
441© Springer Nature Singapore Pte Ltd. 2019
I. Ahmad et al. (eds.), Antibacterial Drug Discovery to Combat MDR, 
https://doi.org/10.1007/978-981-13-9871-1_20

T. K. Upadhyay 
Department of Biosciences, Integral University, Lucknow, Uttar Pradesh, India 

School of Applied Sciences and Agriculture Research, Suresh Gyan Vihar University,  
Jaipur, Rajasthan, India 

A. Sharma · N. Fatima · R. Sharma (*) 
Department of Biosciences, Integral University, Lucknow, Uttar Pradesh, India
e-mail: rsharma@iul.ac.in 

A. Singh 
National JALMA Institute for Leprosy and Other Mycobacterial Diseases,  
Agra, Uttar Pradesh, India 

P. Muttil 
Department of Pharmaceutical Sciences, College of Pharmacy, The University of New 
Mexico, Health Sciences Center, Albuquerque, NM, USA

Targeted Delivery of Antibiotics Using 
Microparticles to Combat Multidrug-
Resistant Tuberculosis

Tarun K. Upadhyay, Akanksha Sharma, Nida Fatima, 
Amit Singh, Pavan Muttil, and Rolee Sharma

Abstract
Tuberculosis (TB) continues to be a major global challenge, claiming about two 
million deaths each year. The emergence of drug resistance due to high incidence 
of poor patient compliance has further worsened the situation. Targeted delivery 
of drugs to macrophage, the site of Mycobacterium tuberculosis infection and 
replication, has been shown to have implications as a promising option in TB 
treatment. A variety of biocompatible and biodegradable polymer-based carrier-
based delivery systems have emerged as potential drug delivery systems (DDS). 
Such targeted delivery systems have been shown to have significant merits over 
free drug, including improved drug bioavailability, limiting adverse drug effects 
and requiring less frequent administration regimes and lowering drug doses. The 
pulmonary administration of inhalable dry powders incorporating multiple drugs 
has particularly exhibited encouraging results against MDR-TB, and is expected 
to shorten the treatment duration, thereby improving patient compliance. 
Recently, the administration of pulmonary drug delivery as an adjunct to existing 
oral treatment regimens has been shown to achieve sufficient drug concentrations 
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in certain systemic compartments and thus further enhance treatment effective-
ness. The present chapter discusses the recent research updates on carriers used 
in preclinical or clinical studies against TB, the challenges associated, and future 
perspectives.
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1	 �Introduction

Tuberculosis (TB) is a lifelong, devastating, chronic granulomatous disease caused 
by the inhalation of airborne droplet nuclei containing Mycobacterium tuberculosis 
(M.tb.), and it is one of the leading killers of humans worldwide. The use of antibiot-
ics against tuberculosis (TB) in the middle of the twentieth century heralded a new 
era in our fight against this age-old disease. We observed a significant decrease in 
TB cases in the half century since the anti-TB drugs were first introduced; however, 
the success of the antibiotics was short-lived, with the emergence of drug-resistant 
strains of M.tb. In 1993, the World Health Organization (WHO) declared TB a 
global emergency (Zumla et al. 2014), and by 2015, 480,000 people developed mul-
tidrug-resistant TB (MDR-TB) annually (Kendall et al. 2017; Petersen et al. 2017). 
This staggering number that also includes individuals harboring the extensively 
drug-resistant TB (XDR-TB) strains known to be even more difficult to treat than 
MDR-TB, where in some cases, no effective treatment regimen exists. Recently, the 
WHO has reported 10.4 million incident cases of TB across the world in 2016, of 
which ~two million people die annually due to this potentially curable disease 
(Global TB Control 2017 Report). The only available pediatric vaccine, using 
Mycobacterium bovis BCG, is protective against severe forms of childhood TB, but 
is ineffective against TB in adults. TB has, therefore, become a global pandemic and 
is a priority concern across the world.

2	 �Pathogenesis and Immunology of TB

2.1	 �Progression of Disease

2.1.1	 �Early Events Following Infection
Infection is initiated by inhalation of aerosol droplets containing M.tb. that are 
expectorated by active pulmonary TB patients. These inhaled tiny droplet nuclei 
find their way into terminal alveoli and are readily phagocytosed by alveolar mac-
rophages and dendritic cells. Subsequently, the mycobacteria are also reported to 
bind, invade, and infect non-phagocytic cells, including pneumocytes and alveolar 
endothelial cells (Ahmad 2010; Fernstrom and Goldblatt 2013).
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M.tb. pathogenicity lies in its ability to survive and multiply within host macro-
phages, for which they specifically use mannose receptor (MR) and complement 
receptor (CR) for uptake. The bacteria engage with vesicular trafficking machinery, 
inhibiting phagosome–lysosome fusion (phagosomal maturation arrest) and deplet-
ing H+- ATPases from vacuolar membranes, thereby inhibiting phagosome acidifi-
cation (Flannagan et al. 2012). That is, though the initial trafficking pattern of the 
M.tb.-containing phagosomes is normal, the arrest is marked by the absence of 
Rab7  in later stages, thereby inhibiting progression to phagolysosomes (Deretic 
et al. 1997) and promoting the intracellular survival and growth of the pathogen.

2.1.2	 �Disease Progression
In immunocompetent hosts, an effective immune response develops 2–8  weeks 
post-infection that arrests further multiplication of the bacteria. In most cases, 
acquired responses result in the containment of bacteria within well-organized gran-
uloma, marked by the presence of a large number of activated macrophages, which 
infiltrate the region and enclose the infected cells in tubercles. These macrophages 
later differentiate into epithelioid cells, so called due to the resemblance of clustered 
macrophages to epithelial cells. Activated macrophage secretes large amounts of 
lytic enzyme, leading to the formation of spheroidal regions of necrotic tissue, 
known as the “Ghon focus.” Tubercle formation leads to hypoxic conditions within 
it, which, together with acidosis, kills most of the bacteria. Granuloma formation in 
most cases, therefore, limits infection, but does not totally eliminate it (Rom and 
Garay 2003). Thus, in “susceptible” persons, such as HIV patients and other immu-
nosuppressed individuals, M.tb. can potentially become reactivated.

2.1.3	 �Immune Responses
Protective responses to M.tb. are complex and involve both arms of immunity: 
innate and acquired. M.tb. phagocytosis is typically followed by innate immune 
responses, including an increase in oxidative burst, reactive nitrogen intermediates 
(nitric oxide), phagosome acidification, and proinflammatory cytokines (Rom and 
Garay 2003; O'Garra et  al. 2013). The classical pathway of interferon-gamma-
dependent activation of macrophages by T helper 1 (Th1)-type responses is a well-
established feature of cellular immunity to intracellular M.tb. infection. Virulent 
M.tb. strains subvert this immune response for its own survival, inducing what is 
known as “alternative activation” within host macrophages. MR-associated phago-
cytosis has been shown to be linked with activation of anti-inflammatory activity 
marked by “alternative activation” of macrophage, and non-activation of NADPH 
oxidase (Guirado et al. 2013). In susceptible individuals, the infected macrophage 
displays an “alternative” phenotype with diminished NO production, suppressing 
apoptosis (Verma et al. 2011). Such macrophages exhibit increased Th2 cytokine 
(IL-4, IL-13, and IL-10) production (Kahnert et al. 2006), thereby inhibiting the 
protective Th1 response by antagonizing IFN-γ and decreasing IL-6 and TNF-α 
(O'Garra et  al. 2013). A great deal of work has also implicated the inhibition of 
autophagy as a survival strategy of M.tb. within host macrophage.
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3	 �Different Forms of TB

While about one-third of the world population is infected with M.tb., only 10% 
develop active disease (Raviglione and Sulis 2016). In “susceptible” individuals, 
innate and acquired immune responses are insufficient to eliminate or contain the 
bacteria, leading to bacterial proliferation inside macrophages. In a limited number 
of cases, risk factors are identifiable, which include HIV/AIDS, diabetes, age, alco-
hol, smoking, and corticosteroid therapy. In other individuals, the immune response 
is sufficient to clear the infection, or arrests it in a latent state. The different forms 
of TB are:

Active TB  Active TB patients have rapidly multiplying bacteria and the typical 
symptoms of active TB, including coughing, phlegm, chest pain, weakness, weight 
loss, fever, chills, and night sweats. Persons with active pulmonary TB disease are 
the main source of disease spread via the aerosol route (Rom and Garay 2003).

Miliary TB  Unchecked multiplication of TB bacteria leads to bacterial dissemina-
tion throughout the body via the blood. Miliary TB is a rare form of active disease 
in which bacteria quickly spread all over the body and affect multiple organs at 
once. This form of TB can be rapidly fatal.

Latent TB  In some individuals, the host T cell immune response confines the 
pathogen to a hostile environment where it may become latent, though viable. 
People with latent tuberculosis infections are asymptomatic and not infectious, but 
can develop active TB disease in the future due to “reactivation” of latent 
mycobacteria.

Thus, the inhalation of mycobacteria may ultimately lead to four different infec-
tion outcomes (Rom and Garay 2003):

	 (i)	 Innate response is sufficient to clear the bacteria.
	(ii)	 Active disease develops soon after infection, known as primary infection.
	(iii)	 Asymptomatic, latent infection develops.
	(iv)	 Active disease may develop many years after infection, known as reactivation, 

or secondary TB.

4	 �Drug Regimens and Current Anti-TB Therapy

When the bactericidal mechanisms of the macrophage fail to clear the intracellular 
bacilli, the TB patient requires treatment by the intervention of chemotherapy. In 
India, patients presenting with TB are treated as per the guidelines of the Revised 
National Tuberculosis Programme (RNTCP) (Verma et  al. 2013b), with similar 
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guidelines for other countries. The “directly observed therapy (short course)” or 
DOTS regimen has been demonstrated to be highly efficacious for TB treatment in 
various clinical settings in India. The RNTCP recommends a therapeutic regimen of 
a combination of drugs and dosage schedules in which two or more first-line drugs 
are administered for a period of no less than 6 months. The first-line drugs used in 
TB treatment include isoniazid [INH], rifampicin [RIF], ethambutol [EMB], and 
pyrazinamide [PYZ] (Tiberi et al. 2017). The second-line drugs are used for infec-
tions with tubercle bacilli resistant to first-line drugs. These include aminoglyco-
sides [AMG], such as amikacin and kanamycin; polypeptides, such as capreomycin 
[CPR], viomycin, and enviomycin; fluoroquinolones, such as ciprofloxacin, ofloxa-
cin [OFX], levofloxacin, and moxifloxacin; and thioamides, such as ethionamide, 
prothionamide, and cycloserine.

To overcome the rise in multidrug resistance (against first- and second-line 
drugs), the WHO included third-line drugs for TB treatment. These include line-
zolid, thioridazine, and macrolides, such as clarithromycin and thioacetazone, 
selected on the basis of drug susceptibility testing (DST). This further complicates 
treatment, requiring even longer regimens with drugs that are more expensive, less 
effective, and often more toxic. Rifabutin (another rifamycin) is added to the regi-
men if rifampicin resistance is detected with rifabutin susceptibility.

4.1	 �Existing TB Treatment Regimen

According to the WHO, the standard treatment regimen for drug-susceptible TB 
includes daily oral administration of INH, RIF, PZA, and EMB for 2 months (Pai 
et al. 2016). This is followed by daily administration of INH and RIF for another 
4 months (WHO 2017). Daily dosing is recommended, although the 3-times weekly 
dosing can be used during the continuation phase under DOTS, as well as fixed-
dose combinations.

The WHO strongly recommends DST (rapid and/or conventional) in all cases, 
and particularly for those previously treated for TB disease. While awaiting DST 
results, in settings with a medium or low probability of MDR-TB, retreatment cases 
could initially be treated with an empiric regimen, INH-RIF-PYZ-EMB-STR, for 
2 months, followed by INH-RIF-PYZ-EMB for 1 month, and INH-RIF-EMB for 
5 months.

For patients whose DST results are not available (a rather common phenomenon 
in many developing countries), a third-line regimen is recommended by the 
WHO. This regimen contains four drugs (an AMG, ethionamide (ETD), PYZ, and 
OFX) during initial phase and two drugs (ETD and OFX) during the continuation 
phase (Sotgiu et al. 2015).
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5	 �Drug-Resistant Tuberculosis (MDR, XDR, and TDR-TB)

The current antibiotic treatment regimen requires a minimum of 6 months therapy 
that causes severe and prolonged side effects, and subsequently leads to nonadher-
ence to the treatment regimen. Non-compliance with treatment ultimately leads to 
the generation of drug-resistant strains of M.tb. that not only increase the treatment 
regimen up to 2 years, but are also more costly to treat.

The first drug-resistant case of TB was observed in 1947 against streptomycin, 
and lead to the development of a regimen using multiple drugs for treatment 
(Kerantzas and Jacobs 2017). Multidrug-resistant (MDR) TB with resistance to 
INH and RIF was first reported in the 1990s (Matteelli et al. 2014). The WHO defi-
nition of extensively drug-resistant (XDR) TB involves resistance to at least RIF 
and INH, in addition to any fluoroquinolone, and to at least one of the three inject-
able second-line drugs, CPR, kanamycin, and amikacin, used in anti-TB treatment 
(Prasad et al. 2017). A 6-month course of standard first-line medication is ineffec-
tive in MDR-TB cases. Different combinations of second-line drugs, supported by 
selected first-line TB drugs, are used in patients with RIF-resistant or MDR-TB for 
18 months or longer of treatment. Regardless, the success rate of XDR-TB treat-
ment is very low, with mortality as high as >30%, as reported from treatment cohorts 
(WHO Global TB report 2017; Kvasnovsky et al. 2016).

Totally drug-resistant (TDR) TB is caused by M.tb. clinical strains which are 
resistant to all first- and all second-line drugs. It is extremely difficult to treat, but 
not totally impossible to treat, and thus is also referred to as extremely drug-resistant 
TB (XXDR-TB). Italy reported the first TDR-TB case in two patients in 2003, and 
India first reported four cases in 2012 (Ahmed et  al. 2016). Further, in recent 
decades, very few anti-TB antibiotics have been approved for human use, including 
the newest drugs, bedaquiline and delamanid, that may be used for TDR-TB 
(D’Ambrosio et  al. 2017). Alarmingly, both bedaquiline and delamanid have 
recently encountered resistant strains (Hoffmann et al. 2016), meaning that resis-
tance has developed against every current TB antibiotic.

6	 �Novel Drug Delivery Systems for TB

In the last few decades, we have seen the advent of micronized carrier systems as an 
alternative to the conventional form of TB therapy. Several studies have shown that 
carrier systems incorporating single or multiple anti-TB drugs for the targeted deliv-
ery of antibiotics form an effective therapeutic approach against TB.

One of the main advantages of such particulate systems is the “intracellular 
delivery” of the bolus of loaded drug to macrophages, thereby directly targeting the 
sites of mycobacterial replication. Since such particles are rapidly phagocytosed by 
macrophage, they build up high intracellular drug concentrations and result in sig-
nificant enhancement in antimicrobial efficacy (Sharma et al. 2001; Sen et al. 2003). 
These particulate drug delivery systems (DDS) are developed using biocompatible 
and biodegradable polymers, and have been shown to reduce the dosing frequency 
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and days of treatment. Targeted drug delivery allows controlled release of drugs, 
and results in minimal host toxicity as compared to the conventional oral dosage. 
Therefore, while free antibiotics need to be administered daily, new formulations 
such as nano- or microparticles have been seen to be effective, even when adminis-
tered after every few days.

6.1	 �Microparticles

Microparticles are spherical particles with sizes ranging from 50 nm to 2 mm, and 
containing a core substance.

A great deal of literature reports the entrapment of anti-TB drugs in microparti-
cles composed of polymers, such as poly DL-lactide-coglycolic acid (PLGA) and 
poly DL-lactic acid (PLA) (Sharma et al. 2001), by various methods, such as sol-
vent evaporation-double emulsification and spray-drying (Hirota and Terada 2014), 
leading to formation of particles containing antibiotic(s) embedded in a polymer 
matrix. Alternatively, the drug may be attached to the particle surface by physical 
adsorption or chemical reactions. The therapeutic advantages of microparticles 
include the following:

	1.	 Macrophages, which harbor the M.tb. cells, readily phagocytose such micropar-
ticles and thus significantly improve the uptake of the loaded drug (as compared 
to that by diffusion).

	2.	 The simultaneous intake of multiple drugs is recommended for TB therapy in 
order to prevent the emergence of drug resistance. Drugs can be easily incorpo-
rated with relatively high efficiency, and various drug release rates can be 
achieved via manipulations in the preparation procedure. The spray drying tech-
nology, in particular, has been widely utilized to formulate microparticles incor-
porating multiple hydrophilic and/or hydrophobic anti-TB drugs (Hirota and 
Terada 2014).

	3.	 The embedded drugs have slower release rates, and thereby longer durations of 
action.

	4.	 Therefore, such drug-loaded microparticles exhibit significantly greater in vitro 
and in vivo (in infected animal models) anti-TB activity than that observed by 
administration of an equivalent amount of drug(s) in soluble form (Hirota and 
Terada 2014).

	5.	 Such particles are more physiochemically stable, both in vitro and in vivo.
	6.	 A number of biodegradable microspheres have proved to be nontoxic, biocom-

patible, and non-immunogenic.
	7.	 Recent studies have shown that uptake of microparticles induces classical activa-

tion within M.tb.-infected macrophages (Verma et al. 2011).

Apart from synthetic polymers, several natural polymers, particularly saccha-
rides, such as alginate, chitosan, and lactose, have been used to develop drug deliv-
ery systems for entrapping and delivering various therapeutic agents. Sodium 
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alginate, a salt of alginic acid (linear copolymer of α-guluronic acid and 
α-mannuronic acid), has the ability to form a gel/meshwork in the presence of diva-
lent cations, such as CaCl2. This gel is mucoadhesive, and is likely to adhere to 
mucosa for prolonged periods of time, thereby having the potential to release the 
drug in a sustained and controlled manner. Thus, alginate microparticles have been 
prepared as anti-TB drug carriers and studied as oral delivery systems for TB treat-
ment (Qurrat-ul-Ain et  al. 2003). In addition, leucine-containing microparticles 
have also found application for delivery of anti-TB drugs (Verma et  al. 2013a; 
Garcia-Contreras et al. 2017).

Recently, the 2–4 μm hollow, porous, yeast-derived β-1, 3/1, 6 glucan particles 
(GPs) have been utilized for targeted payload delivery of anti-TB drugs to macro-
phages (Soto et al. 2010; Upadhyay et al. 2017). Particulate glucan is biodegradable 
and biocompatible polysaccharide that has been consumed for thousands of years, 
and has the GRAS (generally regarded as safe) status granted by FDA. The 𝛽-1,3-D 
glucan surface composition also permits its recognition by cell surface receptors on 
macrophages (via dectin-1 and Complement Receptor 3) and other phagocytic cells 
(Legentil et al. 2015). Such particles have been shown to incorporate “nanoprecipi-
tates” or “nanoparticles” of anti-TB rifamycin drugs (RIF and RFB) within internal 
pore spaces, thus functioning as “nano-in-micro” particulate formulations. These 
particles are prepared by alkaline and acidic extraction of the cell wall of baker’s 
yeast (Saccharomyces cerevisiae) and have showed adequate thermal stability for 
pharmaceutical application.

Recently, novel carrier-free microparticles of anti-TB drugs, such as rifampicin 
(Parikh et al. 2014), have been developed and successfully evaluated as macrophage 
delivery systems against TB.

6.2	 �Nanotechnology for TB Treatment

Nanoparticles are colloidal structures composed of synthetic or semi-synthetic 
polymers. These can be formulated as monolithic nanoparticles (nanospheres) that 
embed the drug in the polymeric matrix, or nanocapsules, where the drug is con-
fined within a hydrophobic or hydrophilic core surrounded by a definitive “capsule.” 
Nanoformulations of antibiotics enclosed within polymers, such as PLGA (Ahmad 
et al. 2008) and alginate (Ahmad et al. 2007) have been shown to be successful for 
the administration of anti-TB drugs within experimental, in vivo (animal) TB mod-
els. The use of nanotechnology in TB treatment has been expertly researched and 
reviewed in detail (Ahmad et al. 2007; Ahmad et al. 2011; Nasiruddin et al. 2017).

�Other Nanotechnology-Based Formulations
Liposomes are concentric nano- to micro-sized vesicles in which an aqueous vol-
ume is enclosed by one or multiple phospholipid bilayers. The hydrophobic domain 
is utilized to entrap insoluble agents, and the core enables encapsulation of water-
soluble drugs. Liposomal formulations have been developed with first- and/or 
second-line antibiotics and are proposed as alternative to current therapy (Shegokar 
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et  al. 2011). Intravenous administration of INH and RIF encapsulated in lung-
specific stealth liposomes (liposomes with a polyethylene glycol-coated surface) 
showed enhanced affinity toward the lung tissue of mice and thus allowed the tar-
geted delivery of these anti-TB drugs to lungs (Deol and Khuller 1997).

One caveat for liposome use is that, since the vesicles are degraded by intestinal 
lipases, they cannot be administered by oral route (Pinheiro et al. 2011). To circum-
vent this limitation, solid lipid nanoparticles (SLNs) and niosomes have been pro-
posed as novel anti-TB drug delivery vehicles (Nasiruddin et al. 2017) that can be 
administered orally. SLNs are aqueous suspensions of nanocrystalline lipids, which 
have better encapsulation effectivity and increased ability to entrap hydrophobic or 
hydrophilic drugs when compared to liposomes and polymeric nanoparticles. While 
free drugs are rapidly cleared from circulation, SLN-loaded anti-TB drug(s) have 
been shown to have improved bioavailability and thus, are effective at reduced dos-
ages and dosing frequency. Pandey et al. (2005) showed that 5 oral doses of drug-
loaded SLNs on every tenth day were able to completely eradicate M.tb. H37Rv 
from the lungs and spleens of infected mice, whereas free drug needed the adminis-
tration of 46 daily oral doses to achieve the same result.

Niosomes are composed of a surfactant bilayer, and are thus thermodynamically 
stable, colloidal, uni- or multi-lamellar (liposome-like) particles, formed by self-
assembly of non-ionic surfactants and a hydrating mixture of cholesterol (Nasiruddin 
et al. 2017). Three polymers, Brij-35, Tween 80, and Span-80, have been used for 
pyrazinamide niosome formulation, of which span-80-based formulation exhibited 
the highest release (Thomas and Bagyalakshmi 2013).

Despite the fact that nano- and micro-particles are rapidly taken up by host mac-
rophages, their appropriate delivery for sufficient in  vivo efficacy is yet another 
challenge. Thus, the success of delivery vehicles is by and large dependent on their 
route of administration. In the following section, we will discuss the various routes 
of drug delivery used against TB, along with their advantages and disadvantages. 
We will also discuss how the pulmonary route of drug delivery could potentially 
minimize the evolution of resistant M.tb. strains and reduce the long treatment dura-
tion currently employed, thus aligning with the recent WHO guidance on having a 
shorter treatment regimen (Grace et al. 2018).

7	 �Drug Delivery Routes Explored in Humans

The oral route of anti-TB drug delivery is currently prescribed for long-term treat-
ment, whereas the intravenous (IV) route is utilized where aggressive therapy is 
needed.

7.1	 �Oral Delivery

The oral route of drug administration is the most common route of anti-TB drug 
delivery, arising from the feasibility of long-term oral administration with high drug 
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doses in TB-endemic regions. That being said, it becomes extremely challenging to 
adopt another administration route without compromising patient compliance. The 
prolonged treatment with multiple antibiotics leads to severe side effects, due to 
high systemic drug exposure and, paradoxically, sub-therapeutic drug levels in the 
host tissue where M.tb. resides. This is especially true for pulmonary TB, where the 
M.tb. hides in hard-to-penetrate lung granulomas (Muttil et al. 2009; Hickey et al. 
2016) (Fig. 1a). While the second-line drugs are used in potential MDR-TB patients 
who do not achieve sputum conversion with first-line therapy, these antibiotics are 
less effective and more toxic than first-line therapy, resulting in poor patient compli-
ance; non-compliance to the treatment regimen is regarded as the main reason for 
the generation of resistant M.tb. strains.

7.2	 �Parenteral Delivery

Injectable anti-TB drugs are usually administered parenterally for second-line ther-
apy, and include amikacin, kanamycin, and capreomycin. These agents are admin-
istered either by the intramuscular or the intravenous route. When compared to oral 
administration, the parenteral route achieves higher systemic drug levels (Fig. 1b), 
avoids first pass metabolism, and prevents GI toxicity. However, this route is also 
associated with painful daily injections, unacceptably high rates of ototoxicity, and 
renal toxicity, and requires the presence of a health care worker for drug administra-
tion. These concerns lead to poor patient compliance. In addition, parenteral 

Fig. 1  Drug concentration in various body compartments after (a) Oral delivery; (b) Parenteral 
delivery; and (c) Pulmonary delivery. Darker shade represents higher drug concentration. Note that 
the highest drug concentration in the lung is achieved by pulmonary delivery, followed by paren-
teral and oral delivery
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administration generates needles that have the potential to be re-used if not properly 
disposed of (Mitragotri 2005).

7.3	 �Pulmonary Delivery

The pulmonary route of anti-TB drug delivery was first reported in the middle of the 
twentieth century, during the time when streptomycin resistance first developed 
(Miller et  al. 1950; Hickey et  al. 2016). Aerosol delivery allows for higher drug 
concentration in the lung, the organ that is first exposed to airborne M.tb. Since 80% 
of all TB cases manifested as pulmonary TB, direct lung delivery of anti-TB drugs 
could be a more systematic treatment strategy since it allows the drug to follow the 
path of M.tb. and achieve therapeutic drug levels in the niches where mycobacteria 
reside. As shown in Fig.  1c, aerosol delivery can potentially achieve therapeutic 
drug levels in the respiratory system (above MIC), and the large surface area of the 
lung, coupled with the thin alveolar epithelium and extensive pulmonary vascular-
ization, allows for an overall increased systemic bioavailability of the drug 
(Dharmadhikari et  al. 2013). The other advantages of pulmonary drug delivery 
include the noninvasive nature of the delivery route when compared to injection, the 
lower required dosages, and the potentially minimized M.tb. transmission from 
active TB patients to healthy individuals (Hickey et al. 2016; Pham et al. 2015). 
High drug concentration in the lung can also minimize M.tb. spreading to other 
extra-pulmonary organs from the lung. Taken together, these advantages are 
expected to result in better treatment outcomes, and a reduction in overall drug tox-
icity, when compared to oral and parenteral routes of administration. However, 
aerosol drug delivery alone may not be able to achieve sufficient drug concentra-
tions in certain systemic compartments. This can be overcome by including aerosol 
drug delivery as an adjunct to existing oral or parenteral treatment regimens (Muttil 
et al. 2009; Hickey et al. 2016).

Particles below ~0.5 μm diameter are reported to be exhaled un-deposited in the 
lung, while those larger than 5 μm will get entangled in the upper airway and shut 
out by the lung’s defenses (Malcomson and Embleton 1998). Microparticles having 
an ideal size, specifically the median mass aerodynamic diameter (MMAD) (gener-
ally 0.5–5 μm), deposit into the deep alveoli of lungs, and can be then taken up by 
alveolar macrophage.

There have been occasional reports where inhaled anti-TB drugs were adminis-
tered to TB patients or healthy individuals. Inhaled kanamycin was administered 
along with other anti-TB drugs to treat five patients with MDR-TB, and was well-
tolerated, with sputum conversion reported in all patients within 60 days of treat-
ment initiation (Turner et al. 1998). In another study, Sacks et al. treated patients 
harboring MDR-TB (12 patients) and drug-susceptible TB (7 patients) with inhaled 
aminoglycosides as an adjunct to conventional therapy. The results demonstrated 
that 13 of the 19 patients (6 of 7 with drug-susceptible TB, and 7 of 12 with 
MDR-TB) converted to smear-negative within a month of inhaled therapy (Sacks 
et al. 2001). These patients were smear and culture-positive after many months of 
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treatment with conventional anti-TB therapy, demonstrating the importance of pul-
monary drug delivery in achieving M.tb. clearance, especially in the lungs. In 2013, 
Dharmadhikari et al. conducted a phase I trial with inhaled, dry powder capreomy-
cin as a treatment strategy against MDR-TB. Healthy adults were asked to self-
administer 25, 75, 150, or 300 mg of capreomycin dry powder using a marketed dry 
powder inhaler (DPI) (Dharmadhikari et al. 2013). Dry powder capreomycin was 
well-tolerated by all subjects, with no changes in lung function observed. Further, 
peak and mean plasma drug concentrations were dose-proportional, and the sys-
temic concentrations were achieved immediately after pulmonary delivery. Dry 
powder microparticles were thus delivered for the first time in humans as a possible 
treatment strategy against MDR-TB. Furthermore, dry powder microparticles, when 
delivered by the pulmonary route, have been studied and expertly reviewed for pre-
clinical models (Muttil et al. 2007; Kaur et al. 2008; Muttil et al. 2009; Sharma et al. 
2011; Verma et  al. 2013a; Hickey et  al. 2016; Garcia-Contreras et  al. 2017; 
Parumasivam et al. 2016).

8	 �Challenges

Studies in the last half century have shown that the challenge of successful pro-
longed TB treatment with multiple high dose drugs with toxic side effects can be 
met by micro-particulate formulations containing multiple drugs. While pulmonary 
drug delivery has been shown to be a particularly effective therapeutic approach, it 
has some challenges that need to be overcome before it can become a mainstream 
treatment strategy against TB in humans, especially in resource-poor countries. The 
pulmonary route of drug delivery is more complex than the oral and parenteral 
routes, and certain considerations, such as the patient’s age, general health condi-
tions, breathing capacity and lung physiology, formulation characteristics, inhaler 
performance, and the reliability of the patient to correctly and consistently use the 
inhaler device, are some of the concerns that need to be addressed before an inhala-
tion product can become successful for the treatment of TB. Since TB treatment 
requires chronic use of multiple drugs for at least 6 months, the ability of the patient 
to adhere to daily inhaler use is vital. Patient compliance can be initially imple-
mented under the guidance of a health care provider who oversees their inhaler use, 
thereby training and preparing the patient for good compliance in the remaining 
treatment duration. Further, the expectation to treat TB using pulmonary drug deliv-
ery is to shorten the treatment regimen that would further improve patient compli-
ance (Uplekar et al. 2015).

The cost and availability of inhalers in low- and middle-income countries is 
another hurdle that must be overcome by governmental agencies and pharmaceuti-
cal companies. Aerosol treatment against TB has been delivered using both nebuliz-
ers and DPIs in patients. Nebulizers, usually air-jet or ultrasonic, emit micron-sized 
droplets of solutions or suspensions. However, the ability to formulate multiple anti-
TB drugs in a single solution or suspension, the challenges of keeping them stable 
for at least 6  months without refrigeration, and the high cost of the devices 
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themselves, limit their applicability for effective TB therapy in resource-poor coun-
tries (Hanif and Garcia-Contreras 2012). DPIs, on the other hand, include the dry 
powder formulation, usually in a capsule, and the inhaler device. In the case of 
DPIs, the powder formulation and device are evaluated together in clinical trials, 
and are considered drug products by regulatory authorities (Price et al. 2018). DPIs 
have the advantage of product stability over liquid formulations, given that the drug 
is powdered. This becomes critical in regions of the world where the temperature-
controlled supply chain is inadequate (Kunda et al. 2016; Parumasivam et al. 2016). 
Further, dry powder formulations can potentially incorporate multiple anti-TB 
drugs in a single formulation, and DPI devices have increased portability over nebu-
lizers (Chan et al. 2014; Hou et al. 2015).

Lastly, regulatory agencies around the world need to be on board for pulmonary 
drug delivery to become a common treatment modality against TB. The highly con-
trolled regulatory environment, especially encountered in developed countries, has 
been a hindrance for the widespread use of inhaled therapy against TB. Thus, phar-
maceutical companies and device manufacturers should consider the regional 
patient population before developing the final product. This requires sufficient clini-
cal data to be generated using the device in the regions of the world where the treat-
ment will ultimately be implemented. Another obstacle is that approximately 20% 
of TB cases are diagnosed as extrapulmonary pathologies (Lee 2015), and with 
inhaled therapy alone, there is a risk of inducing resistance due to sub-therapeutic 
drug concentrations outside of the lungs. Therefore, inhalation therapy will require 
the standardization of inhaled doses and the proof of systemic drug concentrations 
above the MIC for M.tb. (Fig. 1c) in order to convince the regulatory agencies that 
this novel route of drug delivery will not exacerbate drug-resistant M.tb. strains. 
This will require the use of multiple anti-TB drugs in a single formulation, the pos-
sible use concurrent conventional therapy, and the proper optimization of the phar-
macokinetic and pharmacodynamic parameters of all delivered drugs that could 
potentially lead to better clinical outcomes with pulmonary administration (Hickey 
et al. 2016).

9	 �Conclusions and Future Perspective

The increasing resistance to the existing drugs, coupled with the recent acquisition 
of resistance to the two newest anti-TB drugs approved by the FDA for MDR-TB 
and XDR-TB treatment (Zumla et al. 2014), poses a serious threat to TB control 
across the world. The ultimate hope with pulmonary drug delivery is to implement 
a more-optimal treatment strategy against TB in comparison to the status quo, which 
has been unsuccessful in controlling M.tb. antibiotic resistance development. The 
highly stable, inhalable dry powder microparticles, containing multiple drugs in a 
single formulation, have exhibited encouraging results and possess the significant 
potential to address MDR-TB. Furthermore, future studies are expected to provide 
evidence that combining pulmonary drug delivery with conventional oral treatment 
could ensure that therapeutic drug concentrations are achieved in different 
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biological compartments within the patient in order to treat both pulmonary and 
extra-pulmonary TB. Therefore, inhalation therapy needs to be granted the appro-
priate amount of attention, possibly as an adjunct therapy to conventional oral ther-
apy, for successful translation of these preclinical studies for the effective control of 
TB.
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