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Abstract: Environmental cleaning is an important aspect of bacteria control. Ethyl cellulose microcapsules containing potassium monopersulfate (PMCM) were prepared by emulsified solvent diffusion method. The chemical structure and microstructure of the obtained PMCM was characterized by methods of Fourier transform infrared spectroscopy (FT-IR), optical microscopy, scanning electron microscopy and X-ACT energy dispersive X-ray spectroscopy. The SEM micrographs of the PMCM containing 21.6% of C, 46.8% of O, 10.7% of S and 19.4% of K was relatively smooth. Thermal stability, sustained release performance, and antimicrobial activity of PMCM were investigated. The results showed that the drug loading and encapsulation efficiency of PMCM were 30.3% and 42.6% respectively. Potassium monopersulfate was fully released after 8 h, following a Fickian diffusion mechanism. Results showed that the microcapsules prepared with a high concentration of potassium monopersulfate solution showed a good antimicrobial effect. The microcapsule wall of the resulting PMCM increased with increasing ethyl cellulose content and had high thermal stability from the data of 69% residue rate. The excellent thermal stability and high sustained release performance of PMCM showed high application value.
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1  Introduction

The inorganic peroxide, potassium monopersulfate, is a strong oxidizer. As a highly effective oxidative disinfectant, it can kill many microorganisms including bacteria, spores, viruses, fungi and so on [1]. However, the decomposition temperature of potassium monopersulfate is low and its activity is not stable long term in water, which wastes resources [2]. In such situations, microencapsulation has been used to develop a dosage form capable of the controlled release of agrochemicals and other biologically active agents such as pharmaceuticals, essential oils, and pesticides with beneficial effects [3–7]. Microcapsules are tiny particles of spherical or irregular shape containing active ingredients in its core and a polymeric shell of synthetic or natural material prepared by physical or chemical techniques [8,9]. The polymeric shell of the microcapsules can be made from synthetic polymers such as polyurea, epoxy resin, urea-formaldehyde resin [10–13] but these may be toxic to human being and the environment [14]. Consequently, researchers have recently focused on abundant, renewable, natural materials including starch, cellulose, and chitosan [15–19].

Ethyl cellulose is a non-toxic, natural material of low cost that easily degrades [20,21]. It has been extensively studied as a microencapsulating material for 5-flurouracil, aceclofenac, and diclofenac sodium in controlled release applications [22–25]. However, it has not yet been explored for encapsulating potassium monopersulfate, which is more efficacious against many infectious microorganisms such as viruses and bacteria than sodium hypochlorite (NaClO). Additionally, NaClO is problematic for reasons such as corrosion of equipment, generation of irritating chlorine gas, and complicated management of concentrations. Alteration of any independent variable factor such as core loading, core-wall ratio may affect the final microcapsule characteristics and release kinetics [26,27].

In this work, potassium monopersulfate/ethyl cellulose microcapsules (PMCM) were prepared (Fig. 1) and a series of tests were carried out to study its chemical structure, thermal properties, drug loading, encapsulation efficiency, as well as sustained-release and bacteriostatic performance.
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Figure 1: Ethyl cellulose microencapsulation containing potassium monopersulfate

2  Materials and Methods

2.1 Materials

Ethyl cellulose, absolute ethanol, hydroxypropyl methyl cellulose, and potassium monopersulfate were supplied by Aladdin Chemical Reagent Co. Ltd. Nutritional agar and broth medium were obtained from Beijing Solebo Technology Co., Ltd. All chemicals were used without further purification.

2.2 Synthesis of PMCM

Potassium monopersulfate (1 g) was dissolved in water (50 mL). Hydroxypropyl methyl cellulose (0.4 g) was added to this aqueous solution under continuous stirring. Separately, ethyl cellulose (1 g) was dissolved in absolute ethanol (50 mL) under continuous stirring at 60°C to form an organic solution. After the cooling to below 30°C, the organic solution was slowly added dropwise to the aqueous solution under stirring. PMCM were obtained from mixture after filtration and solvent evaporation. The core: wall ratio was determined as the mass ratio of potassium monopersulfate to ethyl cellulose.

2.3 Characterizations and Measurements

FT-IR: Fourier transform infrared (FT-IR) spectroscopy was carried out on a Thermo Scientific Nicolet IS10 spectrometer (Nicolet, USA) by ATR (attenuated total reflectance). The spectra were recorded over the range 4000–600 cm−1 at 4 cm−1 resolution and averaged over 16 scans per sample.

TG: The thermal stability of the samples was determined using a TG209F1 thermogravimetric analyzer (Netzsch, Germany). The samples were heated from 25°C to 800°C at a rate of 10 °C min−1 under a nitrogen atmosphere.

Optical microscopy: The shape and morphology of the PMCM were evaluated by an Olympus SX optical microscope (Japan) equipped with a Canon Powershot SX40 digital camera.

SEM: The PMCM were coated with gold. Then morphology of the PMCM was examined using a QUANTA 200 (FEI, Holland) scanning electron microscope at a voltage of 10 kV.

EDS: The elemental composition of the PMCM was performed using X-ACT energy dispersive X-ray spectroscopy (Oxford, England).

Standard curve of Potassium monopersulfate: Linear regression of the solution concentration (C) and absorbance (A) of potassium monopersulfate standard solutions of different concentrations at λ = 192 nm was performed by a UV-2550 UV-Vis spectrophotometer. The standard curvilinear equation is as follows: A = 0.68173C+0.03847, R2 = 0.99213

2.3.1 Determination of Encapsulation Efficiency and Drug Loading of PMCM

Drug-loaded microcapsules (m1) were transferred to a 50 mL volumetric flask, and mixed with deionized water. The volumetric flask was placed under ultrasound treatment for 40 minutes below 30°C. After filtration, this absorbance of the solution was measured by UV spectrophotometry, and the mass concentration of potassium monopersulfate was calculated. The encapsulation efficiency (EE) and loading content (LC) were obtained by the following Eqs. (1) and (2) [28,29]:


LC=m2m1×100%
(1)


EE=m2m3×100%
(2)

where m1 is the mass of microcapsules (mg), m2 is the mass of potassium monopersulfate in microcapsules (mg), m3 is the mass of potassium monopersulfate in preparation microcapsules (mg).

2.3.2 Determination of Sustained Release Properties of PMCM

The drug-loaded microcapsules (0.15 g) were placed in a conical flask filled with 100 ml of deionized water in a water bath oscillator at 25°C. At intervals of time, 3 ml of the sample solution was removed and the concentration of potassium monopersulfate was determined by UV. Then an equal volume of the sustained release medium was added to the conical flask to replace the withdrawn sample. Then the dynamics curve of the release quantity fraction - time was plotted.

2.3.3 Antibacterial Effect of PMCM

The experiment was divided into three steps: Cultivating strains, selecting appropriate dilution concentration of strains, and testing the bacteriostasis effect according to the literature [26,27]. The samples corresponding to the PMCM microspheres, for example, 0.1 g drug-free microcapsules, 0.1 g potassium monopersulfate microcapsules, and no microcapsules, were added to the hole for allowing to naturally release potassium monopersulfate after 24 h at 37°C, respectively. The diameter of inhibition zone was measured via a cross intersection method. The larger the circle without bacteria is, the stronger the antibacterial activity is, which means that the bacteria cannot easily grow in the presence of potassium persulfate.

3  Results and Discussion

3.1 Effect of the Ratio of Core-Wall on Encapsulation Efficiency and Drug Loading

Table 1: Effect of the ratio of core-wall on drug loading and encapsulation efficiency
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From Tab. 1, with the decrease in the ratio of core-wall, the content of ethyl cellulose increaseed, thus the drug loading of microcapsules was relatively reduced [28]. The drug loading of microcapsules was reduced from 37.6% to 26.7%. For the encapsulation efficiency, potassium monopersulfate was more likely to be encapsulated with the increase in ethyl cellulose concentration. Therefore, the encapsulation efficiency increased from 26.1%, 42.6% to 59.4% respectively [29]. Previous studies in this area are summarized in Tab. 2.

Table 2: Comparisons of encapsulation efficiency of microcapsules
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3.2 Sustained-Release Properties of PMCM

As shown in Fig. 2, the release amount of the drug in sustained-release PMCM gradually increased with increasing time. The sustained release curve showed a quick release trend at first, with a slower release thereafter. Significant “sudden release” of more than 25% release rate was observed at about 1 h. For example, when the core-wall ratio was 1:0.5, the initial reached rate reaches 46%. The rapid release may be of the free potassium monopersulfate from microcapsule surface.
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Figure 2: Effect of core-wall ratio on sustained-release properties of PMCM

With the increase in core-wall ratio, the release rate of microcapsules increasesed. The more the amount of encapsulated potassium monopersulfate, the thinner the wall thickness of microcapsules. The sustained release performance is closely related to core-wall ratio. The wall thickness of the microcapsules relates to the diffusion path of potassium monopersulfate from the inside of the microcapsules to the outside medium [28]. Hence, more thickness of microcapsules will show more release time. However, if the core-wall ratio is small, the microcapsule will be too dense and too thick, and thus, it is difficult for the potassium monopersulfate to be released to the outside. When the core-wall ratio was 1:2, the final cumulative release rate was only 47%. A large amount of the drug was released from the microcapsule within a short time to eliminate bacteria and the slow sustained release of the drug could maintain effective activity for a long time. Considering comprehensively, the core-wall ratio of 1:1 was selected to prepared microcapsules with good sustained-release performance.

3.3 Kinetics Study of PMCM

To further study the sustained release mechanism, the data of sustained release of potassium monopersulfate from PMCM were fitted to the Higuchi model and Korsmeryer-Pappas model using the data of sustained-release performance of microcapsules with the core-wall ratio of 1:1. The corresponding Eqs. (3) and (4) are as follows [32,33]:

Higuchi model:


Qt=Kt1/2
(3)

Korsmeyer-Peppas model:


Qt=Ktn
(4)

where Qt represents the cumulative release percentage of potassium monopersulfate at t time, K is the release constant of potassium monopersulfate, and n represents the diffusion constant of potassium monopersulfate. The results are shown in Tab. 3, which are consistent with the Korsmeryer-Pappas kinetic equation. The value of diffusion coefficient n was 0.3715. As n is below 0.45, it means that the sustained release of potassium monopersulfate is controlled by a Fickian diffusion mechanism.

Table 3: Fitting results for drug release curves of PMCM
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3.4 Effect on Antimicrobial Activity of PMCM

As shown in Figs. 3a–3b, staphylococcus aureus colonies were very dense around the round hole with no PMCM and drug-free PMCM, suggesting that ethyl cellulose had no bacteriostatic performance. Fig. 3c proved that microcapsule with 20% concentration of potassium monopersulfate had a remarkable bacteriostasis performance from the result of a large bacteriostasis circle. This indicates the strong bactericidal ability of potassium monopersulfate and the potential slow-release performance of PMCM.
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Figure 3: Effect on antimicrobial activity of PMCM; a: no PMCM, b: 0.1 g drug-free PMCM, c: 0.1 g PMCM

3.5 FT-IR Analysis

FT-IR spectra of the ethyl cellulose (a), potassium monopersulfate (b), and PMCM (c) are shown in Fig. 4 [34–36]. In a spectrum, the absorption band at about 3500 cm−1 corresponds to the OH stretching vibration peak. The absorption peak observed at 2871 cm−1 is due to the presence of CH3 symmetrical stretching vibration peak. In b spectrum, the peak at about 1000 cm−1 represents the characteristics of S-O, and 3214 cm−1 corresponds to the OH stretching in core of potassium monopersulfate. In c spectrum, at 1000 cm−1, 2871 cm−1, 3214 cm−1 and 3500 cm−1 are the characteristics peaks of the S-O, CH3 and OH. The same characteristic peaks for different functional groups present in core of potassium monopersulfate and in PMCM confirmed the formation of ethyl cellulose (shell) and potassium monopersulfate (core) present in the microcapsules.

[image: images]

Figure 4: FT-IR characterization of PMCM; a: Ethyl cellulose, b: Potassium monopersulfate, c: PMCM

3.6 Optical Micrographs and SEM Analysis

The optical micrographs of PMCM are shown in Fig. 5, in order to illustrate PMCM with different microcapsule walls [37–39]. Clearly, the microcapsules prepared in this work showed consistent results. The transparency of PMCM became poor from Figs. 5a–5c, because of the increase in the microcapsule wall thickness of PMCM.
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Figure 5: Optical micrographs of PMCM; a: The PMCM with core-wall ratio of 1:0.5, b: The PMCM with core-wall ratio of 1:1, c: The PMCM with core-wall ratio of 1:2
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Figure 6: SEM micrographs of PMCM; a: The PMCM with core-wall ratio of 1:0.5, b: The PMCM with core-wall ratio of 1:1, c: The PMCM with core-wall ratio of 1:2

Fig. 6 shows the SEM micrographs to reveal the surface details of PMCM [40,41]. The external surface of the microcapsules was relatively smooth and without aggregation in Figs. 6a and 6b from these micrographs. As seen in Fig. 6c, the PMCM undergoesaggregation due to an excess of ethyl cellulose. However, PMCM in Fig. 6b has relatively homogeneous size. The results of optical micrographs and SEM micrographs of PMCM are consistent with the result of sustained-release properties.

3.7 EDS analysis

The EDS spectra and elemental composition of PMCM are presented in Figs. 7 and 8. These showed that PMCM has C and O elements from ethyl cellulose and S and K elements from potassium monopersulfate. The contents of C, O, S and K elements were 21.6%, 46.8%, 10.7% and 19.4%, respectively.
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Figure 7: EDS spectra of PMCM
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Figure 8: Element composition of PMCM

3.8 Thermal Properties

As shown in Figs. 9 and 10, thermal degradation of ethyl cellulose (a), potassium monopersulfate (b), PMCM (c) was investigated by TG [42–44]. In DTG curve of b, a relatively small maximum weight loss rate at nearly 120°C occurred due to the decomposition of potassium monopersulfate with corresponding fast decomposition in TG curve at this temperature. In TG and DTG curves of c, 5% mass loss temperature and the maximum weight loss rate temperature were at 200°C and 220°C, respectively. The residue rate was 69% at 500°C. Potassium monopersulfate had the lowest decomposition temperature and ethyl cellulose had the least residue rate. Results proved that ethyl cellulose as wall material of microcapsules showed good thermal stability and high temperature resistance. These data suggested that PMCM with excellent thermal stability can be used as sustained-release microcapsules for high temperature applications [45].

[image: images]

Figure 9: The TG curves of a: Ethyl cellulose, b: Potassium monopersulfate, c: PMCM
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Figure 10: The DTG curves of a: Ethyl cellulose, b: Potassium monopersulfate, c: PMCM

4  Conclusions

In summary, PMCM containing potassium monopersulfate was successfully prepared and characterized. PMCM with 30.3% drug loading and 42.6% encapsulation efficiency and exhibited excellent thermal stability and good antimicrobial effect after drug release. It was found concluded that different core-wall ratios influenced the variation in drug loading as well as entrapment efficiency, and the drug release behavior. Therefore, there is great potential for the development of renewable materials (PMCM) that ensure the appropriate drug load and sustained release in industrial applications. These results may promote the prospective application of ethyl cellulose microcapsules as a suitable sustained release drug delivery system.
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