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ABSTRACT  

We have optimized mesoporous silica nanoparticles (MSNs) functionalized with pH-sensitive 

nanovalves for the delivery of the broad spectrum fluoroquinolone, moxifloxacin (MXF), and 

demonstrated its efficacy in treating Francisella tularensis infections both in vitro and in vivo. 

We compared two different nanovalve systems, positive and negative charge modifications of 

the mesopores, and different loading conditions – varying pH, cargo concentration, and duration 

of loading – and identified conditions that maximize both the uptake and release capacity of 

MXF by MSNs. We have demonstrated in macrophage cell culture that the MSN-MXF delivery 

platform is highly effective in killing F. tularensis in infected macrophages, and in a mouse 

model of lethal pneumonic tularemia, we have shown that the drug-loaded MSNs are much more 

effective in killing F. tularensis than an equivalent amount of free MXF. 

 

KEYWORDS: Mesoporous silica nanoparticle, optimization of uptake and release capacities, 

pH-sensitive nanovalve, intracellular bacteria, tularemia, Francisella tularensis, efficacy 

 

ABBREVIATIONS 

MSNs, mesoporous silica nanoparticles; MXF: moxifloxacin; ANA, anilinoalkane; MBI, 1-

methyl-1-H-Benzimidazole; CD, cyclodextrin 
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Francisella tularensis is a facultative intracellular bacterial pathogen that causes tularemia, a 

serious and potentially fatal disease.1 Because F. tularensis has extraordinarily high infectivity, 

causes serious morbidity and mortality, is readily cultured on a large scale, is relatively easily 

dispersed, and was developed as a biological weapon during World War II by Japan and in the 

Cold War by both the U.S. and the former Soviet Union,2-4 it is classified as a Tier 1 Select 

Agent.  Pneumonic tularemia, the type of tularemia of greatest concern in a bioterrorist attack, 

has a very high morbidity with at least half the patients requiring hospitalization, and can be fatal, 

resolve slowly5 or relapse6 even in a setting where awareness is high and appropriate treatment is 

available. Therefore modalities allowing more effective and rapid treatment of tularemia are 

needed. Nanoparticles are attractive as drug delivery platforms for tularemia treatment because 

the nanoparticles are avidly taken up by cells of the mononuclear phagocyte (reticuloendothelial) 

system - such cells are the primary host cells in which F. tularensis resides and multiplies. By 

releasing high concentrations of antibiotic in the host cells that are infected by F. tularensis, 

nanoparticles have the potential to have a greater efficacy than free drug while simultaneously 

limiting off-target toxicities. Nanoparticle delivery platforms also have the advantage of 

shielding the drug from metabolism and clearance, thereby providing more favorable 

pharmacokinetics than free drug.  

Considerable research has been devoted to the use of MSNs for delivery of 

chemotherapeutic agents for cancer; relatively less has been devoted to their use for treating 

infectious diseases.  In the case of nanotherapeutics for cancer, uptake by macrophages is a 

problem to be overcome. In contrast, for infectious diseases caused by pathogens that reside and 

multiply within macrophages, such as F. tularensis, the fact that the host mononuclear 

phagocytes internalize nanoparticles more efficiently than other cells provides an advantageous 
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targeting strategy with potential to increase efficacy and decrease systemic toxicities.  

Intravenously injected nanoparticles, or nanoparticles delivered by other routes of administration, 

are preferentially taken up by macrophages of the mononuclear phagocyte system and 

accumulate in liver, spleen and lung,7-9 a distribution that mirrors the tissues infected by F. 

tularensis and many other important intracellular pathogens that cause serious human diseases, 

including those that cause tuberculosis, Legionnaires’ disease, Q-fever, Salmonellosis, 

Listeriosis, Leishmaniasis, and chlamydial, mycoplasmal, and rickettsial infections. 

Mesoporous silica nanoparticles (MSNs) offer a biocompatible multifunctional platform 

with intrinsically high surface area and porosity capable of delivering chemotherapeutic agents 

and antibiotics.10-13 MSNs readily accommodate stimulus-responsive functionalizations to enable 

on-command release of drug cargo in response to a variety of stimuli, including pH,14-17  light,18 

and remote magnetic actuation,19 and have shown superiority over free drug both in cell 

culture,20-22 and in animal models.23 An important parameter that influences the amount of MSNs 

that must be administered to animals or humans for therapeutic efficacy is the “release capacity”, 

defined as the ratio between the masses of releasable drug and of silica. The uptake and release 

capacity of a MSN platform depends on the properties of both the nanoparticles and the cargo 

molecules, including the cargo molecule size, charge in various solutions, and 

hydrophilic/hydrophobic properties. Herein we have systematically optimized moxifloxacin 

(MXF) loading of MSNs functionalized with pH sensitive nanovalves. We have studied two 

different pH sensitive nanovalve systems, both of which remain closed at the pH of blood (7.4) 

but open at pH 6 or lower and release cargo within endosomal compartments, which acidify to 

pH ~5 or less. We chose the most promising MSN-nanovalve platform for further optimizations 

based upon physical and chemical properties of MSNs and MXF.  
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Here, we report the optimization of our MSNs functionalized with pH-sensitive 

nanovalves for delivery of the fluoroquinolone antibiotic MXF, which has been shown to be 

more effective than Ciprofloxacin at preventing relapse of tularemia in a mouse model.24 We 

demonstrate that our optimized delivery platform, MSN-MBI-MXF, is safe in vivo and much 

more efficacious than an equivalent amount of free drug in treating F. tularensis infection in a 

mouse model of pneumonic tularemia.  
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RESULTS AND DISCUSSION 

Construction of Two pH-sensitive Nanovalve Systems 

We have previously developed two pH-sensitive nanovalve systems based on the MCM-41 

framework.15, 25 Both nanovalves consist of a stalk covalently attached to the pore entrances of 

MCM-41 and a cap molecule cyclodextrin (CD), which interacts with the organic moiety of the 

stalk through hydrophobic-hydrophobic interaction and traps the cargo inside the pores. The first 

nanovalve is composed of an anilinoalkane (ANA) stalk and α-CD as the capping molecule. The 

pKa of the nitrogen of p-anisidine is approximately 6, and at pH 7.4 the binding affinity between 

α-CD and the hydrophobic stalk is high. When the stalk is protonated the binding constant 

dramatically decreases, thereby causing the α-CD cap to dissociate from the stalk and the cargo 

to be released. The second nanovalve system has a 1-methyl-1-H-benzimidazole (MBI) stalk 

with pKa about 6, and β-CD as the capping molecule because of its suitable cavity size and stable 

association with the benzimidazole moiety at physiological pH 7.4 (Figure 1). When 

benzimidazole is protonated at pH 6 or lower, the binding affinity between benzimidazole and β-

CD decreases, leading to dissociation of the cyclodextrin. Both nanovalves are closed tightly at 

physiological pH 7.4 and only open and release cargo at pH 6 and lower when the hydrophobic 

interaction between cyclodextrin and the organic stalk moiety is weakened and interrupted. 

After the stalks were attached to MCM-41, the MSN-ANA and MSN-MBI nanoparticles were 

loaded in MXF aqueous/PBS solution overnight and then the α-CD or β-CD capping molecule, 

respectively, was added to the mixture with stirring overnight. The MXF solution concentrations 

before and after loading were measured and calculated based on UV-Vis spectroscopy 

measurements. The amount of MXF taken up by the MSNs (including inside pore channels and 
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on external surfaces) was calculated from this concentration difference. The mass of MXF taken 

up by the MSNs divided by their mass is defined as “uptake capacity” (expressed in wt %). After 

washing the mechanized MSNs sufficiently to remove MXF on the outer surface, the 

nanoparticles were dispersed in neutral water, and then acid was added to decrease the pH and 

release the drug (Figure 2A). When MSNs were placed at the corner of a cuvette in neutral 

solution, no MXF was detected in the supernatant fluid by fluorescence measurement. When the 

solution pH was adjusted to 6 by adding HCl, immediate release of MXF was observed (Figure 

2B and S1). It is known that the pH within the lysosome is lower than 6; thus, the nanoparticles 

should release the drug after being endocytosed into the lysosome compartment. This drug would 

then be available to diffuse to F. tularensis, which resides and replicates in the cytosol of the 

cell,26 where the pH is neutral. The amount of MXF released was calculated based on the 

supernatant MXF concentration measured by UV-Vis. The mass of released MXF divided by the 

mass of particle is defined as “release capacity” (expressed in wt %). The porous structure is 

preserved after these modifications (Figure 2C) and the hydrodynamic diameter is around 100 

nm (Figure S2).  

Enhancement of Uptake Capacity by Charge Modification of the Mesopore Channels 

To optimize the uptake and release capacities, we must consider five relevant factors: charges of 

cargo molecules and MCM-41 inner pore channels, nanovalve synthesis pathway, loading 

solvent pH, MXF concentration and loading time. MSNs with the MBI stalks (MSN-MBI) were 

selected as the initial model; when investigating the effects of one factor on the uptake and 

release capacities, all of the other parameters were kept constant. 
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MXF is a fourth generation fluoroquinolone used to treat various bacterial infections including F. 

tularensis. It has two ionizable groups with pKa of 6.3 and 9.3. Based on the calculation of the 

molecular species distribution, at pH 7, 83.3% of MXF molecules are zwitterionic, 17% are 

positively charged, and almost none are negatively charged (Table 1). MXF has a positive net 

charge at neutral pH. A negatively modified inner pore readily attracts positive cargo molecules, 

but the release may be slow and incomplete after the cap dissociates due to the electrostatic 

interaction between cargo molecules and inner pores at the pH of acidifying endosomal 

compartments.27 On the other hand, a positively charged inner pore surface will lead to lower 

uptake capacity than when negatively charged but may promote expulsion of the positive cargo 

molecules upon protonation. To modify the MSN inner pores with either negative or positive 

charges, we synthesized MCM-41 with co-condensation of phosphonate or amine silanes 

respectively (Figure 3A). Phosphonate silane-modified MSNs exhibited a zeta potential of -46.28 

mV and amine-silane modified MSNs exhibited a zeta potential of 38.76 mV as measured in DI 

water. MSN-MBI (10 mg) was dispersed in 2 ml of a 5 mM MXF aqueous solution and uptake 

capacity was measured as described above. Amine modified MSN-MBI (indicated as “+”) had a 

very low uptake capacity compared with that of phosphonate modified MSN-MBI (indicated as 

“-”) (Figure 3B). This result indicates that MXF with a positive net charge diffuses poorly into 

positively charged inner mesopores, resulting in very low uptake and release capacities. 

Phosphonated particles, on the other hand, show much greater uptake of MXF, potentially 

providing a much greater release capacity.  

We next tested two different MBI stalk synthetic pathways to optimize the efficiency of 

attachment. In the first pathway, we first reacted benzimidazole with 

chloromethyltrimethoxysilane to produce the MBI stalk, and then covalently attached this to the 
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MCM-41 surface. This method has the disadvantage that, in the presence of small amounts of 

water or moisture, the MBI stalk readily hydrolyses and undergoes self-condensation prior to 

coupling to the nanoparticle. In the second pathway, we covalently attached 

chloromethyltrimethoxysilane to the silica surface first and then coupled it with benzimidazole to 

form the MBI stalk. We compared the uptake capacities of negatively charged MSN-MBI 

nanoparticles prepared by these two pathways and found that MBI stalk attachment by pathway 

II had a higher uptake capacity than attachment by pathway I, consistent with greater MSN 

surface coverage by the MBI stalks and hence greater trapping of drug in the pore channels. 

Uptake and Release Capacity Utilizing Different Nanovalves 

Both MSN-ANA and MSN-MBI were tested and proven to work effectively in our previous 

papers when loaded with doxorubicin, Hoechst 33342, or propidium iodide (PI).15, 25 However, 

we know that the uptake capacity and release capacity of the MCM-41 nanovalve system is 

dependent upon the size and charge of the cargo molecule, as well as the length of the stalk and 

the outer diameter of the CD. We measured and compared the uptake capacity of MXF utilizing 

these two systems in order to find the best one for subsequent in vitro and in vivo studies.  

Because negatively charged inner pores provided greater uptake of MXF, we used phosphonated 

MCM-41 and compared the uptake and release of MXF of MSN-ANA-MXF, which has α-CD as 

cap, and MSN-MBI-MXF which has β-CD as cap. The same amount of phosphonated MCM-41 

with one or the other nanovalve was loaded in 1 ml 10 mM MXF PBS solutions and stirred for 

one day. MSN-MBI-MXF had a much higher uptake capacity (7.4 wt%) and release capacity 

(1.02 wt%) than MSN-ANA-MXF (Table 2). The superior uptake and release capacity of the 

MSN-MBI-MXF is likely attributable to better trapping of the MXF within the pores. The β-CD 
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has a 15.6 Å outer diameter compared with 14.6 Å for α-CD while MCM-41 has an average pore 

diameter of 22 Å.15 The larger β-CD has more steric hindrance and blocks the MSN pores more 

effectively than the smaller α-CD. Moreover MSN-MBI has a shorter stalk length that positions 

the β-CD cap closer to the MSN surface, again providing more effective steric hindrance to 

prevent MXF leakage.  For both types of MSNs, the uptake capacity was greater than the release 

capacity in aqueous acid, indicating that some MXF remains bound to the MSNs and is not 

released in aqueous acid conditions, possibly reflecting binding of MXF to MSN via 

hydrophobic interactions. 

Uptake of MSN with pH Sensitive Nanovalves by Human Macrophages 

Nanoparticles are generally taken up well by cells of the mononuclear phagocyte system and, 

where this is not desired, require special surface modifications to minimize their uptake by 

macrophages in applications such as cancer therapeutics.28 However, in our system, uptake by 

macrophages is desired, since F. tularensis replicates in host mononuclear phagocytic cells.  Our 

MSN platform is designed to operate by uptake of the particles by macrophages, followed by 

release of drug within acidified endo-lysosomal compartments. To determine whether our MSNs 

are internalized by F. tularensis-infected macrophages, we examined the uptake of rhodamine-

labeled MSNs by F. tularensis-infected human macrophages, using both peripheral blood 

monocyte-derived macrophages (Figure S3) and differentiated macrophage-like THP-1 cells. We 

observed abundant uptake of MSN-MBI-MXF for both the monocyte-derived macrophages and 

the differentiated THP-1 cells (Figure 4). Uptake of the nanoparticles by both types of 

macrophages increased with time and with nanoparticle concentration (Fig. S4). 
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 11

In Vitro Efficacy of MSN-ANA-MXF and MSN-MBI-MXF in Killing F. tularensis in 

Human Macrophages. 

To investigate whether these two different types of pH-sensitive α- and β-CD nanovalves are 

functional under biological conditions, we assessed the efficacy of MSN-ANA-MXF and MSN-

MBI-MXF in a macrophage infection model of F. tularensis.29 Differentiated human THP-1 

macrophages were infected with F. tularensis Live Vaccine Strain (LVS) and either not treated 

or treated with increasing concentrations of a) MXF, b) MSN-ANA-MXF, or c) MSN-MBI-

MXF for one day. At the end of the treatment period, the number of viable bacteria remaining in 

the macrophages was determined to evaluate the F. tularensis killing effect exerted by each 

treatment. With no treatment, F. tularensis LVS grew 2.5 logs over one day. Similar levels of 

bacterial growth were also observed in infected macrophages treated with control MSNs (no 

MXF loading) indicating that the nanoparticle carriers alone do not possess any bactericidal 

activity (Figure 5B and C). All treatments including MXF, MSN-ANA-MXF and MSN-MBI-

MXF killed F. tularensis in macrophages in a dose- dependent manner (Figure 5A, B and C).  

However, when compared at the same concentration, MSN-MBI-MXF was much more potent 

than MSN-ANA-MXF in killing F. tularensis.  For example, MSN-MBI-MXF at 1 µg/mL 

reduced bacterial colony forming units (CFU) by 3.4 logs compared with the level in the 

untreated group at one day, whereas the same concentration of MSN-ANA-MXF reduced 

bacterial CFU by only 0.2 logs compared with the untreated control group. The minimal 

inhibitory concentration in our macrophage assay is 4 µg/mL for MSN-ANA-MXF and it falls to 

between 0.25 and 0.5 µg/mL for MSN-MBI-MXF (Table S1).  

We prepared supernate from MSN-ANA-MXF and MSN-MBI-MXF after an hour of incubation 

with 100 mM maleic acid, pH 1.8 (Acid Release) and assayed its capacity to kill F. tularensis in 
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the infected macrophage.  While the acid-released solution prepared from 0.5 and 1 µg/mL 

MSN-MBI-MXF reduced F. tularensis CFU in macrophages by 1.6 and 2.5 logs, respectively, 

the solution prepared from 1 µg/mL of MSN-ANA-MXF reduced bacterial number by only 0.2 

logs (Figure 5D and E). Supernates obtained from MSN-MBI-MXF or MSN-ANA-MXF at 

neutral pH (Neutral Eluate) had no effect in the infected macrophage bioassay. This study 

demonstrates that 1) the pH operative valves on MSN-MBI-MXF are tightly closed at neutral pH 

and open at acidic pH, 2) MXF eluted under acidic pH retains biological activity, 3) MSN-ANA-

MXF and MSN-MBI-MXF kill F. tularensis LVS in macrophages in a dose-dependent fashion, 

and 4) MSN-MBI-MXF has greater efficacy than MSN-ANA-MXF, most likely because of its 

higher MXF uptake and release properties. 

Acid-released solution obtained from 1 µg/mL of MSN-MBI-MXF exerted the same inhibitory 

effect on F. tularensis as 0.016 µg/mL MXF in our macrophage bioassay, indicating a 1.6% 

(wt/wt) aqueous acid release capacity. Based on this estimation, 0.5 µg/mL of MSN-MBI-MXF 

could release 0.008 µg of MXF in the acidified endolysosomes. In our F. tularensis-infected 

macrophage assay, MSN-MBI-MXF at 0.5 µg/mL had a biological effect equivalent to that 

exerted by free MXF at a concentration of 0.016 µg/mL, indicating an efficacy ratio of 2 (MSN-

MBI-MXF : free MXF), as nanoparticle-delivered drug appeared to have an efficacy twice that 

of the same amount of free drug in killing F. tularensis in macrophages in vitro. However, this 

efficacy ratio is likely an over-estimation since some of the yellowish color of MXF still 

remained on MSN-MBI-MXF after maleate treatment. In lieu of a possible hydrophobic 

interaction between MXF and MSN, we used acidic DMSO solution for measuring drug release 

capacity in subsequent in vivo studies. 

Maximization of Uptake and Release Capacity by Optimization of Loading pH 
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Our in vitro study indicated that it is important to obtain a high release capacity in order to 

achieve high efficacy. Therefore we sought to increase further the uptake and release capacities 

of MSN-MBI-MXF. 

Specifically, we prepared MXF in different pH solutions for use in the loading process to take 

advantage of electrostatic interactions based on positively or negatively charged inner pore 

channels. It is known that MXF has a positive net charge below pH 7.4 and negative net charge 

above pH 7.4 (Table 1). Therefore we loaded phosphonate modified MSN-MBI (10 mg) 

(indicated as “-”) in pH 4 and pH 7 MXF solution (5 mM, 2 ml) in order to attract positive MXF 

molecules and increase uptake capacity. However, this acid loading presents some practical 

problems in experiments. The pH 4 loading helps improve uptake capacity as expected. However, 

it results in lower release capacity than neutral loading. Because the nanovalve can open at pH 6, 

loaded MSN-MBI must be transferred to neutral solution before capping. The additional steps of 

centrifugation and dispersion of uncapped MSN-MBI-MXF in neutral water cause significant 

leakage of MXF from the particle pores before capping can be completed. We loaded amine 

modified MSN-MBI (10 mg) (indicated as “+”) in pH 7, 10, and 12 MXF solutions (5 mM, 2 ml) 

to attract negative MXF molecules. We observed that uptake capacities as well as release 

capacities increased as pH was increased (Figure 6). Among these five conditions of loading, 

amine modified MSN-MBI in pH 12 loading gave the highest uptake capacity; however, the 

release capacity was still no better than pH 7 loading with phosphonate modified MSN-MBI. 

Using a pH 12 loading solution may gradually degrade the MSNs within 24 hours and cause 

stalks to detach from the pores, enabling MXF to leak out of the pores during washing. 

We found that loading phosphonated MSN-MBI with MXF in pH 7.4 PBS yielded the highest 

uptake and release capacity among all conditions (Figure 7). When phosphonate modified MSN-
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MBI (10 mg) was loaded in 1 ml 20 mM MXF in PBS (pH 7.4), its uptake capacity increased 

more than 10 times compared with its loading in neutral solution. Considering stalk protonation 

and deprotonation equilibrium, MSN-MBI is more tightly closed with β-CD at pH 7.4 than it is 

at pH 7. Negatively charged mesopores also have strong electrostatic interaction with positive 

MXF molecules. Moreover, compared with strong base, the pH 7.4 loading solution will not 

cause hydrolysis of silica nanoparticles and degradation of the nanovalves attached at the 

entrances of pore channels. All of these factors contribute to the highest uptake capacity. 

We have found that a higher MXF loading concentration resulted in a higher uptake and release 

capacity.  MSN-MBI loaded with 40 mM MXF in PBS had an uptake capacity twice that of 

MSN-MBI loaded with 20 mM MXF in PBS, and the release capacity reached 8.1 wt% 

compared with 6.2 wt% for MSN-MBI loaded with 20 mM MXF. Moreover, when we compared 

uptake efficiency, which is defined as the percentage of MXF taken up by MSN from the 

original solution (expressed in percent), almost 70% of MXF in high concentration solution was 

taken up by nanoparticles. We also observed that a loading time of 24 hours was appropriate to 

allow MXF to diffuse into pore channels and reach equilibrium. Simply extending loading time 

did not increase uptake and release capacity (Figure S5). We tested phosphonated MSNs 

modified with two different nanovalves (ANA, MBI); the MSNs were loaded in MXF in PBS at 

low concentration (10mM) and washed extensively with PBS buffer. The MSN-ANA and MSN-

MBI showed uptake and release capacities of 20 wt% / 0.24 wt% and 51.4 wt% / 1.6 wt%, 

respectively; therefore MSN-MBI still showed the best performance in the final optimized 

condition (Table 3). In conclusion, phosphonated MSN-MBI loaded with MXF in PBS showed 

the highest release capacity, 6 – 8 wt%, among all systems tested; this was highly reproducible 
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and this MSN loaded with MXF in PBS was employed in subsequent F. tularensis in vitro and in 

vivo studies. 

Influence of Washing on Release Capacity 

In the washing process, the mass of MXF washed away each time divided by the mass of particle 

is defined as “residual” (expressed in wt %), of which the final residual is reflected as the starting 

baseline in a release profile. Through measurement by UV-Vis spectroscopy, the amount of 

residual drug in supernatant did not increase after dispersing and rotating particles in neutral 

water overnight, which indicated that the residual was not due to release or leakage, but caused 

by non-trapped MXF dissociating from the MSN-MBI-MXF surface. In the release process, we 

dispersed particles in neutral deionized water and observed no leakage from MSN-MBI as 

indicated by the flat baseline in the release profile. After adding HCl to adjust the pH to 5, we 

measured an immediate increase in fluorescence intensity from the MXF released into the 

supernatant. The release profile reached a plateau after 14 hours, and the concentration of 

completely released MXF was measured by UV-Vis spectroscopy after 24 hours. 

We investigated how the washing process influences particle release capacity. In testing drug-

loaded nanoparticles, we routinely wash them to remove free MXF adsorbed on the external 

surface of the MSN to insure that the great majority of the drug is released via the nanovalves. 

However, excess washing will gradually degrade the silica nanoparticle surface due to siloxane 

group hydrolysis. Moreover, it will remove some of the cyclodextrin caps by disrupting host-

guest interaction equilibrium. Therefore, it is important to determine the optimal number of 

washing steps that strikes an acceptable balance between removing MXF from the external 

surface and maintaining relatively high release capacity.  MSNs washed 15 times did not have 
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any residual surface MXF detectable by UV-Vis absorption measurement (Figure 8A); however, 

their release capacity was only 1.6 wt%. In contrast, MSNs washed 8 times had 2.5 wt% residual 

and 6.9 wt% release capacity.  MSN-MBI-MXF washed 21 times had almost zero residual in the 

last few washes. There is an non-linear decay of the amount of MXF washed away each time, 

with the first 8 washes removing around 95 % of the total amount of MXF (Figure 8B). We 

found that washing 8 times is enough to remove most of the MXF on the MSN external surface 

and at the same time constrain damage to surface modifications. 

In Vivo Efficacy of MSN-MBI-MXF in Treating Pneumonic Tularemia 

It is important to test nanoparticle delivery systems in vivo as well as in vitro. Nanoparticles that 

are effective in an in vitro system may fail in an in vivo model due to issues of efficacy, such as 

inadequate uptake by target organs or premature release of drug, and issues of toxicity, e.g. due 

to induction of coagulopathy,30 hemolysis,31 organ toxicities or inflammatory responses.32 After 

the above optimizations of our MSNs so as to achieve high uptake and release capacity, we 

assessed the efficacy of MSN-MBI-MXF in a mouse model of pneumonic tularemia.33, 34 In the 

first in vivo experiment (Experiment 1), mice were infected by the intranasal route with ~8000 

CFU of F. tularensis LVS, a dose approximately 11 times the LD50 of 700 CFU. Without 

treatment, the mice succumbed rapidly to the infection and suffered severe weight loss (Figure 

9A). Mice treated with MSN-MBI-MXF (with a drug release capacity of 6.88 wt%) maintained 

their weight, indicating that the nanoparticle was well tolerated by the mice and helped to control 

the severe bacterial infection. Without treatment, bacteria multiplied to high numbers in the 

lungs of the mice (Figure 10A). However, treatment with MSN-MBI-MXF (loaded with 138 µg 

MXF) reduced bacterial burden in the lung by 4.0-logs, more so than treatment with 400 µg of 

free MXF (Figure 10C). Treatment with MSN-MBS-MXF reduced bacterial burden in the spleen 
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by 4.3-logs to a level similar to that with 400 µg of free MXF which was below our experimental 

limit of detection. All treatments reduced bacterial burden in the liver to a level below the 

experimental detection limit. On the basis of a median-effect plot, the efficacy of the MSN-MBI-

MXF was 4.5 fold and 3 fold the efficacy of free MXF in the lung and spleen, respectively 

(Figure S6, left panel). This study demonstrates that MSN-MBI-MXF administered 

intravenously is much more efficacious than free MXF in treating F. tularensis infection in mice. 

In a subsequent in vivo experiment (Experiment 2), we evaluated another batch of MSN-MBI-

MXF (with a drug release capacity of 8.08 wt%). Mice were infected with ~4000 CFU of F. 

tularensis LVS (~6 x LD50) by the intranasal route. One day later, mice were sham-treated or 

treated with 640 µg of MSN-MBI-MXF (with ~ 50 µg of releasable MXF) or with one of the 

three doses of MXF (50, 100, and 200 µg) equal to 1x, 2x, and 4x the amount of the releasable 

MXF from 640 µg of MSN-MBI-MXF by acidic DMSO. As observed in the first in vivo study, 

sham treated mice suffered substantial weight loss but mice treated with free MXF or MSN-

MBI-MXF did not (Figure 9B). MSN-MBI-MXF treatment reduced the bacterial burden by 2.8 

logs in the lung, 3.2 logs in the liver, and 3.3 logs in the spleen to a level close to that achieved 

by 100 µg free MXF (Figure 10D). Thus, in the treatment of pneumonic tularemia in mice, 

MSN-MBI-MXF had an efficacy twice the equivalent amount of free MXF in the lung, spleen, 

and liver (Table S2 and Figure S6, right panel).  Again, we observed no toxicity in the mice from 

MSN-MBI-MXF treatment. Thus, these two experiments both demonstrated superiority of MSN-

MBI-MXF over an equivalent amount of free MXF. In the first experiment, bacterial CFU were 

reduced in the lungs compared with that achieved by free drug, and the difference was 

statistically significant; comparisons in liver and spleen could not be made because sterilization 

was achieved at the doses used for all treatments. In the second experiment, we reduced the dose 
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of MSN-MBI-MXF to prevent “bottoming out” of the values in the liver and spleen and showed 

that the MSN-MBI-MXF treatment reduced bacterial CFU more than an equivalent amount of 

free drug in these organs, a difference that was statistically significant. Bacterial burden in the 

lungs was also reduced more in the MSN-MBI-MXF treated animals than in animals treated with 

an equivalent amount of free drug, though this trend did not reach statistical difference at this 

lower dose of MSN-MBI-MXF.   
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CONCLUSION 

Intracellular pathogens that reside in mononuclear phagocytes present an ideal target for 

nanotherapeutics because nanoparticles are readily taken up by cells of the Mononuclear 

Phagocyte System and have the potential to deliver high concentrations of antibiotics selectively 

to the intracellular compartment, thereby providing increased efficacy with reduced systemic 

exposure and off-target side effects.  

We have optimized MSNs with pH-sensitive nanovalves for uptake and release of the antibiotic 

MXF. We evaluated a) two different pH-sensitive nanovalves; b) modification of the MSN’s 

inner pores with positive or negative charges; c) loading of the MSNs with MXF in different pH 

solutions; and d) loading MSNs with different drug concentrations and loading durations.  We 

found that phosphonated MSN-MBI-MXF loaded in pH 7.4 PBS gave the highest uptake and 

release capacity. We demonstrated that this delivery system released MXF efficiently in F. 

tularensis-infected macrophages and that it was 2.7 fold more effective than the amount of free 

drug released from the particles by aqueous acid. We demonstrated in a mouse model of lethal 

pneumonic tularemia that MSN-MBI-MXF was well tolerated and was more effective than a 2- 

to 4-fold greater dose of free MXF in reducing bacterial load in the lung. Our MSN-MBI-MXF 

delivery system has the potential to provide more effective treatment than free drug, shortening 

the duration of treatment of intracellular infectious diseases such as tularemia, tuberculosis, Q-

fever, and Legionnaires’ disease and reducing systemic toxicity of the MXF. By providing high 

concentrations of antibiotic directly to the site of infection, the nanoparticle delivered drug also 

has the potential to decrease the emergence of drug resistance. Further optimization of our 

platform may be possible by incorporation of additional functionalizations to increase targeting 
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to infected tissues and macrophages, employment of different delivery modalities, such as 

aerosol delivery, or utilization of other internal and external stimulus-response systems. 
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 METHODS 

Materials. Cetyltrimethylammonium bromide (CTAB, 95%), tetraorthoethylsilicate (TEOS, 

98%) 3-(trihydro-xysilyl)propyl methylphosphonate (42% in H2O), 3-

iodopropyltrimethoxysilane (IPTMS, 95%), N,N’-dimethylformamide (99.8%), p-anisidine 

(99%), α-cyclodextrin (≥98%), β-cyclodextrin (≥97%), benzimidazole (98%), 

tetrabutylammonium iodide (98%), Hoechst 33342 (≥97%), triethylamine (≥99%), and toluene 

(99.8%) were purchased from Sigma (St. Louis, MO). Chloromethyltrimethoxysilane (90%), and 

N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane (NAPTS, 90 %) were purchased from Gelest 

(Morrisville, PA). 

Synthesis of MCM-41. The synthesis of MCM-41 was based on well-established published 

procedures. Cetyltrimethylammonium bromide (CTAB, 250 mg, 0.7 mmol) was dissolved in 

H2O (120 mL) and NaOH (875 µL, 2M). The mixture was heated up to 80 °C and kept stable for 

30 minutes, followed by adding tetraethyl orthosilicate (TEOS, 1.2 mL) drop-wise into the 

solution while stirring vigorously. For phosphonated MCM-41, 3-(trihydroxysilyl)propyl 

methylphosphonate (315 µL) was added into the solution 15 minutes after adding TEOS. For 

amine modified MCM-41, N-(2-Aminoethyl)-3-aminopropyltrimethoxysilane (90 %) was mixed 

with TEOS before adding to CTAB solution. The solution was kept at 80 °C for 2 hours. The 

synthesized nanoparticles were centrifuged and washed thoroughly with methanol. The 

successful synthesis of nanoparticles is very sensitive to the temperature and stirring speed. 

Synthesis of Anilinoalkane (ANA) Nanovalve. As-synthesized MCM-41 (100 mg) was washed 

and dispersed in anhydrous toluene, mixed with 3-iodopropyl trimethoxysilane (IPTMS, 20 µL, 

0.1mmol) and heated up to 40 °C under N2 for 12 hours. The IPTMS modified nanoparticles 
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were washed with toluene to remove unreacted agents and re-dispersed in anhydrous toluene, 

and mixed with p-anisidine (123.2 mg, 1 mmol) and triethylamine (TEA, 420 µL, 3 mmol). The 

solution was refluxed under N2 for another 24 hours. The final product was centrifuged and 

washed with toluene, methanol and water to be ready for drug/dye loading process. 

Synthesis of 1-Methyl-1H-benzimidazole (MBI) Nanovalve. MCM-41 (100 mg) was washed 

and dispersed in anhydrous toluene, mixed with chloromethyltrimethoxysilane (15 µL) and 

refluxed for 12 hours. The modified MCM-41 was washed by toluene and dimethyoformamide 

(DMF) and dispersed in 8 ml DMF. Tetrabutyammonium iodide (2 mg), benzimidazole (12 mg) 

and triethylamine (150 µL) were added into the solution and the mixture was heated up to 70 °C 

under N2 for 24 hours. As-synthesized nanoparticles were washed with DMF, methanol and 

water thoroughly. 

Surfactant Template Extraction. Nanovalve-modified MCM-41 (100 mg) was dispersed in 

methanol (60 mL), mixed with concentrated HCl (12 M, 2.3 mL) and refluxed for 8 hours under 

N2, and then washed extensively with methanol and water. 

Drug Loading and Washing. 10 mg of nanovalve-modified MCM-41 was suspended in MXF 

PBS solution at various concentrations overnight. β-CD (40 mg) was added to the suspension 

and mixed for 12 hours to make sure the capping molecule reached an equilibrium with stalks on 

the nanoparticle surface. Loaded and capped nanoparticles (10 mg) were centrifuged down in a 2 

mL tube and the supernate kept for UV-Vis absorbance measurement. Filtered PBS was added 

into the tube and nanoparticles were suspended and sonicated again. This washing process was 

repeated and the number of times the nanoparticles were washed was the same for each group 

being compared. 
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Uptake Capacity and Release Capacity Measurement. After measuring UV-Vis absorbance 

of MXF remaining in the PBS loading solution and of standard MXF PBS solution with known 

concentrations of 0.01 mM, 0.02 mM and 0.025 mM MXF, the amount of unloaded MXF 

concentration was calculated based on Beer’s law. Uptake capacity (wt %) = [(WMXF before 

loading – WMXF after loading) / Wparticle)] × 100 %.  In the optimization experiments, the 

loaded MSN-MXF particles were dispersed in pH 4.5 HCl solution for 24 hours and then 

centrifuged down to measure the concentration of MXF released into the supernate. Release 

capacity (wt %) =( Wreleased MXF / Wparticle ) × 100 %. In our in vitro and in vivo studies of 

the efficacy of the nanoparticles in treating F. tularensis infection, MSN-MXF was dispersed in 

pH 1 HCl/DMSO solution to measure the maximum release capacity. 

Stimulated Release Studies. To measure MXF release from MSNs and detect MXF 

fluorescence emission in supernates, dried MSN-MXF powder was put in the corner of a glass 

vial containing 10 mL DI water.  A probe laser beam (5 mW 377 nm) was passed through the 

supernatant fluid in the glass vial such that released MXF was excited. The fluorescence was 

detected and collected by a charge-coupled device (CCD) detector and a computer at 1 s 

intervals over the course of the experiment. Baseline spectra were collected for 1 hour to confirm 

that there was no MXF leakage, and then 1 M HCl solution was added to adjust the pH to 4.5. 

The release profile was the plot of the integrated emission peak area between 480 nm to 520 nm 

as a function of time. 

Physisochemical Characterization of Nanovalve Modified MSN. Transmission electron 

microscopy (TEM) images of MSN were obtained using a JEM1200-EX (JEOL) instrument 

(JEOL USA, Inc., Peabody, MA). Particle size and zeta potential were measured by ZetaSizer 
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Nano (Malvern Instruments Ltd, Worcestershire, UK) with 50 µg/mL MSN dispersed in DI 

water. 

Bacteria. F. tularensis subsp. holarctica Live Vaccine Strain (LVS) was obtained from Centers 

for Disease Control and Prevention (Atlanta, GA). LVS glycerol stocks were prepared as 

described and stored at -80°C.33 For in vitro macrophage experiments, a vial of the LVS frozen 

glycerol stock was thawed in a 37 °C water bath and cultivated on GCII chocolate agar plates for 

3 days before use. For in vivo mouse experiments, a vial of pre-titered LVS frozen stock was 

used directly to infect mice and immediately afterward serially diluted and plated on GCII 

chocolate agar to confirm the bacterial numbers used to infect. For fluorescence studies, LVS 

expressing superfolder green fluorescent protein (LVS-GFP) was grown on GCII chocolate agar 

containing kanamycin at a concentration of 10 µg/mL for 3 days prior to use for infecting 

macrophages. 

Macrophages. Human peripheral blood monocytes were prepared from the blood of healthy 

donors and cultivated in Teflon wells for 5 days to differentiate them into monocyte derived 

macrophages.29 Human THP-1 monocytic cells (American Type Culture Collection, TIB-202) 

were maintained in RPMI-1640 (Lonza) supplemented with 10% fetal bovine serum (Mediatech), 

2 mM GlutaMAX (Life Technology), penicillin (100 IU) and streptomycin (100 µg/mL) at 37 °C, 

5% CO2 – 95% air atmosphere. Prior to usage, THP-1 cells were differentiated into macrophages 

with 100 nM phorbol 12-myristate 13-acetate (PMA; Sigma) in antibiotic-free RPMI with 10% 

fetal bovine serum. 

Assessment of MSN Efficacy in Macrophages. PMA-differentiated THP-1 cells were plated at 

1 x 105 cells per 200 µL per well in 96-well plates (Matrical) and infected with 106 F. tularensis 
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LVS for 90 min. The infected THP-1 macrophages were washed and incubated with fresh 

medium alone or fresh medium containing MXF, control MSNs (no MXF loading) or MXF-

loaded MSNs. F. tularensis LVS infection and growth in THP-1 macrophages was determined 

by harvesting the bacteria from the infected macrophages at 2 hours and 1 day post infection. For 

all treatment groups, the infected macrophage cultures were incubated in the continued presence 

of the treatment for one day (the free drug or nanoparticles were neither washed away nor re-

added). Thereafter, F. tularensis LVS was harvested from the infected macrophages to assess the 

effect of treatment.  The bacteria were harvested by lysing the macrophage monolayers with 1% 

saponin in PBS for 5 min at room temperature, serially diluted, and plated on GCII chocolate 

agar. Bacterial colony forming units (CFU) on agar plates were enumerated after incubation at 

37 °C for 3 days. 

Assessment of MSN Efficacy in Mice. Animal procedures were conducted according to 

protocols approved by the UCLA Animal Research Committee and NIH Guidelines for the Care 

and Use of Laboratory Animals in Research. In two experiments (Experiment 1 and Experiment 

2), female Balb/c mice (Taconic) of approximately 18 g were provided with standard diet ad 

libitum and acclimated for one week.  Mice were infected by the intranasal route with ~8000 

(Experiment 1) or ~4000 (Experiment 2) CFU of F. tularensis LVS. Two mice were euthanized 

5 hours after intranasal infection (day 0) to determine the number of bacteria delivered to the 

lung at the start of the experiment. An additional 3 mice were euthanized one day later (day 1) to 

determine bacterial growth during that period of time. Mice were then sham-treated or treated 

with MXF or MSN-MBI-MXF by tail vein injection every other day (day 1, day 3, and day 5) for 

a total of 3 treatments. Mice were euthanized one day after the last treatment (day 6). Lungs, 

livers, and spleens from infected mice that were sham-treated or treated with MXF or MSN-
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MBI-MXF were homogenized and serially diluted for plating on GCII chocolate agar containing 

sulfamethoxazole (40 µg/mL), trimethoprim (8 µg/mL), and erythromycin (50 µg/mL). Bacterial 

CFU on the agar plates were enumerated after incubation at 37 °C for 4 days. 

Median-Effect Plots. We used median-effect plots35 to compare the relative efficacy of MSN-

MBI-MXF and free MXF. The fraction of inhibition for samples treated with different amounts 

of MXF was calculated using bacterial CFU in base-10 logarithm (log CFU) with the equation: 

Fraction of inhibition = 1 - (log CFU from sample treated with MSN-MBI-MXF or MXF/log 

CFU from untreated sample). A median-effect plot for MSN-MBI-MXF or MXF was generated 

using MXF or MXF 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. Statistical analyses were performed using the Student’s t-test. A P value of 0.05 or 

less was considered statistically significant. 
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FIGURES  

 

 

TOC Graphic:  Gated nanoparticles carry large quantities of moxifloxicin into macrophages, 

release the cargo and kill intracellular F. tularensis both in cultures and in mice. 
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Figure 1. Chemical structures of the stalks (top) and caps (bottom) of two nanovalves. Left: the 

ANA (stalk) and α-CD (cap); Right: the MBI (stalk) and β-CD (cap) 
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Figure 2. (A). Attachment of two different pH-sensitive nanovalves on MCM-41 surface. When 

the stalk is protonated, the cap molecule α-CD or β-CD dissociates from it due to the decrease of 

the binding constant between them. (B) MSN-MBI-MXF drug release profile. There is no 

leakage at pH 7, as indicated by the flat baseline; drug release starts when the pH is lowered to 6 

by addition of acid. (C) TEM image of MCM-41 showing its hexagonal pore structure. 
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Figure 3. (A) Uptake capacity of MSN-MBI with different inner mesopore charges and stalk 

synthetic pathways. From left to right, samples are: slightly negatively charged underivatized 

MSN with stalk MBI synthesized by pathway I; negatively charged MSN-MBI by pathway I; 

positively charged MSN-MBI by pathway I; negatively charged MSN-MBI by pathway II; and 

positively charged MSN-MBI by pathway II.  Pathyway I: synthesize the whole stalk first and 

then attach it on MCM-41; pathway II: attach first part of stalk on MCM-41 first and then 
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synthesize the whole stalk. Negatively charged MCM-41 with nanovalve-MBI, synthesized by 

pathway II has highest uptake capacity, and positively charged MCM-41 uptakes almost nothing. 

(B) MSN mesopores modified (left to right) with amine (+), unmodified silanol (-), or 

phosphonate (-). 
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Figure 4. Confocal microscopy image of a F. tularensis- infected THP-1 macrophage that has 

taken up RITC-labeled MSN-MBI. Human macrophage-like THP-1 cells were infected with 

GFP-expressing F. tularensis for 90 min, washed, and incubated with 12.5 µg/mL of RITC-

labeled 100 nm MSN-MBI. 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) 

LVS-GFP (green, arrows) and DAPI-stained nucleus (blue); (b) RITC-labeled MSN-MBI (red, 

arrowheads); (c) merged red, green, and blue color image; (d) contours of the cell are stained 

with WGA-AlexaFluor 633 (gray scale); (e) gray scale image superimposed onto merged color 

image, with the WGA-AlexaFluor 633 gray scale channel made partially transparent to allow the 

other channels to be seen. Scale bars, 10 µm. The experiment was done twice with similar results. 
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Figure 5. In vitro efficacy of MXF-loaded MSNs functionalized with two different types of pH-

sensitive nanovalves. Human THP-1 macrophages were infected with F. tularensis LVS and 

treated with (A) MXF, (B) MSN-ANA-MXF or (C) MSN-MBI-MXF. Viable bacteria were 

determined by enumerating colony forming units (CFU) of F. tularensis in the macrophage 

monolayer.  Impact of the drug released from (D) MSN-ANA-MXF and (E) MSN-MBI-MXF by 

maleate pH 1.8 was assessed in the infected macrophage bioassay. Data shown are means of 

triplicate platings per macrophage monolayer, n = 1. 
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Figure 6. Uptake and release capacity of negatively charged MSN-MBI loaded at pH 4 or 7 and 

positively charged MSN-MBI loaded at pH 7, 10, or 12 MXF aqueous solution. MXF has 

positive net charge in solution at pH ≤ 7 and MCM-41 is negatively charged. Decreasing the  

loading pH from 7 to 4 increases uptake capacity, but, not release capacity because the 

nanovalve is open at pH 6 and particles must be transferred to neutral solution before capping. 

Most of MXF diffuses out of the pores because of these extra steps. At pH 7, positively charged 

MCM-41 repels MXF and leads to very low uptake and release capacities. MXF has negative 

charge when solution pH > 7, and increasing pH dramatically improves uptake capacities. 

However, loading at pH 12 does not lead to highest release capacity because particles degrade in 

base solution within 24 hours. 
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Figure 7. Uptake capacity, uptake efficiency and release capacity of phosphonated MSN-MBI 

loaded in 20 mM MXF aqueous solution (pH 7), 20 mM MXF PBS solution (pH 7.4) and 40 

mM MXF PBS solution (pH 7.4). At same concentration 20 mM MXF, PBS loading increases 

the uptake more than 10 times than neutral water and release capacity got increased to 6.2 wt%, 

which is more than 3 times of 1.7 wt% from neutral loading. Increasing the loading 

concentration to 40 mM further improves uptake capacity to almost 120 wt% and release 

capacity 8.1 wt%. In terms of uptake efficiency, MSN-MBI uptakes around 70 % MXF from 

original solution for both 20 mM and 40 mM MXF loading.  
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Figure 8. (A) Release profiles show that the more times the MSN are washed, the lower the 

amount of residual and release capacity. When particles were washed 15 times, there was 

negligible residual drug detected from the particle surface (no fluorescence detected). A small 

amount of residual was observed when drug loaded particles were washed 8 times. The 

experiments were repeated three times and all of them show the same relation between washing 

and release capacity. (B) The amount of MXF washed away each time decreases as the number 
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of washes increases; the decrease for each step is ~30 %. The first eight washes contribute ~95 % 

to the total amount of MXF ultimately removed by washing.  

 

Figure 9. Treatment with MSN-MBI-MXF prevents weight loss caused by pneumonic tularemia.  

A and B show two independent mouse experiments (Experiment 1 and Experiment 2, 

respectively) in which the percentage change in weight of F. tularensis-infected mice was 

monitored over the course of the experiments.  The mice were sham treated, treated with one of 

three doses of MXF as a free drug, as indicated, or treated with MSN-MBI-MXF (loaded with 
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138 µg MXF in Experiment 1 and 50 µg MXF in Experiment 2). Data shown are means of 3 – 4 

mice per group. The experiment was done twice and both experiments are shown above. 

 

Figure 10. In vivo efficacy of MSN-MBI-MXF assessed by assay of F. tularensis burden in the 

mouse organs in two independent experiments, Experiment 1 (A and C) and Experiment 2 (B 

and D). Mice were infected with F. tularensis LVS by the intranasal route. (A and B) Bacterial 

burden in the lung was monitored over the course of infection. One day post-infection, mice 

were sham treated, treated with one of three doses of free MXF, as indicated, or treated with 

MSN-MBI-MXF (loaded with 138 µg in Experiment 1 shown in A and 50 µg in Experiment 2 

shown in B) by tail vein injection on days 1, 3, and 5. (C and D) Mice were euthanized one day 

after the last dose of treatment (day 6) to enumerate bacterial numbers in the lung, liver, and 
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spleen. § Bacterial CFU below limit of detection. *P < 0.05 by one-tailed t-test. Data shown are 

means ± S.E. for 3 – 4 mice per group. The experiment was done twice and both experiments are 

shown above. 

 

Table 1. MXF molecular species distribution under different pH 

MXF Species in solution (calculated ratio %) 

Positively charged Negatively Charged 

pH 4 pH 7 pH 7.4 pH 8 pH 10 pH 12 

+H2N…COOH 99.50 16.60 7.30 1.90 0.01 0.01 

+H2N…COO- 0.49 83.30 87.80 93.50 16.60 0.20 

HN…COO- 0.01 0.10 4.80 4.60 83.30 99.79 

% fully protonated form (+H2N…COOH) = 100 / (1+10pH-pKa1 + 102*pH-pKa1-pKa2), % zwitterions 
(+H2N…COOH-) = 100 / (1+10pKa1-pH + 10pH-pKa2), % fully deprotonated form (HN…COOH-) = 
100 - % (+H2N…COOH) - % (+H2N…COOH-)36 
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Table 2. Uptake and release capacity of phosphonated MSN with pH sensitive nanovalves 

Sample  Uptake capacity (wt %) Release capacity (wt %) 

MSN-ANA-MXF (α-CD cap) 2.8 % 0.16 % 

  MSN-MBI-MXF (β-CD cap)  7.4 % 1.02 % 
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Table 3. Uptake capacity of MXF loaded MSN with different nanovalves (at low concentration) 

Sample Uptake capacity (wt 

%) 

MSN-ANA-MXF 20 % 

MSN-MBI-MXF  51.4 % 
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Figure S1. MSN-MBI-MXF release profile. There is no leakage at pH 7 evidenced by 

the flat baseline. Drug release starts at when the pH is lower than 6. The release rate 

can be further increased by lowering pH to 4.5. 
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Figure S2. Dynamic light scattering (DLS) measurement of MSN with pH sensitive 

nanovalve. The mean hydrodynamic diameter of the modified nanoparticle is around 

100 nm. 

  



 

 

Figure S3. Epifluorescence and phase contrast microscopy demonstrates uptake of 

RITC-labeled MSN-MBI by F. tularensis-infected human monocyte derived 

macrophages (MDM). Human MDM cells were infected with GFP-expressing F. 

tularensis for 90 min, washed, and incubated with 12.5 µg/mL of RITC-labeled 100 

nm MSN-MBI. 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) LVS-GFP (green, arrows) and DAPI-stained nucleus (blue); (b) 

RITC-labeled MSN-MBI (red, arrowheads); (c) merged red, green, and blue color 



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

phase contrast image. Scale bars, 10 µm. Boxed areas with arrows indicating locations 

of green fluorescent bacteria are shown at 2-fold higher magnification in the insets in 

the upper right of panels (a) – (c).  The two bacteria overlying the DAPI stained 

nucleus appear turquoise rather than green because of merging of the blue and green 

channels. The experiment was done twice with similar results. 

  



 

Figure S4. Quantitation of uptake of MSN-RITC-MBI by infected and uninfected 

human MDM and differentiated THP-1 cells. Uninfected or LVS-GFP infected 

human MDM (top panel) or THP-1 cells (bottom panel) were incubated with 0, 12.5, 

25, or 50 µg/ml of MSN-RITC-MBI for 3 hours or 18 hours prior to staining and 

fixation as described in Figure S3. Automated high content imaging was performed 

with an ImageXpress robotic fluorescence microscope and MSN-RITC-MBI 
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integrated fluorescence intensity per DAPI-stained nucleus was quantitated using the 

granularity module of MetaXpress software. Data shown represent the means ± S.E. 

of duplicate wells (Human MDM) or of quadruplicate wells (THP-1 cells). The 

experiment was performed twice with similar results. 

  



 

 

Figure S5. Uptake efficiency of MSN-MBI-MXF loading with 5 mM and 10 mM 

MXF aqueous solution for 24, 48 and 72 hours. 24 hours loading yielded the highest 

uptake efficiency for both low and high MXF concentrations.  



 

Figure S6. Median-effect plots to compare efficacy of MSN-MBI-MXF with MXF 

administered as free drug. The efficacy of MSN-MBI-MXF in the lung, spleen, and 

liver was compared with that of free MXF in a median-effect plot of the results of 

mouse Experiments 1 and 2. For a given dose of MXF, an upward shift as indicated 

by the red arrows on the y-axis indicates greater F. tularensis killing efficacy of the 

MSN-MBI-MXF. Fa: Fraction of bacteria killed; Fu: Fraction of bacteria surviving; D: 

Dose of MXF in micrograms.   



Table S1. Bacterial CFU in infected macrophages with and without treatment 

Condition MXF amount Duration Log CFU 

No treatment 0 ng/ml 3 hours 5.06 

No treatment 0 ng/ml 1 day 7.60 

MXF 1 ng/ml 1 day 7.65 

MXF 2 ng/ml 1 day 7.59 

MXF  4 ng/ml 1 day 7.59 

MXF 8 ng/ml 1 day 6.92 

MXF 16 ng/ml 1 day 5.09 

MXF 32 ng/ml 1 day 3.72 

MXF 64 ng/ml 1 day 3.43 

MSN-MBI control (8 µg/ml) 0 ng/ml 1 day 7.72 

MSN-MBI-MXF (0.0625 µg/ml) 1.65 ng/ml 1 day 7.59 

MSN-MBI-MXF (0.125 µg/ml) 3.3 ng/ml 1 day 7.21 

MSN-MBI-MXF (0.25 µg/ml) 6.6 ng/ml 1 day 5.49 

MSN-MBI-MXF (0.5 µg/ml) 13.2 ng/ml 1 day 4.49 

MSN-MBI-MXF (1 µg/ml) 26.4 ng/ml 1 day 4.23 

MSN-MBI-MXF (2 µg/ml) 52.8 ng/ml 1 day 3.49 

MSN-MBI-MXF (4 µg/ml) 105.6 ng/ml 1 day 3.49 

MSN-MBI-MXF (8 µg/ml) 211.2 ng/ml 1 day 1.73 

MSN-ANA control (8 µg/ml) 0 ng/ml 1 day 7.70 

MSN-ANA-MXF (0.0625 µg/ml) 0.23 ng/ml 1 day 7.71 

MSN-ANA-MXF (0.125 µg/ml) 0.45 ng/ml 1 day 7.72 

MSN-ANA-MXF (0.25 µg/ml) 0.9 ng/ml 1 day 7.59 

MSN-ANA-MXF (0.5 µg/ml) 1.8 ng/ml 1 day 7.59 

MSN-ANA-MXF (1 µg/ml) 3.6 ng/ml 1 day 7.43 

MSN-ANA-MXF (2 µg/ml) 7.2 ng/ml 1 day 7.06 

MSN-ANA-MXF (4 µg/ml) 14.4 ng/ml 1 day 5.34 

MSN-ANA-MXF (8 µg/ml) 28.8 ng/ml 1 day 3.61 
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