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Abstract:



Wound-dressing sheet biomaterials can cover wound sites and enhance wound healing. In this study, a detailed evaluation of the factors affecting both the PEG modification percentage (PMP) in poly(ethylene glycol) (PEG)-grafted chitosan synthesis and the gelation properties of PEG-grafted chitosan was presented for constructing our novel hybrid hydrogel sheet consisting of PEG-grafted chitosan (a gel-forming polymer) and a reactive polymeric micelle (a crosslinker). It was confirmed that various factors (i.e., the weight ratio of PEG/chitosan, the pH of the buffer solution, reaction times, and reaction temperatures) in the preparation stage of PEG-grafted chitosans affected the PMP of PEG-grafted chitosans. Furthermore, the PMP of PEG-grafted chitosans affected their gelation properties. Finally, a ‘flexible’ hydrogel sheet that can be reversibly dried and moistened was successfully obtained. The dried rigid, thin sheet is expected to be suitable for stable preservation. The results obtained in this paper show that the incorporation of drug carriers into biomaterials is a novel approach to improve functionality.
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1. Introduction


Conventional dry wound-dressing materials (such as gauze) often hinder wound healing by absorbing exudates, including macrophages and growth factors. To overcome the defect, “hydrogel-based” wound-dressing materials have been used to protect wound sites from drying out, prevent microbial invasion, and maintain the activity of growth factors [1,2].



The controlled sustained release of compounds from hydrogels is difficult because the release mechanism depends mainly on two phenomena: the degradation of polymeric networks and the diffusion of compounds through the hydrogel medium. In these regards, we have developed a novel ‘hybrid’ approach: the incorporation of functional block copolymers and/or their self-assembly (polymeric micelles) into base materials (such as gel [3,4,5,6,7], sheets [8,9,10], and particles [11,12,13,14,15]) for the construction of biomaterials for drug delivery systems. Polymeric micelles have a core that can incorporate either hydrophobic [16,17,18,19,20,21] or hydrophilic [22,23] compounds and release drugs by means of either the dilution-induced collapse or the degradation of micelle-forming polymers. Thus, the hybrid material design approach (i.e., the incorporation of micelles into hydrogels) is expected to help give the hydrogels various controllable drug release properties.



Chitosan is a natural polysaccharide that is obtained by deacetylating chitin, a main component of the exoskeleton of crustaceans. Because of its potentially beneficial properties such as biodegradability, non-toxicity, and antimicrobial activity [24], chitosan has been used in many biomedical and pharmaceutical applications, including the wound-healing process [25,26]. However, strong intermolecular hydrogen bonds on chitosan backbones make the chitosan rigid, insoluble, and resistant to the construction of ‘hydrogel-based’ chitosan biomaterials. To address these problems, a polymeric modification is one of the most effective approaches to improve chitosan’s hydrophilic characteristics [27,28]. Poly(ethylene glycol) (PEG) is a highly hydrophilic polymer that has served as a non-inflammatory and non-immunogenic modifier for proteins and drugs. The polymers and materials modified with PEG were found to be less thrombogenic due to the flexible backbone and hydrophilicity of PEG [29,30,31,32,33,34,35].



We have proposed a preliminary design for a novel transparent PEG-grafted chitosan-polymeric micelle hybrid gel sheet [36]. Since the visual observation of the healing process is important, transparent would dressings have been an attractive development object [37]. The hydrogel consists of a poly(ethylene glycol) (PEG)-grafted chitosan (PEG-grafted chitosan) and a crosslinkable polymeric micelle (Figure 1). The preparation of PEG-grafted chitosan serves to increase the solubility and improve the biocompatibility of the chitosan. Although there have been numerous studies on PEG-grafted chitosan and its usage in biomaterials, the characteristic feature of our PEG-grafted chitosan-polymeric micelle hybrid gel sheet is that only polymeric micelles were used as crosslinkers for gelation. It is expected that this structural feature gives the sheet controllable drug-release properties. However, two problems remain to be addressed in the preliminary study: the factors affecting both the PEG modification percentage (PMP) of chitosan and the gelation properties of chitosan hydrogels are still unclear, and the flexibility of finally obtained ‘sheets’ is lower than expected. Thus, in the present paper, we directly address these two problems by presenting a detailed evaluation of the factors affecting both the PMP in PEG-grafted chitosan synthesis and the gelation properties of PEG-grafted chitosan. Finally, we discuss how we successfully prepared a flexible hydrogel sheet with reversible dry and wet forms.


Figure 1. Hydrogel sheet consisting of PEG-grafted chitosan and crosslinkable polymeric micelles.
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2. Materials and Methods


2.1. Materials


Ethylene oxide (Sumitomo Seika Chemicals Co., Osaka, Japan) was purified by distillation in the presence of CaH2. DL-Lactide (Tokyo Chemical Industry Co., Tokyo, Japan) was recrystallized twice from ethyl acetate. Under reduced pressure, 3,3-diethoxypropanol was distilled with sodium. Potassium naphthalene was synthesized through the mixing of potassium and naphthalene in anhydrous tetrahydrofuran (THF) for 18 h. Chitosan (with a degree of deacetylation of more than 98%, and degree of viscosity between 40 and 100 mPa s) was purchased from Dainichiseika Color & Chemicals Mfg. Co., Ltd. (Tokyo, Japan). All other reagents were of analytical grade and were used without further purification.




2.2. Synthesis and Characterization of PEG Derivatives


Acetal-terminated PEG (abbreviated as acetal-PEG), a modifier of chitosan, was synthesized by means of ring-opening polymerization of ethylene oxide in anhydrous THF (Figure 2a). 3,3-Diethoxypropanol (1.5 mmol) and potassium naphthalene (1.5 mmol) were mixed in THF for 1 h. The purified ethylene oxide (195 mmol) was then added to the obtained potassium 3,3-diethoxypropioxide solution (40 mL), and polymerization was carried out for 48 h at 25 °C. The resulting polymer was precipitated into diethyl ether, filtrated, and lyophilized in benzene.


Figure 2. Scheme of the synthesis of (a) acetal-PEG; (b) acetal-PEG-b-PLA; and (c) PEG-grafted chitosan.
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The acetal-terminated PEG-block-poly(lactic acid) block copolymer (abbreviated as acetal-PEG-b-PLA), a micelle-forming polymer, was synthesized by means of ring-opening polymerization of both ethylene oxide and DL-lactide in anhydrous THF (Figure 2b). 3,3-Diethoxypropanol (3 mmol) and potassium naphthalene (3 mmol) were mixed in THF for 1 h. The purified ethylene oxide (153 mmol) was then added to the obtained potassium 3,3-diethoxypropioxide solution (40 mL) and polymerization was carried out for 48 h at 25 °C. After polymerization, the purified DL-lactide (79.3 mmol) was added to the solution. The resulting polymer was precipitated into cold 2-propanol, stored in a freezer overnight, centrifuged at 10,500 rpm for 15 min, and lyophilized in benzene.



The molecular weights of the obtained polymers were determined based on gel permeation chromatography (GPC) (column: TSKgel G3000HHR, TOSOH, Tokyo, Japan; eluent: N,N-dimethylacetamide (DMF) in the presence of 10 mM LiBr; flow: 1 mL/min; column temperature: 40 °C) and 1H NMR (equipment: AL-300, 300 MHz, JEOL Ltd., Tokyo, Japan; solvent: deuterium chloroform).




2.3. Synthesis and Characterization of PEG-Grafted Chitosans


Chitosan was dissolved in a 0.1 M acetic buffer solution whose pH was 3.6–5.6. Acetal-PEG that had been dissolved in an acetic buffer solution was added to the chitosan solution and stirred for 3–15 h at 3–60 °C (Figure 2c). The weight ratio of acetal-PEG and chitosan (PEG/chitosan) varied from 5 to 25. NaCNBH3 in an acetic buffer solution was then added to the reaction solution and stirred for 18 h at room temperature. For the removal of the unreacted PEG, the resulting reaction solution was freeze-dried, redispersed to acetone, and centrifuged at 15,000 rpm for 15 min. The resulting precipitate was dissolved in an acetic buffer solution, dialyzed against water with a dialysis membrane (molecular weight cut-off: 10 kDa; Spectrum, Houston, TX, USA), and freeze-dried. Finally, the white powder obtained was characterized by 1H NMR, with deuterium oxide as a solvent.




2.4. Quantitative Analysis of PEG-Grafted Chitosans by Means of 2,4,6-Trinitrobenzene Sulfonic Acid (TNBS) Measurement


Basically, the PEG modification percentage (PMP) of the PEG-grafted chitosan was determined with 2,4,6-trinitrobenzene sulfonic acid (TNBS) by means of an analysis of the amount of free, unmodified amino groups, according to a previously reported method [38] with a slight modification. First, chitosan and PEG-grafted chitosans (whose concentrations were adjusted to be 2.5 mg/mL with a chitosan base) were dissolved in an acetic buffer solution, and a 0.36 w/v % TNBS solution was prepared in an acetic buffer solution. To 2 mL of the obtained chitosan or PEG-grafted chitosan solutions, 1 mL of the TNBS solution was added and stirred for 4 h at room temperature. TNBS reacts with unmodified amino groups and produces a yellow color. The extent of the color’s intensity depends upon the content of unmodified amino groups of PEG-grafted chitosan. The absorbance of the solutions was measured at 345 nm by means of an ultraviolet-visible spectrophotometer (V-630 bio, JASCO Co., Tokyo, Japan). The PEG modification ratio was calculated on the basis of a comparison between the absorbance of both the PEG-grafted chitosan and the chitosan.




2.5. Evaluation of the Solubility of PEG-Grafted Chitosans by Visual Observation and Static Light Scattering Measurement


The effect that the PMP had on the solubility of PEG-grafted chitosan was evaluated by means of static light scattering measurement with a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). First, chitosan and PEG-grafted chitosan were dissolved in water where the concentration of each component was varied from 0.4 to 1.0 g/L. A Debye plot was obtained from the Rayleigh equation, which featured the results of the static light scattering measurement in the range of the above concentration. The second virial coefficient was calculated from the slope of the Debye plot.




2.6. Preparation and Characterization of an Aldehyde-Terminated Polymeric Micelle Formed from Block Polymers


Acetal-PEG-b-PLA was dissolved in 5 mL of DMF. Then, the solution was dialyzed against water by means of a dialysis membrane (molecular weight cut-off: 1 kDa; Spectrum, Houston, TX, USA) for 24 h. HCl was added to the polymeric micelle solution so that the pH would adjust to 2. The solution was mixed for 2 h, thus converting the acetal group into an aldehyde group on the surface of the micelles. To stop the reaction, the pH of the solution was adjusted to 5 or 7 through the addition of an aqueous NaOH solution. The polymeric micelles having the aldehyde terminus on the surface were finally obtained through dialysis against water for 24 h, which enabled the removal of the salt. The size of the polymeric micelles was determined in water at 25 °C with dynamic light scattering measurement, made possible by the Zetasizer Nano-ZS.




2.7. Preparation and Characterization of an Aldehyde-Terminated Polymeric Micelle Formed from Block Polymers


To determine the hydrogel’s properties (storage modulus (G’), loss modulus (G”), and the gelation time), we used an RS600 rheometer (Thermo Fisher Scientific, Dreieich, Germany) at a gap of 1.0 mm and a shear stress of 1.0 Pa with a frequency of 1 Hz. The solutions containing either a PEG-grafted chitosan (0.1 mL; 0.1 w/w % with a chitosan base; pH 3–11 that was adjusted with HCl/NaOH) or the crosslinker (0.2 mL; 30 w/w %; pH 5 or 7 that was adjusted with HCl/NaOH) were introduced to the sample plate (15 mm in diameter) of the rheometer at 37 °C. For this purpose, we used a commercially available two-pronged needle that consisted of two syringes. Polymeric micelles served as crosslinkers in the formation of hydrogel. To prevent the hydrogel from drying, we covered the outside of the sample plate. Next, we prepared a chitosan hydrogel sheet by mixing the solutions containing either a PEG-grafted chitosan (1.1 w/w %, 66% of PEG modification percentage (PMP), 0.2 mL) or a polymeric micelle (30 w/w %, 0.3 mL). The mixed solution was introduced at a gap (1.0 mm) between two plates made of acrylic acid resin. After three days, the obtained sheet was immersed in water for 5 min. The transmittance of the film was determined at 600 nm by means of UV–vis spectrophotometer (V-630 bio, JASCO, Tokyo, Japan).





3. Results and Discussion


3.1. Synthesis and Characterization of PEG Derivatives


The obtained PEG derivatives, acetal-PEG and acetal-PEG-b-PLA, were characterized by 1H NMR and GPC. The 1H NMR spectra of the PEG derivatives shown in Figure 3a,b indicate successful synthesis of the PEG derivatives. The number-average molecular weight of the acetal-PEG was determined on the basis of GPC, whereas the number-average molecular weights of the acetal-PEG and the PLA blocks of the acetal-PEG-b-PLA were determined on the basis of GPC and 1H NMR, respectively. The respective number-average molecular weights of acetal-PEG and acetal-PEG-b-PLA were determined to be 4800 (Mw/Mn: 1.05) and 4700 (Mw/Mn: 1.20, with an acetal-PEG block (Mn: 1800, Mw/Mn: 1.06) and PLA block (Mn: 2900). 1H NMR also showed that the acetal groups were introduced to 85% and 82% of the termini of acetal-PEG and acetal-PEG-b-PLA, respectively. These obtained PEG derivatives were used for the subsequent experiments. Acetal-PEG was used as a modifier of chitosan because the aldehyde group (to which the acetal group had been converted) possessed the feature wherein acetal-PEG could bind with the amino group present on the chitosan backbone. Acetal-PEG-b-PLA served as a micelle-forming polymer to form aldehyde-terminated polymeric micelles acting as crosslinkers. The aldehyde-terminated polymeric micelles were used as crosslinkers because the aldehyde group on the surface of the polymeric micelle could bind with the amino groups of the chitosan backbone, i.e., the hydrogel was formed according to the Schiff base formation reaction. The diameter of the aldehyde-terminated polymeric micelles was determined to be 25 nm by means of a dynamic light scattering measurement.


Figure 3. 1H NMR spectra of (a) acetal-PEG; (b) acetal-PEG-b-PLA; (c) chitosan; and (d) PEG-grafted chitosan.
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3.2. Synthesis and Characterization of PEG-Grafted Chitosans


Figure 3c,d present the typical 1H NMR spectra of chitosan and PEG-grafted chitosan. In Figure 3d, the peaks corresponding to the signals of the methylene group of the PEG (H-i) and to the bond between chitosan and PEG (H-h) appeared at near 3.55 and 3.30 ppm, respectively, in the spectra of the PEG-grafted chitosan. These results indicate that the PEG chains were successfully introduced to the chitosan backbone, because the two peaks did not appear in the spectra of the native chitosan, as shown in Figure 3c.



Evaluation of PMP in the PEG-grafted chitosans was important for the design of chitosan-based hydrogels, because the increase in PMP results in a decrease in the reaction efficiency between PEG-grafted chitosans and aldehyde-terminated polymeric micelles. In our previous study, we reported that PMP increased proportionally to increase in the PEG-to-chitosan weight ratio in the synthesis condition of PEG-grafted chitosans [36], where one would determine PMP by comparing H-e,f (the monosaccharide residue of both the PEG-grafted chitosan and the chitosan) and H-h (the end of the methylene group of the PEG chain of PEG-grafted chitosan) in NMR spectra. However, two problems remain unresolved: (1) PMP determination based on NMR spectra yields significant errors in some cases (because the peak shape of H-e,f and H-h are affected by the peak shape of H-i under a high PEG concentration); and (2) although considerable research on PEG-grafted chitosans has been reported to date [39,40,41], it has been still difficult to clarify the main factors affecting PMP. In the present paper, we thus determined PMP on the basis of two analyses, a 1H NMR analysis and a 2,4,6-trinitrobenzene sulfonic acid (TNBS) reaction analysis.



Figure 4 shows the effects that various factors (the weight ratio of PEG/chitosan, pH of buffer solution, reaction time, and reaction temperature) in the PEG-grafted chitosan preparatory stage can have on PEG-grafted chitosan’s PMP. First, we evaluated this PMP by using the 1H NMR spectra of the PEG-grafted chitosan (open circles in Figure 4). The PMP was evaluated in terms of the relative intensities between the peaks H-e,f and H-h, which are respective to the monosaccharide residue of the PEG-grafted chitosan and the end of the methylene group of the PEG chain of PEG-grafted chitosan. Figure 4a shows the effects that the weight ratio of PEG/chitosan in the PEG-grafted chitosan synthesis condition had on the PMP. The PMP increased proportionally to increases in the PEG-to-chitosan weight ratio, and these results are identical to the results in our previous paper [39]. However, a PEG-grafted chitosan’s PMP exceeding 100% was unexpectedly obtained when the PEG-to-chitosan weight ratio exceeded 20, because two peaks, corresponding respectively to H-e,f and H-h, in the 1H NMR spectra lost their accuracy and sharpness owing to the presence of a large peak corresponding to H-i under a high PEG concentration.


Figure 4. The effect of various factors in the preparation stage of PEG-grafted chitosans on their PMP by means of 1H NMR measurement (open circle) and TNBS assay (close circle). The factors evaluated were (a) the PEG-to-chitosan weight ratio; (b) the pH of the buffer solution; (c) a reaction time for PEG-chitosan conjugation; and (d) a reaction temperature (triangle: 60 °C, square: 37 °C, circle: 25 °C, and reverse triangle: 4 °C; the horizontal axis was the reaction time for the PEG-chitosan conjugation).
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Then, we evaluated the PMP of PEG-grafted chitosan by using the TNBS assay (closed circles in Figure 4). Basically, TNBS-assay evaluation of this PMP enabled us to analyze the amount of free, unmodified amino groups [39]. Figure 4a clearly shows that PMP increased, and reached the saturation value (below 100%), as the PEG-to-chitosan weight ratio increased. Figure 4b shows the effect that the pH of the acetic acid buffer in the synthesis condition of the PEG-modified chitosan had on the PMP of PEG-grafted chitosan. The results show that this PMP has a bell-shaped dependence on the buffer solution’s pH (optimal reaction pH was approximately 4). The pH-dependence was presumably due to two phenomena: (1) the increased reactivity of the PEG-grafted chitosan’s amino group coupled with the increase in pH of the buffer solution; and (2) the decreased conversion of the PEG’s acetal group into an aldehyde group coupled with the increased pH of the buffer solution. Figure 4c shows the effect that the reaction time of the Schiff base formation in the synthesis condition of the PEG-modified chitosan had on the PMP of PEG-grafted chitosan. The results suggested that the reaction time of Schiff base formation did not have a great influence on the PMP of PEG-grafted chitosan (1 h was the minimal requirement for the efficient synthesis of PEG-grafted chitosan). Figure 4d shows the effect that the reaction temperature of the Schiff base formation in the synthesis condition of the PEG-modified chitosan had on the PMP of PEG-grafted chitosan. The results show that there was no temperature dependence of the PMP of PEG-grafted chitosan (in Figure 4, we performed the subsequent reaction to reduce Schiff base formation for 18 h before the evaluation of PMP. Therefore, it was difficult to evaluate the reaction kinetics in the early stage correctly because the PEG-chitosan conjugation slightly proceeded during the subsequent reduction reaction).




3.3. Evaluation of the Solubility of PEG-Grafted Chitosan by Static Light Scattering Measurement


We used static light scattering measurement to evaluate the effect of the PMP of PEG-grafted chitosan on the solubility of the PEG-grafted chitosan. Under a low concentration condition, the scattering intensity of the analyte-containing sample solution can be described in reference to the Rayleigh equation KC/Rθ = 2A2C + 1/M, where K is an optical constant, Rθ is a Rayleigh ratio of the analyte intensity to an incident intensity, A2 is a second virial coefficient, and M is a molecular weight of the analyte [42,43,44]. In our experiments, we adjusted C, a concentration of the PEG-grafted chitosan, to within the range of 0.4 and 1.0 g/L. A plot of KC/Rθ versus C, known as a Debye plot, is linear, with an intercept equivalent to 1/M and a slope that is proportional to the second virial coefficient. Figure 5a shows the typical Debye plots that we obtained from the results of static light scattering measurements of PEG-grafted chitosan. The results show that the slope for the PEG-grafted chitosan with a high PMP is higher than that for the PEG-grafted chitosan with a low PMP. A second virial coefficient can help analyze the solubility of molecules in a solvent, where a second virial coefficient of molecules increases as their solubility increases. The results in Figure 5a clearly show that there was a difference in the second virial coefficients of the PEG-grafted chitosans with different PMP; the results also show that PEG modification is effective for the increase of chitosan. Figure 5b summarizes the effect that the PMP of PEG-grafted chitosan had on the solubility of PEG-grafted chitosan in water: the results clearly show that the second virial coefficient of PEG-grafted chitosan increased as the PMP of PEG-grafted chitosan increased. These results suggest that chitosan, which is water insoluble, underwent an increase in its solubility after we modified PEG, which has high water solubility.


Figure 5. (a) The Debye plots of the PEG-grafted chitosans (the PMP of PEG-grafted chitosans was 53.7% (closed circle) and 80.7% (closed triangle)) and (b) the effect of the PMP of PEG-grafted chitosans on their second virial coefficient.
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3.4. Evaluation of the Gelation Property of PEG-Grafted Chitosan and Formation of the Hydrogel Sheet


We evaluated the gelation properties of PEG-grafted chitosan by mixing two solutions containing either PEG-modified chitosans or a crosslinkable polymeric micelle. Polymeric micelles were used as a crosslinker. Since the critical micelle concentration (CMC) of the block copolymer was low (ca. 0.001 w/w %), it is expected that the micelles maintains their structure in the polymeric gel networks. The rheometer gives the storage modulus (G’) and loss modulus (G”) that characterize elastic and viscous characteristics of hydrogels, respectively. G’ is approximately equal to G*, which represents the shear stiffness of the hydrogel. The gelation time is defined as the time when the solution phase changes from sol (G’ < G”, liquid-like behavior) to gel (G’ > G”, solid-like behavior). The gel strength is defined as the value of G’ at 60 min after the start of a measurement. The hydrogel was formed according to the Schiff base formation reaction. Hydrogel was not obtained when only PEG-grafted chitosan was present, whereas hydrogel was obtained only when PEG-grafted chitosan was mixed with aldehyde-terminated polymeric micelle. The results showed that block copolymers would form micelles to crosslink PEG-grafted chitosan. The gelation time was within a second (the results were consistent with our previous results on aldehyde-terminated polymeric micelle-based hydrogel in our previous papers) [3,5,6,36].



Figure 6 shows the effect that the PMP of PEG-grafted chitosan had on its gelation properties. The gel strength increased, reached the saturation value, and decreased, as the PMP of PEG-grafted chitosan increased. The gelation time slightly lengthened as the PMP of PEG-grafted chitosan increased. Although the static light scattering measurement (Figure 5b) shows that the solubility of PEG-grafted chitosan to water increased as the PMP of PEG-grafted chitosan increased, the excess modification of PEG to chitosan resulted in a decrease in the amino groups of the chitosan backbone. Thus, in the high PMP range, an insufficient crosslink point was formed in the resulting hydrogel, and the gelation time lengthened. These results suggest that the optimal PMP was approximately 70% for forming hydrogel consisting of PEG-grafted chitosan and crosslinkable polymeric micelles.


Figure 6. The effect of the PMP of PEG-grafted chitosans on their gelation properties ((a) gel strength and (b) gelation time).
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Figure 7 shows the effect that the pH attributable to solutions containing PEG-grafted chitosan had on its gelation properties. The hydrogel formed within a few minutes for all the combinations of PEG-grafted chitosan solutions (at pH 3–11) and polymeric micelles solutions (at pH 5 and 7). The gel strength increased and gelation time shortened, as the pH of the PEG-grafted chitosan solution increased. The degree of the protonation attributable to the amino groups present on the chitosan backbone is dependent on the pH of the PEG-grafted chitosan solutions. Because the amino groups of the chitosan backbone are protonated in a low pH region, the reactivity of amino groups increased as the pH of PEG-grafted chitosan solutions increased. When the pH of the PEG-grafted chitosan solutions was between 7 and 11, the gel strength was almost constant. This pattern suggests that the amino groups of the chitosan backbone were not influenced by protons in the pH range extending from 7 to 11. Furthermore, the gel strength was slightly higher and the gelation time was slightly shorter when the polymeric solution at pH 7 was used than when the polymeric solution at pH 5 was used. This contrast is presumably due to differences in the hydrogels’ inner pH environment: the result suggests that the gelation reaction is enhanced at higher pH.


Figure 7. The effect of the pH of solutions containing either PEG-grafted chitosan or a crosslinkable polymeric micelle on their gelation properties ((a) gel strength and (b) gelation time). The pH of the polymeric micelle solution was 5 (closed circle) and 7 (closed triangle).
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Figure 8 shows a finally obtained hydrogel sheet from mixed solutions containing either PEG-modified chitosan or reactive polymeric micelles. The mixed solution was introduced at a gap of 1.0 mm between two plates made of acrylic acid resin. After three days, a sheet was obtained without any support medium (one can select the appropriate support medium for the clinical application). After the sheet completely dried, it was rigid and thin, as shown in Figure 8a. The dried rigid and thin sheet is expected to be suitable for stable preservation. After immersing the dried sheet in water, we successfully obtained a flexible hydrogel sheet, as shown in Figure 8b. The hydrogel can be reversibly dried and moistened without a collapse. The chitosan gel sheet showed optical transmittance of 86.0 ± 2.0% (n = 3), which was consistent with the values that were reported for chitosan-based sheets [45,46,47].


Figure 8. The sheet-shaped PEG-grafted chitosan hydrogel: (a) dried sheet-shaped gel; (b) flexible sheet-shaped gel after immersion in water.
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4. Conclusions


Sheets have several advantages for their biomedical applications. In particular, thin sheets have a large contact area relative to the drug-targeted site, leading to advantages over conventional particle-shaped drug carriers. We confirmed that various factors (i.e., the weight ratio of PEG/chitosan, the pH of the buffer solution, reaction times, and reaction temperatures) in the preparation stage of PEG-grafted chitosans affected the PMP of PEG-grafted chitosans. Finally, we succeeded in preparing a flexible hydrogel sheet that contained a drug carrier and has reversible dry and wet forms. Potential applications of our material would be wound-dressing biomaterials. Furthermore, excellent chitosan-based materials that can render passive dressings active dressing in a cost effective way were recently proposed [48]. One of the attractive applications of our gel sheets is such a bio-coating material for tissues that can also be used as wound gauzes.



Aldehyde micelles are safe because there is no risk of infectious contaminations. However, an excess amount of aldehyde groups makes the micelle toxic. Efforts are now being made towards controlling the aldehyde groups on the surface of the micelle. Furthermore, to fully understand the gelation of PEG-grafted chitosans, it is important to evaluate the thermodynamic compatibility of PEG-grafted chitosans and reactive cross-linkable polymeric micelles in terms of the Flory–Huggins interaction parameters in the future works. Although further studies on the optimization of factors related to the sheet’s preparation and drug release properties are necessary, the results obtained in this paper show that the incorporation of drug carriers into biomaterials is a novel approach to improve functionality.
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