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Abstract. In this work, we studied the effect of a carbon coating created on the surface of a 

polyvinyl chloride blood storage bags on protein adsorption, cell culture proliferation, and on 

whole blood leukocytes. Based on the results obtained, it can be assumed that the preservation 

of leukocytes is more effective in the blood storage bags treated by the ion-plasma method, in 

comparison with the untreated one. The adhesion of blood cells occurs on the carbon coating of 

the plasma-treated surface of the blood storage bags. This can be eliminated by preliminary 

application of proteins that prevent cell adhesion on the walls of the blood storage bags. 

1. Introduction 

According to the WHO, about 118.5 million blood donations are collected annually in the world. Blood 

and its components are widely used for blood transfusion and diagnostics in medicine, in 

biotechnological processes of the pharmaceutical industry and in scientific research. Rapid destruction 

of blood cells ex vivo limits logistics and storage. In blood transfusion medicine, whole blood is usually 

processed into various components for specialized storage within 24 hours. Aggregation of blood cells, 

collateral damage due to the activation of leukocytes, lysis of cells with the release of chemokines 

significantly affect healthy and living cells [1, 2, 3]. The material of the wall of the polymeric blood 

storage bag can also be a factor in the destruction of blood cells outside the body [4, 5]. This factor is 

not sufficiently described in the scientific literature, and may also be significant. The surface of the 

polymer container can have a destructive effect on cells, cause a reaction of leukocytes, creating an 

aggressive environment for the cell mass. Earlier in our work [6] it was shown that the carbon surface 

obtained by the ion-plasma method on polyurethane promotes improved proliferation of human cell 

culture in comparison with the surface of an untreated polymer. This work is a pilot to create a carbon 

coating on the inner surface of a polyvinyl chloride blood storage bag and to assess the possibility of 

better preservation of blood cells in it. 

2. Results and Discussion 

We used 6 Ravimed (Poland) polyvinyl chloride (PVC) blood storage bag with a volume of 450 ml. One 

of the containers was cut into pieces to create a carbon coating using the standard technology of ion-

plasma processing of flat samples, as well as for use as a control untreated flat sample. The method of 

plasma-immersion ion implantation (PIII) was used. The samples were treated with 20 keV nitrogen 

ions for 80, 400, and 800 s, which corresponded to fluences of 1015, 5×1015, and 1016 ions/cm2. 4 blood 

storage bags were processed internally to maintain their shape, and one untreated was designated as a 

control. 

The method of processing the inner surface of the blood storage bag was used, in which a plasma 

flow was created in its cavity between the high-voltage electrode and the wall of the vacuum chamber 

using a pulsed processing mode. A metal mesh electrode was placed around the blood storage bag, which 

made it possible to observe the plasma discharge inside the blood storage bag. High voltage rectangular 

pulses of several kV were applied to the electrode. Nitrogen gas was supplied through a supply tube 

inserted into the cavity of the blood storage bag through a small incision. In this case, the pressure Pin in 

the supplying polymer tube was 2.2-2.3 Torr, and the pressure in the chamber Pch was no higher than 

2.6-2.7 × 10-4 Torr (Figure 1). Such a difference, according to Paschen's law [7], made it possible to 
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create a plasma discharge only in the cavity of the blood storage bag and the supply tube, which was 

observed visually through the window of the vacuum chamber (Figure 2). Only the inner surface of the 

blood storage bag was treated with high energy ions. We used 3 modes for 4 blood storage bags, the 

data on them are given in Table 1. 

 

 

Figure 1. Scheme of treatment for inner surface of blood storage bag. 

 

 

Figure 2. Photo of treatment for inner surface of blood storage bag. 

 

Table 1. Regimes of plasma treatment on inner surface of the blood storage bag. 

Number of 

bags Voltage, kV 

Pulse 

frequency, Hz 

Pulse width, 

uSec 

Treatment 

time, Sec 

1 5.3 400 20 1800 

2* 5 400 20 800 

1 6.6 50 20 1020 

 

To study changes in the molecular structure of the surface layer, Fourier Transform Infrared 

Spectroscopy in Attenuated Total Reflection mode (FTIR ATR) was used. The spectra were recorded 

on a Digilab spectrometer (Australia) with a spectral resolution of 4 cm-1 and a number of scans of 500. 

ATR attachment (Harrick, USA) with a 1×5 cm2 germanium crystal with a beam incidence angle of 45 

degrees was used. In this case, the spectra were recorded both from flat samples, untreated, treated with 

plasma, and from a blood storage bag, processed using the ion-plasma method inside (the processing 

mode is marked * in the first column in Table 1). The blood storage bag with the treated inner surface 

was cut into several pieces, and the spectra were recorded at different sites to determine the uniformity 
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of the ion treatment. Due to the difference in the penetration depth of the infrared beam into the polymer 

(from 400 nm to 800 nm, depending on different wavenumbers) and the thickness of the carbon layer 

up to 70-80 nm, spectra were subtracted. The spectrum of the initial PVC was subtracted from the 

spectrum of PVC after plasma treatment, which made it possible to evaluate changes in the surface layer. 

In the subtracted spectra of all plasma treated PVC samples, a vibration line of hydroxyl and amine 

groups with a maximum at 3440 cm-1 is observed. A complex shape of the C=O and C=N vibration lines 

is observed with maxima at 1700 and 1630 cm-1. A broad absorption contour of C-O vibrations with a 

maximum at 1170 cm-1 is observed. The standard deviation of the intensity in the spectra taken at 

different parts of the hemacontainer, treated inside, for the C = C groups is 20%, for the hydroxyl groups 

it is 10%, which is acceptable. Due to the difference by several times in the energies of ions implanted 

into flat samples and into the surface of the blood storage bag treated internally, it can only be assumed 

that the fluence during internal processing was more than 2.5×1014 ions / cm2. 

 

Figure 3. Absorbance at wavenumber of 1643 cm-1 (group C=C) for flat samples processed by the 

standard ion-plasma method with a planar electrode geometry (red squares) and for samples cut from 

different places in the blood storage bag treated with high-energy ions inside (blue rhombuses).  

 

Figure 4. Absorbance at wavenumber of 3500 cm-1 (hydroxyl group) for flat samples processed by the 

standard ion-plasma method with a planar electrode geometry (red squares) and for samples cut from 

different places of the blood storage bag treated with high energy ions inside (blue rhombuses).  
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On flat samples of polyvinyl chloride, the attachment of serum bovine albumin was investigated. For 

this, the untreated and treated with ions with an energy of 20 keV and a fluence of 1016 ion/cm2 PVC 

samples were immersed in buffer solution with the protein with a concentration of 20 μg/ml. Then the 

samples were washed in two different ways: the first is 5 times washing in a buffer solution, the second 

is a washing in 2% solution of sodium dodecyl sulphate (SDS) at 80°C for an hour, followed by 5 times 

washing in a buffer solution. After additional washing in deionized water and drying the samples in air 

for 24 hours, the surface of the samples was analyzed using FTIR ATR spectroscopy. To analyze the 

spectra, we used the subtraction of the surface spectra of the same samples that were not subjected to 

the protein attachment procedure. As a result of the analysis, similar patterns were revealed, as in our 

works with polyurethane [6]. First, the amount of adsorbed protein on PVC samples with a carbon layer 

is significantly higher than on untreated ones. Secondly, after washing in a detergent, the protein is 

washed off the untreated PVC and remains firmly bound to the carbon surface of the treated one. This 

allows us to conclude that the albumin protein is covalently adsorbed on the PVC surface of the blood 

storage bag after ion-plasma treatment, as a result of the formation of a carbon layer containing free 

radicals stabilized in the π-electron cloud of polycondensed aromatic structures [8, 9]. 

On PVC samples treated by ions with an energy of 20 keV and a fluence of 1016 ion/cm2 with a planar 

geometry of the electrode, the proliferation of a culture of human aorta cells was investigated. All 

manipulations were performed under sterile conditions in a laminar flow hood with preliminary 

sterilization of samples in ultraviolet radiation with a wavelength of 254 nm for 10 minutes on both 

sides of the sample. The concentration of cells applied was 2×104 cells per millilitre. After applying the 

cells to the samples, the plate was placed in a sterile incubator maintained at 37°C in an atmosphere of 

5% CO2. 2 days after sowing the cells on a TCP culture plastic, untreated and treated PVC samples, the 

number of cells and the uniformity of the cell spreading on the PVC surface were assessed. To stain the 

actin structures of the cytoplasm, we used a labelled fluorescent dye phalloidin (Phalloidin-TRITC). For 

visualization of nuclei, cells were stained with DAPI fluorescent dye. According to the results of the 

analysis, it was revealed that on the surface of the treated PVC, the cells spread and grew in about the 

same way as on specialized culture plastic and slightly better than on untreated PVC. After confirmation 

by a cell culture experiment of the non-toxicity of plasma-treated PVC, the whole blood study was 

continued to assess the safety of blood cells in high-energy ion-treated PVC blood storage bag. 

 

 

Figure 5. Dependence on the storage time of the number of unbroken leukocytes × 103 in 1 μl of blood 

in blood storage bags, untreated and internally processed by different modes of the ion-plasma method. 
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In the final experiment, whole blood of a healthy donor was used with the addition of anticoagulant 

sodium citrate in a ratio of 5:1. Each blood storage bag was filled with 100 ml of blood. The study was 

carried out in 5 blood samples from a blood storage bag. Leukocytes were counted according to the 

standard method in the Goryaev chamber [10]. The choice of leukocytes for counting is due to a number 

of reasons: the simplicity of the method due to the lack of the need for staining, a relatively small specific 

number of cells compared to platelets and erythrocytes, the participation of leukocytes in the immune 

response to a foreign agent - the wall of the polymer material. The experiment was carried out for a 

week. At the end of the exposure, the blood in the blood storage bag was replaced with a buffer solution 

in the same amount - 100 ml. The buffer solution was stirred by shaking the blood storage bag in order 

to wash the cells from its walls. Then the counting was carried out by the same method in the Goryaev 

chamber. Figure 5 shows leukocyte count versus storage time diagrams for untreated and plasma-treated 

blood storage bags. No statistically significant difference was found between the amount in the treated 

and untreated blood storage bags. 

However, after changing the blood to a washing buffer solution, it was noted that blood cells adhered 

to the surface of the treated blood storage bag, and no blood cells were found in the control blood storage 

bags according to the method of counting in the Goryaev chamber (Figure 6). It can be assumed that 

previously adhered cells are not included in the count of leukocytes in volume when taking blood doses 

from the blood storage bags. The detection of cells after washing allows us to consider the number of 

leukocytes in the volume of plasma-treated blood storage bags underestimated (Figure 5). These facts 

allow us to formulate the conclusion that there is some difference in the number of leukocytes in blood 

storage bags, untreated and treated with high energy ions, in favor of the latter. To determine the absolute 

values of this difference, additional experiments are needed to solve the problem of cell adhesion on the 

carbon layer. This solution can be performed by preliminary application of a protein to the surface, or a 

group of proteins, for example, from blood serum, where blood coagulation complexes have been 

removed. It is also possible that it was the adhesion of blood cells to the walls of the treated PVC that 

contributed to their preservation. And this also requires additional experimental work. 

 

 

Figure 6. The number of unbroken leukocytes ×103 in 1 μl of wash buffer solution in blood storage 

bags, internally treated with different modes of the ion-plasma method 

3. Conclusion 

On the inner surface of the polyvinyl chloride blood storage bag, a carbon coating was created using the 

described method of ion-plasma treatment for hollow polymer. The applied method makes it possible to 

achieve a satisfactory uniformity of processing of the entire inner surface of the blood storage bag. The 
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carbon layer on PVC contains free radicals stabilized in the π-electron cloud of polycondensed aromatic 

structures. Their existence in the carbon layer ensures the covalent adsorption of proteins to the surface 

of polyvinyl chloride, creating a favourable environment for the adhesion and proliferation of cell 

cultures. The method of ion-plasma treatment of the surface of blood storage bag can contribute to the 

preservation of whole blood cells for hematransfusion and diagnostic medicine, production and 

scientific research. This assumption is based on the first pilot experiment and requires a wider range of 

studies. 
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