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Abstract: Rheological measurements were carried out on dilute aqueous solutions of high (HMW-HA,
1150 kDa) and low molecular weight hyaluronic acids (LMW-HA, 8 kDa) along with their mixtures to
determine the relationship between the viscosity and concentration of the samples. Molecular weight
and polydispersity of low molecular HA have been determined by matrix-assisted laser desorption
ionization mass spectrometry (MALDI-MS). HA diluted solutions were found to be weakly structured
liquids with a slight viscosity anomaly. Critical values of concentration were determined at different
ratios of HMW-HA and LMW-HA, leading to a sharp increase in the viscosity of solutions. Rheological
studies have proved the pseudoplastic nature of the viscous flow of HMW-HA solutions. The possibility
of using the Ostwald-de Waele equation for the mathematical description of a viscous flow was
established. The results of the rheological analysis might be applied for the rational development of
cosmetic formulations containing hyaluronic acid of various molecular weights.
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1. Introduction

Hyaluronic acid (HA) is one of the most popular high molecular weight compounds
used in medicine and cosmetology. The range of HA applications is widespread and constantly
being replenished, leading to increased demand for this biopolymer. HA possesses
antimicrobial and regenerative effects, performs the function of a structural element, provides
lubrication of joint moving parts, reducing their wear, plays an important role in
embryogenesis, a transmitter of cellular mobility signals, etc. [1-3]. As the properties of HA
are studied, new areas and prospects for its use are explored.

A number of researches are devoted to the HA action on connective tissues [4], its role
in aging, restoration and rejuvenation of the skin [5,6], the application as injection implants
including contour plastics of soft tissues, the prospects of cross-linked hydrogels usage as a
basis for bone-plastic materials [7,8]. Additionally, physicochemical and pharmacological
properties of HA were studied, the mechanisms of implementation, therapeutic action in
dermatology, cosmetology, ophthalmology, orthopedics and other fields of medicine are
described [9-11]. HA solutions were found to exhibit special rheological properties allowing
the polymer to be a viscoelastic gel. HA molecular weight depends on the production source,

varies within a wide range from 5 kDa to 2 MDa and determines its biological effect. Low
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molecular weight HA (LMW-HA) penetrates well into the skin, affects the gene-regulating
function of proteins, while high molecular weight HA (HMW-HA) prevents dryness [12].
Along with sulphoxides, alcohols and alkanols, terpenes and pyrrolidones, HA facilitates
topical drug absorption [13-16].

The main structural unit of HA is a monomeric fragment — a disaccharide with a
molecular weight of 400 ... 450 Da. Therefore, despite the different sources of origin due to the
absence of isomerism, the chemical composition of HA polysaccharide is always constant and
the polymer differs only in its molecular weight [17]. Oligosaccharides containing 10
monomeric disaccharide units possess an anti-inflammatory effect and those with 150-500
units — activate intracellular signaling processes [18,19]. In turn, molecules containing 1500
monomeric units form solutions with high viscosity and, consequently, take part in constructing
the dermis extracellular matrix, particularly in the collagen network’s structural organization
[20]. An increase of macromolecule size to 2000 monomeric units leads to the growing role of
HA in maintaining the dermis hydrobalance (optimal moisture level) and medium viscosity. At
the same time, LMW-HA exhibits maximum antioxidant activity [21].

The polyanionic HA molecules are highly hygroscopic and represent the basic structure
for organizing the extracellular medium's gel-like component; HA also participates in
transportation and distribution of water molecules in body tissues [22,23]. For the most
effective and safe application of HA preparations as intra-articular injections, essential are their
certain physical and mechanical characteristics, particularly indicators of dynamic viscosity
and viscoelastic properties. Bearing in mind the aforementioned, the aim of the present study
was rheological measurements of compositions based on high (HMW-HA) and low (LMW-
HA) molecular weight hyaluronic acids as the main components of cosmetics.

2. Materials and Methods

High (molecular weight 1150 kDa) and low molecular HA were obtained from Truthful
Concepts and Nutritional Integrity (Texas, USA). Molecular weight and polydispersity of low
molecular HA were determined by matrix-assisted laser desorption ionization mass
spectrometry (MALDI-MS). MALDI-MS analyses were performed on Bruker Rapiflex
MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a
Smartbeam 3D ND:YAG (355nm) laser in reflector-positive ion mode. The MALDI matrix,
2,5-dihydroxybenzoic acid (DHB), was dissolved in a 1:1 mixture of ACN and water
containing 0.1% TFA (v/v) and used as the matrix. Sample solutions (0.5 mg/mL dissolved in
water) were mixed with DHB solution (10.0 mg/mL) in a ratio of 1:5 (v/v). The sample/matrix
mixtures (0.5 pL) were deposited onto the MALDI sample target and allowed to dry at ambient
conditions. The mass calibration on the instrument was performed with Peptide Calibration
Standard 1l (Bruker Daltonics). FlexControl 4.0 and FlexAnalysis 4.0 (Bruker Daltonics)
software were used to MS acquisition and process of MALDI-TOF data. MALDI matrix, 2,5-
Dihydroxybenzoic acid (DHB), acetonitrile (ACN), trifluoroacetic acid (TFA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

To study the effect of the relative molecular mass on viscous-flow properties, the
mixtures of HMW-HA and LMW-HA aqueous solutions were prepared at their ratio from
20/80 to 80/20. The following diluted solutions with the concentration of 0.125%; 0.0625%;
0.0312% and 0.0156% were used for relative viscosity determination by Ubbelohde viscometer
at 20 £ 0.5 °C. Shear stress T was determined on a rotary viscosimeter RHEOTEST-2 equipped
with a thermostatic chamber in the temperature range 20-35 °C and calculated by the formula:
https://biointerfaceresearch.com/ 1908
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t=0.1'zq,

where z — cylinder constant given in the instrument passport; a — indication of device scale; 0.1
— shear stress conversion factor to Pa.

The dynamic viscosity of solutions (Pa-s) was calculated from the ratio n=t/y, where t
— shear stress (Pa); ¥ — shear rate gradient (s).

3. Results and Discussion

For the characterization of low and high molecular weight HA, MALDI-MS was used
to examine the molecular weight, monomer units and the polydispersity of HA. For this
purpose, 2,5-dihydroxybenzoic acid MALDI matrix was found to be the best matrix for the
characterization of HA among many different MALDI matrices tried in this study. For the high
molecular weight HA, no resolved and reasonable signals were observed. It is impossible to
observe high molecular weight polysaccharides in MALDI-MS even if in linear mode. For this
reason, a reasonable MALD-MS signal for high molecular weight HA could not be obtained.
In the case of low molecular weight HA, nice MALDI-MS signals were obtained in reflectron
mode with high resolution. The MALDI-MS spectrum was acquired for low molecular weight
HA, and the MALDI-MS spectrum is given in Figure 1. It can be seen from Figure 1 that the
repeating unit of low molecular weight HA has 401 Da mass and containing two glycans, as
seen in Scheme 1. From Scheme 1, it concluded that the main repeating unit mass was 401 Da,
but it also contains two subunits with 203 and 198 Da, respectively. All results showed that
low molecular weight HA had a main repeating unit with 401 Da mass but two subunits with
203 and 198 Da mass, respectively. The same appearance was observed from the MALDI-MS
spectrum is given in Figure 1. Using Polytools software available on our Bruker Rapiflex
MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany), we calculated
the molecular weight (M,,=3.2 x 10%) and the polydispersity was found to be 1.2.

Scheme 1. Structural formulae of repeating unit of HA. Mass of the first unit (CgH13NOs) is 203 Da and the
second unit (C¢H7OsNa) is 198 totally 401.
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Figure 1. Positive ion and reflectron mode MALDI mass spectrum of low molecular weight hyaluronic acid.
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The viscosity of highly LMW-HA diluted solutions (0.0156-0.125%) slightly (1.2-2.0
times) exceeds the viscosity of a pure solvent — distilled water. The short length of LMW-HA
molecular chains (M,, = 10%) at low concentrations ensures that macromolecules are in solution
practically isolated from each other. The addition of HMW-HA with significantly longer
macromolecule chains (M,, = 10°) to LMW-HA solution increases the viscosity, which also
grows with the concentration rising (Figure 2).
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Figure 2. Relationship between the relative viscosity of LMW-HA/HMW-HA aqueous solutions and the HMW-
HA content. Solution concentrations: 1 — 0.0156%; 2 — 0.0312%; 3 — 0.0625%; 4 — 0.125%.

At a certain (critical) content of HMW-HA, the viscosity of solutions with a
concentration of 0.0312-0.125% increases sharply. The critical value of HMW-HA content
decreases with the concentration rising. At concentrations of 0.0312% and 0.0625%, it
manifests itself at 60% and 50% HMW-HA content (lines 2 and 3) and at a concentration of
0.125% — at 40% acid content (line 4). In a highly diluted solution with a concentration of
0.0156%, the critical point is absent to 80% of the HMW-HA content (line 1).

The relationships between the relative viscosity and concentration of LMW-HA
solutions, along with their mixtures, are shown in Figure 3. The critical concentration manifests
for LMW-HA mixtures with a content of HMW-HA of more than 40%. When a solution
contains 60% of HMW-HA, the critical concentration appears in the region of 0.05% (line 4),
and at 80% of acid — at 0.0156% (line 5). The presence of critical values indicates that the
content of HMW-HA with high molecular mass becomes sufficient for the appearance of
conformational difficulties in the implementation of intermolecular interactions between
molecular chains in solution.
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Figure 3. Relationship between the relative viscosity (1) and solution concentrations for LMW-HA (1) and its
mixtures with HMW-HA at a ratio of HMW-HA/LMW-HA 20/80 (2), 40/60 (3), 60/40 (4) and 80/20 (5) on the
concentration of solutions.
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Figure 4. Relationship between viscosity change (1) and the shear rate for 0.125% HMW-HA solutions (1) and its mixtures with LMW-HA at a ratio of HMW-HA/LMW-HA: 2 —

80/20; 3 —70/30; 4 — 60/40; 5 - 50/50. Temperature: a— 20 °C; b — 25 °C; ¢ — 30 °C; d — 35 °C.
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The forces of intermolecular interaction in dilute polymer solutions are very weak,
therefore, the formation of sufficiently strong fluctuation networks is not observed. Figure 3
illustrates the relationship between the viscosity of HMW-HA along with its LMW-HA
mixtures and shear rate within the ratio of HMW/LMW acids 80/20 — 50/50 at a temperature
of 20-35 °C. Diluted HA solutions exhibit the properties of pseudoplastic fluids with a chaotic
arrangement of macromolecules, which are similar to Newtonian fluids at low shear rates. An
increase in the shear rate leads to the orientation of macromolecules in the flow direction
resulting in viscosity reduction of solutions. In turn, an increase of LMW-HA content in
solution leads to weakening the already weak intermolecular bonds (lines 2-5), making the flow
closer to the Newtonian one. Notably, at 30 and 40% of LMW-HA content in the mixtures, the
given relationships (lines 3 and 4) practically coincide that correspond to the HMW-HA critical
content region. At a content of LMW-HA of more than 50%, the solutions flow almost like
Newtonian liquids.

Mathematical relationships 1-5 (Figure 4) with the approximation coefficients
satisfactorily fit on a line in the coordinates Ig # — Ig y described by the equation of the second-
degree polynomial y = ax?+bx+c, where y = Ig #, x = Ig y. The calculated values of the
coefficients a, b and constant c are given in Table 1.

Table 1. Values of coefficients in the equation y = ax?+bx+c, where y = 1gn [Pa-s]; x = 1gy [s].

Ratio, % Coefficient values Temperature, °C
and R* 20 25 30 35

100/0 a -0.1443 -0.0801 -0.1445 -0.1105
0.2738 -0.0231 0.3032 0.1481

-0.9647 -0.6606 -1.1097 -0.9649

R? 0.9945 0.9875 0.9926 0.9972

80/20 a -0.1273 -0.0594 -0.0661 -0.0495
0.2180 -0.0955 -0.0439 -0.1246

c -1.0122 -0.6961 -0.8357 -0.7789

R? 0.9900 0.9907 0.9954 0.9993

70/30 a -0.0438 -0.0075 0.0179 0.0440
-0.1208 -0.2405 -0.3773 -0.4571

-0.8361 -0.8472 -0.7044 -0.7286

R? 0.9838 0.9825 0.9816 0.9290

60/40 a -0.0101 -0.0069 0.0179 -0.0386
-0.2810 -0.2562 -0.3773 -0.0715

c -0.6841 -0.8254 -0.7044 -1.1736

R? 0.9843 0.9880 0.9816 0.9875

50/50 a 0.1667 -0.0614 0.0523 0.0487
-0.9296 -0.5143 -0.4613 -0.3731

-0.3147 -0.7296 -0.8511 -1.1121

R? 0.9312 0.9787 0.9778 0.9045

*R2 _ approximation confidence value.

The linear relationships 1g n — Ig constructed from the calculated data are shown in
Figure 5. Temperature change within 20-35 °C insignificantly affects the nature of solutions’
rheological behavior.
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Figure 5. Relationship between Ig » and Ig y for 0.125% HMW-HA solutions (1-4) and its mixtures with
LMW-HA at a ratio of 50/50 (1'—4"). Temperature: 1, 1'— 20 °C; 2, 2' — 25 °C; 3, 3' =30 °C; 4, 4'— 35 °C.

The relationship between log ) and log for 0.125% solutions of HMW-HA (lines 1 and
2) with LMW-HA at a ratio of 50/50 (lines 1' and 2') at 20 and 25 °C almost coincide. A
decrease in the viscosity of HMW-HA solution (lines 3 and 4) was observed within the
temperature rise from 25 to 30 °C without changing the nature of the rheological behavior
(tangent of the slope for lines 1, 2 and 3, 4 is essentially the same). An increase in temperature
from 30 to 35 °C (lines 3' and 4') has a slightly greater effect on the rheological behavior nature
of HMW-HA and LMW-HA mixture at their ratio 50/50.

Based on the rheology of polymer systems, the relationships between effective viscosity

(nefr) and the shear rate (y) can be described by Ostwald-de Waele equation nert = K - y™1. The
values of coefficient K and flow index n calculated according to the experimental data for the
HMW-HA solutions and its mixtures with LMW-HA at 20 °C are given in Table 2.

Table 2. Values of coefficient K and flow index n for the HMW-HA solutions and mixtures with LMW-HA at

20 °C.
Coefficient Ratio of HMW-HA/LMW-HA in 0.125% solutions
100/0 80/20 70/30 60/40 50/50
K 0.67 0.65 0.62 0.61 0.59
n 0.53 0.71 0.76 0.77 0.78

4. Conclusions

The current study analyzed the rheological properties of high (HMW-HA) and low
molecular weight (LMW-HA) hyaluronic acid solutions and their mixture in different
concentrations. Based on matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) the molecular weight and polydispersity of LMW-HA have been established.
The main findings are summarized as follows: diluted solutions of LMW-HA (M,,=10%) with a
concentration of 0.0156-0.125% are semi-structured liquids with a slight viscosity anomaly;
HMW-HA (M,,=10°) introduction into LMW-HA solutions at a certain (critical) content leads
to a sharp increase in viscosity; the value of the critical concentration for ratio 60/40 (HMW-
HA/LMW-HA) is at the level of 0.05%, and for ratio 80/20 — 0.0156%; rheological
measurements demonstrated the pseudoplastic nature of the flow for HMW-HA solutions and
its mixtures with LMW-HA,; the abovementioned solutions possess identical rheological

behavior within the temperature range 20-35 °C; the possibility of using Ostwald-de Waele
https://biointerfaceresearch.com/ 1913
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equation n = K « y™! for the mathematical description of relationships between the effective
viscosity of hyaluronic acid solutions and the shear rate has been revealed.
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