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Targeted Intracellular Delivery of Antituberculosis Drugs to
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Mesoporous Silica Nanoparticles
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Delivery of antituberculosis drugs by nanoparticles offers potential advantages over free drug, including the potential to target
specifically the tissues and cells that are infected by Mycobacterium tuberculosis, thereby simultaneously increasing therapeutic
efficacy and decreasing systemic toxicity, and the capacity for prolonged release of drug, thereby allowing less-frequent dosing.
We have employed mesoporous silica nanoparticle (MSNP) drug delivery systems either equipped with a polyethyleneimine
(PEI) coating to release rifampin or equipped with cyclodextrin-based pH-operated valves that open only at acidic pH to release
isoniazid (INH) into M. tuberculosis-infected macrophages. The MSNP are internalized efficiently by human macrophages, traf-
fic to acidified endosomes, and release high concentrations of antituberculosis drugs intracellularly. PEI-coated MSNP show
much greater loading of rifampin than uncoated MSNP and much greater efficacy against M. tuberculosis-infected macrophages.
MSNP were devoid of cytotoxicity at the particle doses employed for drug delivery. Similarly, we have demonstrated that the
isoniazid delivered by MSNP equipped with pH-operated nanovalves kill M. tuberculosis within macrophages significantly more

effectively than an equivalent amount of free drug. These data demonstrate that MSNP provide a versatile platform that can be
functionalized to optimize the loading and intracellular release of specific drugs for the treatment of tuberculosis.

Tuberculosis (TB) is one of the leading causes of morbidity and
mortality worldwide. According to the World Health Organi-
zation, Mycobacterium tuberculosis, the causative agent of tuber-
culosis, infects about one-third of the world’s population, and it
causes ~9 million new cases of active tuberculosis and 1.7 million
deaths annually (38). While effective antibiotics are available, se-
rious toxic side effects limit the doses that can be used clinically.
For example, three of the first-line drugs for treating tuberculosis,
isoniazid (INH), rifampin (RIF), and pyrazinamide (PZA), are
limited by hepatotoxicity (46), a side effect due to the action of the
drug on hepatocytes rather than macrophages, the primary host
cells that harbor M. tuberculosis. Thus, a delivery mechanism that
introduces these antibiotics selectively into macrophages would
greatly increase their therapeutic index by achieving higher con-
centrations of the antibiotics locally where M. tuberculosis repli-
cates without exposing the patient to high systemic concentra-
tions that cause toxicities. Moreover, because drug resistance
develops when bacteria are treated with subtherapeutic levels of
antibiotics, a system that allows delivery of high concentrations of
antibiotic to the site where bacteria divide would facilitate delivery
of sterilizing doses to sites of infection and minimize the emer-
gence of drug resistance. Because M. tuberculosis resides and mul-
tiplies within host mononuclear phagocytes and because mono-
nuclear phagocytes internalize particles more efficiently than
other host cells, encapsulation of antituberculosis drugs within
nanoparticles offers a mechanism for specific targeting of M. tu-
berculosis-infected cells. Indeed, because nanoparticles have been
shown to be taken up by macrophages of the reticuloendothelial
system and to accumulate in the liver, spleen, and lung (8, 21, 25),
they are ideally suited to treat M. tuberculosis, which infects mac-
rophages in these organs. An additional advantage of nanoparticle
delivery of antituberculosis drugs over free drug is that it shields
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the drug from degradation or modification prior to delivery of the
drug to infected tissues.

A variety of different nanoparticles have been tested both in
vitro and in vivo as delivery platforms for antituberculosis drugs
(reviewed by Gelperina et al. [17], Griffiths et al. [20], and Sosnik
et al. [44]). For example, Anisimova et al. (3) demonstrated that
encapsulating INH, streptomycin (STM), and RIF in poly-n-bu-
tylcyanoacrylate and polyisobutylcyanoacrylate nanoparticles
(250-nm average diameter) increased intracellular accumulation
of the drugs and decreased the MIC of INH and STM for M.
tuberculosis by 3- to 4-fold versus that of free drug. Kisich et al.
(23) encapsulated moxifloxacin within biodegradable poly(butyl
cyanoacrylate) nanoparticles and lowered the MIC for M. tuber-
culosis in macrophages by 10-fold versus that of free drug. Ain et
al. reported that encapsulating tuberculosis drugs in alginate- and
chitosan-based biodegradable microparticles (90 to 100 uwm in
diameter) achieved enhanced chemotherapeutic efficacy follow-
ing oral administration in animal models of tuberculosis (2).
Saraogi et al. (40) demonstrated that RIF entrapped within gelatin
nanoparticles (264-nm diameter) provided a sustained release of
drug after intravenous injection in mice. Sharma et al. (43) used
wheat germ agglutinin functionalized poly(lactic-co-glycolic acid)
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(PLGA) nanoparticles for in vivo delivery of INH, RIF, and PZA
and demonstrated prolonged release of drug, allowing less-fre-
quent dosing to achieve a therapeutic effect in animal models.
Muttil et al. (37) administered INH and rifabutin encapsulated
within poly(lactic acid) by the aerosol route to mice and reported
intramacrophage drug levels 20-fold higher than levels achieved
by oral, intravenous, or intratracheal instillation of soluble drug.
Finally, Pandey and Khuller (39) administered RIF, INH, and PZA
incorporated into solid lipid particles (1 to 2 wm in size) by neb-
ulization to guinea pigs infected with M. tuberculosis and achieved
a therapeutic effect equivalent to that with daily oral dosing.

While the nanoparticle delivery systems for TB drugs reported
to date offer advantages over free drug, they may also be associated
with some disadvantages compared with mesoporous silica nano-
particles (MSNP) (4). Liposomes and solid lipid particles have
intrinsically poor chemical stability and are degraded by serum
(16), thereby decreasing drug delivery to the target cells while
increasing potential systemic toxicity. There is also concern that
macrophage uptake of biodegradable polymer-based nanopar-
ticles (such as poly-L-lactide and PLGA) may cause cell damage,
cytokine release, and inflammation (24, 32, 42), although evi-
dence of their benign nature and lack of associated histopathology
has also been reported (11, 41). In contrast to these potential
problems with liposomal and biodegradable polymer delivery sys-
tems, preliminary in vivo experiments have found enhanced blood
stability of MSNP compared with liposomes and polymeric nano-
particles (4) and have demonstrated favorable biocompatibility,
biodegradation and excretion properties (18, 29, 45).

Whereas the use of liposomes, solid lipid particles, biodegrad-
able nanoparticles, and microspheres for delivery of antitubercu-
losis drugs has been described, the use of MSNP as a delivery
platform for antituberculosis drugs has not been reported previ-
ously. MSNP are 100-nm-size silica nanoparticles with 2-nm-size
pores. These pores run parallel through the MSNP and form a
hexagonal pattern. MSNP are attractive delivery vehicles for M.
tuberculosis drugs because they can be manufactured with a variety
of surface and internal functionalizations, allowing incorporation
of a variety of different design features (27, 28), especially those
that allow controlled release of cargo under specific environmen-
tal conditions (10, 13, 15, 35, 50). The biocompatible solid MSNP
framework provides intrinsic stability compared with existing
liposome-, polymer-, and copolymer-based nanoparticle delivery
platforms. In addition, MSNP can be manufactured with a variety
of aspect ratios to optimize targeting of the particles to particular
organs, tissues, cells, and intracellular environments (12, 19, 22).

To take advantage of the fact that macrophages are particularly
efficient in internalizing particles and delivering the particles to
acidified endosomes, we have utilized MSNP as a delivery vehicle
for two first-line antituberculosis drugs, INH and RIF. The MSNP
that we have tested to deliver these drugs are the following: (i)
unmodified MSNP (silanol surface); (ii) MSNP surface function-
alized with a cationic polyethyleneimine (PEI) (10-kDa) polymer
that enhances cellular uptake and lysosomal release while leaving
the porous interior free for drug binding and delivery (33, 48); and
(iii) MSNP equipped with pH-operated beta-cyclodextrin nano-
valves that open and release the cargo molecules in response to
endosomal acidification (Fig. 1). We have shown previously that
these MSNP with pH-operated nanovalves are responsive to en-
dosomal acidification conditions in human differentiated THP-1
cells (35, 49). Here we show that the MSNP are internalized effi-
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ciently by M. tuberculosis-infected macrophages, selectively re-
lease drugs intracellularly in macrophages, and kill M. tuberculosis
more effectively than an equivalent amount of free drug. More-
over, we demonstrate that for different antituberculosis drugs,
different surface functionalizations of the MSNP yield optimal
intracellular killing of M. tuberculosis within the infected macro-
phages, i.e., the optimal surface functionalization is drug specific.
In the case of RIF, surface functionalization of the MSNP with
10-kDa PEI yields greater loading and delivery of drug to M. fu-
berculosis-infected macrophages than uncoated MSNP. On the
other hand, in the case of INH, MSNP equipped with pH-sensitive
valves designed to remain closed at the neutral pH of the blood but
to open after endocytosis and acidification of the endosome de-
liver sterilizing doses of INH within the M. tuberculosis-infected
macrophage. Thus, we have found that for RIF, optimal loading of
MSNP can be achieved by passive design features that optimize
phase transfer and electrostatic interactions. On the other hand,
for INH, a hydrophilic molecule that does not interact strongly
with mesoporous silica, the active feature of a pH-operated gate is
required to optimize loading and controlled delivery. This study
shows the feasibility of using functionalized MSNP as drug deliv-
ery vehicles to improve the treatment of tuberculosis.

MATERIALS AND METHODS

Materials. All chemicals unless specified otherwise were purchased from
Sigma-Aldrich. INH and RIF stocks were prepared at 20 mg/ml in di-
methyl sulfoxide (DMSO) and stored at —20°C. Phorbol 12-myristate
13-acetate (PMA) was prepared as 100 uM stock in DMSO and stored at
—20°C.

Loading MSNP with drugs. The MSNP, PEl-coated MSNP, and
nanovalve-equipped MSNP were synthesized according to our previous
publication (48). To load RIF, 15 mg of MSNP or PEI-coated MSNP were
mixed with 10 mg of RIF in 1 ml methanol, and the mixture was stirred at
room temperature for 2 days. The MSNP were then washed with metha-
nol and water. To load INH, 15 mg of nanovalve-equipped MSNP were
mixed with 10 mg of INH in 1 ml water. Another 15 mg of nanovalve-
equipped MSNP were mixed with 5 ml of I mM Hoechst 33342 aqueous
solution, serving as the model cargo. The mixture was stirred at room
temperature for 24 h, followed by the addition of 10 mg of B-cyclodextrin.
The mixture was stirred for another 24 h, and the MSNP were collected via
centrifugation and washed with water.

Drug loading and release measurement. To evaluate the pH opera-
tion of the nanovalve-equipped MSNP, 5 mg of Hoechst-loaded MSNP
were placed in 6 ml of water. A 376-nm laser probe beam was introduced
to excite released Hoechst molecules. The change of solution fluorescence
was monitored through a time-resolved fluorescence spectrum method.

The release of INH from the nanovalve-equipped MSNP was followed
by measuring the absorbance at 260 nm after acidification of the solution
with maleic acid.

To evaluate the loading and release capacities of MSNP in the presence
of protein, we suspended MSNP loaded with antituberculosis drugs (INH
and RIF) in neutral 1% albumin solution, dispersed them using a W-375
sonicator with a micro tip probe (Ultrasonics, Inc.), and centrifuged them
at 14,000 X gfor 10 min to remove drug not bound by the particles. Drugs
were then released from the pH-gated nanoparticles by treatment with
maleic acid (pH 1.8) for 1 h.

The amount of INH eluted from the MSNP was determined using the
salicylaldehyde spectrofluorimetric assay (36). Proteins were removed
from the samples by precipitation with 4.5% trichloroacetic acid and cen-
trifugation at 10,000 X g for 5 min. Two parts of the clear supernate were
mixed with one part of a freshly prepared acetate solution containing 0.5
M sodium acetate, 0.2% (wt/vol) sodium bisulfite, 0.15 M sodium hy-
droxide, and 0.15% (wt/vol) salicylaldehyde and incubated for 10 min at
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FIG 1 Upper panel: TEM images of MSNP (A), PEI-coated MSNP (B), and MSNP equipped with pH-operated nanovalves (C). The inserts show higher
magnification of the particles delineated by red boxes, revealing their pore structure. Lower panel: the surface functionality of each MSNP.

room temperature. A second acetate solution was then added to the sam-
ple to achieve a final concentration of 0.25 M sodium acetate, 0.1% so-
dium bisulfite, and 0.078 M sodium hydroxide. Dithiothreitol (DTT) was
added to the samples to a final concentration of 143 mM. The samples
were heated at 50°C for 10 min, cooled to room temperature, and ex-
tracted with isobutanol. Aliquots (100 wl) of the isobutanol phase were
transferred to a 384-well black polypropylene Matriplate (Matrical Bio-
science), and the fluorescence intensity was measured using excitation and
emission wavelengths of 392 and 478 nm, respectively, in a FlexStation fluo-
rescence plate reader in the UCLA/CNSI Molecular Screening Shared Re-
source (MSSR) facility. INH standard curves were prepared by the same
method.

The amount of RIF loaded on PEI-coated nanoparticles (NP) loaded
with RIF (NP-RIF) was determined after elution by spectrophotometric
measurement at the wavelength 474 nm against RIF standards. To mea-
sure the release of RIF into macrophage cultures, we employed RPMI
without a neutral red pH indicator both for the culture of macrophages
and to prepare the RIF standards.

Bacteria and cell cultures. The M. tuberculosis virulent strain Erdman
(35801; American Type Culture Collection) was cultivated on Middle-
brook 7H11 agar for 10 days at 37°C in a 5% CO,—95% air atmosphere.
Prior to their use for infection of human macrophages, bacteria were
scraped from agar plates and sonicated in a water bath sonicator (Astrason
Scientific) for 8 periods of 15 s each to disperse bacterial aggregates. Re-
sidual aggregates were removed by 3 sequential centrifugations at 200 g for
10 min at 4°C. The supernate, consisting almost entirely of single bacteria,
was used for infection of macrophages. THP-1, a human monocytic cell
line (ATCC TIB 202) was maintained in RPMI-1640 (Mediatech) supple-
mented with 2 mM glutamine, 10% heat-inactivated fetal bovine serum
(HI-FBS), and penicillin-streptomycin (100 IU/ml and 100 ug/ml, re-
spectively). Prior to infection with M. tuberculosis, THP-1 cells were added
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to 24-well plates at a concentration of 3 X 10° cells/ml per well and dif-
ferentiated to a macrophage-like cell type with phorbol myristate acetate
(PMA) (100 nM) in RPMI-1640 with 10% HI-FBS for 3 days at 37°C in air
containing 5% CO,. Human peripheral blood monocyte-derived macro-
phages were prepared as described previously (9). The UCLA Institutional
Review Board approved the participation of normal human blood donors
in our research.

M. tuberculosis killing assay. PMA-differentiated, human macro-
phage-like 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 min at 37°C, 5% CO,. Extracellular bacteria were removed by washing
extensively, and fresh medium with or without nanoparticles and antitu-
berculosis drugs was added. Infected THP-1 cells were incubated for 5 h or
3 days (in the continued presence of the nanoparticles or antituberculosis
drugs) and lysed with 0.1% SDS. Culture supernatant and lysed THP-1
cells were combined, serially diluted in 7H9 medium with 10% oleic acid-
albumin-dextrose-catalase (OADC) enrichment and 0.05% Tween 80,
and plated on 7H11 agar. Bacterial CFU were enumerated after 2 weeks of
incubation at 37°C in a 5% CO,—95% air atmosphere.

Immunofluorescence microscopy. To study whether nanoparticles
were delivered to the infected macrophages, we seeded human macro-
phages on 2-cm coverslips and infected them with M. tuberculosis express-
ing green fluorescent protein as described above. At the end of the 90-min
incubation period, monolayers were washed and incubated with fresh
medium containing rhodamine isothiocyanate (RITC)-labeled nanopar-
ticles for 90 min to 3 days at 37°C in a 5% CO,-95% air atmosphere.
Macrophages on coverslips were fixed in 4% paraformaldehyde in 0.075
M sodium phosphate buffer, pH 7.4, for 30 min at room temperature,
washed with phosphate-buffered saline (PBS), stained with 4',6-di-
amidino-2-phenylindole (DAPI), and mounted with Prolong Gold Anti-
fade mounting medium (Invitrogen). To determine whether nanopar-

aac.asm.org 2537


http://aac.asm.org

Clemens et al.

A

Untreated

RITC-NP
Treated
/

Counts

0 1000
RITC Fluorescence Intensity

FIG 2 Antituberculosis drug-loaded MSNP are internalized efficiently by human macrophages infected with M. tuberculosis (A to D) and by uninfected
macrophages (E). PMA-differentiated THP-1 cells were infected with M. tuberculosis for 90 min and then incubated with 125 ug/ml NP-RIF. The infected
monolayer was fixed 3 days later and analyzed by confocal microscopy. Abundant red fluorescent NP-RIF (A) is seen in the immediate vicinity of the green
fluorescent protein-expressing M. tuberculosis (arrow) (B) in the infected macrophage, whose nucleus is stained blue (C). The merged image is shown in panel
D. We have obtained similar results with human MDM. (E) The macrophage-like THP-1 cells were left untreated (dashed line) or were incubated with 20 ug/ml
of fluorescent NP-RIF (RIF-loaded NP) for 6 h (solid line) and then fixed and evaluated by fluorescence-activated cell sorting (FACS). The majority of the
macrophages that were incubated with RITC-labeled NP-RIF internalized the fluorescent nanoparticles and exhibited a 10-fold-greater mean fluorescence

intensity than the untreated control macrophages.

ticles were delivered to the lysosomes, we incubated macrophages with
wheat germ agglutinin (WGA)-Alexa Fluor 633 (5 pg/ml) for 5 min at
room temperature to stain plasma membranes, washed with Hanks bal-
anced salt solution, fixed as described above, permeabilized with 0.1%
saponin in PBS containing 10 mM glycine, and incubated the macrophage
preparation with 1% bovine serum albumin (BSA) in PBS to block non-
specific staining. Coverslips were stained sequentially with (i) mouse
monoclonal antibody to human CD63 (University of Iowa Hybridoma
Bank) in PBS overnight at 4°C, (ii) Alexa Fluor 555-conjugated goat anti-
mouse IgG diluted 1:200 in 1% BSA in PBS for 90 min at room tempera-
ture, and (iii) DAPI and then processed with antifade mounting medium
as described above. The coverslips were viewed by epifluorescence mi-
croscopy 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, Ster-
ling Heights, MI) or by confocal scanning microscopy (Leica confocal SP2
1P-FCS microscope and Leica confocal software in the UCLA/CNSI Ad-
vanced Light Microscopy/Spectroscopy Core Facility). To assess colocal-
ization with CD63, we obtained confocal images using an oil immersion
100X objective lens, scanning physical dimensions of 75-um-by-75-um
areas at a speed of 400 MHz and a resolution of 1,024 X 1,024 pixels.
Frame averaging was done with 3 to 4 scans to reduce noise. Nanoparticles
were defined as objects with a positive signal in the green channel with an
area of at least 4 contiguous pixels and an average pixel intensity of at least
25 units above background on the 0-to-255 scale. A nanoparticle was
scored as colocalizing with CD63 if a positive signal in the red channel
(average pixel intensity greater than 25 on the 0-to-255 scale) either was
superimposed on the position of the nanoparticle or circumferentially
rimmed the nanoparticle. Nanoparticles were considered to be within the
macrophages if they resided within the WGA-stained contours of the
macrophage plasma membrane.

RESULTS

MSNP are taken up efficiently by human macrophages and de-
livered to lysosomes. MSNP have been shown to be successful
platforms for drug delivery in vitro and in vivo (18, 29, 30, 45, 47,
48, 50). The MSNP used in this study are synthesized through a
well-established sol-gel method (27) and use cetyl trimethylam-
monium bromide as a templating agent. The nanoparticles pro-
duced by this process are about 100 nm in diameter and have
2-nm-size parallel pores forming a hexagonal pattern (Fig. 1A).
The TEM images of MSNP coated with 10-kDa PEI and MSNP
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equipped with pH-operated nanovalves are shown in Fig. 1B and
C. The pore structure remained intact during the modification
process. The PEI polymer was attached on the surface of MSNP
through electrostatic interaction with grafted phosphonate groups,
while the nanovalves were attached by covalent binding via siloxy
bonds.

To demonstrate that MSNP can be adapted as a platform for
delivering anti-TB drugs, MSNP were incubated with PMA-dif-
ferentiated, human macrophage-like THP-1 cells and with human
peripheral blood monocyte-derived macrophages (MDM). The
results show that MSNP can be internalized efficiently by these
cells whether the macrophages are uninfected or infected with M.
tuberculosis (Fig. 2). We used confocal microscopy to follow the
intracellular trafficking of fluorescein isothiocyanate-labeled
nanoparticles and their uptake by human THP-1 cells. CD63
(stained with an Alexa Fluor 555-conjugated antibody) was used
as a marker of late endosomes and lysosomes, and macrophage
plasma membranes were identified by staining with Alexa Fluor
633-conjugated WGA. At 3 h after addition of the MSNP to the
macrophages, 94% * 2% (mean * standard error) of the intra-
cellular MSNP colocalized with CD63. As an internal control,
MSNP that resided outside the WGA-stained contours of the mac-
rophage plasma membranes did not colocalize with CD63 (Fig. 3A
to D).

PEI-coated MSNP have a higher RIF loading capacity than
uncoated MSNP. In previous studies, MSNP have demonstrated
the ability to carry and release hydrophobic drugs in vitro and in
vivo through a phase transfer mechanism (29, 30). RIF is relatively
hydrophobic (its solubility in water is 2.5 mg/ml, but that in chlo-
roform is 25 mg/ml) and because of this undergoes a phase tran-
sition that preferentially maintains the drug in the porous interior
of the MSNP under aqueous conditions, even in the absence of
pH-operated gates. We have shown previously (48) that decora-
tion of the negatively charged MSNP surface with positively
charged 10-kDa PEI enhances particle uptake and allows cargo to
be delivered from acidifying endosomes to the cytosol. PEI-coat-
ing of MSNP promotes delivery of drug to the cytosol by a proton
sponge mechanism wherein the primary amines of the PEI-MSNP
buffer the protons being pumped into the lysosomal compart-
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FIG 3 MSNP traffic to lysosomal compartments in human macrophages. THP-1 cells were incubated for 3 h with 15 pg/ml of green fluorescent nanoparticles
(uncoated FITC-MSNP [top row, A to D] or PEI-coated FITC-MSNP [bottom row, E to H]). Macrophage plasma membranes were stained with Alexa Fluor
633-WGA (shown as pseudocolor blue in merged images, D and H). After fixation and permeabilization, the late endosomal-lysosomal marker, CD63, was
stained with a red fluorescent antibody (B and F), and the macrophage nuclei were stained blue with DAPI (shown in merged images in C and G). Both the
uncoated and PEI-coated MSNP (several of which are indicated by arrows) colocalized extensively with CD63 (96% and 89% colocalization, respectively). Several
uncoated MSNP located outside the macrophages, indicated by arrowheads (A to D), did not colocalize with CD63. Approximately 11% of intracellular
PEI-coated MSNP did not colocalize with CD63 (three noncolocalizing MSNP are indicated by arrowheads; E to H). We have observed a similar high level of

colocalization of MSNP with lysosomal compartments in human MDM.

ment by the v-ATPase (proton pump). This leads to heightened
pump activity and accumulation ofa Cl™ and a water molecule for
each proton retained within the compartment, culminating in os-
motic rupture of the compartment (5). In addition, we show here
that PEI coating of the MSNP increases the amount of RIF that can
be delivered by the particles.

We assessed the intracellular trafficking of PEI-coated MSNP
by confocal immunofluorescence using the methods described
above for uncoated MSNP. As was the case for uncoated MSNP,
the intracellular PEI-coated MSNP colocalized extensively with
CD63-positive compartments (89% * 4%, mean * standard er-
ror) 3 h after their addition to the THP-1 macrophages (Fig. 3E to
H). PEI-coated MSNP that were outside the macrophages did not
colocalize with CD63.

To examine the binding and release of RIF by 10-kDa PEI-
coated MSNP and uncoated MSNP, we loaded the particles with
RIF and eluted them with the following: (i) water, (ii) 1% BSA in
10 mM HEPES, pH 7.4, (iii) 1% BSA in 0.1 M citrate, pH 5, (iv)
DMSO, (v) 1 N HCl in DMSO, or (vi) aqueous 1 N HCI (Fig. 4).
Prior to elution, the pelleted particles were visibly stained a dark-
red color by RIF (PEI-NP-RIF were obviously darker than the
uncoated NP-RIF), and after maximal elution, both types of par-
ticles had negligible red staining, indicating an absence of RIF. The
amount of RIF released from the particles under various condi-
tions was determined by pelleting the particles at sequential times
over a 60-min period and measuring the amount of RIF in the
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supernate by UV-visible (UV-vis) spectroscopy. In the case of un-
coated NP-RIF, maximum release (0.79% [wt/wt]) was achieved
with DMSO within 20 min, and treatment with acidified DMSO
did not elute any additional RIF. In the case of PEI-NP-RIF, re-
lease of RIF also plateaued within 20 min, but more RIF was re-
leased by acidified DMSO (42 pg/mg PEI-NP-RIF at 60 min or
4.2% [wt/wt]) than by nonacidified DMSO (2.0% [wt/wt]). These
results indicate that the PEI coating of the MSNP increased its
binding capacity for RIF by 5-fold compared with uncoated
MSNP.

We found that under abiotic conditions, a hydrophobic sol-
vent such as DMSO was required for complete elution of RIF from
the PEI-NP-RIF. In these experiments, DMSO was chosen as a
hydrophobic solvent for eluting RIF from the MSNP because RIF
is freely soluble in DMSO and its use permits an assessment of the
total amount of drug that can be eluted from the MSNP. While
DMSO does not reflect a physiological condition, it may simulate
hydrophobic environments found within the macrophage, such as
within the membrane lipids of the endosomal-lysosomal system
and in multivesicular bodies of secondary lysosomes. Our findings
in this study are consistent with our previously published obser-
vations that MSNP are capable of loading and releasing water-
insoluble drugs (e.g., paclitaxel and camptothecin) by a phase
transfer mechanism that can be reversed by ethanol washing of the
particles, thus demonstrating the role of hydrophobicity in MSNP
drug entrapment (29, 30, 33).

The efficacy of PEI-coated NP-RIF in killing M. tuberculosis
within human macrophages is greater than those of NP-RIF and
free RIF. To evaluate the efficacy of RIF-loaded nanoparticles in
killing intracellular M. tuberculosis in infected macrophages, we
incubated monolayers of PMA-differentiated THP-1 cells in 24-
well plates with the virulent M. tuberculosis Erdman strain for 90
min at a multiplicity of infection of 10:1 (bacteria/macrophage),
washed away the extracellular bacteria, and added fresh medium
containing NP-RIF, PEI-NP-RIF, or known amounts of free RIF.
As a control for free RIF present in the NP-RIF and PEI-NP-RIF
conditions, the suspensions of extensively washed drug-loaded
NP (in 1% BSA) were pelleted by centrifugation and the superna-
tant solutions were added to monolayers of M. tuberculosis-in-
fected THP-1 cells. The RIF present in these controls (referred to
as “unbound RIF”) reflects RIF eluted in the neutral 1% BSA so-
lution. Compared with either no treatment or treatment with con-
trol nanoparticles (containing no drug), treatment of M. fubercu-
losis-infected THP-1 cells with either MSNP or PEI-coated MSNP
loaded with RIF reduced the number of intracellular bacteria over
a 3-day treatment and yielded greater killing than the correspond-
ing “unbound RIF” controls. Consistent with its greater capacity
to bind and deliver RIF, PEI-NP-RIF killed intracellular M. tuber-
culosis more effectively than an equivalent amount of NP-RIF
(Fig. 5). Treatment of the infected monolayers with PEI-NP-RIF
for 3 days at a concentration of 15.6 ug/ml reduced CFU of intra-
cellular M. tuberculosis by 1.6 logs compared with controls versus
only 0.3 logs for NP-RIF, and treatment with 62.5 wg/ml PEI-NP-
RIF reduced CFU by 3.3 logs, versus only 1.2 logs for NP-RIF (Fig.
5Band C).

We added known amounts of free RIF to M. tuberculosis-in-
fected THP-1 monolayers to generate a RIF bioassay standard
curve (Fig. 5A) and compared the effectiveness of nanoparticle-
delivered RIF (Fig. 5B and C) to that of free RIF in killing M.
tuberculosis in infected THP-1 cells. The upper dose of RIF used in
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the standard curve, 5 pg/ml, is comparable to therapeutic blood
levels of RIF (1). We found that the extent of bacterial killing
achieved with 62.5 ug/ml NP-RIF was equivalent to that achieved
with 0.44 pg/ml of free RIF. From our spectrometric release assay,
we have determined that the uncoated MSNP have a RIF loading
capacity of 0.79% on a weight basis, equivalent to 0.49 ug/ml of
elutable RIF from 62.5 ug/ml NP-RIF. Therefore, the efficacy ratio
of uncoated NP-RIF (0.49 pg/ml) to free RIF (0.44 ug/ml) is close
to 1:1. On the other hand, PEI-NP-RIF at a concentration of 15.6
pg/ml reduced CFU of intracellular M. tuberculosis by 1.6 logs, a
level of killing that corresponded to 1.1 pg/ml of free RIF. Because
PEI-NP has a RIF loading capacity of 4.2% on a weight basis, the
amount of elutable RIF from 15.6 pg/ml of PEI-NP-RIF is 0.65
pg/ml, indicating that the efficacy ratio of PEI-NP-RIF to free RIF
is ~2:1 (1.1 ug/ml:0.65 wg/ml). PEI-NP-RIF at a concentration of
31.25 ug/ml yielded 2.3 logs of bacterial killing, which corre-
sponds to the bactericidal activity of 4.7 ug/ml of free RIF. At the
PEI-NP-RIF loading capacity of 4.2%, the amount of elutable RIF
from 31.25 ug/ml of PEI-NP-RIF is calculated to be 1.3 ug/ml,
indicating an efficacy ratio of PEI-NP-RIF to free RIF of almost 4:1
(4.7 pg/ml:1.3 pg/ml). Therefore, RIF delivered by PEI-coated
MSNP Kkills intracellular M. tuberculosis 2- to 4-fold more effec-
tively than an equivalent amount of free RIF.

Use of MSNP equipped with a pH-sensitive valve as a delivery
platform for the antituberculosis drug INH. Whereas RIF has
hydrophobic and electrostatic properties that allow it to be loaded
efficiently into MSNP by passive phase transfer and electrostatic
interactions, INH is a small hydrophilic molecule that under phys-
iological conditions does not interact with mesoporous silica ei-
ther by phase transitions or by electrostatic interactions. Instead,
optimal loading and delivery of INH by MSNP requires mechani-
zation of the MSNP with design features that enable active trap-
ping and controlled release of the cargo molecule. To optimize
loading and achieve specific intracellular delivery of drug, we have
equipped the MSNP with pH-operated nanovalves (35) (Fig. 6A).
The nanovalves function as a gatekeeper to contain the hydro-
philic drug molecules within the pores at neutral pH and release
the drug from the pores when the pH decreases after the MSNP are
internalized by macrophages and traffic to acidified endosomes.
We have previously shown that the pH-gated MSNP colocalize
extensively (>80%) with acidified lysosomes after their uptake by
differentiated THP-1 cells (35).

We utilized the fluorescent dye Hoechst 33342 as a model
cargo to demonstrate the pH-dependent operation of the nano-
valve-equipped MSNP. Time-resolved fluorescence spectroscopy
demonstrated the pH-dependent release of Hoechst 33342 from
the nanovalve-equipped MSNP over time (Fig. 6B).

To assess the time course of the pH-dependent release of INH
from nanovalve-equipped MSNP, we loaded the particles with
INH at neutral pH and then followed the release of the drug by
spectrophotometry in the presence of 10 mM maleic acid (pH
1.8). Figure 6C demonstrates that drug release from the nanopar-
ticles plateaus by 50 min.

pH-gated NP-INH kills M. tuberculosis in human macro-
phages more effectively than free INH. Strategies similar to those
used to evaluate RIF-loaded MSNP were employed to evaluate the
drug delivery and M. tuberculosis killing efficacy of pH-gated
nanoparticles loaded with INH (NP-INH). To allow us to com-
pare the effectiveness of drug delivered by nanoparticles with that
of the free drug, we first eluted INH from pH-gated NP-INH by
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FIG 5 PEI coating on MSNP enhances the delivery of RIF to M. tuberculosis-infected human macrophages. PMA-differentiated THP-1 cells were infected with
M. tuberculosis for 90 min and subsequently treated with free RIF (A), NP-RIF (B), or PEI-NP-RIF (C). CFU of M. tuberculosis from the infected macrophage
monolayer were enumerated 3 days postinfection. Log differences in CFU/monolayer between the no-treatment condition and selected treatments are indicated
within brackets. All differences indicated by brackets were statistically significant at P < 0.01 (analysis by one-factor ANOVA).

treatment of the particles with 10 mM maleic acid for 1 h to elute
all of the drug. As shown in Fig. 6C, elution of INH from the
pH-gated NP reaches a plateau by 50 min. This acid eluate was
then neutralized to pH 7.4 with a small amount of Tris base for
subsequent addition to monolayers of M. tuberculosis-infected
macrophages as a control for adding soluble INH to the monolay-
ers. Treatment of INH at pH 1.8 for 1 h does not decrease its
antimicrobial activity, as demonstrated in Fig. 7A. We also eluted
NP-INH with 1% BSA at neutral pH to assay the effect of the
neutral eluate. We quantitated the release of INH from pH-gated
NP-INH both with a salicylaldehyde spectrofluorimetric assay
and with an M. tuberculosis killing bioassay in which we added
known amounts of free INH to M. tuberculosis-infected THP-1
monolayers to generate a standard curve for INH killing of intra-
cellular M. tuberculosis. Both methods gave similar results: the
amount of INH eluted from pH-gated NP-INH with 1% BSA was
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0.018% on a wt/wt basis (i.e., 180 ng of INH per mg of pH-gated
NP-INH) by the spectrophotometric assay and 0.013% (wt/wt) by
the bioassay. In contrast, treatment of pH-gated NP-INH with pH
1.8 maleic acid released 0.048% INH (wt/wt) as measured by the
spectrophotometric assay and 0.036% (wt/wt) as measured by the
bioassay.

When pH-gated NP-INH (250 ug/ml) and control prepara-
tions were added to M. tuberculosis-infected macrophages for 3
days, no M. tuberculosis was detected in the monolayers treated
with pH-gated NP-INH, indicating sterilization of the monolay-
ers (i.e., CFU were below our detection limit of 50 CFU/mono-
layer). Thus, as shown in Fig. 7C, pH-gated NP-INH reduced CFU
of intracellular M. tuberculosis by at least 3.8 logs compared with
no treatment (P < 0.001, one-factor analysis of variance
[ANOVA]) and yielded 1.5 logs more killing of intracellular M.
tuberculosis than an equivalent amount of free INH (approxi-
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FIG 6 MSNP equipped with pH-sensitive valves as a nanodelivery platform for antituberculosis drugs. (A) Illustration of the principle by which the pH-sensitive
valve is operated. (B) Release profiles of Hoechst 33342 dye. The pH-dependent release mechanism can be monitored using this model cargo. Acid was added at
30 min to adjust the solution pH. (C) Time course release of the antituberculosis drug INH from the particles after change from neutral pH to pH 1.8. Acid was

added at 15 min to adjust the solution pH.

mately 100 ng/ml), i.e., the acid eluate from the pH-gated NP-
INH (P < 0.01). In addition, pH-gated NP-INH yielded almost 3
logs more killing than the neutral eluate from an equivalent
amount of pH-gated NP-INH (P < 0.001, one-factor ANOVA),
consistent with a relatively low level of leakage of drug from the
pH-gated MSNP at neutral pH (Fig. 7C).

We observed a low level of killing of M. tuberculosis with the
neutral eluate of the pH-gated NP-INH, consistent with a low
level of elution of INH from the pH-gated NP under neutral-pH
conditions. While elution of the Hoechst 3342 was not detected
from the NP under neutral-pH conditions, we have consistently
observed a small degree of elution of INH from the pH-gated NP
with neutral-pH solutions that contain serum albumin. The phys-
ical chemical properties (e.g., molecular weight, pK,, and func-
tional groups) of Hoechst 3342 differ markedly from those of
INH, and therefore it is not surprising that the two molecules
behave somewhat differently with regard to their interactions with
pH-gated MSNP. The low level of INH eluted from the pH-gated
NP at neutral pH may reflect elution by albumin acting as a chap-
erone molecule for INH that is weakly bound to the exterior of the
NP or bound to the molecular threads or 3-cyclodextrin caps of
the pH-operated gates. The amount of INH eluted from the NP
under these conditions is 3-fold less than the amount of drug that
is eluted from the particles in an acidic environment, and accord-
ingly, the killing of M. tuberculosis by the neutral-pH eluate was
1.4 logs less than that with the acid eluate of the NP.

DISCUSSION

RIF is an inhibitor of bacterial RNA polymerase. INH is a prodrug
that, once activated inside tubercle bacilli, kills the actively grow-
ing organisms by inhibiting their cell wall synthesis. Both are
among the most commonly used first-line drugs for treating tu-
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berculosis. Systemic administration of both drugs can be compli-
cated by off-target toxicities to cells and tissues that are not in-
fected by M. tuberculosis. Delivery of antituberculosis drugs via
nanoparticles directly to the cells and tissues that are infected by
M. tuberculosis has the potential to maximize efficacy and mini-
mize toxicity. To demonstrate the promise of MSNP as a delivery
platform for RIF and INH, we delivered these two drugs using
MSNP with a surface functionalization specifically tailored to each
drug and showed that each MSNP-TB drug formulation led to
killing of intracellular M. tuberculosis in infected macrophages,
providing proof of principle for this technology.

RIF exhibits marked hydrophobicity and undergoes a phase
transition that preferentially maintains the drug in the porous
interior of the MSNP under aqueous conditions. Despite the fact
that unmodified MSNP can be used to deliver RIF, they have a
relatively low loading capacity, which limits their potential for
treating M. tuberculosis. Decoration of the particle surface with a
positive charge, such as 10-kDa PEI, enhances particle uptake and
facilitates escape of molecules from acidifying endosomes into the
cytoplasm (14, 48). In addition, the polymer coating can poten-
tially increase the loading capacity of the MSNP, since some of the
drug can be held in the polymer layer. Although RIF is very hy-
drophobic and is more soluble in chloroform than in water, at
neutral pH it is a zwitterion with an isoelectric point of 4.8. It has
two ionization constants (pK,), one at pH 1.7, related to deproto-
nation of the phenolic hydroxyl group at position C-8, and one at
pH 7.9, related to gain of a proton by the N-4 piperazine group
(31). Because of its zwitterionic nature, at neutral pH RIF binds to
positively charged polymers, such as chitosan (6), thus accounting
for the greater loading of RIF onto PEI-coated MSNP than onto
uncoated MSNP. Whereas the binding of RIF to uncoated MSNP
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FIG 7 pH-gated NP loaded with INH kill M. tuberculosis in human macro-
phages. PMA-differentiated THP-1 cells were incubated with M. tuberculosis
for 90 min and then treated with free INH (A and B) or pH-gated NP-INH at
concentrations of 31 to 250 pg/ml (C). CFU of M. tuberculosis in treated or
untreated infected macrophages were enumerated 3 days postinfection. Neu-
tral and acid eluates from 250 ug/ml pH-gated NP-INH served as controls for
the amount of INH leakage at neutral pH and INH loading on the particles,
respectively. Acid treatment of INH had no effect on its antimycobacterial
activity (A). Log differences in CFU/monolayer between the no-treatment
condition and selected treatment conditions are indicated within brackets (C).
The differences between results for the pH-gated NP-INH-treated monolayer
and no treatment and between pH-gated NP-INH and neutral eluate were
significant at the P < 0.001 level (one-factor ANOVA). The difference between
the 250 pg/ml pH-gated NP-INH-treated monolayer and the acid eluate
treated monolayer was significant at the P < 0.01 level (one-factor ANOVA).

involves primarily hydrophobic interactions, the binding of RIF to
PEI-MSNP involves both hydrophobic and ionic interactions. For
in vivo delivery, use of PEI-coated NP-RIF would confer two ad-
vantages over that of uncoated NP-RIF: increased binding/load-
ing of RIF (allowing administration of smaller doses of NP-RIF)
and increased uptake by macrophages. In our experiments in
which the NP-RIF was allowed to incubate for 3 days with M.
tuberculosis-infected macrophages, the rate of uptake of drug-
loaded MSNP is not a limiting factor. However, in the case of in
vivo administration, the rate of uptake of the MSNP by macro-
phages may have a greater impact on the effectiveness of the de-
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livery platform and the advantage of PEI-NP-RIF over NP-RIF
may be even more apparent.

We have shown that the effectiveness of PEI-coated MSNP-RIF
in killing of intracellular M. tuberculosis is 2- to 4-fold greater than
that of an equivalent amount free RIF added to the M. tuberculosis-
infected macrophages. This is consistent with the release of RIF
from drug-loaded MSNP within the macrophages causing higher
intracellular concentrations of RIF at the site of the intracellular
M. tuberculosis. The pharmacodynamic advantage of nanoparticle
delivery of RIF may be even greater in vivo than in our in vitro
experiments, since the free RIF in vivo would have a much greater
volume of distribution and would be rapidly cleared (as opposed
to the situation in the culture well, where there is a very small
volume of distribution and no clearance). Unlike free RIF, in an in
vivo situation, MSNP-bound RIF would initially be released at the
sites of M. tuberculosis infection, thereby leading, at least tran-
siently, to locally higher concentrations of drug in M. tuberculosis-
infected cells and tissues.

While we have observed that MSNP are efficiently internalized
by M. tuberculosis-infected macrophages, we have found that the
MSNP only rarely colocalize with the M. tuberculosis bacilli.
Therefore, the enhanced efficacy of PEI-NP-RIF over an equiva-
lent amount of free RIF reflects a higher local concentration of RIF
within the cell rather than direct delivery of drug to the subcellular
compartment occupied by M. tuberculosis. Whereas PEI-coated
NP-RIF was more effective in killing intracellular M. tuberculosis
than an equivalent amount of free RIF, we observed comparable
killing efficacies by uncoated NP-RIF and an equivalent amount
of free RIF. The absence of any increase in efficacy by uncoated-
MSNP delivery of RIF might be due to trapping of some of the
NP-delivered RIF within lysosomes. This trapping would be over-
come by the PEI coating, since PEI promotes release of drugs from
acidified lysosomes.

In contrast to RIF, INH is hydrophilic, and we found that a
nanovalve modification of the MSNP was necessary for effective
drug loading and targeted intracellular delivery. The nanovalves
were designed to remain closed under neutral pH and open only
in acidic environments, such as acidifying endosomal/lysosomal
compartments in cells. The pH-operated nanovalves were con-
structed by covalent attachment of molecular threads over the
pores and addition of bulky B-cyclodextrin molecules that at neu-
tral pH bind to the threads and sterically block the pores. At acidic
pH, the molecular threads are protonated, which decreases the
binding affinity of the B-cyclodextrin capping molecules for the
threads, such that the nanovalves open and allow release of drug
molecules from the MSNP (35). In this article, both a fluorimetric
assay and a bioassay measured relatively small amounts of INH in
the BSA neutral eluate of the pH-gated NP-INH, confirming the
pH-controlled release of drug from the MSNP. The fact that we
observed only a low level of leakage of INH from the drug-loaded
nanoparticles into neutral-pH solutions indicates that systemic
administration of INH via the pH-gated NP platform has the po-
tential to deliver the drugs primarily to macrophages, the primary
host cells for M. tuberculosis, and to minimize off-target toxicity
(e.g., to the liver and nervous system) that otherwise complicates
the systemic administration of INH. For therapeutic in vivo use,
the pH-gated NP could be administered by the intravenous route
and/or aerosol route. For potential oral use, the pH-gated NP
would need to be delivered in such a way, e.g., in low-pH-resistant
capsules, as to allow them to transit the stomach to the intestine
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without exposure to the acidic environment of the stomach and
subsequently to be taken up and transcytosed to the bloodstream
without exposure to pH conditions sufficiently low to open the
gates and release drug. The oral delivery of drugs via NP is a field
still in its infancy, and new advances will be necessary to achieve
efficient oral delivery of NP-loaded drugs.

The absolute amount of acid-elutable INH loaded onto the
pH-gated NP (approximately 0.05% [wt/wt]) was lower than de-
sired and represents an opportunity for improvement by modifi-
cations of the NP design. Nevertheless, our demonstration that
INH delivered by pH-gated NP-INH kills 1.5 logs more intracel-
lular M. tuberculosis than an equivalent amount of free INH added
to the M. tuberculosis-infected macrophages provides proof of
concept for this approach and justifies further development of this
pH-gated MSNP platform. The relative efficacy of pH-gated NP-
INH over that of free INH is likely to be even greater in an in vivo
animal or human tuberculosis infection, where the majority of the
systemically administered free INH is rapidly cleared or metabo-
lized without ever being taken up by infected macrophages.

MSNP represent a promising nanocarrier delivery system with
great translational potential. The in vivo safety of long-term re-
peated administration of MSNP (e.g., over a period of several
months), as may be required for treatment of tuberculosis, has not
been determined and requires further study. The tolerability is
likely to be related to the route and dose and the particular phys-
icochemical properties of the MSNP administered. In a compre-
hensive safety assessment that included animal body weight,
blood biochemistry, and histological analysis of major organs, we
have recently shown that MSNP fail to induce adverse effects after
intravenous injection (34). Moreover, MSNP do not damage red
cell membranes when a hemolysis assay is used (34). While it is
well known that cationic nanoparticles (e.g., PEI-coated MSNP)
can induce cytotoxicity, we have previously shown that the cyto-
toxicity depends on the polymer length and the cationic charge
density on the particle. Thus, while high-molecular-weight PEI
polymers (e.g., 25-kDa PEI) can induce cytotoxicity in a variety of
cell types, we have previously shown (48) that there is no genera-
tion of cellular toxicity by the low-molecular-weight polymer
(e.g., PEI of =10 kDa) employed in this study. It is also notewor-
thy that while MSNP coated with the 25-kDa PEI polymer is cy-
totoxic in vitro, intravenous injection in mice did not elicit any
significant toxicity in our previous study (48). One possible expla-
nation for this is that the organs of the reticulo-endothelial system
(e.g., the liver and spleen) are highly adept in dealing with partic-
ulate matter that can be efficiently removed by protective mecha-
nisms via hepatobiliary transfer (45).

An important consideration related to the safety of MSNP-
based therapy is that previous studies have shown that the MSNP
do not persist indefinitely but are instead degraded and excreted
(26). Abiotic studies in simulated body fluids have demonstrated a
gradual decomposition of MSNP, including a breakdown of their
architecture and decrease in their surface area (7). In vivo studies
have confirmed gradual breakdown and excretion. For example,
Lu et al. (29) tracked elemental Si following intravenous injection
of MSNP and demonstrated that ~94% of the MSNP bolus was
recovered in the urine and feces within 4 days of administration.
This is in agreement with the demonstration by Souris et al. (45) of
the rapid bioelimination of MSNP through hepatobiliary excre-
tion in murine experiments. This constitutes an important safety
feature of a nanocarrier that can be either degraded in situ in
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subcellular compartments or excreted from the body once the
carrier has served its therapeutic purpose.

While our intent in the present work has been to assess the
feasibility of MSNP delivery of drugs that are effective against
active tuberculosis, we would anticipate that similar MSNP deliv-
ery vehicles loaded with drugs considered active against latent
tuberculosis (such as rifapentine, moxifloxacin, and PA-824)
could be used to achieve higher intramacrophage concentrations
of these drugs and greater efficacy than that of free drug in treating
latent TB.
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