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Abstract 

To study conformational changes in oligomeric hyaluronan (HN) macromolecules (11.2-50.0 kDa) in 
aqueous solutions over a wide pH range (4.0-10.0), 2-aminobenzoic acid-labeled macromolecules of 
the polysaccharide were synthesized. The main macromolecular chain stability during the process of 
the label to HN conjugation was confirmed by the solutions viscosity permanence. To verify the HN 
molecules modification, Fluorescence Spectrophotometry (FS) and Hydrophilic Interaction High-
Performance Liquid Chromatography (HILIC HPLC) with fluorimetric detection were used. The 
conformational behavior of labeled HNs was studied with Differential Scanning Fluorimetry (DSF), 
and the average hydrodynamic sizes of particles were estimated with Dynamic Light Scattering 
(DLS) and Nanoparticle Tracking Analysis (NTA). The change in the label fluorescence intensity and 
the particle sizes of both the original labeled HNs and the products of their chemical interaction with 
Butane-1,4-diol (BDDE) were assessed. Assumptions regarding the direction of the chemical 
interaction processes of HNs and glycidyl ethers were made. 

Keywords: hyaluronan; conformational changes; oligomeric molecules; 2-aminobenzoic Acid 
Labeling; Differential Scanning Fluorimetry; Dynamic Light Scattering; Crosslinking; Butane-1,4-diol 
 

1. Introduction 

Hyaluronans (HNs), hyaluronic acids and their salt forms, are common glycosaminoglycans 
consisting of monomer units of D-Glucuronic acid and N-Acetyl-D-Glucosamine [1–16]:  

 
Figure 1. Monomeric unit of HN in salt form. 

The chemical structure of HN is quite regular; the only possible deviation is the replacement of 
N-acetyl-D-glucosamine residues with the corresponding deacetylated fragments [4]. 
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HN are ubiquitous in vertebrate organisms, as well as in many bacterial strains cell membrane 
[17]; the largest amount of HN is found in the extracellular matrix of soft connective tissues [4]. The 
biocompatibility and non-immunogenicity of these polysaccharides, and outstanding viscoelastic 
properties of their aqueous solutions are of great interest to researchers [4,15,17–21]. The 
aforementioned properties are the reason why HNs are in high demand in cosmetic, medical and 
pharmaceutical fields [9,16,22–30].  

One of the current areas in HN research is their chemical modification to obtain new products 
with specifically altered properties. Such modification is possible due to the presence of reactive 
groups in HN, i.e., carboxyl – usually in the salt form –СОО– – and hydroxy [31–33]. Among the 
chemical modification methods, it should be noted the reactions with divinyl sulfone [34,35], epoxy 
compounds [36–42], diamines [43], carbodiimides [20,37,44], aldehydes [37,45] and other substances 
[20]. Obviously, when carrying out the corresponding chemical processes, the HN reactive groups 
availability for the modifier is of great importance, which is determined, among other conditions, by 
the macromolecule conformation in solution [46–52]. According to [17,21,53], in aqueous solutions 
the HN macromolecule takes a random spiral form. Several levels of supramolecular organisation of 
HN are distinguished: 

• Primary structure of HN: repeating disaccharide units of D-glucuronic acid and N-acetyl-D-
glucosamine, with up to five hydrogen bonds possible between each two adjacent disaccharides 
[16,17,21,53]; 

• Secondary structures of HN: macromolecular chains in the left-handed individual or double helices 
form [1,16,54–62]; according to [1,16,62,63] a double helix is characteristic of K and Na HNs, whereas 
according to [65,66] sodium salts of HN are individual helices; 

• Spatial tertiary structure of HN formed as a result of the helices interweaving and stabilized by 
hydrogen bonds between them due to –OH groups [16,21]. These bonds in HNs are weak [64,67–
69] and can be dynamically destroyed/formed when the solution pH changes [18,56,64,67–69], 
altering the spatial characteristics of HN supramolecular formation over a wide range [70–72]. 

The conformational behavior of HN depends on many factors, including the molecular mass 
(MM) and concentration of the polymer, the ionic strength of the solution, etc. [16,55,56,70]. For 
example, an increase in the HN concentration promotes the amplification of intermolecular 
interactions [73,74], resulting in the complex supramolecular structures formation. It should be noted 
that most studies of HNs reviewing their supramolecular structure features are concerned with high 
MM HNs. It is known that HNs of bacterial origin usually have the MM of approximately 1.5-2.5 
MDa [28], 1.0-4.0 MDa according to [55], whereas the HNs of animal origin demonstrate higher 
molecular mass, their MM is on average 4-6 MDa [28], but can reach 8 MDa [75] and even 20 MDa 
[76]. At the same time, enzymatic methods make it possible to obtain HNs with lower MM, less than 
2.5 MDa [76]. The authors [75,77] note that the biological effect of HN is highly dependent on their 
MM; the difference was already observed when comparing HN with MM of 0.4–4.0 kDa and 6–20 
kDa [55,77,78]. Probably, the peculiarities of the macromolecules supramolecular structure are one of 
the reasons for such diversity. In this case, both local conformational rearrangements of individual 
macromolecules at the secondary structure level and the tertiary structure evolution could contribute 
to changes in the structure and properties. It should be noted that due to the polysaccharide 
macromolecules rigid-chain nature the formation of true random macromolecular HN coils cannot 
be expected, but some degree of curvature, according to [79], is acceptable. 

To study the features of the supramolecular structure of HN the methods of NMR spectroscopy 
[80–82], Atomic Force Microscopy [83,84], Surface Plasmon Resonance and Colloidal Probe Microscopy 
[85], Light Scattering [83] and Molecular Modeling [49,86] are successfully used. However, complete 
understanding of the HN conformational behavior in dilute solution remains a challenging task. One 
of the relatively new method useful for this purpose may be Differential Scanning Fluorimetry (DSF). 
Therefore, the goal of this work was to study the HNs supramolecular structure using DSF and to 
analyze the features of their interaction with a curing agent, Butane-1,4-diol (BDDE).  
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2. Materials and Methods 

2.1. Materials 

The following materials were used for the HNs’ samples preparation: HNs’ powder with 
average MMs: 11.2, 20.2 and 50.0 kDa (≥97.5% Xi′an Lyphar Biotech Co., Ltd, China), 2-aminobenzoic 
(anthranilic) acid (2-AA) (≥98%, Sigma-Aldrich, USA), cyanoborohydride (≥95%, Sigma-Aldrich, 
USA), dimethyl sulfoxide (DMSO) (99.5%, NeoFroxx GmbH, Germany), acetic acid (glacial) (99.5-
100.5%, Panreac, USA), tris(hydroxymethyl)aminomethane (99-100.5%, Dia-m, Russia), and 
acetonitrile (UV-IR-HPLC-gradient) (99.9%, Panreac, USA). The Millipore Milli-Q water purification 
system (USA) was used to prepare all solutions. For HILIC HPLC, the following mobile phases were 
prepared: 100 mM ammonium formate solution, 100% acetonitrile. All reagents used in the 
investigation were pharma grade. Butane-1,4-diol (BDDE) (≥95%, Sigma-Aldrich, USA) was used as 
a curing agent. 2,3-Epoxy-1-propanol (Glycidol) (≥95%, Sigma-Aldrich, USA) was used to prepare 
model systems for NMR. 

2.2. Conjugation of HN with a Fluorescent Label 

Conjugation of the fluorescent label 2-AA with HN was carried out using freshly prepared 
aqueous solutions of these substances with a concentration of the target polysaccharide of at least 2.0 
mg/ml according to the method [87]. The solution for derivatization was prepared as follows: 2-AA, 
NaBH3CN, DMSO (100%) and acetic acid (glacial) in the required proportions were placed in a 
propylene test tube and incubated at temperature of (65±2) °C for 1.5 hour. The resulting solution 
was centrifuged in a D3024 centrifuge with an angle rotor (DLAB, China) at 5000g for 15 min. Then 
the supernatant was decanted, and the sediment was washed with acetonitrile at least 3 times and 
centrifuged again. Residual acetonitrile was removed by evaporation for 15-20 minutes at 60 °C. The 
resulting precipitate was dissolved in purified water, and the solution was used for further studies. 

2.3. Interaction of HNs with BDDE 

To carry out chemical modification of oligomeric HNs with BDDE, the following procedure was 
carried out. BDDE was added to solutions of HNs modified with 2-AA in a volume ratio of 1:1, the 
resulting systems were thoroughly mixed, and the required amount of titrant 1.0 M NaOH/0.1 M HCl 
or purified water (depending on the required pH = 3; 6-7 or 12) was added to the total volume (300 
μL). The obtained systems were studied using DSF and DLS methods. 

2.4. Model Systems for the HN Modification Studying 

To assess the direction of crosslinking of HN using epoxy oligomers, several model systems were 
used. The initial HN sample with MM 50.0 kDa was dissolved in the required amount of NaOH 
solution w/wo the addition of glycidol, followed by synthesis at (60±2) °C for 2 h. The obtained 
samples were then dialyzed and lyophilized for subsequent NMR analysis. Dialysis was performed 
using Spectra/Por cellulose bags (Cole-Parmer, France) with a pore diameter corresponding to MM 
6-8kDa, in the system being stirred for 12 h. Lyophilization in a Harvest Right Benchtop Freeze Dryer 
(Harvest Right, USA) at minus 20°C, in 10R format glass vials of hydrolytic class I sealed with 
bromobutyl stoppers, with a filling volume of 5.0 ml was carried out. 

2.5. Methods 

The main research methods were DSF and light scattering methods, i.e., dynamic light scattering 
(DLS) and nanoparticle tracking analysis (NTA). To confirm the conjugation of the fluorescent label 
with oligomeric HN, fluorescence spectrophotometry and hydrophilic interaction high-performance 
liquid chromatography (HILIC HPLC) methods were additionally used. The presence of destructive 
processes during conjugation was assessed using rotational viscometry data. The samples for the 
studies were aqueous solutions of 2-AA-labeled oligomeric HNs, the pH of which was adjusted using 
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0.1 M HCl and 1.0 M NaOH solutions. pH was controlled using a Mettler Toledo pH meter with a 
microelectrode (sample volume - 180 μL). 

The assessment of conformational stability of labelled HN samples were provided by DSF 
method on the biological stability screening platform UNcle (Unchained Labs, USA). The 
measurements were carried out in dynamic mode under the following conditions, i.e., incubation 
time 120 sec, temperature range 10-90 °C, heating rate 1°C/min; IgG1 antibody was used as a standard 
sample, the total analysis time was 2 hours. 

The average hydrodynamic particle size of the modified HN was determined by DLS using a 
ZetaSizer Ultra Red Label instrument (Malvern Pananalytical LTD, UK) in isothermal mode at 60 °C 
for 3 h. The thermostatting time before the initial measurement by the DLS method was 120 sec; the 
measurement frequency was every 10 minutes in three replicates; the cuvette was ZEN0040; the 
measurement angle was 174°. 

The investigations by the NTA method were carried out using the NanoSight NS300 device with 
an automatic syringe pump and a highly sensitive Scientific CMOS video camera (Malvern 
Panalytical, UK). The measurements were performed in the following mode: temperature (25±2) °C, 
syringe filling volume – 1.0 ml, syringe pump pressing speed – 200 ppm, concentration of the studied 
solutions 1.0 and 0.25 mg/ml. 

Fluorescence spectra of labelled HN solutions were obtained using an Agilent Cary Eclipse 
fluorescent spectrophotometer (Agilent Technologies, USA) in fluorimetry mode, in the wavelength 
range from 375 to 600 nm (with a step of 1.0 nm), excitation at 360 nm, emission 425 nm. 

HILIC HPLC was carried out using a chromatographic system with a fluorescence detector 
Alliance 2695/e2695 (Waters, USA), Advancebio Glycan Map column 2.1×150 mm, 2.7 Um (Agilent 
Technologies, USA), excitation at 360 nm, emission at 425 nm, time chromatography 60 min, in a 
gradient of mobile phase B, viz. a solution of acetonitrile. A derivatization solution (10 μL) was added 
to the HN solutions (100 μL). The resulting samples were incubated at (65±2) °C for 30 minutes and 
then analysed. It should be noted that a similar HILIC HPLC technique is used to assess the different 
content of glycans (sialylated, afucosylated, high mannose, etc.) in various protein molecules, in 
particular the IgG family – the so-called glycoprofile technique [88]. However, in the case of proteins, 
this analysis requires lengthy and labor-intensive sample preparation, which can take up to 24 hours, 
since the first step involves the enzymatical cleavage of sugars from the native antibody followed by 
the addition of derivatization solution to the resulting glycans and labeling them. In this case, the 
sample preparation procedure was considerably streamlined by omitting the initial step and focusing 
solely on preparing the derivatization solution and labeling the HN. 

The analysis of the rheoviscosimetric characteristics of HN aqueous solutions was carried out 
with a Brookfield DV2T RV rotational viscometer (Brookfield Engineering Laboratories, Inc. USA) 
using a working unit in the form of coaxial cylinders, in CR mode, at shear rates of 190-270 1/s and a 
constant cell temperature of (25±2) °C. 

Dialysis of HN model systems w/wo glycidol was carried out using Spectra/Por cellulose bags 
(Cole-Parmer, France) with a pore size of 6–8 kDa at a temperature of (15±2) °C for 12 h with constant 
stirring at 100 ppm. The resulting systems were then placed in 10R format hydrolytic class I glass 
vials sealed with bromobutyl stoppers and lyophilized using a Harvest Right Benchtop Freeze Dryer 
(Harvest Right, USA). 

The 13C-NMR spectra were recorded on a Bruker DPX-300 NMR spectrometer (Bruker Physic-
AG, Germany) at a frequency of 75 MHz, at a temperature of 30 °C in the InverseGate mode, with a 
delay between pulses according to the 5T1 rule of 60 s. The samples were dissolved in heavy water 
D2O. 

3. Results and Discussion 
In the first stage of the study, the effect of pH and temperature on the HNs conformation in 

aqueous solutions was assessed. For this purpose, DLS and NTA techniques were used. 
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The DSF method implemented using UNcle was originally intended to study the conformational 
behavior of proteins by determining their internal/intrinsic fluorescence with changes in temperature 
or under the action of chaotropes [89]. The change in the degree of protein folding leads to alteration 
in its fluorescence intensity, allowing for the assessment of the protein macromolecular internal 
functional groups accessibility to the action of exciting electromagnetic beam. In this way, it is 
possible to determine the critical temperature at which protein unfolding of up to 50% is achieved. 
However, polysaccharides, one of which is HN, do not exhibit their own fluorescence. For the study 
of such objects the DSF method allows labels, special marker substances, which must be chemically 
bound to the macromolecules being studied, to be used. 

The choice of the label for HN in this work was carried out simultaneously with the choice of 
the method for confirming its conjugation with this polysaccharide. To verify conjugation, the 
method based on HILIC HPLC was chosen similar to the technique for determining the glycosylation 
profile, both qualitative and quantitative, of protein molecules by the reductive amination of N-
glycans [90,91]. 

Within the framework of this method, various fluorescent substances can be used as fluorescent 
labels that establish the glycan profile [92–95], the most common of which being 2-aminobenzoic acid 
(2-AA) and 2-aminobenzamide (2-AB). With the only negative charge being present on it, 2-AA is a 
universal label and can be used to detect both neutral and sialylated glycans by HPLC [95]. Since we 
were only interested in qualitative confirmation of label binding to the target glycosaminoglycan, 2-AA 
was chosen for this purpose. 

Conjugation of 2-AA to HN was performed using a previously reported amination method [87] 
in the presence of the reducing agent, sodium cyanoborohydride (NaBH3CN) (Figure 2). Reductive 
amination proceeds in several steps. First an imine intermediate is formed, which is then reduced to 
a secondary amine in the presence of NaBH3CN [87,95–97]. Notably, this reaction is selective, with a 
single molecule of 2-AA labeling one terminal N-acetyl-D-glucosamine residue within the polymer 
chain. The fluorescent labeling was conducted with an excess of the dye. 

 

Figure 2. Scheme of HN and fluorescent label 2-AA conjugation. 

The process under consideration is carried out in an aqueous environment at an elevated 
temperature of approximately 65 °C, which, according to [56,98], can stimulate the degradation of the 
main HN polymer chain. Since the viscosity of their solutions is a characteristic that is sensitively 
dependent on the molecular weight of polymers, we evaluated its change during the synthesis period 
(Figure 3). The figure shows that there are no changes in the dynamic viscosity of aqueous HN 
solutions under the synthesis conditions, so it can be assumed that the degradation of the HN 
macrochain does not occur under the conditions of conjugation with the label. 
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Figure 3. Typical viscosity-velocity curves of aqueous solutions of HN using the example of 1.0 mg/ml HN 
solution with MM 50.0 kDa measured at (25±2) °C: (1) – control sample before incubation, (2) – test sample after 
incubation at (65±2) °C for 2 hours. 

The conjugation of the label with the HN macromolecule was confirmed by HILIC HPLC with 
fluorescence detector. To determine the optimal detection wavelength, the fluorescence spectra of 2-
AA-labeled HNs in aqueous solutions were preliminarily taken (Figure 4). For comparison, Figure 4 
shows the spectrum of an aqueous solution for derivatization with a concentration of the label 2-AA 
of 50 mg/mL. 

 

 

Figure 4. Fluorescence spectra of the HN samples with conjugated label in 2.0 mg/ml aqueous solutions; MM of 
HN is (1) 11.2, (2) 20.0 and (3) 50.0 kDa. 

Figure 4 shows that the conjugation of 2-AA with HNs leads to a hypsochromic shift of the 
wavelength corresponding to the fluorescence maximum from 430 to 408-410 nm. Obviously, this is 
due to the appearance of an electron-withdrawing substituent (HN residue) in the structure of 2-AA. 
This is indirect evidence of the covalent binding of the label to HN. In addition, it was noted that the 
fluorescence intensity decreases with increasing HN molecular weight, which is quite explainable: 
the proportion of terminal groups in oligomeric HNs with a lower MM is higher than that in the 
higher ones. For further experiments using HILIC HPLC, the detection wavelength of 425 nm was 
used. When determining the fluorescence intensity, according to Figure 4, the influence of noise is 
less pronounced. It should be noted that the pH of the solution in the range of 4-9 does not affect the 
position of the fluorescence maximum (Figure A1), so the conjugation of the label with HN can be 
considered unchanged under these conditions. 
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Typical chromatograms obtained by HILIC HPLC are shown in Figure 5. The most noticeable 
signals on it are the high-intensity peak of washing off the unbound fluorescent dye at 2-4 min and 
the intense peak in the region of 48-50 min associated with washing the column with eluent after the 
completion of chromatography. However, the most interesting peaks characterizing the HN-2-AA 
conjugates are located in the region of 6-46 min (inset of Figure 5). When this region is enlarged, three 
pairs of intense peaks are visible, whose intensity ratios are repeated. In the absence of conjugation 
of 2-AA with HNs, it would be impossible to observe such signals, i.e., individual 2-AA elutes at 2-4 
min. Thus, the conjugation of 2-AA with HN can be considered confirmed. The presence of two 
closely spaced signals, the most intense in the region under consideration, is likely due to the different 
hydrophobicity of the N-acetyl-D-glucosamine and D-glucuronic acid fragments that make up the 
HN macrochain, and the repeated repetition of this pair is due to the molecular weight distribution 
of HN. 

 

 

Figure 5. Typical representation of the HN samples chromatographic profiles after conjugation with 2-AA 
obtained by HILIC HPLC. The inset shows enlarged sections of the chromatogram for HNs with MM (1) 50, (2) 
20 and (3) 11.2 kDa 

Having obtained 2-AA-labeled oligomeric HNs and confirmed the conjugation of the label to 
HN, we proceeded to investigate the conformational behavior of these oligomers using DSF. Labeled 
HNs were studied over a wide range of temperatures, 15-95 °C, and pH values, 4-10; the 
corresponding dependencies of fluorescence intensity on temperature are shown in Figure 6 and 
Figure A2. It is worth noting that the label has a hydrophobic nature. Therefore, it is expected that in 
aqueous media, it will be shielded by the more hydrophilic fragments of the HA macrochains, and 
the fluorescence intensity will decrease accordingly. 
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Figure 6. Typical temperature dependence of fluorescence intensity at the peak maximum for an aqueous 
solution of HN with MM=11.2 kDa modified with 2-AA at various pH 

As expected, the fluorescence intensity systematically decreases with increasing temperature, as 
the acceleration of molecules thermal motion promotes the excited centers deactivation. However, 
this effect is more pronounced in the neutral-to-alkaline region, i.e., pH 6.5-10.0, whereas it is less 
significant under acidic conditions, i.e., pH 4.0. Furthermore, a sharp difference in the fluorescence 
intensity of labeled HA solutions is observed, which is much higher in the neutral-to-alkaline pH 
range, i.e., from 6.5·103 to 7.0·103, than in the acidic range, i.e., 2·103. Similar results were obtained for 
all tested oligomeric HN samples in the MW range of 11.2 to 50.0 kDa. Initially, we hypothesized that 
these changes were associated with the aggregation of HA macromolecules at low pH, which 
contributes to a decrease in fluorescence due to the formation of a more hydrophobic core of the 
aggregate. However, according to the results of particle size distribution analysis by NTA (Figure 7 
(a)), regardless of the pH of the medium, the hydrodynamic radius of HA particles is in the range of 
30 to 350 nm, and their z-average values are 109 ± 3 nm at pH 4.0, 117 ± 3 nm at pH 6.5, and 99 ± 5 nm 
at pH 13.0. At the same time, a sharp decrease (Figure 7 (b)) in the concentration of HA particles is 
observed with increasing MM of this polysaccharide from 11.2 to 20 and 50 kDa, which is obviously 
due to a regular decrease in the number of HN molecules, provided that a constant concentration of 
the test solution of 1.0 mg/mL is maintained. 

A second obvious reason for the significant differences in fluorescence intensity for HA in the 
acidic and neutral-to-alkaline pH regions may be the change in the state of the label carboxyl groups, 
which undergo a reversible transformation –COOH –COO– with changes in pH. In acidic 
environment, the carboxyl groups are in a more hydrophobic form –COOH and are shielded by more 
hydrophilic fragments of HN, whereas in alkaline form. They transform to the state of an easily 
dissociating salt –COO–…Na+, as a result of which the hydrophilicity of the label fragment noticeably 
increases. Moreover, the higher the HN MM (Figure 6 and Figure A2), the lower the fluorescence 
intensity, that is, the effect is more pronounced. Such transformations of the terminal group cannot 
but affect the spatial conformation of macromolecules. However, this is not reflected in the NTA 
results (Figure 7), probably due to the contribution of the hydration shell of macromolecules to the 
results. 
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(a) (b) 

Figure.7. Typical distribution curves of the numerical concentration of HN particles by size (a) at different pH 
using the example of HN with MM 11.2 kDa; (b) for HN of different MM at pH 6.5. The concentration of HN is 
1.0 mg/ml. 

In the second stage of the work, we evaluated the change in the supramolecular structure of HNs 
in the presence of curing agent BDDE. For this purpose, BDDE was added to the HN-2-AA 
conjugates, and the kinetics of changes in fluorescence intensity and average particle size were 
investigated by DLS at a constant temperature of 60 °C and pH 13.0. It should be noted that under these 
conditions, as shown in [99,100], a chemical interaction occurs between HN and BDDE (Figure 8), which 
is presumably due to the reaction of hydroxy [101] and/or carboxyl [102,103] groups of HN with the 
epoxy groups of BDDE (Figure 8 (a) and (b)). In addition, there is a possibility of concomitant partial 
deacetylation of HN in an alkaline medium (Figure 8 (c)) similar to the deacetylation of chitosan [103] 
with the formation of primary amino groups that readily react with the epoxy groups of BDDE. 
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Figure 8. Scheme of HN and BDDE chemical modification proceeding via carboxyl (a), hydroxy (b) and amino 
groups formed as a result of partial deacetylation of acetamide groups of HN (c).  

Experimental results (Figure 9 (a)) indicate that the fluorescence intensity decreases sharply in 
all cases within 15-35 minutes after the start of the measurements, after which it reaches a constant 
low value in the range of 3·103 to 5·103. In other words, the fluorophore is quenched to a certain 
constant level during this time. This quenching can be attributed to the processes shown in Figure 8, 
which result in the formation of HN-BDDE adducts. Initially, we hypothesized that the time tF – its 
definition is shown by the arrow in Figure 9 (a) – is related to the formation of a BDDE "bridging 
fragment" between HN macromolecules. Such a flexible "bridge" would allow for more pronounced 
conformational changes in the adduct and the shielding of the fluorophore. However, the average 
particle size – the centres of light scattering – remains practically unchanged in this time range (Figure 
9 (b)), which leads us to favour another interpretation, i.e., the preferential interaction of HN with 
BDDE via carboxyl groups, including the –COOH groups of the fluorophore. Considering this last 
point, we suppose that the reaction of the –COOH groups of the fluorophore with the epoxy groups 
of BDDE reduces the fluorescence of the indicated fluorophore, which is observed experimentally. 
Only after the carboxyl groups are consumed does the reaction with the OH groups of HN begins. 
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(a) (b) 

Figure 9. Kinetic dependences of fluorescence intensity (a) and average size of light scattering centers (b) for 1.0 
mg/ml HN aqueous solutions with MM 11.2, 20.0 and 50.0 kDa in the presence of BDDE in a molar ratio of 1:1 
at pH 13.0 at a constant temperature of (60±2) °C. Arrows indicate the determination of tF and tZ for HN with 
MM 11.2 kDa. 

On the other hand, at longer synthesis times, i.e., 156-160 min, the average particle size increases 
sharply. This process may be due to the formation of flexible aliphatic BDDE "bridges" between HA 
macromolecules, which allow the adducts to form larger particles. Thus, it can be assumed that the 
time tZ – its definition is shown by the arrow in Figure 9 (b) – is related to the onset of a noticeable 
reaction between BDDE and HN via the hydroxy groups of the latter. 

To clarify the possibility of the reaction shown in Figure 8 (c), additional studies were performed 
on model systems under synthesis conditions using glycidol instead of BDDE. The chemical structure 
of glycidol is similar to that of BDDE, but glycidol contains only one functional group, and its use 
does not lead to HN crosslinking. This allows such samples to be studied in the form of solutions, for 
example, by NMR methods. To purify the glycidol-HN adducts and control systems without glycidol 
carried out under the same conditions, the samples after the reaction were dialyzed followed by 
lyophilization, and then dissolved in deuterated water and subjected to 13С NMR spectroscopy in 
Inverse Gate mode. The resulting spectra are shown in Figure 10 and in Figure A3-A5. 

 

 

Figure 10. 13C IG NMR spectra of HN with MM 50 kDa: initial HN (a), HN maintained under synthesis conditions 
without (b) and with glycidol (c). 

The main peaks appearing in the spectra are signals at 173-176 ppm, which relate to the C=O carbon 
of the carboxylate and acetamide groups, two peaks of the anomeric carbon of HN at 100-105 ppm, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 July 2025 doi:10.20944/preprints202507.2597.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202507.2597.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 20 

 

carbon atoms of the saccharide ring at 53-85 ppm, and at 22 ppm the carbon peak of the acetamide 
group CH3. Of particular interest is the latter peak, changes in which would indicate the occurrence of 
HN deacetylation (Figure 8 (c)). However, no pronounced changes in the position of this peak or in its 
relative intensity compared to the integral intensity of the carbonyl peak at 173-176 ppm were noted. 
This indicates that there is no significant contribution of HN deacetylation to the crosslinking process 
under alkaline conditions. Thus, the most significant chemical process of the three (Figure 8) can be 
considered the interaction of the epoxy group with the OH groups of HNs. 

To identify the most reactive –OH group, partial charges on O and N atoms in the sodium 
hyaluronate molecule were calculated using ChemDraw 16.0 (Figure 11). From these calculations, the 
hydroxy group with the most electronegative O atom, circled in red, was identified, which is more likely 
to react with the epoxy group of the crosslinking agent. 

 

 

Figure 11. Partial charges of O and N atoms in a sodium hyaluronate fragment. 

4. Conclusions 

To sum up, 2-aminobenzoic acid-labeled macromolecules of oligomeric hyaluronans (11.2-50.0 
kDa) were synthesized by reductive amination in the presence of sodium cyanoborohydride. The 
conjugation of the label with hyaluronan was confirmed by fluorescence spectrophotometry and 
HILIC HPLC with fluorescence detector. It was shown that in aqueous solutions, labeled hyaluronans 
undergo conformational transformations upon changes in pH, primarily related to the protonation 
of carboxyl groups in a basic medium. After the addition of a curing agent, i.e., Butane-1,4-diol, the 
hyaluronans enter into a chemical interaction with it. The results of fluorimetry and DLS methods 
indicate that at the initial stages there is a chemical interaction of the epoxy groups of the curing agent 
with the carboxyl groups of hyaluronan. Only then do the hydroxy groups of this polysaccharide 
enter into the reaction selectively at the 2-position of the polysaccharide ring. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

HN Hyaluronan 
FS Fluorescence Spectrophotometry 
HILIC HPLC Hydrophilic Interaction High-Performance Liquid Chromatography 
DSF Differential Scanning Fluorimetry 
DLS Dynamic Light Scattering 
NTA Nanoparticle Tracking Analysis 
BDDE Butane-1,4-diol 
MM Molecular Mass 
NMR Nuclear Magnetic Resonance 
2-AA 2-aminobenzoic acid 
NaBH3CN sodium cyanoborohydride 
2-AB 2-aminobenzamide 

Appendix A 
Appendix A.1 

(a) (b) (c) 

Figure A1. Fluorescence spectra of the HN samples with conjugated label in 2.0 mg/ml aqueous solutions in the 
pH range from 4.0 to 9.0 with MM of HN is (a) 11.2, (b) 20.0 and (c) 50.0 kDa. 

Appendix A.2 

 

Figure A2. Typical temperature dependence of fluorescence intensity at the peak maximum for 2.0 mg/ml 
aqueous solution of HN with MM 11.2, 20.0 and 50.0 kDa at pH 6.5   
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Appendix A.3 

 

Figure A3. 13C IG NMR spectra of HN with MM 50 kDa 

 

Figure A4. 13C IG NMR spectra of HN with MM 50 kDa maintained under synthesis conditions without glycidol 
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Figure A5. 13C IG NMR spectra of HN with MM 50 kDa maintained under synthesis conditions with glycidol 
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