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Abstract

:

An on-package colorimetric label was fabricated using Hibiscus sabdariffa L. anthocyanin as a freshness indicator because its color depends on pH. The anthocyanins were embedded within a chitosan matrix. The colorimetric labels were applied to estimate the spoilage of fish food during storage at 25 °C for 3 days. According to scanning electron microscopy results, the inclusion of the anthocyanins in chitosan matrix resulted in formation dense and uniform film. The chitosan colorimetric labels had acceptable thicknesses (78–85 µm), moisture contents (14–16%), swelling indices (84–102%), water vapor permeabilities (3.0–3.2 × 10−11 g m/m2 s Pa), tensile strengths (11.3–12.3 MPa), and elongation at breaks (14–39%). It is noteworthy that the label can distinguish fish spoilage by color turn from light brown (fresh) to grayish (spoiled) by the naked-eye, due to alterations in the pH content and formation of volatile basic nitrogen during storage. Our results indicate that all-natural color labels can be an effective method to monitor the fish spoilage during storage, which may improve food quality and sustainability.
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1. Introduction


Natural film-forming materials, like many proteins and polysaccharides, are being explored for their ability to construct more sustainable and green packaging materials to replace synthetic plastics [1,2]. The functional performance of these biopolymer-based packaging materials is often enhanced by incorporating additives that provide specific desirable functions, such as product monitoring (smart packaging) or product preservation (active packaging) [3,4]. Smart packaging materials include sensors that can monitor the food and/or environment inside the package and provide information about its freshness, quality, or safety [5,6]. The information provided by these sensors can be used by the food industry, retailers, and consumers to determine when a food should be sold, consumed, and discarded. Three major systems exist for intelligent packaging: data carriers, sensors, and indicators. There are many types of indicators that are categorized into three groups: freshness, Time-Temperature, and gas indicators. Colorimetric indicators based on pH changes are one of the most widely explored sensors in food packaging research because of their simplicity and non-invasive nature [7,8]. Color changes can easily be visually detected by food retailers and consumers [6,9]. Natural pigments isolated from botanical sources are being utilized for this purpose because they are sustainable, safe, and label friendly, as well as exhibiting additional functional attributes, such as antioxidant and antimicrobial activity [10]. Plants contain a variety of pigments with the potential of being utilized as pH-sensitive sensors, especially anthocyanins [11]. Anthocyanins are extracted from many different types of spices, fruits, and vegetables, including saffron, rich black plum peel, red cabbage, red barberry, blueberry, purple sweet potato, and cinnamomum camphora fruit [12,13,14,15,16]. Anthocyanins with antimicrobial and antioxidant effect can improve the shelf life of foods by acting as natural preservatives in packaging materials [17]. Anthocyanins are water-soluble pigments whose color is strongly dependent on the pH of their surroundings [18], which is due to changes in their chemical structure [2].



One of the most widely used film-forming biopolymers for constructing sustainable packaging materials is chitosan, which is a cationic polysaccharide obtained from crab shells and some mushrooms [6,19]. In this study, we explored the possibility of using chitosan to construct biopolymer films that were loaded with anthocyanin-based color sensors. Several researchers have reported that chitosan can form films that are thin, flexible, translucent, and capable of incorporating functional additives [19,20,21]. The fact that chitosan can form clear films is important as it enables any color changes to be detected more easily [8].



Hibiscus sabdariffa L. (Roselle plant) is an annual herbaceous plant that belongs to the Malvaceae family [22]. It is widely cultivated around the world, including Asia, Central America, and Africa. H. sabdariffa has been shown to exhibit antioxidant, antibacterial, anti-inflammatory, cholesterol lowering, and hepatoprotective properties, which has been ascribed to the presence of anthocyanins and other bioactive phytochemicals [23]. The flowers of H. sabdariffa have a strong reddish color, which is due to the presence of a variety of anthocyanins, including delphinidin-3-sambubioside, cyanidin-3-sambubioside, cyanidin-3-glucoside, and delphinidin-3-glucoside [24]. In a recently published article, Toro-Márquez, Merino and Gutiérrez [25] developed composite films based on corn starch, montmorillonite, and anthocyanin-Jamaica (Hibiscus sabdariffa) flower extract. They studied the structural, thermal, and physicomechanical properties and color change of films at different pH conditions (1, 7, and 13). The objective of our study was to determine whether H. sabdariffa pigments could be used as natural labels to detect changes in food quality. Our hypothesis was that H. sabdariffa pigments in packaging materials can detect quality changes in fresh foods during storage because their deterioration leads to changes in pH.



In this study, H. sabdariffa anthocyanins (HSAs) were incorporated into chitosan-based on-package colorimetric labels to monitor fish spoilage. Initially, the structural, mechanical, optical, and barrier characteristics of the HSA-chitosan labels were characterized. Then, the response of these labels to changes in pH and ammonia levels was characterized. Finally, the potential of the HSA-chitosan labels for monitoring fish spoilage during room storage was evaluated.




2. Materials and Methods


2.1. Materials


Dried Hibiscus (Hibiscus sabdariffa) calyces were procured from the local market (Tabriz, Republic of Iran). Chitosan (low molecular weight, 50,000–190,000 Da (based on viscosity), 20–300 cP, 1 wt% in 1% acetic acid at 25 °C) and degree of deacetylation = 75–85%), ammonia solution, and sodium hydroxide (NaOH) pellets were bought from Sigma-Aldrich (St. Louis, MI, USA). Glycerol, hydrochloric acid (HCL), acetic acid, and anhydrous CaCl2 were obtained from the Merck Co (Darmstadt, Germany). Ethanol (99.9%) was supplied by the Kimia Shimi Company (Tabriz, Iran). Fish meat was bought from the Fish Store (Tabriz, Iran). Analytical-grade reagents were used for all studies.




2.2. Anthocyanin Extraction


Anthocyanins were extracted from the H. sabdariffa calyces using a soaking method. Initially, the dried powder of H. sabdariffa was mixed with a blend of 70 mL distilled water and 30 mL ethanol and the mixture was gently agitated using a mechanical shaker (KS 130 Basic, IKA, Germany) at 50 rpm for 24 h. After filtration, the ethanol was evaporated from the resulting HSA solution at 50 °C. The color change and UV–visible spectra of the HSA solutions obtained were then characterized after their pH values were adjusted [26].




2.3. Fabrication of Colorimetric Label


The colorimetric pH-sensitivity label was prepared by a casting method. Initially, a film-forming solution containing 3% chitosan (w/v) and 30 wt% glycerol (w/v) (on chitosan basis) in 100 mL of 1% acetic acid was prepared by vigorously stirring at 25 °C for 5 h. Following this, 3% HSAs (w/v) was added to the chitosan gel matrix, and the resulting mixture was stirred for 15 min and then degassed for 3 min to remove any air bubbles. Finally, the resulting solution was decanted into a plastic petri dish (8 cm diameter) and dried at 37 °C in a drying oven to obtain the colorimetric labels. Each components concentration was calculated according to the chitosan weight. For comparison, a control chitosan label was prepared without H. sabdariffa.




2.4. Structural Characterization of Label


The surface microstructure of the labels was monitored by the SEM instrument (TeScan-Mira 3xmu SEM, Czech Republic) at 25 kV accelerating voltage. The molecular structures of the chitosan and HAS-loaded chitosan labels were characterized using a Fourier transform infrared (FTIR) spectrometer (Tensor 27, Bruker, Billerica, MA, USA) over the wavenumber range from 4000 to 400 cm−1 with 4 cm−1 resolutions. The tensile strength (TS) and elongation at break (EAB) of the labels were measured using a tensile testing machine (Model DBBP-20, Republic of Korea). The sample dimensions used were 10 cm × 1 cm, the maximum stretching distance was 30 mm, and the stretching speed was 10 mm/min.




2.5. Dimensions and Physical Properties of Labels


The thickness of the labels was measured at five randomly selected locations using a micrometer (Mitutoyo, Japan) and the average was calculated. The moisture content (MC) of the labels was computed by the difference in weight of the labels before and after drying at 110 °C for 24 h:


  MC   ( % ) =     W   b e f o r e   −   W   a f t e r       W   b e f o r e     × 100  



(1)







The swelling index (SI) of the labels was determined by measuring the weight of the label before (WDry) and after (WWet) they were soaked in 20 mL of distilled water for 24 h:


  SI   ( % ) =       W   W e t   −   W   D r y       W   W e t       × 100  



(2)







The water vapor permeability (WVP) was determined using a standardized gravimetric method (ASTM-E96-1995). First, the open tops of cylindrical cups containing 5 g anhydrous CaCl2 (0% RH, 25 °C) were sealed using the label material. The cups were then placed within a desiccator containing distilled water (100% RH, 25 °C) and weighed every 3 h 6 times.



The water contact angle (WCA) was measured using a contact angle analyzer (Phoneix 150, Republic of Korea): the sample size was 3 cm × 6 cm, the test liquid was water, the drop size was 5 μL, and the equilibrium time was 20 s.




2.6. Color Characterization of Label


The transparency of the labels was determined by dividing the film transmission measured at 600 nm using a spectrophotometer by the label thickness measured by a digital micrometer. The optical properties (absorption and transmittance) of the film samples were also recorded from 200 to 800 nm using a UV–vis spectrophotometer (Unico, UV-2100, Dayton, USA).



A colorimeter (Hunter lab, Konica Minolta, Japan) was used to analyze the tristimulus color coordinates (L, a, b) of the labels. The color difference (ΔE) was also calculated from the color coordinates:


  ∆ E =      (   L   s   − L )   2   + (   a   s   − a )   2   +   (   b   s   − b )   2     



(3)







The values from the white screen used as a back plate were: Ls (98.87), as (−2.54), and bs (3.95).




2.7. Ammonia Vapor Sensitivity Test


The sensitivity of the labels to ammonia vapor was analyzed using a method described previously with slight modifications. Briefly, labels were cut into a circle (2 cm diameter) and then placed in 80 mL of NH3 solution (0.8 M). Digital photographs of the samples were recorded every 5 min for 30 min. The sensitivity (SRGB) of the labels was then calculated:


    S   R G B     %   =       R   i   −   R   f     +     G   i   −   G   f     +     B   i   −   B   f         R   i   +   G   i   +   B   i     × 100  



(4)








2.8. Color Release Test


A color release test was used to evaluate the affinity for the anthocyanins for the chitosan-based labels. Each label was immersed in 30 mL of food simulants with different polarities (0%, 10%, 50%, or 95% ethanol in distilled water) and then gently shaken for 4 h. A UV–vis spectrophotometer was then used to measure the absorbance of the label solutions after predetermined times (15, 30, 60, 90, 120, 180, and 240 min). The pigment release rate was then calculated as anthocyanin/mm2.




2.9. Fish Spoilage Test


Fish slices were placed in a plastic container and an HSA-loaded label was affixed to the inner side of the top of each container. The containers were then stored at 25 °C for three days. The pH values, TVB-N levels, and color of the labels were recorded every 12 h at 25 °C. The color changes of the labels were documented using digital photography.




2.10. Statistical Analysis


Means and standard deviations (SD) were calculated from repeated experiments. The experimental results were tested using a one-way analysis of variance (ANOVA) by Microsoft Excel 2016. A statistically significant result was defined as p < 0.05.





3. Results and Discussion


3.1. pH Response of Anthocyanin Solutions


The halochromic behavior of the HSA solutions were characterized by measuring the color and UV–visible spectra at different pH values (2–12) (Figure 1a,b). With increasing pH, the color of the HSA solutions changed from reddish to pink to olive to yellow. This color change can be ascribed to pH-induced changes in the molecular characteristics of the anthocyanins, from flavylium cation (pH ≤ 3) to quinonoidal anhydro-base (pH 6–7) to chalcone (pH ≥ 8) (Figure 1c) [15]. The color change pattern of HAS was similar to onion peel extract [27].



The maximum absorbance in the UV–visible spectra was around ~510 nm under highly acidic conditions, which corresponds to the flavylium cations. With increasing pH, the maximum absorbance gradually decreased and there was a slight bathochromic shift to higher wavelengths, which can be ascribed to the transition to a chalcone structure [28,29]. Similar findings have been reported for anthocyanins extracted from black plum peels [15] and blueberries [30]. The observed change in color of the HSA solutions with pH suggests that these anthocyanins might be suitable for application as natural halochromic indicators in the labels.




3.2. Structural Characterization of Labels


SEM was used to provide insights into the morphology of the chitosan-based labels (Figure 2a,b). The labels formed from chitosan had smooth, homogeneous, and compact surfaces in both the presence and absence of the HSAs. There was no evidence of cracks or other irregularities in the films containing the HSAs, suggesting that the anthocyanins were well dispersed within the chitosan matrix. This phenomenon can be attributed to the existence of OH groups in the anthocyanins, which can form intramolecular H-bonds with the chitosan molecules [31,32].



FTIR analysis was conducted to provide information about the molecular interactions of the chitosan-based labels (Figure 3). The FTIR spectra show that there was a peak at 3240 cm−1, which can be ascribed to O-H stretching vibrations caused by intramolecular and intermolecular hydrogen bonding, as well as N-H stretching vibrations caused by amino groups in the chitosan. The peak observed at 2895 cm−1 can be ascribed to the stretching vibration of C-H bonds in –CH2 and –CH3 groups. The peak observed at 1640 cm−1 refer to C=O stretching vibrations of Amide I groups. The absorption peak at 1010 cm−1 can be ascribed to C-O and C-N stretching vibrations molecules [1].



A comparison of the FTIR spectra of the pure chitosan and the HSA-loaded chitosan labels indicated that the immobilization of anthocyanins results in noteworthy changes in the spectra of the label, which is consistent with changes in the composition and molecular interactions of the labels. The increase in intensity of the peaks after incorporation of the HSA into the chitosan labels can be attributed to the formation of H-bonds between the O-H groups in the anthocyanins and the O-H groups in the chitosan. Overall, these observations suggest that the HSA were compatible with the chitosan matrix.



Compared with the pure chitosan labels, the ones containing the HSAs had higher tensile strength and lower elongation at break values (Table 1). This effect can be ascribed to the strong binding of anthocyanin molecules to multiple chitosan chains leading to increased crosslinking. [33]. As a result, the labels became stronger and less flexible, which is in agreement with other studies on the impact of anthocyanins on the mechanical properties of biopolymer films [34].




3.3. Dimensions and Physical Properties of Labels


The HAS-loaded chitosan label (85.4 µm) was significantly thicker than that of the pure chitosan label (79.8 µm) (Table 1), even though they were prepared under the same conditions. This effect can mainly be attributed to the increased solids content of the colorimetric labels caused by the presence of the anthocyanin additives. However, the crosslinking of the chitosan molecules by anthocyanin may also have altered the molecular organization of the biopolymer molecules in the labels, thereby rising their thickness. Other studies have also shown that adding anthocyanins to chitosan films increases their thickness [35].



The pure chitosan labels had a higher moisture content amount (16.3%) than the HSA-loaded ones (14.3%). This effect might have occurred because the interactions between the anthocyanin and chitosan molecules within the biopolymer matrix reduced the number of free hydroxyl groups available for water molecules to interact with [36,37]. The swelling index of the pure chitosan labels (102%) was significantly higher than that of the HSA-loaded ones (83.6%), which can be accredited to the fact that the crosslinking of the chitosan molecules in the biopolymer matrix by anthocyanins restricted their ability to swell in the presence of water [38].



Measurements of the WVP of packaging materials provide insights into their ability to resist the movement of water from inside to outside the packaging or vice versa, which has an important impact on food quality and shelf life. The WVP of the pure chitosan label (3.2 × 10−11 g m/m2 s Pa) was slightly more than the one that contained the HSAs (2.99 × 10−11 g m/m2 s Pa). This effect may have been for the reason that crosslinking of the chitosan molecules altered the microstructure of the biopolymer network (such as its porosity), which declined the ability of the water vapor molecules to travel through. Similar results have been found when another kind of anthocyanin was incorporated into polycaprolactone films [39].



The wettability of the labels was studied using a water contact angle test (Figure 4a,b). The wettability of the pure chitosan film (WCA = 63.7°) was greater than that of the one that contained the HSAs (57.8°). This result proposes that the presence of the anthocyanins in the labels reduced their hydrophobicity. This is probably because the anthocyanins are more hydrophilic than chitosan [40,41]. Other studies have also revealed that inclosing anthocyanins to biopolymer-based packaging materials reduces their contact angle [19,41,42].




3.4. Color Characterization of Labels


The appearance and transparency of packaging materials is important because it impacts consumer perception of food products, as well as the susceptibility of foods to photodegradation reactions that can cause discoloration and nutritional loss [43]. Visually, the pure chitosan labels appeared colorless and highly transparent, whereas the ones containing the HSAs appeared light brown and slightly cloudy, which suggests that the existence of the anthocyanins caused selective light absorption and scattering.



The UV–visible light transmittance and absorbance spectra of the labels were recorded via a UV–visible spectrophotometer to provide further insights into their optical properties (Figure 5a,b). The HSA-loaded chitosan labels exhibited greater UV light barrier characteristics and declined light transmittance (especially around ~280 nm) than the pure chitosan ones. This effect can be ascribed to the capability of anthocyanins to absorb UV light, as well as to their ability to change the microstructure of the chitosan network in a way that increases light scattering [28,44]. For instance, crosslinking of the chitosan molecules by the anthocyanins may have led to the formation of heterogeneities with dimensions close to the wavelength of UV light. The fact that the transmittance of the labels containing the anthocyanins was less in the visible wavelength range is consistent with the visible observations that they were less clear and browner than the pure chitosan labels. Reduction in clarity and changes in color of biopolymer-based films has been reported after incorporating anthocyanins by [8,43].




3.5. Ammonia Test


Seafood products release volatile ammonia when they deteriorate due to the generation of nitrogenous products by microorganisms when they digest proteins. The release of these gases can cause color changes in anthocyanins, which can therefore be used as a halochromic sensor of food quality. In this study, the sensitivity of the HSA-loaded chitosan films to ammonia compounds released from fish samples was evaluated using a sensitivity test (SRGB). The sensitivity of the labels to volatile NH3 was measured at 5-min intervals for 25 min. The color change and SRGB values of the labels are shown in Figure 6. Based on sensitivity results, the color of the labels changed from light brown to green and their SRGB value increased to 37.5% in the first 5 min. This color change can be ascribed to the fact that NH3 reacts with H2O in the labels, which results in the production of NH4+ and OH−. The presence of the NH4+ changes the pH inside the labels, which promotes a structural transformation of the anthocyanins, leading to a color change from light brown to green. The color of the labels changed from green to dark green after about 10 min of exposure to the ammonia atmosphere, and the SRGB value increased to 42.3%. Upon further storage, the labels became darker green and the SRGB values increased. These results indicate that the HSA-loaded chitosan labels responded significantly to the presence of the volatile ammonia within the first 5 min, which indicates they had a relatively fast response time. Other researchers have also reported that biopolymer films containing other kinds of anthocyanins also exhibit this kind of behavior [7].




3.6. Release of HSA from Labels into Food Simulants


The release of anthocyanins from chitosan films into four model food simulants with different polarities is shown in Figure 7. All samples exhibited a relatively fast release during the first 30 min (1.2–5%) followed by a slower release over the next 60 min, until a relatively constant value was reached. The release of the anthocyanins depended on the alcohol concentration in the food simulants. The release of HSAs from the labels was fairly similar when they were exposed to contact with food simulants containing relatively low ethanol concentrations (0, 10, or 50%). However, the release rate was much smaller for the sample containing the highest ethanol concentration (95%). This effect may have been because high ethanol levels reduced the swelling of the labels, thereby inhibiting the diffusion of the anthocyanins out of the chitosan network. Similar findings have been reported by other researchers using different types of anthocyanins [6,45].




3.7. Monitoring of Fish Spoilage


Finally, the HSA-loaded chitosan labels were used to monitor the spoilage of fish during storage at 25 °C (Figure 8a). Visibly, the color of the labels changed from light brown before storage to grayish after storage. This phenomenon can be attributed to the increase in TVB-N level and pH due to decomposition of the fish protein tissue by enzymes and microorganisms, leading to ammonia production (Figure 8b). Indeed, the pH of the samples increased from 6.8 to 8.4 and the TVB-N concentration increased from 6.7 to 53.3 mg/100 g after 72 h storage. These results suggest that the fish samples would be inedible after three days storage because they exceeded the safe consumption threshold [46]. Trials on fish show that HSA-loaded chitosan labels may be applied for spoilage monitoring of fish samples, due to their significant color change (ΔE) at storage time. There were good linear correlations between the pH value of the fish and the color change (R2 = 0.990; Figure 8c), and between the TVB-N levels of the fish and the color change (R2= 0.9909; Figure 8d). Several other studies have shown the potential of anthocyanins as natural colorimetric sensors to monitor the freshness of foods. For instance, Wang et al. used a chitosan/chitin ester nanofiber film matrix and eggplant peel anthocyanins to distinguish pork freshness [47]. Their indicator films were also sensitive to NH3 and pH and provided information about changes in the freshness of the pork after storage of 48 h. In another study, Alnadari et al. reported similar results for freshness monitoring of beef using a carboxymethyl cellulose based indicator imbued with Cinnamomum camphora fruit peel waste anthocyanins [16].





4. Conclusions


This study has shown that on-package colorimetric labels can be assembled from natural pigments (anthocyanins) and polymers (chitosan). As observed, these labels changed color, owing to the presence of ammonia gas inside packaging and alterations in pH and could therefore be used to monitor changes in the fish quality at duration of storage. Microscopy and spectroscopy analysis suggested that the HSAs were successfully integrated into the chitosan matrix within the labels. The incorporation of the anthocyanins increased their mechanical strength but made them more brittle, which was attributed to their ability to crosslink the chitosan molecules. Moreover, the anthocyanins reduced the swelling and WVP of the chitosan films, which was again attributed to their crosslinking effects. The color change of the anthocyanins are pH and volatile nitrogenous gas contents dependent, which suggested they would be suitable for monitoring the spoilage of meat products. This was confirmed by using the anthocyanin-loaded chitosan labels to monitor the freshness of fish during the duration of storage. The labels turned from light brown (fresh) to grey (spoiled) after storage, with the magnitude of the color change being closely correlated to the pH and TVB-N levels.



These natural sensors could be utilized within the food industry to provide producers, retailers, and consumers with information about the freshness of foodstuffs in real time. In the food industry, the utilization of these smart packaging materials may boost sustainability and reduce environmental concerns.
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Figure 1. (a) The appearance of the HSA solutions; (b) UV–vis spectra of HSA solutions at different pH values; (c) Chemical structure of anthocyanins at different pH values. 
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Figure 2. SEM images of (a) pure chitosan and (b) HSA-loaded chitosan labels. 






Figure 2. SEM images of (a) pure chitosan and (b) HSA-loaded chitosan labels.



[image: Jcs 07 00404 g002]







[image: Jcs 07 00404 g003] 





Figure 3. FTIR spectra of pure chitosan and HSA-loaded chitosan labels. 
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Figure 4. Schematic diagram of WCA of pure Ch (a) and Ch/HSAs label (b). 






Figure 4. Schematic diagram of WCA of pure Ch (a) and Ch/HSAs label (b).



[image: Jcs 07 00404 g004]







[image: Jcs 07 00404 g005] 





Figure 5. (a) Impact of wavelength on the UV–visible transmittance and absorbance of pure chitosan and HSA-loaded chitosan labels; (b) Photographs of the HSA-loaded chitosan labels at pH values ranging from 2 to 12. 
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Figure 6. Impact of incubation time on the color and color sensitivity of HSA-loaded chitosan labels in the presence of ammonia gas. 
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Figure 7. Release rate of anthocyanins from HSA-loaded chitosan labels when brought into contact with food simulants with different polarities. 
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Figure 8. (a) Color changes of on-packaging HSA-loaded chitosan labels during fish storage; (b) Change in TVB-N and pH values of fish sample during storage; (c,d) correlation analysis of quality parameters (pH, and TVB-N) of fish and ΔE of the labels. 
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Table 1. Dimensions and physical properties of chitosan and HSA-loaded chitosan labels.
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	Labels
	Thickness (µm)
	MC

(%)
	SI

(%)
	WVP

(g m/m2 s Pa)
	TS

(MPa)
	EAB

(%)
	Transparency

(%)





	Chitosan
	79.8 ± 0.1 a
	16.3 ± 0.2 a
	102.0 ± 0.6 a
	3.2 ± 0.02 a
	11.25 ± 0.14 a
	38.76 ± 0.07 a
	78.6 ± 0.6 a



	HAS-chitosan
	85.4 ± 0.6 b
	14.3 ± 0.4 b
	83.6 ± 0.4 b
	2.99 ± 0.06 b
	12.25 ± 0.16 b
	13.87 ± 0.02 b
	53.0 ± 0.4 b







MC: moisture content; SI: swelling index; WVP: water vapor permeability; TS: tensile strength; EAB: elongation at break. lowercase letters show significant differences between chit