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Understanding hyaluronic acid
induced variation of water structure
by near-infrared spectroscopy
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In order to understand the hydration effect of hyaluronic acid (HA) in aqueous solution, near-infrared
(NIR) spectroscopy was used to investigate the HA aqueous solutions at different concentrations and
temperature. As HA concentration was raised, there was a nonlinear change in absorption value in

the first overtone region of OH, indicating the changes of hydration water. A reconstructed spectrum
based on principal component analysis (PCA) was established and analyzed with the concept of
aquaphotomics. The results showed that HA acted as a structure maker to make water molecules
arranged in order. Water species with two hydrogen bonds (S,) and three hydrogen bonds (S;) showed
the decrease at low concentration range of 0-40 mg/mL, but increased at higher concentration,
indicating the difference in water species at different HA concentration. Meanwhile, HA had the ability
to improve the thermal stability of water structure, suggesting a potential bio-protective function. This
study provides a unique perspective on the molecular interactions between HA and water molecules,
which is helpful for understanding the role of HA in life process and may serve as the basis for HA
applications.

Hyaluronic acid (HA) is a natural polysaccharide and one of the main component of the extracellular matrix'. It is
widely distributed in various tissues and organs of animals as well as the capsules of some bacteria, and plays a sig-
nificant role in life process'. Due to its high water retaining capacity, biocompatibility and non-immunogenicity,
HA is an attractive material for various cosmetic, food and medical applications®™*.

It is known that the structure and morphology of polysaccharides are strongly influenced by water mole-
cules via controlling their conformations, various forms of aggregation, thermal properties and kinetics*®. In this
respect, the knowledge of the interaction between water and polysaccharide and the hydrated structure is of high
importance for understanding its performance in the application. Studies on HA hydration have been reported by
using various experimental techniques, including nuclear magnetic resonance (NMR)’, viscometry®, ultrasonic
and densitometry analyses®, thermal analysis'®!!, spectroscopic techniques'?'%, and by means of computer sim-
ulations'®. A complex relationship between HA and water molecules was partly discovered that the macroscopic
properties of HA are significantly dependent on its degree of hydration and the function of HA relies on the
hydration capacity*!6-18,

Analysis of the hydration water in aqueous solution is challenging, and the structural changes in water
induced by HA are yet to be fully understood. Near-infrared (NIR) spectroscopy; as a powerful analytical method,
has unique advantages in studies of molecular structure and interaction'®-?2. It mainly reflects the overtones and
combination modes of functional groups containing hydrogen atoms, such as CH, OH and NH, which play a
significant role in chemical bonding and other chemical phenomena such as hydrogen transfer, hydrogen bond-
ing?. The vibrations of these groups greatly reflect even subtle changes in molecular interactions. Therefore, NIR
spectroscopy has become a powerful spectroscopic technique in structural biology.

The purpose of this study is to continue and extend the research on the hydration behaviors of HA, but par-
ticular attention is paid on investigating the water structure changes induced by HA. NIR spectra of water and
aqueous HA solutions with a range of concentration were measured at different temperatures. Principal com-
ponent analysis (PCA) was conducted on the spectra data to extract the information of different water species.
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Figure 1. NIR spectra of water, HA aqueous solution (100 mg/mL) from 25°C to 55°C (a) and the second
derivatives of the selected spectra in Fig. 1 (b).
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Figure 2. Average absorption of HA solution at 25°C in the range of 7930-5930 cm™" at different
concentrations.

Aquaphotomics was employed to analyze the effect of HA on water structure. The results showed that HA acted
as a structure maker to make water structure ordered in aqueous solutions and different water network was
promoted at different HA concentrations. Meanwhile, HA had the function of improving the thermal stability
of water structures. The results provide new information of HA hydration and possibly shed more light on the
function of water in bio-systems.

Results

NIR spectra of water and HA solutions.  Figure 1(a) showed NIR spectra of water, HA aqueous solution
(100 mg/mL) from 25°C to 55 °C. It could be seen the addition of HA caused a decrease in the intensity of the
absorption around 6900 cm ™!, which is an overlap of the absorption mainly due to the combinations of OH sym-
metric and antisymmetric stretching modes of various water species*’. Figure 1(b) displayed the second deriv-
atives of the spectra in Fig. 1(a), showing peaks at 7072, 6941 and 6821 cm™!. These three peaks can be assigned
as Sy, S, and S,, representing water molecules with no, one and two hydrogen bonds and the result was consistent
with those reported before*>¢.

To study the effect of HA concentration on the absorption, the absorption band of 7930-5930 cm ™" at 25°C as
the region of the absorption peak between two minima was selected to make further analysis*>?”. The absorption
values in this region were averaged to reduce the noise effect on the data and plotted against HA concentration
in Fig. 2. Consistently, the absorption dropped almost linearly when adding HA to water. However, it should be
noted that from the concentration of 40 mg/mL onward, the slope starts to decrease slowly.

PCA analysis on HA concentration dependent NIR spectra. To figure out the water molecular struc-
tures at different HA concentration, PCA of HA solution spectra had been performed. Figure 3(a),(b) showed the
first two loadings and scores of the spectra of HA aqueous solutions, respectively. The first principal component
accounted for 99.4% of the total spectral change, and its loading was characterized by a broad negative peak
centered at 6900 cm™'. With a variance explanation of 99.4%, the first principal component can be considered
to explain almost all spectral changes of importance. The second principal component described 0.53% of the
total variance, and its loading showed a dominating positive peak at 7089 cm™! and a negative characteristic at
6634 cm ™!, characterized by less hydrogen bonded OH and more hydrogen bonded OH. The first two principal
components had explained 99.93% spectral variation. The score of the remaining principal components fluctu-
ated around zero and could be considered as the change due to noise.
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Figure 3. The first two principal components of the spectra of HA solutions with different concentrations at
25°C extracted by PCA: the loadings (al, a2), scores (b1, b2). The first principal component accounts for 99.4%
of the total variance and the second principal component accounts for 0.53% of the total variance.
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Figure 4. Concentration dependency of water spectral changes depicted by aquagram patterns at 25 °C.

Analysis of different water species in HA aqueous solutions with different concentration. In
order to further investigate the water structure changes caused by HA, the reconstructed spectra from the first
two principal components were calculated. Then, a radar chart named aquagram was established to visualize
water spectral pattern at different concentrations. Twelve characteristic water wavenumbers have been defined
by Tsenkova et al.?®=3, which cover various conformations of water molecules and can be used to character the
spectral patterns in the first overtone region of water. Figure 4 displayed the concentration dependency of water
spectral changes depicted by aquagram patterns. Figure 5 showed the intensity variation of each water species
with increasing HA concentration. It can be seen that with the increase of HA concentration, the water species
of C1-C8 showed a linear downward trend, while the C11 and C12 showed an upward trend. The intensities of
C9 (S,) and C10 (S;) decreased firstly, and when the HA concentration was higher than 40 mg/mL, the intensity
began to increase.

PCA analysis of HA aqueous solution induced by temperature. In order to further explore the HA
effect on water structure, PCA was performed on spectra data of HA solution at different temperatures. Figure 6
showed the first two loadings and scores of the spectra of 100 mg/mL HA solutions from 25 to 55 °C. The first
principal component explained 99.8% of the total spectral variance, and its loading was dominated by a positive
peak at 7091 cm ™! and a broader negative peak centered at 6725 cm™!. With a variance explanation of 99.8%, the
first principal component can be considered to explain all spectral changes of importance. The second principal
component accounted for 0.16% of the total variance. Although its loading showed a dominating positive peak at
7018 cm™}, its score vector gave a fluctuation around zero, indicating little more than a noise. Therefore, only the
first principal component was used to reconstruct the spectra. Then the reconstructed spectra were depicted by
aquagram, as shown in Fig. 7.
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Figure 5. Intensity variation of different water species with different HA concentrations at 25°C (a) for C1-C8
and (b) for C9-C12.
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Figure 6. The first two principal components of the spectra of 100 mg/mL HA solutions at different
temperatures extracted by PCA: the loadings (al, a2), scores (b1, b2). The first principal component accounts
for 99.8% of the total variance and the second principal component accounts for 0.16% of the total variance.

6607 cm’! . 7440 cm™!

—25C

7349 cm”! —30°C
35°C
40°C
270 em”  ——45°C
—350°C
—355°C

6705 em’™

6784 cm™!

6821 em™!
7234 em”!

6906 om™ 7072 e’

6941 cm”! 7037cm’

Figure 7. Temperature dependency of water spectral changes depicted by aquagram patterns in 100 mg/mL HA
aqueous solution.
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Figure 8. Variation of the peak intensity of S (a), S; (b) and S, (c) in the reconstructed spectra of water and HA
solution (100 mg/mL) with temperature. The solid lines were obtained by linear fitting.

Analysis of different water species in HA aqueous solutions with different temperature. In
order to get more information of water structure changes with temperature in the HA solution, the reconstructed
spectra from the first component were calculated. Figure 8 showed the intensity variation for the spectral com-
ponents of Sy, S; and S,, which could be clearly identified in Fig. 1(b). As illustrated in Fig. 8 that, with increasing
temperature, the intensity for the spectra of Sy and S, increased but that for S, decreased, indicating clearly that
more OH of Sy and S, was formed but that of S, was dissociated. The result was consistent with the previous
studies, that was the larger water clusters dissociated into smaller ones with the increasing temperature?>®3!. The
temperature effect on Sy, S, and S, could be obtained by comparing the slope in the Fig. 8. The slope indicates the
variation rate of the intensity with temperature, showing the sensitivity of the water species to temperature. The
squared correlation R? was obtained from linear fitting between the intensity of the spectral components and the
temperature.

Discussion

The perturbation of hydration water structure due to the presence of HA was investigated by NIR spectroscopy.
The decrease in the intensity with increasing HA concentration in Fig. 1 could be explained by the reduction of
water. Furthermore, as the temperature increases, the peak position shifts to high frequency which may be due
to an increase in weak hydrogen bonded OH and a decrease in strong hydrogen bonded OH*. The intensities of
the three water species S, S, and S, in Fig. 1(b) changed with increasing temperature, indicating the temperature
had the effects on water structure.

The calculation of the absorption values in the region of 7930-5930 cm ™! in Fig. 2 proved the nonlinear decreas-
ing behavior of HA aqueous solutions. The reason for the decreasing generally comes from two possibilities. One
possibility was that HA absorbed less NIR light than water in the OH stretching region, and therefore, an increase
in the concentration of HA would result in a decrease in absorption. It can be considered that although HA has a
long chain structure, its contribution to NIR absorption is different from that of pure water. Another possibility
was that water molecules were affected by HA, which finally changed the molecular vibration. If the change was
entirely caused by the absorption of HA, the absorption value should be linear with HA concentration. Therefore, the
changes should also come from the third substance, that was, the contribution of hydration water.

PCA was performed on HA concentration dependent NIR spectra. The score of the first component in Fig. 3
was simply a straight line, suggesting that the spectral changes extracted by the first component varied linearly
over the entire concentration range, mainly reflecting the decreasing of water. The score vector was parabolic
with a top position of 40 mg/mL, which indicated that the spectral changes captured by the second loading had
undergone a transitional change around this concentration. This indicated that the loadings plot of the second
principal component reflected the hydrogen bond change of water caused by the increase in HA concentration.
Aquagram was plotted based on the reconstructed spectra of PCA in Fig. 4. As a result, quite a characteristic
water absorbance pattern was biased towards the low frequency region with increasing HA concentration, indi-
cating the transformation from less hydrogen bonded water structure to more hydrogen bonded water cluster.
The intensity variation of each water species in Fig. 5 showed that when the HA concentration was lower than
40 mg/mL, only the formation of S, was promoted. Probably because HA is a long-chain polysaccharide rich in
hydroxyl, it can directly combine a large number of water molecules into a tight network structure. The addition
of alow concentration of HA may promote the conversion of S, S, and S; into S, the strongly hydrogen bonded
water species. However, as the concentration was further increased above 40 mg/mL, S, continued to increase,
while more HA molecules began to promote the formation of S, and S;. When HA concentration was lower than
40 mg/mL, the strong hydrogen bonded water structure was preferentially formed and when the concentration
continued to rise, the medium hydrogen bonded water network began to form. Moreover, it has been found that
in dilute solution, HA behaves as a stiffened random coil, while in concentrated solutions, stiffened random coils
show entanglement®***. Therefore, water may be involved in HA entanglement. Previous studies have shown that
biomacromolecules normally promote the formation of hydrogen bonds in solution, such as the formation of S,,
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S5, and $,2>%. HA solution exhibits different types of water networks at different HA concentration, which may be
related to its long extending structure in water.

PCA analysis was carried out on the spectra of 100 mg/mL HA solutions from 25 to 55 °C.The score of the
first principal component in Fig. 6(a) changed almost linearly with the temperature, indicating that the spectra
that were extracted by this component changed a linear trend over the whole temperature region. Based on the
reconstructed spectra, the aquagram showed quite a characteristic trend that the absorbance was biased towards
to high frequency, indicating a dissociation of water cluster and the formation of less hydrogen bonded water
structure®. The peak intensity of Sy, S, and S, in Fig. 8 were reduced, which may be due to the volume effect.
Meanwhile, the slope R? of S, S; and S, with temperature in the HA solution is less than its slope in pure water,
indicating that HA had the effect of improving the stability of water structure and prevent the changes with tem-
perature. The same conclusion was found in the study of other concentrations of HA aqueous solution. Since a
large number of hydrogen bonds can be formed between the hydroxyl groups of HA and water!, it is speculated
that when the temperature rises, the intermolecular hydrogen bonds need to be broken first, which increases the
resistance to the vibration of water molecules. This result can be interpreted that the thermal stability of HA solu-
tion was achieved by the stability of water® and further provided an evidence of the biological protective function
of carbohydrates in aqueous solutions by reducing the sensitivity of water to temperature®*-3%.

Materials and Methods

Reagents and sample preparation. HA was provided by Bloomage Biotechnology (Jinan, China) with
M, of 7775 Da by using gel permeation chromatography coupled with multiple-angle laser light scattering (GPC-
MALS). Continuous concentration of HA solutions (1 mg/mL, 5mg/mL and 10-100 mg/mL with a step of 10 mg/
mL) were prepared by dissolving HA powder in double distilled water (Milli-Q, Millipore, resistivity
>18.5MQcm).

Spectral measurement. All NIR spectra were recorded using Antaris II FT-NIR spectrometer (Thermo
Fisher scientific Inc., American) equipped with a 1 mm cuvette, tungsten-halogen light source, and InGaAs detec-
tor. The spectral range is from 10000 to 4000 cm ™! and the spectra are digitalized with 4 cm™ intervals in Fourier
transform. The temperature-dependent spectra of water and HA solutions were collected between 25°C and 55°C
with 5°C interval. In order to increase the signal to noise ratio, the air reference was measured and subtracted
from sample spectrum and the scan number was both set to 32. The spectrum of each sample was measured three
times and averaged as a final spectrum.

Data processing. Spectra were imported into Matlab R2015a (The Math Works Inc., Natick, MA, USA),
which was used for data transformation and processing. PCA was performed on spectral data of HA aqueous
solution to extract information related to water changes and the reconstructed spectra were calculated accord-
ingly. Then, a radar chart named aquagram was established to visualize water spectral pattern at different concen-
trations. The ranges of peaks for aquagram depicting were described as follows?*~**: C1 (7440 cm™: 2 close v5: H,O
asymmetric stretching vibration.), C2 (7349 cm™": OH-(H,0), , ,: water solvation shell.), C3 (7270 cm™": v, + v;:
H,O symmetrical stretching vibration and H,O asymmetric stretching vibration.), C4 (7234 cm™': OH-(H,0), 4
water solvation shell, O,-(H,0),: hydrated superoxide clusters, 2 close v;: H,O symmetrical stretching vibration.),
C5 (7072 cm™!: water confined in a local field of ions, S;: free water, water with free OH-.), C6 (7037 cm™!: water
hydration band, H-OH bend and OH...0.), C7 (6941 cm™': S;: water molecules with one hydrogen bond.), C8
(6906 cm™': OH-(H,0), 5: water solvation shell.), C9 (6821 cm™': S,: water molecules with two hydrogen bonds,
2 close v, + v3: H,O bending and asymmetrical stretching vibration.), C10 (6784 cm™': S;: water molecules with
three hydrogen bonds.), C11 (6705 cm™: S,: water molecules with four hydrogen bonds.), C12 (6607 cm™": v;:
H,0 symmetrical stretching vibration, v,: H,O bending vibration, strongly bound water.).

Twelve characteristic water absorption bands mentioned above covering the most unique water species
termed as water matrix coordinates (WAMACS) were used as axes and the values for aquagram were derived
from the following equation®:

Ay = (4, — py)lay (1)

where A, 11, and o), are absorbance after multiplicative scatter correction (MSC), the average of all spectra and
the standard deviation of all spectra, respectively, at wavelength A (convert to wavenumber in this paper).

Received: 8 November 2019; Accepted: 3 January 2020;
Published online: 28 January 2020

References
1. Kuo, J. W. Practical aspects of hyaluronan based medical products 5-24 (CRC/Taylor & Francis 2006).
2. Bukhari, S. N. A. et al. Hyaluronic acid, a promising skin rejuvenating biomedicine: a review of recent updates and pre-clinical and
clinical investigations on cosmetic and nutricosmetic effects. Int. J. Biol. Macromol. 120, 1682-1695 (2018).
3. Salwowska, N. M., Bebenek, K. A., Zadlo, D. A. & Wcisto-Dziadecka, D. L. Physiochemical properties and application of hyaluronic
acid: a systematic review. J. Cosmet. Dermatol. 15, 520-526 (2016).
4. Di Cerbo, A., Laurino, C., Palmieri, B. & Jannitti, T. A. dietary supplement improves facial photoaging and skin sebum, hydration
and tonicity modulating serum fibronectin, neutrophil elastase 2, hyaluronic acid and carbonylated proteins. J. Photochem.
Photobiol. B. 144, 94-103 (2015).
. Laage, D., Elsaesser, T. & Hynes, J. T. Water dynamics in the hydration shells of biomolecules. Chem. Rev. 117, 1069410725 (2017).
6. Biswas, R. & Bagchi, B. Anomalous water dynamics at surfaces and interfaces: Synergistic effects of confinement and surface
interactions. J. Phys. Condens. Matter 30, 013001 (2018).
7. Harding, S. G., Wik, O., Helander, A., Ahnfelt, N. O. & Kenne, L. NMR velocity imaging of the flow behaviour of hyaluronan
solutions. Carbohydr. Polym. 47,109-119 (2002).

w

SCIENTIFIC REPORTS |

(2020) 10:1387 | https://doi.org/10.1038/s41598-020-58417-5


https://doi.org/10.1038/s41598-020-58417-5

www.nature.com/scientificreports/

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.

30.

31.
32.

33.
. Scott, J. E., Cummings, C., Brass, A. & Chen, Y. Secondary and tertiary structures of hyaluronan in aqueous solution, investigated by

35.
36.

37.
38.

39.

. Cowman, M. K. & Matsuoka, S. Experimental approaches to hyaluronan structure. Carbohydr. Res. 340, 791-809 (2005).
. Davies, A., Gormally, J., Wyn-Jones, E., Wedlock, D. J. & Phillips, G. O. A study of hydration of sodium hyaluronate from

compressibility and high precision densitometric measurements. Int. J. Biol. Macromol. 4, 436-438 (1982).

Hatakeyama, H. & Hatakeyama, T. Interaction between water and hydrophilic polymers. Thermochim. Acta 308, 3-22 (1998).

Liu, J. & Cowman, M. Thermal analysis of semi-dilute hyaluronan solutions. J. Therm. Anal. Calorim. 59, 547-557 (2000).

Haxaire, K., Maréchal, Y., Milas, M. & Rinaudo, M. Hydration of polysaccharide hyaluronan observed by IR spectrometry. I.
Preliminary experiments and band assignments. Biopolym. 72, 10-20 (2003).

Haxaire, K., Maréchal, Y., Milas, M. & Rinaudo, M. Hydration of hyaluronan polysaccharide observed by IR spectrometry. II.
Definition and quantitative analysis of elementary hydration spectra and water uptake. Biopolym. 72, 149-161 (2003).

Maréchal, Y., Milas, M. & Rinaudo, M. Hydration of hyaluronan polysaccharide observed by IR spectrometry. III. Structure and
mechanism of hydration. Biopolym. 72, 162-173 (2003).

Mazeau, K. & Rinaudo, M. The prediction of the characteristics of some polysaccharides from molecular modeling. Comparison with
effective behavior. Food Hydrocolloids 18, 885-898 (2004).

Servaty, R., Schiller, J., Binder, H. & Arnold, K. Hydration of polymeric components of cartilage — an infrared spectroscopic study
on hyaluronic acid and chondroitin sulfate. Int. J. Biol. Macromol. 28, 121-127 (2001).

Kargerovd, A. & Pekaf, M. Densitometry and ultrasound velocimetry of hyaluronan solutions in water and in sodium chloride
solution. Carbohydr. Polym. 106, 453-459 (2014).

Korogiannaki, M., Jones, L. & Sheardown, H. Impact of a Hyaluronic Acid-Grafted Layer on the Surface Properties of Model Silicone
Hydrogel Contact Lenses. Langmuir 35, 950-961 (2019).

Ozaki, Y. Near-infrared spectroscopy — its versatility in analytical chemistry. Anal. Sci. 28, 545-563 (2012).

Cui, X, Liu, X., Yu, X., Cai, W. & Shao, X. Water can be a probe for sensing glucose in aqueous solutions by temperature dependent
near infrared spectra. Anal. Chim. Acta 957, 47-54 (2017).

Dong, Q. Near-infrared spectroscopic study of molecular interaction in ethanol-water mixtures. Spectrochim. Acta Part A 222,
117183 (2019).

Dong, Q. Analysis of hydration water around human serum albumin using near-infrared spectroscopy. Int. J. Biol. Macromol. 138,
927-932 (2019).

Czarnecki, M. A., Morisawa, Y., Futami, Y. & Ozaki, Y. Advances in Molecular Structure and Interaction Studies Using Near-Infrared
Spectroscopy. Chem. Rev. 115, 9707-9744 (2015).

Workman, J. & Weyer, L. Practical Guide to Interpretive Near-Infrared Spectroscopy 57-58 (CRC Press, 2007).

Maeda, H., Ozaki, Y., Tanaka, M., Hayashi, N. & Kojima, T. Near infrared spectroscopy and chemometrics studies of temperature-
dependent spectral variations of water: relationship between spectral changes and hydrogen bonds. J. Near Infrared Spectrosc. 3,
191-201 (1995).

Cui, X., Cai, W. & Shao, X. Glucose induced variation of water structure from temperature dependent near infrared spectra. RSC
Adv. 6,105729-105736 (2016).

McCabe, W. C. & Fisher, H. F. Near-infrared spectroscopic method for investigating the hydration of a solute in aqueous solution. J.
Phys. Chem. 74,2990-2998 (1970).

Tsenkova, R. Aquaphotomics: dynamic spectroscopy of aqueous and biological systems describes peculiarities of water. J. Near
Infrared Spectrosc. 17, 303-313 (2009).

Koji¢, D., Tsenkova, R., Tomobe, K., Yasuoka, K. & Yasui, M. Water confined in the local field of ions. ChemPhysChem 15, 4077-4086
(2014).

Gowen, A. A,, Tsenkova, R., Esquerre, C., Downey, G. & O’Donnell, C. P. Use of near infrared hyperspectral imaging to identify
water matrix co-ordinates in mushrooms (agaricus bisporus) subjected to mechanical vibration. J. Near Infrared Spectrosc. 17,
363-371 (2009).

Cheng, D., Cai, W. & Shao, X. Understanding the interaction between oligopeptide and water in aqueous solution using temperature-
dependent near-infrared spectroscopy. Appl. Spectrosc. 72, 1354-1361 (2018).

Segtnan, V. H., Sasi¢, S., Isaksson, T. & Ozaki, Y. Studies on the structure of water using two-dimensional near-infrared correlation
spectroscopy and principal component analysis. Anal. Chem. 73, 3153-3161 (2001).

Garg, H. G. & Hales, C. A. Chemistry and biology of hyaluronan 3-4 (Elsevier Ltd 2004).

rotary shadowing-electron microscopy and computer simulation. Biochem. J. 274, 699-705 (1991).

Mondek, J., Kalina, M., Simulescu, V. & Pekat, M. Thermal degradation of high molar mass hyaluronan in solution and in powder;
comparison with BSA. Polym. Degrad. Stab. 120, 107-113 (2015).

Momany, E. & Schnupf, U. DFT optimization and DFT-MD studies of glucose, ten explicit water molecules enclosed by an implicit
solvent, COSMO. Comput. Theor. Chem. 1029, 57-67 (2014).

Cocinero, E. J. et al. Free fructose is conformationally locked. J. Am. Chem. Soc. 135, 2845-2852 (2013).

Suzuki, T. The hydration of glucose: the local configurations in sugar-water hydrogen bonds. Phys. Chem. Chem. Phys. 10, 96-105
(2008).

Tsenkova, R., Iordanova, I. K., Toyoda, K. & Brown, D. R. Prion protein fate governed by metal binding. Biochem. Biophys. Res.
Commun. 325,1005-1012 (2004).

Acknowledgements

This work was supported by National Natural Science Foundation of China (81703403) and Major Innovation
Project of Shandong Province (2018CXGC1405). The author would like to thank Bloomage biotechnology for
free providing HA samples.

Author contributions

Q.D. and H.Za. conceived the study and supervised all experiments. X.G. and S.H. were responsible for HA
related technical consultation. Q.D., L.L. and C.Y. carried out all experiments. Q.D. contributed to data analysis,
result interpretation, figure preparation and wrote the manuscript. L.N., W.T. and H.Zh. participated in the
discussions. All the authors reviewed and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.Z.

Reprints and permissions information is available at www.nature.com/reprints.

SCIENTIFICREPORTS|  (2020) 10:1387 | https://doi.org/10.1038/s41598-020-58417-5


https://doi.org/10.1038/s41598-020-58417-5
http://www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:1387 | https://doi.org/10.1038/s41598-020-58417-5


https://doi.org/10.1038/s41598-020-58417-5
http://creativecommons.org/licenses/by/4.0/

	Understanding hyaluronic acid induced variation of water structure by near-infrared spectroscopy

	Results

	NIR spectra of water and HA solutions. 
	PCA analysis on HA concentration dependent NIR spectra. 
	Analysis of different water species in HA aqueous solutions with different concentration. 
	PCA analysis of HA aqueous solution induced by temperature. 
	Analysis of different water species in HA aqueous solutions with different temperature. 

	Discussion

	Materials and Methods

	Reagents and sample preparation. 
	Spectral measurement. 
	Data processing. 

	Acknowledgements

	Figure 1 NIR spectra of water, HA aqueous solution (100 mg/mL) from 25 °C to 55 °C (a) and the second derivatives of the selected spectra in Fig.
	Figure 2 Average absorption of HA solution at 25 °C in the range of 7930–5930 cm−1 at different concentrations.
	Figure 3 The first two principal components of the spectra of HA solutions with different concentrations at 25 °C extracted by PCA: the loadings (a1, a2), scores (b1, b2).
	Figure 4 Concentration dependency of water spectral changes depicted by aquagram patterns at 25 °C.
	Figure 5 Intensity variation of different water species with different HA concentrations at 25 °C (a) for C1-C8 and (b) for C9-C12.
	Figure 6 The first two principal components of the spectra of 100 mg/mL HA solutions at different temperatures extracted by PCA: the loadings (a1, a2), scores (b1, b2).
	Figure 7 Temperature dependency of water spectral changes depicted by aquagram patterns in 100 mg/mL HA aqueous solution.
	Figure 8 Variation of the peak intensity of S0 (a), S1 (b) and S2 (c) in the reconstructed spectra of water and HA solution (100 mg/mL) with temperature.




