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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 pL 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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AJNbIr’MHATHBbIE F'ENTX, MOAN®ULIMPOBAHHbIE MPUPOAHBIMA AMUHOKUCITIOTAMW,
ONA PEFTEHEPATUBHOW MEAULIVHBI

B.A. KoHcoH', N.A. Bapcyk?, KO.A. HauleknHa'™

"WHcTutyT untonorum PAH, CaHkT-MNeTepbypr, Poccus
2[naBHOE BOEHHO-MeaMLUMHCKOe ynpaBneHe MuHnctepcTea obopoHbl Poccuiickon ®epepaum, Mocksa, Poccust

BBepeHue. AnbrHar — NPUPOAHBIV NofiMcaxapu, KOTopbii 3apekoMeHaoBas cebst Kak NepcrneKkTVBHbBIN HETOKCUYHBIA MaTepuan ans hopMmpoBaHms
paHeBbIX MOKPbLITUA B BUAE renen. Takme NpupoaHble aMUHOKUCIOTbI, Kak aprHnH 1 U3KH, ABAAKOTCA BaXKHbIMU COCTaBAAOLLMMN NPU CUHTE3€e BHEKI1e-
TOYHOrO MaTPUKCa, a TakXKe y4acTBYIOT BO MHOIVIX XKM3HEHHO BaXKHbIX MPOLIECCax B OPraHm3me.

Llenb. PopMunpoBaHre anbrHaTHbIX refieil, COBMeCTUMbIX ¢ hnbpobnactamm KOXN 1 MoANMUUMPOBaHHBIX MPUPOAHBIMI aMUHOKUCIOTaMN aprHUHOM
1 IN3VHOM, a Tak>Xe NCCneaoBaHne CKOPOCTU BbIXOA4A AaHHbIX aMUHOKUCOT U3 rens.

Matepumansl u meToAbl. PaboTa BbinonHeHa Ha 3 Buaax BOAHbIX PacTBOPOB 3% anbrimHara HaTpus C COAep XXaHNeM aMVHOKUCNOTbI aprMHHA UM N3vHa
B KonmdectBe 5, 10 1 20% OT cyxol Maccbl anbruHata. [Jns oueHKN cTabubHOCTY renei ¢ IM3NHOM BO BPEMEHM UX MHKYBMpoBanu B TedeHne 1, 3 7 cyT
B 600 MK BOAbI MPY KOMHATHOM TeMnepaType. VIHTEHCMBHOCTb BbIXOAa aMVHOKMCOT U3 aNbrMHATHOIO refst OLeHNBaN CNEKTPOMOTOMETPUHECKM METOLOM
rnocne NpoBeAeHNst HUHMAPVHOBOWN peakumn. B kadecTBe MoaesibHbIX 0ObeKTOB B paboTe bbina ncnonb3oBaHa knetodHast nuHust DF2 ((hrnbpobnacTbl KOXn
YenoBeka, «Konnekumst KyasTyp KNeTok no3BoHo4HbIx» IHL| PAH). Ha nonydeHHbIX rensx KynstMBupoBanv gepmarnbHble hnbpobnacTbl Yenoseka. OueHKy
KNIETOK Ha rensix NpoBOAMM C MOMOLLbIO ONTUHECKON MUKPOCKOMUW. CTaTUCTUHECKNUIA aHann3 BbIMOMHEH C UCMOMb30BaHeM NporpaMMHOro obecneveHus
Microsoft Excel, anst oueHky pasnmymin mexxay obpasuamm ncnonbaoanu t-rect CtetogeHTa. Pasnnyms cHmtani cTaTucTUHeckn aHaqnMbiMm npn p < 0,05.
Pe3ynbratbl. YCTAHOBNEHO, YTO A5 FeNs C MUHMMabHOW KOHUEHTpaLmMen nianHa (5%) BbIXod aMUHOKNCOTLI B NepBble CyTKU COCTaBm No4T 16% oT 1c-
XO[HOro ee KONM4ecTBa, a Npu AIUTENBHOM UHKYOMPOBaHWN rens 4oNa 4eCOPOMPOBAHHOIO NM3NHA OTHOCUTENBHO UCXOAHOrO KOMYeCTBa yMeHbLUanach.
[Mony4eHbl CTaTUCTUYECKM [OCTOBEPHbBIE OTAMHYNS MEX LY 06paslamu anbrMHaTHbIX refnen ¢ cogepxkanem nuanHa 5 n 20% (p < 0,05). Mpun yBenndeHnn
[ONN NM31Ha B refie ero BbIXO CHKaNCs: YeM H6onbluas KOHUEHTpaums nianHa Obina B rene, TeM MeHblee KONMYeCTBO ero obHapy KmBasv No UCTeYeHmn
7 cyT nHKybupoBaHus. NokasdaHo, 4To B 0bpasLe rens ¢ cogepkaHnem nusmHa 5% npu nHKyonpoBaHum B 60bLLOM 06bemMe BOAbl (COOTHOLLEHNE rens
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Nno OTHOLLEHWIO K Bofe — 11%) y>ke 3a nepBbiin Yac NHKyOupoBaHus 6onee 40% nuanHa fecopbupoBanoch B BoAy, T.e. M13uH Ha 4,3% 6onee MHTEHCKBHO
[ecopbupyeTcs U3 anbrmHaTHOMO renst N0 CPaBHEHWUIO C aprHMHOM. YCTaHOBNEHa 3aKOHOMEPHOCTL B BUAE CHUKEHWS NMPOLEHTAa BbIxo4a N3nHa NpakTu-
YecKu B Ba pasa npu yBenm4eHny cooTHolweHns rens k soge ¢ 11 0o 20%.

BbiBoAbl. B Xoae BbINONHEHWS nccnefoBanms 6binmn chopMmpoBaHbl aslbrMHaTHbIE ref, MOAUMULMPOBaHHbIE aMUHOKUCIOTaMK. YCTaHOBNEHO, YTO YeMm
60nblUe KOHLEHTPAaLMs aMUHOKMCOTLI B COCTaBE rensi, TeM MEHee MHTEHCUBHO OHa BbIXOAUT 13 Hero. CKOPOCTb BbIXO4a aMUHOKUCIOTbI U3 rens NpsiMo
nponopLoHasibHa 06beMy XXMAKOCTM, B KOTOPOM MHKYBUpoBanu refb. nbpobnacTbl KOXM YenoBeka Nyylle are3npoBan Ha asbrMHaTHbIX refsx, Mo-
OnMUMPOBaHHBIX aMUHOKMCNOTaMK, MO CPaBHEHWIO C KNeTKaMU Ha anbriHaTHbIX rensx 6e3 mogmdukaumm. B pesynsrate nccnefoBaHus noayYeHsl ream

C KOHTPONMPYEMOii Aecopbuyein aMMHOKUCOT, Crocob6CTBYoLLME aare3nn hrbpobnacToB KOXN YenoBeka.

KntoueBble cnosa: anbruHaTHble renn; Nn3nH; APrnHVH; q)l/l6p06ﬂaCTbl KOXW YenoBeKa

Ansa untnposanus: KoHcoH B.A., Bapcyk V.A., HawekunHa FO.A. AnbrHaTHble renn, MoanLpoBaHHble MPUPOAHBIMM aMUHOKUCNOTaMu, ANA pereHepa-
TUBHOW MeANUVHBIL. MeauiLimHa akcTpemasibHbix cuTyaumi. 2025;27(2):229-234. https:/doi.org/10.47183/mes.2025-294

DuUHaHCMPOBaHMWE: NCCEA0BaHME He MMENO CMOHCOPCKOW MOALEPKKN.

CooTBeTCcTBME NPUHLMNAM 3TUKW: VCCeoBaHVe He TpeboBao 3aKM0HEHSA IOKaNbHOro 61oaTn4eckoro komuteTa. B paboTte ncnonbaosaHa kneto4Has
nnHns DF2 (brbpobnacTbl KOXM YenoBeka 13 KoNNeKLUum KnetodHblx Kynstyp VHLL PAH).
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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)-p-D-
mannuronic acid (M) and (1-4)-a-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 a-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].

[t 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 pL 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,) 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 L) 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 pL 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 pL with an arginine
content of 5, 10, and 20% by weight of alginate was kept
in 600, 1200, and 2500 pL 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 pL 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 pL, which
contained 0.1, 0.2, 0.4, and 0.6 mg of the amino acid, re-
spectively. 250 pL 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 pL of liquid in which the gels were incu-
bated was taken in each experiment. 250 pL 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.
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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 pL 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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Fig. 1. Kinetics of lysine release from gels
Note: * — statistical significance level p < 0.05.
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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 pL of liquid
Note: * — statistical significance level p < 0.05.

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 pL 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 pL
to 250 ym 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 pL), lysine left the gel faster than
arginine, by an average of 4.3%. When the volume of water

W 10% M 20%

Lysine proportion in the gel: M 5%

Amino acid release, %

1 20 33
Gel-to-water volume ratio, %

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.
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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 pL of liquid
Note: * — statistical significance level p < 0.05.

was increased to 2500 pL, 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 pL.

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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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
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