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Background. Polymeric nanoparticles are increasingly used as drug carriers. 
They demonstrate a significant improvement in the therapeutic efficacy of drugs and 
are widely studied as components of drug transport and release systems. Unlike other 
types of nanoparticles, depending on the nature and properties, polymeric carriers can 
be designed to target specific organs, tissues, or cells and ultimately biodegrade with 
minimal systemic toxicity. The study aimed to investigate the in vitro cytotoxicity of drug 
delivery systems based on nanoparticles of fluorescein-containing amphiphilic copoly-
mers, as well as to assess their ability to penetrate the cell and the possibility of control-
ling this process.

Materials and Methods. Copolymers obtained on the basis of 2-(dodecanoylamino)
pentanedioic acid and 2-(octadecanoylamino)pentanedioic acid, polyethylene ether
diols, and fluorescein were used for the study. The surface-active properties of the 
copolymers and the solubilization ability of their colloidal solutions were examined. The 
cytotoxicity of fluorescein-containing copolymers and the activity of cellular enzymes 
were studied on live spermatozoa obtained from bull ejaculates of 2–6 mL, with a sperm 
concentration of 0.6–1.5⋅109 cells/mL and an activity of 7.5–8.0 points. 

Results. Two groups of amphiphilic copolyesters, with molar weights of polyethy
lene etherdiols from 600 to 1500 and different content of fluorescein were studied. Their 
surface-active properties and ability to solubilize lipophilic substances – drug analogs – 
were determined. It was found that the obtained copolyester dispersions do not exhibit 
cytotoxicity. During direct contact with germ cells, copolymers can penetrate the cell 
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membrane and decompose with the release of fluorescein. This allows us to track their 
location in the structures of germ cells.

Conclusion. The relationship between the structure of amphiphilic fluorescein-
containing copolyester and the degree of their effect on living objects in vitro has been 
established. The composition of copolymers that do not exhibit cytotoxicity and can be 
used as drug transporters has been determined. It has been shown that the synthesized 
copolymers can penetrate the membrane of germ cells and are decomposed during 
metabolic processes in sperm with the release of fluorescein. 

Keywords: amphiphilic copolyester, fluorescein, cytotoxicity, enzyme activity
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INTRODUCTION
Recently, there has been an intensive development of technologies related to nano-

objects of various nature, primarily in the fields of pharmacy and medicine (Anestopoulos 
et al., 2020; Lucarini et al., 2018; Eom et al., 2020). Dispersed systems of nanoparticles 
based on amphiphilic polymers are particularly noteworthy due to their unique physical 
and chemical properties (Shamma et al., 2022; Yu et al., 2021; Vakilzadeh et al., 2018; 
Varshosaz et al., 2018). Among them, the most interesting are nanomedical forms that 
combine the possibilities of therapy and diagnosis of diseases (Haleem et al., 2023; 
Patra et al., 2018; Bhat et al., 2019). The main advantage of such polymeric systems is 
that, in addition to delivering and releasing therapeutic compounds, they can also pro-
vide information on their distribution in living tissues, which allows studying and contro
lling the delivery efficiency (Yang et al., 2020; Wang et al., 2020; Stetsyshyn et al., 2020).

However, the primary requirement for materials that are supposed to come into direct 
contact with the tissues of living organisms is their non-toxicity and biological compatibility 
(Wu et al., 2020; Lam et al., 2017). Experimental evaluation of in vitro cytotoxicity is aimed 
at determining the effect on cell metabolism and viability. The possibility of in vivo obser-
vation by microscopy makes live cell cultures a convenient model for research in biology, 
medicine, pharmacology, and cosmetology (Tihauan et al., 2021; Nicolas et al., 2020). As 
a rule, at the first stage of such research, model cells are used, in particular cancer cells, 
or such cells as germ cells (sperm) (Chekh et al., 2017; Cho et al., 2023).

The aim of the study was to investigate in vitro the cytotoxicity of a number of amphi-
philic copolymers based on N-derivatives of glutamic acid and polyethylene etherdiole, 
the macromolecules of which contain covalently bound fluorescein. The aim was also 
to evaluate their ability to penetrate into the cell and the possibility of controlling this 
process using the luminescence of fluorescein released as a result of the enzymatic 
decomposition of copolyester macromolecules.

EXPERIMENTAL PART
Materials. Copolymers based on 2-(dodecanoylamino) pentanedionic acid (GluLa) 

and 2-(octadecanoylamino) pentanedionic acid (GluSt) of polyethylene etherdioles 
(PEG600, PEG1000, PEG1500) and fluorescein were obtained according to the methods 
described in (Chekh et al., 2017; Yakoviv et al., 2020; Varvarenko et al., 2018).
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Saline as a 0.9% aqueous solution of sodium chloride was produced by Aldrich, 
and used without additional purification.

Phosphate-salt buffer was of the following composition: NaCl – 0.8 g; KCl – 0.02 g; 
Na2HPO4 – 0.11 g; KH2PO4 – 0.02 g; MgCl2 – 0.01 g; Н2О – to100 mL.

Bull sperm. Ejaculates with a volume of 2–6 mL, with a sperm concentration of 0.6–
1.5⋅109 cells/mL and an activity of 7.5–8.0 points were selected for the study (Morrell 
et al., 2018).

Methods. The procedure for obtaining fluorescein copolyesters via the Steglich 
reaction is described in the article (Yakoviv et al., 2020; Yakoviv et al., 2018; Varvarenko 
et al., 2018). The content of fluorescein in polymers was determined after their hydroly-
sis in alkaline medium by spectrophotometry (Yakoviv et al., 2020). 

To prepare the dispersion, an aliquot of fluorescein-containing copolyester was dis-
persed in water to create a concentration of 1.0%.

The surface tension of the substances was determined by the du Noüy ring method 
(Lee et al., 2012). The value of surface tension and the critical micelle concentration 
(CMC) of copolyester were calculated by the method described in (Stasiuk et al., 2023). 

The amount of Sudan III lipophilic dye solubilized by colloidal solutions of amino 
functional copolymers in water was determined by spectrophotometry according to the 
procedure given in (Stasiuk et al., 2023).

To evaluate the cytotoxicity of fluorescein-containing copolymers, sperm diluted with 
phosphate-salt buffer (at a ratio of 4÷1) was divided into parts. The calculated amount of 
1% fluorescein-containing copolyester dispersion was added to the experimental part to 
obtain specified concentrations and the appropriate amount of water was added to the 
control part. The activity of the enzymes – succinate dehydrogenase (SDH units/h⋅0.1 mL 
of diluted sperm) and cytochrome oxidase (COX units/h⋅0.1 mL of diluted sperm) was 
determined by the methods given in (Коrnyat et al., 2021; Bukartyk et al., 2022). 

To obtain reliable data, the experiments were repeated six times for each type of 
copolyester. The statistical analysis of the results was carried out according to the pro-
cedure described in (Liubas et al., 2022; Stasiuk et al., 2023). Data shown in graphs and 
tables are mean values with indicated errors. The significance value is within P ≤0.05.

The materials of the presented article on laboratory, scientific, and experimental 
studies meet the requirements of the bioethical examination standards by the Council 
of Europe Convention for the Protection of Vertebrate Animals Used for Experimental 
and Other Scientific Purposes of 18.03.1986 and the Directive of the 2010/63/EU of 
the European Parliament and the Council of September 22, 2010 on the Protection of 
Animals Used for Scientific Purposes. As well as approved by the Ethics Committee of 
Institute of Animal Biology NAAS of Lviv, (Protocol No 144 of 16.01.2024).

RESULTS AND DISCUSSION
A significant amount of published data shows that polymers obtained by polycon-

densation, such as pseudo-polyamino acids, are capable of meeting the set of require-
ments for drug transporters (Wu et al., 2015; Xiaowei et al., 2021; Caddeo et al., 2013). 
The advantages of amphiphilic polymers compared to low-molecular surfactants are 
their lower toxicity and greater stability of their micelles in vivo (Torchilin 2001; Parker et 
al., 2003; Ghezzi et al., 2021). In particular, new copolyesters of N-derivatives of dibasic 
natural amino acids and polyoxyethylene glycols are among the most promising materi-
als for biomedical use due to their biocompatibility, biodegradability, and non-toxicity 
(Yakoviv et al., 2020; Stasiuk et al., 2023; Varvarenko et al., 2018). 
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In a number of previous studies, we have described the synthesis of amphiphilic 
copolyesters of glutamic acid N-derivatives and their analogues via the Steglich reaction 
using fluorescein as a component of the monomer mixture (Yakoviv et al., 2020; Yakoviv 
et al., 2020). The synthesized copolyesters are oligomeric products with a polyconden-
sation degree of 3–10. The presence of all monomeric units in their macromolecules 
has been proved by PMR spectroscopy and functional analysis (Yakoviv et al., 2020; 
Varvarenko et al., 2018). 

The macromolecules of the obtained products contain both hydrophilic (polyoxyethy
lene glycols) and hydrophobic (N-derivatives of glutamic acid and higher fatty acids) 
fragments and naturally exhibit surface-active properties in aqueous media. Some of 
them are capable of forming self-stabilized dispersions with particles ranging in size 
from 180 to 400 nm (the size depends on the nature of the monomeric links and their 
ratio in the copolyester) (Yakoviv et al., 2020; Varvarenko et al., 2018). At the same 
time, to ensure the ability of fluorescein-containing copolyester dispersions to self-stabi-
lize in water, the MM value of the hydrophilic comonomer (PEG) should be at least 600.

Therefore, two groups of amphiphilic copolyesters (synthesized on the basis of 
2-(dodecanoylamino) pentanedionic acid (GluLa) and 2-(octadecanoylamino) pen-
tanedionic acid (GluSt)) were selected for the study, which differed in the molar mass 
of polyethylene etherdiols (PEG 600, PEG 1000, PEG 1500) and fluorescein content 
(Table 1). For comparison, the characteristics of copolyesters of a similar composition 
but without fluorescein, synthesized by the same method are given. 

Table1. Composition and colloidal-chemical properties of copolyester aqueous dispersions

N Composition of copolyesters of general formula 
Glu(A)m-(PЕG)l-(DPG)q-(F)g
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1 [GluLа]0,5-[PEG1000]0,315-[DPG]0,207 0 0.0095 37.4 5.01

2 [GluLa]0.5-[PEG1000]0.262-[DPG]0.185-[F]0.077 5.56 0.0105 36.6 5.85

3 [GluLa]0.5-[PEG1500]0.286-[DPG]0.187-[F]0.035 3.18 0.0095 41.1 4.57

4 [GluSt]0,5-[PEG1000]0,31-[DPG]0,15-[F]0,037 2.87 0.0128 42.6 6.0

5 [GluSt]0.5-[PEG1000]0.258-[DPG]0.162-[F]0.05 5.87 0.0052 46.5 3.9

6 [GluSt]0,5-[PEG1000]0,325-[DPG]0,18 0 0.0109 45.5 1.3

7 [GluLa]0.5-[PEG600]0.264-[DPG]0.205 [F]0.065 5.2 0.0069 36.05 -

8 [GluLa]0.5-[PEG600]0.264-[DPG]0.106 [F]0.13 10.8 0.0192 39.05 -
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The surface-active properties of copolymers of this type are manifested in the 
fact that in their aqueous solutions the surface tension decreases to 35–47 mN/m 
(Fig. 1 A, B). An increase in the molecular weight of the acyl substituent of the nitrogen 
atom in glutamic acid naturally leads to an increase in the lipophilicity of the synthesized 
polymers, resulting in the deterioration of their colloidal solubility in water. At the same 
time, the CMC values of copolyester synthesized using both GluSt and GluLa are close 
to 0.01±0.002 %. Nevertheless, the plateau value of the maximum decrease in the sur-
face tension of aqueous dispersions for products obtained using GluSt is 5–10 mN/m 
was higher than their analogues obtained using GluLa.

Fig. 1.	 Surface tension isotherms of copolyester GluSt, PEG1000 with different fluorescein contents (A), 
GluSt and polyethylene diols of different molecular weights (B). Surface tension isotherms of GluLa-
PEG600-DPG-F (5.2 %) copolyester in distilled water (pH = 6.7), phosphate-salt buffer solution 
(pH = 7.4), and in a solution with pH = 10.2 (C) and GluLa-PEG600-DPG-F (10.76 %) in water and in 
saline (D)

The practical use of dispersions of the synthesized copolymers is associated with 
the prospect of their introduction into living organisms as drug carriers (Gheorghita 
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et  al., 2021; Udayakumar et al., 2021). Drugs administered parenterally are usually 
diluted with saline, and studies on living cells (sperm) are performed in phosphate-salt 
buffered saline (at pH 7.4). Therefore, the surface-active properties of copolyester were 
also investigated in these media. Although the synthesized copolyesters belong to non-
inogenous surfactants, a certain influence of the environment on their surfactant proper-
ties was observed (Fig. 1 C, D).

In saline, the general appearance of the surface tension isotherm did not change, 
with only a slight decrease in the plateau values by 1-2 mN/m (Fig. 1D). The plateau 
values also changed slightly in the buffered solution with blood pH. In particular, at 
pH = 7.45, a slight increase in plateau values by 2–3 mN/m was observed (Fig. 1C). It 
can be assumed that at pH higher than neutral, a partial opening of the lactone cycle in 
the fluorescein fragment occurs. The appearance of ionized groups (carboxyl groups) in 
copolyester obviously has a significant effect on the overall hydrophilic-lipophilic balance 
of the macromolecule and, accordingly, on its surface activity. This is confirmed by the 
fact that the most significant changes were observed in a solution with pH = 10, resul
ting in an increase of the CMC values and plateau to 45 mN/m.

The successful practical use of amphiphilic polymers in biomedical applications 
is largely determined by their ability to form micelles capable of low-molecular com-
pounds’ solubilization (Myers 2006). In this study the solubilization was examined using 
Sudan  III, a poorly water-soluble dye typical of therapeutic drugs modeling. Table 1 
demonstrates rather high values of Sudan III solubilization by the dispersions of the 
synthesized copolymers and indicates their prospects as drug transporters.

The synthesized fluorescein-containing copolymers, in addition to the transporta-
tion function, can perform the function of visualization due to the ability to fluorescent 
response under certain conditions. In the structure of the synthesized copolyesters, 
fluorescein is covalently bonded and does not exhibit fluorescence. However, the ester 
bond through which the monomeric links are bounded in the synthesized copolymers, 
provides the possibility of its hydrolytic cleavage, including that under the action of cel-
lular enzymes with the release of fluoroscein (Gref et al., 1995; Lyu et al., 2009). The 
high intensity of fluorescence within the wavelengths of visible light, and the absence 
of tissue fluorescence in this range allows us to control this process without using ultra-
sensitive devices (Rui-Lin et al., 2022; Hang et al., 2022). 

The ability to penetrate into the structures of germ cells and decompose there with 
the release of fluorescein was confirmed by direct contact of the copolyester dispersion 
with germ cells. This is evidenced by the appearance of their fluorescence under UV 
irradiation, the highest intensity of which was detected in the metabolically active parts 
of sperm: acrosome, body and neck, and tail (Fig. 2).

The in vitro cytotoxicity of the obtained amphiphilic copolymers was evaluated 
according to the method described above. The following parameters were determined 
during the study: (1) activity of succinate dehydrogenase (SDH, units/h⋅0.1 mL of sperm); 
(2) activity of cytochrome oxidase (COX, units/h⋅0.1 mL of sperm); (3) sperm survival 
time in hours at a temperature of 2–4 °C (until their straightforward movement stopped). 
The study was carried out by creating a concentration of 0.0001 %, 0.0005 %, 0.001 % 
of the corresponding amphiphilic fluorescein-containing copolyester in a mixture with  
a sperm (the procedure is given in the experimental part).

Figure 3 shows the activity of succinate dehydrogenase for a number of copoly-
mers. It should be noted that the introduction of fluorescein into the macromolecules of 



53FLUORESCEIN-CONTAINING AMPHIPHILIC COPOLYMERS AS PROMISING OBJECTS FOR BIOMEDICAL RESEARCH

ISSN 1996-4536 (print) • ISSN 2311-0783 (on-line) • Біологічні Студії / Studia Biologica • 2025 • Том 19 / № 1 • С. 47–60

the amphiphilic copolymers GluLa-PEG1000-DPG-F (sample 2, Table 1) and GluSt-
PEG1000-DPG-F (sample 5, Table 1) did not change the enzyme activity compared 
to the control sample at all studied concentrations of the copolymers. In the selected 
range a negative correlation of enzyme activity with an increase in its concentration was 
observed only for the copolyether GluLa-PEG1500-DPG (sample 3, Table 1). All fluo-
rescein-containing copolymers caused a slight increase in the SDH activity compared 
to the copolyesters without fluorescein, which, however, remained at the control level.

Fig. 2.	 Photographs of sperm with the addition of the amphiphilic fluorescein-containing copolyester GluSt-
PEG1000-DPG-F (2.87 %)

Fig. 3. Dependence of succinate dehydrogenase activity in germ cells on the amphiphilic copolyester con-
centration in a mixture for different copolyesters. * – copolymer contains 2.87 % of fluorescein; ** – 
copolymer contains 5.87 % of fluorescein. The difference between control and experimental groups 
is statistically significant at p <0.05

Figure 4 shows the effect of copolyester concentration on the activity of germ cell 
cytochrome oxidase. The minimum concentration of copolymers did not decrease the 
activity of this enzyme, which remained at the control level. With increasing concentra-
tion, a decrease in enzyme activity was observed, with the least effect observed for the 
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copolyesters GluLa-PEG1000-DPG (sample 1, Table 1), which did not contain fluo-
rescein, and the greatest effect for its analog containing fluorescein GluLa-PEG1000-
DPG-F (sample 2, Table 1). It is worth noting that fluorescein-containing copolymers 
synthesized using GluLa have a significantly stronger negative effect on the enzyme 
activity with increasing concentration in the mixture. 

The results of determining the  sperm survival time depending on the amphiphilic 
copolyester concentrations are represented in Table 2.

Fig. 4.	 Dependence of cytochrome oxidase activity in germ cells on the amphiphilic copolyester concentra-
tion in a mixture for different copolyesters * – copolymer contains 2.87 % of fluorescein; ** – copoly-
mer contains 5.87 % of fluorescein. The difference between control and experimental groups is sta-
tistically significant at p <0.05

Table 2.	Sperm survival time depending on the amphiphilic copolymer concentrations 
n = 6; M±m

Copolyester
Sperm survival (hours) at different 

copolyester concentrations, % η
0.0001 0.0005 0.001

GluLa-PEG1500-DPG-F (3.18 %) 112.0±9.24 104.0±4.62 64.0±7.30* 0.704

GluLa-PEG1000-DPG-F (5.56 %) 72.0±9.80 44.0±8.79* 40.0±7.30*** 0.736

GluLa-PEG1000-DPG 76.0±10.46 68.0±8.79* 68.0±6.73* 0.477

GluSt-PЕG1000-DPG-F (2.87 %) 84.0±9.38 72.0±8.00 56.0±9.24** 0.601

GluSt-PЕG1000-DPG-F (5.87 %) 80.0±7.30 68.0±8.79* 56.0±4.62*** 0.634

GluSt-PEG1000-DPG 88.0±5.30 75.0±8.79* 59.0±4.62*** 0.644

Control 96.0±8.00

Note: difference is statistically significant compared to the control sample *– p <0.05; **– p <0.01; ***– p <0.001
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For GluLa-based copolyester a 2.5-fold increase in fluorescein content (from 3.18 to 
5.56 %) caused a 37 % deterioration in survival. For copolyester with a fluorescein content 
of 3.18 %, a 50 % decrease in survival was observed with an increase in its concentration 
in the mixture. For the copolyester synthesized using GluSt, the fluorescein content had 
virtually no effect on cell survival. In general, only the GluLa-PEG1500-DPG-F sample at 
concentrations of 0.0001 and 0.0005 % was within the control range and did not reduce 
the survival time.

The addition of the same dose of the studied copolyesters also had an ambiguous 
effect on sperm survival. Thus, at a GluLa-PEG1500-DPG-F concentration of 0.0001 %, 
the value of the physiological indicator was maximum (112.0±9.24 h), and at the same 
concentration of other copolyesters lowered by 21.5–35.8 % (p < 0.05–0.01). It does 
not differ from the control sample. Similar results were obtained at a copolyester con-
centration of 0.0005 %: high sperm survival was established with the addition of GluLa-
PEG1500-DPG-F (104.0±4.62 h). This was by 27.9–67.3 % (p < 0.05–0.001) lower than 
with the addition of other copolyesters. When the concentration of GluLa-PEG1500-
DPG-F and GluLa-PEG1000-DPG increased up to 0.001 %, higher sperm survival 
rate (64.0–68.0 h) was observed. Moreover, the indicator value diminished by 41.2 % 
(p <0.05) when GluLa-PEG1000-DPG-F was added and lowered by 13.3–17.3 % when 
other copolyesters were introduced. At the same time, at a concentration of 0.0005 and 
0.001 % GluLa-PEG1000-DPG-F, survival almost did not change and remained at the 
same level (40.0–44.0 h), which indicates an excess dose of copolyester.

CONCLUSION
The interrelation between the structure of amphiphilic fluorescein-containing copo

lyester and the degree of their influence on living objects in vitro has been established. 
Copolymers containing polyethylene glycol chains with a molecular weight of 1000 and 
above, when used in concentrations of 0.0001 % or 0.0005 %, do not exhibit cytotoxicity 
and can be used as drug transporters.

It has been shown that the synthesized copolymers are able to penetrate the mem-
brane of germ cells and are decomposed during metabolic processes in sperm with the 
release of fluorescein, which makes it possible to create drug delivery systems based 
on them with the ability to monitor their localization in the body.
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Обґрунтування. Полімерні наночастинки дедалі частіше використовують як 
носії лікарських препаратів. Вони продемонстрували значне покращення терапев-
тичної ефективності лікарських препаратів і широко досліджуються як компоненти 
систем транспорту й вивільнення ліків. На відміну від інших типів наночастинок, 
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залежно від природи та властивостей, полімерні носії можуть конструюватися зі 
здатністю орієнтуватись на певні органи, тканини чи клітини та, в остаточному під-
сумку, біологічно розкладатися з мінімальною системною токсичністю. Метою було 
дослідити in vitro цитотоксичність систем доставлення лікарських препаратів на 
основі наночастинок флуоресцеїновмісних амфіфільних кополіестерів, а також 
оцінити їхню здатність проникати в клітину та можливість забезпечити контроль за 
цим процесом.

Матеріали та методи. Для досліджень використовували кополімери, отри-
мані на основі 2-(додеканоїламіно)пентандіової кислоти та 2-(октадеканоїламіно)
пентандіової кислоти, поліетиленетердіолів і флуоресцеїну. Було оцінено поверх-
невоактивні властивості кополімерів і солюбілізаційну здатність їхніх колоїдних 
розчинів. Дослідження цитотоксичності флуоресцеїновмісних кополіестерів і актив-
ності клітинних ензимів проводили на живих сперматозоїдах, отриманих з еякулятів 
бугаїв, об’ємом 2–6 мл, з концентрацією сперміїв 0,6–1,5·109 клітин/мл та актив-
ністю 7,5–8,0 балів. 

Результати. Проведено дослідження двох груп амфіфільних кополіестерів, 
отриманих на основі 2-(додеканоїламіно)пентандіової кислоти та 2-(октадеканої
ламіно)пентандіової кислот, з різною молярною масою поліетиленетердіолів (від 600 
до 1500) та з різним вмістом флуоресцеїну. Визначено їхні поверхневоактивні влас-
тивості й визначено здатність до солюбілізації ліпофільних речовин – аналогів 
лікарських препаратів. Встановлено, що отримані дисперсії кополіестерів не про-
являють цитотоксичності та, за безпосереднього контакту зі статевими клітинами, 
кополіестери мають здатність проникати крізь клітинну мембрану й розкладатися 
з вивільненням флуоресцеїну, що дає змогу відстежувати їхнє місце у структурах 
статевих клітин.

Висновки. Встановлено взаємозв’язок будови амфіфільних флуоресцеїнвміс-
них кополіестерів зі ступенем їхнього впливу на живі об’єкти in vitro. Встановлено 
склад кополіестерів, які не проявляють цитотоксичності й можуть бути використані 
як транспортери лікарських препаратів. З’ясовано, що синтезовані кополіестери 
здатні проникати крізь мембрану статевих клітин і руйнуються під час метаболіч-
них процесів у сперміях з вивільненням флуоресцеїну. 

Ключові слова:	 aмфіфільний кополіестер, флуоресцеїн, цитотоксичність, 
активність ензимів
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