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Introduction. Alginate is a natural polysaccharide that shows promise as a non-toxic material for the development of hydrogel wound dressings. Natural 

amino acids such as arginine and lysine are important components in the synthesis of the extracellular matrix and other vital bodily processes.

Objectives. Development of alginate gels modified with arginine and lysine and compatible with dermal fibroblasts. Study the release rate of these amino 

acids from the gel.

Materials and methods. The study was performed using three types of aqueous solutions of 3% sodium alginate containing arginine or lysine in amounts of 

5, 10, and 20% of the alginate dry weight. To assess the stability of lysine gels over time, they were incubated for 1, 3, and 7 days in 600 µL of water at room 

temperature. The intensity of amino acid release from the alginate gel was evaluated by the spectrophotometric method after the reaction of ninhydrin. The DF2 

cell line (human dermal fibroblasts, the shared research facility “Vertebrate cell culture collection” RAS) was used as model objects. Human dermal fibroblasts 

were cultured on the gels obtained. The cells cultured on the gels were evaluated using optical microscopy. Statistical analysis was performed using Microsoft 

Excel software; Student’s t-test was used to evaluate the differences between the samples. The differences were considered statistically significant at p < 0.05.

Results. On the first day, the gel containing the minimal lysine concentration of 5% showed the amino acid release of almost 16% of its initial amount. A more 

prolonged incubation of the gel led to a decrease in the desorbed lysine proportion relative to the initial amount. Statistically significant differences were ob-

tained between the samples of alginate gels with the lysine content of 5 and 20% (p < 0.05). An increase in the lysine proportion in the gel was associated with 

a decrease in its release, i.e., the higher concentration of lysine the gel contained, the less amount of lysin was detected after seven days of incubation. It was 

shown that when a gel sample with a lysine content of 5% was incubated in a large volume of water (the gel-to-water ratio of 11%), more than 40% of lysine was 

desorbed into water during the first hour of incubation. Therefore, lysine was 4.3% more intensively desorbed from the alginate gel compared to the arginine 

gel. The following pattern was established: a twofold decrease in the amount of lysine release under an increase in the gel-to-water ratio from 11% to 20%.

Conclusions. During the study, alginate gels modified with amino acids were obtained. It was found that the higher the concentration of an amino acid in 

the gel, the less intensively it leaves the gel. The rate of amino acid release from the gel is directly proportional to the volume of liquid in which the gel was 

incubated. Human dermal fibroblasts adhered better to alginate gels modified with amino acids compared to cells on alginate gels without modification. As a 

result of the study, gels with controlled desorption of amino acids were obtained, which promote the adhesion of human dermal fibroblasts.
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Введение. Альгинат — природный полисахарид, который зарекомендовал себя как перспективный нетоксичный материал для формирования 

раневых покрытий в виде гелей. Такие природные аминокислоты, как аргинин и лизин, являются важными составляющими при синтезе внекле-

точного матрикса, а также участвуют во многих жизненно важных процессах в организме.

Цель. Формирование альгинатных гелей, совместимых с фибробластами кожи и модифицированных природными аминокислотами аргинином 

и лизином, а также исследование скорости выхода данных аминокислот из геля.

Материалы и методы. Работа выполнена на 3 видах водных растворов 3% альгината натрия с содержанием аминокислоты аргинина или лизина 

в количестве 5, 10 и 20% от сухой массы альгината. Для оценки стабильности гелей с лизином во времени их инкубировали в течение 1, 3 и 7 сут 

в 600 мкл воды при комнатной температуре. Интенсивность выхода аминокислот из альгинатного геля оценивали спектрофотометрическим методом 

после проведения нингидриновой реакции. В качестве модельных объектов в работе была использована клеточная линия DF2 (фибробласты кожи 

человека, «Коллекция культур клеток позвоночных» ИНЦ РАН). На полученных гелях культивировали дермальные фибробласты человека. Оценку 

клеток на гелях проводили с помощью оптической микроскопии. Статистический анализ выполнен с использованием программного обеспечения 

Microsoft Excel, для оценки различий между образцами использовали t-тест Стьюдента. Различия считали статистически значимыми при p < 0,05.

Результаты. Установлено, что для геля с минимальной концентрацией лизина (5%) выход аминокислоты в первые сутки составил почти 16% от ис-

ходного ее количества, а при длительном инкубировании геля доля десорбированного лизина относительно исходного количества уменьшалась. 

Получены статистически достоверные отличия между образцами альгинатных гелей с содержанием лизина 5 и 20% (p ≤ 0,05). При увеличении 

доли лизина в геле его выход снижался: чем большая концентрация лизина была в геле, тем меньшее количество его обнаруживали по истечении 

7 сут инкубирования. Показано, что в образце геля с содержанием лизина 5% при инкубировании в большом объеме воды (соотношение геля 
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по отношению к воде — 11%) уже за первый час инкубирования более 40% лизина десорбировалось в воду, т.е. лизин на 4,3% более интенсивно 

десорбируется из альгинатного геля по сравнению с аргинином. Установлена закономерность в виде снижения процента выхода лизина практи-

чески в два раза при увеличении соотношения геля к воде с 11 до 20%.

Выводы. В ходе выполнения исследования были сформированы альгинатные гели, модифицированные аминокислотами. Установлено, что чем 

больше концентрация аминокислоты в составе геля, тем менее интенсивно она выходит из него. Скорость выхода аминокислоты из геля прямо 

пропорциональна объему жидкости, в котором инкубировали гель. Фибробласты кожи человека лучше адгезировали на альгинатных гелях, мо-

дифицированных аминокислотами, по сравнению с клетками на альгинатных гелях без модификации. В результате исследования получены гели 

с контролируемой десорбцией аминокислот, способствующие адгезии фибробластов кожи человека.
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INTRODUCTION

Wound healing is a major challenge for healthcare systems 
worldwide [1]. The use of wound dressings can provide a 
physical barrier to further infection during wound healing 
[2]. Ideal wound dressings should be biocompatible and 
biodegradable, being capable of preventing the loss of bio-
logical fluids, removing exudate, protecting the wound from 
pathogens, demonstrating good breathability and moisture 
permeability, promoting cell proliferation, and accelerating 
wound healing [3].

Alginate is an anionic linear block polysaccharide 
consisting of repeating monomeric units of (1-4)-β-D-
mannuronic acid (M) and (1-4)-α-L-guluronic acid (G), ca-
pable of forming fairly user-friendly gels [4]. Alginate wound 
dressings are available in the form of hydrogels, foams, 
films, nanofibers, and sponges. Alginate dressings absorb 
wound fluid, resulting in the formation of gels that maintain 
a physiologically moist environment and thereby minimize 
the attachment/development of bacterial infections in the 
wound [5]. They can be modified to meet the requirement 
of chemical stability or degradation upon contact with bio-
logical fluids over a period of time. Hydrogels are used for 
wound healing due to their biocompatibility, as well as their 
ability to load and release bioactive substances of moder-
ate porosity, high water content, and flexibility [6]. 

Successful wound healing is accompanied by the syn-
thesis of extracellular matrix components. Arginine and 
lysine are essential amino acids that are involved in the 
synthesis of the extracellular matrix. Arginine is an α-amino 
acid with the L-form, being one of the twenty most com-
mon naturally occurring amino acids. L-arginine exhibits a 
number of biological activities [7]. Arginine acts as one of 
the key metabolites involved in the processes of nitrogen 
metabolism, in particular, in the ornithine cycle, character-
istic of mammals. Arginine participates in the synthesis of 
nitric oxide (NO), which has multiple effects, ranging from 
anti-inflammatory to vascular effects (vasodilation) and 
stimulation of angiogenesis. Due to its biocompatibility and 

biodegradability, L-arginine is used in the development of 
components of numerous biomedical matrices [8]. It was 
shown that an overdose of L-arginine is not accompanied 
with the development of serious side effects, since its ex-
cess is excreted in the urine within a few hours [8]. At the 
same time, L-arginine is actively involved in wound regen-
eration, making controlled administration of this amino acid 
an urgent task of regenerative medicine [9].

It should be noted that lysine can also improve wound 
healing in the body. Lysine participates in the formation 
of collagen, a protein that acts as a scaffold by support-
ing and imparting structure to skin and bones. Lysine can 
act as a binder, increasing the number of new cells in the 
wound [10].

The process of repairing damaged tissues is quite 
lengthy; in this regard, it is possible to increase the effi-
ciency of regeneration, including the synthesis of a new 
extracellular matrix, by dosing amino acids into the wound 
bed. Creating a wound dressing that exhibits not only pro-
tective and bactericidal, but also regenerating properties is 
an urgent task of modern regenerative medicine. 

This study was aimed at developing alginate gels modi-
fied with arginine and lysine, natural amino acids, that are 
compatible with dermal fibroblasts and to study the release 
rate of these amino acids from the gel.

MATERIALS AND METHODS

Formation of gels

Three types of aqueous solutions of 3% sodium alginate 
(Sigma-Aldrich, USA) containing arginine or lysine amino 
acids (Sigma-Aldrich, USA) in amounts of 5, 10, and 20% 
of the alginate dry weight were prepared for experiments. 

Amino acids were added in dry form followed by mix-
ing the resulting solution thoroughly on a magnetic stirrer 
(Tagler MM 135H, Russia) at room temperature for 10 min. 
Next, an alginate solution with an amino acid was added to 
a 24-well plate with 300 µL of gel per well. To form a gel, 
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the alginate in the wells was sprayed with a 10% solution 
of calcium chloride (CaCl

2
) from a spray bottle and left for 

20 min at room temperature. 
After gelling, the gels were washed three times with 

deionized water to remove amino acids that were not ab-
sorbed by the gel. The gels were then filled with a fixed 
volume of water (600–2500 µL) for subsequent incubation 
and measurement of the content of amino acids released 
from the gels. 

To assess the stability of lysine gels over time, they were 
incubated for 1, 3, and 7 days in 600 µL of water at room 
temperature.

To assess the effect of the volume of liquid in which the 
gel was located on the rate of arginine release from the 
gel, each sample with a volume of 300 µL with an arginine 
content of 5, 10, and 20% by weight of alginate was kept 
in 600, 1200, and 2500 µL of water at room temperature 
for 1 h; alginate gel in relation to water occupied 33, 20, 
and 11%. To compare the release of arginine and lysine, 
the gels were incubated for 1 h in 600 µL of water at room 
temperature.

Determination of amino acid release from gels

The content of amino acids released from the gels was 
estimated by spectrophotometry (PE-5400UF spectro-
photometer, Ekros, Russia). To that end, a ninhydrin re-
action was carried out, during which the amino groups 
interacted with ninhydrin. Next, the optical density of the 
reaction product was measured: a violet-colored complex 
at a wavelength of 400 nm. This method highly very sensi-
tive, allowing determination of amino acids in low concen-
trations [11].

To construct calibration graphs of the dependence of 
optical density on the concentration of amino acids, the 
following solutions were prepared: 0.2% ninhydrin solution 
(Sigma-Aldrich, USA) in deionized water, 0.2% lysine and 
arginine solutions in deionized water. Solutions of lysine 
and arginine at a concentration of 0.2% were used in five 
samples with a volume of 50, 100, 200, and 300 µL, which 
contained 0.1, 0.2, 0.4, and 0.6 mg of the amino acid, re-
spectively. 250 µL of ninhydrin solution was added to each 
tube. The tubes were then placed in a thermostat and incu-
bated at 100°C for 3 min. The volume of solutions in each 
tube was adjusted to 6 mL of deionized water and the opti-
cal density of the solutions was measured at a wavelength 
of 400  nm. The values obtained were used to construct 
calibration curves to depict the dependence of the optical 
density of the solution on the amount of amino acids in the 
solution.

The content of amino acids released from the gels in 
the experiments was calculated using calibration curves. 
To that end, 500 µL of liquid in which the gels were incu-
bated was taken in each experiment. 250 µL of ninhydrin 
solution was added to tubes with liquid followed by their 
placement in a thermostat at 100°C for 3 min. The vol-
ume of solutions in each tube was adjusted to 6 mL of 
deionized water; the optical density of the solutions was 
measured using a spectrophotometer at a wavelength of 
400 nm.

In vitro studies

The DF2 cell line (human dermal fibroblasts, INC RAS cell 
culture collections) was used as model objects. For ex-
periments with cells, alginate was previously sterilized by 
ozone. After preparation of sterile gels with 5% amino acid, 
a 300 µL cell suspension was applied to gels with a diam-
eter of 1  cm, the cell content of which was 30,000 cells 
per well, and incubated in a DMEM/F-12 medium (Biolot, 
Russia) containing 10% fetal bovine serum FBS (Gibco, 
USA) for 3 days. The results were recorded using an in-
verted microscope (Nikon eclipse, TS 100, Japan).

Statistical analysis was performed using Microsoft Excel 
software. Student’s t-test was used to evaluate statistically 
significant differences between the samples. The differ-
ences were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Effect of incubation duration on the percentage of 
lysine release from the alginate gel

Initially, the kinetics of lysine desorption from alginate gels 
was investigated. Gels with a different lysine content (5, 10, 
and 20%) were incubated in water for 7 days. When com-
paring the effect of incubation duration on the amount of 
lysine bound to the gel, the gel with the minimum lysine 
concentration (5%) showed the amino acid release on the 
first day of almost 16% of its initial amount; the correspond-
ing data are shown in Fig. 1. Under a longer incubation of 
the gel, the proportion of desorbed lysine relative to the 
initial amount decreased. However, statistically significant 
differences were found between the samples with a lysine 
content of 5 and 20%. This result is likely to be related to 
the concentration equilibrium reached in the system during 
prolonged incubation of gels in water.

Then, for 7 days, the amount of lysine released from the 
gel remain at the same level. An increase in the proportion 
of lysine in the gel led to a decrease in its release through-
out the week: the more lysine the gel contained, the less 
lysine was detected after 7 days of incubation. This can be 
explained by the establishment of a concentration equilib-
rium between the gel and the solution.

The study of the effect of the volume of liquid in which 
the gel was incubated on the amount of lysine release 
found that larger volumes of water, in which the gel was 
incubated, were associated with a more intense desorption 
of amino acids from the gel. Figure 2 shows that lysine re-
lease from the gel increased with an increase in the volume 
of the liquid in which it was incubated. 

Thus, in a gel sample with a lysine content of 5% incu-
bated in a large volume of water (the gel-to-water ratio of 
11%), more than 40% of lysine was desorbed into water 
during the first hour of incubation. However, a threefold in-
crease in the proportion of gel relative to water to 33% led 
a decrease in the intensity of lysine release to 15%. This 
is approximately three times less than in the sample with 
the gel-to-water ratio of 11%. This case also demonstrates 
the pattern of reducing the amount of lysine release by half 
with an increase in the gel-to-water ratio from 11% to 20%. 
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These changes can be explained by saturation of the sur-
rounding aqueous solution with lysine during its release 
from the gel, which process decreased the rate of lysine 
desorption.

Comparison of the amount of lysine and arginine 
release from the gel after 1 h of incubation

There are two amino acids in the human body that are 
involved in metabolism and construction of new proteins. 
Therefore, the presence of both amino acids can promote 
faster tissue regeneration. Since lysine and arginine have 
different structural features, it should be expected that their 
ability to desorb from gels will also be different.

When incubating gels with both lysine and arginine in 
600 µL of water, lysine was found to release out of gel more 
intensively than arginine (Fig. 3). Moreover, the lysine re-
lease varied from 15 to 11%, depending on its initial con-
tent, and the arginine release from 14 to 7% for gel samples 
with an amino acid content from 5 to 20%.

When the volume of water was increased from 600 µL 
to 250 µm during gel incubation, no difference in the inten-
sity of desorption between arginine and lysine was noted.

Figures 3 and 4 show that when incubating gels in a 
small volume of water (600 µL), lysine left the gel faster than 
arginine, by an average of 4.3%. When the volume of water 

was increased to 2500 µL, no statistically significant differ-
ences between the desorption of arginine and lysine was 
observed. It should also be noted that for both amino ac-
ids, the intensity of their desorption from the alginate gel 
increases several times with an increase in the volume of 
water from 600 to 2500 µL. 

In order to explain the results obtained, it is necessary 
to consider the structure of the molecules of these amino 
acids. Due to its structure, the arginine molecule is capable 
of imparting greater stability to proteins than lysine [10]. The 
guanidine group of arginine interacts with other molecules 
in three different directions, while the additional amino 
group of lysine interacts in only one direction. This feature 
allows arginine to form many electrostatic and hydrogen 
bonds and provide a stronger interaction than lysine [12].

The ionic interaction should also be taken into account. 
In this respect, arginine should be more stable, especially 
at higher pH values, due to the higher acid dissociation 
constant (pKa) compared with lysine [13].

It should be noted that a further increase in the amino 
acid content in the alginate solution prevented the forma-
tion of a gel. During the experiment, it was necessary to 
take into account that the viscosity of alginate depends 
on the acidity of the medium. Thus, according to Lee KY& 
Mooney, it increases with a decrease in acidity, reaching a 
maximum at a pH value of 3–3.5 [14]. 
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Figure prepared by the authors using their own data

Fig. 1. Kinetics of lysine release from gels
Note: * — statistical significance level p ≤ 0.05.

Figure prepared by the authors using their own data

Fig. 3. Dynamics of amino acid release from gels with a different ratio of amino 
acid and alginate after 1 h of incubation in 600 µL of liquid
Note: * — statistical significance level p ≤ 0.05.

Figure prepared by the authors using their own data

Fig. 2. Effect of the gel-water ratio on the amount of lysine desorbed from 
the gel
Note: * — statistical significance level p ≤ 0.05.

Figure prepared by the authors using their own data

Fig. 4. Dynamics of amino acid release from gels with a different ratio of amino 
acid and alginate after 1 h of incubation in 2500 µL of liquid
Note: * — statistical significance level p ≤ 0.05.
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Figure prepared by the authors using their own data

Fig. 5. Optical microscopy of DF2 cells on alginate gels
Note: the arrows indicate the cells on the surface of the cup and inside the gel.

Under physiological conditions (pH=7), the L-arginine 
and L-lysine amino acids have a positive charge. However, 
when measuring the pH of alginate solutions with these 
amino acids, this value turned out to be 11. Despite the high 
importance of pKa, especially for arginine, this could have 
an effect on both the amino acid charge and the stability of 
the alginate gel [15, 16].

Human dermal fibroblasts were applied onto the surface 
of alginate gels followed by analysis of the gels using optical 
microscopy (Fig. 5). The surface of the culture plastic was 
used as a control. Figure  5 showed that after 3 days of cul-
ture, the cells on the plastic had a fusiform shape, character-
istic of fibroblast-like cells. When applying a cell suspension 
to alginate gels without modification, no cells on the gels 
were observed: all cells migrated to the surface of the culture 
plastic and proliferated only on the surface of the culture ves-
sel. When applying a cell suspension to alginate gels modi-
fied with amino acids, the cells adhered to the gels; however, 
their morphology was spherical. Indeed, this form is typical 
for cells cultured on alginate gels, since the negative charge 
of alginate prevents the cells from spreading, but the pres-
ence of positively charged amino acids such as lysine and 

arginine in the gels contributed to a sufficiently high adhesion 
of cells to modified alginate gels. Therefore, the introduction 
of amino acids into alginate gels modified with amino acids 
promotes cell adhesion.

CONCLUSION

In this study, gels modified with natural amino acids — ar-
ginine and lysine — were obtained. It was found that the 
rate of amino acid desorption from the gel can be managed 
by varying the concentration of amino acids in the modi-
fied alginate gel: the higher the amino acid concentration, 
the less amino acid is released from the gel. In addition, 
the intensity of amino acid desorption can be increased by 
increasing the volume of water. The lysine desorption rate 
is higher than that of arginine from the alginate gel. The suf-
ficiently high adhesive ability of human dermal fibroblasts 
to alginate gels modified with amino acids suggests that 
such wound dressings can be used not only as carriers for 
transplanted cells, but also as facilitators of migration of the 
patient’s own cells from the surrounding tissues bordering 
the wound bed.
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