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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
The paper shows the immunomodulatory potential of fullerenes 

C60 against human neutrophils under antigenic load in vitro. 
Venous blood samples from 13 healthy volunteers evaluated 
the effects of C 60 aqueous dispersion on cell viability and 
proteinase-3 (Pr3) secretion. It was shown that with bacterial 
stimulation, the survival rate of neutrophils decreases to 81.32%, 
while the addition of fullerenes C60 has a protective effect, 
increasing viability to 86.73%. This cytoprotection is probably 
due to the antioxidant properties of the fullerene scaffold and 
its ability to inactivate free radicals. In addition to survival, 
the experimental group showed an almost twofold increase in 
Pr3 secretion compared to the stimulation control, reaching 2, 
14 ng/ml. Statistical analysis by RM-ANOVA confirmed the 
significance of these differences, indicating that C 60 actively 
stimulates degranulation. Morphological observations are 
consistent with these data: in the presence of nanoparticles, there 
is a tendency to normalize nuclear segmentation and a decrease 
in toxic grain size. The lack of correlation between cell death and 
enzyme yield suggests that Pr3 is secreted by active exocytosis 
rather than passive membrane disruption. Therefore, C60 
fullerenes act as functional stimulants enhancing antimicrobial 
potential without depleting the neutrophil pool. These results 
position C60 as a promising candidate for the development 
of new adjuvants and approaches to the regulation of innate 
immunity. Overall, the study confirms that water-soluble 
fullerenes are able to simultaneously maintain cell viability and 
enhance the effector functions of the primary immune response.

Key words. Immunomodulatory potential, C60 fullerenes, 
neutrophils, innate immunity.
Introduction.

C60 fullerenes are a unique allotropic form of carbon consisting 
of 60 atoms organized into a closed spherical structure with 
pronounced electron-acceptor properties, demonstrate high 
effectiveness in the treatment of burns and wounds due to their 
unique antioxidant and regenerative properties [1,2]. Due to their 
high chemical stability, surface functionalization, nanoscale 
and pronounced reactivity, these nanomaterials are considered 
as promising platforms for biomedical applications, including 
drug transport, antioxidant therapy and the development of new 
immunomodulatory systems [1,3-7].

In recent years, there has been considerable interest in the 
interaction of C60 fullerenes with cells of the immune system. Of 
particular importance is the study of the effect of fullerenes on the 
mechanisms of innate (non-specific) immunity, which provides 
primary recognition and elimination of foreign agents. The main 

effector cells of this part of the immune defense are neutrophils, 
monocytes, macrophages and dendritic cells, which realize 
the antimicrobial response through phagocytosis, production 
of reactive oxygen species, secretion of proinflammatory 
mediators and regulation of intercellular signaling pathways [3]. 
Modern ideas about innate immunity emphasize the key role of 
cell metabolism, mitochondrial signaling and redox regulation 
in the formation of an early inflammatory response [3,8-14].

Experimental studies indicate that C60 fullerenes are able 
to interact with phagocytic cells and modify their functional 
activity. A number of papers have shown the effect of aqueous 
C60 dispersions on phagocytosis, intracellular generation 
of reactive oxygen species, myeloperoxidase activity, and 
expression of adhesion molecules [7,4]. At the same time, the 
nature of the response was ambiguous and depended on the 
concentration of the substance, the duration of incubation and 
the initial functional state of the cells. At low concentrations, 
both moderate stimulating effects and inhibition of individual 
phagocytic reaction steps were noted.

A promising area is the use of fullerenes as adjuvants of innate 
immunity. In particular, C60 conjugates with biologically active 
peptides have demonstrated the ability to enhance chemotaxis, 
phagocytosis, and expression of MHC II molecules by 
macrophages in vitro. Such data make it possible to consider 
fullerenes not only as inert nanotransport systems, but also as 
active regulators of the cellular functions of the immune system 
[5].

Despite the increasing number of publications, information 
on the effect of C60 fullerenes on the functional parameters of 
cells of nonspecific immunity remains fragmented and largely 
contradictory. To date, concentration-dependent effects, features 
of the effect on the viability of immunocompetent cells and the 
nature of changes in phagocytic activity with direct contact 
of nanoparticles with cell populations in vitro have not been 
sufficiently studied [7,4]. 

Objective. To evaluate the effect of C60 fullerenes on 
nonspecific human neutrophil activation in vitro by proteinase 
3 (Pr3) secretion.
Materials and Methods.

The experimental study was conducted on the basis of Scientific 
Research Laboratory of Karaganda Medical University was 
approved by the Local Bioethics Commission (protocol No. 37 
dated 04.02.2026). The study involved 13 people. Of these, 6 
are women, 7 are men. Venous blood samples from donors (n 
= 13) were included in the study. The isolated neutrophils were 
divided into groups: control (without stimulation), stimulation 



165

control (with Imudon), experimental group (Imudon + fullerene 
C₆₀). Venous blood was collected from healthy volunteers (n = 
13) in the morning on an empty stomach to exclude the influence 
of lipemia and postprandial glycemia on the functional state 
of neutrophils. 10 mL AVATUBE (Kazakhstan) vacuum tubes 
containing the anticoagulant CPDA (citrate phosphate dextrose 
adenine) were used. Neutrophil isolation was performed 
according to the modified protocol of Kremserova and Nauseef 
(2020). Venous blood with CPDA anticoagulant was used for 
neutrophil isolation by gradient centrifugation. To visualize 
neutrophils and analyze their morphofunctional state, two 
staining methods were used: methylene blue and Romanovsky-
Giemsa.
Preparation of stimuli and fullerene:

Bacterial stimulus (Imudon - contains a mixture of lyophilized 
lysates of 13 species of bacteria and fungi of the genus Candida, 
which provides a wide range of antigens recognized by receptors 
of human innate immunity). Imudon was used in the form of 
tablets for resorption (Pharmstandard-Tomskhimpharm OJSC, 
Russia). The dosage of 50 mg is indicated on the packaging 
of the product, which corresponds to the content of 2.7 mg 
of the active substance - a mixture of bacterial lysates - on a 
dry basis. One 50 mg tablet was mechanically divided into 
four approximately equal parts. The resulting quarter tablet 
containing about 0.675 mg of active ingredient was crushed 
in a sterile mortar and dissolved in 2.5 ml of sterile saline 
(0.9% NaCl). The resulting suspension was used as a source of 
bacterial antigens to stimulate neutrophils.

Fullerene C60: An aqueous dispersion of C60 (dnC60) with 
an initial concentration of 1 mg/mL was used and stored in the 
dark at 4 °C. A 10 µg/mL working solution was prepared by 
diluting 10 µL of the stock solution with RPMI-1640 culture 
medium to a final volume of 1 mL (1:100 dilution). For the 
experimental group, 20 µL of this working solution was added 
to a total incubation volume of 600 µL. Therefore, the final C60 
concentration in the incubation mixture was 0.33 µg/mL. The 
concentration of 10 µg/mL refers to the working solution only.

Experimental groups and incubation: Isolated neutrophils 
were used for the experiment. The cell suspension was dispensed 
into 1.5 mL Eppendorf tubes according to Table 1.

In the Control 1 group, cells were incubated only in culture 
medium without any stimuli, allowing assessment of the basal 
level of neutrophil activation. In Control 2, 20 µL of bacterial 
stimulus (Imudon) was added, which corresponded to a final 
concentration of antigens sufficient to activate neutrophils 
in vitro. In the Experiment group, Imudon (20 µL) and C60 
working solution (20 µL; 10 µg/mL) were simultaneously 
added to evaluate the adjuvant potential of the nanoparticles. 
The final C60 concentration in the 600 µL incubation mixture 
was 0.33 µg/mL.

All samples were incubated in an oven at 37 C for 45 minutes. 
At the end of the incubation, the samples were centrifuged 
at 1200 rpm for 5 minutes. The supernatant was collected in 
coded tubes and frozen at -20 °C for subsequent enzyme-linked 
immunosorbent assay for proteinase-3 (PR3). The cell pellet 
was used to prepare smears and ELISA.

Statistical processing was performed using IBM SPSS 
statistics, Python 3.14, Matplotlib library.

Results.
The first stage of the study was to evaluate the survival of 

human neutrophils in vitro, after incubation for 45 minutes. 
The basal viability level in the control group (K1, RPMI-1640 
medium) was 93.06% [95% CI: 92.23-93.89]. After addition of 
Imudon bacterial antigen, a statistically significant difference 
was observed in the decrease in cell viability (p <0.001 
according to the paired Student's t-test). The proportion of live 
cells was 81.32% [95% CI: 79.88-82.76]. The data obtained can 
be interpreted as the realization of the cytotoxic potential of 
bacterial lysates and activation-induced cell death.

When analyzing the effect of antigen and aqueous dispersion 
of fullerene C60, a partial recovery of cell viability was 
observed, as presented in Figure 1. The mean was 86.73% [95% 
CI: 85.42-88.04]. The comparative analysis of groups C2 and E 
revealed a statistically significant difference (p = 0.028), which 
may confirm the protective effect of nanoparticles. The increase 
in survival may indicate membrane-protective properties, which 
is probably due to the ability of the fullerene framework to 
inactivate free radicals.
Neutrophil secretory activity: proteinase 3 (PR3):

To assess neutrophil status and identify degranulation 
processes, we measured the concentration of one of the serine 
proteases PR3 in the culture supernatant. Measurement results 
and 95% confidence interval are presented in Table 2.

In the control group (C1), the baseline level of PR3 secretion 
was 1, 29 ± 0, 49 ng/ml. Interestingly, the stimulation of cells 
with the Imudon bacterial antigen (C2) also did not significantly 
stimulate the release of the enzyme compared to the control (1, 
14 ± 0, 62 ng/ml).

However, in the case of simultaneous stimulation of cells with 
antigen and fullerene C60 (E), a pronounced effect of activating 
the effector functions of cells was observed: the proteinase 
concentration in the medium almost doubled to 2, 14 ± 1, 31 
ng/ml.

Statistical processing using repeated measures analysis of 
variance (RM-ANOVA) showed the significance of the detected 
differences (p = 0, 026) shown in Figure 2. Consistent comparison 
of groups C2 and E (antigen vs antigen + C60) revealed 
significant stimulation of degranulation by nanoparticles (p = 0, 
021 by paired t-test).

Despite the high variability of the individual response, reflected 
by the confidence interval width for the experimental group in 
Diagram 2, the overall trend indicates the modulating effect of 
fullerene. Thus, C60 not only increases cell survival, but also 
enhances their antimicrobial potential by stimulating exocytosis 
of specific granules.
Discussion of interaction mechanisms:

Comparison of data on viability and enzymatic activity revealed 
a dual effect of fullerene C60. For example, nanoparticles not 
only reduced lethal damage to cells by antigen, but also acted 
as a functional stimulator, increasing the release of PR3 from 
azurophilic granules.

The lack of correlation between a decrease in survival and 
an increase in the concentration of PR3 (r = -0, 12) eliminates 
the hypothesis of passive release of the enzyme due to the 
destruction of cell membranes. Therefore, the observed effect is 
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Figure 1. Protective effect of C60 fullerene on neutrophil viability (Mean ± 95% CI, n=13).

Figure 2. Proteinase 3 (PR3) levels in neutrophil supernatants (Mean ± 95% CI, n=13).

Group Cell suspension (µL) Imudon (µL) C60 working solution (µL) RPMI-1640 (µL)
Control 1 (C1) 300 – – 300
Control 2 (C2) 300 20 – 280
Experiment (E) 300 20 20 260

Table 1. Composition of experimental samples (final incubation volume: 600 µL).

Groups PR3, ng/mL (M ± SD) 95% CI (Confidence Interval) p-value (C2 vs. E)
Control 1 (С1) 1,29 ± 0,49 0,99 – 1,59 —
Control 2 (C2) 1,14 ± 0,62 0,76 – 1,52 —
Experiment (E) 2,14 ± 1,31 1,35 – 2,93 0,021

Table 2. Proteinase 3 (PR3) concentrations in neutrophil culture supernatants after 45-min incubation in the study groups.
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due to the active de-granulation of viable neutrophils. In light of 
the findings, fullerene C60 appears to be a promising adjuvant 
candidate capable of enhancing the effector functions of innate 
immunity cells without depleting their pool.
Morphological characteristics and qualitative analysis of 
neutrophil status:

To assess the condition of neutrophils and the intensity of 
degranulation processes, we measured the concentration of 
serine protease PR3 in the culture supernatant. The measurement 
results and confidence intervals are shown in Table 2.

Therefore, the observed effect is due to the active de-granulation 
of viable neutrophils. In light of the findings, fullerene C60 
appears to be a promising adjuvant candidate capable of 
enhancing the effector functions of innate immunity cells 
without development of pronounced cytotoxicity and disruption 
of their physiological activity. Comparative characteristics of 
the features are presented in Table 3.

According to the data presented in Table 3, neutrophils in 
Control Group 2 exhibited pronounced signs of cellular damage, 
including intense cytoplasmic vacuolization, toxic azurophilic 
granulation, nuclear hypersegmentation, and the appearance of 
isolated NETs. In contrast, the experimental group treated with 
C60 fullerene demonstrated better preservation of membrane 
integrity, reduced vacuolization and toxic granulation, and a 
tendency toward normalization of nuclear segmentation. These 
findings suggest a cytoprotective effect of C60 fullerene and 
its ability to maintain the structural and functional integrity of 
innate immune cells.
Discussion.

The results indicate that the aqueous dispersion of fullerene 
C60 has a complex immunomodulatory effect on human 
neutrophils under conditions of antigenic load. The most 
important observation was the combination of increased 
cell viability with a simultaneous increase in their secretory 
activity. Such a combination is of particular interest, since 
neutrophil activation under conditions of inflammation is often 
accompanied by the development of activation-induced cell 
death and excessive oxidative stress [8,11]. In the present study, 
the Imudon bacterial antigen caused a significant decrease in 
neutrophil viability, which may reflect both the cytotoxic effect 
of bacterial lysates and the launch of activation-associated cell 
death programs. Similar mechanisms have previously been 
described in studies on the neutrophil response to bacterial 
components and proinflammatory stimuli [11].

Partial restoration of cell viability with the addition of fullerene 
C60 suggests the presence of pronounced cytoprotective 
properties in nanoparticles. It is known that fullerenes are able 
to interact with free radicals, showing antioxidant activity 
due to the peculiarities of the π -electronic structure of the 
carbon framework [8,9]. A number of studies have shown that 

water-soluble C60 derivatives reduce the intensity of lipid 
peroxidation, stabilize cell membranes and reduce the level of 
ROS-induced cell damage [8,10]. Probably, it was a decrease in 
oxidative stress that contributed to the preservation of a larger 
proportion of viable neutrophils in the experimental group.

At the same time, an increase in the concentration of PR3 in 
the supernatant indicates an increase in the functional activity 
of the cells. Proteinase 3 belongs to the serine proteases of 
azurophilic neutrophil granules and plays an important role in 
the implementation of antimicrobial protection, degradation 
of bacterial components and regulation of the inflammatory 
response [11]. The absence of a significant increase in PR3 in 
the group with one antigen may indicate insufficient activation 
of degranulation or the development of functional depletion of 
neutrophils under the influence of bacterial lysates. In contrast, 
the combined use of antigen and C60 was accompanied by an 
almost twofold increase in enzyme levels, indicating stimulation 
of granule exocytosis by viable cells.

Of particular interest is the lack of a pronounced negative 
correlation between neutrophil viability and PR3 levels. This 
makes it possible to exclude mainly passive release of the 
enzyme due to destruction of cell membranes and confirms 
the hypothesis of active regulated degranulation. Similar 
effects have previously been described for some nanomaterials 
capable of modulating the functions of innate immunity without 
developing pronounced cytotoxicity [8,12].

From the standpoint of modern immunology, the identified 
effects may be associated with the effect of fullerene C60 on 
redox-dependent neutrophil signalling pathways. It is known 
that the level of intracellular reactive oxygen species is closely 
related to both cell survival and mechanisms of degranulation 
and protease secretion [10,11]. Moderate reduction in oxidative 
stress can maintain the functional activity of neutrophils, prevent 
premature cell death and preserve their effector potential. In 
addition, there are data on the ability of nanocarbon structures 
to interact with cell membranes and change the intracellular 
signalling processes associated with phagocyte activation 
[12,13].
Conclusion.

Thus, the results obtained make it possible to consider 
fullerene C60 as a promising immunomodulatory agent capable 
of simultaneously maintaining the viability of neutrophils 
and enhancing their antimicrobial functions. This makes C60 
nanoparticles potentially interesting for the development of new 
adjuvant and anti-infective approaches aimed at regulating the 
innate immune response.
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Table 3. Comparative characteristics of the study groups.
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