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Abstract: Ralstonia solanacearum is the pathogen responsible for Ralstonia solanacearum, which is soil-borne, 

infests plant conduits to cause disease.They are not easy to control and are harmful.Therefore the development 

of a controlled-release agent responsive to the pathogen’s soil temperature and moisture conditions could aid 

in its control. Corn kernel powder is used as a carrier for Tetramycin biopesticide, with various compounds 

tested for bonding.They were then made by extrusion moulding.Temperature and wetness responsive 

components, including Pentaerythritol Tetrastearate, Pentaerythritol Tetraoleate, Polyethylene Glycol Stearate, 

and Polyethylene Glycol Monooleate,are compounded and coated onto Tetramycin cores to form an 

intermediate shell layer. Finally, Ethyl cellulose(EC)and Hydroxypropyl methyl cellulose(HPMC) are 

dissolved and sprayed onto the outermost layer to complete the pellet’s shell layer.After the evaluation of 

texture performance test,DSC analysis,TG test,temperature and humidity response performance test, as well 

as pellet cross-section SEM observation, field effectiveness test, etc., the preferred formulations were 

screened.The results showed that the preferred Core formulation:Corn kernel powder:Tetramycin 

aqueous:Xanthan gum mass ratio=13.5:23:2; Intermediate Shell layer:PETS: PETO: PEG400MO mass 

ratio=10:30:10; and Outer Shell layer: Ethyl cellulose (EC):Hydroxypropyl methyl cellulose (HPMC) mass 

ratio=5:1.Under soil conditions of high incidence of Ralstonia solanacearum, i.e., sustained warmth (30-35℃) 

and high humidity (30% moisture content), the formulated pills showed a release rate of 95.18% to 96.24% over 

a period of 35 days. Moreover, they showed a stepwise cyclic release process under alternating warm and 

humid-dry and cold conditions.In field tests on tobacco, a relative preventive efficacy of 54.74% was achieved 

106 days post-transplanting. Soil bacterial community structure analysis revealed a significant decrease (2.28-

2.84 times) in the abundance of Solanaceae Raelia under Tetramycin pellet treatment compared to the control. 

Additionally, fungal community structure showed highter consistency initially across various soil depths, with 

diversity differences between soil layers reestablished later (106 days), while the predominant categories of 

bacteria and fungi remained unchanged.In this study, we successfully developed a nucleoshell-type slow-

controlled release pill embedded with Tetramycin. This pill effectively responded to temperature and humidity 

changes, resulting in high efficacy in disease prevention.This development holds significant promise for 

effectively improving drug utilization and easing application challenges, offering broad prospects for Ralstonia 

solanacearum prevention and control in agriculture. 

Keywords: tetramycin; Ralstonia solanacearum; kernel-shell granules; wet-temperature dual 

response; Ralstonia solanacearum 

 

1. Introduction 

Ralstonia solanacearum is a bacterial soilborne disease caused by Ralstonia solanacearum, with 

a wide geographic distribution and a broad range of plant hosts, leading to severe economic losses 

worldwide throughout the year. Studies have shown that Ralstonia solanacearum typically initiates 
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infection from wounds on plant roots, and following invasion, it produces significant amounts of 

extracellular polysaccharides (EPS) to obstruct the conduits, ultimately resulting in the characteristic 

symptom of wilting in half of the host’s leaves [1–4].After the host plant’s death, the bacteria return 

to the soil environment through saprophytism and then seek contact with new hosts to spread the 

infection[5].In the early stages of infection, plants do not exhibit obvious disease symptoms, and by 

the time symptoms of leaf wilting are observed, the disease has become difficult to reverse. Premature 

use of medication leads to drug wastage, posing significant challenges for precise drug application. 

Furthermore, outbreaks of Ralstonia solanacearum are often accompanied by high temperatures and 

heavy rains, which dilute the medication and reduce its concentration. Excessive medication usage 

can cause serious damage to the soil environment, making it challenging to prevent and control 

Ralstonia solanacearum[6–8]. 

In recent years, there has been a rapid growth in demand for environmentally friendly control 

methods, leading to an increasing preference for relatively gentle and harmless natural product 

drugs[9].Tetramycin is a broad-spectrum antibiotic produced through fermentation metabolism by 

the non-absorbent Streptomyces Wuzhou subspecies. It consists of four main components, namely 

Tetramycin A, Tetramycin B, Albonoursin, and Anisomycin, making it a novel type of natural 

agricultural antibiotic[10,11].Among them, Tetramycin A and Tetramycin B belong to macrolide 

Tetramycin antibiotics, which have significant inhibitory effects on bacterial diseases; Albonoursin 

belongs to peptide pyrimidine nucleotide antibiotics, which have strong killing effects on fungal 

diseases; Anisomycin belongs to nitrogen-containing heterocyclic aromatic antibiotics, which can 

promote nutrient absorption in plants and enhance plant immunity[12–14].Commonly used for 

preventing fungal and bacterial diseases, and can rapidly decompose into non-toxic compounds after 

use, aligning with today’s green control principles[15].Xiaozhou Ma et al. utilized hydrogel 

encapsulation loaded with Tetramycin for controlling Ralstonia solanacearum, and the experimental 

results demonstrated that Tetramycin could effectively control the occurrence of Ralstonia 

solanacearum[16].In this study, temperature-sensitive carriers that can respond to temperature 

changes were prepared by taking advantage of the fact that Pentaerythritol Tetrastearate (PETS), 

Pentaerythritol Tetraoleate (PETO), and poly(ethylene glycol) monooleate (PEG400MO) have 

different melting points and can be mixed in arbitrary ratios. Additionally, moisture-responsive 

shells were prepared using water-soluble Hydroxypropyl methyl cellulose (HPMC) and alcohol-

soluble Ethyl cellulose (EC). HPMC and EC were utilized to create humidity-responsive shells.As a 

result, the release rate of tetramycin is controlled by the environmental temperature and humidity to 

effectively extend the duration of tetramycin’s efficacy. Under laboratory conditions, the temperature 

responsiveness of the temperature-sensitive carrier and the textural parameters of HPMC-EC were 

characterized and analyzed. In the field environment, the pill’s effectiveness against the target was 

investigated. A core-shell slow-controlled release pill was prepared with drug release behavior 

matching the temperature and humidity variations during the growth of cyanobacteria. This 

provides a new method to enhance the efficiency of drug utilization in agricultural production. 

2. Results 

2.1. Results of core formulation screening 

Based on the information provided in Table 2-1, the core materials from various formulations 

were pour into the automatic pill-making machine. The weight of the pills produced by the machine 

in one minute, as well as the quality and integrity of the pills, were recorded and evaluated. 

Additionally, the core particles were subjected to texture analysis using a Texture Analyzer. 

As indicated in Table 2-1 and Figure 2-1, when compared to the other experimental groups, the 

particle morphology of A3 was superior, exhibiting higher integrity and a faster discharge rate. 

Corroborating this, the textural data provided in Table 2-2 revealed that A3 particles possessed strong 

springiness and cohesiveness, along with an average hardness. Consequently, the particles formed 

were of better quality and less prone to breakage, aligning with the experimental findings presented 

in Table 2-1 and Figure 2-1. Therefore, A3 was chosen as the core material. 
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Table 2-1. Minute Yield and Sensory Evaluation of Different Formulation Drug Cores. 

Sample Names Yield Rate(g/min) Sensory Evaluation 

A1 26.62±7.93bc Extrusion difficulties 

A2 40.53±5.63b Poorly formed and broken pills 

A3 60.70±3.26a Good ball formation, partially sticking to the knife 

A4 56.54±4.68a Sticky knife, fluffy balls 

A5 23.93±13.01c Extrusion difficulties 

Table 2-2. Differential Analysis of Texture Parameters for Different Formulation Drug Cores. 

Sample Names Hardness/g Springiness/g·s Cohesiveness 

A1 267.198±16.819c 0.986±0.037a 0.493±0.048a 

A2 394.755±30.142a 0.047±0.003c 0.049±0.001c 

A3 361.108±10.692ab 1.008±0.111a 0.460±0.069a 

A4 284.864±10.533c 0.569±0.131b 0.081±0.038c 

A5 335.023±22.560b 1.008±0.014a 0.281±0.141b 

Annotate:Data are presented as the mean±SD based on three biological replicates,Different letters represent 

significant difference(p<0.05). 

2.2. Intermediate layer shell formulation screening results 

The softening point of Pentaerythrityl Tetrarastearate (PETS) is 63.8℃, while the softening point 

of Polyethylene Glycol Stearate (PEG400MS) is 34.1℃. Pentaerythrityl Tetraoleate and Polyethylene 

Glycol Monooleate are in liquid form at room temperature. Thus it is possible to adjust the ratio of 

PETS, PETO and PEG400 to act as a temperature response. 

The softening points and DSC absorption peaks of the oil phase samples with different ratios are 

presented in Table 2-3, and the thermal behaviors of the oil phase samples during the DSC and TGA 

analyses are depicted in Figure 2-2 and Figure 2-3. As shown in Figure 2-2(a), it can be observed that 

the softening point gradually decreases with the increasing addition of PEG400MS, and the DSC 

absorption peaks also progressively shift towards lower temperatures as the amount of PEG400MS 

with a low melting point increases. The effect of adding PEG400MO, as shown in Figure 2-2(b), is 

consistent with that of PEG400MS.From Figure 2-2, it can be observed that the melting point of PETS 

is at 51.42℃. With the addition of PEG400, a clear decreasing trend in the melting point can be 

observed. The DSC plots of the sample groups M1-1~M1-6 all exhibit two heat-absorption peaks, 

which could be attributed to the shock-cooling treatment (60℃-0℃ice/water bath) that the samples 

underwent. During this process, the low melting point of unsaturated PEG400MS inhibited the 

crystallization behavior of PETS, potentially resulting in the formation of partially crystallized 

amorphous solids with a lower softening point[17].As a result, formulations M1-4 and M2-1 were 

initially chosen for the composition of the grease material shell. The TGA results depicted in Figures 

2-3 reveal that the components including PETS, PETO, PEG400MS, PEG400MO, as well as the 

formulations M1-4 and M2-1 under consideration, are thermally stable within the temperature range 

corresponding to the DSC results. 
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(a) (b) 

Figure 2-2. DSC Analysis Chart of Outer Shells with Different Ratios of Fat Materials. 

 

Figure 2-3. TGA Analysis Chart of Outer Shells with Different Ratios of Fat Materials. 

Table 2-3. The Softening Point Determination Results of Fat Material Shell Formulation. 

Sample Names Softening Points (℃) Endothermic Peaks in DSC (℃) 

M1-1 30.7 22.76，52.90 

M1-2 31.2 24.12，54.16 

M1-3 31.8 29.87，50.84 

M1-4 32.7 31.36，53.96 

M1-5 35 31.72，54.04 

M1-6 44.1 31.76，54.43 

M2-1 32.8 34.48 

M2-2 35.4 40.22 

M2-3 37.2 41.16 

M2-4 38.2 42.19 

M2-5 39.2 42.51 

M2-6 40.2 43.87 

Examining Figure 2-4(a), it becomes evident that the pill pellets containing PEG400MS exhibit 

dissolution cracking of the core after 15 days of immersion in water, with particularly severe cracking 

observed at 30 and 35℃. This phenomenon may be attributed to the fact that both PEG400MS and 

PEG400MO are effective amphiphilic compounds, and a moderate addition of these compounds can 

provide some humidity response to the temperature-sensitive material shells. PEG400MS, being a 

long-chain fatty acid, possesses various hydrophilic groups like aldehyde (-CHO) and carboxyl (-

COOH), which offer superior hydrophilicity when compared to PEG400MO with its hydrophobic 

oleic acid chains. This increased hydrophilicity may make it more likely for moisture to penetrate 

into the core, causing the kernel to dissolve,resulting in the observed dissolution cracking[18,19].On 

the other hand, PEG400MS, being a long-chain fatty acid, possesses a more rigid molecular structure, 

which may render the shell layer more brittle and prone to cracking when used as an oil shell 
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material. In contrast, PEG400MO is softer and can better encapsulate the pill’s core, preventing 

cracking due to water absorption and swelling. Figure 2-6 shows the pills after soaking in water, 

highlighting the differences in their conditions. 

In Figure 2-5, a temperature-sensitive material shell containing beet red is formed into a small 

ball and placed in 35℃ water. It can be observed that M2-6, without the addition of PEG400MO, does 

not release beet red, while the addition of PEG400MO results in increased release of beet red, 

indicating that the presence of a hydrophilic and pliable material is necessary to facilitate drug 

release. Therefore, M2-1 is deemed more suitable as a grease shell material. 

 

Figure 2-4. Condition of Soaking M1-4(a) and M2-1(b) at Different Temperatures (20, 25, 30, 35℃) for 

15 Days. 

 

Figure 2-5. M2-1~M2-6 Temperature-Sensitive Material Shell Releases Beetroot Red. 

 

Figure 2-6. The image of pill M1-4(a) and M2-1(b) after soaking in water. 
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2.3. Outer shell formulation screening results 

Figure 2-5 displays the morphology of outer shells with various ratios before water soaking (a) 

and after water soaking (b) at 35℃for 30 days. In this figure, numbers 1-5 correspond to HE1-HE6 

respectively, while numbers 6-7 correspond to HE1-HE6 after water soaking. Upon observing Figure 

2-5, it becomes evident that after 30 days, samples 4 and 5, which contain a higher proportion of EC, 

and samples 9 and 10, with an equal proportion, appear to be curled and possess a rough texture that 

is hard to touch. They are also prone to breakage upon extrusion, especially in the case of samples 4 

and 5 without water soaking. Conversely, samples 1, 2, and 3, with a lower proportion of EC, and 

samples 6, 7, and 8, with the same proportion, have smoother textures that are tough and less prone 

to folding. However, samples 1, 2, 6, and 7 have thinner textures on the entire surface and lack 

springiness. 

 

 

Figure 2-5. Morphology of different ratios of outer shells (HE1-HE6 arranged from left to right) after 

30 days at 35℃ without immersion (a) and after immersion (b). 

Observing Figure 2-5(c), it can be noted that the viscosity of the outer shell increases with the 

rise in HPMC content. Since the production of tetracycline delayed-release granules requires the use 

of a motorized spray gun to uniformly apply the outer shell. Excessive viscosity can make it 

challenging to spray the shell uniformly, leading to uneven coating of the pill. As shown in Figure 2-

4(a) and Figure 2-4(b), the hardness of the shell also increases with higher HPMC content, while 

optimal springiness is achieved at an EC:HPMC mass ratio of 5:1. 

In Figure 2-4(d), it can be observed that the toughness and resilience of the shell decrease with 

increasing HPMC content. These findings are consistent with the observations in Figure 2-5. The 

primary role of the outer shell is to encapsulate the pill while providing some humidity response. 

Good springiness ensures that the pill does not dissolve or rupture due to water absorption, moderate 

hardness prevents easy breakage, and the water-soluble nature of HPMC allows the shell to expand 

when in contact with water, enlarging the pore channels. Excessive HPMC addition can lead to 

excessively rapid drug release[20]. Therefore, the EC:HPMC mass ratio of 5:1 was selected as the 

formulation for the shell material, as it offers good toughness, resilience, and suitability for the pill 

shell. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 February 2024                   doi:10.20944/preprints202402.0841.v1

https://doi.org/10.20944/preprints202402.0841.v1


 7 

 

(a) (b) 

(c) (d) 

Figure 2-6. Impact Analysis of the Amount of Added HPMC on the Texture Parameters of outer 

shells. 

2.4. Tetramycin standard curve 

Observing Figure 2-7(a), a strong linear relationship was evident between the mass 

concentration of Tetramycin A1 and the chromatographic peak area. As shown in Figure 2-7(b), there 

was also a strong linear relationship between the mass of Tetramycin and the absorbance. Based on 

the standard curve established, subsequent experiments can accurately calculate the mass of 

Tetramycin using either the chromatographic peak area or absorbance. 

  
(a) (b) 

Figure 2-7. The Standard Curves of Mass Concentrations for Tetracycline A1 and Tetracycline. 

2.5. Observation of the microstructure of the shell layer using SEM 

The surface microstructure of the HPMC-EC membrane before and after soaking in water is 

depicted in Figure 2-8(a) and Figure 2-8(b). In Figure 2-8(a), the surface of the outer shell before water 

soaking appears relatively smooth, with larger blocks and fewer pores. However, in Figure 2-8(b), 
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the surface of the shell after water soaking has become uneven and fractured, with more pores. This 

structure can enhance the encapsulation of sustained and controlled-release particles while providing 

some humidity responsiveness without affecting drug release at the corresponding temperature. 

 

Figure 2-8. Scanning Electron Microscope Images of outer shells Before Soaking (a) and After Soaking 

(b). 

Observing Figure 2-9, several observations can be made:a. In Figure 2-9 (a), the surface appears 

relatively flat and tightly adhered, demonstrating good compatibility between PETS, PETO, and 

PEG400MO, as they are miscible with each other.b. In Figure 2-9 (b), the surface remains relatively 

flat, but there are some small holes, likely caused by the hydrophilicity of PEG400. This allows a small 

amount of water to penetrate the temperature-sensitive material, resulting in some drug release with 

the water.c. In Figure 2-9 (c), as the temperature approaches the melting point of the temperature-

sensitive material, the surface starts to dissolve, creating a terraced appearance.d. Figure 2-9 (d) 

shows unevenness on the surface and the emergence of several holes when exposed to high 

temperature and high humidity conditions. In this scenario, moisture can penetrate the core, dissolve 

the drug, and increase the pressure gradient inside the core, pushing the drug to pass through the 

shell for release. 

From Figure 2-9, it can be concluded that the temperature-sensitive material shell can exhibit 

temperature responsiveness. In conditions of elevated temperature and humidity, the pill does not 

crack, allowing for controlled drug release. This results in a slow release process for drug diffusion. 
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Figure 2-9. Scanning Electron Microscopy Images of Temperature-Sensitive Material Carriers at 

Various Temperature and Humidity Level. (a. 20℃without water immersion; b. 20℃with water 

immersion; c. 35℃ without water immersion; d. 35℃ with water immersion). 

2.6. Drug release characterization 

Observing Figure 2-10(b), it’s evident that some evaporative drug release occurred from the pill 

particles in an open environment at room temperature. At 35 days, the release rate reached 34.20%. 

This indicates that the drug release in Figure 2-9(a) wasn’t solely due to drug evaporation.In Figure 

2-10(a), the overall release rate of the pill particles was lower under low humidity conditions 

compared to high humidity conditions. Specifically, the high-temperature and high-humidity 

environment (30% moisture, 35℃) exhibited the fastest release, with a rate of 96.24% at 35 days. In 

contrast, the low-temperature and low-humidity environment (10% moisture, 20℃) showed the 

slowest release, with a rate of 57.19% at 35 days. This trend aligns with the desired temperature and 

humidity response for this study. 

Although the high-humidity groups demonstrated faster release at high temperatures and 

slower release at low temperatures, there wasn’t a significant difference in the 35-day release rate 

(94.54% vs. 96.24%). This may be attributed to the damage to the outer shell when exposed to water, 

resulting in increased porosity, which This prevents a good slow release of the drug. 

  
(a) (b) 

Figure 2-10. Release Curves of Pellets from Tablets under Different Temperature and Humidity 

Conditions (a) and Open Storage Release Curves of Pellets at Room Temperature (b). 

The experiments mentioned above have demonstrated that Tetramycin slow-controlled release 

pill granules exhibit a certain temperature and humidity response capability, meeting the 

requirements for controlling Ralstonia solanacearum in the field. In general, the drug release rate was 

initially rapid and steep, gradually becoming smoother over time. This behavior can be attributed to 

the drug release process through the dissolution of HPMC within the outer shell, leading to the 

formation of several holes in the shell. The high temperature caused the grease material shell to melt, 

allowing moisture to penetrate into the inner core of the drug, leading to drug dissolution. As a result, 

internal pressure increased, and the drug gradually diffused outward under the combined influence 

of concentration and pressure gradients.During this process, in the early stages, the drug 

concentration in the surrounding soil is low, while the drug concentration within the drug core is 

high, resulting in a sudden release and a faster release rate. However, as the drug in the core is 

dissolved, the drug concentration within the core gradually decreases, leading to a weakening of the 

release force. Consequently, the entire release process enters a stage of reduced drug release [21,22]. 

The relationship between the release rate and time of the pill particles under different 

temperature and humidity conditions can be accurately modeled by a first-order kinetic equation. 

The key kinetic parameters, such as the maximum release rate (No), kinetic rate (k), correlation 

coefficient (R2), and standard deviation (Se) of the release mechanism, are summarized in Tables 2-

4. It is noteworthy that the correlation coefficients (R2) for all the experimental groups are quite high, 
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ranging from 0.9738 to 0.9981, indicating an excellent fit of each equation to the release data. 

Additionally, the standard deviations of Se are relatively small, ranging from 0.0286 to 0.0492, further 

confirming the goodness of fit.Concerning the maximum release rate (No) of the drug, it was 

significantly higher under high humidity conditions compared to low humidity environments. 

Moreover, N0 generally increased with rising temperature. Similarly, the kinetic rate (k) exhibited a 

similar trend, indicating that the drug release was influenced by both temperature and humidity 

[23,24]. 

Table 2-4. First-order Kinetic Parameters for Pellet Release from Tablets under Different Temperature 

and Humidity Conditions. 

Temperature Humidness 

The first-order kinetics equation 𝐍𝐭 = 𝐍𝐨(𝟏 − 𝐞ି𝐤𝐭) 𝐍𝐨 k R2 Se 

20℃ 10% 57.5474 0.1890 0.9738 0.0286 

25℃ 10% 60.5647 0.2263 0.9847 0.0247 

30℃ 10% 64.6938 0.2521 0.9884 0.0233 

35℃ 10% 69.9371 0.2581 0.9813 0.0300 

20℃ 30% 92.3197 0.4497 0.9964 0.0251 

25℃ 30% 91.9658 0.6134 0.9960 0.0383 

30℃ 30% 92.9348 0.7548 0.9959 0.0492 

35℃ 30% 94.0467 0.7408 0.9981 0.0331 

2.7. Analysis of simulated field release experiments 

The release rate of the pill particles varies in different environmental conditions due to their 

temperature and humidity response properties, as shown in Figure 2-11. Groups A and B exhibit 

different degrees of stepwise slow release, especially in Group A. This group cycles between high-

temperature and high-humidity and low-temperature and low-humidity environments, resulting in 

a pronounced ladder-like release pattern. In 21 days, Group A achieves a release rate of 96.43%. This 

behavior demonstrates that the pill particles do not undergo a one-time, uniform, and equal release. 

Instead, they adjust their release rate in response to changes in the environment. This adaptive 

behavior helps prevent the premature release of the drug due to sudden high-temperature and high-

humidity weather, ensuring that the drug remains effective for longer and meets subsequent 

demand.Group C, on the other hand, does not exhibit a stepwise slow release pattern. This is likely 

because the release rate of the pill is faster in both high-temperature and high-humidity and high-

temperature and low-humidity environments, resulting in a parabolic release curve. Groups D and 

E, which serve as blank control groups, show a lower rate of slow release, with release rates of 30.27% 

and 30.86% at 21 days, respectively. This release behavior is similar to what was observed in Figure 

2-10(b) and is likely due to drug evaporation from the pills exposed to air. 
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Figure 2-11. Simulated Field Release Curves. 

2.8. Soil defense effectiveness and disease index statistics 

Observing Figure 2-12(a), it can be seen that at 72 days, both the blank group and the 

experimental group had similar disease onset rates (6.17% vs. 5.60%), and the disease index of the 

experimental group was slightly lower than that of the blank group. This result may be attributed to 

the fact that, at the end of May and the beginning of June, the local weather had not yet reached the 

high-temperature conditions conducive to the high incidence of Tobacco. Consequently, the 

temperature-responsive pills had not begun to release the drug significantly, and the difference in 

disease index between the two groups was not substantial. 

However, by 90 days, the disease index of the blank group was slightly higher than that of the 

test group (6.43% vs. 4.97%). During this period, the test group gradually started to release the drug 

as the temperature rose, leading to a gradual improvement in disease incidence. The preventive effect 

reached 20.67%, as shown in Figure 2-10(b).By 106 days, which was in the month of July when the 

temperature and humidity conditions for the high incidence of Ralstonia solanacearum were met, 

accompanied by heavy rainfall, the blank group experienced a significant outbreak of Ralstonia 

solanacearum. The experimental group’s pill particles had also reached the temperature and 

humidity response conditions, gradually releasing the drug. As a result, the disease incidence in the 

blank group was much more severe than that in the experimental group (43.97% vs. 19.90%), with a 

relative preventive effect of 54.74%. As shown in Figure 2-13, the blank group had more tobacco 

plants withered, and there were more Ralstonia solanacearum plants. In contrast, the test group 

remained in relatively good condition, with fewer diseased plants, and the leaves appeared healthier. 

These experiments demonstrated that the pill had a positive and effective control effect in practical 

application. 
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Figure 2-12. Disease Index (a) and Control Efficacy (b) of Tobacco Bacterial Wilt in Blank Group and 

Experimental Group.Data are presented as the mean±SD based on three biological replicates,Different 

letters represent significant difference(p<0.05). 

 

Figure 2-13. Field Experiment Results at 106 Days for Blank Group (a) and Experimental Group (b). 

2.9. Structural flora analysis of soil bacterial and fungal communities 

Figure 2-14(a) reveals that at the phylum classification level, the dominant flora in the soil at 

different depths of both the blank group and the test group were primarily Pseudomonas 

(32.61%~48.26%). At the class classification level, the soil flora were mainly distributed within the 

order Alphaproteobacteria (21.49%~32.30%). At the phylum classification level, the soil bacterial 

groups were primarily found in the orders Hyphomicrobiales (6.93%~10.63%) and 

Sphingomonadales (5.08%~11.11%). At the family classification level, the primary bacterial groups 

were from the family Sphingomonadaceae (4.80%~10.76%). At the genus classification level, the 

primary bacterial groups in the soil were from the genus Sphingomonas (4.47%~10.50%). 

Ralstonia solanacearum belongs to the genus Ralstonia in the family Ralstoniaceae. As shown in 

Figure 2-14, at the genus classification level, the relative content of Ralstonia in the soil of the 

experimental group was lower than that in the blank group (0.47% vs. 1.07%). Similarly, at the species 

level, the content of Ralstonia solanacearum in the experimental group was also lower than that in 

the blank group (0.32% vs. 0.91%). These experimental results suggest that Tetramycin inhibited the 

growth of Ralstonia solanacearum to some extent, reducing its presence in the soil. This reduction 

can potentially help tobacco seedlings resist Ralstonia solanacearum infestation, leading to fewer 

cases of tobacco plant wilting and death caused by Ralstonia solanacearum. 

As indicated in Figure 2-14(b), at the phylum level, the predominant soil flora in different depths 

of the blank group and the test group mainly belonged to Ascomycota (29.02%~54.07%). At the class 

level, the flora was primarily represented by Sordariomycetes (19.11%~43.68%). When classified by 

order, the primary components of the flora were Mortierellales (5.97%~40.92%) and Trechisporales 

(1.28%~44.40%). Moving to the family level, the dominant families were Mortierellaceae 

(5.98%~40.92%) and Hydnodontaceae (1.16%~44.10%). Finally, at the genus level, the prominent 

genera included Trechispora (0.21%~15.19%) and Chaetomium (1.00%~12.93%). 

There were no significant shifts in the major fungal classes between the treatment and control 

groups. However, the fungal community structure showed higher consistency in the early stages in 

different deep soil layers of the treatment group compared to the control, indicating that the 

Tetramycin controlled-release pellet treatment had a certain effect on the soil fungal community 

structure. The diversity differences between different soil layers in the treatment group were restored 

in the later period (106 days), suggesting that the impact of the pharmaceutical treatment began to 

diminish towards the end of the production season. 
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Figure 2-14. Genus-level (a) and species-level (b) distribution frequency chart of soil bacteria. 

 

Figure 2-15. Genus-level (a) and species-level (b) distribution frequency chart of soil fungi. 

The dilution curves are depicted in Figure 2-16 (a) and (b), and they show that the dilution curves 

for both bacteria and fungi tend to level off. This indicates that the sequencing depth used in the 

current study is adequate to accurately represent the microbial composition of the soil in the tobacco 

plant. 

  
(a) (b) 

Figure 2-16. Bacterial (a) and Fungal(b) Dilution Curves. 

3. Discussion 

3.1. The raw material for the preparation of Tetramycin core-shell pellets is green 

Corn cob meal, used in pharmaceutical preparations, is an agricultural waste product. Corn cobs 

are primarily composed of cellulose (35-55%), hemicellulose (25-35%), and lignin (20-30%), and are 

rich in carbohydrates[25]. Due to its high density (160-210 kg/m3) and porous structure, it can retain 

sufficient water to achieve high drug loading percentages when carrying aqueous drugs. Finally, it 

can also be converted into soil organic matter by soil microorganisms, making it a high-quality carrier 

for Tetramycin[26,27]. Additionally, it enables the utilization of agricultural waste.PETO and PETS 
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are intermediate shell layer materials synthesized from Pentaerythrityl esters , Stearic acid, and Oleic 

Acid. Pentaerythrityl Tetrastearate is prone to hydrolysis and fracture due to susceptibility of its ester 

groups to water molecule attack, resulting in structural damage, and it possesses characteristics of 

high-speed biodegradation [28,29]. Stearic Acid and Oleic Acid are widely found in plants and 

animals, serving as natural raw materials that do not easily cause harm to the environment. 

PEG400MO is a polyethylene glycol polymer with a relative molecular mass of 400, commonly used 

in the preparation of degradable compositions [30,31].Cellulose, as one of the most abundant 

renewable resources in nature, finds utility in various fields through its derivatives. The shell layer 

materials EC and HPMC are cellulose ethers derived from natural cellulose through chemical 

modification. As both EC and HPMC share biodegradable cellulose as their main chains, they exhibit 

a certain level of biodegradability [32–34]. Due to their stable chemical properties, film-forming 

abilities, as well as notable characteristics such as non-toxicity and biodegradability, they are 

commonly utilized in the production of biodegradable membranes, packaging materials, and other 

applications [35,36]. 

3.2. Temperature and humidity responsiveness of the enclosure 

Since PETS, PETO, and PEG400 can be mixed in any proportion, temperature-sensitive shells 

with properties responsive to temperature changes are formulated by leveraging the differences in 

melting points among the three substances. The primary mechanism involves the formation of new 

compounds through interaction forces among the various components, resulting in a melting point 

that falls between those of the individual raw materials. By adjusting the ratios, a formula with a 

softening point of 30-35℃ can be achieved. When the temperature reaches this range, the 

intermediate shell layer undergoes a phase transition from a “gel-like crystal state” to a liquid crystal 

state, enhancing permeability and facilitating drug release [37].Additionally, the inclusion of 

hydrophilic PEG400MO imparts humidity responsiveness to the intermediate shell layer. This 

characteristic aids in the transport of water Agronomy through the intermediate shell layer to reach 

the interior of the drug core, facilitating the release of water-soluble drugs contained within the core. 

The outer cellulose shell is a cross-linked reticular membrane created by blending water-soluble 

HPMC with alcohol-soluble EC. When exposed to water, the membrane undergoes swelling, causing 

the multidimensional spatial mesh structure formed by -OH groups on the cellulose ether molecular 

chain through esterification or etherification cross-linking to break down [38]. Simultaneously, a 

portion of the HPMC dissolves, leading to the formation of pores on the surface of the cellulose 

membrane. Through these pores, water Agronomy penetrate into the intermediate shell layer. 

The experimental results corroborated the theoretical conjecture mentioned above, 

demonstrating that the drug exhibited responsive release when exposed to conditions of sustained 

mildness (35℃) coupled with high humidity (30%). 

3.3. Temperature- and humidity-responsive slow-release pellets can meet agricultural needs in warmer 

regions 

The optimal conditions for the development of Ralstonia solanacearum are typically a 

temperature range of 30-35℃ combined with high humidity [39,40]. Therefore, particles that respond 

to temperature and humidity, particularly within the range of 33-35℃, should effectively cater to the 

requirements in tobacco agricultural production. Additionally, experimental evidence has confirmed 

the efficacy of Tetramycin against tobacco Ralstonia solanacearum [16,41]. According to the 

aforementioned experimental results, the relative preventive effect reached 54.74% at 106 days after 

transplanting, significantly reducing the damage caused by Ralstonia solanacearum in tobacco 

production. Consequently, core-shell particles hold promise as biopesticide control agents for tobacco 

Ralstonia solanacearum in Guizhou Province of China. 

Furthermore, since Tetramycin is a broad-spectrum antibiotic, it can also target other diseases 

such as wheat erythroplasmosis, powdery mildew, poplar ulcer, and bacterial hornblotch. By 

adjusting the response temperature of the intermediate shell layer, control of these additional 
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diseases can be achieved. As a result, the particles can address a broader spectrum of agricultural 

needs in warmer regions, presenting favorable prospects for application. 

4. Materials and Methods 

4.1. Materials and Instruments 

Corn kernel powder is food grade from Henan Qikang Water Treatment Material Co.(Henan 

China).Tetramycin is industrial grade from Liaoning Microscope Bioengineering Co.(Liaoning 

China).Pentaerythritol Tetrastearate(PETS), Pentaerythritol Tetraoleate(PETO) and Polyethylene 

Glycol Monooleate(PEG400MO) are industrial grade from Jiangxi Zhilian New Material Co.(Jiangxi 

China).,Guangzhou Fufei Chemical Technology Co.(Guangzhou China). and Jiangsu Hai’an 

Petrochemical Plant(Jiangsu China).Ethyl cellulose(EC,AR), Hydroxypropyl methyl 

cellulose(HPMC,AR), Ethanol purchased(98％,AR) from Sinopharm Chemical Reagent Co.(Shanghai 

China).Both Automatic Pill Making Machine AW-91 and Pill Polishing Machine BY-300 are from 

Wenling Aoli Chinese Medicine Machinery Co.(Zhejiang China).Electric spray gun SG9626ST from 

Ningbo Huipu Hardware Tools Co.(Zhejiang China).The high-performance liquid chromatography 

(HPLC) equipment (Waters e2695 with Waters 2489 UV detector and HPLC column: SunfireTM C18 

(250 × 4.6 mm, 5 µm)) was from Waters Corporation (Milford, MA, USA).The scanning electron 

microscope(SEM) SU1510 used for the analysis was from Hitachi((Ibaraki, Japan).Differential 

Scanning Calorimeters(DSC) 204F and Thermogravimetric Analysers(TGA) STA 449 F3 from 

Netzsch(Free State of Bavaria Germany).The mass spectrometer TA-XT plus is from Stable Micro 

Systems(Surrey UK).UV Spectrophotometer UV-5500 from Shanghai Yuananalytical Instrument 

Co.Shell 1 is an intermediate shell layer. Shell 2 is the outer shell layer. 

 

Figure 4-1. Tetracycline Controlled-Release Tablet Finished Sectional View(a) and Structural 

Schematic Diagram(b). 
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Figure 1-2. SEM Image of Cross-section of Pill at 35x Magnification. 

4.2. Preparation of Tetramycin core-shell sustained and controlled release particles 

4.2.1. Preparation of cores and screening of formulations 

In this paper, we consider using corn kernel meal as the carrier and Tetramycin aqueous solution 

as the drug, using Quaternary Ammonium Chitosan, Sodium Polyacrylate, Sodium Carboxymethyl 

Cellulose, Xanthan Gum,and Sodium Alginate as binders. With a fixed ratio of corn kernel meal to 

Tetramycin aqueous solution, and based on the varying adhesive properties of different binders, we 

first mix a fixed amount of corn kernel meal with different amounts of adhesive, achieving the 

distribution as shown in Table 1-1. Then, a fixed amount of Tetramycin aqueous solution is added 

and thoroughly mixed to ensure the complete absorption of Tetramycin aqueous solution by the corn 

kernel meal. Finally, the mixture is poured into an automatic pill-making machine to produce 

spherical core particles. 

Table 4-1. Translation of the formula table for drug core materials with different ratios. 

Sample 

Names 

Corn 

Cob 

Powder/g 

Tetracycline/g

Quaternary 

Ammonium 

Chitosan/g 

Sodium 

Polyacrylate/g 

Sodium 

Carboxymethyl 

Cellulose /g 

Xanthan 

Gum/g 

Sodium 

Alginate/g 

A1 135 230 20 20    

A2 135 230   15   

A3 135 230    20  

A4 135 230  10    

A5 135 230     20 

4.2.2. Preparation and formulation screening of Intermediate layer shel 

In this paper, we mainly consider the mutual solubility of PETS, PETO and two derivatives of 

PEG400 (PEG400MS, PEG400MO) to prepare temperature-sensitive shells. Twelve mixed oil phase 

solutions were configured according to Table 1-2, numbered M1-1 to M2-6, and the proportions in 

Table 1-2 are all mass ratios. 

Table 4-2. Formulation Table of Oil Phase Materials with Different Ratios. 

Sample Names 

M1 M2 

PETS: PETO: PEG400MS Mass 

Ratio 

PETS: PETO: PEG400MO Mass 

Ratio 

1 10:20:10 10:30:10 

2 10:20:5 10:30:5 

3 10:20:2 10:30:2 

4 10:20:1 10:30:1 

5 10:20:0.5 10:30:0.5 

6 10:20:0 10:30:0 

4.2.3. Preparation and formulation screening of Outer shell 

HPMC and EC are modified derivatives of natural cellulose.Both of these substances possess 

excellent viscosity and stability, making them valuable as stabilizers and thickeners in 

pharmaceuticals. They are commonly used to improve drug release.When a mixture of these two 

substances undergoes a cross-linking reaction, it forms a mesh-like structure. When this mixture is 

air-dried, it results in the formation of a translucent film. Studies have shown that this hybrid film 

can be loaded with drugs through dissolution in water or alcohol, thereby achieving sustained release 

of the drug[42].According to Table 1-3, five mixed solutions of HPMC and EC with different mass 
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ratios were configured, and the effects of different mass ratios of HPMC and EC on the toughness, 

elasticity, etc. of the shells were considered. 

Table 4-3. Formulation Table of Organic Cellulose Materials with Different Ratios. 

Sample Names EC: HPMC Mass Ratio 

HE1 30：1 

HE2 10：1 

HE3 5：1 

HE4 3：1 

HE5 2：1 

4.3. Analyze test methods and test procedures 

4.3.1. Tetramycin standard curve production 

Accurately weigh a certain mass of Tetramycin, prepare an aqueous solution of Tetramycin with 

the mass concentration of 5g/L in distilled water, take 2.5, 5, 7.5, 10, 12.5mL of Tetramycin, and then 

condense to 50mL, then determine the absorbance at 319nm. The absorbance at 319nm was measured. 

The absorbance was taken as the vertical coordinate and the mass concentration of Tetramycin as the 

horizontal coordinate to make the standard curve. 

4.3.2. DSC analysis 

Accurately weighed 20~30 mg of oil film material was analyzed on a differential scanning 

calorimeter (Netzsch DSC 204 F). The equilibrium and sample gases were nitrogen, the heating rate 

was 10℃ /min, the starting temperature was -30℃and the termination temperature was 90℃ to 

investigate the decomposition temperature. 

4.3.3. Mass spectrometer analysis 

The TA-XT plus mass spectrometer was used to determine the mass structure of the drug core 

and HPLC-EC shell liquid. P2 was selected as the probe for the determination of the drug core, with 

a descending speed of 2.0 mm/s before the test, a testing speed of 1.0 mm/s, a return speed of 2 mm/s 

after the test, a testing distance of 20.0 mm, a trigger force of 5 g, and each test was repeated three 

times. Determination of HPLC-EC shell probe selection P36R, before the test probe descending speed 

2.0mm/s, test speed 1.0mm/s, after the test probe return speed 2mm/s, test distance 20.0mm, trigger 

force 5g, each test repeated 3 times. 

4.3.4. High performance liquid chromatography analysis 

A Water e2695-2489 high performance liquid chromatograph was used to determine the mass 

concentration of Tetramycin A1 in the sample pills. The chromatographic column was SunFire C18 

with the size of φ4.6 mm×250 mm (diameter×length), the inter-packing pore size in the column was 

5 µm, the detection wavelength was 292 nm, the column temperature was 25 ℃, the volume ratio of 

methanol to aqueous formic acid with a mass fraction of 0.1% was 15:85 in the mobile phase, and the 

flow rate was 0.4 mL/min, and the injection volume of the solution to be detected was 20 µL [43]. 

Take a certain mass of sample pills, chopped in a centrifuge tube, add methanol and phosphate 

buffer solution in the volume ratio of 3:7, dissolve and ultrasonic treatment for 30 min, after cooling, 

centrifugation at 4000r for 15 min, and leave for a period of time, and determine the amount of loaded 

drug by analyzing the mass concentration of Tetramycin in the solution. 

4.3.5. SEM Analysis 

A swept surface electron microscope (SEM) was utilized to observe the changes in the 

morphological characteristics of the intermediate and outer shell layers before and after water 
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soaking. The water-soaked and un-soaked sample pills were snap-frozen in liquid nitrogen, and then 

the oil and HPMC-EC membranes were peeled off and removed. The samples were fixed on the 

carrier with conductive adhesive tape, and the samples were blown well against the samples with a 

washer ball, and the surface of the samples was sprayed with gold (10 nm) [44], and the morphology 

characteristics of the samples before and after soaking in water were observed with a scanning 

electron microscope under a magnification of 200 times. 

4.3.6. Characterization of drug release 

Accurately weighed 100g of soil samples were added to a ziplock bag and divided into two 

categories with 10% and 30% water. The prepared pills were placed into the sealed bag and ensured 

to be buried in the soil, 1, 3, 5, 7, 14, 21, 35 samples were taken for testing and each group of tests was 

repeated three times and the average value was taken to plot the release curve. 

4.3.7. Analysis of simulated field release experiments 

To the sealed bag, 1000g of soil samples were accurately weighed and divided into two 

categories, adding 10% and 30% water respectively. As shown in Figure 1-3, the pills were first placed 

in a sealed bag with 30% water content, placed in a constant temperature incubator at 35 degrees 

Celsius for 12h, sampling and testing, each group of tests were repeated three times, take the average 

value; the remaining pills pills were placed in (a) 10% water, 20 ℃; (b) 10% water, 35 ℃; (c) 30% 

water, 20 ℃ environment for 3 days, sampling and testing, each group of The test was repeated three 

times and the average value was taken. In addition, (d) placed in the air environment of 20℃ and (e) 

placed in the air environment of 35℃ as a control group, followed by the experimental group to take 

samples, and the test was repeated three times and the average value was taken for each group. The 

operation was repeated five times and the release curve was plotted. 

 

Figure 1-3. Simulation of Field Environmental Release Experiment Technical Route. 

4.3.8. Soil defense effect and disease finger statistics 

Tobacco seedling plants without drug application were used as blank group, and tobacco 

seedling plants with drug application were used as experimental group, totaling 2 treatments, each 

treatment was repeated 3 times, with a total of 180 tobacco plants, and disease incidence of tobacco 

plants in all treatments was investigated at 55, 72, 90, 102d after drug application in each group, and 

disease index and relative were calculated in accordance with (GB/T 23222-2008)[45]. Prevention 

effect. 
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Disease index = (∑ ୬୳୫ୠୣ୰ ୭୤ ୮୪ୟ୬୲ୱ ୭୤ ୣୟୡ୦ ୢ୧ୱୣୟୱୣ ୪ୣ୴ୣ୪×୬୳୫ୠୣ୰ ୭୤ ୢ୧ୱୣୟୱୣ ୪ୣ୴ୣ୪ୱ୦୧୥୦ୣୱ୲ ୢ୧ୱୣୟୱୣ ୪ୣ୴ୣ୪×୲୭୲ୟ୪ ୬୳୫ୠୣ୰ ୭୤ ୮୪ୟ୬୲ୱ ) × 100％ (1)

Relative defense efficiency (%) =
ୡ୭୬୲୰୭୪ ୢ୧ୱୣୟୱୣ ୧୬ୢୣ୶ ି ୲୰ୣୟ୲୫ୣ୬୲ ୢ୧ୱୣୟୱୣ ୧୬ୢୣ୶ୡ୭୬୲୰୭୪ ୢ୧ୱୣୟୱୣ ୧୬ୢୣ୶ × 100％ (2)

4.3.9. Analysis of soil flora structure 

After counting the disease fingers, soil samples were collected from three tobacco plants with 

similar growth and development from each of the blank and test groups. Soil samples were taken 

from 10, 20 and 30 cm depth of the corresponding plots, dried at 50℃, leaves and boulders removed, 

passed through a 200-mesh sieve and stored at -80℃ 

The sequencing analysis of colony structure was submitted to Wuhan Huada Gene Technology 

Service Co (China). 

4.4. Statistical analysis of data 

Origin 8.5 software was used to plot the graphs, and IBM SPSS Statistics 26.0 software was used 

to organize and perform ANOVA and analysis of significance of differences. Each test was repeated 

three times in parallel and the results were expressed as mean ± standard deviation. 

5. Conclusions 

Through the selection of the drug core, grease shell material, HPMC-EC shell material, and 

conducting drug release experiments and field trials, we successfully prepared core-shell slow-

controlled-release pill particles containing Tetramycin. These particles have demonstrated the ability 

to achieve intelligent temperature and humidity-controlled release of the aqueous drug, which aligns 

with the conditions required to control Ralstonia solanacearum in tobacco. The field trial also 

confirmed that these pill particles could reduce the occurrence of Ralstonia solanacearum within a 

specific time frame, effectively decreasing the quantity of drugs and the frequency of applications. 

This approach is beneficial for minimizing the environmental impact associated with excessive drug 

use in soil. Additionally, a single drug application can maintain effectiveness for approximately 30 

days, reducing the need for frequent manual drug applications and labor costs. This innovation meets 

the demands of agricultural production and can be applied in a wide range of settings. 
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