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Abstract

Tuberculosis is a major global health problem for which improved therapeutics are needed to 

shorten the course of treatment and combat emergence of drug resistance. Mycobacterium 
tuberculosis, the etiologic agent of tuberculosis, is an intracellular pathogen of mononuclear 

phagocytes. As such, it is an ideal pathogen for nanotherapeutics because macrophages avidly 

ingest nanoparticles even without specific targeting molecules. Hence, a nanoparticle drug delivery 

system has the potential to target and deliver high concentrations of drug directly into M. 
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tuberculosis-infected cells – greatly enhancing efficacy while avoiding off-target toxicities. We 

developed stimulus-responsive mesoporous silica nanoparticles of two different sizes, 100 nm and 

50 nm, as carriers for the major anti-tuberculosis drug isoniazid in a prodrug configuration. The 

drug is captured by the aldehyde-functionalized nanoparticle via hydrazone bond formation and 

coated with PEI-PEG. The drug is released from the nanoparticles in response to acidic pH at 

levels that naturally occur within acidified endolysosomes. We demonstrate that isoniazid-loaded 

PEI-PEG-coated nanoparticles are avidly ingested by M. tuberculosis-infected human 

macrophages and kill the intracellular bacteria in a dose-dependent manner. We further 

demonstrate in a mouse model of pulmonary tuberculosis that the nanoparticles are well tolerated 

and much more efficacious than an equivalent amount of free drug.

TOC

Depiction of novel pH-sensitive MSN-CHO-INH-PEI-PEG system (1) phagocytosed by a 

macrophage into the acidic endolysosome whereupon (2) INH is released with the cleavage of the 

hydrazone bond holding the cargo to the surface of the MSN inside the acidic vacuole; and (3 and 

4) INH diffuses to and is delivered into the M. tuberculosis, thereby killing the bacterium.

Keywords

Mesoporous silica nanoparticles; multifunctional nanoparticle; mesoporous silica in vitro and in 
vivo; nanoparticle drug delivery; tuberculosis

Introduction

Tuberculosis (TB) is a devastating disease and global health problem that infects one third of 

the world’s population.[1] In 2013, worldwide, 9 million people fell ill with TB and 1.5 

million died. Caused by Mycobacterium tuberculosis, TB ranks with HIV/AIDS as the 

greatest killers worldwide due to single infectious agents, and TB is a leading killer of HIV-

positive people, causing one fourth of all HIV-related deaths.[1] While TB can be treated 

with antibiotics, the treatment duration is exceedingly long, requiring 6-9 months for drug-

sensitive TB, and several times longer for drug-resistant TB. Thus improved therapeutic 

modalities are needed.

Nanotherapeutics have the potential to be more effective than free drug in treating TB. 

Nanotherapeutics can selectively deliver high concentrations of drug to macrophages, the 

primary host cells for TB, while avoiding off target effects, which limit the doses of many 
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current TB drugs. For example, three of the first line drugs for treating TB – isoniazid 

(INH), rifampicin (RIF), and pyrazinamide (PZA) – are limited by hepatotoxicity.[2, 3] In 

particular, INH – a potent first line anti-TB drug used in standard regimens both for active 

and latent TB, at standard therapeutic dosages in humans, has adverse effects including 

neurotoxicity, optic neuritis, and severe hepatic injury.[3, 4] As these side effects are due to 

the action of the drug on hepatocytes and neuronal cells rather than on macrophages, 

selective delivery of these antibiotics into macrophages has the potential to increase greatly 

their therapeutic index by achieving higher drug concentrations locally where the M. 
tuberculosis replicate while limiting systemic toxicities. Moreover, because drug resistance 

develops when bacteria are treated with sub-therapeutic levels of antibiotics, a system that 

delivers high concentrations of antibiotic to the site where bacteria divide would facilitate 

sterilization of sites of infection and minimize emergence of drug resistance. Because host 

mononuclear phagocytes internalize particles more efficiently than other cells, encapsulation 

of anti-TB drugs within nanoparticles offers a mechanism for specific targeting of M. 
tuberculosis-infected cells. Indeed, intravenously (i.v.) injected nanoparticles are taken up by 

macrophages of the Mononuclear Phagocyte System and accumulate in liver, spleen, and 

lung,[5-7] hence, they are ideally suited to treat M. tuberculosis, which infects macrophages 

in these organs. An additional advantage of nanoparticle drug delivery vs. free drug is that 

nanoparticle delivery shields the antibiotics from hepatic degradation and renal clearance 

during delivery to infected tissues; hence, it has the potential to greatly improve the 

pharmacokinetic properties of the drug. Thus, a nanoparticle-based platform for TB drugs 

has the potential to be safer and more effective than free drug, reducing treatment duration 

and emergence of drug resistance.

A variety of different nanoparticles including liposomes, solid lipid particles, poly-L-lactide 

(PLGA), and biological materials such as gelatin, chitosan, and alginates have been tested in 
vitro and in vivo as delivery platforms for TB drugs[8-10] and shown therapeutic efficacy. 

While these nanoparticle delivery systems for TB drugs offer advantages over free drug, they 

have disadvantages compared with mesoporous silica nanoparticles (MSNs)[11] which offer 

improved structural and chemical stability, uniformity, inherent lack of toxicity, capacity to 

encapsulate exceptionally high concentrations of different types of cargo, and, most 

importantly, versatility in incorporating additional design features. With respect to stability, 

liposomes and solid lipid particles have intrinsically poor chemical stability and are 

degraded by serum,[12] decreasing drug delivery to target cells while increasing potential 

systemic toxicity; in contrast, the solid MSN framework provides intrinsic stability 

compared with existing liposome-, polymer-, and copolymer-based nano delivery platforms 

and MSNs show enhanced blood stability.[11] With respect to toxicity, biodegradable 

polymer based nanoparticles (e.g. PLGA), when ingested by macrophages, may cause cell 

damage, cytokine release, and inflammation,[13, 14] in contrast, MSNs display an inherent 

lack of toxicity. With respect to drug-loading capacity, MSNs have ultra-high internal 

surface area (~1000 m2 g-1), and consequently, loading capacities as high as 50 weight % 

have been achieved, exceeding by several orders of magnitude that of liposomal 

nanocarriers. Finally, with respect to functionalization, MSNs can be manufactured with a 

variety of different internal and surface design features,[15, 16] including those that allow for 

stimulus-responsive release of drug cargo under specific environmental conditions.[17-21] In 
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addition, the MSNs can be manufactured with a variety of aspect ratios to optimize targeting 

of the particles to particular organs, tissues, cells, and intracellular environments.[22, 23] 

Finally, MSNs have demonstrated excellent biocompatibility and biodegradability—the 

silicon is excreted and does not accumulate after i.v. dosing; instead they are degraded to 

silicic acid and excreted in urine and feces.[24-26] MSNs have been studied extensively as 

delivery platforms for treatment of cancer, and more recently also have been studied for 

treatment of diabetes and atherosclerosis.[27-29]

Previously, we developed a pH-gated MSN loaded with INH for treatment of TB, and we 

demonstrated efficacy against M. tuberculosis in an in vitro study.[30] However due to the 

small size of the INH molecule (~ 1 nm), the drug was difficult to trap inside the 2 nm MSN 

pores. Because of its relatively low loading capacity, the system was not a prime candidate 

to pursue in an in vivo analysis. In the present study, we have developed an entirely new 

MSN-based INH delivery system and studied its efficacy against M. tuberculosis in vitro and 

in vivo. In this new design, INH is covalently bonded to MSNs via a hydrazone bond to form 

a pro-drug nanoparticle-based system.[31-33] The hydrazone bond is pH-sensitive and the 

unmodified INH can be reconstituted in acidic conditions, such as naturally occurs in the 

acidified endolysosomal compartment of macrophages after ingestion of particles. Finally, 

we coated the INH-loaded pH-responsive MSNs with a poly(ethylene imine)-poly(ethylene 

glycol) (PEI-PEG) co-polymer to improve their dispersibility and stability. With this newly 

designed pH-responsive INH-loaded MSN system, we demonstrate high loading of INH, 

excellent uptake by M. tuberculosis-infected macrophages, in vitro efficacy in killing 

intramacrophage M. tuberculosis, and in vivo efficacy in treating pulmonary tuberculosis in 

mice that is significantly greater than that achieved with equivalent amounts of free INH.

Results

Synthesis of MSNs Carrying INH as a Prodrug (MSN-CHO-INH and SMSN-CHO-INH)

To prepare a MSN delivery platform with high INH loading that retains the drug at neutral 

pH but releases it at the acidic pH of intracellular compartments, we tethered INH covalently 

to MSN as a “prodrug” with a pH-sensitive release mechanism. Our ‘prodrug’- MSN 

platform achieves high INH loading by taking advantage of the high external and internal 

surface areas of MSNs for drug bonding. MSNs first were synthesized by a simple, solution-

based procedure that has been well established in literature.[34, 35] The MSNs were then 

aldehyde-functionalized (Figure 1A) by attaching aldehyde-terminated silane to the MSNs 

as described in Methods. Finally, the MSNs were loaded with INH as a prodrug by 

chemically bonding the hydrazine portion of INH to the aldehyde-functionalized MSNs, 

forming a pH-sensitive hydrazone bond. At neutral pH (7.4), the hydrazone bond is stable, 

but once exposed to acidic conditions (pH 5-6), the hydrazone is hydrolyzed and the INH is 

released from the MSN in its original form (Figure 1A).

As size is a major factor impacting the efficacy of MSN platforms, in this study, we 

synthesized two sizes (100 nm and 50 nm diameters) of MSNs. We synthesized both types 

of MSNs using CTAB as a templating agent for the pores; however, for the smaller, 50 nm 

MSNs (SMSNs), we added an additional co-surfactant, Pluronic F127. The copolymer 

serves to restrict the growth of the CTAB micelle structure and helps stabilize silica 
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nucleation sites, keeping the silica structure small [36]. We evaluated the in vivo and in vitro 
efficacy of the pH-responsive INH-loaded MSNs – large 100 nm diameter MSNs (MSN-

CHO-INH) and small 50 nm MSNs (SMSN-CHO-INH).

We followed the pH-stimulated release of INH from the MSN-CHO-INH and SMSN-CHO-

INH by UV-vis spectroscopy, measuring INH absorbance (λmax = 262 nm) in the MSN 

supernate. We suspended nanoparticles in PBS and obtained the supernate by centrifugation 

to obtain the residual drug present. We then resuspended the nanoparticles in 0.1 N HCl (pH 

1) for 15 minutes, pelleted the nanoparticles by centrifugation, and obtained the supernate 

under this condition (acid release) for measuring the absorbance of INH at 262 nm. There 

was negligible release of INH into the neutral pH solution, but substantial release of INH 

under acid conditions, with a release capacity of the INH-loaded nanoparticles as high as 

11% wt (drug / MSN) (Figure 2).

Synthesis of PEI-PEG Copolymer Coated MSN-CHO-INH and SMSN-CHO-INH

PEI-PEG copolymer coating of MSNs improves their dispersibility and promotes endosomal 

escape following uptake.[36, 37] To improve the dispersion and stability of the MSNs in 

aqueous media, we added the copolymer poly(ethylene imine)-poly(ethylene glycol) (PEI-

PEG) to the surface of the MSN-CHO-INH and SMSN-CHO-INH in a two-step process 

(Figure 1B) following the attachment of the aldehyde-terminated silane to the MSNs and the 

bonding of INH to the aldehyde, as described above. First, we coated PEI polymer onto the 

surface via electrostatic attraction between the negatively charged silica surface and the 

cationic polymer (Figure 1B, left). The cationic polymer improves particle dispersion by 

providing electrostatic repulsion, however it can be toxic at high molecular weights above 25 

kD.[38] We employed 1.8 kD PEI polymer throughout this study to ensure low cytotoxicity. 

The positive charge of the PEI has the additional advantage of conferring a ‘proton sponge 

effect’ wherein a high osmotic pressure induces endosomal rupture and release of drug cargo 

into the cell cytosol, thus avoiding endolysosomal entrapment. We then attached an amine-

reactive form of PEG (5 kD) to the MSNs by utilizing the amines of the PEI (Figure 1B, 

right). PEG is a branched, hydrophilic polymer that helps decrease particle aggregation by 

adding steric hindrance to the nanoparticle.[39] Before and after all modifications of the 

MSNs, we determined the hydrodynamic radius by dynamic light scattering and zeta 

potential, and we examined their structure by TEM imaging (Supplemental Table 1 and 

Figure 3).

Loading and Stability of INH Prodrug on MSNs Coated with PEI-PEG Copolymer

We evaluated the INH loading and release capacity of the 100 nm and 50 nm MSNs by UV-

Vis measurements of INH release into neutral and acidic aqueous solutions from the MSNs. 

At neutral pH, relatively low amounts of INH were detected as being released from the 

MSNs. In contrast, at acid pH, substantial amounts of INH were released (Figure 2). We also 

evaluated INH release capacity of the MSNs using a trans-cinnamaldehyde derivitization 

assay (Supplemental Figure 1) as described previously.[30] The INH release capacity for the 

100 nm MSN-CHO-INH-PEI-PEG was 8.2% (wt/wt), and for the smaller 50 nm SMSN-

CHO-INH-PEI-PEG was 11.3% (wt/wt).
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We evaluated the stability of the hydrazone bond formed between the aldehyde and INH by 

repeating the release capacity evaluation of the MSN-CHO-INH-PEI-PEG after one month 

storage at 4 °C, again using the trans-cinnamaldehyde derivitization assay. The amount of 

INH released into the neutral solution remained very low, confirming the stability of the 

hydrazone bond on the MSN-CHO-INH-PEI-PEG. For this sample, we measured 8.3% 

(wt/wt) release of INH from the MSN-CHO-INH-PEI-PEG under acidic pH, similar to the 

8.9% (wt/wt) release of INH from the same batch one month earlier (Supplemental Figure 

2), demonstrating that the MSN-CHO-INH-PEI-PEG is stable for at least one month in 

storage with negligible INH leakage from the nanoparticle carrier.

MSN-CHO-INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG are Taken Up by Human 
Macrophages Infected with M. tuberculosis

To determine whether our MSN-CHO-INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG are 

taken up efficiently by M. tuberculosis-infected macrophages, we employed nanoparticles 

covalently labeled with Rhodamine B and PMA-differentiated human macrophage-like 

THP-1 cells infected with green fluorescence protein (GFP)-expressing M. tuberculosis 
(Mtb-GFP). THP-1 cells were infected with Mtb-GFP for 90 minutes, washed, and 

incubated with Rhodamine-labeled SMSN-CHO-INH-PEI-PEG (12.5 μg mL-1) for 3 hours 

prior to fixation and immunofluorescence imaging. As shown in Figure 4, the Rhodamine-

labeled SMSN-CHO-INH-PEI-PEG is taken up avidly by M. tuberculosis-infected 

macrophages. We obtained similar results with the larger 100 nm MSN-CHO-INH-PEI-PEG 

in human THP-1 cells and with both sizes of MSN in human peripheral blood monocyte 

derived macrophages (MDM) (Supplemental Figure 3).

MSN-CHO-INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG Kill M. tuberculosis Growing in 
Macrophages in a Dose-dependent Fashion

To assess the efficacies of the two types of pH-responsive INH-loaded MSNs (100 nm and 

50 nm), we infected differentiated THP-1 macrophage-like cells with virulent M. 
tuberculosis and left them untreated or treated them with a) control MSN or SMSN not 

loaded with INH but coated with PEI-PEG b) MSN-CHO-INH-PEI-PEG; c) SMSN-CHO-

INH-PEI-PEG; or d) free INH. M. tuberculosis grew similarly in macrophages that were 

untreated or treated with control nanoparticles (no INH loading), indicating that the 

nanoparticle carrier by itself has no inhibitory effect on the bacterium. The amount of M. 
tuberculosis killing in macrophages treated with free INH, MSN-CHO-INH-PEI-PEG, or 

SMSM-CHO-INH-PEI-PEG increased in a dose dependent fashion (Figure 5, A-C).

We prepared supernates from MSN-CHO-INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG 

resuspended in PBS, pH 7.4 (neutral supernate) or in 0.1 N HCl (acid release) and compared 

the potency of these supernates with the corresponding INH-loaded nanoparticles in killing 

intracellular M. tuberculosis. Our results showed that the neutral supernates prepared from 

MSN-CHO-INH-PEI-PEG or SMSN-CHO-INH-PEI-PEG had minimal killing effect on 

intramacrophage M. tuberculosis (Figure 5, D-E). In contrast, the acid released solution 

killed M. tuberculosis to the same extent as the corresponding MSN-CHO-INH-PEI-PEG or 

SMSN-CHO-INH-PEI-PEG from which they were prepared. These results confirm that the 

hydrazone bond formed between INH and the aldehyde-functionalized nanoparticle is 
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hydrolyzed in the acidic macrophage endolysosomal environment, releasing INH from the 

nanoparticles, and that the acid-released INH is biologically active.

With a drug loading of 5.73% wt/wt, 1 μg mL-1 of MSN-CHO-INH-PEI-PEG carried 0.11 

μg mL-1 of INH and killed 2.1 log of M. tuberculosis, close to the 1.9-log killing achieved 

by free INH at 0.1 μg mL-1. Similarly, 4 μg mL-1 of SMSN-CHO-INH-PEI-PEG, with 

3.26% (wt/wt) drug loading, carried 0.13 μg mL-1 of INH and gave 2.1 log killing of M. 
tuberculosis. As shown in Figure 5F, the median-effect plot of the free INH and the two 

types of pH-responsive INH-loaded nanoparticles show similar slopes indicating that they 

have comparable anti-M. tuberculosis efficacy in this cell culture assay system. Thus, this 

study demonstrates that INH delivered by the MSN-CHO-INH-PEI-PEG or SMSN-CHO-

INH-PEI-PEG is as effective as an equivalent amount of free INH in killing M. tuberculosis 
in infected human macrophages, indicating an efficacy ratio of 1 in the macrophage cell 

culture system.

INH-loaded pH-responsive PEI-PEG-coated MSNs are More Efficacious than Free INH in a 
Mouse Model of Pulmonary Tuberculosis

To evaluate the efficacy of our 100 nm MSN-CHO-INH-PEI-PEG and 50 nm SMSN-CHO-

INH-PEI-PEG in a mouse model of pulmonary tuberculosis, we infected mice with virulent 

M. tuberculosis Erdman by aerosol with 250-500 colony-forming units (CFU) delivered into 

the lung. Over the ensuing two weeks, the bacteria grew 5-logs to approximately 107 CFU 

per lung (Figure 6, A and B). Two weeks after aerosol infection, mice were sham-treated or 

treated with pH-responsive INH-loaded MSNs or free INH with doses matching 1, 2 or 4 

fold the equivalent amount of INH loaded on the nanoparticles, 3 times/week for 2 weeks 

(total of 6 injections) via the i.v. or subcutaneous (s.c.) route. The pH-responsive INH-

loaded PEI-PEG-coated MSNs were well tolerated by the infected mice as evidenced by the 

fact that all treated mice, regardless of nanoparticle size or route of administration, 

maintained their body weight over the course of treatment (Supplemental Figure 4).

The bacterial burden in mice treated with MSN-CHO-INH-PEI-PEG, compared with sham-

treated mice, was reduced by 1.3 logs in the lung, 2.1 logs in the liver, and 3.9 logs in the 

spleen (Figure 6C). The reduction in bacterial CFU in the lung achieved by MSN-CHO-

INH-PEI-PEG was significantly greater than that achieved by an equivalent amount of free 

INH (t-test, p < 0.005). Of note, bacterial burden in the organs of mice treated with MSN-

CHO-INH-PEI-PEG was as low as that in mice treated with 4-fold the equivalent amount of 

free INH, consistent with an efficacy ratio of 4 for the MSN-CHO-INH-PEI-PEG vs. free 

drug. In the liver and spleen, both the MSN-CHO-INH-PEI-PEG and the 4-fold amount of 

free INH lowered bacterial CFU to a level below the limit of detection. Mice treated with 

SMSN-CHO-INH-PEI-PEG by either the i.v. or s.c. route had significantly fewer bacteria in 

the lung, liver, and spleen than mice treated with 2-fold the amount of free INH (Figure 6D), 

consistent with an efficacy ratio of 2. These results demonstrate that both 100 nm MSN-

CHO-INH-PEI-PEG and 50 nm SMSN-CHO-INH-PEI-PEG are more effective than two to 

four times the equivalent amount of INH (Supplemental Figure 5). Interestingly, SMSN-

CHO-INH-PEI-PEG showed comparable efficacies when delivered s.c. or i.v. Consistent 

with the reduced bacterial organ burden, mice treated with pH-responsive INH-loaded MSNs 
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also exhibited reduced numbers of surface lesions on their lungs (Figure 7; Supplemental 

Figure 6).

Distribution of MSNs In Vivo

We evaluated the biodistribution and clearance of nanoparticles in vivo over time by 

inductively coupled plasma optical emission spectrometry (ICP-OES) analysis of the silicon 

content in the animal organs. In short-term studies, we administered nanoparticles to mice in 

a single dose by i.v. (tail vein) injection and euthanized the mice 24 hours after injection (24 

hour time point). In long-term studies, we injected mice three times a week for two weeks 

and euthanized the mice 72 hours after the last injection (2 weeks, 72 hour time point). 

Figure 8 shows that the biodistribution of nanoparticles varies as a function of MSN size and 

time after injection.

In the short-term study, the larger nanoparticles (MSN-CHO-INH-PEI-PEG) preferentially 

localized to the liver followed by the spleen, whereas the smaller nanoparticles (SMSN-

CHO-INH-PEI-PEG) preferentially localized to the spleen followed by the lung (Figure 8, A 

and C). Interestingly, at the 24-hour time point, the SMSNs showed a 4-fold greater delivery 

to the lungs than the larger MSNs. In the long-term study, the larger MSNs showed a 

localization pattern similar to that in the short-term study. However, the quantities of silica 

present were much lower, indicating that most of the silica had been cleared by 72 hours 

after the last of six injections (Figure 8B). On the other hand, the SMSNs showed a different 

localization pattern in the long-term study with the liver now the primary location (Figure 

8D). This study demonstrates that the majority of the silica was cleared from animal organs 

by three days after the last of six doses, as only a small percentage of the total injected silica 

remained (5.13% for the five organs for MSN-CHO-INH-PEI-PEG and 2.69% for SMSN-

CHO-INH-PEI-PEG).

Discussion

Current regimens for treatment of tuberculosis are prolonged, requiring 6 – 9 months of 

multidrug therapy, and are complicated by toxicities, noncompliance, and emergence of drug 

resistance. Nanoparticle delivery platforms that deliver high concentrations of antibiotic 

directly to the site of infection have the potential to improve treatment by sterilizing infected 

tissues more rapidly, reducing the duration of treatment while also reducing systemic drug 

exposure and off-target toxicities. To achieve this goal, we have developed a stimulus-

responsive MSN drug delivery platform for INH with high (up to 11%) drug loading that 

releases INH intracellularly after uptake into acidified compartments. Stimulus-responsive 

release was achieved by bonding the INH to the MSN via acid-reversible hydrazone bonds. 

The INH loading is stable at neutral pH for at least one month under refrigeration. We have 

shown that the MSN are tolerated well with repeated i.v. administration in mice and that they 

target tissues of the Mononuclear Phagocyte System that are the sites of tuberculosis 

infection. Moreover, our ICP-OES silica analysis demonstrates that the MSNs do not 

accumulate and are cleared, consistent with previous demonstrations of MSN 

biodegradability.[24-26]
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In our macrophage cell culture model, the MSN-CHO-INH-PEI-PEG is as effective as 

equivalent doses of free INH, whereas in vivo, the MSN-CHO-INH-PEI-PEG given i.v. or 

s.c. kill more M. tuberculosis in lung, liver and spleen than 2 – 4 times the equivalent dose of 

free INH. The higher efficacy ratio of the MSN-delivered drug in vivo vs. in vitro could 

reflect a combination of several factors: (1) direct uptake of the MSN by M. tuberculosis-

infected macrophages with release of high concentrations of INH inside these macrophages, 

(2) uptake of drug into cells nearby infected macrophages with release of high 

concentrations of drug in the vicinity of the infected macrophages, (3) uptake of drug into 

uninfected mononuclear phagocytes elsewhere in the host that migrate to the site of infection 

and ingest M. tuberculosis (see below), and (4) delayed drug clearance and prolonged drug 

release by virtue of the drug being encapsulated in MSNs, resulting in improved 

pharmacokinetics, such as a higher AUC/MIC (Area Under the Curve/ Minimal Inhibitory 

Concentration) ratio. With respect to the last factor, in the in vitro macrophage model, free 

INH in the culture medium bathes the infected cells at a constant concentration for the 

duration of the experiment, whereas after in vivo administration, free INH is cleared rapidly 

by hepatic metabolism. The half-life of INH after oral administration in mice is 1.7 hours, 

similar to that of human rapid acetylators.[40] The half-life of INH in humans is similar after 

i.v. and oral administration (1.8 hours in rapid acetylators and 2.9 hours in slow 

acetylators).[41] Enclosing the INH within MSNs that release the drug only after uptake into 

acidified compartments shields the drug from immediate metabolism and hepatic clearance 

and likely provides for a delayed release of drug with more favorable pharmacokinetics.

Both s.c. and i.v. administered SMSN-CHO-INH-PEI-PEG were more effective than i.v. 

administered free drug. While it is likely that the improved efficacy of nanoparticle-

delivered drug vs. free drug is due in large part to improved pharmacokinetics (i.e. greater 

AUC due to sustained drug release), delivery of the drug-loaded nanoparticle to M. 
tuberculosis-infected lung tissue may occur via both routes of administration, thereby 

providing for higher tissue levels of drug and enhanced therapeutic efficacy. Subcutaneously 

administered MSN could either enter the blood directly or be taken up by uninfected 

macrophages that subsequently migrate to sites of M. tuberculosis infection, including the 

lung. For example, Fenaroli et al.[42] observed that PLGA nanoparticles injected into M. 
marinum infected Zebrafish embryos were taken up by blood macrophages that rapidly 

migrated into M. marinum granulomas. Similarly, Kourtis et al. observed blood 

bioavailability of 54% and 83%, respectively, for intramuscularly and intradermally 

administered 30 nm nanoparticles.[43] Dynamic influx of macrophages into BCG 

granulomas in rabbits has also been demonstrated, supporting the concept that uninfected 

macrophages from distant sites may carry nanoparticles into infected mycobacterial 

granulomas.[44]

We utilized PEI-PEG coating of our MSN primarily to improve their dispersibility and 

uptake properties. The PEI coating may also disrupt endolysosomal membranes, facilitating 

access of drug cargo to the cytosol, although this may not be of much consequence in the 

case of INH, which crosses membranes freely. While it might be thought that the PEI-

coating, by virtue of the proton sponge effect, would prevent acidification of the 

endolysosomal compartments containing the MSNs and thereby interfere with hydrolysis of 

the hydrazone bond, the high anti-mycobacterial efficacy of our MSN-CHO-INH-PEI-PEG 
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nanoparticles argues strongly that the hydrazone bond is cleaved after uptake of these MSNs 

into macrophages. Furthermore, we and others have shown that pH sensitive release 

mechanisms are not inhibited by the presence of PEI and PEI-PEG coatings on the 

MSNs.[45] Indeed, it has been shown by use of nanoparticles with a pH sensor that PEI-

coating of the nanoparticles does not block acidification of their compartment.[46]

The in vivo efficacy of MSN-platforms is greatly impacted by the size of the MSN, because 

size impacts both tissue penetration and cellular uptake of the MSN. In the case of tumors, 

100 nm MSNs are suitable to transit the vasculature by virtue of the enhanced permeability 

and retention (EPR) effect, but show poor diffusion into the collagen matrix of the interstitial 

space, whereas smaller nanoparticles are able to penetrate further.[47] Lu et al. demonstrated 

that for MSNs of 30 nm – 200 nm, optimum endocytic uptake by HeLa cells was achieved 

with MSNs of 50 nm size[48] and Zhang et al. identified 30 nm as the optimal size for 

endocytic uptake of nanoparticles based on thermodynamic considerations.[49] We have 

observed that smaller MSNs (SMSNs) with 50 nm diameters achieve a higher distribution 

than traditional MSNs (100 nm) into tumor tissue and lower distribution into other vital 

organs (liver, kidneys, spleen, lung, heart).[17] While macrophages are known to 

phagocytose a wide range of sizes, including objects much larger than themselves, their 

discriminatory behavior towards different nanoscale sizes is less well characterized, but 

Walkey et al. demonstrated greater uptake efficiency by J774 mouse macrophages for 90 nm 

gold nanoparticles than 60 nm, 30 nm, or 15 nm nanoparticles.[50] In this study, we 

examined two sizes of MSNs (100 nm and 50 nm diameters) for the delivery of INH in vitro 
and in vivo. These two MSNs had somewhat different tissue distribution, but both were 

highly effective against M. tuberculosis both in vitro and in vivo.

Our nanoparticle delivery system for treatment of TB differs from previous systems that 

have been tested in vivo[9] in that it is engineered to be stimulus responsive to release drug 

only after uptake into acidified intracellular compartments as opposed to being a passive 

biodegradable drug encapsulation system. While our present demonstration that a stimulus 

responsive nanoparticle INH delivery system has greater in vivo therapeutic efficacy than 

free drug is an important proof of principle, incorporation of additional rational design 

features has the potential for even greater improvement in efficacy. For example, 

modifications of the MSN to enhance pulmonary targeting or to optimize the drug release 

profile would be expected to further enhance efficacy. Aerosol delivery of the MSN 

represents another important modification for potential enhancement of therapeutic efficacy. 

Hamblin et al. recently demonstrated that liposomal ciprofloxacin administered by aerosol 

was more effective than even a 50-fold greater dose of oral or intranasal antibiotic in a 

mouse Schu S4 tularemia model.[51] Likewise, delivering the pH-responsive INH-loaded 

MSNs by aerosol inhalation would immediately target the lung, avoid systemic toxicities, 

and potentially provide high concentrations of drug directly to infected lung tissue, likely 

greatly enhancing efficacy.

Conclusions

We have developed stimulus-responsive PEI-PEG-coated mesoporous silica nanoparticles 

that bind INH covalently through hydrazone bonds that are stable at neutral pH but have 

Hwang et al. Page 10

Small. Author manuscript; available in PMC 2017 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



high INH release capacity at acid pH. We show that these MSN are avidly ingested by M. 
tuberculosis-infected human macrophages and that they kill the intracellular bacteria in a 

dose-dependent manner. We further demonstrate in a mouse model of pulmonary 

tuberculosis that the nanoparticles are well tolerated and that they are much more efficacious 

than an equivalent amount of free drug. Further optimization of this MSN platform has the 

potential to provide improved treatment of tuberculosis with regard to safety, efficacy, 

treatment duration, and prevention of the emergence of drug resistance.

Experimental Section

Reagents

All reagents were used as received without further purification. Cetyltrimethylammonium 

bromide (CTAB, 90%), Pluronic F127 (F127), isoniazid (INH, 99%), rhodamine B 

isothiocyanate (RITC, 90%), polyethyleneimine (PEI, 1.8 kD, tetraethyl orthosilicate 

(TEOS, 90%), and 3-(trihydroxysilyl)propyl methylphosphonate monosodium aqueous 

solution (HTMP, 42% in H2O) were purchased from Sigma-Aldrich. 

Triethoxysilylbutyraldehyde (CHO-silane, 90%) poly(ethylene glycol) methyl ether (m-

PEG, MW 5 kD) were obtained from Gelest.

Synthesis of 100 nm and 50 nm MSN

MSNs were synthesized by a simple, solution-based procedure that has been well 

established in literature.[17, 25, 34-36] Surfactant (cetyltrimethylammonium bromide, CTAB) 

was dissolved in a basic aqueous solution; the resulting micelles assembled into a 2-

dimensional hexagonal structure that served as templating agent for the porous structure. 

The solution was heated and the silica precursor (tetraethyl orthosilicate, TEOS) condensed 

around the surfactant template in a base-catalyzed reaction. The solution was aged and the 

surfactant extracted to produce 100 nm diameter MSNs with ~2 nm diameter pores. Adding 

an additional surfactant, a triblock copolymer Pluronic F127, to the solution yielded smaller 

MSNs (SMSNs) with 50 nm diameters, while maintaining the ~2 nm diameter pore size.[36] 

The nonionic co-surfactant limited the growth of the CTAB micelle structure, yielding 

smaller nanoparticles.[52, 53]

Functionalization of MSNs and Loading with Isoniazid to Yield MSN-CHO-INH and SMSN-
CHO-INH

To functionalize the surface of the nanoparticles with aldehyde groups (CHO) for binding 

drugs, we suspended MSNs (100 mg) in dry toluene (10 ml) and added 

triethoxysilylbutyraldehyde (200 μl) to the solution. The reaction was heated overnight 

under nitrogen, cooled, and washed sequentially with toluene, methanol, and water. 

Aldehyde-functionalized MSNs (CHO-MSNs) were suspended in a concentrated INH 

solution [40 mg mL-1, Dulbecco’s Phosphate Buffered Saline (PBS)] and left to load for up 

to 48 hours. The INH-loaded nanoparticles (MSN-CHO-INH and SMSN-CHO-INH) were 

extensively washed with PBS. UV-vis spectra of INH loading were collected by a Cary 500 

UV-vis-NIR spectrophotometer. DLS and zeta potentials were measured by ZetaSizer Nano 

(Malvern Instruments Ltd., Worcestershire, U.K.).Transmission electron microscopy (TEM) 

images of SMSNs and MSNs were obtained using a JEM1200-EX (JEOL) instrument.
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Addition of Copolymers (PEI and PEG) to MSN-CHO-INH and SMSN-CHO-INH, yielding 
MSN-CHO-INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG

Stability and dispersion of the MSNs were improved by using copolymers poly(ethylene 

imine) (PEI) and poly(ethylene glycol) (PEG). Due to the positively charged amines in PEI, 

the polymer was electrostatically attached to the negatively charged silica surface. MSN-

CHO-INH and SMSN-CHO-INH (10 mg) were suspended in a PEI solution (2.5 mg mL-1, 

1.8 kD) for 30 minutes, and the coating was repeated to ensure full coverage. MSNs were 

collected by centrifugation, and washed sequentially with ethanol and water. The PEG 

coating was prepared by first synthesizing the activated form of PEG, using poly(ethylene 

glycol) methyl ether (m-PEG) to prevent crosslinking. The hydroxyl group on m-PEG was 

replaced with an NHS-ester to react with the amine groups on PEI.[37] PEG was attached to 

the amine groups of the PEI coating by suspending the PEI-coated MSNs (10 mg) in dry 

DMF (1.5 ml), adding 50 mg of activated m-PEG, and stirring for 24 hours. Fourier 

transform infrared spectroscopy (FTIR) was carried out with a JASCO FT/IR-420 

spectrometer averaging 64 scans in the range of 4000–400 cm-1 at a resolution of 2 cm-1. 

KBr discs were prepared by mixing approximately 2 mg of nanoparticles with 

approximately 200 mg of KBr and forming the disc under pressure. The spectra 

(Supplemental Figure 7) are background corrected with a linear baseline with 3 segments, 

normalized to the symmetric Si–O–Si stretching vibration around ν = 800 cm-1, and 

vertically offset by 0.4 units.

Fluorescence Labeling of MSN

Nanoparticles were labeled with fluorescent dye molecules for imaging purposes. The dye 

was co-condensed with the silica precursor to ensure labeling throughout the silica matrix. 

Rhodamine B isothiocyanate (RITC, 2 mg) was dissolved in dry ethanol (1.5 ml), 3-

aminopropyltrimethoxysilane (6 μL, APTES) added, and the molecules left to react under 

nitrogen for 2 hours. TEOS was then added to the solution, and the solution was added drop 

wise to a heated (80 °C), aqueous solution of CTAB, NaOH, and aged for 2 hours. The 

nanoparticles were washed with water and collected by centrifugation.

Trans-cinnamaldehyde Derivitization Assay

To assess the amount of INH loading on nanoparticles, we suspended 1 mg MSN-CHO-

INH-PEI-PEG or SMSN-CHO-INH-PEI-PEG in 1 ml of PBS or 0.1 N HCl, mixed the 

suspension on a nutator for 1 hour at room temperature, and centrifuged at 10,000 g for 10 

minutes to pellet the nanoparticles. The supernate was diluted in the range of 1:20 to 1:1000 

in 0.1 N HCl to a final volume of 1 ml and mixed with 0.15 ml trans-cinnamaldehyde 

reagent (0.04%). Reactions with known amount of INH standard were also carried out at the 

same time. After 15-minute incubation at room temperature, the absorbance at 340 nm of the 

reactions was measured, and the amount of INH in each sample was calculated based on the 

INH standard curve.

Bacteria

The M. tuberculosis virulent strain Erdman (35801; American Type Culture Collection) was 

used in this study. For the macrophage infection experiments, a single suspension of bacteria 
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was prepared as described previously.[30] For the in vivo studies, a pre-titered stock of M. 
tuberculosis Erdman was used to infect mice by aerosol. This stock was prepared by plating 

guinea pig passaged bacteria one time only on Middlebrook 7H11 agar. A GFPuv expressing 

M. tuberculosis Erdman strain (Mtb-GFP) was used in MSN uptake experiments.[54] Mtb-

GFP was grown on Middlebrook 7H11 agar containing 50 μg mL-1 hygromycin and 

prepared in the same way as the non-fluorescent M. tuberculosis for use in infection 

experiments.

Macrophages

Peripheral blood monocytic cells were isolated from donor blood by Ficoll-Hypaque 

centrifugation and incubated in Teflon wells for 5 days to differentiate them into monocyte-

derived macrophages (MDM) before use in infection and MSN uptake experiments. Human 

monocytic cell line THP-1 (ATCC TIB202) was maintained in RPMI-1640 (Lonza) with 

10% fetal bovine serum (Mediatech). Absence of mycoplasma contamination was verified 

by polymerase chain reaction (Universal Mycoplasma Detection Kit, ATCC). Prior to use in 

infection experiments, THP-1 cells were treated with phorbol 12-myristate 13-acetate 

(PMA) to differentiate them into a macrophage-like cell type as described.[30] Briefly, 

THP-1 cells were pelleted by centrifugation at 200 g for 10 minutes at room temperature, 

resuspended in culture medium containing 100 nM PMA, and seeded in 96-well plates 

(Matrical) at a density of 1 × 105 cells/200 μl/well for 3 days at 37 °C in a 5% CO2-95% air 

atmosphere.

Uptake of MSNs by M. tuberculosis-infected Macrophages

Prior to infection with M. tuberculosis, THP-1 cells were added to 24-well plates containing 

poly-L-lysine coated glass coverslips at a concentration of 3 × 105 cells mL-1 per well and 

differentiated to a macrophage-like cell type with PMA (100 nM) in RPMI-1640 with 10% 

fetal bovine serum for 3 days at 37 °C in air containing 5% CO2. The THP-1 cells were 

infected with M. tuberculosis at a ratio of 10 bacteria per cell in RPMI-1640 containing 10% 

human serum type AB for 90 minutes at 37 °C, 5% CO2. The cells were washed and the 

medium was replaced with fresh medium containing rhodamine isothiocyanate (RITC)-

labeled MSNs (12.5 μg mL-1). After incubation for 3 hours at 37 °C, the cells were 

incubated with Wheat Germ Agglutinin (WGA)-Alexa Fluor 633 (5 μg mL-1, Life 

Technologies) for 5 minutes at room temperature to stain plasma membranes, washed, fixed 

with 4% paraformaldehyde in PBS for 30 minutes, cell nuclei were stained with DAPI (1 μg 

mL-1) and the coverslips were mounted with Prolong Gold Anti-fade mounting medium 

(Molecular Probes). Confocal images of MSNs uptake by M. tuberculosis–infected THP-1 

macrophages were acquired by Leica confocal SP2 1P-FCS microscope and Leica confocal 

software in the UCLA/CNSI Advanced Light Microscopy/Spectroscopy Core Facility.

To assess the uptake efficiency of MSNs by infected macrophages, we seeded MDMs in 

Poly-D-Lysine coated μClear 384-well sterile polystyrene cell culture plates (Greiner Bio-

One) and infected them with GFP-expressing M. tuberculosis as described above. At the end 

of the 90-minute incubation period, half of the medium was replaced with fresh medium 

containing RITC-labeled MSNs. The monolayers were fixed at 3 hours and 1 day in 4% 

paraformaldehyde in PBS. Macrophages were incubated with WGA-Alexa Fluor 633 (5 μg 
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mL-1) for 5 minutes at room temperature to stain plasma membranes. Cell nuclei were 

stained for 10 minutes with Hoechst 33342 (1 μg mL-1l) in PBS containing 0.1% Tween 20. 

Monolayers were washed twice with PBS and viewed by epifluorescence microscopy with 

an Eclipse TE2000-S microscope equipped with an X-Cite 120 light source (Nikon) and 

images were acquired with a SPOT RT-KE monochrome camera and SPOT software 

(Diagnostic Instruments, Sterling Heights, MI).

In Vitro Efficacy of MSN-CHO-INH-PEI-PEGs and SMSN-CHO-INH-PEI-PEGs in Killing M. 
tuberculosis in Macrophages

A single bacterial suspension of M. tuberculosis was used to infect PMA-differentiated, 

human macrophage-like THP-1 cells at a multiplicity of infection ratio of 10:1 for 90 

minutes at 37 °C, 5% CO2-95% air. The infected macrophages were washed to remove 

extracellular bacteria and fresh medium with or without INH or MSNs was added. The 

cultures were incubated in the continued presence of INH or MSNs for 3 days after which 

the infected macrophage monolayers were lysed with 0.1% SDS. Control infected THP-1 

monolayers not treated with INH or MSNs were harvested at 2 hours and 3 days post 

infection to assess bacterial growth. Culture supernatant and lysed THP-1 cells were 

combined, serially diluted, plated on 7H11 agar, and bacterial CFU enumerated after 2 

weeks of incubation at 37 °C, 5% CO2-95% air.

In Vivo Efficacy of MSN-CHO-INH-PEI-PEGs and SMSN-CHO-INH-PEI-PEGs in Treating 
Pulmonary Tuberculosis

Eight-week old, female, pathogen-free Balb/c mice (Taconic) were infected with 250-500 

CFU of M. tuberculosis Erdman via exposure for 30 minutes within an aerosol chamber to 

an aerosol generated by a Collison Type 6-jet nebulizer (BGI, Inc. Waltham, MA) at 20 psi 

from a suspension containing ~2 ×106 CFU mL-1 M. tuberculosis in PBS. The precise 

number of bacteria used in the aerosol was determined by plating serial dilutions of the stock 

on Middlebrook 7H11 agar plates and enumerating bacterial CFU. One day later, two mice 

were euthanized to determine the initial number of bacteria delivered to their lungs. Two 

weeks later, three mice were euthanized to determine the number of bacteria in the lungs 

prior to treatment. The mice were then sham-treated, treated with MSN-CHO-INH-PEI-

PEG, SMSN-CHO-INH-PEI-PEG, or free INH 3 days a week (Monday, Wednesday, and 

Friday) for 2 weeks (total of 6 doses) by tail vein injection. Three days after the last 

treatment dose, all mice were euthanized and the lung, liver, and spleen removed aseptically. 

The organs were homogenized in PBS, and the homogenates serially diluted and plated on 

7H11 agar containing ampicillin (12.5 μg mL-1), amphotericin B (5 μg mL-1), and 

polymyxin B (20 units mL-1). The plates were incubated at 37 °C in 5% CO2-95% air 

atmosphere for 3 weeks and CFU enumerated.

Biodistribution of MSN-CHO-INH-PEI-PEGs and SMSN-CHO-INH-PEI-PEGs In Vivo

Organs harvested from M. tuberculosis-infected mice that were either sham-treated or 

treated with pH-responsive INH-loaded MSNs were homogenized in PBS, digested with 

0.1% HNO3, and analyzed by ICP-OES (ICPE-9000, SHIMADZU, Japan). The amount of 

silica recovered from each organ was normalized to the total dose of MSNs injected.
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Median-Effect Plots

We used median effect plots[55] to compare the relative efficacies of free INH, MSN-CHO-

INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG. The fraction of inhibition for samples 

treated with different amounts of INH was calculated using bacterial CFU in base-10 

logarithm (log CFU) with the equation: Fraction of inhibition = 1 - (log CFU from sample 

treated with INH or pH-responsive INH-loaded MSNs/log CFU from untreated sample). A 

median-effect plot for INH or pH-responsive INH-loaded MSNs was generated using INH or 

INH equivalent (MSNs) dose in base-10 logarithm as the X-axis and the fraction of 

surviving bacteria divided by the fraction of killed bacteria in base-10 logarithm as the Y-

axis.

Statistics

All statistical analyses were performed using GraphPad Prism software (version 5.01). 

Experimental comparisons with multiple groups used ANOVA analysis with Bonferroni’s 

post-test correction. Two-tailed Student’s t tests were performed for some comparisons, as 

indicated in the figure captions. A P value of 0.05 or less was considered statistically 

significant.

Study approval

All experiments with mice were conducted within the guidelines and according to the 

protocol approved by the UCLA institutional animal care and use committee.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A) Synthesis of aldehyde-functionalized MSNs, yielding MSN-CHO (leftmost reaction); 

attachment of isoniazid (INH) onto the surface of the aldehyde-modified nanoparticles, 

yielding MSN-CHO-INH (middle reaction); and release of the INH from MSN-CHO-INH 

by hydrolysis at acid pH (rightmost reaction). B) Assembly of copolymer PEI-PEG on the 

pH-responsive INH-loaded MSNs, yielding MSN-CHO-INH-PEI-PEG.
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Figure 2. 
pH-stimulated release of INH from INH-loaded MSNs. UV-vis spectra of supernatants after 

washing INH-loaded nanoparticles with PBS (black trace) or with 0.1 N HCl (red trace) 

demonstrating release of INH under acidic conditions for both A) MSN-CHO-INH- and B) 

SMSN-CHO-INH. The analysis was repeated 2 times with MSN-CHO-INH and 2 times 

with SMSN-CHO-INH with similar results.
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Figure 3. 
TEM images of A) MSN-CHO-INH-PEI-PEG and B) SMSN-CHO-INH-PEI-PEG. The 

structural integrity of the MSNs is preserved after all surface modifications.
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Figure 4. 
Confocal microscopy demonstrates avid uptake of RITC-labeled SMSN-CHO-INH-PEI-

PEG by M. tuberculosis infected THP-1 macrophages. Human macrophage-like THP-1 cells 

were infected with GFP-expressing M. tuberculosis for 90 minutes, washed, and 12.5 μg 

mL-1 of RITC-labeled 50 nm SMSN-CHO-INH-PEI-PEG added. After 3 hours, the cells 

were washed, the plasma membrane was stained with WGA-AlexaFluor 633, the cells were 

fixed, and nuclei were stained with DAPI. a) Mtb-GFP (green, arrows); b) RITC-labeled 

SMSN-CHO-INH-PEI-PEG (red); c) Nuclei stain blue with DAPI in merged color image, d) 

contours of the cell are stained with WGA-AlexaFluor 633 (gray scale); e) gray scale image 

superimposed onto merged color image. Scale bars, 10 μm.
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Figure 5. 
Killing of M. tuberculosis in human macrophages by free INH and the 100 nm and 50 nm 

INH-loaded pH-responsive nanoparticles coated with PEI-PEG. THP-1 macrophages were 

infected with M. tuberculosis and treated with various concentrations of A) MSN-CHO-

INH-PEI-PEG, B) SMSN-CHO-INH-PEI-PEG or C) INH. The killing effect of supernates 

prepared from D) MSN-CHO-INH-PEI-PEG and E) SMSN-CHO-INH-PEI-PEG under 

neutral or acidic conditions on intracellular M. tuberculosis were compared with the killing 

effect of no treatment or treatment with INH-loaded pH-responsive nanoparticles. F) 

Median-effect plot, where D is the dose of INH; Fa/Fu is the Fraction of bacteria killed/

Fraction of bacteria surviving. Data are represented as means ± standard errors (some are 

smaller than the symbol) with two biological and two technical repeats.
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Figure 6. 
In vivo efficacy of MSN-CHO-INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG. Mice were 

infected with A) 250 and B) 500 live M. tuberculosis bacilli by aerosol. Bacterial burdens in 

the lung were monitored throughout the course of infection. The effect of C) MSN-CHO-

INH-PEI-PEG and D) SMSN-CHO-INH-PEI-PEG treatments on M. tuberculosis burden in 

lung, liver, and spleen was determined by assaying M. tuberculosis CFU three days after the 

final treatment. The equivalent amount of free INH for each type of nanoparticle is shown in 

parenthesis. Statistics were analyzed using one-way ANOVA with Bonferroni post-test 

correction. *p< 0.1, **p< 0.01, ***p< 0.001. Error bars represent standard errors with 3 

mice per group. §Organ bacterial CFU below the experimental limit of detection.
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Figure 7. 
Gross pathology of lungs dissected from sham-treated or mice treated with INH or pH-

responsive INH-loaded PEI-PEG-coated MSNs (100 nm) or SMSNs (50 nm) by intravenous 

(i.v.) or subcutaneous (s.c.) injection. Some of the granulomas are indicated by arrowheads.
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Figure 8. 
Distribution of MSN-CHO-INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG in animal 

organs. The distribution of i.v. administered (A and B) MSN-CHO-INH and (C and D) 

SMSN-CHO-INH in lung, liver, spleen, heart and kidney 24 hours after a single injection (A 

and C) or 72 hours after six injections over 2 weeks (B and D) was determined by ICP-OES 

analysis of silica. (A and C) At 24 hours after a single injection, MSN-CHO-INH-PEI-PEG 

are primarily in the liver (A), while SMSN-CHO-INH-PEI-PEG are well distributed 

throughout the body (C). At 72 hours after six injections spread over 2 weeks, MSN-CHO-

INH-PEI-PEG and SMSN-CHO-INH-PEI-PEG show a similar distribution pattern – 

primarily in the liver, spleen and lung – but mice injected with SMSN-CHO-INH-PEI-PEG 
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have more than twice as much silica in these organs as mice injected with MSN-CHO-INH-

PEI-PEG. Data represent means ± standard errors of results from 3 mice per experimental 

condition with 3 technical repeats per mouse.
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