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Abstract: Performing their functions as transporters of oxygen and carbon dioxide in the body, human 

erythrocytes constantly circulate and are exposed to the constant influence of various substances, 

including nutrients, drugs, medical devices covered with coatings, etc. Therefore, we aim to investigate 

the biophysical behavior of erythrocytes obtained from healthy volunteers to observe their 

morphological type changes, alterations in the zeta potential, the electrical conductivity of the 

erythrocytes in suspensions, and hemolysis in percentages during cells senescence, both in presence and 

in absence of natural polyelectrolytes pectin (PE) and chitosan (Chi) in form of multilayer films (PEM-

films). Being constructed using the layer–by–layer technique, films are an object of interest of many 

researchers because of their high potential to be incorporated in biomedicine. By applying optical 

profilometry, electrophoretic light scattering, and spectrophotometry, we tested the polyelectrolytes for 

any potential harm on the erythrocytes. Based on our results and the one-way analysis of variance (ANOVA) 

statistical analysis, we reached the conclusion that the above-mentioned polyelectrolytes were 

harmlessness; therefore, PE and Chi are suitable substances to implement in the clinical practice in the 

form of drug delivery carriers and medical devices coatings, thereby directly contacting with the 

human blood. 
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1. Introduction 

Human erythrocytes are anucleate blood cells, devoid of ribosomes, mitochondria, endoplasmic 

reticulum, and the Golgi complex. The energy production is performed in the process of glycolysis, in 

which molecules of adenosine triphosphate (ATP) are formed. Moreover, in the same process, 

nicotinamide adenine dinucleotide (NAD) and 2, 3-diphosphoglycerate (2,3-DPG) are synthesized. 

The main function of these cells, specifically oxygen and carbon dioxide exchange in the organism [1], 

is implemented by the iron-containing protein hemoglobin (Hb), which isa heterotetramer with a 

concentration in the cell of about 5 x 103 M [2]. Its oxygen affinity and sensitivity to modulate cofactors 

are strictly regulated by molecular mechanisms, which include homotropic (heme-heme) and 

heterotropic interections (hydrogen and chloride ions, carbon dioxide, and the intraerythrocytic 

organophosphates interacting with protein fragments) [3]. Under normal physiological conditions, the 

erythrocytes have an average lifespan of approximately 120 days [4], and their shape is a biconcave 

disc with a diameter between 7 and 8 µm with an average volume of 90 fluid ounces [1]. The 

concentration of these cells in the human blood is about 5 million per µL [4]. 

The deformability is an essential property of these blood cells due to the passing of these cells 

through the smallest capillaries in the human body, thereby elongating in these vessels without the 

occurrence of ruptures [1,4]. This process depends on the cytoskeleton–two-dimensional triangular 

meshwork and integral transmembrane complexes. Here, the integral Band 3 protein, a member of the 

anion exchanger gene family, has an important role due to its attachment with many other membrane 

proteins, such as Rh complex, glycophorins, and CD47. The membrane integrity and the morphology 

of erythrocytes depend on the interaction between the cytoskeleton component–spectrin filaments (ɑ- 

and β-subunits in the form of antiparallel isomers) conjugated with filamentous actin in heterotetramers, 

respectively. The interconnection with the phospholipid bilayer is implemented by Band 3, either 

glycophorin or actin, and Band 4.1. It is known that the cytoskeleton is stabilized by myosin filaments [1,4]. 

During erythrocyte senescence, the cells undergo various alterations that affect their morphology 

and functions [5]. The biconcave shape (or slightly crenated cells with normal functions) of the aging 

erythrocytes changes to echinocytes, which are red blood cells with many thorny projections, though 

they retain their functionality. This is followed by the change to spherocytes (or spherical red blood 

cells). The last morphological type is the final form of the cell’s existence wherein the functionality is 

lost. Non-functioning erythrocytes are removed from the blood stream via phagocytosis by 

reticuloendothelial system macrophages in the liver and the spleen [4]. 

As the most common type of blood cells, they are an excellent, well-established model in 

biophysical studies because of their long lifespan, the easy isolation from the whole blood, and the 

simple storage capable of a prolonged incubation with a purpose to examine the upcoming aging 

processes within them. [6–8]. During circulation in the human body, they are constantly exposed to 

physical and chemical factors that can affect their condition [4]. Erythrocytes actively respond to 

changes in the environment, thereby altering their form for a short time. Moreover, the red blood cell (RBC) 

activity regulation can be influenced, which is understandable, taking the potential of erythrocytes to 

accumulate and/or to interact superficially with a variety of substances from the cell environment into 

account. 

All of the features of erythrocytes can be affected in connection to different disorders [9], such as 

chronic hemolytic anemia, sickle cell anemia, thalassemia, neurological, cardiovascular and renal 

diseases, and malignant diseases [10–12]. The state of the cells can be estimated by examining the 
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degree of hemolysis under the influence of stress factors, such as the induced cell volume alteration, 

which is provoked by erythrocytic resuspension in buffer solutions with different concentrations of 

their components and with different osmotic pressure. This is an indicator of the membrane stability 

and fluidity, which depends on the cholesterol in the outer layer. Therefore, the molecules of 

cholesterol in the cell membrane are considered as a potential regulator of stress-induced hemolysis, 

including the osmotic one [13]. 

It is well known that human erythrocytes are negatively charged and move to the anode in applied 

external electric fields [14]. The electrochemical properties of the erythrocytes are due to the electrical 

charges of the molecules, which are situated on the external cell membrane surface, as proteins are a 

major contributor to this [15]. One important property of erythrocytes is the zeta potential, which can 

be determined by an electrophoretic mobility assay. It is established that the zeta potential of human 

erythrocytes is approximately −15.7 mV, and this parameter is significantly lower in pathology (−14.6 mV) 

because of the protein [16] and glycoprotein expression, the intracellular ion concentrations, and the 

transmembrane ion flows. It is known that the zeta potential value is bigger in older erythrocytes than 

in younger erythrocytes and their sizes can be affected from the aging processes, which is provableby 

the light scattering [17,18]. The zeta potential is the main prevention of cellular aggregation in the 

bloodstream [19]. 

According to existing reports, the electrical conductivity of erythrocytic suspensions can be 

affected as a result of external factors, and this parameter can be used to characterize the functional 

state of the cell membrane and the cell in general [17,20]. Therefore, we suggested that the interaction 

between the released polyelectrolytes from polyelectrolyte multilayer (PEM)-films and the 

erythrocytes in suspensions could potentially induce the efflux of electrolytes across the erythrocyte 

membrane, in turn, this would affect the electrical conductivity values of the medium in which the 

erythrocytes are suspended (a buffer solution). 

The membrane’s zeta potential and the morphological and mechanical properties of human 

erythrocytes are the basis of the proper functioning of these cells, which are inextricably associated 

with their structure. These parameters may affect the affinity, aggregation, metabolism, and immunity 

of the RBCs [18]. 

Many authors are keenly interested in the possibilities of the targeted delivery of therapeutic drugs 

by using microcapsules as carriers of the medical substances to the relevant organs [21–24] and by 

placing polyelectrolyte multilayered stents in large blood vessels to avoid complications such as 

restenosis and/or thrombosis [25–27]. Keeping in mind that, in the last case, the polyelectrolytes 

directly contact with the blood, we chose human erythrocytes as our object of study because they are 

appropriate to investigate the interactions between them and to consider various substances, which can 

be various types of therapeutic drugs (e.g., pectin has antimicrobial properties, and in combination with 

chitosan, it is possible to produce microspheres and microcapsules containing medical drugs) [21–24]. 

For this reason, our research seeks to determine the biophysical behavior of human erythrocytes by 

observing alterations in their morphology, changes in the zeta potentials, changes in the conductivity 

of the RBC suspensions, and changes in hemolysis during the cellular aging process in the presence 

and in the absence of the natural polyelectrolytes pectin (PE) and chitosan (Chi), in form of multilayer 

films. 
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2. Materials and methods 

2.1. Reagents 

Chitosan (Chi) (MW 50−190 kDa, 75–85% deacetylated) and pectin (PE) from citrus peel 

((Galacturonic acid ≥ 74.0% (dried basis)) were purchased from Sigma Aldrich, Germany. The 0.2% 

solutions were prepared in milli-Q water. The pH of the Chi and PE solutions was adjusted to 3 and 7, 

respectively. 

2.2. Films preparation 

PEM coatings (or films) from 10 bilayers were constructed on a hard substrate using the layer–

by–layer technique, based on the electrostatic interactions [28]. The construction of the films was 

performed according to the protocol described in Arnon-Rips and Poverenov, 2018 [29]. In brief, the 

monolayers were deposited on glass slides with dimensions of 5 by 10 cm, which remained immersed 

in the corresponding polyelectrolyte solution for 15 minutes with intermediate triple washing in milli-

Q water. It is important to note that the first monolayer deposited on the glass slides was pectin after 

the slides were preliminary activated for the deposition with 2 mg/ml polyethylenimine. 

2.3. Blood samples preparation  

Blood from 15 healthy volunteers was collected in test tubes with K2EDTA as an anticoagulant. 

The whole blood was centrifuged at 4 °C, 900 g for 15 minutes using the Sigma 2–16 KL centrifuge. 

The supernatant (blood plasma) was replaced in Eppendorf tubes and the pellets (erythrocytes) were 

washed twice with a PBS–EDTA buffer solution, pH 7.4, at a ratio of 1: 3; the samples were centrifuged 

at 4 °C, 1200 g for 15 minutes, after which the erythrocyte suspensions were diluted in a pure PBS 

buffer solution to a hematocrit (Ht) = 35%. Each of the samples were divided into two parts: one was 

added to the PEM film, and the other part was used as a control. The samples were incubated in the 

absence and in the presence of PEM films at 4 °C for a 60-day period of time (monitoring period); 

moreover, they were characterized every 15 days (monitoring points, mp) with the methods described 

below. 

2.4. Hemolysis 

In order to determine the levels of hemolysis in percentages at each mp, which was measured for 

all of the samples, we washed the erythrocytes in a PBS buffer solution, pH 7.4. After 15 minutes of 

centrifugation at 1200 g, the concentrations of the spontaneous released Hb in the supernatants were 

measured by spectrophotometry and calculated using the following formula: 

C= ((AEL/5) x100)/TL, 

where C is the concentration of the Hb, AEL is the absorption of the supernatants, and TL is the 
total lysis level of the cells, which is provoked by resuspension in a hypotonic medium.  
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2.5. Spectrophotometry 

A UV/VIS spectrophotometer (Specord 50+Analytic Jena, Germany) was used to determine the 

concentration of Hb (respectively Ht) in the samples and to determine the hemolysis levels. The 

measurements were carried out at a wavelength of 540 nm for the Hb concentration determination and 

at 405 nm for the hemolysis levels establishment. 

2.6. Electrophoretic light scattering 

The zeta potential and the electrical conductivity of the erythrocytes in the suspensions were 

performed using a Zetasizer Nano ZS analyzer in monomodal mode, at 25 °C, and Ht = 1%. The 

measurements were performed every 15 days over a period of 60 days. 

2.7. Optical profilometry 

The optical prophilometer 3D Zeta-20 (Zeta Instruments) was applied to define the morphological 

types of the untreated and treated erythrocytes with PEM films at each mp, which were preliminary 

prepared in the form of smears on microscope slides covered with poly–L–lysine. 

2.8. Statistical analysis 

All data are expressed as mean ± SD. Statistical significance was assessed by applying a one-way 

analysis of variance (ANOVA) test using the Origin 2018 software package. P < 0.05 is considered 

statistically significant. 

2.9. Ethics approval of research 

The blood sampling was performed in the Мultiprofile Hospital for Active Treatment in 

Neurology and Psychiatry “St. Naum” (MHATNP), Sofia, Bulgaria, in accordance with the ethical 

standards of the Declaration of Helsinki and after obtaining informed consent from the volunteers. 

3. Results 

To evaluate the influence of the natural polyelectrolytes PE and Chi on the biophysical properties 

of human erythrocytes, we conducted a series of experiments to monitor changes in the morphology, 

zeta potential, and conductivity of the RBCs in suspensions, alongside the levels of hemolysis during 

cellular senescence in the presence and in absence of the PE/Chi PEMs. We previously tested the 

degradation period of these films and established that its duration lasts 30 days (Figure 1, Panels A and 

B). Therefore, during the 60-day follow-up of changes that occured in the erythrocytes, the 

polyelectrolyte films were replaced on day 30 of the incubation period. With this step, constancy in 

the release of PE and Chi was ensured in the treated samples. 
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Figure 1. Spectrophotometric analysis of the degradation behavior of [PE/Chi FITC]10 

multilayer films at 4 °C storage temperature. Тhe absorbance of the model substrates 

(Panel A) and the solution in which the films were incubated (Panel B) were measured at 

λ = 492 nm at every 4 days. 

3.1. Erythrocytes morphology 

The erythrocytic morphology data were obtained every 15 days (5 mp) throughout the 60-day 

aging period, and the data for the untreated erythrocytes are presented in Table 1. Аt the beginning of 

the aging period (day 1), normocytes constituted the most abundant morphological type, with 96.55% 

of the total number of RBCs, followed by 3.40% echinocytes and 0.05% spherocytes. On day 15, the 

value of the normocytes was significantly reduced to 14.64% as compared to day 1. The decrease in 

the count of the normocytes was evident to the end of the aging period, where the biconcave disc-

shaped erythrocytes constituted only 7.1%, 4.98%, and 1.55% of the total number of erythrocytes at 

days 30, 45, and 60, respectively. At the same time, we observed an increasing tendency in the 

proportion of both echinocytes and spherocytes, with spherocytes being the dominant morphological 

type from day 15 (55.85%) to the end of the aging period. The percentage distribution for the 

spherocytes is as follows: 73.80% (day 30), 85.11% (day 45), and 85.65% (day 60). Comparatively, 

the percentage distribution for the echinocytes is as follows: 9.91% (day 15), 12.8% (day 30), 19.1% 

(day 45), and 29.51% (day 60). 

Polyelectrolyte-treated erythrocytes demonstrated the same tendency to reduce the percentage of 

normocytes in the samples and, conversely, increase the number of the echinocytes and spherocytes 

(Table 1). The decreasing number of the normocytes at the successive mp was as follows: 89% (day 

1), 9.65% (day 15), 8.24% (day 30), 2.5% (day 45), and 1.23% (day 60). The total number of 

echinocytes increased at each subsequent measurement during aging (6.10%, 10.30%, 15.13%, 15.22%, 

and 30.35%, respectively), as shown in Table 1. The echinocytes increased in the same sequence of 

the mp, as their percentage content in the samples changed (6.10%, 10.30%, 15.13%, 15.22%, and 30.35%). 

The spherocytes increased in a similar fashion to the echinocytes; following the order of the mp, we 

can observe the alterations in their percentages: 4.9% (day 1), 60% (day 15), 76.63% (day 30), 83.55% 

(day 45), and 87.2% (day 60). 
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Table 1. Percentage distribution (mean values ± SD) of normocytes, echinocytes and 

spherocytes determined for aging untreated and treated human erythrocytes, which were 

obtained from 15 healthy volunteers, every 15 days over a period of 60 days. P-values of 

the one-way ANOVA test were considered statistically significant for p < 0.05. 

Morphological type Normal Echinocytes Spherocytes 

Day Untreated Treated p- 

value 

Untreated Treated p- 

value 

Untreated Treated p- 

value 

Day 1 96.55 ± 

3.42 

89.00 ± 

8.90 

0 3.40 ± 

2.44 

6.10 ± 

7.90 

0 0.05 ± 

0.03 

4.90 ± 

0.00 

0 

Day 15 14.64 ± 

5.46 

9.65 ± 

10.30 

0 9.91 ± 

6.47 

10.30 ± 

4.80 

0 55.85 ± 

4.33 

60.00 ± 

13.80 

0 

Day 30 7.10 ± 

2.77 

8.24 ± 

4.40 

0 12.80 ± 

7.32 

15.13 ± 

10.40 

0 73.80 ± 

12.73 

76.63 ± 

7.60 

0 

Day 45 4.98 ± 

2.16 

2.50 ± 

2.30 

0 19.10 ± 

8.31 

15.22 ± 

6.60 

0 85.11 ± 

11.52 

83.55 ± 

7.60 

0 

Day 60 1.55 ± 

1.39 

1.23 ± 

1.90 

0 29.51 ± 

4.89 

30.35 ± 

15.90 

0 85.65 ± 

11.97 

87.20 ± 

5.30 

0 

A one-way ANOVA test was performed, and the results demonstrate that there is not a significant 

difference between the polyelectrolyte-treated erythrocytes and the untreated erythrocytes at the 

individual mp, keeping in mind that a p-value of < 0.05 was considered as statistically significant (Figure 2 

and Table 1). The same tendency is observed by both the polyelectrolyte–treated erythrocytes and the 

untreated erythrocytes, as well as the same life expectancy of the two groups of RBCs and the lack of 

significant differences, which are proof of the harmlessness of the PE and Chi used. 

 

Figure 2. One-way ANOVA statistical analysis of the morphological evolution of 15 

untreated and 15 treated samples with PEM-films human erythrocytes during cellular 

senescence. The percentage distribution (mean values ± SD) of the morphological types 

(normocytes, echinocytes, and spherocytes) at each monitoring point, for both of the 

considering groups. Values are means ± SD. *Statistically significant at p < 0.05. 
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The large standard deviation at some mp is impressive. Our assumption about it is based on the 

age and/or habits (e.g., eating habits, smoking, alcohol intake, etc.) differences of the volunteers 

participating in the study, their specific reactions to the substances, as well as the presence of 

erythrocytes at different degrees of senescence present in the suspensions. 

3.2. Electrophoretic light scattering 

The electrophoretic behavior of the RBCs in suspension was investigated in the absence and in 

the presence of the natural polyelectrolytes PE and Chi, in the form of multilayer films. We examined 

the interaction between these polyelectrolytes and the human erythrocytes membranes with a purpose 

to establish whether they are either harmful or harmless for these blood cells. The data are summarized 

in Table 2. We established a trend towards an increased zeta potential during the monitoring period, 

which is typical for aging cells. 

Table 2. Zeta potential and electrical conductivity (mean values ± SD) determined for 15 

aging untreated and 15 treated samples with PEM human erythrocytic suspensions every 

15 daysover a period of 60 day. P-values of the one-way ANOVA test were considered 

statistically significant for p < 0.05. 

Parameter 

 Zeta potential, mV  Conductivity, mS/cm  

Group 

Day 

Untreated 

erythrocytes 

Treated 

erythrocytes 

p-value Untreated 

erythrocytes 

Treated 

erythrocytes 

p-value 

Day 1 −16.93 ± 0.57 −17.17 ± 0.46 0 16.18 ± 0.51 16.51 ± 0.53 0 

Day 15 −16.64 ± 0.22 −16.15 ± 0.60 0 16.80 ± 0.37 16.94 ± 0.58 0 

Day 30 −15.67 ± 0.54 −15.76 ± 0.26 0 16.70 ± 0.40 16.82 ± 0.24 0 

Day 45 −15.49 ± 0.65 −15.44 ± 0.26 0 16.72 ± 0.41 16.79 ± 0.24 0 

Day 60 −14.73 ± 1.15 −14.83 ± 0.26 0 16.56 ± 0.43 16.86 ± 0.23 0 

*Statistically significant at p < 0.05 

It is important that the established numbers for the zeta potential detected for the untreated cells 

are very close to these for the treated cells with PEM erythrocytes, and no static differences were 

established by the one-way Anova test (Figure 3, Panel A, and Table 2) between both groups. This 

provides supporting evidence about the harmless nature of PE and Chi, in the presence of which the 

samples were incubated. The values of the untreated erythrocytes increased in the interval from −16.93 

mV to −14.73 mV, and the values for the treated cells increased between −17.17 mV and −14.83 mV. 

The standard deviation (SD) varied between 0.22 and 1.15 for the untreated erythrocytes. A 

relatively low SD was established for the period of time between day 1 and day 45, which is associated 

with the availability of erythrocytes at different ages in the samples. The biggest number for the SD 

was found for day 60, which is probably due to the presence of both functional and non-functional 

cells (Table 2). 

Polyelectrolytes probably stabilize the erythrocytes membrane through electrostatic interactions; 

therefore, the SD of the zeta potential was lower after day 30 as compared to day 1 (0.46) and day 15 

(0.26) (Table 2). 
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Figure 3. One-way ANOVA statistical analysis of the zeta potential (Panel A) and the 

conductivity (Panel B) of 15 untreated and treated samples with PEM human erythrocytes 

suspensions measured every 15 days over a period of 60 days. Mean values ± SD. 

The measured electrical conductivity data of untreated and treated samples with PE/Chi–PEMs 

erythrocytes in suspension during the aging period are shown in Figure 3, Panel B, and in Table 2. 

Here, we consider the conductivity of the medium (the solution) in which the erythrocytes were 

suspended, because it can be influenced by the release of ions from the cells under the influence of 

different factors. Therefore, we tested the electrical condition of this medium in the presence and in 

the absence of polyelectrolytes in the samples in order to understand whether the PE/Chi–PEMs were 

detrimental or not. To avoid any unwanted side effects, we used the same buffer solution, namely PBS, 

pH 7.4. 

The values established for the conductivity of the aforementioned medium demonstrate that there 

were no statistical differences between the separate mp (Figure 3, Panel B and Table 2) for both 

untreated and treated samples with PE/Chi–PEMs. The range of the numbers (16.18 to 16.94) is typical 

for PBS-buffer solutions at room temperature (because of the ions content), and the statistical similarity 

between thеse values is evidence for the biocompatibility of the films with human RBCs. The large 

SD is likely due to the age difference of the cells in the samples. 

3.3. Hemolysis 

For the purposes of the study, the levels of hemolysis during the 60-day aging period of the 

erythrocytes were also determined (Figure 4 and Table 3). No statistically significant differences were 

observed (through the use of the one-way ANOVA statistical test) between non-contacted and PEM-

contacted RBCs. In both groups of erythrocytes, the day 1 and day 15 hemolysis values were the lowest 

and were statistically indistinguishable (with very low SD values). 
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Figure 4. Levels of hemolysis in percentages (mean values ± SD) for untreated and treated 

samples with PEM human erythrocytes, which were obtained from 15 healthy volunteers, 

measured every 15 days over a period of 60 days. One-way ANOVA test was used to 

determine the statistical significance of the obtained data. 

Data from day 30 to the end of the 60-day aging period showed a significant and statistically 

distinguishable increase in the levels of hemolysis, possibly because of the natural aging processes in 

cells. Furthermore, the SD was larger compared to the day 1 and day 15 data. Given the different ages 

of the cells in the samples from the time of blood-collection, this is likely due to the fact that cells age 

at different rates in the samples. Additionally, the comparable values of hemolysis for the two groups 

of cells at each mp are proof of the biocompatibility of PEM with this chemical composition, and there 

are no statistically significant differences between the levels of the hemolysis in both groups at the 

relevant mp (Figure 4 and Table 3). 

Table 3. Levels of hemolysis in percentages (mean values ± SD) measured for 15 aging 

untreated and treated samples with PEM human erythrocytes every 15 days (5 monitoring 

point) over a period of 60 days. P-values of the one-way ANOVA test were statistically 

significant for p < 0.05. 

Hemolysis (%)  

Group      

                      

      Day 

Untreated erythrocytes Treated erythrocytes 

 

p-value 

Day 1 (mp 1) 3.85 ± 0.58 3.02 ± 0.58 0 

Day 15 (mp 2) 6.11 ± 3.82 6.44 ± 1.52 0 

Day 30 (mp 3) 29.48 ± 8.22 27.32 ± 8.88 0 

Day 45 (mp 4) 48.78 ± 8.01 42.26 ± 7.27 0 

Day 60 (mp 5) 52.79 ± 9.75 54.03 ± 7.25 0 

4. Discussion 

When treated with PE and Chi (in form of multilayer films) and incubated for a period of 60 days 
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in the presence of these films, erythrocytes are constantly exposed to the gradually released substances. 

The obtained results showed that there were no statistically significant differences between the 

morphological type, zeta potential, electrical conductivity of the erythrocytes suspension, and 

hemolysis, which were measured for the treated and untreated samples; moreover, this is evidence 

about the harmless nature of PE and Chi. Since we studied erythrocytic aging (untreated and treated), 

it would be beneficial to investigate more indicators for cellular senescence (except those described in 

this article), for example, one could investigate the levels of oxidative stress at each mp [30] and the 

reaction to radiation, keeping in mind that this model enables insights into the mechanisms of the 

antioxidant action of small molecules and nanoparticles. [31]. However, the limiting factor here is the 

amount of blood samples obtained from the volunteers. Тhis is the reason why we will pursue further 

investigations, which will complement this study and will clarify the molecular mechanisms of 

untreated and treated aging erythrocytes. 

In their reports, some authors describe that young erythrocytes are more negatively charged than 

the older ones [32,33]. Considering the zeta potential, we can see that the numbers, which were 

measured at the respective mp for the untreated and treated samples with [PE/Chi]10 film erythrocytes, 

were almost equal, and they subsequently increased during the monitoring period is for both groups of 

cells. Therefore, we assumed that the PE and Chi did not provoke any negative reaction in the RBCs. 

Additionally, we suppose that it is possible that the polyelectrolytes can stabilize the erythrocyte’s 

membrane through electrostatic interactions; therefore, the SD of the zeta potential was lower after 

day 30 compared to day 1 (0.46) and day 15 (0.26). Interesting, the values for the electrical 

conductivity of the medium in which the RBCs were suspended was just a little lower at day 1; after 

day 15, they were slightly elevated and these numbers were not significantly changed to day 60 in the 

both groups of cells. Therefore, our opinion is that PE and Chi do not contribute to the electrical 

conductivity in the human erythrocytes suspensions, and these substances are not capable of altering 

the cellular functionality. 

Мany authors present evidence that described the harmful effects of Chi on the blood, based on 

the fact that this polyelectrolyte is a polycation, and have expressed statements that this provokes a 

lysis of the erythrocytes [34–37]; however, some of them have tried to develop strategies to improve 

the biocompatibility of this polycation, thereby associating it with compounds that exhibit 

complementary properties, structural modifications etc. [38–40]. Considering our results, we can see 

that there were no significant differences for spontaneous Hb release in the untreated and treated 

samples with the PEM erythrocytes, probably due to the low concentration of the relatively slow PEM 

degradation, thereby avoiding the negative effects of the polycation. 

The SD determined for the measured parameters at each of the mp was due to the differences in 

the cells of different ages in the incubated samples because of the constant production of erythrocytes 

in the bone morrow, which was found later in the volunteers’ samples.  

Our results demonstrated that these natural polyelectrolytes were harmless and could be used in 

the clinical practice, for example, about covers for different medical devices, directly contacting with 

the blood, or as carriers for target delivery of medical substances. It is an important fundamental 

scientific discovery because many patients with cardiovascular disorders require the placement of 

coronary stents, some of which are uncovered. This kind of stents may lead to restenosis and/or 

thrombosis, which worsen the health condition of patients [41]. The covered stents significantly reduce 

the risk of cardiovascular incidents due to the placement of uncovered stents. [42]. The need to 

administer many medications in patients with different disorders can provoke the engineering of 
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polyelectrolyte-based systems (e.g., microcapsules) for targeting and/or the controlled delivery of 

medical substances in different organs in order to avoid their incomplete assimilation. Taking our 

results into account, we assert that Pe and Chi are suitable substances for drug delivery systems 

engineering. 

5. Conclusions 

The alterations of the erythrocyte morphological type, changes in the zeta potential, electrical 

conductivity, and hemolysis were similar in both groups of untreated and treated samples with PEM 

films during cellular aging. These data demonstrated the harmless nature of PE/Chi multilayer films 

for human erythrocytes, hemocompatibility, and implementation benefits in medical practices. 
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