
Preparation and characterization of 
biodegradable cellulose nanofiber 
films modified with methylene 
blue and vitamin C for detecting 
oxidants
Sina Sadeghi1, Sajad Pirsa2, Narmela Asefi1 & Mehdi Gharekhani1

In this study, cellulose nanofiber film was modified with methylene blue (MB) dye and vitamin C (Cel/
MB/VC). The physicochemical and antibacterial characteristics of the prepared films were investigated. 
The rate of absorption and release of MB from the prepared film was studied. Films containing MB 
and VC were used as a kit to detect hydrogen peroxide. The results showed that MB and VC increased 
the thickness of the film and the elongation of the film. Both MB and VC agents reduced moisture and 
water vapor permeability, which significantly increased the antioxidant and antimicrobial properties 
(against Escherichia coli and Staphylococcus aureus) of the film. SEM images showed that the diameter 
of cellulose fibers is between 20 and 100 nm, which MB and VC completely cover their surface and the 
surface porosity of the film. FTIR spectra confirmed the electrostatic interactions between cellulose, 
MB and VC. According to the XRD results, cellulose has a crystalline structure, which is improved 
further on the vitamin C is added. According to TGA, MB and VC promoted thermal stability of the 
cellulose films. The release of methylene blue from the film was reported to be 15%. In the presence of 
H2O2, the color of the films containing MB and VC changed from white to blue, and that showed good 
performance as a hydrogen peroxide detection sensor (kit). The highest sensitivity of the sensor for 
measuring H2O2 was 0.299 (100 mg/ml) with a detection limit of 1.9 (100 mg/ml).
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 The release of petroleum polymers into the environment causes environmental pollution and creates many 
biological problems for humans and animals1. Due to the fact that these polymers are not easily decomposed, the 
use of these polymers in various industries, including food packaging, faces many problems2. Therefore, in recent 
years, the use of biodegradable polymers in food packaging has become very popular. Biodegradable polymers of 
plant and biological origin can be a good substitute for petroleum polymers. While these polymers have suitable 
chemical properties like these polymers are easily broken down by bacteria, they are easily decomposed when 
released in the environment and do not have environmental pollution problems3–5. Biopolymers with protein, 
polysaccharide and lipid structures or their composites are used to produce biodegradable plastics6. Cellulose and 
its derivatives are of special importance among different biological sources for the preparation of biodegradable 
films. Most of cellulose derivatives are biodegradable and renewable resources7. Cellulose-derived compounds 
are usually considered non-toxic and non-allergenic. Derivatives include cellulose nanofiber, celluloid, cellulose 
acetate, methylcellulose, hydroxypropylmethylcellulose and carboxymethylcellulose, all of which are used in the 
preparation of biodegradable films. Because cellulose is found in nature easily and is relatively cheap, and its 
structure can be modified easily8–11. It is a complex carbohydrate or polysaccharide consisting of hundreds to 
thousands of glucose molecules linked together forming chains. Unlike animals, plants (like cotton), algae (like 
Spirulina platensis) and some bacteria (like Acetobacter xylinus) have the ability to produce this substance12,13.

MB is a crystalline substance and a type of organic chloride salt that is classified as a thiazine dye. Methylene 
blue initially has a powdery texture and is very dark green, but when dissolved in water, its color changes to 
dark blue14. The reason for this color change can be said to be that methylene blue, when dissolved in water, 
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will be affected by oxidizing agents and for this reason, it loses its electrons. On the other hand, the ionic bonds 
of methylene blue are transformed into ionic components when placed in water. This substance works well as 
an indicator; It will detect the amount of oxygen present in various solutions15. MB is a functional dye that acts 
as a redox indicator and has different colors (blue/colorless) in oxidized or reduced states. One of the tests to 
determine the quality of milk, with which the number of bacteria in raw milk is estimated, is the MB regeneration 
test16. The degradation mechanisms of MB mainly involve photochemical and chemical processes. One of the 
key methods is photocatalytic degradation, in which semiconductor nanomaterials under UV or visible light 
irradiation produce reactive species that can degrade MB17.

Vitamin C is an antioxidant (or regenerative agent) that has the ability to prevent damage from free radicals 
and dangerous chemicals. Free radicals play a role in the occurrence of some diseases, including cancer, heart 
disease and arthritis. The use of vitamin C in the structure of biodegradable polymers can make these polymers 
an active antioxidant composite. Therefore, the use of biodegradable polymers containing vitamin C can be used 
in food packaging and increase the shelf life of foods sensitive to oxidation18,19.

Active and smart packaging are among the new packaging methods that have attracted the attention of 
many scientists20,21. Kits (color sensors) sensitive to the concentration of carbon dioxide, labels sensitive to the 
amount of oxygen, time-temperature labels and labels sensitive to changes in the pH of food are among the 
kits that are recently used in the smart packaging of food products22. Packages containing smart kits, due to 
having special identifiers, can detect environmental conditions and changes in food and provide consumers with 
information about the quality and whether the food is healthy or unhealthy by means of these indicators. Smart 
food packaging does not work directly to increase the shelf life of food, but rather provides information about 
food quality to stakeholders in food supply chains23.

In this research, an active and intelligent biodegradable film was designed that, in addition to being able 
to slow down the oxidation of food and increase its shelf life, at the same time, it can intelligently monitor the 
oxidation process in food products and increase its shelf life and estimate its expiration date. For this purpose, 
cellulose nanofiber film modified with MB and VC was used to prepare smart film. Methylene blue has a blue 
color in its natural state, which becomes colorless in the composite with VC (as a reducing agent). Therefore, 
cellulose film modified with MB and VC is a white film. This film has the ability to detect the oxidizing agent. In 
this research, hydrogen peroxide was used as a soft oxidant to investigate the sensing behavior of the prepared 
cellulose film. Using mathematical equations, linear relationships were established between the color changes 
of the sensor and the concentration of hydrogen peroxide, and it was used for qualitative and quantitative 
measurement of hydrogen peroxide. The obtained results showed that the cellulose film modified with MB and 
VC has suitable physicochemical properties to be used as a smart marker in food packaging and can identify and 
measure hydrogen peroxide as a smart marker.

Materials and methods
Chemicals
Cellulose film with Nano fibrous structure (thickness 30 to 100 nm) and porosity 5 to 10 micrometers (molecular 
weight 100,000 to 200,000 Daltons) was obtained from Zardab Tabriz (Iran). Hydrogen peroxide (35%), MB 
(99% purity), VC (99% purity), sodium hydroxide, silica gel, and other chemical compounds used were obtained 
from Merck (Germany) and Aldrich (USA) companies and were used without further purification. All used 
chemicals have a purity of more than 98%.

Preparation of cel/mb/vc film
To prepare standard MB solution, 500 mg of commercial MB powder was dissolved in 1 L of distilled water. 
Dissolution was continued at room temperature while stirring for 10 min. In order to prepare films, first, 
cellulose films were prepared in dimensions of 10 × 10 cm (1 g). In a 100 ml beaker, 50 ml of distilled water was 
added and some MB solution was added to it at three levels (0, 50 and 100 µL - according to the Table 1) and 

Film A: Methylene blue (µL) B: Vitamin C (%)

1 50 5.0

2 50 0.0

3 100 0.0

4 50 2.5

5 0 0.0

6 50 2.5

7 100 5.0

8 0 2.5

9 50 2.5

10 0 5.0

11 100 2.5

12 50 2.5

13 50 2.5

Table 1.  List of films prepared based on the CCD.
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dissolved. Next, the cellulose film was immersed in the prepared solution for 10 min. After 10 min, the blue film 
was removed from the solution and dried in an oven at 50 °C. Then the colored film was immersed in 50 ml of 
5% NaOH solution for 10 min. Then the film was removed from the solution and dried again in the oven at 50 
°C. The dried film was immersed in a solution containing VC at three levels (0, 2.5 and 5% - according to the 
Table 1) for 10 min. At this stage, the color of the film turned white. At the end, the film was removed from the 
solution and dried in an oven at 50 °C (Fig. 1-A). The dried films were stored in black plastic bags at refrigerator 
temperature until the tests were performed.

Fig. 1.  Cellulose films modified with MB and VC (A), the effect of H2O2 on the color changes of Cel/MB/VC 
film (B) and the system for measuring color characteristics (C).
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Physical and chemical characteristics of the prepared films
Thickness
The thickness of each film was measured at 5 different points. The obtained numbers were averaged and reported. 
The thickness of the film was used to determine mechanical resistance and water resistance, etc. In this test, a 
digital micrometer (Insize Digital Outside Micrometer 3108–25 A) was used.

Mechanical characteristics
The mechanical properties of the films include elongation at breaking point (EAB) and tensile strength (TS) are 
important factors for food packaging. To check the mechanical properties, the samples were conditioned for 
24 h in special conditions. Special conditions included relative humidity RH = 55%. The films were cut with a 
special cutter in dimensions of 1 × 8 cm in a dumbbell shape. The films were placed between the two jaws of the 
device, and the initial distance between the two jaws is 50 mm. The upper jaw was moved relative to the lower 
jaw at a speed of 5 mm/min. The mechanical properties were recorded by a computer. A Texture analyzer-brand 
histometer (Zwick/Roell model FR010, Germany) was used to perform this test.

Moisture content
To measure the moisture of the films, first the films was cut into 3 × 3 cm dimensions. Then, the cut films were 
kept in a desiccator for 24 h in specific humidity conditions (55% relative humidity) at a temperature of 25 °C. 
The desiccator contained silica gel. At this stage, the weight of the films was measured and recorded as the initial 
weight. Then, in order to completely remove the moisture from the films, the film sample was heated at 100 °C 
for 2 h and finally its final weight was measured and recorded. The following equation was used to calculate the 
moisture content of the film.

	
Humidity(%) = W i − W f

W i
× 100� (1)

Wi: Initial film weightWf: Final film weight

Water vapor permeability
Permeability relative to water vapor was measured by gravimetric method. For this test, the test film was sealed 
in a glass vial with a height of 4 cm containing silica gel to maintain 0% relative humidity (RH 0%) in the vial. 
The vials had an inner diameter of 6.4 cm and their outer diameter was 8.9 cm. Also, the exposed surface of the 
vials was 26 cm2. The vials were placed in a controlled temperature (38 ± 1 °C) and relative humidity (90 ± 3%). 
The transfer of water vapor was determined from the increase in the weight of the vial. Changes in cell weight 
were recorded as a function of time. The slope of weight changes versus time (after reaching steady state) was 

Fig. 1.  (continued)
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calculated by linear regression. Water vapor transmission rate (WVTR) was defined as the slope (g/d) divided by 
the transfer area (m2). After penetration tests, WVP was calculated as follows24:

	
W V P = W V T R × X

∆ p
[g, µ/m2/d/kPa]� (2)

Where X is the thickness of the paper and Δp is the partial pressure difference of water vapor throughout the film 
and its numerical value is 9.5 kPa.

Antioxidant property
DPPH (2,2-diphenyl-1-picrylhydrazy) radical quenching method was used to measure the antioxidant power 
of the films. For this test, to prepare film extract, 25 mg of each film was dissolved in 4 ml of distilled water for 
2 min. Then, 2.8 ml of film extract solution was mixed with 1 mM methanolic DPPH solution (0.2 ml). The 
obtained solution was stirred with a vortex 2000 rpm for 2 min and kept in a dark place for 1 h. The absorbance 
of the solution was recorded using a spectrophotometer (Model T60 UV, USA) at a wavelength of 517 nm. The 
following equation was used to calculate the antioxidant percentage.

	
Antioxidant activity(%) = Ab − As

Ab
� (3)

Ab: Absorption rate of the control sample (DPPH methanolic solutions: 1 mM)As: Sample absorption rate

Antibacterial activity
Agar diffusion method was used to determine the antibacterial property of the films. For this purpose, the 
films were cut into discs (with a diameter of 15 mm) and then placed on Mueller Hinton agar plates containing 
Staphylococcus aureus ATCC6538 and Escherichia Coli ATCC13706, with a concentration of (107 CFU/mL). 
took The plates were incubated for 24 h at 37 °C. After 24 h, the radius of bacterial non-growth halos around the 
films (in millimeters) was measured with a precision caliper.

Scanning electron microscopy
The technique of scanning electron microscope (SEM) (ZEISS, SIGMA, Germany) was used to investigate 
the polymer structure, surface characteristics, porosity and particle distribution of the prepared films. In this 
method, the surface of the film samples was covered with a thin layer of gold before analysis. The accelerator 
voltage of 20 kV was used for the adjustment device. The prepared samples were placed in a special position of 
the device and photographs were taken of the sample surface at different magnifications.

Fourier transform infrared spectroscopy
Fourier Transform Infrared (FTIR) device (Tensor 27, Bruker, Germany) was used to investigate physical or 
chemical interactions between film components. To perform this test, first the films was dried and completely 
powdered. The obtained powder was mixed with KBr at a ratio of 1 to 20. The powder mixture was turned into a 
thin film with a special pressing machine. FTIR spectra of each sample were recorded separately. The spectrum 
of the samples was recorded with a resolution of 4 cm−1 and number of scans (16) in the range of 400–4000 cm−1.

X-ray diffraction
X-ray diffraction (XRD) technique was used with the help of X-ray diffractometer (Kristalloflex D500, Siemens, 
Germany) to check the crystalline or amorphous structure. In this technique, first, the film samples were placed 
in the special position of the device (sample cell). The primary rays were irradiated to the sample at ambient 
temperature and the reflected rays were collected in the range of angle 2θ = 0–80° at a rate of 2 degrees/min. The 
XRD spectra of the samples were drawn automatically by the machine. Cu Kα radiation source was used at a 
wavelength of 0.154 nm. The specifications of the device include X-ray generator at 40 kV and 40 mA.

Thermogravimetric analysis
To check the thermal stability of the films, the Thermogravimetric analysis (TGA) test was used by a thermal 
analyzer (Linseis – L81A1750, Germany). For this purpose, films were prepared in the form of 10 mg samples. 
The film samples were heated under a nitrogen atmosphere of 50 cm3/min in aluminum cups in the temperature 
range of 30–600 °C. The heating rate was 10 °C/min. The empty aluminum cup was considered as a reference and 
the TGA curve was drawn and recorded by the device.

Absorption and release of MB
To check the absorption of MB, the UV-Vis spectrum of the solutions used to prepare the film was measured 
before and after the absorption of MB by the film, and the amount of absorption was calculated from the decrease 
in the intensity of the absorption peak at the wavelength of 665 nm (Eq. 4). To check the release rate, the films 
containing MB were immersed in 100 ml of distilled water and after 24 h, the absorbance of the solution was 
measured at the wavelength of 665, and the release rate of MB was checked from Eq. 5.

	
Absorption (%) = AMB1 − AMB2

AMB1
× 100� (4)
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Release (%) = AMBi − AMBr

AMBi
× 100� (5)

In this regard, AMB1 is the absorption rate of MB solution before coating on cellulose film and AMB2 is the 
absorption rate of MB solution after coating on cellulose film. Also, AMBi is the absorption of the initial solution 
(standard) of MB, and AMBr is the absorption of the released solution of MB.

Cel/MB/VC film sensing behavior
Color characteristics of the sensor
In this step, the color factors of the used films were analyzed. Considering that the film changed from white to 
blue, factor b was further investigated. In this factor, negative numbers indicate the intensity of the blue color, 
and as the number moves towards more positive numbers, the blue color decreases. To record color features, the 
system designed in previous studies was used (Fig. 1-C)25.

Calibrating the sensor and sensing H2O2
Hydrogen peroxide was used as a soft oxidant to calibrate the sensor and check the response of the sensor to 
oxidizing agents. Based on this, different concentrations of hydrogen peroxide were prepared and placed in 
contact with the sensor, and the response of the sensor was calculated with the Eq. 6. Finally, the calibration 
curve of the sensor was drawn as the response of the sensor to different concentrations of hydrogen peroxide and 
the figures of merit of the sensor were calculated.

	
Response = b1 − b0

b0
× 100� (6)

In this regard, b0 is the value of b factor before contact with hydrogen peroxide and b1 is the value of b factor 
after contact with hydrogen peroxide.

Statistical analysis
The statistical analysis and analysis of the data obtained in this research was done in three parts. In order to 
examine the effect of two factors, the amount of MB and VC on the physicochemical properties of the film 
(thickness, mechanical properties, moisture, solubility, WVP and antioxidant property), the central composite 
design (CCD) was used (Table 1). Design Expert-10 software was used to design experiments and analyze data 
at the 95% probability level and analyze variance and compare averages. In the second part, a factorial design 
was used at the 95% probability level to investigate the effect of two factors, the amount of MB and VC on 
antimicrobial properties, surface morphology, etc. (Table 2). To check the capability of the prepared films in 
identifying oxidizing agents (hydrogen peroxide), films containing MB and VC were used (Table 3).

Results and discussion
In this study, the response surface method was used to investigate the effect of independent variables (MB amount 
and VC amount) on dependent variables (thickness, mechanical properties, moisture and WVP). Table 4 shows 
mathematical models obtained from response surface method. In this table, the regression coefficients and 
adjusted regression coefficients of the obtained mathematical models are also displayed. The probability level of 
95% has been used for modeling and checking the effect coefficients of different variables.

Kit A: Methylene blue (µL) B: Vitamin C (%)

K1 50 2.5

K2 50 5

K3 100 2.5

K4 100 5

Table 3.  List of films used as oxidizing agent identification kit.

 

Film A: Methylene blue (µL) B: Vitamin C (%)

Control (Pure Cellulose) 0 0

Cel/MB 100 0

Cel/VC 0 5

Cel/MB/VC 100 5

Table 2.  List of films prepared for antimicrobial and antioxidant properties.
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Thickness, TS and EAB
The thickness of a biofilm or biomarker affects its mechanical properties. Also, the thickness of a film or 
membrane affects the permeability to water vapor and other gases. Mechanical resistance in films and markers 
used for smart food packaging is of great importance.

Figure 2 shows contour plot and perturbation curves of the effect of MB and VC on the thickness, TS and EAB 
of cellulose films. Examining the thickness curves shows that both factors of MB and VC increase the thickness 
of the film. Considering that cellulosic films have porosity, the placement of MB and VC in these pores as well as 
the coating of these substances on the surface of cellulosic fibers increases the diameter of cellulosic fibers and 
ultimately leads to an increase in the thickness of the entire film. According to the results of TS and EAB, both 
factors, the amount of MB and VC, have reduced the tensile strength and have increased the EAB and flexibility 
of the film. The effect of MB on reducing the tensile strength and increasing the flexibility of the film has been 
greater than the effect of VC. Due to the presence of N and S groups in MB and O groups in the structure of VC, 
the probability of electrostatic interactions and hydrogen bonds between these groups with the OH groups of 
cellulose is high, which makes these interactions of the cohesion of cellulose polymer chains weaker and reduces 
its tensile strength and probably increases flexibility for this reason. Shi et al. (2018) modified cellulose film with 
MB and investigated its structure. The results of their research, from the point of view of the effect of MB on the 
mechanical properties of cellulose film, confirm the results of the current research to some extent26. Also, Atila 
et al. (2022) have reported the effect of VC on the physical resistance and other characteristics of cellulosic fibers, 
and their results show relative agreement with the results of the current research27.

Moisture content and WVP
One of the most important reasons for the spoilage of food products is the presence of moisture inside the 
package. Based on this, in this work, the moisture content and water vapor permeability of the prepared 
composite films were investigated. Figure 3 shows contour plot and perturbation curves of the effect of MB and 
VC on moisture content and WVP of cellulose films. The results of checking the moisture content show that 
both MB and VC agents have significantly reduced the moisture content. By examining the chemical structure 
of cellulose, MB and VC, it can be estimated that N and S groups in MB and O groups in VC have electrostatic 
interactions with the OH groups of cellulose that this phenomenon decreases the hydrogen interactions between 
the OH groups of cellulose and the H2O molecule, which leads to a decrease in the amount of water molecules 
on the cellulose surface and the moisture content decreases.

Also, both factors of MB and VC have reduced the WVP. As discussed earlier, cellulose has a porous structure 
that is susceptible to the passage of various gases and especially water vapor molecules, which with the composite 
of this film with MB and VC, these pores are filled to a large extent and the passage of water molecules is 
blocked and the WVP is reduced. Also, as discussed in the discussion of thickness, MB and VC increase the 
thickness of cellulose and thus increase the length of the passage of water molecules, which causes a decrease in 
permeability to water vapor. Tan et al. (2020) have investigated the water resistance and antioxidant properties 
of chitosan-ascorbate film modified with MB. The results of their research in terms of the effect of MB on the 
characteristics of water vapor permeability and other characteristics of water resistance are in relative agreement 
with the results of the current research28.

Antioxidant and antibacterial property
MB as a phenothiazine dye has the ability to stain biofilm. This dye has antimicrobial effects. MB shows good 
antibacterial properties by absorbing light. The antibacterial effect of MB is caused by DNA damage, but MB is 
non-toxic in the human body29. Also, MB has oxazine or antioxidant properties. The antioxidant ability of MB is 
due to the fact that it loses electrons in the presence of oxidizing agents. VC is effective in the survival, destruction 
and overall metabolism of various bacteria. Although bacteria usually have the ability to ferment VC, this 
vitamin can expose bacteria to oxidative stress and inhibit bacterial growth30. The antioxidant and antimicrobial 
properties (against Staphylococcus aureus and Escherichia coli) of Cel/MB/VC have been investigated. Table 5 
shows the antioxidant and antibacterial properties of cellulose films containing MB and VC. As it is clear from 
the results, the pure cellulose film does not have antibacterial properties, but it has a very small amount of 
antioxidant properties, which is probably related to the physical removal of DPPH radicals by the cellulose 
film. Both MB and VC have increased antioxidant properties, and the film containing both MB and VC has 
the highest antioxidant properties. Of course, it is clear that the effect of VC on antioxidant properties is much 
higher than that of MB. However, VC is a very strong and well-known antioxidant, and the results obtained 
were expected. Pure cellulose film does not show any antibacterial properties, but films containing MB and VC 
show good antibacterial properties against both types of bacteria (Gram positive and Gram negative). Cellulose 
film, which simultaneously contains MB and VC, shows the most antimicrobial properties, which indicates the 

Response Equations R² R²Adj

Thickness (mm) =+112.46 + 9.67*A + 7.83*B 0.79 0.75

TS (MPa) =+17.07–3.17*A-2.17*B + 1.00*A*B-0.74*A2 + 2.26*B2 0.89 0.82

EAB (%) =+12.15 + 2.50*A + 1.17*B-2.50*A*B 0.93 0.91

Moisture (%) =+31.38–8.83*A-5.50*B + 3.75*A*B 0.96 0.95

WVP (g µm/m2/d/kPa) =+302.24–79.67*A-20.00*B + 16.75*A*B-34.34*A2 + 8.66*B2 0.97 0.96

Table 4.  Mathematical models and relationships between independent variables and dependent variables.
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synergy of the antibacterial effect of MB and VC. There are many studies that have reported the antibacterial 
properties of MB and VC, which confirm the results of the present study31,32.

SEM images and FTIR spectra
Figure 4 shows SEM images and FTIR spectra of cellulose films and various composites. According to the SEM 
images, the pure cellulose film has a fibrous structure with dimensions of 20 to 100 nm, which has significant 
porosity on the surface of the film. By adding MB on the film, the porosity of the film surface has been filled to a 
large extent and a uniform surface has been created. VC fills most of the surface of the fibers and in the cellulose 
film containing VC, the surface porosity of the cellulose film is still observed. In the cellulose film containing 
MB and VC, the surface of the polymer is largely saturated with the additive and the penetration paths of various 
gases from the surface of the polymer are largely filled. Acharya et al. (2017) have investigated the structure of 
cellulosic film and modified cellulosic films by SEM technique, and their results are in good agreement with the 
results of the present research33.

Fig. 2.  Contour plot and perturbation curves of the effect of MB and VC on thickness, TS and EAB of cellulose 
films.
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Examination of FTIR spectra confirms the electrostatic interactions between cellulose fibers, MB and VC. 
In the FTIR spectrum of pure cellulose film, the functional groups of this polymer have been confirmed by 
different peaks. In this spectrum, peak at 3330 cm−1 indicates the stretching vibrations of O-H groups. Peak 2894 
represents C-H vibrations in R-CH2-CH3 structures. The 1415 peak confirms intra-ring C-C vibrations and the 
1152 peak shows C-O stretching vibrations of the C-H bond. Peaks of 1023 and 875 are respectively related to 
C-O and C-H vibrations connected to different functional groups. By comparing the spectrum of pure cellulose 
film with its different composites, no significant difference is observed between the spectra because most of the 
hydrocarbon structure and elements in different composites are similar. But it can be seen that the peaks related 
to the same functional groups in different composites have appeared in different wave numbers (shifted to higher 
or lower wave numbers), which indicates the electrostatic interactions between the composite components. Also, 
in the spectrum of Cel/MB, a new peak has appeared (compared to the pure cellulose film spectrum) at wave 
number of 1640, which is related to C-N stretching vibrations, which was expected due to the structure of MB. 
Also, in the spectrum of Cel/VC, two new peaks (compared to the pure cellulose film spectrum) have appeared 
at wave numbers of 1665 and 1751, which are related to C = C stretching vibrations specific to VC. Hishikawa et 
al. (2017) investigated the FTIR spectrum of cellulose film34, Ovchinnikov et al. (2016) investigated the chemical 
structure of MB using FTIR spectrum35 and Voss et al. (2018) investigated the FTIR spectrum of polysaccharide 
film containing VC36. The mentioned studies confirm the results of FTIR spectra of the present study.

XRD patterns and TGA curves
Crystalline structure and thermal resistance are characteristics of films that can affect other characteristics of 
films such as chemical and thermal stability. The type of interaction of additives with cellulose is largely related 
to the crystalline structure and porosity of cellulose. Figure 5 shows the XRD spectrum and the TGA curve of 
cellulose films and its various composites.

In the XRD pattern, the pure cellulose film exhibits a semi-crystalline cellulose structure with distinct peaks 
at 2θ values of 15°, 17°, and 22°, which clearly indicate the crystalline nature of the film and align well with results 
from previous research.

Furthermore, upon examining the cellulose film modified with methylene blue (MB) and vitamin C (VC), it 
was found that MB does not significantly impact the crystalline structure of cellulose. In contrast, VC enhances 
the crystalline properties of the cellulose film. The cellulose film containing VC displays additional peaks at 2θ 
values of 25°, 27°, 30°, and 33°, all of which correspond to the crystal structure of VC.

The influence of VC on the crystallinity of cellulose may arise from new chemical or electrostatic interactions 
that affect crystallinity development. The new peaks observed in the VC-containing films confirm the presence 
of VC in the composite structure. Previous studies, including those by Palma-Rodríguez et al. (2018), Kumar 
et al. (2018), and Ahmed et al. (2018), validate the presence of these peaks, providing sufficient data to support 
our discussion37–39.

The XRD patterns of the present study can be compared to the findings from French AD, Santiago Cintrón 
(2013)40 and French AD (2014)41 as follows: Crystalline Peaks: In this study, the spectra show peaks at 2θ values 

Fig. 2.  (continued)
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of 15°, 17°, and 22° for pure cellulose, consistent with the crystalline regions described in French AD (2014), 
indicating a semi-crystalline structure. Additive Effects: The new peaks at 2θ values of 25°, 27°, 30°, and 33° in the 
cellulose-VC films may suggest the formation of new crystalline structures rather than an increase in crystallinity, 
which is consistent with observations in the literature regarding how additives can influence crystallite size and 
structure. New Peaks Interpretation: These new peaks could indicate changes in the crystalline characteristics 
of the cellulose due to the presence of vitamin C, aligning with the discussions in French et al. (2014) about 
interactions that affect crystalline structures in composites.

Fig. 3.  Contour plot and perturbation curves of the effect of MB and VC on moisture content and WVP of 
cellulose films.
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Fig. 4.  SEM images (A) and FTIR spectra (B) of cellulose films and various composites.

 

Film
Antibacterial activity:
Inhibition zone diameter (mm) Antioxidant activity (%)

Escherichia coli (G-) Staphylococcus aureus (G+)

Cel 0* 0 4 ± 1a

Cel/MB 6.1 ± 0.4b 10.2 ± 0.3b 42 ± 2c

Cel/VC 10.2 ± 0.2c 12.1 ± 0.4c 64 ± 3b

Cel/MB/VC 12.8 ± 0.3c 14.1 ± 0.5c 82 ± 2d

Table 5.  Antioxidant and antibacterial properties of cellulose film and its composites. *Different letters in each 
column indicate the significance of the difference in means.
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Examining the TGA curves showed that the cellulose film undergoes weight decomposition in two stages. 
The first stage occurs at a temperature between 70 and 130 °C, which is related to the evaporation of possible 
water molecules in the film structure. Weight loss at this stage is about 5%. The second stage of decomposition, 
which is related to the complete destruction of the polymer, takes place at a temperature between 280 and 400 
°C. At this stage, 90 to 95% of the polymer is destroyed and destroyed.

By examining the TGA curves of composite films, it was found that by adding MB and VC to the film, 
the temperature of thermal decomposition increases, and in other words, the thermal resistance of the film is 

Fig. 4.  (continued)
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improved. MB can improve the thermal resistance of films by preventing chemical degradation and oxidation 
at high temperatures. VC can prevent oxidation in the raw materials and therefore increase their thermal 
stability. The cellulose film containing both MB and VC has the highest decomposition temperature and the 
highest thermal resistance, which indicates the synergistic effect of these two substances. It can be said that the 
electrostatic interactions between the composite components, which were also mentioned in the analysis of the 
FTIR spectra, have led to the improvement of the thermal resistance of the cellulose film. Nurazzi et al. (2022) 

Fig. 5.  XRD patterns (A) and TGA curves (B) of cellulose films and its various composites.
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have investigated the thermal resistance and crystal structure of cellulose films and its composites, and their 
results are in good agreement with the results of the present research42.

Absorption rate and release of MB
Figure 6 shows the one-factor curve of MB absorption rate on cellulose film and the three-dimensional curve 
of the effect of the initial amount of MB and VC concentration on the rate of release of MB from cellulose films 
containing this substance. As it is known, the higher the amount of MB used to prepare the composite film, the 
higher the amount of absorption on the film, which seems to be a natural result, because the higher the amount 
of MB, the higher the amount of particles available to the cellulosic fibers. Also, the more MB absorbed on the 
cellulose film, the higher its release rate will be. An important result that can be seen is that in the composite films 
where VC is present along with MB in the film, the amount of MB release has decreased a lot. This result is due 
to the oxidation-reduction interaction of MB and VC, as well as VC, which is added during the production stage 
after the stabilization of MB on cellulose, acts like a coating and prevents its release. The point that should be 
noted is that the maximum release of MB from films containing MB and VC was around 15%, which according 
to some sources reported that MB was not recommended for oral consumption, it seems that this amount of 
release is problematic, but it should be noted that the Cel/MB/VC film is designed for the intelligent packaging 
of oily products to delay the oxidation of oils and also show its expiration time, but In this research, the rate of 
release in water is reported, and it is likely that the rate of release of MB in oils will be much lower. In a similar 
research, Khakpour et al. (2023) have used starch film containing lycopene pigment as a nitrite detection kit, and 
the results of their research in terms of the application and performance of the sensor in identifying oxidants in 
food products show relative agreement with the results of the current research43.

Application of film as H2O2 sensor (kit)
4 films according to Table 3 were used to check the performance of films to identify oxidizing agents (H2O2). To 
use the films as a kit, these films were cut in dimensions of 1 × 4 cm. In these films, due to the fact that VC is a 
reducing substance and due to the fact that MB is colorless in its reduced form, the color of these films is white 
(the main color of cellulose as the base of the kit). Adding oxidizing agents such as hydrogen peroxide to the 
surface of the kit changes the color of the kit from white to blue. The amount and intensity of color changes of the 
sensor depend on the concentration of the oxidizing agent. Therefore, a mathematical relationship is established 
between the concentration of the oxidizing agent and the color changes, through which the prepared kits can 
be calibrated with respect to the oxidizing agents, and the prepared calibration curve can be used to obtain the 
amount and concentration of the oxidizing agent. In this study, hydrogen peroxide was used as a soft oxidizer 
to investigate the behavior of the prepared sensors. Figure 1-B shows the color changes of the sensor in different 
concentrations of hydrogen peroxide. Table 6 shows the figure of merits of the 4 prepared kits compared to 
hydrogen peroxide.

Fig. 6.  One-factor curve of the effect of MB on the MB absorption rate and three-dimensional curve of the 
effect of the initial amount of MB and VC on the rate of MB release.
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As it is clear from the results of this table, the cellulose film containing the highest amount of MB and the 
highest amount of VC shows the highest sensitivity to hydrogen peroxide oxidant. It is known that by increasing 
the amount of MB on the surface of the film, the amount of this active substance that is available to the oxidant 
also increases, and causes even small amounts of the oxidant to cause significant color changes on the surface of 
the film, which causes The detection limit of the sensor to measure the oxidant should also be reduced. It should 
be mentioned that in the examination of sensors, the lower the detection limit of the sensor is, it indicates the 
high detection power of the sensor and the high sensitivity of the sensor. Jiang et al. (2013) have used silica/
cellulose composite modified with catalytic enzymes as a sensor to measure hydrogen peroxide. Considering the 
use of enzyme and catalytic structure in the mentioned study, it should be noted that the present research has 
presented a simpler, cheaper and more accessible system compared to the research of Jiang et al. Also, Jiang et 
al.‘s results show a good match with the results of the current research in terms of the application of the sensor 
and the functional system of the sensor44.

Conclusion
In this study, a novel active and intelligent biodegradable film was developed. The film was created by modifying 
cellulose nanofibers with MBVC. Hydrogen peroxide was employed as a mild oxidizing agent to assess the sensing 
capabilities of the modified cellulose film. Analysis of the film’s thickness indicated that the incorporation of MB 
and VC resulted in an increase in thickness. Furthermore, the presence of these agents led to a reduction in TS 
while enhancing the EAB. Notably, MB and VC significantly lowered the moisture content of the film, as well 
as the WVP. While the pure cellulose film exhibited minimal antioxidant properties and lacked antibacterial 
activity, the addition of MB and VC markedly enhanced its antioxidant capabilities. The films containing MB 
and VC demonstrated substantial activity against both Gram-positive and Gram-negative bacteria. The pure 
cellulose film maintained a fibrous structure with dimensions ranging from 20 to 100 nm. MB largely filled the 
porosity of the film’s surface. FTIR spectroscopy confirmed the presence of electrostatic interactions among 
the cellulose fibers, MB, and VC. While MB did not significantly alter the crystalline structure of cellulose, 
VC enhanced its crystalline characteristics. The electrostatic interactions among the composite components 
contributed to improved thermal stability of the cellulose film. The maximum release rate of MB from the films 
was approximately 15%. Notably, the cellulose film with the highest concentrations of both MB and VC exhibited 
the greatest sensitivity to hydrogen peroxide.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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