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Abstract

:

The potential use of carboxymethyl sago pulp (CMSP) extracted from sago waste for producing hydrogel nanofibers was investigated as a methylene blue drug carrier. Sago pulp was chemically modified via carboxymethylation reaction to form carboxymethyl sago pulp (CMSP) and subsequently used to produce nanofibers using the electrospinning method with the addition of poly(ethylene oxide) (PEO). The CMSP nanofibers were further treated with citric acid to form cross-linked hydrogel. Studies on the percentage of swelling following the variation of citric acid concentrations and curing temperature showed that 89.20 ± 0.42% of methylene blue (MB) was loaded onto CMSP hydrogel nanofibers with the percentage of swelling 4366 ± 975%. Meanwhile, methylene blue controlled release studies revealed that the diffusion of methylene blue was influenced by the pH of buffer solution with 19.44% of MB released at pH 7.34 within 48 h indicating the potential of CMSP hydrogel nanofibers to be used as a drug carrier for MB.
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1. Introduction


Sago palm (Metroxylon sago) is largely grown in tropical lowland forest and swamp areas. Sarawak, Malaysia is recognized as the largest sago-growing area with an estimated 54,000 hectares in 2013 [1,2]. Sago starch is the main product of sago palm, widely exported to the Peninsular Malaysia, Japan, Singapore and other countries with a total amount of 48,000 tons in 2013 [3]. The extraction of sago starch involves removing the bark of sago palm followed by rasping and sieving of the stem to produce starch slurry. The resulting slurry is then put to further settling, washing and drying processes to produce purified starch. The process also produces a fibrous sago waste by-product, with approximately 7 tons of production from a daily single processing mill [2]. Sago waste is a light brown lignocellulosic biomass comprising cellulose, hemicellulose and lignin. During the pre-treatment process, which is bleaching, hemicellulose and lignin are solubilized and degraded, thus resulting in sago pulp rich in cellulose [1,4]. Cellulose is a long and linear polysaccharide polymer that consists of glucose units that linked via beta 1,4-glycosidic bond. Studies on the production of functionalized cellulose derivatives, such as carboxymethylcellulose [2], hydroxypropyl methylcellulose (HPMC) and methylcellulose [5] have revealed their potential use as a drug carrier in pharmaceutical industries [2,4].



Hydrogel is often produced using chemical or physical cross-linking methods to form a three-dimensional polymeric structure capable of retaining water or biological fluid beyond its dry weight without dissolution in water [6,7,8]. The ionic groups within the hydrogel structure respond towards external changes such as pH, ionic strength and temperature which consequently influence the uptake and release of fluid [9]. It has been extensively studied as an excellent material for biomedical applications due to its softness, super-absorbency, biodegradability, biocompatibility, hydrophilicity and similarity with extracellular matrix (ECM) [10]. As the hydrogel structure can simulate the ECM, it has been widely applied in drug delivery and wound dressing from various synthetic and natural materials [11,12]. Furthermore, hydrogel has a low chance of triggering negative immune responses in the human body as it has a low interfacial tension with biological fluids that reduce cell adhesion. Among the various types of stimuli responsive hydrogels, pH sensitive hydrogels are the most studied, especially in drug delivery and wound dressing applications [10].



Carboxymethyl sago pulp (CMSP) is also known as carboxymetyl cellulose. It is a functionalized sago pulp with the presence of carboxymethyl groups bound to the cellulose backbone. The hydroxyl groups bound to carboxymethyl groups are responsible for its adsorption behavior [13]. The preparation of carboxymethylated cellulose from various agricultural-by-products through the carboxymethylation process in alkaline conditions has been well documented in the literature [2,13,14,15,16,17]. CMSP hydrogel is sensitive towards the environment and tends to adsorb a large amount of fluid in various pH media, leading to swelling on its structure [18]. The swelling of CMSP hydrogel reported by Pushpamalar et al. showed that the hydrogel has a high swelling ratio at pH 7 [18]. Furthermore, CMSP hydrogel in the form of microdiscs and microbeads loaded with ciprofloxacin and 5-aminosalicylic acid showed its potential application as a drug carrier due to its ability to release a drug at different pH [19,20].



Designing of nanomaterials with low density, large surface area, high pore volume and tight pore size has been the main focus of research in biomedical fields [21,22]. Electrospinning is a highly versatile method for producing nanofibers using natural or synthetic polymers, which can be used in drug and therapeutic agent deliveries, wound dressings and in the tissue engineering field [11,22,23]. In recent years, many studies on nanofibrous cellulose derivatives, including cellulose acetate nanofibers, have been applied in various applications, including biomedical [24]. In thist study, the production of CMSP hydrogel nanofibers from sago waste was investigated for controlled drug release applications. The CMSP nanofibers were prepared by incorporation with poly(ethylene oxide) (PEO) via an electrospinning technique with relatively low voltage used (20 kV) compared to electrospun carboxymethyl cellulose (CMC)/PEO fibers as reported previously [5,25]. To the best of the authors’ knowledge, no study has been performed for CMSP/PEO nanofibers fabricated using electrospinning techniques followed by treatment with citric acid, a cross-linker to form hydrogel. As an electro-spinnable and biocompatible polymer, PEO was blended with CMSP to facilitate the formation of nanofibers. The controlled release of methylene blue (MB) from CMSP hydrogel nanofibers was investigated at different pH solutions. MB acts as a drug model with many uses in clinical medicine including antimalarial agents, in the treatment of early Alzheimer’s and methemoglobinemia [26,27,28]. Furthermore, MB is commonly used as preliminary test for hydrogel-controlled release and adsorption studies [29,30,31].




2. Materials and Methods


2.1. Materials


The CMSP (DS = 0.6) from sago waste was prepared based on the method reported by Pushpamalar et al. (2006) [2]. Poly(ethylene oxide) (PEO), citric acid and sodium monochloroacetate were purchased from Sigma Aldrich (St. Louis, MO, USA). Sodium hydroxide was bought from Bio Basic Canada Inc. (Markham, ON, Canada). Isopropanol, methanol and nitric acid were purchased from J. Kollin Chemicals (UK), while glacial acetic acid was purchased from J.T. Baker (Phillipsburg, NJ, USA). Methylene blue was obtained from Friendemann Schmidt (Parkwood, WA, USA) and distilled water was used throughout the study. All chemicals were used without further purification.




2.2. Carboxymethylation of Sago Pulp


To start with, 10.0 g of dried ground sago pulp was added into the dissolution tester followed by the addition of 200 mL of isopropanol with continuous stirring at 60 rpm for 30 min. Then, 20 mL of 25% (wt/vol) sodium hydroxide solution was added drop-wise into the mixture and stirred for an hour at room temperature. Following this, 12.0 g of sodium monochloroacetate was added into the reaction mixture for carboxymethylation reaction and the speed of the stirrer was increased to 100 rpm. The resulting mixture was stirred for another 30 min and heated at 45 °C for 3 h with continuous stirring. The mixture was cooled to room temperature and filtered to obtained carboxymethyl sago pulp (CMSP) residue. The residue was thoroughly washed with 100% methanol and treated with glacial acetic acid before drying to form CMSP powder. The degree of substitutions (DS) of the prepared CMSP was determined by potentiometric back titration [2]. Firstly, CMSP was treated using nitric acid. Then, 0.5 g of acid CMSP was weighed into the Erlenmeyer flask followed by the addition of 100 mL of distilled water and stirred. Subsequently, 25 mL of 0.5 M sodium hydroxide was added, stirred and the solution was boiled for approximately 15 min until dissolved. Finally, 1 drop of phenolphthalein as an indicator was added into the heated solution and titrated with 0.3 N of hydrochloric acid.




2.3. Preparation of CMSP/PEO Hydrogel Nanofibers


The CMSP nanofibers were prepared using the electrospinning method. PEO was added to CMSP to facilitate the formation of nanofibers. The CMSP/PEO solution was prepared by dissolving the CMSP/PEO in water. CMSP and PEO were weighed at various ratios of CMSP to PEO prior to dissolution in water. The mixture was stirred in a beaker at room temperature to form homogenous solution. The CMSP/PEO solution was filled in a 5 mL syringe fitted with a metal needle for the electrospinning process. The applied voltage and the tip-to-collector distance were kept at 20 kV and 15 cm, respectively. The parameters used to optimize CMSP nanofibers production were varied with (a) the ratio of CMSP to PEO in the range of 1:0, 3:1, 1:1 and 1:3; (b) the concentration of CMSP/PEO solution from 4%, 6%, 8% and 10% (wt/vol%), and (c) the flow rate of CMSP/PEO solution during the electrospinning at 0.6 mL/h, 0.8 mL/h, 1.0 mL/h and 1.2 mL/h. The electrospinning process was conducted at room temperature with a horizontal setup while humidity was kept below 60% using silica gel to reduce humidity in the electrospinning box. The optimized electrospinning conditions were used to prepare CMSP nanofibers for preparing hydrogel nanofibers. The effects of citric acid concentration and the curing temperature for production of CMSP hydrogel nanofibers were investigated with percentage of citric acid varied at 23%, 29%, 33% and 38%, as well as curing temperatures at 60 °C, 70 °C, 80 °C and 90 °C. The curing period was kept constant at 450 min.




2.4. Swelling Studies of CMSP Hydrogel Nanofiber


The swelling studies were carried out on the optimized hydrogel nanofibers. The cross-linked dry nanofibers were weighed (Wd) before immersion in 15 mL of distilled water for 24 h. The weight of nanofibers hydrogel (Ws) was measured following 24 h immersion and the percentage of swelling was calculated according to Equation (1) [8,32]. The experiments were carried out in triplicate to obtain an average value. The balance used was Mettler Toledo with 4 decimal points. Later, the swelled optimized hydrogel nanofibers were dried in an oven overnight to constant weight at 50 °C before drug loading.


Q (%)=Ws−WdWd×100



(1)




where Q = percentage of swelling, Ws = weight of nanofibers hydrogel, Wd = weight of the initial nanofibers.




2.5. Drug Controlled Release Studies


Methylene blue (MB) was loaded into dried hydrogel nanofibers by immersion in 100 ppm of methylene blue solution in a petri dish for 24 h. The petri dish was covered with aluminum foil to prevent degradation of MB with light. After 24 h, the MB-loaded hydrogel was washed with distilled water and excess MB solution on the surface of the hydrogel was removed using filter paper. The efficiency of methylene blue entrapment was determined by analyzing the concentration of MB before and after immersion with nanofibers. Concentration of methylene blue was determined using UV-vis spectrophotometer (Shimadzu, Kyoto, Japan). Meanwhile, the MB entrapment efficiency was calculated based on Equation (2) [33,34]:


Entrapement efficiency (EE) (%)= (total initial concentration of MB−free MB concentration)total initial concentration of MB ×100



(2)







In controlled release studies, MB-loaded hydrogel was immersed in phosphate-buffer saline (PBS) with pH 7.34 at room temperature for 48 h. Further, 3 mL aliquot was withdrawn periodically and similar volumes of fresh PBS solution was replaced. The collected samples were measured by determining the absorption of light at 664 nm using a UV-vis spectrophotometer. The procedures were repeated at pH 1.02, 4.0 and 8.0 of buffer solutions. The cumulative percentage of MB release was calculated based on Equation (3) [35]:


Cumulative percentage release (%)= vol. of sample withdrawn (ml)bath volume (ml) ×P (t−1)+Pt



(3)




where




	
Pt = Percentage release at time t (minutes)



	
P (t − 1) = Percentage release previous to ‘t’









2.6. Fourier Transform Infrared (FTIR) Spectroscopy


Fourier transform infrared (FTIR) spectroscopy was used to characterize the presence of functional groups in the pre-treated sago pulp and CMSP. FTIR spectra of the materials were obtained using Perkin Elmer Spectrum 100 Fourier Transform Infrared Spectrophotometer (Perkin Elmer, Selton, CT, USA). Scanning was carried out in the range 4000–280 cm−1. Attenuated Total Reflection (ATR) [6] was utilized as the sampling technique.




2.7. Ultraviolet-Visible (UV-Vis) Spectrophotometer


A UV-visible (UV-vis) spectrophotometer was used to determine the concentration of MB. Ultraviolet measurements were performed using Shimadzu UV-visible spectrophotometer (Shimadzu, Kyoto, Japan). The wavelength number range to detect the absorption was set at 400–800 nm and the MB λmax = 664 nm.




2.8. Scanning Electron Microscopy (SEM)


Scanning electron microscopy was used to determine surface morphology of nanofibers produced using the electrospinning method and hydrogel nanofibers following the immersion in water and MB solution. For swelling nanofibers, the samples were freeze-dried before SEM analysis. All the nanofibers were observed using the scanning electron microscopy (SEM) model JEOL JSM 6400 (JEOL, Tokyo, Japan) attached with energy-dispersive X-ray (EDX). The samples were sputter coated with a thin layer of gold before being observed under the SEM at a voltage of 15 kV. More than 100 of the nanofibers were randomly measured from SEM images by using the image J program (Version 1.52o, SpartanCoders, Softonic International S.A.) to measure the mean diameter of the fibers.





3. Results and Discussion


3.1. Fourier Transform Infrared Spectroscopy Studies


Infrared analysis was carried out on the pre-treated sago pulp and CMSP as shown in Figure 1. The pre-treated sago pulp showed a broad O–H stretching vibration band at 3600–3000 cm−1 accompanied with the OH bending vibration of the absorbed water band at 1623 cm−1 [36]. However, in CMSP, the intensity of the O–H stretching vibration was reduced with the OH bending vibration band shifts toward lower wavenumber at 1596 cm−1. The shift of the peak is associated with the COO stretching vibration in CMSP. The features provide evidence on the substitution of OH with the carboxymethyl group in CMSP following the carboxymethylation reaction. The CMSP also demonstrated a strong absorbance band at 1400 cm−1 in comparison to sago pulp which corresponded to the –CH2 scissoring vibration. The sago pulp and CMSP also revealed absorbance bands at 1030–1020 cm−1 which corresponded to the –CH–O–CH2 stretching vibration of the ether group [17]. In sago pulp, the ether group originated from the linkage of 1,4-β-d-glucoside group (>CH–O–CH<) in the cellulose molecule. In CMSP however, the absorbance band of ether also originated from the ether group of the carboxymethylation of sago pulp, in which the two types of ether were overlapped in the CMSP [2,17,18].




3.2. Optimization of Electrospinning Parameters of CMSP Nanofibers


Optimization of the electrospinning parameters was carried out by varying the weight ratio of CMSP to PEO, the concentration of CMSP/PEO solutions and the CMSP/PEO solution flow rates. The applied voltage was fixed at 20 kV while the tip-to-collector distance was fixed at 15 cm. The electrospinning process was conducted at room temperature while the humidity was kept below 60%.



3.2.1. Effects of Weight Ratio of CMSP to PEO


CMSP is a natural polymer that requires synthetic polymer to assist the electrospinning process. In this study, CMSP was mixed with a biocompatible polymer, PEO, to facilitate the electrospinning process by increasing the elasticity of the CMSP solution [37]. Figure 2 shows the morphology and the average diameter of nanofibers at three different weight ratios of CMSP to PEO. The morphology of the resulting fibers had gradually transformed from microbeads to uniform fiber structure following the variation of CMSP to PEO ratios from 3:1 to 1:3. There was no SEM image to study the morphology of ratio 1CMSP:0PEO because CMSP cannot be electrospun alone. It needs to be blended with electro-spinnable polymer, PEO, to allow CMSP to be electrospun into nanofibers. In the presence of high CMSP content as in 3CMSP:1PEO ratio, the electrospinning process produced a microbead structure with only a few nanofibers as observed from the SEM analysis. At equal ratio of CMSP and PEO, the electrospinning of the mixtures produced nanofibers with wide fiber diameter distribution between 100–1000 nm. However, the presence of microbead structures was still visible from SEM images. At 1CMSP:3PEO ratio, the formation of nanofibers with narrow diameter distribution were observed with average fiber diameter in the range of 51–250 nm. The optimization of the electrospinning process continued using the CMSP:PEO ratios of 1:1 and 1:3, due to significantly less microbead structures produced.




3.2.2. Effects of Concentration of CMSP/PEO Solution


The morphology of nanofibers is significantly affected by the concentration of polymer solution during the electrospinning process [38,39]. In this study, electrospinning was carried out at four different concentrations of CMSP/PEO solutions ~4%, 6%, 8% and 10% (wt/vol%) with the ratio of CMSP to PEO kept at 1:1 and 1:3. SEM images shown in Figure 3 reveal the concentration of solution that significantly affected the formation of nanofibers. At 4% of solution concentration, the presence of microbead structures was observed together with the nanofibers, with average diameter ranging from 100–200 nm. Increasing the concentration had improved the formation of nanofibers with the absence of microbead structures. At 10% concentration, nanofibers obtained at 1:3 and 1:1 ratios showed uniform nanofibers morphology with no visible formation of microbeads. High concentration of polymer in the electrospinning jet significantly enhanced the interaction between polymer chains in solution, which led to a greater resistance of the solution against the pulling force by electrical charges [40]. Nanofibers with narrow mean diameter of 214 ± 62 nm was produced at 10% concentration using 1CMSP:1PEO ratio, which was used for further optimization studies of CMSP/PEO electrospinning.




3.2.3. Effects of Flow Rate of Syringe Pump


The influence of flow rate during the electrospinning process was investigated by variation at 0.6, 0.8, 1.0, and 1.2 mL/h and the resulting nanofibers are shown in Figure 4. Nanofibers with a diameter of 280 ± 89 nm were produced at 0.6 mL/h. When the flow rate was increased to 1.2 mL/h, the diameter of nanofibers significantly increased with the maximum size of 355 ± 185 nm obtained at 1.2 mL/h rate. Increasing the flow of solution reduced the time for nanofibers to dry and therefore prompted integration of nanofibers to form a much larger structure [29,41,42]. The nanofibers produced at 0.6 mL/h have relatively uniform structures, although the diameter of resulting nanofibers was significantly larger than nanofibers produced at 0.8 and 1.0 mL/h. Therefore, the flow rate of 0.6 mL/h was considered as the optimum rate for fabrication of CMSP nanofibers. For investigating the degree of swelling, the optimized parameters of 10% solution concentration, 1CMSP:1PEO ratio, 0.6 mL/h flow rate, with the constant 20 kV of applied voltage and 15 cm of tip-to-collector distance, were used to produce hydrogel nanofibers.





3.3. Swelling Studies of CMSP Hydrogel Nanofibers


Investigation on the swelling percentage of CMSP nanofibers was determined using gravimetric method at a variation of citric acid concentrations and curing temperatures. The duration of curing was kept at 450 min. The percentage of swelling will determine the amount of fluid that can penetrate into the polymeric network, which provides an understanding on the amount of drugs that can retained within the nanofibers structure [43].



3.3.1. Effects of Percentage of Citric Acid


Figure 5a shows the relationship between the percentages of swelling upon increasing the concentrations of citric acid. At 23% of citric acid concentration, the percentage of swelling showed a maximum value of 10,029 ± 449%. However, the percentage of swelling has significantly reduced to 1491 ± 126% at 29% of citric acid concentration. Although the nanofibers showed high percentage of swelling at 23% of citric acid concentration, the hydrogel nanofibers were partially dissolved after 24 h. Citric acid is a cross-linker that bridges two polymeric chains to form a network that will hold water without initiating dissolution. Figure 6 shows the schematic diagram of a cross-linking reaction between hydroxyl groups from CMSP and citric acid molecules. Here, CMSP plays a dominant role in the cross-linking process compared to PEO. PEO has a long linear chain, has only one hydroxyl group at each end of the chain, while CMSP has much more hydroxyl groups. Low concentrations of citric acid produced a small amount of cross-linked networks relative to the amount of hydroxyl groups available for the interaction with water in the hydrogel. In the presence of a large volume of water, the cross-linked network collapsed and consequently increased the dissolution in water. This occurred for hydrogel nanofibers with 23% of citric acid, but not at the higher percentage of citric acid. Moreover, the reason why 23% was chosen as the starting point is because of low percentages lead to total dissolution of hydrogel nanofibers in water. The percentage of swelling for hydrogel nanofibers was decreased when the concentration of citric acid increased to 29%. At high concentrations of citric acid, a high percentage of cross-linked polymeric networks was produced, which significantly improved the ability to retain water molecules in the structure. However, a high percentage of cross-linking also reduced the amount of free hydroxyl groups in the structure, therefore limiting the amount of water that can be accommodated within the network [7,44,45].




3.3.2. Effects of Curing Temperatures


Curing is a process where the nanofibers are treated in an oven at certain periods of time for a cross-linking reaction to occur. The percentage of swelling was further investigated by increasing the curing temperatures of the hydrogel nanofibers at 60 °C, 70 °C, 80 °C and 90 °C. The results in Figure 5b show the highest percentage of swelling at 4366 ± 975% when curing temperatures was at 80 °C. Increasing the temperature from 60 °C to 80 °C gradually improved the percentage of swelling due to the increment of the cross-linked network within the structure. When temperature increased for a constant time duration, the molecules of CMSP, PEO and citric acid moved quicker, while the energy of the molecules increased. This led to a greater frequency of successful collisions between reactant molecules and the greater the rate of a cross-linking reaction. However at 90 °C, the percentage of swelling was slightly decreased, suggesting a large amount of cross-linking between the polymers produced and caused a rigid cross-linked network. Optimization of the amount of citric acid and the curing temperature on the degree of swelling provides an insight into the ability of hydrogel to adsorb and hold methylene blue within the polymeric network. The optimum CMSP/PEO hydrogel nanofibers (10% concentration, 1:1 ratio, 29% of citric acid, 80 °C of curing temperature and 450 min of curing time) was prepared to proceed with the drug release study.



In this swelling study, a traditional and widely used method of measuring the percentage of swelling is based on the weight of the hydrogel. Inaccuracy of measuring the percentage of swelling may occur due to difficulty in handling swelling hydrogel nanofibers as they have a delicate structure. Structural destruction of hydrogel might occur during weight measurement because swelling of hydrogel nanofibers having low mechanical properties. Extra precaution was taken in this study to ensure accurate result. Recently, a new and more efficient method had been found by Tavakoli et al. (2019) to overcome all the limitations and errors in traditional methods which is known as the fluorescence intensity method (FL). This new method can be employed for obtaining accurate measurements of percentage of swelling hydrogels, especially delicate nanofibers [46].





3.4. Morphology Studies


SEM images of the cross-linked CMSP hydrogel nanofibers following immersion in water in swelling studies and adsorption with MB are shown in Figure 7. The morphology of CMSP nanofibers hydrogel was significantly different compared to CMSP nanofibers as shown in Figure 4. The SEM image in Figure 7a shows the CMSP hydrogel nanofibers that were still in nanofibrous form after the cross-linking reaction. This proved that a cross-linking reaction does not affect the morphology of the CMSP nanofibers. The SEM analysis in Figure 7b,c demonstrates swollen nanofibers with the appearance of porous structures. The expansion of the fiber diameter and the formation of porous structures proved that the absorption of water into the hydrogel network produced a high percentage of swelling of the CMSP nanofibers. The nanofibers were cross-linked to form a polymeric network with voids to hold water. The SEM images in Figure 7d,e illustrate the morphology of hydrogel nanofibers following immersion with MB was different than immersion with water, whereby the nanofibers showed bigger enlargement with less pores and void spaces within the hydrogel network.




3.5. Drug Release Studies


The potential of CMSP hydrogel nanofibers to be used as a drug carrier was investigated on the ability to release the adsorbed MB at various pHs. Investigations on pH variation is important to simulate the physiological environments along the human gastrointestinal (GI) tract starting with the saliva at pH 5–6, stomach at pH 1–3, small intestine at pH 6.6–7.5 and colon at pH 6.4–7.0 [10,47,48]. When necessary, the drug release ability at pH 7.15–8.9 is crucial to heal chronic wounds [10,49]. However, the delicate structure of hydrogel nanofibers may be unsuitable for oral administration. Nevertheless, it can be further applied as wound dressings in wound treatments. Drug release from polymers occurs when a liquid medium penetrates the polymeric network leading to the release of the retained drug by diffusion. Figure 8 shows the MB release profiles from hydrogel nanofibers at different pH of buffer solutions. In general, the CMSP shows a high degree of MB releases at high pH, with the highest cumulative percentage after 2880 min obtained at pH 8.0 (21.21%). Within 30 min into the investigation, the acceleration of MB diffusion was observed in all pH media with similar cumulative percentage releases of ~5% suggesting the diffusion of MB from CMSP hydrogel nanofibers trapped on the surface of the nanofibers. The initial diffusion of the surface trapped MB also occurred at a similar rate which suggests that the process was not influenced by the pH of the solution. Monitoring the concentration of MB after 6 h showed a rapid diffusion of MB when the pH of buffer solution was 7.34, and the rates were slowly reduced as the pH decreases to 1.2. At pH 1.2, the degree of drug release achieved a steady state at 6h, with only 9% of MB detected after 2880 min.



The diffusion of MB from the hydrogel network was influenced by the pH of the surrounding medium as MB is a cationic type drug. At low pH, where high level of proton concentration is available, an equilibrium state between MB and protonated water occurred, which reduced the diffusion of MB. Increasing the pH of the buffer solution created osmotic pressure in the surroundings that subsequently increased the diffusion of MB from the hydrogel network through the channels and pores of nanofibers. A low cumulative percentage release of MB in all pHs of the buffer solutions that are less than 22% indicates the potential use of hydrogel derived from sago pulp waste to prolong the MB retaining time and reduce the dosing frequency of MB. This study suggests that the controlled released of MB from hydrogels is also associated with the presence of cross-linkages between the nanofibers polymers, thus restricting the diffusion rate of MB into the surrounding medium.





4. Conclusions


This study has investigated the modification of cellulose obtained from sago waste in forming hydrogel nanofibers as a potential drug carrier in wound treatments. The CMSP nanofibers were produced using the electrospinning method with the addition of PEO, which increased the structure and morphology of the nanofibers. The concentration of CMSP/PEO solution, the ratio between CMSP and PEO, and the flow rate of CMSP/PEO during electrospinning, significantly influenced the morphology and size of the nanofibers. An investigation on the percentage of swelling showed that the presence of citric acid and the variation of curing temperatures increased the number of cross-linked networks between the nanofibers to form strong polymeric structures responsible for the swelling process. Drug release studies using MB as a probe molecule showed that hydrogel nanofibers obtained from CMSP has a loading efficiency of 89.20 ± 0.42%. Drug release profiles of MB-loaded hydrogel nanofibers were significantly influenced by the pH of buffer solutions and revealed slow release in all pHs, which perhaps demonstrate the potential use of CMSP hydrogel nanofibers as an in vivo or in vitro drug carrier. This preliminary work has illustrated the potential of CMSP nanofibers as a drug carrier that is not only limited to the incorporation of MB, but also applicable for any of hydrophilic pharmaceutical drugs. Due to the delicate nature of hydrogel nanofibers structure, CMSP/PEO hydrogel nanofibers are more suitable for applications, like wound dressing rather than oral administration.
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Figure 1. Fourier transform infrared (FTIR) spectra pattern of pre-treated sago pulp and carboxymethyl sago pulp (CMSP). 
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Figure 2. SEM images (a–f) and the corresponding fiber diameter distribution ((c,d-1)–(e,f-1)) of CMSP nanofibers at variation of CMSP to poly(ethylene oxide) (PEO) weight ratios (a)–(b) 3:1, (c)–(d) 1:1 and (e)–(f) 1:3 at fixed 6% solution concentration, 20 kV applied voltage, 15 cm of tip-to-collector distance and 0.8 mL/h of flow rate. 






Figure 2. SEM images (a–f) and the corresponding fiber diameter distribution ((c,d-1)–(e,f-1)) of CMSP nanofibers at variation of CMSP to poly(ethylene oxide) (PEO) weight ratios (a)–(b) 3:1, (c)–(d) 1:1 and (e)–(f) 1:3 at fixed 6% solution concentration, 20 kV applied voltage, 15 cm of tip-to-collector distance and 0.8 mL/h of flow rate.
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Figure 3. SEM images (a–h) and the corresponding fiber diameter distribution ((a-1)–(h-1)) of CMSP/PEO nanofibers at different concentration of CMSP to PEO solution and ratio of CMSP to PEO (a) 4% (ratio 1:1), (b) 4% (ratio 1:3), (c) 6% (ratio 1:1), (d) 6% (ratio 1:3), (e) 8% (ratio 1:1), (f) 8% (ratio 1:3), (g) 10% (ratio 1:1) and (h) 10% (ratio 1:3). Electrospinning parameters were kept constant at 20 kV for applied voltage, 15 cm of tip-to-collector distance and 0.8 mL/h for flow rate. 
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Figure 4. SEM images (a–d) and the corresponding fiber diameter distribution ((a-1)–(d-1)) of CMSP nanofibers produced at flow rate of (a) 0.6 mL/h, (b) 0.8 mL/h, (c) 1.0 mL/h and (d) 1.2 mL/h at fixed 10% concentration, 1:1 ratio, 20 kV of applied voltage and 15 cm tip-to-collector distance. 
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Figure 5. Plot of percentage of swelling at (a) different percentage of citric acid (23%, 29%, 33% and 38%) at fixed 60 °C and 450 min of curing; and (b) different curing temperature (60 °C, 70 °C, 80 °C and 90 °C) but at fixed 29% citric acid, 450 min of curing. 
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Figure 6. (a) PEO structure (b) CMSP structure (c) Proposed mechanism of cross-linking reaction between cellulose (CMSP) and citric acid. 
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Figure 7. SEM images of (a) cross-linked CMSP hydrogel nanofibers; (b,c) swollen CMSP hydrogel nanofibers; and (d,e) methylene blue (MB)-loaded CMSP hydrogel nanofibers. 
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Figure 8. Effects of pH value on the release of MB from CMSP hydrogel nanofibers. 
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