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Abstract. Antimicrobial natural products show good antimicrobial activities; however, some of them have unpleasant

odor or high volatility that limits their application in food industry. One of solutions is to introduce them in inorganic

media. In this study, hollow mesoporous silica sphere (HS) was used to encapsulate natural organic antimicrobial agent

thymol, and antimicrobial activity of the resulted antimicrobial agent (HST) was tested. Materials characterization

revealed that the thymol was successfully introduced into the cavities of HS, and the inorganic host exhibited a high

loading capacity of 1320 mg g-1. In addition, the antibacterial activities were tested by double-fold dilution method, the

minimum bactericidal concentrations of HST against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
were decreased compared with that of thymol. Furthermore, scanning electron microscopy observation confirmed that

HST indeed showed a notable inhibitory effect against E. coli and S. aureus by disrupting cell membrane structure.

Keywords. Thymol; hollow mesoporous silica spheres; bactericidal activity.

1. Introduction

Microbial contamination in food not only results in a

reduction of a product’s shelf life and food deterioration,

but can also lead to disease and economic loss, and con-

sumers are increasingly concerned about food safety prob-

lems caused by food pathogenic microorganisms.

Therefore, antimicrobial agents are used in the food

industries and play an important role since they are able to

either inhibit the growth or inactivate pathogenic or spoi-

lage microorganisms [1].

Furthermore, natural antimicrobial agents have attracted

much attention because of their low toxicity [2–4]. How-

ever, the number of compounds allowed by regulations to

be used in foods is very limited since natural antimicrobial

agents usually show high volatility, strong sensory property

and instability [5,6]. To overcome these disadvantages, it is

necessary to adopt some novel strategies, including the

utilization of nanotechnologies [7–9], to improve the

physicochemical properties of natural antimicrobial agents

and meantime still maintain/enhance their bioactivities [10].

A large number of experimental studies have been devel-

oped to improve natural antimicrobial agents’ function by

nanotechnologies [11–15].

Recently, mesoporous silica materials such as MCM-41

and SBA-15 have widely been used in food system

because of their nontoxic nature, tunable pore diameter,

large surface area, high thermal stability and controllable

structures [16–19]. However, their storage capacity is

relatively low, and the irregular bulk morphology is not

perfect for delivery [20–23]. As the most promising

nanoloading system for smart delivery, hollow meso-

porous silica spheres (HS) have attracted considerable

interest in the past few decades due to their well-defined

morphology, on the nanoscale with pore channels pene-

trating from the outside to the inner hollow core,

favourable for the target molecular adsorption and release

[24–26]. However, to our best knowledge, there is no

report about the application of HS in construction of

antimicrobial agents.

Herein, in this study, thymol-functionalized HS were

prepared, thymol was selected because it widely exists in

plants, has good antimicrobial abilities and unpleasant

odour [27]. The structure of the resulted antimicrobial agent

(HST) was characterized, and the antibacterial activities

were tested. The results indicated that HS has high loading

capacity and can enhance the bactericidal activity of thy-

mol. This research is of great significance in the synthesis of
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a novel kind of antimicrobial agent, and potential for food

preservation.

2. Materials and methods

2.1 Materials

Thymol, tetraethyl orthosilicate (TEOS, 98%), aqueous

ammonia (28%), cetyltrimethylammonium bromide

(CTAB), absolute ethanol (99.8%), hydroxide (NaOH,

99%), hydrochloric acid (HCl, 37%), sodium chloride

(NaCl, 99%), n-hexane, phosphate buffer saline (PBS, 0.1M,

pH = 7.4) and glutaraldehyde (25%) were all of analytical

grade and provided by Sangon Biotech (Shanghai,

P. R. China).

2.2 Synthesis of HS

The synthesis procedure of HS was listed according to

previously described protocol [28] with some modifications:

0.15 g CTAB was dispersed in 74 ml of ethanol–water

mixture and vigorously stirred for 2 h. Subsequently,

ammonium hydroxide (0.25 ml, 25 wt%) was added drop-

wise to the mixed solution, followed by addition of 1 ml of

TEOS. Stirring was continued for 24 h at room temperature,

and then the precipitates were separated by centrifugation at

4000 rpm for 15 min and washed three times with deionized

water. Thereafter, the samples were dispersed into deion-

ized water (240 ml) and kept at 70�C for 2 h. The white as-

prepared materials were collected by centrifugation, and

washed with ethanol. Finally, the obtained silica nanopar-

ticles were calcined at 550�C for 4 h at a heating rate of

1�C min–1 to remove the surfactant CTAB.

2.3 Preparation of HST

The formation of thymol-functionalized hollow mesoporous

silica spheres (HST) was started by weighting 200 mg of

pure particles (HS) into a round-bottomed flask with an

inert atmosphere. Later, 200 mg of thymol solution in

ethanol with concentration of 20 mg ml–1 was added and

stirred for 24 h at room temperature to maximize loading of

the thymol into the hollow spheres. Finally, the mixture was

filtered by vacuum filtration, and the solids left were dried

at room temperature for 24 h.

2.4 Characterization

The chemical characterizations of the HS and HST were

conducted by standard techniques, including field emission-

scanning electron microscope, Fourier transform infrared

(FT-IR) spectroscopy and Brunauer-Emmett-Teller.

The morphological structures of HS and HST were

observed by field emission-scanning electron microscope

(Hitachi S-4800, Japan). Briefly, about 10 mg of HS and

HST were dispersed in double-sided copper conductive

tape. The samples were coated with gold for 90 s, and the

images were obtained on a field emission-scanning electron

microscope at an accelerating voltage of 3 kV.

The FT-IR spectra (Nicolet Instrument, Thermo Com-

pany, USA) were recorded to analyse the chemical com-

position of thymol, HS and HST at 25�C. A small amount of

samples were respectively covered onto the surface of the

ATR diamond and pressed by the clamp with constant

pressure. Each 64 scans of the spectra were measured in

transmittance mode within 500–4000 cm-1 wavenumber’s

range at a resolution of 4 cm-1.

2.5 Strains and growth conditions

The Escherichia coli (E. coli) ATCC 25992 (Gram-neg-

ative) and Staphylococcus aureus (S. aureus) ATCC

25923 (Gram-positive) were obtained from Shanghai

Ocean University, P. R. China. All strains were stored at

4�C in tryptic soy agar (TSA) before use. The cells from

a colony grown on TSA were transferred to 10 ml of

tryptic soy broth (TSB) and incubated at 37�C for 24 h to

obtain an inoculum density of approximately 108 CFU

ml–1 of broth for testing.

2.6 Antimicrobial activity of thymol

The double dilutions method was used to determine the

minimum bactericidal concentration (MBC) of thymol

[29]. Firstly, different amounts of thymol was dissolved

in 35% ethanol to obtain the different concentrations.

Next 100 ll of the prepared thymol solution was added

to the first well of the 96-well plate and mixed with

100 ll of TSB. Serial double dilutions were performed by

TSB to obtain final concentrations ranging from 0.2 to

3 mg ml–1 per well. After performing the double dilu-

tions, 100 ll of microbial suspension, adjusted to an

inoculum density of approximately 105 CFU ml–1, was

added in each well. Finally, the 96-well plate was placed

in a constant temperature incubator and cultured at 37�C
for 24 and 48 h. The positive control (microtiter plates

containing inoculum and nutrient broth) was used to

quantify the microbial count in the absence of treatment,

and the microtiter plate containing 35% ethanol and

nutrient broth was also tested as a negative control. All

the treatments were performed in triplicate. After incu-

bation, viable cell numbers were determined as colony-

forming units (CFU) by the serial dilution coating method

using TSA. These values were logarithmically trans-

formed and expressed as log10 CFU ml–1.
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2.7 Antimicrobial activity of HST

The antimicrobial activity of the HST was determined

similarly with thymol. The equivalent amounts of the HST

were calculated according to the results obtained when

determining the loading efficiency of thymol. Briefly, the

modified nanoparticles were suspended in TSB to obtain

different concentrations suspension of 0.2, 0.4, 0.8, 1.6, 3.2

mg ml–1 and 0.5, 1, 1.5, 2, 2.5 mg ml–1, respectively. The

strains of E. coil and S. aureus were appropriately diluted to

reach a density of approximately 106 cells ml–1 in TSB.

Then test tubes with 10 ml of different concentrations

suspension were inoculated with 100 ll of inoculum and

incubated at 37�C for 24 and 48 h with orbital stirring (150

rpm). Finally, viable cell numbers of the two groups as CFU

was determined by serial dilution coating method. These

values are logarithmically converted to log CFU ml–1. All

the treatments were performed in triplicate, including pos-

itive control (test tube containing inoculum and nutrient

solution) and negative control (test tube containing HS and

nutrient solution).

2.8 The mechanism of antibacterial

In order to further explore the mechanism of antibacterial,

the morphological changes of cells were observed by

scanning electron microscopy (SEM). Different concentra-

tions of HST were inoculated to the strain of E. coil and
S. aureus, and incubated at 37�C with orbital stirring for 24

h. After centrifugation at 4000 r for 10 min, the bacterial

suspension was fixed with 2.5% glutaraldehyde for 10 h,

and then washed twice with 0.1 M Phosphate-buffered

saline solution. After gradient dehydration in 30, 50, 70, 90

100% ethanol solution, the cells were freeze-dried for 24 h.

Finally, the morphological changes of cells were observed

under SEM.

3. Results and discussion

3.1 FT-IR spectroscopy

Figure 1 presented the FT-IR spectra of HS (a), HST (b) and

thymol (c). For HS, the curve exhibits the characteristic

peak of Si–O–Si group at 1047 cm–1, and the weak peaks at

*2920 and *2853 cm–1 are attributed to asymmetric

stretching of CH2 group of CTAB and C–H in the hollow

spheres structure. For thymol, the peak at 3354 cm–1 is due

to stretching vibration of –OH group, the peak at 2951 cm–1

are attributed to stretching vibration of –CH3 group from

benzene ring, and peaks range at 1418–1642 cm–1 can be

assigned as stretching vibration of C=C from benzene ring.

Compared with thymol, HST showed similar infrared

absorption bands at the range 1421–3358 cm–1, indicating

that the organic component was embedded onto the wall of

hollow spheres. In addition, the absorption band at 1057

cm–1 was overlapped by the absorption band of the Si–O–Si

bonds in the 1046 cm–1. The results imply that thymol

functionalized HS nanoparticles successfully.

3.2 Thymol loading study

The loading properties of hollow spheres were explored

using UV-viz detector by the standard curve (y = 0.0203x ?
0.0049, R2 = 0.9946), and the absorbance of thymol and

HST were measured at 292 nm. As a result, the inorganic

host exhibited a high loading capacity of 1320 mg g–1. The

high loading capacity is mainly attributed to the large pore

volume of hollow spheres.

3.3 N2 adsorption–desorption isotherm

Figure 2 shows the N2 adsorption–desorption isotherm for

HS and HST. The two curves are similar and display type

IV isotherms with H1-type hysteresis loops at high relative

pressures in accordance with the IUPAC classification,

indicating that they both possess a well-defined structure of

regular mesoporous array. In addition, it may be concluded

that the introduction of thymol did not destroy the meso-

porous structure of the prepared host HS. This is because

the concentration of the thymol component in the meso-

porous system occupies only few channels of the HS host.

The adsorption capacity of HST is weaker than that of HS,

meaning HST has lower pore volume, which is further

evidence of the presence of thymol component in the

channels of HS.

3.4 Scanning electron microscope

The size and morphology of HS and HST were determined

by SEM images, as shown in figure 3. It can be seen that the

size of HS was *600 nm, with little difference of size

Figure 1. FT-IR spectra of (a) HS, (b) HST and (c) thymol.
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distribution. The reason is that the size of HS is related to

the amount of ammonia in the preparation process, under

otherwise constant experimental conditions, the particle

sizes could be larger with the increase of ammonia

hydroxide concentration [28].

Furthermore, HS has the unique and uniform spherical

morphology, and HST remains unchanged in loading pro-

cess. That is the fact for the high stability and strong

adsorption of HS.

3.5 Antimicrobial activity of thymol

The growth of E. coil and S. aureus was determined by

adding different thymol concentrations, and then the

antibacterial and bactericidal activities of thymol were

analysed. After observing the turbidity of the mixture in the

hole cultured for 24 h on the 96-well plate, it was found that

the mixture in the hole with the concentration of 2.5 and 3.2

mg ml–1 thymol was clear and transparent, and the hole with

the concentration of 1.6 and 2 mg ml–1 was turbid,

respectively. Therefore, the solution present in the hole with

the concentration ranged from 0.2 to 4.8 mg ml–1, cultured

for 24 h, and counted the number of colonies on the plate.

It can be seen from figure 4a that the bacterial concen-

tration of E. coil original bacterial solution decreases with

the increase of thymol concentration, which is the lowest

bactericidal concentration (MBC) when the concentration

of thymol is 3.2 mg ml–1. Because of the difference of cell

membrane structure between Gram-negative and positive

bacteria, thymol may have different sensitivity to the

antibacterial effect of positive bacteria. It can be seen from

figure 4b that the bacteriostatic effect of thymol concen-

tration on S. aureus is better than that of E. coil, and the

minimum bactericidal concentration is 2.5 mg ml–1. With

the increase of thymol concentration, the bacteriostatic

effect is more and more obvious. There was no significant

difference in the bacteriostasis of thymol to Gram-negative

bacteria, so the data of 48 h is not shown.

3.6 Antimicrobial activity of HST

Figure 4c shows the bacterial concentration changes of

E. coil after mixed culture with different concentrations of

synthetic materials. The growth rates of E. coil had a sig-

nificant inhibitory trend at an increasing concentration

gradient. This conclusion showed that the minimum inhi-

bitory concentration (MBC) was 1.6 mg ml–1 at 24 and 48 h.

With the passage of time, the HST did not reduce the

antimicrobial activity of thymol, but increased the bacteri-

cidal concentration to E. coil. Furthermore, figure 4d shows

the change of bacterial concentration after the mixed culture

of S. aureus and synthetic materials with different con-

centrations. It could be found that the growth inhibition rate

of S. aureus is similar with the E. coil at different con-
centrations. These results showed that the antibacterial

Figure 2. N2 adsorption–desorption isotherm for HS and HST.

Figure 3. SEM images of the (a) HS and (b) HST.
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effect of the synthetic material was very obvious at the

lower concentration of thymol, and even at the concentra-

tion of 2 mg ml–1 thymol, the mesoporous material of

thymol had reached the lowest concentration. In addition,

48 h is better than 24 h, which shows that thymol has a

slow-release process in the mesoporous materials, to

achieve a better and longer antibacterial effect.

3.7 The mechanism of antibacterial

In order to further explore the antibacterial mechanism of

functionalized nanoparticles, the morphological changes of

E. coli and S. aureus cells treated with or without HST were

studied by SEM. As shown in figure 5a and b, S. aureus
exhibited an intact cell membrane and cell wall without

HST. However, the cell membrane was completely

destroyed and cytoplasm was leaked in the presence of

HST. Similarly, figure 5c showed the smooth cell wall and

complete structure of E. coli untreated with HST. After

HST treatment, E. coli showed a rough surface and dam-

aged cell wall (figure 5d) compared with untreated control.

Obviously, these results indicated that the thymol

encapsulated in the hollow spheres lead to the destruction of

the cell wall and membrane. It has been reported in previous

studies that the mechanism of action of thymol is due to the

fact that the hydroxyl group contained in thymol interacts

with the cell membrane to affect the membrane perme-

ability, causing the cell membrane to be destroyed and

cytoplasm to flow out [30].

Furthermore, HST showed different antibacterial

activity against E. coli and S. aureus, which may be due

to the differences of the complexity of the cellular wall of

the Gram-positive and Gram-negative bacterial cells [31].

Other studies have suggested that the existence of specific

interactions between the nanoparticles and the bacterial

cell wall may influence the bactericidal activity of the

delivered drug [32]. The loading drugs are even more

effective than the drug in solution because interaction

with a nanoparticle loaded with drugs will expose a

bacterial cell to a high local concentration of the drug that

more effectively results in perforation of the cell mem-

brane [33]. The drugs are absorbed onto the surface of

bacteria and greater the surface area of bacteria the

Figure 4. The growth reduction of (a and c) E. coli and (b and d) S. aureus treated with different loading thymol concentrations at 24

and 48 h. Different letters in the bars indicate statistically significant differences (P\0.05) from levels of concentration (small letters)

and exposure time (capital letters) (n = 3).
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stronger inhibitory effect [34]. Compared with E. coli
cells, S. aureus cells are spherical and smaller, which

increased their specific surface area. Therefore, the larger

specific surface area of S. aureus makes it strongly

inhibited, which may be one of the reasons for the dif-

ferent inhibitory activity of HST against E. coli and S.
aureus.

4. Conclusion

In this study, HS with stable structure was synthesized, and

thymol as natural organic antimicrobial agent was encap-

sulated in the HS to prepare novel antibacterial agent. HST

was characterized by SEM, FT-IR and Brunauer-Emmett-

Teller, and the results indicated that HS was successfully

functionalized and exhibited good stability and high loading

capacity (1320 mg g-1). Furthermore, HST shows more

effective bactericidal activity against E. coli and S. aureus
than thymol. In addition, SEM image show that HST indeed

had a remarkable inhibitory effect against E. coli and

S. aureus by disrupting the structure of cell membrane.

Thus, HST is a promising strategy to facilitate its applica-

tion as antimicrobial agents.
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