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Abstract

:

The viscosity behaviour and physical properties of blends containing hyaluronic acid (HA) and poly(N-vinylpyrrolidone) (PVP) were studied by the viscometric technique, steady shear tests, tensile tests and infrared spectroscopy. Viscometric and rheological measurements were carried out using blends of HA/PVP with different HA weight fractions (0, 0.2, 0.5, 0.8 and 1). The polymer films and HA/PVP blend films were prepared using the solution casting method. The study of HA blends by viscometry showed that HA/PVP was miscible with the exception of the blend with high HA content. HA and its blends showed a shear-thinning flow behaviour. The non-Newtonian indices (n) of HA/PVP blends were calculated by the Ostwald–de Waele equation, indicating a shear-thinning effect in which pseudoplasticity increased with increasing HA contents. Mechanical properties, such as tensile strength and elongation at the break, were higher for HA/PVP films with wHA = 0.5 compared to those with higher HA contents. The elongation at the break of HA/PVP blend films displayed a pronounced increase compared to HA films. Moreover, infrared analysis confirmed the existence of interactions between HA and PVP. The blending of HA with PVP generated films with elasticity and better properties than homopolymer films.
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1. Introduction


Viscometric and rheological measurements are commonly employed for the characterisation of polymer fluids [1,2,3,4,5,6,7]. Viscosity behaviour and flow properties are considered as rates of product quality for calculation in many processes involving fluid flow e.g., extraction, extrusion and filtration [8,9,10]. Based on the aforementioned investigations, one can design new materials with unique properties for specific applications, for example, wound healing or tissue engineering purposes. Additionally, the viscometric and rheological behaviours of polymers and their blends or composites provide valuable information regarding their viscosity, stability at various conditions and miscibility in blends with other compounds. Miscibility of polymers in solution is a vital indicator for the physical and surface properties of a blend. Additionally, it is a significant aspect for the production of new functional materials based on the mixing of biopolymers with other components. Nowadays, the use of biopolymers such as polysaccharides and proteins, obtained from renewable resources, are more favourable [2,4,9,11]. Hyaluronic acid (HA) is a natural, polyanionic polysaccharide produced from natural sources, including strains of Streptococcus bacteria, rooster combs, marine animals, etc. It is a linear polymer consisting of repeating disaccharide units of d-glucuronic acid and N-acetyl-d-glucosamine residues. HA and materials based on hyaluronan are widely used for many medical, pharmaceutical and cosmetic applications [11,12,13]. Additionally, it can be applied in different forms, such as solution, gel, thin films and sponge. HA is often mixed with other hydrophilic polymers to overcome the drawbacks of rapid degradation and poor mechanical properties [14,15,16,17,18]. The mixing of HA with other polymers allows the formation of new materials in which intermolecular interactions between different components can occur. In this research, we use poly(N-vinylpyrrolidone) (PVP) to modify HA materials for potential cosmetic, biomedical and packaging applications. It is well known that PVP is a synthetic, water-soluble, non-ionic polymer, which possesses many excellent properties such as film formation ability, biocompatibility, non-toxicity, remarkable chemical and thermal stability, excellent solubility in water and many organic solvents and applicability in the preparation of biomaterials [19,20,21,22,23]. In addition, PVP has been approved by the US Food and Drug Administration as a safe polymer for biological experiments; most that are tested are from the biomedical and pharmaceutical fields [21,24,25]. To the best of our knowledge, the miscibility, rheological and mechanical properties of HA blends with PVP have yet to be reported.



The aim of this work was to estimate the miscibility, rheological and mechanical properties of two HAs of various molecular weights, blended with PVP, on the basis of the viscometric technique, steady rheological measurements, mechanical tests and infrared analysis. Techniques used in this work allowed the study of homogeneity, miscibility, flow properties and intermolecular interactions. In addition, for cosmetic, food and pharmaceutical applications, it is important to determine the rheological properties at various temperatures in order to develop suitable compositions and their suitability under various conditions.




2. Materials and Methods


2.1. Materials


HA samples were purchased from Sigma-Aldrich (Poznan, Poland) and had a viscosity average molecular weight of 543 kg/mol for HA I and 1110 kg/mol for HA II. PVP had a viscosity average molecular weight of 818 kg/mol and was purchased from Sigma-Aldrich (Poznan, Poland). Viscosity average molecular weight was determined by the intrinsic viscosity in the solution using the Mark–Houwink–Sakurada equation [26]. The Mark–Houwink constants for HA were obtained from the literature [27] with values of K = 3.36 × 10−2 cm3/g and a = 0.79 at 25 °C in 0.1 mol/L NaCl. PVP in water had the constants of K = 3.93 × 10−2 cm3/g and a = 0.59 at 30 °C [28]. All reagents, materials and chemicals used in this study were purchased from POCh (Avantor, Gliwice, Poland) and Chempur (Piekary Slaskie, Poland). All materials were of analytical grade and used without any further purification.



Each polymer sample was separately dissolved in water at room temperature. HA/PVP blends were obtained by mixing aqueous solutions of HA and PVP in various weight ratios. HA weight fractions in the blends were 0, 0.2, 0.5, 0.8 and 1.




2.2. Fims Prepartion


The thin films were prepared by the solution casting method. In the first step, 2% (m/v) HA and 5% (m/v) PVP solutions were used to prepare blended solutions with different HA weight fractions (0, 0.2, 0.5, 0.8 and 1). In the second step, the polymer blend solutions were placed into plastic Petri dishes and dried at room temperature for 72 h. The films were peeled off and examined. All films were visually homogeneous, irrespective of composition.




2.3. Viscometric Technique


The viscometric studies were performed on dilute solutions of polymers (c < 0.5% (m/v)). The stock solutions of each blend were prepared and diluted, producing the five lower concentrations made through addition of the appropriate amount of water to the stock solutions. The reduced viscosity of pure polymer and HA/PVP blend solutions was determined using a Ubbelohde viscometer at 25 ± 0.1 °C immersed in a constant temperature bath. The flow time of solution was taken as the average of three readings with an accuracy of ±0.01 s. The viscometric data were calculated using the same methods described in previous reports [26,29].




2.4. Steady Shear Rheological Studies


Steady shear rheological measurements of solutions were performed on a Bohlin Visco BV 88 rotary viscometer with a concentric cylinder (Marlvern, Panalytical, Malvern, UK) at various temperatures (25–40 °C) and shear rates (20–1230 s−1). For this measurement, solutions of 2% (m/v) HA and 5% PVP (m/v) were prepared in distilled water. Rheological parameters (Ostwald–de Waele equation) were determined using the same methods described in previous papers [9,29].




2.5. Mechanical Tests


Mechanical properties were measured with a Z05 Zwick & Roell (Zwick&Roell, Ulm, Germany) at a crosshead speed of 50 mm/min in accordance with the standard procedure under dry conditions at room temperature [30]. All films were cut using the same shaper. The size of the test samples was 10 mm in width and 25 mm in parallel length. For each type of film, a minimum of five samples were tested. Tensile strength (TS), Young’s modulus (YM) and percentage elongation at the break (EB) were measured.




2.6. Infrared Spectroscopy (ATR-FTIR)


Spectra of the thin films were recorded using a Nicolet iS10 FTIR spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) in attenuated total reflectance (ATR) mode with a diamond crystal in the range of 4000–600 cm−1 during 64 scans, and at a resolution of 2 cm−1.





3. Results and Discussion


3.1. Viscometric Studies


The viscometric technique was conducted in order to determine the miscibility and molecular interactions of HA and PVP. In our previous reports [26,29], the main purpose of utilising the viscometric technique was to study interactions and miscibility in dilute polymer solutions. Briefly, the quantitative evaluation of miscibility by the viscometric technique was obtained by calculating miscibility parameters (  Δ  b m   ) as well as intrinsic viscosities, both theoretically (by the method described by Garcia et al. [31]) and experimentally, which were then plotted against the polymer solution concentrations. Miscibility parameter   Δ  b m    was calculated using Equation (1):


  Δ  b m  =  b m  e x p   −  b m  i d    



(1)




where    b m  e x p     is the experimental interaction parameter (dL/g)2 and    b m  i d     is the ideal interaction parameter (dL/g)2.



The experimental interaction parameter was obtained from the graph of reduced viscosity vs. polymer concentration using the classical Huggins equation, shown in Equation (2):


       (   η  s p    )   m     c m    =    [ η ]   m  e x p   +  b m  e x p    c m   



(2)




where        (   η  s p    )   m     c m      is the reduced viscosity (dL/g), cm is the total concentration of the polymer blend (g/dL) and      [ η ]   m  e x p     is the experimental intrinsic viscosity (dL/g). The graph of        (   η  s p    )   m     c m      vs.    c m    provided a straight line, where the intercept and slope are respectively equal to      [ η ]   m  e x p     and    b m  e x p    . The ideal interaction parameter was expressed as Equation (3):


   b m  i d   =  w 1   b 1 2  +  w 2   b 2 2   



(3)




where    w 1    and    w 2    are the weight fractions of polymer 1 and 2, respectively, and    b 1    and    b 2    are the interaction parameters of each homopolymer. In addition, Garcia et al. [31] proposed an additional criterion based on the difference between the experimental intrinsic viscosity (     [ η ]   m  e x p    ) and the ideal intrinsic viscosity (     [ η ]   m  i d    ). The ideal value was obtained from Equation (4):


     [ η ]   m  i d   =    [ η ]   1   w 1  +  w 2     [ η ]   2   



(4)




where      [ η ]   1    and      [ η ]   2    are the intrinsic viscosities of polymer 1 and 2, respectively.



The application of the method proposed by Garcia et al. [31] allowed the calculation of the miscibility parameters   Δ  b m    and   Δ  [ η ]    to evaluate the degrees of miscibility in HA I/PVP and HA II/PVP blends. Values of   Δ  b m    > 0 and   Δ  [ η ]    < 0 relate to the miscibility of polymer blend solutions, and values of   Δ  b m    < 0 and   Δ  [ η ]    > 0 relate to the immiscibility. Moreover, values of   Δ  b m    > 0 imply the presence of attractive molecular interactions, while   Δ  b m    < 0 indicates repulsive molecular interactions. The Huggins graphs of reduced viscosity vs. polymer concentration (graphs not shown) showed a linear relationship for all polymer solutions over the entire composition range, indicating that the intrinsic viscosity values could be evaluated by linear extrapolation to zero concentration. Figure 1 presents miscibility parameters (  Δ  b m    and   Δ  [ η ]   ) vs. HA weight fractions (wHA) in HA I/PVP and HA II/PVP blends.



As shown in Figure 1,   Δ  b m    values were positive, with the exception of the blend with high HA content (wHA > 0.5). In the case of HA II/PVP blends, the negative value of   Δ  b m    was approximately six times bigger than that of HA I/PVP blends. The observed changes in the miscibility of HA and PVP were related to the molecular weights of the HAs. It is well known that polymers with relatively similar low molecular weights tend to be more miscible [32]. The higher molecular weight of HA II was probably responsible for the clearly negative value of the miscibility parameter. Thus, HA II/PVP blends had poor miscibility in solution compared to HA I/PVP blends. According to   Δ  [ η ]    values presented in Figure 1, HA/PVP blends were miscible due to the experimental intrinsic viscosities being smaller than the ideal intrinsic viscosity values, indicating negative deviations. In certain circumstances, the molecular interactions between chains hinder interactions between the polymer chain and solvent, weakening the solvation impact and leading to reduced viscosity [29,33]. Hence, the negative deviations were observed.




3.2. Steady Shear Rheological Studies


Steady shear measurements were carried out to evaluate the rheological properties of HA, PVP and their blends at different temperatures of 25 °C, 30 °C, 35 °C and 40 °C.



Figure 2 shows the apparent shear viscosity as a function of shear rate for homopolymers as well as composition blends. In the case of the pure HA solution with a concentration of 2% and the HA/PVP blend solutions, a shear-thinning behaviour was observed that indicated a strong shear dependence of the apparent viscosity. This typical shear-thinning behaviour (pseudoplastic nature) was associated with the disentanglement of polymer molecules under increasing shear forces and the orientation of molecules along the streamline of the flow [4,9,29]. Thus, we observed a decrease in apparent viscosity with an increase in shear rate. The viscosity plots of all HA/PVP blends were between the homopolymer plots. In the case of the pure PVP solution with a concentration of 5%, the apparent viscosity of the solution increased with the increasing shear rate, indicating a shear-thickening behaviour. This behaviour was due to molecular conformational changes induced by flow as well as association of polymer molecules. Figure 2c and d present the viscosity plots vs. shear rate of a HA/PVP (wHA = 0.8) blend at different temperatures. The HA/PVP blend exhibited a weak temperature effect towards the apparent viscosity (decreased slightly) in the temperature range between 25 °C and 40 °C. Similar changes were also observed for other blended solutions (curves not shown).



The Ostwald–de Waele model was applied to determine the fluid flow properties of the polymer blend solutions as a function of HA content [4,9,29]. The Ostwald–de Waele equation is expressed in Equation (5):


   η a  = k   γ ˙   n − 1    



(5)




where k and n are rheological parameters, k is the consistency index (Pas)n and n is the non-Newtonian index (dimensionless). The presented rheological parameters show the impact of HA content in the blend on the non-Newtonian flow of the polymer blend solution. For non-Newtonian fluids, the value of n was not equal to 1. A value of n < 1 indicates shear-thinning behaviour, whereas a value of n > 1 suggests shear-thickening behaviour.



The shear-thinning and shear-thickening behaviours of all polymer solutions and their blends were well characterised by the Ostwald–de Waele model, which provided good adjustment of the experimental data. n and k parameters calculated by the Ostwald–de Waele equation are listed in Table 1.



The non-Newtonian indices (n) of HA and HA/PVP blend solutions were below 1 in the temperature range of 25 °C–40 °C, indicating a shear-thinning effect. As the molecular weight of HA increased to 1110 kg/mol, a pronounced reduction in the value of n from 0.47 to 0.16 at 25 °C was observed. The low n value was related to the entanglement of HA II molecules and those with a high degree of association in the solution. A temperature increase of 10 °C only slightly impacted the value of n (e.g., increase from 0.16 to 0.17 in HA II solution). In the case of PVP solutions, where a shear-thickening effect occurred, the value of n was above 1. k parameter values increased with HA contents in the blend solutions but decreased with increasing temperature.




3.3. Mechanical Tests


Tensile tests were conducted to evaluate the mechanical properties such as tensile strength (TS), Young’s modulus (YM) and percentage elongation at the break (EB) for HA, PVP and HA/PVP blend films. As shown in Figure 3, the values of TS and YM were similar for PVP and HA II films but smaller for HA I films.



HA I/PVP blend films exhibited lower TS and YM values compared to HA I films. In the case of HA II/PVP blend films with wHA  ≥  0.5, TS values did not change in the blends and were similar to those for pure HA II films within experimental error. HA II/PVP blend films with wHA = 0.2 had reduced TS values but exhibited higher YM values compared to PVP films. EB values were the highest for PVP films. Therefore, after the addition of PVP to HA solutions, all films showed increased EB values. The maximum EB value was achieved by HA I/PVP films with wHA = 0.5. Thus, HA blends with PVP allow for the preparation of films with improved elastic properties. This was due to interactions between polymer molecules. The addition of PVP to HA solutions promoted reduced intramolecular hydrogen bonds between HA chains and created new hydrogen bonds between the polymer molecules. Thus, interactions change the polymer networks, leading to improved selected properties of the polymer films.




3.4. Infrared Spectroscopy


Infrared spectroscopy was carried out to investigate the intermolecular interactions between polymers (Figure 4).



The spectra of HA films exhibited all typical bands and peaks characteristic of polysaccharides. The strong bands between 900 and 1200 cm−1 relate to the vibrations of C-O, C-O-C glycosidic and C-O-H bonds. The stretching vibrations of hydroxyl groups (OH) appeared at approximately 3300 cm−1 in HA films’ spectra, which overlapped with the NH stretching bands. The carbonyl stretching vibrations of the carboxylate group of HA films appeared at 1605 cm−1 and 1403 cm−1 [15,34,35]. In the case of PVP films, the spectra show intense bands at 1649 cm−1, corresponding to the stretching vibrations of the carbonyl group (C=O) in the pyrrolidone ring [23,36]. Analyses of HA/PVP blend spectra suggested interactions existing between polymer molecules, which were associated with the OH and carboxylate groups in HA and the carbonyl group (C=O) in PVP. As shown in Figure 4, the intensity of the carboxylate bands at 1605 cm−1 and 1403 cm−1 and hydroxyl bands at 3310 cm−1 were reduced, which indicated that some of the carboxylic and hydroxyl groups generated new hydrogen bonds. Additionally, the sharp peaks at approximately 1380 cm−1 in all HA/PVP spectra were attributed to carboxyl groups (COO−) that take part in one or more hydrogen bonds [34,37]. Furthermore, broadening and shifting of the carbonyl bands from 1649 cm−1 to lower frequencies confirmed the interactions between HA and PVP [23]. Furthermore, the absorption bands between 3300 cm−1 and 3500 cm−1 were assigned to the intra- and intermolecular hydrogen bonding of OH groups [34,38]. Thus, the shifts of this region indicated that C=O groups of PVP were involved in hydrogen bond formation with OH groups of HA at the expense of the hydrogen bonding interaction in HA. The infrared spectroscopy confirmed the intermolecular interactions between polymer chains that impact the viscosity behaviour and mechanical properties.





4. Conclusions


In this study, the miscibility as well as rheological and mechanical properties of two HAs possessing various molecular weights, blended with PVP, were examined. The viscometric technique, steady shear measurements, infrared spectroscopy and mechanical results clearly highlighted intermolecular interactions between HA and PVP. HA blends with PVP were miscible, with the exception of the blend with high HA content (wHA > 0.5). Solutions of HA and HA/PVP blends exhibited shear-thinning behaviour. Analysis revealed that temperature had little effect on HA/PVP blend solutions’ apparent viscosity. In addition, the rheological data were well simulated by the Ostwald–de Waele model. Parameters n of all HA/PVP blends were below one, indicating pseudoplasticity, which increased with increasing HA contents in the blends. TS and EB values were higher for HA/PVP films with wHA = 0.5 compared to films with higher HA contents. EB values for HA/PVP blend films showed pronounced increases compared to HA films. The prepared HA/PVP films were determined as elastic due to intermolecular interactions via hydrogen bonding enhancing the properties of the materials. Infrared spectroscopy examined the relative changes in OH, COOH and C=O intensities, which showed that new hydrogen bonds were formed between molecules. Thus, HA/PVP blends may be utilised for biomedical applications, such as wound healing and tissue engineering, cosmetics, e.g., hair care, and packaging.
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Figure 1. Values of miscibility parameters (  Δ  b m    and   Δ  [ η ]    ) vs. HA weight fractions (wHA) in HA I/PVP and HA II/PVP blends. 






Figure 1. Values of miscibility parameters (  Δ  b m    and   Δ  [ η ]    ) vs. HA weight fractions (wHA) in HA I/PVP and HA II/PVP blends.



[image: Molecules 26 05233 g001]







[image: Molecules 26 05233 g002 550] 





Figure 2. (a,b) Plots of apparent shear viscosity    η a    vs. shear rate    γ ˙    of HA and PVP and HA/PVP blends at 25 °C; (c,d) plots of apparent shear viscosity    η a    vs. shear rate    γ ˙    of a HA/PVP (wHA = 0.8) blend for temperatures ranging from 25 °C to 40 °C. 
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Figure 3. Mechanical properties of HA, PVP and HA/PVP blends: (a) tensile strength (TS), (b) Young’s modulus (YM) and (c) percentage elongation at the break (EB). wHA—HA weight fraction. 
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Figure 4. ATR infrared spectra of HA, PVP and HA/PVP blend films. wHA—HA weight fraction. 
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Table 1. Parameters n and k obtained by the Ostwald–de Waele equation from steady shear measurements.
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wHA

	
25 °C

	
35 °C




	
n

	
k (Pas)n

	
R2

	
n

	
k (Pas)n

	
R2






	
HA I/PVP

	

	

	

	

	

	




	
1.0

	
0.47

	
7.78

	
0.993

	
0.44

	
9.99

	
0.993




	
0.8

	
0.44

	
8.53

	
0.994

	
0.50

	
5.34

	
0.994




	
0.5

	
0.56

	
2.04

	
0.997

	
0.62

	
1.21

	
0.996




	
0.2

	
0.72

	
3.18

	
0.999

	
0.77

	
0.19

	
0.998




	
0.0

	
1.21

	
5.6 × 10−3

	
0.999

	
1.30

	
2.0 × 10−3

	
0.998




	
HA II/PVP

	

	

	

	

	

	




	
1.0

	
0.16

	
101.4

	
0.965

	
0.17

	
90.1

	
0.975




	
0.8

	
0.20

	
55.2

	
0.995

	
0.22

	
45.3

	
0.994




	
0.5

	
0.31

	
14.8

	
1.00

	
0.33

	
11.5

	
0.999




	
0.2

	
0.50

	
1.54

	
1.00

	
0.52

	
1.15

	
1.00








wHA—HA weight fraction.
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