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STERILIZATION AND LOW TEMPERATURE EFFECTS
ON REGENERATIVE POTENTIAL OF HYALURONIC ACID

Due to its physical properties and pharmacological activity, hyaluronic acid (HA) has considerable potential for use in
cryobiology and cryomedicine. The aim of the study was to create a method for sterilizing aqueous solutions of HA that does
not reduce its regenerative properties, and to study the effect of low temperatures on their preservation. For the sterilization
of aqueous solutions of HA, a gentle sterilization regimen — tyndallization — was proposed, which at the same time ensures
the sterility of the solutions and does not affect their regenerative properties. The effects of tyndallization and low temperatures
on the preservation of the regenerative properties of 1 and 2% aqueous solutions of HA of different molecular weights: low
molecular weight (LMW HA) (<100 kDa) and high molecular weight (HMW HA) (>2000 kDa) was studied in an animal
model of excision wound healing. It has been shown that low temperatures do not change the regenerative properties of HMW
HA and LMW HA (even in the thermocycling mode), which opens up wide possibilities for use in cryobiology and

cryomedicine.
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Hyaluronic acid (HA) is known to be one of the
universal and unique molecules in nature, pre-
sent in all living organisms including bacteria [9,
11, 26, 33]. HA is a linear glycosaminoglycan com-
posed of repeating disaccharide units, such as D-
glucuronic acid and N-acetyl-D-glucosamine,
bound by B-1,4 and B-1,3 — glycosidic linkages |2,
9,11, 23, 26].

The average HA amount in adult human body is
about 12—15 g, and it is mostly concentrated in
skin, eye vitreous body, umbilical cord, synovial
fluid of joints, intervertebral discs, embryonic mes-
enchymal tissues; it is also present in heart valve,
lungs, tendon sheath, aorta and prostate [2, 9, 11,
26, 28]. In addition, HA plays an important role in
fertilization [22].

HA molecule possesses biocompatible, biode-
gradable, non-immunogenic, non-thrombogenic,
hydrophilic characteristics. It participates in a
number of physiological and pathological process-
es and in a wide spectrum of pharmacological ac-
tivities. In particular, HA was shown to have sig-
nificant antioxidative properties due to its reaction
with oxygen-inclusive free radicals. HA is recog-
nized for its wound repair effect due to the ability
to stimulate inflammatory signal promoting in its
turn cell proliferation and migration. Hyaluronic
acid is also acknowledged for its ability to prevent
adhesion and scar formation [31, 36]. HA molecule
is widely known for its regenerative characteristics
[4,7,9, 15,31, 35, 43], anti-inflammatory [10, 37—
39, 41], immune modulating [9, 26, 35], anti-can-
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cerous [2, 9, 19, 29], anti-diabetic activity [13, 30],
as well as anti-aging [2, 9, 26], antioxidative, recov-
ering [9, 15, 21, 31, 35] and cosmetic [3, 5, 31, 33]
effects.

HA molecule is considered to be mainly extra-
cellular substance; however, it was also found inside
aorta smooth muscle cells in perinuclear space dur-
ing pre-mitosis and mitosis. HA molecule was not-
ed in cytoplasmatic structures as well [2, 8, 12, 18].
However, HA intracellular characteristics are yet
completely investigated. There is a theory postulat-
ing the HA control in cell proliferation and inflam-
mation [12, 18]. Such fields as esthetic medicine
and cosmetology are considered undoubtful lead-
ers in HA application [3, 42].

HA biological functions were found to greatly
depend on the polymer molecular weight [6, 32,
33, 38]. High molecular weight HA (HMW HA >
> 2,000 kDa) possesses both depositing and anti-
oxidative properties, remains longer in tissues,
skin surface and mucous membranes. HMW HA
was noted to suppress cell proliferation and mi-
gration of substances towards an inflammation
location.

Medium molecular weight HA (MMW HA
100—1000 kDa) showed to initiate synthesis of
own endogenous HA, to promote wound regen-
eration [35] and stimulate cell division. HA of
such molecular weight is widely used in cosmetic
industry, eye drops, remedies for skin burn treat-
ment, to prevent formation of adhesions after
surgeries.

Low molecular weight HA (LMW HA <
< 100 kDa) penetrates easily into deep skin layers,
it is efficiently absorbed into digestive tract, pro-
motes appropriate migration of water and sub-
stances. LMW HA was found to stimulate regen-
eration in blood capillaries. It has been success-
fully used to treat inflammations in joints and
organs of urogenital system. In addition, LMW
HA is used during cosmetic procedures and con-
touring, and is included in health and beauty
products.

Recently HA has increasingly become the focus
for profound cryobiological investigations, that is
necessitated by studying the low temperature ef-
fect on HA regenerative properties preservation
[1, 25, 27].

HA polymer is known to be a natural linear
polysaccharide, which varies from other represen-
tatives of this class by the binding level of water
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molecules. One HA molecule is able to bind water
volume in average 10 000 times higher than its
own. HA ability to retain water is conditioned by
large amount of hydroxyl groups, thereby promot-
ing hydrogen bonds formation. As a result, in ad-
dition to high water solubility the HA molecule
possesses high viscosity level even at low polymer
concentrations. Availability of such HA character-
istics encourages scientists to consider the oppor-
tunity of creating HA-based cryoprotective media
of biological material preservation.

Providing the initial sterility for the components
in cryoprotective solutions is notorious to be a fun-
damental requirement, especially when using cryo-
preserved biomaterial in practical medicine, as the
basement for wound coverage with an amplified
regenerative potential.

Creating the proper sterilization method for HA
aqueous solutions, as well as studying the low tem-
perature effect on the preservation of HA regen-
erative characteristics have been the aim of the in-
vestigation.

MATERIALS AND METHODS

The investigation protocol (protocol No. 5, Novem-
ber 22, 2023) was approved by the Bioethics Com-
mission of the Institute for Problems of Cryobio-
logy and Cryomedicine of the National Academy
of Science of Ukraine (IPCC NASU, Kharkiv). The
experiments were carried-out according to the re-
gulations of the Ukrainian Law «On the Protection
of Animals Against Cruelty» (No. 3447-1V of Feb-
ruary 21, 2006), as well as in conformity with the
European Convention for the Protection of Verte-
brate Animals Used for Research or Other Scien-
tific Purposes (Strasbourg, 1986).

The experiments were performed in male Balb/C
mice of the same age (6 months) and of relatively
identical body mass (25—30 g). The animals were
kept under standard Animal House conditions at
IPCC NASU. The ability to preserve regenerative
properties by HA solutions was investigated by us-
ing the model of excision wound repair in animals.
Human physiology simulation and prognosing
certain therapeutic results have been the purpose
of such an excision wound regeneration model in
animals. Skin shrinkage is known to be the main
mechanism of wound regeneration in rodents,
while in human being this process is characterized
by skin re-epithelization and granulation tissue for-
mation. Concerning this fact, we used splinting to
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Fig. 1. Effect of HA aqueous solutions on the dynamics of
wound surface recovery: I — the control; 2 — 1% HMW
HA solution; 3 — 2% HMW HA solution; 4 — 1% LMW
HA solution; 5 — 2% LMW HA solution; * — differences
are significant relatively to the control indices, p < 0.05;
#— differences are significant relatively to LMW HA indi-
ces, p<0.05
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Fig. 2. Dynamics of wound surface recovery following
treatment with HA aqueous solution sterilized by tyndal-
lization mode 1: I — the control; 2 — 1% HMW HA so-
lution; 3 — 2% HMW HA solution; 4 — 1% LMW HA
solution; 5 — 2% LMW HA solution; * — differences are
significant relatively to the control indices, p < 0.05; # —
differences are significant relatively to LMW HA indices,
p <0.05

minimize wound shrinkage and thereby stimulate
granulation and re-epithelization, in order to ap-
proach the mice wound recovery model to that of
human. In the experiment we used 1mm width sil-
icone rings, while their inner diameter correspond-
ed to the wound diameter. Splinting ring was close-
ly attached to the wound surrounding area and
fixed with medical glue.

For anesthesia «Xylazine» (Alfasan, Nether-
lands) and «Zoletil-100» (Virbac, France) prepara-
tions were intra-abdominally injected in the dosage
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of 0.1125 and 0.375 mg per animal, correspond-
ingly. Atropine sulfate in the dosage of 0.0025 per
mouse was subcutaneously administered 15 min
prior to narcosis with the aim of premedication
(GNCLS Experimental Plant Ltd, Ukraine). The
procedure was followed by shaving the area of the
dorsum interscapularis and subsequent skin surface
treatment with an antiseptic. Two round 5mm exci-
sions were simultaneously accomplished by using
skin biopsy scalpel. Wound regeneration dynamics
in experimental animals was observed within the
10 days period with daily photo fixation of the re-
covery. The control group comprised the animals
with naturally recovering wounds. Wound surface
square was counted using Image] 1.54 open-source
software (National Institute of Health, USA). The
obtained results were shown in graphs, displaying
the dependance of the day of complete wound re-
covery upon the studied parameter. At the end of
experiment the animals were back to their normal
physiological state.

We used 1 and 2% HA (Bang&Bonsomer, Fin-
land) aqueous solutions both with low (10—
100 kDa) and high molecular weight ( >2,000 kDa).
The solutions were emerged into 5ml volume cryo-
vials (Nunc, USA).

The mice were divided into 5 groups:

* natural wound regeneration (the control
group);

* wound treatment with 1% HMW HA solution;

* wound treatment with 2% HMW HA solution;

* wound treatment with 1% LMW HA solution;

* wound treatment with 2% LMW HA solution.

Each group comprised 5 experimental animals.
The overall number of 150 mice there was used
during the investigation.

Tyndallization as the most gentle heat intermit-
tent sterilization type, was chosen for HA aqueous
solutions sterilization. This method was coined by
British scientist G. Tyndalle especially for the nutri-
tive media, whose components decompose at tem-
peratures above 100 °C, solutions of vitamins,
amino acids, etc. The method is based on heating
the fluids up to 70—100 °C, usually during the pe-
riod of 1 hour, for 3 to 5 times with 24 hours inter-
vals. Such a heating protocol provokes the death of
only vegetative cells, leaving the spores viable. Sub-
strate temperature maintaining at an optimum lev-
el within 24 hours was shown to stimulate spores
growing, and their death during subsequent heat-
ing. The following protocols were studied:
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* Protocol 1 — the sample was heated at 60 °C for
60 min, thermostated afterwards at 37 + 1 °C for 24
hours to allow spore forms to grow into vegetative
ones. The procedure was repeated 5 times;

* Protocol 2 — the sample was heated at 80 °C for
60 min and subsequently thermostated at 37 + 1 °C
for 24 hours to allow spore forms to grow into veg-
etative ones. The procedure was repeated 3 times;

* Protocol 3 — the sample was heated at 100 °C
for 30 min, subsequently thermostated at 37 + 1 °C
for 24 hours hours to allow spore forms to grow
into vegetative ones. The procedure was repeated
3 times.

Aqueous solutions were frozen by emerging the
cryovials into liquid nitrogen, and followed by
thawing in a water bath at 37 °C. For thermocycling
the cryovials with experimental solutions were
three times emerged into liquid nitrogen, which
was followed by thawing in a water bath using the
temperature of 60 °C.

The findings were statistically assessed using
«Origin 9.1» software (OriginLab Corp., USA) us-
ing Mann-Whitney non-parametric criterion. The
data were shown as M + m, where M represents
an average meaning, while m is a standard devia-
tion, the differences at p < 0.05 were considered as
significant.

RESULTS AND DISCUSSION

The increased attention of researchers, clinicians
and cosmetologists to HA and HA-based complex
preparations is related to its inherent powerful re-
generative properties. Hyaluronic acid is used for
the production of injectable preparations, modern
biologically active wound dressings and in regen-
erative medicine under conditions of sterilization
of primary HA solutions.

Preservation of HA regenerative properties was
later investigated using the model of wound regen-
eration in experimental animals in comparison
with the control (natural wound healing). This in-
dex was found to depend on HA molecular weight
(HMW HA, LMW HA), HA concentration (1, 2%),
sterilisation of HA aqueous solutions using the
mentioned earlier tyndallization regimens, freeze-
thawing of HA aqueous solutions, especially when
using the thermocycling mode.

At the first stage of investigation the manifesta-
tion of regenerative characteristics was studied de-
pendently on HA molecular mass (HMW HA,
LMW HA) and its concentration (1, 2%). Wound
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Fig. 3. Recovery dynamics of wound surface treated with
HA aqueous solution sterilized by tyndallization mode 2:
1 — the control; 2 — 1% HMW HA solution; 3 — 2%
HMW HA solution; 4 — 1% LMW HA solution; 5 — 2%
LMW HA solution; * — differences are significant rela-
tively to the control indices, p < 0.05; # — differences are
significant relatively to LMW HA indices, p < 0.05
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Fig. 4. Recovery dynamics of wound surface treated with
HA aqueous solution sterilized by tyndallization mode
3: 1 — the control; 2 — 1% HMW HA solution; 3 — 2%
HMW HA solution; 4 — 1% LMW HA solution; 5 — 2%
LMW HA solution; * — differences are significant rela-
tively to the control indices, p < 0.05; # — differences are
significant relatively to LMW HA indices, p < 0.05

surface in the control animals was treated with the
correspondent HA aqueous solution. Five animal
groups (cited earlier) were used in the experiment
(n =5 in each group). Dynamics of wound surface
regeneration by the 3™, 7" and 10t days is demon-
strated in the Fig. 1.

Analyzing the dynamics of wound regeneration
in the control group and in experimental animals,
as well as the application of both HMW and LMW
HA over the excision wound surface, we may con-
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Fig. 5. Recovery dynamics of wound surface treated with
HA following freeze-thawing: 1 — the control; 2 — 1%
HMW HA solution; 3 — 2% HMW HA solution; 4 — 1%
LMW HA solution; 5 — 2% LMW HA solution; * — dif-
ferences are significant relatively to the control indices,
p < 0.05; # — differences are significant relatively to LMW
HA indices, p < 0.05
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Fig. 6. Recovery dynamics of wound surface treated with
HA subjected to thermocycling: 1 — the control; 2 — 1%
HMW HA solution; 3 — 2% HMW HA solution; 4 — 1%
LMW HA solution; 5 — 2% LMW HA solution; * — dif-
ferences are significant relatively to the control indices,
p < 0.05; # — differences are significant relatively to LMW
HA indices, p < 0.05

clude manifested regenerative properties displayed
by HA. Regenerative properties in low molecular
HA were noted to be more manifested, presumably
because of the presence of small HA chains, char-
acterized by better interaction surface, thus pro-
moting an enhanced regeneration.

Hence, for stable therapeutic results of HA prep-
arations and guaranteeing their regenerative effect,
it is important to use HA with the same molecular
mass indices, i.e., of low molecular range.

According to the experimental data we may con-
clude, that both 1 and 2% HA aqueous solution
showed relatively the same regenerative properties,
while the 2% solution was easier to apply due to its
higher viscosity.

At the second stage of investigation, we studied
HA regenerative properties following its steriliza-
tion. Maintaining the initial HA molecule structure
and preserving hyaluronic acid regenerative prop-
erties have been the major criteria for selecting the
proper sterilization protocol for HA aqueous solu-
tions. There are recommendations on avoiding
heating such solutions over 40—50 °C, especially in
the case of the further use in regenerative medicine
and cosmetology [24, 34]. Concerning this fact, for
sterilization of HA aqueous solutions we decided
to use the method of tyndallization, which was
found to be the most perspective technique for bi-
ological material sterilization with the aim of its
further industrial use.

Preservation of regenerative properties in both
HMW and LMW HA was investigated by using HA
1 and 2% aqueous solutions subjected to the men-
tioned tyndallization protocols. Five groups of ani-
mals were used in the experiment (n = 5 in each
group). Observation results on the dynamics of
wound surface regeneration following treatment by
HA aqueous solutions, sterilized according to 1—3
tyndallization protocols, are shown in Figs 2—4, cor-
respondingly.

According to obtained experimental data we
may conclude, that tyndallization of HA aqueous
solutions (both HMW and LMW HA) does not
disorder their regenerative characteristics. Howev-
er, low molecular HA solutions were found to man-
ifest a higher rate of regenerative properties pres-
ervation. In addition, wound surface regeneration
in animals after the application of both HMW and
LMW HA, subjected to tyndallization protocols 2
and 3, was noted to be slower than in protocol 1.
Such a result is thought to be caused by a higher
temperature used during tyndallization protocols 2
and 3. The same pattern was observed in the ex-
periment both with 1 and 2% HA solutions. There-
fore, tyndallization procedure according to proto-
cols 2 and 3, was found to slightly reduce regenera-
tive properties both in HMW and LMW HA
aqueous solutions.

Obtained data were shown to confirm a positive
effect of HA aqueous solutions upon the wound
surface regeneration dynamics. Similar to the pre-
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vious investigation, complete wound surface regen-
eration was noted by the days 7—8™, whereas the
same index in the control group animals was not
observed even by day 11. Thus, tyndallization used
for HA aqueous solutions, was shown to guarantee
both their sterility and preservation of HA initial
regenerative properties.

Special attention was dedicated to studying low
temperature effect upon the preservation of initial
regenerative properties by HA aqueous solutions
from the aspect of their molecular weight and con-
centration. Thermocycling known as one of the
stressful mode of low temperature impact was spe-
cifically examined. We should note, that thermocy-
cling manifestations might occur during long-term
low temperature storage of biological material and
during its transfer as well.

In the series of experiments on evaluating low
temperature effect, experimental mice were divided
into 5 groups (n = 5 in each of them). HA solutions
for wound treatment underwent a freeze-thawing.
Analogous groups of animals were formed to study
preservation of regenerative properties in HA aque-
ous solutions subjected to thermocycling.

The experiment results are demonstrated in Figs.
5 and 6, showing positive dynamics in wound sur-
face regeneration followed HA aqueous solutions
application comparing to the control group. Ob-
tained results let us claim that low temperatures do
not reduce HA regenerative properties, even after
following thermocycling. In addition, experimental
data were shown to respond to the tendencies ob-
served during previous investigations, i.e., there
were found significant regenerative properties both
in 1 and 2% LMW HA and HMW HA. LMW HA
possessed more manifested regenerative properties
comparing to HMW HA aqueous solutions.

Wound surface square by day 10 following ap-
plication of HMW HA subjected to freeze-thawing,
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BIUIMB CTEPMJII3ALIIT TA HU3bKVIX TEMITEPATYP HA
PETEHEPATVBHVV [TIOTEHIIIAJI TTAJTYPOHOBOI KMC/IOTU

3aBpsKM CBOIM (pi3MYHIM BJIACTUBOCTSIM Ta (apMaKoJIOTidHill akTMBHOCTI riayponosoi kucnoti (IK) mae Heabusxy
[ePCIEeKTUBHICTD BUKOPUCTAHHS [/Is1 TOTpeb Kpiobionoril Ta kpioMenuuyH. MeTo0 JOCTiKeHHs 610 CTBOPEHHS
MeTORY cTepulisalii BogAHMxX po3unHiB 'K, Aki He TpMU3BOAATDL O 3HUKEHHS il pereHepaTUBHUX BIACTUBOCTEI, Ta
BUBYEHH: BIUIMBY HUSBKVX TeMIIEpaTyp Ha iX 30epexeHicTp. [l crepunisanii Bogauux posunHis I'K samponoHoBano
peXMM MamHoi cTepmmisanil — TiHpgamisanii, SKuii BogHOYAC 3abesnedye CTEPUIbHICTh PO3YMHIB Ta He BIUIMBAE
Ha ii pereHepaTuBHi BIacTUMBOCTi. Ha Mopeni 3aroeHHA eKCUM3IiNiHOI paHM Yy TBapMH JOCTI/PKEHO BIUIUB PEXUMY
TiHpamisauil Ta Ail HUSBKUX TEMIIEPATyp Ha 30epeXXeHICTb pereHepaTMBHMX BAACTUMBOCTe 1 Ta 2% BOASHUX
posunuis 'K piznoi monexysipuol macu: HuspkomonekysipHol (HMI'K) (<100 x[la) i Bucoxomonekymsaproi (BMI'K)
(>2000 x[a). ITokasaHo, 110 HU3bKI TeMIlepaTypy He 3MiHIOIOTH pereHepaTuHi BractusocTi BMI'K ta HmIk (HaBiTh
B PeXXMMi TepMOLMKITYBaHHsA), [0 BiIKPUBA€E MIVPOKI MOX/IMBOCTI BUKOPUCTAHHS B Kpio6iosoril i KpioMenmIyHi.

Kntouoei cnosa: rianypoHOBa K1CIOTA, BIUIMB HU3BKVUX TEMIIEPATyp, 30€PeKeHICTh pereHepaTMBHUX BIACTUBOCTEIL,
cTepulisanis.
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