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This work aimed to study a novel pH indicator film prepared 
from carboxymethyl cellulose (CMC)/tapioca starch (TS) 
incorporating Dendrobium orchid flowers and TiO2 nanoparticles for 
monitoring fish fillet freshness. The films were prepared based on 
carboxymethyl cellulose (CMC) and tapioca starch (TS) blend 
(CMC/TS) incorporated with TiO2 nanoparticles and Dendrobium 
orchid flower (DOF) extract. The result showed that the DOF extract 
contained peonidin-3,5-O-diglucoside and exhibited distinguishable 
color changes in different pH buffers. Likewise, the 
CMC/TS+TiO2+DOF film’s color changed corresponding to the extract. 
The X-ray diffraction analysis revealed the expansion of the film’s 
amorphous region, due to the intermolecular interactions. Analyzing 
scanning electron microscope images showed the effects of TiO2  
and DOF extract on the surface morphology of films. The 
incorporation of TiO2 and DOF extract into the film formulation 
improved various film properties, such as redness, opacity, tensile 
strength, and water solubility. For the sensitivity testing, the color of 
the CMC/TS+TiO2+DOF film responded to ammonia vapor more than 
acetic acid vapor, suitable for monitoring seafood spoilage behavior. 
In addition, the application of film for monitoring the freshness of fish 
fillets was conducted. The CMC/TS+TiO2+DOF film color changed 
from purple to bluish-purple corresponding to the spoilage of 
samples. Indicating its potential as an indicator for monitoring fish 
fillets' freshness. 
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INTRODUCTION 

The safety and quality of food are important issues in public health. The 
consumption of unsafe food can lead to diseases such as diarrhea, cancer, etc 
(World Health Organization, 2018) which is primarily caused by the growth of 
contaminated microorganisms (Kanha et al., 2022). One of the foods widely 
consumed around the world and easily found microbial spoilage during 
distribution is raw fish fillet. Not only a commercial food product, but it is also 
an important source of human nutrition. Some kinds of raw fish fillets, e.g., 
tuna, can be consumed freshly and often found in some recipes like sushi. 
Moreover, raw fish fillet is still mainly used as a raw material for processing to 
be other food products. However, the picking of this product for consumption 
needs experience and consideration by the eyes, which cannot determine the 
real-time result of the enzymatic reaction and the generation of metabolites, 
e.g., total volatile-based nitrogen (TVB-N), by microbial growth (Lee et al., 
2019; Grzyb et al., 2021). Advanced instruments and highly skilled operators 
are needed to determine metabolites which some kinds may be harmful, 
however, chemical detection cannot be done easily at a place of sale. 
Therefore, the cost-effective strategy for rapid evaluation of real-time fish 
spoilage is still challenging.  

Intelligent food packaging is getting great attention from both industry and 
academia for monitoring the real-time quality of packed food (Kanha  
et al., 2022). Recent theoretical developments have proved that anthocyanins 
can be natural pH indicators within pH indicator films as intelligent food 
packaging (Kanha et al., 2022). These pigments can react with the volatile 
compounds generated during food spoilage and such reaction causes a wide 
range of color development and reversibility (Zhang et al., 2019). Uniquely, the 
color development of pH indicator films after sensing is dependent on the source 
of anthocyanins. Much research thus attempts to explore and develop pH 
indicator films from new anthocyanin sources (Ma and Wang, 2016; Qin  
et al., 2019; Zhang et al., 2020). Interestingly, the extract of the Dendrobium 
orchid flower (DOF) is a rich source of anthocyanins providing various shades of 
color according to pH value, and its application in this research field is not found. 

Additionally, the use of nanoparticles to improve the mechanical and 
barrier properties of biodegradable biopolymer-based films is becoming a good 
alternative way. Nanoparticles are defined as particles with the size in the 
range of few nanometers to 1000 nm (Medina et al., 2007; Aschner, 2009; 
Prabha et al., 2016). Among various nanoparticles, titanium dioxide (TiO2) 
nanoparticles have several good points, such as stable, biocompatible, 
dispersible, hydrophilic, photocatalytic, and UV-blocking properties (Daghrir  
et al., 2013; Zhang et al., 2019). In addition, TiO2 nanoparticles also have 
excellent antimicrobial activities (Azizi-Lalabadi et al., 2019). Recently, Zhang 
et al. (2019) developed multifunctional food packaging films containing TiO2 
nanoparticles and found that the addition of TiO2 nanoparticles could 
successfully improve the opacity and other physical properties of the films.  

Until now, the application of DOF extract as a natural pH indicator in the 
blended film has still not been studied. Therefore, we aimed to develop the pH 
indicator film using carboxymethyl cellulose and tapioca starch blend (CMC/TS) 
to form a film matrix since CMC/TS films were successfully prepared and 
showed great physical properties (Tongdeesoontorn et al., 2011). The DOF 
extract and TiO2 nanoparticles were incorporated into the film to function as a 
natural pH indicator and to improve film properties, respectively. The effect of 
DOF extract and TiO2 in the blended film on mechanical, physical, and 
microscopic properties was investigated. In addition, color development during 
the storage of fish fillets was also monitored for the evaluation of potential 
applications.  
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MATERIALS AND METHODS 

Raw materials and chemicals 

The Dendrobium orchid flowers (DOF), a variety of Sonia Bom 17 –  
Figure 1 (A), were purchased from a local flower farm in Chiang Mai, Thailand. 
They were washed and cut into small pieces and dried at 60°C for 8 h using a 
hot air oven (UN110, Memmert GmbH + Co. KG, Bavaria, Germany). Dried 
flowers were crushed as fine powders using a blender, packed in an aluminum 
bag, and kept at -20°C until use.  

Carboxymethyl cellulose (CMC; Changshu Wealthy Science & Technology 
Co. Ltd., Jiangsu, China) and tapioca starch (TS; WGC Co. Ltd., Nakorn 
Pathom, Thailand) were used as film-forming agents. Polyethylene glycol 400 
(PEG400; Merck KGaA, Darmstadt, Germany) functioned as a plasticizer. 
Titanium dioxide (TiO2) nanoparticles with a particle size of 300 nm (Brenntag 
Specialties, Inc., South Plainfield, NJ, USA) were used as an additive. Peptone 
and plate count agar (PCA) were purchased from HiMedia Laboratories Pvt. 
Ltd., Mumbai, India. Analytical grade ethanol (95%) was bought from RCI 
Labscan Limited, Bangkok, Thailand. 

Preparation of DOF extract 

The dried DOF powders (1 g) were mixed with 37% (w/v) ethanol solution 
(20 mL) and the extraction was done using a water bath shaker (WNE 45, 
Memmert GmbH + Co. KG, Bavaria, Germany) for 90 min. Then, the DOF 
ethanolic extracts were filtered through Whatman filter paper No. 1 (GE 
Healthcare Life Sciences, Chicago, IL, USA) equipped with a suction flask and 
vacuum pump. After that, the ethanol in the filtered extract was removed by a 
rotary evaporator (BÜCHI Labortechnik AG, Flawil, Switzerland). Finally, all the 
DOF extracts were pooled into the brown glass bottle and kept at 4°C for a 
maximum of 2 days to remove the sediment and then filtered again as in the 
above step. This extract (Figure 1 (B)) functioned as the pH indicator in this 
study. 

Characterization of phenolic compounds in DOF extract 

The total phenolic content (TPC) was analyzed according to the method 
described by Kanha et al. (2021). Sample (50 μL), distilled water (3,000 μL), 
250 μL of Folin–Ciocalteu’s reagent, and 7% NaCO3 (750 μL) were added into 
a test tube, mixed, and incubated for 10 min at room temperature. After that, 
distilled water (950 μL) was immediately added and vigorously mixed. The 
mixture was left for the reaction in a dark room for 2 h at 30°C in a water bath 
(WNE 45, Memmert GmbH + Co. KG, Bavaria, Germany) before the absorbance 
at 765 nm was measured against a blank using a UV-visible spectrophotometer 
(Genesys 10, Thermo Scientific, NY, USA). Finally, the TPC was reported as mg 
gallic acid equivalent (GAE)/100 g dry weight (DW) by calibrating with a linear 
plot of standard gallic acid with a linearity range of 50 to 1,000 μg/mL (R2 = 
0.9998). 

The total anthocyanin content (TAC) was determined according to the pH 
differential method, described by Kanha et al. (2021), using a UV-visible 
spectrophotometer (Thermo Scientific). Samples were diluted with the buffer 
solution of potassium chloride (pH 1.0) and sodium acetate (pH 4.5). Values 
for absorbance at 510 nm (A510) and 700 nm (A700) were read, to use for 
calculating the absorbance difference (Adiff; Eq. 2). The TAC (mg cyanidin-3-
glucoside (C3G)/L) was calculated by Eq. 3. 

Adiff = (A510 – A700)pH 1.0 – (A510 – A700)pH 4.5   (2) 
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TAC (mg C3G/L) = (Adiff × MW × DF × 1,000) / (ε × l)  (3) 

Where MW is the molecular weight of C3G (449.39 g/mol), DF is the 
dilution factor, while the molar absorptivity (ε) is 26,900 l/mol⋅cm and the path 
length (l) is 1.0 cm. 

Characterization of phenolic compounds in the DOF extract was 
performed using an Agilent 1290 Infinity LC instrument (Agilent Technologies, 
Palo Alto, CA, USA). The sample solution was filtered through a Nylon filter 
before analysis. Agilent Poroshell 120 EC-C18 column (4.6 x 150 mm, 2.7 μm) 
was eluted at 0.2 mL/min and 35°C by phases A (0.1%, v/v, formic acid 
aqueous solution) and B (0.1%, v/v, formic acid in acetonitrile solution) as 
followings: 0 – 5% B (0 – 1 min), 5 – 17% B (1 – 10 min), 17% B (10 – 13 
min), 17 – 100% B (13 – 20 min), 100% B (20 – 25 min), 100 – 5% B (25 – 
27 min), and 5% B (27 – 33 min). The injection volume and column 
temperature were 1 µL and 35°C, respectively. Phenolic compounds in the DOF 
extract were identified by mass spectrometry (MS) on an Agilent 6540 series 
QTOF-MS equipped with an electrospray ionization source. Computational 
analysis was conducted by Agilent mass Hunter workstation software 
(Qualitative Analysis, version B.08.00, Agilent) and Personal Compound 
Database and Library (PCDL). 

Preparation of pH indicator film 

TS (6 g) was mixed with CMC (3 g), before adding it to 95% ethanol 
solution (150 g). Then, 8% (w/w) TiO2 nanoparticles on a total hydrocolloid 
basis were added to such ethanol solution. With the aid of a magnetic stirrer 
(IKA C-MAG HS 7, Werke GmbH & Co. KG, Baden-Württemberg, Germany), all 
hydrocolloids were melted at 90°C for 30 min along with a dispersion of TiO2 
nanoparticles. After 15 min of stirring time, 50% (w/w) PEG 400 on a total 
hydrocolloid basis was immediately added and continuously stirred until the 
mixture was homogenized completely. After that, the DOF extract (150 g) was 
incorporated into the above mixture and continuously stirred without heating 
for 15 min. When the mixture was homogeneous, film casting was done on a 
smooth surface plate (14 cm diameter). Each plate was dried in a hot air oven 
at 40°C for 24 h. Finally, the prepared indicator films were stored at 25°C in a 
desiccator with 50% relative humidity (RH) until equilibrium. 

Color response analysis 

The DOF extract (1 mL) was mixed with various buffer solutions (1 mL) 
between pH 1 to 13 and then the mixture was allowed to equilibrate for 10 
min. While the pH indicator films were immersed in 10 mL of various buffer 
solutions between pH 1 and 13 for 10 min. Their color response in various pH 
buffers was confirmed through a photo taken using a digital camera. 

Characterization of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and 
CMC/TS+TiO2+DOF films 

Color and opacity of films 
The film (5 cm × 5 cm) was measured using a colorimeter (Konica 

Minolta, CR-400, Tokyo, Japan), and the white standard plate (L* = 98.09, a* 
= 0.40, and b* = 1.02) was used as a background. The total color difference 
(ΔE) was calculated as Eq. (1): 

ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]0.5     (1) 
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where ΔL*, Δa*, and Δb* were differences between the color parameters 
of the white standard plate and the DOF indicator film. The whiteness index 
(WI) of the film was calculated as Eq. (2), (Agarwal et al., 2020). 

WI = 100 – [(100 – L*) + (a*)2 + (b*)2]0.5     (2) 

The opacity of the film was tested according to the method of Zhang et al. 
(2019), with some modifications. The absorbance of the film piece (5 cm × 5 
cm) at 600 nm was measured using a UV-visible spectrophotometer (Genesys 
10S, Thermo Fisher Scientific Inc., NY, USA). Film opacity was calculated by 
the following Eq. (3): 

Opacity (mm-1) = A600/X        (3) 

where A600 was the absorbance of film at 600 nm and X was film thickness 
(mm). 

Thickness and mechanical properties of films 

Film thickness was randomly measured at ten locations by Mitutoyo No. 
293–766 digital micrometer (Tester Sangyo Co. Ltd., Japan). The tensile 
strength (TS) and elongation at break (EB) of film sample (60 mm × 10 mm) 
was measured using a TMS-Pro texture analyzer (Food Technology Co., 
Sterling, VA, USA) setting 4 cm of initial grip distance and 6 cm/min of 
crosshead speed. The TS and EB of the film sample were calculated by the 
following equations (Eqs. (4) and (5)): 

TS (MPa) = F/(Χ × W)        (4) 

EB (%) = ∆L/L0) × 100        (5) 

where, F was the stress of film at break (N), X was the film thickness, 
and W was the film width (mm); ΔL and L0 were the elongated and original 
lengths (mm) of the film sample, respectively. 

Moisture-related properties of films 

Moisture content, water-holding capacity, and water solubility  

The moisture content of indicator films was gravimetrically measured 
from the weight change when the films (2.5 cm × 2.5 cm) were dried at 105°C 
for 24 h. The moisture content of the film was calculated as Eq. (6) (Roy and 
Rhim, 2021): 

Moisture content (%) = [(W1 − W2)/(W1)] × 100    (6) 

where W1 and W2 were the weight of the film before and after drying, 
respectively.  

For the determination of water-holding capacity, a pre-weighed film 
sample (2.5 cm × 2.5 cm) was immersed in 20 mL distilled water for 1 h, then 
taken from the water, and the surface water was removed using blotting paper 
and then re-weighed. The water-holding capacity value of films was calculated 
as Eq. (7) (Roy et al., 2020): 

Water-holding capacity (%) = [(W2 − W1)/(W1)] × 100  (7) 

where W1 and W2 were the initial and final weights of the film samples, 
respectively.  
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For the water solubility measurement, the film samples (2.5 cm × 2.5 
cm) were dried at 60°C overnight and weighed (W1), and then the dried films 
were immersed in 30 mL of distilled water for 24 h at 25°C with gentle 
agitation. Then film samples were taken out and dried in an air oven at 105°C 
for 24 h and re-weighed (W2). The water solubility value of the film sample was 
calculated as Eq. (8) (Roy and Rhim, 2021). 

Water solubility (%) = [(W1 − W2)/(W1)] × 100   (8) 

Water vapor permeability of films 
The water vapor permeability (WVP) of the film was determined 

gravimetrically according to the standard method of ASTM E96-95. The film 
(7.5 cm × 7.5 cm) was mounted on the rim of the WVP cup (2.5 cm depth and 
6.8 cm diameter) containing 18 mL of distilled water and tightly sealed by the 
lid. The assembled cups were placed in a humidity chamber (model FX 1077, 
Jeio Tech Co., Ltd. Ansan, Korea) controlled at 25°C and 50% RH, and the 
weight change of the cup was measured at a 1 h interval for an 6 h period. The 
WVP (g·m/m2·Pa·s) of the film was calculated as the following Eq. (9): 

WVP = (∆W × L)/(t × A × ΔP)      (9) 

where W was the increased weight of test vessel (g), L was film thickness 
(m), t was the time (s) for weight increase, A was film permeation area (m2), 
and ΔP was 2339 Pa at 20°C. 

Structural properties of films 

X-ray diffraction (XRD) analysis of films 
The XRD patterns of film samples were measured using an X-ray 

diffractometer (SmartLab, Rigaku Co., Tokyo, Japan) and recorded using Cu-
Kα radiation at a wavelength of 1.549°A. The diffraction angle range was 
between 2Ө of 10 and 60°, with a scanning speed of 10°/min. 

Surface morphology by scanning electron microscope (SEM) of films 
The surface of the films was morphologically evaluated using an SEM 

(JSM-5200, JEOL, Japan). The films (0.5 mm × 0.5 mm) were mounted on SEM 
stubs using double-sided adhesive carbon tape (Ted Pella Inc., Redding, CA, 
USA) prior to being coated with a thin gold layer using the gold sputter coater 
(SPI Supplies, Structure Probe Inc., West Chester, PA, USA). The SEM was 
operated at 15 kV with a 500× magnification. 

Sensitivity of indicator film against volatile ammonia vapor and acetic 
acid vapor 

Responses of indicator films to volatile ammonia vapor and acetic acid 
vapor were tested according to the method of Kuswandia et al. (2012), with 
some modifications. A real polyethylene terephthalate packaging containing 
either 100 mL ammonia solution (8 mM) or 100 mL acetic acid solution (8 mM), 
and the films (20 × 20 mm) were held on the lid of the packaging using 
transparent tape at 1 cm above the solution for 30 min at 25°C. The films were 
measured by the colorimeter to indicate the ΔE) value (Eq. (1)) for every 5 min. 

Application of films for monitoring fish fillet freshness 

pH of fish fillet during storage 
The pH of fish fillet was done according to the method of Choi et al. 

(2017), with some modifications. Firstly, 10 grams of fresh fish fillet samples 
were prepared and packed in a polyethylene terephthalate package. Fish fillet 
samples were stored at a refrigerated temperature (5°C) and analyzed 
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periodically (up to 9 Days) to detect pH changes. Each fish fillet sample was 
then blended with 90 mL of distilled water for 3 min using a stomacher to 
homogenize samples. All pH values were recorded by a digital pH meter 
(CyberScan pH 510, Eutech Instruments Pte. Ltd., Singapore), by immersing 
the glass electrode in homogenized samples. All tests were performed in 
triplicate. 

Total volatile-based nitrogen (TVB-N) 
TVB-N was analyzed using the Conway micro-diffusion technique 

(Sutthasupa et al., 2021), with some modifications. A fish fillet sample (5 g) 
was added to 4% (w/v) trichloroacetic acid and then homogenized to obtain a 
well-ground homogenate. The homogenate was filtered through Whatman filter 
paper No. 1 to obtain the filtrate for analysis. The filtrate (1 mL) was placed in 
the outer ring of the Conway apparatus. The inner ring solution (1 mL of a 1% 
boric acid solution) containing the indicator (0.01 g bromocresol green and 
0.02 g methyl red in 10 mL ethyl alcohol) was subsequently pipetted into the 
inner ring. The reaction was initiated by mixing K2CO3 (1 mL) with the filtrate. 
The Conway unit was incubated at 37°C for 60 min before titration with  
0.02 M HCl until the green color turned pink. The concentration of TVB-N was 
indicated as mg of N/100 g sample. TVB-N of all samples were evaluated in 
triplicate. 

Microbiological analysis 
Total viable counts were determined according to the method of Li et al. 

(2013), with some modifications. Samples (25 g) were mixed with sterilized 
0.1% peptone water (225 mL) and the mixture was homogenized with a 
stomacher for 120 s. Serial decimal dilutions of the homogeneous sample were 
made up in duplicate. From each replication, the dilutions (1 mL) were 
transferred in triplicate to Petri dishes containing 15 mL commercial plate count 
agar (60°C). Total viable counts were determined by counting the number of 
colony-forming units after incubation at 37°C for 48 h and represented as log10 

CFU/g of the fillet. 

Statistical analysis 

All the analyses were done in triplicate. All data were subjected to 
analysis of variance (ANOVA) and significant differences between averages 
were evaluated by Duncan's multiple range test using the Statistical Package 
for the Social Sciences (Version 24, SPSS Inc., Chicago, IL, USA) at a significant 
level of P ≤ 0.05.  

RESULTS  

Characterization of phenolic compounds in DOF extract 

The TPC and TAC values of the DOF extract were spectrophotometrically 
determined and found that their values were 1,708.17 ± 13.48 mg GAE/100 g 
DW and 1,586.71 ± 81.70 mg C3G/100 g DW, respectively. According to  
Table 1, peonidin-3,5-O-diglucoside is the only kind of anthocyanin detected in 
the DOF extract, and the others are phenolic compounds. Three phenolic  
acids found include p-hydroxylbenzoic acid, p-hydroxycinnamic acid, and  
phloretic acid. Flavones include apigenin 6-C-α-L-arabinosyl-8-C-β-D-xyloside, 
neoschaftoside, and isoviolanthin. For flavonols, this extract contained various 
flavonols including keampferol-3-rutinoside-7-glucoside, keampferol-3-O-α-L-
rutinoside, quercetin-3-O-rutinoside, and quercetin-3-rutinoside-7-glucoside. 
Other phenolic compounds found are chrysotobibenzyl, dihydroxyconiferyl 
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dihydro-p-coumarate, dendrocandin A, (E)-coniferyl aldehyde, 
hydroxycinnamic acid glycoside, and tristin.  

Table 1. Phenolic compounds in the Dendrobium orchid flower (DOF) extract. 

No. RT (min) m/z Identification 

1 1.709 333.170 Chrysotobibenzyl 

2 1.937 139.040 p-Hydroxylbenzoic acid 

3 1.991 534.140 Apigenin 6-C-α-L-arabinosyl-8-C-β-D-xyloside 

4 2.630 165.050 p-Hydroxycinnamic acid 

5 4.489 434.100 1-O-caffeoyl-β-D-glucoside 

6 9.200 773.210 Quercetin-3-rutinoside-7-glucoside 

7 10.07 575.220 Keampferol-3-rutinoside-7-glucoside 

8 11.34 595.170 Keampferol-3-O-α-L-rutinoside 

9 12.69 564.150 Neoschaftoside 

10 15.296 611.160 Quercetin-3-O-rutinoside (Rutin) 

11 15.901 579.170 Isoviolanthin 

12 16.035 331.150 Dihydroxyconiferyl dihydro-p-coumarate 

13 16.506 626.180 Peonidin-3,5-O-diglucoside 

14 18.270 167.070 Phloretic acid 

15 18.803 305.140 Dendrocandin A 

16 18.910 261.110 Tristin 

17 30.696 179.070 (E)-Coniferyl aldehyde 

 

Color responses of DOF extract and indicator film to various pH buffers 

The color responses of DOF extract and indicator film 
(CMC/TS+TiO2+DOF film) in different buffers (pH 1–13) are shown in Figures 
1 (C) and (D). The DOF extract provided a different color at different pH values: 
bright red at pH 1–2, pink at 3–4, purple at pH 5–7, violet at pH 8–9, blue at 
pH 10–11, bright green at pH 12, and bright yellow at pH 13. While the color 
change of the DOF indicator film was similar to that of the DOF extracts, which 
gradually changed by buffer pH values: red (pH 1–2), pink (pH 3–4), purple 
(pH 5–6), violet (pH 7–9), blue (pH 10–11), green (pH 12), and yellow (pH 
13).
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Figure 1. The characteristics of the Dendrobium orchid flower (DOF) 
(A), DOF extract (B), the color development of the DOF extract (C), and 
indicator film in different pH conditions (D). 

 
Characterization of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and 
CMC/TS+TiO2+DOF films 

Color and opacity of films 
As given in Table 2, color parameters including L* (lightness), a* 

(redness/greenness), b* (yellowness/blueness), ∆E* (difference between the 
color of the white plate and samples), and WI (whiteness index) were used to 
distinguish differences in film color. Among the four films, the CMC/TS+TiO2 
film had the highest values of WI and L* (P < 0.05), indicating the brightest. 
The existence of DOF extract in the film caused a decrease in the WI and L* 
values (P < 0.05), and an increase in a* and b* values. CMC/TS+DOF film 
showed more redness compared to CMC/TS and CMC/TS+TiO2 films. Likewise, 
the addition of TiO2 nanoparticles remarkably multiplied the redness and 
yellowness of the CMC/TS+TiO2+DOF film as well, also making this film have 
the highest ∆E value.  

Opacity is a commonly measured characteristic reflecting film 
transparency (Zhao et al., 2022). Table 2 shows that the highest opacity 
among the DOF indicator films was CMC/TS+TiO2+DOF film, followed by 
CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS films, respectively (P < 0.05). 
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Table 2. Color and opacity of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and 
CMC/TS+TiO2+DOF films. 

Abbreviation: WI stands for whiteness index. Values are shown as the average ± standard deviation (n = 3). Different superscript 
letters in each column indicate significant difference at P ≤ 0.05. 

Film thickness and mechanical properties 
As summarized in Table 3, the thickness of DOF indicator films was in the 

range of 63.87 to 66.63 µm which was not significantly different among the 
films (P > 0.05). The mechanical properties of films including tensile strength 
(TS) and elongation at break (EB) are shown in Table 3. TS and EB varied in 
ranges of 9.78 to 23.69 MPa and 6.94 to 27.07%, respectively. The addition of 
TiO2 nanoparticles and/or DOF extracts could significantly increase the TS of 
films, which confirmed the result of Zhang et al. (2019) who found that the 
incorporation of TiO2 nanoparticles and/or black plum peel extract into chitosan 
film could enhance its TS. In contrast, the incorporation of TiO2 nanoparticles 
and/or DOF extracts into the films led to obtaining a significantly lower EB, 
compared to CMC/TS film (P < 0.05).  

 

Table 3. Thickness, tensile strength, and elongation at break of CMC/TS, 
CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS+TiO2+DOF films. 

Film Thickness Tensile strength Elongation at break 

 (µm)NS (MPa) (%) 

CMC/TS 66.33 ± 1.63 9.78 d ± 0.44 27.07 a ± 4.30 

CMC/TS+TiO2 64.70 ± 0.66 11.58 c ± 0.29 12.96 b ± 1.71 

CMC/TS+DOF 66.63 ± 2.23 12.29 b ± 0.13 10.42 c ± 0.10 

CMC/TS+TiO2+DOF 67.80 ± 2.55 23.69 a ± 2.53 6.94 d ± 0.46 

Note: Values show the average ± standard deviation (n = 3). NS indicates a non-significant difference (P > 0.05). Different 
superscript letters in each column indicate significant differences (P ≤ 0.05). 

 

Moisture-related properties 
As shown in Table 4, the moisture contents of CMC/TS, CMC/TS+TiO2, 

CMC/TS+DOF, and CMC/TS+TiO2+DOF films ranged from 21.10 to 26.40%. 
The moisture contents of blended films containing TiO2 nanoparticles  
and/or DOF extracts were significantly higher than those of CMC/TS film  
(P < 0.05). Meanwhile, the water solubility of all films ranged from 31.67 to 
39.08% (Table 4). CMC/TS had the highest water solubility. The incorporation 
of TiO2 nanoparticles and/or DOF extracts into films caused a significant 
decrease in water solubility (P < 0.05). For the water-holding capacity value of 

Film  L* a* b* WI ΔE Opacity  

      (mm-1) 

CMC/TS 90.75 b  
± 0.17 

-0.46 c 

± 0.03 
2.05 d 
± 0.16 

90.40 b 
± 0.20 

2.96 c 
± 0.09 

8.51 d  
± 0.22 

CMC/TS+TiO2 91.51 a 
 ± 0.06 

-0.71 d 

± 0.03 
4.09 c 

± 0.30 
90.98 a 
± 0.11 

1.59 d 
± 0.09 

11.62 b  
± 0.45 

CMC/TS+DOF 89.01 b  
± 0.21 

0.92 b ± 
0.14 

5.60 b 
± 0.36 

87.63 c 
± 0.33 

3.52 b 
± 0.29 

9.23 c  
± 0.44 

CMC/TS+TiO2+DOF 83.93 c  
± 0.34 

2.99 a ± 
0.17 

6.04 a 
± 0.24 

82.57 d 
± 0.41 

8.93 a 
± 0.40 

12.77 a  
± 1.39 
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films (Table 4), this value slightly varied from 1,132.10 to 1,282.00% and was 
lower than those of the cellulose nanofiber-based indicator film (1,816.2 to 
1,850.3%) reported by Roy and Rhim (2021). According to the result, 
CMC/TS+TiO2 film had a higher water-holding capacity value than CMC/TS film 
(P < 0.05), while the water-holding capacity values of CMC/TS+DOF and 
CMC/TS+TiO2+DOF films were not significantly different from the value of 
CMC/TS film. For WVP values, all films insignificantly varied from 0.91 to            
1.12 ×10-11‧g‧m-1‧Pa-1‧s-1 (P > 0.05) (Table 4), which were significantly higher 
than that of CMC/TS+TiO2+DOF film (0.62 ×10-11‧g‧m-1‧Pa-1‧s-1) (P < 0.05). 

Table 4. Moisture content, water solubility, water-holding capacity, and water 
vapor permeability of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and 
CMC/TS+TiO2+DOF films. 

Film Moisture 
content 

Water 
solubility 

Water-holding 
capacity 

Water vapor 
permeability 

 (%) (%) (%) (×10-11‧g‧m-1‧Pa-1‧s-1) 

CMC/TS 21.10c  
± 0.47 

39.08a  
± 0.60 

1,132.10b  
± 38.22 

0.91a ± 0.07 

CMC/TS+TiO2 23.63b  
± 0.80 

36.51b  
± 0.39 

1,282.00a  
± 96.73 

1.12a ± 0.21 

CMC/TS+DOF 24.08b  
± 1.38 

35.09b  
± 1.66 

1,218.56ab  
± 52.65 

1.02a ± 0.08 

CMC/TS+TiO2+DOF 26.40a  
± 0.42 

31.67c  
± 0.44 

1,200.93ab  
± 12.69 

0.62b ± 0.01 

Note: Values show the average ± standard deviation (n = 3). Different superscript letters in each column indicate significant differences 
(P ≤ 0.05). 

 

Structural properties 
The XRD patterns of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and 

CMC/TS+TiO2+DOF films are shown in Figure 2. Several sharp diffraction peaks 
of TiO2 nanoparticles at around 2θ = 25.3°, 29.4°, 37.8°, 43.1°, 48.5°, and 
53.9° were observed in all the films. Among them, 25.3° and 29.4° matched 
with (101) diffraction planes of anatase which were reported by Plermjai et al. 
(2019) and Uddin et al. (2020), respectively. While 37.8°, 43.1°, 48.5°, and 
53.9° matched with (101) diffraction planes of anatase (Plermjai et al., 2019; 
Uddin et al., 2020; Siripatrawan and Kaewklin, 2018). Broad peaks at around 
2θ = 20° were observed in all the films, indicating their amorphous region. This 
region was gradually expanded when TiO2, DOF, and TiO2+DOF were 
respectively added. 
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Figure 2. X-ray diffraction patterns of blended films. 

 

Figure 3 shows the SEM images for evaluating the surface morphology of 
all films. CMC/TS films without DOF extract and TiO2 had the smoothest 
surface, while other films were not smooth. The surface of CMC/TS+TiO2 and 
CMC/TS+TiO2+DOF films showed regular dispersion of white TiO2 
nanoparticles. In CMC/TS+DOF and CMC/TS+TiO2+DOF films, the globule 
particles dispersed on the film surface, and a larger particle size was observed 
on the surface of CMC/TS+TiO2+DOF films. 
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Figure 3. Scanning electron microscopic images show the surface morphology of 
the blended films (500× magnification). 

Sensitivity of indicator film to vapors of ammonia and acetic acid 

Figure 4 shows the sensitivity of indicator film (CMC/TS+TiO2+DOF film) 
responding to vapors of ammonia or acetic acid. It was observed that the film 
could effectively respond to both ammonia and acetic acid vapor by changing 
the color as a function of time. Notably, the ∆E value of the film sharply 
increased when exposed to ammonia vapor in the first 5 min. At this point, 
ammonia vapor could clearly change the film color from purple to green. 
Meanwhile, a slower increase in ∆E value was observed when the film was 
exposed to acetic acid vapor.  

Potential application of indicator film for the freshness of packaged fish 

In this work, a piece of the Tuna fillet of was kept in a polyethylene 
terephthalate (PET) package where the CMC/TS+TiO2+DOF film was attached 
inside a package lid, as shown in Figure 5. The results showed that the quality 
of fish fillets changed throughout 9 days of storage, which was related to the 
change of indicator film color. As shown in Figure 5 (A), TVB-N contents 
gradually increase throughout the storage period. Meanwhile, the pH value of 
the fish fillet changed up and down throughout the storage period, but the 
overview had an increased trend (Figure 5 (B)). The microbial growth in the 
sample continuously increased throughout the storage period (Figure 5 (C)). 
However, the bacterial spoilage threshold is defined as log 7.0 CFU/g  
(Pacquit et al., 2007). Therefore, the shelf life of this sample was 4 days  
(7.44 log CFU/g). For ∆E value, the initial ∆E value of the film was zero and it 
tended to continuously increase during storage (Figure 5 (D)). Interestingly, 
the spoilage of the packaged fish fillet during storage could be evidently 
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monitored in real-time by changing the film color (Figure 5 (E)). The film color 
was initially purple when the fish fillet was fresh. Then, the film color gradually 
turned to a bluish-purple color (∆E = 14.31) on day 4 and the last turned to a 
green color (∆E = 20.94) on day 9, indicating a completely spoiled fish fillet 
that could not be consumed. 

 

Figure 4. Sensitivity and color change of CMC/TS+TiO2+DOF film 
against acetic acid vapor and ammonia vapor. 
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Figure 5. Changes in total volatile-based nitrogen (TVB-N) (A), pH value (B), 
microbial growth (C),∆E value (D), and color of CMC/TS+TiO2+DOF film during 
spoilage of Tuna fish fillets at 4°C for 9 days (E). 

As summarized in Table 5, TVB-N content was correlated with the Log10 
CFU/g and ∆E values. The higher the TVB-N content, the higher the values for 
Log10 CFU/g (r = 0.728, P ≤ 0.05) and ∆E (r = 0.721, P ≤ 0.05). The Log10 
CFU/g was highly correlated with the ∆E value. The higher Log10 CFU/g 
strongly contributed to the higher ∆E value (r = 0.970, P ≤ 0.01).  
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Table 5. Pearson correlation coefficients for TVB-N, pH value, and Log10 CFU/g 
of Tuna fish fillets correlated with ∆E value of the indicator film 
(CMC/TS+TiO2+DOF film). 

 TVB-N pH Log10 CFU/g ∆E 

TVB-N 1.000 NS 0.728 * 0.721 * 

pH value  1.000 NS NS 

Log10 CFU/g   1.000 0.970** 

∆E    1.000 

 

DISCUSSION  

The TPC and TAC values of the DOF extract were very high, compared to 
the extracts from other sources, such as black bean, red cabbage, black plum 
peel, and black rice (Prietto et al., 2017; Zhang et al., 2019; Leonarski et al., 
2024), indicating that this natural colorant was excellent for application in  
a pH indicator. The LC-MS/MS data obtained from analysis of DOF extract 
revealed the existence of the pigment (peonidin-3,5-O-diglucoside) in 
anthocyanin groups and phenolic compounds. Among these phenolic 
compounds, many kinds of them can play the role of antioxidant, anticancer, 
and anti-inflammatory activities (Caparica et al., 2020; Ahammed et al., 2021). 
Moreover, phenolic acids, flavones, and flavonols possibly function as  
a copigment in the copigmentation reaction as well (Zhang et al., 2016; Cao 
et al., 2023), which might support the color development of the indicator film. 
Under pH variation, the anthocyanin molecules were structurally transformed 
to be a specific form suitable to the pH value, and likewise, their UV-visible 
light absorption was also changed. The anthocyanin molecules are a flavylium 
cation at pH values below 4. At pH 5 to 7, the redness decreases and turns to 
blueness more, because of an increasing formation of a neutral quinonoidal 
anhydrobase (Trouillas et al., 2016). At pH 8 to 12, the increasing formation 
of an anionic quinoidal anhydrobase and a yellow chalcone in a strongly alkaline 
environment causes the increment of blueness until it finalizes green at pH 12. 
Under a pH 13 environment, all anthocyanin molecules are completely 
transformed into yellow chalcone. Evidently, these color responses for DOF 
extracts and indicator films were not similar to other sources that had been 
reported previously (Choi et al., 2017; Zhang et al., 2019; Zhang et al., 2019). 
Theoretically, the differences in color properties of anthocyanin extracts from 
different sources can be attributed to the kind and concentration of 
anthocyanins and copigments. 

Remarkably, the addition of TiO2 nanoparticles to the CMC/TS+TiO2+DOF 
film contributed to the increase in its redness, yellowness, and color difference. 
This directly resulted from adding white TiO2 nanoparticles since it was 
assumed to have a synergistic effect on color expression between pigments 
and TiO2 nanoparticles. The nanoparticles would improve the opacity of the film 
by functioning as a background material enhancing the color expression of the 
indicator pigment. Similar results were reported by previous findings in 
gelatin/agar-TiO2 bilayer film (Vejdan et al., 2016) and chitosan-black plum 
peel extract film (Zhang et al., 2019).  

In the study of film thickness, films were prepared using ethanol, making 
whole components fully dispersed. Thus, the addition of DOF extract and/or 
TiO2 nanoparticles slightly affected the film thickness. Corresponded with 
Zhang et al. (2019), the authors discussed that the incorporation of TiO2 and 
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anthocyanin-rich extract little influenced the film thickness since they could be 
well distributed in the space of the film matrix. However, the added extract can 
increase the dry matter content of film casting solution at the same amount, 
resulting in a mass increase and therefore inducing an increased film thickness 
(Qin et al., 2019; Zhang et al., 2020). For opacity, it was clearly seen that the 
addition of TiO2 nanoparticles and/or DOF extracts directly influenced the film 
opacity. Corresponded with recent research (Vejdan et al., 2017; Zhang et al., 
2019; Zhang et al., 2023), films with increased opacity also improved 
ultraviolet light barrier properties. Therefore, this result suggested that the 
CMC/TS+TiO2+DOF film could be used as food packaging to reduce the 
negative effects of UV–visible light on nutrient losses, discoloration, and off-
flavor. Significantly, the synergistic effect of TiO2 nanoparticles and DOF 
extracts on film opacity was observed, and it could be confirmed by a greatly 
enhanced red color of the CMC/TS+TiO2+DOF film over CMC/TS+TiO2 and 
CMC/TS+DOF films. In addition, high opacity could improve the color 
development of the indicator film during food storage to easily be observed by 
bare eyes. 

For the mechanical properties, TiO2 nanoparticles added could strengthen 
the CMC/TS film network through the increasing formation of hydrogen bonds, 
while phenolic compounds could act in the role of plasticizer (Cheng et al., 
2015; Siripatrawan and Kaewklin, 2018; Yuan et al., 2022). For EB value, an 
inhomogeneous distribution of the agglomerated TiO2 nanoparticles, as 
evidenced in the SEM image, may disrupt the intermolecular interactions within 
a film network, resulting in lower EB. Previously, a decrease in EB with the 
incorporation of TiO2 nanoparticles has been reported (Siripatrawan and 
Kaewklin, 2018; Zhang et al., 2019). In addition, a film with higher TS showed 
a lower stretchability since the increasing electrostatic interaction among ions 
of flavylium cations, TiO2, and CMC’s carboxylate anions might occur, thus 
obtaining stronger films but a lower stretch. Different experimental results 
have been reported previously, which supported an increase in EB with the 
incorporation of anthocyanin-rich extract in the indicator film (Liang et al., 
2019; Zhang et al., 2019; Zhang et al., 2020). However, a film with high 
stretchability is not necessary since an on-package indicator film requires a 
stable structure.  

For the moisture-related properties, CMC/TS+TiO2+DOF film exhibited 
the highest moisture content since both TiO2 nanoparticles and DOF extracts 
were full of abundant hydrophilic groups. Furthermore, the porosity of TiO2 
nanoparticles in films facilitated moisture absorption (Vejdan et al., 2016; 
Achachlouei and Zahedi, 2018). For water solubility, it is an important 
parameter reflecting water resistance and dimension stability of films (Guerrero 
et al., 2011). CMC/TS showed the highest value of water solubility owing to the 
hydrophilic nature of both CMC and TS. Similar results were studied in 
gelatin/κ-carrageenan/TiO2/saffron anthocyanin films which were reported 
recently by Sani et al. (2022). In this work, the presence of TiO2 and flavylium 
cations expectedly contributed to the addition of positive charges to the CMC 
film matrix’s negative charges. Consequently, the strengthened films reduced 
the water solubility and the dimension loss. A higher water-holding capacity 
value of CMC/TS+TiO2 film over CMC/TS film implied that the incorporation of 
TiO2 nanoparticles into the film could enhance the water-holding capacity due 
to the increasing probability of hydrogen bond formation and swelling. While 
the films without both TiO2 and DOF extract or with DOF extract might have a 
high crosslinking density and limit the swelling of films. For the indicator film, 
we assumed that the water-holding capacity should not be high due to the 
limitations of anthocyanin stability, dimension stability, and color development. 
For the WVP, this parameter is evaluated for its barrier property against water 
vapor, and it is noted that a lower WVP was generally required for food 
packaging (Huang et al., 2019). This result indicated that the incorporation of 
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TiO2 nanoparticles and DOF extracts into films influenced the WVP. The 
existence of both DOF extract and TiO2 nanoparticles in the film caused the 
formation of large agglomerates some of which could be seen on the surface 
of the CMC/TS+TiO2+DOF film, as shown in Figure 3. Phenolic compounds in 
the DOF extract might bind to TiO2 nanoparticles and form agglomerates 
containing an air bubble. This reservoir-like structure could greatly entrap the 
water vapor as well as hinder the film network's water vapor micro-paths, 
leading to a decrease in WVP value. This result can be assumed as the 
synergistic effect of DOF extract and TiO2 nanoparticles in the improvement of 
film quality.    

In the study of the structural properties, two properties including the XRD 
pattern and SEM image were investigated. According to the XRD patterns, the 
obtained results corresponded to Zhang et al. (2019), the authors indicated 
that the formation of amorphous complexes by blending anthocyanin-rich black 
plum peel extract into chitosan film could occur. Likewise, Siripatrawan and 
Kaewklin (2018) revealed that the formation of hydrogen bonds between TiO2 
and chitosan could expand the amorphous region of chitosan, leading to the 
reduction of the film's crystallinity. The peak of CMC/TS+TiO2+DOF film at  
2θ = 25.3° was more intensified than CMC/TS+TiO2, due to the formation of 
electrostatic interaction between CMC’s carboxylate anion and peonidin-3,5-O-
diglucoside (Liang et al., 2019), which might disrupt and reduce the hydrogen 
bonds between CMC/TS and TiO2. The number of TiO2 nanoparticles without 
bonding in that film might be more, resulting in more intensity of the TiO2 peak. 
Following SEM images’ results, similar findings about regular dispersion of an 
agglomerate of white TiO2 nanoparticles on the film surface were also found in 
previous works (Siripatrawan and Kaewklin, 2018; Zhang et al., 2019). 
Siripatrawan and Kaewklin (2018) demonstrated that the TiO2 nanoparticle 
agglomerates in the film matrix were attributed to high TiO2 concentrations. 
This was a regular dispersion between film-forming hydrocolloids and the 
compatible particles. However, the formation of globule particles dispersed on 
the film surface was complex. Theoretically, flavylium cations might be 
entrapped electrostatically by long chains of CMC carboxylate anions (Liang  
et al., 2019) and formed as small globule particles buried on the film surface. 
Likewise, it was possible that anthocyanins might combine with titanium ions 
through electrostatic interaction (Amogne et al., 2020), and the complexes 
might be entrapped in the CMC networks resulting in large globule particles on 
the film surface.  

Additionally, the sensitivity of indicator film (CMC/TS+TiO2+DOF film) 
responding to vapors of ammonia or acetic acid was proved. The result 
reflected the effective permeability of ammonia vapor into the film leading to 
the accumulation of an alkaline environment and the development of a green 
color film. This study suggested that the film was more sensitive to ammonia 
vapor than acetic acid vapor and was suitable to be used for monitoring the 
release of volatile nitrogen compounds during fish fillet spoilage. 

After the freshness of packaged fish fillets was monitored for 9 days 
storage time. The quality of fish fillets changed over time during 9 days of 
storage and related to the color change of the indicator film. The increase in 
TVB-N during day 0 to day 8 of the storage period could be attributed to the 
production of various volatile nitrogenous compounds, such as ammonia and 
amines, by the action of spoilage bacterial enzymes in fish fillets (Cai et al., 
2014; Zhang et al., 2019). On day 9, the fish fillet's physiological change due 
to microbial growth caused the compounds' great release. However, the change 
in TVB-N content was not related to the pH change. The accumulation of TVB-
N in the sample made it the highest pH value on the second day. After that, 
the decrease in pH value on days 3 and 4 might probably be attributed to 
bacterial fermentation of carbohydrates, resulting in the formation and 
accumulation of organic acids (e.g., lactic acid) in fish fillets (Cai et al., 2014). 
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Nevertheless, a recent trend of a continuous increase in pH value was reported 
in shrimp spoilage since the generation of organic acid was limited by its 
negligible carbohydrate content (Zhang et al., 2020). The increment of 
microbial growth might be an important reason for the above results of both 
TVB-N content and pH value. The food microorganisms can produce enzymes 
to break down the nutrients and cause spoilage during storage. This study 
revealed that this sample had 4 days of shelf life judged by microbial count. 
Although the appearance of the fish fillet on day 4 remained good, the microbial 
count was over the limit. Therefore, the naked eye could not precisely judge 
the fish fillet's quality. The increase in the ∆E value of the film tended to 
continuously increase during storage, reflecting the increase in the invisible 
activities of TVB-N release and microbial growth, which were confirmed by the 
statistical results of Pearson correlation coefficients. Interestingly, this study 
also found that when the fish fillets had already spoiled by the 4th day of 
storage, their TVB-N contents were 22.75 ± 0.80 mg/100 g, which was lower 
than 30 mg/100 g as the standard value imposed by the European Commission 
Decision 95/149/EC (95/149/EC: Commission Decision of 8 March 1995 fixing 
the total volatile basic nitrogen (TVB-N) limit values for certain categories of 
fishery products and specifying the analysis methods to be used, 1995). This 
reflects that the indicator film was highly effective and could detect the quality 
change of the fish fillets even if the TVB-N content was below standard criteria. 
Finally, it was enough to conclude that the film became a bluish-purple color 
when the fish fillet was not fresh and should have been consumed before day 
4 at 4°C. Therefore, this indicator film could be efficiently used to monitor the 
freshness of fish fillets. 

CONCLUSION 

A novel indicator film was successfully developed by incorporating the 
CMC/TS blend with TiO2 nanoparticles and DOF extract. The properties of the 
developed film were greatly influenced by TiO2 and DOF extract. DOF extract 
was proved as a potential source for the development of indicator film, due to 
the remarkable chemical compositions and reliable responses to pH variations. 
The incorporation of TiO2 nanoparticles into the film significantly improved the 
film's opacity, tensile strength, and water vapor permeability. Evaluation of 
sensitivity revealed that the film was sensitive to ammonia and suitable for 
application to detect the pH values of food changed under spoilage processes. 
In addition, the application of the film to a Tuna fish fillet gave a reliable result 
for film color change correlated to microbial growth and was easily detectable 
by the eyes. Therefore, the proposed indicator film is a simple tool for real-
time detection of food quality. 
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	Characterization of phenolic compounds in the DOF extract was performed using an Agilent 1290 Infinity LC instrument (Agilent Technologies, Palo Alto, CA, USA). The sample solution was filtered through a Nylon filter before analysis. Agilent Poroshell...
	Preparation of pH indicator film
	TS (6 g) was mixed with CMC (3 g), before adding it to 95% ethanol solution (150 g). Then, 8% (w/w) TiO2 nanoparticles on a total hydrocolloid basis were added to such ethanol solution. With the aid of a magnetic stirrer (IKA C-MAG HS 7, Werke GmbH & ...
	Color response analysis
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	Color and opacity of films
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	Opacity (mm-1) = A600/X        (3)
	where A600 was the absorbance of film at 600 nm and X was film thickness (mm).
	Thickness and mechanical properties of films
	Film thickness was randomly measured at ten locations by Mitutoyo No. 293–766 digital micrometer (Tester Sangyo Co. Ltd., Japan). The tensile strength (TS) and elongation at break (EB) of film sample (60 mm × 10 mm) was measured using a TMS-Pro textur...
	TS (MPa) = F/(Χ × W)        (4)
	EB (%) = ∆L/L0) × 100        (5)
	where, F was the stress of film at break (N), X was the film thickness, and W was the film width (mm); ΔL and L0 were the elongated and original lengths (mm) of the film sample, respectively.
	Moisture-related properties of films
	Moisture content, water-holding capacity, and water solubility
	The moisture content of indicator films was gravimetrically measured from the weight change when the films (2.5 cm × 2.5 cm) were dried at 105 C for 24 h. The moisture content of the film was calculated as Eq. (6) (Roy and Rhim, 2021):
	Moisture content (%) = [(W1 − W2)/(W1)] × 100    (6)
	where W1 and W2 were the weight of the film before and after drying, respectively.
	For the determination of water-holding capacity, a pre-weighed film sample (2.5 cm × 2.5 cm) was immersed in 20 mL distilled water for 1 h, then taken from the water, and the surface water was removed using blotting paper and then re-weighed. The wate...
	Water-holding capacity (%) = [(W2 − W1)/(W1)] × 100  (7)
	where W1 and W2 were the initial and final weights of the film samples, respectively.
	For the water solubility measurement, the film samples (2.5 cm × 2.5 cm) were dried at 60 C overnight and weighed (W1), and then the dried films were immersed in 30 mL of distilled water for 24 h at 25 C with gentle agitation. Then film samples were t...
	Water solubility (%) = [(W1 − W2)/(W1)] × 100   (8)
	Water vapor permeability of films
	The water vapor permeability (WVP) of the film was determined gravimetrically according to the standard method of ASTM E96-95. The film (7.5 cm × 7.5 cm) was mounted on the rim of the WVP cup (2.5 cm depth and 6.8 cm diameter) containing 18 mL of dist...
	WVP = (∆W × L)/(t × A × ΔP)      (9)
	where W was the increased weight of test vessel (g), L was film thickness (m), t was the time (s) for weight increase, A was film permeation area (m2), and ΔP was 2339 Pa at 20 C.
	Structural properties of films
	X-ray diffraction (XRD) analysis of films
	The XRD patterns of film samples were measured using an X-ray diffractometer (SmartLab, Rigaku Co., Tokyo, Japan) and recorded using Cu-Kα radiation at a wavelength of 1.549 A. The diffraction angle range was between 2Ө of 10 and 60 , with a scanning ...
	Surface morphology by scanning electron microscope (SEM) of films
	The surface of the films was morphologically evaluated using an SEM (JSM-5200, JEOL, Japan). The films (0.5 mm × 0.5 mm) were mounted on SEM stubs using double-sided adhesive carbon tape (Ted Pella Inc., Redding, CA, USA) prior to being coated with a ...
	Sensitivity of indicator film against volatile ammonia vapor and acetic acid vapor
	Responses of indicator films to volatile ammonia vapor and acetic acid vapor were tested according to the method of Kuswandia et al. (2012), with some modifications. A real polyethylene terephthalate packaging containing either 100 mL ammonia solution...
	Application of films for monitoring fish fillet freshness
	pH of fish fillet during storage
	The pH of fish fillet was done according to the method of Choi et al. (2017), with some modifications. Firstly, 10 grams of fresh fish fillet samples were prepared and packed in a polyethylene terephthalate package. Fish fillet samples were stored at ...
	Total volatile-based nitrogen (TVB-N)
	TVB-N was analyzed using the Conway micro-diffusion technique (Sutthasupa et al., 2021), with some modifications. A fish fillet sample (5 g) was added to 4% (w/v) trichloroacetic acid and then homogenized to obtain a well-ground homogenate. The homoge...
	Microbiological analysis
	Total viable counts were determined according to the method of Li et al. (2013), with some modifications. Samples (25 g) were mixed with sterilized 0.1% peptone water (225 mL) and the mixture was homogenized with a stomacher for 120 s. Serial decimal ...
	Statistical analysis
	All the analyses were done in triplicate. All data were subjected to analysis of variance (ANOVA) and significant differences between averages were evaluated by Duncan's multiple range test using the Statistical Package for the Social Sciences (Versio...
	RESULTS
	Characterization of phenolic compounds in DOF extract
	The TPC and TAC values of the DOF extract were spectrophotometrically determined and found that their values were 1,708.17 ± 13.48 mg GAE/100 g DW and 1,586.71 ± 81.70 mg C3G/100 g DW, respectively. According to  Table 1, peonidin-3,5-O-diglucoside is...
	Table 1. Phenolic compounds in the Dendrobium orchid flower (DOF) extract.
	Color responses of DOF extract and indicator film to various pH buffers
	The color responses of DOF extract and indicator film (CMC/TS+TiO2+DOF film) in different buffers (pH 1–13) are shown in Figures 1 (C) and (D). The DOF extract provided a different color at different pH values: bright red at pH 1–2, pink at 3–4, purpl...
	Figure 1. The characteristics of the Dendrobium orchid flower (DOF) (A), DOF extract (B), the color development of the DOF extract (C), and indicator film in different pH conditions (D).
	Characterization of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS+TiO2+DOF films
	Color and opacity of films
	As given in Table 2, color parameters including L* (lightness), a* (redness/greenness), b* (yellowness/blueness), ∆E* (difference between the color of the white plate and samples), and WI (whiteness index) were used to distinguish differences in film ...
	Opacity is a commonly measured characteristic reflecting film transparency (Zhao et al., 2022). Table 2 shows that the highest opacity among the DOF indicator films was CMC/TS+TiO2+DOF film, followed by CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS films, respe...
	Table 2. Color and opacity of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS+TiO2+DOF films.
	Abbreviation: WI stands for whiteness index. Values are shown as the average ± standard deviation (n = 3). Different superscript letters in each column indicate significant difference at P ≤ 0.05.
	Film thickness and mechanical properties
	As summarized in Table 3, the thickness of DOF indicator films was in the range of 63.87 to 66.63 µm which was not significantly different among the films (P > 0.05). The mechanical properties of films including tensile strength (TS) and elongation at...
	Table 3. Thickness, tensile strength, and elongation at break of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS+TiO2+DOF films.
	Note: Values show the average ± standard deviation (n = 3). NS indicates a non-significant difference (P > 0.05). Different superscript letters in each column indicate significant differences (P ≤ 0.05).
	Moisture-related properties
	As shown in Table 4, the moisture contents of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS+TiO2+DOF films ranged from 21.10 to 26.40%. The moisture contents of blended films containing TiO2 nanoparticles  and/or DOF extracts were significantly higher t...
	Table 4. Moisture content, water solubility, water-holding capacity, and water vapor permeability of CMC/TS, CMC/TS+TiO2, CMC/TS+DOF, and CMC/TS+TiO2+DOF films.
	Note: Values show the average ± standard deviation (n = 3). Different superscript letters in each column indicate significant differences (P ≤ 0.05).
	Structural properties
	Figure 2. X-ray diffraction patterns of blended films.
	Figure 3 shows the SEM images for evaluating the surface morphology of all films. CMC/TS films without DOF extract and TiO2 had the smoothest surface, while other films were not smooth. The surface of CMC/TS+TiO2 and CMC/TS+TiO2+DOF films showed regul...
	Figure 3. Scanning electron microscopic images show the surface morphology of the blended films (500× magnification).
	Sensitivity of indicator film to vapors of ammonia and acetic acid
	Figure 4 shows the sensitivity of indicator film (CMC/TS+TiO2+DOF film) responding to vapors of ammonia or acetic acid. It was observed that the film could effectively respond to both ammonia and acetic acid vapor by changing the color as a function o...
	Potential application of indicator film for the freshness of packaged fish
	In this work, a piece of the Tuna fillet of was kept in a polyethylene terephthalate (PET) package where the CMC/TS+TiO2+DOF film was attached inside a package lid, as shown in Figure 5. The results showed that the quality of fish fillets changed thro...
	Figure 4. Sensitivity and color change of CMC/TS+TiO2+DOF film against acetic acid vapor and ammonia vapor.
	Figure 5. Changes in total volatile-based nitrogen (TVB-N) (A), pH value (B), microbial growth (C),∆E value (D), and color of CMC/TS+TiO2+DOF film during spoilage of Tuna fish fillets at 4 C for 9 days (E).
	As summarized in Table 5, TVB-N content was correlated with the Log10 CFU/g and ∆E values. The higher the TVB-N content, the higher the values for Log10 CFU/g (r = 0.728, P ≤ 0.05) and ∆E (r = 0.721, P ≤ 0.05). The Log10 CFU/g was highly correlated wi...
	Table 5. Pearson correlation coefficients for TVB-N, pH value, and Log10 CFU/g of Tuna fish fillets correlated with ∆E value of the indicator film (CMC/TS+TiO2+DOF film).
	DISCUSSION
	The TPC and TAC values of the DOF extract were very high, compared to the extracts from other sources, such as black bean, red cabbage, black plum peel, and black rice (Prietto et al., 2017; Zhang et al., 2019; Leonarski et al., 2024), indicating that...
	Remarkably, the addition of TiO2 nanoparticles to the CMC/TS+TiO2+DOF film contributed to the increase in its redness, yellowness, and color difference. This directly resulted from adding white TiO2 nanoparticles since it was assumed to have a synergi...
	In the study of film thickness, films were prepared using ethanol, making whole components fully dispersed. Thus, the addition of DOF extract and/or TiO2 nanoparticles slightly affected the film thickness. Corresponded with Zhang et al. (2019), the au...
	For the mechanical properties, TiO2 nanoparticles added could strengthen the CMC/TS film network through the increasing formation of hydrogen bonds, while phenolic compounds could act in the role of plasticizer (Cheng et al., 2015; Siripatrawan and Ka...
	For the moisture-related properties, CMC/TS+TiO2+DOF film exhibited the highest moisture content since both TiO2 nanoparticles and DOF extracts were full of abundant hydrophilic groups. Furthermore, the porosity of TiO2 nanoparticles in films facilita...
	In the study of the structural properties, two properties including the XRD pattern and SEM image were investigated. According to the XRD patterns, the obtained results corresponded to Zhang et al. (2019), the authors indicated that the formation of a...
	Additionally, the sensitivity of indicator film (CMC/TS+TiO2+DOF film) responding to vapors of ammonia or acetic acid was proved. The result reflected the effective permeability of ammonia vapor into the film leading to the accumulation of an alkaline...
	After the freshness of packaged fish fillets was monitored for 9 days storage time. The quality of fish fillets changed over time during 9 days of storage and related to the color change of the indicator film. The increase in TVB-N during day 0 to day...
	CONCLUSION
	A novel indicator film was successfully developed by incorporating the CMC/TS blend with TiO2 nanoparticles and DOF extract. The properties of the developed film were greatly influenced by TiO2 and DOF extract. DOF extract was proved as a potential so...
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