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ABSTRACT 

Tuberculosis (TB) had been a leading chronic bacterial infection since decades. Current therapeutic management of Mycobacterium tuberculosis 
(MTB) is inadequate due to the lengthy course of treatment, drug-related side effects and ill-planned therapy, and these factors can lead to 
therapeutic failure and the emergence of drug-resistant TB. The Multi-drug-resistant (MDR) TB needs a lengthy course of treatment with second-
line antitubercular drugs (ATDs) having higher side effects and cost. The misuse of second-line ATDs may result in extremely drug-resistant (XDR) 
strain which is very difficult to treat and require high doses of drugs resulting in more toxicity and side effects. This review highlights the need for 
novel drug delivery for the treatment of drug-susceptible and resistant TB. The characteristics of the nanoparticulate system in ATDs delivery and 
its approach in the MDR and XDR TB are discussed. The lung is the site of infection in pulmonary TB and the targeted drug delivery to the site of 
infection helps in achieving increased efficacy with less dose further reducing the side effects and toxicity. The symbiotic association of 
nanotechnology and pulmonary drug delivery give rise to an efficient inhalable polymer based nanoparticulate system containing ATDs for the 
better management of drug-susceptible and resistant TB. Various ATDs loaded polymer based nanocarrier systems like Alginate, PLGA, Chitosan 
and Gelatin nanocarriers are discussed in detail. Thus, this review highlights the current research in pulmonary drug delivery of polymer based 
ATDs nanomedicine and their importance in control of drug-resistant TB. 
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INTRODUCTION 

Tuberculosis (TB) is a chronic infectious disease, and the latent TB 
infection has affected over one-third of the people on this planet. 
After the Human immunodeficiency virus (HIV), the Mycobacterium 
Tuberculosis (MTB) is considered as a single pathogen responsible 
for the foremost cause of mortality [1]. This infection affected the 
people of both the developing and the developed countries [2]. The 
prevalence of the TB still exists despite the five decades of various 
treatment programs with the presence of the effective drugs for this 
disease. The effective and preventive measures should be taken by 
concerned bodies and authorities around the world as the number 
of people being infected and dying due to the TB infection is 
alarming in this decade [3]. Moreover, the co-occurrence of the HIV 
and the resistant TB infection has been a challenge for the control of 
TB across the globe [4]. 

Management of Multi-drug resistant tuberculosis (MDR-TB) with 
conventional drug delivery system has seen an increase in drug 
resistance. This resistance has resulted from poor patient 
compliance due to the drug-related side effects from high doses, the 
frequency of dosing and lengthy treatment. Moreover, the 
drawbacks like inefficient efficacy, poor tolerability of second line 
ATDs leads to withdrawal from treatment cause further resistance 
like extremely drug-resistant tuberculosis (XDR-TB) which results in 
the increase in high death rate due to the TB infection [5]. This 
indicates the need for new drug delivery technology such as the use 
of novel controlled release nanoparticulate system like polymeric 
nanocarrier systems containing existing Anti-tubercular drugs 
(ATDs). These nanocarriers will help in overcoming the problems 
associated with the conventional drug delivery system in the 
treatment of drug susceptible and resistant TB [6]. Nanocarrier 
systems can be used to deliver drugs through the parenteral, oral, 
nasal and pulmonary route. Moreover, Pulmonary drug delivery 
(PDD) of these ATDs loaded nanocarriers helps in depositing site-
specific drugs at high concentrations within the diseased lungs, 
thereby reducing the overall dose of a drug to patients which in turn 
reduces systemic side effects [7-12]. Thus, the ATDs loaded 
sustained release nanocarriers together with site-specific targeting 

holds the potential to treat intermittent therapy of drug susceptible 
and resistant TB. The relevant literature on this review was 
collected by searching PubMed and Google Scholar database. The 
Keywords used for the searches were “Tuberculosis”, “Drug-
resistant”, “Nanotechnology”, “Nanocarriers”, “Polymeric 
nanoparticles”, “Pulmonary drug delivery”, “Polymer-based 
nanomedicines, etc. The range of years selected was from 1970 to 
present. The literature was thoroughly analyzed and data generated 
as per the relevant topic of this review. 

Transmission of TB disease, pathogenesis, and its types 

TB is an airborne disease transmitted by MTB from diseased 
persons to normal persons. MTB is anaerobic, non-spore-forming, 
nonmotile rod-shaped bacteria which is highly resistant to alcohol 
and acid. The infection transmitted by diseased person’s form 
droplets in the air during speaking, coughing and sneezing and the 
pulmonary TB consist of 80% of overall cases of TB infection [13]. 
TB is generally classified as latent or active TB [14]. Various 
researchers like Armstrong and Hart [15], Aderem and Underhill 
[16], Pethe et al. [17] and Krishnan et al. [18] had explained the TB 
pathogenesis in detail. The three types of a pathogenic strain of TB 
are Drug-susceptible, MDR, and XDR strain. The Drug-susceptible TB 
strain is treated by first line drugs namely Ethambutol (EMB), 
Isoniazid (INH), Pyrazinamide (PZA), and Rifampicin (RIF). The 
strain of MDR-TB which is resistant to the INH and RIF are difficult 
to be managed. The XDR-TB develops when the microbial strain is 
resistant to the first line drugs namely INH and RIF and also to the 
second line drugs like some Fluoroquinolones and injectable drugs. 
Further resistant in XDR strain possesses a major challenge in the 
treatment of TB. 

Conventional chemotherapy of TB, its limitations and 
emergence of drug resistance 

Existed ATDs include ten US FDA approved drugs, and the first-line 
ATDs are the first choice in the Drug-susceptible-TB therapy due to 
their high efficacy and least side effects. The Drug-susceptible-TB 
therapy consists of intensive and continuation phase, the first phase 
consist of the first-line ATDs such as EMB, INH, PZA and RIF for the 
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period of four months while the latter phase lasts for four to six 
months [19, 20]. In India, available TB treatment is performed under 
the scheme of directly observed therapy known as DOTS. 

The assumption of being cured and discontinuation of the therapy 
prematurely creates a preferable condition for drug resistance [21] 
and also the ill-planned monotherapy causes the development of a 
resistant strain of bacteria against the first-line ATDs. [19, 20]. The 

problems of overdose or under-dosing related to the monotherapy 
can be prevented by using the combination therapy [20]. The Fixed 
dose combination (FDC) product [19, 22] contains a combination of 
first-line ATDs. The quality of drugs in FDC product affects the 
treatment of TB disease. The mismanagement or misuse of such 
drugs in FDC products lead to the MDR strain of bacteria which 
required second-line ATDs. The limitations of conventional therapy 
of TB and causes of drug resistance is shown in fig. 1. 

 

 

Fig. 1: Drawbacks of conventional TB therapy and emergence of drug resistant [23] 

 

Recently there is a rise in the resistant strain, and this has resulted 
in the urgent need of a strategy and planning in all respective 
medical, healthcare and pharmaceutical field for combating this 
crisis [4]. WHO report on “XDR-TB: Extensively Drug-resistant 
Tuberculosis” in the year 2007, stated that the resistant strain of 
MTB and, the negligence in the proper implementation of a regimen 
involving first line drugs are the reasons responsible for the MDR-
TB. Other reasons like poor planning by the authorities and the 
government may also result in the emergence of resistant strain 
[24]. The option for treating the resistant strains like MDR and XDR 
strains are very limited. The MDR-TB treatment therapy is lengthy 
and last up to 2 y; sometimes such lengthy therapy results in patient 
withdrawal from the course due to adverse effect and causes further 
severity in the disease. Such patient noncompliance results in the 
increase in high death rate due to the TB disease [5]. The 
development of drug-resistant may be due to the misuse of ATDs 
and also the ill-planned therapy [25]. The misuse of second line 
ATDs causes further resistant strain of bacteria [26, 27] causing 
MDR-TB and this strain may develop further resistant and can cause 
XDR-TB [28] and even total drug-resistant (TDR) TB which is 
difficult to treat [29] and require very high doses of drugs resulting 
in more toxicity and side effects. A future epidemic of this disease 
with a lethal XDR-TB and TDR-TB strain having very limited 
effectiveness for treatment can jeopardize the development in 
control of this disease till date. Moreover, the inadequate 
infrastructure in many countries gives rise to the inaccurate 
diagnosis of this resistant strains causing a further increase in 
mortality especially in a case of infection with the HIV disease. The 
resistant strains are responsible for 10% of deaths from overall 
deaths due to TB infection. Countries like India and China are having 
most cases of MDR-TB globally.  

Need for new drug delivery system (NDDS) 

The development of controlled release system which negates the 
administration of ATDs regularly will be helpful in overcoming 
patient noncompliance and avoiding the limitations related to the 
current conventional chemotherapy. The treatment for drug-
resistant TB was found to be inadequate in a case where the 
susceptible drug patient was already administered with second line 
ATDs [2]. The slow development of novel therapies for TB treatment 
and the use of five decades old ATDs till date have made the 
researchers to put a highlight on the demand of novel strategy for 
combating the MDR and XDR strains of TB [4]. The new candidates 
showing susceptibility against the TB strains including resistant 
strains are in research and development, few are in clinical trials, 
and many existing drugs are also revaluated for their efficacy against 
the TB [30]. Recently the USFDA approved a new drug Bedaquiline 
to be used in combination with other ATDs when there is no other 
drug available to treat MDR-TB. The Bedaquiline had shown the 
cases of heart failure which may result in its removal from market 
and also this drug have not passed through the phase III trial. The 
finding of new drugs having activity against the drug resistance TB 
strain is on priority. But the urgent need demands the new drug 
delivery technology such as the use of novel controlled release 
nanoparticulate system containing the existing ATDs may help in 
combating the TB disease. 

Nanoparticulate system as an interesting NDDS for TB 

A nanoparticulate system composed of biodegradable polymers and 
loaded with ATDs can overcome drawbacks associated with 
conventional therapy and show some novel and significant 
characteristics. The sustained release of a drug is observed with 
gradual breaking down of nanoparticles (NPs). The initial sharp 
peak associated with the traditional drug delivery system is avoided 
in case of a nanoparticulate system which shows the more constant 
drug concentration and longer time of residence in the body. This 
characteristic helps in efficient as well as less toxic drug delivery to 
the diseased person. The encapsulated drugs in nanoparticulate 
system showed efficient results in combating the infection at what 
would normally be sub-therapeutic doses of a drug. [31, 32].  

The drug concentration from NPs doesn’t drop from the certain 
threshold which helps in overcoming the drug resistance. The 
nanoparticulate system can be orally administered and also by the 
pulmonary route which shows significant results in treating TB [33]. 
The macrophages take up the particles in a range of 200 nm to 6 µm 
selectively via a process of phagocytosis.  

Nanotechnological approach in MDR-TB and XDR-TB  

The increase in the occurrence of MDR-TB with its deadly 
association with HIV has necessitated the use of nanotechnological 
approach like the encapsulation of second line ATDs. Various 
existing first and second line ATDs can be incorporated into 
nanocarrier systems by using nanotechnological approach [34]. 
The second line ATD Ethionamide was made into NPs by 
encapsulation technology and evaluated, but no in vivo studies is 
reported on this formulation [35]. After a decade, various 
researchers had loaded Ethionamide into Poly (lactide-co-
glycolide) acid (PLGA) nanocarriers and characterized [6]. Also, 
the Fluoroquinolones and some azole antifungals were formulated 
by nanoencapsulation methods and showed desirable properties 
[36, 37].  

The Azole antifungals like Econazole and Clotrimazole had shown 
potent anti-TB activity against drug-susceptible [38, 39], drug-
resistant and latent TB [40]. The nanoencapsulation method had 
been used for the formulation of Streptomycin intended for oral 
administration. Streptomycin is among the cost effective drugs 
utilize in specific cases such as in withdrawal of RIF and INH, 
treatment failure or relapse, TB meningitis, some cases of MDR-TB 
and co-treatment with anti-HIV drugs. The PLGA nanocarriers 
containing Streptomycin was not only given by oral route but also, 
they possess various merits such as the increase in therapeutic 
efficacy, bioavailability and absence of nephrotoxicity as opposed 
to the free form of the drug [41]. These studies showed that the 
polymeric nanocarriers possess significant characteristics to be 
used as a carrier system for second line ATDs. But the variability 
of drug-resistant with respect to the individual treatment is 
responsible for the limited data on nanotechnological approach in 
drug-resistant TB. 
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Need of PDD of NPs containing ATDs 

The NPs are found to be promising candidates in PDD [42] as their 
size can modulate with respect to different formulation methods and 
parameters. The variability in particle size helps to target different 
sites in the lungs. Moreover, the symbiotic association of 
nanotechnology with the PDD helps in targeting the ATDs loaded 
nanocarriers to the site of infection i.e. AMs. Moreover, the NPs can 
be engineered by attaching different ligands for active targeting of 
an area of interest like alveolar macrophages (AMs) [43]. Improved 
bioavailability is achieved with less dose as compared to other drug 
delivery system [44]. Thus, efficient therapy is achieved with 
reduced side effects and toxicity [45]. For PDD of ATDs various 
nanocarrier systems as Vesicle-based, lipid based, emulsion based, 
and polymer based are formulated and tested [46]. Until now, no 
nanoformulation of ATDs intended for PDD has been in the market. 
There have been several studies undertaken for targeting the ATDs 
directly to the infection site enhancing the local therapeutic effect 
and also to decrease the systemic exposure of drug doses [7-12]. 

Merits and challenges in PDD of NPs containing ATDs 

Lungs are the infection site in pulmonary TB [47, 48] and therefore, 
the pulmonary route can be a promising in drug delivery to the 
infection site [49-51]. The targeted delivery to the Lungs will give an 
increased ATDs efficacy with less dose and also have reduced side 
effects and toxicity [52]. 

 

Fig. 2: The factors affecting efficient PDD of NPs 

The characteristics of lungs like “aerosol filter” can be utilized for 
targeting the drug particles with particular attributes to the lungs 
[48] and also the vast surface area of lungs mucosa helps in systemic 
absorption of drugs preventing the first pass metabolism [47] and 
improved bioavailability of drugs. 

These merits make the PDD an ideal drug delivery route for the 
treatment of lung infections like TB. Also, the bacilli of TB infects the 
AMs [51] and therefore, it is significant to not only deliver a drug to 
the lungs but also to get the drug particles phagocytized by AMs. The 
successful inhalation therapy with efficacy and safety in drug 
delivery of a drug depends on the thorough understanding of 
designed drug delivery system. The factors affecting the efficient 
PDD of NPs was shown in fig. 2. 

Polymer-based nanosystems for the pulmonary delivery of 
ATDs 

The use of nanosystems for PDD has shown desirable results in the 
drug delivery system due to various merits as described earlier. The 
nanocarriers like lipid-based, liposome and polymer based are 
common in preparing inhalable carrier system for PDD. Some carrier 
systems like nanocrystals, magnetic NPs, gold NPs and effervescent 
NPs are currently in research to study the effect on AMs on delivery. 
Fig. 3 highlighted the different inhalable nanocarrier systems for 
ATDs. However, Polymeric NPs are used widely for the drug 
delivery, and their potentials have been tested for the PDD. 
Polymeric NPs have shown to be efficient carrier system for PDD as 
they possess properties like carrier suitability with the drugs, tissue 
or cell targeting in the lungs, protection from therapeutic 
degradation, sustained release mechanism, aerosol transformability, 
less toxicity and stability during the aerosolization [54]. Various 
therapeutics like antiasthmatic agents, antineoplastic agents, 
antidiabetic agents, antifungal agents, antimicrobial agents, 
antiosteoporosis agents, antiparathyroid agents, pulmonary 
hypertension drugs and ATDs have been formulated into polymeric 
NPs for PDD. The sustained release characteristics of Polymeric NPs 
helps in achieving improved bioavailability of ATDs with fewer side 
effects and decreased the frequency of dosing. These factors result in 
patient compliance by resolving the problems of non-adherence to 
prescribed therapy of TB [6]. The toxicity profile of the polymeric 
NPs allows it for the repeated ATDs administration as required in 
the treatment of MDR-TB. Various inhalable ATDs loaded polymeric 
NPs along with their methods of preparation and devices used for 
PDD is given in table 1. 

 

Table 1: Inhalable polymeric nanoparticles containing ATDs with their method of preparation and device for pulmonary delivery 

S. No. Drug Nanocarrier Method of preparation Device References 
1. CLR PLGA ESE DPI, Cyclohaler® [61] 
2. INH, PZA and RIF PLGA DESE Compressor-nebulizer (MedelAerofamily) [57, 58] 
3. INH, PZA and RIF Alginate IG Compressor-nebulizer (MedelAerofamily) [55] 
4. INH Chitosan IG DPI, Cyclohaler® [65] 
5. RIF PLGA SE, SD Intratracheal insufflation [12] 

Novel SD Dry powder Insufflator™ [60] DP-4 
ESE - [61] 

6. LVX PCL, PLGA NP and ESE - [62] 

Note: ESE-Emulsification solvent evaporation, DESE-Double emulsification solvent evaporation, IG-Ionic gelation, SE-Solvent evaporation, SD-Spray 
drying, NP-Nanoprecipitation. 
 

 

Fig. 3: Different novel nanocarrier systems containing ATDs intended for the pulmonary delivery [23] 
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Polymeric NPs containing ATDs were prepared from synthetic and 
natural, biodegradable polymers such as alginate, PLGA, chitosan 
and gelatin [53]. These ATDs loaded polymeric nanocarriers are 
explained in detail as stated below:- 

Alginate based NPs containing ATDs 

Alginate is an approved polymer by US FDA for oral route of drug 
delivery and has been used clinically for the reflux esophagitis. The 
characteristics of alginate make it a desirable carrier for drug 
delivery. These properties like adhesiveness with epithelium of 
intestine, organic solvent free process in a mild room temperature, 
highly aqueous surrounding in the matrix, high diffusion rates of 
particle due to high gel porosity, control of porosity with 
polyelectrolytic interaction, and biodegradability of the polymeric 
system in the normal physiological makes the alginate an ideal 
carrier for the controlled release of various therapeutics and drugs 
including ATDs. The ATDs like INH, RIF, and PZA were loaded into 
alginate nanocarriers, and this formulation showed desirable 
aerodynamic diameter and high drug encapsulation efficiency. Also, 
these NPs showed better bioavailability than the free drugs [55]. 

PLGA based NPs containing ATDs 

PLGA NPs are the most common polymeric nanoparticulate system 
containing ATDs. A number of inhalable nanoformulation based on 
PLGA nanocarriers system for ATDs delivery have been reported 
earlier. Sung et al. prepared a sustained release formulation of PLGA 
nanocarriers loaded with RIF for lung delivery [40]. Jain et al. [56] 
demonstrated that the conjugation of PLGA NPs with lactose has 
better results due to the active targeting of AMs by lactose. The three 
first line ATDs namely INH, RIF and PZA have been incorporated 
into PLGA NPs and the formulation was administered by the oral 
and inhalable route of drug delivery [32, 33]. The presence of drugs 
in plasma was reported for several days, and the inhaled 
formulation of PLGA NPs containing ATDs showed the equal 
therapeutic results of daily doses of the oral free drug [57]. Later the 
same group of researchers coated these nanocarriers with wheat 
gum agglutinin. The conjugated NPs showed an increase in drug 
residence in plasma for a number of days [58]. The inhalable dry 
powder formulations of rifampicin in PLGA nanocarriers have also 
been reported [12, 59, 60]. A Nano in a microsystem in an inhaled 
dry powder form containing Clarithromycin (CLR) loaded on PLGA 
NPs [61]. Cheow et al. [62] prepared the PLGA NPs loaded with 
Levofloxacin (LVX) and investigated the effect of the antibiotic 
release profiles of these LVX loaded polymeric nanoparticles on 
their antibacterial efficacy. 

Chitosan-based NPs containing ATDs 

Chitosan possesses certain significant characteristics such as 
mucoadhesives, enhancement of macromolecules permeation 
through epithelia, low toxicity, biodegradability and 
biocompatibility [63]. Due to such useful properties, this polymer 
has shown desirable pharmaceutical applications. Currently, the 
cross-linked Chitosan nanocarriers were used with pMDI [64] and 
this approach can also be used for local therapy of lung infection like 
TB disease. INH had been loaded into Chitosan nanocarriers and this 
formulation showed slow and sustained release for 6 d with initial 
burst release [65]. 

Gelatin based NPs containing ATDs 

Gelatin nanocarriers loaded with INH was prepared. The 
nanocarriers were conjugated with mannose for active targeting in 
the lungs. The mannosylated nanocarriers showed higher 
accumulation in the lungs, making them suitable for active targeting 
of ATDs by the inhalation route of drug delivery [66]. 

Other polymer based NPs containing ATDs 

LVX loaded Polycaprolactone (PCL) NPs were prepared and 
characterized [62]. The two types of poly-(ethylene oxide)-block 
diastearoylphosphatidyl-ethanolamine polymers loaded with RIF 
were prepared by Abdulla et al. for delivery by inhalation route 
prepared four different formulations of nanocarriers out of which 
three were polymeric nanocarriers [67]. The chitosan, gelatin, and 
albumin nanocarriers were used for loading the drugs and their 

drug release kinetics was studied. From these polymers, the albumin 
and chitosan showed better incorporation of drug and sustained 
release. 

Toxicological studies of NPs containing ATDs 

The potential toxicity of the nanomedicine containing ATDs have to be 
considered and by thorough research and clinical studies, the safety 
and efficacy of such NDDS must be understood. In a case of Polymeric 
NPs intended for TB therapy, the polymers used in the composition of 
such nanocarriers must have clinical approval and safety.  

Current scenario of nanosystem containing ATDs 

The conventional ATDs are formulated in the form of capsules and 
tablets and require a daily dosing. The amount of drug used in such 
delivery system is high as compared to novel nanocarrier systems. 
Since a very suboptimal concentration reach the target site of 
infection through the systemic circulation. The lengthy treatment 
period with such high concentration of drug leads to some side 
effects which causes patient non-compliance. The nanosystem 
containing ATDs have shown desirable results in the animal models 
for the treatment of TB [68]. However, precise targeting in the lungs 
still being unmet due to the regional uptake of drugs in the airways 
with the alveolar region [69]. Still the possibility of dosing the 
nanosystem containing ATDs weekly or fortnightly have been a key 
of interest in the nanotechnological research for the TB. 

CONCLUSION 

The prevalence of drug-resistant TB has been increased in recent 
times despite the measures taken by concerned bodies and 
authorities all around the globe. The conventional chemotherapy of 
TB has suffered from limitations like a lengthy course of treatment 
and drugs induce side effects. These limitations result in the 
development of the resistant strain of TB. Also, the ill-planned 
therapy is responsible for the drug resistant. The MDR and XDR TB 
required high doses of second-line ATDs for their lengthy treatment 
period while these second-line ATDs are more toxic and costly as 
compared to the first-line drugs. These limitations paved the way for 
further resistance in the TB strain and the XDR and TDR strain may 
prove to be deadliest in a TB epidemic with very limited scope for 
the treatment. The research in the development of new drugs for the 
drug susceptible and resistant TB is very slow, and the requirements 
of clinical safety data of this new chemical entity will take a long 
period of time. Therefore the strategy of developing a novel 
controlled release polymeric nanoparticulate system containing 
existing ATDs may help in overcoming the drawbacks associated 
with the conventional drug delivery system. As these novel 
polymeric carriers reduce the dose, frequency of dosing and side 
effects which help in achieving patient compliance. PDD makes it 
possible to deposit site-specific drugs at high concentrations within 
the diseased lungs, thereby reducing the overall dose of a drug to 
patients which in turn reduces systemic side effects. Thus applying 
nanotechnology together with PDD results in improved patient 
compliance with a higher bioavailability of ATDs and reduced 
frequency of dosing thereby it can help in improving patient 
compliance in the management of drug susceptible and resistant TB. 
However polymers toxicological studies need to be performed for 
estimating their safety in clinical use. Therefore, thorough research 
and commitment by concerned bodies and authorities all over the 
globe will give rise to less complex, shorter, more effective and less 
toxic therapy for TB disease in the future. 
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