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Sustainability spotlight 

The present study addressed the global challenge of food wastage and safety by developing a 

biodegradable, pH-responsive colorimetric indicator for real-time monitoring of milk 

freshness. Herein, the indicator fabricated using cellulose paper, polyvinyl alcohol, and alizarin 

enables visual detection of milk spoilage through distinct color transitions, mitigating reliance 

on predetermined expiration dates. Its eco-friendly composition, antioxidant activity, and UV-

blocking properties contribute to reducing plastic waste and preserving food quality. Overall, 

this research aligns with the following UN Sustainable Development Goals (SDG): Zero 

Hunger (SDG2), Good Health and Well-being (SDG3), and Responsible Consumption and 

Production (SDG 12) by promoting sustainable food management and safer consumption 

practices. 
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23 Abstract 

24 Milk is a highly perishable food product, and its quality is greatly influenced by storage and 

25 handling conditions. Consequently, there is a critical need for facile and reliable approaches, 

26 such as pH-responsive colorimetric indicators, to monitor milk freshness throughout the supply 

27 chain. In this context, the current study developed a novel and environmentally friendly 

28 colorimetric indicator by dip-coating cellulose paper (CP) with a polyvinyl alcohol 

29 (PVA)/alizarin solution for real-time monitoring of milk freshness. The developed 

30 CP/PVA/alizarin indicator exhibited a compact morphology without any phase separation, 

31 indicating excellent compatibility among its constituents. FTIR analysis disclosed 

32 intermolecular hydrogen bonding interactions between alizarin and the CP/PVA. The water 

33 solubility and swelling index of the indicator were observed to be 9.5±0.6 % and 77.2±3.1 %, 

34 respectively. In comparison with neat CP, the CP/PVA/alizarin indicator demonstrated an 

35 increase in crystallinity from 69 to 73%, an improvement in tensile strength from 5.2±1.5 to 

36 37.2±1.1 MPa, and an enhancement in elongation at break from 2.6±0.5 to 11.9±1.1%. In 

37 addition, it exhibited distinct pH-sensitive color responses and excellent UV-blocking 

38 properties, with transmittance below 22.9%, 9%, and 3% in the UV-A, UV-B, and UV-C 

39 regions, respectively. It also showed a pronounced antioxidant activity of 68.3±3.1%. 

40 Furthermore, the potential of CP/PVA/alizarin indicator in monitoring milk freshness was 

41 demonstrated through its perceivable color changes: pale brown for fresh milk (pH 6.5), 

42 orange-brown for semi-fresh milk (pH 5.5), and yellow-orange for spoiled milk (pH 4.5). 

43 Keywords: Alizarin; Colorimetric indicator; Intelligent packaging; Milk freshness; pH 

44 responsive

45

46
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47 1. Introduction 

48 The quality and safety of food have a significant impact on public health and social well-being. 

49 Along the supply chain, food products are prone to spoilage due to a wide range of factors, 

50 viz., microbial proliferation, physical stress, chemical reactions, and environmental 

51 conditions.1 As per World Health Organization (WHO) reports, contaminated food 

52 consumption results in 420000 deaths and 600 million cases of foodborne illness worldwide 

53 every year.2 Conventionally, expiration or best-before dates are used to estimate food quality 

54 and determine recall timing. However, this passive information does not reflect the real-time 

55 condition of food, leaving consumers at risk of foodborne illness even when expiration or best-

56 before dates are followed. Additionally, early food recalls due to inaccurate/predetermined 

57 expiration dates are leading to a significant amount of food wastage worldwide and imposing 

58 substantial economic burdens on retailers and suppliers.2, 3 To address these challenges, the 

59 development of intelligent packaging systems capable of monitoring food freshness in real-

60 time across the supply chain has emerged as one of the prominent areas of research in the food 

61 packaging field.4–7

62 Intelligent packaging systems are designed to sense and record internal and/or external changes 

63 in food products or in the packaging headspace and transduce these changes into signals that 

64 consumers can easily perceive. The intelligent packaging systems encompass a wide range of 

65 approaches, including microorganism indicators, humidity indicators, pH indicators, and time-

66 temperature indicators.8 Among these, indicators that exhibit colorimetric responses to pH 

67 variations arising from food spoilage have attracted considerable attention due to their ease of 

68 fabrication, cost-effectiveness, and facile and reliable visual transduction.9,10 Such indicators 

69 typically comprise a synthetic polymer/biopolymer as a support and a pH-sensitive dye that 

70 reacts to chemicals released from the spoiled food. Nevertheless, to mitigate concerns related 

71 to plastic pollution and the potential migration of synthetic dyes into food products and their 
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72 toxicological effects, recent studies have focused on exploring sustainable natural alternatives. 

73 Accordingly, biodegradable biopolymers such as chitosan, cellulose, polyvinyl alcohol (PVA), 

74 sodium alginate, κ-carrageenan, pectin, and starch,  along with natural pH-sensitive dyes such 

75 as betalains, anthocyanins, curcumin, and alizarin, are being widely investigated.9,11,12,13 For 

76 instance, gelatin/sodium alginate aerogels incorporated with cellulose nanofibers and 

77 Echinacea angustifolia encapsulated κ-carrageenan nanofibers have been reported for 

78 monitoring the freshness of fish fillets.14 Likewise, pectin/betacyanin/UiO-66 packaging films 

79 and locust bean gum/κ-carrageenan/Rosa canina petal anthocyanin/chitosan nanofibrous mats 

80 were investigated for monitoring the freshness of pork and beef, respectively.15,16 In another 

81 study, Khaledian et al. (2024) developed double-layer nanofibrous mats using starch/turnip 

82 peel anthocyanin and guar gum/cinnamaldehyde for monitoring lamb meat freshness and 

83 extending its shelf life.17

84 Alizarin, an anthraquinone dye obtained from the roots of Rubia tinctorum (madder plant), 

85 exhibits distinct pH-sensitive color changes, displaying yellow color in acidic, red in neutral, 

86 and purple in alkaline conditions. Its wide pH indicating range, non-toxicity, and good 

87 compatibility with biodegradable polymers, excellent antioxidant and UV-blocking properties, 

88 make it a versatile candidate for developing food freshness indicators.18–20 Several studies 

89 reported in the literature demonstrated the potential of alizarin-loaded biopolymer-based 

90 colorimetric indicators for monitoring the freshness of seafood and meat. For instance, Ezati et 

91 al. (2019) investigated a cellulose/chitosan/alizarin indicator that exhibited a clear color change 

92 from yellow to purple in response to the spoilage of minced beef.21 In another study, an 

93 antioxidant, antibacterial, and UV-resistant colorimetric indicator employing chitosan and 

94 alizarin was reported to monitor shrimp freshness.22 Likewise, cellulose/starch/alizarin23 and 

95 konjac glucomannan/curcumin/alizarin24 indicators showed clear color transitions in response 

96 to the spoilage of fish fillets and pork, respectively. As a supporting matrix, cellulose paper 
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97 (CP) offers several advantages, including biodegradability, low cost, hydroxy groups that 

98 enable chemical modification, and a porous structure that facilitates rapid absorption and 

99 immobilization of dyes.25,26 However, direct coating of dye onto CP yields an indicator with 

100 poor mechanical strength and poor dye retention, which compromises its stability and 

101 reliability.26 To address these limitations, recent studies have advocated the use of 

102 polymer/alizarin composite solutions, based on biopolymers such as starch, chitosan, and PVA, 

103 for coating CP substrates to enhance mechanical integrity and improve dye retention. 21,23,27

104 Milk, a globally consumed food product, is highly prone to spoilage due to its rich nutrient 

105 composition, which supports the proliferation of microorganisms that cause spoilage. 

106 Freshness of milk can be assessed using parameters such as bacterial count, protein 

107 concentration, odor, and pH.4 Conventionally, microbial and chemical tests are conducted for 

108 milk at the company level before packaging. However, such quality assessments are absent 

109 after the product is delivered at the distributor/consumer level.28 Therefore, there is a need to 

110 develop facile and sensitive technologies capable of monitoring milk freshness across the 

111 supply chain.  While alizarin-loaded biopolymer indicators have been widely investigated for 

112 monitoring the freshness of meat and seafood, exhibiting excellent pH-responsive colorimetric 

113 behavior, their application in milk quality assessment remains largely unexplored.18,20,22,29 To 

114 the best of our knowledge, no study has reported the development of a pH-responsive 

115 colorimetric indicator based on a combination of CP, PVA, and alizarin for evaluating milk 

116 freshness. To address this gap, in the present study, a novel pH-responsive colorimetric 

117 indicator was developed by dip-coating CP with a PVA/alizarin solution and tested for 

118 monitoring milk freshness. Herein, PVA was opted for its excellent film-forming ability, tensile 

119 properties, biodegradability, and biocompatibility.30 The morphology and functional group 

120 analysis of the prepared CP/PVA/alizarin indicator were carried out using FESEM and FTIR 

121 instruments, respectively. In addition, its water solubility, swelling index, structural, optical, 
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122 tensile, and antioxidant properties were evaluated. The colorimetric response of the indicator 

123 was assessed over a pH range of 2-11, and its potential to distinguish fresh, semi-fresh, and 

124 spoiled milk was demonstrated. 

125 2. Materials and Methods

126 2.1. Materials 

127 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH, ≥90%), alizarin (97% dye content), and lactic 

128 acid (≥85% in H₂O) were purchased from Sigma-Aldrich Co. Ltd. [India]. Polyvinyl alcohol 

129 (PVA) (molecular weight: 115 kDa, synthesis grade) was supplied by Loba Chemie Pvt. Ltd. 

130 [India]. HCl (36.5-38%), NaOH (>97%), and cellulose papers (Whatman®, grade 1) were 

131 procured from Merck Specialties Pvt. Ltd. [India]. Methanol (>98.8%) was supplied by Finar 

132 Ltd. [India]. Fresh buffalo milk was purchased from a local dairy farm in Guwahati, India. All 

133 chemicals were used as received without further purification. Water used in all experiments 

134 was obtained from an in-house Millipore purification system (Millipore Elix-3, USA). 

135 2.2. Fabrication of colorimetric indicator 

136 Firstly, 5 g of PVA was dissolved in 50 mL of Millipore water by mixing with a magnetic 

137 stirrer at 95 ℃ and 300 rpm for 6 h. 30 Subsequently, 0.05 g of alizarin was added to the PVA 

138 solution and mixed at 700 rpm and room temperature for 1 h. Afterward, the cellulose paper 

139 (CP) (4 cm × 4 cm) was dip-coated in the PVA/alizarin solution for 30 s and dried at 80 ℃ for 

140 24 h in a hot-air oven to obtain the CP/PVA/alizarin colorimetric indicator. Herein, the alizarin 

141 loading rate was fixed based on preliminary experiments with varying alizarin concentrations. 

142 These experiments demonstrated that 0.1% w/v of alizarin (with respect to the PVA solution) 

143 was the minimum concentration capable of producing a distinct and visually perceptible 

144 colorimetric response for the indicator across the tested pH range (2-11). For comparison, CP 

145 (4 cm × 4 cm) coated only with a PVA solution, referred to as CP/PVA, was also prepared. A 
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146 schematic depicting the steps involved in the fabrication of the CP/PVA/alizarin indicator is 

147 presented in Fig. 1. 

148

149 Fig. 1. Schematic depicting the fabrication of CP/PVA/alizarin indicator

150 2.3 Characterization 

151 2.3.1. Physicochemical properties 

152 Functional group analysis of alizarin, CP, CP/PVA, and CP/PVA/alizarin samples was carried 

153 out in the wavenumber range of 400-4000 cm-1 using Fourier transform infrared (FTIR) 

154 spectroscopy (Shimadzu, IRAffinity-1, Japan). Surface morphology of various CP-based 

155 samples was analyzed using a Field emission scanning electron microscope (FESEM) (Zeiss, 

156 Sigma 300, Germany). The X-ray diffraction (XRD) spectra of CP, CP/PVA, and 

157 CP/PVA/alizarin were recorded in the 2θ range of 5-80˚ employing an X-ray diffractometer 

158 (Rigaku, Micromax-007HF, Japan). 

159 2.3.2. Water solubility and swelling index 

160 The water solubility and swelling index of the CP, CP/PVA, and CP/PVA/alizarin samples 

161 were measured according to the procedure described in the literature21, with slight 

162 modifications. Each sample was initially dried in a hot air oven at 100 ℃ for 24 h, and the dry 

163 mass was recorded as m1. The dried samples were then incubated individually in 50 mL of 
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164 Millipore water for 24 h. After incubation, excess surface water on the samples was gently 

165 removed, and the wet mass (m2) was recorded. Subsequently, the samples were re-dried in a 

166 hot air oven at 100 ℃ until constant weight was achieved, and the final dry mass was recorded 

167 as m3. The water solubility and swelling index of the samples were subsequently estimated 

168 using Equations (1) and (2), respectively. 21, 31

169 𝑊𝑎𝑡𝑒𝑟 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 𝑚1―𝑚3

𝑚1
× 100                     (1)

170 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥(%) = 𝑚2―𝑚1

𝑚1
× 100                         (2)

171 The experiments were repeated in triplicate, and the results were reported as mean±standard 

172 deviation. One-way ANOVA followed by Tukey’s post hoc test was performed using Origin™ 

173 Pro 9.0 software to assess statistical significance (p < 0.05). 

174 2.3.3. Tensile and optical properties

175 Tensile properties of CP, CP/PVA, and CP/PVA/alizarin samples were evaluated using an 

176 Electromechanical universal testing machine (Z005TN, Zwick Roell, USA) adopting ASTM 

177 D882-12 standard. At least three samples of each type were tested, and the results are presented 

178 as mean±standard deviation. Statistical analysis of the tensile test results was conducted using 

179 one-way ANOVA, followed by Tukey’s post hoc test (p< 0.05), employing Origin™ Pro 9.0 

180 software. The transmittance spectra of various CP-based samples in the wavelength range of 

181 200-700 nm were measured using a UV-visible spectrophotometer (Shimadzu, UV-2600, 

182 Singapore), with a BaSO₄-coated plate employed as the reference. Subsequently, opacity 

183 values of various CP-based samples were calculated using Equation (3).32

184 𝑂𝑝𝑎𝑐𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 = ―𝑙𝑜𝑔(𝑇600)
𝑘

                                                     (3)

185 Herein, k is the average sample thickness (mm), and T600 is the fractional transmission at 600 

186 nm.  
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187 2.3.4. Antioxidant activity 

188 DPPH radical scavenging assay was adopted to determine the antioxidant activity of CP, 

189 CP/PVA, and CP/PVA/alizarin samples. 31,33 For the test, each sample was incubated in 10 mL 

190 of methanolic DPPH solution (0.1 mM) for 30 min in the dark at room temperature. After 

191 incubation, the absorbance of the resulting solution (Asp) was measured at 517 nm using a UV-

192 visible spectrophotometer (Shimadzu, UV-2600, Singapore). A control study was carried out 

193 following the same experimental procedure using a blank methanolic DPPH solution, and the 

194 absorbance was recorded as Act. Subsequently, the antioxidant activity of the samples was 

195 calculated using Equation (4) 31,33.

196 𝐴𝑛𝑡𝑖𝑜𝑥𝑖𝑑𝑎𝑛𝑡 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) = 𝐴𝑐𝑡―𝐴𝑠𝑝

𝐴𝑐𝑡
× 100                     (4)

197 2.3.5. Colorimetric characteristics of CP/PVA/alizarin

198 To evaluate the colorimetric response of CP/PVA/alizarin indicator under different pH 

199 conditions, buffer solutions with pH values ranging from 2 to 11 were prepared using NaOH, 

200 HCl, and Millipore water, employing a pH meter (Eutech, India).23 The CP/PVA/alizarin 

201 samples were incubated in the corresponding pH solutions for 2 min and subsequently 

202 photographed. In addition, the color parameters, viz., L* (dark/light), a* (red/green), and b* 

203 (yellow/blue) of the indicator were measured using a color spectrophotometer (Sensegood, 

204 India). Finally, the color difference with respect to the as-prepared CP/PVA/alizarin indicator 

205 (control) is calculated using Equation (5). 23

206 𝛥𝐸 = 𝐿∗
𝑠𝑎𝑚𝑝𝑙𝑒 ― 𝐿∗

𝑐𝑜𝑛𝑡𝑟𝑜𝑙
2  

+  𝑎∗
𝑠𝑎𝑚𝑝𝑙𝑒 ― 𝑎∗

𝑐𝑜𝑛𝑡𝑟𝑜𝑙
2  

+  𝑏∗
𝑠𝑎𝑚𝑝𝑙𝑒 ― 𝑏∗

𝑐𝑜𝑛𝑡𝑟𝑜𝑙
2  

              

207 (5)

208 2.4. Application of colorimetric indicator in monitoring milk freshness
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209 The performance of the CP/PVA/alizarin indicator to differentiate fresh, semi-fresh, and 

210 spoiled milk was evaluated by adapting the experimental procedure described in the literature.4 

211 For the evaluation, fresh milk (pH 6.5) was used as the control, while semi-fresh and spoiled 

212 conditions were simulated by adjusting the pH of milk to 5.5 and 4.5, respectively, through 

213 dropwise addition of lactic acid. The CP/PVA/alizarin indicators were incubated individually 

214 in 10 mL of milk samples of pH 6.5, 5.5, and 4.5 for 5 min. Following the incubation, the 

215 indicators were retrieved, photographed, and subjected to colorimetric analysis using a color 

216 spectrophotometer (Sensegood, India). 

217 3. Results and Discussion

218 3.1. Physicochemical properties

219 3.1.1. FTIR analysis

220 FTIR analysis was conducted on CP, CP/PVA, alizarin powder, and CP/PVA/alizarin to 

221 evaluate the nature of interactions among the constituents of the indicator (Fig. 2). The 

222 functional group assignments for the transmittance peaks are summarized in Table 1. In the 

223 FTIR spectrum of CP, the broad transmittance peak corresponding to O-H stretching was 

224 observed at 3347 cm-1 (Table 1). This peak shifted to 3239 cm-1 in the FTIR spectrum of 

225 CP/PVA, indicating the hydrogen bonding interactions between CP and PVA.23 The FTIR 

226 spectra of CP as well as CP/PVA showed C-H stretching peaks at 2899 cm-1, along with a small 

227 peak at 1652 cm-1, attributed to the surface adsorbed water. Additionally, the characteristic 

228 peaks corresponding to symmetric CH₂ bending, C-H bending, C-O-C stretching, and C-O 

229 stretching were observed at 1423, 1314, 1137, and 1026 cm-1, respectively, for both CP and 

230 CP/PVA. 21, 34 The FTIR spectrum of alizarin powder showed a transmittance peak at 3383 cm-

231 1, corresponding to the -OH group (Table 1). Additionally, the transmittance peak associated 

232 with the C=O group was observed at 1710 cm-1, while the peaks for aromatic C=C bonds were 
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233 noticed in the wavenumber range of 1580-1300 cm-1. 35,36 The C=O stretching band, observed 

234 at 1710 cm-1 in the FTIR spectrum of alizarin powder, shifted to 1727 cm-1 in the FTIR 

235 spectrum of CP/PVA/alizarin. Likewise, the O-H stretching band noticed at 3239 cm-1 for 

236 CP/PVA shifted to 3227 cm-1 for CP/PVA/alizarin. The remaining characteristic peaks of 

237 CP/PVA and alizarin appeared in the FTIR spectrum of CP/PVA/alizarin without any 

238 significant shift/modification. This result indicates that alizarin primarily interacts with the 

239 CP/PVA matrix through hydrogen bonding involving its -OH and C=O groups. A similar 

240 observation regarding intermolecular hydrogen bonding interaction between alizarin and 

241 CP/chitosan matrix was reported in the literature.21 

242

243 Fig. 2. FTIR spectra of CP, CP/PVA, alizarin, and CP/PVA/alizarin
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244 Table 1. Functional group assignments for the transmittance peaks 

Sample Wavenumber (cm-1) Peak assignment 

CP and CP/PVA 3347

3239

2899

1652

1423

1314

1137

1026

O-H stretching

O-H stretching

C-H stretching

O-H bending vibration of surface-adsorbed 

water

CH₂ bending 

C-H bending 

C-O-C stretching 

C-O stretching 

Alizarin 3383

1710

1580-1300

O-H stretching

C=O group 

C=C bonds 

CP/PVA/alizarin 3227

2899

1727

1421

O-H stretching

C-H stretching

C=O group 

CH₂ bending 

245

246 3.1.2. Morphological and structural properties 

247 The surface morphology of CP, CP/PVA, and CP/PVA/alizarin is analyzed by FESEM. Neat 

248 CP exhibited a heterogeneous porous morphology characterized by randomly oriented micro 

249 and nanofibrils and inter-fiber voids (Figs. 3a and 3a'). Coating with PVA yielded a smooth 

250 and compact surface for CP/PVA, effectively covering the pores of CP and showing no phase 

251 separation, indicating good compatibility between CP and PVA (Figs. 3b and 3b'). The FESEM 

252 image of CP/PVA/alizarin showed a compact morphology similar to that of CP/PVA, with no 

253 phase separation or aggregate formation, implying excellent compatibility and uniform 

254 dispersion of alizarin in the PVA-based coating (Figs. 3c and 3c'). The structural properties of 

255 CP, CP/PVA, and CP/PVA/alizarin are analyzed by XRD analysis (Fig. 3d). The crystallinity 
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256 values of these samples were calculated by dividing the total area under crystalline peaks by 

257 the cumulative area of all the peaks present in their respective XRD spectra.30 From Fig. 3d, it 

258 can be observed that the neat CP exhibited diffraction peaks at 14.5˚, 16.5˚, 22.6˚, and 34.3˚ 

259 corresponding to 1 1 0 , (1 1 0), (2 0 0), and (0 0 4) planes of cellulose I, respectively.37 The 

260 CP/PVA showed all the characteristic peaks of CP, along with an additional diffraction peak 

261 at 2θ =19.3˚, attributable to the 1 0 1  plane of the orthorhombic lattice of PVA.30 The XRD 

262 spectrum of CP/PVA/alizarin also exhibited all the peaks observed for CP/PVA, with no 

263 additional peaks corresponding to alizarin, likely due to its low loading. These results suggest 

264 that the crystal structure of the CP substrate was not affected by the PVA or PVA/alizarin 

265 coating. Nevertheless, the crystallinity increased from 69% for CP to 72% and 73% for 

266 CP/PVA and CP/PVA/alizarin, respectively. This increase in crystallinity can be attributed to 

267 hydrogen-bonding interactions between the CP substrate and the coating materials, discussed 

268 earlier in Section 3.1.1. A similar observation was reported in the literature, where coating CP 

269 with a PVA/polyethylene oxide blend resulted in increased crystallinity.6

270
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271

272 Fig. 3. Lower (a, b, and c) and higher (a', b', and c') magnification FESEM images of CP, 

273 CP/PVA, and CP/PVA/alizarin, respectively (d) XRD spectra of CP, CP/PVA, and 

274 CP/PVA/alizarin (Diffraction peak of PVA is marked using ★ symbol)

275 3.2. Water solubility and swelling index

276 Water solubility and swelling index results of CP, CP/PVA, and CP/PVA/alizarin are presented 

277 in Fig. 4. Herein, water solubility indicates the extent of polymer matrix dissolution and/or dye 

278 leaching under humid conditions.10,12 On the other hand, the swelling index measures the water 

279 absorption and retention capacity of the material, which directly influences dye mobility and 

280 colorimetric response. For colorimetric indicators, low water solubility is crucial to avoid dye 

281 leaching and maintain its functional stability throughout storage and application. Likewise, a 

282 moderate swelling index is required to enable adequate water uptake for a rapid and sensitive 

283 colorimetric response.10,12 The water solubility and swelling index of CP are 3.1 ± 0.1 and 

284 114.5 ± 0.6%, respectively. Upon coating CP with PVA, the water solubility increased to 
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285 13.1±0.4%, which is attributable to the hydrophilic nature of PVA.38 In contrast, the 

286 CP/PVA/alizarin sample exhibited a reduced water solubility of 9.5 ± 0.6%. This is due to the 

287 hydrophobicity of alizarin and hydrogen bonding interactions between the polymer chains and 

288 alizarin, which decreases the number of free hydrophilic groups in the polymer matrix.23 

289 Considering the swelling index, coating CP with PVA reduced its swelling index to 72.2±4.8 

290 %, approximately 1.6-fold lower than that of neat CP. This reduction can be attributed to the 

291 formation of a dense semi-crystalline PVA barrier layer on the CP surface, and the limited 

292 availability of free hydrophilic groups, both of which restrict water absorption and polymer 

293 chain expansion.23 Meanwhile, no significant change in swelling index is observed for 

294 CP/PVA/alizarin (77.2±3.1%) compared to CP/PVA. Similar findings were reported in the 

295 literature,23 wherein coating CP with starch resulted in a reduced swelling index, while the 

296 incorporation of alizarin showed no significant influence on the swelling index value. 

297

298 Fig. 4. Water solubility and swelling index of CP, CP/PVA, and CP/PVA/alizarin (*p>0.05: 

299 indicates no significant difference) 
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300 3.3. Tensile and optical properties 

301 Tensile properties, viz., tensile strength and elongation at break, are critical parameters that 

302 determine the robustness of the colorimetric indicator when incorporated into packaging 

303 systems.39 Therefore, these properties were evaluated for CP, CP/PVA, and CP/PVA/alizarin 

304 to assess the influence of coating materials (Fig. 5). As can be observed in Fig. 5, CP exhibited 

305 tensile strength and elongation at break of 5.2±1.5 MPa and 2.6±0.5 %, respectively. Compared 

306 to neat CP, a remarkable 6.7-fold increment in tensile strength and 4.6-fold increment in 

307 elongation at break were observed for CP/PVA. Herein, the significant enhancement in tensile 

308 strength of CP/PVA can be attributed to the filling of voids between cellulose fibers by the 

309 PVA and the hydrogen bonding interactions between cellulose and PVA molecules. These 

310 hydrogen bonds act as physical crosslinks at the molecular level, effectively binding the 

311 cellulose fibers and PVA polymer chains, thereby allowing efficient stress distribution in the 

312 CP/PVA.39, 40 On the other hand, the increment in elongation at break of CP/PVA is due to the 

313 inherent high flexibility of PVA, which imparts toughness to the coated substrate, allowing 

314 greater deformation before failure. 30, 7 A similar trend of increase in tensile strength and 

315 elongation at break was reported in the literature for CP coated with chitosan39 and CP coated 

316 with chitosan/carboxymethyl cellulose.7 Notably, CP/PVA/alizarin indicator exhibited tensile 

317 strength and elongation at break of 37.2±1.1 MPa and 11.9±1.1 %, respectively, which were 

318 not significantly different from those of CP/PVA. This observation is consistent with the 

319 findings reported by Huang et al. (2019), wherein the incorporation of Arnebia euchroma root 

320 extract showed no significant effect on the tensile properties of agar-based colorimetric 

321 indicator. 11 

Page 17 of 33 Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
4:

30
:5

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FB00843C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00843c


17

322

323 Fig. 5. Tensile properties of CP, CP/PVA, and CP/PVA/alizarin (*p>0.05: indicates no 

324 significant difference) 

325 The UV-visible light transmittance spectra of CP, CP/PVA, and CP/PVA/alizarin are shown in 

326 Fig. 6. Food packaging materials require UV-blocking properties to prevent nutrient 

327 degradation, discoloration, and undesirable alterations in the taste and texture of food products 

328 caused by direct exposure to ultraviolet radiation. Conversely, the requirement for visible-light 

329 transmittance depends on the type of food and its sensitivity to light. Products such as fruits, 

330 vegetables, and bakery items benefit from packaging with high transparency materials. In 

331 contrast, light-sensitive products, including nuts, milk, and vegetable oils, require packaging 

332 with low transparency.9,41 From Fig. 6, it can be observed that neat CP showed greater than 

333 92% transmittance in the visible region (400-700 nm) and approximately 91, 80, and 71% 

334 transmittance in the UV-A (315-400 nm), UV-B (280-315 nm), and UV-C (280-200 nm) 

335 regions, respectively. Coating the CP substrate with PVA resulted in a significant decrease in 

336 UV light transmission to approximately 77 %, 46 %, and 27 % in the UV-A, UV-B, and UV-

Page 18 of 33Sustainable Food Technology

S
us

ta
in

ab
le

Fo
od

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
4:

30
:5

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5FB00843C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00843c


18

337 C regions, respectively. This reduction can be attributed to the scattering of light at the interface 

338 of PVA crystallites. The incorporation of alizarin into the PVA-based coating further decreased 

339 UV light transmission to 22%, 9%, and 3% in the UV-A, UV-B, and UV-C regions, 

340 respectively. This pronounced UV-blocking effect of CP/PVA/alizarin is primarily ascribed to 

341 the absorption of UV light by the alizarin.23 Similar observations regarding the UV blocking 

342 properties of alizarin-loaded colorimetric indicator were reported earlier in the literature.9,23 

343 The opacity values of CP, CP/PVA, and CP/PVA/alizarin are obtained as 0.07, 0.27, and 2.3 

344 A. mm-1, respectively. Higher opacity value of CP/PVA/alizarin compared to CP indicates its 

345 lower transparency to visible light.32 Thus, the enhanced UV and visible light barrier properties 

346 of CP/PVA/alizarin indicate its potential for packaging light-sensitive products, such as milk. 

347           

348 Fig. 6. UV-visible light transmittance spectra of CP, CP/PVA, and CP/PVA/alizarin

349 3.4. Antioxidant activity
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350 Antioxidant activity is a vital characteristic required for packaging materials to extend the 

351 shelf-life of food products by preventing/reducing oxidative degradation, which otherwise 

352 results in undesirable effects like off-flavors, rancidity, and discoloration in food.42 As 

353 discussed in detail later in Section 3.6, the CP/PVA/alizarin indicator is designed to be 

354 integrated into conventional milk packaging in such a way that it maintains direct contact with 

355 the milk while remaining visible to both consumers and automated cameras. In this context, 

356 the antioxidant activity of the indicator was evaluated to determine whether the incorporated 

357 alizarin could provide additional benefits for extending milk shelf-life beyond pH-responsive 

358 spoilage sensing.22 The results of the antioxidant activity assay of CP, CP/PVA, and 

359 CP/PVA/alizarin are presented in Fig. 7a. As can be seen in Fig.7a, CP and CP/PVA showed 

360 negligible antioxidant activity, consistent with previous studies that reported cellulose and 

361 PVA lack intrinsic antioxidant properties. 5, 43  In contrast, CP/PVA/alizarin exhibited a 

362 pronounced antioxidant activity of 68.3±3.1%, demonstrating the effectiveness of alizarin as a 

363 natural antioxidant. Herein, the antioxidant activity of alizarin can be ascribed to its ability to 

364 donate hydrogen atoms from its phenolic hydroxyl groups to neutralize DPPH free radicals 

365 (Fig. 7b).9 Moreover, this observation is in good agreement with the study reported by Ezati 

366 et al. (2020), wherein the antioxidant activity of chitosan-based films increased from 10 to 40 

367 % with the incorporation of 1 wt% alizarin. 22 
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368

369 Fig. 7. (a) Antioxidant activity of CP, CP/PVA, and CP/PVA/alizarin, and (b) DPPH radical 

370 scavenging reaction of alizarin

371 3.5. Colorimetric characteristics of CP/PVA/alizarin indicator

372 The color response of CP/PVA/alizarin indicator at varied pH conditions from 2 to 11 is shown 

373 in Fig. 8a. The indicator exhibited a yellow color at pH 2, which progressively shifted to a 

374 yellow-orange color in the pH range of 3-5. At pH 6, it developed a pale brown color that 

375 deepened to reddish-brown at pH 7-8. Thereafter, at pH 9, the color of the indicator transitioned 

376 to brownish-purple, which intensified to a bright purple in the pH range of 10-11. These pH-

377 responsive color transitions of the CP/PVA/alizarin indicator can be attributed to the 

378 protonation and deprotonation of the phenolic hydroxyl groups of the anthraquinone ring in 

379 alizarin (Fig. 8b). Under acidic conditions, alizarin remains predominantly in its neutral form, 
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380 with both hydroxyl groups protonated. At neutral pH, one hydroxyl group loses a proton, 

381 leading to a monoanionic form, whereas under alkaline conditions, both hydroxyl groups are 

382 deprotonated, yielding a dianionic form. These structural transitions modulate electron 

383 delocalization and intermolecular hydrogen bonding in alizarin, which in turn influences the 

384 chromatic response of the indicator across different pH environments.44,29 To quantitatively 

385 assess the color variations, the colorimetric parameters (L*, a*, b* and ΔE) of the 

386 CP/PVA/alizarin indicator at different pH conditions in the range of 2-11 were determined 

387 (Fig. 8c). As can be observed in Fig. 8c, the L* value, indicating brightness/lightness of the 

388 CP/PVA/alizarin decreased with increasing pH, with the highest (74.8±0.3) and lowest 

389 (39.2±0.8) values observed at pH 2 and 11, respectively. This reduction in L* value implies 

390 that the indicator became darker as the pH of the incubating medium increased. Likewise, the 

391 b* value, representing the blueness/yellowness of the indicator, decreased with increasing pH. 

392 Notably, the b* value of the indicator became negative at pH 10, implying a shift from yellow 

393 to a bluish hue. This finding is consistent with the purple coloration observed in the digital 

394 images of the colorimetric indicator at pH 10 and 11 (Fig. 8a). In contrast, the positive a* value 

395 increased with an increasing pH, with the lowest (11.5±0.9) and highest (28.3±0.5) values 

396 observed at pH 2 and 11, respectively. This observation suggests a progressive enhancement 

397 in the red hue of the CP/PVA/alizarin indicator with increasing pH. A similar trend in the 

398 variation of L*, a*, and b* values with increasing pH was reported in the literature for the 

399 CP/chitosan/alizarin colorimetric indicator.21 Moreover, the ΔE of the CP/PVA/alizarin 

400 indicator at different pH values from 2 to 11, measured with respect to the as-prepared indicator 

401 (L*=68.2±0.2, a*=15.1±1.1, and b*=16.4±1.9), ranged from 5.9 to 38.3, confirming substantial 

402 chromatic variation. Overall, both visual observation and quantitative colorimetric analysis 

403 demonstrated the excellent pH-sensitive chromatic responsiveness of the CP/PVA/alizarin 

404 indicator. 
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405

406 Fig. 8. (a) Photographs of CP/PVA/alizarin indicator at different pH, (b) chemical structure 

407 of alizarin under acidic, neutral, and alkaline pH conditions, (c and d) colorimetric parameters 

408 of CP/PVA/alizarin indicator at different pH

409 3.6. Application of colorimetric indicator in monitoring milk freshness 

410 pH is considered one of the most reliable parameters for evaluating milk freshness in response 

411 to microbial growth. During spoilage, lactose, the primary carbohydrate in milk, is metabolized 

412 by lactic acid bacteria, resulting in the formation of lactic acid and a subsequent decrease in 

413 pH.4  In general, fresh milk exhibits a pH in the range of 6-6.8, whereas spoiled milk shows a 

414 pH reduction to approximately 4. However, no regulatory authority has yet established a 

415 definitive pH threshold to distinguish between fresh and spoiled milk, restricting the 

416 standardization of pH-based freshness indicators. In addition to a decrease in pH value, milk 
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417 spoilage is naturally indicated by the precipitation of milk proteins into solid particles. 

418 Specifically, studies in the literature have reported that casein, the predominant milk protein, 

419 precipitates around pH 4.5.4, 45 Therefore, in the current work, milk with a pH of 4.5 is 

420 considered spoiled.

421 The ΔE values and colorimetric responses of the CP/PVA/alizarin indicator tested in milk 

422 samples at pH 6.5, 5.5, and 4.5 are presented in Fig. 9. The indicator exhibited a pale brown 

423 color for fresh milk (pH 6.5), orange-brown for semi-fresh milk (pH 5.5), and yellow-orange 

424 for spoiled milk (pH 4.5) (see inset images in Fig. 9). For colorimetric indicators, a ΔE above 

425 5 is generally required for the color change to be perceptible to naked eye. From Fig. 9, it can 

426 be observed that the ΔE values of the CP/PVA/alizarin indicator at pH levels of 5.5 and 4.5 are 

427 greater than 5, confirming a distinct and visually detectable color transition associated with 

428 milk spoilage. Thus, the CP/PVA/alizarin indicator could be incorporated into milk packaging 

429 in a manner that ensures contact with the milk while remaining visible to consumers or 

430 automated cameras, enabling spoilage detection without opening the container. Moreover, real-

431 time, non-destructive visual monitoring of milk quality can support retail and consumer 

432 decision-making, improve food management, and serve as a reliable tool for minimizing food 

433 waste. 

434
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435

436 Fig. 9. Photographs and ΔE of CP/PVA/alizarin indicator incubated in milk of pH 6.5, 5.5, 

437 and 4.5 

438 3.7. Contrast with prior arts 

439 In Table 2, the performance of the CP/PVA/alizarin indicator developed in this study is 

440 compared with various pH-responsive colorimetric milk freshness indicators reported in the 

441 literature. Weston et al. (2020) developed a polydiacetylene-based milk freshness indicator in 

442 which polydiacetylene acted as both the support matrix and the chromogenic component.4 In 

443 another study, Li et al. (2024) reported a milk freshness indicator wherein a 

444 polydiacetylene/ZnO nanocomposite served as the chromogenic phase and was immobilized 

445 onto a nitrocellulose support.46 Ethylene vinyl alcohol/bromocresol purple47 and high-density 

446 polyethylene/ethylene-vinyl acetate/bromothymol blue48 indicators have also been investigated 

447 for monitoring milk freshness. Although all these indicators demonstrated distinct and 

448 perceptible colorimetric responses to milk spoilage, their reliance on non-biodegradable 
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449 synthetic plastics raises concerns related to food contact safety and plastic pollution. In 

450 contrast, the indicator developed in the present study employed CP as the substrate and PVA 

451 as the binding agent to enhance dye retention. Both of these materials are biodegradable and 

452 biocompatible, making the CP/PVA/alizarin indicator more suitable for safe and 

453 environmentally sustainable milk freshness monitoring. Likewise, the synthetic dyes used in 

454 ethylene-vinyl alcohol/bromocresol purple, high-density polyethylene/ethylene-vinyl 

455 acetate/bromothymol blue, and cellulose fibres/bromocresol purple indicators raise concerns 

456 about potential carcinogenic effects on human health.47–49 In contrast, alizarin, the natural dye 

457 incorporated in the present work, has been reported to be safe for food-contact use.18–20 

458 Moreover, the developed CP/PVA/alizarin indicator exhibited a broad pH-sensitivity range (2-

459 11), comparable to indicators reported using synthetic dyes.47–49 In addition to producing 

460 distinct and perceptible (ΔE >5) color changes during milk spoilage, alizarin also enhanced 

461 antioxidant and UV-blocking properties of the CP/PVA/alizarin indicator, which could 

462 potentially contribute to preserving milk quality. Chaitra et al. (2022) reported a milk freshness 

463 indicator using CP and a natural dye (hibiscus flowers) that exhibited green, purple, and pink 

464 colorimetric responses for fresh, semi-fresh, and spoiled milk, respectively.50 However, the 

465 rub-coating method employed in their study results in weak dye immobilization and poor dye 

466 retention, limiting its practical applicability. Similarly, CP/starch/black carrot anthocyanin51 

467 and zein/gelatin/Fe2+/blueberry anthocyanin52 indicators demonstrated perceptible colorimetric 

468 responses distinguishing fresh, semi-fresh, and spoiled milk. Nevertheless, the CP/starch/black 

469 carrot anthocyanin indicator exhibited higher water solubility than the CP/PVA/alizarin 

470 indicator developed in the present work. Furthermore, these studies did not report properties 

471 such as tensile strength, water solubility, and swelling index, which are critical for evaluating 

472 dye immobilization, dye retention, and robustness of colorimetric indicators.  Overall, this 

473 comparative assessment suggests that the CP/PVA/alizarin indicator represents a promising, 
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474 environmentally sustainable, and multifunctional system with strong potential for reliable real-

475 time monitoring of milk freshness.

476
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477     Table 2. Summary of literature on pH-responsive colorimetric indicators for monitoring milk freshness 

478 NA: Not available

Support materials Dye/chromogenic 
component 

Fabrication technique pH sensitivity 
range

Colorimetric response Reference

CP and PVA Alizarin Dip coating 2-11 Fresh: pale brown
Semi-fresh: orange brown
Spoiled: yellow orange 

This work 

Polydiacetylene Polydiacetylene Solution casting 1-7 Fresh: green
Semi-fresh: purple
Spoiled: pink

4

Nitrocellulose Polydiacetylene/ZnO 
nanocomposite 

Immobilization of 
polydiacetylene/ZnO nanocomposite 
onto nitrocellulose membrane 

1-7 Fresh: blue
Spoiled: red

46

Ethylene vinyl alcohol Bromocresol purple Chemical functionalization followed 
by compression moulding 

NA Fresh: green
Spoiled: yellow

47

High-density 
polyethylene and 
ethylene-vinyl acetate 

Bromothymol blue Melt mixing followed by 
compression moulding 

NA Fresh: blue
Semi-fresh: bluish-green 
Spoiled: yellow

48

Cellulose fibres Bromocresol purple Wet laid paper fabrication 3-9 Fresh: blue
Semi-fresh: cyan
Spoiled: yellow 

49

CP Hibiscus flowers Rub coating NA Fresh: green
Semi-fresh: purple
Spoiled: pink

50

CP and starch Black carrot 
anthocyanin 

Dip coating 2-11 Fresh: green
Semi-fresh: purple
Spoiled: pink

51

Zein/gelatin Blueberry 
anthocyanins 

Electrospinning 3-7 Fresh: purple-black
Semi-fresh: royal purple
Spoiled: violet-red

52
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479 4. Conclusions 

480 In this work, a novel pH-responsive CP/PVA/alizarin colorimetric indicator for monitoring 

481 milk freshness was developed by the dip coating method. FTIR analysis of prepared 

482 CP/PVA/alizarin indicator revealed hydrogen bonding interactions between alizarin and the 

483 CP/PVA. Meanwhile, FESEM characterization disclosed its compact surface morphology 

484 without any phase separation. The water solubility and swelling index of CP/PVA/alizarin are 

485 determined to be 9.5±0.6 and 77.2±3.1%, respectively. Compared with neat CP, the 

486 CP/PVA/alizarin samples exhibited improved crystallinity (from 69 to 73%), tensile strength 

487 (from 5.2±1.5 to 37.2±1.1 MPa), and elongation at break (from 2.6±0.5 to 11.9±1.1%). In 

488 addition, the CP/PVA/alizarin demonstrated excellent UV and visible light blocking properties 

489 and an outstanding antioxidant activity of 68.3±3.1%. Moreover, it showed color transitions 

490 from yellow under acidic pH conditions to reddish-brown at neutral and purple under alkaline 

491 pH conditions. Notably, the CP/PVA/alizarin indicator demonstrated its practical potential for 

492 monitoring milk freshness through distinct and visually perceivable color transitions (ΔE > 5). 

493 Its color changed from pale brown for fresh milk (pH 6.5) to orange-brown for semi-fresh milk 

494 (pH 5.5) and yellow-orange for spoiled milk (pH 4.5). While the current study successfully 

495 demonstrated the performance of the CP/PVA/alizarin indicator under simulated milk spoilage 

496 conditions, further investigations are needed to assess its long-term stability and behavior in 

497 real milk storage environments. Accordingly, future research should focus on integrating the 

498 CP/PVA/alizarin indicator into conventional milk packaging systems and assessing its 

499 performance under varying light, temperature, and mechanical stress conditions to establish its 

500 long-term stability and real-time applicability. Furthermore, considering the excellent color 

501 sensitivity of the CP/PVA/alizarin indicator across a broad pH range (2-11), it can be explored 

502 for monitoring the freshness of other perishable food products such as meat and cheese. 

503
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