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Abstract

Novel mesostructured silica microparticles are synthesized, characterized and investigated as a 

drug delivery system (DDS) for antimicrobial applications. The materials exhibit relatively high 

density (0.56 g per 1 g SiO2) of BAC, pore channels of 18 Å in width, and high surface area (1500 

m2/g). Comparison of SAXRD pattern with BJH pore size distribution data suggests that the 18 Å 

pores exhibit short range ordering and a wall thickness of ca. 12 Å. Drug release studies 

demonstrate pH-responsive controlled release of BAC without additional surface modification of 

the materials. Prolonged drug release data was analyzed using a power law (Korsmeyer-Peppas) 

model and indicates substantial differences in release mechanism in acidic (pH 4.0, 5.0, 6.5) 

versus neutral (pH 7.4) solutions. Microbiological assays demonstrate a significant time-dependent 

reduction in Staphylococcus aureus and Salmonella enterica viability above 10 and 130 mg L−1 of 

the synthesized materials, respectively. The viability of cells is reduced over time compared to 

control samples. The findings will help in widening the use of BAC as a disinfectant and 

bactericidal agent, especially in pharmaceutical and food industries where Gram-positive and 

Gram-negative bacterial contamination is common.

Over the past several decades, mesoporous silica nanoparticles (MSNs) have attracted a 

great deal of interest in fields such as catalysis, drug delivery systems (DDS), sensing, 

environmental remediation, and nanoelectronics due to their unique structures and 

properties.1–8 Since the first report of drug delivery systems based on MSNs, research on 

biomedical applications of MSNs has increased exponentially each year.2,9 MSNs 

demonstrated significant advantages over traditional nano-based formulations for potential 

treatment of diabetes, inflammation, and especially cancer.10–14 However, significant effort 

is still warranted to overcome the key challenges involved with developing effective DDSs 
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that can attain: 1) sufficient drug loading capacity, 2) controlled or activated release, 3) 

targeted delivery of drug, and 4) biocompatibility.

MSNs are typically synthesized with “inert” structure directing agents (SDAs), commonly 

referred to as soft templates, with their subsequent removal to yield nanoporous structures 

suitable for surface modification and drug loading. On the other hand, several previous 

reports have described the use of different active molecules (e.g., a corrosion inhibitor, an 

antitumor drug, etc.) as templates for the synthesis of various porous silica materials.15–17 

Although numerous advantages of one-step fabrication of DDSs have been realized through 

these works, there have been only a few reports involving those with antimicrobial 

applications, and the efficacy of the fabricated materials is often not evaluated beyond the 

scope of drug release kinetics.

The bactericidal drug benzalkonium chloride (BAC) (Figure 1) forms micelles in aqueous 

solution above a critical micelle concentration of ca. 0.5 mM.18 BAC is a ubiquitous 

ingredient in food, pharmaceutical, and industrial formulations due to its broad spectrum of 

bactericidal activity. In small concentrations, it affects the membrane permeability to cause 

cytolytic leakage of cytoplasmic materials (Figure 1); however, at high concentrations, it 

targets carboxylic groups to cause coagulation in the bacterial cytoplasm.19 Herein, we 

report the development of novel BAC-templated mesoporous silica microparticles, dubbed 

BAC-SiO2, for antimicrobial drug delivery by using BAC as the template during a one-step 

hydrothermal synthesis. The material demonstrates a relatively high payload of BAC, a 

sustained and prolonged release of BAC in physiologically-relevant pH ranges (4-8), an 

extremely high surface area framework upon removal of BAC, and a time-dependent 

bactericidal activity.

Synchrotron-based small-angle X-ray scattering (SAXS) and static light scattering (SLS) 

measurements of aqueous BAC/NH4OH solution prior to TEOS addition revealed the 

presence of nano-sized BAC micelle aggregates. SAXS profile (Figure S1 in Supporting 

Information, SI) exhibits diffraction peaks within the range of ca. 20-70 Å. SLS 

measurements (Figure S2), in decent agreement of SAXS, revealed size distribution between 

ca. 10-50 Å. The FTIR spectra of both BAC and BAC-SiO2 (Figure 2a) exhibited C-H 

stretching bands (2854 cm−1 and 2924 cm−1) and C-H bending vibration band (1457 cm−1), 

due to alkylammonium groups.12–14 Asymmetric (1044 cm−1) and symmetric (809 cm−1) 

bands associated with Si-O-Si were observed in the spectra of BAC-SiO2 before and after 

calcination.20–21

Quantification of BAC within the framework of BAC-SiO2 was conducted using TGA 

(Figures 2b). Consistent with previous reports of quaternary ammonium surfactants, TGA 

data of freeze-dried BAC showed a 95 % weight loss in the range of 170-300 °C due to its 

thermal degradation (Figure 2b).20, 22 On the other hand, the TGA curve of BAC-SiO2 

exhibited four distinct weight loss ranges: 1) the loss of water, and maybe residual ammonia 

from the synthesis, at < 170 °C; 2) first step of BAC degradation in the range of 170-300 °C; 

3) second step of BAC degradation in the range of 300-340 °C; and 4) loss of water due to 

condensation of silanol groups. The weight loss between 170-340 °C was ca. 36% (0.56 g 
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per 1 g SiO2), which corresponds to the amount of BAC within the BAC-SiO2. The thermal 

properties of the materials were analyzed by DSC (see Figure S3).

TEM micrograph of the calcined material (Figure 2c) showed seemingly disordered 

mesopores structures with pore widths on the order of 30-50 Å. The small-angle X-ray 

diffraction (SAXRD) pattern (Figure 2d) was characteristic of an isotropic material that 

forms layers by virtue of consistent size rather than by extended 1D or 2D periodic 

arrangements of molecules. (The TEM image and SAXRD pattern of the corresponding 

BAC-SiO2 material, before calcination, are shown in Figures S4–S6). Thus, there was no 

diffraction pattern from self-assembly of molecular species. There was only random packing 

of nearest neighbor pores that gave rise to a consistent, but isotropic, scattering vector near 

32 Å, which is the approximate distance between rows of pores. If the pattern was cubic, 

then the pore-to-pore centroids are what were measured. However, information gathered 

from TEM micrographs and expected packing arrangements of random spheres appeared to 

favor an hcp motif, making the observed value to be 3 ∕ 2 times the average core-to-core 

distance. Thus, the average core-to-core distance was about 37 Å. By incorporating the 

Scherrer equation, the domain spacing was determined to be ca. 11 nm, which is consistent 

with three repeats of the 37 Å spacing (i.e., on average there are triplets of pores that 

scatter).23–24

The N2 sorption results revealed a type IV isotherm, with a capillary condensation step and 

type H4 hysteresis loop (Figure S6), which is characteristic of mesoporous materials. The 

Brunauer-Emmett-Teller (BET) surface area, the Barrett-Joyner-Halenda (BJH) average pore 

width, and the pore volume were found to be 1579 m2g−1, 18.4 Å, and 0.56 cm3 g−1, 

respectively (see details in SI).25,26 However, the Kruk-Jaroniec-Sayari (KJS) corrections on 

the data with cylindrical pore assumptions27 yielded a pore width closer to 30 Å. The 

hysteresis loop also suggested the presence of larger mesopores (−100-500 Å) due to inter-

particle gaps.

A kinetic study of BAC release from BAC-SiO2 into an aqueous solution in static conditions 

indicates that the release rate strongly depends on the solution’s pH (Figures S7–S12). 

Controlled release of drugs in physiological conditions is of particular interest since the pH 

of many healthy human tissues is between 6.2-74, but decreases to a value of ca. 5 or lower 

in presence of inflammation, around tumor sites, or at specific areas of the body.28

In solutions with pH 7.4, only 2.5 % of the encapsulated BAC was released from BAC-SiO2 

within 2-3 days (Figure 3a). Upon decreasing pH to 4.0, a larger portion of BAC (8.0 %) was 

released within the same time frame. These findings agree with the drug release kinetics data 

for MSNs reported in literature.9,29,30 The increase in BAC release in acidic solution can be 

largely attributed to the replacement of cationic benzalkonium with H+ ions at the Si-O− 

sites. Drug release profiles at pH values of 4.0, 5.0, 6.5, and 7.4 (Figure 3a) suggest that the 

amount of BAC released is pH dependent in a range of 4.0-7.4. It is important to note that 

although the majority (ca. 93 %) of the BAC remained within the particles, a second release 

profile (not shown) indicated an additional 4.5 % of BAC was released upon placing the 

particles in a fresh solution with pH 4.0. This and additional experiment (Figure S12) 
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suggested that the BAC could be continuously released from BAC-SiO2 in physiologically-

relevant dynamic conditions.

In order to investigate the mechanism of BAC release, the in vitro drug release data was 

analyzed using the power law (Korsmeyer-Peppas) model (Eqn. 1).21,31 This model, based 

on Fick’s second law of diffusion, depicts drug release with the assumption that the diffusion 

coefficient is concentration independent and the drug is homogeneously distributed 

throughout the drug delivery system. The general form is:

Mt
M∞

= ktn Eqn. 1

where Mt and M∞ are the cumulative amounts of released BAC at time t and infinity, 

respectively; n is the release exponent that characterizes the desorption mechanism; and k is 

the kinetic constant which correlates directly with the diffusion coefficient, D, if a constant 

thickness of the diffusion path is assumed.32–33 Although the values of n are geometry 

dependent, the same BAC-SiO2 material was used for the release experiments, eliminating 

the geometry variable. A plot of log(Mt/M∞) as a function of log(t), with t ≤ 62 h in 

solutions with pH 4.0 and 7.4, (see Supporting Information or SI) yielded n values shown in 

Table S1.

Comparison of n values indicated that there were at least two processes that could govern the 

release of BAC from the silica particles. In phosphate-buffered saline (PBS) pH 7.4, n = 

0.72, which is indicative of non-Fickian diffusion with a superposition of framework 

swelling or erosion.21 However, in PBS solutions acidified with HCl to pH 4.0, 5.0, and 6.5, 

n values ranged between 0.13–0.18 which suggests non-Fickian diffusion from disordered 

pores with respect to shape, length, and size.17,21 It is noteworthy that the dependence of n 
values to the release should, in reality, comprise several superimposed processes. For 

example, penetration of water into the particles is present in both release media, but it is 

more profound in PBS without HCl.

Kinetic modeling of the release data (see SI) demonstrated that the release mechanism in a 

solution with pH 7.4 versus that with pH 4.0 was different. The proposition of different 

mechanisms responsible for BAC release in the aforementioned media was reasonable due to 

the vast differences in the release environment. At pH 7.4, an environment representative of 

extracellular healthy tissues and blood, there is an excess of OH− relative to H3O+ ions. 

Thus, the excess OH− ions have the capacity to deprotonate some of the silanol (-Si-OH) 

groups and even hydrolyze some of the siloxanes. Many studies report that the pKa of silanol 

groups is ca. 4-5.34–35 On the other hand, at pH 4.0 the environment is moderately acidic, 

and thus, the electrostatically-bound BAC templates can be liberated by ion exchange with 

another cation (e.g., H+). Additionally, acid-catalyzed condensation of two silanol groups, 

which reduces silanol groups, occurs concomitantly with the release of the cationic BAC 

surfactants.
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Since surfactant-extracted MSNs have proven to exhibit a remarkably faster degradation rate 

in simulated body fluid,36 it is proposed that the materials synthesized herein will continue 

to release drug. Additionally, as the material is not calcined, the density of surface silanols is 

conserved, which can be further modified. Indeed, BAC-SiO2 exposure resulted in a time- 

and concentration-dependent killing of the Gram-positive S. aureus and the Gram-negative 

S. enterica human bacterial pathogens (Figure 3b). Similar findings have been reported for 

BAC.37,38 Importantly, SiO2 had no effect on bacterial viability while BAC-SiO2 displayed 

much more killing than pure BAC, when the amount of BAC present in and released from 

the BAC-SiO2 was taken into consideration (40 wt.% BAC in BAC-SiO2 that released <10% 

BAC in 2.5 days) (Figures 3a and 3c). Besides, any possible residual NH4OH in the material 

had no contribution to BAC-SiO2’s bactericidal activity (Figures S13 and S14 and 

discussions therein). These results, as a whole, suggest that BAC-SiO2 is inherently quite 

effective at killing microbes.

In summary, we have developed a mesostructured silica drug delivery vehicle that releases 

BAC slowly over 2-3 days using pH changes as a trigger in static conditions. The material 

exhibits a high drug loading capacity and very good antibacterial properties. The synthetic 

approach can be extended to a variety of drugs to realize advanced functional biomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the synthetic procedure, drug release, and antimicrobial mode of 

action of BAC-SiO2.
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Figure 2. 
a) ATR-FTIR spectra of lyophilized BAC, BAC-SiO2, and calcined BAC-SiO2; b) 

thermogravimetric analysis (TGA) curves of lyophilized BAC and as-synthesized BAC-

SiO2; c) HR-TEM micrograph of calcined BAC-SiO2; and d) SAXRD pattern of calcined 

BAC-SiO2.
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Figure 3. 
a) Release profile of BAC from BAC-SiO2 in PBS solution at pH 4.0, 5.0, 6.5, and 7.4 along 

with the corresponding standard deviation. b) Time- and dose-dependent killing of S. aureus 
and S. enterica by BAC-SiO2. Photograph display of drop plates containing 10-fold serial 

dilutions (right to left: 100 to 10−6) of treated cultures. c) The percentage of S. aureus 
survival upon exposure to 12 mg L−1 SiO2, 4 mg L−1 BAC, or 10 mg L−1 BAC-SiO2 for 0, 

3, and 6 h is shown. Bacterial killing is monitored in triplicates. The average survival is 

displayed, in which error bars denote standard deviations. Statistical significance is 

calculated using a two-tailed t-test with significant p-values shown. “N.S.” denotes “not 

significant.”
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