
Page 1/20

Gleditsia sinensis galactomannan-
based composite hydrogel with exceptional water
retention
Yuyu E 

Beijing Forestry University
Zeyu Chang 

Beijing Forestry University
Wen Li 

Guangxi Minzu University
Pengfei Li 

Guangxi Minzu University
Fuhou Lei 

Guangxi Minzu University
Jianxin Jiang 

Beijing Forestry University
Wengui Duan 

Guangxi University
Shengguang Yuan 

Chinese Academy of Sciences
Kun Wang 
(

wangkun@bjfu.edu.cn
)

Beijing Forestry University
Xiaopeng Peng 

Chinese Academy of Forestry

Research Article

Keywords: Galactomannan, Hyaluronic acid, Chemical cross-linking, Water retention, Composite hydrogel

Posted Date: November 7th, 2023

DOI: https://doi.org/10.21203/rs.3.rs-3499748/v1

License:


This work is licensed under a Creative Commons Attribution 4.0 International
License.
 
Read Full License

https://doi.org/10.21203/rs.3.rs-3499748/v1
mailto:wangkun@bjfu.edu.cn
https://doi.org/10.21203/rs.3.rs-3499748/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/20

Additional Declarations: No competing interests reported.



Page 3/20

Abstract
A novel epoxy-cross-linked hyaluronic acid/galactomannan composite hydrogel was prepared from
Gleditsia sinensis using various alkyl glycidyl ethers as cross-linking agents. The morphological,
physicochemical, and mechanical properties of the obtained hydrogels were comparatively investigated
and discussed. The optimal composite hydrogel (GM/HDE/HA) exhibited high storage modulus (210 Pa),
loss modulus (27.8 Pa), and water retention properties (95%). Hydrogels with high molecular weight (Mw)
hyaluronic acid showed higher water retention properties than those with low-Mw hyaluronic acid (80%
water retention properties). The molecular docking simulations of hyaluronic acid confirmed the higher
formation energies of the high-Mw hyaluronic acid (-14.98 Kcal/mol) than that of the low-Mw hyaluronic
acid (-6.90 Kcal/mol). This study offers a new design strategy for a water retention hydrogel by
optimizing the cross-linked dimension with various-length polymer chains as cross-linkers. These
remarkable advantages make hydrogels have enormous potential in the application of cosmetics and
biomedical.

1. Introduction
Hydrogels are three-dimensional network materials formed by physically and/or chemically crosslinking
hydrophilic polymers, capable of immobilizing a large amount of water or biological fluids to provide a
moist environment [1–6]. Hydrogels are widely implemented in wound dressing [7], tissue engineering [8],
soft electronics [9], and health monitoring [10, 11] due to their desired soft, flexible, and biocompatible
[12], becoming a potential candidate material in the biomedical and cosmetic fields. However, the poor
water retention of hydrogels is the main obstacle in actual use, with the lack of maintaining a moist
condition for sufficient time. Since most polysaccharide-based hydrogels exposed to dry environments
inevitably and quickly lose water due to water evaporation, the lost flexibility and functions severely limit
their practical applications. Therefore, it is urgent to enhance the water retention capacity of a hydrogel to
avoid water evaporation and promote its application in different fields, such as soft electronics,
cosmetics, biomedical, and so on. Recently, some researchers introduced glycerol or inorganic salts into
the hydrogels to reduce the vapor pressure and improve the water retention property. However, the low
biocompatibility hindered their biomedical applications. Polysaccharides are the preferred biobased
resources for the preparation of industrial or medical materials mainly due to their high molecular weight,
low cost, nontoxicity, biodegradability, and biocompatibility [13, 14]. As one of the natural
polysaccharides galactomannan of Gleditsia sinensis (GM) is naturally biocompatible and biodegradable
non-ionic polysaccharides composed of the linear backbone of 1→4-linked β-D-mannopyranosyl units
(M) substituted at O-6 with side chains of 1→6-linked α-D-galactopyranosyl units (G) [2–4]. GM could
hydrate and form a colloidal solution of high viscosity characteristics with water, even at extremely low
concentrations. The role of GM in water compounds is directly attributable to their hydrophilicity, which in
turn is due to their molecular structure. The galactose side chains linked to the mannose backbone
interact with surrounding water molecules, resulting in entanglement of the chains between different
molecules, increasing viscosity and causing gelation or thickening [15]. Due to its biocompatible,
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biodegradable and non-toxic properties, GM is widely used as a versatile polysaccharide in oil-well
drilling, textile, cosmetic, food, and pharmaceutical industries [16–18]. GM hydrogels are synthesized
through physical or covalent cross-linking biopolymer chains and used as water-retaining agents [19, 20].
The chemical process is versatile to obtain controllable structures and desirable mechanical properties of
hydrogels. The cross-linking points in hydrogels might stabilize their network by adjusting the molecular
chains of GM closer. Several different agents were proposed, including epichlorohydrin [21],
glutaraldehyde [22], borate [23], silane crosslinker [24], and N, N-methylene bisacrylamide [25]. However,
the limitation of the high toxicity and residuals of these agents in hydrogel implies that suitable methods
do not exist to promote the application of GM hydrogel. Therefore, it is crucial to develop a safe cross-
linking agent for the preparation of biocompatible GM hydrogels, in which the length of the cross-linker
chemicals is one of the vital factors that influence their properties. The degree of effective cross-linking
and hydrophilicity of cross-linkers strongly affect the expandability of hydrogel network structures and
mechanical strength. Therefore, it is vitally important to investigate the contribution of cross-linker length
to hydrogel properties. 1,4-butane diol diglycidyl ether (BDE) is a diepoxide-based linker [26], widely used
in the crosslinking of polysaccharides via epoxide groups present at the two ends of the molecule [27].
Therefore, other types of cross-linker with different chain lengths, such as ethylene glycol diglycidyl ether
(EDE) and 1,6-hexane diol diglycidyl ether (HDE), are promising candidates for hydrogel fabrication to
explore the influence of the cross-linker structure for the mechanical strength of hydrogel.

Hyaluronan (HA) is an anionic glycosaminoglycan polymer consisting of alternate disaccharide units D-
glucuronic acid (GlcA) and N-acetyl-D-glucosamine (GlcNAc) linked by β-1,3- and β-1,4-glycosidic bonds,
which existed mainly in the intercellular matrix of most connective tissues, such as synovial fluid, skin
and vitreous human, and its excellent biocompatibility [28], degradability [29] and the property of
moisture retention that makes it desirable application in the pharmaceutical, medical and cosmetic
industries. There are abundant hydroxyl and carboxyl groups on its main chain, which could be
effectively connected in a biopolymer mixture to form hydrogels with stable structures [30]. There are
some methods for modifying HA via chemical cross-linking, such as amidation, etherification and
esterification. Interestingly, HA hydrogels prepared by chemical cross-linking using BDE as cross-linker
existed with biocompatibility and non-toxic [31]. The formation of a hydrogel network was constructed
via the nucleophilic attack of the H atom of the hydroxyl group of the HA on the electrophilic carbon atom
of the epoxy group, which occurred in an aqueous solution under alkaline conditions at both ends or only
one. Composite polymers synthesized through BDE cross-linked HA presented different properties, even
starting from the same material. The variations in structural parameters could affect variations of
physical properties of the hydrogels, such as the molecular weight of the HA, the degree of cross-linking,
and the substitution position of the BDE cross-linker on HA. Therefore, the effect of HA molecular weight
on the water retention properties of the hydrogels obtained is also crucial. Especially, HA is promising
building block of human skin tissues due to its innate water retention capacity in the skin [32]. Although
HA-containing hydrogels have been widely reported as functional moisturized materials, their mechanism
at the atomic level is still unclear. Aquaporin-3 (AQP3) is a membrane protein in human skin that
responds to the transportation of water and glycerol. Water molecules are difficult to transport through
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membranes independently without the assistance of AQP3. It is significant to analyze the interactions of
HA and skin components and understand their synergetic mechanism of maintaining the water of the
skin.

Here, the contribution of cross-linker length and HA molecular weight in Gleditsia sinensis GM hydrogels
was studied to investigate their tensile and water retention properties by using three types of cross-linker,
including ethylene glycol EDE, BDE, and HDE. Density functional theory calculation was preliminary
performed to investigate the interactions of HA with different molecular weights and other skin
components at the atomic level. This work was expected to provide a reference for preparing a hydrogel
with desirable water retention capacity.

2. Experimental section

2.1. Materials
Galactomannan (1800 kDa) was supplied by Shexian Forestry Bureau in Hebei, China, and the
purification process was carried out according to the previous literature [22]. Hyaluronic acids (cosmetic
grade, high molecular weight, 1400 kDa ) were purchased from Dongying First Biochem Industrial Co.,
Ltd. EDE, BDE and HDE were supplied from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China).
All other analytical grade chemicals were obtained from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China) and used as purchased without further purification.

2.2. Synthesis of Hydrogels
The hydrogels were prepared via the facile one-step strategy. The free hydroxyl groups present at the
positions C2, C3, or C6 of the monosaccharide units could be reacted with an etherifying reagent in the
presence of sodium hydroxide as catalyst. Firstly, 1.0 g GM and 1.0 g HA power were mixed and
mechanically stirred in 50 mL distilled water at 40 ℃ for 2 h, and then 1.25 g NaOH (40 wt%) was added
and constant stirred was continued for 30 min to active the free hydroxyl groups. Subsequently, the
GM/HA solution and 2.5 g BDE were added to the above solution and magnetically stirred at 25 ℃ for 10
min until obtaining a uniform mixture. After removing the magnetic stir bar, the glass tube was sealed
and placed at 40 ℃ for another 6 h. Finally, the formed hydrogel was carefully washed thoroughly with
deionized water to remove the residual NaOH and EDE, and packaged in a sealed bag and stored in
desiccator with constant temperature and humidity. For comparison, the other two crosslinkers with
different alkyl chain lengths, BDE and HDE, were also used to prepare hydrogel with the same method.
Additionally, the effect of the GM dosage on the physicochemical property of hydrogel was also
investigated by adding 1, 2, and 3 wt%, respectively, named GM/BDE/HA-1, GM/BDE/HA-2, and
GM/BDE/HA-3. In most cases, GM/BDE/HA represents GM/BDE/HA-3 in characterization process without
additional statements. The scheme for preparing hydrogel is enumerated (Table S1, Supporting
Information).

2.3. Characterization
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The freeze-dried hydrogels were ground into a powder before performing Fourier transform infrared
spectroscopy (FTIR, Nicolet iS5, Thermo Fisher Scientific, America), which acquired in the 400–4000 cm− 

1 range with potassium bromide (KBr) tablet method. The morphology of the hydrogels was examined
using field-emission scanning electron microscope (SEM; SU8010, Hitachi, Japan). The element and
chemical structure of hydrogels were measured using X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific, America).

2.4. Rheological property test
The rheological analysis was measured using an MCR302 rheometer (Anton Paar Shanghai Trading Co.,
Ltd) with cone plate (2º, 50 mm diameter). The strain sweep test over different strain (0.01–100%) was
carried out with fixed oscillation frequency of 1 Hz to analyze the changes in modulus. A Frequency
sweeps (0.1–100 Hz) were performed at 1% strain to investigate the storage modulus (G') and loss
modulus (G") .

2.5. Water retention of the hydrogel
The water retention capacity of the hydrogels was evaluated via monitoring of weight changes in
environments with different temperatures and humidity. The water retention capacity was calculated
using the equation below:

where mt is the mass of the hydrogel at different moments and m0 is the initial mass of the hydrogel.

2.6. Molecular docking simulation
The data produced during the molecular docking procedure was investigated using the Molecular
Operating Environment (MOE2014) software. the HA molecular structures were developed by ChemDraw
software. The target crystal structures for AQP3 were retrieved and created using the Protein Data Bank
((https://www.rcsb.org). The docking of molecules between structural model of the molecules and protein
was performed by using MOE dock module.

2.7. Statistical Analysis
All experiments were obtained in triplicate and the data are presented as mean ± standard deviation.
Statistical analyzes were conducted using Origin software (Version 2018, OriginLab Inc., USA). One-way
analysis of variance (ANOVA) was performed using Tukey’s honestly significant difference post hoc test
to detect significant differences among means. Values of *p < 0.05, **p < 0.01, and ***p < 0.001 was
considered statistically significant.

3. Results and discussion

3.1. Assessment of physical-chemical properties

Waterretention = × 100%
mt

m0
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A facile process was used to prepare a hydrogel with moisturizing properties. The solution was formed by
directly mixing GM, BDE, and HA, gradually switching to an elastic solid due to the formation of extensive
hydrogen and covalent bonds (Figure S1, Supporting Information). The broad characteristic peaks from
3100 to 3600 cm− 1 appeared in the hydrogel, indicating the symmetrical stretching vibration of the
available hydroxyl groups. The above peaks were obviously weakened since the extensive formation of
hydrogen bonding in the hydrogel system [33]. The peak at approximately 2931 cm− 1 corresponds to the
O–H and C–H stretching vibrations (Fig. 1a) [34]. Two distinct peaks at 1140 and 1027 cm− 1 belonged to
C–C–O and C–O–C stretching vibrations of the main chain in the biopolymer [35, 36], respectively, and
the absorption bands of GM at 1643 cm− 1 assigned to H–OH bending [37]. The FTIR spectra of all
samples show no significant differences in native GM and HA, indicating that no major functional group
transformations occurred during the cross-linking process other than the formation of C–O–C linkages
involving hydroxyl groups. However, the thermal stability and mechanical property of hydrogel depend on
the size of the biomacromolecule in polymer. The thermal stability of hydrogel was investigated by
thermal gravimetric analysis, which was expected to improve after the cross-linking reactions. A long
plateau with slight weight loss was observed in the range of 35–200 ℃ due to the elimination of bound
water [38]. The decomposition temperature for the hydrogel was exceeded by 230 ℃. The hydrogel was
totally oxidized and carbonized between 280 ℃ and 500 ℃ (Fig. 1b). The initial degradation temperature
and the peak height corresponding to the maximum weight loss rate by the cross-linker with long chains
(HDE) were higher than that of the short one (EDE) (Fig. 1c) [39]. Although almost hydrogel existed the
same thermal degradation behaviors at the 220–400 ℃ temperature, the solid residue of the hydrogel
with HDE at the end of pyrolysis was obviously increased, indicating that the long chains cross-linker
increased the thermal stability of the hydrogel (Fig. 1b). Since the formation of the entangled network
was determined by the number of functional groups through inter-and intra-molecule hydrogen and
covalent bonds with the etherification agent [40], this result was consistent with the rheological results
and directly reflected the same structural changes. Previous studies indicated that the peak positions of C
1s depend on the valence state of the C atom in functional groups, which are extensively used to
qualitatively confirm the stage of C [41]. Using the C1s peak as the reference to correct the binding energy
of other element peaks. The N 1s (400 eV) peak appeared in the all-composite hydrogel survey, which
confirmed that HA was successfully introduced into the hydrogel network (Fig. 1d). Four peaks appeared
in the orbit spectrum C 1s of GM/HDE/HA hydrogel, in which three peaks with bending energy of 283.45,
284.9 and eV 286.43, representing C–C C–OH and C–O, respectively, while the appearance of the peak at
287.8 eV is assigned to C = O from carboxyl groups of HA (Fig. 1e). The O 1s signal exists three binding
energies of approximately 530.3 531.16 and 533.2 eV (Fig. 1f), corresponding to C–O, C–O–C and C = O,
respectively [42, 43]. The peaks C 1s (around 286 eV) and O 1s (around 532.08 eV) of the GM/EDE/HA
and GM/BDE/HA hydrogels also have similar results to GM/HDE/HA hydrogel (Figure S2, Supporting
information). In terms of the C 1s peak, four characteristic peaks at 283.26, 284.73, 286.17 and 287.88
eV; 283.15, 284.77, 286.4 and 288 eV were found in GM/EDE/HA and GM/BDE/HA hydrogels,
respectively, assigned to the C–C, C–OH, C–O and C = O linkages. Meanwhile, three characteristic peaks
at 532.48, 531.08, and 530.02 eV; 533.16, 531.46, and 531.46 eV were noted in the O 1s spectra of
GM/EDE/HA and GM/BDE/HA hydrogel, respectively, ascribing to the C = O, C–O–C and C–O
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connections. Therefore, all of these results further confirmed the successful fabrication of the composite
hydrogels.

The construction of morphologies in the hydrogel is tightly bound to the degree of crosslinking reactions,
which was visualized from the SEM images after being freezing-dried (Fig. 1g-i). The GM/HDE/HA
hydrogel presents an average 200 µm porous structure, which was remarkably increased compared to the
GM/EDE/HA and GM/BDE/HA hydrogels. In comparison, the GM/BDE/HA and GM/HDE/HA hydrogels
display aggregated layers of various sizes, implying that the mobility of polymer chains increased with
the length of alkyl chains in cross-linker since the long distance between two adjacent junctions could
benefit the motion of polymer chains and create large spaces in the network, leading to the rich pore
structure of the hydrogel. The regular arrangement of layered structures could provide a longer spacer in
the network, enhancing the correlations with water molecules. Compared with the structure of the
GM/HDE/HA and GM/BDE/HA hydrogel, the GM/EDE/HA hydrogel displayed a thin layered structure and
loose pores. It inferred that it is easier for the hydrogel to pile up and form a layered structure with the
increasing chain length of the cross-linker. Therefore, crosslinks initiated by the long chains cross-linker
were more likely to build a complete layered network structure to impart hydrogel higher mechanical
strength.

3.2. Rheological physicochemical properties of hydrogel
The GM contains plenty of hydroxyl groups and plays a crucial role in forming a hydrogel network. In
hydrogels, the main interactions binding the polymers are the covalent and hydrogen bonds between
hyaluronic acid and galactomannan. Therefore, the cross-linking agent (BDE) was chosen as a cross-
linker to prepare a hydrogel to compare the contribution of polysaccharide structures. The results from
the frequency sweep experiment at a constant strain of 0.1% indicated that the GM/BDE/HA-1 hydrogel
possessed greater storage modulus G' than the loss modulus G" before the angular frequency reached
0.26 rad/s, and conversely, G" was higher than G' as the angular frequency was higher than 0.26 rad/s
(Fig. 2a). However, the G's of the GM/BDE/HA-2 and GM/BDE/HA-3 hydrogels at angular frequency
surpassed the G"s, indicating the formation of a more stable network and exhibiting a solid-like behavior
over the applied frequency range (Fig. 2b and c). The elastic property of the hydrogels was evaluated by
stain amplitudes ranging from 0.01–100% at 1 Hz. With increasing strain, all hydrogels possessed higher
G' than G" during the whole strain amplitude, presenting the solid-like behavior. Furthermore, the modulus
value of GM/BDE/HA-3 hydrogel is obviously higher than the other two hydrogels, indicating that GM
could enhance the stability of the network (Fig. 2d, e, and f). The mechanical property of the hydrogel
depends on size of the biomacromolecule consisting of an entangled network through covalent and
hydrogen bonds [40]. Introducing GM biomacromolecule with abundant hydroxyl groups into the hydrogel
network promoted the formation of hydrogen bonds with the HA chain and covalent bonds with the
etherifying reagent.

The length of agent cross-linker strongly affects the properties of the hydrogel because the expandability
of network structures is a key factors affecting mechanical stress owing to the degree of effective cross-
linking and hydrophilicity of the cross-linkers [44]. Therefore, there is an urgent need to investigate the
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contribution of cross-linker length to hydrogel properties. Therefore, hydrogels from two kinds of
macromolecular cross-linkers (HDE and EDE) with different chain lengths were prepared via the same
polymerization process. The comparative rheological curves of the hydrogels with different cross-linkers
showed that the hydrogel with EDE is weak (Figs. 3a and c) and that with HDE exhibits excellent
mechanical properties (Figs. 3b and d). With respect to the maximum G' and G'' values, there was a clear
tendency that the hydrogel from the cross-linker with a longer alkyl chain shows higher values. It is
probably the fact that abundant functional groups exposed by longer chains in cross-linking agents could
insert into the adjacent chains in GM during the dissolving process. This process competitively generated
new intramolecular hydrogen bonds with GM and then increased the mechanical properties. Meanwhile,
the long alkyl chains provide covalent bond force in the cross-linked network, further enhancing the
rigidity and strength of hydrogels. Therefore, the above results revealed that cross-linker length plays a
vital role in the mechanical properties of the obtained hydrogel.

3.3. Water retention analysis of the hydrogel
Hydrogels easily lose moisture in the air, which makes them unusable in complex environments [45]. In
this paper, the interactions between the cross-linker and HA were utilized to improve the stability of the
prepared hydrogel under complicated environmental conditions. The water retention property of the
hydrogel is highly dependent on humidity and temperature [46], which was comparatively investigated in
this study. Under a drying condition of 25 ℃ and 25% relative humidity (RH), the GM/EDE/HA and
GM/BDE/HA hydrogel severely lost water by about 40% and 30% within 14 d, respectively, while
GM/HDE/HA hydrogel retained the water content as high as 80% (Figure. 4a). In comparison, the water
retention of the GM/EDE/HA hydrogel was 70% within 21 d at 25 ℃ and 50% RH, exceeding 90% and
95% for the GM/BDE/HA and GM/HDE/HA hydrogel, respectively (Figure. 4b). The hydrogel existed a
hygroscopic performance in a high-humidity environment owing to the synergistic effect of the GM
hydrophilic property and the HA water-retention characteristics. Moreover, GM/HDE/HA hydrogel has the
ability to maintain a water content of more than 90% with 21 d under the condition of simulated human
skin (36 ℃ and 50% RH) (Figure. 4c). The water retention test resulted in the hydrogel still being able to
maintain over 90% of the water content after 21 d in the natural environment, gradually increasing with
increasing humidity and length of cross-linker. This implies that longer functional cross-linkers lead to a
larger space of the cross-linked network, corresponding to a higher water retention behavior. The results
further confirmed that the longer spacer in the cross-linked network could provide more interaction sites
for hydrogen bonds between functional groups with water molecules, prolonging water molecules'
residence time in the hydrogel network structure to achieve higher water retention. HA could bond water
1000 times its mass via hydrogen bonding to prolong water retention due to its hygroscopic and
viscoelastic properties[47]. The effects on water retention of incorporation of a hydrophilic polymer were
explored by altering HA molecular weight. At 25 ℃ and 25% RH, the GM/HDE/HA (LMW-HA represent
composed of HA with low molecular weight, 1200 kDa) severely lost water by about 30% within 14 d
(Figure. 5a), while the GM/HDE/HA hydrogel has ability to maintain a high value of 80% water content
within 14 d (Figure. 4a). The water retention rate of GM/HDE/LMW-HA (LMW-HA represent composed of
HA with low molecular weight, 1200 kDa) hydrogel exceeded 90% in the high humidity environment of
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both 25 ℃ and 50% RH and 36 ℃ and 50% RH (Figure. 5b and c), which are similar to those of the
GM/HDE/HA hydrogel. The result indicated that HA with a higher molecular weight could reduce the loss
of water molecules in the hydrogel.

3.4. Molecular docking simulations
Structural insights based on molecular docking revealed important subsites that are essentially required
to interact with HA to control water transportation. Therefore, to further understand the mechanism of
effects of HA with different molecular weights on water retention, the coordination interactions between
HA and protein was preliminary investigated by density functional theory calculation. The HA polymers of
different molecular weights were created using the ChemDraw software, in which the HA macromolecule
consisted of 6, 5, 4, 3, 2, and 1 disaccharide (GlcA-β-1,3-GlcNAc-β-1,4-) units were labeled as HA6, HA5,
HA4, HA3, HA2, and HA1, respectively. The optimized geometries from molecular docking (Fig. 6) showed
that the formation energies of higher molecular weight HA coordination configuration with the protein are
much higher than lower molecular weight HA, corresponding to stronger intra- and inter-molecular H-bond
interactions and more stable structure. Specifically, the formation energies between HA and protein
decreased from − 6.90 to -14.98 Kcal/mol with increasing HA molecular weight (Supporting information
Table S2). Molecular docking results that higher molecular weight HA could adsorb much more residues
of AQP3, and the adsorption behavior of HA on the AQP3 surface could depend on the hydrophilic
residues (Figure. 6f). These interactions between HA molecules and residues of AQP3 could significantly
influence the original gating function of AQP3 [48]. Additionally, the number of H-bonds formed between
the HA polymers was further estimated to investigate the mechanism of the inhibition effect of water
permeation rate through AQP3 from HA. The best-fitting poses adopted by HA molecules are displayed
(Fig. 7), and the data on hydrogen bonding between the HA molecules are listed (Supporting Materials,
Table S3). In the docking process, the ligand set must have less than 100 heavy atoms; therefore, we only
simulated the docking process of four molecular weights of HA, which do not influence the explanation of
the mechanism of the interaction force between HA molecules. Molecular Operating Environment (MOE),
as the primary mechanism of molecular docking, was carried out to recognize a precise docking study
between the target molecule and the compounds. The HA molecules revealed a best-fitting pose through
hydrogen bonding with another monosaccharide. The interaction distance ranged from 3.06 to 2.87 Å
and the energy stabilization from − 0.9 to -1.9 Kcal/mol. The result indicates that HA with a higher
molecular weight could form more intra- and inter-molecular H-bonds than the one with a lower molecular
weight. This result could be explained as the monosaccharide in the longer HA has more sites for forming
more H-bonds with the adjacent units. Therefore, the reason that HA decreases the mobility of water
through the skin is not only the strong interaction between HA and water slowing water permeation, but
also could be the potential interaction between HA and the residue of AQP3, which significantly affecting
the exit or entry of water molecules across the skin.

4. Conclusions
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The hydrogels were prepared by cross-linking the high- and low-Mw HAs with different length cross-linker
(EDE, BDE, and HDE) under alkaline conditions, respectively. The tensile strength and water retention
properties of the hydrogels were highly dependent on the concentration of GM, the structure of the cross-
linker, and HA's Mw. The hydrogels with a long-length cross-linker and high Mw HA exhibited a higher
mechanical strength and water retention (95%). The molecular docking simulation with MOE2014
software was used to investigate the effect of the HA Mw on water retention. The results showed that HA
polymers could affect water molecules across the skin, which presents potential biomaterials in the
biomedical and cosmetic fields.
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Figure 1

(a) FT-IR, (b) TGA, and (c) DSC of the selected samples; XPS spectra (d) wide scan, (e) C 1s and (f) O 1s
of GM/HDE/HA hydrogel; SEM images of (g) GM/EDE/HA, (h) GM/BDE/HA and (i) GM/HDE/HA
hydrogels.
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Figure 2

Rheological characteristics of GM/BDE/HA-1 (a and d), GM/BDE/HA-2 (b and e) and GM/BDE/HA-3 (c
and f) hydrogels at different angular frequency and shear strain.
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Figure 3

Rheological characteristics of GM/EDE/HA (a and c) and GM/HDE/HA (b and d) hydrogels at different
angular frequency and shear strain.

Figure 4
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Water retention rate of GM/EDE/HA, GM/BDE/HA and GM/HDE/HA hydrogel stored for (a) 14 d at 25 ℃
and 25% RH; (b) 21 d at 25 ℃ and 50% RH; and (c) 21 d at 36 ℃ and 50% RH.

Figure 5

Water retention rate of GM/HDE/LMW-HA stored for (a) 14 d at 25 ℃ and 25% RH; (b) 21 d at 25 ℃ and
50% RH; and (c) 21 d at 36 ℃ and 50% RH.

Figure 6

3D molecular docking of the interaction between protein (AQP3) and (a) HA1, (b) HA2, (c) HA3, (d) HA4, (e)
HA5 and (f) HA6, respectively.
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Figure 7

3D docking and 2D diagrams of compound (a) HA1, (b) HA2, (c) HA3 and (d) HA4.
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