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Summary

Nanoparticles (NPs) are increasingly used as biodegradable vehicles to selectively deliver therapeutic agents such as drugs or antigens to
cells. The most widely used vehicle for this purpose is based on copolymers of lactic acid and glycolic acid (PLGA) and has been
extensively used in experiments aimed at delivering antibiotics against Mycobacterium tuberculosis in animal models of tuberculosis.
Here, we describe fabrication of PLGA NPs containing either a high concentration of rifampicin or detectable levels of the green
fluorescent dye, coumarin-6. Our goal here was twofold: first to resolve the controversial issue of whether, after phagocytic uptake,
PLGA NPs remain membrane-bound or whether they escape into the cytoplasm, as has been widely claimed. Second, we sought to make
NPs that enclosed sufficient rifampicin to efficiently clear macrophages of infection with Mycobacterium bovis BCG. Using
fluorescence microscopy and immuno-electron microscopy, in combination with markers for lysosomes, we show that BCG bacteria, as
expected, localized to early phagosomes, but that at least 90% of PLGA particles were targeted to, and remained in, low pH, hydrolase-
rich phago-lysosomes. Our data collectively argue that PLGA NPs remain membrane-enclosed in macrophages for at least 13 days and
degrade slowly. Importantly, provided that the NPs are fabricated with sufficient antibiotic, one dose given after infection is sufficient to
efficiently clear the BCG infection after 9–12 days of treatment, as shown by estimates of the number of bacterial colonies in vitro.
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Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (M.tb)

has again developed into a major health problem, with 1.7 million

deaths every year and a staggering 2 billion latently infected

(Young et al., 2008). Despite enormous efforts, a successful

vaccine is not available and a consensus has emerged that the

century-old BCG vaccine is ineffective (Dye and Williams,

2010). Provided the bacteria are not multidrug resistant, the

disease can be effectively treated with the so-called ‘short course’

regime, actually 6–8 months of treatment with a combination

of four antibiotics: rifampicin, isoniazid, pyrazinamide and

ethambutol. When the bacteria are multi-drug resistant the

efficiency of antibiotic therapy decreases significantly, thus more

toxic ‘second-line’ antibiotics have to be used, generally for up to

24 months, using up to six different drugs. Patient non-

compliance is a significant problem (Zhang and Yew, 2009).

Some general problems with the application of most medicinal

drugs are that: (1) The drugs not only reach the target cells and

tissues of interest, but also become distributed systemically

throughout the body. (2) Most drugs are rapidly degraded or

excreted, usually within hours. (3) Some drugs have limited

bioavailability and are poorly absorbed via, for example, the oral

route (Sosnik et al., 2010).

Over the past two decades an exciting alternative concept for

drug delivery has been developed using nanotechnology

(Couvreur and Vauthier, 2006; Danhier et al., 2012), and

especially to encapsulate the drugs inside slowly biodegradable,

polymer nanoparticles (NPs). The goal then is to selectively

target the diseased cells. For example, in approaches against

cancer one would attach a molecule, such as an antibody to the

NPs that selectively binds to specific target molecules on the

surface of the cancer cells (Davis et al., 2008).

A particularly attractive feature of considering a NPs approach

against M.tb is that these bacteria are predominantly intracellular

residents of macrophages. These are also the cells that function

most efficiently in taking up many kinds of particles from the

blood circulation via phagocytosis – provided they are above

about 0.2 mm in diameter (Desjardins and Griffiths, 2003). It

follows that when NPs or micro-particles (MPs) (.1000 nm)

enclosing antibiotics are able to access the circulatory system of
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mammals infected with M.tb the particles can be efficiently taken

up into the M.tb-infected macrophages. There, the polymer is

degraded, allowing the drugs to be released locally and directly

into the infected cell in a sustained fashion. A number of groups

have published impressive data using different types of polymer

NPs and MPs enclosing different antibiotics against mycobacteria

in a range of different mammalian tuberculosis model systems

(see review by Pandey and Khuller, 2006). Most of these studies

have used the polymer poly(lactic-co-glycolic acid) (PLGA),

while a few have used chitosan or alginate (Pandey and Khuller,

2004; Ul-Ain et al., 2003).

Among the most striking results in the field of TB are data

directly comparing conventionally administered anti-M.tb

antibiotics (via the oral or lung-inhalation routes) with the

PLGA-enclosed antibiotics. In guinea pigs, for example, 46 daily

doses of free antibiotics were required to clear the animals of

infection. In contrast, only 3–5 doses of NP-enclosed antibiotics

were needed for complete therapy. The blood levels of

rifampicin, isoniazid and pyrazinamide in infected guinea pigs

remained significant for only a few hours after conventional drug

treatment. In contrast, with NP-based treatment the antibiotics

remained in the circulation at concentrations above the

minimum-inhibitory concentration needed to kill M.tb for over

a week (Pandey et al., 2003; Sharma et al., 2004b).

Although there are convincing therapeutic data against M.tb in

macrophages with both sub-500 nm NPs containing anti-

mycobacterial drugs (Muttil et al., 2007; Sharma et al., 2004a)

and .1000 nm MPs (Muttil et al., 2007; Yoshida et al., 2006) it

is generally accepted that in vivo the smaller NPs are more

efficient at crossing epithelial barriers non-invasively, for

example after lung inhalation or oral administration (Hussain

et al., 2001). We therefore put great effort in producing uniform-

sized NPs where the bulk of particles were below 400 nm.

Here, we focused on the mechanisms by which PLGA

rifampicin NPs interacted with primary macrophages infected

with M. bovis BCG. This well-characterized mycobacterium has

been extensively used for anti-TB vaccination. BCG behave like

M.tb in that, after entry into macrophages they remain inside

phagosomes whose maturation is blocked at an early stage –

before the hydrolytic phago-lysosome stage (Rohde et al., 2007).

However, in contrast to M.tb, which multiplies in these cells,

BCG neither grows, nor is significantly killed by the

macrophages (Jordao et al., 2008).

A number of studies have addressed the interactions of

rifampicin PLGA MPs or NPs with primary macrophages, or

macrophage cell lines infected with mycobacteria, including M.tb

(Anisimova et al., 2000; Barrow et al., 1998; Hirota et al., 2010;

Makino et al., 2004; Quenelle et al., 2001; Sharma et al., 2001;

Yoshida et al., 2006). Other antibiotics, such as moxifloxacin,

combined with other polymers (polybutyl-cyanoacrylate, PBCA),

have also been successfully used for NP-based therapy of M.tb in

macrophages (Kisich et al., 2007). Crucially, after MPs are given

to macrophages the intracellular concentration of the antibiotic

in macrophages can be up to 25-fold enriched compared to

that outside these cells. Similarly, when compared to the

administration of free rifampicin, the particle approach also can

give up to a 20-fold higher concentration in the macrophages

(Anisimova et al., 2000; Hirota et al., 2010; Makino et al., 2004;

Sharma et al., 2007; Sharma et al., 2001). Overall, the NPs/MPs

approach leads to a more effective therapy at the in vitro cell

level, in agreement with the mammalian animal model studies
cited above.

A few of these cell-level studies have also encapsulated a
fluorescent dye (without antibiotics) inside PLGA or other
polymer particles, in order to follow their localization in cells
(Jain et al., 2010; Kisich et al., 2007; Onoshita et al., 2010). The
Kisich et al. study (Kisich et al., 2007) infected macrophages
with Oregon Green surface-labeled M.tb and additionally
internalized rhodamine-labeled polybutyl-cyanoacrylate PBCA
particles. It was reported that there was no visible colocalization
of NPs and bacteria. In the paper by (Onoshita et al., 2010),
between 80 and 90% of the PLGA MPs enclosing the green
fluorescent dye coumarin-6, colocalized with vesicles labeled
with the low pH vital dye LysoTracker Red for at least 7 days in a
rat alveolar macrophage cell line. It is agreed in the field that
only a small fraction of M.tb (and BCG) are found in
LysoTracker-positive late endosomes and lysosomes (simplified
in the rest of this paper collectively as ‘lysosomes’) in
macrophages (Jordao et al., 2008). These data collectively
suggest that while the M.tb can stay in an arrested early
phagosome that has a pH of around 6.2 (Rohde et al., 2007), the
subsequently phagocytosed MPs can traffic to the phago-
lysosome compartment, where the polymer is slowly degraded.

The above scenario is, however, at odds with the widely cited
papers of Panyam et al. (Panyam et al., 2003; Panyam et al.,
2002) and (Panyam and Labhasetwar, 2003a; Panyam and
Labhasetwar, 2003b) who claimed that PLGA NPs are able to
exit rapidly – within minutes – from endocytic/phagocytic
compartments of a human smooth muscle cell line (see for
example Danhier et al., 2012 that accepts this scenario as an
established fact). Other publications have come to the same
conclusion that the intact PLGA NPs/MPs ‘escape’ from the
endocytic pathway to the cytoplasm in different cell types,
including macrophages (Gomes et al., 2006), HeLa cells (Cheng
et al., 2008), dendritic cells and B-cells (Shen et al., 2006), and
epithelial cells (Cartiera et al., 2009). These studies relied on
light microscopy immunofluorescence analyses and another EM
study reached the same conclusion (Mathiowitz et al., 1997). In
contrast, (Schliehe et al., 2011) concluded that in dendritic cells,
PLGA MPs remained in phago-lysosomes for many days. Given
these contradictory results we wanted to establish more
definitively here whether or not PLGA NPs of different sizes
remain long-term in membrane-enclosed phagocytic/endocytic
compartments, or whether they are able to disrupt the enclosing
membrane and escape into the cytoplasm.

Here, we developed a method to encapsulate either rifampicin
or coumarin-6 in PLGA NPs. We subsequently carried out a
detailed light microscopy and immuno-EM analysis of the
localization of the green NPs and red BCG in both mouse bone
macrophages and the RAW mouse macrophage cell line. Our
results show unequivocally that the BCG bacteria indeed do not
colocalize with the subsequently administered PLGA NPs. The
vast majority of the NPs were in phago-lysosomes. Finally,
provided we encapsulated sufficient rifampicin, the NPs were
able to effectively clear the macrophages of the BCG, as shown
by estimation of colony forming units.

Results

Fabrication and characterization of PLGA nanoparticles

Two different methods of preparation were used to produce NPs
of different size ranges, as monitored by negative staining TEM,
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fluorescence microscopy, and scanning EM (Fig. 1); the surface

of the particles were relatively smooth, as seen by SEM

(Fig. 1E,F) and by cryo-TEM (supplementary material Fig. S1).

When the NPs were prepared by the standard method (method A;

see Materials and Methods) they exhibited a size distribution

ranging from 50 nm up to 2 mm, as seen in Fig. 1A,C,E.

However, when NPs were prepared using selective centrifugation

(method B; Fig. 1B,D,F) they exhibited a much narrower size

distribution range, predominantly between 50 nm and 400 nm.

However, a price to pay for this improved size distribution was a

significantly lower yield of NPs, relative to the standard method.

We, therefore, only used these NPs for a few selected

experiments (indicated below).

NPs required for slow drug release were prepared by carefully

controlling the evaporation rate of dichloromethane (DCM), a

highly volatile solvent (see Materials and Methods). Using this

controlled evaporation method we managed to obtain NPs with

more than 30% drug encapsulation.

We initially put great effort in co-encapsulating both

detectable levels of coumarin-6 and high concentration of

rifampicin in the same PLGA NPs. However, when the

coumarin-6 dye was also included in the NPs, this significantly

reduced the amount of encapsulated rifampicin, probably due to a

competition between the two molecules during the evaporation of

the solvent. We managed, at best to achieve around 10% loading

of rifampicin, that was too low for the therapy experiments (see

Fig. 1. Microscopy of nanoparticles. (A–F) Images obtained using TEM (A,B), confocal microscopy (C,D) and SEM (E,F). A, C and E show NPs made with the

standard preparation method. B, D and F show the NPs prepared after selective centrifugation.

PLGA rifampicin nanoparticles for BCG therapy 3045
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below) (Results not shown). We therefore used separate types of

NPs for the coumarin-6 and the rifampicin for the rest of this
study.

Table 1 summarizes the data on a selection of NPs with respect

to rifampicin and coumarin-6 loading, size and b-values (giving
information about the particle size distribution) determined from

dynamic light scattering and zeta potential. More details about
the analyses of the DLS data have been given previously
(Kjøniksen et al., 1999). These results confirm that the NPs are

slightly negatively charged (under conditions of 0.15 M NaCl)
and are uniform in size distribution.

In one experiment we estimated the in vitro release of
rifampicin from NPs loaded (at 33.5%) with rifampicin that was
incubated either with HEPES buffer pH 7.4 or acetate buffer

pH 4 (to simulate conditions in lysosomes). We observed a rapid
release in the first day (at pH 7.4) and a slower release
subsequently until the experiment was terminated after 12 days

(supplementary material Fig. S2). A slightly slower release was
seen at pH 4. However, as pointed out by Makino et al.

rifampicin is less soluble at pH 4 than at pH 7 (Makino, 2004).
Our results are essentially identical to figure 2 in the study of
Onoshita and co-workers using PLGA-rifampicin NPs (Onoshita,

2010).

BCG and NP co-incubation in macrophages

We initially investigated the uptake of the PLGA NPs containing
coumarin-6 into the RAW mouse macrophage cell line, both

with and without infection with DS-Red BCG. Due to the rapid
cell division of the RAW macrophage cell line, only a small
fraction of cells were found to contain NPs or BCG bacteria after

7–9 days. Although we still used RAW cells for specific
experiments (up to 3 days), for most of the subsequent studies
we used mouse bone marrow-derived primary macrophages

(BMDM). At 6–7 days after isolation these cells do not divide
significantly; this allowed us to carry out infection/NP studies for

a further 12–15 days.

The uptake of PLGA-NPs was followed in primary
macrophages that were first infected with BCG. For this, the

macrophages were incubated for 3 hours with DS-Red BCG, at a
concentration that gave us, on average 1–10 bacteria/cell, as
determined by fluorescence microscopy (Fig. 2). After a chase

period without bacteria, three different concentrations (25, 50 and
100 mg/ml) of the PLGA NPs containing coumarin-6 were added

for a further 3 hours before washing with PBS. These cells were
kept in culture for a further 12–15 days.

As shown in Fig. 2A,B, at all times after infection we found

that bacteria and NPs are taken up by the same cells, but
essentially none of the red bacteria colocalized with the green

NPs under all conditions, irrespective of bead size. The same

result was obtained with GFP-BCG, in combination with

rhodamine-labeled PLGA NPs (results not shown).

NPs are targeted to a low pH, protease-rich

phago-lysosome compartment

After infection with BCG or M.tb, the vast majority of the

bacteria reside in an arrested early phagosome stage (e.g (Jordao

et al., 2008)). We confirmed this using LysoTracker Red dye that

accumulates in intracellular compartments with a pH lower than

around 5.5; the vast majority of BCG bacteria were found in

LysoTracker-negative compartments (Fig. 2C–E).

We asked whether the NPs enclosing coumarin-6, that were

added to cells after infection with BCG, could bypass the arrested

BCG early phagosome compartment and be delivered to a late

endocytic compartment. Since most of the NPs prepared

according to the standard method are larger than the expected

minimum size (200 nm) considered necessary for the process of

phagocytosis (Desjardins and Griffiths, 2003) we assume that the

NPs are mainly entering the macrophage by phagocytosis;

however, this issue was not addressed further.

Table 1. Physical and chemical characteristics of selected batches of NPs

Batch Preparation NP loading* Size{ (nm) b-value{ Z-potential (mV)

1 Standard method N.D. 11862 0.97 24.2860.3
2 Selective centrifugation Coumarin-6 (1%) 31663 0.96 N.D.
3 Standard method Rifampicin (31%) 22865 0.94 23.1460.2
4 Standard method Rifampicin (1%) N.D. N.D. N.D.

The autocorrelation functions, g1(t), were fitted with the aid of a stretched exponential, g(1)5exp[2(t/tfe)
b], where tfe is an effective relaxation time and b

(0,b#1) is a measure of the width of the distribution of relaxation times. The high vales of b suggest narrow size distributions of the particles. All size
measurements were done after lyophilization. N.D., not determined.
*Loading is given as % by weight (w/w).
{As determined from DLS measurements.

Fig. 2. PLGA particles and BCG do not colocalize and BCG is not in

Lysotracker-Red-positive compartments. (A) Localization by fluorescence

micrscopy of PLGA NPs (green) and DS-Red BCG in primary macrophages

after 1-day internalization. (B) Higher magnification of a cell in A. (C–E) GFP

(green) BCG after 1-day internalization in cells labeled for LysoTracker Red:

overlap image (C); LysoTracker channel (D); GFP bacteria channel (E). Scale

bars: 10 mm (A,B); 5 mm (C,D).
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As shown in Fig. 3A and Table 2, all the intracellular NPs,
irrespective of size, consistently colocalized with LysoTracker,
after 1 day, and up to 7 days incubation, indicating that they
reside a long time in acidic phago-lysosomes.

Further evidence supporting the localization of the NP to
phago-lysosomes came with the use of DQ-Red-BSA (DQ) that
was allowed to enter cells by endocytosis. DQ-Red is a red
bodipy dye linked to a BSA as a protease substrate such that, in
the absence of hydrolysis, the fluorochrome self-quenches.
However, when the compound is exposed to proteases the
quenching is relieved, leading to a red fluorescence signal in
protease-positive organelles, presumed to be the lysosomes
(Molecular Probes data sheet). As shown in Fig. 3B the vast
majority of coumarin-6 NPs internalized into primary
macrophages colocalized with the red signal indicative of
protease activity; a quantitative estimate in these cells showed
that around 90% of the NPs colocalized with the dye (Table 2).
Similar results were seen in RAW macrophages (data not shown).

We also asked whether the compartment in which the
green NPs accumulates at steady state, is positive for the
late endosome/lysosome membrane marker LAMP 2, using
immunofluorescence microscopy. The majority of the NPs
labeled structures appeared to have LAMP 2 labeling on their
periphery; this was most evident with larger NPs (Fig. 3C). This
labeling was quantified more precisely by immuno-EM (below).

Breakdown of PLGA NPs

PLGA particles are known to be degraded slowly over many days
or even weeks in water via hydrolysis of their ester linkages
(Makadia and Siegel, 2011). We conducted a set of experiments
to follow the rate of loss of the coumarin-6 fluorescent signal
from the PLGA-coumarin-6 NPs (without rifampicin) in primary
macrophages. The NPs were internalized into the cells for
3 hours and then washed and chased for up to 13 days. The cells
were imaged by confocal microscopy using identical imaging
settings for all time points. The first image (day 0) was taken
3 hours after addition of the particles and subsequently we took
images at selected time-points up to 13 days. As shown in Fig. 4,
the average grey value [total fluorescence divided by the number
of cells (number of nuclei)] decreased gradually over the time
period, with only hints of a signal in NPs remaining at the final
time point panel. A quantification of the imaging data are shown
in Fig. 4, lower right panel. The fluorescence intensity decreases
exponentially with time until it is close to background noise at
day 13 [decay lifetime from fit: 4.2 days (fit-error 0.13 days)]. In
separate measurements of the same set of images, we measured
the mean fluorescence of the cytoplasm (i.e. areas in the cell not
containing NPs). This signal was also lost exponentially with
lifetime 6.3 days (fit-error 1.8 days) (supplementary material
Fig. S3). The simplest interpretation of these results is that the
NPs in phago-lysosomes are gradually hydrolyzed, releasing the

Fig. 3. PLGA particles are in phago-lysosmal compartments in primary macrophages. (A) Colocalization of NP (green) and LysoTracker Red in the same

vesicles in live-cell primary macrophages after 1 day of NP internalization. (B) Colocalization of NPs (green) with DQ-Red BSA staining in live-cell primary

macrophages after 1 day of NP internalization. The arrowhead indicates one NP that does not colocalize with the DQ. (C) Immunofluorescence labeling for

LAMP-2 (red) in fixed cells after 1 day of green NP internalization; the label is concentrated around a large PLGA particle. Scale bars: 5 mm.

PLGA rifampicin nanoparticles for BCG therapy 3047
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coumarin-6 that then diffuses into the cytoplasm and in a further

step, out of the cells.

EM analysis of PLGA NPs in macrophages

We next used EM to further substantiate the results from the light

microscopy on the intracellular location of NPs. We initially used

conventional epoxy resin embedding but found (unsurprisingly)

that the solvents used for dehydration completely dissolved the

PLGA NPs; and holes in the sections, suggestive of extracted

NPs were observed. The use of a shorter protocol involving

microwave embedding did not improve the situation (results not

shown).

We therefore focused on the use of the Tokuyasu thawed cryo-

section method (Griffiths et al., 1993) that avoids the use of

chemical solvents. This method also has the advantage that the

sections, after thawing, can be immunogold labeled. In one set

of experiments, PLGA NPs were internalized into primary

macrophages for up to 5 days. We then took advantage of the use

of two different-sized gold particles to differentially label early

and late endocytic organelles in living cells after the uptake of the

PLGA NPs. For this, 15 nm diameter gold-BSA particles were

internalized into primary macrophages for 2 hours and followed

by a 3 hours chase; under this condition the gold accumulates in

lysosomes. Subsequently, the cells were incubated with a high

concentration of 5 nm gold-BSA for 5–7 minutes to label

(predominantly) early endocytic organelles (Griffiths et al.,

1989). Thawed cryo-sections were prepared and labeled with

an antibody against LAMP 2 and identified via rabbit anti-mouse

followed by 10 nm protein A gold in a three-step labeling

procedure. In these sections the localization of PLGA NPs

was related to the two markers for lysosomes (15 nm and 10 nm

gold) and to the marker for early endosomes (5 nm gold)

(Fig. 5A,C,E).

Fig. 5A shows one example from a cell that internalized a

PLGA particle whose surrounding membrane is labeled for

LAMP 2. In Fig. 5C, from cells with the internalized 15 nm gold

particles, both this luminal marker (arrows) and the membrane

marker LAMP 2 labeling (arrowheads) were found on the

periphery of the PLGA particle. The fluid phase luminal marker

of early endosomes (5 nm gold) was clearly separate from the

fluid phase luminal marker of lysosomes (15 nm gold) (results

not shown; see Fig. 5E, inset). In Fig. 5E also the small PLGA

NPs prepared by the selective centrifugation procedure were

observed to colocalize with both the 10-nm gold membrane

marker (LAMP 2) and the fluid phase luminal marker of

lysosomes (15 nm gold). A quantitative analysis indicated that

93% of the NPs in the cells were positive for either LAMP2 or

the internalized15 nm gold-BSA (Table 2).

In another set of experiments we related the localization of the

PLGA NPs to BCG bacteria (Fig. 5B,D,F). Bacteria were

internalized for 3 hours followed by a chase period of 3 hours

and, subsequently, the PLGA NPs were internalized for 1 hour

followed by a 2-hour chase. Finally, the 15 nm gold BSA was

internalized for 2 hours followed by a further 24-hour chase. The

Fig. 4. Loss of coumarin-6 fluorescence from PLGA particles. NPs were internalized for 3 hours, after which confocal images were taken (same imaging

settings for all days). Day 0 is 3 hours after adding NPs. After incubating in primary macrophages for 3, 7, 10 and 13 days, new images were recorded. The graph

shows quantification of the average fluorescence intensity per cell, i.e. the sum of gray values of all pixels in the image divided by the number of nuclei. The error

bars indicate s.e.m. The solid line is the exponential decay fit of the data (fitted lifetime 4.2 days). Scale bar: 50 mm.

Journal of Cell Science 126 (14)3048
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15 nm gold strongly colocalized with the PLGA NPs (Fig. 5B,F),

and both the NPs and the 15 nm gold were clearly distinct from the

BCG bacteria (Fig. 5D,F). This result is consistent with the results

from the confocal microscopy data (Fig. 2) and it confirms that the

PLGA particles are in lysosomes, while the BCG remains

segregated into a phagosomal compartment that is inaccessible

to lysosomal markers (Fig. 5D,F).

Therapeutic effects of PLGA-rifampicin NPs against BCG

in primary macrophages

The final question was to establish whether the NPs that we
fabricated enclosing rifampicin had a therapeutic effect against
BCG in primary macrophages.

In preliminary experiments we compared three concentrations
of PLGA (25, 50 and 100 mg/ml) having varying amounts of

Fig. 5. Localization of PLGA particles and BCG bacteria relative to endosome and lysosomal markers using immuno-EM. (A,C,E) PLGA particles in

primary macrophages without bacteria. (B,D,F) PLGA particles from primary macrophages with both NPs and BCG. The endocytic markers used were: 5 nm gold

for early endosomal compartment;15 nm gold that was internalized into lysosomes (arrows); and, only on the cells without BCG (A,C,E), 10 nm gold labeling for

LAMP 2 (arrowheads) (LAMP 2 labeling could not be done on BCG infected cells because the antibodies cross-react with the bacteria). The NPs were prepared by

the standard method, except for E (selective centrifugation). (A) LAMP 2 labeling is apparent on the membrane around the PLGA particle. (C) Both LAMP 2 and

15 nm gold markers are present. (E) Thick arrow indicates a small NP in a vesicle labeled for 15 nm gold and LAMP 2. The inset shows an early endosome from

the same preparation that is labeled with the 5 nm gold (early endosome). In the BCG infected cells, the NPs colocalize with 15 nm gold (B,F) while the BCG

compartments exclude this marker (D,F).

PLGA rifampicin nanoparticles for BCG therapy 3049
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rifampicin, as well as NPs without the antibiotic. There were

variable effects of the highest concentrations of PLGA, with

some, but not all, batches showing high toxicity – with many

cells coming off the dishes – suggesting cell death (Results not

shown). For the remaining experiments we focused on using 25

and 50 mg/ml PLGA. Fig. 6A shows an experiment in which

PLGA NPs encapsulating only 1% rifampicin loading showed

little effect on the CFU levels over 15 days, relative to the

untreated, infected controls or infected cells treated with NPs

lacking the antibiotic. In contrast, NPs having a 31% rifampicin

loading led to a total killing of the BCG by 15 days post-

infection, with the 50 mg/ml showing a faster rate of killing than

the 25 mg/ml NPs (Fig. 6A). Fig. 6B shows the average results

from three separate experiments with two different batches of

PLGA NPs, having either no rifampicin or loaded at 31% with

the antibiotic.

Fig. 6C shows an experiment in which the NPs loaded with

rifampicin (at 50 mg/ml) were compared in the same experiment

with freely administered rifampicin at 25 or 50 mg/ml, under two

conditions: First, the cells were exposed to the antibiotic for only

3 hours, the same time as the exposure of the cells to the NPs.

Under this condition therapy is evident, although it is less

effective than the NPs. When the antibiotic was left on the cells

continuously it was able to clear most of the infection by 1 day

and completely by 6 days. It should be noted that it is unlikely

that macrophages in the body could maintain such a continuously

high concentration of rifampicin. Moreover, since only about one

third of the weight of the NPs is antibiotic, the concentration of

the free rifampicin used for the treatment is 1.5 times higher for

the 25 mg/ml and 3 times higher for the 50 mg/ml.

These experiments show convincingly that, provided there is a

sufficient load of antibiotic in the NPs, one dose of these particles

releases sufficient rifampicin in the macrophages to completely

kill the mycobacteria.

Discussion

At the outset of this study we had two major goals. The first was

to resolve the controversial question of whether after uptake into

cells the intact NPs escape into the cytoplasm from the

phagocytic compartment, or alternatively if they remained in a

membrane-enclosed compartment. The second goal was to

produce NPs that are able to kill BCG with great efficacy in

infected macrophages. In order to achieve these goals we made

PLGA NPs containing either coumarin-6 or rifampicin. We

managed to fabricate NPs enclosing sufficient coumarin-6 to

make the particles fluorescent and up to 10% loading of
rifampicin; however this concentration of antibiotic was too
low to achieve sufficient killing of BCG. So for the rest of the
study we used coumatin-6 NPs for the light microscopy
localization analyses and, separately, we focused on achieving
sufficient rifampicin by itself in PLGA NPs.

The localization of PLGA NPs has been disputed widely in the
literature in the past 10 years (see Introduction). In order to clarify
this issue we decided to use a combination of different techniques
to achieve a better understanding of where PLGA NPs reside. Our
study shows unequivocally that in our system PLGA nanoparticles,
irrespective of size, once internalized by primary and RAW
macrophages, remain for at least one week in phago-lysosomes.
Using confocal microscopy we found that NPs colocalize with
LysoTracker Red, DQ-Red BSA and LAMP-2. A further
confirmation came from electron microscopy where 93% of NPs
colocalized with lysosomal, but not early endosomal markers.

Once we evaluated NP localization in macrophages we were
interested in understanding whether this would change in the
presence of BCG bacteria. Our data show that when either mouse
primary macrophages or RAW cells were infected with red BCG
and allowed to internalize the coumarin-6 green-labeled particles,
there was no evident colocalization between the bacteria and the
PLGA particles. This result is in agreement with the conclusions
made by (Kisich et al., 2007), but at odds with the findings of (de
Faria et al., 2012) who concluded that PLGA NPs enclosing an
isoniazid derivative directly interacts with the BCG phagosomes in
macrophages. Earlier studies had established that BCG, like M.tb,
resides in an arrested early phagosome stage, with only a small
fraction of phagosomes acquiring markers of lysosomes. In contrast,
the NPs added to the cells after the bacteria, bypass the bacterial
compartments and transport more distally into the macrophages into
a low pH, hydrolase-rich, late phago-lysosome stage.

Collectively, our data support the conclusions of (Schliehe
et al., 2011) who found that larger PLGA MPs remained in
LAMP 1-positive lysosomes in dendritic cells and macrophages
for at least two days after phagocytosis. They provided indirect
evidence that ovalbumin encapsulated in the MPs was able to
enter the cytoplasm of these cells and could activate the
endoplasmic reticulum based MHC-1 pathway of antigen
presentation to CD8+ T cells (‘cross-presentation’). Many other
groups had shown similar cross-presentation data from
encapsulated protein antigens, or DNA in PLGA NPs or MPs
(Audran et al., 2003; Nixon et al., 1996; Partidos et al., 1999).
From such data it had been concluded by many that, rather than
the antigen, it is the intact PLGA particles that lyse the
phagosomal/endosomal membrane and subsequently release the
antigen into the cytoplasm (Shen et al., 2006). Such an
interpretation would be in agreement with the papers by
Panyam and collaborators, who saw accumulation of coumarin-
6 from NPs in the cytoplasm (Panyam et al., 2002). Even though
our data disagree fundamentally with that interpretation, at least
in mouse primary, and RAW macrophages, the issue of how
peptide antigens, or encapsulated DNA cross the membranes of
the compartments in the endocytic pathway remains an open
question. We assume that hydrophobic, uncharged molecules
such as coumarin-6 and rifampicin easily cross membranes by
diffusion and this would explain how sufficient antibiotic is able
to cross two membranes. The first is the phago-lysosome
membrane enclosing the NP (phagosome to cytoplasm) and the
second is the membrane of the phagosome enclosing the BCG

Table 2. NP colocalization with LysoTracker Red and DQ-

Red

Day
Lysotracker Red +

PLGA Coumarin-6 (%)
DQ-Red + PLGA
Coumarin-6 (%)

EM
lysosomes (%)

1 100 90.361.9 93
4 100 90.262.1 N.D.
7 100 92.261.3 N.D.

Values indicate the percentage of NPs colocalized with LysoTracker Red
and DQ-Red in primary macrophages after 1, 4 and 7 days of incubation,
using fluorescence microscopy, and the percentage of NPs in LAMP2-
positive compartments after 1 day by immuno-EM. Results represent
means 6 s.d. of 200 NPs from three independent experiments. N.D., not
determined.
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(cytoplasm to phagosome), as suggested by (Hirota et al., 2010).

The experiment in Fig. 4 and supplementary material Fig. S3 is

consistent with the first part of this hypothesis (phagosome to

cytoplasm).

One relevant issue of this finding from the point of view of

therapy, is that the compartment where the rifampicin is released

is spatially separated from the compartment where the

mycobacteria are localized. It seems logical to ask whether the

therapy would be more efficient if the NPs could be selectively

targeted to the mycobacterial phagosome by the addition of NPs

surface ligands, such as mannose or IgG, that bind to specific

receptors on the macrophage plasma membrane. In one study

enhanced therapy against M.tb in the guinea pig system was seen

with PLGA NPs conjugated with the lectin wheat germ

agglutinin, relative to unconjugated NPs, after both oral and

aerosol administration (Sharma et al., 2004b). Whether the lectin

facilitated NPs crossing epithelial barriers, or uptake into

macrophages, or both, remains to be elucidated.

Provided sufficient rifampicin was loaded into our PLGA NPs,

we consistently found that a single dose given after infection

could efficiently kill all detectable BCG in primary macrophages

within 8–12 days, as determined by CFU analysis (Fig. 6).

However, preparations with 1–5% rifampicin encapsulation in

NPs led to insignificant killing (Fig. 6A; data not shown). The

Fig. 6. Effects of PLGA-rifampicin in killing BCG

in primary macrophages. Experiments in which

primary macrophages were infected with BCG either

without further treatment (BCG) or treated with

different batches of PLGA NPs (with either 1% or

31% rifampicin loading) at either 25 or 50 mg/ml.

(A,B) In (A) are shown results of two independent

measurements of CFU. (B) The mean 6 s.d of three

independent experiments are shown. (C) The effect of

rifampicin NPs (3 hour treatment) is compared directly

with that of free rifampicin (25 or 50 mg/ml) given for

either 3 hours only or continuously on the cells for the

whole experiment (with fresh antibiotic added every

3 days).
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efficiency of BCG killing (100%) that we saw with NPs having a

loading efficiency of 31% rifampicin exceeded the efficiency

observed in earlier studies in the rat alveolar macrophage cell line

(NR8383) after 7 days (Hirota et al., 2010) or 14 days infection

(Yoshida et al., 2006). As shown in Fig. 6C when free rifampicin

was administered for the same time as the rifampicin NPs it was

less effective than the NPs. This agrees with many earlier studies

with both BCG and M.tb in macrophages (Barrow et al., 1998;

Hirota et al., 2010; Kisich et al., 2007; Quenelle et al., 2001;

Yoshida et al., 2006) and in many mammalian models of M.tb

(Griffiths et al., 2010).

In summary, our PLGA NPs encapsulating rifampicin and

coumarin-6, given as a single 3 hours dose after infection with

BCG, remains inside phago-lysosomes separated from the BCG

phagosomes and when PLGA-rifampicin is used, sufficient

antibiotic is released into the infected cell cytoplasm over a 12

day period to efficiently clear the infection.

Materials and Methods
Chemicals

PLGA, poly(D,L-lactide-co-glycolide), 50:50 RESOMERH RG 502 was bought
from Evonik Röhm Gmbh, Polyvinyl alcohol (PVA) 86–89% (molecular weight
57,000–66,000) was bought from Alfa Aesar. Rifampicin was bought from Sigma
and Coumarin-6 from Aldrich. Lysotracker Red DND 99 and DQ-Red BSA was
purchased from Molecular probes. Recombinant mouse macrophage colony
stimulating factor (rm M-CSF) was bought from Immunotools GmbH Germany.
Rat anti mouse LAMP2 was purchased from Iowa Hybridoma bank. Rabbit anti
mouse conjugated to Alexa 594 was bought from Molecular probes. Rat anti
mouse CD 14 was from BD biosciences.

Nanoparticle preparation

Method A: Standard oil in water emulsion
To encapsulate rifampicin, an oil-in-water emulsion (O/W) using the solvent
evaporation method was used as our standard procedure to prepare rifampicin loaded
nanoparticles. Rifampicin (100 mg) and PLGA (100 mg) were dissolved in 10 ml
dichloromethane, with or without 0.2 mg of coumarin-6 and stirred overnight at
room temperature. For the water phase 200 mg of PVAwas dissolved in 20 ml water
(pre-filtered using a 0.2 mm filter) with heating to 90 degrees for 1 hour and stirring
vigorously with a magnetic stirrer overnight at room temperature. The two solutions
were mixed and tip-sonicated (Sonics, Vibracell) for 3 minutes to obtain the primary
emulsion. Subsequently, the emulsion was put in a flask and kept stirring, allowing
complete evaporation of the DCMwithin 10–14 hours. For this, a piece of aluminum
foil was applied on the top of the flask and punctured with a hole of about 0.5 cm
diameter. Once the evaporation step was completed, NPs were washed twice with
water and collected via centrifugation at 8000 r.p.m. for 20 minutes using a
Beckman coulter 32 Ti rotor. Subsequently, they were re-suspended in a 0.5%
mannitol solution (Ohashi et al., 2009), freeze-dried for 2 days and stored at 4 C̊.

Method B: Small uniform beads using selective centrifugation
In order to obtain smaller, more uniform nanoparticles than the standard method
(above) we used the method described by (Gaumet et al., 2007). After evaporation
the NPs were washed twice with water and, after re-suspension, they were
selectively centrifuged using different relative centrifuge forces (RCF). For this, we
used a Beckman L-80 Ultracentrifuge and a rotor Beckman coulter SW 32 Ti. First
we applied a RCF of 167, then one of 4000 and finally one of 30,000, in each case for
120 minutes. NPs collected at 30,000 RCF were freeze-dried (as above) and
evaluated for size using transmission electron microscopy (TEM) and scanning
electron microscopy (SEM).

In vitro rifampicin release from NPs

Rifampicin loaded NPs (1 mg/ml) were incubated at 37 C̊ in HEPES buffer
(100 mM pH 7,4) or acetate buffer (pH 4). The amount of rifampicin was estimated
every day for 12 days by spectrophotometry at 475 nm. At each time point NPs were
pelleted by centrifugation (13,000 g for 5 minutes) and the all of the supernatant was
removed and measured, then fresh buffer was added to the NPs.

Nanoparticle microscopy

Negative staining TEM
1 mg of dried NPs was dissolved in MQ water and subsequently bath-sonicated for
1 minute. The material was negatively stained with 3% uranyl acetate (in H2O)
and imaged at 80 kV using a Philips CM200 TEM.

SEM
The NPs in the form of dried powder was mounted on the specimen stab and
coated with a thin film of gold via sputtering. The samples were analyzed with a
Hitachi S-4800 SEM.

Cryo-TEM
The samples were prepared by placing 5 ml nanobead dispersion on copper grids
having a holey carbon film and blotted with filter paper. The grids were vitrified in
liquid ethane. A Gatan cryo-holder was used to transfer grids into the Philips
CM200 EM. The images were recorded digitally with a CCD camera under low
electron dose conditions.

Fluorescence microscopy
1 ml of the NP suspension was placed on a glass slide, covered with a coverslip and
subsequently analyzed at 1006 on a Leica DM IRBE fluorescence microscope.

Zeta potential measurements

Zeta potential experiments were conducted with the aid of a Zeta-sizer Nano ZS,
MAL1049741 (Malvern instruments Ltd, U.K) in automatic mode. Plastic
cuvettes and the dip cell type 1 including palladium electrodes with 2 mm
spacing were used. The values of the electrophoretic mobility of the
nanoparticles in the suspension were converted to zeta potential values. The
measurements were carried out at 25 C̊ in 0.15 M NaCl to mimic physiological
conditions.

Dynamic light scattering

NPs were suspended in pure milli-MQ water and filtered in an atmosphere of
filtered air through a 5 mm filter (Millipore) directly into pre-cleaned 10 mm NMR
tubes. The experiments were performed at 25 C̊ by means of an ALV/CGS-8F
multi-detector version compact goniometer system, with eight fiber-optical
detection units (ALV-GmbH, Langen, Germany). The intensity correlation
function was measured at eight scattering angles simultaneously in the range
22–14˚with four ALV5000/E digital correlators.

HPLC-UV

Samples (1–2 mg) were dissolved in 1 ml acetonitrile (ACN HiPerSolv
Chromanorm, VWR, Radnor, PE, US) with Ultra sonication for 10 minutes. The
samples were centrifuged (13,000 g, 1 minute) and 0.5 ml of the supernatant was
injected by an Agilent 1200 series GL1377A micro WPS auto sampler. When
necessary, the samples were diluted ten times before injection. Rifampicin and
coumarin-6 were separated with an ACE3 C18 column (15060.3 mm inner
diameter; Advanced Chromatography Technologies, Aberdeen, UK). An Agilent
1100 series GL1378 pump (Agilent technologies, Palo Alto, CA, USA) was used to
deliver a mobile phase consisting of ACN/Type 1 water/formic acid (75/24.9/0.1,
v/v/v%). The analytes were detected using an Agilent 1200 series GL1365D MWD
detector (254 nm).

Bacterial culture

M. bovis BCG-DS Red were grown on Middlebrook’s 7H9 broth medium (Difco)
supplemented with 10% OADC (V/V), glycerol 0.02% and 0.05% of Tween 80 v/v
until exponential phase at 37 C̊ incubator without agitation. For some experiments
we also used GFP-BCG.

Raw 264.7 macrophage culture

The mouse macrophage cell line was cultured in RPMI 1640 supplemented with
10% FCS, 1% penicillin/streptomycin and glutamine (25 mM). For plating, the
cells were washed twice with PBS, scraped with cell scraper and incubated in 5%
CO2 incubator at 37 C̊.

Bone marrow-derived macrophage isolation and culture

Experiments were performed with 6- to 8-week-old C57BL/6 male or female
mice from the University of Oslo (IBV) animal facility. All animal experiments
were performed according to the relevant regulatory standards. Mice were killed
by cervical dislocation and the femur and tibia bones were dissected. The bones
were trimmed at both ends and the marrow was flushed out with 5 ml of RPMI
containing 10% FCS using a 25-gauge needle. The cell suspension was
centrifuged for 5 minutes at 1500 g and the pellet was gently re-suspended in
RPMI supplemented with 10% FCS, 1% penicillin/streptomycin, glutamine
25 mM, and M-CSF 40 ng/ml and plated into Petri dishes. After 3 days, 50% of
the medium was changed, the cells were incubated for 2 days and then washed
with 1% FCS in PBS, and again incubated for another day. At this point, more
than 95% of cells were routinely positive for the macrophage surface marker
CD14, as assessed by immunofluorescence microscopy. Cells were scraped and
plated in 12-well plates at a density of 56105 cells/ml and incubated over night
before infection.
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Primary macrophages infected with M. bovis DS-Red BCG and treated with

PLGA nanobeads

Primary macrophages were seeded in 12-well plates at a density of 56105 cells per
0.5 ml per well and incubated overnight in a 5% CO2 incubator. DS-Red BCG
were pelleted in the exponential grown phase, washed twice in PBS pH 7.4, and re-
suspended in serum-free RPMI medium to a final concentration of 5–86109 cells/
ml. A 10-minute pulse in a water-bath sonicator was followed by passage through a
23-gauge needle to disrupt bacterial clumps. Before infection, residual bacterial
aggregates were removed by low-speed centrifugation (120 g) for 2 minutes.
Single-bacteria suspension was verified by fluorescence microscopy. Infection
proceeded with BCG in the ratio of 1:10 bacteria per macrophage, to achieve about
1–10 bacteria inside macrophages after 3 hours uptake. The cells were washed
twice with PBS to remove extracellular bacteria. After a 2-hour chase in medium
without bacteria, PLGA NPs were added to the cells at 25 mg, 50 mg and (in initial
experiments only) 100 mg to each well – a total volume of 1 ml per well. After
3 hours of incubation, cells were washed with PBS to remove extracellular
particles. After specified time periods macrophages were lysed using distilled
water containing 0.005% SDS. Serial dilutions of the lysates were prepared in PBS
and plated on Middlebrook 7H10 medium supplemented agar with OADC. After
about 2–3 weeks of incubation at 37 C̊, colonies were counted.

Free rifampicin was administered from a stock solution (10 mg/ml in 20%
DMSO in water.) This was dissolved in RPMI medium to give a final
concentration of 25 or 50 mg/ml and administered either as one 3-hour dose or
continuously for the whole experiment, with the antibiotic being replaced freshly
every 3 days.

Localization of biodegradable PLGA nanobeads in live-cell primary and

RAW macrophage using LysoTracker Red and DQ-Red BSA

LysoTracker Red DND 99 was diluted with RPMI imaging medium to a 1:2000
dilution ratio to give 75 nM final concentration. This was added to the PLGA
coumarin-6, with or without rifampicin-treated macrophages and incubated for
5 minutes in a 37 C̊ 5% CO2 incubator before washing with RPMI medium. Then
the cells were imaged live without fixing, using an inverted Olympus IX81 FV1000
confocal microscope. The same procedure was followed when using DQ-Red BSA
staining (10 mg/ml) for RAW cells and 20 mg/ml for primary macrophages. The DQ-
Red BSA was incubated with the live cells for 30 minutes at 37 C̊.

Quantification of coumarin-6 fluorescence loss from NPs in primary

macrophages

NPs containing coumarin-6 were internalized for 3 hours into primary macrophages
(without bacteria). After washing the cells to remove external NPs the cells were
incubated for a further 13 days. At selected times, the cells were fixed in
paraformaldehyde (as above) and imaged using confocal microscopy (Olympus
Fluoview-1000, 406objective), using identical imaging settings for each time point.
The total fluorescence signal per image (sum of gray values of all pixels) was
divided by the number of cell nuclei, to give the average fluorescent signal per cell.
In addition, the fluorescence intensity of coumarin-6 in the cytoplasm (i.e. areas in
the cell free from NPs) was determined by taking the average gray value average for
ten different cytoplasmic regions selected as being free of NPs, for each time point
(using ImageJ) giving the cytoplasmic coumarin-6 level over time.

Immunofluorescence microscopy

Macrophages treated with PLGA coumarin-6 NPs, as described above, were fixed
with freshly prepared 4% paraformaldehyde PBS for 15 minutes at room
temperature and washed three times with PBS. Subsequently, the cells were
permeabilized with 0.05% saponin and 0.2% BSA in PBS for 5–10 minutes. The
cells were washed with PBS and blocked with BSA (1% w/v PBS) for 15 minutes
before incubation with rat anti mouse LAMP-2 primary antibody (in BSA/PBS)
that was detected with rabbit anti mouse-Alexa Fluor 594 antibody. The coverslips
were mounted on glass slides with Moviol.

Localization of PLGA NPs in primary macrophages using electron

microscopy

For these experiments we used two conditions: (1) Primary macrophages having
internalized PLGA NPs were pulsed (2 hours) with 15 nm gold-BSA and then
chased (3 hours) in live cells. Under these conditions the gold is exclusively
localized into late endosomes and lysosomes (abbreviated for simplicity as
‘lysosomes’) (Griffiths et al., 1988; Griffiths et al., 1990). Just prior to fixation, the
cells were incubated with 5 nm gold-BSA for 5–7 minutes to label early
endosomes followed by fixation for 24 hours with paraformaldehyde (4% w/v in
200 mM HEPES buffer pH 7.4). (2) In a different set of primary macrophages, the
cells were infected with BCG (as above) for 2 hours followed by a 1–2 day chase,
then incubated with NPs as above. The cells were then incubated with the 15 nm
gold-BSAs as above.

Cells were fixed with paraformaldehyde (4% w/v in 200 mM HEPES pH 7.4
buffer) for 24 hours at room temperature. The sample was then washed in the same
buffer and the cells were scraped and centrifuged to obtain a pellet. Pieces of the

pellet were embedded in 10% gelatin and cryo sectioned as described (Griffiths
et al., 1993; Tokuyasu, 1978). The sections were picked up with a 50:50 solution of
2% methyl cellulose and 2.3 M sucrose (Liou et al., 1996). The sections were
labeled with LAMP-2 antibody, that was detected using rat anti-mouse followed by
protein A gold (10 nm) then embedded in 2% methyl cellulose, 3% uranyl acetate
(ratio 8:2) and visualized in the TEM.
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