Plasma Chemistry and Plasma Processing
https://doi.org/10.1007/s11090-024-10488-2

ORIGINAL PAPER |

®

Check for
updates

Quantitative Measurement of ROS Penetration into Model
Tissue Under Plasma Treatment Using Image Processing

Bingkai Wang' - Nan Zhang' - Chengfeng Xiong' - Xu Yan? - Zilan Xiong'

Received: 12 March 2024 / Accepted: 10 June 2024
©The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Plasma dose quantification is one of the core problems in clinical of plasma medicine. The
spatial-temporal distribution and the total dose of the reactive species from plasma into the
processed object are especially important in clinic. In this study, we developed a measure-
ment scheme based on image processing technology for quantifying the penetration dose
of reactive oxygen species (ROS) into model tissues, and analyzed the effects of treatment
conditions on the concentration distribution and the total amount. First, by establishing
a numerical relationship between the color index and ROS concentration through image
processing and titration experiment, the spatial concentration distribution of ROS on each
sliced layer of the treated sample was calculated. Then, the ROS penetration depth was
obtained through image segmentation of longitudinal sliced tissue image. Finally, by in-
tegrating the concentration of each layer and the depth, the absolute amount of ROS was
obtained. Both the penetration depth and absolute amount exhibit a positive correlation
with treatment time and a negative correlation with treatment distance under an Ar plasma
jet treatment. A range of penetration depth of 0.5-3 mm and total dose of 0.05-0.47 pmol
was obtained under the setting conditions. The effectiveness of the proposed method was
confirmed by comparing with the total ROS amount measured by UV-Vis method dis-
solved in liquid, providing a new solution for the issue in plasma dose quantification, and
is also benefit for the understanding of plasma-tissue interaction.
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Introduction

Low-temperature plasma can interact with biological tissues to produce a series of medical
effects. Plasma medicine research has been conducted in various fields such as skin disease
treatment [1, 2], cosmetic wrinkle reduction [3], cancer therapy [4—6], and tissue ablation
[7]. Similar to traditional medicine, dose is a very important issue in plasma medicine [8].
Initially, plasma treatment conditions such as voltage, flow rate, and treatment time, were
used as the dose of plasma [9—11]. But these parameters are subject to many limitations,
such as electrode structure, gas type, and treatment gap. The discovery of the crucial role of
the reactive oxygen and nitrogen species (RONS) in clinical applications [12], makes it a
natural choice to define plasma dose based on RONS. Direct gas-phase RONS concentration
or indirect equivalent total oxidation potential (ETOP) are then used to define plasma dose
[13, 14]. When tissues are treated by plasma, the reactive species in the gas phase does not
completely works. It is the reactive species that enter the tissues that truly cause treatment
effect. Therefore, it is crucial to quantitatively measure the long-lived reactive species that
enter the tissues. However, the existing methods are unable to conduct accurately quantita-
tive measurement, making dose delivery a core issue in plasma medical applications [15].

Series of studies have been conducted on this hot topic, with penetration concentration,
penetration depth and spatial distribution being the key measurement parameters of focus
[16-25]. For penetration concentration, it is usually converted to the measurement of the
average concentration in the liquid phase, such as extracting reactive species into PBS buf-
fer solution through grinding for liquid-phase diagnosis, or directly measuring the treated
gelatin solution [17, 18, 26]. There are many studies on the measurement of penetration
depth, which are mainly divided into direct methods involving the use of metallography or
fluorescence microscopy to measure coloration or fluorescence depth, and indirect methods
utilizing tissue covering buffer solutions of varying thickness to indirectly measure pen-
etration depth by analyzing the components in the buffer solution [19-22]. As for spatial
distribution, qualitative analysis of the distribution of reactive species is mainly conducted
through the color depth in two-dimensional images [23, 24, 27]. Currently, there are nearly
no effective methods for the measurement of absolute amount of RONS which penetrate
into the tissues and the existing methods cannot achieve quantitative measurement of the
concentration and spatial distribution of RONS in plasma-treated tissue. Meanwhile, the
strong requirement of understanding the mechanisms of plasma-tissue interactions has
accelerated the need for measurements of the spatial distribution and total amount of ROS.
Therefore, developing new effective measurement scheme are of great importance.

The development of digital image processing technology has provided new solution for
plasma diagnosis. In existing studies, a series of diagnoses of discharge states and plasma
products have been achieved by combining deep learning and image processing technol-
ogy [28-31]. The image contains abundant color information. In basic RGB image, various
colors and intensity features can be described through the single or multiple combinations
of pixel values ranging from 0 to 255 in the Red, Green, and Blue channels. Usually, the
detection reagent for ROS is Kl-starch, which undergoes varying degrees of blue color
reaction with different concentrations of ROS. The mixing of ROS detection reagents in
model tissue enables the distribution of reactive species to be detected through coloration
reactions, providing possibility for quantifying ROS in model tissue using image processing
method. Due to the fact that the detection reagent is mixed into the solid phase of the model
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tissue and the subsequent sectioning operations that may be performed, the coloration image
obtained may not be a pure blue color. So the color produced by the colorimetric reaction
cannot be directly described using single RGB values, and may require conversion to other
color spaces to establish numerical relationship, which poses a challenge for accurate quan-
titative measurement of ROS.

In this study, we propose a quantitative measurement of ROS in plasma-treated model
tissue based on image processing and analyzed the effects of treatment conditions on the
concentration distribution and the total amount. Through titration reaction and image pro-
cessing, we establish a numerical relationship between concentration and S pixels to achieve
the measurement of concentration at each point on every layer of the model tissue after
plasma treatment. Subsequently, image segmentation methods are employed to analyze the
longitudinal section images, enabling the measurement of penetration depth. Finally, the
absolute amount is obtained by integrating the size proportion relationship, and the effect of
operation parameters are measured and compared.

Experimental Platform and Methods
Sample Preparation

In the plasma-treated model tissue, ROS such as O, OH, H,0, and O; convert I™ to I,, lead-
ing to a colorimetric reaction with starch. However, due to the short-life and high reactivity
of O and OH as reactive species, their permeability to bio-macromolecules is extremely
weak, and thus they are not considered as the main ROS components penetrating into tissue
[16, 32, 33]. In contrast, the long-lived H,0, and O, as the main ROS components involved
in penetration, have the same reaction ratio with Kl-starch, generating an equal amount of
I, and leading to a colorimetric reaction [34, 35].

O3 +21~+ HyO — I, +20H™ + Oy (nH

H202+2H++2[7 — Iy +2H50 2)

The titration reaction of sodium thiosulfate with KI-starch can yield the amount of I,, and
thus indirectly calculate the total amount of ROS, as shown in the reaction [34].

I, +28,05 — 21~ + S,08” 3)

As shown in the sample preparation process in Fig. la, to establish the relationship between
concentration and color, it is necessary to prepare standard coloration model tissues with
different concentrations. A 15% gelatin (Sigma—Aldrich) is prepared as the model tissue,
mixed with KI-starch (0.5% starch and 0.5% KI (Sinopharm), theoretically capable of pro-
ducing a concentration of 15 mM I,). In the proposed indirect quantification method for
ROS, the colorimetric reaction is induced by the generation of I,, which results in varying
degrees of coloration at different concentrations of I,. Therefore, H,O, at different concen-
trations (far below the theoretical reaction concentration limitation in the model tissue) is
mixed into the model tissue to generate 8 standard model tissue samples with different con-
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Fig. 1 (a) Sample preparation process, (b) Image processing flow, (¢) Titration experiment operation
process

centrations, each corresponding to a different coloration. Subsequently, the standard sample
is placed into a freezing microtome (Leica, CM 1950) at -20 °C for 20 min before section-
ing, with a section thickness of 100 um. After circular extraction of the sections (red circular
area in Fig. 1a), the color information of the circular area is obtained by capturing images
of the sections with a camera for further processing. Concurrently, titration experiment is
conducted on the central circular area of the sections to obtain the average ROS concentra-
tion in that region.

After obtaining the section images as shown in Fig. 1b, the image is first cropped to
remove background interference. Subsequent operations involve binarization and contour
extraction to obtain the contour of the central circular region in the image. Finally, the
color information within this contour is computed, capturing pixel values in the RGB color
space (red, green and blue), as well as the HSV color space (hue, saturation and value). The
titration process was shown in Fig. 1c. Initially, 10 uM Na,S,0; is used to rapidly fade the
section color, followed by fine titration using 1 uM solution. After each addition of 20 pL,
the solution is oscillated for approximately 10 s until the color completely disappears. The
volume of titrant added at each step is recorded, and combined with the actual area of the
region, allowing for the calculation of ROS concentration. By executing these two pro-
cesses, corresponding concentration and color information can be obtained for subsequent
numerical analysis.

Data Analysis

In order to ensure the accuracy of the experiment, a total of 40 sets of data were obtained
by analyzing 5 independent repeated samples for each of the 8 different concentrations of
standard samples, and these data were obtained to data analysis. By comparing the results,
it was found that the variation trend of the S pixel channel in the HSV color space was
highly consistent with the concentration. The S pixel is a description of color depth, which
is consistent with the observed phenomenon of coloration reaction depth. Multiple meth-
ods were employed for data fitting, including conventional RGB multivariate linear fitting
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Fig. 3 Measurement process of penetration depth using longitudinal section image

(R*=0.87), third-degree function fitting for the S pixel (R>=0.92), and logistic function
fitting for the S pixel (R2=0.93). As shown in Fig. 2a, the logistic function with the best
fitting result was selected as the model for describing the numerical relationship between
color and concentration.

_ 3064.524 y
C = — S0 349 303 @)

[L4-e0147(5-19-479)]

Through this fitting function, the ROS concentration of each pixel on the image can be
directly obtained, accurately, and without being restricted by shape.

In order to further test the accuracy of this method, the fitting result was applied to new
slices to obtain the average calculated ROS concentration for each selected region of the
slice. Then, titration experiments were conducted on selected region to obtain the average
actual ROS concentration. As shown in Fig. 2b, the relative error values of the measure-
ments for the 10 samples were calculated. The average relative error was within 6.5%,
indicating that this method has a high measurement accuracy and can meet the requirements
of practical applications.

Measurement of Penetration Depth

As shown in Fig. 3, for the measurement of penetration depth, image segmentation can
be employed to extract information from longitudinal section images of the model tissue.
After reading the original RGB three-channel image, it is converted into a single-channel
grayscale image. Due to the high contrast between the staining region and the background,
the staining region can be extracted using Otsu threshold segmentation, resulting in a binary
image. Finally, by counting the number of white pixels along the radius and applying the
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rate relationship between pixel size at a fixed position and actual size, the actual distribution
of penetration depth along the line can be obtained.

Measurement of Absolute Amount

After obtaining the ROS concentration of each pixel in each layer of sliced image, the fixed
slice thickness and imaging position enable the feasible estimation of the absolute amount
of penetration. The absolute amount n,, of each pixel can be calculated using Eq. (5), where
C represents the concentration of each point, obtained from Eq. (4), with d representing the
slice thickness (100 um). S, epresents the actual area of each point, which can be calculated
through the proportional relationship between pixel size and actual size at a fixed position.
This formula allows for the determination of the absolute amount of ROS for each point,
and by summing the pixels of the sliced area mask, the total amount # can be obtained from

Eq. (6).

n, = CV, = CS,d )

n= Zpewa&k Tp (6)

Experimental Setup and Treatment

Figure 4 shows the plasma jet experimental setup. In this study, a needle-ring structured
plasma jet source is employed. The jet tube, with an inner diameter of 3 mm and outer diam-
eter of 5 mm, is composed of quartz. Within the quartz tube, a steel needle with a diameter
of 0.6 mm serves as the high-voltage electrode, connected to the pulsed power supply (Xi’an
Smart Maple Electronic Technology, HVP-20P). The ground electrode consists of a 9.5 mm-
wide copper foil wound around the quartz tube, positioned 5 mm above the upper edge of

Tektronix
HVP-20P DPO2024B
Tektronix

e
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Fig. 4 Plasma jet experimental setup
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the high-voltage electrode and 5 mm below the exit of the quartz tube. The parameters of
the pulsed power supply are set to a voltage of 6 kV, a pulse width of 2 us, a frequency of
8 kHz, and rise and fall time of 100 ns. The voltage and current signals are detected by
a voltage probe (Tektronix P6015A) and a current monitor (Pearson 6585), respectively,
and the waveforms are recorded by the oscilloscope (Tektronix DPO2024B). The emission
spectrum is measured using an emission spectrometer (Ocean Optics FLAME-S). Argon gas
(99.999%) is employed as the working gas with a fixed flow rate of 1 SLM.

The model tissue is placed in a Petri dish with a diameter of 60 mm, using gelatin and
Kl-starch identical to those in the standard sample. Under fixed voltage and flow rate, the
plasma jet is applied to the model tissue surface at distances of 2 cm, 2.5 cm, and 3 cm
from the bottom end of the quartz tube for treatment times of 5 min, 10 min, and 15 min,
respectively. After treatment, the treated sample undergoes the standard procedures descript
above, and then the concentration distribution on each layer and the penetration depth under
different treatment conditions would be obtained.

To validate the results obtained by the image processing method, the UV-Vis spectro-
photometer (SpectraMax M4 Multi-Mode Microplate Readers) is employed to measure the
average ROS concentration (detected by starch-KI; Sinopharm) extracted from the treated
sample in the liquid phase. After the treatment of blank tissue model sample with plasma
jet, the superficial layer of the tissue model within a 22 mm diameter circular area was
extracted. Then after the series processes such as dissolution, agitation, and centrifugation,
the supernatant with the dissolved reactive species was extracted and mixed with detection
reagents for UV-Vis detection to measure the average concentration in liquid phase, and the
total amount of the ROS was then calculated.

Results and Discussion
V-l Characteristic and OES

The waveforms of applied voltage and current are shown in Fig. 5a with a 6 kV voltage
amplitude. Two typical current pulses are observed at the rising and falling edges of the
voltage pulse. The emission spectrum of the plasma jet between 200 and 800 nm is shown in
Fig. 5b, clear excitation states of Ar are detected between 650 and 800 nm. As the discharge
propagates from the tube to the surrounding air, due to the interaction of the plasma with the
N,, O,, and H,O in the environment, the excitation states of N, (310-450 nm), the distinct
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Fig.5 (a) Voltage and current waveform of the plasma jet, (b) Optical emission spectrum
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emission of OH (309 nm) is all observed. These excited state species can directly or indi-
rectly form RONS, particularly OH, which may further participate in reactions to generate
long-lived H,0, and O;.

Distribution of ROS Under Different Conditions

After treatment under various conditions and left for 30 min to fully react, visible color
change reaction occurred in the model tissue, as shown in Fig. 6a. A circular blue coloration
area was formed with the treatment center as the origin, and the treated point appeared
darker, almost black. Similar phenomena have also been reported in existing literatures [22,
32, 36]. The diameter of the circular coloration area under various treatment conditions
ranged from 6.5 mm to 20 mm, as depicted in Fig. 6b. It was observed that at the same dis-
tance, the diameter of the coloration area increased with longer treatment time. This can be
attributed to the long interaction time between the plasma and the model tissue, potentially
leading to a more extensive diffusion of the coloration area over a longer period. Con-
versely, under the same treatment time, an increase in distance resulted in a smaller diameter
of the coloration area. This phenomenon is attributed to the decrease in the concentration of
reactive species reaching the model tissue as the distance increases, and the reduction in the
contact area between the plasma jet and the model tissue, leading to a weakening of the reac-
tion generated by ROS and a decreasing trend in the coloration area. The two-dimensional
distribution can only qualitatively characterize the effective treatment range and reaction
intensity, while precise quantitative measurements of concentration and penetration depth
are more important for the dose quantification in clinical application.

Quantitative Concentration Distribution of Each Sliced Layer

After treatment, the model tissues were sliced under the same freezing conditions as the
standard samples. Due to the size limitation of the freezing microtome, circular area with a
diameter of 22 mm (larger than the maximum diameter of the coloration area under various

treatment conditions) were extracted, with the coloration area as the center. After obtaining
each layer of the slice, the pixel points of the sliced area were obtained through image pro-
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Fig.6 (a) 2D coloration distribution of model tissue under various treatment conditions, (b) The diameter
of the circular coloration area at 2, 2.5 and 3 cm for 5, 10 and 15 min
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cessing, and by substituting the numerical relationship in Eq. (4), the concentration of each
point could be obtained.

Taking the sliced model tissue under the condition of 2 cm and 10 min of treatment time
as an example, the spatial distribution characteristics of ROS concentration were analyzed,
as shown in Fig. 7. It can be observed that the ROS concentration on each layer of the
slice almost consistently exhibits a distribution pattern of higher concentration at the central
treatment point and lower concentration at the periphery. Furthermore, as the penetration
depth increases, the average concentration of the sliced area gradually decreases. The ROS
concentration at the central treatment point ranges from 1000 to 3000 uM, while the periph-
eral area ranges from 0 to 1000 pM, with the concentration of each layer of the slice ranging
from 0 to 2500 pM. This spatial distribution pattern may be attributed to the concentrated
interaction between the plasma jet and the model tissue at the point of contact, generating
a stronger chemical reaction and producing more ROS. ROS diffuses from treatment point
to the surrounding area. As it diffuses outward, it experiences continuous reactions, leading
to a decrease in ROS concentration. This results in the characteristic of higher concentra-
tion at the center and lower concentration at the periphery. As ROS gradually penetrates
into deeper layers of the model tissue, it experiences continuous reactions that result in its
consumption, leading to a decrease in concentration. Therefore, the deeper the penetration,
the lower the average concentration.

Penetration Depth

After processing the longitudinal section image of the treated model tissue through image
segmentation, the radial distribution of penetration depth can be obtained. Taking the treated
sample at 2 cm 10 min as an example, the radial distribution of penetration depth is shown
in Fig. 8a. The origin of the X-axis is set at the treatment point, which also represents the
position with the maximum penetration depth of 2.2 mm. As the distance from the origin
increases, the penetration depth gradually decreases to 0 mm. During the plasma jet treat-
ment process, ROS accumulate near the treatment point and continuously react as they
diffuse freely towards the surrounding area. Therefore, the treatment point corresponds to
the location with the maximum penetration depth, which decreases towards the periphery.
The maximum penetration depth under various treatment conditions is shown in
Fig. 8b. It can be observed that the range of maximum penetration depth is approximately
1.25-3 mm. The maximum depth exhibits an increasing relationship with treatment time,
and a decreasing relationship with distance. This pattern is also correlated with the accu-
mulation of ROS: as the treatment time increases, the accumulation of ROS also increases,

Fig.7 ROS distribution of layer 4, 3000 2500 2000 1500 1000 500 o
8,12, 16 and 20 at 2 cm, 10 min B

ROS

’n. stribution/pM
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leading to enhanced penetration capability. With an increase in distance, the accumulation
of ROS in the treatment area decreases, resulting in reduced penetration depth. In the exist-
ing literature, the maximum penetration depth of H,O, into muscle tissue obtained by treat-
ing with He+ O, plasma jet was reported to be approximately 0.5—-1.5 mm [26]. And another
treatment of model tissue with He plasma jet resulted in a maximum H,0O, penetration depth
of approximately 1.5 mm [22]. The range of 1.25-3 mm measured in our study falls within
the same order of magnitude. Considering the variations in plasma sources and treatment
conditions, such differences are deemed acceptable.

Absolute Amount

Figure 9a and b show the variation of average ROS concentration with the layer number
under different treatment time and distance. At the same distance of 2 cm but different treat-
ment times, the range of average concentration variation is 0-2500 pM, with the concentra-
tion gradually decreasing as layer number increases. In general, with longer treatment time,
the average concentration at the same layer number is higher. This is because the longer
interaction time between the plasma and the model tissue results in a greater accumulation
of ROS. Under the same conditions, the corresponding ROS concentration at the same layer
number is higher. Under the same treatment time of 10 min but different distances, the range
of average concentration variation is also 0-2500 puM, with the concentration gradually
decreasing as the layer number increases. This is due to the weaker interaction between the
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Fig. 10 ROS absolute amount at 2, 0.7
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plasma and the model tissue as the distance increases, resulting in a smaller accumulation at
the same time and a lower ROS concentration at the corresponding layer number. In exist-
ing reports, the average H,O, concentration permeating into the tissue obtained by treating
mouse skin with He+O, plasma jet was approximately 2700 pM [17], while the average
concentration obtained by treating a 2% gelatin solution with KINPen was approximately
2500 uM [18]. The range of 0-2500 uM measured in our study is within the same order of
magnitude. Considering the differences in plasma sources and treatment conditions, such
differences are deemed acceptable.

After obtaining the ROS concentration for each point in every slice, the absolute amount
of ROS for each point and each slice can be obtained by substituting into Egs. 1 and 2. The
accumulation of each slice can then yield the total absolute amount of ROS in the model
tissue. The absolute amount of ROS under various treatment conditions is illustrated in
Fig. 10, with a range of variation between 0.05 and 0.47 umol. The absolute amount of ROS
exhibits a monotonically increasing relationship with treatment time and a monotonically
decreasing relationship with distance. The absolute amount of ROS is directly related to
the accumulation of ROS in the treatment area during the processing. During the plasma jet
treatment of the model tissue, ROS accumulates in the treatment area and permeates into
the model tissue. As the treatment time increases, the accumulation of ROS also increases,
resulting in a greater total absolute amount in the tissue model. Conversely, with an increase
in distance, the accumulation of ROS in the treatment area decreases, leading to a reduction
in the absolute amount of ROS.

Comparison with the UV-Vis Method

To further validate the results obtained by the image processing, a comparative analysis of
total ROS amount was conducted with UV-Vis method as descript in Sect. 2.5. The com-
parison result is shown in Fig. 11. It can be seen from the results in the test samples, the total
ROS amount obtained by the image processing method in tissue model and by the UV-Vis
method dissolved in liquid are numerically close. These are in the same order of magnitude
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Fig. 11 The comparison of the 1.0
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as existing reported results, positively demonstrating the effectiveness of the image process-
ing method.

Conclusion

In response to the dose issue in plasma medical applications, this study proposed a measure-
ment scheme based on digital image processing to quantify the penetration dose of ROS
into model tissue and analyzed the effects of treatment distance and time on the penetration
depth and total amount of ROS into the model tissue. A characteristic of high concentration
in the center and low concentration at the periphery was found in the treated sample. As
the penetration depth increases, the average concentration on each sliced layer gradually
decreases within a range of 0-2500 uM. The ROS penetration depth exhibits the charac-
teristics of deepest penetration at the treatment point, and gradually decreases around the
center of the point. Additionally, the maximum penetration depth demonstrates a monotoni-
cally increasing correlation with treatment time and a monotonically decreasing correlation
with distance. The maximum absolute penetration amount of ROS was achieved under the
treatment condition of 2 cm distance and 15 min, with a value of approximately 0.47 umol.
Similarly, the absolute amount is positively correlated with treatment time and negatively
correlated with distance. Both the variation in penetration depth and absolute amount with
distance and treatment time are related to the cumulative effects of ROS in the region around
the plasma jet treatment point. The proposed method provides accurately measurements
for the spatial distribution and absolute amount of ROS that penetrate into model tissues
under plasma treatment, and also a robust reference for the dose quantification in medical
applications.
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