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PREFACE

Dear Readers, 

Modern medicine is built on the pillar of empirical basic research and as such 
requires continuous research efforts to maintain a high pace of development 
for the health of humanity. The content of this issue of our journal reflects 
a wide range of basic research useful for medicine in the area of small and 
large molecules, in particular macromolecules. The interactions of polymers 
with living tissue or living cells are an important way to determine the safety 
of pharmaceutical preparations based on synthetic or natural polymers.

This issue includes experimental work on  the  synthesis and safety of  interesting chitin-arginine hydrogels 
developed by a team of researchers from Colombia and Mexico. A similar topic, using specialized enzymatic 
synthesis of furan copolymers, was proposed by a team from Szczecin. Polymers interact with living tissues not 
only as drugs, but also as unplanned xenobiotics – authors from Wrocław presented the interaction of poly-
styrene microparticles with animal myocytes and cardiomyocytes. The introduction of a drug into a polymer 
carrier requires the development of detailed characteristics of the solubility of this drug – two studies from 
the Bydgoszcz–Toruń center describe the solubility tests of dapsone and sulfanilamide, respectively. However, 
not only solubility determines the behavior of the drug in the polymer matrix. Valuable article on computa-
tional aspects of drug transport according to the modified Kedem–Katchalsky model was submitted by authors 
from Opole. The first issue of our semi-annual in 2024 is summarized by two review articles: one on the effec-
tiveness of sulforaphane in skin applications, and the other on the importance of polymeric substances modi-
fying viscosity in ophthalmological preparations.

Some of  the  articles presented here are the  results of  the  conference “Physical Chemistry and Biophysics 
for Pharmacy”, organized at  the Wroclaw Medical University on December 8, 2023, with the participation 
of researchers from the USA, Czech Republic and Estonia, among other countries. Therefore, I would like 
to invite you to publish in our magazine on the occasion of the next edition of the abovementioned conference 
on September 27, 2024. Our Editorial Team wishes you a good read and a relaxing summer holiday.

Editor-in-Chief
Witold Musiał, Prof., PhD, DSc



WSTĘP

Drodzy czytelnicy, 

współczesna medycyna zbudowana jest na filarze empirycznych badań pod-
stawowych i jako taka wymaga nieustannych wysiłków badawczych, aby utrzy-
mać wysokie tempo rozwoju na rzecz zdrowia ludzkości. Treść niniejszego 
numeru czasopisma odzwierciedla szeroki zakres badań podstawowych uży-
tecznych dla medycyny w obszarze małych i dużych molekuł, w szczególno-
ści zaś makromolekuł. Oddziaływania polimerów z żywą tkanką lub żywymi 
komórkami stanowią ważną drogę ustalania bezpieczeństwa preparatów far-
maceutycznych opartych o polimery syntetyczne lub naturalne.

W tym numerze znajdziemy prace eksperymentalne dotyczące syntezy i bezpieczeństwa ciekawych hydro-
żeli chitynowo-argininowych opracowanych przez zespół badaczy z Kolumbii i Meksyku. Podobną tematykę, 
wykorzystującą specjalistyczną syntezę enzymatyczną kopolimerów furanowych, zaproponował zespół ze 
Szczecina. Polimery oddziałują z żywymi tkankami nie tylko jako leki, ale także jako nieplanowane ksenobiotyki 
– autorzy z Wrocławia zaprezentowali oddziaływanie mikrocząstek polistyrenu z miocytami i kardiomiocy-
tami zwierzęcymi. Wprowadzenie leku do nośnika polimerowego wymaga opracowania szczegółowej charak-
terystyki rozpuszczalności tego leku – w dwóch pracach z ośrodka bydgosko-toruńskiego omówiono badania 
rozpuszczalności odpowiednio dapsonu i sulfanilamidu. Nie tylko rozpuszczalność determinuje zachowanie 
się leku w  matrycy polimerowej. Cenny artykuł nt. obliczeniowych aspektów transportu leku wg. zmody-
fikowanego modelu Kedem–Katchalsky’ego nadesłali autorzy z  Opola. Podsumowaniem pierwsze wydanie 
naszego półrocznika w 2024 roku są dwa artykuły przeglądowe: nt. efektywności sulforafanu w podaniach na 
skórę oraz nt. znaczenia polimerowych substancji modyfikujących lepkość w preparatach oftalmologicznych.

Część prezentowanych tutaj artykułów jest pokłosiem konferencji pt. „Chemia Fizyczna i Biofizyka dla far-
macji”, zorganizowanej na Uniwersytecie Medycznym we Wrocławiu 8 grudnia 2023 r., w której brali udział 
naukowcy m.in. z USA, Czech i Estonii. Pragnę zatem zaprosić Państwa do publikowania w naszym czaso-
piśmie, między innymi przy okazji kolejnej edycji ww. konferencji – 27 września 2024 r. Wraz z zespołem 
Wydawnictwa życzymy dobrej lektury oraz wypoczynku wakacyjnego.

Witold Musiał
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Abstract
Background. There is a lack of studies evaluating the toxicity of nitric oxide (NO) precursors in chitosan/L-
arginine hydrogels and their topical administration. However, clarifying the characteristics of these elements 
is essential for their possible use in non-surgical techniques of tooth movement acceleration. Such charac-
teristics include interaction with different cell types, metabolism and drug safety.

Objectives. This in vitro study aimed to assess the cytotoxicity of chitosan hydrogels on human HeLa cells 
using different concentrations of L-arginine.

Materials and methods. The hydrogels were synthesized in a materials engineering laboratory, with 
a controlled environment, using 4 different L-arginine concentrations of 0%, 10%, 15%, and 20%. Once 
the hydrogels were prepared, their physical and chemical properties were characterized, and viability analysis 
was performed using 2 different methods, including a 48-h assay with Artemia salina nauplii and a 24-h 
cell culture with human HeLa cells followed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) proliferation assay. Data analysis was performed using a Mann–Whitney U test to evaluate 
positive and negative controls in the cell culture, with a significance level of 0.01. A Wilcoxon paired test 
contrasted the 24-h compared to 48-h Artemia salina assays, with a Kruskal–Wallis and post hoc Dunn test 
used to compare groups using a significance level of 0.05.

Results. In the more viscous hydrogels, Artemia salina nauplii decreased drastically in 24 h, while the 15% 
and 20% hydrogels had no statistical differences from the negative control. The 10% and 20% hydrogels 
were statistically different from the negative control when comparing cell culture data.

Conclusions. Our findings suggest that chitosan/L-arginine hydrogels could be used in humans without 
toxic effects. However, more trials and tests are needed to evaluate tooth movement rate during orthodontic 
treatment.

Key words: hydrogels, in vitro techniques, cell culture techniques
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Background

The current goal of orthodontic processes is to reduce 
treatment time and avoid the deleterious effects of con-
trolled dental movement. As for the possibilities of move-
ment acceleration, there are multiple approaches, including 
vibration stimulation,1–3 low-intensity laser4,5 and surgical 
techniques (piezosin, corticotomy or surgeries to generate 
regional acceleration (RAP)).6–8 However, these approaches 
may negatively affect dental roots.9 There is a non-surgical 
or radiation alternative involving drug stimulation with 
hydrogels containing nitric oxide (NO) precursors as me-
diators to eliminate possible adverse effects.

Given the physical and chemical characteristics of hy-
drogels, they can be modulated through structural modi-
fications. Hydrogels composed of natural polymers are 
used in tissue engineering to control bioactive molecule 
delivery.10–13 Also, collagen scaffolds are used for drug de-
livery in tissue engineering.14

Chitosan is an alkaline deacetylated co-polymer of chitin 
of the amino-polysaccharide type, consisting of D-glucos-
amine and N-acetyl-D-glucosamine.10 Nitric oxide is an en-
dogenously produced diatomic molecule that plays a crucial 
role in physiological processes such as angiogenesis, healing, 
neurotransmission, smooth muscle relaxation, inflammation, 
and bone metabolism.15,16 The role of NO in osteogenesis de-
pends on its concentration, with models using NO disruption 
demonstrating inhibition of osteoblast differentiation and 
a decrease in their activity.17–19 Under normal physiological 
conditions, the effect of NO is biphasic, with the cytokines 
that promote osteoclastogenesis inhibited at high concentra-
tions and their impact enhanced at low concentrations.10,20–23

Since there are no studies reporting NO toxicity precur-
sors in chitosan/L-arginine hydrogels and their topical 
administration, it  is essential to clarify their character-
istics for use in non-surgical dental movement accelera-
tion techniques, their interaction with different cell types, 
metabolism, and drug safety. This study aimed to evaluate 
the cytotoxicity of multiple chitosan hydrogels using differ-
ent L-arginine concentrations in human HeLa cell cultures.

Materials and methods

Chitosan hydrogels

This in vitro study used a hybrid chitosan gel, obtained 
following the  formulation and protocols developed 
by the research group of Faculty of Stomatology (Merito-
rious Autonomous University of Puebla, Mexico),23,24 with 
a texture suitable for tipical intraoral use. Once the gel was 
synthesized, the amino acid (L-arginine) was adhered, and 
the link was made chemically.25

Hydrogels were obtained using L-arginine concentra-
tions of 0%, 10%, 15%, and 20%, according to protocols stan-
dardized by the laboratory. A hydrogel with a percentage 

lower than 10% was not selected because it was important 
to ensure an adequate arginine concentration.

The hydrogel was prepared with a dilution of L-arginine 
(Santa Cruz Biotechnology, Santa Cruz, USA), according 
to the required concentration (1.244 mg for 10%, 1.97 mg 
for 15% and 2.8 mg for 20%), with 10 mL of distilled wa-
ter until a homogeneous consistency was achieved. Then, 
0.5 mL of acetic acid and 0.2 mL of glycerol were added 
and mixed with 0.5 mg of low molecular weight chitosan 
(Sigma-Aldrich, St. Louis, USA). The hydrogel was kept 
refrigerated and used for experimentation within a week 
of fabrication.

Physicochemical characterization

The physicochemical characterization was done in the Ma-
terials Engineering and Chemistry Laboratory of the Uni-
versity of Valle (Cali, Colombia) after the different hydrogels 
were dried and processed. Gel samples were dried at 60°C 
for 72 h, and their chemical composition was studied us-
ing Fourier-transform infrared spectroscopy in attenuated 
total internal reflectance mode (ATR-FTIR) (Perkin-Elmer, 
Waltham, USA) with Shimadzu equipment (Spectrophotom-
eter FT-IR-8400; Shimadzu Corp., Kyoto, Japan) . A Fisher-
brand AccumetTM AB150 pH (Thermo Fisher Scientific, 
Waltham, USA) meter measured pH using a pH/ATC elec-
trode with a refillable epoxy body, previously calibrated with 
buffer solutions of pH at 4, 7 and 10. Density was determined 
with a 25 cm3 pycnometer (Brand, Wertheim, Germany). 
The amount of each sample required to fill the pycnometer 
was weighed, and the density was calculated as mass/volume.

Cytotoxicity and cell viability tests

To perform the cytotoxicity tests, we used the HeLa 
cell line available at the in vitro cell culture laboratory 
of the Department of Pharmacology of the University of 
Valle. Six evaluation groups were determined according 
to the percentage of L-arginine:

–  cells in medium alone (negative control);
–  cells seeded in chitosan gel with 0% L-arginine;
–  cells seeded in chitosan gel with 10% L-arginine;
–  cells seeded in chitosan gel with 15% L-arginine;
–  cells seeded in chitosan gel with 20% L-arginine;
–  cells with cisplatin (positive control).
For the hydrogel treatment, each group was seeded in 

96-mug plates under a humidified atmosphere of 5% CO2 
at 37°C for 24 h and allowed to proliferate. Thirty thousand 
(30,000) cells per mug were achieved following the protocol 
of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay manufacturer. Subsequently, the mugs 
were brought to a final volume of 200 μL using Hank’s bal-
anced salt solution (HBSS) without fetal bovine serum (FBS) 
since the formazan crystals of the MTT assay were not formed. 
We added 20 µL of hydrogel to each mug and incubated them 
for 24 h. Cell viability analysis was then carried out.
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MTT feasibility assay

Cell viability was evaluated using the MTT Cell Prolifera-
tion Assay Kit (Abcam ab211091; Abcam, Cambridge, UK), 
which is based on the conversion of the water-soluble com-
ponent MTT to an insoluble formazan product. Viable cells 
with active metabolism convert MTT to formazan, while 
dead cells lose their metabolic capacity and do not show any 
signal. A spectrophotometer was used to analyze the ab-
sorbance once the formazan crystallization process was 
completed to evaluate whether there was cell death. The ab-
sorbance measurement at optical density (OD) 590 nm is pro-
portional to the number of viable cells.27–29 To make the data 
more easily interpreted, the following equation was used30:

% viability = (OD treated cells/OD control cells) × 100

Artemia salina assay

Artemia salina culture was performed for 3 days within 
a sterile saline medium with a pH of 8.5 using 0.1 N NaOH 
under constant oxygenation and artificial light to simulate 
a natural and controlled saline environment. The speci-
mens were harvested once the newly hatched nauplii were 
available. Samples in culture dishes were divided into 
6 groups: 0%, 10%, 15%, and 20% L-arginine hydrogel, nega-
tive control with the same saline medium, and positive 
control with an enzymatic soap. Each group was analyzed 
in 5 dishes with 10 Artemia salina specimens in each mug 
to guarantee enough replicates for each treatment.

Once the number of samples per group was achieved, 
the hydrogels were introduced to the culture dishes for 
24 h and 48 h, with 20 µL of hydrogel added to each mug. 
Statistical analyses were carried out according to the num-
ber of Artemia salina specimens not seen alive under 
an optical microscope (Primo Star; Carl Zeiss AG, Jena, 
Germany) at ×4 magnification.

HeLa cell culture assay

The viability data of each hydrogel concentration was 
recorded in Microsoft Excel 2019 sheets (Microsoft Corp., 
Redmond, USA) and later analyzed in GraphPad Prism 
v. 9.11 (GraphPad, San Diego, USA). The analysis consisted 
of calculating measures of central tendency and disper-
sion of the serial tests for each material. A summary table 
and graph of mean values with the corresponding stan-
dard errors (SEs) were constructed. Viability distributions 
were compared between pairs of the experimental samples 
(compared to the positive and negative controls) using 
Mann–Whitney U test.

Statistical analyses

Culture data were expressed as the mean ± SE of in-
dependent experiments for each condition. Differences 

between treatment groups were analyzed with the Graph-
Pad software. Viability distributions were compared be-
tween pairs of the experimental samples (compared to 
the positive and negative controls) using Mann–Whitney 
U test. A significance level of less than 0.01 was used.

Artemia salina assay data were recorded in Excel and 
later analyzed in the Stata IC15 program (Stata Corp., 
College Station, USA). The  analysis consisted of  cal-
culating measures of central tendency and dispersion 
of the presence of nauplii for each hydrogel concentration 
(0%, 10%, 15%, and 20%). A summary table and graph 
of means with the corresponding SE were constructed. 
The number of nauplii per pair was compared between 
24 h and 48 h using a Wilcoxon paired test. The contrast 
between groups was performed using the Kruskal–Wallis 
test and post hoc in pairs with Dunn’s test; this analysis 
excluded the negative control. We used a significance 
level of 0.05.

Results

Physicochemical characterization

The results showed absorption bands that character-
ize chitosan in the 3,200–3,600 cm–1 region, which are 
due to stretching of the –OH and –NH bonds. The ab-
sorption bands near the 2,870 cm–1 and 1,404 cm–1 re-
gion corresponded to the stretching and bending vibra-
tion of the C–H single bond in the polymer chain (Fig. 1). 
The peaks present in the 1,638 cm–1 and 1,545 cm–1 region 
corresponded to amide bands I and II, respectively.

For the pH results, there was a difference in acidity that 
corresponded to the percentage of the amino acid added. 
For instance, the hydrogel with 0% L-arginine component 
had a 3.32 score on the acidity scale, while the one with 
20% had a more neutral score of 6.60.

Finally, the  density presented by  the  different types 
of hydrogels was 1.14 g/cm3 for the 0% hydrogel, 1.18 g/cm3 
for the 10% hydrogel, 1.09 g/cm3 for the 15% hydrogel, and 
1.07 g/cm3 for the 20% hydrogel.

Artemia salina culture

Microscopic analyses demonstrated a significant de-
crease in specimens at 24 h in the 0% and 10% hydrogels, 
while there was no such mortality in the less viscous hy-
drogels (15% and 20%).

The  mean number of  nauplii in  the  hydrogel was 
higher at the 20% (9.0 ±2.24) and 15% (8.2 ±1.79) con-
centrations at 24 h. After 48 h, the number of nauplii 
decreased, but the same pattern continued, with more 
Artemia salina nauplii at higher hydrogel concentra-
tions. For instance, an average of 7 (±1.73) nauplii were 
found in  the 20% hydrogel, while 6.8 (±1.30) nauplii 
were found in the 15% hydrogel. The differences were 
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statistically significant between 24 h and 48 h at all con-
centrations (Table 1).

When comparing the groups with each other in pairs 
(Table 2), statistically significant differences were found 
at 24 h (Kruskal–Wallis p = 0.001) and 48 h (Kruskal–
Wallis p = 0.001) (Fig. 2).

HeLa cell culture assay

Table 3 shows viability distributions between pairs of ex-
perimental samples compared to the controls (positive and 
negative). The bar graph of the mean and SE indicates higher 
viability in the 10% and 20% hydrogels, with 0.24 ±0.29 and 

Fig. 1. Infrared Fourier-transform spectra of chitosan and arginine gels

Table 1. The average number of Artemia salina nauplii at 24 h and 48 h according to the concentration of the experimental hydrogel

Materials n
24 h 48 h

p-value
Mean SD SE Mean SD SE

H-0% 5 2.2 0.84 0.37 0.8 0.84 0.37 0.038

H-10% 5 2.8 0.45 0.2 1.6 0.55 0.24 0.034

H-15% 5 8.2 1.79 0.8 6.8 1.30 0.58 0.038

H-20% 5 9 2.24 1 7 1.73 0.77 0.039

C– 4 6.5 1.29 0.65 6 0.82 0.41 0.157

C+ 4 0 0 0 0 0 0 –

SD – standard deviation; SE – standard error; H – hydrogel; C+ – positive control; C– – negative control.

Table 2. P-value of contrast tests by pairs (Dunn’s test)

Materials
24 h 48 h

C– H-0% H-10% H-15% C– H-0% H-10% H-15%

H-0% 0.007** – – – 0.011* – – –

H-10% 0.024* 0.309 – – 0.045* 0.264 – –

H-15% 0.207 0.000** 0.002** – 0.349 0.002** 0.014* –

H-20% 0.439 0.003** 0.012* 0.241 0.120 0.000** 0.001** 0.202

H – hydrogel; C+ – positive control; C– – negative control; *p < 0.05; **p < 0.01.
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0.16 ±0.06, respectively). Comparisons between the positive 
control and the hydrogel at different concentrations showed 
that the positive control values were lower than the mate-
rial. The largest absolute difference was obtained by the 10% 
hydrogel (0.20, in favor of the material), and the same results 
were obtained with the negative control (0.12). Further-
more, the 0% and the 15% hydrogels had values lower than 
the negative control. The differences in the data reported 
in Fig. 3 were not statistically significant.

Discussion

This study aimed to  assess the  cytotoxicity of  chi-
tosan hydrogels on human HeLa cells using different 
concentrations of  L-arginine. Based on  our findings, 
we suggest that adding 10% of L-arginine to hydrogels 
generates an efficient product that achieves the desired 
effect, is easy to handle, and reaches optimal levels of cell 
viability.

Fig. 2. Mean values of Artemia salina nauplii at 24 h and 48 h according to experimental hydrogel concentration

SD – standard deviation; C+ – positive control; C– – negative control.

Table 3. Spectrophotometric viability analysis of absorbance level

Materials Mean SD SE H-ABS vs C+ p-value* H-ABS vs C– p-value**

C+ 0.043 0.001 0.001 – – – –

H-0% 0.065 0.013 0.008 0.021 0.100 0.064 0.100

H-10% 0.245 0.290 0.167 0.201 0.100 0.116 0.600

H-15% 0.114 0.054 0.031 0.070 0.100 0.015 0.600

H-20% 0.158 0.056 0.032 0.115 0.100 0.029 0.600

C– 0.129 0.013 0.008 – – – –

0-ABS 0.042 0.001 0.001 – – – –

SD – standard deviation; SE – standard error; H – hydrogel; ABS – absorbance; C+ – positive control; C– – negative control; *significance of correlation 
between each hydrogel absorbance and the positive control; **significance of correlation between each hydrogel absorbance and the negative control.
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Artemia salina assay

The Artemia salina test is widely used for preliminary 
material compatibility studies.31 The Artemia salina cul-
ture was done using a saline medium in culture dishes and 
was impregnated with different hydrogels to assess the vi-
ability of the specimens. The MTT and Artemia salina as-
says were performed to validate the method. The hydrogel 
in the wells of Artemia salina was too dense and reduced 
the movement of the nauplii, and for that reason, the MTT 
assay was carried out.

Different concentrations of L-arginine were used since 
it is a precursor of NO synthase and can be found endog-
enously at a cellular level. Raising the levels of the precur-
sor (L-arginine) increases NO production or synthesis. 
Chitosan is a vehicle used to transport the amino acid and 
is stable over time.32

Pereira et al.31 reported a hydrogel with chitosan cross-
linked using ceftazidime and modified with acetyl-ace-
tone and ethylenediamine (Cacen) or diethylenetriamine 
(Cacdien), and carried out cytotoxicity tests with Artemia 
salina, obtaining low mortality (less than 10%). These re-
sults showed the non-toxic nature of the chitosan derivate 
elements. Likewise, Parvez et al.33 reported low cytotoxic-
ity in an Artemia salina assay using a matrix of chitosan 
and gelatin for healing purposes.

Our results were likely inf luenced by  the  viscos-
ity of  the  hydrogels, which reduced the  movement 
of  the specimens, unlike the  lower density hydrogels. 
Similar results were reported by Pereira et al. and Parvez 
et al.,31,33 where several samples died due to the high vis-
cosity that limited the entry of oxygen. A layer of high 
concentration of  the  scaffold inhibited the  perme-
ability of oxygen, producing sequential death of several 
specimens.

HeLa cell culture assay

Cytotoxicity analyses ensure the  biocompatibility 
of a material. Rakhshaei et al.34 reported obtaining a gelled 
chitosan compound cross-linked with zinc nanoparticles 
and Arg-Gly-Asp. The viability of our analysis at various 
concentrations achieved a significance greater than 100% 
at 24 h and increased at 48 h without statistical significance.

Cell dispersion through the scaffold and its pores has 
been observed from the 2nd day. Meanwhile, Rodriguez 
et al.35 highlighted the usefulness of low molecular weight 
chitosan hydrogels with polyvinyl alcohol (PVA) and evalu-
ated the cytotoxicity of the hydrogel at 1, 3 and 7 days 
in a non-somatic cell line (colorectal adenocarcinoma), 
obtaining cell viability higher than 80%. However, as a re-
sult, there was a decrease in biocompatibility on most 
of the samples and their dilutions by the 7th day. In our 
study, cell viability achieved a higher percentage when ar-
ginine was applied, with 50% without L-arginine and 190%, 
88% and 122% when 10%, 15% and 20% L-arginine were 
used, respectively. The characteristics of arginine explain 
this as a NO precursor that increases cellular metabolic 
capacity.36,37

Govindaraj and Raghavachari38 demonstrated 120% vi-
ability in their fibroblast culture with a hydrogel partially 
cross-linked with succinic acid and urea with genipin. Two 
chitosan hydrogels have been reported by in vitro studies us-
ing human bone carcinoma cells and rodent fibroblast lines, 
where the hydrogel with polyethylene glycol dimethacrylate 
(PEDGMA) had the highest cytotoxicity compared with 
the negative control and the hydrogel in both cell lines.39

A chitosan hydrogel with dopamine-inulin was tested, 
with acceptable cytotoxicity values in the same fibroblast 
cell line.12 In a study by Su et al.,13 the same cell line was 
used to assess their 2 variants of carboxymethyl hydro-
gels with chitosan/polylactide (CMCS-PLA) and CMCS, 

Fig. 3. Mean viability values 
according to the material used

SE – standard error; H – hydrogel; 
ABS – absorbance; C+ – positive 
control; C– – negative control 
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obtaining a viability of 97% after 72 h of evaluation. Other 
studies used different amino acids to improve physical-
chemical properties, mucoadhesion and solubility to de-
velop safe and efficient products.11,26

Physicochemical characterization

Hydrogels can retain liquids in their macrostructure, 
but their stability and integrity can vary with the addition 
of other elements, such as amino acids or medications. For 
this reason, density is a relevant property when supply-
ing hydrogels to patients. As reported by Sanchez et al.,40 
a chitosan hydrogel was obtained from purified technical 
shrimp, with this purified hydrogel displaying optimal 
physical characteristics. However, as described in the in vi-
tro tests and the scanning electron microscopy (SEM) 
analysis, a better arrangement and distribution of the hy-
drogel pores was observed when they were cross-linked 
with external chemical elements such as glutaraldehyde 
or glyoxal. The purified hydrogel was also compared with 
non-cross-linked hydrogels, obtaining better water reten-
tion, temperature affectation and scaffolding structure. 
The hydrogels prepared with L-arginine in our research 
presented an absorption band around 1,632 cm–1, that was 
assigned to the guanidine group, and a band at 1,689 cm–1, 
that was associated with the stretching vibration of the car-
boxy carbonyl group. The bands at 1,400 cm–1 and 762 cm–1 
were attributed to symmetric and asymmetric bending 
of the COO–, respectively.41,42 The increase in the amide 
I peak in formulations with arginine suggests that arginine 
was effectively linked to the chitosan polymer chain.42

Mohandas and Rangasamy43 found the same pH be-
havior of the hydrogel when they polymerized hydrogels 
with concentrations of L-arginine between 1.4 mM and 
22.9 mM, obtaining a more neutral pH as the concentra-
tion of the amino acid increased given the alkaline nature 
of arginine.

Conclusions

The  presence of  L-arginine in  our chitosan gels in-
creased the viability of HeLa cells compared to the sam-
ples without this component, which was caused by an in-
crease in the metabolic capacity of the NO precursors 
in the cultures.

The physical characteristics of the hydrogel with 10% 
L-arginine resulted in a better clinical application due 
to its density ratio and viability levels, with the density 
likely affecting the viability of Artemia salina nauplii. 
However, it is evident that hydrogels with lower densities 
were more viable. Based on our results, we suggest that 
chitosan/L-arginine hydrogels could be used in humans 
without toxic effects. However, more trials and tests are 
needed to evaluate tooth movement rate during orthodon-
tic treatment.
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Abstract
Background. Dapsone (DAP) is an anti-inflammatory and antimicrobial active pharmaceutical ingredient 
used to treat, e.g., AIDS-related diseases. However, low solubility is a feature hampering its efficient use.

Objectives. First, deep eutectic solvents (DES) were used as solubilizing agents for DAP as an alternative 
to traditional solvents. Second, intermolecular interactions in the systems were described and quantified. 
Finally, the solubility prediction model, previously created using the machine learning protocol, was extended 
and improved using new data obtained for eutectic systems.

Material and methods. New DES were created by blending choline chloride (ChCl) with 6 selected polyols. 
The solubility of DAP in these solvents was measured spectrophotometrically. The impact of water dilution 
on the solubility curve was investigated. Experimental research was enriched with theoretical interpretations 
of intermolecular interactions, identifying the most probable pairs in the systems. Dapsone self-association 
and its ability to  interact with components of the analyzed systems were considered. Thermodynamic 
characteristics of pairs were utilized as molecular descriptors in the machine learning process, predicting 
solubility in both traditional organic solvents and the newly designed DES.

Results. The newly formulated solvents demonstrated significantly higher efficiency compared to traditional 
organic solvents, and a small addition of water increased solubility, indicating its role as a co-solvent. The in-
terpretation of the mechanism of DAP solubility highlighted the competitive nature of self-association and pair 
formation. Thermodynamic parameters characterizing affinity were instrumental in developing an efficient 
model for theoretical screening across diverse solvent classes. The study emphasized the necessity of retraining 
models when introducing new experimental data, as exemplified by enriching the model with data from DES.

Conclusions. The research showcased the efficacy of developing new DES for enhancing solubility and 
creating environmentally and pharmaceutically viable systems, using DAP as an example. Molecular interac-
tions proved valuable in understanding solubility mechanisms and formulating predictive models through 
machine learning processes.

Keywords: solubility, dapsone, machine learning, intermolecular interactions, deep eutectic solvents
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Background

Dapsone (IUPAC name: 4,4’-Diaminodiphenyl sulfone, 
abbreviated here as DAP) is a synthetic sulphone known for 
its anti-inflammatory and antimicrobial properties.1 Both 
systematic and topical forms of DAP are used in medi-
cine, and among different diseases addressed by this drug, 
one can include dermatitis herpetiformis, leprosy, acne, 
malaria, and also conditions related to AIDS.2–5 Dapsone 
demonstrates its antibacterial activity by competitively 
inhibiting dihydropteroate synthetase, thereby imped-
ing the biosynthesis of folic acid. This disruption ham-
pers the production of nucleic acids, which are crucial 
for the survival and multiplication of the affected bacte-
ria.2,6 Dapsone’s ability to reduce inflammation is associ-
ated with its modulation of the production of cytokines.7,8 
Moreover, its ability to bind with NADPH oxidase results 
in the inhibition of reactive oxygen species (ROS) and su-
peroxide radical production, thus rendering its antioxidant 
capacity.9 Dapsone is metabolized in the liver via acetyla-
tion and hydroxylation, and excreted primarily in urine.10,11 
Among its adverse effects, hematologic issues and pe-
ripheral neuropathy are considered the most important, 
with the DAP hypersensitivity syndrome being identified 
as a life-threatening drug reaction.12 Dapsone is included 
in class II of drugs according to the Biopharmaceutics 

Classification System (BCS), which reflects its limited 
water solubility as well as its reduced permeability.13 Be-
cause of the above features, the transdermal delivery route, 
instead of the oral one, is the preferred way of administer-
ing this drug.14 These limitations were the inspiration for 
various strategies aimed at resolving the poor aqueous 
solubility and low bioavailability of DAP.15,16

Solubility, as a fundamental characteristic, holds sig-
nificant importance in  the  pharmaceutical realm and 
plays a crucial role in drug design and formulation.17,18 
The reactivity, stability and bioavailability of a chemi-
cal compound are significantly influenced by its capac-
ity for dissolution in  a  specific solvent. Investigations 
into solubility, encompassing both equilibrium and ki-
netic methodologies, play a vital role in various critical 
domains, including enhancing liquid dosage,19 improv-
ing bioavailability,20 facilitating crystallization,21 aiding 
pre-formulation,22 and enabling thermodynamic model-
ing.23 Based on the above, it can be easily concluded that 
solvents are extremely important for the pharmaceutical 
industry. In fact, it can be estimated that they account 
for even 90% of all chemicals used in this industry.24 Be-
cause of the amount of solvents used, it is crucial to fo-
cus not only on their effectiveness in dissolving desired 
compounds but also on their environmental impact. This 
is why the framework of “green chemistry”25,26 has become 

Streszczenie
Wprowadzenie. Dapson jest substancją czynną o działaniu przeciwzapalnym i przeciwbakteryjnym, stosowaną m.in. w leczeniu schorzeń związanych z AIDS. 
Jednakże jego niska rozpuszczalność to cecha utrudniająca jego efektywne wykorzystanie.

Cel pracy. Po pierwsze, do rozpuszczania dapsonu jako alternatywy dla tradycyjnych rozpuszczalników zastosowano rozpuszczalniki głęboko eutektyczne (DES). 
Po drugie, opisano i obliczono oddziaływania międzycząsteczkowe w tych układach. Wreszcie, model przewidywania rozpuszczalności, wcześniej opracowany przy 
użyciu protokołu uczenia maszynowego, został rozszerzony i ulepszony uwzględniając rozpuszczalniki z grupy głębokich eutektyków.

Materiał i metody. Przygotowano nowe rozpuszczalniki należące do grupy głębokich eutektyków (DES) poprzez zmieszanie chlorku choliny oraz jednego z sześciu 
wybranych polioli. W każdym z zaprojektowanych rozpuszczalników zmierzono rozpuszczalność dapsonu metodą spektrofotometryczną. Przebadano wpływ 
rozcieńczania wodą na rozpuszczalność. Badania eksperymentalne wzbogacono o interpretację teoretyczną oddziaływań międzycząsteczkowych i zidentyfikowano 
najbardziej prawdopodobne pary. Uwzględniono zarówno autoasocjację dapsonu, jak i jego zdolność do oddziaływania ze składnikami analizowanych układów. 
Charakterystyki termodynamiczne par wykorzystano jako deskryptory molekularne w procesie uczenia maszynowego. Otrzymany model wykorzystano do prze-
widywania rozpuszczalności zarówno w tradycyjnych rozpuszczalnikach organicznych, jak i nowych głębokich eutektykach.

Wyniki. Potwierdzono znacznie wyższą efektywność nowych rozpuszczalników niż tradycyjnych rozpuszczalników organicznych, a niewielki dodatek wody wywołał 
wzrost rozpuszczalności, co wskazuje na jej rolę jako współrozpuszczalnika. Interpretacja mechanizmu rozpuszczalności dapsonu wykazała konkurencyjny charakter 
autoasocjacji oraz tworzenia par ze składnikami analizowanych roztworów. Parametry termodynamiczne charakteryzujące powinowactwo wykorzystano w procesie 
uczenia maszynowego i opracowano bardzo efektywny model pozwalający na teoretyczne badania przesiewowe w bardzo szerokiej domenie klas rozpuszczalników. 
Zwrócono uwagę na konieczność ponownego treningu modelu w przypadku rozszerzenia puli danych doświadczalnych o przypadki układów o nowych cechach na 
przykładzie wzbogacenia modelu o nowe wartości dla DES.

Wnioski. Na przykładzie dapsonu udokumentowano, że projektowanie nowych rozpuszczalników głęboko eutektycznych jest wysoce efektywnym sposobem 
zwiększania rozpuszczalności prowadzącym do otrzymania ekologicznie i  farmaceutycznie akceptowalnych układów. Oddziaływania między molekularne są 
wartościowym źródłem informacji umożliwiającym nie tylko zrozumienie mechanizmu rozpuszczalności, ale również sformułowania modeli teoretycznych 
wykorzystujących proces uczenia maszynowego.

Słowa kluczowe: dapson, rozpuszczalność, uczenie maszynowe, oddziaływania międzycząsteczkowe, rozpuszczalniki głęboko eutektyczne.
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widely introduced in the context of solvents.27–30 Various 
properties can be attributed to these green solvents, with 
non-toxicity, non-flammability and low environmental 
impact being the most important ones.

When considering the above properties, a particular 
group of designed solvents comes to mind, namely deep 
eutectic solvents (DES). They are formed by mixing at least 
2 compounds, and their key feature lies in the lowering 
of the melting point compared to individual constituents 
of the eutectic mixture.31,32 This characteristic enables 
them to remain in a liquid state even at low temperatures. 
The DES share many aspects with more traditional ionic 
liquids; they differ mainly by including non-ionic constitu-
ents in their structure.33 Frequently, DES employ com-
pounds that can be termed primary metabolites derived 
from plants, including alcohols, sugars, organic acids, and 
amino acids.34,35 The properties of DES are in line with 
the general requirements for green solvents since these 
systems are not readily volatile and flammable, they are 
sustainable and biodegradable, their preparation is simple 
and cost-efficient, and they can be tailored for user-spe-
cific requirements.36–39 These desirable properties resulted 
in the widespread usage of DES, and the pharmaceuti-
cal industry is, of course, one of the beneficiaries of this 
approach.40–42 The DES have proven to have the ability 
to significantly increase the solubility and bioavailability 
of many active pharmaceutical ingredients.43–45 Also our 
research group has successfully demonstrated the useful-
ness of using DES for the dissolution of many active sub-
stances, including sulfonamides,46 curcumin,47 caffeine,48 
and edaravone.49 Therefore, it seems natural to apply DES 
in the case of DAP.

Selecting the  right solvent to  enhance the  solubility 
of a specific active pharmaceutical ingredient is a challeng-
ing and labor-intensive process. The number of experiments 
is constrained by various factors, including time, financial 
limitations and the contemporary emphasis on eco-friendly 
chemical practices. Hence, preliminary screening using 
diverse computational methods seems imperative before 
conducting actual experiments. Of notable importance 
is the use of machine learning to determine pharmaceuti-
cal solubility limits, an area that has seen a surge in neural 
network and deep learning applications.50–52 Our previous 
studies have demonstrated that combining COSMO-RS 
with machine learning techniques yields highly accurate 
predictions,53–55 also in the case of daposne.56

The current study had 3 primary objectives. First, DAP 
solubility data was augmented using several designed DES, 
which were expected to have a greater solubilization poten-
tial than traditional organic solvents. Furthermore, the in-
termolecular interactions within the considered systems 
were studied in order to gain insight into the observed 
solubility phenomena. Finally, the model for predicting 
solubility, previously created using the machine learning 
protocol, was extended and improved using new data ob-
tained for eutectic systems.

Materials and methods

Materials

Dapsone (CAS No. 80-08-0) was acquired from Sigma-
Aldrich (St. Louis, USA) with ≤99% purity. The constitu-
ents of DES were also obtained from Sigma-Aldrich with 
the same purity. These constituents include choline chlo-
ride (ChCl, CAS No. 67-48-1), as well as 6 polyols, namely 
glycerol (GLY, CAS No. 56-81-5), ethylene glycol (ETG, 
CAS No. 107-21-1), diethylene glycol (DEG, CAS No. 111-
46-6), triethylene glycol (TEG, CAS No. 112-27-6), 1,2-pro-
panediol (P2D, CAS No. 57-55-6), and 1,3-butanediol (B3D, 
CAS No. 107-88-0) used as hydrogen bond donors (HBDs). 
Methanol (CAS No. 67-56-1), used as a solvent throughout 
the study, was supplied by Avantor Performance Materials 
(Gliwice, Poland) and had a purity of at least 99%. Prior 
to use, ChCl was dried, while all the other compounds 
were used without any initial procedures.

Preparation of the samples and solubility 
measurements

For DAP solubility determination in the investigated 
DES, the initial step involved the preparation of a calibra-
tion curve. For this purpose, a stock solution of DAP was 
prepared in methanol and subsequently diluted in 10-mL 
volumetric flasks. The concentration of solutions used 
for the preparation of the calibration curve ranged from 
0.007 mg/mL to 0.017 mg/mL. An A360 spectrophotom-
eter from AOE Instruments (Shanghai, China) was em-
ployed for spectrophotometrical measurements of the so-
lutions. The wavelength corresponding to the maximum 
absorbance value was found to be 295 nm. Three separate 
calibration curves were averaged in order to obtain the fi-
nal curve. The linear regression equation was found to be 
A = 113.87∙C + 0.0015 (A – absorbance, C – concentration 
expressed in mg/mL). The degree of linearity was found 
to be satisfactory, with R2 = 0.999.

In the investigation of various DES, ChCl consistently 
served as one of the constituents. The 2nd component var-
ied and GLY, ETG, DEG, TEG, P2D, or B3D. To formulate 
the DES, ChCl and the 2nd component were mixed together 
in sealed test tubes in 1:2 molar ratio. A water bath at 90°C 
was utilized for creating homogeneous solutions. The re-
sulting DES were used either in their pure form or com-
bined with water to create binary systems with varying 
water proportions. To obtain saturated solutions of DAP 
in the studied systems, excess amounts of DAP were added 
to the test tubes containing both pure DES and binary 
mixtures with water.

The prepared samples were incubated for 24 h at 25°C 
in an Orbital Shaker Incubator ES-20/60 from Biosan 
(Riga, Latvia). The  temperature was precisely main-
tained at 0.1°C, with a variation of ±0.5°C observed over 
the 24-h cycle. During the mixing process, all samples 
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were agitated at a speed of 60 rpm. Afterward, the sam-
ples were filtered using a syringe combined with a PTFE 
syringe filter of 0.22 µm pore size. In order to prevent 
precipitation, the test tubes, syringes, pipette tips, and 
filters were initially warmed to align with the temperature 
of the sample.

Ultimately, fixed volumes of the filtered solution were 
placed in test tubes filled with methanol, and the samples 
diluted in this way were subjected to spectrophotometric 
measurements. Additionally, to determine the mole frac-
tions of DAP, 1 mL of each solution was precisely weighed 
in a 10 mL volumetric flask in order to obtain the den-
sity of the sample. Throughout the study, an Eppendorf 
(Hamburg, Germany) Reference 2 pipette was used with 
a systematic error of 0.6 µL. The RADWAG (Radom, Po-
land) AS 110 R2.PLUS analytical balance with a precision 
of 0.1 mg was also utilized.

The solubility of DAP in the considered solvents was 
determined based on spectrophotometric measurements 
of  the  prepared samples. The  wavelength range from 
190 nm to 500 nm was used during solubility measure-
ments, and the corresponding resolution was 1 nm. Ini-
tially, methanol was used for spectrophotometer cali-
bration, and it was also utilized to dilute the measured 
samples. Dilution was necessary to ensure that the ab-
sorbance values remained within the linear range. Based 
on the calibration curve, the absorbance values measured 
at 295 nm were used to calculate DAP solubility, expressed 
both as its concentration and mole fraction. These values 
were obtained by averaging the results from 3 separate 
measurements.

Computations details

Solubility predictions were made using a custom Python 
model designed to tune the hyperparameters of 36 regres-
sors using various algorithms, which include, among many 
others, boosting, nearest neighbors, linear models, ensem-
bles, and neural networks. The methodology was already 
described in our previous studies,56–58 and only a brief 
description is presented here. The exploration of the hy-
perparameter space was aimed at finding their optimal 
values throughout 5000 minimization trials with the help 
of the Optuna framework. The performance of the consid-
ered regression models was assessed based on a custom 
score function combining metrics accounting for model 
accuracy and generalizability. The ultimate performance 
assessment of all models relied on the loss values repre-
senting both test and validation subsets. The ensemble 
model definition incorporated the subset of regression 
models characterized by the lowest values correspond-
ing to both criteria. The final predictions were the results 
of the averaging of the chosen models. The solubility data 
from the previous work56 was used for model training, and 
was supplemented with the new measurements presented 
in this work. The same types of molecular descriptors 

were used to characterize the intermolecular interactions 
in the system, expressed in terms of solute–solvent affini-
ties. These properties were characterized by the Gibbs free 
energy (ΔGr) values associated with reactions involving 
the formation of pairs, namely X + Y = XY, with X and 
Y representing solute and solvent molecules, respectively. 
For the purpose of machine learning, both the enthalpic 
and entropic contributions included in the affinities were 
additionally incorporated into the set of molecular de-
scriptors. Each compound in the form of monomers, di-
mers or heteromolecular pairs was represented by the set 
of the most representative conformations selected from 
a large number of potential geometries optimized using RI-
DFT BP86 (B88-VWN-P86) in Turbomole v. 7.5.1 (Turbo-
mole GmbH, Frankfurt am Main, Germany). Highly simi-
lar clusters and those exceeding the 2.5 kcal/mol threshold 
for relative energy were not included in the pool of confor-
mations. All thermodynamic properties were computed 
using the COSMOtherm program v. 22.0.0 (Dassault Sys-
tèmes, Biovia, San Diego, USA).

Results and Discussion

Experimental solubility of DAP 
in designed solvents

The solubility of DAP was studied in several DES com-
prising ChCl and 1 of 6 considered polyols, namely GLY, 
ETG, DEG, TEG, P2D, and B3D. These systems were stud-
ied previously for other active pharmaceutical ingredients 
and proved to be very effective in enhancing their solu-
bility.49 Also, based on earlier experiences, the 1:2 molar 
ratio of DES constituents (i.e., a twofold excess amount 
of the polyol) was used. The studies encompassed the de-
termination of DAP solubility in neat DES, as well as in bi-
nary solvent mixtures of DES and water. In the latter case, 
different molar proportions of the eutectic and water were 
used. The results are presented in Fig. 1.

The analysis of the results leads to several interesting 
observations. First of all, there is a following decreasing 
trend among the studied neat DES in terms of DAP dis-
solution effectiveness, namely: TEG > DEG > ETG > GL
Y  >  B3D  >  P2D. At  25°C, the  mole fraction solubility 
of DAP in the neat DES comprising ChCl and TEG equals 
xDAP = 107.50∙10−3. Using DEG as a DES constituent yields 
a slightly smaller solubility of xDAP = 96.48∙10−3. The next 
2 systems, involving ETG and GLY, are responsible for 
a considerably lower solubility of xDAP = 70.96∙10−3 and 
xDAP = 65.1∙10−3, respectively. Finally, DAP is the least sol-
uble in DES utilizing B3D and P2D, with xDAP = 49.36∙10−3 
and xDAP = 46.91∙10−3, respectively.

The studied DES systems differ slightly in their be-
havior when introduced as a part of an aqueous binary 
solvent. For all studied DES, a cosolvency effect can be ob-
served, which means that at a specific molar composition 
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of  the  aqueous binary solvent, the  solubility of  DAP 
is higher than for the neat DES. However, the solubil-
ity profiles presented in Fig. 1 are not identical among 
the studied DES. The most important difference comes 
from the  binary mixture composition, which results 
in  the highest DAP solubility. In  the case of eutectics 
comprising ETG, DEG and TEG, the x*w = 0.2 compo-
sition is  responsible for the highest solubility of DAP. 
Meanwhile, for DES utilizing P2D, B3D and GLY, this 
composition is x*w = 0.3. The shape of the solubility pro-
files also differs slightly between the studied systems, 
although the  solubility increase is  rather similar and 
in the range from 1.07 to 1.15 times greater when com-
paring the optimal binary composition and the neat DES. 
For example, the most efficient composition for the DES 
comprising TEG results in the solubility of DAP equals 
to xDAP = 120.96∙10−3 at 25°C. Interestingly, there is a de-
viation from the solubility effectiveness trend observed 
among the studied neat DES. When the optimal com-
position is concerned, the eutectic involving GLY turns 
out to be more effective than the one with ETG, which 
is the opposite for neat DES.

Of course, it  is necessary to put the obtained results 
in the context of DAP solubility in the neat solvents studied 
previously.56 All the studied DES, as well as most water-
DES mixtures, outperform classical organic solvents, in-
cluding dimethyl sulfoxide (DMSO), DEG and diethylene 
glycol bis(3-aminopropyl) ether (B3APE), as evidenced 
in Fig. 1. Even DMSO, a compound that is known to be 
a very efficient solubilizer, yielded DAP solubility at a level 
of xDAP = 18.95∙10−3, which is only around 20% of the solu-
bility of the neat eutectic involving TEG.

Intermolecular interactions of DAP 
in the studied DES

The  characteristics of  the  intermolecular interac-
tions in  saturated solvents studied here are expressed 
as the collection of the values of ΔGr of synthesis reactions 
of homo- and hetero-molecular pairs. This, however, re-
quires the proper representation of the structural diversity 
of potential intermolecular contacts in considered systems. 
Hence, an extensive conformational search for potential 
pair formation was conducted as an initial step. According 
to the procedure described in the methodology section, 
each complex is represented by the set of the most stable 
conformations used for the determination of the affinity 
values. It is important to note that 2 types of thermody-
namic characteristics can be derived using COSMOth-
erm depending on the way of interpretation of the reac-
tion of the pair formation. For the purpose of the overall 
stability of the systems, the values of concentration in-
dependent ΔGr were used. Such a way of representing af-
finity simply utilizes the product of activity coefficients, 
correcting the values of equilibrium constants determined 
based on the mole fraction distribution in a given system. 
The resulting activity equilibrium constants are directly 
related to the values of the ΔGr and are related to the tem-
perature, but remain the same independently of the system 
composition. These values are collected in Fig. 2, quantify-
ing all possible binary contacts of DAP in the studied DES. 
The graphical representation of the most stable complexes 
is provided in Fig. 3.

The  plots presented in  Fig. 2 lead to  the  conclusion 
that the  self-association of  DAP is  the  most predomi-
nant factor of system stability. This suggests that dimer 
formation might be considered the driving force behind 
solubility restrictions in any solvent. Indeed, the hetero-
molecular complexes that characterize the affinity of DAP 
to any individual DES component are lower compared 
to  DAP-DAP formation. It  is  worth emphasizing that 

Fig. 1. Solubility of dapsone (DAP) at 25°C in the studied designed 
solvents, comprising choline chloride (ChCl) with either glycerol 
(GLY), ethylene glycol (ETG), diethylene glycol (DEG), triethylene glycol 
(TEG), 1,2-propanediol (P2D), or 1,3-butanediol (B3D). Horizontal lines 
represent values characterizing saturated solutions of DAP in neat 
solvents including dimethyl sulfoxide (DMSO), DEG and diethylene glycol 
bis(3-aminopropyl) ether (B3APE), as documented in a previous study

x*w – mole fraction of water in solute-free solutions.

Fig. 2. Collection of solute-solvent and solute-solute affinities 
characterized by the values of the Gibbs free energy of reactions (ΔGr): 
dapsone (DAP) + X = DAP-X, where X stands for either of the deep 
eutectic solvents (DES) components
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ChCl is a very important component of the system, play-
ing a crucial stabilization role. Indeed, the DAP-ChCl 
pairs are very stable in all cases. The 2nd factor contribut-
ing to the overall system stability comes from DAP-HBD 
pairs, which are slightly less favorable compared to DAP-
ChCl. There is only 1 exception for DAP-TEG, as  this 
pair has stability comparable to the latter. As one might 

expect, the hydration of DAP has the smallest contribution 
to the overall affinity, which might be attributed to the low 
polarity of the solute. In Fig. 2, the relative solute–solvent 
affinity was drawn as a thick red line, representing the dif-
ference between DAP self-affinity and the sum of affin-
ity to DES components. It is very interesting to observe 
that there is a correspondence between the order of DAP 

Fig. 3. Representation of the most 
stable pairs of dapsone (DAP) 
with deep eutectic solvents (DES) 
components. The colored clouds 
represented the charge density
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solidity in the studied DES and the relative affinity. In-
deed, the highest DAP solubility was observed in the ChCl 
mixture with TEG. The sequence of solubility reduction 
in TEG, DEG and ETG is associated with the parallel de-
crease of ∆Gr(AB) values. For the rest of the studied HBDs, 
the trend is not so clear, but solute–solvent interactions 
are comparable to DAP self-affinity. This conclusion not 
only qualitatively reveals the mechanism of DAP dissolu-
tion in DES but is also a good prognostic for the utiliza-
tion of intermolecular interaction for machine learning 
purposes.

It is interesting to note that the structure of DAP allows 
for 3 types of  interactions. The presence of the oxygen 
centers bound to sulfur atoms stands for acceptors of hy-
drogen bonding. The amino groups bound to aromatic 
rings can act as potential donors of hydrogen bonds. Fi-
nally, the apolar, aromatic rings can be the source of sta-
bilization via non-covalent dispersive interactions. This 
general overview suggests that DAP should be easily 
solvated in a variety of solvents and soluble in diverse 
solvents. If this simple picture is confronted with the mea-
sured data, one can infer a rather more complex behavior 
of DAP.

Indeed, 3 separate classes of solvents interacting with 
DAP can be distinguished.56 The 1st class comprises sys-
tems in which DAP acts as a proton acceptor via the sul-
fonyl group. This class of solvents encompasses water and 
aliphatic alcohols. It is anticipated that solubility in these 
solvents, which donate protons, will generally be at a mod-
erate level due to the potential self-association of DAP. 
The 2nd group includes systems in which DAP is a proton 
donor in conjunction with solvents like acetone or DEG. 
The likelihood of DAP dissolving in these solvents is rela-
tively high, as the non-polar region of DAP is less inclined 
to self-associate thanks to the obstruction caused by sol-
vent molecules. In the 3rd and final class, solvents can be 
found that react with DAP through non-hydrogen bond 
interactions. This includes such solvents as DMSO and 
N-methyl-2-pyrrolidone, and the potential solubility range 
of DAP in these compounds is quite extended.

It is important to add that there is another aspect that 
should be taken into account if the dissolution mecha-
nism is to be described, which is the self-affinity of DAP. 
As it was documented in Fig. 2, this type of interaction 
is the strongest among all pars potentially present in DAP 
solutions. This holds not only for DES but also for many 
neat and binary solvents as well.56 The dispersive forces are 
the predominant factor stabilizing the 2 DAP molecules. 
However, 2 distinct classes of structures were identified 
in the conformational search, as documented in Fig. 4. In-
terestingly, the structure of the most stable pair (on the left) 
is deficient in any type of hydrogen bonding. However, for 
some stable dimers the active role of both donor and accep-
tor centers of DAP is evident (on the right). The interplay 
of DAP self-association and complex formation with sol-
vent molecules of DAP can be regarded as the main factor 
determining solubility. Solvents whose molecules offer 
concurrency to DAP dimerization are supposed to be bet-
ter ones, such as, for example, TEG or DEG. These 2 mol-
ecules strongly interact with the non-polar region of DAP, 
in consequence effectively reducing the self-association. 
Solvents that can form hydrogen-bonded complexes typi-
cally do not impair as seriously the ability of dimerization, 
which results in more probable self-association leading 
eventually to aggregation and sedimentation.

Extended model for solubility prediction 
of DAP

In one of our previous projects,56 a model for predict-
ing DAP solubility was developed and validated. The en-
semble of regressors with tuned hyperparameters was 
found to be very accurate in back-computations of DAP 
mole fraction at saturated conditions in neat solvents and 
binary solvent mixtures at varying compositions and tem-
peratures. Also, the performed detailed analysis of po-
tential predicative potential proved the ability of the for-
mulated model to reliably predict new cases. The studied 
solvent space was quite extended and encompassed major 
types of solvents, including polar-protic, polar-aprotic 

Fig. 4. Graphical representation 
of 2 types of dapsone (DAP)
dimers found in the studied 
systems
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and non-polar ones. It is interesting to see if such a broad 
range of solvents representatively covers the possible vari-
ety of dissolution media. This aspect is especially impor-
tant from the perspective of the type of solvents studied 
here, which are very polar, with diverse hydrogen bond-
ing capabilities. Hence, the plots of selected descriptors 
were prepared for comparison of the coherence of their 
distributions. The previously developed model,56 which 
optimized the set of the most suitable regressors, utilized 
intermolecular interactions as  molecular descriptors. 
The detailed analysis of the importance of given descrip-
tors revealed that for the majority of regressors, 2 contri-
butions are dominant. These 2 descriptors characterize 
the solute–solute (∆Sr(AA)) and solute–solvent (∆Sr(AB)) 
entropic contributions to the affinity in the studied sys-
tems. The distributions of these values provided in Fig. 5 
are separated into 3 sets, namely pure solvents, binary 
mixtures and ternary DES systems. The most important 
conclusion is that the new set of data adds distinct fea-
tures to the overall characteristics. Although the obtained 
new results are within the range of solubility data used 
in the previous machine learning, molecular descriptors 
have quite distinct distributions. It  is worth mention-
ing that the solubility measurements in DES were done 
only at room temperature, while the previous dataset in-
cluded a quite extended range of temperatures from 5°C 
up to 80°C. It is not surprising that at elevated tempera-
tures, the DAP solubility has been found to be very high, 
even higher than in the case of the studied DES. Hence, 
it  is not the solubility range that prevents direct utili-
zation of the developed model, but the distinct interac-
tions in new systems. Consequently, it is very unlikely that 
the previous model can be used for solubility predictions 
in DES, and the utilization of such a model is not meth-
odologically acceptable as the new pool of data is outside 
its applicability domain. Hence, it  is  necessary to  ex-
tend the model for reliable predictions. The retraining 

of the model is characterized in Fig. 6. First of all, the list 
of the most efficient regressors provided in the caption 
defines the new ensemble. No additional tuning of weight 
was performed, as the simple addition of their contribu-
tions was quite effective, as documented in the right panel 
of Fig. 6. The accuracy of back-computed DAP solubil-
ity is very high, which is a good prognosis for potential 
screening for alternative solvents. The fact that the appli-
cability domain is significantly extended by the inclusion 
of solubility in DES means that the range of potential 
applications is seriously extended compared to previously 
formulated ensemble.56

Conclusions

The performed multi-aspect analysis of DAP solubility 
in DES led to a number of conclusions regarding their 
effectiveness, dissolution mechanism and future screen-
ing for new solvents. First of all, the considered eutectic 
systems outperformed the classical organic solvents stud-
ied earlier, including DMSO, with the DES comprising 
ChCl and TEG being the most effective. It was also found 
that the addition of a specific amount of water to the DES 
systems increases DAP solubility even further. Second, 
the interplay of DAP self-association and the formation 
of complexes between DAP and solvent molecules can 
be regarded as  the  main factor influencing solubility. 
The self-association of DAP seems to be the most impor-
tant factor influencing the stability of the systems and 
thus limiting its solubility. Conversely, the reason for in-
creased solubility in some solvents is the ability of some 
molecules to strongly interact with the non-polar region 
of DAP, thus reducing self-association and increasing solu-
bility. Finally, some important considerations have to be 
made regarding the usage of machine learning for solubil-
ity predictions. The general problem of the applicability 

Fig. 5. Distribution of the solute–solute (∆Sr(AA) – on the left) and solute–solvent (∆Sr(AB) – on the right) entropic contributions to the affinity in the studied 
systems. Three sets represent the neat solvents (black circles), binary solvent mixtures (grey circles) and studied deep eutectic solvents (DES; black bold 
circles)
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domain restrictions imposed on any non-linear model 
developed using machine learning protocols is stressed 
and exemplified in the case of DAP solubility in DES. Ac-
cording to chemical intuition, the extension of solubility 
space by the inclusion of new dissolution media can affect 
the predictive potential of any non-linear model. How-
ever, the problem is whether the actual new pool of data 
resulting from new measurements requires re-formulating 
the model from scratch.

This paper univocally illustrates the necessity of aug-
menting the dataset with measurements in DES. The initial 
model was formulated for a quite extended and diverse 
set of solvents, which is not a common situation for active 
pharmaceutical ingredients. Hence, it might seem that 
the major portion of solvent structural and energetic diver-
sity was already included in the original formulation, and 
the model can be applied for prediction in a variety of sol-
vents not included in the pool of solvents used for model 
training. However, DES so seriously differ from organic 
solvents that retraining was indispensable. Fortunately, 
after the extension of the solubility data with 6 different 
solvents, the newly designed and retrained ensemble of re-
gressors was able to capture all the new features of the sys-
tem and very accurately describe the whole dataset. Since 
this is also associated with the extension of the applicabil-
ity domain, its scope of application is broadened. This posi-
tive statement is partly mitigated by the fact that retraining 
is an unavoidable aspect of ensemble development if new 
data extend the solvent space.
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Abstract
Background. Solubility is a fundamental physicochemical property of active pharmaceutical ingredients. 
The optimization of a dissolution medium aims not only to increase solubility and other aspects are to be 
included such as environmental impact, toxicity degree, availability, and costs. Obtaining comprehensive 
solubility characteristics of chemical compounds is a non-trivial and demanding process. Therefore, support 
from theoretical approaches is of practical importance.

Objectives. This study aims to examine the accuracy of the reference solubility approach in the case of sulfa-
nilamide dissolution in a variety of binary solvents. This pharmaceutically active substance has been extensively 
studied, and a substantial amount of solubility data is available. Unfortunately, using this set of data directly 
for theoretical modeling is impeded by noticeable inconsistencies in the published solubility data. Hence, this 
aspect is addressed by data curation using theoretical and experimental confirmations.

Materials and methods. In the experimental part of our study, the popular shake-flask method com-
bined with ultraviolet (UV) spectrophotometric measurements was applied for solubility determination. 
The computational phase utilized the conductor-like screening model for real solvents (COSMO-RS) approach.

Results. The analysis of the results of solubility calculations for sulfonamide in binary solvents revealed 
abnormally high error values for acetone-ethyl acetate mixtures, which were further confirmed with ex-
perimental measurements. Additional confirmation was obtained by extending the solubility measurements 
to a series of homologous acetate esters.

Conclusions. Our study addresses the crucial issue of coherence of solubility data used for many theoretical 
inquiries, including parameter fitting of semi-empirical models, in-depth thermodynamic interpretations 
and application of machine learning protocols. The effectiveness of the proposed methodology for data-
set curation was demonstrated for sulfanilamide solubility in binary mixtures. This approach enabled not 
only the formulation of a consistent dataset of sulfanilamide solubility binary solvent mixtures, but also its 
implementation as a qualitative tool guiding rationale solvent selection for experimental solubility screening.

Key words: in silico, solubility, sulfanilamide, binary solvents, COSMO-RS
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Background

Sulfonamides are a highly important class of active phar-
maceutical ingredients (APIs). This group of antimicrobial 
substances has a broad spectrum of applications, including 
the treatment of various bacterial and fungal infections 
and diabetes therapy.1,2 Sulfanilamide (SA; C6H8N2O2S; 
CAS:63-74-1, DrugBank: DB00259) is a precursor of sul-
fonamides used as topical anti-infectives.3 Furthermore, 
besides its conventional applications, SA has been em-
ployed in the synthesis of functional polymers with poten-
tial biomedical and pharmaceutical significance.4–6

The solubility of a particular API is a fundamental phys-
icochemical property routinely determined at the early 
stages of drug development. Moreover, the optimization 
of the dissolution media is often required to fulfill the cri-
terion of solubilization effectiveness and additional re-
quirements such as ecological issues, toxicity, availability, 
and costs. However, due to the enormously large solvent 
space, the practical realization of  this step poses seri-
ous challenges. Hence, multiple theoretical approaches 
have been developed for the estimation of the properties 
of saturated solutions. Among the many available meth-
ods, the conductor-like screening model for real solvents 
(COSMO-RS)7,8 is one of the most ambitious theoretical 
approaches, aiming to determine the comprehensive char-
acteristics of liquids exclusively from molecular structure. 
This particular approach harnesses the  first principle 

of quantum chemistry computations augmented with sta-
tistical thermodynamics. This 2-step procedure results 
in full temperature-dependent thermodynamics for bulk 
systems, even with complex compositions. A unique fea-
ture is its theoretical framework that explicitly includes 
the structural and energetic diversity of the liquid sys-
tems by allowing the molecular representation by the set 
of the most probable conformers. There is considerable 
evidence of  the  successful application of  this method 
to a wide range of chemical problems. Some reported ex-
amples include solubility modeling of rutin in natural deep 
eutectic solvents (NADES),9 halogenated hydrocarbons 
in ionic liquids10 or cellulose in ionic liquids.11 Notably, 
according to a recent report by Klajmon,12 the COSMO-RS 
model is generally significantly more accurate for modeling 
the solubility of various pharmaceuticals in conventional 
solvents compared to the popular perturbed-chain statisti-
cal associating fluid theory (PC-SAFT) method.

Importantly, COSMO-RS is a theory of bulk liquids, 
and the characteristics of the solid-liquid equilibria (SLE) 
require taking into account the Gibbs free energy val-
ues of fusion of the solute (ΔGfus). This thermodynamic 
property considers the transfer of the compound from 
the crystalline state into an unordered liquid and is typi-
cally determined experimentally using differential scan-
ning calorimetry (DSC) measurements, including melting 
temperature (Tm), heat of fusion (ΔHfus), and heat capacity 
change upon melting. Although many solids have been fully 

Streszczenie
Wprowadzenie. Rozpuszczalność jest jedną z najbardziej fundamentalnych charakterystyk fizykochemicznych substancji aktywnych farmaceutycznie. Optymali-
zacja medium rozpuszczalnikowego jest złożonym problemem obejmującym nie tylko wyznaczenie samej rozpuszczalności ale również takie aspekty jak wpływ na 
środowisko, toksyczność, dostępność i koszt zakupu oraz utylizacji rozpuszczalników. Ponieważ uzyskanie kompleksowej charakterystyki rozpuszczalności nie jest 
trywialna, a często wiąże się z kosztownym i czasochłonnym procesem, badania teoretyczne stanowią istotne wsparcie.

Cel pracy. Celem pracy jest ilościowa ocena efektywności obliczania rozpuszczalności w mieszaninach dwuskładnikowych w oparciu o metodologię referencyjnego 
rozpuszczalnika. Z uwagi na duże zainteresowanie tym związkiem dostępna jest znaczna ilość danych doświadczalnych umożliwiających szczegółową analizę 
teoretyczną. Niestety, wykorzystanie tego zestawu bezpośrednio do modelowania teoretycznego jest utrudnione przez zaobserwowane niespójności. Ten problem 
został szczegółowo przeanalizowanych w oparciu o rozważania teoretyczną oraz przeprowadzone eksperymenty.

Materiał i metody. Część doświadczalna badań obejmowała równowagowy pomiar rozpuszczalności z wykorzystaniem metody spektrofotometrycznej w zakresie 
UV. Badania teoretyczne zostały zrealizowane z wykorzystaniem modelu COSMO-RS.

Wyniki. Analiza wyników przeprowadzonych obliczeń rozpuszczalności sulfonamidu w binarnych rozpuszczalnikach ujawniła anomalnie wysokie wartości błędów dla 
przypadku mieszanin aceton-octan etylu, co zostało zweryfikowane poprzez nowe pomiary eksperymentalne. Dodatkowego potwierdzenia dostarczyło rozszerzenie 
pomiarów rozpuszczalności o serie homologicznych estrów octanowych. Ponowne obliczenie rozpuszczalności w oparciu o metodykę rozpuszczalnika referencyjnego 
doprowadziło do znaczącej mniejszej rozbieżności pomiędzy obliczonymi oraz zmierzonymi wartościami ułamków molowych.

Wnioski. Niniejszy raport porusza kluczową kwestię zapewnienia spójności danych rozpuszczalności, które częstokroć są wykorzystywane rozważaniach teoretycz-
nych, takich jak interpretacja rozpuszczalności w oparciu o modele empiryczne czy półempiryczne oraz termodynamicznej charakterystyce procesów rozpuszczania. 
Zastosowanie metodyki obliczania rozpuszczalności w mieszaninach dwuskładnikowych na podstawie danych dla czystych rozpuszczalników pozwoliło nie tylko na 
identyfikację niespójności danych ale również na potencjalne badania przesiewowe.

Słowa kluczowe: in silico, rozpuszczalność, sulfonamid, COSMO-RS
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characterized in these respects,13,14 such thermodynamic 
data are not available for numerous active pharmaceutical 
ingredients. The reasons for this are related to the thermal 
instabilities and decomposition below the melting point. 
Additionally, the complex polymorphic behavior, which 
is often observed for many solids, requires further deter-
mination of thermodynamic equilibria between the differ-
ent polymorphs. Occasionally,15 the polymorph dissolved 
under the experimental conditions of solubility measure-
ments differs from the crystal form stable at the melting 
point. Also, sulfanilamide is considered a problematic 
solid. In the Cambridge Structural Database (CSD), sul-
fanilamide solid structure is deposited in 4 sets of records 
documenting distinct polymorphic forms, namely α (Pbca), 
β (P21/c), γ (P 21/c), and δ (Pbca). It has been reported16,17 
that both α and β forms during the heating process un-
dergo a transition to the γ form, which is the only existing 
form under melting conditions. The 4th form is metastable 
and does not melt. The β-polymorph is the most stable one 
under ambient conditions and is usually commercially 
available.18 This complicates the theoretical computations 
of solubility since the experimental fusion data are un-
available. Moreover, proper characteristics of the fusion 
require the determination of the temperature-related heat 
capacities of the solid and liquid states, which often exceed 
the melting conditions. Therefore, the melting and fusion 
terms are often distinguishable. The former is used to de-
pict the solid-liquid phase transition at the melting state, 
while the latter is reserved for solid transfer into a sub-
cooled liquid state at any other temperature. Furthermore, 
the possibility of solvate formation should be considered. 
Fortunately, for sulfanilamide, no solvent inclusion occurs 
after crystallization.16,19 The reported DSC thermograms19 
provide a  consistent picture where the  thermograms’ 
shapes are preserved irrespective of the recrystallization 
from many solvents. This is evident by the observed small 
endothermic peak corresponding to the polymorphic tran-
sition and the  large endothermic peak associated with 
the melting of the γ form.

The above information suggests that solubility com-
putation is not a straightforward and trivial task, even 
in conjunction with the first-principle approach. Hence, 
many simplifications have been proposed by some authors, 
but criticized by others.20 However, the lack of consensus 
regarding the appropriate way of including fusion thermo-
dynamics in solubility predictions should not be a prohib-
iting factor. Indeed, in the COSMOtherm program (Das-
sault Systèmes, Biovia, San Diego, USA), which practically 
implements the COSMO-RS theory, it is possible to com-
pute solid solubility by indirectly defining necessary fusion 
data. This is achieved by providing experimental data for 
a given solute in a given solvent or mixture at a given tem-
perature as input data for computing solubility in differ-
ent media. This approach refers to the reference solubility 
method. Furthermore, using the value of ΔGfus determined 
in such a manner reproduces the solubility of the solutes 

given as the reference. Hence, this method is very flex-
ible, providing the reference solubility at conditions differ-
ent from those of the solubility predictions. Particularly, 
it is possible to generate several reference solubility values 
or a variety of temperatures. The former option is uti-
lized in our study by providing the 2 reference solubility 
data, which were experimentally determined for neat sol-
vents for computing the solubility in the binary mixture 
at the given temperature. This reference solvent procedure 
was previously used with varying effectiveness, depending 
on the system under consideration.21 In general, the proper 
selection of a reference solvent can provide a reasonable 
solubility estimate. Such a solvent is commonly referred 
to as a consonance solvent.15,21 It is interesting to note that 
this approach is not utilized for the practical prediction 
of solubility in solvent mixtures.

Herein, we analyzed the accuracy of the aforementioned 
approach for sulfanilamide dissolved in a variety of binary 
solvent mixtures. This particular solute was extensively 
studied, and the available solubility data were large enough 
for theoretical analysis.

Materials and methods

Analytical grade sulfanilamide (≥98%, SA, CAS: 63-74-
1), ethyl acetate (99.5%, CAS: 141-78-6), n-propyl acetate 
(≥99.5%, CAS: 109-60-4), n-butyl acetate (99.7%, CAS: 123-
86-4), and methanol (≥99.8%, CAS: 67-56-1) were obtained 
from Sigma-Aldrich (Saint Louis, USA) and used as re-
ceived. Nitrogen (99.999%) for DSC analyses was supplied 
by Linde (Warsaw, Poland).

Solubility measurements

In this study, the shake-flask solubility determination 
procedure was applied. It  is worth noting that the pro-
tocol has been previously employed for various organic 
compounds and validated in literature data.19,22–27 To de-
termine the concentration of the saturated solutions of sul-
fanilamide in the considered set of solvents, the samples 
containing undissolved excess of active substances were 
incubated with mixing (60 rpm) at 25°C. The mixtures 
were prepared by dissolving sulfanilamide in a solvent 
in glass tubes (10 mL). Then, the test tubes were placed 
in an incubator (Orbital Shaker ES-20/60; Biosan, Riga, 
Latvia). After allowing the undissolved precipitate to settle 
for 1 h at 25°C, the mixture and the sediment were sepa-
rated by filtration using a syringe equipped with a 0.22 μm 
PTFE filter. Spectrophotometric measurements were taken 
using 0.1 mL of the filtered solution, which was imme-
diately diluted with 2 mL of methanol. Rapid dilution 
of the samples was essential to avoid crystallization during 
subsequent analytical procedures for concentration deter-
mination. For the same reason, i.e., to avoid crystallization, 
the equipment employed at the filtration and dilution steps 
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(syringes, filters, test tubes for filtrates, and pipette tips) 
was preheated at 25°C before use. For density determina-
tion, 1 mL of the filtrate was immediately transferred using 
an automatic pipette (Eppendorf Reference 2; Eppendorf, 
Hamburg, Germany) with a preheated tip to the tared 
10 mL glass flask and weighted using an analytical balance 
(RADWAG AS 110 R2.PLUS; Radwag, Radom, Poland).

The quantification of SA in filtrates was ascertained 
using a spectrophotometric method (λmax = 262 nm). To es-
tablish the calibration curve, the absorbance values were 
determined for a series of dilutions of the stock sulfanil-
amide solution (1.78×10–5–6.68×0–5 M). All spectropho-
tometric measurements were performed using the A360 
UV-VIS device (AOE Instruments, Shanghai, China).

Thermal analysis

After the shake-flask procedure, SA solid residues were 
air-dried and subjected to DSC analysis using a DSC 6000 
PerkinElmer calorimeter (PerkinElmer, Waltham, USA). 
Heating rate was set to 5 K/min, while the nitrogen flow 
was 20 mL/min. The samples were measured in standard 
aluminum pans. The heat flow and temperature calibra-
tion were performed using zinc and indium standards sup-
plied by the DSC device manufacturer.

Solubility dataset

An extensive literature review revealed sulfanilamide 
solubility of 18 different binary mixtures, including water-
propylene glycol,28 1,4-dioxane-water,29 water-methanol,30 
acetone-ethanol,31 acetone-methanol,31 acetone-toluene,31 
methanol-toluene,32 ethanol-toluene,32 methanol-chloro-
form,32 ethanol-chloroform,32 methanol-ethanol,32 1,4-di-
oxane-water,19 ethanol-water,19 dimethyl sulfoxide 
(DMSO)-water,19 dimethylformamide (DMF)-water,19 
acetonitrile-water,19 and 4-formylmorpholine-water.19 

This collection included 13 solvents used for binary mix-
tures’ preparation in broad ranges of compositions and 
temperatures. The total number of datapoints was equal 
to n = 1171.

COSMO-RS computations

The COSMO-RS quantum chemistry approach7,8 was 
used for solubility predictions, as implemented in the COS-
MOtherm software.33 A standard procedure for conformer 
generation was adopted, using the COSMOconf program 
(Dassault Systèmes, Biovia, San Diego, USA)34 at the high-
est parametrization level available (BP_TZVPD_FINE_21.
ctd). The most stable conformer is shown in Fig. 1.

The  solubility computations relied on  a  thermody-
namic equation defining the general solid-liquid equilibria 
in the following form (Equation 1):
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where the left side defines the solute activity ai = yi • x1
id 

at saturated conditions, Tm stands for melting temperature, 
ΔHfus represents heat of fusion, ΔCp,fus denotes heat capac-
ity change upon melting, and R is the gas constant. The fu-
sion data indispensable for direct solubility computations 
in the COSMOtherm were taken as the average of available 
values,13 namely heat of fusion ΔHfus = 23.40 ±0.38 kJ/mol 
(average of  reported 23.28  kJ/mol,35 23.30  kJ/mol,35,36 
24.02  kJ/mol,37 23.0  kJ/mol,38 and 23.42  kJ/mol32) and 
melting point Tm = 437.3 ±1.84 K (mean value of reported 
435.35,35 435.4 K,35,36 439.3K,37 438.7 K,38 and 437.7 K32). 
The application of this equation for any solid solute is often 
simplified by assuming the temperature independence 
of ΔCp,fus. There are 2 common alternatives, which suffer 

Fig. 1. A graphical representation of the structure and charge density distribution of the most stable conformer of sulfanilamide
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from different inaccuracies depending on  the  studied 
system. The crudest simplification ignores heat capacity 
by setting ΔCp,fus = 0, which is often quite acceptable and 
was denoted as COSMO-RS in our study. Alternatively, 
one can assume ΔCp,fus ≈ Sfus = ΔHfus/Tm referred to below 
as CSOMO-RS(2). It is worth mentioning that these fu-
sion data were used for computing the solubility in binary 
mixtures only for comparisons with reference solubility 
computations. The latter did not require fusion thermo-
dynamics, since they were computed using the COSMOth-
erm program from the provided reference solubility data. 
The solubility values were computed by completely solving 
the SLE problem, utilizing a sequence of the following op-
tions in the input file “SLESOL solub screening”. For every 
reference solvent computation, actual values of neat solvent 
solubility were declared using the “ref_sol_x_log10” option 
along with the binary mixture composition, “x_ref_sol”, 
and temperature, “T_ref_sol”, keywords.

Results and discussion

The solubility of sulfanilamide in binary solvent mix-
tures was computed using the  reference solvent ap-
proach. The experimental mole fractions of the saturated 
solutions were collected from the literature for systems 
listed in the methodology section. The computed values 
of SA solubility for the whole dataset are shown in Fig. 2, 
which comprises of 4 sets of results. The 1st set consisted 
of  the  prediction of  SA solubility in  binary mixtures 
derived directly from solving SLE within the COSMO-
RS framework, and was displayed as  the  distribution 
of gray crosses. It was visible that this method provided 
a very raw estimate of the experimental solubility data. 

However, reports have stated that COSMO-RS performs 
poorly in solubility prediction for various systems,22,39 al-
though there are cases where the computed values are 
in good agreement with the experimental ones.24 This 
was not the case for SA dissolved in the binary solvent 
mixtures, and we did not rely on such values for screen-
ing purposes, due to the back-computed values suffering 
from serious inaccuracies. The value of the mean absolute 
percentage error (MAPE) of mole fractions was as high 
as 1,310% (or 100% of the mean absolute logarithmic error), 
and cases arose that predicted value deviates by 3 orders 
of magnitude with respect to the measured ones. This was 
found for SA dissolution in chloroform, DMSO, DMF, and 
4-formylmorpholine. Fortunately, the reference solvent 
procedure significantly increased the accuracy of the over-
all performance, since MAPE was reduced to about 40%. 
Although this was not a qualitative prediction, it offered 
rational estimates directing solvent selection for further 
experiments, if screening was needed. This was a very 
practical result, since only about 10% of the systems were 
studied experimentally within the whole solubility space 
formed by all possible combinations of the 13 neat sol-
vents involved in the collected dataset of SA. Additionally, 
by performing measurements of SA in new neat solvents, 
the procedure enabled the estimation of solubility in vir-
tually any combinations forming new binary mixtures.

Apart from the above determinations, additional in-
teresting aspects emerged after performing reference 
solvent computations. Unexpected and anomalous be-
havior of  acetone-ethyl acetate binary systems can be 
observed.31 This occasionally occurs where the reported 
solubilities were incongruent23 and should be used with 
reserve. Herein, the highly inaccurate values of SA solu-
bility in the mentioned binary mixture computed using 

Fig. 2. Distribution 
of the computed values 
of sulfanilamide solubility 
in 18 binary mixtures confronted 
with experimentally determined 
ones. The circles represent 
the results of reference solubility 
computations and are denoted 
in the legend as the RefSol series. 
The distribution obtained for 
the whole dataset (open black 
circles) is overlapped with data 
described by Kodide et al.31 
(gray circles) and measurements 
from the present study work 
(red circles). Additionally, results 
of the solubility computed 
using the COSMO-RS approach 
are provided, assuming ∆Cp = 0 
(gray crosses, COSMO-RS(1)) and 
∆Cp = ∆Hfus/Tm (blue plusses, 
COSMO-RS(2)). In both cases, 
the following fusion data are 
used: ∆Hfus = 23.40 kJ/mol and 
Tm = 437.3 K
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the reference solvent approach are highlighted in Fig. 2 
as gray circles distribution. Reports suggest a similarity 
in the solubility of SA in toluene and ethyl acetate.31 How-
ever, due to the differences in the polarity of both solvents, 
the opposite is expected. Notably, Asadi et al.40 showed 
relatively high deviations for SA solubility in the acetone-
ethyl acetate system if interpreted using different solubility 
equations. Hence, extremely inaccurate predictions using 
reference solvent approaches for this system should not be 
attributed to theoretical issues. To resolve this problem 
and univocally address the observed discrepancy, 2 series 

of new measurements were performed. In the 1st trial, 
the solubility of SA was measured in 9 compositions of ac-
etone and ethyl acetate at room temperature. To further 
confirm the solubility trend, the solubility of SA was de-
termined in a series of ester homologs. The results of these 
2 series of experiments are provided in Fig. 3. The obtained 
data highlighted the problem of the reported SA solubil-
ity in acetone-ethyl acetate binary mixtures and provided 
a comprehensive and convincing resolution.

First, the  left panel confirms the  serious discrep-
ancy between our measurements and those reported 

Fig. 3. Results of solubility 
determination (T = 298.15K) 
of sulfanilamide (SA) in (a) 
acetone (2) – ethyl acetate 
(3) as a function of acetone 
composition in solute-free 
solutions and (b) homology 
series of acetate esters, where 
n denotes carbon atoms 
of the alcohol part (2 for ethyl 
acetate, 3 for n-propyl acetate, 
4 for n-butyl acetate, and 5 for 
n-amyl acetate)
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in the literature.31 Interestingly, the application of the ref-
erence solvent method to these new solubility data re-
sulted in a very accurate prediction. Indeed, as shown 
in  Fig. 2, the  red circles representing the  values for 
SA in  acetone-ethyl acetate mixtures were the  same 
as the overall trend and similar to the experimental data. 
Hence, this conducted analysis confirmed the higher re-
liability of the new measurements collected in Fig. 3A 
over those previously reported.31 To  further support 
our observations, additional confirmation was offered 
by the results of new experimental solubility measure-
ments (Fig. 3B). It  was reasonable to  expect that for 
a  homolog series of  solvents, a  type of  smooth trend 
of solubility should be observed. As shown in Fig. 3B, 
this was the case for a series of 4 acetate esters. A linear 
trend was found between the number of carbon atoms 
in the alcohol part and SA solubility in the correspond-
ing acetate esters. The literature values were beyond that 
of the measured trend.

Undoubtedly, factors related to  the  characteristics 
of the solid, such as purity and polymorphism, have an im-
pact on the results of solubility measurements. Therefore, 
calorimetric studies could provide valuable insight. Im-
portantly, DSC measurement results of the sediments col-
lected after the shake-flask procedure in neat solvents did 
not differ significantly from the pure sulfanilamide mea-
sured in this study (Fig. 4) and those reported in the litera-
ture.31 For all thermograms, a small peak corresponding 
to the polymorphic transformation and an intense γ form 
melting peak was observed. The onset values for the poly-
morphic and solid-liquid phase transitions of pure SA were 

391.84 K and 437.41 K, with corresponding enthalpy values 
of 1.89 kJ/mol and 24.17 kJ/mol. Notably, the melting point 
obtained in our study was similar to that reported by Ko-
dide et al. for SA powder used for solubility measurements 
(Tm = 437.78 K).31

Conclusions

In this report, we addressed an important problem of sol-
ubility data coherence. The accuracy of this data is crucial 
as it  is often used for further theoretical investigations, 
such as fitting parameters of empirical or semi-empirical 
solubility equations, solubility thermodynamics interpre-
tation or more sophisticated inquiries, such as local com-
position determinations. Furthermore, the development 
of non-linear models using machine learning methodology 
also requires a reliable and consistent dataset for param-
eter hypertuning. Hence, data curation for solubility col-
lections is a vital and valuable step.

This study displayed a straightforward methodology for 
the curation of certain subsets of the solubility data avail-
able in the published resources. The well-known saying 
“garbage in – garbage out” was exemplified for the solu-
bility computations using the reference solvent approach. 
The accuracy of computed values in mixed solvents was 
inherently dependent on the reliability of solubility in neat 
solvents, as shown for sulfanilamide dissolved in binary 
mixtures of acetone and ethyl acetate. The replacement 
of suspicious solubility in neat solvents promoted an in-
crease in the overall accuracy of solubility computations. 
This method is  a  reliable way to  test the  consistency 
of solid solutes in mixed dissolution media at various tem-
peratures, including sulfanilamide.

Although qualitatively accurate, the reference solvent 
solubility values are still not accurate enough and cannot 
replace actual measurements. However, machine learning 
protocols may be implemented to further increase the ac-
curacy of predicted solubility. The cured dataset, which 
encompasses congruent and coherent data, will be used 
in our next project for this purpose.

Data availability

The datasets generated and/or analyzed during the cur-
rent study are available from the corresponding author 
upon reasonable request.
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Abstract
Background. Micro- and nanoplastics pollution can cause substantial damage to ecosystems. Since scientists 
have focused mainly on their impact on aquatic environments, less attention has been paid to the accumula-
tion of polymer particles in terrestrial organisms.

Objectives. We checked if submicron (<5 mm) polystyrene (PS) particles, which can accumulate in living 
organisms, lead to changes in the physicochemical properties of mammalian cell membranes.

Materials and methods. The influence of submicron PS particles on the properties of rat-derived L6 
myocytes and H9c2 cardiomyocytes was analyzed. Non-functionalized and amine-functionalized PS par-
ticles of 100 nm and 200 nm in diameter were used. The MTT assay was performed to evaluate the viability 
of the polymers-treated cells. The effect of short (6 h) and prolonged (48 h) incubation with different concen-
trations of PS particles on the cell’s zeta (ζ) potential was examined with the electrophoretic light scattering 
technique (ELS). Polystyrene particles’ physicochemical characteristics (size and stability) were performed 
using dynamic light scattering (DLS) and electrophoretic light scattering methods.

Results. The results show that submicron PS particles affect cell viability and cause changes in the physio-
chemical parameters of rat cell membranes. Differences were observed depending on the origin of the cells. 
We observed dose- and time-dependent alterations in the studied parameters after submicron PS particle 
incubation in L6 myotubes and H9c2 cardiomyocytes.

Conclusions. The size and modification of PS particle surfaces determine the extent to which they affect 
the analyzed properties of rat cardiomyocytes and myocytes membranes.

Keywords: physicochemical properties, zeta potential, cardiomyocyte, myotubes, submicron polystyrene 
particles
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Background

The main components of plastics are natural or syn-
thetic polymers.1 In the past, it was believed that plastics 
were the material of  the  future, making everyday life 
easier. However, due to their inappropriate use and man-
agement, they are now considered a severe environmental 
issue worldwide.2,3 The raw material used in the pro-
duction of plastics is polystyrene (PS), a crucial com-
pound, e.g., during the COVID-19 pandemic since most 
of the packaging in which meals were delivered to house-
holds was made from PS.4 This polymer is not biode-
gradable, and its disposal is a complicated and expensive 
process, the price of which exceeds the cost of producing 
the raw material.5 In addition to the  improper utiliza-
tion of plastic waste, which is essential for the  future 
of our environment, the accumulation of plastics in living 
organisms is a fundamental issue. Submicron particles 
(smaller than 5 mm) may accumulate in the living organ-
ism. The particles are formed by the degradation of plas-
tics into smaller and smaller materials,6 which may come 
from intentional production (primary plastics) or may be 
the products of the fragmentation of larger pieces (sec-
ondary plastics).7 Most polymer particles are classified 
as secondary plastics, and their fragmentation can occur 
as a result of exposure to O2, temperature, ultraviolet 
(UV) radiation, or mechanical abrasion.8 Polymer par-
ticles are categorized as anthropogenic pollutants that 
are present all over the Earth, found in waters,9 soils10 
and air.11 Plastic pollution can cause substantial dam-
age to ecosystems. Since scientists have focused mainly 

on  their impact on aquatic environments,12,13 less at-
tention has been paid to the accumulation of polymer 
particles in terrestrial organisms. The literature reports 
the adverse effects of microplastics on mammals, such 
as impaired reproduction or changes in metabolism.14–16 
Polymer particles can bioaccumulate in the organism and 
exhibit various levels of toxicity that can be attributed 
to their physicochemical characteristics (size, shape, sur-
face chemistry), which may allow them to enter cells and 
interact with their components. This process can lead 
to nanoparticle-induced biophysical and/or biochemical 
changes.17

Objectives

A crucial issue worth focusing on is the effect of poly-
mer particles on changes occurring within the biologi-
cal membranes of organisms. Rattus norvegicus is used 
in biomedical research and remains the model of choice 
for chemical toxicity studies.18 Rat cells (L6 skeletal muscle 
cells and H9c2 cardiomyocytes) were chosen as an in vitro 
model system to investigate how anthropogenic pollutants, 
such as plastics, affect the properties of mammalian cell 
membranes. Since PS is one of the polymers that mainly 
pollute our environment and does not form in reactive 
forms in which cells occur (thus not damaging the mem-
brane due to oxidative stress), its particles were chosen 
for the  study.19 Non- functionalized (pristine) PS and 
amine-functionalized PS-NH2 particles of 100 nm and 
200 nm in diameter were used. Rat L6 myotubes and H9c2 

Streszczenie
Wprowadzenie. Zanieczyszczenia mikro- i nanoplastikami mogą powodować znaczne szkody w ekosystemach. Ze względu na to, że naukowcy skupili się głównie 
na wpływie polimerów na środowisko wodne, mniej uwagi w literaturze poświęcono problemowi akumulacji ich cząstek w organizmach lądowych.

Cel pracy. Zbadano, czy submikronowe (< 5 mm) cząstki polistyrenowe, które mogą kumulować się w organizmach żywych, powodują zmiany właściwości 
fizykochemicznych błon komórkowych ssaków.

Materiał i metody. Przeanalizowano wpływ submikronowych cząstek polistyrenowych na właściwości szczurzych komórek mięśni szkieletowych L6 oraz kardio-
miocytów H9c2. Zastosowano cząstki polistyrenu niesfunkcjonalizowanego i sfunkcjonalizowanego grupą aminową –NH2 o średnicy 100 i 200 nm. W celu oceny 
żywotności komórek traktowanych polimerami przeprowadzono testy MTT. Wpływ krótko- (6 godzin) i długotrwałej (48 godzin) inkubacji z różnymi stężeniami 
cząstek polistyrenu na wartość potencjału zeta (ζ) zbadano techniką elektroforetycznego rozpraszania światła (ELS, ang. Electrophoretic Light Scattering). Charak-
terystykę fizykochemiczną (wielkość i stabilność) analizowanych cząstek polistyrenu określono metodami dynamicznego rozpraszania światła (DLS, ang. Dynamic 
Light Scattering) oraz ELS.

Wyniki. Uzyskane dane wykazały, że submikronowe cząstki polistyrenowe wpływają na żywotność szczurzych komórek mięśni szkieletowych oraz komórek mię-
śnia sercowego, a także powodują zmiany parametrów fizykochemicznych ich błon. Odnotowano różnice w zależności od rodzaju tkanki z której pochodzą komórki 
(mięśnie szkieletowe/mięsień sercowy). Uzyskane wyniki zależały od rodzaju i dawki polistyrenu, a także od czasu inkubacji.

Wnioski. Wielkość i modyfikacja powierzchni cząstek polistyrenu jest istotna dla stopnia w jakim wpływają one na właściwości fizykochemiczne błon szczurzych 
miotub oraz kardiomiocytów.

Słowa kluczowe: właściwości fizykochemiczne, submikronowe cząstki polistyrenowe, potencjał zeta, kardiomiocyty, komórki mięśni szkieletowych
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cardiomyocytes were exposed to 6 h and 48 h of incubation 
with PS particles at concentrations ranging from 2 µg/mL 
to 1000 µg/mL.

In order to investigate the cytotoxic activity of PS par-
ticles toward L6 and H9c2 cells, the  MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
biochemical assays were performed. Electrochemical 
techniques were used to examine the effect of PS par-
ticles on the electrical parameters characterizing the cell 
membranes after conducting biological tests. A significant 
parameter describing biological cells is the zeta potential 
(electrokinetic potential (ζ)) – an essential and credible 
index of the membrane’s surface charge. Its value is char-
acteristic of  a  membrane composition and knowledge 
of ζ makes it possible to determine the system’s stability.20 
This parameter depends on viscosity, temperature and pH, 
so even slight modifications of the analyzed system may 
affect its value.21

Materials and methods

Materials

Cell culture

The study was conducted on the L6 skeletal muscle cells 
and H9c2 cardiomyocytes obtained from the American 
Type Culture Collection (ATCC; Manassas, USA). Cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM; PAN-Biotech, Aidenbach, Germany) with the ad-
dition of 10% fetal bovine serum (FBS; Thermo Fisher 
Scientific, Waltham, USA) and 1% solution of antibiotics 
(PAN-Biotech) in a humidified atmosphere containing 5% 
CO2 at 37°C. Confluent cells were then cultured in differ-
entiation medium containing DMEM and 2% horse serum 
(HS; Thermo Fisher Scientific) for L6 cells and DMEM 
enriched with 1% of FBS for H9c2 myoblasts. After 2 weeks, 
myoblasts were fully differentiated into elongated, multi-
nucleated myotubes. Thereafter, myotubes were exposed 
to PS nanoparticles (PS/PS-NH2) of 100 nm or 200 nm 
in  diameter at  concentrations ranging from 2  µg/mL 
to 1000 µg/mL and incubated for 6 h and 48 h. Myotubes 
cultured without PS/PS-NH2 were used as a control.

Polymers

Pristine 100-nm and 200-nm PS (Sigma-Aldrich, Saint 
Louis, USA), amine-functionalized 100-nm (Polysciences, 
Hirschberg an der Bergstrasse, Germany) and 200-nm 
(Bang Laboratories, Fishers, USA) PS-NH2 were used 
to treat L6 and H9c2 cells. The amount of dose and the time 
of treatment with the PS particles were chosen in the pre-
study. The PS molecules were diluted to the required con-
centration with 155 mmol/L NaCl, in which the cells were 
also suspended.

Methods

Cell viability assay

Cytotoxicity of  PS nanoparticles was assessed with 
MTT viability assay (Sigma-Aldrich). Briefly, L6 and 
H9c2 cells were cultured on 96-well plates at a density 
of 4×103 cells/well. Fully differentiated myotubes were in-
cubated with different concentrations of PS/PS-NH2 rang-
ing from 2 µg/mL to 1000 µg/mL for 6 h and 48 h. Cells 
were then rinsed 2 times with PBS and incubated with 
200 µl of MTT solution (5 mg/mL in PBS) for 4 h. After 
removing the medium, the purple precipitate was dissolved 
in 200 µL of dimethyl sulfoxide (DMSO; Sigma-Aldrich). 
The absorbance of the resulting formazan solution was 
measured at 570 nm using a microplate reader (Synergy 
H1 Hybrid Reader; BioTek Instruments, Winooski, USA). 
The viability of pristine PS/PS-NH2-treated cells was cal-
culated as the percentage of untreated cells.

Dynamic light scattering

The dynamic light scattering (DLS) technique was used 
to estimate the diameter of DMEM-suspended polymer 
particles (pH = 7.4, T = 25°C). Measurements were made 
with the Zetasizer Nano ZS analyzer (Malvern Instru-
ments Ltd, Malvern, UK). Applying the Stokes–Einstein 
equation, the particle velocity caused by Brownian mo-
tion is transformed into a particle size distribution. Us-
ing a non-invasive backscattering technique, in which 
the detector is angled at 173°, particle size detection can 
be done. The derived data were error-laden, represented 
as standard deviation.

Electrophoretic light scattering

Zetasizer Nano ZS analyzer uses the electrophoretic 
light scattering (ELS) method to determine the ζ poten-
tial of the PS particles and cells. In the first step, the pa-
rameter for both 100-nm and 200-nm PS/PS-NH2 was 
measured (DMEM, pH = 7.4, T = 25°C). In the next step, 
L6 and H9c2 cells were treated with both pristine and 
amine-functionalized PS particles (2 µg/mL, 10 µg/mL 
and 100 µg/mL) for 6 h and 48 h in 155 mmol/L NaCl, 
and ζ potential was measured as a function of pH (pH 
range 2.5–10). The microelectrophoretic measurements 
were also performed for control samples – L6 and H9c2 
cells suspended in 155 mmol/L NaCl untreated with PS. 
At least 3 repeated measurements on each sample were 
taken to check for result repeatability.

Statistical analyses

GraphPad Prism 9 software (GraphPad Software, San 
Diego, USA) was applied to statistically analyze the data 
derived from the MTT test. The data that fulfilled normality 
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and homogeneity assumptions were analyzed using a one-
way analysis of variance (ANOVA). If the abovementioned 
assumptions were not fulfilled, we applied the Kruskal–Wal-
lis test. As a post hoc test, Dunnett’s multiple comparisons 
test (parametric test) or Dunn’s multiple comparisons test 
(non-parametric test) were used. Statistical significance was 
defined as * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

Data obtained from the DLS and ELS studies were given 
as means ± standard deviation (M ±SD). The data were 
evaluated with standard statistical analyses, namely one-
way ANOVA with Scheffe’s F test for multiple comparisons 
to detect significance between the various groups. Values 
of p < 0.05 were assumed to be relevant.

Results and discussion

The size and stability of submicron 
polystyrene particles

Measurements of both DLS and ELS have been used 
to evaluate the PS particle changes in size, charge (ζ po-
tential) and particle size distribution (polydispersity in-
dex (PDI)) in DMEM (a medium in which L6 and H9c2 
cells were cultured). During the experiments, 100-nm and 
200-nm non-modified (PS-100 and PS-200) and amino-
functionalized PS particles (PS-NH2-100 and PS-NH2-200) 
were analyzed.

Particle size distribution curves (by number and inten-
sity) are presented in Fig. 1. As can be seen from Table 1, 
the sizes by number of PS-NH2 (both 100-nm and 200-nm) 
are consistent with the commercially stated values and 
comparable to results obtained in 155 mmol/L NaCl.22 
Analyzing the data registered for non-modified PS submi-
cron particles, we can see that PS with 200 nm in diameter 
dispersed in DMEM deviate from the commercially stated 
values and are equal to 297.70 ±118.90 nm (size by number) 
and 387.40 ±147.00 (size by intensity). The obtained dif-
ferences may be caused by the stronger dispersion of PS 
particles in DMEM than in sodium chloride.23 Moreover, 
PS-100 suspended in DMEM exhibits a bimodal size dis-
tribution profile (Fig. 1), with PDI = 0.328, indicating that 
pristine PS particles are polydisperse. This proves the ten-
dency of PS-100 to form aggregates in DMEM, a common 
phenomenon characterizing PS nanoparticles.

The ζ-potential characterizes the electrokinetic potential 
of nanoparticles in solutions, which is a factor that alters 
the stability of particles and thus their possible absorption 
or toxicity.24 In general, if ζ is higher than 30 mV, negative 
or positive, it suggests high physical stability of the system 
because of the electrostatic repulsion of the particles.25 
A ζ value between −30 mV and +30 mV usually suggests 
flocculation and/or aggregation of the particles.26 From 
the data summarized in Table 1, it may be deduced that 
amine-modified PS particles show lower stability than 
native particles. Non-functionalized PS particles have 

Fig. 1. Polystyrene 
(PS) size distribution 
by (A) number and (B) 
intensity in Dulbecco’s 
modified Eagle’s 
medium (DMEM; 
CPS = 100 µg/mL, 
pH = 7.4)
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more negative ζ-potential of −31.18 ±1.06 mV (PS-200) 
and −22.08 ±0.68 mV (PS-100) compared to amine-modi-
fied ones (−15.73 ±0.72 mV (PS-NH2-200) and −9.62 ±0.42 
mV (PS-NH2-100)). This can be explained by the fact that 
the presence of amino groups causes their interactions 
with the medium. This confirms that the presence of -NH2 
groups in the system increases its tendency to combine into 
larger assemblies.27 Moreover, both pristine and amino-
functionalized PS particles show significantly lower stabil-
ity when dispersed in DMEM than in 155 mmol/L NaCl, 
directly increasing the chances of the particles to form 
aggregates, which was shown in the case of 100-nm pris-
tine PS.22

The influence of submicron polymer 
particles on cell viability

The cytotoxic effect of submicron PS particles on rat L6 
myotubes and H9c2 cardiomyocytes was assessed using 
MTT assay. Cells were incubated with native and amine-
functionalized 2 sized PS molecules (100-nm and 200-nm) 
at concentrations ranging from 2 µg/mL to 1000 µg/mL for 
6 h and 48 h. The results for the L6 cell line are presented 
in Fig. 2, and data obtained for the H9c2 line are collected 
in the Supplementary data.

As  shown in  Fig. 2A, incubation of  the  cells with 
PS-NH2-100 did not induce cytotoxicity at  least up 

Table 1. Polymers physicochemical characteristics (DMEM, CPS = 100 µg/mL, pH = 7.4)

Polymer Size by number [nm] Size by intensity [nm] PDI ζ potential [mV]

PS (100-nm) 119.40 ±25.90 139.00 ±26.61 0.328 −22.08 ±0.68

PS (200-nm) 297.70 ±118.90 387.40 ±147.00 0.183 −31.18 ±1.06

PS-NH2 (100-nm) 106.70 ±26.69 135.40 ±32.44 0.250 −9.62 ±0.42

PS-NH2 (200-nm) 215.80 ±94.18 310.30 ±119.70 0.126 −15.73 ±0.72

DMEM – Dulbecco’s modified Eagle’s medium; PDI – polydispersity index; PS – polystyrene.

Fig. 2. The effect of different types of polystyrene (PS) particles on the viability of L6 cells. Cells were incubated for 6 h and 48 h with the indicated particle 
concentrations. Data are represented as the percentage of counted cells relative to the untreated control. Statistical significance was defined as * p < 0.05; 
** p < 0.01; *** p < 0.001; ****p < 0.0001
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to  concentrations of  350  µg/mL and 1000  µg/mL af-
ter 48  h  of  incubation. PS-NH2-200 (Fig. 2B) exerted 
the most severe cytotoxic effect on L6 cells, especially after 
48 h of treatment. The lowest dose of PS-NH2-200 induced 
a mild cytotoxic impact reaching 80% cell viability. Incu-
bation with increasing concentrations of PS-NH2-200 (i.e., 
350 µg/mL, 500 µg/mL and 1000 µg/mL) exhibited more 
pronounced cytotoxic effects, approaching 28.6%, 32.5% 
and 42% non-viable cells after 48 h, respectively. Similarly, 
incubation for 6 h with the highest concentrations of PS-
NH2-200 led to a decrease in L6 cell survival, reaching from 
27.7% to 38.5% of non-viable cells (Fig. 2B). This is presum-
ably because particles containing amino groups in their 
structure affect cell signaling pathways, thereby influencing 
proliferation and accelerating the process of apoptosis.28 
Many biochemical processes describing signals from out-
side the cell leading to these changes have not yet been 
thoroughly investigated and reported in the literature.29 
Polystyrene particles containing -NH2 groups with 100 nm 
in diameter affect cell proliferation to a lesser extent.

Moreover, PS-100 had a relatively low ability to limit cell vi-
ability and even had a growth-promoting effect after 6 h of in-
cubation (Fig. 2C). Pristine 200-nm PS also had a growth-
stimulatory impact at 6 h; however, a cytotoxic effect was 
observed for 500 µg/mL and 1000 µg/mL at 48 h (Fig. 2D). 
This is confirmed by a few in vitro studies where the cyto-
toxic effects of PS particles were compared in mammalian cell 
culture systems representing organs belonging to different 
potential entry pathways. It has been reported that amine-
modified molecules show higher toxicity in various cell lines, 
inducing reactive oxygen species (ROS), cell death, the dam-
age of mitochondria, and genotoxicity, while no cytotoxicity 
was observed with unmodified molecules.30–32

On  the  other hand, H9c2 cardiomyocytes exposed 
to both unmodified or amine-modified PS nanoparticles 
showed significantly greater viability than L6 cells (Supple-
mentary Fig. 1). The cytotoxic effect was observed solely 
for the highest concentration (1000 µg/mL) of tested PS 
nanoparticles, except PS-100, after 48 h of incubation.

Our results revealed that mainly 200-nm NH2-modified 
nanoparticles induced severe toxicity after 48 h of incuba-
tion, albeit only to L6 cells. Moreover, the dose-dependent 
loss of viability was most pronounced in this case.

The influence of submicron polymer 
particles on the ζ potential of rat cells

The ELS experiment was intended to indicate possible 
changes in the ζ potential of rat cells treated with PS par-
ticles compared to the control samples. The measurements 
were performed after 6-h and 48-h incubation of L6 cells 
with PS particles. The effect of both pristine and amino-
functionalized 100-nm and 200-nm PS particles on ζ of L6 
cells in a function of pH of electrolyte (155 mmol/L NaCl) 
was analyzed. The data obtained for L6 cell line are pre-
sented in Fig. 3,4, and for H9c2 cell line – in Supplementary 

Fig. 2 and Supplementary Fig. 3. Furthermore, in the Sup-
plementary data, a statistical analysis of the results obtained 
for L6 cell line treated with PS-NH2 is presented (Supple-
mentary Table 1 and Supplementary Table 2).

The profiles of all curves collected in Fig. 3 are similar: 
positive ζ values are observed in an acidic environment, and 
negative ζ values are observed in an alkaline environment. 
The most visible changes in the electrokinetic potential val-
ues were observed after exposure of the cells to PS-NH2-100 
(100 µg/mL) compared to untreated ones. After 6-h incuba-
tion (Fig. 3A), a decrease in ζ potential values was observed 
in acidic pH (pH = 2.5–4.5), where the ζ potential reached 
the highest value (compared to control) of 13.10 ±0.74 mV. 
Slight changes in ζ in pH range of 6.5–10.0 were noted. 
In  the  same pH range, a  more pronounced decrease 
in negative ζ value was observed after 48 h of exposure 
of skeletal muscle cells to PS-NH2-100 particles (Fig. 3B). 
Furthermore, after both 6 h and 48 h of the cell’s expo-
sure to 100 µg/mL PS-NH2-200 particles, in an acidic pH 
(2.5–4.0) statistically significant changes in ζ potential val-
ues were noted (Supplementary Table 2). In general, due 
to the treatment of analyzed cells with both PS-NH2-100 
and PS-NH2-200, more significant changes in ζ were ob-
served after 48 h of incubation of the L6 cells with polymer 
particles, which may suggest that amine-modified PS par-
ticles do not penetrate the cell membrane after 48 h but ad-
sorb on their surface. The surface charge is the parameter 
that can explain the changes occurring on the membrane 
surface. The surface of animal cell membranes is negatively 
charged as a result of the occurrence of, among others, 
sialic acid residues in membrane-building carbohydrate 
chains.33 Cationic groups, such as amino groups, have been 
proven to interact with the negatively charged membrane.34 
The interactions lead to electrostatic attraction in the sys-
tem and cause lysis of the cell membrane, allowing posi-
tively charged particles to penetrate the membranes more 
easily. Moreover, inert particles were found to penetrate 
the membrane to a lesser extent.34,35

The effect of PS-100 and PS-200 on the ζ potential of L6 
cells in a function of pH pH was also analyzed; experimen-
tal curves are presented in Fig. 4. The profiles of curves 
presented in Fig. 4 are similar to those obtained for PS-
NH2 particles (Fig. 3). Based on the data obtained, it was 
concluded that no statistically relevant alterations were ob-
served in the ζ potential of the cells over the entire pH range 
for the PS-200 treatment. However, incubations of the cells 
with PS-100 lead to slight changes in ζ potential values both 
in acidic and basic pH after 6 h and in acidic media after 
48 h. It is worth noting, however, that changes in a strongly 
acidic environment can be due to the membrane structure 
destruction caused by the concentration of H3O+ ions.

The electrokinetic potential depends on the level of ion-
ization of functional groups of particles like amino groups 
(-NH2).36 On  the  other hand, the  degree of  ionization 
of amino groups depends on the pH and ionic strength 
of the electrolyte. The amino groups are positively charged 
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(-NH3
+) at pH below the isoelectric point. Above the iso-

electric point, the groups become largely neutral (-NH2), 
and ζ tends to decrease as the OH− ions begin to react with 
the neutral amino groups, leading to a negative charge 
in the solution.37,38 Such variations cause variations in ζ val-
ues due to electrostatic shielding and the binding ion effect.39

Interactions of polymer particles with cell membranes 
are an  extremely complex phenomenon that depends 
on the size and shape of particles, the surface composition 
of the components that make up the system, or the surface 
charge that forms on membrane surfaces.37,38 Various be-
haviors of PS particles in relation to biological structures 
have been described in the literature. Polymers can interact 
with each other by several mechanisms, such as hydrogen 
bonds, hydrophobic interactions or van der Waals forces.40,41

Conclusions

Nowadays, there is  a  strong necessity to  understand 
how polymer particles affect the properties of living cells. 
The physicochemical properties of nanomaterials, including 

polymers, contribute to their behavior within the biologi-
cal milieu. Surface charge and particle size are the most 
frequently cited factors responsible for various biological 
effects of nanoparticles, including toxicity or cellular uptake. 
We have shown that PS particles influence rat cardiomyo-
cytes and myotubes’ viability and ζ potential. Moreover, our 
studies indicate that the polymer particles’ size and sur-
face modifications (amine-functionalized) define the extent 
to which they influence the physicochemical behavior of cell 
membranes. The results also depend on the polymer particle 
concentration and the time the cells are incubated with 
PS. It should be emphasized that, in recent years, studies 
on the influence of submicron polymer particles on labora-
tory animals are becoming more frequent. Polymer mol-
ecules can overcome the organism’s barriers and therefore 
penetrate and accumulate in organs and tissues. The physi-
cochemical properties, surface modifications of PS submi-
cron particles and their large surface area promote their 
interaction with cell membranes, leading to internalization 
of the polymer by cells. We hope that our research may pro-
vide evidence for the behavior of the PS particles in rat cells, 
and contribute to a better understanding of their potential 

Fig. 3. The zeta (ζ) potential of L6 cells as a function of the pH of the electrolyte solution. Control cells and cells treated with 2 µg/mL, 10 µg/mL and 
100 µg/mL of polystyrene (PS) and after various times of incubation of the cells in the presence of polymer particles: A. PS-NH2-100, 6 h; B. PS-NH2-100, 48 h; 
C. PS-NH2-200, 6 h; and (D) PS-NH2-200, 48 h. Statistical analysis is presented in Supplementary Table 1
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harm to organisms to avoid the risk of some diseases. Nev-
ertheless, more in-depth studies are needed to further elu-
cidate the mechanisms of interaction between PS particles 
and the cell membrane of animals.

Supplementary data

The Supplementary materials are available at https://
doi.org/10.5281/zenodo.10401147. The package includes 
the following files:

Supplementary Fig. 1. The effect of different PS particles 
on the viability of H9c2 cells.

Supplementary Fig. 2. The  ζ potential of  H9c2 cells 
treated with amine-functionalized PS particles in a func-
tion of pH.

Supplementary Fig. 3. The  ζ potential of  H9c2 cells 
treated with pristine PS particles in a function of pH.

Supplementary Table 1. The ζ potential of the L6 cells 
after exposure to PS-NH2-100. Measurements were per-
formed after 6 h and 48 h.

Supplementary Table 2. The ζ potential of the L6 cells 
after exposure to PS-NH2-200. Measurements were per-
former after 6 h and 48 h.
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Abstract
Background. One of the important formalisms of non-equilibrium thermodynamics is Peusner network 
thermodynamics. The description of the energy conversion in membrane processes, i.e., the conversion 
of the internal energy of the system into the dissipated energy and the free energy used for the work as-
sociated with the transport of solution components, allows us to describe the relationship between these 
energies and the thermodynamic forces acting in the membrane system.

Objectives. The aim of this study was to develop a procedure to transform the Kedem–Katchalsky equations 
for the transport of binary electrolytic solutions across a membrane into the Kedem–Katchalsky–Peusner 
equations based on Peusner network thermodynamics. The conversion of electrochemical energy to free 
energy in the membrane system was also determined.

Materials and methods. The nanobiocellulose biomembranes (Biofill) were the subject of the study with 
experimentally determined transport parameters for aqueous NaCl solutions. The research method is the Ke-
dem–Katchalsky–Peusner formalism for binary electrolyte solutions with introduced Peusner coefficients.

Results. The coefficients of the L version of the membrane transport equations and the Peusner coupling 
coefficients were derived as functions of NaCl concentration in the membrane. Based on these coefficients, 
the fluxes of internal energy of the system, energy dissipated to the surroundings and free energy related 
to the transport of electrolyte across the membrane were calculated and presented as functions of the osmotic 
and electric forces on the membrane.

Conclusions. The Peusner coefficients obtained from the transformations of the coefficients of the Ke-
dem–Katchalsky formalism for the transport of electrolyte solutions through the Biofill membrane were used 
to calculate the coupling coefficients of the membrane processes and the dissipative energy flux. The dis-
sipative energy flux takes the form of a quadratic form due to the thermodynamic forces on the membrane 
– second degree curves are obtained. Moreover, the dissipative energy flux as a function of thermodynamic 
forces allowed us to examine the energy conversion in transport processes in the membrane system.

Key words: membrane transport, Kedem–Katchalsky–Peusner equations, bacterial cellulose membrane, 
Peusner transport coefficients, internal energy conversion
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Background

Membrane transport is one of the fundamental non-
equilibrium processes that occurr at all levels of organi-
zation of all physicochemical systems, including biologi-
cal systems.1 Many of these processes can be carried out 
on a different scale in physicochemical systems contain-
ing artificial polymeric membranes.2 The study of mem-
brane transport processes in such systems is important 
in many areas of human activity of a cognitive and utilitar-
ian nature, e.g., in science, technology and biomedicine.3,4 
The controlled drug release systems, membrane dressings 
to support the healing of chronic wounds, bioreactors for 
testing strategies to combat bacterial infections using lytic 
phage application in combination with established and 
novel antibacterial agents, etc.,4,5 are the main examples 
of biomedical applications. In these systems, the mem-
brane is a selective barrier that ensures the separation 
of the phases it separates. This role is played by polymeric 
membranes of various structure and composition, made 
of polyvinyl chloride, bacterial cellulose, graphene cel-
lulose acetate, etc.3–9

The physical quantity that characterizes non-equilib-
rium systems is thermodynamic entropy (S-entropy).10,11 
It plays a fundamental role in the study of non-equilibrium 
processes, since it numerically characterizes the degree 
of irreversibility of physico-chemical processes, including 
biological processes. It is well-known that these processes 
are subject to  the  law of  entropy growth. Accordingly, 

the production of S-entropy is a consequence of irreversible 
processes of mass, charge, energy, and momentum transport 
in various types of systems, including membrane systems.1,11

Formalisms and research tools developed in the con-
text of non-equilibrium thermodynamics and/or network 
thermodynamics have been used to describe membrane 
transport.12,13 These methods include the Kedem–Katch-
alsky (K–K)12 and Kedem–Katchalsky–Peusner (K–K–P)13 
formalisms, along with modifications and entensions.14–19 
The starting point for deriving the equations for mem-
brane transport and also energy conversion is the determi-
nation of the energy dispersion function, which is the prod-
uct of entropy production and absolute temperature.12,13 
The temporal change in entropy production is reflected 
in disease processes and in the aging processes of biologi-
cal organisms.10,20

Previous studies have presented procedures for trans-
forming the classical equations into L, R, H and P ver-
sions using Peusner network thermodynamics methods 
for membrane transport of homogeneous or heterogeneous 
non-electrolyte solutions.16–19,21 Chemical energy conver-
sion procedures using L, R, H and P versions of the trans-
formed K–K equations are presented. These procedures use 
thermodynamic forces (hydrostatic pressure and osmotic 
pressure gradients) and volume and solute fluxes. In this 
study, in addition to the above forces and fluxes, the elec-
trical potential difference and the ionic flux were used.

Accordingly, the purpose of this paper is  to develop 
a  procedure for transforming the  K–K equations for 

Streszczenie
Wprowadzenie. Jednym z ważnych formalizmów termodynamiki nierównowagowej jest termodynamika sieciowa Peusnera. Opis transformacji energii w procesach 
membranowych t.j. energii wewnętrznej układu na energię dyssypowaną w otoczeniu i swobodną wykorzystywaną na pracę związaną z transportem składników 
roztworu pozwala uchwycić związek tych energii z siłami termodynamicznymi działającymi w układzie membranowym.

Cel pracy. Celem pracy było opracowanie procedury transformacji równań Kedem-Katchalsky’ego dla transportu binarnych roztworów elektrolitycznych przez 
membranę do równań Kedem-Katchalsky’ego-Peusnera w oparciu o formalizm termodynamiki sieciowej Peusnera. Ponadto, określono konwersję energii elektro-
chemicznej do energii swobodnej w układzie membranowym.

Materiał i metody. Przedmiotem badań były biomembrany nanobiocelulozowe (Biofill) o eksperymentalnie wyznaczonych parametrach transportu dla wodnych 
roztworów NaCl. Metodą badawczą jest formalizm Kedem–Katchalsky’ego–Peusnera dla binarnych roztworów elektrolitów, z wprowadzonymi współczynnikami 
Peusnera.

Wyniki. Współczynniki wersji L równań transportu oraz współczynniki sprzężenia Peusnera zostały wyprowadzone jako zależne od stężenia NaCl w membranie. 
W oparciu o te współczynniki wyliczone zostały strumienie energii wewnętrznej układu, energii dyssypowanej w otoczeniu i energii swobodnej związanej z trans-
portem elektrolitu przez membranę i przedstawione jako funkcje termodynamicznych bodźców na membranie: stężeniowego i elektrycznego.

Wnioski. Otrzymane współczynniki Peusnera z przekształceń współczynników formalizmu Kedem-Katchalsky’ego dla transportu roztworów elektrolitowych 
przez membranę Biofill posłużyły do obliczenia współczynników sprzężenia procesów membranowych oraz obliczenia strumienia energii dyssypatywnej. Strumień 
energii dyssypatywnej przyjmuje postać formy kwadratowej od bodźców termodynamicznych na membranie – krzywe drugiego stopnia. Ponadto, strumień energii 
dyssypatywnej jako funkcja bodźców termodynamicznych pozwolił zbadać konwersję energii w procesach transportowych w układzie membranowym.

Słowa kluczowe: transport membranowy, równania Kedem-Katchalsky’ego-Peusnera, membrana z celulozy bakteryjnej, współczynniki transportu Peusnera, 
konwersja energii wewnętrznej
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binary electrolyte solutions into the K–K–P equations 
using the formalism developed in the context of Peusner’s 
network thermodynamics. Using the obtained L-version 
of the K–K–P equations, a method was developed to evalu-
ate the conversion of electrochemical energy into free 
energy in a membrane system containing aqueous elec-
trolyte solutions with a concentration field and an electric 
field superimposed on them. The 1st part of this paper 
is an introduction. The 2nd part presents the procedure 
for deriving L-versions of the K–K–P equations describ-
ing the membrane transport of homogeneous electro-
lyte solutions and the equations representing L-versions 
of the transport parameters Lij of the coupling coefficients 
lij and (QL)ij and the energy conversion efficiency coef-
ficient [(eij)L]max, where (i, j ∈ {1, 2, 3}). In this section, 
we also present mathematical equations for the S-energy 
dissipation function (ΦS)L derived from the K–K–P formal-
ism describing the energy dissipation function as a func-
tion of thermodynamic forces. The equations obtained 
were used to calculate the characteristics: (ΦS)L =  f[(ΔP 
– Δπs), (Δπs/Cs), E)], [(ΦF)L]ij = f[(ΔP – Δπs), (Δπs/Cs), E)], 
and [(ΦU)L]ij = f[(ΔP – Δπs), (Δπs/Cs), E)], based on the char-
acteristics Lij =  f(Cs) and lij =  f(Cs), for the bacterial cel-
lulose membrane Biofill. The values of the coupling pa-
rameter and the coefficient of energy conversion efficiency 
[(eij)L]max were used to evaluate electrochemical energy 
conversion.

Materials and methods

Membrane system

The membrane transport measurement system is  il-
lustrated schematically in Fig. 1. This system consists 
of  a  membrane (M), located in  the  vertical plane and 
separating 2 aqueous NaCl solutions with concentrations 
at the initial moment Ch and Cl = const. (Ch ≥ Cl). The den-
sity of solutions with concentrations of Ch and Cl fulfilled 
the condition Ph ≤ Pl = constant. In this system there are 3 
driving forces (ΔP = Ph – Pl, Δπ = RT(Ch – Cl), E = Eh – El), 
which generate 3 fluxes (Jv, Js, I).

According to the K–K formalism, the transport param-
eters of a membrane are determined by 6 coefficients: hy-
draulic permeability (Lp), reflection (σs), diffusion perme-
ability (ωs), electroosmotic permeability (β), transference 
number (τc), and conductance (κ).

L-version of the Kedem–Katchalsky–
Peusner equations for electrolyte solutions

The L-versions of the K–K–P equations for homogeneous 
electrolyte solutions are obtained by appropriate transfor-
mation of the classical K–K equations.12 Two alternative 
sets of these equations can be used for this purpose. In this 
study, the following form of these equations is used:

	 	 (1)

	
	 (2)

	
	 (3)

where: Lp – hydraulic permeability coefficient, σs – reflec-
tion coefficient, ωs – coefficient of diffusion permeability, 

Fig. 1. A. Model of a single-membrane system; M – membrane; 
Ph and Pl – mechanical pressures; Ch and Cl – total solution concentrations 
(Ch > Cl); Cl

A, Jv – volume flux; Js – solute flux; I – ionic electric current; 
Eh and El – electrode potentials; B. Cross-sectional image of the Biofill 
membrane obtained with a scanning microscope at ×10,000 magnification

B

A
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Jv – volume flux, Js – solute flux, I – ionic electric current, 
Δπ = RTΔC – osmotic pressure difference, RT – the product 
of the gas constant and the absolute temperature, ΔC = Ch – Cl  
(Ch > Cl) – concentration difference on the membrane, 
Cs = (Ch –Cl)(lnChCl

–1)–1 = Δπ(RTlnChCl
–1)–1 – average con-

centration of the solution in the membrane, Δπi – osmotic 
pressure difference generated by solute molecules that do 
not penetrate the membrane, E – the potential difference 
across the membrane, β – electroosmotic permeability 
coefficient, τc – transference number, F – Faraday constant, 
and κ – the conductance coefficient.

The phenomenological coefficients appearing in equa-
tions (1)–(3) are defined by the following expressions:

	
	 (4)

	
	 (5)

	
	 (6)

	
	 (7)

	
	 (8)

	
	 (9)

To obtain the L-version of the K–K–P equations for elec-
trolyte solutions, we will transform Equations (1)–(3) using 
Peusner’s network thermodynamics methods. Considering 
Equations (2) and (3) in Equation (1), we get the L-version 
of Equation (1):

	
	 (10)

where 
 , , 

.

In turn, considering Equations (10) and (3) in Equation (2), 
we get the L-version of Equation (2):

	
	 (11)

where  
, 

 , 

To get the L version of Equation (3), one must transform 
Equation (3) with Equation (10). As a result of these opera-
tions, we get:

	
	 (12)

where  
, , 

.
Equations (10)–(12) can also be written in a matrix form:

	

	 (13)

where: [L] is a matrix of Peusner coefficients Lij (i, j ∈ {1, 2, 3}) 
for binary homogeneous electrolyte solutions. Equations 
(11)–(13) are one of the forms of the K–K equations ob-
tained by means of the symmetrical transformation of Peu-
sner network thermodynamics. The comparison of Equa-
tions (10)–(13) shows that for nondiagonal coefficients 
L12 ≠ L21, L13 ≠ L31 and L23 ≠ L32. In turn, the determinant 
of the matrix [L] det[L] ≡ Ldet can be written as:

	 	 (14)

Cross coefficients Lij(i≠j) describe the relationship be-
tween different irreversible processes. The expression

	

,	 (15)

formed from these coefficients determines the degree 
of coupling. This means that the coefficient lij is a measure 
of the degree of coupling. If Lij = 0, the irreversible pro-
cesses are independent, while when lij = ±1, the irreversible 
processes are maximally coupled.

Using Peusner’s definition,13 the energy coupling param-
eter Q can be written in the following form:

	
	 (16)

This parameter can be used to study the efficiency and 
stability of physico-chemical and biological energy conver-
sion systems.

The concept of the degree of coupling was used to de-
termine the energy conversion efficiency (eij)L, 0 ≤ (eij)L ≤ 1. 
The  maximum value of  this coefficient is  determined 
by the expression:

	

	 (17)
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Equation (17) illustrates the  relationship between 
the degree of coupling and the maximum efficiency of en-
ergy conversion. It is worth mentioning that full coupling 
(lij = 1) occurs at (eij)l = 1. This means that the station-
ary states of flows characterized by minimum entropy 
production are identical to  the  state with maximum 
efficiency.

Mathematical model of energy conversion 
in the membrane system

The measure of S-energy dissipation is the so-called dis-
sipation function ΦS, which is equal to the product of ab-
solute temperature (T) and S-entropy production (diS/dt). 
To obtain mathematical expressions for S-energy dissipation 
in a system in which a membrane separates 2 homogeneous 
electrolytic solutions of different concentrations, we will use 
the procedure described in previous papers.21,22 In stationary 
state, the membrane transport of homogeneous electrolytic 
solutions containing 1 solute (s) and solvent (w) is caused 
by thermodynamic forces, Δπ (osmotic pressure difference), 
ΔP (hydrostatic pressure difference) and E (electromotive 
force); then 

	
	 (18)

where: V̄s and V̄w denote the  partial molar volumes 
of the s-th and w-th component of the solution, Js and Jw 
– fluxes of solute and solvent respectively, I – ionic elec-
tric current Cs = (Ch –Cl)[ln(ChCl

–1)]–1, Ch and Cl (Ch > Cl) 
– solute concentrations, Δπs = RT(Ch –Cl) – osmotic pres-
sure difference, RT – the product of the gas constant and 
the absolute temperature, and E = Eh – El – the potential 
difference across the membrane.

Taking into consideration the expressions: JsV̄s + JwV̄v, ≡ Jv 
and JsCs

–1 – JwV̄w ≡ JD (Jv – volume flux, JD – diffusive flux) 
we can write Equation (18) in the form:

	
	 (19)

Assuming for NaCl Ch = 100 mol m–3 and Cl = 0.01 mol m–3, 
we get Cs = 10.86 mol m–3 and 1/Cs = 0.092 m3 mol–1. 
On the other hand, V̄s = 2.3 × 10–5 m3 mol–1. This means 
that (1/Cs) >> V̄s , so Equation (19) can be written as follows:

	
	 (20)

We will now calculate the (ΦS)L of Equation (20), using 
the L-versions of the K–K–P equations.

In thermodynamic systems, including membrane sys-
tems, the  internal energy (U-energy) can be converted 
into free energy (F-energy) and the  dissipated energy 
(S-energy).21,22 The fluxes of these energies satisfy the fol-
lowing equation:

	 	 (21)

where: (ΦU)L = A–1dU/dt is the flux of U-energy, (ΦF)L =  
A–1dF/dt is  the  f lux of  F‑energy, (ΦS)L  =  TA–1 diS/dt 
– the flux of dissipated energy (S-energy), diS/dt – the rate 
of entropy creation in the membrane system by irreversible 
processes (flux of cumulative entropy creation), T – ab-
solute temperature, and A – the membrane surface area.

If the solutions contain a solvent and 1 dissolved sub-
stance, then the L-version of  the dissipated energy for 
the homogeneous solution conditions denoted by (ΦS)L 
is described by the following equation:

	
	 (22)

where: (ΦS)L is the L-version of the dissipated energy, (ΦS)Jv 
– the dissipated energy produced by Jv, (ΦS)Js – the dissi-
pated energy produced by Js, (ΦS)l  – the dissipated energy 
produced by I, Jv and Js – the volume and solute fluxes, 
respectively; I is the ionic current.

Taking into consideration Equations (10)–(12) into Equa-
tion (22), we get:

	

	 (23)

The Equation (23) shows the L-version of the S-energy 
dissipation. The (ΦS)L is the dissipated energy flux, i.e., 
the time change of energy per unit area of the membrane 
expressed in W/m2. We can calculate the (ΦF)L and (ΦU)L 
for the concentration polarization conditions using the fol-
lowing equation21,22:

	
	 (24)

Transforming Equation (24), we get:

	
	 (25)

where:[(eL)ij]max is the energy conversion efficiency defined 
by means of Kedem–Caplan–Peusner coefficients and can 
be presented in the following form:

	
	 (26)

From a formal point of view, the cases of φ(F)L= 0 and 
φ(U)L = 0 are excluded, because in order for the denomi-
nator of Equations (25) and (26) to be different from 0, 
the condition [(eL)ij]max ≠ 1 must be satisfied.

The values of [(eL)ij]max coefficients are limited by the re-
lations 0 ≤ [(eL)ij]max ≤ 1; [(eL)ij]max = 0 when L12L21 = 0 or 
l12l21  =  0 and [(eL)ij]max  =  1, when L12L21  =  L11L22, and, 
L12L21 = 1. Taking into account the Equation (26) in (25), 
we get:
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	 (27)

To obtain the equation for [(ΦU)L]ij , it is necessary to take 
into consideration Equation (26) in Equation (24). After 
performing the necessary transformations, we get:

	
	 (28)

where  
.

From the above procedure, based on the Equations (24)–(28), 
we can calculate the amount of available F‑energy that 
can be converted into useful work and the total internal 
U-energy.

Biomembrane characteristics

The nanobiocellulose as a main component of the Biofill 
membrane (Biofill Produtos Biotecnológicos S.A., Curitiba, 
Brazil) is produced by Acetobacter xylinum.23–26 Studies us-
ing a scanning microscope (Zeiss Supra 35; Carl Zeiss AG, 
Jena, Germany) have shown that the structure of the Biofill 
membrane is made up of fibers interwoven into a network 
that is no more than 130-nm thick, consisting of micro-
fibers with a cross section of 0.1–0.2 μm arranged in lay-
ers.26 The thickness of the membrane in its hydrated state 
is about 20 μm. The Bioprocess membrane is symmetric, 
isotropic and electrically neutral.

The values of transport coefficients (Lp, σs, ωs, β, κ, tc) 
of the Biofill membrane, appearing in Equations (1)–(3) 
and defined by Equations (4)–(9), were taken from the pre-
vious work.26 This paper describes the methodology for 
determining these coefficients in a series of independent 
experiments. The values of transport coefficients Lp, σs and 

ωs in the studied range of NaCl concentrations are constant 
and amount to Lp= 6.5 × 10–11 [m3/Ns], σs = 0.36 × 10–3 and 
ωs = 17.1 × 10–10 [mol/Ns]. In turn, the values of trans-
port coefficients β, κ and tc in the studied range of NaCl 
concentrations are concentration-dependent. The depen-
dencies β = f(Cs), κ = f(Cs) and tc = f(Cs) are summarized 
in Table 1.

Bacterial cellulose membranes are used for both biomed-
ical and non-medical purposes. For biomedical purposes, 
they are used as dressings in the healing process of burns 
and venous leg ulcers, and in the manufacture of prosthetic 
blood vessels and as a selective barrier in the controlled 
release of drugs.9,23–25

Results

Characteristics of Lij = f(Cs) (i,j ∈∈ {1, 2, 3}) 
and Ldet = f(Cs)

Calculations of the coefficients Lij = f(Cs) (i,j ∈ {1, 2, 3}) 
and Ldet =  f(Cs) were performed for the following data: 
R = 8.31 J/mol K, T = 295 K and F = 9.65 ×104 C/mol, 
and Cs = 0.06 ÷ 15 mol/m3, Cl = 0.01 mol/m3 and Ch = 0.2 
÷ 144 mol/m3. To calculate the dependencies Lij =  f(Cs), 
(i,j ∈ {1, 2, 3}) and Ldet =  f(Cs), the Equations (13)–(17) 
were used. The results of the calculations are presented 
in Fig. 2A–F. They show that the coefficient L11 is indepen-
dent on Cs. Therefore, its value is constant and amounts 
to L11 = 6.49 × 10–11 m3/Ns.

The values of coefficients Lij = f(Cs) (i,j ∈ {1, 2,3}) and 
Ldet = f(Cs) are dependent on Cs as is illustrated in Fig. 2A–F. 
Most of the calculated flux-force coupling coefficients 
(Lij) in general depend non-linearly on the concentration 
of the substance in the membrane, except the coefficients 
L12 = L21 (showing linear dependence on concentration) 
and the almost linear dependence of the coefficient L22 
on the NaCl concentration in the membrane. The values 
of these coefficients are positive except for the L31 coef-
ficient, which is negative in the entire range of considered 
concentrations. Figure 2A shows that the values of coef-
ficients L12 ≈ L21 are positive and increase with increasing 
value of Cs. Figure 2B demonstrates that the characteris-
tics L13 ≠ L31 = f(Cs) are nonlinear. The values of coefficient 
L13 are positive and decrease with increasing value of Cs. 
In contrast, the absolute values of coefficient L31 decrease 
with increase of Cs. A positive coefficient Lij means that 
an increase in the corresponding thermodynamic force 
j causes an increase in the corresponding flux i. The abso-
lute values of coefficients L13 and L31 decrease as the con-
centration of the substance in the membrane increases. 
In turn, the remaining coefficients (except L23 and L32, 
which show extreme values) increase with increasing con-
centration in the membrane. The linear increase of the Lij 
coefficient with the concentration in the membrane means 
that a change in the corresponding thermodynamic force 

Table 1. Dependencies β = f(Cs), κ = f(Cs), and tc = f(Cs) for Biofill bacterial 
cellulose membrane and aqueous NaCl solutions

Cs [mol/m3] β × 10–3 [N/A] κ [1/Ω m2] τc

0.06 8.5 0.45 0.4

0.1 6.0 0.5 0.5

0.6 2.0 0.9 0.4

1 1.2 1.3 0.3

3 0.5 1.5 0.22

5 0.4 1.7 0.18

7 0.2 2.0 0.15

10 0.02 2.4 0.12

15 0.01 7.0 0.1
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on  the  membrane (j) causes a  proportional increase 
in the corresponding flux (i). Non-linear changes of the Lij 
coefficient make the force-flux relationship more compli-
cated. The greater the slope of the Lij – concentration de-
pendence (i.e. the greater the derivative of Lij with respect 
to concentration), the greater an influence of given thermo-
dynamic force on the relevant flux. The most interesting 
dependence on concentration is observed for the coeffi-
cients L23 and L32, which, after a large increase in the nar-
row range of low concentrations (up to a concentration 

of about 1 mol/m3), show a slight reduction or even stabi-
lization of the coefficient in the concentration range from 
1 mol/m3 to about 10 mol/m3. Above the concentration 
of 10 mol/m3, increase of the concentration in the mem-
brane causes a further non-linear increase in the L23 and 
L32 coefficients, but smaller than that observed in the low 
concentration range (up to 1 mol/m3). These nonlinear 
dependencies of  the coefficients on concentration are 
related to the structure of the membrane itself and its 
impact on individual transported substances, and thus 

Fig. 2. Graphical representation of the dependencies Lij = f(Cs) (i, j ∈ {1, 2,3}) and Ldet = f(Cs) for aqueous NaCl solutions. A. L12 = L21 = f(Cs); B. L13 ≠ L31 = f(Cs); 
C. L22 = f(Cs); D. L23 ≠ L32 = f(Cs); E. L33 = f(Cs); F. Ldet = f(Cs)
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indirectly on the interaction of substances transported 
through the membrane.

Figure 2C shows that the characteristic L22 = f(Cs) is non-
linear and values of L22 are positive. Figure 2D demon-
strates that the characteristics L23 ≠ L32 = f(Cs) are non-
linear and values both L23 and L32 are positive. The curve 
shown in Fig. 2E shows that the L33 = f(Cs) characteristics 
are nonlinear and the L33 values are positive. Ldet = f(Cs) 
characteristics are also nonlinear and Ldet values are 
positive.

Characteristics lij = f(Cs) and [(el)ij]max = f(Cs) 
(i,j ∈∈ {1, 2,3})

Taking into account the  results of  calculations ob-
tained for dependencies Lij = f(Cs), (i, j ∈ {1, 2, 3}) shown 
in  Fig. 3A–C in  the  Equation (15), the  dependencies 
lij = f(Cs) were calculated and presented in Fig. 3A–E.

The curves presented in Fig. 3A show that the charac-
teristics l12 = f(Cs) and l21 = f(Cs) are nonlinearly dependent 
on concentration, besides l12 = l21, and these curves are 

Fig. 3. Graphical representation of the dependencies lij = f(Cs) (i, j ∈ {1, 2,3}) and (eL)ij]max = f(Cs), for aqueous NaCl solutions. A. l12 = l21 = f(Cs); B. L23 = L32 = f(Cs); 
C. L13 ≠ L31 = f(Cs); D. (eL)12]max = (eL)21]max = f(Cs); E. (eL)23]max = (eL)32]max = f(Cs) and (eL)13]max = (eL)31]max = f(Cs)
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of saturation type. Figure 3B shows the characteristics 
of the l13 = f(Cs) and l31 = f(Cs). Figure 3B illustrates also that 
the values of l13 are positive and l31 are negative. Moreover, 
these characteristics are symmetrical about the axis pass-
ing through the point of zero concentration. The l23 = f(Cs) 
and l32 =  f(Cs) characteristics shown in Fig. 3C are also 
nonlinear. These characteristics are of hyperbolic type. 
In addition, l23 = l32 in whole range of studied concentra-
tions. A comparison of Fig. 3A, 3B and 3C shows that l12 = 
l21 > l23 = l32 > l13 > l31. The coupling coefficients lij between 
processes occurring in the membrane have values ranging 
from 0 (no coupling) to 1 (complete coupling). Coupling 
coefficients with the same indexes (the same process) lij 
are equal to 1. The coefficients l12 (characterizing coupling 
of processes <<Jv | ∆p – ∆πi >> ⇔ <<Js | ∆πs/Cs>> suitably) 
and l21 increase with increasing concentration in the mem-
brane, which indicates greater coupling of these processes 
with increasing concentration. This may indicate an in-
creasing role of  the  membrane in  the  interaction be-
tween these processes as the concentration of substances 
in the membrane increases. In turn, the coefficients l23 and 
l32 (coupling of processes << Js |∆πs/Cs >> ⇔ <<I | E >> re-
spectively) reach higher values at low concentrations (high 
coupling) and gradually decrease with increasing concen-
tration in the membrane to a value close to 0 (no coupling) 
for concentrations higher than 8 mol/m3.

Considering the lij = f(Cs) dependencies shown in Fig. 3A–C, 
and Equation (17), the dependencies [(eL)ij]max = f(Cs) were 
calculated. The coefficients (eL)ij, characterize the effi-
ciency of energy conversion in the membrane. The curves 
presented in Fig. 3D show that the characteristics [(eL)12]
max  =  f(Cs) and [(eL)21]max =  f(Cs) are linear and [(eL)12]
max = [(eL)21]max. These coefficients increase linearly from 
0 (inefficient energy conversion) for low concentrations 
to values of approx. 0.12 for a concentration in the mem-
brane of 15 mol/m3. Figure 3E shows the characteristics 
[(eL)23]max = f(Cs) and [(eL)32]max = f(Cs). These character-
istics are nonlinear and are of hyperbolic type. In addi-
tion, Fig. 3E shows that [(eL)23]max = [(eL)32]max. Similarly, 

the characteristics [(eL)13]max = f(Cs) and [(eL)31]max = f(Cs), 
illustrated in Fig. 3F are of hyperbolic type. In addition, 
Fig. 3F shows that [(eL)13]max = [(eL)31]max. A comparison 
of Fig. 3D, Fig. 3E and Fig. 3F shows that [(eL)12]max = [(eL)21]
max > [(eL)23]max = [(eL)32]max > [(eL)13]max = [(eL)31]max. The co-
efficients presented in Fig. 3E,F, characterize energy con-
version in the membrane decrease with increasing con-
centration, with the highest rate of coefficient reduction 
being observed in the concentration range from 0 to ap-
prox. 1 mol/m3. For concentrations greater than 2 mol/m3, 
the values of these coefficients are almost equal to 0 (in-
efficient energy conversion processes in the membrane).

Characteristics (ΦS)L = f[(ΔP – Δπs),(Δπs/Cs),E],  
[(ΦF)L]ij = f[(ΔP – Δπs),(Δπs/Cs),E]  
and [(ΦU)L]ij = f[(ΔP – Δπs),(Δπs/Cs),E]

Taking into account the results of the calculations ob-
tained for Lij = f(Δπ), (i, j ∈ {1, 2}) (Fig. 2A–E) in Equation 
(23), the dependencies (ΦS)L =  f(Δπs/Cs)E=const. and (ΦS)L 
= f(E)Δπs/Cs=const. were calculated. The results of calculations 
are presented in Fig. 4A,B. The graphs shown in Fig. 2A–E 
are 2nd degree curves.

From Fig. 4A,B, it can be seen that (ΦS)L increases both 
with the increase of Δπs/Cs at a fixed value of E and with 
the increase of E at a fixed value of Δπs/Cs. It should be 
noted that ΔP – Δπs had no effect on (ΦS)L, as the values 
of ΔP – Δπs were chosen so that ΔP – Δπs = 0. The function 
(ΦS)L as the flux of energy dissipated in membrane pro-
cesses allows to estimate the part of the energy required for 
membrane transport that is dissipated in the environment 
as heat. In the analysed cases, this function is nonlinearly 
dependent on both thermodynamic forces on the membrane 
and symmetrical with respect to zero value of thermody-
namic force. In the case of small concentrations (or small 
electric fields), the energy dissipated is small and increases 
as  the  thermodynamic force increases. The  increase 
of this function is larger for the greater thermodynamic 
force. The shape of the curves resembles parabolas. For 

Fig. 4. Graphical representation of the dependencies [Φ(S)L]E=const. = f(Δπs/Cs) (i, j ∈ {1, 2,3}) and [Φ(S)L]Δπs/Cs=const. = f(E), for aqueous NaCl solutions
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the thermodynamic force Δπs/Cs (Fig. 4A), large changes 
in the dissipated energy flux are observed above 16 kJ/mol, 
while for greater established 2nd thermodynamic force E, 
significant changes in Φ(S)L are observed for greater values 
of Δπs/Cs. The dependence Φ(S)L = f(E) is analogous when 
Δπs/Cs is constant, but for E values lower than 0.5 V, Φ(S)L 
increases slightly and only above this value changes of Φ(S)L 
are significant, is larger for greater osmotic pressure dif-
ference (Δπs/Cs). This indicates that the amount of energy 
dissipated in membrane processes increases with increasing 
thermodynamic force on the membrane, due to the fact that 
at small forces, the influence of the membrane on the trans-
ported substances and at the same time on the energy dis-
sipated in this transport is small. Increasing thermodynamic 
forces, especially osmotic force, cause a higher concentra-
tion of substances in the membrane and a greater influ-
ence of the membrane on transport of substances and cause 
greater dissipation of energy in membrane.

Taking into account the results of calculations obtained for 
dependencies [(eL)12]max (shown in Fig. 3D) in Equations (27) 
and (28), and dependencies [Φ(S)L,]E=const. =  f(Δπs/Cs), 
[(ΦS)L]Δπs/Cs=const. =  f(E) presented in  Fig. 4A,B, the  de-
pendencies ([(ΦF)L]12)E=const. =  f(Δπs/Cs), ([(ΦU)L]12)E=const. 
= f(Δπs/Cs), ([(ΦF)L]12)Δπs/Cs=const. = f(E), ([(ΦU)L]12)Δπs/Cs=const. 

=  f(E) were calculated. The  results of  calculations 
are presented in  Fig. 5A–D. Comparing the  data for 
([(ΦF)L]12)E=const. = f(Δπs/Cs) and ([(ΦU)L]12)E=const. = f(Δπs/Cs) 
shown in Fig. 5A,B and the data for ([(ΦF)L]12)Δπs/Cs=const. 
= f(E) and ([(ΦU)L]12)Δπs/Cs=const. = f(E) shown in Fig. 5C,D, 
it can be seen that [(ΦF)L]12 ≈ 0.1 • [(ΦU)L]12.

As shown in Fig. 5A–D, both the internal energy flow 
(ΦU)L and the free energy flow (ΦF)L are symmetrical with 
respect to the 0 values of both thermodynamic forces 
Δπs/Cs with a fixed E = const., and E with a fixed ther-
modynamic force Δπs/Cs = const. As one of  the  ther-
modynamic forces increases, regardless of its direction, 
the values of both energy fluxes increase nonlinearly. 
The  larger the  value of  the  thermodynamic force, 
the larger the energy fluxes are observed. This may re-
sult, as in the previous cases, from the increased influence 
of the membrane on the transport processes for larger 
thermodynamic forces. As could be expected, the values 
of the internal energy flux are much higher than the val-
ues of free energy flux converted into mechanical work 
related to the transported substances. Taking into account 
Equation (21), which combines the considered energies, 
and the corresponding Fig. 4,5, it can be concluded that 
the flux of released internal energy (ΦU)L in membrane 

Fig. 5. Graphical representation of the dependencies ([(ΦF)L]12)E=const. = f(Δπs/Cs) (A), ([(ΦU)L]12)E=const. = f(Δπs/Cs) (B), ([(ΦF)L]12)Δπs/Cs=const. = f(E) (C) and 
([(ΦU)L]12)Δπs/Cs=const. = f(E) (D), for aqueous NaCl solutions
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processes is converted into 2 fluxes: of free energy (ΦF)L 
and dissipated as heat Φ(S)L. For the membrane processes 
considered, the energy flux dissipated in the form of heat 
Φ(S)L is about 10 times larger than the free energy flux 
(ΦF)L. By comparing (ΦF)L to (ΦU)L, the average efficiency 
of the observed processes can be estimated and is approx. 
1/11 = 9.1%.

Taking into account the results of calculations obtained for 
dependencies [(eL)23]max (shown in Fig. 3E) in Equations (27) 
and (28), and dependencies [(ΦS)L]E=const. =  f(Δπs/Cs) and 
[(ΦS)L]Δπs/Cs=const. = f(E) presented in Fig. 3A,B, the depen-
dencies ([(ΦF)L]23)E=const. = f(Δπs/Cs) and ([(ΦF)L]23)Δπs/Cs=const. 
= f(E), were calculated. The results of calculations are pre-
sented in Fig. 6A,B.

The  comparison of  the  data presented in  Fig. 5A, 
Fig. 6A, Fig. 5C, and Fig. 6B shows that ([(ΦF)L]12)E=const. 
is  3 orders of  magnitude larger than ([(ΦF)L]23)E=const., 
while ([(ΦF)L]12)Δπs/Cs=const. is 2 orders of magnitude larger 
than ([(ΦF)L]23)Δπs/Cs=const.. Therefore, ([(ΦU)L]12)E=const. ≈ 
([(ΦS)L]23)E=const. and ([(ΦU)L]12)Δπs/Cs=const. ≈ [(ΦS)L]Δπs/Cs=const..

Similar reasoning can be done for ([(ΦF)L]12)E=const., 
([(ΦF)L]13)E=const., ([(ΦU)L]12)E=const. and ([(ΦU)L]13)Δπs/Cs=const.. 
Due to the fact that [(eL)12]max >>[(eL)13]max so ([(ΦF)L]13)E=const. 
<<  ([(ΦF)L]12)E=const.. This means that ([(ΦU)L]12)E=const.  ≈ 
[(ΦS)L]E=const. and ([(ΦU)L]12)Δπs/Cs=const. ≈ [(ΦS)L]Δπs/Cs=const..

Discussion

According to the Peusner network formalism, appro-
priate transformations of  the classical K–K equations 
for electrolyte solutions lead to L versions of the K–K–P 
equations for electrolyte solutions for 3 thermodynamic 
forces (ΔP, Δπs and E) and 3 fluxes (Jv, Js and I). The re-
sulting equations include the Peusner coefficients Lij 
(i, j ∈ {1, 2, 3}) and Ldet, which characterize the transport 
properties of any membrane. There are 9 coefficients 
in  these equations – that is, the  3rd thermodynamic 

force (E) introduces 5 additional coefficients: L13, L31, 
L23, L32, and L33. The Peusner coefficients are useful for 
calculating the degree of coupling, which is determined 
by the coefficients l12, l21, l13, l31, l23, and l32. It  is well 
known that when lij = 0, the irreversible processes are 
independent, whereas when lij = ±1, the irreversible pro-
cesses are maximally coupled.

The data presented in Fig. 3A show that, in the concen-
tration range 0 < Cs ≤ 15 mol/m3, the coupling coeffi-
cients l12 and l21 take values in the range 0 < l12 = l21 ≤ 0.64. 
This means that the irreversible processes in membrane, 
measured using the fluxes Jv and Js, are strongly coupled 
to each other and that the coupling increases with in-
creasing Cs. In contrast, the data presented in  Fig. 3B 
show that, in the same Cs concentration range, the cou-
pling coefficients l13 and l31 take the values in the ranges: 
0.046 ≥ l13 ≥ 2.1 ×10–4 and –0.046 ≤ l13 ≤ 2.1 ×10–4. This 
means that the irreversible processes, whose measures 
are the fluxes Jv and I, are weakly coupled to each other. 
The data presented in Fig. 3C show that in the concentra-
tion range 0 < Cs ≤ 15 mol/m3, the coupling coefficients 
l13 and l32 take values in the range 0.27 ≥ l23 = l32 ≥ 0.014. 
This means that the irreversible processes, whose mea-
sures are the fluxes Js and I, are coupled to each other, but 
this coupling decreases nonlinearly with increasing solute 
concentration.

According to the procedure proposed by Peusner,13,27,28 
the coefficients l12, l21, l13, l31, l23, and l32 can be grouped 
into the coefficient (QL)ij expressed by Equation (16). From 
this equation, 0 ≤ (QL)ij ≤ 1. The concentration dependence 
of (QL)ij coefficients are presented in Fig. 7.

From Fig. 7A, it can be seen that in the concentration 
range 0 < Cs ≤ 15 mol/m3, (QL)12 takes the values in the range 
0 < (QL)12 ≤0.22. This means that the irreversible processes 
associated with the fluxes Jv and Js are coupled. Figure 7B 
shows that in the same concentration range (QL)13 satisfies 
condition 0.106 × 10–2 ≥ (QL)13 ≥ 2 × 10–4 and (QL)23 satisfies 
condition 3.68 × 10–2 ≥ (QL)13 ≥ 0.92 × 10–4. This means that 

Fig. 6. Graphical representation of the dependencies ([(ΦF)L]23)E=const. = f(Δπs/Cs) and ([(ΦF)L]12)Δπs/Cs=const. = f(E), for aqueous NaCl solutions
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the irreversible processes associated with Jv and I fluxes 
and Js and I fluxes are decoupled.

The conversion of electrochemical energy is a significant 
natural process. Internal energy, also known as U-energy, 
is not a usable form of energy.27–30 Instead, free energy 
or F-energy is the useful form.

The  electrochemical energy conversion evaluation 
method presented in this study uses dissipative energy 
(S-energy), the measure of which is the dispersion function 
(ΦS)L and the energy conversion efficiency factor [(eL)ij]max. 
The measure of F-energy is [(ΦF)L]ij and of U-energy is [(ΦU)
L]ij. The pioneering work of Kedem, Caplan and Peusner 
is one of the premises for the development of Peusner’s 
network thermodynamics.13,27–30

Conclusions

The L version of the K–K–P equations presented in this 
study, which contains 3 fluxes (Jv, Js, I) and 3 thermody-
namic forces (Δπ, Δπs, E), introduces 10 Peusner coef-
ficients Lij (i, j ∈ {1, 2, 3}) and Ldet. These coefficients can 
be calculated using the transport parameters Lp, σs and 
ωs, which determine the fluxes Jv and Js, and the transport 
parameters β, τc and κ determining the flux I. Five of them 
(L13, L31, L23, L32, and L33) are a consequence of considering 
the additional thermodynamic force E and flux I. The co-
efficients L12, L13, L31, L33, and L32 are necessary to define 
the 3 groups of coefficients: l12, l21, l13, l31, l23, and l32; (QL)12, 
(QL)13 and (QL)23; [(eL)12]max, [(eL)21]max, [(eL)23]max, [(eL)32]max, 
[(eL)13]max, and [(eL)31]max. The coefficients Lij (i, j ∈ {1, 2, 3}) 
are needed to calculate the energy dissipation (ΦS)L.

The equations describing the energy dissipation (ΦS)L 
take the form of equations that are the sum of quadratic 
equations of 3 variables: ΔP, Δπ and E. The characteristics 
[Φ(S)L]E=const. = f(Δπs/Cs) (i, j ∈ {1, 2,3}) and [Φ(S)L]Δπs/Cs=const. 
= f(E) are 2nd degree curves located in the 1st and 2nd quad-
rants of the coordinate system. Equations for (ΦS)L and 
for [(eL)12]max, [(eL)21]max, [(eL)23]max, [(eL)32]max, [(eL)13]max , 

or [(eL)31]max are required to examine the energy conversion, 
and calculate the characteristics [(ΦF)L]12)E=const. = f(Δπs/Cs), 
[(ΦF)L]12)Δπs/Cs=const. = f(E), ([(ΦU)L]12)E=const. = f(Δπs/Cs), and 
([(ΦU)L]12)Δπs/Cs=const. = f(E).
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Abstract
Background. Today’s growing demand for advanced and sustainable polyester materials is driven by an in-
creasing awareness of the environmental impact of traditional materials, emphasizing the need for eco-friendly 
alternatives. Sustainability has become central in materials development, including the biomedical area, 
where biobased and environmentally friendly solutions are a rapidly growing field.

Objectives. This research aims to comprehensively evaluate a new enzymatically catalyzed furan-based 
copolymer, poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF), with a 70–30 wt% hard-
to-soft segment ratio. Then, its performance across medical applications is explored, with a particular focus 
on its potential as a nanofibrous scaffolding material.

Materials and methods. PDF-DLF was synthesized from biobased monomers using Candida antarctica 
lipase B (CAL-B) as the biocatalyst. Material characterization included dynamic mechan‑ical thermal analysis 
(DMTA) to assess the mechanical behavior and thermal properties. Enzymatic degradation studies determined 
biodegradability, while cytotoxicity tests established in vitro biocompatibility. The copolymer was electrospun 
into nanofibers, with scanning electron microscopy (SEM) employed to analyze their morphology.

Results. PDF-DLF displays mechanical and thermal properties indicating high storage modulus and 2 main 
temperature transitions. Enzymatic degradation studies and cytotoxicity assessments confirm biodegradability 
and in vitro biocompatibility. Electrospinning successfully transformed the copolymer into nanofibers with 
diameters ranging from 500 nm to 700 nm.

Conclusions. This study significantly advances our understanding of sustainable polyesters with versatile 
processing capabilities. The successful electrospinning highlights its potential as a biodegradable scaffold 
for medical engineering, supported by biocompatibility and sufficient mechanical properties. It opens new 
opportunities for sustainable materials in critical biomedical industries, including tissue engineering.

Key words: 2,5-furandicarboxylate, enzymatic synthesis, bio-based monomers, CAL-B, block copolymers
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Background

In the ever-evolving field of biomedical engineering, 
the quest for sustainable materials that are both environ-
mentally friendly and functionally versatile has never been 
more necessary. Traditional polymers often rely on pe-
troleum-derived compounds, which not only contribute 
to environmental pollution but also raise concerns regard-
ing their biocompatibility in biomedical applications.1,2

In  this context, 2,5-furandicarboxylic acid (FDCA) 
emerges as a promising candidate with its unique poten-
tial derived from natural resources, offering an alternative 
to petrochemical monomers.3,4 The FDCA is a carbohy-
drate compound within the furfural group, derived from 
polysaccharides, starch or  lignocellulose. Its chemical 
structure bears resemblance to terephthalic acid (TPA), 
the primary petrochemical monomer for the synthesis 
of semicrystalline aromatic polyesters like poly(ethylene 
terephthalate) (PET) or  poly(butylene terephthalate) 
(PBT).5–8 Notably, numerous publications have demon-
strated FDCA’s capacity to yield materials with superior 
properties and enhanced polymer chain orientation com-
pared to their TPA analogs, which imparts significant 
advantages.9–12 ​Such attributes are particularly critical 
in the field of tissue engineering, where the mechanical 
properties of the material must often align with the spe-
cific tissue being repaired or replaced.

Interestingly, the versatility of copolymers containing 
both hard and soft segments offers the advantage of tailor-
ing the final properties to meet the precise requirements 
of different tissue engineering applications.13

A growing interest in  the conversion and utilization 
of biomass, coupled with rapid developments in the biore-
finery industry, has introduced a wide spectrum of oppor-
tunities in the production of novel monomers and polymers 
from renewable sources.14–19 However, questions persist 
about the selection of the best and most selective catalyst. 
Conventionally, PET material is produced in melt pro-
cesses using antimony-based catalysts in the form of oxide 
or acetate, known for their high performance and ability 
to withstand elevated temperatures. Nevertheless, a sig-
nificant drawback arises from the presence of residual 
metals within the polymeric material, which is challenging 
to remove due to strong metal–ester interactions. This can 
lead to material discoloration and raise environmental 
concerns upon disposal, potentially disqualifying the poly-
mer’s use in various applications, including the medical 
industry.16,20

To address this issue, we used enzymes that have emerged 
as a compelling alternative catalyst derived from natural 
resources. Among these enzymes, Candida antarctica li-
pase B (CAL-B) stands out due to its stability and high 
reactivity, with its unique structure enabling high region-, 
enantio- and stereoselectivity, and the ability to function 
under mild reaction conditions.21–24 As confirmed in previ-
ous studies, enzymatic catalysis results in a more regular 
structure in copolyesters compared to metal-catalyzed 
processes.25,26 This feature opens up opportunities to ob-
tain optically pure materials with well-defined chemical 
structures, particularly valuable in the pharmaceutical 
industry. The  CAL-B-induced polymerization has al-
ready been successfully applied to various polymer types, 

Streszczenie
Wprowadzenie. Współcześnie rośnie zapotrzebowanie na zaawansowane materiały poliestrowe, które nie tylko wykazują nowatorskie właściwości funkcjonalne, 
ale także spełniają podwyższone standardy zrównoważonego rozwoju. Wymagania te stają się kluczowe dla rozwoju materiałów, z inżynierią biomateriałów włącznie, 
gdzie rozwiązania oparte na naturalnych i zrównoważonych surowcach stają się dynamicznie rozwijanym obszarem.

Cel pracy. Celem badań jest ocena i charakterystyka katalizowanego enzymatycznie kopolimeru – poli(furanianu dekametylenu)-co-(furanianu dilinolu) (PDF-DLF) 
o stosunku segmentów sztywnych do giętkich 70–30 wag% oraz zbadanie jego potencjału w zastosowaniach biomedycznych jako nanowłókniste skafoldy.

Materiał i metody. PDF-DLF został zsyntetyzowany z monomerów pochodzących z biomasy na drodze dwuetapowej syntezy w eterze difenylu, wykorzystując 
lipazę B Candida antarctica jako biokatalizator. Termiczna analiza dynamicznych właściwości mechanicznych (DMTA) pozwoliła na ocenę właściwości mechanicznych 
i termicznych. Badania degradacji enzymatycznej określiły podatność materiału na biodegradację, a ocena cytotoksyczności in vitro umożliwiła ocenę biokom-
patybilności. Kopolimer został poddany procesowi elektroprzędzenia w celu wytworzenia nanowłókien, których morfologię oceniono za pomocą skaningowego 
mikroskopu elektronowego (SEM).

Wyniki. PDF-DLF wykazuje interesujące właściwości mechaniczne i termiczne, wskazujące na wysoki moduł zachowawczy i dwie przemiany temperaturowe. 
Badania degradacji enzymatycznej i ocena cytotoksyczności potwierdziły biodegradowalność i biokompatybilność materiału. Stosując metodę elektroprzędzenia 
wytworzono nanowłókna o średnicy mieszczącej się w zakresie od 500 do 700 nm.

Wnioski. Przeprowadzone badania wskazują na szerokie możliwości przetwórcze nowego kopolimeru. Otrzymany materiał jest biodegradowalny, biokompatybilny 
oraz posiada odpowiednie właściwości mechaniczne oraz termiczne. Co więcej, możliwość przekształcenia materiału w nanowłókna podkreśla jego potencjał 
zastosowania w inżynierii biomedycznej jako rusztowania dla inżynierii tkankowej.

Słowa kluczowe: kopolimery blokowe, synteza enzymatyczna, bio-pochodne monomery, CAL-B, kwas furanodiakarboksylowy
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including polyesters based on 2,5-bis(hydroxymethyl)fu-
ran, vegetable oils, sugars, and 3,6-dianhydrohexitol.17,27–30 
By using monomers and catalysts originating from biomass 
resources, it  is possible to provide sustainable and safe 
materials for biomedical applications.

Advances in the tissue engineering field have brought 
much attention regarding scaffold fabrication, such as with 
biodegradable polyester nanofibers. The justification for 
using nanofibers for tissue engineering is that the non-
woven polymeric meshwork is  a  close representation 
of the nanoscale protein fiber meshwork in the native ex-
tracellular matrix (ECM).31 The electrospinning technique 
is a promising way to fabricate a controllable, continuous 
nanofiber scaffold mimicking the ECM structure. Electros-
pun nanofibers provide a high surface-to-volume ratio and 
high porosity as a promising scaffold for tissue engineer-
ing. Because the degradation behaviors of scaffolds sig-
nificantly affect new tissue regeneration, the degradation 
of the material becomes one of the crucial factors when 
considering using polyester nanofibers as tissue engineer-
ing scaffolds.

Objectives

Therefore, we focused on a comprehensive exploration 
of furan-based copolymers, investigating their potential 
as scaffolds in the dynamic field of biomedical engineering, 
and emphasizing their ecological advantages and the inte-
gration of enzymatic catalysis for improved sustainability. 
Our focus extends to the electrospinning technique ap-
plied to poly(decamethylene furanoate-dilinoleic furano-
ate) (PDF-DLF) with 70 wt% PDF segments, introducing 
a groundbreaking avenue for the creation of sustainable 
biomaterials. This innovative approach aims to not only 
assess the biocompatibility and biodegradation profile 
of the manufactured material but also to evaluate its suit-
ability for processing into nanofibers.

Materials and methods

Materials

The following chemicals were purchased from Sigma-
Aldrich (Poznań, Poland): diphenyl ether (DE;  ≥99%), 
mouse fibroblasts L929 EACC, Dulbecco’s modified Ea-
gle’s medium (DMEM), Dulbecco’s phosphate-buffered 
saline (DPBS), resazurin, penicillin, streptomycin, fetal 
bovine serum (FBS), and L-glutamine. Polycaprolactone 
CAPA 6430 was purchased from Perstop (Warrington, 
UK). 1,10-decanediol (DDO; ≥99%) was acquired from 
Acros Organics (Geel, Belgium). Dimethyl 2,5-furandicar-
boxylate (DMFDCA; ≥99%) was obtained from Fluorochem 
(Łódź, Poland). Dilinoleic diol (DLD; ≥96.5%) (trade name 
Pripol™ 2033) was obtained from Cargill Bioindustrials 

(Gouda, the Netherlands). Chloroform (≥98.5%) was pur-
chased from Chempur (Piekary Śląskie, Poland), and 
methanol (≥99.8%) was acquired from Stanlab (Lublin, 
Poland). CAL-B covalently immobilized on polyacrylate 
beads (300–500 µm, ≥95%; Fermase CALB™ 10000), with 
a nominal activity of 10 000 PLU/g (propyl laurate units per 
gram dry weight) was purchased from Fermenta Biotech 
Ltd (Mumbai, India) and Enzyme Catalyzed Polymers LLC 
(Akron, USA). Before use, CAL-B was pre-dried under 
vacuum for 24 h at 40°C, and diphenyl ether was stored 
over 4Å molecular sieves. The remaining chemicals were 
used as received.

CAL-B catalyzed polycondensation

To produce poly(decamethylene furanoate)-co-(dilinoleic 
furanoate) (PDF-DLF) copolyester with a 70–30 wt% hard 
to soft segment ratio, a 2-step polycondensation reaction 
was carried out in diphenyl ether at different temperatures, 
following the protocol outlined in our prior study.32

Dynamic mechanical thermal analysis

To determine the storage and loss modulus, a PDF-
DLF sample for dynamic mechanical thermal analysis 
(DMTA) was fabricated by melt-pressing within a temper-
ature of 110°C. The specimen had dimensions of 100 µm 
in  thickness, 1  mm in  width and 50  mm in  length. 
The measurements were carried out in tensile mode us-
ing the DMA Q800 apparatus (TA Instruments, New 
Castle, USA). The analysis was conducted at a constant 
frequency of 1 Hz, a heating rate of 2°C/min and an am-
plitude of 60.

Enzymatic degradation

Enzymatic degradation studies were conducted on melt-
pressed films (prepared according to the same protocol 
as  for DMTA studies) using lipase produced by Pseu‑
domonas cepacia bacteria. The enzyme was prepared 
in DPBS sterile buffer with a concentration of 25 U/mL 
and a pH of 7.25. Sodium azide (0.02%) was added to pre-
vent the bacteria from multiplying. Degradation was car-
ried out at a temperature of 37°C for 35 days, and measur-
ing points were scheduled every 7 days. The degradation 
medium was replaced every 48 h to maintain enzyme 
activity. Each measuring point consisted of 4 samples, 
which were subjected to weight, microscopic and size 
exclusion chromatography (SEC) analysis. Enzymatic 
degradation was performed on discs of the test material 
(6 mm in diameter and 100 µm in thickness). To ensure 
sterile conditions during the enzymatic degradation tests, 
all operations were performed under a laminar airflow 
chamber. The discs of both the test and reference ma-
terials were sterilized with UVC radiation for 30 min 
on each side.
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To  monitor the  enzymatic degradation progress, 
the samples underwent analysis for mass loss, molecular 
weight, morphology, and structural changes. Mass loss was 
quantified using Equation (1), where m0 is the sample mass 
before degradation and md is the mass of the vacuum-dried 
sample (37°C, −60 kPa, 48 h) after degradation. Molecular 
weight analysis was performed via SEC using a Thermo 
Fisher (HLC-8320) system (Thermo Fisher Scientific, 
Waltham, USA) equipped with 4 detection systems: a dual 
absorbance UV (UV; Waters 2487; Waters Corporation, 
Santa Barbara, USA; wavelength λ = 254–280 nm), multi-
angle laser light scattering (MALLS, Wyatt DAWN; Waters 
Corporation), a refractive index detector (RI; Wyatt Opti-
lab®; Waters Corporation), and a viscometer (VIS; Wyatt 
ViscoStar®; Waters Corporation) detectors. The deter-
mination of average molar (apparent) mass (Mn, Mw) and 
dispersity (Đ, Mw/Mn) was carried out through gel chroma-
tography. The mobile phase used was CHCl3 (HPLC grade; 
Alfa Aesar, Haverhill, USA) at a flow rate of 1 mL/min, 
a sample concentration of 15 mg/mL and an injected vol-
ume of 50 μL. Before injection onto the column, the sample 
solutions underwent filtering using a 0.20 µm sulphate 
removal plant (SRP; to extract the sulphates from prior 
to injection) 20 filter. Absolute molecular masses were 
derived by processing the data with ASTRA v. 8.1.2 soft-
ware (Waters Corporation), assuming 100% recovery from 
the columns.

Structural alterations were evaluated through attenu-
ated total reflection–Fourier-transform infrared (ATR–
FTIR) spectra, recorded on a Bruker ALPHA spectrometer 
(Bruker Corporation, Billerica, USA) within the spectral 
range of 400–4000 cm−1, employing a resolution of 2 cm−1. 
Notably, 32 scans were conducted for each sample. Mor-
phological changes were examined utilizing a scanning 
electron microscope (SEM) equipped with ultra-high 
resolution (UHR; Hitachi SU8020; Hitachi Ltd., Chiyoda, 
Tokyo, Japan).

	 Mass loss = (m0 – md)/m0 × 100%	 (1)

Cytotoxicity assessment

The cytotoxic potential and growth-inhibitory effects 
of the PDF-DLF copolyester were assessed in cell culture 
using L929 mouse fibroblasts, following ISO 1993-5 guide-
lines. L929 cells (passages 9–11) were cultured in growth 
media consisting of DMEM, 10% FBS, 2 mM L-glutamine, 
100 U/mL penicillin, and 100 µg/mL streptomycin in T25 
flasks. For the experiments, sub-confluent T25 culture 
flasks of  L929 cells were trypsinized, and 1×104 cells 
were seeded per well in a 96-well plate. Simultaneously, 
100-µm-thick films of PBF-DLF copolyester and a refer-
ence material (polycaprolactone PCL CAPA® 6430; Pert-
strop, Warrington, UK) were cut into three 6 cm2 samples, 
which were then sterilized under UV-C light for 15 min 
on each side. Subsequently, the material samples (n = 3) 

were sectioned into smaller pieces and placed in a 24-well 
plate, with 1 mL of medium added to each well. The plates 
were incubated for 24 h at 37°C in a 5% CO2 environment 
to allow the cells to adhere and spread. After incubation, 
the media was aspirated, and 100 µL of growth media 
containing extracts from the tested materials were added 
to the wells (with 6 technical replicates performed for each 
material). A sham control was prepared by adding 100 µL 
of pure growth media. The plate was incubated for an ad-
ditional 24 h, after which cell viability was evaluated using 
an inverted light microscope (Delta Optical IB-100; Delta 
Optical, Mińsk Mazowiecki, Poland) and a resazurin vi-
ability assay.23 The assay was conducted with a fluorescent 
plate reader (Biotek Synergy HTX; BioTek, Winooski, USA) 
at an excitation wavelength of 540 nm and an emission 
wavelength of 590 nm. During the resazurin viability as-
say, complete growth media was added to an empty well 
without cells to serve as the blank. The results obtained 
were expressed as the percentage of normalized cell vi-
ability (CV%), calculated using Equation (2)33:

	 CV% = (FLs – FLb)/(FLc – FLb) × 100%	 (2)

where FL is the fluorescence intensity and indices s, b 
and c refer to sample, blank and control, respectively.

Electrospinning

A systematic exploration of key parameters was con-
ducted to optimize the electrospinning process for the syn-
thesis of our novel polymer. The homemade electrospin-
ning setup employed in this study comprised a syringe 
pump, a high-voltage power supply and a collector. Various 
parameters, namely needle diameter, applied voltage, flow 
rate, distance between the needle tip and the collector, and 
polymer solution concentration, were subjected to meticu-
lous optimization. The distance between the needle tip 
and the collector varied at 10 cm, 15 cm and 20 cm, while 
the applied voltage ranged from 10 kV to 20 kV. Simultane-
ously, the flow rate of the polymer solution was adjusted 
at 2 mL/h, 5 mL/h and 10 mL/h. A high-purity solvent, 
chloroform, was utilized for the polymer solution, and 
concentrations spanning from 1% to 50% were explored, 
with observations facilitated using a light microscope Delta 
Optical Evolution 300 (Delta Optical). The morphology 
of resulting fibers was examined using a SEM on a Hitachi 
SU8020 (Hitachi Ltd.) apparatus with UHR.

Results and discussion

Fully biobased PDF-DLF copolymer containing 70 wt% 
PDF as the hard segments and 30 wt% DLF as the soft 
segments were successfully synthesized employing 
temperature-varied 2-step method in diphenyl ether us-
ing CAL-B as biocatalyst according to the protocol de-
scribed in our previous paper32 and as presented in Fig. 1. 
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In the aforementioned study, we also conducted a com-
prehensive assessment of the chemical structure, molecu-
lar weight, as well as thermal and crystalline properties. 
A summary of the essential material parameters is given 
in Table 1. Within the context of this research, we con-
tinued our investigation of the PDF-DLF material, with 
a particular emphasis on evaluating additional critical 
characteristics that are essential in determining the fea-
sibility of utilizing furan-based copolymers in the biomedi-
cal sector.

Dynamic mechanical thermal analysis was performed 
to assess the mechanical properties of the PDF-DLF mate-
rial (Fig. 2). The DMTA measurements indicate the visco-
elastic characteristics of furan-based copolyesters, shed-
ding light on their thermo-mechanical dynamics. Below 
the glass transition temperature (Tg), the copolyesters ex-
hibited a consistently stable storage modulus. This stability 

Fig. 1. General scheme of Candida antarctica lipase B (CAL-B) catalyzed synthesis of poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF) 
copolyesters via the temperature-varied 2-stage method in diphenyl ether. Adapted from Sokołowska et al.32

Fig. 2. Dynamic mechanical thermal analysis (DMTA) 
of poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF) 
copolyester

Table 1. Physico-chemical characteristics of poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF) copolyester

1H NMRa DSCa

Composition wt% 
[mol%] Tg [°C] Tm [°C] ΔHm [J/g] Tc [°C] ΔHc [J/g] Xc [%]

70.0–30.0 (84.0–16.0) −20 95 34.40 27 30.77 17.4

Tg – glass transition temperature; ΔHm – melting enthalpy of the hard segments; Tm – melting temperature; Tc – crystallization temperature; 
ΔHc – crystallization enthalpy; Xc – total crystalline phase content in the polymer; DSC – differential scanning calorimetry; a values provided from 
Sokołowska et al.32
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indicates a solid and rigid nature within this temperature 
range, emphasizing the material’s ability to maintain struc-
tural integrity and stiffness. Upon reaching the Tg, an evi-
dent decline in the storage modulus values was observed. 
This transition denotes a shift in molecular mobility, typi-
cally associated with a reduction in stiffness. The material 
undergoes a transformation toward increased flexibility, 
accompanied by heightened molecular movement, influ-
encing its mechanical behavior. This particular aspect 
is pertinent in applications where flexibility is a critical 
parameter. As the temperature continued to rise, the stor-
age modulus gradually decreased until reaching the melt-
ing temperature (Tm). This gradual reduction in modulus 
values signified a transition from a more solid to a more 
liquid-like state.

Enzymatic degradation played a pivotal role in assessing 
the suitability of the PDF-DLF copolymer for biomedical ap-
plications. The material, subjected to lipase from P. cepacia  
in a DPBS solution, aimed to simulate physiological condi-
tions within the human body. Understanding how the poly-
mer undergoes enzymatic breakdown was essential for 
ensuring its compatibility with biological systems.

The FTIR analysis before and after degradation revealed 
changes in intensities and shifts in peaks of characteristic 
functional groups (Fig. 3). A clear decrease in intensity 

is visible in the carbonyl group region (C=O), potentially 
indicating hydrolysis of ester bonds and monomer forma-
tion. This is further supported by the appearance of a peak 
arising from –OH groups. Additionally, changes are noted 
in the region where C=C bonds in the furan ring appear. 
These structural alterations suggest that the material un-
dergoes disintegration under the influence of the enzyme.

To verify changes in the molecular weight, SEC measure-
ments were conducted on materials both before and after 
35 days of degradation. The observed molar mass changes 
(Table 2), along with the increased dispersity index, suggest 
that the material has undergone enzymatic degradation. 
The degradation of polyesters with semi-aromatic struc-
tures is typically known to be relatively inefficient. How-
ever, in this case, it appears that the enzyme is targeting 

Fig. 3. Fourier-transform infrared (FTIR) spectra of poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF) copolymer before and after 35 days 
of enzymatic degradation

Table 2. Molecular weight of poly(decamethylene furanoate)-co-
(dilinoleic furanoate) (PDF-DLF) copolyester before and after degradation

Material
SEC

Mn [g/mol] Mw [g/mol] Đ

PDF-DLF before degradation 12,200 43,600 3.6

PDF-DLF after 35 days of degradation 7,800 30,700 4.0

Mn – number average molecular mass, Mw – weight average molecular 
mass, Đ – dispersity index.
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the amorphous regions, specifically the DLF soft segments. 
The visible alterations in molecular weight serve as a clear 
indicator of ester bond cleavage. This phenomenon is sig-
nificant as it highlights the susceptibility of specific regions 
to enzymatic attack, contributing to the molecular rear-
rangement and changes observed.

Interestingly, SEM analysis displayed noticeable surface 
changes, including breaks and holes following degrada-
tion. Figure 4 illustrates these alterations on the material 
surface, indicating a localized impact. The results suggest 
that enzymatic degradation likely occurs through a surface 
erosion mechanism rather than extensive bulk breakdown.

Finally, the detected mass loss of slightly over 2% dur-
ing the 35 days indicated relatively slow enzymatic degra-
dation (Fig. 5). This behavior is typical of the first phase 
of enzyme-assisted chemical hydrolysis, and only after 
this is usually followed by metabolizing the fragments and 
rapid loss of polymer mass.

All these factors collectively suggest that PDF-DLF 
is susceptible to enzyme-assisted chemical hydrolysis, de-
spite no significant mass loss. However, further in-depth 

Fig. 4. Scanning electron microscopy (SEM) images of poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF) copolyester before and after 
35 days of enzymatic degradation using lipase from Pseudomonas cepacia

Fig. 5. Mass loss of poly(decamethylene furanoate)-co-(dilinoleic 
furanoate) (PDF-DLF) copolyester during enzymatic degradation
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investigation and research in this matter are necessary, 
potentially involving the use of different enzymes. For 
example, enzymatic degradation was also studied utiliz-
ing recombinant Thermobifida cellulosilytica cutinase 1 
(Thc_Cut1), cutinase from Humicola insolens (HiC) and 
lipase from Porcine pancreas (LPP) on poly(ethylene fu-
ranoate) (PEF), revealing promising results and correla-
tions.34–38 Thc_Cut1 exhibited higher activity on higher 
molecular weight PEF powders, releasing 13 mM of FDCA 
after 72 h.36 Crystallinity significantly impacted degrada-
tion rates, accelerating hydrolysis in cases of lower crystal-
linity. Conversely, HiC demonstrated greater activity than 
Thc_Cut1 on the highly crystalline forms of PEF, thereby 
slowing enzymatic hydrolysis.34

Moreover, a  recent study by  Kim et  al. explored 
the  enzymatic degradation of  poly(butylene adipate)-
co-(butylene furanoate) (PBAF) copolymers with vary-
ing furan ring fractions (50 mol% and 70 mol%) using 
Thermomyces lanuginosus lipase (TLL), a highly selective 
catalyst.39 The study revealed that PBAF with a 50 mol% 
furan ring fraction experienced a mass loss exceeding 

80% within a few days, while PBAF with a 70 mol% fu-
ran ring fraction exhibited only around 1–2% mass loss 
over the same period. These findings align with our re-
search, indicating that a higher proportion of furan units 
in the copolymer results in a slower rate of degradation. 
Hence, careful design considerations for such materials 
are essential to accelerate this process, particularly when 
attempting to meet the requirements for medical applica-
tions. All enzymes used for the enzymatic degradation 
studies acknowledged above were in their native form 
(not immobilized).

Given the  potential application of  the  copolymer 
in  the  biomedical field, specifically in  contact with 
the body, it became imperative to assess the material’s 
biocompatibility. To investigate any potential cytotoxic 
or growth-inhibitory effects of the PDF-DLF copolyester, 
an in vitro indirect contact assay was conducted using 
L929 murine fibroblasts. Over 24 h, cells were exposed 
to extracts from both the reference material (PCL) and 
the PDF-DLF samples, and cell viability was assessed with 
light microscopy and a resazurin viability assay. Following 

Fig. 6. Representative micrographs of L929 cells seeded at 10,000 cells per well. A. Cells 24 h after seeding; B. Cells 48 h of culture without extracts. Cells 
were cultured for 24 h with extracts from tested poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF) material (C) and reference material (PCL 
sample) (D)



Polim Med. 2024;54(1):59–69 67

the 24-h incubation, noticeable adverse effects of both PCL 
and PDF-DLF materials were observed (Fig. 6). Impor-
tantly, the absence of toxic contaminants was confirmed 
by the robust growth and typical cell morphology observed 
when cells were treated with extracts from control, refer-
ence and tested materials. The microscopic observations 
were supported by the results of the resazurin viability 
assay, from which normalized viability values were cal-
culated. These values were in accordance with the visual 
evaluation. Considering the typical doubling time of L929 
cells is approx. 20–22 h, viability values below 70% are 
indicative of cytotoxicity according to ISO10993. The aver-
age values of normalized cell viability (CV%) for PCL and 
PDF-DLF were 97 ±5% and 95 ±7%, respectively.

Ultimately, PDF-DLF underwent a preliminary study 
involving electrospinning to assess its processability and 
suitability for application in the field of tissue engineering 
as scaffolds.

In the course of our investigations, it was observed that 
polymer concentrations below 20% resulted in electro-
spraying, revealing inadequate fiber formation, while 
a  concentration of 50% led to  the  formation of  a bulk 
structure. This was attributed to the solvent evaporation 
rate on crystalline phase formation of the polymer dur-
ing electrospinning, which can be irrespective of polymer 
drawing forces.40

Subsequent experimental studies identified that the opti-
mum polymer concentration of 30%, coupled with a 24-gauge 
needle, yielded the most favorable electrospinning outcomes. 
The fine-tuning process extended beyond concentration ad-
justment and encompassed modifications to key electrospin-
ning parameters, including the distance between the needle 
tip and the collector, applied voltage and polymer solution 
flow rate. Through systematic adjustments, the following op-
timal parameters were identified; a distance of 20 cm, a flow 
rate of 5 mL/h and an applied voltage of 15 kV. The establish-
ment of these conditions not only enabled the reproducibility 
of the electrospinning process but also underscored the im-
portance of optimal parameters in governing the morpho-
logical characteristics of the resulting fibers.

Figure 7 presents the SEM images of the obtained fi-
bers through the optimized parameters of the electrospin-
ning. The acquired fibers exhibit structural homogeneity 
and uniform distribution. Given the utilization of a flat 
aluminum collector during the electrospinning process, 
the resulting fibers exhibit a random orientation. Figure 8 
presents a comprehensive analysis of fiber diameters and 
their distribution, conducted through ImageJ software 
(National Institutes of  Health (NIH), Bethesda, USA). 
The findings reveal that, for the copolymer under investi-
gation, the majority of fiber diameters fall within the range 
of 500–700 nm. This outcome underscores the electrospin-
ning potential of the polymer, showcasing characteristics 
similar to the ECM.41,42 The versatility of these fibers ex-
tends their applicability to diverse domains, including, but 
not only limited to, tissue engineering.

Fig. 7. Scanning electron microscopy (SEM) micrographs of the obtained fibers from poly(decamethylene furanoate)-co-(dilinoleic furanoate) (PDF-DLF) 
copolymer using CHCl3 as the solvent with 30% wt/vol% concentration

Fig. 8. Fiber diameter distribution was obtained from scanning electron 
microscopy (SEM) micrographs of the copolymer using ImageJ software
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Conclusions

In response to the increasing demand for sustainable 
materials, particularly in the polyester domain, this re-
search has been dedicated to the comprehensive evaluation 
of a furan-based copolymer, PDF-DLF. This copolymer, 
with a 70–30 wt% hard-to-soft segment ratio, was exam-
ined for its potential in medical applications, with a spe-
cific emphasis on its viability as a scaffolding material for 
tissue engineering.

The  results underscore the  significant steps made 
in the development of sustainable materials with versa-
tile processing capabilities. PDF-DLF exhibited promising 
mechanical and thermal properties. It was successfully 
electrospun into nanofibers, with diameters ranging from 
500 nm to 700 nm, holding promise for the creation of bio-
degradable scaffolds for medical engineering.

Furthermore, biocompatibility assessments revealed 
promising results. In vitro studies using L929 murine 
fibroblasts demonstrated a high cell viability, indicat-
ing the material’s compatibility and lack of cytotoxic 
effects. Enzymatic degradation studies revealed struc-
tural and molecular changes, as well as localized impact 
on  the polymer’s surfaces. Although registered mass 
loss is not significant, it suggests material susceptibility 
to enzymatic degradation. However, while this study 
has unveiled promising aspects of PDF-DLF, further 
research is  imperative. Deeper research on enzymatic 
degradation mechanisms, which could utilize different 
enzymes, is recommended.

In conclusion, the findings of this research not only con-
tribute to the expanding knowledge of sustainable mate-
rials but also open new avenues for PDF-DLF in critical 
industries, particularly in the ever-evolving field of bio-
medical engineering. The convergence of biocompatibility, 
mechanical properties and processing capabilities in PDF-
DLF suggests a multifaceted solution to environmental and 
engineering challenges, warranting continued exploration 
and refinement.
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Abstract
The eye is the most accessible site for topical drug delivery. Drug’s ocular bioavailability is quite low when 
administered topically as eye drops. Viscosity enhancers are used to increase ocular bioavailability by extending 
the precorneal residence time of the drug at the ocular site. Cellulose, polyalcohol and polyacrylic acid are 
examples of hydrophilic viscosity enhancers. The addition of viscosity modifiers increases the amount of time 
the drug is in contact with the ocular surface. Several polysaccharides have been studied as excipients and 
viscosity boosters for ocular formulations, including cellulose derivatives such as chitosan (CS), xyloglucan and 
arabinogalactan (methylcellulose, hydroxyethylcellulose, hydroxypropylmethylcellulose (HPMC), and sodium 
carboxymethylcellulose). Viscosity-increasing substances reduce the surface tension, extend the corneal 
contact time, slow the drainage, and improve the bioavailability. Chitosan is a viscosity enhancer that was 
originally thought to open tight junction barrier cells in the epithelium. Chitosan thickens the medication 
solution and allows it to penetrate deeper. Alginate is an anionic polymer with carboxyl end groups that 
has the highest mucoadhesive strength and is used to improve penetration. Carboxymethylcellulose (CMC), 
a polysaccharide with a high molecular weight, is one of the most common viscous polymers used in ar-
tificial tears to achieve their longer ocular surface residence period. Hyaluronic acid (HA) is biocompatible 
and biodegradable in nature, and it is available in ocular sustained-release dose forms. A polymer known 
as xanthan gum is used to increase viscosity. At 0.2% concentration, carbomer forms a highly viscous gel.

Key words: polysaccharides, mucoadhesive strength, retinal bioavailability, viscosity enhancer
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Introduction

Topical administration to the eye is the method most 
frequently used for the treatment of different eye condi-
tions. Ocular medications are only partially absorbed due 
to the eye’s strong defensive mechanisms. Some of the pro-
cesses that clear debris from the surface of the eye include 
drainage, baseline lachrymation, reflex lachrymation, and 
blinking. Drug absorption is further aided by the cornea’s 
physiology, composition and barrier performance. Toxic 
side effects or prolonged contact with very concentrated 
liquids may cause eye damage. The use of a mucoadhesive, 
which has been helpful in mucosa and oral applications, 
was another technique for refining the ocular dose form. 
One investigation focused on the interaction of mucins 
with natural and synthetic polymers. Interactions with 
the ocular structures or mucus layer required longer pre-
corneal preparation.  Several mucoadhesive polymers were 
found to enhance drug absorption, accelerate wound heal-
ing and safeguard epithelial cells.1

The eye is an extensive organ with unique structure 
and physiology that obstructs the entry of medicines into 
the intended ocular locations. Researchers have been in-
terested in effective topical administration for many years. 
Their goal has been to increase medication residence time 
and achieve proper ocular penetration.2 Precorneal, cor-
neal and blood–corneal barriers, among others, prevent 
the effective transport of drugs to the ocular regions. Topi-
cal, intravitreal, intraocular, juxtascleral, subconjunctival, 
intracameral, and retrobulbar delivery methods are avail-
able for ocular administration. More than 95% of commer-
cially available ophthalmic formulations are in liquid state.3

Although many medications are effective in treating the ma-
jority of ocular diseases, there are numerous ocular barriers, 
including tear film, corneal, conjunctival, and blood–ocular 
barriers, which limit the therapeutic efficiency of these medi-
cations. Both tear production and blinking deplete conven-
tional eye drops. The bioavailability of these drugs is thereby 
reduced by 90%. As per ocular delivery concern, the first rate-
limiting step is cornea. Therefore, to achieve higher bioavail-
ability of therapeutic agent at any dose, the minimal penetra-
tion is achieved through the cornea. The cornea is made up 
of epithelium, stroma and endothelium. Only tiny, lipophilic 
medications can pass through epithelium, but hydrophilic 
medications can flow through the stroma. The endothelium 
protects the corneal transparency and allows for the targeted 
entrance of hydrophilic medicines and macromolecules into 
the aqueous humour.4,5 Comparatively speaking, the conjunc-
tiva has less of an impact on drug absorption than the cor-
nea, yet specific macromolecular nanomedicines, peptides 
and oligonucleotides easily reach the deep layers of the eye 
through these tissues. Xenobiotic substances cannot en-
ter the bloodstream because of the blood–ocular barriers. 
The blood–aqueous barrier (BAB) is found in the anterior por-
tion of the eye, and the blood–retinal barrier (BRB) is found 
in the posterior segment.

The goal of this review is to discuss different viscos-
ity-enhancing agents that are used for improving ocular 
bioavailability. To achieve and maintain an optimal medi-
cation concentration with the least amount of the active 
therapeutic component, successful ocular absorption re-
quires both effective precorneal residence time and ap-
propriate corneal penetration.

In accordance with several literature reviews, this study 
focused on a few additional properties of viscosity-enhanc-
ing agents that enhance residence duration and improve 
corneal permeability in the ocular region and are useful 
for formulation issues.

Current review intends to  summarize the  exist-
ing conventional formulations for ocular delivery and 
their advancements, followed by polymers that are used 
in the ocular drug delivery system based on the formula-
tion developments.

Gap between the ocular regions

This review aimed to fill in the gaps left by earlier studies 
that have been published on the viscosity-enhancing agents 
used in the administration of ocular medication. Various 
anatomical features of the eye, various ocular diseases, 
barriers to ocular delivery, various methods of ocular ad-
ministration, classification of dosage forms, numerous 
nanostructured platforms, characterization approaches, 
strategies to improve ocular delivery, and future technolo-
gies were just some of the topics covered in a thorough 
description of ocular drug delivery from various directions.

Anatomy and physiology

The eyeball’s 3 layers are an inner coat, a uveal coat, and 
the sclera and the cornea on the outside (retina). The sclera 
is made up of sphere-like structures, and the cornea and 
sclera are both made up of fibers. The flexible front section 
of the eyelids shields the eye’s outer surface. The sclera fis-
sure can open and close based on how rapidly the fragile 
skin of the eyelids folds over the eyeball.

One can close their eyes either intentionally or involun-
tarily (via reflex and spontaneous blinking). Sclera fissure 
provides an optically smooth surface to the cornea by dis-
tributing tear fluid throughout the eye. The translucent 
cornea of the eye extends forward and has an approxi-
mately spherical shape. The eyelids, tears, blinking, and 
lashes are considered ocular defense mechanisms. Blink-
ing often occurs to keep the ocular surface moist using 
tears secreted by the lachrymal gland and clean the mucus. 
The blink reflex closes the eyelids to protect them from 
damage, and the eyelashes trap anything that might fly 
in while they do so. Tears, because of their antibacterial 
properties, soothe irritations and protect the body from 
infections. The defensive mechanisms of the eyelids and 
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cornea ensure that any substance injected into the eye 
is quickly removed through the lachrymal system. It is not 
a modest volume unless it is chemo- and physio-compatible 
with surface tissues.6

Structure of the eye

Along with the extrinsic eye muscles, the  lachrymal 
system (which produces tears) develops. The components 
of the lachrymal apparatus produce and discharge lachry-
mal fluid, sometimes known as tears.

The vitreous chamber, the largest of the 3 chambers, 
is filled with a translucent, jelly-like fluid called vitreous 
humor. As a result, the health of the eyeball, lens, retina, 
intraocular pressure, and light refraction within the eye 
are all protected. Layers of the eye are made up of vascu-
lar, fibrous and neuronal tissues. The cornea and sclera 
are the 2 fibrous outermost layers of the eye. The choroid, 
ciliary body and iris are examples of intermediate vascular 
layer structures (Fig. 1).

Fibrous layers of the eye

The cornea

The cornea, a fibrous layer that is external and transpar-
ent, makes up 1/6 of the eyeball. The endothelium, stroma, 
Descemet’s membrane, Bowman’s membrane, and epithelial 
membrane are the 5 structural layers of the cornea. There 
are 5 sublayers and a 50–100-μm thick outer epithelium 

of the human cornea. The epithelium’s lipophilic character 
accounts for around 90% of the barrier to hydrophilic drug 
entry, whereas hydrophobic drug entry accounts for just 10% 
of the barrier. The Bowman’s membrane is considerably thin-
ner than the epithelium, with a thickness range of 8–14 μm. 
This layer serves as a barrier to prevent medications from 
entering the cornea, despite the fact that it cannot be regen-
erated if it is damaged. Mucopolysaccharides, collagen and 
other proteins make up the 20% of the stroma’s dry weight 
that is not made up primarily of water. Therefore, it is believed 
that the stroma is responsible for preventing the absorption 
of lipophilic medicines across the cornea. The membrane 
that follows is known as the Descemet’s membrane. Studies 
revealed that the 6-μm layer, a thin regeneration membrane, 
has little impact on how well ocular medications are ab-
sorbed. The posterior corneal surface is enveloped by a cell 
layer resembling the endothelium. These cells, linked by gap 
junctions, exhibit a permeability 200 times greater than that 
of the epithelial layer. This structure facilitates active fluid 
drainage and efficient fluid removal.

The sclera

The sclera, or “white of the eye,” covers 5/6 of the eyeball. 
The stiff, collagenous connective tissue and elastic fibers 
give it a white, opaque look. It develops the eyeball, shields 
the internal organs and tissues of the eye, and protects 
the eye. According to research, the sclera has a strong mo-
lecular radius dependence and is highly permeable to hy-
drophilic medicines. Water-soluble substances with a re-
duced molecular weight can thus more efficiently penetrate 
the pores and cytosol of the sclera.

Fig. 1. Structure of the eye
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The conjunctiva

This double or triple epithelial layer is made up of 3 ma-
jor cell types: neurogenic epithelium, relevant epithelium 
integration and anterior epithelium. Despite their near 
proximity, these cells are more permeable to hydrophilic 
chemicals than the cornea. Greater permeability is caused 
by larger paracellular epithelial holes and an increase in ep-
ithelial pores.

The neural layer of the eye

The retina is located in the ocular layer, which is the eye-
ball’s innermost layer. Layers of pigmented cuboidal cells 
and light-sensitive neurons line the  inside and outside 
of the retina, respectively. This layer of the brain also com-
prises 6–7-μm photoreceptor cone cells and 120-μm pho-
toreceptor rod cells. The macula and fovea of the retina are 
both illuminated. The fovea of the retina has more photore-
ceptors than any other portion of the retina, thus when light 
is concentrated there, visual acuity is at its peak. The optical 
disc has a “blind spot” because it lacks photoreceptor cells. 
The retinal artery and vein enter and leave here.

The vascular layer of the eye

Melanin pigments, which are mostly located in the vas-
cular layer’s cells, are responsible for the  dark color 
of the layer. The ophthalmic artery branches and the tiny 
ciliary arteries that wrap around the optic nerve vascu-
larize the eye. The vascular layer of the eye, in addition 
to the choroid, ciliary body and iris, includes the majority 
of the blood vessels. The choroid, the circulatory layer’s 
deepest layer, lines the sclera’s inner surface. This layer 
creates the blood–ocular barrier, which strictly regulates 
the passage of chemicals from the blood into the eye.7

Ophthalmic disorders

Conjunctivitis

Bacteria, viruses, allergens like pollen and dust, smoking, 
and pollution can all cause ocular inflammation. It distin-
guishes itself from other conjunctivitis by its capacity to se-
crete and infiltrate cells. Staphylococcus aureus is the most 
prevalent cause of bacterial conjunctivitis and blepharon 
conjunctivitis. Furthermore, Haemophilus influenzae and 
Streptococcus pneumonia can cause conjunctivitis.

Glaucoma

Inadequate aqueous humor outflow causes pressure 
to build up in the front and posterior chambers of the cho-
roid layers. Glaucoma can cause permanent eyesight loss 
as well as severe and irreversible visual loss, if left untreated.

Keratitis

Keratitis is an eye infection caused by viruses, bacte-
ria or fungi. Bacterial corneal ulcers are more frequently 
caused by  viral infections. The  most common causes 
of corneal ulcers are S. aureus, Pseudomonas pyocyanea, 
Escherichia coli, and Proteus mirabilis.

Dry eye syndrome

The  area around the  eyes has extremely dry skin. 
The characteristic of dry eye syndrome, sometimes re-
ferred to as keratoconjunctivitis sicca, is  inflammation 
of the lachrymal glands and ocular surface.

Iritis

The usual acute side effects include inflammation and 
eye irritation. Aside from that, chalazas, ophthalmic rosa-
cea variations, and blepharitis (lid edge inflammation) are 
also medical conditions (meibomian cysts of the eye lid).8

Ocular drug delivery system

Medication of specific impact above surface or interior 
of the eye is regularly delivered to the ocular system. Topi-
cally applied medications, such as eye drops, have a limited 
bioavailability. The nasolachrymal system is used to inject 
a dose into the nasopharynx in order to improve the dura-
tion of therapeutic activity and ocular bioavailability. De-
spite improving corneal contact length to varying degrees, 
these devices have not been widely adopted because of  eye 
pain (ointments), poor patient compliance (inserts) and lid 
sticking (gels). Their place has been replaced by ointments, 
gels and polymeric implants. Because of eye irritation (oint-
ments), poor patient compliance (inserts) and lid sticking, 
all of these technologies extend the duration of corneal 
contact to varying degrees (Fig. 2). Recently, it was shown 
that pH- and temperature-induced in situ forming sys-
tems, such as carbopol and cellulose acetate phthalate, 
can keep ocular drugs administered. These in situ gel 
production strategies may improve ocular bioavailabil-
ity by increasing a drug’s precorneal residence duration. 
Drugs with low bioavailability due to poor permeability 
and solubility can be made more accessible by utilizing 
a variety of techniques. Increased drug absorption and 
longer ocular residence times are being worked on in or-
der to increase topical bioavailability and therapeutic re-
sponsiveness of ophthalmic medicines. The formulation 
viscosity was increased to improve ocular bioavailability 
and the drug’s precorneal residence duration at the ocular 
site. Hydrophilic viscosity enhancers such as cellulose, 
polyalcohol and polyacrylic acid are examples. Sodium 
carboxymethyl cellulose is  the most important muco-
adhesive polymer with strong adherence. The addition 
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of carbomer increases the viscosity of liquid and semisolid 
solutions. Because it binds form and has mucoadhesive 
properties, hydrogel aids in drug delivery system main-
tenance. Hyaluronic acid (HA) is a naturally occurring 
substance that is both biocompatible and biodegradable. 
It is available in dose formulations that provide a sustained 
release for the eyes. The polysaccharide xanthan gum can 
be used to enhance viscosity. A viscosity vehicle increases 
contact time and improves ocular absorption. A viscosity 
enhancer can be added to an ophthalmic solution vehicle 
to  lower the size of the  injected drop while increasing 
the viscosity of the solution in order to improve ocular 
absorption, increase the viscosity of the solution and add 
a viscosity enhancer to an ophthalmic solution vehicle. 
Poorly absorbed medications can be more successfully 
absorbed by improving ocular absorption. Using viscosity 
modifiers to extend the time the medicine is in contact 
with the ocular surface, for example, can assist increase 
drug bioavailability. Other techniques include particle 
retention at the site of administration following ocular de-
livery, polymer breakdown, diffusion-based drug release, 
chemical reaction processes, and drug release. Particulate 
medicine delivery techniques utilize the nanoparticles and 
microspheres. Chitosan (CS) is a bioadhesive carrier that 
is suitable for ocular formulation owing to its intrinsic bio-
logical properties, which include biodegradability, nontox-
icity and biocompatibility.9 Salicylic acid reacts ionically 
with its opposing charges because of its positive charge 
and neutral pH. Carrageenan and xanthan are both bioad-
hesive polysaccharides. When surface tension is reduced, 
longer corneal contact durations result in slower drainage 
and greater absorption. This is the fundamental purpose 
of viscosity-increasing compounds.9,10 (Fig. 3.)

Viscosity enhancers used 
in ocular drug delivery system

Viscosity modifiers are chemicals that are used to alter 
the thickness or texture of medicinal substances. Thicken-
ers, texturizers, gelation agents, and stiffening agents are 
examples of viscosity modifiers. Table 1 presents viscosity 
profiles of selected viscosity-enhancing agents.

Chitosan

Chitosan is  a  positively charged mucopolysaccharide 
found in the shells of insects and crustaceans that is pro-
duced through chitin deacetylation. It contains both N-
acetylglucosamine and glucosamine. Chitosan’s acetylation 
level has a substantial impact on its solubility; the higher 
the acetylation level, the more CS is affected. The amine 
group in CS has a pKa of about 6.5 and is soluble at acidic 
pHs but insoluble at neutral pHs. Chitosan, a viscosity en-
hancer, was considered to open epithelial tight junction 
barrier cells and intracellular cells. Chitosan increases cell 
permeability without impairing viability. Because of this 
increased permeability, more drugs are transported across 
the cornea. It is also naturally biodegradable and has mu-
coadhesive properties. The majority of organic acidic so-
lutions, such as citric, formic, acetic, and tartaric acids, 
are dissolved by CS. Phosphoric and sulfuric acids are not 
dissolved with CS. It is highly soluble in organic acids due 
to its ability to generate protonated amines and exhibit 
polycationic properties at pH values lower than 6. Chitosan 
concentration can be increased by cutting it into quarters 
to produce trimethyl CS. It is soluble in both neutral and 
basic pH ranges.11

Fig. 2. Ocular drug delivery system



P.K. Pawar, R.D. Rathod, S.R. Jagadale. Viscosity enhancer for ocular application76

At pH values above approx. 6.5, CS amines become 
reactive and deprotonated, encouraging polymer connec-
tions and the formation of fibers and networks (i.e., film 
and gel). Chitosan’s structure has been altered to improve 
properties such as mucoadhesion and penetration. Chito-
san penetration capability is improved when given a thiol 
group by creating disulfide linkages with the cysteine 
residues on mucin. Several eye disorders could possibly 
be addressed by using these effects. Chitosan improves 
faster corneal repair by hastening kerocyte migration, 
which accelerates wound healing and collagen synthesis. 
According to Gurtler et al., the optimal CS dose for topi-
cal ophthalmology is 1.5% when compared with CS that 
has a low molecular weight range of 500–800 kDa.

Chitosan-based formulations

Chitosan nanoparticle
The use of CS nanoparticles enhanced drug bioavail-

ability to the ocular mucosa. Tighter contact benefits such 
systems, and distribution to  the outside ocular tissues 
should be increased without jeopardizing the inner ocu-
lar structures.12,13 Chitosan nanoparticles were researched 
to evaluate if they could be used to deliver ocular drugs 
in vivo;  their toxicity in conjunctival cell cultures was 
also examined. The fluorescent nanoparticles were gen-
erated using the ionotropic gelation process.14,15 To test 
the particle stability in the presence of lysozyme, the size, 
viscosity of the mucin dispersion and particle interaction 

Fig. 3. Viscosity enhancers in ocular formulations

Table 1. Viscosity profile of selected viscosity enhancing agent

Polymer* Charge Viscosity profile range (cps) References

carbomer anionic 40,000–60,000 [9]

chitosan cationic 1000–2000 [13]

scleroglucan anionic 2500–4000 [15]

sodium alginate anionic 20–400 [28]

xanthan gum anionic 1350 [35]

gellan gum anionic 2000–4000 [42]

sodium carboxymethylcellulose anionic 1500–3000 [62]

hydroxypropylmethylcellulose non-ionic 3000–5000 [70]

*All polymer viscosity agent concentrations are ≤1% w/v.
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with mucin were all examined. The in vivo interactions 
of CS-fluorescent (FL) (CS-FL) nanoparticles with rabbit 
cornea and conjunctiva were investigated using spectro-
fluorimetry and confocal imaging. Chitosan nanoparticles 
are promising medication delivery platforms for the eye.16,17

Chitosan microspheres
Microspheres enable precise and controlled drug ad-

ministration. The incorporation of penetration enhancers, 
such as CS, into microspheres has the advantages, such 
as the bioavailability and improved retention time due 
to much closer contact with the mucus layer, and accurate 
targeting of medications to the ocular region.18 The use 
of CS microspheres enables prolonged in-vivo ocular medi-
cation release. Chitosan is useful for drug release control 
due to its mucoadhesive characteristics. Overall, each par-
ticle system provides a feasible technique for improving 
drug bioavailability in the eye.19

Chitosan of in situ gelling system
In situ gel combines the advantages of liquid and gel. 

It is precise and easy to operate. Before administration, 
the medicine was in the solution form; during adminis-
tration, it was in the gel form. As a result, less medication 
is lost and the drug remains in the precornea of the eye for 
longer. Also, the medicine is more bioavailable.20,21 Tem-
perature and pH fluctuations can activate in situ gelling 
processes. Chitosan, a polymer sensitive to pH changes, 
has the capability to enhance the viscosity of a substance. 
By combining CS in situ gel with polaxamer, the resulting 
gel’s mechanical strength surpasses that of either com-
ponent on its own, making this combination especially 
advantageous for ocular delivery.22

Chitosan solutions
When administered topically, polycationic CS com-

pounds that are soluble at the physiological pH of tear 
fluid enhance penetration. The precorneal residence was 
extended by tobramycin and CS solutions. The therapeu-
tic solution’s viscosity and permeability have increased 
as a result.23

Chitosan liposomes
Liposomes, which are colloidal drug delivery techniques, 

have better ocular bioavailability than standard liquid 
formulations. Although they have some advantages, such 
as ease of administration, better bioavailability and no 
effect on vision, there are also some disadvantages. Drugs 
leak due to their rapid fusion or disintegration while being 
stored or administered.24 To address these issues, lipo-
somes were coated with low-molecular-weight CS. Because 
of the CS coating, the liposomes have high penetration and 
a positive charge. Chitosan coating improves precorneal 
retention compared to liposomes without a coating. Chito-
san coating increased transcorneal medication absorption 
through modulating CS influence on drug penetration.25

Sodium alginate

Due to its high degree of hydrophobicity, biocompatibil-
ity and low cost, alginate is a popular pharmaceutical deliv-
ery alternative. In situ gelling system that is based on poly-
mers appears to be a better drug delivery strategy. Most 
mucoadhesive polymers are found in the form of sodium 
alginate, an anionic polymer containing a carboxyl end 
group. When alginate is slowly dissolved in water, it cre-
ates a gel. The solution has permeated high viscosity.26,27

Sodium alginate-based formulations

Sodium alginate nanoparticle
Sodium alginate, an interesting polysaccharide, has found 

applications in diverse ocular delivery systems, both indepen-
dently and in combination with other substances. Innovative 
nanoparticles have been created using sodium alginate encap-
sulation, facilitating gradual medication transport to the ocu-
lar mucosa.28 Because of its excellent biological properties, 
such as renewability and non-toxicity, sodium alginate was 
chosen as an ocular formulation carrier. Alginic acid formula-
tions with a prolonged precorneal stay were sought after due to 
their mucoadhesive properties and the ability to gel in the eye.

Sodium alginate microsphere
The sodium alginate technique was devised to deliver 

gatifloxacin to the ocular mucosa over time. The com-
bination of biocompatible and biodegradable properties 
protects the encapsulated chemical and prevents its release 
more effectively than alginate or CS alone. It is a promising 
technique of drug release because of its properties, such 
as mild gelation conditions, biocompatibility, biodegrad-
ability, and pH dependence.29

Sodium alginate in situ gelling system
The  porosity of  these hydrogels, the  initial viscosity 

of the alginate solution, the ratios between guluronic acid 
and mannuronic acid, the concentration of the ionic cross-
linker – all these factors play a crucial role. Calcium serves 
as the initial cross-linker in the alginate solution. Calcium 
cross-linked polymers can physically capture and stimulate 
the release of a variety of compounds, even at low poly-
mer solution concentrations.30 This phase shift occurs 
in the in situ gel conjunctiva of the eye. In the literature, 
numerous physiologic circumstances have been employed 
to document the sol–gel transition of various gels. These in-
clude CS, carbopol, sodium alginate, poloxamers, Pluronic® 
(Shilpa ChemSpe, Mumbai India), Gelrite (Opal Biotech, 
Mumbai, Maharashtra, India), xanthan, and polymeric 
copolymers. Many synthetic and organic polymers have 
the potential to improve drug bioavailability by extending 
the time drugs stay in the body.31 Aside from safety, bio-
compatibility and biodegradability, an excellent polymer-
fabricated delivery system should be able to load medica-
tions and have a longer residence length at target tissues.



P.K. Pawar, R.D. Rathod, S.R. Jagadale. Viscosity enhancer for ocular application78

Xanthan gum

Higher quantities of locust bean gum produce soft, elas
tic and thermally reversible gels. At 1% or higher concen-
trations, xanthan gum solutions virtually appear gel-like 
at repose, yet they pour readily and provide little mixing 
or pumping issues. These properties are present at 0.1–
0.3% of normal use levels. Xanthan gum solutions can help 
colloidal systems stay stable over time due to their high 
viscosity at low shear rates.32

Because xanthan gum solutions are significantly more vis-
cous than sodium alginate or carboxymethylcellulose (CMC) 
at low shear rates and roughly 15 times more viscous than 
guar gum at high shear rates, they are more effective at stabi-
lizing suspensions. Because of chemical forces such as van der 
Waals interactions, xanthan gum has a double-stranded helix 
structure and a low ionic strength in an aqueous disper-
sion. To properly link with the co-synergist, the conforma-
tion of the xanthan gum molecule must be pushed over 
if it is in an ordered state at the time of mixing. The physi-
cochemical features of xanthan gum, as well as variations 
in molecular conformation, have an effect on the substance’s 
capacity to attach to mucous membranes. Secondary bonds 
formed between double-stranded helices increase polymer 
concentration and elastic characteristics.33 Mucin must be 
present in substantial quantities for xanthan gum to inter-
act. To keep the scattered granules from settling, the liquid 
must be constantly swirled after being added to the xanthan 
gum solution until it is completely dissolved. Xanthan gum 
is a carrier for a number of eye diseases, including prolifera-
tive uveitis and choroiditis. Proliferation of tumors causes 
uveitis.34 Retinopathy of prematurity, posterior segment 
trauma and retinal vascular pathology are all names used 
to characterize inflammatory retinal diseases. According 
to the in vivo trial with healthy volunteers, xanthan gum 
solutions of greater viscosity  take longer to clear following 
injection. Therefore, xanthan gum outperforms poly(vinyl 
alcohol), hydroxyethylcellulose and hydroxypropylmethyl-
cellulose (HPMC) as a viscosifying agent. But, particularly 
at later time points, the gelation process of gellan gum per-
forms better than that of xanthan gum.35,36

Xanthan gum-based formulation

Xanthan gum in situ gelling
Devices that gel upon ion activation offer 2 advantages: 

they prompt gel formation on the ocular surface and ex-
tend the duration of corneal contact with the surface. 
The recent investigation of this in situ gelling system in-
dicates high cost alongside compatibility considerations.37

Xanthan gum nanoemulsion
Angiogenesis inhibitor-containing targeted vesicles 

were administered intraocularly and greatly reduced cho-
roidal neovascularization when compared to a placebo in-
jection. Nanoparticle medication has emerged as a feasible 

option for cutting-edge ocular ailment therapy as a result 
of recent improvements in ocular drug delivery system 
research that have provided new insights into drug com-
position. Nanoemulsion (NE)-based topical formulations 
have the potential to create new options for clinical trans-
lation in ocular therapy by designing NEs for effective 
loading and delivery of ocular drugs to achieve the desired 
therapeutic effects or to behave in a specific ocular state.38

Gellan gum

Nanoparticle drug delivery has become a promising ap-
proach for cutting-edge ocular sickness treatment as a re-
sult of recent advancements in ocular drug delivery system 
research that new insights into drug creation.

Gellan gum is a recognized polysaccharide derived from 
an aerobic Gram-negative bacterium that serves as an en-
ergy source. Its structure comprises glucuronic acid, rham-
nose and glucose in a 2:1:1 ratio, resulting in a repeat unit 
of tetrasaccharide through their combination.39 Gelrite, 
a commercial product, completely de-esters the native 
polysaccharide after being exposed to alkali, whereas L-
glycerate and acetate only partially esterify the polymer. 
Gellan gum contains the following molecules: O-acetyl, 
rhamnose, glucose, and glucuronic acid. Gellan gum is eas-
ily hydrated and dissolves in both hot and cold deionized 
water; however, when employed with cold distilled water, 
it generates viscous solutions. When soluble salts are pres-
ent, gellan gum can be utilized to form a strong gel at low 
concentrations. At high temperatures, gellan polymers ex-
ist in an arrangement known as an unorganized random 
coil in aqueous solutions.40 When polymers are cooled until 
they gel, double helices form and assemble to form junction 
zones. Cations stabilize the double helices and junction 
zones, resulting in a 3D gel network. Gellan gum is clas-
sified into 3 groups based on its structural composition: 
those with a high polysaccharide content, those with a high 
protein content, and those with a high polysaccharide O-
acetyl replacement content. Indomethacin is gelled in situ 
using gellan gum. When this approach is applied in a test 
tube to generate sustained drug release for 8 h, there is no 
harm to the eye tissues. A novel ophthalmic carrier called 
Gelrite® gellan gum hardens when it comes into touch with 
monovalent or divalent cations in the lachrymal fluid.41

Gelrite is a better transporter than xanthan gum due 
to its inclination to gel. Gelation is characterized by the cre-
ation of an orderly state of gellan chains.42

Gellan gum-based formulations

System for in situ gelling of gellan gum
In  situ gelling is  used as  a  delivery strategy in  one 

of the most promising ocular dosage forms. Liquid instil-
lation facilitates administration while simultaneously in-
creasing safety and frequency. Industrial preparation and 
manufacture are also simplified when compared to solid 
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and traditional semi-solid forms. The most significant ad-
vancement of these smart hydrogels is a solution-to-gel phase 
transition induced by physiologically relevant ocular surface 
stimuli such as temperature, pH or ionic strength. These 
2 chemicals, hydroxyethylcellulose-based and gellan gum, 
are used in in situ gelling delivery methods. Many gellan 
gum-based formulations have been shown to have prolonged 
in vivo ocular surface residence durations and the propensity 
to promote ocular gelling.43,44 Hydroxyethyl cellulose (HEC) 
was used to enhance viscosity, mucoadhesion and release 
properties while decreasing polymer concentration. In com-
parison to other cellulosic polymers, HEC is well tolerated 
and possesses the appropriate viscosity and lubricating quali-
ties. All formulations are free of the majority of dangerous 
eye drop preservatives, such as benzalkonium chloride. 
Market trends, patient and practitioner expectations and 
the increasing number of publications on the issue support 
the effectiveness of polymers like gellan gum (Table 2).

Gellan gum ocular inserts
There are few insert goods on the market due to the diffi-

culties of self-insertion and the perception of a foreign body. 
Because the production of gels is an extreme form of raising 
viscosity through the use of viscosity enhancers, the dosage 
can be reduced to once daily. Droppable gel is made by us-
ing modern gel production techniques. They transform 
from liquid to viscoelastic gel in the ocular cul-de-sac. For 
effective causation, 3 ways have been devised: pH change, 
temperature change and ionic activation phase transition 
in the ocular surface. Eye drops, ointments and lotions 
are some of the most commonly used topical medications 
for ocular delivery.45,46 Because just a small percentage 
of the medicine is therapeutically helpful, dosage must be 
done on a regular basis. Gellan gum ocular inserts irritate 
the eye and obstruct vision, among other problems.

Guar gum

Guar gum is utilized in  the pharmaceutical industry 
as a solid dosage form binder and disintegrant to improve 
the cohesiveness of prescription powders, as well as a sus-
pending, thickening and stabilizing agent in oral and topical 
therapies. Guar gum is a common controlled-release compo-
nent in medications due to its fast hydration. It is composed 
of galactose and mannose carbohydrates.47 Guar gum is in-
soluble in the vast majority of organic solvents, but it dis-
solves efficiently in both cold and warm organic solvents.

Guar gum-based formulations

Guar gum nanoparticle
The lack of stability required for a dependable drug ad-

ministration strategy is the main drawback in the produc-
tion of nanosized carboxymethyl guar gum nanoparticles 
by nanoprecipitation and sonication. Sodium trimeta-
phosphate (STMP), a non-toxic cyclic triphosphate, is ex-
tensively used to cross-link hydrogels and microspheres 
for therapeutic uses.48,49 However, the nanoparticles must 
be cross-linked to avoid dissolving at different pH levels, 
which would deplete some of the free functional groups.

Guar gum-based liposome
Liposomes are water-filled containers with a membrane 

or bilayer covering. As opposed to phospholipid-based lipo-
somes, they feature a core-shell arrangement in drug delivery 
systems, allowing for a superior encapsulating technique for 
extended drug release. Hydrophilic medications can be encap-
sulated by watery phospholipid-based liposomes, whereas hy-
drophobic drugs can be contained inside the lipid membrane. 
As a result, the liposomal smart design allows for the inclusion 
of both hydrophilic and hydrophobic medications.50

Table 2. Classification of polymers acting as viscosity enhancers: ocular mucoadhesive capacity

No. Polymer Natural viscosity enhancer Synthetic viscosity 
enhancer

Semi-synthetic viscosity 
enhancer

1. chitosan + – –

2. sodium alginate + – –

3. poly(vinyl alcohol) – + –

4. gellan gum + – –

5 guar gum + – –

6 xanthan gum + – –

7. xyloglucan + – –

8. sodium carboxymethylcellulose – – +

9. arabinogalactan + – –

10. carbomer – + –

11. hyaluronic acid + – –

12. scleroglucan + – –

13. HPMC – – +

HPMC – hydroxypropyl methylcellulose.
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Guar gum-based ocular insert
Guar gum is  used to  strengthen the  cohesiveness 

of the medicinal powder, as a binder and disintegrant in solid 
dosage forms, and as a suspending, thickening and stabiliz-
ing agent in oral and topical therapies. To address the limi-
tations of existing ophthalmic dose forms, ofloxacin and 
guar gum (a biodegradable polymer) are being developed 
as ocular inserts with zero order kinetics (eye drops and 
suspensions).51 By altering the guar gum content, the release 
of ofloxacin from inserts was examined (polymer matrix).

Xyloglucan

The sugars arabinose, xylose, glucose, and galactose are 
mixed in the ratios of 4:3.4:1.5:0.3 to create xyloglucan, 
a  galactoxyloglucan with a  molecular weight of  720–
880  kDa. The  cell walls of  higher plants are made up 
of xyloglucans, a type of linear polysaccharide. The xy-
loglucan’s viscosity is affected by the number of glycosyl 
and non-glycosyl subunits, the backbone molecular weight 
and the molecular weight. Tamarindus indica L. plants 
produce tamarind seed unionic and neutral carbohydrate 
xyloglucan (TSX), a  tamarind seed sticky polymer.52,53 
Tamarind seed polysaccharide (TSP) is a compound with 
mucoadhesive, bio-adhesive, viscosity-increasing, and mu-
comimetic properties. At the O–6 position, the 14-linked 
glucan backbone chain of TSX is significantly replaced 
by d-xylose. These xylose residues have been found in O-254 
in some cases.

Despite the fact that xyloglucan’s hydrophilic and hy-
drophobic characteristics make it soluble in water, aggre-
gated species are present in the solution because individual 
macromolecules do not fully hydrate. They can be found 
in extremely diluted liquids. Thus, structure and function 
are interwoven in xyloglucan aqueous solutions. The xy-
loglucan content and inherent viscosity have the biggest 
influence on the random coil overlap and entanglement 
of  the polymer backbone, respectively. When the con-
centration of xyloglucan in aqueous solutions increases, 
the random-coil structure appears. Carboxymethylation 
was used to change the properties of 55 TSPs.55,56 The bio-
degradation of  TSP is  slowed by  carboxymethylation, 
which also renders TSP more soluble in cold water and 
stable around bacteria. Even with a longer interval between 
doses of the medication, polysaccharide still enables pro-
longed reduction of S. aureus in the cornea. Tamarind seed 
polysaccharide increased drug accumulation in the cor-
nea and prolonged antibiotic precorneal residence dura-
tion, most likely by lowering drug washout after topical 
administration.57

Gel-forming ocular film based on xyloglucan

The material’s major properties include its high drug 
retention, mucoadhesivity, biocompatibility, high ther-
mal stability, and lack of carcinogens.58 Solvent casting 

was utilized to create an ocular film containing xyloglu-
can, which was then evaluated. Xyloglucan may produce 
a film with outstanding properties. The characterization 
outcome, which emphasizes the substance’s specific physi-
cal and mechanical properties, provides a clear indicator 
of  its filmmaking potential. According to the research, 
ciprofloxacin could be given to the eye in an effective and 
consistent manner utilizing xyloglucan ocular films.59

Sodium carboxymethyl cellulose

Carboxymethylcellulose, a high-molecular-weight poly-
saccharide, is one of the most commonly used viscous poly-
mers in synthetic tears to accomplish the prolonged ocular 
surface residency length. Because of its viscosity and muco-
adhesiveness, CMC has a long retention time on the ocular 
surface. It is made by pretreatment of cellulose with sodium 
hydroxide, combining chloroacetic acid, and adding an al-
kali catalyst. The molecular weights of this material, how-
ever, range from 90,000 to 2,000,000 g/mol. As a viscosity 
modifier, emulsifier, stabilizing agent, and lubricant, sodium 
carboxymethylcellulose (SCMC) is frequently employed 
in the manufacturing of medicinal dosage forms. In addi-
tion to being secure for use in medicine, it is inexpensive, 
abundant, and has a high-water bonding capacity.60

Sodium carboxymethyl cellulose-based formulations

SCMC-based in situ gel
After being injected into the eye and subjected to physi-

ological conditions, a viscous liquid known as an in situ 
active gel forming system transforms into gels or solid 
phase. In situ gelation combines the precision and ease 
of solutions and gels, as well as the latter’s prolonged pre-
corneal retention.61

We created the formulation with the most potential for 
sustained azithromycin release and effectiveness using 
pectin and SCMC at 0.5% w/v. Similar to polyacrylic acid, 
the cellulose ether SCMC exhibits mucoadhesive char-
acteristics. In order to promote ocular bioavailability via 
mucoadhesion and aid in the creation of the in situ gel, 
SCMC, a viscosity enhancer, is used. Pectin-based in situ 
gels may be utilized to extend azithromycin’s duration 
of action or contact time in the ocular region.62

Hyaluronic acid

The extracellular matrix contains HA, a polymer with 
a high molecular weight. This non-immunogenic glycos-
aminoglycan is utilized in ophthalmic medicine for a vari-
ety of objectives, including protecting corneal endothelial 
cells during intraocular surgery, treating dry eyes by replac-
ing tears for vitreous humor, and lengthening the precor-
neal residence duration of various pharmaceuticals. Diluted 
sodium hyaluronate solutions, which act as a substitute 
for tears, have been used successfully to treat severe dry 



Polim Med. 2024;54(1):71–84 81

eye conditions. Their primary advantages are their bio-
physical characteristics that resemble mucin and visco-
elasticity, which allow long-lasting hydration and retention. 
The eye’s surface is also well moisturized. Along with its 
ability to promote corneal epithelial cell proliferation, HA 
has also been related to inflammation and wound healing.63

When given topically to the eye, HA stimulates kerato-
cyte proliferation and corneal epithelial migration, which 
speeds up wound healing. Topical eye drops must be ap-
plied on a regular basis. The viscosity required to ensure 
good efficacy and an extended residence period while 
delaying the commencement of ocular surface drainage. 
However, in order to eliminate optical haze and to speed 
up the production process, which includes sterile filtration, 
the solutions should not be excessively viscous.64

Hyaluronic acid-based formulations

Hyaluronic acid-modified mucoadhesive liposomes
For more than a decade, liposomes, a  type of closed 

vesicle composed of an aqueous phase and a phospholipid 
bilayer, have been used to treat eye problems. This approach 
resulted in regulated medication release and lowered mem-
brane permeability. Liposomes modified with HA function 
as an eye therapy. Because HA-modified liposomes can 
be given more often and at lower doses, and because HA-
coated vehicles have a longer retention time on the surface 
of the eye, ocular drug bioavailability is increased.

Hyaluronic acid-based mucoadhesive niosomes
Niosomes, which are non-ionic, self-assembling vesicles, 

outperformed the replacement system in the following 
ways: they offer high compatibility, chemical stability, 
low toxicity, ease of production, and increased solubility 
and permeability due to the use of surfactants. Mucoad-
hesion niosomes with HA coatings are being developed. 
The  HA coating aided niosome adherence to  mucin. 
The HA-coated niosomes surpassed solution- or uncoated 
niosomes in terms of ocular bioavailability and aqueous 
humor pharmacokinetics. They also improved tacrolimus 
retention in vivo.65

Oxidized hyaluronic acid-based hydrogel
A hydrogel can be created by combining oxidized HA, 

CS and glycol. In this study, researchers developed a hy-
drogel film that can deliver the eye drugs dexametha-
sone and levofloxacin at the same time. The swelling ratio 
of the hydrogel films reduced as the oxidized hyaluronic 
acid (OHA) oxidation level increased. Many bacterial 
strains were inhibited in their development when exposed 
to hydrogel sheets containing levofloxacin.66

Hydroxypropylmethylcellulose 

According to research, while having a lower viscosity 
than carbomer, this substance has better mucoadhesive 

qualities. The gelling capabilities of HPMC and carbo-
pol 980 NF were merged to create a pH-responsive in situ 
gelling vehicle, serving as a gelling agent for administer-
ing drugs to the eye. Additionally, the laboratory exam-
ined how hydroxypropyl-β-cyclodextrin (HP-β-CD) im-
pacted puerarin solubility in water and its penetration 
into the cornea.67 The substance is composed of glucose 
molecule chain. However, instead of the hydrogen, the ma-
terial is composed with methoxy and hydroxypropyl side 
chains of the hydroxyl groups. It is a cellulose ether that 
is commonly used as a first-line treatment for dry eyes and 
other ocular surface problems.68,69

HPMC-based formulations

Ocular film using HPMC
Following the method for administering diclofenac so-

dium to the eye, CS-based nanoparticles are dispersed 
on an HPMC-based film. The CS-HA nanoparticles’ zeta 
potential was discovered to have a negative charge. Encap-
sulation efficiency was 70%, and the particles were nano-
meter in size. The diclofenac film viscosity/polymer con-
centration had a higher viscosity and a slower rate of drug 
release. When nanoparticles were added to HPMC films, 
the drug was released gradually and constantly. Drug re-
lease and corneal penetration studies demonstrated that 
diclofenac-loaded nanoparticles have a slower- or longer-
lasting drug release.70

HPMC-based ocular insert
Cyclosporin A (CsA) is the most effective in the manu-

facturing process for the physicochemical analysis and 
it is loaded with HPMC inserts. Mechanical features such 
as thickness and wettability have been shown to reduce 
eye irritation. The CsA concentration in the polymer ma-
trix was uniform throughout. According to the in vitro 
release studies, the drug continued to leak for up to 20 h. 
Xanthan gum improves folding endurance and extends 
the time the medicine is in contact with the ocular layer 
in addition to  increasing the time of CsA production. 
The  cytotoxicity investigation did not show any evi-
dence of harm to the bovine corneal cells, in contrast 
to the control group.71 The research’s conclusions show 
that when CsA was added to  the  anti-inf lammatory 
study in Jurkat T cells activity by reducing interkeukin-2 
(IL-2) and interferon gamma (IFN-γ) production (Fig. 3, 
Table 3,4).

Conclusions

Some of the problems with the present formulations re-
sult in a very little fraction of active moiety in the posterior 
section of the ocular region. Due to a shorter residence 
time, reduced penetration and an absence of optimal vis-
cosity behavior, topical ophthalmic medicine has a lower 
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ocular bioavailability. The  viscosity agents employed 
in ophthalmic formulations can be crucial in extending 
the active moiety’s precorneal residence time on the epi-
thelial corneal surface. It is challenging for manufacturers 
to use selected viscosity components at an appropriate 
concentration in an ophthalmic formulation. Further-
more, the viscosity-improving components are crucial 
in  lowering surface tension (between the  formulation 
and the corneal surface), which improves corneal surface 
contact time and ocular bioavailability of the relevant 
formulations.

It has been established that the use of viscosity en-
hancers is successful in  treating the symptoms of dry 
eye caused by a  lack of aqueous tears. Viscous topical 
ophthalmic solutions provide significant efficacy and pro-
longed residence time while delaying rapid drainage from 
the ocular surface. The concentration of the eye solution 
should be adjusted to minimize viscosity in order to pre-
vent blurry vision. A medication delivery method intended 
to prolong the duration of drug interaction at the ocu-
lar site is known as a viscosity enhancer. Additionally, 
the viscosity enhancer has been demonstrated to improve 
corneal absorption by altering the  integrity of corneal 
epithelium. Further developments in ocular medication 
delivery systems are expected in future in order to im-
prove and preserve eye health, enhance patient compli-
ance, and accomplish superior results in the management 
of ocular disorders.

Expert opinion

Over the last 2 decades, there have been major advance-
ments in the study of ocular drug delivery, turning away 
from the use of traditional solutions, suspensions and oint-
ments and towards viscosity-improving in situ gel systems, 
various inserts, colloidal systems, etc. Even though signifi-
cantly higher bioavailability and controlled release systems 
have been achieved with the use of various novel formu-
lation approaches for ophthalmic drug delivery, research 
is mainly limited to in vitro and in vivo studies, with very 
few reports on phase I clinical trials. The commercializa-
tion of newer dosage formulations is severely constrained 
by this issue. The physical stability problems linked to ve-
sicular systems, another barrier to the commercialization 
of innovative dosage forms, need to be resolved through 
extensive research.

Due to the ability of the medications to penetrate deeper 
tissues, the use of topical chemotherapy for the treatment 
of ocular melanoma (uveal, corneal and conjunctival mela-
noma) is restricted. Owing to the CS capacity to disrupt 
the deeper corneal layers, as opposed to synthetic penetra-
tion enhancers such as ethylenediaminetetraacetic acid 
(EDTA), azone compounds, sodium deoxycholate, polycar-
bophils, etc., it can increase the bioavailability of chemother-
apeutic medications. Melanoma cells can be targeted with 
chemotherapeutic drug-loaded nanoparticles identified with 
specific moieties, and sustained release can be achieved.

Table 3. Commercially available products containing viscosity-enhancing agents for ophthalmic use

Brand name Viscosity-enhancing agent Role References

Rugby poly(vinyl alcohol) relieves dry and irritated eyes [9]

Lacrymed carbomer relieves dry eye and soreness [13]

Biogran sodium alginate astringent in ophthalmic leverage [27]

Optimox xanthan gum bacterial conjunctivitis [33]

Lubifresh sodium carboxymethylcellulose relief from burning [60]

COSS-HPMC HPMC prevents conjunctival and corneal damage [68]

HPMC – hydroxypropylmethylcellulose.

Table 4. Patents for viscosity enhancers in their clinical studies

Patent No. Polymers Clinical studies References

US 2018/0243294 A1 carbomer treat ocular surface disease [60]

US,8,541,426 B2 HPMC treat corneal surface [62]

WO 2018/034569 A1 hyaluronic acid dry eye syndrome [72]

W0 02/100376 A1 chitosan ocular allergic condition [73]

US 2011/008221 A1 sodium alginate sustained release in the eye [74]

US 2008/0039423 A1 xanthan gum superior corneal epithelial disorder treating effect [75]

US 2011/0082128 A1 gellan gum prevention of cataracts [76]

US 2004/0009893 A1 guar gum LASIK surgery [77]

US 10,813,923 B1 xyloglucan retinal bioavailability [78]

EP 2 446 878 B1 sodium carboxymethylcellulose preventing ocular pain [79]

HPMC – hydroxypropylmethylcellulose; LASIK – laser-assisted in situ keratomileusis.
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