in DO concentration in the absence 
of cells and the red circles are related to the medium containing cells. As can be seen, for 90 s treatment time, 
the presence of cells increased the concentration of DO in the medium compared to the sole culture medium. 
While, in the case of 180 s, the observation was opposite and the concentration of DO in the medium containing 
cells was lower than in the culture medium in the absence of cells. To find the reason and probable correlation 
between the DO concentration evaluation and the toxicity of the cells, 24 h MTT tests were performed for both 
conditions at the same time. Interestingly, Fig. 8c reveals that for the case of the 90 s plasma treatment, the cells 
entered into their apoptotic phase while, for the case of 180 s, the cells entered the proliferation phase. One can 
conclude that by entering the cells into the proliferation phase, they consume DO and produce RONS and this is 
why the DO graph is lower than solely culture medium for 180 s treatment time. On the other hand, for the 90 s 
exposure time, the cells enter into apoptosis probably by consuming the low level of RONS generated by plasma 
exposure. These results could raise the idea of using real-time measurement of the DO level as a replacement for 
biological assays like MTT on qualitative or even quantitative cell toxicity and proliferation assessments.

Conclusions
In this work, the dependence of real-time RONS concentration evaluation of plasma-activated medium on 
plasma nozzle distance, non-thermal plasma jet exposure time, various culture media, and presence of cells were 
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investigated based on the time-resolved phosphorescence spectroscopy of an oxygen sensor. For this purpose, 
calibrating the photoluminescence lifetime curves as the output of the oxygen sensor to DO concentration 
graphs, related to the RONS concentration, the real-time evaluation of the RONSs for four treated media of DI 
water, DMEM, DMEM + FBS, and DMEM/F12 in the presence and absence of MCF-7 breast cancer cells were 
compared under the various of therapeutic conditions including 30 s,60 s, 90 s, and 180 s of plasma exposure 
times and three nozzle distances of 7, 14, and 21 mm. Analyzing the results, the activation parameters including 
the time of reaching maximum RONS after treatment and defined activation parameter ϵ  of the treated media 
for each case were achieved and compared together. Additionally, by adding SP and TA scavengers, the dominant 
chemical reactions as well as ROS produced in the DMEM medium with DO consumption were identified.

It was observed that the real-time RONS concentration level corresponded to the DO level in all three 
activated media of DI water, DMEM, and DMEM + 10% FBS increases by plasma exposure time and decreases 
by the plasma nozzle distance. Moreover, comparing the defined activation parameter for all three media, it was 
greater for activated DMEM than the basic medium of DI water due to DMEM’s nutritious ingredients while it 
was the opposite for activated DMEM + 10% FBS due to the involved antioxidant properties of albumin protein 
in this medium. In all experiments, the temperature of the medium treated with plasma was reduced due to 
surface evaporation caused by the formation of a vortex and the presence of a buoyancy force. Last but not least, 
it was shown that the presence of the cancer cells in the proliferation phase causes to settle the DO concentration 
curve to be lower than the sole culture medium as a basic one while, it was reversed for the case at the apoptosis 
phase. It seems the obtained correlation between the DO level and viability and toxicity of the cells could enable 
us to exploit the present photonic technique as a replacement for the biological assays in this regard like the 
MTT test.

At the end, the sensitivity of the employed photonic-based diagnostic in this study could likely be optimized 
for specific biological applications. Selecting a dedicated light illumination source and optical setup together 
with enhancing the phosphorescence detection device sensitivity for challenging conditions should lead to the 
broad-range applicability of the method.

Data availability
Data is provided within the manuscript or supplementary information files.
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