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Abstract  
Our research involves the fabrication of a pH-sensitive chitosan-tetraethyl orthosilicate-glutaraldehyde interpenetrating polymer network (Chi-TEOS-GA IPN) suitable for combination with polystyrene (PS) colloidal photonic crystal films to produce a device capable of showing a visual color change in response to a change in pH. The pH-sensitive properties of chitosan occur naturally due to its cationic polyelectrolyte structure. Cross-linking chitosan with TEOS and GA increases mechanical strength and PS photonic crystal films provide the means of optical detection. Monodisperse PS particles with various sizes were synthesized by emulsion polymerization of a styrene monomer in the presence of sodium dodecyl sulfate (SDS) as a surfactant. The PS colloid suspension was vertically deposited onto the flexible silicon rubber sheet to make a polystyrene (PS) photonic crystal film. The closely packed PS particles were infilled and cured multiple times with PDMS elastomer, which allows for reversible color change by elastic deformation. All Chi-TEOS-GA films were prepared by drop casting with constant experimental conditions such as temperature, substrate, and time. Chi-TEOS-GA films swelling studies show an increase in the size and weight of the films with decreasing pH. The PS photonic crystal films were put on top of the pH-sensitive films and enclosed in a solid frame to prevent swelling in unwanted directions. Investigation of spectrometry measurements shows a shift of the spectra to lower wavelengths with decreasing pH, resulting in a color change of the PS photonic crystal film. These results are discussed in terms of the potential use of this device in biomedical applications, such as wound dressings. 
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INTRODUCTION 
Chitosan is a non-toxic, biodegradable and commercially viable polymer derived from the deacetylation of chitin. Chitin is the second most naturally abundant polysaccharide contained within the exoskeletons of crustaceans and fungi. The deacetylation is done using alkali hydroxides such as sodium hydroxides. This process does not lead to 100% deacetylation. Typically, once the standard level of deacetylation exceeds 50%, the obtained polysaccharide is referred to as chitosan. [1,2] Chitosan has many advantages over chitin including increased solubility in acetic environment and increased flexibility, which makes it more prominent material for use in biomedical applications [3]. Chitosan displays many great attributes such as: antimicrobial [4] and antifungal [5] activity, pH sensitivity, and the ability to form various interpenetrating polymer networks [3]. Depending on the application, chitosan can be fabricated into different structures such as: nanoparticles, hydrogels, thin films, nanofibers [6] and composites. [1,2,3]
Chitosan thin film membranes, typically fabricated by cast dropping chitosan hydrogel, display pH sensitivity, but lack mechanical strength. This can be improved by introducing cross-linking into the chitosan hydrogel. [3] A cross-link is formed by a chemical reaction with any species which successfully bonds two polymer chains together, either covalently or ionically or by weaker bonding interactions [7]. Cross-linking is also applied to the formation of interpenetrating polymer network (IPN), which is a polymer comprising of two or more partially interlinked networks that are not covalently bonded to each other and cannot be broken unless chemical bonds are broken [8]. IPN synthesis is basically a reaction between a monomer and a crosslinker to form a polymer network. Cross-linkers such as tetraethylorthosilicate (TEOS), genipin, polyacrylamide, glutaraldehyde, etc. [9,10,11,12]; have been used to enhance the mechanical stability of chitosan membranes. Chitosan IPN membranes have improved hardness and mechanical properties, however, they appear to be more brittle than pure chitosan membranes [13]. 
Photonic crystals are materials constructed of self-assembled nanoscale colloidal particles forming an ordered crystal lattice structure. [14,15] Being on the order of the wavelength of visible light means that various light interactions occur, resulting in the observation of visible color from the photonic crystal, with the color observed depending on the diameter of the colloidal particles which form the crystal lattice structure. Synthetic opals are constructed by the bottom-up self-assembly of uniform colloidal particles, such as SiO2, polystyrene (PS) or polymethyl methacrylate (PMMA), and the inverse of their structures is fabricated through the top-down approach. The primary approaches include controlled evaporation and layer-by-layer assembly. Photonic crystals composed of colloidal particles are utilized for their interesting optical properties as the regularly repeating crystal lattice interacts with light of different wavelengths depending on the dimensions of the crystal lattice [16].
Photonic crystals influence the propagation of photons. [17,18] Depending on the angle at which the light hits a material, some wavelengths cannot propagate through the material and are reflected, this is the color that is seen. Other wavelengths may propagate, but at different angles the color looks different. The wavelength of the light that is reflected by the material, which is known as the stop band or photonic band gap, is defined by the Bragg-Snell equation, (Eqn. 1) 

	mλs = 2D (neff 2-sin2θ)1/2	(1)

where m is the order of diffraction, λs is the wavelength of the stop band which corresponds to the observed color of the film, neff is the effective or average refractive index estimated from a weighted combination of the refractive indices of the particles and the material in between the particles, θ is the angle of incidence of the light as measured from a normal to the film’s surface and d is the spacing between the particles, which for a close packed array of particles is related to the diameter of the particles D, by the simple geometric relationship d = 0.86D. Therefore, it may be seen that at any given angle of incidence, there are two factors that may influence the position of the stop band – the effective refractive index and the value of d. 
By depositing the colloidal photonic crystal on a flexible material such as rubber, one can obtain a flexible photonic crystal film capable of color change by elastic deformation. Applying this flexible photonic crystal film on top of the pH sensitive Chitosan IPNs thin film membranes, we can deform the photonic crystal by applying pH buffers. Fixing these 2 films into a solid frame and limiting the swelling capabilities of chitosan in the direction of the photonic crystal film, we obtain a device capable of sensing pH change by simple change in color. This paper focuses on developing this type of pH sensing device. We investigated two different types of Chitosan IPNs, their swelling characteristics and their influence on the color change of the pH sensing device.
materials and methods
Low molecular weight chitosan (Mw 50000–190000 g mol-1, 75–85% deacetylated). Tetraethylorthosilicate (TEOS, ≥99%, 0.005 mol) and glutaraldehyde (GA, 25%) were purchased from Sigma-Aldrich, Ireland. Millipore deionized water (18 MΩ) was used to prepare aqueous solutions. Two types of chitosan-based hydrogel were synthesized and made into chi-TEOS films and chi-TEOS-GA films. IPN hydrogels are formed by a cationic solution polymerization technique in mildly acidic solution. Three separate solutions are prepared and allowed to stir at room temperature for 30 minutes: (1) 2.08 g chitosan in 65 mL H2O with 1 wt% CH3COOH, (2) 1.04 g TEOS in 15 mL EtOH, and (3) 25 mL H2O and 10 mL EtOH with 0.1 wt% conc. HCl. Solution 3 is then added to solution 2 with stirring. The resulting mixture and solution 1 are continuously stirred at room temperature for 24 h. After that, the chitosan solution is slowly added to the TEOS solution under continuous stirring. this final solution is then left to stir for a further 48 h. This method results in a 1:0.5 Chi-TEOS IPN. For preparation of Chi-TEOS-GA films, 0.5 ml of GA (25%) was added to 10 ml of water and stirred for 30 minutes. Then 0.2 ml of GA solution were added to 15 ml of Chi-TEOS hydrogel and allowed to stir for another 4 hours to ensure proper mixture. All films were prepared using the basic Petri dish drop cast method. 15 ml of hydrogel was cast into a Petri dish (50 mm diameter) ensuring a minimum production of bubbles and was spread thinly to cover the surface uniformly. The chitosan-based hydrogel was then dried in an oven at 40 °C for 24 hours. Once dry, the films were peeled off the surface and stored at room temperature. 
Monodisperse 210 nm PS particles were synthesized by emulsion polymerization of a styrene monomer in the presence of sodium dodecyl sulfate (SDS) as a surfactant. [19, 20] The flexible rubber substrate, fixed on a sample holder, was immersed vertically into the suspension container filled with the polystyrene (PS) colloid suspension covered with a layer of silicone oil. The vertical stage ascended slowly while driven by the stepping motor thus depositing the PS photonic crystal film onto the substrate. The resulting closely packed colloidal crystal film was fixed with mixed PDMS precursor liquids, Sylgard 184 (Dow Corning, USA). [21] Two separate liquids consisting of the base material and the curing agent were used with the weight ratio between the base and the curing agent of 10:1. After curing, PDMS elastomer was infilled in 3D-arrayed PS colloidal particles. Then, closely packed PS particles were spaced out by additional filling and curing PDMS elastomer. PDMS precursor was diluted with silicone liquid (0.65 cSt, SH-200 series, i.e., hexamethyldisiloxane, HMDSO) with a (1:1) mass ratio. The PDMS elastomer was polymerized by cross-linking overnight in the oven at 60°C. The lattice distance of FCC (111) planes was increased in nanometer scale by repeating infilling PDMS elastomer for several times. This nanoscale spacing allows reversible structural color change by elastic deformation [22].
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Figure 1 Fabrication process of PS colloidal crystal film, repeating the PDMS filling process increases the spacing between the PS colloidal crystals allowing reversible structural color change by elastic deformation.
The constructed device consisted of a polystyrene-based colloidal photonic crystal made on a flexible silicone rubber sheet and multiple chitosan IPN films underneath, which were held in a rigid frame. The rigid frame consisted of metal square with a hole in the middle on the top and a plastic mesh on the bottom to ensure the easy access of the pH solution to the chitosan IPN films. To minimize swelling in unwanted directions another plastic frame with a hole was inserted in-between the top and bottom frames and the chitosan IPN films were inserted inside this frame. A black cloth was added under the photonic crystal sheet to make the color change more visible. A dialysis cellulose membrane was inserted under the chitosan IPN films to ensure no chitosan IPN particles would leak out of the device. Submerging the device into a pH solution results in chitosan IPN film absorbing the solution and swelling, which deforms the photonic crystal membrane. This deformation then manifested itself as a color change arising from a change in the position of the stop band. The entire model is shown in Figure 2.
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Figure 2 Model of the pH sensing device utilizing chitosan IPNs and PS photonic crystals for pH change imagining

results and discussion
The swelling of the chitosan film is a very important factor when considering medical device applications. A higher level of swelling can cause a decrease in elasticity and tensile strength, whereas a lower level of swelling would limit the functionality of the device. We investigated the swelling characteristics of chitosan IPNs under different pH conditions. Firstly, we determined the minimum time needed for the swelling to reach its maximum under different pH conditions. The percentage of swelling Qeq (%) was calculated based on the following equation (2):
		(2)
where m1 is the initial mass of the films before swelling, and m2 is the mass of the films after swelling and drying. The pH values used in all experiments were: 2.5, 4, 7, and 9. To determine the necessary time for stabilization of the swelling of the chitosan base films, each sample was inserted into a pH solution for one minute, then removed, dried and weighed. This was repeated until the swelling in all pH was relatively constant. The results for Chi-TEOS-GA (1:0.5:0.02) are shown in Figure 3 a. For all pH values the swelling stabilization happened somewhat linearly. Swelling at pH 2.5 and 9 stabilized fastest in around 7 minutes. For pH 7 the stabilization happened after 9 minutes, and at pH 4 the stabilization took the longest at around 12 minutes. 
a)b)
Figure 3 a) Relationship between swelling and time for Chi-TEOS-GA (1:0.5:0.02) film, b) Swelling characteristics of 2 different types of Chitosan IPNs: Chi TEOS (1:0.5) and Chi TEOS GA (1:0.5:0.02)
After determining the minimum time necessary for the stabilization of the swelling, the swelling capacity of 2 different types of Chitosan IPNs: Chi TEOS (1:0.5) and Chi TEOS GA (1:0.5:0.02) was analyzed, by submerging these films in a pH solution for 30 minutes, shown in Figure 3b. The percentage of swelling Qeq is high in all cases. From figure 3b, it may be seen that for both samples the swelling decreases with an increasing pH and vice versa. The swelling at all pH values for Chi TEOS GA is lower than for the Chi TEOS samples. This confirms the fact that adding GA to Chi TEOS hydrogel furthermore increased the mechanical strength of the Chitosan IPN films, therefore decreasing their swelling capabilities. For the potential use of this device in wound dressing the most important pH values were 4 and 7. The difference between pH 4 and pH 7 was relatively low in the case of Chi TEOS GA sample.
The structural color change of the photonic crystal film during swelling of the fabricated device was investigated by optical spectroscopy performed with a fiber-optic reflection probe. Firstly, the influence of the number of Chi-TEOS-GA (1:0.5:0.02) dry film on the color change was measured by inserting 1,5, and 10 films into the device and inserting it into different pH solutions for 1-3 hours (shown in Figure 4 a). The film’s thickness was approximately 120 µm. It is evident that the change in wavelength peak center increases with increasing amount of chitosan IPN films in the device. This was to be expected as more chitosan IPN films means more swelling, therefore bigger elastic deformation of the photonic crystal membrane.
a)b)
Figure 4 a) Wavelength peak center of the pH sensing device with 1,5, and 10 Chi-TEOS-GA (1:0.5:0.02) films at different pH values and times, b) The difference between wavelength of the dry device and the device after inserting into different pH solutions for 1 and 3 hours.
The difference of the wavelength peak center between the dry device and the device after inserting into different pH solutions for 1 and 3 hours is shown in Figure 4b). It can be seen that the difference between the pH values for the device with only one chitosan IPN film is too low. The maximum shift between dry sample and pH 2.5 after 3 hours is only 24 nm and the peak shift between individual pH values is only 2 nm on average. The device with 5 chitosan IPN films showed better results with the maximum peak shift between dry and pH 2.5 of 32 nm, and the peak shift between individual pH values was 2.5-4 nm. The best results were obtained by inserting 10 chitosan IPN films into the device. The maximum peak shift between dry sample and pH 2.5 was ≈55 nm. The differences between different pH values were also more significant with the difference between pH 9 and pH 7 ≈14 nm, between pH 7 and pH 4 ≈7 nm and between pH 4 and pH 2.5 ≈5 nm. 
a)b)
Figure 5 a) Comparison of the wavelength peak center of the pH sensing device with 10 Chi TEOS (1:0.5) and 10 Chi TEOS GA (1:0.5:0.02) films at different pH values after 3 hours, b) Peak shift between the dry device and the and the device after inserting into different pH solutions for 3 hours for Chi TEOS (1:0.5) and 10 Chi TEOS GA (1:0.5:0.02) films
Figure 5 a) and b) show the wavelength peak center and peak shift difference between the 2 investigated types of chitosan IPN films. The peak shift for the Chi TEOS (1:0.5) films was 28 nm between dry and pH 9, 9 nm between pH 9 and pH 7, 13 nm between pH 7 and pH 4, and only 2 nm between pH 4 and pH 2.5. For the Chi TEOS GA (1:0.5:0.02) films the peak shift was 29 nm between dry and pH 9, 14 nm between pH 9 and pH 7, 7 nm between pH 7 and pH 4, and 5 nm between pH 4 and pH 2.5. The biggest shift was for both chitosan IPN films between dry film and pH 9. In case of the device using Chi TEOS (1:0.5) films, during the time the device was inserted into any pH solution, the solution became murky. This could mean that the crosslinking of the Chi TEOS (1:0.5) films was weaker or the pressure inside the device during the swelling was too high, which made some of the chitosan leak out of the device. Therefore, even though the swelling capability of the Chi TEOS (1:0.5) film was much higher than the Chi-TEOS-GA (1:0.5:0.02) film, the peak shift for most pH values was higher for the device using Chi TEOS GA (1:0.5:0.02) films. 
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Figure 6 Photos of the pH sensing device using: a) Chi TEOS (1:0.5) films before swelling in any pH solution, b) Chi TEOS (1:0.5) films after swelling in pH 7 solution, c) Chi TEOS GA (1:0.5:0.02) films before swelling in any pH solution, d) Chi TEOS GA (1:0.5:0.02) films after swelling in pH 9 solution, e) Chi TEOS GA (1:0.5:0.02) films after swelling in pH 7 solution, e) Chi TEOS GA (1:0.5:0.02) films after swelling in pH 4 solution and pH 2.5 solution
Figure 6 shows the photos of the pH sensing device with 10 Chi TEOS (1:0.5) films and 10 Chi TEOS GA (1:0.5:0.02) films from the previous experiment. For the device with 10 Chi TEOS (1:0.5) films only 2 photos are available (Figure 6 a), b)). There is visible color change between the dry device and the device after inserting into a pH 7 solution for 3 hours. It can be seen that the color slightly shifted from red/orange to orange/green. For the device with 10 Chi TEOS GA (1:0.5:0.02) films, there are 4 photos available (Figure 6 c), d), e), f)). The change in color between the dry device and the device after inserting it into any pH solution for 3 hours is quite visible.  With decreasing pH, the color changes from red/orange becoming more and more green with the decrease of the pH value. However, from the previous experiment, the peak shift between the device in pH 4 solution and pH 2.5 solution was only 5 nm, and the color change was also practically invisible to the naked eye.
Conclusion
The goal of this work was the fabrication of pH sensing device using chitosan IPN films and colloidal photonic crystal.  The time stabilization of swelling of Chi-TEOS-GA (1:0.5:0.02) film at 4 different pH values was investigated. The swelling for all values stabilized after 7-12 minutes. The swelling capacity of 2 types of Chitosan IPNs: Chi TEOS (1:0.5) and Chi TEOS GA (1:0.5:0.02) was analyzed, by submerging these films in a pH solution for 30 minutes. The swelling for the Chi TEOS (1:0.5) film was much higher in all cases than the Chi TEOS GA (1:0.5:0.02) film swelling. The structural color change of the photonic crystal film during swelling of the fabricated device was investigated by optical spectroscopy. The influence of the number of Chi-TEOS-GA (1:0.5:0.02) films on the color change was investigated by inserting 1,5, and 10 films into the device and inserting it into different pH solutions for 1-3 hours. As expected, the change in wavelength peak center increases with increasing amount of chitosan IPN films in the device. Peak shift between the dry device and the and the device after inserting into different pH solutions for 3 hours for 10 Chi TEOS (1:0.5) and 10 Chi TEOS GA (1:0.5:0.02) films were also investigated. The peak shift for most pH values was higher for the device using Chi TEOS GA (1:0.5:0.02) films than for the Chi TEOS (1:0.5) films, possibly due to Chi TEOS (1:0.5) films having lower mechanical strength and some of the chitosan leaking out of the device during the stay in pH buffer solution. In terms of visible color change, the difference between dry films and films after 3 hours in different solutions is quite high, however there is a relatively small difference between different pH values.
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Chi TEOS GA	pH 9	pH 7	pH 4	pH 2.5	29.009999999999991	43.220000000000027	50.450000000000045	55.280000000000086	Chi TEOS	pH 9	pH 7	pH 4	pH 2.5	28.269999999999982	37.480000000000018	40.690000000000055	42.300000000000068	pH value


Peak shift(nm)
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