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The use of nanocarriers to deliver poorly soluble drugs to the sites of diseases is an attractive and 

general method, and mesoporous silica nanoparticles (MSNs) are increasingly being used as 

carriers. However, both loading a large amount of drugs into the pores and still being able to 

release the drug is a challenge. In this paper we demonstrate a general strategy based on a 

companion molecule that chaperones the drug into the pores and also aids it in escaping. A 

common related strategy is to use a miscible co-solvent DMSO, but although loading may be 

efficient in DMSO, this co-solvent frequently diffuses into an aqueous environment leaving the 

drug behind. We demonstrate the method by using acetophenone (AP), an FDA approved food 

additive as the chaperone for clofazimine (CFZ), a water-insoluble antibiotic used to treat 

leprosy and multidrug-resistant tuberculosis. AP enables high amount of CFZ cargo into the 

MSNs and also carries CFZ cargo out from the MSNs effectively when they are in an aqueous 

bio-relevant environment. The amount of loading and the CFZ release efficiency from MSNs 

were optimized; 4.5 times more CFZ was loaded in MSNs with AP than that with DMSO and 

2300 times more CFZ was released than that without the assistance of the AP. In vitro treatment 

of macrophages infected by Mycobacterium tuberculosis with the optimized CFZ-loaded MSNs 

killed the bacteria in the cells in a dose-dependent manner. These studies demonstrate a highly 

efficient method for loading nanoparticles with water-insoluble drug molecules and the efficacy 

of the nanoparticles in delivering drug into eukaryotic cells in aqueous media. 

1. Introduction 

Poor water solubility of drug molecules is a significant problem because almost 40% of the 

newly discovered drug molecules are hydrophobic which reduces their bioavailability and thus 

suppresses their efficacy.1 Great effort has been devoted to solving the problem of getting them 

to the site of the disease. One important strategy is to use nanomaterials as carriers to deliver 
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 3

insoluble drugs.2 Mesoporous silica nanoparticles (MSNs) have aroused much attention in this 

regard because their  properties include high surface area (about 1000 m2/g), large pore volume 

(1 cc/g), tunable pore sizes (2-20 nm), easy surface functionalization, and high 

biocompatibility.3–12 These excellent intrinsic properties enable MSNs to carry a wide variety of 

cargos, including drugs,13–17 genes,18–21 proteins,22,23 and other biomolecules for in vitro or in 

vivo biomedical applications.24,25 Additionally, MSNs can incorporate fluorescence and magnetic 

properties, and simultaneously serve as image contrast agents by integrating the relevant 

functional materials for diagnostics and therapeutics.26–28 Accordingly, these preeminent 

“theranostic” (therapeutic plus diagnostic) nanoparticles, serving as the excellent nanocarriers, 

are being broadly explored in biomedical applications.29–35 

The major challenges are to get the insoluble drug into the pores and then allow the drugs to 

escape. One of the most widely-used methods to load the poorly water-soluble drugs in MSNs is 

to dissolve the drugs in dimethyl sulfoxide (DMSO).14 The loading step is done by soaking 

MSNs in the DMSO solution which allows the drug molecules to diffuse into the channels of 

MSNs efficiently. After the loading step, the drug-loaded MSNs are washed with water or buffer 

solutions thoroughly to remove DMSO from the pores. However, during this washing step, some 

of drugs may be removed as well considering weak interactions between the hydrophobic drug 

molecules and the hydrophilic porous surface, thus decreasing the loading weight percent of 

drugs (defined as (weight of drugs / weight of MSNs) x 100%).2,14 To attempt to solve this 

problem of low drug loading, the channels of MSNs were functionalized with hydrophobic 

groups to increase the hydrophobic interactions between the drugs and the channels.36,37 

However, those further surface modifications complicate the delivery systems and lead to 

colloidal instability in aqueous environment. Another critical challenge that remains is that the 
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amount of the hydrophobic drug released from the carriers into an aqueous environment is poor, 

even though MSNs are able to carry the drugs to the location of a disease.36–38 Consequently, the 

bioavailability of the drugs may be reduced to a level insufficient for effective treatment, or an 

extremely high dosage of the particles may be required to achieve a sufficient local concentration 

of free drug for it to be effective. Hence, to enhance the bioavailability of the drug, it is essential 

to improve its release efficiency from the nanocarriers.  

Hydrotropy is a technique that increases the water solubility of water insoluble molecules by 

adding a second solute (i.e. hydrotrope).39,40 Hydrotropes are short chain amphiphilic molecules, 

usually containing both the hydrophobic and hydrophilic moieties in their chemical structures, in 

which the hydrophobic part interacts with water-insoluble drugs through hydrophobic 

interactions, and the hydrophilic part helps solubilize the drug-hydrotropes complexation 

structure in water. The hydrotrope-assisted solubilization of water-insoluble drugs in water 

possesses a signature feature of a sigmoidal solubility curve.41,42 At low concentration of 

hydrotropes, the solubility of water-insoluble drugs hardly increases. The solubility of water-

insoluble drugs significantly increases above a certain hydrotrope concentration, usually called a 

minimum hydrotrope concentration (MHC), when self-aggregation of the hydrotropes 

happens.42,43 Other mechanisms may also involve in the hydrotrope-assisted solubilization of 

water-insoluble drugs.44–47 Two advantages of using hydrotropy are that it obviates the need for 

chemical modification of the drugs, which may interfere with pharmaceutical activity; and it 

does not require a specific formulation for emulsification. The water solubility of water-insoluble 

drugs could be enhanced from several folds to several orders of magnitude by the hydrotrope-

assisted solubilization especially if the hydrotropes associate well with the drugs.40,41,48 
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 5

In this study, we choose clofazimine (CFZ) as an example of a water-insoluble drug (defined 

as having water solubility of less than 100 µg/mL) to demonstrate our strategy for hydrophobic 

drug delivery. CFZ has an extremely low (0.2 µg/mL) water solubility. The motivation for 

improving the delivery of CFZ lies in the fact that it has good efficacy against multidrug-

resistant Tuberculosis (TB).49–52 TB is a serious contagious disease caused by the bacterium 

Mycobacterium tuberculosis (M. tuberculosis) and has becoming a global health problem; in 

2016, there were approximately 10.4 million new TB cases and 1.3 million TB deaths 

worldwide.53 However, the extremely low water solubility of CFZ complicates its delivery by 

nanoparticles or other novel approaches e.g. via inhalation. 

Herein, we developed a facile “chaperone-assisted” delivery strategy which improves the 

loading of CFZ and delivers a large amount of CFZ with MSNs into an aqueous environment 

(Figure 1). First, we found acetophenone (AP) is the most promising chaperon among 9 

candidate molecules tested. Then, we compared the efficacy of AP and DMSO as non-aqueous 

solvents for CFZ loading and release. Next, we measured the effect of CFZ loading 

concentration on CFZ release and AP release and determined the optimized CFZ loading 

concentration. The effect of the location of AP relative to MSNs on CFZ was also explored. 

Finally, using the optimized AP/CFZ loaded MSNs, we investigated the antibacterial effect of 

this hydrotropy-based delivery strategy on intracellular M. tuberculosis to further validate their 

potential use in medicine and biomedical research. To the best of our knowledge, this is the first 

work to demonstrate appropriate chaperone for CFZ and to apply the strategy to the construction 

of nanoparticles with enhanced CFZ loading and release efficiency. 

2. Experimental section 

2.1 Materials 
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 6

Hexadecyltrimethylammonium bromide (CTAB, 99+%), tetraethyl orthosilicate (TEOS, 

98%), clofazimine (CFZ, 98+%), acetophenone (AP, 99%), 2-heptanone (98%), 2-

hydroxyacetophenone (98%), sodium benzoate (99%), pyradinamide (97.5+%), nicotinamide 

(99.5+%), isoniazid (99+%), hexanoic acid (99+%), benzoic acid (99.5+%), sodium hydroxide 

(NaOH) (97+%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 99.5+%), and 

ammonium nitrate (NH4NO3, 98+%) were purchased from Sigma-Aldrich. Dimethyl sulfoxide 

(DMSO, 99.9+%) was purchased from Fisher Chemical. Absolute ethanol (200 proof) was 

purchased from Decon Labs, Inc. All chemicals were used without further purification. 

2.2 Characterization 

The size and morphology of mesoporous silica nanoparticles (MSNs) were investigated 

by transmission electron microscopy (TEM, Tecnai T12). MSNs were dispersed in ethanol at a 

very low concentration (0.2 mg/mL). Ten microliters of the suspension were dropped onto the 

carbon-coated copper grid and dried at room temperature. The N2 adsorption-desorption 

isotherms of MSNs were obtained at liquid N2 temperature (77K) on a Autosorb-iQ 

(Quantachrome Instruments) apparatus. MSNs were degassed at 110 °C for 12 h before the 

measurement. The surface area and pore size distribution of MSNs were determined by 

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods. The dynamic light 

scattering (DLS) size and zeta potential value of MSNs were examined by a laser particle 

analyzer LPA-3100 at room temperature. The loading capacity, release capacity, and release 

efficiency of CFZ or AP were determined by UV-Vis Spectroscopy (Cary 5000). The absorbance 

of the peaks was used for quantification by Beer-Lambert Law. 

2.3 Synthesis of mesoporous silica nanoparticles (MSNs) 
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 7

CTAB (250 mg) was dissolved in a mixture of deionized water (120 mL) and 2 M NaOH 

(875 µL) under vigorous stirring. The solution was heated to 80 °C and tetraethyl orthosilicate 

(TEOS) (1.25 mL) was then added dropwise to the solution for about 20 seconds. The reaction 

was kept at 80 °C for 2 h. Subsequently, the solution was cooled to room temperature and MSNs 

were centrifuged and washed 3 times with ethanol. MSNs were then dispersed in 100 mL of 

ethanol containing 2 g of NH4NO3 and the reaction was refluxed for 1 h to remove the surfactant. 

The surfactant removal procedures were repeated twice and MSNs were washed thoroughly with 

ethanol and D.I. water to obtain the surfactant-free MSNs. 

2.4 Screening of possible hydrotropes for CFZ 

Nine different small molecules – nicotinamide, sodium benzoate, pyradinamide, 

isoniazid, 2-hydroxyacetophenone, benzoic acid, hexanoic acid, 2-heptanone, and acetophenone 

– were screened to investigate their hydrotropic ability for CFZ in H2O. For the control lacking a 

hydrotrope, 1 µmol of CFZ and 1 mL of H2O were added into a 20 mL of glass vial and 

sonicated for 10 min to suspend CFZ in H2O. The undissolved CFZ was removed by 

centrifugation at 14000 rpm for 15 min. Then, the supernatant was collected and measured by 

UV-Vis spectroscopy. For experimental samples with hydrotropes, 1 µmol of CFZ, 1 mL of 

H2O, and the respective hydrotrope [sodium benzoate (50 µmol, 500 µmol, or 1 mmol), 

pyrazinamide (50 µmol, 500 µmol, or 906 µmol), nicotinamide (50 µmol, 500 µmol, or 1 mmol), 

isoniazid (50 µmol, 500 µmol, 1 mmol), 2-hydroxyacetophenone (50 µmol), hexanoic acid (50 

µmol), benzoic acid (28 µmol), 2-heptanone (38 µmol), or acetophenone (50 µmol)] were added 

into 20 mL glass vials and sonicated for 10 min. The undissolved CFZ was removed by 

centrifugation as described above. Finally, the supernatant was collected and measured by UV-
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 8

Vis spectroscopy. The solubility enhancement was determined by the change in absorbance at 

490 nm. 

2.5 Concentration dependent hydrotropy effect of AP 

To investigate the hydrotropic effect of AP in more detail, we prepared concentrations 

ranging from 0 to 60 mM of AP in H2O to dissolve CFZ. Similarly, 1 µmol of CFZ, 1 mL of 

H2O, and the respective concentration of AP were added into 20 mL glass vials and sonicated for 

10 min. The undissolved CFZ was removed by centrifugation as described above. The solubility 

enhancement was determined by the change in absorbance at 490 nm. 

2.6 Creation of calibration curve of CFZ in AP, CFZ in ethanol-water mixture, and AP in 

ethanol-water mixture 

To determine the loading capacity, release efficiency, and release capacity of CFZ, the 

calibration curves were created by dissolving CFZ in AP. The concentration of CFZ in AP 

ranged from 0 to 50 µM. The absorption spectra of the solutions were measured by UV-Vis 

spectroscopy, and the absorbance maximum (490 nm for CFZ and 244 nm for AP) was used to 

plot the calibration curve. The calibration curves ranging from 0 to 25 µM of CFZ dissolved in a 

mixture of ethanol and HEPES buffer solution (10 mM, pH = 7.4) (v/v = 1/1) were also 

generated. To determine the release capacity and release efficiency of AP, the calibration curve 

of AP was generated by dissolving AP in a mixture of ethanol and HEPES buffer solution (10 

mM, pH = 7.4) (v/v = 1/1). The concentration of AP ranged from 0.25 to 66 µM. 

2.7 Loading capacity analysis of clofazimine (CFZ) 

The loading of CFZ was studied using DMSO or AP as loading solvents. In general, 10 mg 

of MSNs were dispersed in AP or DMSO with 0.1, 1, 10, or 50 mM CFZ, respectively. After 24 

h stirring, the CFZ loaded MSNs were centrifuged at 14000 rpm for 10 min and the pellets were 
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 9

washed three times with H2O under sonication to remove the excess CFZ. Then, the CFZ loaded 

MSNs with AP or DMSO were washed with AP or DMSO, respectively, and pelleted by 

centrifugation. The washing steps were repeated several times until the supernatant was clear. 

The supernatants were collected and measured by UV-Vis spectroscopy. The loading capacity of 

CFZ was calculated using the maximum absorbance at 490 nm based on Beer’s law, its 

calibration curve, and the following definition of loading capacity: (mass of loaded CFZ / mass 

of MSNs) x 100%.  

2.8 Release of CFZ and AP in HEPES buffer 

The release of CFZ and AP from MSNs was carried out in HEPES buffer solution (pH = 7.4, 

10 mM). In general, 10 mg of MSNs loaded with 0.1, 1, 10, or 50 mM CFZ in AP were dispersed 

in 1 mL of HEPES buffer solution and stirred for 1, 2, 3, or 5 days, respectively. Afterwards, the 

CFZ loaded MSNs were spun down at 14000 rpm for 10 min. The supernatant was collected and 

mixed homogeneously with ethanol, which was then diluted and measured by UV-Vis 

spectroscopy. The release efficiency of CFZ and AP were calculated using their maximum 

absorbance at 490 nm and 244 nm, respectively, based on Beer’s law, their calibration curves, 

and the definition of release efficiency: (mass of released CFZ / mass of loaded CFZ) x 100%. 

2.9 Release of CFZ in HEPES buffer with addition of AP 

 To gain insight into whether the AP residing outside of the pores of MSNs would affect 

CFZ release, we added AP into the release buffer. After MSNs were loaded with 1 mM CFZ in 

DMSO, 10 mg of MSNs were dispersed in 1 mL of HEPES buffer (10 mM, pH = 7.4) with the 

addition of 10 µL of AP. The solution was stirred for 24 h and then centrifuged at 14000 rpm for 

10 min. The supernatant was collected and measured by UV-Vis spectroscopy; the pellet of CFZ 

loaded MSNs was resuspended by sonication in 1 mL of HEPES buffer with the addition of 10 
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 10

µL of AP and stirred for another 24 h. Again, the supernatant was collected as described above 

and measured by UV-Vis spectroscopy. The same procedures were repeated and the supernatant 

was collected and analyzed at 72 h and 120 h as described above. 

2.10 Assay for killing of M. tuberculosis in macrophages 

 Human monocytic THP-1 cells (ATCC TIB202) were maintained in RPMI-1640 

supplemented with 10% fetal bovine serum, GlutaMAX, and Penicillin-Streptomycin (100 IU-

100 μg/mL). Prior to infection, the cells were treated with phorbol 12-myristate 13-acetate 

(PMA) for 3 days to differentiate them into macrophage-like cells.  M. tuberculosis virulent 

strain Erdman (ATCC 35801) was cultured on Middlebrook 7H11 plates for 10 days. Lawns of 

bacteria were scraped from the plates, suspended in RPMI with 20 mM HEPES, and a single 

bacterial suspension was prepared by sonication and repeated centrifugation to remove bacterial 

clumps. After opsonization with human serum type AB containing active complement, the 

bacteria were used to infect PMA-differentiated THP-1 macrophages at a multiplicity of 

infection of 1:1 (bacterium:macrophage). The bacteria were incubated with macrophages for 1 

hour at 37 °C, after which MSNs loaded with AP (AP-MSN), MSNs loaded with 10 mM CFZ in 

AP hydrotrope (AP/CFZ-MSN), or free CFZ were added to the culture of the M. tuberculosis 

infected macrophages. The concentrations of AP-MSN were 11 and 22 µg/mL. The 

concentrations of AP/CFZ-MSN were 5.5, 11, and 22 µg/mL, corresponding to 0.5, 1, and 2 

µg/mL of CFZ, respectively. Free CFZ was dissolved in DMSO first, and then added to M. 

tuberculosis infected macrophages at concentrations of 0.5, 1, and 2 µg/mL, those concentrations 

of free CFZ had 0.005%, 0.01%, and 0.02% DMSO, respectively. The cells were incubated for 4 

days at 37 °C, 5% CO2-95% air, lysed with 0.1% SDS, serially diluted in Middlebrook 7H9 

broth supplemented with ADC enrichment and 0.05% Tween 80, and plated on Middlebrook 
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 11

7H11 agar plates. The number of bacterial colonies on the plates was enumerated after 

incubation for 2.5 weeks at 37 °C, 5% CO2-95% air.32,54 

3. Results and Discussion 

3.1 Synthesis and characterization of mesoporous silica nanoparticles (MSNs) 

MSNs were synthesized by a sol-gel synthetic strategy in the presence of cationic 

surfactant template.15,55 By transmission electron microscopy (TEM) (Figure 2a), MSNs have a 

well-ordered hexagonal mesoporous structure and the average size is 100 nm in diameter. The 

diameter of MSNs measured by dynamic light scattering (DLS) is 165.7 nm (Figure 2b), which 

implies that MSNs are well-suspended in deionized (D.I.) H2O. The zeta potential value of 

MSNs is –21.2 mV in D.I. H2O. Nitrogen adsorption/desorption isotherms of MSNs were 

measured at 77 K. The surface area, pore volume, and pore size are 1060 m2/g, 1.12 cm3/g, and 

2.8 nm, respectively (Figure 2c and 2d). The high surface area, characteristic of MSNs,8,18 

provides an advantage for loading cargos such as clofazimine (CFZ) and acetophenone (AP). 

3.2 Clofazimine solubility enhancement  

To enhance the water solubility of CFZ, we applied the concept of “hydrotropy” to the 

MSNs platform. During the past decades, the successful application of hydrotropy to the delivery 

of hydrophobic drugs by nanocarriers has been demonstrated by several research groups. For 

instance, Koo et al. used hydrotropic oligomer-conjugated glycol chitosan nanoparticles for 

paclitacxel (PTX) delivery.56 Wang, et al. used 70 nm hydrotropic polymer-based nanocarriers to 

load and deliver PTX in in vitro studies.57 Most of their work involved anticancer drugs, 

especially PTX, whose water solubility is 5.6 µg/mL.40,58,59 To the best of our knowledge, no 

application of hydrotropy to the delivery of water-insoluble antibiotics from nanocarriers has 

been demonstrated. 
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 12

It is known that highly effective hydrotropes frequently have either a phenyl ring or 

pyridine in their structures.59,60 For example, sodium benzoate and nicotinamide, with either a 

phenyl ring or pyridine in their structures, are effective hydrotropes for PTX.60 Therefore, 

sodium benzoate, nicotinamide, and other molecules with similar structures, including isoniazid, 

pyrazinamide, 2-hydroxyacetophenone, benzoic acid, and AP were considered candidates for 

hydrotropes to enhance the water solubility of CFZ. Figure 3 shows the solubility enhancement 

of CFZ in H2O in the presence of the various hydrotropes mentioned above. The solubility of 

CFZ was determined from UV-Vis spectra where the maximum absorbance is at 490 nm. It is 

surprising that neither sodium benzoate nor nicotinamide is a good hydrotrope; compared with 

the control, the CFZ solubility enhancement is only 1.3-and 1.5-fold in 1 M of sodium benzoate 

and nicotinamide solution, respectively. The results indicate that isoniazid and pyrazinamide are 

also not effective hydrotropes for CFZ (1.7-fold in 1 M isoniazid and 1.4-fold in 1 M 

pyrazinamide solution). The poor hydrotropic performance of these four molecules may due to 

their relatively high water solubility (629 mg/mL for sodium benzoate, 500 mg/mL for 

nicotinamide, 140 mg/mL for isoniazid, and 50 mg/mL for pyrazinamide) as shown in Table S1. 

It is very difficult to provide the hydrophobic interaction between the possible hydrotropes and 

CFZ. In this case, the strong intermolecular force of CFZ (mainly from the hydrophobic 

interaction of the phenyl rings of CFZ) is much stronger than the interaction between possible 

hydrotropes and CFZ. Such hydrophilicity of these molecules makes them unable to associate 

well with the hydrophobic CFZ molecules, and thus the water solubility of CFZ was only slightly 

enhanced effectively. 

On the other hand, the water solubility enhancement of CFZ is 1.6-fold, 1.7-fold, 2.0-

fold, and 2.6-fold for 2-hydroxyacetophenone, hexanoic acid, benzoic acid, and 2-heptanone 
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hydrotropes, respectively. Benzoic acid and 2-heptanone have better water solubility 

enhancement than 2-hydroxyacetophenone or hexanoic acid. This is due to the fact that the water 

solubility of benzoic acid and 2-heptanone – only 3.4 mg/mL and 4.3 mg/mL, respectively – is 

lower than that of 2-hydroxyacetophenone and hexanoic acid – 20.0 mg/mL and 10.8 mg/mL, 

respectively. Thus, these hydrotropes may associate better with the hydrophobic CFZ molecules 

and enhance the water solubility of CFZ. In addition, the presence of the phenyl rings in the 

structure of hydrotropes could also contribute to improvement in the water solubility of CFZ 

because of the hydrophobic interactions exists between the phenyl rings of the hydrotropes and 

hydrophobic moiety (phenyl rings) of CFZ. For example, the solubility enhancement of CFZ in 

the presence of benzoic acid or hexanoic acid is 2.0 or 1.7-fold, respectively. By using benzoic 

acid, the solubility enhancement is higher than that of hexanoic acid due to the presence of the 

phenyl ring in benzoic acid. Additionally, the solubility enhancement of CFZ in the presence of 

2-heptanone or AP is 2.6 or 10.1-fold. By using AP as the hydrotrope, the solubility 

enhancement is about four times greater than that with 2-heptanone. Therefore, the phenyl ring 

could effectively enhance the water solubility of CFZ because either AP or benzoic acid could 

provide the hydrophobic interaction between their phenyl ring and the phenyl ring of CFZ. 

The hydrogen bonding between water molecules and CFZ is not strong enough to solvate 

CFZ since the intermolecular hydrophobic interaction between the phenyl rings of CFZ is strong. 

Therefore, the water solubility of CFZ is low (only 0.2 µg/mL), or water-insoluble by definition. 

However, for AP or 2-heptanone, there exists both a hydrophobic phenyl ring or alkyl chain and 

a polar carbonyl group in their chemical structures. These molecules could provide both the 

hydrophobic interaction between the hydrophobic phenyl ring or alkyl chain of AP or 2-

heptanone and the hydrophobic moiety of CFZ, and hydrogen bonding between the carbonyl 
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group of AP or 2-heptanone and amine hydrogen in CFZ. Therefore, the presence of carbonyl 

group in AP or 2-heptanone could provide stronger interaction between the possible hydrotropes 

and CFZ, e.g. the CFZ solubility enhancement is 10.1 or 2.6-fold by using AP or 2-heptanone as 

the hydrotrope, higher than those of benzoic acid (2.0-fold) or hexanoic acid (1.7-fold). In terms 

of polarity of the possible hydrotropes, a carboxylic acid group has larger polarity than a ketone. 

Therefore, if we compare 2-heptanone with hexanoic acid, the solubility enhancement of CFZ is 

2.6 or 1.7-fold in the presence of 2-heptanone or hexanoic acid, respectively. The higher polarity 

of hexanoic acid has less hydrotropic effect to increase the water solubility of CFZ. This could 

also be proved that the solubility enhancement of CFZ is 10.1 or 2.0-fold in the presence of AP 

or benzoic acid, respectively, since benzoic acid has higher polarity. Based on the above 

observations, AP, with good association with CFZ and both a phenyl ring and a ketone in its 

structure, was chosen as a promising hydrotrope for CFZ in this study. The hydrotropic efficacy 

of AP was examined in more detail in supporting information (Figure S1). 

3.3 Clofazimine loading by using different non-aqueous solvents: AP and DMSO  

      To realize whether AP could also facilitate the loading of CFZ in MSNs, we compared the 

loading amount of CFZ by using AP to that of conventional method using DMSO, a widely-used 

loading solvent for dissolving poorly water-soluble drugs.2,14 We called the method of using AP 

the “chaperone-assisted” method due to the preferential interaction between AP and CFZ, 

making AP act like a chaperon carrying the CFZ with it (Figure 4a). CFZ loading into MSNs was 

achieved by soaking MSNs in CFZ solutions with various concentrations dissolved in AP or 

DMSO. After 24 h loading of CFZ, the CFZ-loaded MSNs were introduced back to aqueous 

solution. To calculate the loading capacity, which is defined as (the mass of loaded CFZ / the 

mass of MSNs) x 100%, the CFZ loaded MSNs with AP or DMSO were respectively washed 
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with AP or DMSO several times until the supernatant after centrifugation was clear. Those 

supernatants were collected and measured by UV-Vis spectroscopy. The total amount of CFZ 

loaded in MSNs was calculated based on Beer’s law and its calibration curve (Figure S2). From 

Figure 4b, the loading capacity of 0.1, 1, and 10 mM CFZ by using DMSO as the loading solvent 

were found to be 0.2, 0.9, and 5.9 %, respectively. However, with AP as the loading solvent, the 

higher loading capacity were achieved under all loading concentrations of CFZ, which were 0.3, 

1.3, 9.6, and 26.8 % for 0.1, 1, 10, and 50 mM CFZ, respectively. The loading capacity of CFZ 

increased with the loading concentration of CFZ. The higher loading capacity of CFZ by using 

AP as the loading solvent can be explained by two reasons: (1) the CFZ solubility in AP (>71 

mg/mL) is higher than in DMSO (5 mg/mL), so that the saturated concentration of CFZ in AP 

(more than 150 mM) is much higher than in DMSO (only 10.5 mM); (2) DMSO is miscible with 

water, so most of the DMSO molecules were removed by water during the washing steps, 

leading to the release of some CFZ molecules from MSNs together with DMSO. However, the 

water solubility of AP is only 6.1 mg/mL, so a large amount of AP was still loaded in the pores 

of MSNs after they were re-dispersed in aqueous solution (Figure 4a). As will be shown in the 

next section, the AP in the pores is essential for good CFZ release.  

     Based on the significant enhancement of CFZ loading by AP, it was of interest to investigate 

the detailed relationship between the loading of AP chaperone and its cargo CFZ. MSNs were 

loaded with AP itself (no CFZ), or AP with 0.1, 1, 10, and 50 mM solubilized CFZ. The pore 

volume of MSNs is 1.12 cm3/g; hence the maximum volume for cargo loading is 1.12 µL/mg. 

The density of AP is 1.03 g/cm3, and thus the maximum loading capacity would be 115.4%. 

When AP itself (0 mM CFZ), or AP with 0.1, 1, 10, and 50 mM solubilized CFZ were used as 

the loading solvents, the loading capacity of AP was found to be 100.9 %, 102.4 %, 101.1%, 
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97.2 %, and 71.4 %, respectively (Figure 4c). The amount of loaded AP in MSNs corresponds to 

8397.8, 8522.7, 8414.5, 8089.9, and 5942.6 nmole/mg, and the amount of loaded CFZ in MSNs 

was 6.3, 27.5, 202.8, and 566.1 nmole/mg at those respective CFZ loading concentrations (Table 

1). This implies that when the CFZ loading capacity is low (no higher than 1.3 %, Figure 4b), 

regardless of the presence of CFZ, about 88% of the pore volume of MSNs is filled with AP after 

loading, which is reasonable since the low water solubility of AP (only 6.1 mg/mL) makes a 

large amount of AP remain in the pores of MSNs after they are re-dispersed in aqueous solution. 

The loading capacity of AP is lower at higher CFZ concentrations (10 and 50 mM), at which the 

loading capacity of CFZ was enhanced (9.6 % and 26.8 %, Figure 4b). This is because part of the 

pore volume of MSNs is occupied by CFZ, thus reducing the volume available for AP loading. 

The mole ratios of AP to CFZ loaded in MSNs with those CFZ loading concentrations was 

calculated to be 1352.8, 306.0, 39.9, and 10.5, respectively (Table 1). As CFZ loading 

concentrations in AP increase, both the amount of loaded CFZ and the mole ratio of CFZ to AP 

increase. 

3.4 Clofazimine release to aqueous solution by using different non-aqueous solvents: AP 

and DMSO 

     Before applying the methods with AP and DMSO to deliver CFZ to biological systems, we 

examined their capability for facilitating the release of CFZ into aqueous solution. MSNs loaded 

with CFZ (1 mM) either by DMSO or AP were dispersed in HEPES buffer solution (pH = 7.4) 

for 1, 2, 3, or 5 days, respectively (Figure 4a). Figure S3a shows the UV-Vis spectra of the 

supernatant after CFZ released from MSNs in buffer solution with DMSO as the loading solvent. 

The absorption peak of CFZ at 490 nm is not evident, indicating that the release of CFZ is 

negligible even after 5 days. This phenomenon could be explained as a result of the water-
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insoluble property of CFZ, making the drug molecules themselves prefer to stay in the pores of 

MSNs. On the contrary, with AP as the loading solvent, the release of CFZ could be easily found 

in the UV-Vis spectra with the apparent peaks at 490 nm (Figure S3b). The absorbance peaks at 

490 nm increased with time between 5 days, and the absorbance is significantly different from 

those with DMSO. To quantify the release amount of CFZ, the time dependent release efficiency 

of CFZ using either DMSO or AP was calculated (Figure 4d) based on Beer’s law and its 

calibration curve (Figure S4). The release efficiency is defined as (the mass of released CFZ / the 

mass of loaded CFZ) x 100%. By using the “chaperone-assisted” strategy with AP, the release 

efficiency of CFZ achieved 47.2%, which is 2300 times higher than that by the conventional 

method with DMSO (0.02%) (Figure 4d). This significant enhancement in the release efficiency 

of CFZ by AP could also be clearly observed in the photograph of the supernatant (Figure 4e). 

3.5 Effect of clofazimine loading concentration on clofazimine release 

To optimize the release of CFZ in aqueous environment using the “chaperone-assisted” 

delivery strategy, we explored the effect of CFZ loading concentration on the long-term release 

behavior of CFZ. The release of CFZ was confirmed by the absorbance peaks at 490 nm in the 

UV-Vis spectra measured from the supernatants collected after spinning down MSNs after 1, 2, 

3, and 5 days (Figure S3b). The time-dependent release capacity of CFZ was calculated based on 

Beer’s law and its calibration curve (Figure S4). Release capacity is defined as: (the mass of 

released CFZ / the mass of MSNs) x 100%. Figure 5a shows the time-dependent release 

capacitiy of CFZ in HEPES buffer solution (pH = 7.4) with four different CFZ loading 

concentrations (0.1, 1, 10, and 50 mM) in AP. The absorbance peaks increase with time up to 5 

days. Regardless of the CFZ loading concentration, the amount of CFZ released gradually 

increases with time, until it levels off at about five days. The amount of CFZ released from 
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MSNs loaded with 0.1 mM CFZ in AP is only 0.10 % on day 5, which is mainly due to the tiny 

amount of CFZ (0.3 % loading capacity) loaded in MSNs. For the MSNs loaded with 1 and 10 

mM CFZ in AP, the CFZ release capacity on day 5 was 0.56 % and 0.54 %, respectively. Even 

though the amount of CFZ loaded with those two samples (1.3 % and 9.6 % CFZ loading 

capacity, respectively) differed by 7-fold, the amount of CFZ released was nearly the same. 

However, the CFZ release capacity of the MSNs loaded with 50 mM CFZ in AP on day 5 is only 

0.27 %, lower than those loaded with 1 and 10 mM CFZ in AP. This low CFZ release capacity at 

this high CFZ loading concentration may be due to a small amount of AP in the pores of MSNs 

that contain a large amount of CFZ (26.8 % CFZ loading capacity) as referred to Table 1, which 

shows the mole ratio of AP/CFZ to be only 10.5. This less amount of AP renders the 

environment inside the pores much more hydrophobic and thus reducing the “chaperone-

assisted” effect or the hydrotropic effect. The time-dependent release efficiency of CFZ with four 

different CFZ loading concentrations (0.1, 1, 10, and 50 mM) was also calculated (Figure 5b). 

Release efficiency is defined as: (the mass of released CFZ / the mass of loaded CFZ in MSNs) x 

100%. The time-dependent release efficiency on day 5 for MSNs loaded with 0.1, 1, 10, and 50 

mM CFZ in AP is 42.3 %, 47.2 %, 4.6 %, and 0.1%, respectively. The lowest release efficiency, 

observed when MSNs were loaded with 50 mM CFZ in AP, indicates that most of the loaded 

CFZ remains in the pores of MSNs, which again may be due to the small amount of loaded AP 

and the enhanced hydrophobicity in the pores of MSNs as described above. 

3.6 Effect of clofazimine loading concentration on acetophenone release 

     After the “chaperone-assisted” strategy was successfully demonstrated, we studied the effect 

of CFZ cargo loading concentration on the release of AP chaperone (Figure 5c and 5d). The 

release efficiency of AP was calculated based on Beer’s law and its calibration curve (Figure 
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S5). The time-dependent release capacity of AP from MSNs loaded with 0.1, 1, 10, and 50 mM 

CFZ in AP is lower than from MSNs not loaded with CFZ on day 1 (Figure 5c). Nevertheless, 

the release capacity of AP from MSNs loaded with CFZ substantially increases on day 2. Finally, 

the release capacity of AP on day 5 reaches 94.2, 90.0, 77.8, and 53.6 % from MSNs loaded with 

0.1, 1, 10, and 50 mM CFZ in AP, respectively. For the release efficiency of AP from MSNs 

loaded with 0.1, 1, 10, and 50 mM CFZ, only 22, 11, 12, and 13 % were found on day 1, much 

lower than without loaded CFZ (33%) (Figure 5d). However, on day 2, the release efficiency of 

AP from MSNs loaded with 0.1, 1, 10, and 50 mM CFZ in AP achieves 60, 61, 59, and 57 %, 

respectively, which is close to that without loaded CFZ (58%). Finally, on day 5, the release 

efficiency of AP reaches about 92, 89, 80, and 75 % for MSNs loaded with 0.1, 1, 10, and 50 

mM CFZ in AP, respectively, and reaches about 95% for the MSNs loaded with AP itself (0 mM 

CFZ). Interestingly, the result on day 5 shows that the release efficiency of AP decreases as the 

loading concentration of CFZ increases. This finding together with the lower loading capacity of 

AP at 10 and 50 mM CFZ loading concentration (Figure 4c) adequately explain the much lower 

release capacity of AP when MSNs are loaded with 10 mM or 50 mM CFZ than when MSNs are 

loaded with AP without any CFZ (95.9%) (Figure 5c). 

The sigmoidal release profiles of both CFZ and AP loaded in MSNs are characterized by 

slow release during the first day followed by increased release at later time points, and a final 

leveling off (Figure 5b and 5d). In the presence of both CFZ and AP in MSNs, almost all of the 

CFZ (Figure 5b) as well as the greater part of AP (Figure 5d) remain inside the pores on day 1, 

especially for the MSNs loaded with 1, 10, and 50 mM CFZ in AP. This supports that there may 

exist an interaction between CFZ and AP in the pores of MSNs, and that this association favors 

most of the AP molecules residing in the pores of MSNs, reducing the AP release on day 1. The 
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loaded CFZ molecules may sterically block the release of AP from MSNs as well. The better AP 

release compared to that of CFZ on day 1 could be explained by the higher water solubility of 

AP than CFZ, so that the release of AP in aqueous environment can occur in a short period of 

time. For MSNs loaded with 0.1 and 1 mM CFZ in AP, the release efficiency of AP increases 

significantly after day 1 (Figure 5d), which corresponds to the substantial increase in CFZ 

release efficiency on day 2 (Figure 5b). This feature is due to the high mole ratio of AP/CFZ in 

the pores of MSNs with 0.1 and 1 mM CFZ (Table 1). The abundant AP chaperone in the pores 

carry CFZ out of MSNs and thus facilitates CFZ release into an aqueous environment. 

Interestingly, for particles loaded with 10 and 50 mM CFZ, the CFZ release efficiency shows no 

significant increase during those five days compared with the dramatic increase in AP release 

efficiency after day 1. This is because the mole ratio of AP/CFZ is low at those CFZ loading 

concentrations (Table 1), and thus the interaction between AP and CFZ is not strong enough to 

carry CFZ out of MSNs and into the aqueous environment. In other words, when the mole ratio 

of AP/CFZ is low, even though the interaction between CFZ and AP in the pores retards the 

release of AP, the high water solubility of AP dominates such that more AP is released into an 

aqueous environment as the release time increases. 

The “chaperone-assisted” delivery strategy makes use of the interaction between CFZ 

cargo and AP chaperon which provides the mechanism for the release of CFZ from MSNs, and 

thus significantly enhances the water solubility of CFZ. By carefully tuning the mole ratio of 

AP/CFZ, we can control the dosage and the release profile of CFZ over time. This would be 

favorable in terms of improving the bioavailability and the efficacy of CFZ, as well as reducing 

the side-effect causing by the overdose of CFZ.  

3.7 Effect of external acetophenone on clofazimine release 
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As the chaperon, AP is supposed to be stayed together with its CFZ cargo in the pores of 

MSNs to bring its assistance into full play. To further confirm the idea of “chaperone-assisted” 

delivery, we studied the release of CFZ in a buffer solution with or without the addition of 

dissolved AP. Instead of using AP as the loading solvent, DMSO was used for loading CFZ to 

prevent AP from being present in the pores of MSNs. Release buffer with or without the addition 

of AP was used for CFZ release. With DMSO as the loading solution, the release efficiency of 

CFZ released in HEPES buffer solution (10 mM, pH = 7.4) without the addition of AP is only 

0.02% after 120 h, which indicates that almost all of the CFZ stays in the pores of MSNs (Figure 

6). The release efficiency of CFZ released in HEPES buffer solution with the addition of AP, on 

the other hand, is only 4.3% after 120 h. Both of these CFZ release efficiencies are significantly 

lower than that with AP as the loading solvent and HEPES buffer solution as the release buffer 

(47.2%). This result suggests that the CFZ release efficiency is significantly enhanced by the AP 

loaded inside the pores of MSNs together with CFZ, of which the interaction between CFZ cargo 

and AP chaperon inside the pores contributes substantially to the significant improvement of 

CFZ release. On the other hand, AP outside of the MSNs that doesn't have good interaction with 

CFZ only contributes to about 1/10th of the CFZ release. This slightly greater CFZ release could 

be explained by the increased hydrophobicity of the environment causing by the AP located in 

solution outside of MSNs. This study further strengthens the idea of “chaperone-assisted” 

delivery, where MSNs act like a primary vehicle carrying both a secondary vehicle – the AP 

chaperon – and the CFZ cargo inside. As the chaperon, AP carries the CFZ and brings it out and 

away from MSNs effectively.  

3.8 Antibacterial effect of acetophenone-assisted clofazimine delivery by MSNs  
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To explore the antibacterial effect of the developed “chaperone-assisted” delivery 

strategy shown in Figure 7a, we examined the treatment efficacy of the CFZ loaded MSNs using 

a macrophage model of Mycobacterium tuberculosis (M. tuberculosis) infection. The mole ratio 

of AP/CFZ was tuned and the optimized CFZ loading concentration was found to be 10 mM 

considering both the loading capacity and release capacity of CFZ (Figure 4b and 5a). The M. 

tuberculosis-infected macrophages were treated with MSNs loaded with 10 mM CFZ in AP 

(AP/CFZ-MSN) for 4 days (Figure 7a). As controls, the macrophages were untreated or treated 

with MSNs loaded with AP only (AP-MSN), or with free CFZ dissolved in a mixture of DMSO 

and H2O (CFZ/DMSO). All of the infected macrophages were lysed at day 4 post-infection and 

the lysates were plated for viable M. tuberculosis. The number of M. tuberculosis colony 

forming units (CFUs) recovered from the macrophages was enumerated to determine bacterial 

viability under each treatment. As shown in Figure 7b, treatment with AP-MSN (11 and 22 

µg/mL) for 4 days without CFZ had little effect on M. tuberculosis because the number of 

bacteria in macrophage monolayers (6.29, and 6.25 log CFU, respectively) was similar to and not 

statistically different from the number in untreated macrophages (6.51 log CFU). In contrast, 

AP/CFZ-MSN killed the intracellular bacteria in a dose-dependent manner. AP/CFZ-MSN at 

concentrations of 5.5, 11, and 22 µg/mL correspond to 0.5, 1, and 2 µg/mL of free CFZ 

dissolved in DMSO. The number of viable bacteria after treatment with those concentrations of 

AP/CFZ-MSN was 5.97, 5.82, and 5.50 log CFU, respectively, suggesting that 90% of bacteria 

was killed (the number of bacteria decreased by 1 log CFU) in macrophages treated with 22 

µg/mL of AP/CFZ-MSN. We also compared the effect of free CFZ with that of the MSN-

encapsulated CFZ. The treatment efficacy of AP/CFZ-MSN dispersed in culture medium was 

similar to that of an equivalent amount of CFZ dissolved in the mixture of DMSO and culture 
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medium without MSNs. This comparison shows that with the help of the AP chaperon, most of 

the CFZ loaded inside MSNs is efficiently released in the macrophages and kill the bacteria 

effectively and selectively (Figure 7a). 

To investigate if the “chaperone-assisted” delivery strategy with AP, an FDA approved 

food additive, has any cytotoxicity to the macrophages, we examined the viability of the infected 

macrophages after the treatment with AP-MSN and AP/CFZ-MSN for 4 days. No significant 

decrease in macrophage viability was detected (Figure 7c) at the concentrations studied. No 

adverse effect on the morphological appearance of the macrophages treated with AP-MSN or 

AP/CFZ-MSN was observed. Taken together, these results show that the “chaperone-assisted” 

CFZ delivery strategy via MSNs has no evident toxicity to macrophages but can selectively and 

efficiently kill the bacteria residing inside them due to the significant release of CFZ from 

MSNs. 

4. Conclusions 

In this study, we have developed a novel “chaperone-assisted” strategy based on 

mesoporous silica nanoparticles (MSNs) to both load water-insoluble drugs into MSN carriers 

and release them into aqueous biological environment. First, we utilized the concept of 

“hydrotropy” to explore the nine candidate small molecules for their utility to enhance the water 

solubility of a water-insoluble antibiotics — clofazimine (CFZ), who has good efficacy against 

multidrug-resistant Tuberculosis (TB). Acetophenone (AP) was selected as the most efficacious 

solvent to enhance 10.1-fold of the water solubility of CFZ. Acting as a chaperon, AP not only 

brought a great amount of CFZ cargos (26.8% loading capacity of CFZ) into the MSN 

nanocarrier, but carried a significant amount of CFZ cargos (47.2% release efficiency of CFZ) 

out from MSNs into the aqueous solution. This release efficiency of CFZ achieved is 2300 times 

Page 23 of 39

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 24

higher than that by conventional method using DMSO (0.02%). This considerable increase in 

CFZ release is mainly driven by the release of AP chaperon from the chaperon-rich pores of 

MSNs, which allows CFZ cargo to be carried together into the aqueous solution, and can be 

supported by our three findings: (1) a lower loading concentration of CFZ (1 mM) gave a higher 

release efficiency of CFZ (47.2%) compared with a higher loading concentration of CFZ (0.1%); 

(2) AP in the solution outside of MSNs only minimally increased the release efficiency of CFZ 

(4.3%); (3) without AP, the release efficiency of CFZ was only 0.02%. We examined this 

delivery strategy in a macrophage model of Mycobacterium tuberculosis (M. tuberculosis) 

infection using MSNs loaded with the optimized ratio of CFZ and AP (10 mM CFZ in AP). M. 

tuberculosis residing inside macrophages were efficiently killed (reduced by 1 log CFU) by the 

high amount of the released CFZ, which is comparable to that with the same amount of CFZ 

dissolved in a mixture of DMSO and culture medium. No adverse effect on the morphological 

appearance of the macrophages treated with either MSNs loaded with AP or MSNs loaded with 

CFZ and AP was observed. This novel “chaperone-assisted” delivery strategy for CFZ could also 

be applied to other hydrophobic drugs with their suitable loading solvents (chaperone), opening 

up opportunities to apply this drug delivery strategy for further use in medicine and biomedical 

research.  
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Figure 1. Chaperone-assisted delivery strategy for water-insoluble drugs. Clofazimine (CFZ) 

was chosen as an example of a water-insoluble antibiotic. Acetophenone (AP) acts like a 

chaperon bringing CFZ cargo into the vehicle — mesoporous silica nanoparticles (MSNs) and 

then carrying CFZ cargo out from the MSNs effectively. 
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Figure 2. (a) TEM image of mesoporous silica nanoparticles (MSNs). Inset shows the enlarged 

image. (b) Dynamic light scattering diameter distribution of MSNs in D.I. H2O. The diameter of 

the MSNs is 165.7 nm. (c) Nitrogen adsorption-desorption isotherms of MSNs at 77 K. BET 

surface area and pore volume are 1060 m2/g and 1.12 cm3/g, respectively. (d) Pore diameter 

distribution of MSNs. Average pore diameter of MSNs is 2.8 nm. 
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Figure 3. CFZ solubility enhancement in the presence of (a) sodium benzoate, (b) nicotinamide, 

(c) isoniazid, (d) pyrazinamide, (e) 2-hydroxyacetophenone, (f) hexanoic acid, (g) benzoic acid, 

(h) 2-heptanone, and (i) acetophenone. The solubility of CFZ in deionized water without the 

addition of any molecule served as a control. 
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Figure 4. (a) Schematic illustration of conventional method (CFZ in DMSO) or chaperone-

assisted method (CFZ in AP) for water-insoluble CFZ loading in MSN. By using AP as the 

chaperone, CFZ release from MSNs could be enhanced significantly. Loading capacity of (b) 

CFZ and (c) AP using 0.1, 1, or 10 mM CFZ in DMSO or 0, 0.1, 1, 10, or 50 mM CFZ in AP as 

the loading solution. The concentration of MSNs was 10 mg/mL (d) Time-dependent release 

efficiency of CFZ in HEPES buffer solution (10 mM, pH = 7.4) with 1 mM CFZ in DMSO or 1 

mM CFZ in AP as loading solutions. (e) Photographs of supernatant after CFZ release collected 

at selected time points. MSNs were loaded with 1 mM CFZ in DMSO or 1 mM CFZ in AP. 
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Figure 5. Time-dependent release capacity of (a) CFZ and (c) AP and release efficiency of (b) 

CFZ and (d) AP in HEPES buffer solution (10 mM, pH = 7.4) with 0, 0.1, 1, 10, and 50 mM 

CFZ in AP as loading solutions. The concentration of MSNs in both loading solution and release 

buffer solution was 10 mg/mL (n=3). 
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Figure 6. Time-dependent release efficiency of CFZ in HEPES buffer solution (10 mM, pH = 

7.4) with or without the addition of AP to the buffer solution. After loading with 1 mM CFZ in 

DMSO, 10 µL of AP was added to the buffer solution (10 mg MSNs/mL, 1 mL) (n=3). 
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Figure 7. (a) Schematic illustration of applying chaperone-assisted CFZ delivery strategy to 

selectively killing M. tuberculosis in macrophage. (b) AP/CFZ loaded MSNs kill M. tuberculosis 

in vitro in macrophage cultures. M. tuberculosis-infected THP-1 macrophages were untreated, 

treated with MSN loaded with AP (AP-MSN), treated with MSN loaded with CFZ and AP 

(AP/CFZ-MSN), or treated with CFZ dissolved in a mixture of DMSO and H2O (CFZ/DMSO) 

for 4 days. Bacterial colony forming units (CFUs) were determined by spreading serially diluted 

lysates of the infected macrophages on agar plates. CFU data are shown as the mean ± standard 

deviation. Statistical analysis was performed using one-way ANOVA with Tukey’s correction 

for multiple comparisons. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001 (c) Count of 

macrophage nuclei per 10x microscopic field normalized to that of the macrophage control wells 

without addition of drug. Count of macrophage nuclei per microscopic field is used as a 

surrogate of macrophage viability, as dead macrophages detach and are lost from the monolayer 
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over the long incubation period. Human THP-1 macrophages were either not infected (no 

bacteria) or infected with Mycobacterium tuberculosis in the absence of nanoparticles (no drug) 

or in the presence of AP-MSN and AP/CFZ-MSN with serial two-fold increasing concentration 

ranging from 3.1 to 25 µg/mL, as indicated. At the end of a 4-day incubation, macrophages were 

fixed with paraformaldehyde and the nuclei were stained with DAPI and imaged with an 

ImageXpress High Content Screening system using a 10x objective lens. The acquired images 

were analyzed using the Count Nuclei module of MetaXpress software to quantitate numbers of 

nuclei per 10x field. Data shown are mean ± sem of three biological replicates. 
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Table 1. Summary of the amount of loaded CFZ and AP in MSNs (nmole/mg) and the mole ratio 

of AP/CFZ loaded in MSNs. 
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