
Preparation of biodegradable CNTs-ZnO/cellulose
membrane with photothermal antibacterial activity
for food packaging application
Ran Li 

Jiangsu University
Yuanpan Zhang 

Jiangsu University
Hanlin Zhang 

Qingdao Dagang Customs District
Xuejie Yue 

Jiangsu University
Dongya Yang 

Jiangsu University
Tao Zhang 

Jiangsu University
Fengxian Qiu 

Jiangsu University

Research Article

Keywords: Photothermal conversion, Biodegradable membrane, Strawberry preservation, Antibacterial
packaging, Food safety, Renewable cellulose

Posted Date: October 20th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9919444/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-9919444/v1
https://doi.org/10.21203/rs.3.rs-9919444/v1
https://doi.org/10.21203/rs.3.rs-9919444/v1
https://creativecommons.org/licenses/by/4.0/


 

 

Preparation of biodegradable CNTs-ZnO/cellulose membrane with 

photothermal antibacterial activity for food packaging application 

Ran Li a, Yuanpan Zhang a, Hanlin Zhang b, Xuejie Yue a, Dongya Yang a*, Tao Zhang a, 

Fengxian Qiu a*  

a School of Chemistry and Chemical Engineering, Jiangsu University, Zhenjiang 212013, 

Jiangsu Province, China. 

b Qingdao Dagang Customs District PR China, Qingdao 266011, Shandong Province, 

China. 

 

*Corresponding authors:  

Tel./fax: +8615896387159. 

E-mail: yangdyxxb@ujs.edu.cn (D. Yang);  

fxqiu@ujs.edu.cn (F. Qiu) 

mailto:fxqiu@ujs.edu.cn


 

 

Abstract: 

Biomass-derived cellulose membranes with antibacterial activity are ideal candidates 

for food packaging applications due to their biodegradable, environmental suitability and 

eco-friendliness. However, antibacterial packaging materials are plagued by several 

drawbacks, including elevated production costs, potential migration risks associated with 

certain antibacterial agents, and latent adverse effects on human health. Herein, this work 

proposes a facile and mild method to fabricate a biodegradable CNTs-ZnO/cellulose 

membrane with photothermal antibacterial activity for food packaging applications. 

Specifically, the CNTs-ZnO nanoparticles were prepared through the uniform dispersion 

of acid-treated carbon nanotubes and zinc oxide particles under ultrasonic treatment. Then, 

the CNTs-ZnO/cellulose membrane was fabricated by in-situ deposition of CNTs-ZnO 

nanoparticles onto the cellulose surface. It is indicated that the resulting CNTs-ZnO 

nanoparticles are uniformly distributed within the cellulose membrane, endowing the 

membrane with photothermal properties and antibacterial activities. Under simulated solar 

irradiation at 1.8 W/cm2, the surface temperature of the CNTs-ZnO/cellulose membrane 

rapidly increases from 22.0 °C to 67.2 °C within 2 min. The antibacterial analysis showed 

that the inhibition rate of the composite membrane against Staphylococcus aureus (S. 

aureus) and Escherichia coli (E. coli) could reach >65.66% and >97.85%, effectively 

reducing the risk of bacterial contamination in food. More importantly, the preservation 

validation experiments show that the CNTs-ZnO/cellulose membrane extends the shelf life 

of strawberries by 5 days, with a fruit weight loss rate of only 7%. In addition, the obtained 

CNTs-ZnO/cellulose membrane shows excellent biodegradability and gas permeability, 

making it suitable for various food packaging applications. 
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1. Introduction 1 

Food packaging materials are essential for protecting food, extending its shelf life, 2 

reducing waste, and ensuring convenient transportation and storage. Based on specific 3 

application requirements, food packaging materials can be classified into plastic, paper, 4 

metal, glass, and composite materials, among others (Bai et al. 2025; Khan et al. 2021). 5 

Among these, plastic packaging is widely used in daily life and the food industry due to its 6 

lightness and stability, good chemical resistance, and ease of processing and molding 7 

(Ouyang et al. 2024; Shlush and Davidovich-Pinhas 2022). However, the applications of 8 

plastic packaging suffer from distinct drawbacks, such as environmental pollution, poor 9 

heat resistance and difficulty in recycling (Teklemedhin et al. 2026). In the past decades, 10 

biomass composite materials have garnered widespread attention in the field of food 11 

packaging due to their environmental friendliness, safety, and biodegradability (Perera et 12 

al. 2023; Li et al. 2024). These biomass packaging materials not only enable the utilization 13 

of renewable resources but also exhibit excellent gas barrier properties, which can 14 

effectively extend the shelf life of food products, thus emerging as an ideal option for 15 

sustainable packaging solutions (Li et al. 2026). Food spoilage triggered by bacterial 16 

contamination not only degrades food quality but also poses severe food safety risks. 17 

Although conventional biomass packaging materials can reduce direct contact between 18 

external microorganisms and food to some extent, they cannot fundamentally suppress the 19 

growth and proliferation of bacteria inside the packaging (Antony et al. 2023). Therefore, 20 

to reduce food waste and minimize economic losses, it is essential to develop green 21 

antibacterial packaging materials that can inhibit or eliminate bacteria inside the packaging. 22 

Antibacterial packaging materials, which effectively inhibit or eliminate the 23 



 

 

proliferation of microorganisms, have gained widespread attention for their role in 24 

extending the shelf life of food products, reducing food waste, and enhancing the overall 25 

quality of packaging systems (Kumar et al. 2025; Yana et al. 2024). To actively inhibit or 26 

eliminate pathogenic and spoilage microorganisms, one of the most effective strategies for 27 

developing antibacterial packaging materials is the incorporation of organic, natural 28 

products (Wang et al. 2025) and inorganic antimicrobial agents (Yao et al. 2024) through 29 

techniques such as electrospinning, mild Schiff base reaction, physical blending, surface 30 

grafting, and coating (Panda et al. 2026). In this regard, a related study employed nisin-31 

loaded electrospun nanofibers as active food packaging, which could effectively inhibit 32 

S.aureus and Listeria monocytogenes for up to 1.5 years after fabrication (Vencato et al. 33 

2025). Similarly, Wang et al. prepared Lysine grafted N-halamine Schiff base type hemp 34 

cellulose-based antibacterial material, which shows exceptional antibacterial activity, and 35 

the inhibition zone is increased to 18.4 mm (Wang et al. 2022). Although both experiments 36 

exhibit excellent antibacterial activity, naturally derived antibacterial materials exhibit poor 37 

thermal stability, are easily deactivation, and have short-lived antibacterial activity, and 38 

synthetic organic antibacterial materials have potential biotoxicity and are strictly regulated 39 

in food contact applications (Wu et al. 2018; Jieying et al. 2024). Currently, extensive 40 

research efforts have focused on inorganic antibacterial agents for packaging applications 41 

due to their high durability, stability, resistance to environmental factors, and ease of 42 

processing, including metal nanoparticles, metal oxides, and metal-organic frameworks 43 

(Zanchettin et al. 2023). Among these, metal oxides are widely used in food packaging 44 

because their small nanoscale size allows them to easily enter bacterial cells and achieve 45 

bactericidal effects (Zhang et al. 2024a). Typically, Saral et al. (K et al. 2019) developed a 46 



 

 

mahua oil-based polyurethane/chitosan film loaded with 5% nano-ZnO, extending carrot 47 

shelf life to 9 days. However, inorganic antibacterial materials suffer from limited broad-48 

spectrum antibacterial activity, high environmental risks caused by nanomaterials or metal 49 

ions, and the potential to induce microbial resistance with long-term use. Therefore, the 50 

advancement of packaging materials with high antibacterial activity and minimal 51 

environmental impact is of great significance for innovation and application in food 52 

packaging. 53 

Photothermal antibacterial technology, which absorbs light energy and converts it into 54 

heat to kill bacteria, has been widely applied in water treatment (Liu et al. 2025), air 55 

purification (Kong et al. 2025), food packaging (Sha et al. 2025), and medical devices , 56 

among other fields. By utilizing the heat generated through the absorption of sunlight and 57 

the triggering of electron transitions or plasmon resonances, a large number of 58 

photothermal conversion materials, including carbon-based materials, metal nanomaterials, 59 

and semiconductor materials, have been applied in the antibacterial field (Yang et al. 2025; 60 

Luo et al. 2025). For instance, Wang et al. (Wang et al. 2021) developed highly efficient 61 

near-infrared photothermal antibacterial membrane with incorporated biogenic CuSe 62 

nanoparticles, which allows for ＞ 95% suppression in bacterial growth under NIR 63 

irradiation for 30 min. However, relying solely on the photothermal materials for 64 

antibacterial purposes is insufficient, as photothermal layer achieves efficient sterilization 65 

only under illumination with a certain light intensity. In recent years, many efforts have 66 

been carried out on the design and preparation of photothermal composites with the 67 

purpose of obtaining higher antibacterial activity. In this regard, Qi et al. (Qi et al. 2022) 68 

reported that ZnO was coated with near-infrared (NIR)-photoresponsive polydopamine 69 



 

 

(PDA), and then coupled with the antimicrobial peptide (AMP), which exhibit excellent 70 

antibacterial efficiency of 99.70% and 100.00% against Gram-negative bacteria and Gram-71 

positive bacteria, respectively. Similarly, Xu et al. (Xu et al. 2024) proposed a novel 72 

hydrogel wound dressing that was fabricated by embedding Au nanoparticles-decorated 73 

halloysite nanotubes (Au@HNTs) into the lignin-based hydrogel matrix containing 74 

polyvinyl alcohol and chitosan, which significantly enhanced inhibition rates of 75 

Escherichia coli (99.00%) and Staphylococcus aureus (98.88%). Nevertheless, the 76 

photothermal antibacterial process requires an external light source to trigger the 77 

photothermal effect of materials. In the absence of illumination, these photothermal 78 

materials are unable to exert their antibacterial functions. 79 

Herein, in this work, the CNTs-ZnO/cellulose composite membrane with excellent 80 

photothermal antibacterial activity was prepared by in-situ deposition of CNTs-ZnO 81 

nanoparticles on the surface of cellulose membranes for food packaging applications. The 82 

composite membrane exhibits excellent photothermal performance; under irradiation with 83 

a light intensity of 1.8 W/cm² for 2 minutes, the local temperature on the membrane surface 84 

rises rapidly from 22.0 °C to 67.2 °C. More importantly, the remarkable antibacterial 85 

activity of the composite packaging was demonstrated by the increased diameters of the 86 

inhibition zones against S. aureus and E. coli. Compared with PE, the composite packaging 87 

treatment effectively inhibited mold reproduction on the 9th day of strawberry preservation 88 

and controlled the fruit weight loss rate at a low level of 7% under light conditions. This 89 

work not only develops a biomass-based CNTs-ZnO/cellulose composite membrane with 90 

outstanding photothermal antibacterial and strawberry preservation performance, but also 91 

provides a promising strategy for designing green, efficient and practical active food 92 



 

 

packaging materials. 93 

2. Experimental section 94 

2.1 Chemicals and materials 95 

The rice straw used for cellulose extraction was obtained from a farm near Jiangsu 96 

University (Zhenjiang, China). Sodium hydroxide (NaOH), acetic acid (CH3COOH), 97 

sodium chlorite (NaClO2), zinc oxide (ZnO) nanoparticles (with diameters of 90-100nm) 98 

were from Shanghai Macklin Biochemical Technology Co., Ltd. Calcium chloride (CaCl2), 99 

agar, peptone, and yeast extract were purchased from Sinopharm Chemical Reagent Co., 100 

Ltd. (Shanghai, China). Gram-negative bacteria Escherichia coli (E. coli, ATCC 25922) 101 

and Gram-positive bacteria Staphylococcus aureus (S. aureus, CMCC(B)26003) were 102 

provided by Shanghai Luwei Technology Co., Ltd. (Shanghai, China). Deionized (DI) 103 

water was obtained from the laboratory water-purifying system (Zhenjiang, China), 104 

employed throughout the experiment. All chemical reagents were of analytical grade and 105 

used according to standards without further purification. 106 

2.2 Preparation of carbon nanotube-ZnO nanoparticles  107 

The carbon nanotube-ZnO nanoparticles with prominent photothermal performance 108 

were prepared by means of a wetting dispersion method. In a typical procedure, 2 g of 109 

CNTs was added to 500 mL of nitric acid and then subjected to a 4 h hydrothermal 110 

treatment at 60 ℃ to improve the dispersibility and surface reactivity. Subsequently, the 111 

mixture was rinsed with distilled water until neutral using a vacuum suction device, and 112 

dried in an 80 ℃ oven for 1 h (Ran et al. 2024). After that, the acid-treated multi-walled 113 

carbon nanotubes (MWCNTs) were added to distilled water, followed by sonication in an 114 

ultrasonic bath for 30 min (Schematic illustration of the surface modification process of 115 



 

 

CNTs is displayed in Fig. 1a). Then, zinc oxide nanoparticles were added to the above 116 

mixture, and the mixture was subjected to another sonication treatment for 2 h to ensure 117 

sufficient dispersion of the ZnO nanoparticles and prevent their aggregation. Finally, the 118 

mixture was filtered and dried in an oven at 80 °C for 5 h to obtain the CNTs-ZnO 119 

composite nanoparticles. 120 

2.3 Preparation of CNTs-ZnO/cellulose membrane 121 

The biomass cellulose was extracted from rice straw according to the previously 122 

reported method with some modifications (Zhang et al. 2026). The detailed information of 123 

cellulose extraction is described in the Supporting Information.  124 

The CNTs-ZnO/cellulose membrane with excellent photothermal antibacterial 125 

performance was prepared by physical crosslinking of cellulose and CNTs-ZnO 126 

nanoparticles. Typically, the nanofiller was prepared by dispersing 0.2 g of CNTs-ZnO 127 

composite nanoparticles in deionized water under ultrasonic treatment, and the upper layer 128 

of the well-dispersed CNT-ZnO suspension was obtained by centrifugation at 5000 rpm. 129 

Subsequently, the CNTs-ZnO/cellulose membrane was obtained by vacuum filtration of a 130 

mixed solution of CNTs-ZnO suspension and cellulose. The preparation process of CNT-131 

ZnO/cellulose membrane is represented in Fig. 1b. 132 



 

 

 

Fig. 1 (a) Schematic illustration of the fabrication process of CNTs-ZnO nanoparticles and 133 

(b) CNTs-ZnO/cellulose membrane. 134 

2.4 Characterizations  135 

The microscopic morphologies and elemental analysis of CNTs-ZnO/cellulose 136 

membrane were analyzed by field emission scanning electron microscopy (SEM, S-4800, 137 

Hitachi, Japan) integrated with an energy-dispersive X-ray spectroscope (EDS). The X-ray 138 

diffraction (XRD, 6100Lab, Shimadzu Corporation, Japan) pattern was used to identify the 139 

structure of samples with a scanning rate of 4 degrees/min in the 2 Theta range from 10° 140 

to 80° via Cu Kα radiation at 40 kV. The IR reflectance and transmittance of the samples 141 

were measured by using ultraviolet-visible spectroscopy in the range of 200-800 nm (UV-142 

3600, Shimadzu, Japan) and FT-IR spectrometer (Nicolet IS50, Thermo Fisher Scientific, 143 

USA) in the range of 4000-400 cm-1. To evaluate the biodegradability of the composite 144 



 

 

membrane, a three-month soil burial test was carried out, and a PE membrane was also 145 

buried under the same conditions for comparison.  146 

2.5 Water vapor permeability 147 

The degradation rate of the composite membrane (W0) in natural soil conditions was 148 

analyzed with a soil moisture content of about 5 % (Zhang et al. 2024b). At fixed time 149 

intervals (0, 1, 5, 10, 15, 20 days), the composite membrane was washed, dried and 150 

measured as Wt. The degradation rate in soil natural conditions was calculated by Eq. (1): 151 

Degradation = W0 − WtW0 × 100% (1) 152 

According to the reported quasi-cup method, the water vapor transmittance of the 153 

composite was measured with some modifications (Zhao et al. 2025). In the experiment, 154 

40 g of calcium chloride was dried in an oven at 120 ℃ for 48 h to remove its moisture 155 

and then transferred to a weighing bottle. The CNTs-ZnO/cellulose membrane and PE 156 

membrane were covered on the mouth of the weighing bottle and sealed with an elastic 157 

material. All bottles were placed in a desiccator containing saturated sodium chloride (9 ℃, 158 

RH 82%) and weighed every 6 h for a period of 2 days. Each sample was tested three times 159 

in parallel, and the average value was taken as the experimental result. The calculation 160 

formula for water vapor transmittance is as Eq. (2): 161 WVP = ∆m × d A × ∆t × ∆P⁄ (2) 162 

where Δm (g) was the change of bottle weigh, d (m) was the thickness of the 163 

membrane, Δt (s) was the change of time, A (m2) was the total area of the membrane 164 

covering the weighing bottle mouth, the ΔP (Pa) is the difference of partial vapor pressure 165 

between the interior of the bottle and the saturated sodium chloride solution at 9 ℃. 166 



 

 

2.6 Photothermal properties 167 

The photothermal conversion performance of the CNTs-ZnO/cellulose membrane was 168 

assessed under simulated solar irradiation from a voltage-tunable CEL-S500/350 xenon 169 

light source (China), and real-time temperature of CNTs-ZnO/cellulose membrane was 170 

monitored and measured with an NIR thermal imager. Membranes were irradiated using a 171 

xenon lamp light source at different power densities (0.5, 1, 1.5 and 1.8 W/cm2), and the 172 

temperature profiles were recorded during the two-minute irradiation period. The solar 173 

light irradiator was subjected to “on-off” cycles. Under 1.8W/cm2 irradiation, the heating-174 

cooling curves of the composite membrane were measured during five laser on-off cycles 175 

with natural cooling, so as to evaluate their photothermal stability (Zhu et al. 2025). 176 

2.7 Antibacterial capacity 177 

Antimicrobial properties of the CNTs-ZnO/cellulose membrane were studied by the 178 

zone of inhibition method. In a standard procedure, 5 g of peptone, 2.5 g of yeast extract, 179 

and 5 g of sodium chloride were added to a conical flask filled with 500 mL of deionized 180 

water to obtain the Luria-Bertani (LB) broth. Then, the LB broth was evenly distributed in 181 

ten conical flasks with a volume of 250 mL and the conical flasks were sealed with sealing 182 

membranes. Subsequently, 5 g of agar was added to LB broth and ultrasonicated for 3 h to 183 

prepare solid LB media. In order to reduce bacterial interference, LB broth, LB solid 184 

medium, pipette tips, and experimental items were placed in an autoclave and sterilized at 185 

121 °C for 30 min. After 30 min of ultraviolet irradiation on a sterile operating table, the 186 

LB solid medium was transferred to Petri dishes, and the LB solid medium was cooled and 187 

sealed with a sealing strip. After that, 20–30 μL of Staphylococcus aureus (S. aureus) and 188 

Escherichia coli (E. coli) were placed in sterilized LB solid mediums and cultured to 189 



 

 

logarithmic growth phase at 121 rpm at 37 °C. Then, the LB medium containing bacteria 190 

was washed with PBS by centrifugation for 10 min (5000 rpm/min), and the bacterial 191 

suspension was diluted to 1.5 × 108 CFU/ mL for later use. Subsequently, ZnO membrane, 192 

CNT membrane and CNTs-ZnO/cellulose membrane were cut into 6 mm diameter discs 193 

and placed into LB solid medium with 10 μL of S. aureus and E. coli (1 × 108 CFU mL−1), 194 

respectively. Finally, the LB solid mediums were sealed and transferred to a 37 °C 195 

incubator for 24 h. Antibacterial properties of ZnO membrane, CNT membrane and CNTs-196 

ZnO/cellulose membrane were determined by the presence or absence of a zone of 197 

inhibition around the respective samples. Meanwhile, to verify the practical antibacterial 198 

efficacy of the as-prepared membrane, its inhibitory activity against naturally occurring 199 

airborne bacteria was assessed under both dark and light irradiation conditions. 200 

2.8 Application of the strawberry preservation 201 

To examine fresh-keeping application of CNTs-ZnO/cellulose membrane under the 202 

light irradiation, strawberries were selected as experimental materials, and three control 203 

groups were set up. The specific experimental grouping data are presented in Table S1. 204 

Before the testing commenced, strawberries were chosen at the same stage of ripeness 205 

to guarantee the accuracy of the experiment. All samples were placed on a clean bench 206 

under 9 ℃ and 70-90% humidity for 9 days, during which the appearance and quality of 207 

the strawberries were recorded. The initial mass of the strawberry is recorded as W0 and 208 

the mass is re-recorded after a certain period of storage (W1). The calculation formula for 209 

weight loss rate is as Eq. (3): 210 Weight loss rate (%) = (W0 − W1) W0⁄ × 100% (3) 211 



 

 

3. Results and discussion 212 

3.1 Morphology and structural characterization 213 

The surface morphologies and structures of CNTs-ZnO/cellulose membrane were 214 

observed using SEM images, as shown in Fig. 2a. The pure cellulose membrane presents 215 

a continuous network structure with intricate cross-linking, and fiber overlapping forms a 216 

homogeneous defect-free skeleton with uniformly interconnected pores, featuring 217 

excellent mass transfer performance (Fig. S1). Meanwhile, the rough surface morphology 218 

of cellulose and its flexibly modifiable surface chemical properties lay an important 219 

foundation for its application in food packaging materials. As shown in Fig. S2, the CNT 220 

structure was loaded on the cellulose surface, and formed a tight interfacial bonding and a 221 

continuous composite network with the cellulose matrix through hydrogen bonding 222 

interactions. In addition, uniformly monodispersed carbon nanotubes in the composite 223 

membrane expose active sites for broad-spectrum light absorption through their conjugated 224 

structure, providing the membrane material with core photothermal conversion units. As 225 

illustrated in Fig. 2a, the surface morphologies of CNTs-ZnO/cellulose membrane were 226 

similar to those of the CNTs/cellulose membrane. This was attributed to the fact that ZnO 227 

NPs modified carbon nanotubes did not change their intrinsic structure. Fig. 2b shows the 228 

SEM-EDS mapping of CNTs-ZnO/cellulose membrane, showing the uniform distribution 229 

of C, O, and Zn elements with atomic percent of 76.88%, 17.32% and 5.81%, respectively. 230 

Fig. 2c and 2d shows the uniform distribution of carbon and zinc on the cellulose surface. 231 

The results demonstrated that the CNTs-ZnO nanoparticles were successfully coated on the 232 

cellulose surface via an in-situ load method. 233 

FTIR spectra analysis of membranes was performed to assess the interaction between 234 



 

 

CNTs-ZnO NPs and the biopolymer matrix (Fig. 2e). The peak at 1095 cm-1 is a 235 

characteristic peak for the C-O group, which indicates the tight cross-linkage of cellulose. 236 

After the incorporation of CNTs and CNTs-ZnO NPs, there were no obvious differences in 237 

the characteristic peaks compared with the pure cellulose membrane, indicating that CNTs 238 

and CNTs-ZnO NPs were not linked by chemical bonds. The absorption bands between 239 

3100-3600 cm-1 gradually tended to flatten upon addition of CNTs or CNTs-ZnO NPs, 240 

while there was an obvious redshift of O-H (3300 cm-1) in the CNTs/cellulose membrane 241 

or CNTs-ZnO/cellulose membrane. The redshift indicated the formation of hydrogen bonds 242 

between CNTs or CNTs-ZnO NPs and the cellulose matrix. Compared with the 243 

CNTs/cellulose membrane, a new absorption band at 400-510 cm-1 appeared in the 244 

spectrum of the CNTs-ZnO/cellulose membrane. This can be explained by the successful 245 

modification of acidified carbon nanotubes with ZnO NPs. 246 

In order to investigate the crystalline phase transformation during materials 247 

preparation, the crystal structures of as-synthesized samples were characterized by XRD, 248 

and the results are shown in Fig. 2f. As shown in Fig. 2f, the pure cellulose displayed three 249 

cellulose I characteristic peaks at 2θ of 14.98°, 16.67° and 22.74°, corresponding to the 250 

typical (110), (110) and (200) planes of cellulose respectively. After the introduction of 251 

CNTs, the main diffraction peaks of cellulose remained unchanged, indicating that the 252 

addition of CNTs did not destroy the basic crystal structure of cellulose. In addition, the 253 

typical peaks of CNTs at 2θ = 26.5° were also detected, indicating the successful integration 254 

of CNTs into the cellulose matrix. Compared with the cellulose membrane, the CNTs-255 

ZnO/cellulose membrane retained the crystalline structure of the cellulose, demonstrating 256 

that the cellulose I crystalline structure was preserved during the loading of CNTs-ZnO 257 



 

 

NPs on the cellulose surface. The weakened diffraction signals of cellulose further confirm 258 

the effective immobilization of CNTs-ZnO NPs on cellulose. Furthermore, characteristic 259 

diffraction peaks were observed at 2θ = 31.82°, 34.53°, 36.38°, 47.57°, 56.76°, 62.89°, 260 

68.04° and 69.12°, which correspond to the reflections of (100), (002), (101), (102), (110), 261 

(103), (112) and (201) respectively. These peaks are assigned to the typical wurtzite 262 

(hexagonal) structure of ZnO (JCPDS No. 89-7102) with lattice constants a = 0.3247 nm 263 

and c = 0.5202 nm, revealing high crystallinity of the ZnO NPs. The (002) peak intensity 264 

is stronger than those of the (100) and (101) peaks, indicating that the c-axis is the 265 

preferential growth direction of ZnO NPs. The XRD results were in good agreement with 266 

SEM and FT-IR characterizations, further proving that the CNTs-ZnO/cellulose composite 267 

membrane was successfully fabricated. 268 



 

 

 269 

Fig. 2 Structure diagram and SEM images of CNTs-ZnO/cellulose membrane (a). EDX 270 

spectrum and elemental distribution data for CNTs-ZnO/cellulose membrane (b). SEM-271 

EDS mapping images of C and Zn elements in the CNTs-ZnO/cellulose membrane (c, d). 272 

FT-IR spectra (e) and XRD (f) patterns of cellulose membrane, CNT cellulose membrane 273 

and CNTs-ZnO/cellulose membrane. 274 

3.2 Photothermal conservation performance 275 

Photothermal behavior of the CNTs-ZnO/cellulose membrane is a light-to-heat 276 

conversion process, and the precisely controlled thermal output can effectively delay the 277 

spoilage of perishable foods. The regulation of photothermal conversion efficiency, 278 

temperature response behavior and stability of the membrane materials by the 279 

incorporation of CNTs-ZnO NPs directly determines the potency and durability of the 280 

antibacterial effect. As depicted in Fig. 3a, the photothermal properties of membranes were 281 



 

 

investigated by simulated solar illumination, and IR thermal imaging was used to record 282 

surface temperature variations. Fig.3b shows the varying surface temperatures of three 283 

membranes, and all of them displayed a positive correlation with the rising exposure time 284 

of simulated solar illumination. After the irradiation for approximately 120 s, the cellulose 285 

membrane and CNTs/cellulose membrane exhibited saturation temperatures of 25.4 ℃ and 286 

56.3℃ respectively (Fig.3b). Under identical irradiation time, the CNTs-ZnO/cellulose 287 

membrane attained the maximum saturation temperature of 65.3 ℃. The corresponding IR 288 

thermal images of the three membranes at different irradiation time points (0 s, 30 s, 60 s, 289 

90 s, 120 s) are shown in Fig. 3c. With the extension of irradiation time, the cellulose 290 

membrane showed only negligible temperature rise, while the CNTs/cellulose membrane 291 

and CNTs-ZnO/cellulose membrane exhibited higher and more uniform surface 292 

temperature, which was consistent with the results of the temperature rise curves. The 293 

enhanced maximum saturation temperature observed for the CNTs-ZnO/cellulose 294 

membrane was primarily driven by CNTs-ZnO nanoparticles, demonstrating that CNTs, as 295 

the core photothermal conversion unit, successfully endowed the cellulose-based 296 

membrane with excellent photothermal performance, and further introduction of ZnO 297 

could generate a synergistic effect with CNTs to further improve the photothermal 298 

conversion efficiency of the composite membrane. This result was ascribed to the 299 

synergistic photothermal effect of CNTs-ZnO nanoparticles, which promotes the efficient 300 

separation and non-radiative relaxation of photogenerated carriers, and improves the full-301 

spectrum light absorption efficiency. The collected incident electromagnetic energy is then 302 

converted into thermal energy, and is transferred to the cellulose matrix and surrounding 303 

media through phonon transport and lattice vibration of the constructed three-dimensional 304 



 

 

thermal conductive network, thereby significantly increasing the local temperature of the 305 

membrane and reaching the maximum photothermal local temperature.  306 

 

Fig. 3 Schematic diagram of the film under sun irradiation (a). Under 1.8 W/cm2 irradiation, 307 

temperature changes of cellulose membrane, CNTs/cellulose membrane and CNTs-308 

ZnO/cellulose membrane (b). Temperature changes of cellulose membrane, 309 

CNTs/cellulose membrane and CNTs-ZnO/cellulose membrane (c). 310 

The photothermal performance of CNTs-ZnO/cellulose membrane was also 311 

influenced by the varying power density of the simulated solar illumination. As depicted 312 

in Fig.4a, the CNTs-ZnO/cellulose membrane rapidly reached saturation temperatures of 313 

31.88 ℃, 45.86 ℃, 56.29 ℃ and 62.23 ℃ at 0.5 W/cm2, 1 W/cm2, 1.5 W/cm2 and 1.8 314 



 

 

W/cm2, respectively. Fig.4b demonstrated the photothermal stability of the CNTs-315 

ZnO/cellulose membrane under simulated solar illumination with a power density of 316 

1.8W/cm2. The CNTs-ZnO/cellulose membrane exhibited no significant degradation over 317 

five cycles, revealing remarkable photothermal stability and sensitivity. Meanwhile, the 318 

optical properties of CNTs-ZnO/cellulose membrane were investigated through UV 319 

shielding properties. The UV-Vis transmittance of composite membrane was measured in 320 

the wavelength range of 200-800 nm. As shown in Fig. S3, the cellulose membrane 321 

exhibited satisfactory transparency but poor UV-blocking properties in the near-ultraviolet 322 

and visible regions. After the introduction of CNTs and CNTs-ZnO nanoparticles, the 323 

transmittance of CNTs/cellulose membrane and CNTs-ZnO/cellulose membrane decreased 324 

significantly, both maintaining a transmittance below 10% in the full test spectrum. It is 325 

indicated that the as-prepared CNTs-ZnO/cellulose membrane possessed excellent 326 

photothermal conversion efficiency, rapid temperature response, good cycling stability and 327 

full-spectrum light absorption capacity, which could provide sufficient and stable thermal 328 

energy support for the subsequent synergistic photothermal antibacterial application. And 329 

the incorporation of nanoparticles greatly enhanced the full-spectrum light capture ability 330 

of the composite membrane, which provided a core foundation for efficient photothermal 331 

conversion. 332 



 

 

 

Fig. 4 Temperature changes in CNTs-ZnO/cellulose membrane irradiated using 0.5 W/cm2, 333 

1 W/cm2, 1.5 W/cm2, 1.8 W/cm2 (a). CNTs-ZnO/cellulose membrane irradiated for five 334 

on/off cycles (b). 335 

3.3 Antibacterial performance 336 

The proliferation of foodborne microorganisms is the primary cause of food spoilage 337 

and quality deterioration during storage, particularly for fresh fruits and vegetables, which 338 

in turn diminishes their edible and commercial value and increases the risk of foodborne 339 

illnesses. The photothermal antibacterial activity of the composite membrane was shown 340 

in Fig. 5a. As shown, the E. coli and S. aureus were eliminated under the NIR irradiation. 341 

ZnO NPs can generate reactive oxygen species and release Zn2+ to induce cell membrane 342 

disruption, resulting in bacterial death. Similarly, CNTs-ZnO NPs could also eliminate 343 

bacteria, which endow them with not only the function of ZnO NPs but also the ability to 344 

convert light into heat via CNTs. Therefore, the CNTs-ZnO/cellulose membrane exerted a 345 

superior bacteriostatic effect to than ZnO membrane or CNTs/cellulose membrane. The 346 

antimicrobial performance of composite membrane was investigated by inhibition zone 347 

method (Fig. 5). As shown in Fig. 5b, the E. coli multiplied rapidly on the medium and 348 



 

 

quickly spread throughout the medium without NIR irradiation. While the E. coli treated 349 

by CNTs-ZnO/cellulose membrane was suppressed and did not multiply under the 350 

irradiation of NIR (the inhibition rate was close to 100% as shown in Fig. 5c). This was 351 

due to the inherent ability of CNTs-ZnO NPs to act as photothermal bactericides for killing 352 

the bacteria. The same trend was seen with the growth of S. aureus as shown in Fig. 5d. 353 

Under the irradiation of NIR, the S. aureus treated by CNTs-ZnO/cellulose membrane was 354 

also suppressed and no bacterial multiplication occurred (the inhibition rate was close to 355 

65.66% as shown in Fig. 5e). This difference may be attributed to the thicker peptidoglycan 356 

layer in the cell wall of Gram-positive S. aureus, which provides greater resistance to heat 357 

and reactive oxygen species, whereas the outer membrane of Gram-negative E. coli is more 358 

susceptible to disruption under photothermal treatment, leading to a higher inhibition rate. 359 

In addition, to further verify the antibacterial potential of the as-prepared CNTs-360 

ZnO/cellulose membrane in practical application scenarios, the antibacterial activity 361 

against naturally occurring airborne bacteria was evaluated under dark and light conditions 362 

as shown in Fig. S4. As illustrated in Fig. S4, the pure cellulose membrane (control) had 363 

no antibacterial activity against airborne bacteria in vitro before and after near infrared 364 

irradiation. Similarly, the CNTs/cellulose membrane (control) exhibit only insignificant 365 

antibacterial activity, because airborne bacteria constantly settle on the membrane surface, 366 

forming a bio-membrane barrier and block contact with the CNTs. In contrast, the 367 

antibacterial activity of the composite membrane gradually increased by in-situ deposition 368 

of CNTs-ZnO NPs onto cellulose surface. As shown in Fig. S4, the composite membrane 369 

exhibited excellent antibacterial ability against airborne bacteria, and the diameter of 370 

inhibition zone was 22.12mm (light) and 19.57mm (dark). Therefore, the excellent 371 



 

 

photothermal effect of the membrane makes it have excellent antibacterial performance to 372 

kill airborne bacteria. 373 

 

Fig. 5 (a) Antibacterial mechanism of CNTs-ZnO/cellulose membrane. Light-enhanced 

antibacterial activity of composite membrane against E. coli and S. aureus evaluated by 

inhibition zone method. Inhibition zone images against E. coli (b) and S. aureus (d) under 

dark and light irradiation. Corresponding antibacterial rate of the fabricated composite 

membranes (c, e). 
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3.4 Biodegradability and Water Vapor Permeability 375 

Biodegradability is an important factor for measuring the environmental friendliness 376 

of composite membrane and it can solve the disadvantages of traditional oil-based plastic 377 

packaging materials. Fig. 6a shows the biodegradation process of composite membrane in 378 

natural soil from 0 day to 20 days. As shown in Fig. 6a, the CNTs-ZnO/cellulose could be 379 

degraded at the end of 20 days. Compared to PE membrane, the composite membrane is 380 

environmentally friendly due to its degradable properties. With the increase of time, the 381 

degradation of composite films also gradually increased under the effect of microorganisms 382 

in soil. 383 

The water vapor permeability (WVP) of the composite membrane acts as a core 384 

regulatory factor for the internal humidity microenvironment of the package and the 385 

balance of enclosed food, which directly dominates the water retention capacity, weight 386 

loss rate and sensory quality of food during the entire storage period. A better WVP is 387 

beneficial to reduce the transfer of water vapor between the outside world and food, and 388 

achieve a better food preservation effect. As shown in Fig. 6b, the WVP gradually 389 

decreased from 2.542× 10-10 g·m/m2·Pa·s of cellulose membrane to 6.427× 10-11 390 

g·m/m2·Pa·s of CNTs-ZnO/cellulose membrane. Thanks to the good dispersion and 391 

biological interface adhesion of CNTs-ZnO NPs fill into the gaps of the network structure 392 

formed by cellulose. It promoted the closer cross‒linking between nanoparticles and the 393 

polymer matrix, and further led to the reduction of the adsorption rate of water on the 394 

membrane surface and the migration rate inside. Compared with PE membrane, the WVP 395 

of composite membrane is higher, which could help avoid excessive humidity saturation 396 

and condensation buildup inside the package while still reducing excessive water loss. 397 



 

 

Therefore, the composite membrane is more suitable for the preservation of fresh fruits 398 

with high respiratory metabolism due to its favorable water vapor permeability. 399 

 

Fig. 6 Degradation images of PE membrane and CNTs-ZnO/cellulose membrane in soil 400 

from 0 d to 20 d (a). Weight change curves of PE membrane and CNTs-ZnO/cellulose 401 

membrane in water vapor transmission test (b). 402 

3.5 Food preservation application 403 

To demonstrate the application potential of the as-prepared CNTs-ZnO/cellulose 404 

membrane in postharvest preservation, fresh strawberry fruits were selected as the model 405 

produce and wrapped with the resultant membrane. Untreated air-exposed strawberries and 406 

polyethylene (PE)-film-packaged strawberries were set as two control groups. Fig. 7a 407 

shows the time-dependent mass change of strawberries during storage, Fig. 7b summarizes 408 

the mass loss rate of strawberries at different storage intervals, and Fig. 7c exhibits the 409 

visual appearance of strawberries after 9 days of storage. For the air-exposed group, 410 

strawberries exhibited obvious surface darkening by Day 3, followed by tissue collapse 411 

and microbial decay by Day 7. PE packaging effectively limited the mass loss to 3.0% 412 

through a complete moisture barrier (Fig. 7b), yet the accumulation of water molecules on 413 



 

 

the strawberry surface promoted mold growth, and mold colonies fully covered the entire 414 

fruit surface by the 9th day of storage. By contrast, strawberries in the light irradiation 415 

group maintained better sensory quality throughout the storage period, with bright red color, 416 

plump morphology and fresh calyxes observed within 7 days of storage, and no severe 417 

mildew or shrinkage occurred until the end of storage (9 d). In contrast, strawberries 418 

wrapped with the composite membrane under dark conditions exhibited earlier surface 419 

darkening and calyx wilting, and more pronounced fruit shrinkage on Day 9. This visual 420 

quality difference was in good agreement with the weight loss trend (Fig. 7a, b), 421 

confirming that the photothermal effect of the CNTs-ZnO/cellulose membrane further 422 

enhanced its preservation performance on postharvest strawberries. The improved fresh-423 

keeping effect was mainly ascribed to the synergistic effect of the membrane’s excellent 424 

water vapor permeability and light-enhanced antimicrobial activity, which effectively 425 

retarded oxidative deterioration, moisture loss and microbial spoilage of strawberries 426 

during storage. 427 



 

 

 

Fig. 7 Dynamic changes in the cumulative weight of strawberries with different packaging 428 

treatments during storage (a). Weight loss rate of strawberries in different groups after 9 429 

days of storage (b). Visual appearance changes of strawberries packaged with control, PE 430 

membrane, CNTs-ZnO/cellulose membrane (Dark) and CNTs-ZnO/cellulose membrane 431 

(Light) at 0, 3, 5, 7 and 9 days of storage (c). 432 

4. Conclusions 433 

This study developed a biodegradable CNTs-ZnO/cellulose membrane with 434 



 

 

photothermal antibacterial activity for active food packaging applications. Through 435 

hydrogen bonding interactions and the in-situ deposition of CNTs-ZnO NPs on the 436 

cellulose matrix, the composite membrane formed a dense and compact structure, which is 437 

critical for barrier performance enhancement. As a multifunctional nanofiller, CNTs-ZnO 438 

NPs not only endowed the membrane with excellent photothermal conversion efficiency 439 

and broad-spectrum antibacterial activity but also optimized its water vapor permeability 440 

to a moderately low level, which is ideal for high-moisture fresh produce preservation. 441 

Consequently, the CNTs-ZnO/cellulose membrane effectively maintained the quality of 442 

fresh strawberries, with a fruit weight loss rate of only 7%. This innovative design offers a 443 

promising strategy for fabricating active packaging membranes that combine UV shielding, 444 

light-induced sterilization, and moisture regulation with renewable cellulose-based 445 

materials. 446 
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     Degradation =   W 0 − Wt  W 0 × 100 % # (1)


     WVP =   ∆ m × d  A × ∆ t × ∆ P # (2)


     Weight   loss   rate    ( % ) =    ( W 0 − W 1 )  W 0 × 100 % # (3)

