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Souhrn

Článek představuje výsledky srovnatelných testů 
životaschopnosti buněk HepG2 a  Vero v  přítomnosti 
tradičních roztoků pro peritoneální dialýzu (PD) provedené 
třemi metodami, a  to pomocí (3-[4,5-dimethylthiazol]-
-2-yl-2,5-difenyltetrazolium bromidu (MTT), neutrální 
červeně (NČ) a  sulforhodaminu B, se stanovením 
různých korelací mezi životaschopností a indexy kvality 
testovaných roztoků pro PD. Získané výsledky potvrdily 
cytotoxicitu roztoků pro PD ve srovnání s  izotonickým 
roztokem chloridu sodného. Výsledkem působení 
roztoků pro PD bylo podobná redukce jak buněk HepG2, 
tak Vero buněk. Navíc bylo zjištěno, že metabolická 
buněčná aktivita je citlivější vůči působení roztoků pro 
PD měřených MTT testem. Dále bylo zjištěno, že míra 
cytotoxicity souvisí s pH roztoků a dalšími neznámými 
mechanismy, zatímco produkty degradace glukosy, 
glukosa nebo laktát nevykazovaly významný negativní 
účinek na cytotoxicitu roztoků pro PD. Dospělo se 
k  závěru, že test MTT je nejvhodnější pro srovnávací 
studie roztoků pro PD, které se liší hodnotou jejich pH.
Klíčová slova: roztoky pro peritoneální dialýzu • 
životaschopnost • HepG2 • Vero buňky • neutrální 
červená • MTT • sulforhodamin B

Introduction

Issues of biocompatibility studies of solutions for 
peritoneal dialysis (PD) are essential from a  point of  
view of saving peritoneum functions and finding factors 
influencing biocompatibility of PD solutions1–7). The bio-
incompatibility of PD solutions is associated with glu-
cose degradation products (GDPs), which are formed 
during thermal sterilization of solutions, an absence of 
nutrients for cells in these solutions, unphysiological glu-
cose concentrations, low pH values, and high osmolari-
ty of PD solutions for the peritoneum (5.0–6.5), etc.2, 3, 8, 

9). As a result of such bioincompatibility, there is an in
creased vulnerability of the peritoneal cavity cells, an in-
creased chronic inflammation, pain when administering 
solutions to the peritoneal cavity, damaged immune de-

Summary

This paper presents the comparable viability study re-
sults of the HepG2 and Vero cells in the presence of 
traditional peritoneal dialysis (PD) solutions determi-
ned by three methods (3-[4,5-dimethylthiazol]-2-yl-
-2,5-diphenyl tetrazolium bromide (MTT), neutral red 
(NR) and sulforhodamine B assays) with establishing 
different correlations between viability and quality in-
dexes of the tested PD solutions. The obtained results 
confirmed cytotoxicity of the PD solutions even com-
pared with an isotonic solution of sodium chloride. PD 
solutions action resulted in a  similar reduction in the 
HepG2 and Vero cells. Moreover, this research found 
that metabolic cellular activity is more vulnerable to the 
action of PD solutions measured in the MTT-test. One 
more point is that cytotoxicity is related to pH of a so-
lution and other unknown mechanisms, while glucose 
degradation products, glucose or lactate did not exert an 
exceptional negative action on PD solutions cytotoxici-
ty. It is concluded that MTT-test is the best suitable for 
comparative studies of PD solutions which differ in pH 
values.
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concentrates in the lysosomes binding by electrostatic 
hydrophobic bonds to anionic and/or phosphate groups 
of the lysosomal matrix. The NR assay allows to assess 
membrane permeability, lysosomal integrity and activi-
ty, making it possible to differentiate viable, damaged, or 
dead cells. Alterations of the cell surface or the sensitive 
lysosomal membrane lead to lysosomal fragility and re-
sult in a decreased uptake and binding of NR14, 16, 23, 26, 27). 
The sulforhodamine B (SRB) assay relies on the ability 
of SRB to bind to amino groups of cells proteins22, 24). 

Some publications provide more than one test for the 
evaluation of chemicals cytotoxicity with the purpose 
of studying action mechanisms of tested compounds, 
influence of different factors which can interfere with 
results of cells viability and/or a  comparison of results 
obtained by means of different techniques, etc.13, 25, 24, 28).

Currently, the development of the composition and 
technology of PD solutions or a comparison of the safety 
of PD solutions of different manufactures is often carried 
out in combination with the study of cells viability in the 
presence of PD solutions1, 3, 5, 10, 29, 30). 

The purpose of our work was to study the viability of 
the HepG2 cells and compare it with the viability of Vero 
cells in the presence of traditional PD solutions contai-
ning glucose and sodium lactate in single-chamber con-
tainers determined by three methods (MTT, NR and SRB 
assays) and establish correlations between cell viability 
and the values of analytical indexes of the tested solu-
tions and between cell viability measured by different 
tests.

Experimental part

Materials 
The objects of the study were PD solutions with the 

contents of lactate ions of 35 and 40 mmol/L and 1.5%, 
2.5% and 4.25% of glucose monohydrate in glass and 
polyvinyl chloride (PVC) containers. The composition of 
the tested PD solutions is shown in Table 1.

fence of patients suffering from the fifth stage of chronic  
kidney disease2, 10). Peritonitis and peritoneal sclerosis are 
complications because of the PD solutions bioincompa-
tibility3, 10, 11). Therefore, the issues of biocompatibility of 
PD solutions are important during the development of 
these solutions, their production and medical adminis
tration. One of the modern directions of studying the PD 
solutions safety is basal cytotoxicity investigation of these  
solutions, a  comparison of basal cytotoxicity of diffe-
rent PD solutions, and establishing correlations between  
measured basal cytotoxicity and physical and chemical 
parameters of these solutions as well1–11).

In vitro viability studies are expected to remain vital 
laboratory tools when multiple medicinal products are 
tested for antifibroblastic and cytostatic effects, xenobio-
tic-induced cytotoxicity using mouse peritoneal macroph-
ages12), human leukemia T cell13), HepG2 cells14), human 
hepatocytes15), normal human keratinocytes16), the human 
colorectal cell-line HT2917), P19 embryonic stem cells18), 
NIH3T3, human cancer (AGS, HT-29, MCF-7 and MDA-
-MB-231)19), Vero cell lines19, 20), L929 lines, etc.21–25). 

The first technique uses a  yellow tetrazolium dye 
(3-[4,5-dimethylthiazol]-2-yl-2,5-diphenyl tetrazolium 
bromide (MTT) that is converted into insoluble purple 
formazan crystals in metabolically active cells13, 18, 21, 24); 
namely MTT reduction is used to assess enzymes activity 
of viable cells22, 24). The higher the amount of formazan 
detected, the higher the number of viable and metaboli-
cally active cells21). 

The second assay utilizes neutral red (2-methyl-3- 
amino-7-dimethyl-amino-phenazine) (NR), a weak basic 
dye which is selectively concentrated in living cells lyso-
somes. Lysosomes are cytoplasmic membrane-enclosed 
organelles containing hydrolytic enzymes that degrade 
macromolecules and cell components. This acidic mi-
lieu of lysosomes (pH ≤ 5) is maintained by a vacuolar 
ATPase that pumps protons from the cytoplasm into the 
lysosomal lumen12, 23, 26). The NR dye penetrates through  
cell membranes by nonionic passive diffusion and  

Table 1. Composition of the PD solutions 
Laboratory 
batch

Concentration of ions, mmol/L Glucose 
monohydrate 

concentration, g/L

Packaging

Na+ Ca2+ Mg2+ Cl– CH3CH(OH)COO–

0 154 – – 154 glass
1 132 1.25 0.25 95 40 15.0 –//–
2 132 1.25 0.25 95 40 42.5 –//–
3 132 1.25 0.25 95 40 15.0 –//–
4 132 1.25 0.25 95 40 42.5 –//–
5 132 1.25 0.25 100 35 15.0 –//–
6 132 1.25 0.25 100 35 25.0 –//–
7 132 1.25 0.25 100 35 42.5 –//–
8 132 1.25 0.25 95 40 42.5 PVC
9 132 1.25 0.25 95 40 25.0 –//–
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The HepG2 and Vero cells were cultured, respective-
ly, in a medium of DMEM (Sigma) or RPMI 1640 (Sig-
ma, USA), containing 4 mmol/L L-glutamine, 10% fe-
tal calf serum (Sigma, USA), and 40 μg/ml gentamicin 
(Hemofarm AD, Serbia), in a humidified atmosphere at 
37 °C (5% CO2 + 95% air). 100 μl of a suspension of 
cells at a density of 1 × 105 cells per ml were placed into 
each well of a 96-well plate. The cells were incubated 
for cell attachment and monolayer formation in wells. 
Then, the cells were treated with 100 μl of the PD solu-
tions, their appropriate dilutions, an isotonic solution of 
sodium chloride and its appropriate dilutions at 37 °C 
for 24 hours. 100 μl of the culture medium were added 
to the control wells instead tested samples. The plates 
were incubated in a  humidified atmosphere (5% CO2  
+ 95% air) in a thermostat at 37 °C for 24 hours. There-
after, the cells were treated with MTT, NR or SRB for 
the determination of cells viability21).

Procedure of the MTT-test
A 0.5% solution of MTT in a Hanks solution (Sigma, 

USA) was filtered through a  sterile cellulose acetate 
membrane filter. 10 μl of MTT solution were injected 
into each well. Then incubation was conducted in a ther-
mostat for 3 hours. After the incubation the plates were 
centrifuged at a rate of 1500 rpm for 5 minutes, and then 
the supernatant fluid was removed from the wells. 50 μl 
of dimethyl sulfoxide (Sigma, USA) were added to each 
well to dissolve formazan crystals. The plates were kept 
at room temperature for 30 minutes, and then the absor-
bance of the well contents was determined at a  wave-
length of 540 nm using a  Tecan Sunrise absorbance 
microplate reader (Tecan, Austria)21, 31).

Procedure of the NR-test
After incubation, the medium was carefully removed 

from each well. The cells were washed with 150 μl of 
a warm buffer solution. Then 100 μl of NR solution were 
added to each well. Incubation was carried out in a ther-
mostat at 37 °C for 3 hours. After incubation the NR solu-
tion was removed and the wells were washed by 150 μl  
of phosphate buffer. After removing the buffer, 150 μl  
of extraction solution was added to each well and  
the plate was gently shaken on a  plate shaker for  
10 minutes. The absorbance of the well contents was 
determined at a wavelength of 540 nm using a Tecan  
Sunrise absorbance microplate reader (Tecan, 
Austria)14, 31).

Procedure of the SRB-test
After incubation the medium was carefully removed 

from each well. The cells were washed with a warm buffer  
solution with the purpose of removing all proteins  
which could interfere with results24). Later, a 10% solu-
tion of trichloracetic acid was added for cells fixation 
and a 96-well plate was kept in a refrigerator at 4 °C for 
1 hour. After fixation, the wells were rinsed with water 
and dried in air. A 0.4% solution of SRB was added into 
each well and a 96-well plate was kept at room tempera-

Methods
The following research methods were used: analytical 

methods for the determination of pH, GDPs and chloride 
contents, and biological methods for the determination of 
cell viability using the HepG2 and Vero cells, and NR-, 
MTT- and SRB-tests to evaluate the cytotoxic effect of 
the tested PD solutions using also the methods of statisti-
cal processing of results8, 31). 

Analytical equipment used in this study was the follow-
ing: a рН meter: “рН-150 М“ (Gomel Plant of Measuring 
Instruments, Belarus), burettes of I  accuracy class (vol-
ume, division and measurement accuracy of burette were 
of 25.0 ml, 0.05 ml, and 0.03 ml, respectively), and a spec-
trophotometer Optizen POP (Mecasys Co. Ltd., Korea) 
with a 1-cm quartz cell used in the range of 200 to 350 nm.

The determination of chloride ions was performed ac-
cording to the analytical procedure developed and vali-
dated by Hudz et al.8, 31): 10 ml of a PD solution (or 5 ml 
of an isotonic solution of sodium chloride) were titrat-
ed with a 0.1 M solution of silver nitrate using 0.8 ml 
of potassium chromate solution as the indicator (0.4 ml 
of potassium chromate solution for an isotonic solution 
of sodium chloride) to an orange-yellow colour, stirring 
constantly. The content of chloride ions should be from 
95% to 105% of the stated amount32). 

Spectrophotometry and pH-metric measure
Glucose degradation processes were estimated by 

changing the pH values, the absorbance at 228–230 nm 
and an absorption maximum in the wavelength range of 
273 to 286 nm before and after sterilization3, 8, 31). The 
pH of the PD solutions was measured in the tempera-
ture range of 20 °С to 25 °С. Before measurements, the 
pH-meters were calibrated using buffer solutions with the 
values of pH 4.01, 6.87 and 9.18. 

Cytotoxicity (cell viability) tests
The evaluation of the cytotoxic activity of the tested 

samples was carried out using three cell-based assays: 
MTT-test, NR uptake (NR-test), and SRB-test.

The cells of the African monkey kidney (Vero line) 
and HepG2 were obtained from the Institute of Mi-
crobiology and Virology of the National Academy 
of Sciences of Ukraine and from the cell bank of the 
Kavetsky Institute of Experimental Pathology, On-
cology and Radiobiology of the National Academy of 
Sciences of Ukraine, respectively. Special equipment 
was used for cell culture: a Class II Biological Safety 
Cabinet (Thermo Scientific MSC Advantage, Germa-
ny), a  binocular microscope (MC 300× MET Invert, 
Austria), a  Thermo Scientific Revco Ultima II Midi 
Dry Wall CO2 Incubator (USA), a plate rotary centri-
fuge (Biosan LMC 300, EU), a Tecan Sunrise absor-
bance microplate reader (Tecan, Austria), single-dose 
and multichannel variable-volume dispensers from 
1–1000 μl, a Goryaev camera, an electronic laboratory 
scale, a  refrigerator with a  freezer compartment, and 
a potentiometric analyzer with a pH measurement er-
ror within ± 0.01. 
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and human leukocytes are used in the studies of PD solu-
tions cytotoxicity measured by NR- or MTT tests1, 3, 5, 6, 30). 

Under proper culture conditions, HepG2 cells show 
limited hepatocyte-like features and are therefore often 
used as an alternative in vitro model for human hepato-
cytes14). Vero cells are derived from the kidney of an Af-
rican green monkey. They are one of the most commonly 
used mammalian continuous cell lines in microbiology, 
molecular and cell biology research, evaluation of the ef-
fects of substances on mammalian cells20).

Metabolic activity of cells is evaluated by the MTT-
test. MTT tetrazolium salts determine the activity of ox-
idoreductases, including NADH- and NAD(P)H-depen-
dent cellular oxidoreductase enzymes, in the cytoplasm, 
various mitochondrial dehydrogenase enzymes (succi-
nate dehydrogenase), and dehydrogenases associated to 
the endoplasmic reticulum, endosome/lysosome vesi-
cles, and cytoplasmic membrane6, 13, 21, 24, 28, 34). 

The uptake of NR depends on the capacity of the cells 
to maintain pH gradients through the production of ATP. 
At physiological pH, the dye presents a net charge close 
to zero, enabling it to penetrate cell membranes by dif-
fusion. Inside lysosomes, there is a  proton gradient to 
maintain pH lower than that of the cytoplasm. Thus, 
the dye is trapped by protonation inside lysosomes, be-
comes charged and is accumulated there as membranes 
are impermeable or very slightly permeable for the pro-
tonated form of NR. NR is only taken up and retained 
by lysosomes present in healthy cells as misbalancing 
pH in lysosome matrix of died cells does not retain NR 
there. Consequently, the amount of the retained dye is 
proportional to the number of viable cells12, 14, 23, 27). The 
pH dependence of uptake is of great interest as a change 
in pH induces a change in the ratio of the free base to the 
protonated form12).

SRB-method relies on the property of SRB to bind 
stoichiometrically to amino groups of cell proteins under 
mild acidic conditions and then it can be extracted under 
basic conditions. Thus, the amount of the bound dye can 
be used as a marker of cell mass22, 24, 35). 

This study established the influence of some factors 
on the biocompatibility of PD solutions in vitro: type 
of cells, test of the viability determination, pH, etc. The 
action of PD solutions regardless of the site or action 
mechanism results in a reduction in the HepG2 and Vero 
cells number. Our study confirms the data on cytotox-
icity of tested undiluted PD solutions on cell cultures 
even in a comparison with an isotonic sodium chloride 
solution. Our results are in line with data of Wieslander 
et al.3), Erixon et al.5), Witowski et al.6), Distler et al.30). 
Additionally, our study demonstrates the cells viability 
in the presence of the undiluted and diluted PD solutions 
and an isotonic solution of sodium chloride in three tests 
compared to studies of the above-mentioned authors who 
performed studies with diluted solutions using only one 
method (NR- or MTT-test).

The tested solutions have been found to exert a negative 
effect on the membrane permeability and lysosome activ-
ity, metabolic activity of the cells and cells ability to syn-

ture for 60 min. For removing of SRB, wells were rinsed 
with a  1% solution of acetic acid, 100 μl of a  10 mM 
solution of Tris-base buffer for SRB dissolution and a 96-
well plate was kept on a shaker at a rate of 250 rotations 
per min for 15 min. The absorbance of the well contents 
was determined at a wavelength of 540 nm using a Tecan 
Sunrise absorbance microplate reader (Tecan, Austria).

In three tests, the percentage of viability (%viability) was 
calculated using the formula: 

%viability = Viabilitytested/Viabilitymedium × 100%,  
where

%viability – the number of viable cells in %, 
Viabilitymedium – the absorbance in the wells with a culture 
medium, 
Viabilitytested – the absorbance in the wells with the tested 
samples.

Correlation analysis
Achim Buyul and Peter Tsefel classification was used 

to evaluate correlation coefficients (r): up to 0.2 – very 
weak, up to 0.5 – weak, up to 0.7 – medium, up to 0.9 
high, and over 0.9 is a very high correlation33). Similar 
classification was used in the paper of L. Vajrabhaya L. 
and S. Korsuwannawong24).

Results and discussion

The issue of improving biocompatibility of traditional 
PD solutions is essential as significantly expensive new-
er solutions demonstrated only greater urine volumes and 
residual renal function without other clinical advantages7).

Physicochemical tests
The pH of the tested PD solutions was in the  range 

of 5.25–5.77 and the actual content of chlorides was in 
the  range from 99.61% to 105% of the stated amount 
which met the requirements of the British Pharmacopeia 
for PD solutions32). The absorbance of the solutions at 
228 nm ranged from 0.294 to 1.587 indicating strong 
fluctuations of the 3,4-DGE content. According to Kjell-
strand et al.29), 3,4-DGE has an absorption maximum at 
228–230 nm, and 5-HMF at 228 and 284 nm. Moreover, 
ultraviolet absorbance and pH are considered to be gen-
eral indicators of glucose degradation3, 6, 8, 29, 31). The re-
sults of the analytical studies and cells viability of tested 
PD solutions are presented in Table 2. 

Cell-based cytotoxicity assays in vitro promise to be 
useful, reliable and rapid methods for demonstrating ac-
tivity of medicines or detecting their toxicity24). It could 
be considered the standard for evaluating innovative and 
generic PD solutions during pharmaceutical develop-
ment, existing solutions after improving their composi-
tion and manufacture or accumulation of different data by 
manufactures in dependence of cell viability on solutions 
pH, absorbance at 228 nm, 284 nm, etc. According to 
published data, L-929 fibroblasts, mouse fibroblast cells 
NIH 3T3, human peritoneal mesothelial cells (HPMC), 
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Table 2. Physicochemical parameters of the tested PD solutions after sterilization and viability of the HepG2 and Vero cells, X ± SD
Index Batch number

0 1 2 3 4 5 6 7 8 9
рН, 5.0–6.5 5.11 5.77 5.37 5.44 5.25 5.70 5.42 5.64 5.57 5.43
Absorbance  
at λ = 228 nm

0.038 0.340 1.081 0.877 1.587 0.294 0.733 0.349 0.668 0.851

Absorbance at maximum 
absorption  
(λ = 273–279 nm)

max. 
absent, 
0.002 
at 273–
286 nm

max. 
absent, 
0.043–
0.034 
at 273–
286 nm

0.923 0.686 1.695 max. 
absent, 
0.027–
0.022 
at 273–
286 nm

0.483 max. 
absent, 
0.074–
0.063 
at 273–
286 nm

0.262 0.457

Chloride content, 
mmol//L, Х ± SD

152  
± 0.0

95.75  
± 0.35

94.63  
± 0.25

96.5  
± 0.0

94.5  
± 0.71

100.75  
± 0.35

100.17  
± 0.29

99.65  
± 0.21

99.0  
± 0.41

99.75  
± 0.23

Chloride content from the 
stated amount, (95–105%)

98.7 100.79 99.61 101.58 99.47 100.75 100.17 99.65 104.21 105.0

Viability of HepG2 cells in the MTT-test, %
undiluted solutions 24.80  

± 0.44
16.06  
± 0.40

15.06  
± 0.29

13.37  
± 0.04

12.27  
± 0.15

10.58  
± 0.11

11.32  
± 0.07

10.69  
± 0.12

16.06  
± 0.04

11.13  
± 0.11

a dilution of 3:1 60.62  
± 1.77 

53.51  
± 0.88

50.45  
± 1.49

54.37  
± 0.87

47.42  
± 0.75

57.04  
± 0.57

52.38  
± 0.75

47.53  
± 2.47

53.40  
± 0.91

50.21  
± 0.17

a dilution of 2:1 68.04  
± 2.52

62.17  
± 1.52

58.47  
± 1.53

68.04  
± 0.72

55.77  
± 0.77

64.54  
± 0.71

59.80  
± 1.66

59.71  
± 1.61

57.92  
± 1.07

58.47  
± 1.05

a dilution of 1:1 72.89  
± 1.42

72.75  
± 0.93

64.89  
± 0.56

68.50  
± 2.22

65.89  
± 0.51

65.91  
± 0.56

69.36  
± 0.92

70.79  
± 0.56

67.21  
± 0.63

68.17  
± 0.60

a dilution of 1:2 87.74  
± 0.44

82.26  
± 0.48

80.28  
± 0.70

79.32  
± 0.40

78.15  
± 0.55

76.75  
± 0.48

82.30  
± 0.51

85.86  
± 0.77

83.29  
± 0.62

83.15  
± 0.37

Viability of HepG2 cells in the NR-test, %
undiluted solutions 22.54  

± 1.86
15.73  
± 1.38

17.72  
± 1.27

17.28  
± 0.69

20.10  
± 2.10

14.49  
± 0.39

17.32  
± 0.61

14.49  
± 1.62

17.19  
± 1.35

17.23  
± 1.53

a dilution of 3:1 44.18  
± 1.07

42.05  
± 3.49

44.37  
± 4.70

42.75  
± 2.80

28.70  
± 3.19

40.36  
± 3.66

23.70  
± 1.58

24.74  
± 1.73

31.67  
± 12.59

39.97  
± 2.63

a dilution of 2:1 77.48  
± 0.70 

63.79  
± 6.96

46.89  
± 2.12

58.59  
± 8.39

56.40  
± 5.68

48.38  
± 1.64

45.47  
± 1.80

43.15  
± 2.09

43.31  
± 2.74

41.45  
± 3.65

a dilution of 1:1 80.73  
± 2.83

75.36  
± 5.60

72.94  
± 6.71

76.82  
± 8.80

70.99  
± 5.56

59.49  
± 3.23

66.38  
± 2.38

63.66  
± 4.53

61.38  
± 5.18

54.85  
± 3.16

a dilution of 1:2 89.35  
± 3.05

89.52  
± 4.39

85.46  
± 4.10

82.63  
± 6.52

79.09  
± 7.23

88.06  
± 8.31

86.47  
± 6.35

78.71  
± 4.01

74.41  
± 3.29

72.02  
± 1.50

Viability of HepG2 cells in the SRB-test, %
undiluted solutions 37.05  

± 0.26
21.16  
± 0.31

35.56  
± 0.06

33.39  
± 0.17

28.48  
± 0.09

16.48  
± 0.06

29.37  
± 0.41

20.67  
± 0.06

31.66  
± 0.14

26.11  
± 0.14

a dilution of 3:1 75.67  
± 1.00

71.51  
± 2.58

71.45  
± 0.33

66.26  
± 0.96

65.62  
± 0.79

68.56  
± 1.73

67.73  
± 3.28

68.61  
± 0.86

56.99  
± 1.31

52.52  
± 0.80

a dilution of 2:1 80.09  
± 0.42

75.39  
± 0.33

68.51  
± 0.71

72.61  
± 1.42

71.16  
± 0.17

69.23  
± 0.92

65.26  
± 1.22

69.27  
± 1.80

62.97  
± 0.36

63.89  
± 0.75

a dilution of 1:1 95.48  
± 0.42

93.01  
± 1.13

87.68  
± 0.23

85.42  
± 2.06

79.07  
± 0.39

84.28  
± 1.68

76.36  
± 1.53

77.94  
± 2.68

71.49  
± 1.67

71.41  
± 3.02

a dilution of 1:2 99.74  
± 0.08

98.91  
± 0.21

89.80  
± 0.23

87.74  
± 0.11

82.30  
± 1.54

87.10  
± 0.22

88.35  
± 1.22

81.62  
± 0.22

83.43  
± 0.34

81.93  
± 0.20

Viability of Vero cells in the MTT-test, %
undiluted solutions 24.69  

± 0.52
16.08  
± 0.58

15.21  
± 0.17

12.72  
± 0.58

13.94  
± 0.06

11.86  
± 0.29

15.04  
± 2.31

13.42  
± 0.46

14.11  
± 0.46

13.24  
± 0.17

a dilution of 3:1 63.44  
± 7.46

63.50  
± 0.58

57.66  
± 2.26

62.74  
± 2.49

57.66  
± 6.53

61.99  
± 0.12

61.07  
± 3.59

56.67  
± 0.3

57.66  
± 2.26

54.07  
± 5.03

a dilution of 2:1 67.08  
± .73

66.68  
± 2.49

64.48  
± 0.98

63.32  
 ± 0.98

63.21  
± 2.72

65.06  
± 1.33

63.78  
± 1.10

63.90  
± 0.29

60.55  
± 3.06

65.92  
± 1.27
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in the NR-test31), and from 32.65% ± 0.42% to 56.27%  
± 0.69% in the SRB-test. The viability levels of the cells 
can be ranked in the descending order depending on the 
test as follows: SRB > MTT > NR and MTT > NR > SRB 
for the HepG2 and Vero cells, respectively. 

The number of the cells gradually increased at the further 
dilutions of the tested PD solutions with the medium and it 
was the highest at a dilution of 1:2. The tested solutions at 
the last dilution of 1:2 showed the least damaging effects 
on the cells. The HepG2 cell viability was in the range 
of 76.75% ± 0.55% to 85.86% ± 0.77% in the MTT-test, 
72.02% ± 1.5% to 89.52% ± 4.39% in the NR-test, and 
81.62% ± 0.22% to 98.91% ± 0.21% in the SRB-test. The 
same effects were observed in the Vero cells using three 
viability tests. The number of these cells was from 87.67% 
± 1.16% to 97.04% ± 0.58% in the MTT-test, 87.00%  
± 0.66% to 97.47% ± 0.07% in the NR-test31), and 53.49% 
± 1.53% to 88.85% ± 4.10% in the SRB-test. The viability 
levels of the cells can be ranked in the descending order 
depending on the test as follows: SRB > MTT ≥ NR for 
HepG2 cells, which almost conforms with undiluted solu-
tions and MTT ≥ NR > SRB for the Vero cells.

Assessing the HepG2 viability and comparing the results 
with the Vero cells viability, there were weak but predicted 
positive relationships (0.35 and 0.32) between viability and 

thetize proteins. The viability levels of both cells types can 
be ranked in the descending order depending on the test as 
follows: SRB > NR > MTT. Our findings suggest that such 
a  rank indicates that metabolic activity of the cells is the 
most vulnerable to PD solutions and/or Vero and HepG2 
cells have relatively low enzyme levels or activity in vitro. 
Our studies are in line with Perez et al.35), who stated that 
the IC50 values of compounds tested using the SRB- and 
MTT-tests were slightly higher in the first-mentioned test. 
Probably, this phenomenon could be explained by saying 
that MTT detects only viable cells, whereas the SRB meth-
od does not distinguish between viable and dead cells17, 22). 

As can been seen from Table 2, the cells viability does 
increase at the solutions dilutions. Such regularity was 
found: the larger the dilution, the higher the viability of 
both types of the cells in three tests. 

The tested solutions at a dilution of 3:1 showed a sli-
ghtly less damaging effect on the membrane- and me-
tabolic cellular activity and ability to protein synthesis. 
The HepG2 cell viability was in the  range of 47.42% 
± 0.75% to 57.04% ± 0.57% in the MTT-test, 23.70%  
± 1.58% to 44.37% ± 4.70% in the NR-test, and 52.52% 
± 0.80% to 71.51% ± 2.58% in the SRB-test. The number 
of cells was from 54.07% ± 5.03% to 63.50% ± 0.58% in 
the MTT-test, from 36.39% ± 1.91% to 59.82% ± 0.72% 

a dilution of 1:1 75.47  
± 2.37

67.19  
± 2.89

67.83  
± 0.17

69.79  
± 1.33

72.86  
± 1.01

70.78  
± 0.35

72.29  
± 0.92

67.08  
± 4.39

73.21  
± 1.50

69.34  
± 2.49

a dilution of 1:2 95.30  
± 1.74

94.90  
± 1.21

97.04  
± 0.58

94.95  
± 0.58

89.20  
± 1.16

87.67  
± 1.16

88.07  
± 0.87

89.69  
± 0.98

87.67  
± 1.15

89.98  
± 1.50

Viability of Vero cells in the NR-test, %
undiluted solutions 31.79  

± 0.20
17.05  
± 0.86

18.56  
± 1.32

19.09  
± 1.32

21.59  
± 1.97

16.32  
± 1.32

16.85  
± 0.66

16.85  
± 0.66

19.87  
± 0.66

27.25  
± 1.32

a dilution of 3:1 51.86  
± 6.05

59.23  
± 5.26

50.02  
± 7.24

52.65  
± 2.11

45.01  
± 3.42

36.39  
± 1.91

52.12  
± 0.39

59.82  
± 0.72

59.62  
± 3.82

40.41  
± 3.69

a dilution of 2:1 75.29  
± 1.05

64.49  
± 1.18

73.58  
± 1.97

72.59  
± 0.33

65.09  
± 0.46

66.27  
± 3.22

65.28  
± 5.53

71.80  
± 2.96

67.31  
± 1.32

68.77  
± 19.81

a dilution of 1:1 84.30  
± 1.91

81.15  
± 2.83

83.84  
± 0.13

91.35  
± 1.32

78.78  
± 1.78

81.21  
± 0.79

88.25  
± 2.70

89.96  
± 2.04

88.58  
± 2.24

74.23  
± 3.16

a dilution of 1:2 96.08  
± 1.32

97.47  
± 0.07

91.67  
± 0.99

90.95  
± 0.13

88.06  
± 0.13

95.03  
± 0.26

92.60  
± 0.59

98.52  
± 0.33

92.33  
± 0.46

87.00  
± 0.66

undiluted solutions 37.44  
± 0.21

29.52  
± 0.35

31.12  
± 0.56

33.41  
± 1.46

35.08  
± 0.35

29.32  
± 0.0

37.58  
± 0.07

35.36  
± 0.21

32.23  
± 0.28

31.12  
± 0.14

a dilution of 3:1 61.13  
± 1.39

47.52  
± 0.42

56.27  
± 0.69

38.35  
± 1.39

39.25  
± 0.35

43.56  
± 0.49

42.10  
± 0.42

32.65  
± 0.42

38.83  
± 0.07

40.15  
± 0.42

a dilution of 2:1 55.44  
± 2.22

48.84  
± 4.93

43.42  
± 2.57

46.68  
± 4.72

38.07  
± 3.06

45.78  
± 5.63

44.67  
± 3.96

42.17  
± 0.49

39.32  
± 2.08

39.04  
± 1.25

a dilution of 1:1 77.39  
± 3.33

67.94  
± 2.64

62.38  
± 2.36

54.25  
± 1.32

67.04  
± 2.01

60.16  
± 4.31

59.67  
± 1.46

63.01  
± 0.76

51.48  
± 2.85

64.05  
± 2.7

a dilution of 1:2 77.11  
± 4.31

66.83  
± 2.22

88.85  
± 4.10

74.12  
± 2.57

62.04  
± 4.93

55.51  
± 5.49

78.29  
± 4.10

62.87  
± 0.35

61.34  
± 2.01

53.49  
± 1.53

Table 2. Physicochemical parameters of the tested PD solutions after sterilization and viability of the HepG2 and Vero cells, X ± SD
- continued table

Index Batch number
0 1 2 3 4 5 6 7 8 9

Viability of Vero cells in the MTT-test, %
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of PD solutions of 5.53). However, it is very hard to state 
to what degree inhibition effects could be attributed to 
pH alone, or may be partly due to a combination of low 
pH and other known (GDPs, unphysiological concentra-
tions of lactate and glucose, high osmolarity, etc.) and 
not known factors3, 10, 36), including duration of end-stage 
renal disease, diabetes mellitus, and time on PD in vivo 
studies2). 

The issue of pH and lactate influence on cells is very 
complicated. According to Liberek et al.36), the incuba-
tion of polymorphonuclear leukocytes in PD solutions 
containing 35 mM lactate at pH 5.2 resulted in an imme-
diate and profound lowering in intracellular pH and inhi-
bition of respiratory burst activation. However, lowering 
in intracellular pH was not observed in lactate-containing 
solutions at neutral pH or at low pH in the absence of 
lactate36). It could be supposed that lowering in intrace-
llular pH led to an increased diffusion of NR through the 
biological membranes and, respectively, enhancing ac-
cumulation in lysosomes that is related to an increased 
absorbance, but not related with a  plausible amount of 
viable cells. Moreover, the necessity of measuring pH of 
samples in the NR-test is indicated in reference16). It is 

pH in the MTT-test (the higher pH of the solutions, the higher 
cells viability) and negative unpredicted relationships in the 
NR- (–0.88 and –0.50) and SRB-tests (–0.72 and –0.50), re-
spectively (Fig. 1). The estimation of the Vero cells viability 
depending on the pH solutions was presented previously31).

As demonstrated by Fig. 1 and a similar dependence of 
the Vero cells viability depending on the pH solutions8), 
only the MTT-test gave a predicted but non-significant re-
lationship between an increase in both cell types viability 
and an increase in solutions pH. An increase in the via-
bility at a pH decrease in the NR-test could be explained 
by various reasons, especially that stress caused by expo-
sure to PD solutions could induce an increase in lysoso-
me production to help combat and protect cells from cell 
death23) and/or lower pH in lysosomes, the cells of which 
were treated by solutions with lower pH and, respectively, 
increased in NR accumulation there12). It could be also po-
stulated that an increase in the viability at pH decrease in 
the SRB-test could be explained that a degree of binding 
SRB with protein is a  slightly higher at lower values of 
intracellular pH not expressing increased cells mass22). 

Our studies are in line with those of Wieslander et al. 
who established that there was 100% death of cells at pH 

Fig. 1. Estimation of the HepG2 cells viability depending on the pH of the solutions 

Fig. 2. Estimation of the HepG2 cells viability depending on the absorbance solutions at 228 nm
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tion expressed by the absorbance at 228 nm in the MTT-
test and strong and middle positive (the more was the 
concentration, the higher was the viability) unpredicted  
relationships in the NR-test (0.96 and 0.50) and middle 
and weak unpredicted relationships (0.66 and 0.33) in the 
SRB-test, respectively, with the HepG2 and Vero cells 
(Figs. 2 and 3).

Our studies are partly in line with those of Dioos et 
al.1) who established that there was a  negative correla-

could be also postulated that lowering in intracellular pH 
led to an increased degree of binding SRB with proteins 
and, respectively, enhancing amount of extracted SRB 
that is not related with a plausible amount of viable ce-
lls as well. Some authors offer to study neutralized PD 
solutions in vitro studies in order to eliminate inhibitory 
effects related to acidic pH3).

There were non-significant unpredicted relationships 
(–0.12 and –0.20) between viability and GDPs concentra-

Fig. 3. Estimation of Vero cells viability depending on the absorbance solutions at 228 nm

Fig. 4. Estimation of HepG2 cells viability depending on the glucose concentration of the solutions

Fig. 5. Estimation of Vero cells viability depending on the glucose concentration of the solutions 
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centration: 0.69 and 0.29 in the MTT-test, 0.60 and 0.56 
in the NR-test and 0.56 and –0.36 in the two SRB-tests, 
respectively (Figs. 6 and 7).

Our studies are also in line with the studies of  
Al-Hwiesh et al.2) who demonstrated that both solutions 
(lactated buffered solution with high levels of GDPs and 
bicarbonate/lactate-buffered PD solution with a low level 
of GDPs) had similar effects on the peritoneal structu-
re and function in vivo. According to Wieslander et al.3), 
lactate at neutral pH did not cause a significant change in 
proliferation. 

Erixon et al.5) also determined growth inhibition of 
HPMC and mouse L-929 fibroblast cells by PD soluti-
ons using the NR-test. However, our studies are not in 
line with the data of these authors concerning correlati-
ons because the cell viability even at a weak correlation 
increases with a pH decrease, an increase in the absor-
bance at 228 nm of the solutions and an increase in the 
sodium lactate concentration in the NR test. It could be 
supposed that such complicated correlations are related 
with acidic pH of the solutions6). One of the drawbacks 
of the NR absorption assay is its pH-dependence12), 
which, in the case of solutions with different pH, in-
terferes with establishing accurate correlations between 
pH of these solutions and cell viability. The fact that NR 
accumulates in lysosomes more at lower pH can also be 

tion between the inhibition of cell growth and GDPs 
concentration for three solutions of one manufacturer. 
These authors did not reveal an exceptionally strong 
effect of PD solutions on the basal cytotoxicity1). More-
over, Distler et al. found that after one day incubation, 
all tested solutions (sterile-filtered, heat sterilized and 
sterile-filtered with adding glyoxal and methylglyoxal, 
3-deoxyglucosone, 3-deoxygalactosone, glucosone, and 
3,4-dideoxyglucosone-3-en) showed cell growth30). 

There were positive unpredicted relationships between 
the viability of the HepG2 and Vero cells and glucose 
concentration: 0.12 and 0.20 in the MTT-test, 0.37 and 
0.14 in the NR-test and 0.37 in the two SRB-tests, re-
spectively (Figs. 4 and 5). 

Our studies are in partial agreement with those of 
Dioos et al., who showed a negative correlation between 
inhibition of cell growth and glucose concentration for 
three solutions of one manufacturer1). According to 
Distler, all the tested solutions showed continuous cell 
growth after one day incubation. These authors explained 
the observed cell proliferation by the possible high glu-
cose concentration in the samples30). This could explain 
slightly positive correlations between the viability of the 
HepG2 and Vero cells and glucose concentration.

There were also unpredicted relationships between the 
viability of the HepG2 and Vero cells and lactate con-

Fig. 6. Estimation of the HepG2 cells viability depending on the lactate concentration of the 
solutions 

Fig. 7. Estimation of the Vero cells viability depending on the lactate concentration solutions 
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Therefore, NR- and SRB tests are not very suitable for 
comparative studies of PD solutions which differ in pH, 
as these tests are pH-dependent and do not enable a com-
parison of plausible cell viability of solutions differing 
in pH. There are two important limitations of our study. 
The first is a small number of PD solutions. The second 
limitation is that in vitro tests measure only basal toxicity 
on the cells, not peritoneal origin. Notwithstanding, from 
the one hand, the selection of cells for measuring basal 
toxicity is less important as basic cellular mechanisms 
are similar in both specialized and non-specialized ce-
lls, including L-929 fibroblasts and HPMC5, 7). However, 
on the second hand, the issue of choosing cells for the 
study of cell viability is very disputable in the field of 
PD solution research, as Witowski et al.6) stated that the 
exclusive use of L-929 cells may underestimate the full 
extent of the toxicity associated with GDPs and therefore 
it would be more correct to employ primary cell cultu-
res of peritoneal origin in the future research. Moreover, 
risks factors other than PD solutions composition need 
considering when evaluating the damage of the peritone-
al cavity cells2). 

Conclusion

The results of this research showed the inhibition of 
HepG2 and Vero cells under influence of traditional PD 
solutions. Our study showed several important learning 
points around biocompatibility. The cytotoxic activity of 
the tested PD solutions and an isotonic solution of so-
dium chloride was greatest when cells were incubated 
with undiluted PD solutions. The number of viable cells 
was increased at solutions dilution. Cytotoxicity is main-
ly related to pH, as GDPs, glucose and lactate did not 
exert an exceptionally strong effect upon PD solutions 
cytotoxicity. Cellular metabolic activity measured in the 
MTT-test is more vulnerable to the action of PD soluti-
ons compared to membrane permeability and lysosome 
activity, and ability to proliferation measured in the NR- 
and SRB tests. Correlations were found between cell via-
bility and the values of analytical indexes of the tested 
solutions, between cell viability measured by three tests 
for the same type of the cells, and between cells viability 
measured by the same test for two types of the cells. The 
best correlation (0.62) was revealed between the cells 
viability measured by the MTT-test for the two types of 
cells. Finally, the results of this study show the necessity 
of careful selection of the viability test evaluating cyto-
toxicity of PD solutions. We suppose that the MTT-test is 
the best suitable for comparative studies of PD solutions 
which differ in pH. 
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explained by the increased permeability of living cell 
membranes in the presence of lower pH values of the 
solutions and, respectively, an increased retention of 
NR inside the lysosomes of living cells at lower pH of 
solutions. Our assumption is also based on the data of 
Noh et al.37) that reactive oxygen species (ROS) genera-
ted by conventional PD solutions are, in large part, re-
sponsible for peritoneal membrane hyperpermeability, 
neoangiogenesis, accumulation of extracellular matrix, 
and eventual peritoneal fibrosis regardless of whether 
ROS are produced by high glucose, angiotensin II, or 
GDPs. One more explanation can be that stress induced 
by exposure to PD solutions can cause an increase in 
lysosome production to help combat and protect cells 
from cell death2). Therefore, one of the learning points 
of our study is that the NR-test is not suitable for com-
parative studies of PD solutions which differ in pH, as 
it is pH-dependent and does not enable a comparison of 
plausible cell viability after changes in solution pH or 
adjusted manufacturing of solutions.

Comparing the correlations between different tests for 
the Vero cells, unusual negative correlations were re-
vealed: –0.47 and –0.27, –0.47 and –0.29 between the 
MTT-test and NR-test, the MTT-test and SRB-test, the 
NR-test and MTT-test and the NR-test and SRB-test, 
respectively. Comparing the HepG2 cells, it was estab-
lished that there were these positive correlations: 0.22 and 
0.45 between the MTT-test and NR-test and the MTT-test 
and SRB-test, respectively, and 0.22 and 0.71 between 
the NR-test and MTT-test and the NR-test and SRB-test, 
respectively. Comparing the connection between the vi-
ability for two types of the cells measured by the same 
test, these unusual correlations were revealed: 0.30, 0.50 
and 0.62 for SRB-, NR- and MTT tests, respectively. To 
our knowledge, there were no published data with such 
connections. Therefore, it is impossible to compare the 
obtained correlations with the data of other authors. The 
higher correlations in the MTT-test confirmed our as-
sumption about its rational usage for comparison of dif-
ferent PD solutions. 

Our study has found several important learning points 
around biocompatibility. It confirms the data on cytotoxi-
city of PD solutions in cell cultures even in a compari
son with an isotonic sodium chloride solution in the three 
tests. One more point is that the cytotoxic activity of the 
tested PD solutions and an isotonic solution of sodium 
chloride was greatest when cells were incubated with 
undiluted PD solutions. When the solutions were diluted 
by the medium, the amount of viable cells was increa-
sed, and at a dilution of 1:2 it was close to the values in 
the control wells where the tested solutions were absent. 
Another point is that cytotoxicity is mainly related to pH, 
because GDPs, glucose or lactate did not exert an excep-
tionally strong negative effect upon PD solutions cyto-
toxicity. One more point indicates that cellular metabolic 
activity measured in the MTT-test is more vulnerable to 
the action of PD solutions compared to membrane per-
meability and lysosome activity, and ability to prolife-
ration measured in the NR- and SRB tests, respectively. 
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