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Abstract

This review attempts to summarize the information available
on emerging trends in the treatment of tuberculosis caused
by the bacteria Mycobacterium tuberculosis. Nanostructured
biomaterials, liposomes, microparticles and solid lipid
nanoparticles have unique physicochemical properties such as
particularly small and convenient size, sustained release, great
surface area to mass ratio and high reactivity with structure.
These properties can be useful in easing the administration of
antimicrobial drugs, thereby reducing the number of limitations
in long-established antimicrobial therapeutics. In recent years,
the encapsulation of antimicrobial drugs in all carrier systems
has emerged as an innovative and promising change that
increases therapeutic efficiency and reduces undesirable side
effects of the drugs.

Keywords: anti-tubercular drugs, novel drug delivery systems,
liposomes, drug targeting

Introduction

Tuberculosis is a widespread disease, and presents diffi-
culties that transcend the conventional medical approach.
Tuberculosis is a very old scourge. Its mortality and morbid-
ity increase because it is a global health problem. It is the
most ordinary opportunistic infection in Acquired-Immuno
Deficiency Syndrome. Tuberculosis (TB) is a disease caused
by a microorganism (Mycobacterium tuberculosis) which
invades the lungs and causes the beginning of disease
(Kaur et al. 2014a).

This communicable disease spreads through air. Myco-
bacterium has worsened the problem in humans by acquir-
ing various types of resistances like Multi-drug resistance
(MDR), Single-drug resistance (SDR), and Extensive drug
resistance (XDR).TB is the most common cause of death
due to a single infectious agent worldwide in adults. The
exact cause of this is unknown, although it is thought that
it could be because of the low rate of recovery from TB
due to a HIV infection as well as Multiple Drug Resistant
Tuberculosis (MDR-TB), due to ineffective management.

It is calculated that each year, approximately eight million
new cases and two million deaths occur (Kaur et al. 2014b).
Table I represents the various species of Mycobacteria
which cause tuberculosis.

TB is commonly classified as being either latent or active.

e Latent TB - The bacteria are motionless but pres-
ent in the body. The patient has no signs and it is
not communicable.

e Active TB - The bacteria are active and make the
patient sick. Active TB is communicable.

Transmission of tuberculosis

TBinfection isinitiated when the mycobacterium comes into
contact with the alveolar macrophages. Mycobacterium
tuberculosis (MTB) is free in its use of multiple cell surface
receptors to grow into macrophages. The primary infec-
tion replicates within the endosome of macrophages, and
then multiplies to the lymph nodes. The primary infection
has no symptom in adults. Macrophages, B-lymphocytes,
T-lymphocytes and fibroblasts are among the cells that
combine to form a granuloma adjoining the infected mac-
rophages (Kaur et al. 2014c). Bacteria are not always removed
within the granuloma, but can become inactive, causing
a latent infection (Figure 1). Activation of TB again mostly
occurs in the lungs but involves other organs also. Secondary
TB lesions can grow in the lungs, peripheral lymph nodes,
brain, kidneys and bone. All body parts can be affected by
the disease, although it rarely affects the heart, pancreas,
skeletal muscles and thyroid. The symptoms and signs of the
disease are a cough with a duration of more than 2-3 weeks,
production of mucus, bloody sputum, tissue destruction,
chills, chest pain, fever, fatigue, shortness of breath, severe
headache, weight loss, loss of appetite, tiredness, night
sweats, or weakness (Kaur et al. 2014d).

Epidemiology

Initial data show that the number of TB cases detailed in the
United States(US) was 9588, a rate of 3.0 cases per 100,000
population, compared with 3.2 cases per 100,000 population
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Table I. Species of Mycobacteria that cause tuberculosis.

Organism of mycobacteria Disease Host

M. tuberculosis Tuberculosis Diseased persons

M. bovis Intestinal or tonsillar Diseased cows

M. avium Disseminated infections No virulence in normal host

M. intracellular

Disseminated infections

Patients with AIDS

in 2012. The 4 states of California, Texas, New York, and
Florida detailed more than half (51.3%) of all TB cases
reported in 2013. Even though TB cases among foreign-born
persons in the United States continue to decline, the rate
of decline in TB incidence since 2012 among foreign-born
persons (2.1%) lagged behind the rate of decrease among
the U.S. born (8.4%), causing the proportion of TB cases in
foreign-born persons to continue to increase .

In 2010, the reported number of TB cases declined a
little from the previous year. In 2010, there were 11,182
detailed TB cases (3.6 cases per 100,000 persons) evalu-
ated to 11,537 reported tuberculosis cases from 2009.
Tuberculosis case totals are at present at the lowest num-
ber recorded since national reporting began in 1953. Even
though detailed TB cases achieved all-time lows in the
United States, there are still excessively high rates of TB
among ethnic/racial minorities, mainly U.S.-born blacks.
Tuberculosis rates are greater for a number of racial and
ethnic groups, because a higher proportion of people in
these groups have other risk factors for TB. Table II shows
the rate of tuberculosis cases by race/ethnicity in United
States.

e African-Americans or blacks born in the United States
presented 40% of TB cases among U.S.-born persons.

e Hispanics or Latinos accounted for the highest per-
centage of total cases of TB of any race/ethnicity (29%).
The TB percent range for Asians (22.4 per 100,000) was
approximately 3 times higher than that for Latinos or
Hispanics (6.5 per 100,000) or African-Americans or
blacks (7.0 per 100,000).

Conventional drug therapy

1. An initial severe phase of rifampicin (RIF), isoniazid
(INH), pyrazinamide (PYZ), and ethambutol (ETB)
administered daily for 2 months.

2. A continuation phase of RIF and INH for an extra 4
months, daily or 3 (three) times per week, to be admin-
istered. INH eliminates most of the rapidly replicating
bacilli in the first 2 weeks of treatment, together with
streptomycin and ETB. Table III represents the various
examples of antitubercular drugs.

Drawback of conventional therapy

Rifampicin is an effective antibiotic used in anti-tuberculosis
therapy, but treatment is prolonged, with oral administration
of high systemic doses over a period of 4-10 months. Various
systemic side effects and poor patient compliance are related
after a long duration of anti-tubercular chemotherapy. To
overcome these drawbacks, ligands are attached with vari-
ous drug delivery systems. P-Amino salicylic acid (PAS) con-
jugated to maleylated bovine serum albumin (MBSA) was
taken up competently through high-affinity MBSA binding
sites on macrophages. Binding of the radio-labeled conju-
gate to cultured mouse peritoneal macrophages at 4°C was
competed for by MBSA but not by P-Amino salicylic acid
(PAS). At 37°C, the radio-labeled conjugate was quickly cor-
rupted by the macrophages and the release of acid-soluble
corrupted products in the medium. The drug linkage was
about 100 times as effective as free PAS in killing the intra-
cellular mycobacterium in mouse peritoneal macrophages
infected in culture with Mycobacterium tuberculosis.
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Figure 1. Transmission of tuberculosis.
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Table II. Rate of tuberculosis cases by race/ethnicity in United States.

Table IV. Side effects of Anti TB drugs.

Race/ethnicity Percent rate (2012) Percent rate (2013) Anti-tubercular drugs Side effects
Hispanic 5.3 5.0 Isoniazid Rash, Seizure, loss of memory, injury
Black 5.8 5.3 of lungs, stinging pain in feet
Asian 18.7 18.7 Rifampicin Less appetite, low urine excretion
White 0.8 0.7 Pyrazinamide Pains in joints, pain in abdomen
Other 4.4 3.7 Ethambutol Reduced visual quality

Streptomycin Irritating sensation, loss of memory

Thioacetazone Skin inflammation

Kanamycin Toxicity in kidney

Table IV discusses various side-effects associated with anti-
tubercular drugs.

Emerging trends for the treatment of TB

There are several techniques which are used in TB treat-
ment. A number of delivery systems are used for targeted
drug delivery. The delivery systems are microparticles,
nanoparticles, microspheres liposomes, solid lipid nano-
particles etc. A number of novel implants like micro par-
ticulate and a variety of other carrier-based drug delivery
systems incorporating the principal anti-tuberculosis
agents target the site of tuberculosis infection or reduce
the dosing frequency with the aim of improving patient
outcomes. Table V represents some salient features of
drug carriers which have been successfully used for the
treatment of tuberculosis.

Liposomes

Aliposome is a nano-sized bubble (vesicle). Liposomes have
a spherical shape, and are made out of the same material as
a cell membrane. Liposomes can be produced from lipid
(phospholipids) and cholesterol. Charge, lipid concentra-
tion and size (ranging from 20 to 10,000 nm) of liposomes
can be varied and these variations powerfully affect their
behavior in vivo (Garg and Goyal 2014b). Numerous lipo-
some formulations are quickly taken up by macrophages.
They are broken either for macrophage-specific delivery of
drugs or for passive drug targets, permitting slow release
of the drug over time from these cells. Liposomes can be
packed with drugs, and used to deliver drugs for cancer and
other diseases (Gagandeep et al. 2014). Liposomes hold a
core of aqueous solution so phospholipids combine with
water at once, which forms a bi-layered bubble because one
end of each molecule is water soluble, while the another
end is water insoluble. Lipid bubbles that have no aqueous
material are called micelles. Furthermore, a targeting device
or ligand can be incorporated on the external surface of the
liposome in order to obtain targeted drug delivery. Lipo-
somes are mostly classified by their structure: 1) multilamel-
lar liposomes (several bilayers), 2) unilamellar liposomes
(one bilayer) (Garg 2014). The properties of liposomes and

Table III. Classification of antitubercular drugs.

Amino salicylic acid Extreme sensation in body

surfactants which formulate them and are helpful for differ-
ent applications are:

e Show stability of structure on dilution.

e Variation in permeability of the bilayer to different
molecules.

e Capacity to entrap mutually water soluble and
insoluble substances and deliver them into desired
environments.

Liposomes have also been developed as a cargo carriers for
cell- and organ-specific targeting using ligands, including
proteins, peptides, polysaccharides, glycolipids, glycopro-
teins, lectins, and anti-target monoclonal antibodies (Garg
and Goyal 2012). There are several liposome formulations
that have been commercialized and there are many other
liposome formulations. After two decades of development,
the in vivo and pharmaceutical action of liposomes is
now better understood and outlines the basis for further
development of liposome-mediated drug targeting strate-
gies for clinical application (Garg and Goyal 2014a). Table VI
represents the mode of delivery and outcomes of liposome-
based drug delivery systems in the treatment of TB.

Nanoparticles

Ananoparticle is one that measures 100 nm or less. The prop-
erties of many conventional materials change when shaped
from nanoparticles. A nanoparticle is defined as a tiny object
that works as a whole unit, with its transport function and
properties. It works as transport because a nanoparticle has
a larger surface area than a larger particle, which makes it
to more reactive to some new molecules (Garg et al. 2013).
Figure 2 represents mechanisms of nanoparticle-based
antimicrobial drug delivery to microorganisms.

Table VII represents the mode of delivery and outcomes
of nanoparticle-based drug delivery systems in the treat-
ment of TB.

Nanoparticle-based drug delivery systems are used for
the treatment of tuberculosis (TB). Nanoparticles originate
from biocompatible polymers and are soluble in particle-type

First-line oral Injectable

Newer second line drugs

Oral second line Drugs with unclear function in

anti -TB drugs anti-TB drugs (Flouroquinolones) anti-TB drugs the treatment of drug resistant TB
Isoniazid Streptomycin Levofloxacin Thiacetazone Clofazimine
Pyrazinamide Kanamycin Ciprofloxacin P-amino salicylic acid Linezolid

Ethambutol Amikacin Oflaxacin Ethionamide Thioacetazone
Rifampicin Capreomycin Moxifloxacin Cycloserine Clarithromycin
Streptomycin Vincomycin Gatifloxacin




Table V. Salient features of drug carriers.

S.No. Carrier Features

1) Liposome Organized from physiological lipids,
effectively target macrophages,
developed as cargo carriers for cell
and organ- specific targets using
ligands, have a short shelf life

2) Nanoparticles Drug carriers, systemic and pulmonary
bioavailability, show good high drug
encapsulation

3) Microparticles Show low encapsulation for some

drugs, show good pulmonary
deposition, targeted drug delivery,
systemic bioavailability shown to be
low following inhalation

4) Solid lipid Show high drug encapsulation, show
nanoparticles good systemic and pulmonary
bioavailability, have a high shelf life
5) Microspheres Good drug encapsulation, effective

and sustained target delivery

carriers. Carriers have also been prepared using ficoll,
poly-L-lysine or Sepharose as the most important carri-
ers. Recently, alginate nanoparticles have been described
for targeting as antituberculosis drug carriers (Goyal
et al. 2014). The benefits of nanoparticles utilized as drug
carriers are-

e Nanoparticles show high stability

e High carrier capability

e Possibility of incorporation of both hydrophilic and
hydrophobic substances

¢ Possibility of variable routes of administration, includ-
ing oral application and inhalation.

These properties of nanoparticles make it possible to
enhance drug bioavailability and reduce dosing rate (Johal
etal. 2014).

Microspheres or Microparticles

In 1976, the first polymer-based drug delivery system was
worked out by Langer and Folkman for macromolecule
delivery (Joshi et al. 2014). Microspheres originate from
biocompatible polymers and are soluble in the particle-
type carriers. Carriers have also been prepared using ficoll,
dextrans, poly-L-lysine or Sepharose as the most important
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carrier. In recent times, alginate microparticles have been
described for targeting as antituberculosis drug carriers.
Nanoparticles are smaller (0.2-0.5 pm) than microspheres
(30-200 um) and have a smaller drug loading capability than
the soluble polymers (Kataria et al. 2014), at the inner core
and at the surface of the particles. Formulation of drugs can
occur in nanoparticles, depending on the physicochemical
character of the drug. The site of drug absorption extensively
influences its release rate from the particle. Deliberately
induced immunological tolerance of this protein against
beta-lacto globulin in a poly-lactic-glycolide microsphere
formulation has been achieved (Marwah et al. 2014).
Table VIII represents the mode of delivery and outcomes of
microparticle/microsphere-based drug delivery systems in
the treatment of TB.

Use of sustained release drug delivery systems recov-
ers patient compliance in tuberculosis chemotherapy. As
sustained release carrier systems, poly (DL-lactide-co-
glycolide) (PLG) micro particles containing a combination
ofisoniazid and rifampicin were developed. A single dose of
PLG microparticles showed a sustained release of isoniazid
and rifampicin in vivo for up to 7 and 6 weeks, respectively
(Sharma et al. 2014a). One dose of PLG microparticles
cleared bacteria more efficiently from the lungs and liver, in
an experimental murine model of tuberculosis after low-dose
PLG combination drug therapy and in liver after high-dose
PLG combination drug therapy, as compared with a daily
administration of the free drugs. Therefore, the improvement
in tuberculosis chemotherapy using PLG microparticles
offers advantages over the conventional treatment (Sharma
etal. 2014b).

Solid lipid nanoparticles

A solid lipid nanoparticle is spherical with a standard diam-
eter between 10 and 1000 nanometers (nm). Solid lipid
nanoparticles have a solid lipid core matrix that can dis-
solve http://en.wikipedia.org/wiki/Solubility in lipophilic
molecules (Goyal et al. 2013a). The lipid core is formed by
added emulsifiers (surfactants). The lipid is used here in an
extensive sense and consists of triglycerides like tristearin,
diglycerides like glycerol behenate, monoglycerides like
glycerol monostearate, fatty acids like stearic acid, steroids

Table VI. Outcomes of liposome-based drug delivery systems in the treatment of TB.

Route of

Delivery system administration Drug used Inferences

Liposomes Aerosol Rifampicin Improved delivery of rifampicin to macrophages. To reduce
rifampicin side effects by pressurized packed liposomes
for pulmonary targeting of drugs (Vyas et al. 2004)

Liposomes phosphatidyl glycerol, Intravenously Streptomycin Improved antimicrobial activity against Mycobacterium

cholesterol, and phosphatidyl avium (Gangadharam et al. 1991)
Choline
Liposomes Respiratory Isoniazid and Sustained drug release, prevent from irritation formed
Rifampicin locally, minimize toxicity (Garg et al. 2012a)

Liposomes Intravenously Gentamicin Decreased CFU count was observed both in spleen and
liver after administration of gentamicin-containing
liposomes to the infected mice; reduction in bacterial
count was related to dose (Klemens et al. 1990)

Liposomes Intravenously Pyrazinamide High therapeutic efficacy was observed in M. tuberculosis-

infected mice, when PZA liposomes were injected twice
weekly (El-Ridy et al. 2007)
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Figure 2. Mechanisms of nanoparticle-based antimicrobial drug
delivery to microorganisms: (A) Nanoparticles combine with microbial
cell wall or membrane and discharge the transported drugs within the
cell wall or membrane; (B) nanoparticles attach to the cell wall and
serve as a drug store to continuously release drug particles, which will
distribute into the interior of the microorganisms.

like cholesterol, and waxes like cetyl palmitate. Surfac-
tants have been applied to stabilize the lipid dispersion. It
has been found that the mixture of emulsifiers avoids par-
ticle agglomeration more competently (Goyal et al. 2013b).
Increment of solid lipid nanoparticles is one of the rising
fields of lipid nanotechnology http://en.wikipedia.org/
wiki/Solid_lipid_nanoparticle - cite_note-6 with numerous

latent applications in drug delivery, research and clinical
medicine. Due to their exclusive size-dependent proper-
ties, lipid nanoparticles present the option to develop new
therapeutics. Nanocarriers have the ability to encapsulate
drugs and offer a new example in drug delivery that holds
large promise for achieving improvement in bioavailabil-
ity, along with controlled and site-specific drug delivery.
Solid lipid nanoparticles have in recent times appeared as a
novel approach to parenteral and oral drug delivery systems
(Singh et al., 2014b). SLNs unite the advantages of polymeric
nanoparticle systems and lipid emulsion while overcoming
the chronological and in vivo stability issues that trouble
the polymeric nanoparticles as well as conventional drug
delivery approaches. It has been suggested that SLNs unite
numerous advantages over the other colloidal carriers, i.e.,
possible absorption of hydrophilic and lipophilic drugs, no
carrier toxicity, avoidance from organic solvents, chances of
controlled drug release and drug targeting, raised drug sta-
bility and no difficulties with respect to bulk level production
(Singh et al. 2014a). Table IX represents the mode of delivery
and outcomes of solid lipid nanoparticle based drug delivery
systems in the treatment of TB.

Table VII. Outcomes of nanoparticle-based drug delivery systems in the treatment of TB.

Route of
Delivery system administration Drug used Inferences
Lectin nanoparticles Oral Rifampin Lectins facilitate better mucoadhesion of drug due to bio
Isoniazid recognition of the lectin-bound carriers by glycosylated
Pyrazinamide structures in the intestine, thereby increasing the
bioavailability (Gabor et al. 2004)
Alginate nanoparticles Oral Rifampin Alginate is authorized by the USFDA and is administered orally
Isoniazid for treatment of reflux esophagitis. Alginate nanoparticles
Pyrazinamide elevate drug payload, provide better pharmacokinetics, and
Ethambutol increase therapeutic efficiency (Goyal et al. 2013b)
PLG(Poly-lactide-co-glycolide) Oral Rifampicin, Increased bioavailability, enhanced pharmacodynamics
Nanoparticle Isoniazid, (Pandey et al. 2003)
Pyrazinamide,
Ethambutol.
Lectin-functionalized PLG Aerosol Isoniazid Decrease the drug dosage frequency and lead to better patient
nanoparticles Rifampin compliance (Sharma et al. 2004)
Pyrazinamide
Lectin nanoparticle Subcutaneous Isoniazid Nanoparticles released from the solid dosage forms with their
Rifampin original properties (Gelperina et al. 2005)
Pyrazinamide

Table VIIL. Outcomes of microparticle/microsphere-based drug delivery systems in the treatment of TB.

Route of
Delivery system administration Drug used Inferences
Microparticles Inhalation Isoniazid Enhance efficacy of anti-tubercular drugs by uptake of inhaled particles
Rifabutin by lung macrophages (Parnami et al. 2013)
Alginate Microparticles Oral Isoniazid Nine-fold enhancement in bioavailability compared with free drugs
Rifampicin (Qurrat ul et al. 2003)
Pyrazinamide

Microspheres Inhalation Rifampin Reduce undesirable side effects of antitubercular drugs by potent
pharmacological effects. Reduce hepatic accumulation (Barrow et al.
1998)

PLGA Microspheres Aerosol M.TB antigen 85B Made use of in pulmonary delivery of tuberculosis vaccine. PLGA
particles for release of vaccines to stop M. tuberculosis infection
(Lu et al. 2007)

Microspheres Sustained release Rifampin Decreasing intracellular M. tuberculosis increment compared to free
drug given as equivalent doses of rifampin. Target the delivery of
efficient doses of rifampin to macrophages. No patient compliance
problem, because dosing is routine and the levels in blood are
preplanned (Pandey and Khuller 2005a)

PLGA microspheres Local Ofloxacin For bone tuberculosis (Suarez et al. 2001)
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Table IX. Outcomes of solid lipid nanoparticle based drug delivery systems in the treatment of TB.

Route of

Drug delivery administration Drug used Inferences

Solid lipid nanoparticles Nebulization Rifampicin, Isoniazid, Improved residence time, improved drug

(stearic acid) Pyrazinamide bioavailability, reduced administration rate

(Pandey and Khuller 2005b)

Solid lipid nanoparticles Oral Rifampicin, Isoniazid, Reduce the dosing frequency and promote better
Pyrazinamide patient compliance (Pandey et al. 2005)

Solid lipid nanoparticles Inhalation Rifampicin, Isoniazid, Higher relative bioavailability as compared to
Pyrazinamide conventional drug delivery (Ahmad et al. 2005)

Solid lipid nanoparticles Insufflation Capreomycin The plasma concentrations of capreomycin were
sulfate higher 2 h after i.v. (Garcia-Contreras et al. 2007)

Solid lipid nanoparticles Dry powder inhaler Rifampicin In vitro drug release was found to be for 6 days,

and a significant decrease was observed in the
number of CFUs at 7 days in M. tuberculosis
H37Rv infected cell lines, upon bioassay
assessment of cell culture obtained from
monocyte cell lines (Kaur et al. 2014a)

A recent study has showed the use of solid lipid nanopar-
ticles for oral delivery of the nutrients, minerals and iron, by
adding the hydrophilic molecule ferrous sulfate (FeSO*) in a
lipid matrix compiled of stearic acid (Kaur et al. 2014a).

Dendrimers

Dendrimers are spherical, three-dimensional, highly
branched macromolecules that encompass from the central
core and disclose symmetric, organized patterns of branch-
ing, with diameters that range from 10 to 100 nm. Dendrim-
ers represent striking applications for the encapsulation and
pulmonary delivery of anti-TB drugs, due to their unique
structure. Dendrimers with the carboxylic or hydroxyl termi-
nal are compatible (Garg et al. 2012b). Kumar et al. (2007)
formulated RIF-containing 4G and 5G PEG-PPI dendrimers
to achieve the sustained delivery of RIE. The percentage of
entrapment of drug in 4G and 5G PEGylated-PPI (polypro-
pyleneimine) dendrimers was enhanced from 28% to 39%
and 47% to 61%, respectively. Cell compatibility assays dem-
onstrated that PEG-PPI dendrimers reduced the intrinsic
hemolytic toxicity of nanocarrier materials from 14% to 3%
(Kumar et al. 2007).

Conclusion

In summary, many antimicrobial drugs are complicated
to administer because of the low water-solubility, quick
degradation, strong cytotoxicity to tissues, and clearance
in the blood circulation. Their antimicrobial activities are
not in favor of intracellular microbes and are also strictly
limited by poor membrane transfer ability. Generally, stud-
ies have shown that nanoparticles, liposomes, polymeric
nanoparticles, solid lipid nanoparticles, microspheres and
microparticles are able to overcome these problems and
facilitate easy antimicrobial delivery to microbial infection
sites. While most of these carrier based antimicrobial drug
delivery systems are currently in the preclinical develop-
ment stage, several have been approved for clinical use. With
the continuing efforts in this field, there is no doubt that tar-
geted carrier based drug delivery systems will continue to
provide better treatment to bacterial infections, especially
in life-threatening infections such as tuberculosis and other
infections.
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