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Abstract

:

Nanofibrous-based pH sensors have shown promise in a wide range of industrial and medical applications due to their fast response time and good mechanical properties. In the present study, we fabricated pH-sensitive sensors of nanofibrous membranes by electrospinning polyurethane (PU)/poly 2-acrylamido-2-methylpropanesulfonic acid (PAMPS)/graphene oxide (GO) with indicator dyes. The morphology of the electrospun nanofibers was examined using scanning electron microscopy (SEM). The effect of hydrophilic polymer ratio and concentration of GO on the sensing response time was investigated. The sensitivity of the membranes was studied over a wide pH range (1–8) in solution tests, with color change measured by calculating total color difference using UV-vis spectroscopy. The membranes were also subjected to vapor tests at three different pH values (1, 4, 8). SEM results show the successful fabrication of bimodal fiber diameter distributions of PU (mean fiber diameter 519 nm) and PAMPS (mean fiber diameter 78 nm). Sensing response time decreased dramatically with increasing concentrations of PAMPS and GO. The hybrid hydrophobic/hydrophilic/GO nanofibrous membranes are capable of instantly responding to changes in solution pH as well as detecting pH changes in chemical vapor solution in as little as 7 s.
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1. Introduction


Electrospun nanofibrous membranes (ENMs) are an important category of fibrous structures that can be produced via electrospinning. Due to their ease of production, interconnected porosities, and high surface area, ENMs have found a wide range of applications. Some of these applications, most notably protective clothing (PC) and wound dressing, require smart ENMs with sensing properties, such as detecting pH changes in the environment. Using pH-sensitive nanofibrous membranes in the PC sector helps the wearer be more aware of chemical pollution in the surrounding atmosphere, leading to better protection. This function can be very useful in clothing designed to protect against chemical agents and industrial chemical hazards. In the wound treatment sector, creating dressings with an indicator function that can sense the status of the skin and convey the information to the healthcare professional can reduce the frequency of dressing changes [1].



Studies have been carried out to fabricate pH-sensitive ENMs for smart beverage packaging [2], textiles [3,4], tissue engineering [5,6,7], detecting the microenvironment of various biological processes [8] and microscopic observations of microorganisms [9]. Schueren et al. [10] used polyspinning to develop pH-sensitive polyamide 6.6 nanofibers for a limited range of pH values. Agarwal et al. [11] produced nylon ENMs containing five different pH indicators in specific proportions to cover a wide range of pH values. These smart ENMs detect changes in solution pH (from pH 1 to 10) based on characteristic colors for each pH. Schuern et al. [12] developed pH-sensitive polycaprolactone (PCL) and PCL/chitosan nanofibrous structures, noting that inclusion of 20% chitosan reduced pH response time from more than 3 h to around 5 min. Rostami et al. [4] also reported successful fabrication of polyamide (PA) 6 and PCL ENMs equipped with pH sensitive dyes that detect variations in solution pH. Although they demonstrated that fibrous structure influences halochromic properties, the same sensing behavior was reported for both PA and PCL. These membranes are only useful only for detecting pH changes in a solution medium; however, detecting pH changes in vapor and at low concentrations of agent molecules is also important.



In addition, previous works have used hydrophobic polymers with a uniform nanofiber diameter for the production of sensor nanofibers, and some reports allude to the potential of super-hydrophilic polymers in hydrogel form for use in pH-sensitive applications [13,14]. Mounting evidence also indicates that fiber membranes with a bimodal diameter distribution are more efficient at trapping water vapor molecules [15] and aerosol particles [16]. Bimodal fiber diameter ENMs from hydrophilic-hydrophobic polymers have great potential for increasing the pH sensitivity of the resulting membranes.



In the present study, polyurethane (PU) and poly (2-acryloylamido-2-methylpropanesulphonic acid) (PAMPS) were used as polymers with hydrophobic and hydrophilic properties, respectively. PAMPS is a water-soluble and ionic polymer with a high degree of hydrophilicity, and is often touted as a superabsorbent material for PC [17,18] and wound dressing [19,20,21] applications. The sulfonate group of PAMPS gives the polymer a degree of hydrophobicity and an anionic quality. The hydrophilic nature of PAMPS leads to a final structure with enhanced water absorption and transport properties. Fine nanofibers in the range below 100 nm have been electrospun from PAMPS because of its electrolytic nature [20,21]. Despite the good water absorption and fine diameter of PAMPS nanofiber membranes, the mechanical and dimensional stability of these structures is not sufficient to warrant their use in end products such as pH-sensitive membranes. This problem can be solved by blending PAMPS with PU. PU is a popular polymer that is used extensively in electrospinning processes [22,23,24]. This polymer has unique properties such as excellent hydrolytic stability, good mechanical properties, and resistance to chemicals, microorganisms and abrasion [25,26,27]. PU has hydrophobic properties and lends well to nanofibrous structures with diameters ranging from 200 to 600 nm. The effect of graphene oxide (GO) on the sensing behavior of final structures has also been investigated. Due to its excellent mechanical, thermal, and electrical properties, and the presence of hydrophilic groups (e.g., hydroxyl, carbonyl) on the surface, GO can improve the water vapor permeability and adsorption of water of nanocomposites [17,18]. Hua and coworkers showed that polyvinyl alcohol (PVA) combined with GO exhibited higher pH sensitivity, and in hydrogel form can be used for loading and selectively releasing drugs at physiological pH [19].



Against this backdrop, the present study aims to fabricate and characterize bimodal fiber nanofibrous membranes by electrospinning one hydrophobic polymer (PU) and one hydrophilic polymer (PAMPS). GO was also used to improve the response time of nanofibrous membranes with respect to detecting pH. The membranes were fabricated by simultaneous spinning of two different polymers from two opposing nozzle setups. The diameter distribution was measured by scanning electron microscopy (SEM). The pH-sensing behavior of the bimodal PU/PAMPS/GO nanofibrous membranes was investigated in both solution and vapor tests.




2. Materials and Methods


2.1. Materials


All chemicals were purchased from commercial sources and used as received unless noted otherwise. N,N-dimethylformamide (DMF), tetrahydrofuran (THF), and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS, monomer, ≥99%) were obtained from Daejong Co. (Shiheung, South Korea). 2,2-azobisisobutyronitrile (AIBN) and four pH-indicator dyes (bromophenol blue, bromocresol green, methyl red, bromophenol red) were supplied by Sigma-Aldrich (St. Louis, MO, USA). PU was obtained from Byer (Leverkusen, Germany). Graphite was obtained from Daejong Co. (Shiheung, South Korea). Other materials including concentrated sulfuric acid, hydrochloric acid, hydrogen peroxide, sodium nitrate and potassium permanganate (KMnO4) were purchased from Merck (Darmstadt, Germany).




2.2. Preparation of Electrospinning Solutions


The four pH-indicator dyes were selected to cover a range in pH values, indicated by color changes (Table 1). Two different polymer solutions were prepared: PU solution containing the four dyes and PAMPS solution containing GO nanolayers. For the PU solution, the dye mixture (PU/dye = 99:1 w/w %) was dispersed in 5 mL of THF/DMF (60:40) with 1 h ultrasonication. PU was dissolved in THF/DMF at 30 °C for 24 h, and each dye was then added to the PU/DMF/THF solution to give an overall 6 wt% PU in THF/DMF. GO nanosheets were prepared according to the modified Hummer method. Briefly, graphite powder (2 g) and NaNO3 (1 g) were added into H2SO4 (46 mL) and stirred in a three-neck flask placed in an ice bath for 2 h. Then, KMnO4 (6 g) was added gradually under stirring and the temperature of the mixture was kept below 20 °C. The solution was heated to 35 °C and kept for 2 h. After that, distilled water (92 mL) was slowly added and the temperature was kept below 100 °C. After 15 min, an adequate amount of distilled water and 5 mL of 30% H2O2 solution were added to wash the residual KMnO4. Finally, the mixture was filtered and washed with 5% HCl aqueous solution and water until the pH value of the upper layer suspension reached 7. Furthermore, sonication with a cylindrical tip was used for exfoliation of graphite oxide to GO. The sonication process was carried out in room temperature (25 °C) for 20 min. Detailed information with respect to GO and PAMPS/GO formation is reported in our previous study [28].




2.3. Electrospinning


The simultaneous electrospinning of different precursor solutions from two syringes produced PU and PAMPS nanofibers. For this two-nozzle electrospinning, two syringes, two pumps and two high-voltage power supplies were used. One syringe contained 5 mL of PU solution containing dye while the other syringe contained 5 mL of PAMPS/GO solution. Each needle (22G; L = 34 mm and D = 0.4 mm) was connected to the positive electrode of a high-voltage power supply. The distance between the needle tips and the collector was 14 cm for each nozzle. For the first nozzle, PU solution was pumped at a rate of 0.5 mL/h and the voltage was set at 12 kV. For the second nozzle, PAMPS/GO solution was pumped at a rate of 0.1 mL/h and the voltage was set at 14 kV. Samples with different PAPMS/PU/GO ratios were obtained by changing the electrospinning time of each polymer according to Table 2. A take-up speed of 32 m/min was used for the collection of electrospun nanofibers. The electrospinning process was carried out at room temperature (22 ± 2 °C) and relative humidity (40% ± 5%). The electrospinning process is shown schematically in Figure 1.




2.4. Membrane Characterization


To obtain the colors of the dye mixture at each pH, 0.01 g of dye was dissolved in 10 mL of DMF with 1 h ultrasonication. A total of 1 mL of the prepared solution was added to a set of buffer solutions with different pH values (pH = 1, 2, 3, 4, 5, 6, 7 and 8). To determine halochromic behavior of the electrospun membranes, the solution tests were performed by dipping the membranes in each of these same buffer solutions (pH 1–8) for 2 s. Vapor tests were conducted using a homemade apparatus at three pH values (Figure 2). The desired buffer (pH = 1, 4, 8) was injected by a syringe pump and diluted by air flow provided by an air compressor (20 L/min). The injection rate was regulated to achieve a final flow with a concentration of 1000 ppm. The buffer flow was heated by an oil bath to a temperature of 90 °C and evaporated. The evaporated buffer was then conducted to a glass chamber and put in contact with the sample until a color change was detected. Solution and vapor tests were repeated three times for each sample.



The morphology of the electrospun nanofibers was characterized using transmission electron microscopy (TEM, Zeiss-EM10C Zeiss, Zaventem, Belgium) with an accelerating voltage of 80 kV, and field emission scanning electron microscopy (FE-SEM; Mira3-XMU, TESCAN, Kohoutovice, Czech Republic). The mean fiber diameter and diameter distribution were measured from SEM images using an image-processing program (ImageJ, Bethesda, Maryland, USA).



Images of reference dye solutions and electrospun nanofibers for each pH were obtained with a digital camera (Canon EOS 400D, Brampton, ON, Canada) under the identical lighting environment and camera setting. The RGB and CIELAB values (International Commission of Illumination (CIE) color space coordinates) were measured using Adobe® Photoshop® CS5 (San Jose, CA, USA) by taking the average of 100 pixels from 10 points in each image. The total color difference (ΔE) was calculated to compare the samples in different pH buffer solutions. ΔE was determined using according to:


ΔE=(ΔL)2+(Δa)2+(Δb)2,



(1)




where ΔL represents the brightness difference between samples, Δa is the redness difference between samples, and Δb is the yellowness difference between samples [2,11]. The UV-Vis spectra of all samples were recorded in a wavelength range from 380 to 780 nm with a spectrophotometer (Perkin-Elmer, Waltham, MA, USA; Model Lamba 950 or Model Lamba 45).





3. Results and Discussion


3.1. Morphology of Nanofibers


3.1.1. Effect of Hydrophilic Moieties (PAMPS) on Fiber Morphology


Parameters of the electrospinning process (i.e., the concentration of polymer in solution, applied voltage, nozzle to collector distance) were optimized to create non-uniform nanofibers without any structural defects such as beads. Figure 3 (top) is a SEM image showing the distribution of electrospun PU/PAMPS hybrid nanofibrous membranes. Based on SEM images, the mean diameter of the PU and PAMPS fibers was determined to be 519 and 78 nm, respectively. This difference is due in part to the fact that PAMPS is an anionic polymer containing sulfonic acid, the electrical charge of which causes an increase in charge density in the electrospinning solution. As the charge within the electrospinning jet increases, higher elongation forces are imposed on the jet under the electrical field, resulting in thinner fibers [29].



The graphs at the bottom of Figure 3 show the electrospinning process created fibers with a bimodal diameter distribution. This distribution of fiber diameter is highly favoured in the PC sector [15], for filtration [16,30], and for creating mats/meshes for tissue engineering [26] and cellular infiltration [31] applications. As the fiber diameter decreases, so does the pore diameter [30]. This is particularly useful in some cases, such as PCs, where improved windproof properties of membranes are highly desired, or in wound dressing, where warding off aerosol particles and viruses is important. Furthermore, as the diameter of the nanofibers decreases, the specific surface area increases [27]; this, in turn, improves the sensing performance of nanofibrous membranes.




3.1.2. Effect of GO on Morphology


Images were generated at different magnifications using transmission electron microscopy (TEM) to evaluate the nanoparticles synthesized with GO (Figure 4). In these images, more light passes through the nanoparticles (i.e., the particles are more transparent) when the distance between the layers of graphene oxide is greater. The graphene nanoparticles are synthesized in very thin layers, so greater transparency indicates proper synthesis of these particles.



Figure 5 shows SEM image of electrospun nanofibrous membranes containing GO (sample 40/4). The selected sample image shows that the GO is well placed within the fiber structure, with a uniform distribution. The non-uniformity in nanofibrous membranes due to the presence of graphene oxide, i.e., the areas having a notably increased diameter, is well defined in the image.





3.2. Halochromic Behavior of ENMs with Different Polymer Ratios


3.2.1. Effect of the Hydrophilic Moiety (PAMPS) on Sensing Time


Sensing time is an important factor with respect to the pH sensitivity of ENMs. Table 3 shows the effect of the hydrophilic moiety (PAMPS) on sensing time in solution and vapor tests.



Table 3 shows that response time in solution decreases with increasing PAMPS concentration. This increase to ultra-fast sensing is attributed to the super-hydrophilicity of the PAMPS nanofibers. Although sensing time in the vapor also declined with increasing PAMPS concentration, the decrease is not enough to introduce ENMs for sensing pH in vapor media. As the response time of sample created from 40/60 PU/PAMPS was the fastest, it was carried forward to further tests.




3.2.2. pH Sensing Behaviour of Reference Dye System and ENMs


Figure 6 shows images of the reference dye solution and ENM samples created from 40/60 PU/PAMPS in different pH buffer solutions. Minimal color difference is evident between the reference dye solution and the membrane in each pH solution. The photos show a significant color change from red to blue for the pH 1–8 interval. Notably, color development resulted after dipping the ENMs in each pH solution for only 20 s. Other studies have reported different times from 3 s to 5 min for color development [11,12].



Figure 7 shows the RGB values of 40/60 PU/PAMPS ENM samples and the reference dyes at different pH values. Increasing the acidity of the solution increases the amount of red in the samples while increasing the alkalinity increases the amount of blue. Similar trends in the curves for the 40/60 PU/PAMPS samples and the reference dye at any measured pH interval are also evident (Figure 7a vs. Figure 7b). The similarity in the trends determined for the reference dyes and the nanocomposite fibers strongly suggest the successful incorporation of all dye molecules in the ENMs [11].



Based on the color data (Figure 7a,b), the total color difference (ΔE) between different pH buffer solutions was calculated for both the reference dye solution and the electrospun nanofibers (Table 4 and Table 5). The ΔE values were consistently higher than 12 with the exception of the pH 2 and 3 reference dye solutions. ΔE values greater than 5 indicate the difference is visible to the naked eye; ΔE values greater than 12 indicate the two samples belongs to entirely different spaces [11].



Figure 8 shows the absorption spectra of the reference dye solution and a 40/60 PU/PAMPS sample in the different pH (1–8) buffer solutions for comparison. According to the color wheel, complementary hue refers to the color observed for a solution that shows maximum absorption at a particular wavelength when continuous white light is the source [32]. The maximum absorption peak between 420 and 440 nm represents yellow, between 440 and 470 nm represents orange, between 470 and 500 nm represents red, between 500 and 520 nm represents purple, between 520 and 550 nm represents violet, between 550 and 580 nm represents violet-blue, between 580 and 620 nm represents blue, and 620 and 680 nm represents blue-green [11].



Absorption spectra for reference dye solutions and electrospun nanofiber samples at each pH were analyzed, with different peaks of varying intensities identified. Similar absorption peaks were noted in the range from 420 to 440 nm (pH 2–7), 440 to 470 nm (pH = 4), 500 to 520 nm (pH 1–3), 580 to 600 nm (pH 7–8) and 610 to 630 nm (pH = 6). This result indicates a high degree of incorporation and dispersion of the pH-indicator dyes in the nanofiber matrices [32].





3.3. Halochromic Behavior of ENMs with Different GO Ratios


3.3.1. Effect of GO on Sensing Time


Table 5 shows the effect of the inclusion of nanoparticles (graphene oxide) on sensing time in solution and vapor tests.



Table 6 shows the response time in both solution and vapor tests decreases with increasing GO concentration. GO has hydrophilic groups such as OH and COOH, so an increasing concentration of GO results in increased hydrophilicity of the ENMs. The samples with higher concentrations of GO had ultra-fast sensing times in both the solution and vapor tests. As the response time of the 40/4 sample was the fastest, it was carried forward to further tests.




3.3.2. pH Sensing Behavior of Reference Dye System and ENMs with Incorporated GO


Vapor tests were performed by exposing the membranes to vapor of the buffer solutions with three pH values (1, 4, 8), respectively, Figure 9 shows images of the electrospun nanofiber membranes (sample 40/4) used in the vapor test alongside those used in the solution test, and demonstrates the noticeable color difference between the three pH values considered. This color change is due to the variation of pH value, which is associated with the ionization of the carboxyl group caused by the surface charge densities of GO [19].



Figure 10 plots the RGB values for the 40/4 samples exposed to each of three pH buffer solutions in the solution (left) and vapor (right) tests. These results also show significant differences between the three pH values considered. The slight difference between the RGB values at pH 8 in the solution test vs. the vapor test is attributed to evaporation of the buffer solution.



Figure 11 plots data from the absorption spectra measured at the three different pH values in the solution and vapor tests. At pH 1, the absorption peak at 500 nm in the solution test shifted to 480 nm in the vapor test. At pH 4, the absorption peak was noted at 620 nm in the solution test but at 460 nm in the vapor rest, suggesting more blue instead of orange in the membrane. At pH 8, the vapor test had an additional absorption peak at 500 nm, which produced a violet color. It is noted that in the vapor state, the pH value became different due to the interference of the open-air atmosphere, leading to the different penetrability properties in the membrane. As a result, slight changes in the absorption peak occurred.



These test results show that PU/PAMPS/GO ENMs are able to sense pH variation in the surrounding environment. These results are in accordance with Schoolaert et al. [33], who used hydrophilic dye-functionalized chitosan and poly(ε-caprolactone) and reported the nanofibrous membranes show high and reproducible pH sensitivity in response to change in pH in aqueous medium and when exposed to acidic or basic gases. However, the polymers they used did not have appropriate mechanical properties, i.e., tensile strength and elongation, for use in the protective clothing sector. In addition to decreasing sensing time as demonstrated here, our previous study shows inclusion of GO can increase the mechanical properties of nanostructures with the results showing that the addition of 0.2% GO into membranes can increase the tensile strength by 65% [34]. In many applications, such as PC for the chemical industry, agricultural workers, and military textiles, external hazards are in the gas form and detectors with excellent sensing properties are required.






4. Conclusions


pH-sensitive dyes incorporated into ENMs were developed as a sensor for the PC sector. PU/PAMPS/GO nanofibers, loaded with pH-sensitive dyes, were successfully generated using two opposing electrospinning nozzle setups. A bimodal diameter distribution of nanofibers with pH-sensing ability was achieved, as was a high degree of incorporation and dispersion of pH-indicator dyes in the nanofiber matrix. PU/PAMP samples without GO incorporated demonstrated a rapid halochromic response in a pH range from 1 to 8. The hybrid ENMs fabricated with GO successfully responded to pH variation in a vapor test. The hydrophilicity of the ENMs was enhanced due to inclusion of PAMPS, which also resulted in thinner fibers, and GO was responsible for a faster and more sensitive response. These hybrid nanofibers have significant potential for practical applications in sectors related to protective clothing, wound dressing and drug delivery.







Author Contributions


Conceptualization, M.G., A.S.; methodology, M.G., A.S.; validation, M.G., A.S., S.N.; investigation, A.S.; resources, M.G., A.S.; data curation, S.N.; writing—original draft preparation, M.G., A.S., H.R.; writing—review and editing, H.R., X.C.; supervision, A.S., X.C.




Funding


We gratefully acknowledge Ardabil Branch, Islamic Azad University and University of Saskatchewan for funding this research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Flam, E. Method of Monitoring the Condition of the Skin or Wound. US Patent 5181905 A, 26 January 1993. [Google Scholar]

	



Tassanawat, S.; Phandee, A.; Magaraphan, R.; Nithitanakul, M.; Manuspiya, H. pH-sensitive PP/clay nanocomposites for beverage smart packaging. In Proceedings of the 2nd Conference on Nano/Micro IEEE International Engineered and Molecular Systems, Bangkok, Thailand, 16–19 January 2007; pp. 478–482. [Google Scholar]

	



Steyaert, I.; Vancoillie, G.; Hoogenboom, R.; De Clerck, K. Dye immobilization in halochromic nanofibers through blend electrospinning of a dye-containing copolymer and polyamide-6. Polym. Chem. 2015, 6, 2685–2694. [Google Scholar] [CrossRef]

	



Golmohammadi Rostami, S.; Sorayani Bafqi, M.S.; Bagherzadeh, R.; Latifi, M.; Gorji, M. Multi-layer electrospun nanofiber mats with chemical agent sensor function. J. Ind. Text. 2015, 45, 467–480. [Google Scholar] [CrossRef]

	



Razaq, S.; Wilkins, R.J.; Urban, J.P. The effect of extracellular pH on matrix turnover by cells of the bovine nucleus pulposus. Eur. Spine J. 2003, 12, 341–349. [Google Scholar] [CrossRef]

	



Schwartz, E.R.; Kirkpatrick, P.R.; Thompson, R.C. The effect of environmental pH on glycosaminoglycan metabolism by normal human chondrocytes. J. Lab. Clin. Med. 1976, 87, 198–205. [Google Scholar]

	



Waldman, S.D.; Couto, D.C.; Omelon, S.J.; Kandel, R.A. Effect of sodium bicarbonate on extracellular pH, matrix accumulation, and morphology of cultured articular chondrocytes. Tissue Eng. 2004, 10, 1633–1640. [Google Scholar] [CrossRef]

	



Masuda, T.; Maruyama, H.; Arai, F.; Anada, T.; Fukuda, T.; Suzuki, O. Development of a pH indicator immobilized-gel-sheet for microenviroment analysis. In Proceedings of the 2009 International Symposium on Micro-NanoMechatronics and Human Science IEEE, Nagoya, Japan, 9–11 November 2009; pp. 362–367. [Google Scholar]

	



Nakao, M.; Inoue, S.; Yoshinobu, T.; Iwasaki, H. High-resolution pH imaging sensor for microscopic observation of microorganisms. Sens. Actuators B 1996, 34, 234–239. [Google Scholar] [CrossRef]

	



Van der Schueren, L.; Mollet, T.; Ceylan, Ö.; De Clerck, K. The development of polyamide 6.6 nanofibers with a pH-sensitive function by electrospinning. Eur. Polym. J. 2010, 46, 2229–2239. [Google Scholar] [CrossRef]

	



Agarwal, A.; Raheja, A.; Natarajan, T.S.; Chandra, T.S. Development of universal pH sensing electrospun nanofibers. Sens. Actuators B 2012, 161, 1097–1101. [Google Scholar] [CrossRef]

	



Van der Schueren, L.; De Meyer, T.; Steyaert, I.; Ceylan, Ö.; Hemelsoet, K.; Van Speybroeck, V.; De Clerck, K. Polycaprolactone and polycaprolactone/chitosan nanofibres functionalized with the pH-sensitive dye nitrazine yellow. Carbohydr. Polym. 2013, 91, 284–293. [Google Scholar] [CrossRef]

	



Atta, A.M.; El-Ghazawy, R.A.; Farag, R.K.; Elsaeed, S.M. Synthesis and characterization of pH-sensitive PAMPS/PVP nanogels in aqueous media. Polym. Adv. Technol. 2011, 22, 732–737. [Google Scholar] [CrossRef]

	



Peterson, D. pH-Sensitive Hydrogel. In Encyclopedia of Microfluidics and Nanofluidics; Springer: Boston, MA, USA, 2011; pp. 1–5. [Google Scholar]

	



Amini, G.; Samiee, S.; Gharehaghaji, A.A.; Hajiani, F. Fabrication of polyurethane and nylon 66 hybrid electrospun nanofiber layer for waterproof clothing applications. Adv. Polymer Technol. 2016, 35, 419–427. [Google Scholar] [CrossRef]

	



Mei, Y.; Wang, Z.; Li, X. Improving filtration performance of electrospun nanofiber mats by a bimodal method. J. Appl. Polym. Sci. 2013, 128, 1089–1094. [Google Scholar] [CrossRef]

	



Jung, K.; Pourdeyhimi, B.; Zhang, X. Synthesis and characterization of polymer-filled nonwoven membranes. J. Appl. Polym. Sci. 2011, 119, 2568–2575. [Google Scholar] [CrossRef]

	



Chen, H.; Rahmathullah, A.M.; Palmese, G.R.; Elabd, Y.A. Polymer-polymer nanocomposite membranes as breathable barriers with electro-sensitive permeability. In ACS Symposium Series; Oxford University Press: Oxford, UK, 2009; Volume 1016, pp. 307–322. [Google Scholar]

	



Bai, H.; Li, C.; Wang, X.; Shi, G. A pH-sensitive graphene oxide composite hydrogel. Chem. Comm. 2010, 46, 2376–2378. [Google Scholar] [CrossRef]

	



Kim, S.J.; Lim, J.Y.; Kim, I.Y.; Lee, S.H.; Lee, T.S.; Kim, S.I. Optimum parameters for production of nanofibres based on poly (2-acrylamido2-methyl-1-propane sulfonic acid) by electro-spinning. Smart Mater. Struct. 2005, 14, 16–20. [Google Scholar] [CrossRef]

	



Kim, S.J.; Shin, K.M.; Kim, S.I. The effect of electric current on the processing of nanofibres formed from poly(2-acrylamido-2-methyl-1-propane sulfonic acid). Scripta Mater. 2004, 51, 31–35. [Google Scholar]

	



Gibson, P.; Schreuder-Gibson, H.; Rivin, D. Transport properties of porous membranes based on electrospun nanofibers. Colloids Surf. A 2001, 187, 469–481. [Google Scholar] [CrossRef]

	



Lee, S.; Obendorf, S.K. Barrier effectiveness and thermal comfort of protective clothing materials. J. Text. Inst. 2007, 98, 87–98. [Google Scholar] [CrossRef]

	



Lee, S.; Obendorf, S.K. Statistical model of pesticide penetration through woven work clothing fabrics. Arch. Environ. Contam. Toxicol. 2005, 49, 266–273. [Google Scholar] [CrossRef]

	



Gorji, M.; Jeddi, A.; Gharehaghaji, A. Fabrication and characterization of polyurethane electrospun nanofiber membranes for protective clothing applications. J. Appl. Polym. Sci. 2012, 125, 4135–4141. [Google Scholar] [CrossRef]

	



Tijing, L.D.; Choi, W.; Jiang, Z.; Amarjargal, A.; Park, C.H.; Pant, H.R.; Kim, C.S. Two-nozzle electrospinning of (MWNT/PU)/PU nanofibrous composite mat with improved mechanical and thermal properties. Current Appl. Phys. 2013, 13, 1247–1255. [Google Scholar] [CrossRef]

	



Gorji, M.; Bagherzadeh, R.; Fashandi, H. Electrospun nanofibers in protective clothing. In Electrospun Nanofibers; Woodhead Publishing: Cambridge, UK, 2017; pp. 571–598. [Google Scholar]

	



Gorji, M.; Sadeghian Maryan, A. Breathable-windproof membrane via simultaneous electrospinning of PU and P (AMPS-GO) hybrid nanofiber: Modeling and optimization with response surface methodology. J. Ind. Text. 2018, 47, 1645–1663. [Google Scholar] [CrossRef]

	



Lee, S.; Obendorf, S.K. Transport properties of layered fabric systems based on electrospun nanofibers. Fibers Polym. 2007, 8, 501–506. [Google Scholar] [CrossRef]

	



Shemshadi, R.; Ghafarian, R.; Gorji, M.; Avazverdi, E. A smart thermoregulatory nanocomposite membrane with improved thermal properties: Simultaneous use of graphene family and micro-encapsulated phase change material. Text. Res. J. 2018. [Google Scholar] [CrossRef]

	



Pant, H.R.; Park, C.H.; Tijing, L.D.; Amarjargal, A.; Lee, D.H.; Kim, C.S. Bimodal fiber diameter distributed graphene oxide/nylone-6 composite nanofibrous mats via electrospinning. Colloids Surf. A 2012, 407, 121–125. [Google Scholar] [CrossRef]

	



Penner, M.H. Ultraviolet, Visible, and Fluorescence Spectroscopy; Nielsen, S.S., Ed.; Food Analysis; Springer: Boston, MA, USA, 2014; Chapter 22; p. 389. [Google Scholar]

	



Schoolaert, E.; Steyaert, I.; Vancoillie, G.; Geltmeyer, J.; Lava, K.; Hoogenboom, R.; De Clerck, K. Blend electrospinning of dye-functionalized chitosan and poly (ε-caprolactone): Towards biocompatible pH-sensors. J. Mater. Chem. B 2016, 4, 4507–4516. [Google Scholar] [CrossRef]

	



Gorji, M.; Karimi, M.; Nasheroahkam, S. Electrospun PU/P (AMPS-GO) nanofibrous membrane with dual-mode hydrophobic–hydrophilic properties for protective clothing applications. J. Ind. Text. 2018, 47, 1166–1184. [Google Scholar] [CrossRef]








[image: Jfb 10 00023 g001 550]





Figure 1. Schematic of the electrospinning process. 
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Figure 2. Test instrument for vapor sensing. 






Figure 2. Test instrument for vapor sensing.



[image: Jfb 10 00023 g002]







[image: Jfb 10 00023 g003 550]





Figure 3. Scanning electron microscopy (SEM) image of PU/PAMPS hybrid nanofibers (a) and diameter distribution of PU (b) and PAMPS (c) nanofibers. 
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Figure 4. Transmission electron microscopy (TEM) image of graphene oxide: 80,000× (a), 100,000× (b). 
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Figure 5. SEM image of PAMPS nanofiber containing graphene oxide. 
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Figure 6. Color change in different pH buffer solutions: (a) reference dye solution and (b) samples of 40/60 PU/PAMPS. 
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Figure 7. RGB values for the color produced in the different pH buffer solutions: (a) reference dye solution and (b) 40/60 PU/PAMPS. 
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Figure 8. Absorption spectra in different pH buffer solutions (a) reference dye solution and (b) sample of 40/60 PU/PAMPS. 
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Figure 9. Color change in electrospun nanofibrous membrane (ENM) after solution test (left) and vapor test (right) for a sample of 40/60/4 PU/PAMPS/GO: (a) pH < 1, (b) pH = 4, (c) pH = 8. 
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Figure 10. RGB values for the color produced in the different pH buffer solutions for 40/60/4 PU/PAMPS/GO samples: (a) solution test and (b) vapor test. 
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Figure 11. Absorption spectra of 40/4 samples exposed to different pH buffer solutions in the (a) solution test and (b) vapor test. 
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Table 1. pH-indicator dye and corresponding pH range and color variation.
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	pH-Indicator Dye
	pH Range
	Color Change





	Bromophenol blue
	(Y) 3.0–4.6 (BV)
	yellow to purple



	Bromocresol green
	(Y) 3.8–5.4 (B)
	yellow to blue



	Methyl red
	(R) 4.2–6.2 (Y)
	red to yellow



	Bromophenol red
	(Y) 5.2–6.8 (R)
	yellow to red
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Table 2. Samples with different concentrations of polyurethane (PU), poly 2-acrylamide-2-methylpropanesulfonic acid (PAMPS) and graphene oxide (GO).
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	Sample Code
	PU/PAMPS
	GO (w/w %)





	100
	100/0
	0



	80
	80/20
	0



	60
	60/40
	0



	40
	40/60
	0



	40/1
	40/60
	1



	40/2
	40/60
	2



	40/3
	40/60
	3



	40/4
	40/60
	4
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Table 3. The effect of PAMPS on pH sensing time.






Table 3. The effect of PAMPS on pH sensing time.





	Sample Code
	PU/PAMPS
	Solution Response Time (s)
	Vapor Response Time (s)





	100
	100/0
	80
	300



	80
	80/20
	40
	170



	60
	60/40
	30
	100



	40
	40/60
	20
	60
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Table 4. Total color difference (ΔE) observed between different pH buffer solutions exposed to the reference dye solution.
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	pH = 2
	pH = 3
	pH = 4
	pH = 5
	pH = 6
	pH = 7
	pH = 8





	pH < 1
	23.94
	26.04
	50.94
	66.71
	69.89
	64.1
	47.37



	pH = 2
	
	8.77
	45.98
	68.62
	81.05
	86.34
	67.36



	pH = 3
	
	
	40.46
	63.26
	76.49
	84.82
	66.8



	pH = 4
	
	
	
	25.63
	49.59
	82.93
	61.21



	pH = 5
	
	
	
	
	30.1
	76.71
	57.46



	pH = 6
	
	
	
	
	
	53.11
	41.47



	pH = 7
	
	
	
	
	
	
	29.68
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Table 5. Total color difference (ΔE) observed between different pH buffer solutions exposed to the sample of 40/60 PU/PAMPS.
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	pH = 2
	pH = 3
	pH = 4
	pH = 5
	pH = 6
	pH = 7
	pH = 8





	pH < 1
	28.37
	25.14
	47.58
	64.83
	36.82
	53.45
	57.15



	pH = 2
	
	11.87
	37.54
	50.73
	46.27
	72.62
	78.06



	pH = 3
	
	
	27.86
	43.49
	34.7
	61.94
	69.84



	pH = 4
	
	
	
	18.84
	28.91
	58.22
	74.71



	pH = 5
	
	
	
	
	44.58
	72.04
	92.05



	pH = 6
	
	
	
	
	
	30.08
	51.83



	pH = 7
	
	
	
	
	
	
	38.61
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Table 6. Effect of GO on sensing time.






Table 6. Effect of GO on sensing time.





	Sample Code
	Solution Response Time (s)
	Vapor Response Time (s)





	40/1
	5
	15



	40/2
	3
	12



	40/3
	0
	9



	40/4
	0
	7
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