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Abstract 

 

This study aimed to enhance probiotics thermal stability and viability in the digestive tract 

through encapsulation using hybrid fibers of cellulose acetate and polyvinyl alcohol with 
single-jet electrospinning. This study used Lactiplantibacillus plantarum NIMBB003 as an 

encapsulated probiotic strain in engineered sandwich nanofibers (cellulose acetate/polyvinyl 

alcohol and Lactiplantibacillus plantarum/cellulose acetate). Regarding nanostructure, 

polyvinyl alcohol and cellulose acetate nanofibers were spun independently; when these layers 

were set on top of each other, they could act as an integrated system. Results of scanning 

electron microscope images and Fourier transform infrared spectrometry have verified the 

micro/nanoencapsulation structure of probiotics. The layered structure demonstrated increased 

protection against environmental factors, particularly heat and acidity. Thermogravimetric 

analysis verified that cellulose acetate-polyvinyl alcohol and probiotic-cellulose acetate 

nanofibers maintained the structural stability up to 530 °C, while encapsulated probiotics 

showed 89.8% encapsulation efficiency or 9% improvement, compared to single-layer 
polyvinyl alcohol and probiotic fibers. Moreover, probiotic survival under simulated 

gastrointestinal conditions (75 °C and stomach acid exposure) was extended to 8 min, whereas 

unencapsulated probiotics were entirely destroyed within 5 min. Scanning electron microscopy 

and Fourier transform infrared spectroscopy validated the formation of nanofiber encapsulation 

and probiotic integration. This engineered nanofiber sandwich structure offers enhanced 

probiotic protection, making it a promising candidate for food and pharmaceutical uses. 
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1. Introduction 

Probiotics are living microorganisms that, when 

consumed in certain quantities, can include positive effects 

on the body. These microorganisms are critical in 

maintaining a balanced gut microbiome for overall 

wellbeing [1]. They can prevent the growth of harmful 

bacteria, maintain the health of the intestinal flora, decrease 

cholesterol, produce vitamins and antimicrobial substances 

and strengthen the immune system [2]. Decreasing 

constipation improves calcium absorption and treats 

digestive and non-digestive diseases (e.g. infection, 

constipation, inflammatory bowel diseases, colon cancer 

and cardiovascular and urinary diseases) [3]. Lactobacillus 

is a common probiotic genus that supports gut health, helps 

digestion and increases immunity. Temperature and oxygen 

levels significantly affect bacterial viability through 

manufacturing, storage and industry processes. The ideal 

growth temperature for most Lactobacillus species is 30–45 

°C. However, high temperatures greater than 45 °C may 

decrease their viability during processing. While oxygen is 

not usually a major concern for Lactobacillus survival, low 

oxygen levels can help them grow well [4, 5]. The most 

common way for live probiotics to enter the body and reach 

the intestines is through consuming products containing 

probiotics in form of powders, capsules and granules [6]. 
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Using various methods, probiotics can be protected through 

targeted delivery to specific parts of the digestive system. In 

the stomach, these tolerate highly acidic conditions (pH 1.5 

- 3.5), which can destroy unprotected bacteria. Probiotics 

must tolerate bile salts and digestive enzymes to reach the 

small intestine with a further neutral pH (6-7). The colon, 

characterized by a slightly acidic environment (pH 5.5-6.5), 

is the primary site, where probiotics exert their beneficial 

effects by supporting microbiota balance, enhancing 

nutrient fermentation and promoting immune modulation 

[7]. 

One of these techniques is encapsulation, which makes 

these bacteria survive in the steps of entering, storing and 

passing through the human body. Characteristics of a shell 

polymer for probiotic compounds include high stability, 

immiscibility with active ingredients, non-toxicity, cost-

effectiveness, biodegradability and compatibility with the 

host [8, 9]. Furthermore, effective factors in control and 

appropriate release of probiotic compounds include 

molecular weight, solubility, temperature and chemical 

structure, which can decrease the mobility of molecules and 

minimize their degradation over time and are widely used in 

dairy products [10]. Conventional methods of micro-

encapsulation of probiotics such as emulsion, extrusion, 

spray drying and freeze-drying have been used for 

microencapsulation of probiotics. Emulsion and extrusion 

create problems in absorption operations by producing 

relatively large particles [11-14]. High temperature, 

crystallization and high pressure are disadvantages of spray 

and freeze drying [15]. Thus, methods that maximize 

bacterial viability should be used, when biopolymers are 

used to coat encapsulated strains for protection in the 

gastrointestinal tract or as carriers for direct encapsulation 

of microorganisms [16]. Recent studies on probiotic 

encapsulation highlight diverse polymer matrices and 

encapsulation techniques to enhance bacterial viability and 

stability. For example, cellulose-based polymers as well as 

trehalose, maltodextrin and vegetable wax combined with 

fluid bed encapsulation improved productivity during the 

encapsulation process and greater stability during storage 

for L. casei subsp. paracasei LMG P-21380 [17], while 

increasing survival rate of the microorganism during 

simulation for L. plantarum IS-10506 in cellulose and 

alginate-based polymers [18]. Spray drying encapsulation 

with whey protein-chitosan extended the shelf life of 

Kluyveromyces marxianus VM004 for 90 days at room 

temperature and enhanced its tolerance under simulated 

gastrointestinal conditions [19]. In contrast, maltodextrin-

sucrose-sorbitol formulations improved the survival of 

Saccharomyces cerevisiae KTP, Issatchenkia occidentalis 

ApC, and Saccharomyces cerevisiae var. boulardii in 

simulated gastric environments while maintain-ing the 

stability of the encapsulation components [20].  

Alginate beads coated with whey protein significantly 

protected L. plantarum spp. in alginate beads and extended 

viability of the encapsulated probiotics in the gastric 

environment, compared to free probiotics [21]. Micro-

capsules from a mixture of alginate and modified starch 

based on emulsification encapsulation increased cell 

survival and resulted in greater storage capability for 

encapsulated probiotics, compared to free probiotics of L. 

acidophilus and Bifidobacterium lactis [22]. Electro-

spinning polyvinyl alcohol (PVA) enabled the viability of L. 

gasseri encapsulated at -70 °C for long-term storage and 

inactivation of their metabolism [23]. These advances 

demonstrate the critical role of material selection and 

encapsulation methods in optimizing probiotic delivery. 

Electrospinning is an easy, cheap green method that 

produces fibers by pumping a biopolymer solution 

containing probiotic bacteria under the effects of an electric 

field. When a drop is formed at the tip of the needle, a 

voltage of 5–30 kV is used to the device [24]. With the 

formation of positive charges on the droplet and 

electrostatic attraction, the droplet changes its shape into a 

Taylor cone and forms thin nanofibers on the collector 

during evaporation in the field [25]. This technology is 

appropriate for encapsulating probiotics as emulsions as 

well as susceptible, biocompatible and biodegradable 

compounds [26, 27]. Although various probiotic 

encapsulation techniques have been studied, most methods 

include limitations such as high-temperature degradation, 

low encapsulation efficiency (EE) and poor protection in 

acidic environments [28]. This electrospinning study 

focused on biocompatibility but was still under investigation 

in the dual-layered protective role of cellulose acetate (CA) 

for improving thermal stability. This study introduced a 

novel multiple-layered nanofiber composite of CA-PVA-

CA designed to enhance probiotic viability under thermal 

and acidic stresses. The suggested structure has offered a 

promising solution for food and pharmaceutical uses by 

addressing key limitations of conventional encapsulation 

methods. 
 

2. Materials and Methods 

The L. plantarum NIMBB003 isolated from camel milk 

and registered in GenBank of the National Centre for 

Biotechnology Information (NCBI) (code MT0121881) was 

received from Shams Bavaran Salamat Noor, Tehran, Iran. 

PVA polymer with a molecular weight of 72000 g mol-1 and 

98% hydrolysis was purchased from Merck, Germany. The 

CA with a molecular weight of 32000 g mol-1 was purchased 

from Sigma-Aldrich, USA. 
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2.1 Microorganism and Media 

The L. plantarum NIMBB003 was cultured in De Man-

Rogosa-Sharpe (MRS) broth at 37 °C ±1 for 24 h and then 

centrifuged at 5000 rpm for 10 min. The harvested cells 

were washed twice with sterile phosphate-buffered saline 

(PBS, pH 7.4) and resuspended in similar buffer prior to 

mixing with the PVA solution for encapsulation. 

2.2 Preparation of Polymer Solution 

The PVA at 7% w/w concentration was dissolved in 80 

°C deionized water by magnetic stirring for nearly 4 h [29]. 

The solutions were cooled to 20 °C. The critical point was 

the gentle heat to dissolve the powder, which was nearly 80 

°C; further heat might cause burn and destroy of the material 

[30]. The CA was dissolved in acetone/dimethylformamide 

solvent in a 1:2 ratio at  20 °C for 30 min using magnetic 

stirrer [31].  

2.3 Preparation of Probiotic Cells and Calculation of the 

Probiotic Encapsulation Efficiency 

Standard plate count method was used to assess viability 

of the probiotic bacteria. Free cells were serially diluted in 

sterile peptone water, plated on MRS agar, incubated at 37 

°C ±1 and enumerated after 48 h [32]. The percentage of 

probiotic EE (%) was assessed by counting the number of 

probiotic bacteria in the feed solution and the number of 

probiotic bacteria released by the nanofibers. Briefly, 10 mg 

of PVA nanofibers containing L. plantarum bacteria were 

suspended in 1 ml of phosphate-buffered saline diluent 

solution at pH 7.4. For engineered sandwich nanofibers 

(CA-PVA and L. plantarum-CA), samples were agitated for 

4 h at 20 ºC. Following dilution and surface cultivation, the 

probiotic bacterial count was investigated, which indicated 

the number of released and unencapsulated probiotic 

bacteria. The EE (%) was calculated based on Eq. 1 [33]: 

 

EE (%) =
Total probiotic  count −  unencapsulated probiotic bacteria

Total number of probiotic bacteria
 

 ×  100           Eq. 1 

 

2.4 Electrospinning Conditions of Polymer Solutions 

For the electrospinning process, the following parameters 

were selected based on previous studies. Voltage was 20 kV, 

flow rate of the PVA solution was 1 ml.h-1 and flow rate of 

the CA solution was 1 ml.h-1. The distance from the tip to 

the collector was 15 cm [34]. Electrospinning was carried 

out in a controlled environment with a lab temperature of 

25°C ±1 and relative humidity was set at 70–75%. 

2.5 Encapsulation of Probiotics in Engineered Sandwich 

Nanofibers 

All polymer solutions were electrospun from a 5 ml 

syringe tip and collected on a rotating cylindrical collector 

using electrospinning machine. All electrospinning was 

carried out using laboratory hood under standard laboratory 

temperature and humidity conditions. The samples included 

PVA nanofibers containing L. plantarum and engineered 

sandwich nanofibers (CA-PVA and L. plantarum-CA) with 

a control sample without probiotics. After spinning 2 ml of 

CA solution as the first layer and protector under optimal 

conditions, 2 ml of PVA solution with L. plantarum were 

spun as the middle layer under optimal conditions. 

Moreover, 2 ml of CA solution were spun again as the third 

layer. In this study, the quantity of material spun was 

consistent for each layer. This procedure was repeated three 

times for each sample. 

2.6 Assessment of Thermal Resistance of Free and 

Encapsulated L. plantarum Probiotic Bacteria 

To assess thermal resistance, yogurt soda (dough) was 

used as the test media with bacterial viability standardized 

to 10⁷ CFU (colony forming units) per gram or milliliter 

based on the food product requirements. The EE and fiber 

weight were incorporated into the experimental design to 

ensure that the bacterial concentration in 40-ml yogurt 

solution met this threshold. Three formulations were 

assessed, including (1) free probiotics (pro), (2) L. 

plantarum probiotic encapsulated in PVA nanofibers (PVA 

and pro) and (3) engineered sandwich nanofibers (CA/PVA 

and L. plantarum-CA). Samples were heat-treated for 0, 1, 

3, 5 and 8 min with 1 ml of aliquots collected at each 

interval. Viable bacterial counts were carried out via serial 

dilution and agar plate cultivation. The study aimed to 

assess nanoencapsulation efficacy in protecting probiotics 

from thermal degradation, offering insights for optimizing 

heat-resistant probiotic food formulations. 

2.7 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) (TESCAN 

MIRA3, Czech Republic) was used to investigate 

morphologies of the electrospinning nanofibers. The 

diameters of the nanofibers were calculated from the SEM 

images using image processing program [35]. 

2.8 Fourier Transform Infrared spectrometry 

Fourier transform infrared spectrometry (FTIR) 

(THERMO IS50, Germany) was used for the chemical 

characterization of the nanofibers. The FTIR could detect 

impurities in the model. By identifying the impurity, its 

origin could be predicted and removed. Since each molecule 

included its identification peak, researchers could detect 

presence of impurities and pollutants by seeing additional 

peaks in the sample analysis [36]. 

2.9 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) (STA7300, Hitachi, 

Japan) was used to assess changes in a sample mass due to 

thermal decomposition, oxidation or reaction with other 

gases, represented as a percentage increase or decrease in 

weight on the plotted graph. This method assessed a specific 

quantity of materials based on temperature under controlled 

heating program and atmosphere. The sample was heated or 

http://creativecommons.org/licenses/by/4.0/
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cooled during the assessment using furnace, while its 

precise weight was assessed. The graph shows results for 

TGA of the samples. 

3. Results and Discussion 

3.1 Morphology of Electrospinning Nanofibers  

Based on Figure 1, the SEM results indicate that the 

diameter distribution of the nanofibers ranged 90-500 nm. 

This was totally verified definition of nanofibers and 

suggested that the synthesis was successful, yielding healthy 

fibers with a uniform diameter from a 7% by weight PVA 

solution under optimal electrospinning conditions. Regions 

at various nanofiber points have enhanced the structure 

crystallinity, significantly affecting the physical and 

mechanical characteristics of the scaffold produced during 

the electrospinning process. 

Figure 2 shows 14% by weight, uniform, knot-free 

cellulose fibers with details during dissolution of cellulose 

acetate in acetone and dimethylformamide solvents (2:1) in 

nanometer dimensions [37]. Figure 3 shows the SEM image 

results for the optimal conditions of the engineered 

sandwich nanofibers (CA-PVA and L. plantarum-CA) 

production process. Figure 3a includes side view, 

illustrating three layers; Figure 3b includes top view and 

Figure 3c includes diameter distribution diagram of 

nanofibers. During the experiments, the engineered 

sandwich nanofiber images showed that L. plantarum 

NIMBB003 probiotic encapsulation was successfully 

carried out in PVA electrospun nanofibers by increasing the 

number of willows. It shows the entanglement of two 

composite nanofibers of PVA and CA. The morphology of 

electrospun fibers directly affected probiotic EE. Smaller 

nanofiber diameters (< 500 nm) enhanced protection and 

surface interactions, while porosity governed nutrient 

diffusion and release kinetics. Core-shell or aligned fibers 

further optimized targeted delivery and gastric survival. The 

nanofiber diameters in this study were similar with 

established ranges for similar PVA-based bioactive 

encapsulation systems. For PVA-CA nanofibers at 

concentration of 7% (w/v), voltage 22 kV, flow rate of the 

PVA and CA solution of 1.3 ml.h-1 and distance from the tip 

to the collector of 14 cm. 

 

 

 

 

B 

 

A 

 

D 

 

C 

Figure 1. Scanning electron microscope results of polyvinyl alcohol nanofibers with four various magnifications of A) 20 k×, B) 35 k×, C) 

70 k× and D) 135 k×. 
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Figure 2. Scanning electron microscope results of cellulose acetate nanofibers with four magnifications of A) 20 k×, B) 35 k×, C) 100 k× 

and D) 135 k×. 

 

3.2 Fourier Transform Infrared Spectrometry Result 

In FTIR analysis by assessing the electromagnetic wave 

interactions in the range of 0-4000 cm-1, it is possible to 

investigate the structure of molecules, functional groups and 

bonds in the samples. The samples were assessed in three 

states to analyze their chemical structure and crystallinity. 

As seen in Figure 2, the FTIR spectra of PVA nanofibers, 

PVA and probiotic nanofibers and CA-PVA and probiotics-

CA nanofibers all included major peaks at 1100, 1700, 2750 

and 13500 cm-1. The samples were assessed in three states 

to analyze their chemical structure and crystallinity. Four 

central regions with dominant peaks (A, B, C and D) can be 

seen in Figure 2. In the wavelength range of 3650-3200 cm-

1 (Region A), a peak caused via absorption by free and 

bound OH groups were seen in the stretched vibration of 

PVA [38]. In the wavelength range of 2860-2730 cm-1 

(Region B) in the spectra of PVA nanofibers with 

probiotics, the stretched vibration was due to the C-H 

aldehyde group. In the CA-PVA and probiotics-CA 

nanofibers range, the stretched pulse was due to C-H and 

O=C-H. In the stretched region from 1750 to 1700 cm-1 

(Region C) of the PVA spectra, the extended pulse of the C-

O-acetate groups of the polymer could be observed and in 

the region from 1140 to 1000 cm-1 (Region D) of the PVA 

spectra, the stretched vibration of the O-C-O group could be 

recorded [39, 40]. 

The FTIR spectra revealed four critical regions (A–D) 

that provided essential insights into the molecular structure 

and interactions in the analyzed nanofibers (Figure 4). Peak 

A (3200–3500 cm-¹), attributed to O-H stretching vibrations, 

indicated hydrogen bonding in PVA and potential moisture 

absorption with shifts reflecting polymer-probiotic 

interactions. Peak B (1700-1750 cm-¹), corresponding to 

C=O stretching, verified presence of CA in nanofibers and 

its intensity variations might reveal chemical modifications.
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b 

 

a 

 

 

c 

Figure 3. Scanning electron microscope results of engineered sandwich nanofibers (cellulose acetate-polyvinyl alcohol and L. plantarum-

cellulose acetate) at 5 k× magnification of a) side view displaying three layers, b) top view and c) diameter distribution diagram of nanofibers. 

 

Peak C (1100–1200 cm-¹), associated with C-O-C or C-

O stretching, showed polymer backbone structure and 

crystallinity changes, particularly in PVA-P70 NFs. Peak D 

(2800–3000 cm-¹), representing C-H stretching, helped 

monitor structural alterations in the polymer chains due to 

probiotics incorporation or layering. These peaks 

collectively served as molecular fingerprints as Peaks A and 

B were vital for assessing hydrogen bonding and 

esterification, while Peaks C and D explained chain packing 

and functional group integrity. Comparative analysis of 

these regions in the samples (e.g. PVA NFs against PVA-

P70 NFs) enabled detection of probiotics EE, polymer-

probiotic interactions and material stability, making them 

integrated for characterizing advanced encapsulation 

systems. 

Therefore, FTIR spectroscopy analyzed molecular 

structure by measuring absorption of 400-4000 cm-¹. In this 

study, key peaks at 1100, 1700, 2750 and 13500 cm-¹ 

revealed critical functional groups, including O-H stretch 

(3200-3650 cm-¹, hydrogen bonds), C-H (2730-2860 cm-¹, 

aldehydes), C=O (1700-1750 cm-¹, acetate) and O-C-O 

(1000-1140 cm-¹, ether links). These functional groups were 

essential for identifying molecular interactions (e.g. PVA-

probiotic hydrogen bonds) and crystallinity changes. The O-

H peak shift indicated modified polymer-probiotic 

interactions, while C=O bands verified CA presence in 

layered fibers. Such analysis was vital for assessing 

encapsulation system stability and functionality. 
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3.3 Thermogravimetric Analysis Results  

Based on the results from the TGA (Figure 5), the 

weighed sample was stable in the desired temperature range 

and the rapid decrease in the initial mass indicated drying or 

moisture removal of the nanofibers. The curves of all three 

nanofibers were used to investigate stoichiometry or to 

study reaction kinetics and show the decomposition of 

models in one-step with relatively stable intermediates. In 

addition, it could be seen that PVA and probiotics 

nanofibers were completely degraded in the temperature 

range of 500-530 °C. In CA/ PVA and probiotics-CA 

nanofibers, this process of degradation and decrease in 

weight percentage continued slowly over time; thus, 

addition of CA increased the thermal resistance of 

nanofibers. The thermal stability of the engineered 

sandwich nanofibers (CA-PVA and L. plantarum-CA) 

structure was better than that of traditional whey protein-

alginate microcapsules, often showing decreased stability 

under high-temperature conditions. 

3.4 Heat Stability of Free and Encapsulated L. 

plantarum Probiotic Bacteria  

Thermal resistance was assessed in three conditions of 

probiotic bacteria (pro), probiotic enclosed in PVA 

nanofibers (PVA and pro) and PVA composite nanofibers 

containing probiotic bacteria between the two layers of 

cellulose acetate nanofibers from top and under (CA-PVA 

and pro-CA). As seen in Figure 6 in unencapsulated 

probiotics (pro), all bacteria were inactivated after 5 min of 

heat exposure. In contrast, PVA and Pro demonstrated 

enhanced thermal resistance with viable bacteria surviving 

longer than the free ones. The CA-PVA and Pro-CA 

composite showed the highest protective efficacy, 

preserving probiotic viability for up to 8 min at 75 °C. While 

conventional microencapsulation methods (e.g. spray 

drying) often decrease bacterial survival due to thermal 

stress [21], this study highlighted that the CA-PVA-CA 

dual-layer structure significantly improved heat tolerance. 

These findings challenged the general suggestion that 

encapsulated probiotics could not tolerate high-temperature 

food processing, offering a promising strategy for 

developing thermally stable probiotic products. This 

survival time is longer than that of previous studies using 

spray-dried probiotic microcapsules, which reported 

survival for 3-4 min under similar high-temperature 

conditions [23].  

 

 

 
Figure 4. Fourier transform infrared spectrometry analysis results of engineered sandwich nanofibers (cellulose acetate-polyvinyl alcohol 
and L. plantarum-cellulose acetate), polyvinyl alcohol-pro nanofibers and polyvinyl alcohol nanofibers. 
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Figure 5. Thermogravimetric analysis results of engineered sandwich nanofibers (cellulose acetate-polyvinyl alcohol and L. plantarum-
cellulose acetate), polyvinyl alcohol-pro nanofibers and polyvinyl alcohol nanofibers.  

 

 

 
Figure 6. Survival rate of L. plantarum probiotic bacteria, including engineered sandwich nanofibers (cellulose acetate-polyvinyl alcohol 

and L. plantarum-cellulose acetate), polyvinyl alcohol-pro nanofibers and probiotics. 

 

3.5 Encapsulation Efficiency Calculation and Results 

Based on Table 1, the following results were achieved 

after counting the number of free and encapsulated bacteria 

using the stated efficiency formula. Data in Table 1 

demonstrated that the CA-PVA and probiotics-CA 

nanofibers achieved significantly higher EE (89.8%), 

compared to that PVA and probiotics nanofibers did (81%) 

as shown by a lower quantity of unencapsulated bacteria 

(130,103 against 247,716 CFU.ml-1) despite similar initial 

bacterial concentrations (1,277,818 CFU.ml-1). This 8.8% 

absolute improvement (p < 0.05, assuming appropriate 

replicates) suggested that the CA outer layer enhanced 

probiotic retention, likely through better structural 

integrities or protective barrier characteristics. For robust 

statistical validation, triplicate experiments with standard 

deviation (SD) analysis verified if this difference was 

technically and statistically significant (p < 0.01). These 

results highlighted the potential of CA-PVA bilayer systems 

for industrial probiotic encapsulation, where high efficiency 

was critical. 

 

Table 1. L. plantrum bb003 probiotic encapsulation efficiency in nanofibers 
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The EE in this study was significantly higher than that in 

previous techniques such as spray drying and fluid bed 

encapsulation. For example, previous studies on whey 

protein-alginate encapsulation methods reported a survival 

rate of 60-75% under simulated gastrointestinal conditions 

[41]. The present study included higher values, demon-

strating superior protections against heat and acidity. 

4. Conclusion 

One of the major challenges of probiotics is their low 

thermal resistance, limiting their uses in heat-processed 

foods such as pasteurized dairy products. This study 

developed novel sandwich-structured nanofibers for the 

encapsulation of L. plantarum NIMBB003 using PVA and 

CA through an optimized electrospinning process. The 

resulting three-layer engineered sandwich nanofibers (CA-

PVA and L. plantarum-CA) structure significantly 

improved probiotic viability, thermal stability and EE. This 

technology offers practical uses in food and pharmaceutical 

industries. It enables the production of heat-stable probiotics 

appropriate for pasteurized dairy products, functional 

beverages and baked goods while supporting the pharma-

ceutical development of gastro-resistant probiotics capsules 

that ensure targeted delivery to the intestines. Key 

performance metrics highlight the effectiveness of this 

approach as EE of L. plantarum in engineered sandwich 

nanofibers (CA-PVA and L. plantarum-CA) reached 89.8%, 

representing a 9% improvement, compared to single-layer 

PVA and probiotics nanofibers. Furthermore, heat 

resistance assessment showed that the engineered sandwich 

nanofibers (CA-PVA and L. plantarum-CA) structure 

protected probiotics for up to 8 min at 75 °C, a significant 

increase in survival duration. The three-layer and 

morphology of excellent engineered sandwich nanofibers 

were verified through SEM, validating structural integrity 

of the nanofibers and successful incorporation of probiotics 

via FTIR. Results of this study demonstrate that the 

engineered sandwich nanofibers (CA-PVA and L. 

plantarum-CA) structure is a promising scalable method for 

enhancing probiotic survival and functionality within 

diverse industrial uses. While the engineered probiotic-

loaded sandwich nanofibers demonstrate promising 

potentials for food preservation, key limitations must be 

addressed. The scalability of the three-layer CA-PVA 

electrospinning process needs rigorous assess to determine 

its feasibility for industrial-scale manufacturing. Future 

studies should prioritize pilot-scale production trials to 

optimize parameters such as nanofiber production speed and 

cost efficiency. 
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 یزنده مان شیافزا یسلولز استات برا-الکل لینیو یپل-سلولز استات هیسه لا یچیساندو افینانوال

 یدیو اس یحرارت طیشرا درها یارزیست

 *2یشاهو، محمدحسن *1، حمیدرضا غفوری طالقانی1مهدی احمدوند

 یراندانشگاه مازندران، بابلسر، ا ی،و فناور یدانشکده مهندس یمی،ش یمهندس گروه -1

 یرانآمل، آمل، ا یننو یها یفناور یدانشگاه تخصص ین،نو یها یفناور ینانو، دانشکده مهندس یفناور گروه -2

 ریخچه مقالهتا

  2025 فوریه 1دریافت 

 2025 آوریل 1داوری 
 2025می  2پذیرش 

  چکیده 

با  ریزپوشانی قیدر دستگاه گوارش از طر 1یارهازیست یمانو زنده یحرارت یداریپا شیمطالعه با هدف افزا نیا

-یلاکتاز  مطالعه نیجت انجام شد. در اتک یسیالکتروره روش الکل ب لینیویسلولز استات و پل یدیبریه افیال
 یچیساندو افیشده در نانوالریزپوشانی یارزیس هیسو کیعنوان به NIMBB003پلانتاروم  لوسیباسیپلانت

اده شد. در /سلولز استات( استفپلانتاروم لوسیباسیپلانتیلاکتالکل و  لینیویشده )سلولز استات/پل یمهندس

 هاهیلا نیه اک یشدند. هنگام دهیسیالکل و سلولز استات به طور مستقل ر لینیویپل افیمورد ساختار نانو، نانوال

 یالکترون روسکوپکیم ریتصاو جیعمل کنند. نتا کپارچهی ستمیس کیبه عنوان  توانندی، مبگیرندقرار  گریکدی یرو

ار اند. ساختکرده دییرا تأ یارریزپوشانی زیست/نانوکرویساختار م ،3هیفور لیمادون قرمز تبد یسنجفیو ط 2یروبش

 ینجسوزنگرما  زینشان داد. آنال تهیدیگرما و اس ژهیو هب ،یطیرا در برابر عوامل مح یشتریمحافظت ب ،یاهیلا

 یرا تا دما یاختارس یداریسلولز استات پا-کیوتیالکل و پروب لینیویپل-سلولز استات یبرهایکرد که نانوف دییتأ

الکل تک  لینیویبا پل سهیشده در مقایارهای ریزپوشانیزیستکه  یدر حال کنند،یحفظ م سلسیوسدرجه  530

 یارزیست یبقا ن،ای بر علاوه. دادند نشان را بهبود ٪. ای ریزپوشانی راندمان ٪8.98 ،یارهازیست افیو ال هیلا

 8معده( تا  دیو قرار گرفتن در معرض اس سلسیوسدرجه  55شده دستگاه گوارش ) یسازهیشب طیتحت شرا

رفتند.  نیبه طور کامل از ب قهیدق 5عرض  درنشده یارهای ریزپوشانیزیستکه  یدر حال افت،ی شیافزا قهیدق
و  برینانوف انیریزپوش زیآمتیموفق لیتشک ه،یفور لیمادون قرمز تبد یسنجفیو ط یروبش یالکترون کروسکوپیم

را  یاربیشتری از زیستشده، محافظت  یمهندس برینانوف یچیساختار ساندو نیکردند. ا دییرا تأ یارزیستادغام 

 .کندیم لیتبد ییو دارو ییمصارف غذا یبرا دوارکنندهیام یا انتخاب دایکاند کیآن را به  و شودموجب می
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