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Abstract

Hyaluronic acid (HA) is a macromolecule with valuable benefits over its range of molar
masses (MM). Degradation studies are relevant to maintain the same purity level in biomedical
studies when using HA of different MM. We degraded HA via high pH and temperature and
evaluated its MM, solution behavior, and structure over time. After 24 h, low MM HA was
predominant, and the MM decreased from 753 to 36.2 kDa. Dynamic light scattering (DLS)
showed a decrease in the number of HA populations, and the solution tended to be less
polydispersed. The zeta potential varied from — 10 to —30 mV, close to the stable range. FTIR
showed that the primary structure of HA was affected after only 48 h of reaction. These results
are relevant for the production of low MM HA to be used or mixed with high MM HA,
generating structured biomaterials for biomedical applications.

Keywords Hyaluronic acid - Depolymerization - Low molar mass - Alkaline hydrolysis - Thermal
degradation

Introduction

Hyaluronic acid (HA) is a glycosaminoglycan (GAG) that exists in a wide range of molar
masses (MM) from < 10 to > 1000 kDa. It is a natural polysaccharide with repeated disaccha-
rides containing one p-glucuronic acid and one n-acetyl-p-glucosamine, linked by 3(1-3’) and
{3(1'-4) binding. In nature, HA exists in mammalian skin, eye vitreous humor, and the synovial
fluid surrounding joints, promoting elasticity and lubrication [1]. This property is due to the
high MM (> 1000 kDa) of this HA [2], which gives it high viscoelasticity.

In vivo, low MM HA (< 100 kDa) is a product of polysaccharide degradation, mediated by
the endoglycosidase hyaluronidase enzyme [3]. The result of this degradation, as observed by
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West et al. [4], is a series of mechanisms that lead to angiogenic activities. This evidence has
raised many questions about the importance of low MM HA and oligo-HA in the healing
process, increasing the number of works concerning the potential applications and use of
LMM HA [5]. However, this number is still not as expressive as that of studies involving high
MM HA.

The stimulation of endothelial cell proliferation and migration [6], the expression of
inflammatory cytokines [7], and the production of different types of collagen [8] give low
MM HA the ability to stimulate wound healing and tissue repair [9-11]. Besides, it assumes a
chondroprotective role by forming a layer around chondrocytes, preventing them from
interacting with free radicals and metalloproteinases degradation [12]. Their smaller molecules
penetrate cartilage cavities that high MM HA is unable to, preserving chondrocyte integrity
[13]. Therefore, the use of mixed HA could be advantageous, as observed by Petrella et al.
[14], in which patients treated with a combination of high and low MM HA showed
improvements in osteoarthritis treatment.

Currently, commercial HA is available in different MM, with their production deriving
from different sources such as microorganism fermentation and animal extraction. However, to
obtain HA with a wide range of MM maintaining the same purity level, studies involving HA
cleavage are becoming important.

The polysaccharide can be cleaved by different mechanisms using biological, chem-
ical, and physical agents [15]. Biologically, HA is degraded by hyaluronidase enzymes,
as mentioned above, and it provides fragments and products that occur physiologically
[16]. The options for chemical and physical degradation are numerous and are the most
used methods in the literature. HA can be cleaved hydrolytically, as shown by Tokita and
Okamoto [17] in pioneering work that elucidated the mechanisms for the acidic and
alkaline hydrolysis of HA. Since then, other works have studied the effects of pH on HA
degradation and rheological properties [18—20]. HA can be degraded through exposition
to reactive oxygen species, which are also responsible for its physiological depolymer-
ization and occur from various pathways and sources, including exposition to ultraviolet
(UV) light irradiation [21]. In addition to these methods, high-temperature treatments
[22, 23], ultrasonication [24, 25], ozone [26], electron beam [27], gamma ray, and
microwave irradiation [28] also decreased HA MM. Simulescu et al. [29] reported that
HA degraded only after being stored at room temperature for 2 months and they
observed that the lower the initial MM, the greater the degradation.

Concerning the quantification of HA MM, a conventional method is measuring the
intrinsic viscosity ([n]) [30, 31], which assumed that HA has a coil configuration
according to the Mark—Houwink—Kuhn—Sakurada equation. Currently, size exclusion
chromatography, in tandem with multi-angle laser light scattering (SEC-MALLS), has
been the most commonly used method to determine HA MM and its polymolecularity or
polydispersity [32].

In this work, we aimed to produce low MM HA from the larger polysaccharide in order to
obtain HA of different MM useful for biomedical studies and HA formulations. In addition to
the controlled degradation, the control of purity degree in high and low MM is crucial for the
mentioned applications. Here, we combined high temperature and high pH to cleave HA, two
known methods for controlled degradation. As previously reported, at 60 °C, the chain’s
scission can be assured, but only even higher temperatures provide faster degradation [23].
Similarly, HA degradation under the alkaline condition is significant only at extreme pH (13)
and long times, as verified by Maleki et al. [19]. Therefore, we intended to combine both
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methods, high temperature (60 °C) and pH (12), to study HA degradation kinetics, aiming to
optimize the time of low MM HA production. As mentioned above, Tokita and Okamoto [17]
first described the mechanisms for hydrolytic cleavage of HA at 40 and 60 °C, showing that
the rate of degradation increased at the higher temperature.

The originality of this study consists in investigating the degradation of HA with high pH
and temperature from the decrease in its MM with time and of its colloidal behavior during the
degradation process. Thus, we intended to present to the readers an in-depth view of the
phenomena that occur in the system during degradation. For this, we used size exclusion
chromatography (SEC) to obtain the MM distribution, and dynamic light scattering (DLS)
techniques to evaluate the hydrodynamic diameter distribution, polydispersity index (PdI) and
zeta potential of the entangled HA coils. Fourier transformed infrared (FTIR) spectroscopy
was used to analyze the structure of the degraded HA over time.

Materials and Methods
Materials

HA (MM > 100 kDa) was purchased from Spec-Chem Ind. (Nanjing, China). All other
reagents were purchased from Merck unless otherwise specified. Ultrapure water was used
throughout all the experimental studies.

Determination of HA Purity Relative to the Protein Concentration

The purity of HA was calculated relative to the concentration of protein, as we previously
reported [33]. HA concentration was determined by the cetyltrimethylammonium bromide
turbidimetric method (CTAB), as described by Chen and Wang [34]. For protein quantifica-
tion, the bicinchoninic acid (BCA) protein assay kit was used, based on the method proposed
by Smith et al. [35]. Experiments were performed at 25 °C. The percentage of purity was
calculated according to Eq. 1. The experiment was performed in triplicate.

. C
Purity (%) = ﬁ.mo (1)

where Cya and Cp are the concentrations of the HA and soluble proteins, respectively.
HA Cleavage by Alkaline Hydrolysis and Temperature

To evaluate the effects of alkaline pH on HA cleavage, HA was dissolved in a pH 12 potassium
chloride/sodium hydroxide buffer to obtain a 2 mg/mL solution. The buffer was prepared by
mixing the appropriated portions of 0.2 mol/L KCl and 0.2 mol/L NaOH. The solution was
placed in mechanical agitation (500 rpm) in a water bath at 60 °C, and aliquots were collected
at different times: 0 (immediately after preparation) (HA-0), 1 h (HA-1), 5 h (HA-5), 8 h (HA-
8), 24 h (HA-24), 48 h (HA-48), and 72 h (HA-72). HA prepared in phosphate-buffered saline
(PBS), pH 7.4 was used as a control (HAc). Similar ionic strength was assured in all HA
solutions.
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Determination of HA MM

MM of the HAc and the degraded HA was determined by SEC in a Shimadzu chromatography
system (Shimadzu Corporation, Kyoto, Japan), using a Polysep-GFC-P column guard (35 x
7.8 mm) (Phenomenex, Torrance, CA, USA) connected to a Polysep-GFC-P6000 gel filtration
column (300 x 7.8 mm) (Phenomenex, Torrance, CA, USA). HA detection was performed by
a Shimadzu RID-6A refractive index detector (Shimadzu Corporation, Kyoto, Japan). Samples
were injected (20 uL) using 0.1 mol/L. NaNOs as the mobile phase at a flow rate of 1 mL/min
at 25 °C. Dextran (American Polymer Standards Corporation, Mentor, USA) was used as an
indirect standard to estimate HA MM, as previously reported [36-38]. The experiment was
performed in triplicate. The retention time of protein was previously determined by injecting
soy protein in the equipment in order to exclude its interference in the chromatogram [33].

Viscosity Measurements
The viscosities of the control and degraded samples were measured at 25 °C using an A&D

Vibro Viscometer SV-10 (A&D Company, Tokyo, Japan), by detecting the electric driving
current of the solutions at a constant frequency of 30 Hz and amplitude < 1 mm.

Hydrodynamic Diameter, Polydispersity, and Zeta Potential Measurements

The DLS technique was used to measure the hydrodynamic diameter, Pdl, and zeta potential of
the HAc and the degraded HA, in an Autosizer 4700, Zetasizer Nano (Malvern Instruments,
Malvern, UK) at 25 °C.The equipment measured each sample ten times.

FTIR Analysis

Samples were lyophilized in a lyophilizer L-101 (Liotop, Sdo Carlos, Brazil) for 3 days. FTIR
analyses of the solid HA were performed in a Thermo Scientific Nicolet 6700 spectrophotom-
eter (Thermo Fisher Scientific, Madison, USA), using the single-reflection germanium atten-
uated total reflection (ATR) technique, in a Smart OMNI-Sampler (Thermo Fisher Scientific,
Madison, USA). The wavelength range of the performance was 4000-750 ¢cm™! with a
resolution of 4 cm™!.

Statistical Analysis

Data were expressed as the mean + SD obtained from three independent experiments. When
relevant, one-way analysis of variance (ANOVA) with Tukey’s test was used for statistical
analysis. A 95% confidence level was considered significant (p <0.05).

Results and Discussion

Distribution of HA MM with Time Reaction

The purity of HA was calculated relative to the concentration of protein (0.154 +0.03 mg/mL),
is 92.5+1.2%. The chromatograms of the control and aliquots from different reaction times
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Fig. 1 Chromatograms of the HAc (pH 7.4, 25 °C), HA degraded at pH 12 and 25 °C (HA-0), and HA degraded
at pH 12 and 60 °C under mechanical agitation for 1 (HA-1), 5 (HA-5), 8 (HA-8), 24 (HA-24), 48 (HA-48), and
72 h (HA-72) were obtained from the SEC analysis, showing the displacement of HA peaks with reaction time,
which indicates the decrease of its MM

-
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are presented in Fig. 1 and exhibit an elongated HA peak, between 7 and 10 min for HAc. This
peak comprises the presence of three ranges of MM, as determined using dextran standards
[39] corresponding to 34.8 + 1.4% of HA 1000 kDa, 61.2+1.5% of HA 100 kDa and 4.0 +
0.1% of HA 10 kDa. After approximately 11 min, we observed a weak peak related to the
presence of small amounts of protein.

By dissolving HA in the pH 12 buffer, we observed a progressive degradation over time.
For sample HA-0, there was a slight displacement of the HA peak to the right, indicating a
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Fig. 2 Degradation kinetics of HA and its MM distribution, calculated from the SEC analysis. High and
intermediate MM HA percentage decreased with time, whereas low MM HA increased, reaching the equilibrium
in 24 h of reaction
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Table 1 Average MM of HAc (pH 7.4, 25 °C), HA degraded at pH 12 and 25 °C (HA-0), and HA degraded at
pH 12 and 60 °C under mechanical agitation for 1 (HA-1), 5 (HA-5), 8 (HA-8), 24 (HA-24), 48 (HA-48) and
72 h (HA-72). Values were calculated from the SEC analysis

Condition MM (kDa)
HAc 753.2 £132.3
HA-0 597.7 £ 60.0
HA-1 43.1 £ 1.1
HA-5 415+ 184
HA-8 362 +£5.6
HA-24 36.2 £ 2.7
HA-48 36.3 + 14.6
HA-72 254 +2.6

decrease in the HA with a higher MM. Under high temperature and after 1 h of reaction (HA-
1), the displacement of the HA peak became more pronounced, whereas the protein peak
increased in intensity. This effect is due to the formation of low MM HA and other fragments
whose retention time is located in the same region as the proteins, causing overlapping of the
peaks. The overlapping became more intense after 24 h of reaction (HA-24 to HA-72),
indicating predominantly low MM HA.

The quantitative data of the HA MM distribution is shown in Fig. 2. Significant changes
occur in the first hour of reaction, with high MM HA showing a fast degradation, and
decreasing its content from 19.6 +1.9% to 3.1 +2.3%, while intermediate MM HA decreased
from 74.3+0.1% to 63.3 £6.5%, and low MM HA increased from 6.1+1.8 to 16.9+4.1%.
After 8 h, the amount of 100 kDa HA decreased to 43.9 +7.7% at the same time that the low
MM HA percentage increased to 54.4 + 11.2%. Therefore, 8 h was the reaction time where we
obtained a sample with almost equal portions of HA with the two different MM types. After
24 h, there was no significant changes in the high, intermediate, and high MM HA.

MM decreased when HA was in alkaline pH, from 753.2+132.3 kDa (HAc) to 597.7
60.0 (HA-0); however, a more significant change was obtained after 1 h of reaction at 60 °C,

14
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Fig. 3 Viscosity of HAc (pH 7.4, 25 °C), HA degraded at pH 12 and 25 °C (HA-0), and HA degraded at pH 12
and 60 °C under mechanical agitation for 1 (HA-1), 5 (HA-5), 8 (HA-8), 24 (HA-24), 48 (HA-48), and 72 h (HA-
72), measured at 25 °C
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with MM decreasing to 43.1+1.1 kDa (HA-1) and reaching 25.4+2.6 kDa after 72 h (HA-
72), as shown in Table 1. These results evidenced the positive effect of high temperature on a
faster alkaline degradation of HA molecules. Therefore, the combination of pH 12 and 60 °C
provided a synergistic effect of hydrolytic and thermal degradation, resulting in an irreversible
change in the HA MM fractions, which was more expressive than the isolated effects of pH or
temperature as usually reported in the literature [40].

According to Morris et al. [41], an alkaline condition results in a reversible decrease in
viscosity, suggesting a non-covalent breakage of chains due to the reduction of intramolecular
H bonds. This was observed by Maleki et al. [19], which studied the effects of a wide range of
pH values on HA structure, varying from 1 to 13, and observed that after 24 h of reaction, only
at the extreme pH values (1 and 13) an irreversible degradation occurred, especially at pH 13.
Here, results strongly suggest the irreversible cleavage of HA chains, due to the synergistic
effect of pH 12 and 60 °C, once both viscosity and MM significantly decreased after 1 h of
reaction.

Effects of Time Reaction on HA Viscosity

Viscosity is proportional to the polymer’s MM due to the physical cross-linking from the
entanglement of their chains [25]. However, degradation is a kinetic process with initial and
intermediate steps that do not affect MM immediately. As observed by Gatej et al. [18], even
for a substantial decrease in the viscosity of the HA solution at pH to 12.6, the MM was only
slightly changed. From these results, the authors concluded that a reversible decrease in HA
stiffness occurred, due to intra- and intermolecular cleavage of the hydrogen bonds [41, 42].
Here, results showed the reversible behavior of HA-0, followed by an irreversible chains
cleavage from 1 h of reaction at pH 12 and 60 °C, with viscosity dropping to 1.15=+
0.01 mPa s, and stabilizing in 24 h around 1 mPa s (Fig. 3), presenting viscosity values
similar to that of water [43].

Hydrodynamic Diameter Distribution, Polydispersity, and Zeta Potential of the HA

In solutions with a concentration above 1 mg/mL, HA randomly entangles forming elongated
coil structures [44]. By the DLS technique, we verified the hydrodynamic diameter of these
entanglements using the intensity distribution (Fig. 4), which is proportional to the diameter to
the sixth power (Ixd6).

Figure 4a (i) shows the diameter distribution of the control (HAc), where we
observed a large variety of populations, from 1 to 5000 nm, which is likely due to
the presence of HA with different MM, as shown in “Distribution of HA MM with
Time Reaction,” and added to the random aggregation of the coils. The PdI value
corroborates this result, which is close to 1 (0.88+0.04), indicating the sample was
highly polydispersed (Fig. 4c).

Figure 4a (ii) and (iii) show HA in the alkaline medium. From time zero, we
observed a restructuration of the coil entanglements, probably due to the effects of the
hydrogen bond cleavage. According to Ghosh et al. [42], this cleavage leads to a
contraction of the coils, which would result in a size decrease. Here, we observed that
the 5000-nm population in HAc is not present, indicating that they may have
contracted and formed smaller structures. At the same time, the 1- and 5-nm popu-
lations were also not observed, likely due to aggregation. Figure 4a (ii) shows a more
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Fig. 4 a Intensity distribution of the hydrodynamic diameter of (i) HAc (pH 7.4, 25 °C); (ii) HA degraded at
pH 12 and 25 °C (HA-0), and HA degraded at pH 12 and 60 °C for 1 (HA-1), 5 (HA-5), 8 (HA-8), 24 (HA-24),
and 48 h (HA-48); and (iii) HA degraded at 72 h (HA-72). b zeta potential and ¢ Pdl of HAc and degraded HAs.
Results were obtained from DLS analysis at 25 °C

organized environment, with the presence of only two populations of 10-50 nm and
100400 nm, resulting in a decrease of Pdl of almost twofold, corresponding to 0.48
+0.05 for HA-0, 0.38+0.05 for HA-1, 0.42+0.02 for HA-5, 0.51 +0.05 for HA-§,
0.48 £0.04 for HA-24, and 0.52+0.01 for HA-48 (Fig. 4c).

The hydrodynamic diameter distribution of HA-72 (Fig. 4a (iii)), shows only one
broad peak for the population with a 100-nm mean diameter, different from the lower
reaction times. Similar to the sample HA-48, there was a complete degradation of the
high and intermediate MM HA, forming HA of 10 kDa. However, after only 72 h, the
coils seem to have self-organized into one entanglement, which decreased the PdI to
0.29+0.02 (Fig. 4c).

When in a neutral solution, the carboxyl groups of the HA are deprotonated, which leads to
electrostatic repulsion, favoring the formation of structures with coils that are distant from each
other and have a high level of hydration [45, 46]. With the increase of pH, the net HA charge
increases, which contributes to the destabilization of the hydrogen bond network and causes
aggregation [18].

To evaluate variations in the HA net charge, we analyzed the zeta potential of the samples.
Zeta potential is commonly used to assess ionic charge exposition and to estimate colloidal
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stability by electrostatic repulsion, preventing aggregation. Therefore, the recommended levels
of zeta potential for long-term stability are higher than 30 mV or lower than —30 mV [47]. Zeta
potential is a valuable parameter for understanding HA behavior in a solution and determining
stability after degradation. However, few works in the literature describe results from this
analysis. Mondek et al. [23] observed that after 12 h at 60 °C, the zeta potential of HA changed
only slightly and remained below —30 mV, which is stable and resistant to aggregation.

For our control, i.e., pH 7.4, the zeta potential was —31.4 + 5.0 mV, within the stable range,
due to the polyanionic character of HA in neutral medium. The results for the diameter
distribution exhibited an aggregation of entanglements in the alkaline medium, which was
likely due to the structural changes during the degradation process. This result corroborates
with our zeta potential values, which tended to increase from 0 (—18.3+3.1 mV) to 48 h (—
14.3 +£5.8 mV) during the initial and intermediate steps of degradation, resulting in changes of
conformation and less exposition of the COO— groups. After 48 h of reaction, intermediate
structures were modified due to the complete chain scission and more exposition of COO—
groups, resulting in a decrease in the zeta potential to —27.2 + 1.7 mV for HA-72 (Fig. 4b) [23].
These structures were electrostatically stable coils of 100 to 1000 nm with low PDI (Fig. 4c).

FTIR Analysis

After investigating the effects of pH, temperature and reaction time on the MM distri-
bution and HA entanglement behavior in solution, we performed an FTIR analysis to
more accurately examine the changes in the HA structure. Figure 5 shows the spectra of
HAc and the degraded samples. The transmission bands were interpreted according to
Giinzler and Gramlich [48].
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Fig. 5 FTIR spectra of the HAc (pH 7.4, 25 °C), HA degraded at pH 12 and 25 °C (HA-0) and HA degraded at

pH 12 and 60 °C for 1 (HA-1), 5 (HA-5), 8 (HA-8), 24 (HA-24), 48 (HA-48), and 72 h (HA-72). The main peaks

are highlighted to better visualize the displacements and intensity changes caused by degradation. Data were

vertically shifted to avoid overlapping
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For the control, specific bands of HA were observed [49], as also noted by Choi et al.
[27], in which HA purity was around 95%, a similar level to that used in this work. Here,
we observed a broad peak from 3600 to 3000 cm™!, which is characteristic of the O-H
stretching band of aqueous solutions, and C—O and N-H HA stretching bands. A less
intense peak was observed at 2904 cm™!, corresponding to the C—H vibration. At a high
pH for samples HA-0 to HA-24, there was a displacement of the hydroxyl peak to a
lower wavenumber, overlapping the alkane band. This displacement suggests the forma-
tion of strong O—H bonds between the water molecules and Na* cations [50]. For sample
HA-48, the intensity of this broad peak significantly decreased, and for HA-72, it was
nonexistent, showing that long periods in high pH conditions may have caused modifi-
cations to the primary structure of the HA molecules.

At 1604 cm™!, we observed the peak corresponding to the C=O stretching band of
the amide, which decreased in intensity after 48 h of reaction. At 1425 cm™!, the peak
of the carboxyl C—O stretching band increased with time, indicating the formation of
carboxylic acid groups during degradation. The shoulder at 1144 ¢cm™! in the control
suggests the C-O-C stretching band, and the peak at 1042.49 c¢cm™! to C-C-O
stretching, which significantly decreased in the HA at an alkaline pH. Finally, at
878 cm™!, we observed a peak in the degraded samples that became more intense
after 24 h, corresponding to out-of-ring deformations (C—O-H, C—C-H, and O—-C-H).
The results obtained from the FTIR analysis showed that time strongly affected the
HA primary structure, indicating that under the conditions used in this work, the
reaction time should be no longer than 24 h to achieve low MM HA without
compromising the molecule.

Conclusions

HA progressively degraded with time when dissolved in an alkaline buffer at high
temperature. The results showed that after 8 h of reaction, low MM HA predominated,
being the only HA present in the solution after 2 days. We observed that the viscosity
sharply decreased initially. From the MM distribution, we concluded that this rheological
parameter did not vary only with the decrease of MM but also due to the intra- and
intermolecular cleavage of the hydrogen bonds. This cleavage resulted in structural
changes and a reorganization of coil entanglements, as observed in the hydrodynamic
diameter distribution, which contributed to a less polydispersed solution. The zeta
potential indicated that the lower the polydispersity, the more stable the HA entangle-
ments tended to be. Finally, from the FTIR analysis, we verified that the degradation
processes compromised the primary structures of the HA after only 48 h. In this work,
we showed the synergistic effect of high temperature and pH on a fast degradation of
HA, producing low MM HA with low polydispersity that was stable concerning aggre-
gation. This method can allow fabrication of HA of different MM that maintains the
same level of purity for medical, pharmaceutical, and cosmetic studies. Further studies
should focus on the degradation kinetics of HA using different pH and temperatures.
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