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ABSTRACT 

This study presents the fabrication and physicochemical characterization of polypropylene (PP) 

fiber-based multilayer materials using a gelatin hydrogel as a binder. A simple manual multilayer 

fabrication method was developed to assemble controlled nonwoven PP 8-, 16-, and 32-layer fibers into 

structured composites. The effect of fabrication parameters, particularly the volume of 5% gelatin 

solution, was optimized, with 150 µL per layer identified as suitable for achieving uniform adhesion and 

relatively thin structures. The 3 resulting PP multilayer materials were evaluated in terms of thickness 

distribution, wettability, and swelling behavior. Thickness measurements revealed non-linear scaling 

with layer number and noticeable structural non-uniformity between edge and central regions, attributed 

to binder migration and manual processing conditions. Surface wettability of the PP 16-layer fibers  

showed that untreated samples exhibited hydrophobic behavior (contact angle >90°), while cold plasma-

treated samples displayed significantly improved wettability (contact angle <90°), indicating enhanced 

surface hydrophilicity due to plasma-induced functionalization. Swelling studies demonstrated rapid 

water uptake within the first hours, followed by stabilization. The overall swelling capacity of the 

materials remained high at 442,33% by stabilization, with minimal differences between untreated and 



World News of Natural Sciences 66 (2026) 48-59 

 

 

-49- 

plasma-treated samples after prolonged immersion, suggesting that plasma treatment did not 

compromise structural integrity, although a slight reduction in swelling was observed due to increased 

network stabilization. The study showed that the combination of PP fibers, gelatin binder, and cold 

plasma treatment enables the fabrication of multilayer materials with tunable physicochemical 

properties. These materials show promising potential for applications in filtration, biomedical systems, 

packaging, and absorbent materials. 
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1.  INTRODUCTION 

 

Single-layered films based on biopolymers have many operational drawbacks. As the 

biological materials with a single-layer structure, compared to multi-layer ones, have a faster 

decomposition time, the production of multi-layered materials is a specific answer to minimize 

these limitations (Alias et al., 2022). In recent decades, multilayer polymer-based materials 

have attracted significant attention due to their versatile structure and tunable physicochemical 

properties, enabling wide-ranging applications across advanced engineering, healthcare, 

textiles, and packaging industries (Wenyuan et al., 2023; Godaet al., 2020; Arif et al., 2019; 

Wiktoria et al., 2023). Particularly, fiber-reinforced multilayer systems combining microfibers, 

nanofibers, and functional binders have demonstrated superior mechanical strength, lightweight 

characteristics, thermal insulation, and environmental resistance compared to conventional 

single-layer materials (Holmberg et al., 2021; Terekhov et al., 2021). These advantages make 

them promising candidates for next-generation functional materials in both industrial and 

biomedical contexts.  

Among various polymeric materials, polypropylene (PP) fibers have been extensively 

utilized due to their low cost, chemical stability, hydrophobicity, and favorable mechanical 

properties. However, their inherently low surface energy and limited interfacial adhesion often 

restrict their integration into high-performance composite systems (Hossain et al., 2024). 

Nonwoven PP fabrics, in particular, provide a flexible and porous structure that can serve as an 

effective substrate in multilayer assemblies (Yang et al., 2025).  

The incorporation of hydrogel-based binders such as gelatin, alginate, and chitosan has 

emerged as a promising strategy to enhance interlayer bonding, improve wettability, and 

introduce additional functional properties such as biocompatibility and swelling capacity (K. 

Li et al., 2019). Gelatin is a high–molecular-weight, water-soluble protein that is abundant, low-

cost, biocompatible, and highly compatible with synthetic polymers. Owing to its excellent 

film-forming ability, gelatin along with other proteins and polysaccharides has attracted 

considerable interest as a promising material for packaging applications. Furthermore, its 

intrinsic gelling, thickening, emulsifying, and encapsulating properties enable the formation of 

high-quality biodegradable films (Hassabo et al., 2022). 

The stability of polymer components within multilayer systems remains a critical 

challenge, particularly under environmental or mechanical stress. Techniques such as cold 

plasma treatment, beta irradiation, and chemical crosslinking have been explored to stabilize 

polymer structures and improve long-term durability (Heidemann et al., 2019; Karthik et al., 

2024). Despite growing interest, existing studies have largely focused on conventional 

fabrication methods, such as manual lamination, which often fail to achieve the stringent 
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technical requirements for advanced applications. These include high tensile strength, 

lightweight structure, thermal and acoustic insulation, flame resistance, and environmental 

durability (Maha et al., 2025). Therefore, this study aims to fabricate multilayer materials based 

on polypropylene fibers using hydrogel binders through a controlled manual assembly 

approach, and to comprehensively evaluate their physicochemical properties. The work focuses 

on optimizing fabrication parameters, enhancing interfacial stability, and characterizing key 

properties such as morphology, mechanical strength, wettability, swelling behavior, thermal 

stability, and chemical structure. The findings are expected to contribute to the development of 

advanced multilayer polymer materials with improved performance and broader applicability 

in healthcare, agriculture, and industrial sectors. 

 

 

2.  MATERIALS AND METHODS 

Chemicals and reagents 

Nonwoven polypropylene fibers (PP) and analytical-grade gelatin derived from bovine 

hide (99.99, molecular weight: 50,000 Da) were purchased from PFNonwovens Group (Czech 

Republic) and Sigma-Aldrich (USA), respecively. 

 

Equipment 

The following instrumenty were used including an analytical balance (10⁻4, model XA 

82/220/2X) from RADWAG, a thermostatic bath (model KISS K12) and a heating plate from 

Huber – Germany, a tensile testing machine (model Z010) with a data analysis software for 

tensile strength and elongation (testXpert) from ZwickRoell - USA, and a digital camera (model 

VIXIA HF M500) from Canon. 

 

..  

Figure 1. (a) Self-made manual multilayer material fabrication kit (MMF), and (b) PP layer 

covered wtih gelatin binder. 
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One self-made manual multilayer material fabrication kit (MMF), including a base and 

mold with a window size of 2.3 × 3.5 × 0.2 cm was constructed as in Fig. 1, and a stainless steel 

tweezers, a baintbrush, a single-sided adhesive tape, and a petri dish were used to fabricate the 

manually prepared muiltilayer PP materials.  

 

Stabilization of polymer components in multilayer materials by cold plasma treatment 

The study was conducted according to the following procedure: Step 1. Cold plasma 

preparation: Install the cold plasma reaction sample holder. Place the multilayer material 

sample made from nonwoven PP fibers onto a glass plate that separates it from the reaction 

surface of the cold plasma sample holder. Step 2. Cold plasma treatment: Remove oxygen from 

the reaction chamber using nitrogen gas, verify with an alcohol lamp flame, and then gradually 

replace the nitrogen with hydrogen gas. Turn on the plasma power supply and stabilize the 

material sample for 30 minutes. 

 

Wettability measurement by the sessile drop method 

The contact angle between the sample surface and a water droplet provides information 

on wettability, i.e., the hydrophilic/hydrophobic nature of the sample. Among the various 

contact angle measurement techniques, the sessile drop method is considered the most effective 

and is widely used to evaluate surface wettability. When a liquid droplet can be easily placed 

on the sample surface, the wettability analysis is performed automatically using dedicated 

software.  

The apparatus used for the sessile drop method is a surface tension measurement system 

consisting of a camera and a light source. A 20 µL droplet of distilled water mixed with red 

food dye was deposited onto the sample surface. The contact angle was measured by capturing 

side-view images of the droplet on the material surface at time 0 s using a Canon VIXIA HF 

M500 digital camera. Measurements were conducted at 21 °C. The images were then analyzed 

using image analysis software to obtain accurate contact angle values. Each nonwoven 

polypropylene multilayer sample with gelatin was measured three times. 

 

Swelling behavior 

The swelling properties of multilayer materials are investigated using the gravimetric 

method. The samples are cut into square pieces with an area of 4 cm² (three specimens were 

prepared from each sample).  

The sample was weighed before swelling. The samples are then immersed in distilled 

water, ensuring complete submersion, for swelling at time intervals of 30 minutes, 1 hour, 3 

hours, 5 hours, and 48 hours. After immersion, the surfaces of the samples are gently dried 

using Whatman filter paper. The samples were then weighed and the swelling degree was 

calculated. The percentage swelling (∆G) is calculated using the following equation: 

∆G = 100,

0
G

0
G

1
G −

 

where: G₀: mass of the sample before swelling (g) and G₁: mass of the sample after swelling (g) 
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3.  RESULTS AND DISCUSSION 

Manually fabricated PP multilayer material fabrication 

Using the MMM equipment, multilayer materials based on nonwoven polypropylene 

fibers with a gelatin solution (5 wt%) were fabricated. Visual assessment indicated that gelatin 

exhibits good adhesion, effectively bonding the nonwoven polypropylene fibers to form 

multilayer structures. Investigation of the volume of analytical-grade gelatin solution used as 

the binder showed that 100 µL per layer was insufficient to fully wet the nonwoven 

polypropylene fibers. When using 150 µL/layer and 200 µL/layer, multilayer materials could 

be successfully fabricated by the manual method. A comparison of the thickness of two 

multilayer materials prepared with gelatin solution volumes of 150 µL/layer (right) and 200 

µL/layer (left), as shown in the figure below, indicates that the material fabricated with 200 

µL/layer is thicker.  

Based on these results, a volume of 150 µL/layer of analytical-grade gelatin solution was 

selected to obtain thinner multilayer materials while still ensuring uniform adhesion. This 

corresponds to a gelatin solution usage of 26.10 µL/cm2 per layer. With a gelatin solution (5 

wt%) volume of 150 µL per layer, three PP multilayer materials based on nonwoven 

polypropylene fibers were succssefully fabricated and designated as follows: PP-Gel GP-8L for 

8-layer polypropylene fiber, PP-Gel GP-16L for 16-layer material, and PP-Gel GP-32L for 32-

layer one as presented in Figure 2. 

 

  

  

  

                         (a)                                                 (b)                                              (c)    

Figure 2. Manually fabricated PP multilayer material fabrication: (a) 16-layer PP mat (PP-

Gel GP-16L) on the MMF, (b) PP-Gel GP-16L mat after several days, and (c) 32-layer PP 

mat (PP-Gel GP-32L 

 

 

Thickness 

Thickness of gelatin-bonded PP multilayer materials measured using a caliper is 

presented in Table 1. The results showed that the thickness ratio of the 16-layer material PP-

Gel GP-16L compared to the PP-Gel GP-8L is approximately 1.15 times at the edge, but it is 

about 2.9-3.0 times at the center. One of the PP-Gel GP-32L compared to the PP-Gel GP-8L is 

about 2.9-3.0 times at the edge, and it is only about 3.8–3.9 times at the center. 
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Table 1. Thickness of gelatin binder PP multilayer materials using a caliper. 
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1 PP-Gel GP-8L 1 1,24±0,34 1 0,83±0,02 1 

2 PP-Gel GP-16L 2 1,43±0,38 1.15 1,30±0,05 1.57 

4 PP-Gel GP-32L 4 3,74±0,44 3.02 3,20±0,15 3.86 

 

 

The thickness results reveal a clear non-uniformity in the multilayer structure, with 

significant differences between the edge and the center of the samples. First, for PP-Gel GP-

16L, the thickness ratio relative to PP-Gel GP-8L is only ~1.15 at the edge but increases to 

~2.9-3.0 at the center. This indicates that the additional layers do not contribute proportionally 

to thickness at the edges. The most likely explanation is the loss or redistribution of gelatin 

binder toward the center during fabrication, leading to insufficient bonding and compaction at 

the edges. As a result, the edge region becomes more compressed and thinner. A similar trend 

is observed for PP-Gel GP-32L, where the thickness ratio is ~2.9-3.0 at the edge and ~3.8–3.9 

at the center. Although increasing the number of layers does increase the overall thickness, the 

growth is still nonlinear and spatially heterogeneous. The center region accumulates more 

material and binder, while the edges remain relatively compacted. The results also show that 

thickness does not scale linearly with the number of layers. Several factors may contribute to 

this behavior. At first, during manual fabrication, the gelatin solution may migrate inward due 

to capillary forces and gravity, leading to higher binder concentration in the center due to the 

binder flow and accumulation (Yang et al., 2016). Secondly, wtih the uneven pressure 

distribution, the manual pressing or stacking may apply higher pressure at the edges, causing 

greater densification and reduced thickness (Thomas and Valentin, 2006). Third reason is the 

limited wetting at edges, the applied gelatin volume (150 µL/layer) may not fully and uniformly 

impregnate the entire surface, particularly near the boundaries. And finally, due to the layer 

slippage or misalignment, the misalignment during stacking could reduce effective thickness 

buildup at the edges (Evon and Reika, 2022). 

 

Cold plasma treatment and wettability  

A multilayer material sample made from nonwoven polypropylene with a 5 wt% gelatin 

solution binder, PP-Gel GF-16L, was stabilized by cold plasma treatment and denoted as PP-

Gel GF-16L-Pla. Both the PP-Gel GF-16L and plasma-treated PP-Gel GF-16L-Pla samples 
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were subjected to contact angle measurement to investigate changes in surface properties. 

Image analysis of the contact angle measurements in Fig. 3 and Table 2.  

 

 
(a) 

 

 
(b) 

Figure 3. Contact angle images:(a) PP-Gel GF-16L, and (b) PP-Gel GF-16L-Pla. 

 

Table 2. Contact angle and wettability. 

 

No Sample Treatment Contact angle Wettability 

1 PP-Gel GF-16L No 92⁰ - 108⁰ Hydrophobic 

2 PP-Gel GF-16L-Pla Cold plasma 67⁰ - 87⁰ Good 
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The results showed that the PP-Gel GF-16L sample has a contact angle greater than 90°, 

indicating low wettability (hydrophobic behavior). The cold plasma stabilized sample, PP-Gel 

GF-16L-Pla, exhibits a contact angle of less than 90°, indicating good wettability. Thus, after 

stabilization of the polypropylene polymer fibers by cold plasma treatment, the PP-Gel GF-16L 

sample shows improved wettability. The contact angle results clearly demonstrate a significant 

change in surface wettability after cold plasma treatment, indicating an effective modification 

of the surface properties of the multilayer material. The untreated PP-Gel GF-16L sample 

exhibits a contact angle greater than 90°, which is characteristic of hydrophobic behavior. This 

can be primarily attributed to the intrinsic nature of polypropylene, a nonpolar polymer with 

low surface energy. Although gelatin is a hydrophilic material, its distribution within the 

multilayer structure may be limited or partially embedded between fiber layers, resulting in 

insufficient exposure at the outer surface. Consequently, the surface remains dominated by the 

hydrophobic polypropylene fibers. After cold plasma treatment, the PP-Gel GF-16L-Pla sample 

shows a contact angle lower than 90°, indicating a transition to hydrophilic behavior and 

improved wettability.  

This enhancement can be explained by several mechanisms associated with plasma 

surface modification such as the introduction of polar functional groups by the oxygen- or 

nitrogen-containing functional groups (e.g., –OH, –COOH) onto the polypropylene surface; the 

surface cleaning and activation by removing surface contaminants and weak boundary layers, 

exposing more reactive sites and improving interaction with water molecules, the surface 

roughness modification by slightly etching the surface, increasing micro-scale roughness, and 

the improved exposure of gelatin binder by modifying the interfacial structure, allowing 

hydrophilic gelatin components to be more accessible at the surface (Pantoja et al., 2013; Primc 

and Mozetič, 2024). These combined effects lead to a substantial decrease in contact angle and 

thus improved wettability. From an application perspective, this transition is particularly 

important for fields requiring enhanced liquid interaction, such as filtration, biomedical 

materials, drug delivery systems, or absorbent layers. 

 

Swelling behavior 

The swelling properties of the 16-layer materials before and after cold plasma treatment, 

PP-Gel GF-16L and PP-Gel GF-16L-Pla, were evaluated. The swelling results are presented in 

Table 3 and Fig. 4. 

  

Table 3. Swelling behavior of 16-layer PP mats before and after cold plasma treatment. 

 

Sample PP-Gel GF-16L PP-Gel GF-16L-Pla 

Initial weight (mg) 707,80 453,83 

0.5 h 
Weight (mg) 1209,58 894,34 

Swelling ratios (%) 170,89 197,06 

1 h 
Weight (mg) 1437,64 1130,63 

Swelling ratios (%) 203,11 249,13 
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3 h 
Weight (mg) 1753,67 1442,60 

Swelling ratios (%) 247,76 317,87 

5 h 
Weight (mg) 2018,80 1590,37 

Swelling ratios (%) 285,22 350,43 

48 h 
Weight (mg) 3130,80 2040,72 

Swelling ratios (%) 442,33 449,67 

 

 

 
 

Figure 4. Swelling ratio–time plots of PP-Gel GF-16L (blue) and PP-Gel GF-16L-Pla 

(brown). 
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The results show that most of the swelling of the PP-Gel GF-16L sample occurred rapidly 

within the first 30 minutes, 1 hour, and 3 hours. After immersion for 3 hours, the sample was 

dried completely (surface dried with filter paper and then air-dried under gentle airflow for 30 

minutes) and weighed again. The mass showed negligible change compared to the initial mass; 

specifically, the initial mass and the mass after swelling and complete drying were 707.80 and 

708.26, respectively. Similarly, most of the swelling of the PP-Gel GF-16L-Pla sample occurred 

rapidly within the first 30 minutes, 1 hour, and 3 hours.  

The cold plasma stabilization process did not produce a significant effect on the swelling 

behavior of the material, as the swelling ratios after 48 hours were 442.33% for PP-Gel GF-

16L and 449.67% for PP-Gel GF-16L-Pla. After immersion for 3 hours followed by complete 

drying (surface dried with filter paper and then air-dried under gentle airflow for 30 minutes), 

the mass of the PP-Gel GF-16L-Pla sample also showed little change compared to its initial 

mass; specifically, the initial mass and the mass after swelling and drying were 453.83 and 

458.40, respectively. The observed reduction in swelling behavior of the PP-Gel GF-16L-Pla 

sample after cold plasma treatment (approximately twofold compared to the untreated sample) 

may be attributed to the stabilization and possible crosslinking or hardening of one or more 

components in the multilayer material, including polymer fibers and/or the gelatin binder 

(Joshua et al., 2018). This results in a more rigid network structure and consequently reduces 

water absorption capacity. 

 

 

4.  CONCLUSION 

 

In this study, PP fiber-based multilayer materials were successfully fabricated using a 

simple manual assembly method with a 5 wt% gelatin concentration and an optimized volume 

of 150 µL per layer  as a hydrogel binder with the effective interfacial adhesion, relatively thin 

and uniform multilayer structures. Materials with different layer numbers (8, 16, and 32 layers) 

were obtained with their thicknesses increasing from 1,24±0,34 mm to 1,43±0,38 mm, and 

3,74±0,44 mm,  respectively, confirming the feasibility of controlling structural thickness 

through layer stacking, although non-uniform thickness distribution between edge and center 

regions was observed due to binder migration and manual processing limitations.  

The cold plasma treatment significantly improved wettability, reducing the contact angle 

from hydrophobic (>90°) to hydrophilic (<90°) behavior, which is attributed to the introduction 

of polar functional groups and enhanced surface activation. This surface modification of the PP 

multilayer materials is particularly beneficial for applications requiring improved liquid 

interaction. Swelling studies revealed that both untreated and plasma-treated materials 

exhibited rapid water absorption within the first 4.0-4.5 hours, followed by a plateau after 7.5 

hours up to 48 hours. While plasma treatment slightly influenced the swelling kinetics, the 

overall swelling capacity after prolonged immersion remained comparable, indicating that the 

structural integrity of the multilayer system was preserved. Our study confirms that combining 

nonwoven PP fibers with gelatin binders and applying plasma treatment enables the fabrication 

of multilayer materials with tunable physicochemical properties. Despite some limitations in 

structural uniformity inherent to manual fabrication, the developed materials show strong 

potential for applications in filtration, biomedical materials, packaging, and absorbent systems. 

Future work should focus on improving fabrication uniformity, scaling up the process, and 

further enhancing interfacial stability and functional performance. 



World News of Natural Sciences 66 (2026) 48-59 

 

 

-58- 

ACKNOWLEDGMENTS 

 

The project was supported by the Vietnam Academy of Science and Technology grant ĐL0000.06/22-23. 

 

 

References 

 

[1] Alias, A., Khairul, W.M., & Sarbon, N.M. (2022). Emerging materials and technologies 

of multi-layer film for food packaging application: A review. Food Control, Volume 

136, 108875 

[2] Wenyuan Lang, Hao Huang, Li Yang, Rifang Luo, Yunbing Wang, Yunbing Wang. 

(2023). Polymer Complex Multilayers for Drug Delivery and Medical Devices. ACS 

Applied Bio Materials, 6(9). DOI:10.1021/acsabm.3c00404 

[3] Goda, I., Zubair, Z., L’hostis, G., & Drean, J.Y. (2020). Design and characterization of 

3D multilayer woven reinforcements shape memory polymer composites. Journal of 

Composite Materials, 55, 653-673 

[4] Arif Sazali, M., Alang Md, N. K., Rashid & Hamzah (2019). K. A review on multilayer 

radiation shielding. IOP Conference Series: Materials Science and Engineering, 555(1), 

012008 

[5] Wiktoria Grzebieniarz, Swarup Roy, Ewelina Jamróz. (2023). Advances in biopolymer-

based multi-layer film preparations and food packaging applications. Food Packaging 

and Shelf Life, 35, 1-14. DOI: 10.1016/j.fpsl.2023.101033 

[6] Holmberg S, Garza-Flores NA, Almajhadi MA, Chávez-Madero C, Lujambio-Angeles 

A, Jind B, Bautista-Flores C, Mendoza-Buenrostro C, Pérez-Carrillo E, 

Wickramasinghe HK, Martínez-Chapa SO, Madou M, Weiss PS, Álvarez MM, Trujillo-

de Santiago G. Fabrication of Multilayered Composite Nanofibers Using Continuous 

Chaotic Printing and Electrospinning: Chaotic Electrospinning. ACS Appl Mater 

Interfaces. 2021; 13(31): 37455-37465. doi: 10.1021/acsami.1c05429 

[7] Terekhov IV, Chistyakov EM. Binders Used for the Manufacturing of Composite 

Materials by Liquid Composite Molding. Polymers (Basel). 2021; 14(1): 87. doi: 

10.3390/polym14010087 

[8] Yang X, Xu Y, Cai L, Dai L. Fabrication of multifunctional antibacterial polypropylene 

via layer-by-layer assembly for potential application in reusable protective suits. Int J 

Biol Macromol. 2025, 285: 138221. doi: 10.1016/j.ijbiomac.2024.138221 

[9] Hossain MT, Shahid MA, Mahmud N, Habib A, Rana MM, Khan SA, Hossain MD. 

Research and application of polypropylene: a review. Discov Nano. 2024; 19(1): 2. doi: 

10.1186/s11671-023-03952-z 

[10] Li K, Zhu J, Guan G, Wu H. Preparation of chitosan-sodium alginate films through 

layer-by-layer assembly and ferulic acid crosslinking: Film properties, characterization, 

and formation mechanism. Int J Biol Macromol. 2019; 122: 485-492. doi: 

10.1016/j.ijbiomac.2018.10.188 

https://www.sciencedirect.com/journal/food-control/vol/136/suppl/C
https://www.sciencedirect.com/journal/food-control/vol/136/suppl/C
https://doi.org/10.1021/acsabm.3c00404
https://repo.ur.krakow.pl/info/author/URf30f652830224aac89b4f590a7a1a8b5?ps=20&title=Person%2Bprofile%2B%25E2%2580%2593%2BEwelina%2BJamr%25C3%25B3z%2B%25E2%2580%2593%2BUniversity%2Bof%2BAgriculture%2Bin%2BKrakow&lang=en&pn=1
https://repo.ur.krakow.pl/info/journalseries/WUTece2c96f06e5403e95669e6c848444a1?ps=20&title=Journals%2Band%2Bseries%2B%25E2%2580%2593%2BFood%2BPackaging%2Band%2BShelf%2BLife%2B%25E2%2580%2593%2BUniversity%2Bof%2BAgriculture%2Bin%2BKrakow+title&lang=en&pn=1
https://repo.ur.krakow.pl/info/journalseries/WUTece2c96f06e5403e95669e6c848444a1?ps=20&title=Journals%2Band%2Bseries%2B%25E2%2580%2593%2BFood%2BPackaging%2Band%2BShelf%2BLife%2B%25E2%2580%2593%2BUniversity%2Bof%2BAgriculture%2Bin%2BKrakow+title&lang=en&pn=1
http://dx.doi.org/10.1016/j.fpsl.2023.101033


World News of Natural Sciences 66 (2026) 48-59 

 

 

-59- 

[11] Hassabo, A. G. et al. (2022). The utilisation of gelatin biopolymer in textile wet 

processing. J. Textiles Color. Polym. Sci. 19(2), 125–136. 

[12] Heidemann Helena, Marta Dotto, João Laurindo, Bruno Carciofi, Cristiane Costa 

(2019). Cold plasma treatment to improve the adhesion of cassava starch films onto 

PCL and PLA surface. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects, 580, 123123 

[13] Karthik C, Mavelil-Sam R, Thomas S, Thomas V. Cold Plasma Technology Based Eco-

Friendly Food Packaging Biomaterials. Polymers (Basel). 2024; 16(2): 230. doi: 

10.3390/polym16020230 

[14] Maha Awjan Alreshidi, Krishna Kumar Yadav, Shoba G., Amel Gacem, Padmanabhan 

S., Vinod Kumar T., Ahmed M. Fallatah, Javed Khan Bhutto, Fahad M. Aldosari, 

Manawwer Alam, Muhammad A. Abo El Khair, Tamizhdurai P., Subramani A., 

Mangesh V.L., Kumaran R. (2025). Advancements in the production methods and 

recycling of multilayer plastics with sustainable applications: A comprehensive review. 

Chemical Engineering Journal, 515(380): 163633. DOI:10.1016/j.cej.2025.163633 

[15] Yang G, Xiao Z, Ren X, Long H, Qian H, Ma K, Guo Y. Enzymatically crosslinked 

gelatin hydrogel promotes the proliferation of adipose tissue-derived stromal cells. 

PeerJ. 2016; 4: e2497. doi: 10.7717/peerj.2497 

[16] Thomas Geike, Valentin L. Popov (2006). Multi-layer models of friction between 

solids. Tribology International, 39(5), 437-443. Doi: 10.1016/j.triboint.2005.04.028 

[17] Evon S. Petek, Reika Katsumata (2022). Thickness Dependence of Contact Angles in 

Multilayered Ultrathin Polymer Films. Macromolecules, 55(17), 7556-7563. 

https://doi.org/10.1021/acs.macromol.2c01123 

[18] Primc G, Mozetič M. Surface Modification of Polymers by Plasma Treatment for 

Appropriate Adhesion of Coatings. Materials (Basel). 2024; 17(7): 1494. doi: 

10.3390/ma17071494 

[19] M. Pantoja, N. Encinas, J. Abenojar, M.A. Martínez (2013). Effect of tetraethoxysilane 

coating on the improvement of plasma treated polypropylene adhesion. Appl. Surf. Sci. 

280, 850-857 

[20] Joshua T. O’Neal, Ethan Y. Dai, Yanpu Zhang, Kyle B. Clark, Kathryn G. Wilcox, Ian 

M. George, Nandha E. Ramasamy, Daisy Enriquez, Piotr Batys, Maria Sammalkorpi, 

Jodie L. Lutkenhaus (2018). QCM-D Investigation of Swelling Behavior of Layer-by-

Layer Thin Films upon Exposure to Monovalent Ions. Langmuir, 34, 3, 999-1009. Doi: 

10.1021/acs.langmuir.7b02836 

https://www.sciencedirect.com/science/article/pii/S0927775719307277
https://www.sciencedirect.com/science/article/pii/S0927775719307277
https://www.sciencedirect.com/journal/colloids-and-surfaces-a-physicochemical-and-engineering-aspects/vol/580/suppl/C
https://www.sciencedirect.com/author/7005770641/s-padmanabhan
https://www.sciencedirect.com/author/57195474029/ahmed-m-fallatah
https://www.sciencedirect.com/author/35561021700/manawwer-alam
https://doi.org/10.1016/j.cej.2025.163633
https://pubs.acs.org/journal/mamobx?ref=breadcrumb
https://doi.org/10.1021/acs.macromol.2c01123
https://www.sciencedirect.com/author/6603231238/juana-abenojar-buendia
https://www.sciencedirect.com/author/56984931600/miguel-angel-martinez
https://www.sciencedirect.com/science/article/pii/S0169433213010015
https://www.sciencedirect.com/science/article/pii/S0169433213010015
https://www.sciencedirect.com/journal/applied-surface-science/vol/280/suppl/C
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Joshua%20T.%20O%E2%80%99Neal
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ethan%20Y.%20Dai
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yanpu%20Zhang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kyle%20B.%20Clark
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kathryn%20G.%20Wilcox
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ian%20M.%20George
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ian%20M.%20George
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Nandha%20E.%20Ramasamy
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Daisy%20Enriquez
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Piotr%20Batys
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Maria%20Sammalkorpi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jodie%20L.%20Lutkenhaus
https://doi.org/10.1021/acs.langmuir.7b02836
https://doi.org/10.1021/acs.langmuir.7b02836

