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Preface

An article published in the Washington Post in 2016 stirred an intense discussion
between the public, scientific communities, and health authorities. How many dis-
eases are precisely known to humankind? At the moment, scientists estimate the
presence of more than 10,000 human diseases and only fewer available treatments,
that too for major diseases.!

In 2022, the scenario is not very different considering the deliberate speed of
academic/industry research, economic ups and downs, tougher regulatory policies,
complex clinical trial setups, and the impact of the Covid-19 pandemic in slowing
processes and businesses, and changing world political dynamics and policies. The
same question on “availability of effective treatment” is valid now and maybe even
after next two to three decades.

Diseases can be genetic or caused by environmental factors (mainly known as
infectious diseases). Human infectious diseases are typically classified according to
the source of infection as anthroponoses (human—human transmission), zoonoses
(animal-human transmission), and sapronoses (abiotic decaying substrate—human
transmission). These infectious diseases contribute to the enormous financial bur-
den on a country’s economy. By 2001, around 1415 species of organisms had been
recorded to be pathogenic to humans, which mainly comprised of bacteria, viruses/
prions, fungi, protozoa, and helminths.

This book is a trivial attempt to compile all possible and available information on
etiology, pathology, current therapy options available of wide spectrum of diseases,
the role of drug delivery sciences, advances in new techniques, diagnostic tools, and
new drug research of various infectious diseases.

A total four volumes are compiled to accommodate the vast available
information:

Volume 1 — Malarial Drug Delivery Systems (MDDS)
Volume 2 — Tubercular Drug Delivery Systems (TDDS)
Volume 3 — Viral Drug Delivery Systems (VDDS)

Volume 4 — Infectious Disease Drug Delivery Systems (IDDS)

! Are there really 10,000 diseases and just 500 ‘cures’? — The Washington Post
https://www.orpha.net/


https://www.washingtonpost.com/news/fact-checker/wp/2016/11/17/are-there-really-10000-diseases-and-500-cures/
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vi Preface
Volume 1: MDDS

Malaria is a disease caused by the parasite Plasmodium. The parasite spreads to
humans through the bites of infected mosquitoes causing high fever, nausea,
vomiting, diarrhea, body pain, rapid heart rate, and shaking chills. Each year,
millions of people get infected by malaria, and many hundred-thousand people
die. Some of the most significant risk-prone areas include Sub-Saharan Africa,
South and Southeast Asia, Pacific Islands, Central America, and Northern South
America. Treatment of malaria mainly comprises the most common antimalarial
drugs like chloroquine and primaquine. In the case of drug resistance, artemis-
inin-based combination therapies (ACTs) are preferred. ACT is an amalgamation
of two or more drugs that work against the malaria parasite using a different
mechanism of action.

Volume 2: TDDS

Tuberculosis (TB) is a potentially severe infectious disease that affects the lungs
and, in some cases, the kidney, spine, and brain. The mycobacterium causes tuber-
culosis via air route. As a result, two TB-related scenarios are possible: latent TB
infection (LTBI) and TB disease. If not treated properly, TB disease can be fatal. TB
bacteria usually grow in the lungs (pulmonary TB). The typical test used to diag-
nose TB is the Mantoux tuberculin skin test (TST). The medications used to treat
latent TB infection include Isoniazid, Rifapentine, and Rifampin. Classically, the
patient may undergo several treatment regimens (1st/2nd/3rd line) recommended as
per disease condition and health policy of that specific country. TB treatment can
take 4, 6, or 9 months depending on the regimen.

Volume 3: VDDS

Viruses are very tiny infectious germs, which cause infectious diseases such as
the common cold, flu, and wart, and severe illnesses such as HIV/AIDS, Ebola, and
Covid-19 (which caused the recent pandemic where millions of people lost their
lives). They invade living, normal cells and use those cells as host. Depending upon
the type of virus, the target body cells are different. Virus infections and diseases are
categorized under ten other groups, that is, contagious, respiratory, gastrointestinal,
exanthematous, hepatic, transmission, cutaneous, hemorrhagic, neurologic, and rest
of the viruses not in these categories. All viruses have a protein coat and a core of
genetic material, either RNA or DNA; unlike bacteria, viruses can’t survive without
a host. The diagnosis of viral diseases/infections can be performed by viral culture,
serological tests, virus antigen detection, and viral nucleic acid or antibody detec-
tion. Treatment of viral diseases/infections depends on the type of viral infection.
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Antibiotics do not work for viral infections. FDA has already approved several anti-
viral medicines for the treatment of certain illnesses.

Volume 4: IDDS

Each infectious disease has its specific signs and symptoms. Diagnosis of infectious
diseases needs lab testing. Samples of body fluids, for example, blood, urine, and
saliva, can reveal evidence of the particular microbe that is causing the illness.
While imaging scans using X-rays, computerized tomography, and magnetic reso-
nance imaging can help pinpoint disease states. Often, local tissue biopsies provide
helpful information on the state of infection and adverse observations of disease (if
any). This volume is focused on diagnosis, detection, disease models, the link
between two or multiple infectious diseases, and vaccine development for the treat-
ment of infectious diseases

This book series compiles all the new treatment avenues that have been explored
to treat malaria, tuberculosis, viral infections, and other infectious diseases like
Ebola and hepatitis. It covers various aspects of drug delivery advances for disease
targeting, new drug molecules, analysis of currently ongoing clinical trials, vaccine
development, and availability of disease models to evaluate drug performance.
Dedicated chapters are included on herbal treatment opportunities for each disease.
In addition, readers can refer to information on global disease health scenarios, cel-
lular pathophysiology, and drug resistance, and full coverage on polymeric nanopar-
ticles, solid lipid nanoparticles, dendrimers, liposome, and micro/nanoemulsions as
drug delivery carriers.

Experts from all over the world have shared their knowledge to generate this one-
stop resource. This book series is destined to fill the knowledge gap through infor-
mation sharing and organized research compilation from the diverse expert area of
pharma, medicine, clinical, chemist, and academics to fulfill following specific
objectives:

* To discuss opportunities and challenges in the treatment of infectious diseases

» Enlist current efforts by researchers and experts

 Facilitate the insight and knowledge sharing

» Highlight innovative, cutting-edge micro and nanotechnology research

e Establish collaborations between academic scientists and industrial and clinical
researchers

In summary, we are sure this book series will provide you great insights into drug
delivery sciences (conventional, micro-nanomedicines, and upcoming drug delivery
trends) along with updates on clinical and chemical drug research for the treatment
of infectious diseases.

Tuebingen, Germany Ranjita Shegokar
Tampa, FL, USA Yashwant Pathak
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Global Health and Tuberculosis; Past,
Present, and Future

Suryaveer Sankineni, Sarika Chauhan, Ranjita Shegokar,
and Yashwant Pathak

Abstract As we study tuberculosis as one of the leading causes of death from a
single infection, it is important to understand the origins and interaction of newly
developing drug-resistant strains of Mycobacterium tuberculosis. Health organiza-
tions across the globe have been combating TB for decades and have seen incredible
successes in the quality of patient health. However, mitigating the spread of TB has
been a constant struggle. Across Africa and a majority of Asia, there has been a
significant decline in TB incidence, but due to poor execution of preventative meth-
ods and the rise of multidrug-resistant strains, these regions are nowhere near total
eradication. On the other hand, the Middle East has seen a significant decrease in
TB death and incidence in the past few decades making the steadiest progress
toward eradication. The few incidences of TB in these regions have been the result
of immigrations. With the inception of Coronavirus, many global initiatives have
redirected resources and personnel, effectively stalling the progression of TB pre-
vention. Combatting this disease can help us streamline healthcare interventions for
TB and many other infectious diseases.

Keywords Tuberculosis - Mycobacterium tuberculosis - Global - Drug resistant -
Transmission - Elimination/eradication - Treatment - Infectious disease
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2 S. Sankineni et al.
1 What Is Tuberculosis

Tuberculosis (TB) is the second leading cause of death via a single infectious agent
(after COVID-19) and comes thirteenth in overall cause of death worldwide [1].
Infecting approximately ten million people worldwide in 2020, the chronic inflamma-
tory disease is airborne, meaning it is spread between humans through the inhalation of
air infected with TB pathogens [3]. The aforementioned pathogen is Mycobacterium
tuberculosis (M. tuberculosis). The pathogen is able to adapt effectively within a host
and can be fatal if not treated properly. M. ruberculosis resides in granulomas of immune
cells, compromising the host’s immunity as they are infected. TB can manifest in one of
two forms, pulmonary and extrapulmonary TB. The disease mainly affects the lungs but
can occur in other places like the kidneys, lymph nodes, and brain [2]. Although anyone
can develop the disease, it is more prevalent among adult males [3].

Latent tuberculosis infection (LTBI) occurs in people with M. tuberculosis present
in their bodies, but not at levels where transmission to others is possible [2]. The infec-
tion begins as a result of extracellular bacilli consumption by macrophages. Usually,
the immune system is able to limit and cease the rapid multiplication of the bacilli,
preventing the infection’s progression to disease. It is important to note, however, that
anyone with LTBI can develop TB. Some individuals are at greater risk of their TB
diagnoses progressing to LTBI. Human immunodeficiency virus (HIV) is the fore-
most risk factor which facilitates LTBI infection. In 2020, 214,000 out of the 1.5 mil-
lion people that died from TB had HIV (define) [1]. Those infected with HIV are
approximately 18 times more likely to develop TB than those without HIV. Children
under the age of 5 are also at a greater risk of developing the disease. Other risk factors
include diabetes mellitus, renal failure, cancers of the lung or neck, smoking and drug
abuse, malnutrition, and those going through immunosuppressive therapy [2].

The pathogen has been associated with multiple comorbidities and health complica-
tions such as autoimmune diseases, pulmonary complications, and metabolic syndromes
[4]. Further research on M. tuberculosis in relation to these complications and comor-
bidities would help more develop effective treatments for TB and its side effects.

2 The History of the Outbreak

TB is one of the oldest and most infectious diseases scientists have encountered; its
cause was unknown until the discovery of M. tuberculosis, by Robert Koch in 1882
[3]. Evidence of the etiological agent M. tuberculosis infecting humans has been
found in skeletons dating back as far as 4000 years [5].

The first documented evidence detailing similar symptoms to modern TB was
found in India dating back approximately 3300 years ago [6]. Other written forms
of documentation of TB-like symptoms can be found in ancient Hebrew texts; pas-
sages from the Old Testament use Hebrew words to describe diseases of wasting.
Evidence suggests the most common disease resulting in body deterioration would
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have been TB [7]. Even ancient Greece observed their fair share of a disease they
knew by the name Phthisis, which we can deduce as being TB. Hippocrates was
able to accurately describe the symptoms we currently equate to TB along with its
effects on an individual’s lung health. Surviving the ancient timeline, TB remained
prevalent and documented through the Middle Ages; during these times, it was pri-
marily documented as Scrofula also known as the king’s evil. At the time it was
widely believed that the touch of a royal could cure such an illness [8]. Around the
eighteenth century, TB had reached epidemic levels, with a mortality rate nearing
900 deaths per 100,000 individuals per year, with a large proportion of the deceased
including younger people [6].

The height of the industrial revolution brought poor working conditions, air qual-
ity, and malnutrition; all these factors exacerbated the risk factors for deadly TB
infections. Due to lesser infections among those of higher social classes, TB soon
received the nomenclature and stigma of the poor man’s disease creating a greater
obstacle for preventative or curative practices. Near the beginning of the nineteenth-
century talks of these various historical diseases of wasting, Phasis??, and Scrofula,
all being forms of a singular disease arose across various scientific communities.

This discovery followed hundreds of years and scientists’ worth of efforts dedi-
cated to the cure and prevention of what we know as TB.

3 Treatments over the Time

Despite being both preventable and treatable, TB has shown its resilience over multiple
centuries, being at the forefront of global health issues. After peaking in the nineteenth
century, the incidence of TB began its slow but steady decline, beginning with the sana-
torium movement originating with Hermann Brehmer. Brehmer opened his high-alti-
tude sanatorium in Poland focusing on high airflow living conditions paired with
low-intensity exercise and a healthy diet [9]. His efforts were superseded by Edward
Livingston Trudeau, who established the incredibly successful Adirondack Cottage
Sanatorium in New York [10]. Due to the extensive research, he conducted on the
effectiveness of sanatorium treatment programs, and being the first to cultivate the
tubercle bacillus in the United States, he was widely appreciated as the pioneer of mod-
ern TB treatment programs [11]. Many began to follow in Trudeau’s footsteps, and
from his opening of the Adirondack Cottage Sanatorium in 1884—1953, more than 800
institutions were functional with the occupant capabilities to support more than 100,000
patients [9]. During most patients’ stays in sanatoriums, there was a great emphasis on
bed rest; surprisingly this practice was incredibly successful for various reasons. In the
late 1950s, cardiologist William (Bill) Dock found that the recumbent position for
those suffering from tuberculosis allowed for increased blood and lymph flow to the
upper regions of the lungs and equalized hypertension with the lower regions [12]. By
the end of the 1960s, more effective and consistent chemotherapy programs began to
emerge as scientists and doctors understood more about this disease.
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The chemical battle against TB began with the discoveries of Streptomycin (SM)
and para-aminosalicylic acid (P.A.S.). SM treatment greatly benefited patient mor-
tality in the short term; however, long-term studies found an increase in SM resis-
tance resulting in death further down the line [14]. When used in conjunction with
one another, these medications proved to be reasonably effective with P.A.S. treat-
ment significantly reducing SM resistance. In 1952, an incredibly effective replace-
ment for SM had been synthesized, Isoniazid (INH). Since its discovery, INH has
served as the main anti-TB chemical, due to its capability in preventing antibiotic
resistances while maintaining low toxicity, all at the fraction of the cost [13]. Studies
conducted by the British Medical Research Council concerning the development of
drug resistance showed results stating that the majority of TB cases tended to only
show resistance to one of the three available strains of treatment [14]. These studies
gave rise to the most effective methods of chemotherapy of this time. Patients were
treated with varying combinations of SM, P.A.S., and INH depending on drug resis-
tance, age, and other health factors. However, the downside to the application of
chemotherapy lay within the necessity for continuous use of such medications.
After successful discharge from the hospital, a patient is expected to continue the
daily oral intake of small quantities of SM and INH; failure to complete the proper
cycle of chemotherapy medication resulted in the resurgence of extremely drug-
resistant infection in the afflicted patients, more often than not ending in death [14].
The necessary treatments required expensive year-long hospital stays inevitably
leaving poorer countries with no accessible forms of treatment.

More modern programs came to fruition following the late 1960s primarily to
address the issue of cost efficiency. Studies at the Tuberculosis Chemotherapy
Center in India found that at-home chemotherapy programs could be just as effec-
tive as the in-patient alternative [15]. These substitute programs allowed for cheaper
and mass access regardless of available hospital and sanatoria beds. Decreasing
treatment times was also a significant advancement that would make treatment pro-
grams more adaptable to any lifestyle. Clinical studies conducted on TB at Cornell
University employed pyrazinamide (PZA) to effectively kill any leftover bacteria
following heavy TB treatment in mice [16]. In other news, Rifampicin (RMP) was
identified as an accelerant in the elimination of TB bacilli in the lungs of mice. The
addition of RMP and PZA to existing treatment plans involving SM and INH was
found to drastically reduce the opportunity for relapse while only consisting of a
six-month chemotherapy timeline [17]. These chemotherapy programs began to
experience vast testing in the following years with varying combinations of existing
drugs in an effort to create the most cost- and medically effective treatment pro-
grams (Fig. 1).

In 2020, approximately 5.8 million people developed TB, a large decrease from
2019 which had shown an approximation of 7.1 million new cases. This however is
no cause for celebration, as disruptions due to Covid-19 are hypothesized as being
the cause for such a drastic decrease in TB reporting [3]. Despite the World Health
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Fig. 1 Pathogenesis of tuberculosis [30]

Organization’s (WHO) estimates for TB eradication, the timeline has been set back
exponentially due to the unexpected complications which arose from the Covid-19
pandemic. Incomplete TB treatments and mistreatment have led to the rise of
multidrug-resistant TB (MDR). With more and more complications presenting
themselves at every corner, TB eradication seems to be steadily creeping further and
further away.
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4 Tuberculosis: World Scenario

4.1 Africa

2.4 million people in 2020 have reported developing TB in the African region [18].
The estimated number of cases is said to be even larger due to health disparities and
the lack of diagnoses in rural areas. Of the 2020 cases, 58% affected adult males.
In the African region, South Africa is largely affected by TB. This is due to the high
levels of HIV-positive individuals in the country. An estimated 58,000 people died
in 2019 from TB in South Africa out of around 360,000 cases [3]. Of those that
died, approximately 62% had HIV. The TB burden in the African region is not only
driven by HIV but also poor living conditions and late diagnoses in healthcare
facilities. The entire WHO African region accounts for 25% of those infected by
TB [19].

The Sub-Saharan African region is at an increased risk of developing TB in HIV-
positive people. A source of concern comes from multidrug-resistant TB (MDR-TB)
strains that challenge treatment for HIV-positive persons developing TB [20]. These
strains resist rifampicin, isoniazid, and fluoroquinolone, which are frontline mea-
sures for treating TB. Lack of sufficient resources and ineffective treatment regi-
mens contribute to lower cure rates in the African region. From 2000 to 2019, there
has been a steady decline in the number of incidences of TB in the African region
including cases of those with HIV (Fig. 2).

Patients Relapses
n %
SM-+INH 112 29
SM+INH+thioacetazone 104 22
SM+INH+PZA 153 8
SM+INH+RMP 152 3

PZA = pyrazinamide; RMP = rifampicin; SM = streptomycin; INH = isoniazid

Fig. 2 Effect of the addition of thioacetazone (control), PZA, or RMP to a basic 6-month
SM + INH regimen on the relapse rate in a multicenter East African regimen study [14] (PZA pyra-
zinamide, RMP rifampicin, SM streptomycin, /NH isoniazid)
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Other than South Africa, the country with the largest incidence in Africa,
Mozambique, Kenya, and Tanzania have decreased incidences from 2000 to 2019.
Inadequacies in testing for drug-resistant TB and confirmed diagnoses have led to
ineffective treatment. Those under the age of 15 are a missing subgroup of those
with TB that contribute to larger treatment gaps in children [3]. There needs to be a
sustained focus on treating missing subgroups to facilitate the further identification
of cases in the region and the hopeful eradication of the disease.

4.2 Western Pacific/East Asia

The Western Pacific contributed approximately 1.8 million cases of TB in 2019
[21]. Of the 1.8 million individuals infected, 833,000 cases stemmed from China,
170,000 from Vietnam, and 59,000 from the Philippines. These three epidemic
countries contributed to 95% of all the cases in this region, and more than 90,000
deaths resulted from TB within the past year. Of the reported cases, approxi-
mately more than 100,000 were found to be infected by multidrug-resistant
TB [22].

Tuberculosis incidence per 100,000 people, 2000 Lo 2019 “
ncidence of tuberculoss is the estimated number of new and relapse tuberculosts cases arising In a given year, expressed as the rate per 100,000 population. All fo

2019
@ East Asia & Pacific 13000

“Incidence of Tuberculosis (per 100,000 people)”. Published online at OQurWorldInData.org.
Retrieved from: ‘https://ourworldindata.org/grapher/Tuberculosis-incidence-per-100000-
people’ [Online Resource]

All these numbers are an improvement to years past, moving from approximately
2.3 million cases (greater than 135 cases per 100,000 population) recorded in 2000
to about 130 cases per 100,000 population in 2019. However, the success rate of
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treatment programs has remained stagnant for many years due to such long-term
monetary and commitment necessities. Even the incidence statistics seem to be
nearing a plateau and the emergence of the covid-19 global pandemic only created
more complications in the TB detection and reporting systems. As for preventative
tactics, only 11% of recorded children under the age of 5 had taken any preventative
form of TB treatment [22]. Due to these countries’ low resources for the detection
of TB, low levels of preventative participation, and the necessity for long-term treat-
ment programs, the region continues to suffer from both undetected and drug-
resistant forms of TB [23].

4.3 Southern Asia

TB in South-East Asia carries an unreasonable proportion of burden in terms of
incidence and mortality in comparison to any other region in the world. With
approximately 4.3 million cases in 2019 and 630,000 deaths, this region was respon-
sible for more than 50% of the entire world’s TB deaths.

Tuberculosis incidence per 100,000 people, 2000 Lo 2019
of TB

@ Add country

500 L

200 B

2000 2005 2010 2015 2019

“Incidence of Tuberculosis (per 100,000 people)”. Published online at OurWorldInData.org.
Retrieved from: ‘https://ourworldindata.org/grapher/Tuberculosis-incidence-per-100000-
people’ [Online Resource]

The most susceptible countries within this region include India, Bangladesh,
Indonesia, the Democratic People’s Republic of Korea, Thailand, and Myanmar
[24]. All of these countries have experienced minimal decreases in incidence and
death rates in the past recorded years but have not seen any significant values dis-
playing steady progression toward eradication. Many anti-TB programs have been
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enacted in the past in hopes of speeding up the eradication process, for example, the
Indian government’s National Tuberculosis Programme started in 1962, and was
replaced soon after by the Revised National Tuberculosis Control Programme
(RNTCP) [25]. This organization and many other projects all shared similar goals
to increase detection rates, treatment accessibility, and treatment completion.
Nonetheless, early-stage and minor successes can be identified in large-scale inci-
dence numbers, but as it still stands numerous cases go undetected or undergo
improper treatment resulting in resistance, or worse, death.

More recently, countries that are suffering from similar complications regarding
the treatment of TB are being faced with a new obstacle, extensively drug-resistant
TB (XDR-TB). XDR-TB currently has no known cure, and various test results dis-
play that it is completely unaffected by any forms of pre-existing treatment/chemi-
cal therapy. Individuals undergoing treatment for this incredibly dangerous form of
TB show no signs of progression regardless of undergoing years’ worth of treatment
and nearly all cases resulted in death [26].

4.4 The Middle East

The eastern Mediterranean region pales in comparison to most other regions, mak-
ing up only about 8% of the world’s TB incidence. Pakistan is the largest contributor
to the incidence rates of this location with a total of 5.8% of world incidence, more
than 50% of the region itself [3].

Tuberculosis incidence per 100,000 people, 2000 o 2019 n

2019 R
® Middle East & North Africa 30,00

“Incidence of Tuberculosis (per 100,000 people)”. Published online at OQurWorldInData.org.
Retrieved from: ‘https://ourworldindata.org/grapher/Tuberculosis-incidence-per-100000-
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The main disease transmission factor in this region stems from the large number
of refugees often traveling across borders in unsuitable living conditions, a great
compounding factor for the transmission of TB [27]. Despite having to manage
extraneous factors, most Middle Eastern countries experience relatively low inci-
dence rates of TB, and the region as a whole has dropped its rates significantly in the
past 19 years to approximately 30 cases per 100,000 population.

5 Conclusion and Future Trends

Although the world has known of and studied M. tuberculosis for over a century,
the disease continues to persist as one of the largest leading causes of death from
single infection. Second only to Covid-19, TB infected approximately ten million
individuals in 2020 [3]. Despite being curable and preventable, global health
organizations across the world have been relatively unsuccessful in combatting
this disease. The contributing factors: expensive medical programs, little outreach
for detection across rural communities (who are suffering the most), and the
emergence of new drug-resistant strains of the bacterium due to incomplete
treatment.

Smaller, less afflicted regions such as the Middle East and a few others across the
globe are successfully nearing less than 10 cases per 100,000 population (the bur-
den which the WHO considers to be the pre-elimination stage) [3]. However, this
entails that the countries in this stage continue identifying latent TB infection, indi-
viduals who are susceptible to relapse, and the potential emergence of drug-resistant
strains of TB [27].

The African region has seen both sides of the spectrum; they are the second larg-
est contributor to global TB cases at nearly 2.4 million in 2020, but also is home to
multiple countries that have met the global milestone. Kenya, Namibia, Zimbabwe,
and the United Republic of Tanzania had all reached the global milestone of an
overall 20% decrease in TB incidence since 2015 [3].

The Southern Asia region provides the greatest obstacle in TB eradication report-
ing 4.3 million cases in 2019, accounting for more than 50% of the worldwide
reported cases [24]. Coupled with the recent discovery of XDR-TB, for which there
is no developed/reliable cure or treatment at the current moment, high-risk regions
are in more danger than ever before [28]. Nevertheless, organizations such as the
WHO are continually creating and implementing new methods such as the END TB
Strategy. The END TB Strategy focuses on increasing detection, treatment cover-
age, and completion across numerous countries in this region. These efforts will
hopefully combat the growing circumstance of drug-resistant TB in order to push
toward large-scale prevention and eventually eradication.

All in all, 2020 has disastrously impacted the global effort against TB; the
Covid-19 global pandemic has unfortunately exacerbated all the complications
public health organizations have been working to combat. In 2020, more access to
TB diagnostic and treatment services has been disrupted and certain resources have
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even been repurposed to cater to individuals affected by Covid-19. As a result of
this disruption, more people have died from TB complication, more cases have
gone undetected, and more cases were left untreated. The WHO projected that TB
deaths would decrease up to 35% by 2020 but currently is only a quarter of the way
there [29]. Total TB international funding has taken an enormous blow as countries
began diverting resources to the prevention and treatment of Covid-19. All these
compounding factors set back the global effort to end TB by many years.
Organizations like the WHO are taking immediate action to redistribute and pro-
vide essential resources toward TB detection and treatment with the goal to elimi-
nate TB by 2030.
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Tuberculosis: Cellular Understanding
of Disease

Nana Mireku-Gyimah and Nana Ama Mireku-Gyimah

Abstract Tuberculosis is undoubtedly a public health concern. An understanding
of the cellular make-up of the disease can help in its mitigation by several ways
aimed at providing new preventive and therapeutic approaches. The chapter thus
deliberates on some of the cellular mechanisms involved in the pathogenesis of
tuberculosis (Mechanism of Mtb-host interaction, phagocytosis and immune cells,
inhibition of phagolysosome maturation, inhibition of phagolysosome acidification,
inhibition of ubiquitination) as well as some forms of tuberculosis (pulmonary, mili-
ary, spinal (Pott’s) tuberculosis, and tuberculous lymphadenitis).

Keywords Mycobacterium tuberculosis - Cellular mechanisms - Tuberculosis

1 Introduction

Tuberculosis (TB) is an ancient ailment that has plagued the world dating as far
back as the Predynastic era. The disease has been documented to have been long
recognized in Egyptian mummies by paleopathological changes [1]. Over the past
decades, stringent measures including the availability of a vaccine and anti-TB
medications [2] have been developed and implemented to arrest the global burden
of TB [3]. This contagious airborne disease, caused by one of a group of closely
related bacteria, termed the Mycobacterium tuberculosis (Mtb) complex, however,
remains among the leading killer diseases worldwide. It is responsible for an
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estimated 1.5 million fatalities annually [4]. The discovery of the etiological agent
Mtb, by Robert Koch over 50 years after the disease was first described, is arguably
among the most important events in history [5]. Mtb is the 13th leading cause of
death worldwide, and was previously noted to be deadlier than any other single
infectious disease only to become second place to COVID-19 in recent times [4, 6].
In 2020, ten million men, women, and children were infected with TB even though
the disease is preventable and treatable. Between 2015 and 2020 only an 11%
reduction out of the 20% targeted reduction milestone in the End TB Strategy was
realized [4]. TB funding for low- and middle-income countries, who contribute
more than 95% of the world’s TB infections, has consistently remained inadequate.
A projected 13 billion USD is required for the diagnosis, management, and preven-
tion of the disease in 2022 alone [4]. The disproportionate distribution of TB
among low- and middle-income countries is highlighted in its dominance among
the poor, homeless, and malnourished. The dearth of knowledge in the mechanisms
of TB virulence, emergence of multiple drug resistance (MDR) strains of Mtb as
well as comorbidity with human immunodeficiency virus/acquired immunodefi-
ciency syndrome (HIV/AIDS) which causes more severe disease due to immune
suppression has given rise to new complications in the control of TB [3]. The grave
impact of TB on public health can therefore be glossed over. This chapter thus
throws light and sets the tone for in-depth discussions on the cellular understand-
ing of the disease TB.

2  Mtb Complex

The Mtb complex consists of seven common genetically closely related mycobacte-
ria namely Mycobacterium tuberculosis, Mycobacterium bovis, Mycobacterium
africanum, Mycobacterium microti, Mycobacterium canettii, Mycobacterium pini-
pedii, and Mycobacterium caprae. Other relatively newer discovered species
include Mycobacterium orygis, Mycobacterium mungi, Mycobacterium suricattae,
and dassie bacillus [7-10].

The first three, Mycobacterium tuberculosis, Mycobacterium bovis, and
Mpycobacterium africanum characteristically, are able to cause disease in humans.
Mycobacterium tuberculosis and Mycobacterium africanum are transmitted only
through the respiratory route and they do not infect animals. Mycobacterium bovis
which is also airborne, however, is known to also cause infection through the oral
route when high titers of the pathogen penetrate the gastrointestinal tract after
infected milk has been ingested. Mycobacterium bovis is zoonotic with cattle as its
reservoir. The live-attenuated form of Mycobacterium bovis is employed in the
BCG vaccine for immunization against TB [8]. Table 1 [7-17] gives a summary of
the characteristics of the various species of the Mycobacterium complex.



Table 1 Characteristics of species of the Mycobacterium complex

Mycobacterium | Organisms they
species infect Route of transmission Other
Mpycobacterium | Humans Respiratory/airborne Main causative agent for
tuberculosis human TB
Mpycobacterium Humans Respiratory/airborne M. africanum lineages are
africanum exclusive to Western Africa
Mpycobacterium | Humans Respiratory/airborne Used in BCG (Bacillus
bovis Animals Oral Calmette—Guérin) vaccine
for immunization against TB
Infects a wide range of
animal species, both
domestic and wildlife
It is zoonotic, with cattle as
the reservoir
Mycobacterium | Animals Skin wounds Infects small rodents
microti Humans Oral The field vole (Microtus
Aerogenic infection agrestis) is the maintenance
host
Fewer cases of human
infection reported
Mpycobacterium | Humans Route of transmission not | Also known as smooth
canettii clearly known tubercle bacilli
Initially isolated among
people groups in the horn of
Africa region
Mycobacterium | Animals Possibly airborne Infects pinnipeds (Walrus,
pinipedii True seals, Fur seals, Sea
lions)
Zoonotic
Mycobacterium Humans Possibly by contact Primarily found in Europe
caprae Goats Causes less number of
human TB
Detected in other animals
such as sheep and grey
wolves
Mycobacterium | Animals Possibly by contact Infects various species
orygis Humans Reported cases of
transmission from humans to
animals and from animals to
humans
Mycobacterium | Banded Hypothesized to occur via | Endemic to Southern Africa
mungi mongooses environmental
(Mungos contamination
mungo) Causative agent infecting
via erosions of the nasal
planum
Mycobacterium | Meerkats Respiratory Endemic to Southern Africa
suricattae (Suricata Oral (ingestion of bacteria
suricattae) from bite wounds or
discharging skin wounds)
Dassie bacillus Rock hyraxes Respiratory Endemic to Southern Africa
(Procavia

capensis)
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3 Initial Transmission of Mtb

Infection with Mtb is initially established in humans mainly by droplet nuclei pro-
duction through coughing, sneezing, singing, or speaking from an infected person
into human air; aerolization from medical procedures such as bronchoscopy; or
nosocomial handling of infected tissue and secretions. There is then subsequent
invasion of the lungs of a healthy person where the pathogen exerts its virulence
factors against the immune system of the host [3, 8, 18]. Infection may also be
established via the digestive tract or damaged skin and mucous membranes [2].

There is the need for the bacteria to replicate within human cells and disseminate
to other persons in order to propagate the disease process. Infection with Mtb may
cause active infection in an otherwise healthy person, but the pathogen is known to
be warded off and eliminated in 10% of people. The pathogen may also escape and
become dormant during the infection process in a latent infection. In this situation,
an active infection can be induced with a decline in immunity [2]. How Mtb is able
to thrive in the cells of some individuals while other individuals are able to ward off
the infection has however not been completely understood [6].

The nuclei droplets responsible for the initiation of infection typically range
between the sizes of 0.65 pm to 7.0 pm [19]. These droplets which may contain 1-3
bacteria [20] plays a role in the pathogenesis of the disease. Smaller droplets are
able to transit pass the nasopharyngeal and tracheobronchial regions into the lower
respiratory tract while larger particles will usually become trapped in the orophar-
ynx and upper airway. Studies have shown that nuclei droplet size is inversely
related to the burden of infection [20]. In pre-millennial studies conducted in rab-
bits, large aerosolized particles containing large quantities of bacteria were observed
to be trapped in the upper airway and caused little or no disease, while contrastingly,
smaller aerosolized particles containing fewer numbers of bacteria traversed to the
lower airway and caused significant progressive infection [20]. In the upper airway,
Mtb may cause localized TB of the oropharynx and cervical lymph nodes. Once in
the distal airways, Mtb invades the alveolar epithelial cells where they are phagocy-
tosed by resident macrophages, dendrites, and neutrophils. Mtb may also invade
non-myelocytic cells according to some studies [6].

4 Mechanism of Mtb-Host Interaction

Pathogen-associated molecular patterns (PAMP) present on the surface of the bac-
teria are recognized by pattern recognition receptors (PRR) on host cells such as
Toll-like receptors (TLR), scavenger receptors (SR), Fc receptors (FcR), comple-
ment receptors (CR), C-type lectin receptors (CTL), and cytosolic DNA sensors.
This recognition commences the interaction between Mtb and phagocytic cells.
Following the stimulation of PRR, bacterial phagocytosis and stimulation of
immune response occur. Also, several cellular processes such as apoptosis, antigen
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processing, inflammasome activation, phagosome maturation, and autophagy are
activated [21-23].

For a clearer understanding of how Mtb infects and invades the host innate
immune system, one ought to have a look at the nature and structure of the bacteria
and thus understand what aids it to thrive as a pathogen in the host system. Mtb is a
member of the phylum Actinobacteria. It is a non-spore-forming, aerobic bacilli
characterized by an impermeable, hydrophobic cell envelope with a number of com-
ponents. These components comprise the capsule, the outer mycomembrane, the
peptidoglycan layer, and the inner plasma membrane. Different secretion systems
including the twin arginine translocation (TAT) pathway, general secretion (SEC)
pathway, and ESX system are employed by Mtb to enable protein transport across
its unique envelope [18, 21]. These pathways play a significant role in the virulence
and pathogenesis of Mtb. While the TAT and SEC pathways are common to other
bacteria, ESX system is specific to Mycobacteria [24].

A recent study by Tucci et al. (2020) discovered 1314 proteins in an in vitro cul-
ture filtrate of Mtb. They further found that these proteins were important for detoxi-
fication, adaptation, virulence, cell wall, and cell process [25]. From this work, it is
apparent that Mtb secretes a lot of proteins although proteins secreted in vitro may
not be a true representation of what happens in vivo during pathogenesis. These
proteins play important roles in host immune modulation including enzymatic
activity, DNA modification, epigenetic modulation, immunomodulation, regulation
of cell survival, modulation of free radicals and cytokines, regulation of inflamma-
tion, and inhibition of phagosome—-lysosome fusion and antigen presentation [24].

The interaction between TLR and Mtb has been shown to be responsible for the
primary activation of phagocytic cells. The mannose receptor, a member of the CTL
family, is known to recognize mannose molecules and glycoproteins on the surface
of the bacteria, and its stimulation results in the production of anti-inflammatory
cytokines and non-activation of oxidative responses. Mincle, Dectin 1 and 2, as well
as dendritic cell immunoactivating factor are other members of the CLR family
which have been implicated in Mtb-host interaction although the exact mechanisms
by which they do so have not been completely elucidated [21]. FcR and CR are
expressed prominently on the surface of macrophages and have been shown to be
essential in the phagocytosis of Mtb by macrophages. SR are expressed on all mac-
rophage surfaces, and the macrophage receptor with collagenous (MARCO) which
is the most researched SR has been shown to cooperate with TLR to induce the
secretion of pro-inflammatory cytokines [21]. Also, cytosolic DNA sensors recog-
nize bacterial DNA in the cytosol, a mechanism that is dependent on the rupture of
phagosomes induced by the ESX system.

Myeloid differentiation factor 88 (MyD88) is a TLR-adaptor protein involved in
the innate immunity response. It mediates several biologically important signal
transduction pathways including inducing regulatory signals to prevent excessive
inflammation and cellular damage in the lungs. MyD88 plays a crucial role in pro-
moting full-scale activation of macrophages by IFN-y. Indeed, experiments with
mice deficient in MyD88 protein showed that the murine models were much more
susceptible to granulomatous pulmonary Mtb infection [26]. The impact of
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TLR-mediated pathogen recognition and MyD88-dependent signaling on anti-
mycobacterial host responses was determined experimentally using genetically
modified TLR2/4/9 triple- and MyD88 k.o. mice. After induction of Mtb infection,
the researchers revealed that there was little impact on the induction and expression
of Thl immune responses by TLR-mediated pattern recognition and MyD8§8-
dependent adaptor signaling. They also observed that MyD88 shaped anti-bacterial
effector mechanisms in macrophages in response to IFN-c independently of its
function as a TLR signal transducer. Their work did “not only underscore the dual
function of MyD88 as a TLR-coupled signaling adaptor on the one hand and a mas-
ter regulator of macrophage activation on the other, they also assign critical rele-
vance for in vivo protection against TB only to the latter” [27].

4.1 Phagocytosis and Immune Cells

In the lungs, the bacteria are delivered to the alveoli which consist of type I and II
epithelial cells with immune cells including alveolar macrophages, dendritic cells,
as well as neutrophils. Following phagocytosis of Mtb by these immune cells, the
pathogen deploys various virulence factors which enable it to evade being killed by
macrophages and also to replicate within the phagosomes. Again, the pathogen is
able to modulate intracellular macrophage signaling so as to modify the cytokine
environment leading to a reduction in the effectiveness of the host immune response.
This creates an environment that tolerates Mtb and enables the pathogen to thrive
within cells [21]. The innate immune response and subsequently the adaptive
immune response are established progressively in the lungs, leading to the forma-
tion of granuloma. This constitutes an organized structure with centralized macro-
phages surrounded by different cells including neutrophils, fibroblasts,
T-lymphocytes, and giant cells [21, 28]. In vitro studies in mice corroborate that
phagocytosed Mtb induces a local inflammatory response that attracts immune cel-
lular aggregates consisting of several cell types. This multicellular aggregation
results in the formation of the granulomatous lesion, the cardinal pathological insult
of TB. The granuloma has been shown to provide an enabling environment for the
propagation of Mtb although how this is so is not clearly understood [6]. The estab-
lishment of an immune balance, which is determined by the pathogen-host interac-
tion, ultimately determines whether the granuloma will recoil into silent infection or
disseminate into other systems. Mtb may conceal itself within the caseous necrotic
centers of granulomatous lesions or host cells and remain for long periods in latent
TB. Where there is an anomaly in the immune balance, active TB may ensue as the
host is unable to arrest the infection [21].
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4.2 Inhibition of Phagolysosome Maturation

After internalization and subsequent phagosome formation of Mtb by macrophages,
which are the first line of the host defense system, sequential fusions immediately
occur rendering it microbicidal in a process termed maturation. The maturation of
phagosomes is actively regulated by proteins called Rab GTPases (Rab) which
sequentially take the phagosome through early to the end stages of maturation
where there is lysosomal fusion called phagolysosomes which contributes to clear-
ance of the pathogen using the hydrolytic enzymes contained in the lysosomes [21].
The structural characteristics and composition of the mycelium of Mtb enable the
bacteria to inhibit the maturation process and survive the harsh environment posed
to it. Bacterial proteins prevent vacuolar accumulation of ATP and GTP leading to a
reduction in pH which interferes with the maturation process. Also, by increasing
the expression of the protein coronin 1 in the host-phagocyte membrane, Mtb inhib-
its the formation of lysosomes and thus prevents the formation of phagolysosomes
in the maturation process. The cytokine interferon, IFN a, and pro-inflammatory
transcription factor, NF-kB, have also been implicated in the inhibition of matura-
tion [2, 21].

4.3 Inhibition of Phagolysosome Acidification

As maturation occurs, the pH of phagosome rapidly drops as a result of high activity
of vesicular proton-pump ATPase. This acidification of phagosomes is essential for
the clearance of the pathogen-containing phagolysosome. This is because an acidic
pH is a prerequisite for optimal activity of the hydrolytic enzymes contained in the
lysosomes as well as formation of reactive oxygen species which also contribute to
pathogen clearance [21]. The structure of the bacterial cell wall inhibits acidifica-
tion of phagosomes. Tyrosine kinase A, an Mtb protein, has also been shown to play
a key role in acid inhibition [2].

4.4 Inhibition of Ubiquitination

The host ubiquitin system, inclusive of which are ubiquitin Ligase Parkin,
Ubiquilinl, and SMURF], is known to contribute to the recognition and elimination
of intracellular Mtb via a ubiquitin-mediated autophagy [21]. Several studies have
shown that Mtb interferes with the activities of the ubiquitin system, although the
exact mechanisms by which this is done are not completely established [23]. A
recent study has provided further insight into how Mtb suppresses host immunity.
The study showed that a core subunit of the anaphase-promoting complex/cyclo-
some E3 ubiquitin ligase ANAPC?2 has been determined to suppress the expression
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of proinflammatory cytokines. It is further reported to do so by interacting with the
mycobacterial protein Rv0222 and helping in the attachment of lysine-11-linked
ubiquitin chains to lysine 76 of Rv0222. It should be noted that Rv0222 plays an
important role for the virulence of Mtb. Genetic mutations of the ubiquitination site
on the mycobacterial protein Rv0222 were thus noted to reduce the virulence of the
mycobacterial while impairing the inhibition of proinflammatory responses.
Furthermore, the inhibitory effect of Rv0222 on proinflammatory responses was
eliminated upon inhibition of ANAPC?2 by specific short hairpin RNA [29]. Mtb is
also known to induce apoptosis and autophagy, although the mechanisms by which
this is done are also not clearly understood [2].

5 Classification of Tuberculosis

There are two main ways by which TB can be classified.
1. According to location:

(a) TB that occurs in the lung is termed pulmonary TB [30, 31].
(b) TB that occurs outside the lungs is termed extrapulmonary TB [30, 31].

2. According to Mtb and host interactions:

(a) TB is termed primary infection if a previously uninfected individual is
infected on exposure to Mtb. Primary TB occurs mainly in children but it is
increasingly being reported in immunocompromised patients (HIV).
Mediastinal or hilar lymph node enlargement is often observed in primary
TB as well as other diseases such as lymphoma, testicular carcinoma, small
cell lung cancer, and Whipple and Crohn’s diseases. However, a positive
tuberculin skin test, history of exposure to TB, and a focal area of parenchy-
mal consolidation in primary TB can be used to confirm primary TB infec-
tion [32].

(b) Post-primary disease refers to TB infection which develops after a latent
period of about 2 years after primary infection either by reactivation or rein-
fection. Mtb infection can lie dormant for decades in most healthy individu-
als (90-95%) [33, 34]. It can occur as aresult of delayed-type hypersensitivity/
adaptive immunity. It usually occurs in adults [32, 35].

5.1 Pulmonary and Extrapulmonary TB

Mtb has the tendency to infect many organs of the body, sometimes infecting more
than one organ at a time. When the lungs are implicated, the disease is termed pul-
monary TB whereas extrapulmonary TB refers to Mtb infection involving other
parts of the body other than the lungs. Several extrapulmonary TB occurs. They
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include miliary, spinal, abdominal, peritoneal, genitourinary, bone/joint, pleural,
renal, and lymphatic TB. The risk factors for the development of extrapulmonary
TB differ from country to country depending also on the patient’s comorbidities and
demographic, geographical, ethnic, social, and economic factors [36—38]. Depending
on the site of infection (type of organ (s) infected), different signs and symptoms
may be exhibited.

5.1.1 Pulmonary TB

TB of the lungs (pulmonary tuberculosis) is the commonest form of TB. Upon ini-
tial infection with Mtb, either one of a combination of these four presentations of
primary pulmonary TB may be seen. They include parenchymal disease, lymphade-
nopathy, pleural effusions, and miliary TB. The parenchymal manifestation shows
Ghon lesions in the lungs, especially where ventilation is best: in the subpleural and
mostly in the upper part of the lower lobe and lower part of the middle or upper lobe,
visible by chest x-ray [39].

Typically, infected people will present with weight loss, general malaise, fever,
chronic coughing which worsens with time, fatigue, and night sweats [31, 40].

A number of studies have pointed out that a previous history of pulmonary TB is
arisk factor for lung cancer, airflow obstruction, and chronic obstructive pulmonary
disease (COPD) [41]. A study in South Korea demonstrated that pulmonary Tb was
indeed a predisposing factor for future lung cancer.

Diagnosis of TB can be by various ways. In diagnosing, care should be critically
taken not to overlook latent TB which may present with little to no symptoms.
These include [31, 35, 42, 43]:

1. The tuberculin skin test: It is still a widely used test for diagnosing TB. It should
be noted however that in immunosuppressed patients, it is less sensitive [35].
Also, a positive test may be obtained from a patient with latent TB infection and
not actually from the symptoms he or she may be showing. The test thus lacks
sensitivity and specificity.

2. Acid-fast-bacilli smear and culture test: The suspected patient is made to pro-
duce sputum. This is then cultured for the presence of Mtb. It is a specific test for
the presence of Mtb. However, a negative culture test does not rule out active TB.

3. Hematological investigations: Analyses of the blood of a pulmonary TB patient
can show the presence of elevated leukocytes, leukocytosis, anemia (normochro-
mic, normocytic), mild monocytosis or eosinophilia as well as elevated ferritin,
lactate dehydrogenase, platelet, and phosphatase counts. These results are not
specific only to pulmonary TB. For example, patients with leukemia also will
present with high leukocyte counts.

4. Radiography (Chest x-rays): Chest x-rays typically show Ghon focus either with
hilar adenopathy and bilateral infiltrates or not in primary lung TB while upper
lobe cavitary lesion is observed in post-primary pulmonary TB. The accuracy of
chest x-rays for diagnosing TB is marred by underlying airway diseases such as



24 N. Mireku-Gyimah and N. A. Mireku-Gyimah

COPD and lung cancer. Also, it becomes difficult to interpret the chest x-rays in
the presence of immunosuppression.

5. Pathological assessments: Tissues such as the lungs can be subjected to patho-
logical investigations to rule out pulmonary TB. The presence of many gray—
white areas of caseation and multiple areas of softening and cavitation with
fluids in the cavities usually responding to the acid-fast-bacilli smear and culture
test confirms pulmonary TB.

6. Active case-finding (ACF) or systematic screening for TB: This type deals with
subjecting individuals to routine/ regular check-ups for lung TB. It may be
included in annual family or workplace routine checks, antenatal care, visa
applications to certain countries depending on the region the applicant is from,
school evaluations, HIV volunteer testing, HIV clinics, immunosuppressed
patients, and community-based active case findings. The idea is to identify and
initiate treatment quickly for a TB patient.

5.1.2 Extrapulmonary TB
Miliary

It is a disseminated form of TB which gives a miliary pattern (numerous tiny millet-
like spots in the lungs) on x-ray. It is described as both pulmonary and extrapulmo-
nary TB. This type of TB affects the lungs and can spread to the liver, bone marrow,
meninges of the brain and spinal cord, and or the pericardium. The disease is thus
sometimes described as disseminated TB. It commonly occurs in children but can
occur in adults too [44-46].

The disease presents in two forms: acute and cryptic miliary TB. Whereas the
acute miliary TB is marked by the presence of fever and commonly affects people
of age 40 and below, cryptic miliary TB typically presents with no fever and occurs
in the elderly, 60 years and above. Aside these differences, cryptic miliary TB is also
marked by weight loss and other symptoms which resemble that of metastatic can-
cer. The diagnosis of miliary TB is thus difficult and requires multi-faceted clinical
investigations [44, 47]. Again, miliary TB can occur after a person suffers a disease
that weakens the immune system such as in the case of measles [46]. A recent case
study has shown the rare association of disseminated TB with Coombs-positive
autoimmune hemolytic anemia as well as the rare presence of autoimmune hemo-
lytic anemia and hypoadrenalism in the same TB patient [48].

The infection can also involve the skin where the appearance of erythematous
macules or papules (tuberculosis miliaria cutis) is visible. This type is commonly
seen in patients with AIDS. Thoracic transverse myelopathy can occur when the
infection involves the CNS leading to tubercular meningitis, motor or sensory
abnormality, and headaches secondary to tubercular meningitis with or without
tuberculoma formation. The patient can be seen to have motor and sensory abnor-
malities as well as the general symptoms associated with Pott’s disease (see section
“Spine”) if there is neurological involvement. If the musculoskeletal system is
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affected, conditions such as septic arthritis, osteomyelitis, and bursitis can be seen
in the patient. If the abdominal quarters are involved in the infection, the following
manifestations suggestive of abdominal TB involving the liver, intestines, and or
peritoneal cavities would be observed — nausea, vomiting, fever, stomach pain in the
right upper quadrant, generalized fatigue (hepatic); micro and macronutrient defi-
ciencies, irregular bowel movements, subacute to acute intestinal obstruction, fever
(intestinal); fatigue, abdominal pain, ascites (peritoneal/peritonitis) [44].

The disseminating nature of the disease within the host, coupled with the fact
that it is insidious makes the diagnosis difficult. Different clinical investigations
would have to be performed to correctly diagnose miliary TB. Miliary TB is highly
fatal and should be suspected in TB cases and treated with immediate effect should
it be diagnosed. As Vohra and Dhaliwal [44] puts it “a multi-pronged approach
comprising of meticulous history taking, thorough clinical examination, radiologi-
cal, and laboratory investigation is required for the early diagnosis and adequate
treatment” of miliary TB.

A chest radiograph showing classical miliary pattern of diffuse small nodules
and or bilateral diffuse reticulonodular lung lesions on a background of miliary mot-
tling, clinical signs including weight loss and fever at night as well as the detection
of Mtb in the patient either by microbiology, histopathology, and or cytopathology
should lead the physician to query miliary TB. It should be noted that tuberculin
skin test shows anergy in miliary TB than in pulmonary TB [18, 44, 49]. It has also
been noted that blood neutrophil-lymphocyte ratio levels can be used to determine
the prognosis of miliary Mtb in patients. Elevated levels of neutrophil-lymphocyte
ratio lead to a bad prognosis with the likelihood of the development of acute respira-
tory distress syndrome. Han and colleagues suggested that levels greater than 5
needed immediate investigation and treatment [50]. Other factors that have been
used as a marker for bad prognosis of miliary TB include old age, consciousness
disturbance, and high BUN levels [49]. Also, initial chest CT scan for miliary TB
can be missed which could make diagnosis and subsequent treatment take a longer
duration of time [51].

Spine (Pott’s disease)

TB of the spine otherwise known as Pott’s disease or tuberculous spondylitis occurs
when Mtb infects the spinal cord. It is a typical manifestation of extrapulmonary TB
and can occur through the spread of the infection from the lungs. It has been
described as the most destructive form of TB. Classically, this infection leads to
spinal deformities with the upper lumbar and lower thoracic spine being mostly
affected. It involves the destruction of the intervertebral disk space and the adjacent
vertebral bodies. Pott’s disease is also seen to cause the collapse of the spinal ele-
ments, and anterior wedging leading to the characteristic angulation and gibbus
(anterior collapse of the spine with destruction of vertebral bodies) as well as pro-
gressive kyphotic deformity. This extrapulmonary TB infection generally leads to
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functional impairment with paraplegia being it most injurious complication.
Generally, the disease is a slow-progressing one but with harmful effects [52].

Back pain, usually localized to the site of infection, is the most prominent sign
and symptom of spinal TB. Others include local tenderness, night sweats, muscle
stiffness, muscle spasms, and a gradual creeping in of cold abscesses as well as
spinal deformity and neurological deficits. It should be noted that where the tuber-
culous vertebral lesion occurs will denote the spinal deformity [52-54].

Diagnosis of spinal TB involves physical examination of the back for deformi-
ties, examining the spine for non-contiguous vertebral lesions, microbiological
examination using acid-fast bacilli to determine the presence of Mtb in samples
obtained through biopsy, polymerase chain reaction, and neuroimaging. Some neu-
roimaging techniques employed to diagnose the disease include [52, 55]:

1. Magnetic resonance imaging (MRI), which is more sensitive and specific for
spinal TB to tell whether the disease is spreading to soft tissues.

2. Computed tomography (CT), to show disco-vertebral lesions and paravertebral
abscesses.

3. Plain vertebral radiograph, to point out rarefaction of the vertebral end plates,
loss of disk height, osseous destruction, new-bone formation, soft-tissue abscess,
and cold abscesses.

4. Conventional x-ray, which visualizes the disease in the underlying vertebrae by
showing widening of the superior mediastinum in antero-posterior x-ray and
increased prevertebral soft tissue shadow with anterior convexity of tracheal
shadow in lateral x-rays of the upper dorsal spine. It is important to have a chest
x-ray to rule out the possibility of coexisting pulmonary infection in a patient
with Pott’s disease.

For the various diagnostic methods, a decision as to the one to select lies on the fast-
est, accurate, and cost-effective method. Acid-fast bacilli stain is time consuming
and shows low sensitivity and specificity. Again false-negatives of biopsies are a
common occurrence in microbial assessments. Polymerase chain reaction is reported
to have high specificity and sensitivity and provides quick results [52].

Lymphatic (Tuberculous Lymphadenitis)

TB in the lymph node is known as tuberculous lymphadenitis. It presents as a grad-
ual increase in swelling that is painless of one or more lymph node, and these symp-
toms usually last from weeks to months. As compared to other forms of extra
pulmonary TB, tuberculous lymphadenitis is commonly found in children and
women [56].

A review on tuberculous lymphadenitis pointed out cervical lymph as the com-
monest followed by mediastinal, axillary, mesenteric, hepatic portal, perihepatic,
and inguinal lymph nodes [57]. Interestingly, another literature review and meta-
analysis on the epidemiologic and clinical characteristics of head and neck TB
found that cervical lymph nodes (87.9%) were the commonest followed by larynx
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(8.7%) with the involvement of other head and neck regions being the least
(3.4%) [58].

The diagnosis of tuberculous lymphadenitis is mostly by culture or polymerase
chain reaction demonstration of Mtb in an affected lymph. Culture remains the gold
standard for diagnosis. Culture can and may take 2—4 weeks to yield results. A posi-
tive acid-fast bacilli stain test indicates the presence of Mtb. The test is specific for
Mtb [59].

Other diagnostic methods include taking into consideration clinical symptoms
presented by the patient plus fine-needle aspiration, cytology, and excisional biop-
sies [58].

Fine-needle aspiration involves taking some lymph node tissue for investiga-
tions. The procedure is less complicated, much less painful, and yields rather small
tissues for examinations. On the other hand, excisional biopsies require surgically
removing a lymph node. This method although provides enough lymph node tissues
for examinations, the procedure is invasive, can leave visible permanent scars, and
can cause permanent destruction to some nerves as in the case of cervical excising
cervical posterior triangle [60]. Excisional biopsy however has the highest sensitiv-
ity and produces rapid symptomatic response. It is mostly recommended when the
patient presents with multiple affected lymph nodes.

6 Organizations Involved in TB Research

A number of research institutions, universities, and organizations around the world
are dedicated to understanding the TB disease. Active research is ongoing in a bid
to get the cellular and pathophysiological understanding of the disease, as well as,
to use the knowledge acquired in developing newer and efficient diagnostic tools,
treatments, and treatment regimens. Table 2 summarizes a non-exhaustive list of
some of these organizations around the globe.

7 Conclusion

Tuberculosis is undoubtedly a public health concern. Getting the understanding of
the cellular makeup of the disease can help in its mitigation in many ways aimed at
providing new preventive and therapeutic approaches. These may include develop-
ing newer drug molecules, developing targeted drug delivery systems as well as
truncating the progression of the bacteria in the biological system. The chapter has
discussed some of the cellular mechanisms involved in the pathogenesis of tubercu-
losis as well as some forms of tuberculosis (pulmonary, miliary, spinal tuberculosis,
and tuberculous lymphadenitis) with the aim of shedding more light on the subject
of tuberculosis.
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Metal Nanoparticles in Tuberculosis

Nilayan Guha and Md. Kamaruz Zaman

Abstract Tuberculosis (TB) is a bacterial illness that affects a number of human
organs, predominantly the lungs but also the liver, spleen, and spine. It causes fever,
fatigue, and a chronic cough, among other symptoms, and can be fatal if not treated
effectively. Every year, ten million people contract active tuberculosis, with an esti-
mated 1.3 million deaths. Oral administration of a combination of first-line anti-TB
medicines for at least 6 months is recommended by current treatment guidelines.
Patient compliance is poor due to extensive treatment times and poor pharmacoki-
netics, as well as side effects of drugs, which have accelerated the emergence of
multidrug-resistant (MDR) organisms. All of this, together with the scarcity of
novel TB drugs to treat MDR-TB and shorten typical treatment times, has under-
lined the need for new targeted drug delivery methods. In this regard, there has
recently been a focus on nanotechnology to construct organic or/and metal, bi-metal
nanoparticles loaded with TB drugs for targeted delivery via the inhaled route to
improve their efficacy. This chapter identifies recent studies that have employed
metal nanoparticles to provide a reliable diagnostic system and an inhaled drug
delivery system to more effectively treat TB.

Keywords Metal composites - Nanoparticles - Targeted delivery - Tuberculosis

1 Introduction

Tuberculosis (TB) is a serious global health issue, with one-third of the world’s
population afflicted with Mycobacterium tuberculosis (M.tb). In 2018, around ten
million new cases of TB were reported, with 1.3 million fatalities [1-3]. Despite the
availability of vaccines and antibiotics today, and the fact that early detection and
treatment of persons with TB save millions of lives each year, the “end” of TB as an
epidemic and a major public health problem remains a pipe dream for most

N. Guha - M. K. Zaman (0<)
Department of Pharmaceutical Sciences, Dibrugarh University, Dibrugarh, Assam, India
e-mail: kzaman71@dibru.ac.in

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 35
R. Shegokar, Y. Pathak (eds.), Tubercular Drug Delivery Systems,
https://doi.org/10.1007/978-3-031-14100-3_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-14100-3_3&domain=pdf
mailto:kzaman71@dibru.ac.in
https://doi.org/10.1007/978-3-031-14100-3_3

36 N. Guha and M. K. Zaman

countries. To close the vast and persistent gaps in TB diagnosis and treatment, many
approaches such as radiometric detection, immunoassays such as enzyme-linked
immunospot, polymerase chain reaction, and TB rapid culture detection systems
have been developed [4]. However, because these approaches require complex
instrumentation and highly qualified technical staff, they are relatively expensive
and centralized in large stationary laboratories, making it critical to develop a por-
table, fast, and highly sensitive real-time system for accurate diagnosis and screen-
ing of tuberculosis infection in a timely manner.

Nanotechnology sparked the development of novel molecular nanodiagnostic
tools with greater sensitivity, specificity, and speed at reduced costs as an enticing
alternative to traditional procedures. In fact, a range of nanomaterials-based biosen-
sors, such as metal nanoparticles (MeNPs), have been created for the detection of
tuberculosis [5, 6]. The term “nano-biosensor” refers to a small analytical instru-
ment that combines a biorecognition element with a physicochemical nanometric
materials-sized transducer [7]. Different chemical or physical methods immobilize
the biorecognition element, which can be an enzyme, antigen-antibody, nucleic
acid, entire cell, etc., onto the transducer, which can then precisely quantify the
emerging signals [8].

Treatment of individuals with multidrug-resistant tuberculosis (MDR-TB) and
extensively drug-resistant TB strains has become a significant concern [9]. Patients
with tuberculosis require long-term therapy with multidrug regimens. Some of these
multidrug regimens interact with other antibacterial medications, making drug tox-
icity more likely [10]. Rifampicin has been shown to cause liver harm in rats [11],
and various antitubercular drugs can cause hepatotoxicity [12]. As a result, uncom-
plicated, long-term, and effective antitubercular medication regimens are always
needed to treat TB. Different metallic nanoparticles (MeNPs) such as silver, gold,
iron, gallium, zinc, zinc oxide, magnesium oxide, and titanium dioxide have been
discovered to prevent tuberculosis [13]. Researchers have focused on developing
co-delivery mixed MeNPs with antitubercular antibiotics encapsulated in non-toxic
and biodegradable polymers in recent years [14, 15]. The harmful effects of MeNPs
on THP-1 and normal human lung cells (MCF-7 cell lines) should, of course, be
taken into account. MeNPs produce various toxins in human tissues and cell cul-
tures, according to studies, which can enhance oxidative stress and the generation of
inflammatory cytokines. MeNPs could play a role in cell apoptosis. MeNPs have the
ability to enter the cell membrane bilayer, mitochondria, and nucleus. As a result,
they may damage mitochondria and trigger DNA mutations. Toxicity of MeNPs is
determined by their size, dimensions, chemical composition, shape, surface struc-
ture, surface charge, density, and solubility [16]. According to studies, the initial
concentration of MeNPs has a significant impact on their toxicity toward human
cells, particularly in THP-1 cell lines [17].

The main goal of this chapter is to introduce the critical role of MeNPs as a diag-
nostic tool for TB as well as a treatment agent with anti-TB activity that can be
changed and designed further to have a more potent and efficacious impact on
reducing the current TB morbidity rate.
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2 Pathogenesis and Immunology of TB

Inhalation of droplets produced by a person with active tuberculosis starts the initial
stage of tuberculosis. These droplets can linger in the air for prolonged periods of
time. A single droplet breathed could be enough to induce sickness. The majority of
droplets land in the upper respiratory tract, killing the germs, but a few make it
deeper down. The bacteria reach the alveoli in the lungs, where they are phagocy-
tozed by alveolar macrophages. Mannose receptors, Toll-like receptor 2 (TLR2) and
Toll-like receptor 4 (TLR4), surfactant protein A receptors, CD14, scavenger recep-
tors, complement receptors, and immunoglobulin receptors are all involved in the
absorption process [18]. Sometimes macrophages fail to eliminate bacteria because
the bacteria’s chemicals inactivate them or because M.tb inhibits phagosome-
lysosome fusion mechanisms, avoiding low pH exposure and hydrolytic surrounds
of phagolysosomes [19].

Mycobacterium multiplies in the macrophage in the second stage, eventually
triggering its lysis. Cellular damage occurs as a result, attracting inflammatory cells
and blood monocytes to the location. Monocytes become macrophages and try to
kill the microbe that has been consumed by the macrophages and has grown inside
the phagocyte. Due to the bacterial burden, these macrophages lyse and perish once
more [20]. The third stage begins 2-3 weeks following infection. T cells acquire
immunity, and lymphocytes migrate to the infection site. T cells are stimulated
when mycobacterial antigens are presented to them, resulting in the release of inter-
feron and other cytokines. IL-12, TNF-a, IL-8, and other pro-inflammatory cyto-
kines are secreted by macrophages when they are activated by interferon. M.tb’s
rapid expansion slows at this point, and the host cell develops cell-mediated immu-
nity. Because of the high lipid composition of the mycobacterial cell wall, those
outside of cells are immune to antibody-activated complement assault. Much of the
pathophysiology of tuberculosis is caused by cell-mediated immunity. When acti-
vated macrophages release lytic enzymes, reactive intermediates, and different
cytokines, tissue injury can occur. The immune system, specifically macrophages,
will cage the germs into tubercles at this point. The environment between these
structures is anoxic and acidic, preventing mycobacteria from growing. Anoxic and
acidic conditions exist between these structures, preventing mycobacteria from
growing. Latency, which is one of the hallmarks of tuberculosis, is the equilibrium
between the host and the mycobacterium. Many circumstances, including starva-
tion, immunological suppression, steroid usage, or HIV infection, might cause the
tubercles to dissolve in the fifth and final stage. Tubercle centers may liquefy for
unknown reasons, giving an excellent growth substrate for the bacterium, which
now proceeds to develop rapidly in the extracellular fluid. The enormous quantity of
bacteria and the immunological reaction to them finally cause necrosis and forma-
tion of a hole in the lung tissue surrounding the tubercles [21]. At stage three, most
tuberculosis infections are over. It is well known that CD4+ (helper) and CD8+
(cytotoxic) T cells are involved in a cell-mediated immune response and that both
play an important role in TB protection. CD4+ (helper) T cells boost macrophage
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antibacterial activity by producing cytokines such as interferon-y (IFN-y) and TNF,
whereas CD8+ cells kill infected macrophages and probably Mtb by releasing cyto-
toxic mediators such as perforins, granzymes, and granulysin [22]. Despite our
improved understanding of the immune response to M.tb, the sort of immunological
response required for successful immunization generated by vaccination remains
unknown [23].

3 Role of Macrophages

Understanding the intracellular adaptation processes that allow tuberculosis to sur-
vive in macrophages is critical for developing effective treatments. M.tb has adap-
tive mechanisms that make it difficult for the human immune system, particularly
macrophages, to combat it. These methods will be explained in more detail later.

3.1 Primary Phagosome-Lysosome Fusion Prevention

M.tb can interfere with primary endosome transformation and phagosome matura-
tion, causing fusion with lysosomes to be delayed or inhibited [24]. M.tb can also
prevent primary endosomes from transforming into phagolysosomes by lowering
proton ATPase levels inside the endosomes. M.tb can prevent the inducible nitric
oxide synthase (iNOS) from joining [25, 26]. According to studies, tuberculosis can
also remove phosphatidylinositol 3-phosphate [27].

3.2 Escape of M.tb into the Cytosol

By shattering the endocytic vesicle wall and accessing the cytosol, tuberculosis can
avoid destruction in phagolysosomes. The ability of M.tb in the cytosol to escape
the endocytic vesicle is critical for intra-macrophage survival [28]. Some of the
H37Rv strains of tuberculosis escaped from phagolysosomes and entered the cyto-
sol, according to a study [16]. M. marinum can also exit its phagolysosome and
move around using the motive force of actin via Arp2/3 complex-mediated actin
rearrangement that is dependent on WASP activation [29, 30]. In addition, proteins
released by tuberculosis, such as ESAT-6, play a key role in pathogenicity. ESAT-6,
alone or in combination with its chaperone CFP-10 (ESAT-6: CFP-10), is required
for phagosome escape [31]. Increased replication rates in the cell cytoplasm are
caused by these proteins [32]. Furthermore, because of its lipid-rich architecture,
the mycobacterial cell envelope is more likely to be mistaken for a phagosome
membrane [33]. The presence of cytosolic M.tb in some preparations could be
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explained by the role of host triacylglycerol in phagosome formation and persis-
tence in granulomatous lesions [34].

3.3 Non-phagocytic Internalization of M.tb in Macrophages

Non-phagocytic mechanisms for internalization of tuberculosis in macrophages
involve interactions between tuberculosis and the macrophage membrane, resulting
in the production of vesicles. Internalization of macrophages is accomplished by
linking M.tb with lipid rafts and receptors that promote non-phagocytic endocytosis
[35]. The synthetic antimicrobial polymers were found to be able to trigger mem-
brane lysis and bind to the genomic material of mycobacteria, resulting in mycobac-
terial cell death, as well as destroy intracellular mycobacteria effectively without
causing any harm to mammalian cells, according to studies. Synthetic antimicrobial
polymers were found to have clathrin-independent penetration, survive hydrolytic
lysosomal breakdown, and successfully kill intracellular bacteria in a study [36].
M.tb can also boost the expression of anti-apoptotic molecules such as Bcl2 by
interacting with macrophage apoptotic pathways [37].

4 Interaction of Metal Nanoparticles and Macrophages

Macrophages can ingest opsonized NPs, modified mannose, IgG, and a variety of
complements larger than 500 nm, including TB derived through phagocytic path-
ways [38, 39]. Macro-pinocytosis is an actin-dependent pinocytic mechanism that
allows macrophages to ingest extracellular fluid droplets within enormous vacuoles
generated by the fusion of an extended plasma membrane with a non-extended
plasma membrane. It is possible that the macro-pinocytosis route is more likely to
be used for swallowing agglomerated particles. In other words, macrophages can
ingest agglomerated particles, ligand-modified NPs, viral NPs, and polyethylene
glycol NPs via macro-pinocytosis pathways. Specific receptors, such as clathrin-
mediated, caveolin-mediated, or clathrin/caveolin-mediated pinocytosis, have been
shown to allow ligand-modified NPs and some viral NPs to enter macrophages [40].
MeNPs and dendrimers with diameters of 4—10 nm have been found to directly
permeate macrophages. THP-1 cells exposed to Ag and ZnO NPs might permeate
the cell bilayer membrane and enter the cell, according to transmission electron
microscopy photos from a prior study. Figure 1[41] depicts various internalization
mechanisms for MeNPs.
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Fig. 1 Colloidal ZnO nanoparticles (NPs) can pass right through the bilayer membrane and end
up in lysosomes. (a) Lysosomes with ZnO NPs are integrated into infected phagosomes and kill
M.tb; colloidal Ag NPs alone are ineffective. (b) Compared to Ag/ZnO nanocrystals in a combina-
tion. (¢, d) Ag/ZnO-rifampicin can prevent TB from entering the phagosome. (e) Endocytosis
transports encapsulated magnetic NPs and antibiotic-loaded polymers to macrophages, which then
release the NPs and antibiotics into the cytosol. M.tb can be killed in macrophages using a combi-
nation of magnetic NPs and antitubercular NPs. (f) The macrophages infected with M.tb expressed
cathepsin D, a protein that is involved in macrophage activation

5 Diagnostic Applications

The use of nanomaterials, particularly nanoparticles with unique features, in biosen-
sor design resulted in more simple, quick, sensitive, and hybrid nano-biosensor plat-
forms with synergetic properties and functionalities [42]. Due to their high specific
surface, which allows for the immobilization of an expanded number of bioreceptor
units, the intelligent usage of such nano-objects resulted in demonstrably superior
performances with increased sensitivities and lowered detection limits of several
orders of magnitude. Nanoparticles also have chemical, physical, and electrical
properties that are distinct from bulk materials, which were exploited to create novel
and improved biosensing devices, due to their small size (usually in the range of
1-100 nm). Many different types of nanoparticles of various sizes and compositions
are now commercially available, making their use in the detection of infectious
diseases, particularly tuberculosis, easier. The many forms of metal nanoparticles-
based DNA biosensors for the detection and identification of tuberculosis are sum-
marized in Table 1.
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Table 1 List of various metal composites used for the detection and identification of TB
Nano metal | Analyzed Time of
Detection method composite | samples Limit of detection | detection | References
Colorimetric sensing | Gold DNA 0.75 png 2h [45]
Gold DNA 50 fmol pL~! 3h [46]
Gold 178 bp of 5 pg 1h [47]
1S6110
insertion
element
Gold DNA 90 ng 30 min [48]
Gold rpoB gene N/A N/A [49]
Gold 123 bp of 1.95 x 1072 ng mL~" | 60 min [50]
1S6110
insertion
element of
dsDNA
Silver DNA 1.27 ;M N/A [58]
Surface plasmon Gold DNA 10* CFU mL"! 40 min [51]
resonance Gold rpoB gene N/A N/A [52]
Quartz crystal Gold 1S6110 5 pg N/A [53]
microbalance insertion
element
Gold 16S rDNA 20 CFU mL"! <3h [54]
fragment
Electrochemical Gold 105 bp of 0.01 ng pL-! 6h [55]
response 1S6110
insertion
element
Gold H37rv strain | 1.25 ng mL~! N/A [56]
Iron oxide | DNA 0.1 ftM N/A [60]
Iron oxide | DNA 6 ng mL™! N/A [61]
Iron oxide | rpoB gene 1ftM 30 min [62]
Zirconium | DNA 0.065 ng mL™! 60 s [64]
dioxide
Zirconium | DNA 0.00078 pM N/A [65]
dioxide
Selenium | DNA 87x10°"M 50 min [68]
Electrochemical Silver 1S6110 280 pg pL! N/A [57]
surface-enhanced insertion
Raman spectroscopy element
Fluorescence Selenium DNA 12.5 ng N/A [66]
resonance energy Tellurium, | ESAT-6 gene | 10 fg N/A [67]

Gold
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5.1 Noble Metal Nanoparticles and Metal Oxide
Nanoparticles-Based Diagnostics

Noble MeNPs have gained substantial attention in molecular diagnostic applica-
tions due to their simplicity and adaptability, and have become a vital component in
the development of nanotechnology-based pathogen detection [43]. Due to their
ease of preparation, inert nature, favorable biocompatibility, high surface area,
unique optical properties with their typical bright-red color in colloidal solutions
associated with a well-defined surface plasmon resonance (SPR) band in the visible
region of the spectrum, and especially their suitability for binding to biomole-
cules [44].

Metal oxide nanoparticles have a number of advantages that make them ideal for
use in biosensor transducers. Some of them are superparamagnetic property (espe-
cially for iron), large surface-to-volume ratio, strong chemical activity, and biologi-
cal compatibility [59], thermal stability, chemical inertness, biocompatibility, and
affinity for oxygen-containing groups [63].

6 Metal Nanoparticles for Targeted Treatment

The absence of new drugs for the treatment of bacterial infections, as well as the
resistance of M.tb to antitubercular drugs, urges the need for novel antibacterial
agents. MeNPs, such as silver and zinc, have been intensively explored as a poten-
tial treatment for a variety of medical disorders [69]. MeNPs are recognized as
antitubercular agents that disrupt bacterial membrane integrity. MeNPs have the
potential to connect and cling to the cell wall of tuberculosis cells and then mechan-
ically kill them [13]. In general, oxidative stress and free radicals known as reactive
oxygen species are responsible for MeNP activity [84]. The interaction between the
M.tb and the NPs, as well as the bio-reactive characteristics of the dissolved ionic
fraction, is thought to represent the antitubercular mechanisms of MeNPs [85-88].
Antibacterial silver nanoparticles (AgNPs) have been used in a variety of medicinal
and diagnostic applications, as well as optoelectronics [70] and water disinfection
[71]. AgNPs have been shown to have an antibacterial effect on bacteria resistant to
antibiotics in a variety of ways [72]. These include disrupting bacterial membranes
and cell walls, resulting in cell leakage by increasing membrane permeability [73],
initiating lipid peroxidation and lowering glutathione levels, depolarization of mito-
chondria, and oxidative DNA damage with apoptotic cell death [74], damaging bac-
terial cell DNA by binding to its sulfur and phosphorus groups [75], and releasing
Ag ions, which play an important antibacterial role by interacting with bacteria
[76]. Silver nanoparticles in colloidal form, as well as silver ions in suspension with
silver nanoparticles in an aqueous media, have a superior antibacterial impact by
acting as a catalyst, disrupting critical enzymes required for germs’ oxygen metabo-
lism [77].
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Zinc nanoparticles, on the other hand, have effective antimicrobial and
UV-blocking capabilities. Because of these qualities, they are commonly utilized in
personal care goods including cosmetics and sunscreen [78]. Skin diseases such as
lichen planus, eczema, seborrheic dermatitis, psoriasis, and increased skin dryness
cause redness and irritation, which can be relieved with zinc oxide nanoparticles
administered as a spray [79]. Antibacterial sprays containing a mix of silver and
zinc oxide nanoparticles are currently used for immediate alleviation of conjuncti-
vitis, skin irritation, sinusitis, and earache [80]. As indicated in Table 2, many recent
researches have investigated the use of metal nanoparticles for the treatment of
tuberculosis and MDR-TB. Table 2 depicts the antitubercular activity of metal/
metal oxide NPs and TB drugs including metal/metal oxide NPs against several TB
bacteria strains.

Importantly, when applied to tuberculosis, all metal-containing treatments, such
as silver, gold, titanium, zinc oxide, and gallium, had a bactericidal effect [81].
When first-line TB drugs like Rifampin were synthesized within a metal/metal
oxide NP system, a synergistic effect was described, resulting in an increase in anti-
tubercular efficacy and a reduction in their minimal inhibitory concentration [82].
When applied against resistant strains of tuberculosis, silver and zinc oxide NPs
only had a bacteriostatic impact [83]. When these metal/metal oxide NPs were cul-
tured with eukaryotic THP-1 and Vero cells, they demonstrated little toxicity, sug-
gesting that an enhanced therapy incorporating a cocktail of metal/metal oxide NPs
along with TB drugs could increase antitubercular efficacy and reduce treatment
duration.

7 Toxicity Aspect of Metal Nanoparticles

The toxicity of various MeNPs/metal oxides has been widely studied over a long
period of time through many research studies. Because of their nano size, the par-
ticles are able to enter the circulatory/lymphatic systems and then the tissues and
organs. Metallic nanomaterials (composed of a single metal element) are relatively
stable and do not undergo dissolution easily. Metal oxide and metal alloy-based
nanomaterials, on the other hand, have a lower degree of stability and are more
susceptible to dissolution and ion release when exposed to a biological milieu,
resulting in reactive oxygen species (ROS) production, oxidative stress to cells,
inflammation, and cell signaling modulation. There are some strategies that can be
implemented to minimize the toxicity of MeNPs/metal oxides. Targeted distribution
of MeNPs/metal oxides can be accomplished through effective entrapment, attach-
ment, or encapsulation of MeNPs/metal oxides into polymer matrix or capping with
polymers, resulting in reduced toxicity. Surface modification can also aid to mini-
mize the toxicity of MeNPs/metal oxides. The development of metal-organic frame-
works (MOFs) is a popular and recent approach to reducing the toxicity of MeNPs/
metal oxides [115].
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Table 2 List of various metal nanocomposites used in the therapy of TB

Nano metal TB drug
composite | Research objective utilized Research outcome References
Gallium Investigating the N/A Rod-shaped NPs were [89]
efficacy of gallium NPs obtained having no toxicity
against human on cells
immunodeficiency and Gallium was released from
tuberculosis coinfection NPs within 15 days.
Significant inhibition in
growth of M.tb bacteria
was observed with the
gallium NP compared to
the free metal.
Gallium Investigating the N/A Gallium NPs were able to | [90]
efficacy of gallium NP regulate these levels
on M. tuberculosis- These NPs inhibited the
infected macrophages growth of TB bacteria for
15 days.
Gallium Targeting macrophages | Rifampin The morphology of gallium | [91]
by gallium NPs was approximately
rectangular.
Gallium NP prepared by
dendrimers showed faster
uptake by THP-1
macrophages. All
formulations showed TB
bacteria growth inhibition
for 15 days
Iron Designing therapeutic | Isoniazid Irregularly shaped particles | [82]

nanoparticles for lung
delivery

with an average diameter
of 11 mm with a near-
uniform size distribution.
Higher isoniazid (INH)
release was observed from
the LC NPs compared with
PLGA NPs within 10 h.
No cytotoxicity effects
were shown with the lowest
concentration (10-25 mg/
ml) and the highest
concentration (500 mg/ml)
decreased the cell viability
by 52% compared with the
control cells.

(continued)
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Table 2 (continued)
Nano metal TB drug
composite | Research objective utilized Research outcome References
Iron Designing theranostic | Isoniazid 12% of INH was loaded in | [92]
nanoparticles the NPs with a diameter
encapsulating isoniazid range of 3.37-6.45 pm
based on the micronization
method used.
A sustained release profile
of isoniazid (INH) seen.
NPs accumulated inside the
1929 fibroblasts with no
signs of toxicity.
Silver Characterizing silver N/A Spherical NPs with a mean | [94]
NPs synthesized by a size of 19.9 nm with a
Streptomyces sp. NH28 negative zeta potential of
strain —13.8 mV.
The antibacterial effect was
observed against all strains
and didn’t show any toxic
effects when exposed to
L.929 fibroblasts.
Silver Assessing the efficacy | N/A NP with size [95]
of silver NPs on TB 43.6 £ 10.7 nm.
bacteria Decrease the count of TB
bacteria in the spleen and
lungs by 2x in mice.
Silver Designing a green N/A Spherical nanocomposites | [96]
synthesis of silver NPs with a size 11-17.5 nm.
IC50 against normal lung
cells was 357.2 pg/ml.
M.tb was inhibited by an
MIC of 1.95 pg/ml
Silver Preparing silver NP Vancomycin | Spherical NP with a size [97]
loaded with 30 += 3 nm was prepared
antibacterial drugs successfully.
The internalization of the
drug inside the bacteria
was enhanced through
formulation with NPs.
Silver Investigating the N/A Spherical and tetrahedral [98]
antimycobacterial silver NP with an average

activity of silver

size of 59 nm were
prepared.

The system showed an
antibacterial effect on this
TB strain with an MIC of
1 pg/ml

(continued)
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Nano metal
composite

Research objective

TB drug
utilized

Research outcome

References

Silver

Fabricating a nanoscale
multidrug delivery
system

Rifampin,
Pyrazinamide

FTIR confirmed the
successful synthesis of
silver, rifampin (RIF), and
polymer-containing
pyrazinamide (PZA).
PZA and RIF were in an
amorphous phase with a
size of 140 nm.

Their full release was
performed within 12 h
The combination therapy
showed better
antitubercular effect than
their single administration

[99]

Silver

Designing and
characterizing
biodegradable silver
NPs

N/A

50% of silver was released
within 2.5-5.5 h.
Encapsulating silver within
NPs increased the
minimum inhibition order
by 70%.

[100]

Silver

Green synthesis of
silver NPs by yeast

N/A

Spherical NPs with a
diameter of 17 nm
Sacrificed the bacteria by
inducing oxidative stress.
These NPs showed a 95%
reduction in TB bacteria
with an administrated dose
of 37 mg/ml

[101]

Silver

Investigating the
changes in immune
response to TB when
silver NP is
administered

N/A

Different formulations
showed different sizes and
zeta potentials

Importantly, silver NPs
reduced cellular viability.
Increased IL8, and
decreased IL10 mRNA
expression when exposed
to MDM

For the TB-infected MDM,
silver NPs suppressed.
M.tb-induced expression of
IL1p, IL10, and TNFo
mRNA, and TB bacteria
was inhibited by silver
NPs.

[102]

(continued)
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Nano metal
composite

Research objective

TB drug
utilized

Research outcome

References

Silver

Evaluating the

biological risks
associated with
exposure to NP

N/A

After 4 h of silver NP
exposure to MDM, no
toxicity was observed
But after 24 h, the cell
viability was reduced by
60-70%.

Silver NP up-regulated
Hsp72 leading to suppress
NF-kB induced by M.tb,
thus hosting immune
responses.

[103]

Titanium
dioxide

Exploring the
antibacterial effect of
TiO2 NPs

N/A

Spherical NP with a
diameter of 16 nm showed
size
Concentration-dependent
antitubercular effects with
a 3—4 time decrease in TB
metabolic activity with
very minimal toxicity when
the maximum dose was
applied.

[110]

Zinc oxide

Green synthesis of NPs

N/A

Monodisperse spherical
NPs with a diameter of
12-53 nm were prepared.
The NPs inhibited the
growth of TB at a
concentration of12.5 mg/
ml.

[111]

Zinc oxide

Green synthesis of ZnO

N/A

Rod-shaped ZnO particles
with an average size of

33 nm.

B. subtilis inhibited
bacteria with a MIC value
of 78.12 mg/ml. TB growth
was inhibited by

25-100 mg/ml of ZnO
nanorods.

[112]

Zinc oxide

Green synthesis of ZnO
as antitubercular agent

N/A

Spherical NPs with a
diameter of 34 nm.

The maximum diameter of
inhibition zone was
observed in at (100 pg/ml)
against M. tuberculosis
(35 + 1.86).

[113]

(continued)
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Nano metal
composite

Research objective

TB drug
utilized

Research outcome

References

Zinc oxide

Explore the synergistic
effect of ZnO and RIF
NPs

Rifampin

Uniformly distributed ZnO
NPs with a diameter of

11 nm and zeta potential of
+19.1 mV.

The MIC for the ZnO NP
was 256 mg/ml but 32 mg/
ml of ZnO NPs were able
to reduce the MIC of RIF
from 64 mg/ml to 16 mg/
ml which confirms a
synergistic effect between
both antitubercular agents

[114]

Magnesium
oxide, zinc
oxide

Exploring the
antitubercular effect of
MgO and ZnO NPs

N/A

The NPs didn’t show
cytotoxicity.

The inhibitory effects could
be associated with the ZnO
NPs.

These NPs sacrificed MDR
and had a synergetic effect
to clear resistant strains

[93]

Silver, gold

Evaluating the
antitubercular activity
of metal NPs

N/A

A combination of gold and
silver NP had the most
striking antitubercular
effect with an MIC of less
than 2.56 mg/ml.

No antibacterial effect was
observed for gold NPs with
concentrations of <100 mg/
ml.

Metal NPs entered
macrophage cells.

[104]

Silver, gold

Investigating the
efficacy of phytogenic
metal nanoparticles

N/A

Mixed Ag and Au spherical
NPs prepared by Syzygium
cumini with a diameter of
10-20 nm showed the most
powerful formulation
against TB bacteria.

45% cell viability was
observed at a dose of

30 mg/ml of the mixture of
Au-Ag NPs

Silver NPs showed more
potent antibacterial effects
than gold NPs.

[104]

(continued)
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Nano metal
composite

Research objective

TB drug
utilized

Research outcome

References

Silver, gold

Comparing the efficacy
of silver and gold NPs

N/A

Ag and AuNPs were
spherical and polyhedral in
morphology, respectively.
AgNPs showed better
antitubercular efficacy than
the gold NPs.

[105]

Silver, zinc

Synthesizing NPs using
environmental bacteria

N/A

Polydisperse spherical
silver and zinc NPs with a
mean size of 39 and 62 nm
were prepared.

1C50 values for silver and
zinc NPs were 5.54 and
6.24 mg/ml

Authors concluded that
metal NPs could enhance
the antibacterial efficacy of
many drugs like
gentamicin.

[106]

Silver, zinc
oxide

Evaluating the
antitubercular effects of
mixed metal oxides

N/A

Spherical NPs with a
diameter of 30-80 nm

MIC ratio of 8Zn0O:2Ag
NPs against M.tb was
detected at ratio of ~1/32
of the initial concentration
of Ag NPs.

ZnO NPs were estimated at
~20 ppm and ~ 60 ppm.
Silver did not show
antitubercular effects at any
of the applied doses while
ZnO NPs showed a potent
antibacterial activity at
~1/128 and toxic effects on
the cells.

[107]

Silver, zinc
oxide

Determining the
effective ratio of mixed
metal NPs

N/A

Spherical particles with a
size of 13 nm for Ag NPs
and 4 nm for ZnO NPs.
0.663 ppm of 5Ag:5Zn0O
showed effective
antibacterial results with no
toxicity to THP-1 cells.
The combination of both
metals together showed
better results.

[108]

(continued)
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Table 2 (continued)

Nano metal TB drug
composite | Research objective utilized Research outcome References

Silver, zinc | Designing Rifampin Zn0O and silver NPs were | [109]
oxide biodegradable formulated within PLGA
microparticles microparticles with a
containing mixed metal diameter of 4 mm.

NPs to be delivered to Selective uptake of the

the lungs MPs by M.tb-infected
macrophages and zinc and
silver ions were released
which disrupted the M.tb
cell wall.

This formulation increased
the potency of rifampin
(RIF) by 75%.

Silver, zinc | Investigating the N/A Spherical silver and ZnO [83]
oxide antibacterial effect of NPs with a size of

zinc and silver 5.4 +£2.6 nm and

9.3 + 3.9 nm were
produced.

The MIC of all of the
formulations was 1 mg/ml.
Silver and zinc NP showed
a bacteriostatic effect
against MDR and XDR
strains of TB.

8 Conclusion and Future Prospective

TB remains a major global illness with high morbidity and mortality for which cur-
rent therapeutic options are frequently ineffective; as a result, it remains a serious
public health concern. New tactics are being investigated, widening the field of
study with inventive novel approaches to improve TB diagnosis and treatment while
lowering mortality. The number of newly developed TB drugs is currently limited.
Simply doing nanotechnology research can lead to meaningful diagnostic and thera-
peutic advancements in the fight against tuberculosis. Metal nanoparticles have a
critical role in TB diagnosis and treatment. Metal nanoparticles are less labor-
intensive and far more sensitive than current diagnostic techniques in the diagnosis
of tuberculosis. Several new metal/metal oxide nanoparticles, alone or in combina-
tion with other substances, can be investigated in the near future to develop a far
more efficient diagnostic tool for tuberculosis. The use of metal nanoparticles in
respiratory infection medicines may aid in the treatment of tuberculosis. Because of
their tiny size and relative mobility, metal nanoparticles and metal ions can pass
through the bilayer of an infected macrophage membrane. Metal nanoparticles are
used to encapsulate single and combinations of standard antibiotics; the metal
nanoparticles have an additive/synergistic effect, allowing lower doses of drug(s) to
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be utilized with fewer adverse effects and great efficacy. Research investigations
using metal/metal oxide nanoparticles in combination with TB drug(s) showed
promising results in enhancing antitubercular efficacy. Importantly, there is a need
to develop trustworthy in vivo models to investigate the impact of metal nanoparti-
cles — medication formulations in animal models, as there are relatively a few
in vivo research on these drug formulations. Metal-based formulations carry a risk
associated with the metal’s potential toxicity, and the dose would need to be care-
fully monitored and modified for human usage. Metal nanoparticles have a lot of
potential for more effective transport of TB drugs to the afflicted location, both
alone and in combination, to boost their potency, especially when antibacterial
metal nanoparticles are present. The introduction of more potent, novel, modified,
and designed metal nanoparticles will boost the effectiveness of such systems and,
ideally, will minimize the impact of tuberculosis on human health in near future.
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and vaccines in order to improve the treatment outcomes. In this chapter, we made
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Abbreviations

ATP Adenine triphosphate

BCG Bacillus Calmette—Guérin

CNS Centeral nervous system

CSF Cerebro spinal fluid

DDS Drug delivery system

DNA Deoxy ribonucleic acid

DOTS Directly observed therapy shourtcourse
DPI Dry powder injection

GI Gastro intestinal

HIV Human immunodeficiency virus
1G Immunoglobulines

IL-12 Interleukin 12

INFy Interferon gamma

LBG Locust bean gum

LTBI Latent tuberculosis infection
MDR-TB  Multidrug-resistant tuberculosis
PDE Phosphodiesterase

pMDI Pressurized meter dose inhaller
PPARY Paroxisome proliferator activated response
RNA Ribonucleic acid

TB Tuberculosis

TBM Tubercular meningitis

TNFa Tumour necrosis factor alpha
WHO Worlds Health Organization

XDR-TB  Extensive drug-resistant tuberculosis

1 Introduction

Tuberculosis (TB) continues to pose a threat to humans due to the lack of effective
treatment options and increasing occurrence of multidrug-resistant strains of
Mycobacterium tuberculosis (Mtb). TB primarily affects the lungs and later spreads
to a number of human organs, leading to fatal symptoms like fatigue, fever, persis-
tent cough, weakness, night sweats, gastrointestinal symptoms, and weight loss. TB
is a curable disease; however, the delay in the treatment could result in a devastating
impact on the patient’s health. Mtb uses a variety of ways for survival in the host
lesions and later escapes immunosurveillance of patients. Several factors such as
poverty, malnutrition, over population growth, poor quality of detection, health sta-
tus, old age, and medical conditions result in rapid disease progression. As per the
World Health Organization (WHO) report, nearly ten million people were diag-
nosed with TB in 2020, wherein 1.5 million succumbed to death including 208,000
deaths among human immunodeficiency virus (HIV)-positive populations [1]. One
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of the primary reasons for such high mortality is that TB gradually develops resis-
tance to drugs, leading to multidrug-resistant tuberculosis (MDR-TB).

In MDR-TB, the bacteria are resistant to at least two first-line anti-TB drugs such
as isoniazid and rifampicin. MDR-TB emergence could be attributed to poor patient
compliance resulting from longer treatment duration, potential adverse effects, and
poor pharmacokinetics of the directly observed therapy short-course (DOTS).
Extensively drug-resistant TB (XDR-TB) is an uncommon type of MDR-TB, which
are resistant to at least isoniazid and rifampicin along with a second-line anti-TB
drug. The emergence of XDR-TB has complicated treatment process by reducing
the effectiveness of current drugs. There is a strong desire to identify new treatment
strategies and adjunct therapies such as immunoregulatory/immunosuppressive
therapy and supplementary cytokines for XDR- and MDR-TB treatment [2]. This
chapter aims to summarize the current treatment regimens and challenges in the
management of TB. Further a narrative is included on the latest advances in improv-
ing the treatment outcomes of TB.

2 Current Treatment and Drug Regimen

Anti-TB treatment guidelines consist of first-line anti-TB agents, which are reserved
for patients having drug susceptible TB, and second-line anti-TB agents are used to
treat TB with resistance to first line drugs. Currently marketed first-line anti-TB
drugs such as isoniazid, rifampicin, pyrazinamide, and ethambutol are given as two-
month regimen followed by four-month treatment with isoniazid and rifampicin.
The treatment regimen for TB during intensive and continuation phase along with
the dosage time [3] and therapeutics for children [4] have been presented in Tables
1 and 2, respectively.

Streptomycin may be used as a first-line anti-TB drug during this two-month
regimen. Other injectables such as kanamycin, amikacin, capreomycin or viomycin/
tuberactinomycin B, fluoroquinolones and bacteriostatic drugs like para-amino

Table 1 Treatment regimens for tuberculosis as per CDC [3]

PHASE DRUG DOSAGE
Intensive phase INH, RIF, PZA, 7 days/week for 8 weeks or 5 days/week for 8 weeks.
EMB
INH, RIF, PZA, 3 times weekly for 8 weeks
EMB
INH, RIF, PZA, 7 days/week for 14 doses then twice weekly for
EMB 12 doses
Continuation INH, RIF 7 days/week for 18 weeks or 5 days/week for
phase 18 weeks
INH, RIF 3 times weekly for 18 weeks
INH, RIF Twice weekly for 18 weeks

INH isoniazid, RIF rifampin, PZA pyrazinamide, EMB ethambutol
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Table 2 Anti-tubercular treatment regimen in children [4]

Drugs Daily dose Adverse reaction

INH 10-15mg/kg | Mild hepatic enzyme elevation, hepatitis, peripheral neuritis,
hypersensitivity

RIF 10-20 mg/kg | Orange discoloration of secretions, vomiting, hepatitis,
influenza like symptoms, thrombocytopenia, pruritis

PZA 3040 mg/kg | Hepatotoxic effects, hyperuricemia, arthralgias, GI upset

EMB 15-25 mg/kg | Optic neuritis, decreased red-green decertation, GI

disturbances, hypersensitivity

Streptomycin | 12-18 mg/kg | Irreversible auditory nerve damage
INH isoniazid, RIF rifampin, PZA pyrazinamide, EMB ethambutol

salicylic acid, ethionamide, prothionamide, and D-cycloserine are used as adjuvant
therapeutic second-line anti-TB drugs in MDR-TB. Moxifloxacin as a part of daily
regimen has been used to reduce the duration of treatment of drug-susceptible
TB. However, its use has been found to be inferior in comparison with the standard
drug regimen. Fluoroquinolones have been used in pediatric patients for the treat-
ment of MDR-TB, but they have shown lower serum concentrations due to faster
elimination in children of age less than 5 years [5]. Some other repurposed drugs
such as clofazimine, amoxicillin-clavulanate, and clarithromycin have also shown
in vitro anti-mycobacterial activity [6].

The treatment of latent TB infection (LTBI, having neither symptomatic nor con-
tagious effects) needs to be monitored in those patients with high potential for
development of active TB. Till date, isoniazid has been used in the treatment of
LTBI for 9 months and 6 months in immunocompetent patients. Alternatively,
rifampicin for duration of 4 months with zero resistance to the drug has also been
used. Further, a combination of rifampicin with pyrazinamide or isoniazid has
shown promising efficacy while reducing the hepatic side effects [7]. The duration
of TB treatment is generally long due to sustainability of mycobacteria in the host
cells for months, even after anti-tuberculotic therapy with drugs. This can be attrib-
uted to the bacterial persistence during their slow-replicating phase having a scope
of induction by the host immune system [8]. Hence, researchers have embarked to
develop the immunomodulators for treatment of TB [9, 10].

Anti-TB drugs exhibit their anti-tubercular action through various mechanisms
such as (a) alteration of proteinous or cellular targets, (b) interference in biosynthe-
sis of mycolic acid for the mycobacterial cell wall (e.g., isoniazid, pyrazinamide,
ethionamide, prothionamide, and thioacetazone), (c) interference in the synthesis of
arabinogalactam and peptidoglycan (e.g., ethambutol, D-cycloserine, amoxicillin,
and clofazimine), (d) obstruction in the synthesis of key proteins and thus increas-
ing cell membrane permeability (e.g., streptomycin, kanamycin, amikacin, capreo-
mycin, viomycin, clarithromycin, and linezolid), (e) inhibition of DNA-dependent
RNA polymerase in bacterial cells (e.g., rifampicin, rifapentine, and
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fluoroquinolones), and (f) antagonization of siderophore production in M. tubercu-
losis (e.g., p-amino salicylic acid). Recently approved novel anti-TB drugs and new
chemical entities in the pipeline work through the inhibition of proton pumps F,F,H*
ATPase (bedaquiline), Mtb cytochrome P450 monooxygenases, FtsZ-targeting
compounds, inhibitors of branched-chain amino acid biosynthesis, nucleoside
monophosphate kinase inhibitors, pyrimidine or purine nucleoside analogues, and
signaling kinase inhibitors [11]. Apart from repurposing of existing antibiotics
against TB, a logical strategy of enhancing immune response in TB patients is to
develop the concept of host-directed therapies. Some of the nutrients, including
vitamin A (alveolar regeneration), vitamin D (phototherapy to boost host protective
activities), vitamin A, B, C, and E (anti-oxidants) have shown promising results as
supportive agents to cure TB [12].

In 1990, the concept of DOTS therapy was introduced by WHO, where antibiot-
ics are administered under the direct supervision of healthcare professionals to
maintain strict drug adherence resulting in higher than 80% of cure rates [13]. Novel
drugs with in vitro inhibition of bacilli such as bedaquiline (belongs to diarylquino-
line class) [14], pretomanid (belongs to nitorimidazo-oxazine class) [15], and dela-
manid (belongs to nitrodihydro imidazooxazole class) have been reported (Fig. 1)
[16]. The approval of newer drug classes with novel mechanisms have opened up
the avenue of innovative and aggressive therapy against MDR- and XDR-TB. Among
the newly emerging drug targets, serine production pathway consisting of three
enzymes serAl, serC, serB2 has been recognized as the key pathway for the growth
of Mtb. Among these enzymes, serB2 was reported to be involved in virulence
mechanism of the mycobacteria [17].

The drugs used for treatment of TB have undoubtedly cured a huge number of
TB cases, but these drugs still carry the certain drawbacks on long treatment such as
development of drug resistant strains and treatment-related side effects. Attempts
are being made to deliver the drugs by alternate routes such as inhalation route.
Experimental studies in animals have shown that rifapentine could reduce the treat-
ment duration for latent as well as active TB infections, but this does not align with
the clinical trials. A few reasons for failure of orally administered rifapentine are
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Fig. 1 Recently approved anti-tubercular drugs
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low oral bioavailability, first-pass metabolism, and expression of p-glycoprotein in
the gut which limits rifapentine absorption and high plasma protein binding. Thus,
novel route like inhalation is considered to improve its efficacy which can shorten
the duration of the TB treatment [18].

3 Challenges in Treatment of Tuberculosis

The major challenges with the treatment of TB include insufficient diagnosis or lack
of effective medicines, existence of MDR or XDR-TB, drug-drug interactions
between anti-TB drugs and anti-retroviral drugs in HIV co-infected tuberculotic
patients, need of child-friendly and efficacious treatment for pediatric patients, and
poor patient adherence because of the long course of the treatment which leads to
relapse or resistant TB. An output-based novel, short-term treatment regimens have
been identified by Lee et al. involving (i) ethambutol, clofazimine, and prothion-
amide, and secondly (ii) clofazimine, ethambutol, and bedaquiline given for 4 weeks
rather than six-month regimen of first-line drugs like isoniazid, rifampicin, pyrazin-
amide, and ethambutol. These newly reported treatment regimens were found more
efficacious in reducing time for the treatment by 75% in comparison with standard
anti-TB drug regimen through a possibility of relapse-free treatment [19].

The major hurdle for anti-TB treatment is poor cellular permeability of drugs and
their inferior concentrations at the site of action. Novel micro and nanometric drug
delivery systems (DDS) have been reported to offer benefits including uniform dis-
tribution of drugs, increased bioavailability, sustained release, fewer adverse effects,
superior patient compliance, and targeted delivery of anti-TB medicines. The emer-
gence of multidrug-resistant bacterial strains with nanoparticulate systems does not
arise as it acts via direct contact with the bacterial cell wall rather than penetration
through the cell wall. This indicates that nanocarrier systems would be less prone to
promoting resistance in bacteria than antibiotics. Different types of colloidal anti-
mycobacterial drug delivery systems (DDS) include vesicular DDS, particulate
DDS, supramolecular DDS, specialized DDS, and complex conjugate DDS (Fig. 2).
The use of nanotechnology in the design and development of formulations provided
a cost-effective and low dosage outcome for the treatment of TB [20]. An approach
to improve bioavailability is microencapsulation of drug in liposomes or micro-
spheres for sustained release and longer duration of effect, where drugs are entrapped
in the biodegradable polymer [21]. Delivery of anti-TB drugs to alveolar macro-
phages via inhalation therapy using nanotechnology has shown promising results in
treating TB with advantages such as on-site drug delivery to avoid side effects such
as hepatotoxicity as caused by conventional anti-TB therapy. After the successful
entry into the cell, nanocarrier systems can further penetrate into the niche environ-
ment of Mtb and show better activity [22].



Tuberculosis: Current Treatment Options and Future Scope 65

ISCOMS, cyclodextrin
inclusiln complex

> Nanosuspension, hano & Micro emulsion, dry powders

" Supramolecular . Polymeric
~ DDs Y. micelles
Specialized DDS Nanoparticles, microparticles and dendriners
Complex Liposomes, niosomes and solid-
Conjugates DDS lipid nanoparticles

Fig. 2 Colloidal drug delivery system for anti-tubercular drugs or agents
4 Recent Advancements in Treatment of Tuberculosis

4.1 Pharmaceutical Formulations

Though conventional treatment options delivered via oral or parenteral routes are
quite effective in most patients, they require long-term administration and thereby
results in serious systemic side-effects. The conventional treatment options often
result in patient adherence issues, which further contributes to the emergence of
serious drug-resistant TB. The exploration of various inhalational devices such as
nebulizers, pressurized metered dose inhalers (pMDI), and dry powder inhalers
(DPI) should be undertaken for tuberculotic patients for effective delivery of anti-
TB drugs [23, 24]. Pulmonary route of drug administration has various advantages
in TB patients as the primary target of aerobic bacilli is lungs. Nebulizers have been
used for transformation of liquid droplets into aerosol particle for deeper delivery of
drugs in the lung tissue. The inhalational devices have been developed for nebuliza-
tion via jet nebulization, ultrasonic nebulization, and mesh nebulization [25]. pMDIs
are preferred compared to normal MDIs as they are cost effective and provide accu-
rate, reliable, and reduced dosing.

DPIs have gained popularity due to improved formulation stability and ability to
show sustained drug release and result in better uptake by the alveolar macrophages
(AMs). DPIs can be prepared with novel polymers and can be loaded with either a
single drug or a combination of multiple drugs to effectively manage TB. For exam-
ple, to improve the delivery of isoniazid or rifabutin to the alveoli of tuberculotic
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Fig. 3 Microphotographs of LBG-based microparticles viewed by scanning electron microscopy.
(a) Unloaded LBG microparticles; (b) LBG:INH = 10:1 (w/w) microparticles; (c)
LBG:RFB = 10:0.5 (w/w) microparticles, the latter representative of formulations containing dif-
ferent amounts of RFB; (d) uptake of fluorescently labelled LBG microparticles by macrophage-
differentiated THP-1 cells and NR8383 cells upon exposure to 50 pg/cm?, for a period of 2 h.
Results are expressed as mean + SEM (n > 3). INH isoniazid, LBG locust bean gum, RFB rifabutin.
(Reproduced with permission from Alves et al. [26])

patients, a novel approach for inhalation delivery with locust bean gum (polysac-
charide composed of galactose and mannose) as a carrier system was explored by
Grenha and co-workers. Microparticles exhibited a good aerodynamic diameter
value ranging between 1.15 and 1.67 pm, which enables deep lung delivery (Fig. 3).
Cytotoxic evaluation of rifabutin-loaded microparticles in A549-lung epithelial
cells and macrophages (THP-1 cells) revealed a toxic effect at the highest concen-
trations. Locust bean gum particles were easily captured by macrophages with more
than 94% of macrophage population exhibiting fluorescent signal [26]. However,
in vivo studies on the long-term safety profile of DPIs are required to identify the
actual potential of this approach.

The conventional TB treatment failure due to patient non-compliance has
strengthened the need for advancement of not only new drugs, but also new drug
delivery systems, including pulmonary drug delivery system. The pulmonary deliv-
ery has advantages of protection of drugs from degradation and reduced metabolic
activity through avoidance of first-pass hepatic metabolism. To overcome the poor
blood-flow caused by lung lesions or granulomas leading to the subtherapeutic level
of anti-TB drugs, direct inhalation of drugs to the lungs should be adopted to
increase the drug concentration in cells surrounding the granulomas.
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The effectivity of drugs against Mrb is reduced significantly due to drug resis-
tance. As a result, researchers are coming up with novel techniques such as incorpo-
ration of drugs into nanoformulations. Several types of nanocarrier systems have
been reported in the literature for TB therapy. These include (a) vesicular systems
including liposomes, niosomes, and solid lipid nanoparticles, (b) particulate sys-
tems including microparticles, nanoparticles, and dendrimers, (c) supramolecular
systems like polymeric micelles, (d) specialized systems including nanosuspen-
sions, microemulsions, nanoemulsions, and dry powders, (e) complex conjugate
systems like immunostimulating complex and cyclodextrin inclusion complexes,
and (f) carrier-based systems like nanofibers, nanotubes, nanobeads, and quantum
dots [27]. Nanocarrier systems are considered to offer several advantages over con-
ventional systems such as enhanced therapeutic efficacy, increased bioavailability,
higher drug concentration at the target site, and fewer side effects [28].

The nano-antimicrobials, being one of the efficient targeted drug delivery sys-
tem, hold a huge potential importance with specific bactericidal characteristics as an
effective alternative means for superbug and M1b infections [29]. An elaborate study
of metal nanoparticles (MNPs) comprised of salts of metals such as Ag, Au, Ti, Zn,
and Ga and their encapsulation with anti-TB drugs revealed their antimicrobial
property against resistant mycobacteria. Especially, zinc metal showed antibacterial
activity via UV-blockade leading to extra-ordinary bactericidal effect with impro-
vised and shortened duration of treatment against Mtb infections when combined
with other anti-TB drugs [30].

Liposomal formulations of various conventional anti-TB drugs have shown
reduced toxicity, improved pharmacokinetic profile, reduced dosages, increased
patient compliance, and target specific action of the drug. Av-Gay et al. have
reported the liposomal formulation of ethambutol with an encapsulation of 76-92%
in order to reduce the duration of anti-tubercular drug regimen [31]. The in vitro
release study through disk-diffusion assay against Mycobacterium bovis BCG
showed the efficacy and bioavailability of the liposomal formulation similar to the
free ethambutol. Further, in vivo studies should be conducted to evaluate the liposo-
mal formulation in an animal model. Surface-modification of liposomes with hydro-
philic polymers such as polyethylene glycol prevents the liposomes from getting
recognized by reticuloendothelial system and hence increases the blood circulation
time. In a study by Deol et al., stealth liposomes were prepared through surface
modification with O-stearylamylopectin [32]. Surface modification of liposomes
resulted in higher affinity toward lung tissue of mice. Likewise, PEGylated lipo-
somes containing anti-TB drugs were linked to interfering RNA (siRNA) to target
transforming growth factor-p1 (TGF-B1). As visualized by transmission electron
microscopy and scanning electron microscopy, the surface functionalized liposomes
were efficiently endocytosed by human macrophages exhibiting good selectivity
and minimal cytotoxicity (Fig. 4) [27].

Lipid nanoparticles offer several advantages in TB treatment due to their ability
to improve biopharmaceutical and pharmacokinetic attributes of drugs. The entrap-
ment of drugs into lipid nanoparticles might result in a dose reduction and sustained
delivery. Further, targeted delivery to the lungs could be obtained through surface
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Fig. 4 The morphology of newly synthesized NP-siRNA liposomes under SEM and TEM. (a)
SEM images showing the round shapes of newly synthesized NP-siRNA liposomes. (b) TEM
images showing the spherical shapes of the newly synthesized NP-siRNA liposomes. (¢) TEM
images showing the irregular shapes of PEG. (d) TEM images showing the macrophages without
exposure to the NP-siRNA liposomes. (e) TEM images showing the endocytosis of NP-siRNA
liposomes by macrophages at 37 °C. (f) TEM images showing the endocytosed NP-siRNA lipo-
somes in macrophages at 37 °C. (g) TEM images showing lack of endocytosis of NP-siRNA
liposomes by macrophages at 4 °C. Arrows point to NP-siRNA liposomal nanoparticles.
(Reproduced with permission from Niu et al. [27])
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modification of lipid nanoparticles [33]. In a recent study, a mannose-modified mac-
rophage-targeting solid-lipid nanoparticle containing a pH-sensitive prodrug of iso-
niazid (isonicotinic acid octylidene-hydrazide) was used in the treatment of latent
TB infection. The surface-modified SLNs exhibited a fourfold increase of intracel-
lular antibiotic efficacy and macrophage uptake because of the pH-sensitive degra-
dation of isonicotinic acid octylidene-hydrazide and macrophage-targeting ability
of solid lipid nanoparticles [34].

Nanoemulsions have become popular due to their ability to incorporate a wide
range of therapeutic agents, increased drug loading, and improved stability. When
administered via the oral route, nanoemulsions prolong the residence time of drugs
in the gastrointestinal tract and avoid the first-pass metabolism of drugs through
lymphatic uptake [35]. A recent review by Rajput et al. summarized the usefulness
of various nanocarrier-based systems such as solid-lipid nanoparticles, polymeric
nanoparticles, liposomes, nanomicelles, niosomes, phytosomes, microemulsions,
nanoemulsions, and dendrimers in the management of TB [36]. Despite the encour-
aging results with the use of nanocarrier systems in TB treatment, it is a little early
to jump into conclusion. Further studies are required in this area to achieve suffi-
cient drug-loading into nanocarrier systems along with scalability of optimized
formulations.

4.2 New Drugs or New Chemical Entities

Given the widespread implications of TB, several research groups are involved in
the design and evaluation of new anti-TB drug leads. Several strategies have been
attempted such as scaffold hopping [37], screening libraries of chemical and natural
products to identify the potential targets critical to the microorganism using bioin-
formatics and genetic tools, transcription studies, and whole cell methods such as
low oxygen recovery assay (LORA) and resazurin microtiters assay (REMA) [38].
Due to better understanding of physiology of TB infection considering the advance-
ments in genetics, immunological methods, imaging technologies, the host response
has been improved to deadly disease. The new strategies for an effective therapy
include identification of new target through knowledge of bacterial physiology, the
application of genetic synergy to combination therapy, and approaches to change
host response [39]. New drug candidates for TB in clinical trial with novel mecha-
nism of action showing action against resistant Mb strains have been considered to
replace the 40-year-old therapeutic agents for TB [40].

Extensive literature review on anti-tubercular motifs and their timely updates
provide intuition to the medicinal chemists to derive innovative chemical structures
for designing the new scaffolds [41-48]. Recently, we have reported the quinquen-
nial coverage of anti-TB scaffolds identified during 2015-2020, [49] and synthetic
strategies of indole containing heterocyclic scaffolds as anti-TB agents [50]. Dupont
and co-workers have identified a piperidinol containing lead through in vitro studies
against drug-sensitive Mtb, MDR, and XDR-TB acting through the inhibition of
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mmpL3 [51]. Sriram and co-workers have reported keto-acid reductoisomerase
inhibitors with inhibitory constant (K;) of 3.06 pM as novel anti-mycobacterial
agents [52]. Brown and his co-workers revealed non-cytotoxic benzoxa [2,1,3]dia-
zole substituted acid hydrazide against Mtb using REMA assay with MIC up to
12 pM [53]. Further research into finding of new drugs is required through the drug
discovery approaches to fight against resistant TB.

4.3 Herbal Drugs

For many centuries, polyherbal remedies are being used for treating various dis-
eases. Studies show that polyherbal medicines contain several active constituents
that possess pharmacological functions and act synergistically against infections.
Medicinal plants and their phytochemical constituents have gained popularity in
treating TB due to their ability to show therapeutic activity without serious side-
effects [54-56]. In 2017, Payne and co-workers have reported uridylpeptide sansan-
mycin analogues as Mrb phosphor-MurNAc-pentapeptide translocase enzyme
inhibitors affecting the synthesis of lipid I through alterations in peptidoglycan syn-
thesis [57]. Upon in vitro testing of three leads against infected THP-1 macrophages,
the compounds were found active with ICs, in the range of 0.11-4.33 pM. Along
with these natural product derivatives, dihydrosansamycin analogues have been
evaluated against Mtb. However, none of these agents were found effective in com-
parison with isoniazid and rifampin. Recently, plants namely Zanthoxylum leprieu-
rii (stem bark), Lantana camara (constating of verbascoside), Cryptolepis
sanguinolenta, and their extracts have been reported to possess anti-tuberculotic
potential against drug-resistant strains of mycobacteria [58]. Nevertheless, further
in vivo studies are warranted to investigate the safety profile and mechanism of
actions. So far, no plant-derived molecule made it to the market or undergoing clini-
cal trials for the treatment of mycobacterial infections. This could be attributed to a
number of challenges such as the low yield/activity of purified compounds and the
existence of natural products in multiple stereoisomers. For instance, triterpenes
contain ten or more chiral centers. An integrated approach is required for identifica-
tion of plants and bioactive molecules with anti-mycobacterial activity.

4.4 Recent Trials of New TB Drugs and Regimens

Over the last decade, a significant progress has been made in research and develop-
ment of new drugs, with approximately 8 new/repurposed drugs in phase I, phase II,
or phase III trials for treating drug-susceptible, MDR-TB, XDR-TB, or LTB infec-
tions (Table 3) [59, 60]. In general, treatment options for XDR-TB are limited.
Therefore, further developments on the safety, tolerability, and efficacy of new
treatment regimens are of paramount importance. Many new chemical entities
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Table 3 Anti-TB drug candidates currently in clinical development

Phase of clinical trials Anti-tubercular dug candidates
Phase 1 TBA-354
Phase II Sutezolid (PNU-100480)
SQI09
Rifapentine for DS-TB
AZD5847
Bedaquiline-Pretomanid- Pyrazinamide regimen
Phase III Bedaquiline (TMC-207) with OBR for MDR-TB
Delamanid (OPC-67683) with OBR for MDR-TB
Rifapentine for LTBI
Pretomanid-Moxifloxacin- Pyrazinamide regimen

identified through academic and industrial collaborations have been under evalua-
tion in clinical trials either individually or in a combination with other drugs [59,
60]. Recently, Tarning and co-workers have evaluated pharmacokinetics parameters
of anti-TB drugs in pediatric patients with tubercular meningitis with a view of
optimizing six different prescribed dosages of drugs through non-linear mixed
effect modeling using Monte Carlo simulations on 5000 virtual children. Hundred
Vietnamese pediatric patients with tuberculosis meningitis were subjected to treat-
ment of isoniazid, rifampin, pyrazinamide, and ethambutol for 8 months. The phar-
macokinetics of rifampin and pyrazinamide was studied using one compartment
disposition model and that of ethambutol and isoniazid was accessed using two
compartment disposition model. The first-line anti-TB drug, rifampicin, showed
better cerebrospinal fluid penetration in inflamed tissues owing to the abundant
presence of proteins in comparison with of that of isoniazid and pyrazinamide.
Further, the study has revealed the necessity of the reduction in usual dosage of
rifampin (50 mg/kg body weight) to avoid disability of neurons [61]. In contrary,
previous study findings in murine model have shown that increasing the dose of
rifampicin to 80 mg/kg/day for 3 weeks would provide better treatment avoiding
serious side effects [62].

Several research groups have been working on the combination of more than one
anti-TB drugs to evaluate their efficacy. A retrospective study to evaluate the effi-
cacy of linezolid, moxifloxacin, and thioridazine was conducted on 17 HIV-negative
patients with pulmonary XDR-TB in Argentina population. Linezolid was given to
all patients, while moxifloxacin and thioridazine was only administered in 14
patients. This study concluded that the combination of linezolid, moxifloxacin, and
thioridazine is recommended for use in XDR-TB patients [63].

4.5 Vaccines

Currently, the only available vaccine for TB is BCG vaccine, which is a live attenu-
ated strain of M. bovis. BCG vaccine is shown to have efficacy in protecting infants
from some forms of TB; however, it is inefficient in adults. Thus, there is a need for
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developing newer vaccine strategies along with the strategies to improve the effi-
cacy of BCG vaccine [64]. Three generations of TB vaccines are available: first-
generation or conventional vaccines (live or attenuated microorganisms),
second-generation or subunit vaccines (recombinant DNA technology), and third
generation vaccines that utilize genetically engineered DNA [65]. Conventional
vaccines tend to activate both humoral/cell-mediated immunity. Most extensively
reviewed subunit vaccines for TB are composed of proteins, polyproteins, and other
subunits. Despite the increased safety, stability, and ability to boost prior BCG
immunization, further research on subunit vaccines is needed to identify adjuvants
that induce a strong cell-mediated immune (CMI) response. The limitations of first-
and second-generation vaccines have prompted the development of new platforms
such as DNA vaccines. The DNA vaccine enables the injection of DNA into host
muscles resulting in the expression of the encoded protein [66]. DNA vaccines pro-
tect against TB through TH1 CD4 response leading to the formation of interferon-y
(INF-y) and interleukins (IL-4) or cytokines. DNA vaccines do not induce antivec-
tor immunity and hence can be applied in “prime/boost” immunization regimens. In
addition, DNA vaccines require less manufacturing time and cost as it involves only
single-step cloning into plasmid vectors.

Currently tested vaccines aim to decrease the initial bacterial burden by convert-
ing immunologically active mycobacterium to a dormant state. However, the post-
exposure vaccines fail to reduce the rate of reinfection in patients. The live
mycobacterial vaccines, subunit and live vector-based vaccines that boost BCG
prime, killed whole bacterial vaccines as adjuvants have been the prime candidates
for vaccine development [67]. Several vaccines are currently under phase I, phase
II, and phase III clinical trials and these are summarized in Table 4.

Novel strategies are being designed to improve BCG and to develop attenuated
M. tuberculosis strains for use as an alternative to BCG. These include endosome
BCG, overexpressing antigens, combined endosome escape and antigen overex-
pression, introduction of deleted genes, and attenuated TB vaccines [68]. COVID-19
pandemic has proved that political commitment along with big investments in
research and development can result in faster access to life-saving vaccines. This
clearly indicates that increased funding in developing new TB vaccines can be a
game-changer in alleviating the suffering and deaths in TB patients.

4.6 Others

Studies have been reported wherein granulomatous TB was treated using light radi-
ation or photodynamic therapy in a mice model resulting in the inactivation of
tubercular viable bacilli [69]. A new approach has been explored to deliver rifampi-
cin to the site of action using a safe, efficacious, and non-invasive transdermal ultra-
sound techniques via transdermal patches. This treatment approach showed cure
rates of 87.1% and efficacy rates of 93.55% (Fig. 5) [70].
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Table 4 TB vaccines currently under trials [64]

Candidate Strategy Status
Viral vectors boost
MVASSA Boost response to BCG, also considered post-exposure Phase
vaccine 1Ib
Crucell AD35 Boost response to BCG Phase
1Ib
AdAg85A A replication-deficient adenovirus 5 vector expressing Phase 1

Antigen 85A. Boost response to BCG, also considered
post-exposure vaccine and a BCG replacement
ChAdOx1.85A + MVASS5A | A prime/boost regimen containing prime with a Phase I
chimpanzee Adenovirus (ChAd) expressing Antigen 85A
(ChAdOx1.85A) followed by a boost with modified
Vaccinia Ankara virus (MVA) expressing Antigen 85A

TB-FLU-04 L Influenza virus strain A/Puerto Rico/8/34 HIN1 and MTb | Phase I
antigens Ag85A and early secretory antigenic target 6
(ESAT6)

Protein + adjuvant

M72 + ASO1 ASOIE is used an adjuvant along with a fusion protein of | Phase
2 antigens, Rv1196, and Rv0125). Boost response to 1Ib
BCG, also considered post-exposure vaccine

H-1+1C31 Boost response to BCG, also considered post-exposure Phase

H-1 + CAFO1 vaccine and a BCG replacement IIa

HyVac4 + 1C31 Boost response to BCG Phase I

H56 + IC31 Fusion protein Ag85B-ESAT-6-Rv2660c in IC31 adjuvant | Phase I

ID83 + GLA-SE Boost response to BCG, also considered post-exposure Phase [
vaccine

Modified BCG

rBCG30 Enhances immunogenicity of BCG and is a post-exposure | Phase I
vaccine

rBCGureC:Hly BCG replacement or immunogenicity enhancer Phase

IIa
Killed whole cell preps

M. indicus pranii (MIP) A purified killed vaccine of Mtb fragments based on killed | Phase
M. indicus pranii organisms. Adjunct for chemotherapy in | III

HIV-infected patients
M. vaccae Adjunct for chemotherapy in HIV-infected patients Phase
I
RUTI A purified killed vaccine of Mtb fragments Phase
Ila
DAR-901 Inactivated, a whole cell mycobacterial vaccine prepared | Phase I
from the Master Cell Bank for SRL172
Viable vaccines
MTBVAC A live attenuated M. tuberculosis vaccine developed being | Phase
developed for newborns and secondary adolescences. IIa
Studies are initiated in newborns in 2019
VPM1002 A live-attenuated, recombinant BCG, altered to include a | Phase
gene from Listeria monocytogenes that codes for I

listeriolysin O protein
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Fig. 5 (a) Chest wall tuberculosis prior to transdermal ultrasound treatment. (b) Cured tuberculo-
sis following transdermal ultrasound treatment. (Reproduced with permission from Han et al. [70])

5 Conclusions

TB is an infectious disease that mainly affects lungs and can result in fatal effects.
To some extent, the infection is controllable and treatable by using the anti-TB regi-
men. However, the gradual progression of TB into MDR-TB and XDR-TB has
posed challenges to TB therapy. To further complicate the issue, spreading of the
HIV infection increased the resistance of Mtb strains to the highly effective first-line
anti-TB drugs. These strains pose a significant threat, especially in immune impaired
patients, and clearly justify the need of some innovative drugs and drug delivery
systems as outlined in the present work. During the last decade, multiple vaccine
candidates have entered into the clinical trials, and these vaccines are expected to
provide safety as well as immunogenicity from TB disease in adolescents and
adults. To conclude, addressing the challenges posed in the treatment of TB will
require a collective approach that includes: the design of effective drug regimens
that are administered over a shorter duration, providing free essential healthcare to
everyone, including those in greatest need, reducing poverty, and increased commit-
ment from governments to facilitate rapid detection of MDR-TB and providing
access to required therapy.
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Abstract Tuberculosis (TB) is an infectious disease caused by the bacteria
Mycobacterium tuberculosis (Mtb). TB causes the most human deaths than any
other diseases from a single infectious agent. Treatments of TB are long and costly
and have many limitations. Intracellular bacilli are slow growing and difficult to
target, which is augmenting the emergence of multidrug resistance. Targeting intra-
cellular Mycobacterium tuberculosis is very challenging, but nanomedicine may
offer a solution. Nanomedicine is a significantly growing research area and offers
the potential for specific disease targeting, dosage reduction, and intracellular drug
delivery. Different polymers of natural or synthetic origin which are commonly
used for the fabrication of nanoparticles with antitubercular drugs are outlined in
this chapter. Polymeric nanoparticles have recently attracted increasing attention in
tuberculosis treatment due to their unique properties. Polymeric nanoparticles pro-
vide an innovative therapeutic alternative to improve the limitations and disadvan-
tages of the conventional available treatments for tuberculosis.
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1 Introduction

Tuberculosis (TB) is an infectious disease caused by the bacteria Mycobacterium
tuberculosis (Mtb). TB is the world’s second greatest cause of death from an infec-
tious disease. The requirement of daily medicine delivery for long periods of time is
a significant obstacle in treating the disease (up to 9 months). This often leads to
poor adherence by patients, which is not only a risk to the patient’s well-being, but
due to its highly infectious nature, it represents a serious risk to public health. The
current approach to tackle poor adherence is directly observed treatment, where
each day during their treatment patients is observed taking their medication by a
healthcare worker, which presents a considerable burden to the healthcare system,
both in cost and time [1]. Since this therapy is carried out for a long duration,
chances of patients discontinuing the course before cure are high, and this compro-
mises the patient’s compliance and adherence to treatment. The failure of treatment
could lead to the appearance of multidrug-resistant and extensively drug-resistant
TB. The drug-resistant strains pose challenges for treatment and eradication of TB
[2]. In addition, the drugs currently used for the treatment of TB suffer from serious
adverse side effects, such as hepatotoxicity, as well as short plasma half-life and
rapid clearance [1]. Traditional TB treatment also entails precise dosages and fre-
quencies, and lengthy treatment periods that lead to patient noncompliance. So,
despite the availability of current antibiotics, there is still a large demand for other
treatment options [3]. In tuberculosis, the lung is the main target organ. The patho-
gen is an intracellular agent, with alveolar macrophages serving as both a reservoir
and a therapy target. Various polymeric carriers derived from natural or synthetic
sources have been employed to target drugs to the deep lung in recent decades.
These carriers have particle sizes that range from micro to nanometers. Despite the
advantages of micron-sized carriers, nanoparticles have lately become essential in
pharmaceutical science due to their unique properties [4].

The delivery of antituberculosis drugs (ATDs) with nanoparticle (NP)-based
controlled-delivery devices is one of the promising approaches. Several reports have
been published on the advantages of NP drug delivery systems for infectious dis-
eases. Some of the drug delivery systems have been accepted for clinical treatment
of different infectious diseases, while a few others are currently under different
phases of clinical and preclinical trials. The polymeric NPs offer unique benefits to
achieve a slow and sustained release that has the potential to treat chronic diseases
like TB [2].

This chapter highlights the pathogenesis of TB, conventional treatments of TB,
and its limitations along with the different natural and synthetic polymers used for
the preparation of nanoparticles in TB.
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2 Pathogenesis of Tuberculosis

Mz1b is one of the most successful human pathogens, due to its ability to carry a
primary infection to a state of dormancy, persisting in the body even in immune-
competent people. In this regard, it is important to mention that there are two billion
people infected worldwide and only nine million develop the disease annually [5].
The presence of hereditary or acquired deficiencies of the immune system markedly
increases the risk of progression to active TB.

The first stage of tuberculosis is initiated with inhalation of droplets generated by
a person with active tuberculosis. These droplets can remain for a longer time in the
air. When inhaled, a single droplet may be enough to cause the disease. Most drop-
lets end up in the upper respiratory tract, where the microbes are killed, but a few
penetrate further down. The bacteria reach the alveoli in the lungs, where the alveo-
lar macrophages phagocytose them. Several receptors are involved in the uptake
process including mannose receptors, Toll-like receptor 2 (TLR2) and Toll-like
receptor 4 (TLR4), surfactant protein A receptors, CD14, scavenger receptors, com-
plement receptors, and immunoglobulin receptors [6]. Sometimes macrophages fail
to destroy the bacteria either because compounds produced by the microbe inacti-
vate them or because phagosome-lysosome fusion mechanisms are inhibited by
Mib, thereby avoiding low pH exposure and hydrolytic surroundings of
phagolysosomes.

In the second stage, mycobacterium multiplies in the macrophage, eventually
causing its lysis. This results in the cellular damage which attracts the inflammatory
cells and blood monocytes to the area. Monocytes differentiate into macrophages
and attempt to attack the microbe which is ingested by the macrophages and grow
inside the phagocyte. These macrophages again lyse and die due to bacterial load
[7]. Two to three weeks after infection, the third stage begins. T cell immunity
develops, and lymphocytes drift to the region of infection. Presentation of mycobac-
terial antigens to the T cells causes their stimulation, resulting in the release of
y-interferon and other cytokines. The y-interferon activates macrophages to secrete
IL 12, TNF-a, IL-8, and other proinflammatory cytokines. Fast growth of the Mtb
stops, and, at this stage, the host cell develops cell-mediated immunity. Those that
are outside of cells are resistant to antibody-activated complement attack due to the
high lipid content of mycobacterial cell wall. Cell-mediated immunity is also
responsible for much of the pathology of tuberculosis. Tissue damage can also take
place when activated macrophages release lytic enzymes, reactive intermediates,
and various cytokines. It is at this stage that the immune system, specifically the
macrophages, will enclose the microorganisms inside tubercles. In between these
structures, the atmosphere is anoxic and acidic and prevents the growth of mycobac-
teria. In-between these structures is anoxic and acidic, preventing the growth of
mycobacteria. This balance between host and mycobacterium is called latency
which is one of the hallmarks of TB. In the fifth and final stage, the tubercles may
dissolve by many factors such as malnutrition, immunosuppression, steroid use, or
HIV infection. For unknown reasons, the centers of tubercles may liquefy,
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providing an outstanding growth medium for the microbe which now begins to
grow rapidly in the extracellular fluid. The large number of bacteria and the immune
response against them eventually cause the lung tissue near the tubercles to become
necrotic and form a cavity [8]. Most tuberculosis infections stop at stage three.

3 Conventional Treatment and Its Limitation

In 2014, TB strategy was adopted by the World Health Assembly with a goal to
design a blueprint for sustainable strategies to reduce the number of TB deaths by
90% by 2030 [9]. Currently the short-term treatment (6 months duration) for tuber-
culosis is composed of a combination of different anti-tuberculosis drugs (known as
first-line drugs), including rifampicin (RIF), isoniazid (INH), pyrazinamide (PYR),
ethambutol (ETB), and streptomycin (STM) [9]. The World Health Organization
(WHO) and the International Union against TB have suggested a combination of at
least two first-line drugs in one dosage form to cope with the complex nature of
disease progression. These are commonly known as Fixed Dose Combinations
(FDC) [10]. Thus, prescription errors can be reduced and adherence to the treatment
can be improved. Conventional treatment regimen for TB is treated with first-line
drugs, second-line drugs, and third-line drugs. First-line drugs are used as an oral
combination therapy with isoniazid, rifampin, pyrazinamide, and ethambutol for
several months. Second-line anti-TB therapy is used to circumvent with multidrug
resistance TB. Second-line drugs are more lethal and are more expensive than first-
line drugs and treatment may last longer [11-13]. The clinical efficacy of third-line
anti-TB drugs is not established. Third-line drugs are also not listed by WHO [13].

In 2016, an estimated 490,000 people all over the globe developed multidrug-
resistant TB (MDR-TB) [9]. The main reasons behind the emergence of MDR-TB
include mismanagement of TB treatment and person-to-person transmission.
Inappropriate use and premature treatment interruption of anti-TB drugs may lead
to drug resistance. In this context, in spite of the availability of anti-TB drugs since
a longer time, TB still remains to be one of the main preventable causes of death by
an infectious disease. Hence, it is important to develop new drug delivery systems
that ensure high treatment adherence and low adverse effects and that are adequate
for both adults and children [14].

4 Polymeric Nanoparticles

Several nanosized carriers are available for drug delivery purposes that include lipo-
somes, solid lipid nanoparticles (SLNs), polymeric nanoparticles (PNPs), nanosus-
pensions, nanoemulsions, and many other excellent multifunctional nanosystems,
leading to better pharmacokinetics, biodistribution, and bioavailability. Polymeric
nanoparticles possess very good biocompatible and biodegradable features that
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make them sustainable candidates for use as drug delivery carriers [15]. The choice
of polymer to develop the polymeric nanoparticles is dependent on different factors
like size of the nanoparticles (NPs) required, inherent properties of the drug, surface
characteristics, biodegradability, biocompatibility, toxicity, and desired drug release
profile [16].

S Polymer Used

Natural polymers and synthetic polymers are used for the preparation of nanopar-
ticles in TB drug delivery. Natural polymers are of interest for the preparation of
nanoparticles in TB treatment such as: (i) polysaccharide-based polymers and (ii)
polypeptide- and protein-based polymers. These natural polymers are mainly used
for the fabrication of nanoparticles due to their properties, e.g., biodegradability,
biocompatibility, and low toxicity. Apart from the use of natural polymers, synthetic
polymers are also used for the preparations of nanoparticles [4].

5.1 Polysaccharide-Based Polymers

Polysaccharides are a significant class of hydrophilic polymers with natural origin
and biocompatibility that find frequent use in water-based polymer systems and in
nanotechnology in particular, which is mainly due to their favorable properties in
biological systems, e.g., biodegradability, biocompatibility, and low toxicity. These
properties constitute considerable requirements for the utilization of NPs and thus
polysaccharides represent an ideal class of building blocks for NP fabrication [17].
Chitosan is the most widely studied polysaccharide to develop polymeric nanopar-
ticles [16].

5.1.1 Chitosan Nanoparticles

Chitosan has multiple properties that can aid in the treatment of TB. For instance, it
is known for its biocompatibility and biodegradability which promotes good adhe-
sion to mucosal surfaces. It also increases the absorption of vaccines and drugs,
lengthens the duration of therapeutic effects for drug effectivity, and facilitates drug
delivery to specific body sites [3]. Specific qualities such as solubility, stability, and
improved mucoadhesion through physical and chemical alterations allow chitosan
to better serve its purpose and expand its uses. Furthermore, the US Food and Drug
Administration has declared chitosan to be safe for human consumption. Traditional
TB treatment also includes exact dosages and frequencies, as well as long treatment
periods, which might contribute to patient noncompliance. Therefore, there is
always a demand for other treatment options so that the problems associated with
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traditional treatment can be solved [3]. Therefore, several research and efforts are
being made by researchers on chitosan-based nanoparticles in TB treatment.

Pourshahab et al. [18] have prepared the spray-dried inhalable powders contain-
ing INH-loaded chitosan/tripolyphosphate (TPP) nanoparticles for sustained deliv-
ery of the drug to the lung. For the preparation of nanoparticles, they have used ionic
gelation method. From the in vitro drug release study, they found that the rate of
drug release from nanoparticles was decreased with increasing the amount of chito-
san. Nanoparticles were spray-dried using excipients such as lactose, mannitol, and
maltodextrin alone or with leucine. The in vitro deposition data indicated that spray
drying of isoniazid-loaded nanoparticles with lactose in the presence of leucine
resulted in the production of inhalable powders with the highest fine particle frac-
tion (FPF) (45%) [18].

Garg et al. [19], in the year 2016, have prepared the chitosan nanoparticles
(CNPs) by ionic gelation technique followed by spray drying for sustained delivery
of anti-tubercular drugs, INH, and RIF, to the lungs. For the preparation of nanopar-
ticles, they have selected the chitosan with low molecular weight. They further
investigated the chemotherapeutic efficacy and toxicity against experimental murine
TB. They found that the CNPs had a smooth spherical shape with an average size of
230 + 4.5 nm, with a polydispersity index of 0.180 = 0.021. Drug encapsulation
efficiency was observed to be 70.8 + 6.62 for RIF and 68.8 + 7.02 for INH. The
higher drug encapsulation was observed for CNPs due to the higher drug/polymer
ratio, as well as an excellent ionic gelation between tripolyphosphate (TPP) and
chitosan. Kinetic analysis of drug release from optimized formulations indicates
that the drug is released from the nanoparticles by a diffusion mechanism. An initial
burst release of RIF and INH from nanoparticles could be due to rapid dissolution
of drug crystals located on the surface or present beneath the nanoparticle surface.
They found that the smooth surface nanoparticles are easily captured by the alveolar
macrophage of the lungs, and the low PDI of nanoparticles suggested a homoge-
nous dispersion. Both drugs were detected in different organs (lungs, liver, spleen,
and kidney) until 24 h post nebulization. They found that the optimized formula-
tions showed lower cytotoxicity and a significant reduction in the number of bacilli
in the lungs, as compared to free drug. Finally, they have concluded that the CNPs
may be exploited as a prospective tool for drug delivery to direct drugs to the lung
tissues for the treatment of TB [19].

Rawal et al. [20] have developed RIF-loaded nanoparticles by ionic gelation
probe sonication method. They further analyzed the prepared nanoparticle with
respect to its direct targeting potential of lungs. The size range and the drug entrap-
ment efficiency of the nanoparticles were assessed from 124.1 £0.2t0402.3 2.8 nm
and 72.00 = 0.1%, respectively. The results of the cumulative in vitro drug release
studies exhibited that the drug release from the developed nanoparticle sustained up
to 24 h. Additionally, pharmacokinetic and toxicity studies carried out with pre-
pared NPs dry powder inhalation (DPI) formulations and compared with conven-
tional DPI and marketed formulation showed rifampicin release for extended
periods. From their findings, they suggested the freeze-dried rifampicin nanoparti-
cles as a better targeted delivery system for developing treatment strategy for tuber-
culosis [20].
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RIF is one of the most efficient anti-TB medications and a key component of
DOTS (directly observed treatment, short-course) therapy. However, inadequate
bioavailability, increased drug resistance, decreased cell permeability, failure to
achieve enough drug concentrations at the infected site, and degradation before
reaching the target site have all hampered this medicine’s usefulness [21]. Therefore,
they have used a novel hydrophobic derivative of chitosan (octanoyl chitosan) for
the preparation of nanoparticles containing RIF. They have prepared octanoyl chito-
san (OC) nanoparticles by using double emulsion solvent evaporation technique
without cross-linking. They did not use cross-linking method because this method
involves the use of potential toxic agents such as glutaraldehyde and after formula-
tion the removal of cross-linking agents makes the method less effective and tedious.
They further optimized the OC NPs by using 3? full factorial design. They found
that the optimized batch of OC NPs exhibited a smooth and spherical morphology
and had a mean hydrodynamic diameter of 253 + 19.06 nm (PDI 0.323 + 0.059) and
entrapment efficiency of 64.86 = 7.73% for rifampicin. They further studied MTT
assay for the determination of biodegradability and non-cytotoxicity of the polymer,
and their results suggested its likely safety in clinical use. They also concluded that
further evaluations in animals are required to evaluate its utility and potential clini-
cal use [21].

The drug loading of aminoglycoside (AG) loaded chitosan nanoparticles is very
low. This drug loading is low because of the electrostatic repulsion between the
positively charged AG and positively charged chitosan [22]. Therefore, dextran sul-
fate (Mw 500 000), a polyanion, has been used to shield the positively charged AG
in order to improve the drug loading. Lu et al. have prepared the AG (streptomycin,
gentamicin, and tobramycin)-loaded chitosan nanoparticles with the aim of high
drug loading. They further conducted the test of in vivo oral efficacy of streptomy-
cin (SM)-loaded chitosan nanoparticles in a Mycobacterium tuberculosis chronic
infection mouse model. They concluded that the chitosan nanoparticles may pro-
vide a promising oral drug delivery formulation for AG which usually, in tuberculo-
sis treatment, is administrated as an injectable preparation [22].

In 2018, Wardani et al. [23] worked on the in vitro antibacterial activity of chito-
san nanoparticles against Mycobacterium tuberculosis. They have concluded from
their work that chitosan nanoparticles have a relatively rougher surface with an
uneven structure which exhibited highly amorphous feature, and it has promising
anti-tubercular activity by preliminary in vitro techniques. Therefore, they also con-
cluded it has the definite potential as a source of compounds that may be developed
further into antimycobacterial drugs [23]. A new nanomedicine antibacterial agent,
based on dihydroartemisinin (DHA) and chitosan (CS), has been developed by Gu
et al. [24] to overcome MTB’s drug-resistant. To enhance DHA’s solubility, they
have prepared nanoparticles of DHA-loaded CS by an ionic crosslinking method
with sodium tripolyphosphate (STPP) as the crosslinking agent. They found that the
DHA-CS NPs exhibited an excellent antibacterial effect on the rifampicin-resistant
strain (ATCC 35838) and, at a concentration of 8.0pg/ml, the antibacterial impact
reaches up to 61.0 £ 2.13% (n = 3). From their findings, they have concluded the
DHA-CS NPs combined with rifampicin may have potential use for TB treatment
[24]. A few examples of chitosan-based nanoparticles in TB are given in Table 1.
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5.1.2 Alginate Nanoparticles

Sodium alginate is a natural polymer with properties such as an aqueous matrix
environment, high gel porosity, and biocompatibility, and is approved by the US
Food and Drug Administration (USFDA) for oral use [29]. It is a natural polysac-
charide, rich in carboxyl group and is easy to bind with positive charge cations such
as Ca*". It is of low toxicity, good biocompatibility, and relatively low cost; there-
fore, it can be used for the preparation of nanoparticles [30].

Kumar and Bhatt [30] fabricated and evaluated the isoniazid-loaded sodium algi-
nate nanoparticles. They prepared the nanoparticles using ionotropic gelation tech-
nique. The particle size, drug loading, and encapsulation efficiency of the fabricated
nanoparticles were studied. The in vitro drug release study of the optimized formu-
lation showed 66.56% drug release in 24 h. They concluded that the isoniazid-
loaded sodium alginate nanoformulation has the potential to provide enhanced
efficacy of isoniazid [30]. Shaji and Shaikh [31] have prepared D-cycloserine
(D-CS)-loaded alginate-chitosan nanoparticles using ionotropic gelation method.
They further designed and optimized the biodegradable polymeric nanoparticles of
D-CS using 2° factorial design to study the influence of formulation variables on
particle size and entrapment efficiency of polymeric nanoparticles. They found that
the optimized batch exhibited the entrapment efficiency of 98.10 + 0.24% with par-
ticle size 344 + 5 nm. Further, in vitro release study of the optimized formulation in
phosphate buffer saline (pH 7.4) showed a biphasic release pattern with initial burst
release of about 34.49% of drug, followed by controlled release up to 24 h. They
further concluded that the delivery system for D-CS could be a potential alternative
to the existing conventional therapy in multidrug-resistant tuberculosis (MDR-TB)
[31]. Alginate-based nanoparticles in tuberculosis treatment are summarized in
Table 2.

5.1.3 Guar Gum Nanoparticles

Guar and its derivatives are widely used in many applications including food, drug
delivery, and healthcare products because of their natural abundance and their low
cost and other desirable functionalities [34]. Guar gum is a water-soluble polysac-
charide, and it is composed of sugars, such as galactose and mannose. Additionally,
swelling behavior of guar gum at acidic pH imparts an efficacy to protect the anti-
gen in harsh gastric environment. Guar gum is a natural nontoxic, biodegradable,
mucoadhesive, cost-effective polymer which can encapsulate a higher amount of
antigen [35]. Kaur et al. [35], in the year 2015, developed an effective carrier system
containing Ag85A-loaded guar gum nanoparticles for oral vaccination against
tuberculosis. They have used nanoprecipitation for the preparation of nanoparticles.
They found that the developed particles with an average diameter of 895.5 + 14.73 nm
and high antigen entrapment seem to be optimum for oral vaccine delivery. In vivo
studies data revealed that the developed nanocarriers can induce a strong mucosal as
well as systemic immune response. Finally, from the experimental evidence, they
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concluded that the guar-gum nanoparticle can be utilized for safe and effective vac-
cine delivery via oral route [35]. Goyal et al. [36] in the year 2016, worked on che-
motherapeutic evaluation of guar gum-coated chitosan nanoparticle against
experimental tuberculosis. The major objective of their work was to develop and
evaluate the therapeutic potential of ATDs-loaded natural polysaccharide compris-
ing of galactomannan subunit in experimental TB. From their work, they have con-
cluded that guar gum-coated chitosan nanoparticles could be a promising carrier for
selective delivery of ATDs to alveolar macrophages for efficient management of TB
with the interception of minimal side effects [36].

5.2 Polypeptide and Protein-Based Polymers
5.2.1 Gelatin-Based Polymers

Nanoparticles made of biodegradable polymers like proteins and polysaccharides
can act as efficient drug delivery vehicles for controlled and targeted release, aiming
to improve the therapeutic effects and also to reduce the side effects of the formu-
lated drugs. Over the past few decades, there has been considerable interest in
developing protein-based nanoparticles as GRAS (generally regarded as safe) drug
delivery devices [37]. Gelatin is a denatured protein which is obtained either by
partial acid or alkaline hydrolysis of animal collagen and has been extensively used
for the preparation of nanoparticles [4, 37]. Gelatin is a natural versatile biopoly-
mer, and it can be used in different applications because of its low cost, easy avail-
ability, biodegradable and biocompatible nature as well as the presence of abundant
active groups. The gelatin nanoparticles (GNPs) can be prepared by several differ-
enttechniques, including desolvation, coacervation-phase separation, emulsification-
solvent evaporation, reverse phase microemulsion, and nanoprecipitation [38].
Saraogi et al. [39] developed and characterized the rifampicin-loaded gelatin
nanoparticulate delivery system for the effective management of tuberculosis.
Gelatin nanoparticles containing rifampicin were prepared by using two-step desol-
vation method. The gelatin nanoparticles were characterized for size measurements,
drug entrapment, and in vitro drug release study. The size of nanoparticles was
found to be 264 + 11.2 nm with low PDI suggesting the narrow particle size distri-
bution. They have conducted the TEM photomicrograph, and this study revealed the
gelatin nanoparticles (GPs) were spherical in shape (Fig. 1) [39].

The drug release showed the biphasic pattern of release, i.e., initial burst fol-
lowed by a sustained release pattern. The gelatin nanoparticles were evaluated for
cytotoxicity study on J-774 macrophage cell lines and in vivo biodistribution and
antitubercular studies on mice model. The biocompatibility of GPs was tested using
MTT assay on J774 cells. They found that the cells incubated with GPs and RIF-GP
remained nearly 100% viable when compared to the control group at concentrations
as high as Img/mL (Fig. 2). They found that the cell viability was 94%, 91%, and
65%, respectively, for GPs, RIF-GPs, and RIF-treated cells, at 1 mg/mL
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Fig. 1 TEM photomicrograph of gelatin nanoparticles [39]. Reused with permission from
Elsevier
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Fig. 2 Cell viability studies on J774 cells after 72 h exposure (values represent mean + S.D.,
n = 3) [39]. Reused with permission from Elsevier

concentration. A significant evidence (P < 0.05) of lesser cytotoxicity was detected
for GPs and RIF-GPs as compared to free RIF after 72 h of treatment. These results
clearly indicated that GPs, even with a varied degree of modification, were biocom-
patible and nontoxic to normal J774 cells. They found that the gelatin nanoparticles
showed improved chemotherapeutic efficacy of the drug as compared to conven-
tional therapy. Therefore, they concluded that the prepared gelatin nanoparticle may
be utilized as potential tool for the delivery of bioactives to the lung tissues leading
to minimized side effects and improving the therapeutic efficacy of the drug [39].
Saraogi et al. [40] in the year 2011, prepared the mannosylated gelatin nanopar-
ticles (Mn-GNPs) for the selective delivery of an antitubercular drug, INH, to the
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alveolar macrophages. They have used gelatin type A (Bloom 300). They have pre-
pared the gelatin nanoparticles using a two-step desolvation method and efficiently
conjugated with mannose. The size of nanoparticles (both plain and Mn-GNPs) was
found to be in the range of 260-380 nm, and the maximum drug payload was found
to be 40-55%. The average particle size of Mn-GNPs was more, whereas drug
entrapment was lesser compared to plain GNPs. The organ distribution studies
proved the efficiency of Mn-GNPs for spatial delivery of INH to alveolar tissues.
Intravenous administration of INH-loaded Mn-GNPs (I-Mn-GNPs) resulted in a
significant reduction in bacterial counts in the lungs and spleen of tuberculosis-
infected (TB-infected) mice and also a reduction in the hepatotoxicity of the drug.
They found that the mannose-conjugated GNPs may be explored as a potential car-
rier for safer and efficient management of TB through targeted delivery of INH
when compared to plain GNPs and free drug [40].

Sharmah et al. [41] used gelatin (type B 75 bloom) as a potential drug carrier for
controlled delivery applications. They have used cellulose whiskers (CWs) in con-
trolling the release of the drug because CWs have the capacity to form strong hydro-
gen bonds. These CWs also provide good strength to the drug carrier material. They
have prepared CWs from filter paper cellulose by acid hydrolysis. They have
attempted to prepare gelatin-CWs nanoparticles by desolvation method using iso-
niazid as drug and glutaraldehyde as a crosslinking agent. They found the zeta
potential values of the cross-linked gelatin nanoparticles in the range of —10.7 to
—21.1 mV. The zeta potential values were decreased with the increase of CWs con-
tent. The decrease in surface charge might be owing to an increase in electrostatic
interaction between the protonated amino groups of gelatin matrix and —OH groups
of CWs. Both the swelling degree (%) and cumulative release (%) decrease with the
increased content of CWs. Cytotoxicity study revealed that CWs were nontoxic to
human lymphocytes and also gelatin nanoparticles containing CWs were less toxic
than CWs-free nanoparticles. Their results suggested that gelatin-CWs nanoparti-
cles have the potential uses in controlled drug delivery [41]. Sarfraz et al. [42], in
the year 2016, worked on the immune response to antituberculosis drug-loaded
gelatin and polyisobutyl-cyanoacrylate nanoparticles in macrophages. They have
loaded anti-TB drugs (moxifloxacin and rifampicin) into gelatin (type B, 225
bloom) and polyisobutyl-cyanoacrylate nanoparticles. They further characterized
the prepared nanoparticles. They also determined the cellular immune responses
and cellular viability. Finally, they have concluded that the NPs together with the
chemotherapeutic drugs might be able to trigger an immune response in macro-
phages. They found that the combined effect might be able to overcome mycobac-
teria infections [42].

5.2.2 Albumin-Based Polymers

Bovine serum albumin (BSA) is one of the most useful drugs carriers in the NP
form. It is a biodegradable, nontoxic carrier that can be metabolized in vivo with the
formation of harmless degradation products that are bioavailable, easily purified,
and soluble in water, which enables delivery by injection [43]. Nanoparticle
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parameters (diameter, polydispersity, bioactive substance loading, and the yield of
nanoparticle) are very important for drug transport through the bloodstream.
Tazhbayev et al. [43] have used INH as the model drug and they have prepared
BSA-INH NPs by an ethanol desolvation of an aqueous protein solution in the drug
presence. They found that the properties of nanoparticles are significantly affected
by the concentration of BSA, urea, L-cysteine, and the drug. The application of the
Taguchi method is used for finding the optimal conditions for BSA-INH NPs [43].
Ma et al. [44] in the year 2022 have worked on the treatment of spinal tuberculosis
in rabbits using bovine serum albumin nanoparticles loaded with isoniazid and
rifampicin. They found that the INH-RFP-BSA-NPs showed the characteristics of
sustained release in vivo and target biodistribution in focus vertebral body. They
finally concluded on the basis of their findings that the therapeutic effect of the pre-
pared formulations in rabbit spinal tuberculosis is much better than common INH
and RFP [44]. Ge et al. [45] have prepared bovine serum albumin nanoparticles
loaded with isoniazid and rifampicin (INH-RFP-BSA-NPs) by a modified self-
emulsion solvent diffusion method, with albumin and polylactic acid used as carri-
ers and to form the nanoparticles’ structure. After that, they studied the drug release
characteristics in vitro. They found that the drug loading and drug entrapment effi-
ciencies were high, at 19.8% and 87.8% for isoniazid, respectively, and 20.1% and
98.0% for rifampicin, respectively. Drug release from the prepared nanoparticles
was slow and sustained with 97.02% INH cumulative release at 6 days, and full
release of RFP requiring 5 days [45].

Joshi and Prabhakar [46] have prepared rifampicin-loaded bovine serum albumin
nanoparticles (RIF-BSA NPs) by desolvation method using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) as the cross-linking agent. They found
that the use of EDC reduces the time for cross-linking and makes the preparation
method simple. RIF-BSA NPs confirmed the enhanced in vitro therapeutic efficacy
assessed by MTb killing assay compared to the free drug suggesting the possibility
of dose reduction. Further, they have found that the FITC-labelled RIF BSA NPs
could be efficiently taken up by RAW264.7 cells infected with Mtb (H37rv), as
confirmed using fluorescence microscopy. Finally, they concluded that the use of
RIF-BSA NPs DPI formulation can be a promising strategy for the treatment of
pulmonary tuberculosis [46].

5.3 Other Synthetic Polymers

Synthetic polymers used in pharmaceuticals such as polyesters (lactones) and acry-
lates, PLGA has been the most popular type [4]. Poly (lactic-co-glycolic acid)
(PLGA) has been used most successfully for the fabrication of nanoparticles con-
taining antitubercular drugs [4, 47].
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5.3.1 PLGA Nanoparticles

Poly (lactic-co-glycolic acid) (PLGA) is one of the most successfully developed
biodegradable polymers. Danhier et al. [47] reviewed on PLGA-based nanoparti-
cles, and in their review, they present why PLGA has been chosen to design nanopar-
ticles as drug delivery systems [47]. As patient non-compliance has been a major
issue in the successful management of TB. Therefore, a lot more research works
were going on the PLGA-based nanoparticles [47-49]. Horvati et al., in the year
2015, worked on antimycobacterial activity of peptide conjugate of pyridopyrimi-
dine derivative against Mycobacterium tuberculosis in a series of in vitro and in vivo
models. They found that PLGA nanoparticle for encapsulation of a pyridopyrimi-
dine derivative exhibited improved antimycobacterial activity and low toxicity com-
pared to the unencapsulated drug in an infected guinea pig model [49]. Sung et al.
[50] have prepared PLGA nanoparticles containing rifampicin using a solvent evap-
oration process, spray-dried into porous nanoparticle-aggregate particle (PNAPs)
containing varying amounts of nanoparticles. They further characterized the physi-
cal and aerosol properties of the prepared nanoparticles. In vitro release study of the
prepared nanoparticles showed an initial burst of rifampicin, with the remainder
available for release beyond eight hours [50]. Tripathi et al. [51] have prepared
PLGA-based rifampicin nanoparticles using single and double evaporation method,
solvent diffusion, and ionic interaction method. They further optimized the process-
ing parameters involved in the method (drug/ polymer ratio, concentration of sur-
factant, phase ratio (organic phase/aqueous phase) and sonication time) to obtain
small nanoparticles with maximum drug entrapment. They found that the release
behavior of rifampicin showed a biphasic pattern described by an initial burst
(11.26% in 1 days) release followed by a slower and continuous release (more than
30 days). They found that the technology would improve patient compliance, the
lack of which is the major reason for the development of multidrug-resistant strains
of mycobacterium. Further studies, such as confocal microscopy and study of accu-
mulation of drugs in infected macrophages, can be done and are suggested as future
scope of their work [51]. Malathi and Balasubramanian [52] worked on the synthe-
sis of biodegradable polymeric nanoparticles and their controlled drug delivery for
tuberculosis. They have attempted to develop a synthetic polymeric anti-TB nano-
drug delivery system. A series of PLGA polymers with different molar feed ratios,
i.e., 90/10, 75/25, 50/50, were synthesized by using direct melt polycondensation
method. They prepared rifampicin-loaded PLGA nanoparticles by the double
Emulsion-solvent evaporation method using PVA as a stabilizer. The average diam-
eter of the PVA-coated PLGA-RIF nanoparticles is less than 250 nm. The in vitro
release profile of the rifampicin-loaded PLGA nanoparticles showed an initial burst
followed by sustained release. They found that the nanoparticles were remarkably
advantageous in terms of high drug encapsulation efficiency, low polymer con-
sumption, and better-sustained release profile. These systems could be cost-
effective, feasible, and save valuable life and resources in the management of
tuberculosis [52].
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Hakkimane et al. [2] have prepared a nanoformulation of the two most effective
first-line drugs, RIF and INH, which are used in both the phases of the 6-month TB
therapy. Since INH is small and a highly hydrophilic molecule, it has low cellular
penetration and also low drug loading efficiency in nanoformulation using hydro-
phobic USFDA-approved polymers like PLGA. This has led to a considerable hin-
drance in effective treatment with INH. To overcome this issue, they have modified
INH into INH benz-hydrazone (IH2) by adding a hydrophobic moiety called benz-
aldehyde, a commonly used food additive, using Schiff base reaction. The newly
formed IH2 is encapsulated in PLGA polymer, and its encapsulation in polymer is
increased around 15-fold compared to INH encapsulation in PLGA. They found
that RIF and TH2 loaded in NPs release in a slow and sustained manner over a period
of 1 month, and they are more stable in NPs formulation compared to the free form.
Finally, they have concluded that NP formulations will improve the efficacy of drug
delivery for TB treatment [2].

Xie et al. [53] have developed PLGA nanoparticles encapsulating a conventional
anti-TB drug (levofloxacin) to design more effective strategies against Mtb. They
have prepared levofloxacin-nanoparticles using a double emulsification method.
They further investigated the average diameter, zeta potential, polydispersity index,
morphology, and drug release efficiency in vitro of the prepared LEV-NPs. In this
study, the bactericidal effect and mechanism of LFLIU combined with levofloxacin-
loaded PLGA nanoparticles on M. smegmatis in macrophages are investigated. The
results support the potential of LFLIU combined with drug-loaded nanoparticles as
a new, noninvasive, safe, and effective method for the treatment of TB [53]. In the
same year, Liang et al. [48] prepared rifapentine (RPT)-loaded PLGA and PLGA-
PEG NPs using premix membrane homogenization combined with solvent evapora-
tion method. The aim of this work was to develop and characterize RPT-loaded
PLGA-based nanoparticles for reducing dosing frequency. Their study revealed that
in contrast to free drug, RPT-loaded NPs were more effective against Mtb in
vitro [48].

6 Conclusion

Different polymers are used for the preparation of nanoparticles in tuberculosis
treatment. As conventional treatment of tuberculosis is of long duration, so adher-
ence to the treatment is difficult for the patients. Therefore conventional treatment
has some limitations. Limitations of the conventional treatment can be overcome by
preparing the polymeric nanoparticles. The polymeric nanoparticles possess good
biocompatible and biodegradable characteristics. Therefore, nanoparticles effec-
tively target macrophage. Most of the polymeric nanoparticles are prepared with
anti-TB drugs with different manufacturing method, and these works are going on a
laboratory scale. Still lot more effort and sophisticated techniques are needed for the
development of polymeric nanoparticle for mass production from a laboratory scale.
New technologies are necessary so that in near future these polymeric nanoparticles
will be available in the market.
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Abstract Tuberculosis (TB) is a deadly disease spread by single infection agents.
It creates a huge burden on the healthcare system for the development of effective
therapeutics therapy. For the effective treatment of TB, the recent focus is on the
avoid multidrug resistance and reducing toxicity. In this context, solid lipid nanopar-
ticles (SLNs) are rising as an alternative and effective strategy to treat TB from the
scientific literature data. SLNs are formulated using biodegradable and biocompat-
ible solid lipids. Drugs are embedded into solid lipids which provide the sustain and
control release of drugs. Surface modification of SLNs is highly useful for the target
delivery of drugs to the lungs and also protection against multiple drug resistance.
Still, research is going on in the formulation area for the development of effective
delivery platform technology that creates continuous interest in its investigation.
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NPs Nanoparticles

AIDS Acquired immunodeficiency syndrome
INH Isoniazid

RIF Rifampicin

PYZ Pyrazinamide

ETB/EMB Ethambutol

MDR Multi-drug resistance

SDR Single-drug resistance

XDR Extensively drug resistance

PIT Phase inversion temperature
SCF Superecritical fluid

HPH High-pressure homogenization
%EE Percentage entrapment efficiency
%DR Percentage drug loading

PDI Polydispersity index

SEM Scanning electron microscopy
TEM Transmission electron microscopy
DSC Differential scanning calorimetry
GI Gastrointestinal

BBD Box—Behnken design

STRS Streptomycin sulfate

PBS Phosphate buffer saline

SGF Simulated gastric fluid

SIF Simulated intestinal fluid

RFB Rifabutin

GMS Glyceryl monostearate

MN Mannose

DPI Dry powder inhaler

1 Introduction

Mycobacterium tuberculosis (M. tuberculosis) is the responsible bacteria for tuber-
culosis (TB) which attacks the lungs and also other organs such as the brain, kidney,
and spine. TB is known to spread through the air and has a higher chance of conta-
gion in AIDS (acquired immunodeficiency syndrome) [1, 2]. In the world, TB
comes in the top 10 deadliest diseases from a single infectious agent [3]. TB is usu-
ally categorized as latent and active. Bacteria are present in the patient’s body with
no symptoms and without infectiousness known as latent TB. Active TB is com-
municable and has dynamic bacteria, having symptoms such as more than 3 days of
coughing, chest pain, night sweats, blood in sputum, mass loss, fatigue, chills, and
fever [1]. Conventional therapy includes various antituberculosis drugs such as iso-
niazid (INH), rifampicin (RIF), pyrazinamide (PYZ), and ethambutol (ETB). Apart
from these, thioacetazone, kanamycin, and aminosalicylic acid are also used as
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treatment modalities [4]. However, conventional therapy possesses various draw-
backs such as systemic side effects over the period, poor patient compliance owing
to the long duration of therapy [3]. The bacteria have also acquired resistances viz.,
multi-drug resistance (MDR), single-drug resistance (SDR), and extensive drug
resistance (XDR), worsening management of the disease [5].

Various studies are carried out in this regard and the rising trends in delivery
systems viz., microparticles, nanoparticles, microspheres liposomes, solid lipid
nanoparticles, novel implants, carrier-based drug delivery systems, etc. These
advancements may provide targeted drug delivery and sustained and controlled
release, reducing the dosing frequency intending to improve patient compliance [2].

Solid lipid nanoparticles (SLNs) are extensively studied owing to their ability to
improve bioavailability, provide a sustained release or controlled release, site-
specific delivery, no carrier toxicity, hydrophilic and lipophilic drugs absorption
enhancement, improvement of drug stability, and difficulty for scale-up [2]. SLNs
are composed of solid lipid at room temperature which is stabilized by surfactant
and the core is loaded with drug [6].

The system may consist of a solid core matrix of monoglycerides like glycerol
monostearate, diglycerides like glycerol behenate, triglycerides like tristearin, ste-
roids like cholesterol, fatty acids like stearic acid, and waxes like cetyl palmitate,
surfactants for stabilizing the lipid dispersion, and emulsifiers for avoiding particle
agglomeration [2].

2 Nanotechnology in TB

Nanotechnology has been proved for its valuable and unique role in the diagnosis of
several diseases and effective drug delivery. Nanoscale dosage form enhances the
stability and carrier capacity with the considerable enhancement of drug bioavail-
ability. Other merits of nanoscale dosage forms are the sustained and controlled
release of anti-TB drug. Ultimately, it reduce the dosage of anti-TB drug which is
the major benefit for the chronic treatment of TB [7].

In the majority of cases, diagnosis of TB has required the higher-end analytical
laboratories] which require intensive skilled labor. Despite this, currently,
Mycobacterium DNA detection in clinical samples using nanoparticles has been
established. Recently, Silva et al. has fabricated moveable and cheap optoelectronic
platform amalgamate double color tuned light-emitting diode with amorphous/
nanocrystalline silicon photodetector, flat spectral response, and integrating elec-
tronic for signal acquisition. With suitable software, the fabricated device could
lessen the detection time and human error [8].

Some ultrasensitive techniques which utilize methodologies for detection such
as Raman scattering, calorimetric, fluorometric, and electrochemical detection have
been employed to detect the gold nanoparticle in a sputum sample. Thiol-modified
oligonucleotides have been developed to detect the causative agent simply and effi-
ciently. These nanoparticles help M. tuberculosis to differentiate from other mem-
bers of Mycobacterium species [9].
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3 Solid Lipid Nanoparticle

In the 1990s, SLNs were introduced as a substitute for nanoparticles, liposomes,
and emulsion systems [9]. SLNs are nanoparticles that are composed of lipids and
fall under the novel category of drug delivery systems. They also have a potential
role in controlled and site-specific drug delivery and can incorporate various drugs
by acting as nanocarriers. SLNS are spherical colloidal particles, composed of a
lipidic core, surfactant, and water [3]. A combination of emulsifiers is used to stabi-
lize the lipidic core and prevent its agglomeration [10].

3.1 Composition of SLN

SLNs are colloidal carrier-based matrix systems that are composed of solid lipid,
aqueous, and surfactants or emulsifiers. Lipids constitute fatty acids, steroids, tri-
glycerides, and waxes. Commonly, sodium cholate and phosphatidylcholine are
used as a stabilizer in the formulation. SLNs comprising solid lipid and emulsifiers
are generally safe concerning toxicity and biocompatibility. The solid lipid is made
of either natural or chemical which is biodegradable [11].

3.2 Method of Preparation of SLN

SLNs are either prepared via a dispersion system that acts via a template or precur-
sor or use of particular instrumentation [12]. Various techniques are: (A) HOT
homogenization, (B) phase inversion temperature (PIT) method, (C) microemulsion
dilution or cooling, (D) coacervation, (E) solvent injection, (F) solvent evaporation,
(G) solvent diffusion, (H) SCF extraction of emulsions, (I) membrane contactor
techniques, and (J) electrospray (Fig. 1).

Emulsions are a major category of precursors used for the preparation of SLNs
[13]. The category of the emulsion can be direct, reversed, or can be multiple. The
basic rationale behind using emulsions is that emulsions are solid at room tempera-
ture; when heated at a certain temperature about its melting point, they liquefy,
which when emulsified with water at the same temperature and further cooling
results in solidification of droplets to form SLNs [14].

3.2.1 High-Pressure Homogenization (HPH)

HPH is a well-known technique for the formulation of lipidic nanoparticles. This
method was first applied by Muller and Lucks. This process engages dissolving or
dispersing the drug in the liquefied lipid by maintaining the temperature greater
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Fig. 1 Different types of methods for the formulation of solid lipid nanoparticles (Reproduced
from Chih-Hung et al. (2017) [11] (2014), an open-access article distributed under the Creative
Commons Attribution License that permits unrestricted use, distribution, and reproduction in
any medium)

than the 5-10 °C of their melting point. Melted lipid is added to the HOT aqueous
surfactant solution with continuous stirring. This dispersion of drug melt with an
aqueous surfactant is called a pre-emulsion. Piston gap homogenizer is used for
homogenizing the pre-emulsion. High pressure of up to 100 to 2000 bar helps to
move the fluid in the narrow gap. When cooled, the lipid tends to recrystallize and
form SLN [15]. Particle size is reduced due to a reduction in viscosity at higher
temperatures [16].

High shear and ultrasound homogenization are some of the older techniques that
were used for the production of SLNs. Compared to the homogenization technique,
this method is easier to perform, easier to handle, however can compromise on the
quality of SLNs that are formed. One of the key limitations is the broader particle
size distribution which may lead to stability issues. If ultrasounds are used, the risk
of metal contamination is added.
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3.2.2 Phase Inversion Temperature (PIT) Method

A temperature at which a surfactant has equal affinity for both aqueous and lipid
phases which called as PIT [17]. This method is based on temperature-provoked
inversion of water in oil to oil to water emulsion and conversely. PIT is commonly
used for the formulation of nanoemulsions. The rationale behind inversion is that on
heating the ethoxy groups get dehydrated and further the lipophilicity of the surfac-
tant increases and there is a decrease in HLB values. The use of non-ionic polyoxy-
ethylated surfactants is a prerequisite of this method and must have
temperature-dependent properties. This technique is based on the affinity of surfac-
tants for oil and water-based on temperature [13]. Modifications of temperatures
above or below the PIT can favor the inversion of emulsion. Oil, water, and surfac-
tants are heated at a temperature that is greater than PIT under constant stirring
which forms without emulsions. Both the phases need to be heated above the PIT
and the aqueous phase has to be added to the oil phase under constant agitation. [18]
These formed emulsions are rapidly cooled under constant stirring that precipitates
the lipid. This method offers nanoparticles with narrow particle size distribution and
size range.

3.2.3 Microemulsion Dilution

The first investigator to use this microemulsion template was Gasco and the method
was developed in the early 1990s [19]. In this technique, a nanoemulsion is formed
by diluting a microemulsion. The process involves the addition of drugs into the
melted lipidic phase by exposing the lipids to a temperature above their melting
point; an aqueous phase containing surfactant and water that is under isothermal
conditions is added under constant agitation to the first phase, forming a thermody-
namically stable microemulsion.

Further, this microemulsion is added in the cold aqueous phase (2-10 °C) with
slow mixing which has 25-50 times more volume than that of HOT emulsion [20].
A nanoemulsion is formed on dilution as lipids tend to crystallize to form SLNs.

3.2.4 Coacervation Method

Battaglia et al. used the coacervation for preparation of SLNs [21]. A homogenous
nanoparticle suspension is formed by coupling or interaction of a micellar soap
(fatty acid alkaline salt) with an acidic solution which is a coacervating solution
based on proton exchange. This interaction is carried out using various types of
amphiphilic polymer which act as stabilizing agents [22]. A micellar soap solution
is formed at a temperature above its Krafft point. Micellization is enhanced by the
pre-dissolving drug in ethanol and then is dissolved in lipids. Coacervating solution
is added dropwise to the solutions causing the lipids to precipitate. Acidification
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takes place at a temperature of 40-50 °C above the Krafft point of fatty acid sodium.
The suspension is further cooled to a temperature of 15 °C to complete the precipi-
tation of SLNs. The advantage of this method is that a homogenous stable nanosus-
pension can be formed by adjusting the concentration of lipid or by modifying the
concentration of the micellar solution.

3.2.5 Supercritical Fluid-Based Method

A newer technique for the production of SLNs has the advantages of being solvent-
free and is a method of interest for the past few years. This method offers particles
as dry powder instead of suspensions. SCF is above the critical temperature and
pressure of the fluid and can be modulated by changing pressure. CO, is a widely
used SCF as it has a lower critical point of 31 °C and a critical pressure of 74 bar.
Four main processes under SCF technology are: (1) rapid expansion of supercritical
solutions, (2) GAS (gas anti-solvent) process, (3) particles from gas-saturated solu-
tions/suspensions, and (4) supercritical fluid extraction of emulsions [13].

3.2.6 Membrane Contactor Technique

This technique produces SLNs with help of a membrane contactor. The module
consists of two phases: lipid phase and the water phase, which are separated by a
porous Kerasep ceramic membrane (0.1-0.45 pm pore size). The membrane has an
active ZrO, layer on an ALO,- TiO, The membrane allows water to circulate tan-
gentially inside the module and takes away or detaches the particles formed at the
outlet of the pore. Initially, the lipid phase is heated above its melting point and is
pressed through the pores of the membrane which forms small droplets. The water
dispersion is finally cooled to form SLNs. Pressure is created by nitrogen for the
liquid phase to move [23]. The formation of SLN depends on the concentration of
the lipid phase and the cross velocity of the aqueous phase. The surfactants added to
the formulation will also affect the particle size of the nanoparticles [24].

3.2.77 Spray Drying Method

This method is a substitute for lyophilization and is comparatively a cheaper method
and causes the transformation of an aqueous dispersion into a drug product. The
particles are aggregated due to higher temperatures and by shear forces. Lipids with
a melting point greater than 70 °C were recommended by Mullera and Freitas [14].
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3.2.8 Drying of SLNs

In comparison to liquid forms, solid forms are more stable and preferable such as
dry powder inhalers. Again dry powder is dispersed into the aqueous media when to
use products. Generally dying can be achieved using spray drying, lyophilization,
and electrospinning. Drying is ideal for the solid oral and topical SLNs formulation
but for the pulmonary and parenteral route, SLNs must be sterilized. Heating-based
sterilization is impacted on the release or leaching of the drug so not suitable. For
sterilization of SLNs, liquid solutions filter out using membrane filter and it is a
good alternative option [25].

3.3 Characterization of SLN

Physicochemical characterizations are requisite after the formulation of SLNs for
quality control (Tables 1 and 2). Because formulation complexity, particle size, and
dynamic nature of the delivery system are the prime concern for the characterization
of SLNs. The majority of tools only measure the dilute sample, so the probable
effect of sample preparation needs to be taken into consideration. SLNs are evalu-
ated for the degree of crystallinity, particle size, zeta potential entrapment efficiency
(% EE), and surface morphology [26]. Table 2 summarizes the various methods and
characterization of developed SLNs of different drugs used in the treatment of
TB. Similarly, in Table 3 various pharmacokinetic parameters are tabulated.

Table 1 Different characterization parameters of SLNs

Sr.
no Parameter Commonly used techniques
1.1.1. | Size Photon correlation spectroscopy, Dynamic light scattering,
PDI Quasi-elastic light scattering, Laser diffraction, Coulter
Zeta potential counter
2. Surface morphology Scanning electron microscopy (SEM), Transmission
electron microscopy (TEM), Cryo-electron microscopy,
Atomic force microscopy
3. Degree of crystallinity Differential scanning calorimetry, Powder X-ray
diffractometry
Encapsulation efficacy Centrifugation, Micro-centrifugation techniques
5. Interaction or excipients to | Differential scanning calorimetry
drug compatibility studies
6. Drug release studies In-vitro release of drug
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Table 3 Different Pharmacokinetics parameter of developed anti-TB SLNs from reported
literature works

Anti-TB drug Route of drug

carrier delivery Trnax (h) Chax (mg/mL) AUC,_ (mg h/mL) | Refs.
RIF Oral 333+0.588.34+0.84 32.51 £ 145 [27]
RIF SLNS 4.66+1.15/8.43+0.19 204.44 +29.95

INH Oral 2.34 £0.58 1 10.92 + 1.62 34.32 £2.67 [28]
INH-SLNs 333+ 1.15/11.25+2.58 170.52 = 16.01

STRS Intranasal 4.00 £0.03/0.02 +0.01°* 0.49 £ 0.01** [32]
STRS-SLNs 2.00 £0.030.22 £ 0.02* 3.78 + 0.60%**

RFD Oral 2 39 21.37 [34]
RFD_SLNs 4 3.44 73.57

INH Ocular 0.25 15.09 £3.10 44.00 = 4.62 [36]
INH-SLNs 0.25 23.31 £3.10 188.13 +37.10

Reproduced from Gordillo-Galeano A, Ospina-Giraldo LF, Mora-Huertas CE. Lipid nanoparticles
with improved biopharmaceutical attributes for tuberculosis treatment. International Journal of
Pharmaceutics. 2021 Mar 1;596:120321. with permission of the copyright holder, Elsevier,
Amsterdam [3]

*Cmax expressed as % radioactivity/g

**AUC expressed as % radioactivity-h/g

***Pharmacokinetic parameters measured in ocular aqueous humor

Thax time taken to reach peak plasma concentration, C,,, maximum concentration, AUC,_, area
under the curve of a plasma (or ocular aqueous humor) concentration versus time profile

4 Anti-TB Therapy of SLN

4.1 Oral Delivery

SLN protects the drug against chemical and enzymatic attacks in the gastrointesti-
nal (GI) tract. It increases the residence time and permeation of the drug across the
GI epithelium. Figure 2 shows the different mechanism by which SLN cross the GI
epithelium.

Obinu et al. formulated SLNs as a strategy for increasing oral permeability of a
new compound-SS13, having potential against multidrug-resistant tuberculosis. For
the formulation of SLN, witepsol and/or gelucire were used for improving the solu-
bility of SS13. SLNs were formulated using the solvent evaporation method having
a size range of 200450 nm. The percentage drug loading of 86.84 + 2.49% and
100.00 £ 3.11% was obtained with witepsol and gelucire, respectively. The fabri-
cated system exhibited desired intestinal absorption and improved permeation
across intestinal mucosa comparison to the free drug [41].

Pandey et al. developed oral SLN using the emulsion solvent diffusion technique
and antitubercular chemotherapy incorporating isoniazid (INZ), rifampicin (RIF),
and pyrazinamide (PYZ). Drug encapsulation efficiency was found to be 51 + 5%,
45 + 4%, and 41 + 4% for rifampicin SLN, isoniazid SLN, and pyrazinamide SLN,
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Fig. 2 Different mechanism by which SLN cross the GI epithelium (Reproduced from Chih-Hung
etal. (2017) [11] (2014), an open access article distributed under the Creative Commons Attribution
License that permits unrestricted use, distribution, and reproduction in any medium)

respectively. Incorporation of PVA served as a barrier to diffusional release and
hence sustained release was observed following single oral delivery [35].

Similarly, Khatak et al. formulated SLNs of antituberculosis drugs RIF, INZ, and
PYZ for oral administration to treat M. marinum infection. SLNs were formulated
using the microemulsion technique and optimization was carried out using central
composite design (CCD). The %EE was found to be 86.40 + 0.274, 83.84 + 0.269,
and 81.43 + 0.576 of optimized IF, INH, and PYZ loaded SLN, respectively. The in
vitro drug release study confirmed the maximum release of 85.21%, 92.47%, and
88.30% for RIF, INH, and PYZ, respectively, in PBS (pH 6.8) after 24 h. Two times
growth inhibition of M. marinum was observed by SLNs compared to standard anti-
tubercular drugs in modified MMT assay on murine macrophage cell line (RAW
264.7) [42].

Rifampicin possesses certain limitations such as poor bioavailability, hepatic
first-pass metabolism, and GI instability when orally administered with isoniazid.
To overcome these challenges, Chokshi et al. developed rifampicin-embedded
SLNs using the design of experiment for the treatment of tuberculosis. In the study,
SLNs were formulated using the HPH method. Effect of Independent factor viz.,
concentration of drug, concentration of emulsifiers, and homogenization pressure,
on dependent factor viz., particle size, % loading of a drug (%DL), and %EE, was
studied using 3* Box—Behnken design (BBD). The developed RIF-SLNs displayed
456 + 11 nm, 84.12 +2.78%, and 15.68 + 1.52% of mean diameter, %EE, and %DL,
respectively. SLNs prepared using poloxamer 188 revealed an anti-lipolytic effect.
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The result of in vitro dissolution at different pH (1.2, 4.5, 6.8, and 7.4) was sug-
gested that biphasic drug release profile for drug-loaded SLNs with the stability of
developed formulation throughout the GIT. Fabricated SLNs were stable following
accelerated stability studies and the system could be employed for efficient manage-
ment of tuberculosis [29].

Banerjee et al. developed SLNs loaded with rifampicin (RIF) and isoniazid (INZ)
for the management of tuberculosis. The human macrophage cell line (THP-1) was
used for the in vitro internalization evaluation. The authors fulfilled that formulated
systems could be a potential tactic for delivery of drug with enhanced permeation
through intestinal, lymphatic, and cellular uptake. As a result of this, oral bioavail-
ability is improving an ultimately better antitubercular effect [27].

Singh et al. developed SLNs of hydrophilic streptomycin sulfate (STRS) show-
ing improved oral bioavailability and enhanced macrophage uptake. The SLNs were
prepared to employ the cold HPH technique giving drug loading of 30% and entrap-
ment efficiency of 51.17 + 0.95%. Incorporation of polyethylene glycol 600
imparted mucus-penetrating property and attributed to the small particle size of
nanoparticles (218.1 = 15.46 nm). The developed system was found to be stable in
SGF/SIF and displayed zero-order drug release. Intracellular uptake was 60 times
enhancement experiential in THP-1 and Pgp expressing LoVo and DLD-1 cell lines
with the bits of help of fluorescein-SLNs. In comparison to free drugs, STRS-SLNs
demonstrated a three-fold reduction in MIC against M. tuberculosis H37RV
(256182). The developed system also depicted enhanced oral absorption and bio-
availability validating its potential in the treatment of TB [43].

Nirbhavane et al. developed a sustained release oral rifabutin (RFB). SLN was
formulated using solvent diffusion evaporation method and glyceryl monostearate
(GMS) as solid lipid. The developed RFB-SLNs were showing 345 + 17.96 nm and
0.321 + 0.09 particle size and PDI, respectively. Stability studies of RFB-SLNs in
different GI fluids suggested that developed SLNs were well stable. Drug release of
SLN-loaded formulation in SIF and PBS was showing up to 48 h and 7 days sustain
release, respectively. RFB-SLN was showing a five-time increment of oral bioavail-
ability in comparison to the free drug [34].

Chokshi et al. investigated the development of surface engineered rifampicin-
loaded lipid nanoparticulate system for the management of pulmonary tuberculosis.
They fabricated mannose-appended rifampicin containing SLN (Mn-RIF-SLN).
The developed Mn-RIF-SLNs showed particle size of 479 + 13 nm and percentage
entrapment efficiency of 79.41 +2.42%. The developed nanoparticles were found to
be non-toxic and safe compared to the free drug in the cytotoxicity performed on the
J774A.1 cell line. The intracellular uptake was also significantly enhanced by 1.79-
folds and bioavailability by around 17-folds via oral routes. The biodistribution
studies signified the 1.8 times higher lung accumulation of Mn-RIF-SLNs in com-
parison to RIF SLN, which shows the effectiveness of Mn-RIF-SLNs for the treat-
ment of TB [44] shown in Fig. 3.
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Fig. 3 Diagrammatic representation of targeted mannose rifampicin SLN for the treatment of TB
via oral routes (Reproduced from Chokshi, Nimitt V., et al. “Fabrication and Characterization of
Surface Engineered Rifampicin Loaded Lipid Nanoparticulate Systems for the Potential Treatment
of Tuberculosis: An In Vitro and In Vivo Evaluation.” Journal of Pharmaceutical Sciences 110.5
(2021): 2221-2232. [44] with permission of the copyright holder, Elsevier, Amsterdam)

4.2 Mucoadhesive Drug Delivery

Vieira et al. developed mucoadhesive chitosan-coated SLNs (C-SLNs) loaded with
RIF for pulmonary delivery across alveolar epithelial cells. The developed SLNs
had a smooth spherical shape with a size range of 245-344 nm. Zeta potential was
found to be —30 mV for SLNs and +40 mV for C-SLNs. Chitosan-SLNs depicted
elevated in vitro mucoadhesive properties and higher permeability in alveolar epi-
thelial cells A549 comparison to uncoated SLNs, indicating that the developed
chitosan-SLNs can be used as a promising carrier for safer and efficient manage-
ment of TB [38].

4.3 Ocular Delivery

Singh et al. developed SLN of isoniazid for ocular delivery of highly water-soluble
isoniazid (INH) by micro emulsification. The developed SLNs system was showing
the particle size of 149.2 + 4.9 nm, the zeta potential of —0.35 £ 0.28 mV, PDI of
0.15 + 0.02, entrapment efficiency of 65.2 + 2.2%, and extended-release of 48 h.
Further, fluorescein-labeled SLNs displayed considerable in vitro and in vivo uptake,
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enhanced corneal permeability (1.6 times), and five-times lower MIC. Further, the
system exhibited efficient targetability and improved localized concentration of
INH in aqueous humor displaying an effective ocular delivery system [36].

4.4 Inhalation Drug Delivery

Nemati et al. developed ethambutol-loaded SLNs as dry powder inhaler (DPI) for-
mulation for tuberculosis therapy. Given orally, ethambutol leads to cellular toxicity
whereas direct administration into lungs (i.e., pulmonary administration) might
overcome this side effect. EMB-loaded SLNs were formulated by HOT homogeni-
zation and ultrasonication. DPI formulations of EMB-loaded SLNs with and with-
out mannitol were formulated using a spray dryer. The developed system had a
particle size of sub-100 nm and encapsulation efficiency higher than 98%.
Biocompatibility and non-toxicity of EMB-loaded SLNs were confirmed via MTT
assay. The above-mentioned study evidenced that EMB-loaded SLNs as DPI prepa-
ration could be used in direct drug delivery to the lung [33].

Gaspar et al. developed a hybrid platform for pulmonary delivery of antibiotics
using RFB-loaded SLN (glyceryl dibehenate and glyceryl tristearate lipids) embed-
ded in mannitol and trehalose. Encapsulation was carried out spray-drying method,
which resulted in dry powders with desired characteristics for pulmonary adminis-
tration. The liposomes developed using lipid-glyceryl dibehenate had particle size
of 108 £ 5 nm, % EE of 89.9 + 5.1%, and DL of 9.0 + 0.5%, whereas glyceryl tri-
stearate containing SLNs depicted particle size of 191 =7 nm, % EE of 81.0 £9.6%,
and DL of 6.0 = 0.7%. Both these formulations used tween 80 as the surfactant
component displayed suitable polydispersity index values (<0.2). Results showed
that both the formulations had the desired biodistribution and reached deep into the
lungs. This RFB-SLN microencapsulation approach could become a potential strat-
egy for treating TB [31].

Intramacrophagic delivery of antitubercular drugs can be achieved by DPI via
the pulmonary route. Similar type studies were carried out by Maretti et al. wherein
they developed rifampicin-loaded SLNs (SLNs) by the melt emulsifying technique
and go after freeze-drying. Design of experiments (DoE) was applied for evaluating
the effect of pre-freezing conditions and a >50% SLNs-respirable fraction was
found with adequate yields [39].

Active drug targeting is known to overcome the challenges of conventional ther-
apy. Maretti et al. also attempted the formulation of inhalable lipid NPs for the
delivery of drugs to the infected tissue. They developed RIF-loaded SLNs surface
modification with novel mannose derivatives for TB targeted delivery via inhaled
route by DPI. Mannose receptors are overexpressed on the membranes of infected
alveolar macrophages (AM), a preferred site of M. tuberculosis, and in this regard,
mannose was considered a relevant ligand for achieving active drug targeting. The
fabricated SLNs demonstrated a suitable drug payload, in vitro release, and more
efficient ability to enter macrophages (280%) compared to bare RIF (220%) and
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non-functionalized SLNas (240%). This technology was regarded as a green pro-
cess, suitable for scale-up development [45].

Cheng Ma et al. developed mannose SLN (MAN-IC-SLN) encapsulated the pH-
sensitive prodrug of INH for the treatment of latent tuberculosis infection.
6-Octadecylimino-hexane-1,2,3,4,5-pentanol (MAN-SA) decorated of SLNs was
demonstrated a 97.2% cell uptake in macrophages comparison to unmodified SLNs
(42.4%). The result of in vivo antibiotic efficacy test is showing 83% decrease in the
colony-forming unit with SLN formulation in comparison to the free INH group
(60% decreases). The study exhibited that macrophage targeting and pH-sensitive
SLNSs could be used as a potential platform for latent TB infection [40].

Mannosylated SLNSs for the selective delivery of rifampicin to macrophages was
also developed by Vieira et al. A sustained release profile was achieved in simulated
pulmonary fluids, with more than 80% of RIF remaining entrapped inside the SLNs
lipid matrix after 8 h. The developed formulation could increase the drug’s bioavail-
ability by effective target delivery and a high degree of internalization in human
macrophages [31]. Vieira et al. also attempted to target rifampicin to alveolar mac-
rophages by developing chitosan-coated SLNs, promoting mucoadhesion and per-
meation. The developed formulation had a monodisperse population having a
diameter of around 250-500 nm adequate for lung deposition, zeta potential between
—31 mV for uncoated SLNs and +33 mV for coated SLNs, the % EE of approxi-
mately 90%, and loading capacity (LC) 4.5% [46].

Kumar et al. developed streptomycin sulfate SLNs (STRS-SLNs) for non-
invasive intranasal (IN) delivery. STRS-SLNs were developed using the nano col-
loidal aqueous dispersion technique, achieving particle size of 140.1 = 7.0 nm and
entrapment efficiency of 54.83 + 2.1%. In vivo studies following intranasal delivery
of STRS-SLNs showed significant biodistribution in the brain and blood and lower
levels of the drug in the liver and spleen of mice compared to free STRS. The devel-
oped system owing to its smaller size, lipophilic enclosure, and presence of tween
80 imparted inhibition of Pgp-efflux and better bioavailability [32].

4.5 Advantages of SLNs for Sustaining the Delivery of TB
Drugs and Its Industrial Feasibility

SLNs are versatile carriers, and the incorporation of drugs into SLNs improves their
bioavailability and stability [35]. SLNs are known to demonstrate a longer retention
time in the lungs owing to their hydrophobicity. SLNs exhibit industrial feasibility
and capability of large-scale production due to the highly developed techniques,
abundant material supply, and systematic product development. Moreover, precise
particle size control and possibilities of surface modification of SLNs have opened
great possibilities for achieving the target delivery of anti-TB agents [40].

Possibility of Surface Modification
Several studies have been carried out for developing surface-modified SLNs.
Costa et al. developed INH-loaded SLN, reinforced with stearyl amine and



Solid Lipid Nanoparticles in Tuberculosis 117

surface-functionalized with mannose. The fabricated functionalized SLNs were
devoid of toxicity when tested in a human lung epithelial cell line (NCI-H441)
and reduced intrinsic cytotoxicity of INH upon incorporation into SLN. These
functionalized nanocarriers may signify a beneficial platform for targeting alveo-
lar macrophages to deliver anti-infective drugs [47]. Vieira et al. developed SLNs
using mannose as a lectin receptor-ligand conjugate for macrophage targeting and
to increase the therapeutic index of RIF. The developed SLNs yielded particle size
in the range of 160-250 nm, and drug encapsulation efficiency was above 75%.
Results suggested that mannosylation improved internalization in macrophages,
and the surface-modified formulation could be a promising tool for targeted tuber-
culosis therapy [48]. Similarly, Truzzi et al. developed respirable SLN assemblies
(SLNas) loaded with RIF for an alveolar macrophage passive targeting. In this
study, mannosylated SLNas were exploited for alveolar macrophage active target-
ing to mannose receptors, located on the macrophage membrane, and overex-
pressed in the case of Mycobacterium tuberculosis infection. For achieving this,
SLNas were surface-decorated with a newly synthesized mannosylated derivative
acting as both surfactant, required for the producing nanoparticle, and functional-
ized agent for the alveolar macrophage active targeting. Results suggested the
ability of mannosylated SLNas to interact with mannose receptors on J774 and
MH-S macrophage cell lines improving cell internalization ability in comparison
with non-functionalized SLNas and bare RIF [49].

NLCs/Lipid Capsule Research for TB and Close TB Drugs

Nanostructured lipid carriers (NLCs) are second-generation SLNs developed using
a mixture of liquid and solid lipids at room temperature that form an imperfect lipid
matrix. Moreover, NLCs can incorporate a wider concentration of surfactants, co-
surfactants, and lipophilic drugs compared to SLNs. NLCs exhibits improved physi-
cal and chemical stability. They favor controlled/sustained release of drugs and
expulsion during storage is also minimized. Moreover, toxicity and adverse effects
are also reduced. Owing to such features, research has been carried out of NLCs for
delivering anti-TB drugs. Sato et al. developed copper (II) complex-loaded NLCs
for the treatment of M. tuberculosis. Evaluation of the antimicrobial activity depicted
the activity and selectivity of the copper (II) complexes against Staphylococcus
aureus, Escherichia coli, and M. tuberculosis. Moreover, increase in solubility of
the active substance was achieved and a controlled-release system, maintaining the
drug plasma concentration within the therapeutic range for several hours or days,
was created, decreasing the toxicity and increasing patient compliance [50]. Nemati
et al. formulated Ethambutol hydrochloride-loaded NLCs using HOT homogeniza-
tion followed by ultrasonication technique. The particle size and encapsulation effi-
ciency EMB-loaded NLCs were below 100 nm and >98%, respectively. The
developed NLCs exhibited low toxicity and desirable biocompatibility [51].
Pinheiro et al. designed, developed, and characterized NLCs for the selective deliv-
ery of RFB to alveolar macrophages. The NLCs were synthetized using high-shear
homogenization and ultrasonication techniques. The developed NLCs exhibited
both passive and active targeting strategies to be efficiently internalized by the alve-
olar macrophages, traffic to the acidified phagosomes and phagolysosomes, and
release bactericidal concentrations of the antituberculosis drug intracellularly. The



118 D. Rana et al.

system was further functionalized with mannose and characterized. Functionalized
NLCs depicted pH-sensitive drug release with a faster drug release at acidic pH than
at neutral pH. The nanocarrier was found to be stable and effective for managing
tuberculosis [52].

5 Limitations to Consider on SLN

Due to compose of the solid lipid, SLNs are more prone to the stability and degrada-
tion problem. Different issue related to these are the high pressure-prone drug deg-
radation, crystallization of lipid, and presence of other colloidal carriers.

High pressure-prone drug degradation is the main issue related to higher molecu-
lar weight and long-chain atoms drug such as protein and DNA in comparison to
low molecular weight drugs. [53].

Crystallization of lipid is a crucial problem and study form the many years. Now
day determination of lipid modifications methods is well developed such as
Differential Scanning Calorimetry and X-ray diffractometry. The focus was given
on the drug entrapped in the SLNs. Surfactants are present on the surface and also
inside the core of lipids. The additionally available surfactant may form the micelles
and embed the drugs inside. It is one of the important factors for drug release and
also stability. The solution to these types of problems is increasing the viscosity of
the lipid matrix, so redistribution of drugs can be inhibited [54].

6 Conclusion

SLNs are made of the solid lipid matrix using scalable methods. SLNs are of great
benefit for the targeting of TB due to high and frequent dosing, low solubility, and
targeting properties. One of the bigger benefits of SLNGs is it is highly useful against
multiple resistance TB in comparison to conventional therapy. One of the key areas
to modify the surface of SLN for pulmonary targeting leads to the development of
novel anti-TB treatments. For completion of these, need to the establishment of
extensive preclinical pharmacokinetics with pharmacodynamic studies for support-
ive documents. Results of preclinical studies of animals are extrapolated into human
pharmacokinetic and pharmacodynamic studies. Proving the safety with the effi-
cacy of SLNs leads to successful market introduction of SLN for the treatment of TB.
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Abstract Tuberculosis (TB)isadisease caused by amicroorganism (Mycobacterium
tuberculosis) which invades the lungs and initiates the disease. Currently, treatment
with anti-tubercular (anti-TB) drugs becomes the only option available because
Bacillus Calmette-Guérin (BCG) vaccination and chemoprophylaxis appear to be
unsatisfactory. Currently available treatment is oral medications which are toxic to
the patients and especially to the HIV patients leads to death. It was observed that
resistant strains, such as multi-drug resistant (MDR-TB) and extensively drug resis-
tant (XDR-TB), to all major anti-TB drugs have the average treatment periods of
6-32 months against TB, MDR-TB, and XDR-TB. Carrier or delivery systems such
as liposomes, nanoparticles, microspheres, solid lipid nanoparticles, and dendrimers
have been developed for the sustained delivery of anti-TB drugs and have demon-
strated better chemotherapeutic efficacy when investigated in animal models.
Dendrimer is a drug attachment platform that can bind and release pharmaceuticals
via a variety of methods. Due to the tight and globular structure of dendrimers as
well as the number of surface functional groups, drug molecules can be encapsu-
lated both inside and linked to the surface groups. Dendrimers have been used to
successfully administer drugs directly into target sites, mimic a sustained release
formulation, and maintain high efficacy for anti-TB drugs. Most of the current anti-
TB drugs are associated with low solubility, limited permeability, and inadequate
bio-distribution-associated side effects. Many scientists have suggested the use of
dendrimers for the current anti-TB drugs to enhance their efficacy and overcome
some of the drawbacks. Various analytical procedures for analyzing the physico-
chemical characteristics of dendrimers have been mentioned. It includes spectro-
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scopic, rheological, microscopic, chromatographic, calorimetric, and electrophoretic
characterization. Hopefully, new drug delivery strategies will improve the future
and, in turn, lessen the negative effects associated with the use of dendrimers in
therapy of tuberculosis.

Keywords Tuberculosis - Novel drug delivery - Dendrimers

1 Introduction

Tuberculosis (TB) is a widespread disease and presents difficulties that transcend
the conventional medical approach. Tuberculosis is a very old scourge. Its mortality
and morbidity keeps increasing because it is a global health problem. It is the most
ordinary opportunistic infection in acquired immunodeficiency syndrome. TB is a
disease caused by a microorganism (Mycobacterium tuberculosis (M. tuberculosis
or Mtb)) which invades the lungs and initiates the disease [1].

As per the latest global report, more than 75% of the world population is infected
by Mtb and around 2 million deaths were caused due to TB in 2017. Currently avail-
able treatment is orally given medications which are toxic to the patients, especially
to the HIV patient’s leads to death. It was observed that resistant strains, such as
multi-drug resistant (MDR-TB) and extensively drug resistant (XDR-TB), to all
major anti-TB drugs have the average treatment periods of 6-32 months against TB,
MDR-TB, and XDR-TB [2].

1.1 Current Anti-tuberculosis Drug Therapy

Currently, treatment with anti-tubercular (anti-TB) drugs becomes the only option
available because Bacillus Calmette-Guérin (BCG) vaccination and chemoprophy-
laxis appear to be unsatisfactory. The goals of treatment are to ensure cure without
relapse, to prevent death, to impede transmission, and to prevent the emergence of
drug resistance. Long-term treatment with a combination of drugs is required.
Treatment of active TB with a single drug should never be attempted, and a single
drug should never be added to a failing regimen, the result being the development of
MDR TB [3].

As suggested by WHO (define), treatment of TB and drug-resistant cases requires
multi-drug therapy, comprising the following [1]:

I. An initial severe phase of Rifampicin (RIF), Isoniazid (INH), Pyrazinamide
(PYZ), and Ethambutol (ETB) administered daily for 2 months.
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Table 1 Classification of antitubercular drugs
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Oral Agents with an
First-line oral | Injectable Newer second-line | second-line | unclear role in the
anti-TB anti-TB drugs anti-TB treatment of
Group | agents agents (Fluoroquinolones) | Drugs drug-resistant TB
Drugs | Isoniazid Streptomycin | Levofloxacin Thiacetazone | Clofazimine
Pyrazinamide | Kanamycin | Ciprofloxacin P-amino Linezolid
salicylic acid
Ethambutol Amikacin Oflaxacin Ethionamide | Thioacetazone
Rifampicin Capreomycin | Moxifloxacin Cycloserine | Clarithromycin
Streptomycin | Vincomycin | Gatifloxacin

II. A continuation phase of RIF and INH for an extra 4 months, daily or 3 (three)
times per week, to be administered. INH eliminates most of the rapidly replicat-
ing bacilli in the first 2 weeks of treatment, together with streptomycin and
ETB. Table 1 represents the various examples of anti-TB drugs.

1.2 Novel Drug Delivery Systems for the Treatment of TB

The critical problem with the current TB chemotherapy is that when the drug is
taken intravenously or administered orally, it is distributed throughout the body via
systemic blood circulation, and a majority of molecules do not reach their targets
and, consequently, stay in the body causing adverse side effects. Drugs have a short
plasma half-life and rapid clearance, which limit their effectiveness [4]. A number
of novel implants like microparticulate 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 (Fig. 1). Recent trends in controlled drug delivery have seen
microencapsulation of pharmaceutical substances in biodegradable polymers as an
emerging technology. Carrier or delivery systems such as liposomes, nanoparticles,
microspheres, solid lipid nanoparticles, and dendrimers have been developed for the
sustained delivery of anti-TB drugs and have demonstrated better chemotherapeutic
efficacy when investigated in animal models (e.g., mice) [1, 3]. Dendrimers are
responsible nanocarriers that can retain anti-TB medicine in the blood at pH 7.4 as
well as drug release effectively in an acidic environment. Dendrimers can be an
effective and attractive candidate for encapsulation of anti-TB drug due to their
unique structure and diverse route of administration. Mainly anti-TB drugs like RIF,
INH, PYZ, streptomycin, gentamycin, sparfloxacin, amikacin, clofazimine, rifabu-
tin and capreomycin formulated in liposomes and RIF is formulated in niosomes.
Drugs like INH, RIF, PYZ, ETB, streptomycin, moxifloxacin, and econazole are
formulated in nanoparticles and microparticles.
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Fig. 1 Prominent features of drug carriers that have been used for the treatment of tubercu-
losis [1]

2 Dendrimer: Definition, Origin, and Properties

The word dendrimer comes from the word dendron, meaning “branch,” and meros,
meaning “part” [2]. Dendrimers exhibit a highly branched structure which consists
of some specific components like central core, interior layer which is formed by
repetitive units of polymer joined by core, and finally peripheral area to provide
surface functionality. The typical structure of dendrimers is shown in Fig. 2, which
covers all the parts: core, branches, and peripherals [5, 6]. Dendrimers are synthe-
sized by repetition of chemical reaction and grown out of focal point, i.e., core.
Layer is formed around the core which is known as “generation” number of den-
drimers. Thus, a dendrimer having five concentric layers when going from the cen-
ter to the periphery is denoted as the 5.0 G generation dendrimer [7]. Dendrimers
possess asymmetric shape in first, second, and third generations as compared with
higher generations. During the synthesis of the dendrimer, when it reaches its fourth
generation or higher generations, it attains highly branched and globular structures
[7]. Flexibility is higher with low-generation dendrimers while denser and highly
rigid compound is observed in higher generation compounds [2].

Dendrimers’ 3D structure provides specific and unique properties such as sur-
face functionality that can be “tailored” to attach a variety of drugs, genes, and tar-
geting agents, and the inner core that can act as a “host” for “guests” (that is, drug
molecules). Many types of dendrimers are developed which exhibit key potential,
like PAMAM dendrimers (Starbust), poly-etherhydroxyl-amine (PEHAM) den-
drimers (Priostar), PPI dendrimers (Astramol) carbosilane dendrimers, and
phosphorus-based dendrimers developed by Majoral JP and Caminade AM. [2]
From 1980 to 1990, many research groups have developed various designs of
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Fig. 2 Representation of a typical dendrimer

Table 2 Dendrimer types and associated research groups

Research groups Type of dendrimers

Tomalia and co-workers Polyamidoamine (PAMAM)

Denkewalter and co-workers Poly(r-lysine) (PLL)

Newkome and co-workers Polyamide

Grinstaff and co-workers Polyester (PGLSA-OH)

Vogtle and co-workers Polypropylenimine (PPI)

Hult and co-workers Poly (2,2-bis (hydroxy methyl) propionic acid
(bis-MPA)

Frechet and Meijer Polyether

different dendrimers, and currently many new designs of dendrimers are in develop-
ment [5]. From the time then, more than 100 diverse dendrimer structures have been
recognized. Few known dendrimers are listed in Table 2 [8].

Most of the current anti-TB drugs are associated with low solubility, limited
permeability, and inadequate bio-distribution-associated side effects. Many scien-
tists have suggested the use of dendrimers for the current anti-TB drugs to enhance
their efficacy and overcome some of the drawbacks. It becomes the need of research-
ers to understand the drug dendrimers interaction to study the solubility enhance-
ment property of dendrimers. Many different types of drug dendrimers interaction
have been developed to date, and they are further classified as follows:

1. Drug encapsulation in dendritic structure with formation of hydrogen bonds,
hydrophobic interactions, and electrostatic interactions
2. Peripheral interaction of drug and dendrimers by covalent bond formation



128 D. J. Patel et al.

Dendrimers have been used as nanocarriers treating a variety of disorders, including
Alzheimer’s disease, inflammation, HIV, herpes simplex virus, cancer and employ-
ing scaffolds of prodrugs using different routes of administration [9]. This chapter
mainly focuses on dendrimers as a drug delivery system in the treatment of
tuberculosis.

3 Physicochemical Characterization of Dendrimers

Characterization of dendrimers is critical for predicting and understanding their
characteristics, morphology, and interactions. Because the characteristics of den-
drimers cannot be defined using a single technique, it is necessary to approach them
from a multifocus perspective. Dendrimer characterization procedures must be rig-
orous in order to create regulatory strategies for assuring nanomaterial safety.
Various analytical procedures for analyzing the physicochemical characteristics of
dendrimers have been documented in the literature [10, 11]. It includes spectro-
scopic, rheological, microscopic, chromatographic, calorimetric, and electropho-
retic characterization (Table 3).

Table 3 Various techniques employed for the physicochemical characterization of dendrimers

Sr.
no. | Characterization methods Purpose of the methods to be used

1. | Spectroscopy and spectrometry

Nuclear magnetic resonance (1D, 2D, and | Determining the structure and the dynamics
3D NMR studies) of molecules suspended in dendrimer

Mass spectroscopy technique Determining molecular mass and its

Matrix-assisted laser desorption time-of- | generations
flight (MALDI-TOF)

Electrospray ionization (ESI)

Fourier-transform infrared spectroscopy and | For determination of synthesis progress,
RAMAM spectroscopy surface modification and identification of
interactions of dendrimers—dendrimers,
dendrimers—drugs, or dendrimers conjugated
with other molecules

UV-visible spectroscopy Provides a proof of synthesis and surface
modification of dendrimers

Fluorescence spectroscopy Provides valuable information regarding
size, surface, interaction between the drug
and dendrimers, and shape of dendrimers

(continued)
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Table 3 (continued)

Sr.
no. | Characterization methods Purpose of the methods to be used
2. | Rheology and Physical Properties

Rheology Identification of macroscopic properties of
dendrimer

Differential scanning calorimetric (DSC) For determination of solid-state
characterization (e.g., glass transition
temperature)

Thermal analysis Determination of dendrimer’s thermal
stability before and after surface
modification

Microscopy SEM and TEM confirm the molecular size

Scanning electron microscopy (SEM), and morphology of dendrimers
transmission electron microscopy (TEM), | AFM studying the structure and interaction
atomic force microscopy (AFM) of dendrimers with lipid bilayer

Scattering techniques Determination of internal structure of

Small-angle X-ray scattering (SAXS) dendrimers
analysis

Dynamic light scattering (DLS)

3. | Chromatography
High-performance liquid chromatography | For purification of dendrimer and molecular
(HPLC), ultra-high-performance liquid weight distribution of dendrimers (using
chromatography (UPLC), gel permeation SEC)

chromatography (GPC), size exclusion
chromatography (SEC)

4. | Electrophoresis

Gel electrophoresis Used for analysis of the purity of
dendrimers’ synthesis

5. | X-ray diffraction
Single-crystal X-ray diffraction (XRD) Structural information (crystalline or
amorphous) at the atomic level

4 Pharmacokinetic and Drug Release Behavior
from Dendrimers

Controlling the distribution of drugs in multiple organs after systemic administra-
tion is a major difficulty in drug delivery. The lack of adequate drug carriers, which
can influence not only its pharmacokinetic profile but also its biodistribution, causes
inefficient drug transport to the target tissue and possible side effects after adminis-
tration. Dendrimers as drug delivery systems have several advantages, including
extended drug circulation duration, drug protection from the environment, increased
drug stability and possibly its effectiveness, and the capacity to target diseased tis-
sue [12].

In case of dendrimers, parenteral administration has been utilized mostly sug-
gesting the potential for dendrimer absorption across various epithelial barriers,
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including the intestine and the skin [13]. The volume of distribution (Vd), plasma
elimination half-life (¢,,,), the area under the curve (AUC), and finally the maximum
concentration of the drug (C,,,,) (peak concentration) and the time to peak (7,,,,) are
all affected by the incorporation, encapsulation, or even conjugation of a bioactive
molecule with dendrimers. It is important to notice that the physicochemical char-
acteristics of dendrimers such as their size, their shape, their active surface groups,
as well as the kind of linkers between dendrimers and drugs influence the pharma-
codynamic and pharmacokinetic behavior of drugs. Surface-decorated dendrimers
are reported to exhibit improved pharmacokinetic profiles than plain dendrimers
[12, 13]. Polycationic PAMAM dendrimers exhibit fast clearance from the blood-
stream upon intravenous or intraperitoneal administration and accumulate either in
the liver, kidney, spleen, or pancreas. The pharmacokinetic profiles of dendrimers
are for the most part, determined by surface charge and dendrimer molecular weight.
The liver absorption is reduced when the PAMAM surface is modified with hydro-
philic polyethylene oxide chains or by acetylation, likely due to steric stabilization
of the dendrimer surface and/or lowering of the positive charge. PAMAM den-
drimers with a negatively charged periphery have significantly longer blood circula-
tion durations, while liver accumulation still occurs to some extent [14]. Several
drugs that are complexed with or conjugated to dendrimeric structures have been
reported in the literature, and their pharmacodynamic and pharmacokinetic behav-
ior has been examined using parameters such as Tmax, Cmax, and AUC.

PAMAM dendrimers have been considered a promising drug delivery system
that accommodates drug molecules either within the shell voids or at the outer sur-
face. Two main approaches can attain drug delivery by PAMAM dendrimers:

(a) The first approach takes place due to changes in physical circumstances such as
pH and temperature. These variations could trigger a conformational change of
PAMAM dendrimers, which will facilitate the release of conjugated drug mol-
ecules outside the polymer.

(b) The second approach happens for the covalently linked molecules; the release
can only occur through appropriate in vivo enzymatic cleavage of the cova-
lent bonds.

The fifth-generation PEGylated PAMAM dendrimer was studied for its pharmaco-
kinetic characteristics in the Wistar albino rats, and the study compared the C,,,,
(pg/mL), T (h), AUC(pg/L*h), t;5(h), and Mean Residence Time (MRT) (h)
between RIF and RIF-loaded PEGylated PAMAM dendrimer. The pharmacokinetic
profile of 5G EDA-PAMAM dendrimers loaded with RIF and RIF (0.5-120 h) is
shown in Table 4. RIF was no longer present in plasma after 6 h; however, it was still
present in 5G EDA-PAMAM dendrimers after 120 h. For PEGylated 5G EDA-
PAMAM dendrimers-loaded RIF, lower and longer release was observed, resulting
in greater AUC, t,, and MRT values compared to free RIF [15, 16].

Different ways for loading drugs into dendrimers allow for drug release from the
dendrimers based on therapeutic needs. In addition, the type of linking employed to
conjugate the drug to the surface of dendrimers can have a significant impact on the
regulated distribution of bioactives from the dendrimeric scaffold.
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Table 4 Comparison of pharmacokinetic characteristics of RIF and RIF-loaded PEGylated
PAMAM dendrimer [2, 15]

Pharmacokinetics parameters

Conax (ng/ T | AUC tip MRT

mL) (h) (pg/L*h) (RG]
RIF alone 19.81 02 1154 2.14 14.01
RIF encapsulated in the -fifth generation | 47.85 48 71,451 66.3 90.18
EDA-PAMAM dendrimer

5 Dendrimer-Based Cell Line Studies

Dendrimers have recently been gaining the interest of biomedical researchers due to
their medicinal potential. The development of a dendrimeric nano-architecture with
well-defined size, shape, and regulated external activity has promise in biological
and pharmaceutical applications such as drug administration, solubilization, DNA
transfection, and diagnostics. Dendrimers have been tested for the transport of vari-
ous bioactives inside cells. Cell cytotoxicity assays, cell uptake investigations using
fluorescence microscopy, cell line studies, flow cytometry, gamma scintigraphy, and
confocal microscopy are among the techniques that have been used to investigate
dendrimer safety and efficacy for over a decade [17].

Ex vivo characterization of dendrimers is commonly done using cell line experi-
ments. A number of cell lines such as HelLa cells, KB cells, Caco-2 cells, Molt-3
leukemia cells, PAM 212 cells, HEK-293 cells, A549 cells, LM3 cells, and many
more are currently employed in characterization of bioactives and provide a basis
for correlation with in vivo studies. The different assays performed on cell lines are
Cell Cytotoxicity Assay, XTT [2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)carbonyl]-2H-tetrazolium hydroxide], MTT [3-(4,
5-di-methylthiazol-2yl)-2, 5-diphenyltetrazolium bromide], Sulforhodamine B
Assay, Luciferase Assay, Flow Cytometric Analysis, Cell Uptake Study, Single Cell
Gel Electrophoresis (COMET) assay, Dihydrofolatereductase inhibition assay, and
Receptor Blockade Cytotoxicity Assay [23].

In many countries, TB is still a severe problem. Noncompliance with prescribed
regimens is a serious issue, owing to the fact that TB therapy necessitates regular,
ongoing multiple-drug dosage. RIF is the most important drug in TB treatment. The
mannosylated dendrimers of RIF showed negligible cytotoxicity in Vero cells
(ATCC-CCL-8le, Cercopithecus aethiops Kidney) possibly due to shielding of the
internal cationic charges by the surface hydroxyl group. A significant difference was
observed (p = 0.0112) with cytotoxicity in case of plain mixtures as compared to
drug-loaded mixtures [18, 19].
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6 Dendrimers as Drug Carriers

Dendrimers are hydrophobic from internal structure because of hydrophobic inter-
action and hydrogen bonding. Dendrimers are a preferable carrier for encapsulating
hydrophobic drugs/bio-actives [36]. Dendrimers can act as an excellent carrier for
drug solubilization due to their various properties like compatible host and guest
chemistry, 3D-branched geometry, higher water solubility, and encapsulation effi-
ciency. It was observed that when dendrimer is used for drug solubilization, then the
changes in the properties and performance of dendrimers were found based on gen-
eration change. Encapsulation efficiency for hydrophobic drug is increased in
higher generation dendrimers like G4 and above. Therefore, drug entrapment in
dendrimer carried out by non-covalent bonding is a preferred technique for drug
solubilization [6]. Poly(amidoamine) (PAMAM) and poly(propyleneimine) (PPI)
are the most explored dendrimers in the field of drug delivery. In addition to their
ability to carry a considerable load of small molecules, they have been shown to
incorporate into biomembranes and cells and are thus capable of delivering small
active compounds in the intracellular region. In the following section, we will dis-
cuss the encapsulation/conjugation of anti-TB drugs with dendrimers which could
be improved by their therapeutic effectiveness against tuberculosis.

6.1 Rifampicin Encapsulation in PAMAM Dendrimers

Rifampicin (RIF) is an antibiotic class of drug having bactericidal activity and
belongs to rifamycin family. Rifampicin is one of the most essential therapeutic
drugs in the first-line TB regimen. Rifampicin has good clinical outcomes when
used at recommended concentrations. Rifampicin shows limited clinical effect due
to its poor water solubility.

Bellini et al. have carried out the interaction of Rifampicin with PAMAM den-
drimer of G4 generation using molecular dynamics simulation. Molecular dynamics
simulation is a powerful tool to study various types of association system in den-
drimers. It was observed in one study that one molecule of G4-PAMAM dendrimer
can load maximum 20 RIF molecules per G4-PAMAM dendrimer. Generally, at
neutral and low pH, molecular dynamic simulations were generated depending
upon docking of RIF molecules within the G4 PAMAM cavities. It was shown that
the stability of the complex is measurable at neutral pH, and at low pH, RIF mole-
cules were rapidly and simultaneously expelled to the solvent bulk. These outcomes
of experiments describe the role of PAMAM dendrimers as nanocarriers to deliver
drugs in acidic cellular structures such as alveolar macrophages.

Researchers reported that cationic PAMAM and PPI dendrimers are not suitable
candidates as drug carriers because of their hemolytic and cytotoxic properties at
even relatively low concentrations as well as having short half-life and are cleared
quickly from the body. Upon reduction of positive charge on PAMAM and PPI,
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cationic dendrimer either by the addition of lipid or by PEGylation has shown to
decrease the toxicities [38].

Another attempt was to prepare and explore the efficiency of a surface-modified
4.0 G PAMAM using dendrimer as a novel delivery system for RIF. The 4.0 G
PAMAM dendrimer having various concentrations of polyethylene glycol (PEG
2000) was synthesized using 4-nitrophenyl chloroformate as an activator. Fourier-
transform infrared and proton nuclear magnetic resonance analyses were used to
confirm the PEGylation of 4.0 G PAMAM dendrimer. Simple dissolution solvent
evaporation method was used for loading RIF into dendrimers. The polymer encap-
sulation efficiency (EE%) was determined using a validated HPLC method. In vitro
drug release was studied at pH 7.4 using dialysis bag method. The MTT technique
was used to assess the cytotoxicity of the dendrimer formulations against raw 264.7
cell lines. RIF molecules were encapsulated into dendrimers in varying proportions
and enhanced drug loading was noticed after dendrimer PEGylation. MTT results
confirmed that the toxicity of the native G4 dendrimer was concentration-dependent
and a significant decrease in toxicity was noticed after dendrimer PEGylation. The
complex between drug and PEGylated-PAMAM dendrimers upon evaluation
showed promising biocompatible delivery system for RIF with high loading capa-
bility and prolonged release behavior [39].

Furthermore, when RIF was loaded with PAMAM dendrimers G5, whose
PEGylation was done using polyethylene glycol 2000 and epichlorohydrin was
used to link both the polymers, led to decrease in toxicity. Also, an increase in the
loading capacity of the drug was noted with the above-mentioned structural design
and hence proved suitable for sustained delivery of the drug rifampicin [40].

Dineshkumar et al. recently developed RIF-loaded fifth-generation PEGylated
EDA-PAMAM dendrimers. The PEGylation of 5G PAMAM dendrimers was con-
firmed by Fourier-transform infrared spectrophotometry and NMR spectra. Around
98% RIF entrapment was found in PEGylated EDA-PAMAM dendrimer. The pro-
longed release behavior of RIF was observed for PEGylated (81% in 120 h) while
comparing with non-PEGylated (98% in 72 h) PAMAM dendrimers. The hemolytic
studies showed PEGylated PAMAM dendrimer showed lower toxicity effects (less
than 2.5%) than non-PEGylated PAMAM dendrimer (11.6-25.3%) [15].

Rajabnezhad et al. formulated co-spray-dried microspheres using three different
generations of PAMAM dendrimers (G1, G2, and G3) and RIF as a model anti-TB
drug for pulmonary drug delivery. The PAMAM G3-rifampicin microspheres dis-
played the smallest particle size (6.21 pm) and bulk density (0.024 g/ml) compared
to other two generations. The release rate of drug from PAMAM G1-G3 micro-
spheres was studied. PAMAM G3-rifampicin microspheres exhibited slow and sus-
tained drug release up to 72 h at pH 7.4 compared to other two generations of
microspheres at the same dose (5 mg). PAMAM G3-rifampicin microspheres
showed 4- and 30-fold improvement in plasma drug concentration and mean resi-
dence time compared to intravenous administration of drug alone. In summary,
PAMAM G3 dendritic microspheres were identified as suitable drug carriers for the
pulmonary delivery of rifampicin into lung tissues. [41]
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6.2 Rifampicin Encapsulation in PPI Dendrimers

As PAMAM dendrimers, PPI dendrimers are also utilized in a wide range of appli-
cations in drug delivery. Kumar et al. developed mannosylated fifth-generation (5G)
PPI dendrimeric nanoparticles for delivery of RIF to macrophages. Drug encapsula-
tion is primarily based on hydrophobic interactions and hydrogen bonding, both of
which contribute to the drug’s physical binding to the core. Amine-terminated PPI
dendrimers show a high level of cytotoxicity and hemolytic effect. Hemolytic toxic-
ity was significantly reduced with mannose molecules (30D-mannose molecules)
from 15.6% to 2.8%. Also, RIF-containing dendrimers reduced hemolytic effect of
free RIF from 9.8% to 6.5%. Moreover, RIF dendrimers improved the survival in
epithelial cell line of kidney compared to free RIF (from 50% to 85%). In alveolar
macrophages taken from rat lungs, phagocytic absorption of RIF and RIF-loaded
dendrimers resulted in a noticeable rise in RIF intracellular content [42, 43].

Carrying the same approach further, the outcomes of fourth- and fifth-generation
PEGylated PPI dendrimers were examined. They exhibited effects similar to the
sustained release form of RIF. The PEGylation improved both the entrapment and
the release of RIF from the PPI fourth- and fifth-generation dendrimer. The hemo-
Iytic activity of PEG-grafted dendrimers (1-3%) was lower than that of NH,-
terminated dendrimers (14-20%) [42].

6.3 Isoniazide Encapsulation in PAMAM Dendrimers

Isoniazid, another significant anti-TB medicine, has also been laced with den-
drimers. Singh et al. used the dialysis approach to load Isoniazid into 1.5-generation
PAMAM dendrimers. UV spectroscopy and FTIR techniques confirmed the loading
of IND. This formulation demonstrated that 93.25% of IND was delivered continu-
ously for up to 24 h following zero-order kinetics [44].

6.4 Ethambutol-Jeffamine Conjugate

Sardari S and coworker proposed the combination of ethambutol with third genera-
tion of poly(propyleneoxide) amines (Jeffamine) dendrimer which also possesses
antimycobacterial effect along with self-target delivery property. This dendrimer-
ethambutol conjugate targeted tolectin receptors on macrophages using mannose
molecules as ligands on the outer surface of dendrimers. The authors believe that
putting this technique into practice could make tuberculosis treatment easier and
reduce multiple drug resistance [38].
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7 Dendrimers and Toxicity

Before a new medicine may be utilized in human treatments and diagnostics, its
properties must be thoroughly documented. Dendrimers are biocompatible nanopar-
ticle macromolecules that improve the activity and efficiency of active pharmaceuti-
cal compounds while minimizing their toxicity [45]. Injected polymers are not
eliminated as easily, especially if they are not readily degraded into smaller units or
are too large to be filtered via the kidneys. Long-term accumulation of low-
molecular-weight compounds is not often a problem because they are excreted in
the urine or in the feces after metabolism. Thus, for dendrimers, which can be clas-
sified as low molecular weight or polymeric depending on their generation, accept-
able biocompatibility must be accompanied by a reasonably fast renal elimination
rate or biodegradation rate [14, 46].

It has been shown that the cytotoxicity of the dendrimer depends on the genera-
tion to which it belongs and also on the nature of its surface, given by terminal
functional groups. Cytotoxicity was highlighted in cationic and amine dendrimers.
Cationic dendrimers can interact with negatively charged cell membranes, causing
them to break down [47, 48]. Cationic dendrimers with terminal primary amino
groups, such as PAMAM and polypropyleneimine (PPI) dendrimers, have been
shown to have concentration-dependent toxicity and hemolysis, whereas dendrimers
containing only neutral or anionic components have been shown to be much less
toxic and hemolytic. Thus, reducing cytotoxicity is closely linked to surface modi-
fication of cationic dendrimers in order to neutralize or completely modify them to
anion [49, 50]. The study of various structural modulations in the peripheral area of
dendrimers was used to investigate the occurrence and modulation of dendrimer
cytotoxicity. Attachment of carbohydrates, acetyl, and polyethylene glycol (PEG)
derivatives can significantly affect cell viability while retaining other beneficial
properties [45]. The use of mannosylated dendritic architecture for the selective
delivery of RIF, an anti-tuberculosis drug, to alveolar macrophages was developed
and investigated by Jain and coworkers. They found that mannosylation of the den-
drimers reduced RBC hemolysis by inhibiting RBC interaction with the charged
quaternary ammonium ions present in the amine-terminated dendrimers [19].

In vitro and in vivo toxicity are quite closely correlated. Mice tolerate low dos-
ages of positively charged PAMAM dendrimers administered intraperitoneally [51].
Generally, 5.0G PPI and native PPI dendrimers get accumulated in the liver and
cause liver problems, but on the other hand PEGylated dendrimers do not harm the
liver [52]. After injecting doses greater than 1 g/kg intraperitoneally or intrave-
nously, no acute or subchronic toxicity was seen when 50% of the cationic groups
of a structurally identical dendrimer were substituted with neutral polyethylene
oxide chains [14, 53]

Glycodendrimers are a newer form of dendrimer, and these modulations result in
a considerable reduction in cytotoxicity [54]. The interaction of liposomes and
human serum albumin (HSA) with glucose-modified carbosilane dendrimers was
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studied from the first to the third generation. Interestingly, in contrast to other den-
dritic type polymers, the extent of the dendrimers interaction with biological models
was not related to dendrimers generation. Because of the strong interactions with
liposomes and the weak interactions with HAS, cancer cells can be targeted by
overexpression of glucose transporters demonstrating that glucose-modified car-
bosilane dendrimers can be used as drug delivery carriers in cancer therapy [55].

8 Clinical Outlook

Compared to other nanoparticles such as liposomes, few dendrimers are undertak-
ing clinical trials, despite the fact that the number of publications on dendrimer
research has steadily increased over the last two decades [56, 57]. Dendrimer-based
nanomedical products were first introduced in the late 1990s. Cardiac diagnostics
(Stratus) and DNA gene vectors (Superfect, Qiagen, Hilden, Germany) are com-
mercial products before the year 2000 focused on simple dendrimer compositions;
applications relied on their structure-controlled nanoscale sizes and surface chemis-
try. Several dendrimer-based products emerging from the period 2000-2010
included (i) organic light-emitting diodes (Cambridge Display/Sumitomo, Tokyo,
Japan); (ii) the antiviral topical nanopharmaceutical SPL7013 (Starpharma), which
is presently in Phases II-III clinical trials as a microbicide for treatment of bacterial
vaginosis; (iii) MRI agents (Gadomer-17, Bayer Schering Pharma AG); (iv) siRNA
delivery vector (Priofect, Merck KGaA, Darmstadt, Germany); (iv) cardiac diag-
nostics (Stratus); (v) protein detection amplifiers (UltraAmp, Genisphere, Inc.); and
(vi) ocular/surgical adhesives (OcuSeal/Adherus, HyperBranch Medical Technology,
Inc., Durham, NC, USA) [58].

Various clinical trials related to “dendrimers” are registered and reachable on the
Europe portal (EU Clinical Trials Register [https://www.clinicaltrialsregister.eu/])
and on US FDA portal (ClinicalTrials.gov [https://clinicaltrials.gov/]). The pharma-
ceutical application of dendrimers has recently undergone clinical translation since
the first dendrimer called Vivagel® has been translated from research studies to
clinical trials as a new FDA drug application. Vivagel®, developed by Starpharma
(Melbourne, Australia), is a formulation of polyanioniclysine G4 dendrimers with
an anionic surface of naphthalene-disulfonate (SPL7013) in a Carbopol® gel. It
exhibits antiviral activity against HIV and HSV for the treatment of sexually trans-
mitted infections and is given by intravaginal administration. Complete preclinical
and phase I clinical studies have shown that 0.5-3% SPL7013 formulations are safe
and well tolerated after seven-day vaginal application without systemic absorption.
A phase II clinical trial of Vivagel® is ongoing with fast-track status [59-61].
Currently DEP-docetaxel is under active development by Starpharma and
AstraZeneca as a tumor-targeting nanotherapy which has exhibited enhanced effec-
tiveness against breast, prostate, lung, and ovarian cancer compared to docetaxel
alone. Another dendrimer undergoing preclinical study is the multi-antigenic
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peptide PHSCN-lysine dendrimer for inhibition of invasion and growth of breast
cancer cells via aSP; integrin-selective recognition in a metastatic murine cancer
model [58].

Extensive application of dendrimers as nanocarriers has been described essen-
tially in the oncology domain. In the dendrimer domain, a few articles have high-
lighted the encapsulation of anti-TB drugs such as RIF (Table 5). Currently there is
no marketed pharmaceutical product where dendrimer has been used for tuberculo-
sis; however, several other dendrimer-based products are commercially available for
various applications (Table 6). Despite the promise of dendrimers for the solubiliza-
tion/encapsulation of hydrophobic medications, clinical and commercial uses of
this approach in the field of drug development and delivery have yet to be estab-
lished [6, 7, 11].

Table 5 Cell line studies of various dendrimers and therapeutic moieties

Drug Dendrimer Cell line used Refs.
Methotrexate PAMAM KB [20]
CCRF-CEM cell line [21]
Human umbilical vein endothelial cells [22]
(HUVEQ)
EGFR-expressing rat glioma cell line [23]
F98(EGFR)
Camptothecin Poly (glycerol Human breast adenocarcinoma (MCF-7), | [24]
succinic acid) colorectal adenocarcinoma (HT-29),
non—small cell lung carcinoma
(NCI-H460), and glioblastoma (SF-268)]
Paclitaxel PAMAM Human ovarian carcinoma A2780 cell line | [25]
Prostate cancer cell line (PC-3M) [26]
Doxorubicin PAMAM DMS114 (lung cancer) [27]
Polyester Murine B16F10 melanoma cells and the [28]
dendrimer human breast cancer cell lines
MDA-MD-231 and MDA-MD-435
Methylprednisolone PAMAM A549 human lung epithelial carcinoma [29]
cells
Estrogen PAMAM MCEF-7 breast cancer cells [30]
Dexamethasone PAMAM Human embryonic kidney 293 cells and [31]
mouse neuroblastoma Neuro2A cells
Efavirenz PPI Hepatoma (Hep G2) cell lines [32]
Lamivudine Mannosylated PPI | MT?2 cell lines (human cord leukocyte cell | [33]
line)
Rifampicin Mannosylated PPI | Vero cells (ATCC-CCL-81e, [19]
Cercopithecus aethiops Kidney)
Ibuprofen PAMAM Human lung epithelial carcinoma [34]
(A549 cells)
Naproxen PAMAM Human intestinal adenocarcinoma cells [35]
(Caco-2)
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Table 6 Various drugs studied using dendrimer platform
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Sr
no | Drug used Dendrimer used Application Refs.
1. | Naproxen PAMAM High permeability [13]
across Caco-2 cell
2. | Rifampicin PAMAM Improved solubility and | [19,
tissue uptake 37]
Mannosylated PPI Sustained drug release
and targeted delivery
3. | Methotrexate PAMAM Targeted drug delivery | [21]
and increment in
cytotoxicity
4. | Doxorubicin PAMAM Polylysine Improved cytotoxicity | [22]
Prolonged plasma
exposure and diminished
drug toxicity
5. | Lamivudine Mannosylated PPI Prolonged drug release | [33]
6. | Amphotericin PAMAM Improved solubility [62]
7. | Imatinib Mesylate PPI Enhanced solubility [63]
8. | Haloperidol PAMAM Improved solubility [64]
9. | Docetaxel and Paclitaxel | Dendrimer—TPGS mixed Enhanced solubility and | [65]
micelles cytotoxicity
10. | Beclomethasone PAMAM Improved solubility [66]
dipropionate
11. | Paclitaxel Poly(butylene oxide)- Enhanced solubility and | [67]
poly(ethylene oxide) block | cytotoxicity
copolymer PAMAM
dendrimer
12. | Ibuprofen, Ketoprofen, | Polypropylene oxide cored Improved drug [68]
and Diflunisal PAMAM permeation through the
skin
13. | Candesartan cilexetil, PAMAM Enhanced solubility [69—
Silybin, Risperidone 71]
14. | Famotidine PPI Improved solubility [72]
15. | Efavirenz and PPI Targeted drug delivery | [73,
Zidovudine 74]
16. | Etoposide PAMAM High loading capacity | [75]
Erythromycin PAMAM Sustained release and [76]
improve activity
17. | Pilocarpine PAMAM Prolonged corneal [77]

residence time

9 Conclusion

Tuberculosis remains a leading cause of mortality worldwide even in the twenty-
first century. Multiple antibiotics, such as isoniazid, rifampicin, pyrazinamide, and
ethambutol, must be given for a long time to kill bacteria in the treatment of
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Table 7 Dendrimer-based marketed formulations

Marketed Type of Name of Current
product dendrimer company Application status
VivaGel Poly-L-Lysine | Starpharma Mucoadhesive gel for Phase-III
bacterial vaginosis trial
SuperFect PAMAM Qiagen Cell transfection and gene Phase-1V
delivery trial
PrioFect PAMAM Starpharma Cell transfection and gene Phase-II1
delivery trial
Stratus CS PAMAM Siemens Measurement of cardiac Marketed
Healthcare biomarkers
diagnostics
DEP ND Starpharma Anti-cancer agent Phase-I1
docetaxel trial
Starburst PAMAM Starpharma Commercially available Marketed
PAMAM dendrimers
Priostar PEHAM/PEA | Starpharma Commercially available Marketed
poly-lysine-based
dendrimers for crop
protection
Alert ticket | PAMAM US Army Lab Anthrax-detecting agent Marketed

ND not defined

tuberculosis. Many antimicrobial drugs are complicated to administer because of
the limited water solubility, rapid breakdown, significant cytotoxicity to tissues, and
clearance in the blood circulation. In recent years, the encapsulation of antimicro-
bial drugs in all carrier systems (nanoparticle, liposomes, dendrimers, solid lipid
nanoparticles, and microspheres) has emerged as an innovative and promising
change that increases therapeutic efficiency and reduces undesirable side effects of
the drugs (Table 7).

Dendrimer is a drug attachment platform that can bind and release pharmaceuti-
cals via a variety of methods. Due to the tight and globular structure of dendrimers
as well as the number of surface functional groups, drug molecules can be encapsu-
lated both inside and linked to the surface groups. Dendrimers have been used to
successfully administer drugs directly into target sites, mimic a sustained release
formulation, and maintain high efficacy for anti-TB drugs. Dendrimers could be
used to provide drugs via the oral, parenteral, intraocular, and nasal routes. A variety
of dendrimers, including PPI and PAMAM dendrimers, are introduced to compare
their uses in drug administration. Dendrimer characterization procedures must be
rigorous in order to create regulatory strategies for assuring nanomaterial safety.
The combination of MALDI-TOF-MS, NMR, SEC, and electron microscopy tech-
niques, on the other hand, can provide comprehensive information on dendrimer
characterization and derivatives. The high cost of procurement and maintenance of
these machines is a significant disadvantage.

In vitro cell line investigations are important not only for characterization of
bioactives, but also as a foundation for in vivo studies. Dendrimers may have
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applications in disease targeting and diagnosis, based on the examples shown in this
article. According to the literature, PAMAM dendrimer has been used most fre-
quently in cell line investigations. Other dendrimer types under investigation have
yet to be thoroughly investigated for their potential. In summary, dendrimer has
limitations too, e.g., it could be toxic beyond certain concentration levels. Hopefully,
new drug delivery strategies will improve the future and, in turn, lessen the negative
effects associated with the use of dendrimers in the therapy of tuberculosis.
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Abstract TB is a severe infectious disease that is yet to be eradicated and con-
trolled. The ongoing therapy of TB (DOTS strategy) is associated with certain limi-
tations including a complicated therapeutic regimen, prolonged therapy with a
multidrug combination, patient noncompliance, off-target distribution of the
bioactive(s), subtherapeutic levels at the target site, appearance of several adverse
effects, and development of multidrug resistance (MDR). The liposomes-based
nanomedicines have been developed to offer distinctive benefits. They can poten-
tially address the challenges associated with conventional therapeutic options.
These nanoconstructs allow an increase in the bioavailability of the bioactive(s).
Consequently, the frequency of administration of drugs and duration of therapy are
reduced. The results obtained with such nanoplatforms, however preliminary, are
promising. They may be extremely useful alternatives to current therapy as they
improve the targeting ability of the payloads at the site of infection and cell-specific
delivery. Furthermore, integrating the liposomal nanoconstructs with the inhala-
tional or pulmonary route of administration provides the most promising approach
in anti-TB drug therapy. This chapter outlines the potential role of liposomes in
addressing the challenges associated with TB chemotherapy.
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1 Introduction

Tuberculosis (TB) continues to be a leading infectious disease globally [1]. It is the
second most infectious disease after HIV (human immunodeficiency virus) infec-
tion. Pulmonary TB is one of the most prevalent manifestations of TB. Furthermore,
the co-infection between Mtb (Mycobacterium tuberculosis) infection and HIV has
dramatically accelerated deaths and morbidity in developing and developed nations.
HIV infection remains the most significant risk factor; so far, the activation to the
active disease state from the latent stage is concerned [2]. Nevertheless, co-infected
(TB + HIV) patients are at a higher risk of developing active TB. Conclusively, TB
contributes to the primary cause of mortality in co-infected patients. That is why TB
is gaining intense attention from research scientists globally in recent years. Several
bioactive(s) have demonstrated enormous potential in the therapy of TB in the past;
however, most of the therapeutic moieties are associated with certain limitations
such as poor metabolic stability, poor solubility, low permeability, and hence low
bioavailability [3, 4]. Other limitations include a complicated therapeutic regimen
and prolonged therapy that leads to patient noncompliance, off-target distribution of
bioactive(s), subtherapeutic levels at the target site, development of MDR, etc.
These challenges result in high dose requirements that further lead to drug-associated
toxicities. Due to these aforementioned reasons, conventional or standard treatment
regimens are ineffective in the complete eradication of infection.

In addition to these factors, TB bacilli develop reservoirs in the alveolar macro-
phages, specifically by inhibiting phagosomes and lysosomes fusion. Consequently,
the pathogen/antigen processing and presentation, T helper cell involvement, and as
a result immunological consequences including bactericidal activity are inhibited.
Furthermore, the infected macrophages when exposed to a subtherapeutic concen-
tration of bioactive(s) develop MDR by activation and remodeling of responsible
bio-constituents mainly associated with the membrane or cytosolic machinery. In
addition, under the modified set of modified bio-condominium, the infectious agent,
i.e., Mtb, also tends to mutate into a strain that averts pharmacodynamic activity of
the bioactive(s) [5]. Furthermore, Mtb strains develop resistance to multiple antitu-
bercular bioactive(s) during the therapy resulting in therapeutic failure. These reser-
voirs of tubercle bacilli together with drug-resistant Mtb strains (MDR and XDR
strains) are challenging in effective treatment [6]. However, if bacilli are not treated,
they can spread to other areas of the body and cause secondary TB infection, also
referred to as post-primary infection [7]. Other factors include enzymatic degrada-
tion and metabolism of orally administered medicament before reaching the site of
action or systemic circulation that renders the drug with compromised bioactivity
and poor bioavailability [8]. These drawbacks of conventional antitubercular ther-
apy entail for a quest for newer improved drug delivery approaches for the delivery
of currently approved novel drugs for safe and effective treatment [9, 10].

To circumvent these challenges, liposomal-based therapeutics are being devel-
oped with antitubercular bioactive(s), which might be extremely useful alternatives
to the current therapy. Liposomes are nanobiotechnological modules that possess
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the potential to be employed in the delivery of therapeutic moieties for TB chemo-
therapy [11, 12]. They are biocompatible, safe, and may enhance the therapeutic
index of antitubercular drugs. Furthermore, they can be loaded with either type of
drug(s), i.e., hydrophilic and lipophilic. The characteristics of these delivery mod-
ules, including surface charge, composition, size, and presence of ligands, can sig-
nificantly extend the site specificity to such carriers [13]. The development of
targeted and controlled release formulations of antitubercular bioactive(s) that are
either intravenously delivered or inhaled/aerosolized directly to the lungs appears to
be the putative and efficacious therapeutic alternatives. The intravenous route is of
particular interest in extrapulmonary TB, whereas the inhalational route is advanta-
geous for delivering bioactive(s) directly to the lungs (primary organ of pulmonary
TB) [14]. The chapter focuses on the role of liposomes as bioactive(s) delivery
modules for antitubercular bioactive(s) for targeting the alveolar macrophages.

2 Role of Nanomedicines in TB Chemotherapy

Nanomedicine-based therapeutics have gained a focal attention over the past years
as superior alternatives to the conventional therapy regimens in TB chemotherapy
[15, 16]. This is due to their potential to deliver multiple bioactive simultaneously,
improved selectivity, high efficacy, ability to address MDR, etc. Moreover, they
decrease drug-associated side effects by delivering the bioactive(s) to the site of
action and avoiding its nontarget accumulation. They increase the stability of the
bioactive(s) by shielding them from external environmental conditions. They extend
the residence time of the bioactive(s) by blocking its efflux resulting in greater ther-
apeutic benefits.

In addition to this, pulmonary nanomedicine possesses specific therapeutic ben-
efits over systematically or orally administered nanotherapeutics owing to the local-
ized higher concentration of the antitubercular bioactive(s)-loaded delivery modules
to lung tissues where Mtb infection occurs and develops [17]. The pulmonary
administration prevents first-pass metabolism of anti-TB drugs and facilitates rapid
absorption owing to the broad alveolar surface area. They avoid nontargeted distri-
butions of the bioactive(s) that lead to the reduction in the liver and renal toxicity-
related clinical concerns and improve the therapeutic efficacy with maximum
patient compliance. They can directly penetrate alveolar macrophages and deep
lung tissues resulting in greater deposition and drug accumulation, and also consis-
tency in localized drug delivery at the target site. Additionally, aerosolized pulmo-
nary nanotherapeutics possess superior penetration into the alveolar macrophages.
Consequently, drug absorption and retention in the lungs are improved. The intra-
cellular delivery of nanotherapeutics by localized delivery and targeting of drug
release to the infected cells holds the potential to circumvent the problems associ-
ated with conventional antitubercular therapy. Surface-functionalized nanothera-
peutics with stimuli-responsive release of the bioactive(s) or macrophage targeting
could be a promising alternative to the existing therapy. These approaches may
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improve the therapeutic efficacy of the anti-TB bioactive(s) against resistant Mtb
strains [18]. Some potential advantages of nanomedicines in TB chemotherapy are
discussed below.

2.1 Role in Improving Drug Permeability Through the Thick
Mycolic Acid Cell Wall

The major problem associated with conventional TB chemotherapy is the poor pen-
etration of antitubercular bioactive(s) in the Mtb-infected alveolar macrophages
(target site). This is due to the presence of a thick hydrophobic outer envelope that
inadvertently affects the absorption and hence the desired drugs concentration at the
target site [19]. The thick outer coat of Mtb is lipidic. It is composed of lipophilic
lipoarabinomannan (LAM) and mycolic acid (a form of hydroxyl fatty acid) cova-
lently linked to arabinogalactan. This covalent linkage bestows significant hydro-
phobic characteristics to the outer cell coat of Mtb. This hydrophobic character
renders the cell wall of Mtb impervious to the hydrophilic anti-TB bioactive(s). This
results in the development of resistance to several chemotherapeutics and antibiot-
ics [20]. Poor permeability and limited solubility are some other drawbacks associ-
ated with the antitubercular bioactive(s). Consequently, bioactive(s) delivery
modules that facilitate selective drug internalization vis-a-vis improved penetration
as well as antimicrobial activity, as a result, may significantly increase therapeutic
effectiveness [21]. Previous works have reported that the carriers of the nanometric
size range could potentially improve the permeability of a bioactive across the thick
hydrophobic bacterial envelope, consequently reducing bacterial burden, thereby
improving therapeutic outcomes [22, 23].

2.2 Role in Addressing Drug Resistance
Due to Bacterial Microenvironment

The efflux pumps (systems) operate in both the cells, i.e., the host cell as well as in
bacterial cells. Therefore, the required therapeutic concentration fails to reach its
optimum level. The host cells, particularly T cells and macrophages which are the
common cellular tropics of infection, are equipped with P-glycoprotein (P-gp)
pumps [24, 25]. 170 kd plasma membrane P-glycoprotein (P-gp) functions as a
metabolically active drug efflux pump in human T cells and macrophages. It
accounts for the majority of drug-resistant infections. These systems pump solute/
drugs out of the cell (Fig. 1). Thus, they allow the Mtb to regulate its internal envi-
ronment by removing toxic substances such as antibacterial agents, metabolites, etc.
The Mtb genome encodes for a majority of different efflux transporters. Out of these
efflux transporters, primarily ABC and MFS superfamily proteins are involved in



Liposomes for Delivery of Antitubercular Drugs 149

(Drug + efflux pump inhibitor)
loaded liposomes

| lll Extracellular
membrane

Cytoplasm

L]
v 0.
Drug efflux through : L]
'y ® P-glycoprotein
00 efflux pump Inhibition of drug efflux

A Efflux pump inhibitor (verapamil,
reserpine, chlorp zine, thioridazi

etc.)

P ::o Drug Molecule

Fig. 1 Schematic representation of role of nanocarrier in addressing drug resistance due to bacte-
rial microenvironment (self-drawn)

bioactive(s) resistance. The use of efflux pump inhibitors could be the potential
approach to combat drug efflux. These nonantibiotic chemicals are small molecules
that potentiate a co-administered antimicrobial agent by blocking bacterial efflux
systems [26]. A variety of efflux pump inhibitors such as calcium channel blocker
Verapamil, the alkaloid reserpine, and the phenothiazine derivatives chlorproma-
zine and thioridazine are well established for use in Mtb infection. Moreover, a
nanomedicine-based approach may be able to effectively circumvent the challenges
relating to drug efflux particularly operating in cellular tropics of infection. Demitto
et al. [27] worked on Verapamil and Rifampicin combination for the treatment of
MDR-TB. This combination was used against MtbH3;Ry strain MDR Mtb clinical
isolates. The Verapamil and Rifampicin combination demonstrated synergism in
MDR Mtb clinical isolates. The co-adjunct therapy with Verapamil inhibited Mtb
efflux pumps. This renders the Mtb more susceptible to Rifampicin [27].

2.3 Role in Controlled Drug Release

The delivery of anti-TB drugs using nanocarrier-based systems offers distinct
advantages over free anti-TB drugs. These include prolonged or extended circula-
tion, improved access of the therapeutic payload to the Mtb-infected macrophages,
and hence enhancing the efficacy of the therapy [28]. Apart from this, the prolonged
release of the bioactive(s) from nanocarriers builds a consistent therapeutic
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concentration of the bioactive(s) over a prolonged period [29]. This improves the
pharmacokinetic profile of the therapeutic moieties and ensures a lower dose
requirement and less frequent dosage regimens. Rajan et al. demonstrated that
Rifampicin (RIF)-loaded chitosan nanoparticles could increase the delivery of the
bioactive(s) by improving the solubility of RIF. Furthermore, the release of the RIF
was also controlled [30]. The pegylation of nanoparticles could prolong the sys-
temic circulation of carriers and control the release of the bioactive(s) for a better
antitubercular effect.

2.4 Role in Reducing the Dosage Size and Dosing Frequency

Nanotherapeutics-based formulations could minimize the dose, frequency of dosing
along with toxic effects associated with the bioactive(s). It is due to site-specific
accumulation of the bioactive(s) that enhances the therapeutic efficacy [31]. This
would improve patient compliance. Zaru et al. reported the efficacy of RIF-loaded
liposomes for alveolar macrophage targeting. The author worked on a passive drug-
targeting strategy. Freeze-dried, redispersible RIF-loaded liposomes were prepared
by using the thin film hydration technique and extensively characterized. The for-
mulations were administered in rats following aerosol inhalation. The developed
nanosystems (liposomes) were stable in the presence of mucus. They were avidly
internalized and taken up by the alveolar macrophages and also deposited in the
lower airways. The growth of Mycobacterium avium was inhibited even at low
doses of RIF [32]. Rawal et al. worked on RIF-loaded freeze-dried chitosan nanopar-
ticles, developed for the treatment of TB. The formulation was prepared by using
the ionic gelation method and extensively characterized. The mass median aerody-
namic diameter (MMAD) was determined by using an Anderson Cascade Impactor
(ACI) and was found to be 3.3 pm. In vitro drug deposition study results demon-
strated that the fine particle fraction (FPF) of the nanoparticles contain 33% of the
loaded drug dose. The large FPF value indicated that the deposition of the bioactive(s)
in the lungs was satisfactory. The formulations demonstrated sustained and local-
ized delivery of the bioactive(s) together with the targeting of the nanoparticles to
the alveolar macrophages. The accumulation of the bioactive(s) in the infected mac-
rophages was improved. The dose and dosing frequency and drug-related toxicity
were reduced [33].

2.5 Role in Macrophage Targeted Chemotherapy

Targeted nano-delivery systems offer multiple advantages in the treatment of
chronic human infectious diseases. They possess highly functional corona that
could be modified by using specific targeting moieties to enable target-oriented
delivery of drug(s) [34]. They have great potential to effectively deliver the loaded
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bioactive(s) to the infected macrophages and other host cells of Mtb. They mini-
mally release the bioactive(s) in the blood circulation; thus, prevent off-target distri-
bution and accumulation; while sustain and maintain the therapeutic concentration
of the bioactive(s) at the infected site. This could improve the potency of the
bioactive(s) against tubercle bacilli in infected host cells (macrophages) [35].
Consequently, the dose requirement would be minimized. Apart from this, they
offer protection to the loaded bioactive(s) from renal clearance, hepatic degradation,
and first-pass metabolism in order to improve the pharmacokinetic characteristics of
the loaded drug.

The tubercle bacilli replicate within the phagosomes of the host macrophages.
The poor penetration of the bioactive(s) into the host cell (macrophages) is one of
the major challenges in effective TB chemotherapy. This leads to poor therapeutic
outcomes. The design and development of nanotherapeutics for the delivery and
accumulation of bioactive(s) selectively in the infected macrophages may result in
an optimum/higher therapeutic concentration. This may lead to improvement in the
antitubercular action of the loaded bioactive(s). Nanoconstructs for targeting mac-
rophages take advantage of targeting moieties in their assembly that identify/recog-
nize the receptors highly expressed on Mtb-harboring macrophages. Basha and
coworkers reported nanoparticles-mediated dual delivery of anti-TB drugs to
infected macrophages. RIF and Levofloxacin combination was used in the study.
The drugs were complexed with cyclodextrin. The developed complexes were then
crosslinked onto curdlan nanoparticles by using epichlorohydrin. Raw 264.7 and
L.929 cells were used for the cell line studies. The developed formulation was found
to be nontoxic to these cell lines. The curdlan nanoparticles were selectively recog-
nized by a dectin-1 receptor expressed on the surface of the macrophages. The
investigation revealed that curdlan nanoparticles demonstrated 1.8 times higher
uptake by macrophages and killed more than 95% of Mtb in 4 h [36].

Nanoconstructs could be surface functionalized to attain targeted delivery of the
bioactive(s) through an active drug targeting approach. The actively targeted
nanoplatforms-based formulations take advantage of targeting moieties that possess
an affinity for a specific receptor for precise delivery of the bioactive(s) to the
infected macrophages or desired site. Chono et al. developed mannose-conjugated
liposomes to exploit the mannose receptors that exist on the surface of macrophages
and facilitate the delivery to the target site upon pulmonary administration. The
particle size of liposomes was between 100 and 2000 nm. The developed formula-
tions were administered in rats through the pulmonary route. The cellular uptake
(both in vitro and in vivo) by rat alveolar macrophages was significantly higher in
the case of mannose-conjugated liposomes compared to plain liposomes [37]. The
developed mannosylated liposomal formulation appears to be the potential carrier
for macrophage-targeted TB chemotherapy.
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3 Liposomal Nanoconstructs

Liposomes are self-spherical, artificial vesicles composed of bilayers of phospho-
lipids that enclose an aqueous phase in their core [38—40]. These are like cells;
however, the sizes are much smaller. These vesicular constructs are produced as a
result of self-assemblies of the amphiphiles in an aqueous compartment forming
unilamellar or multilamellar concentric bilayers. Hydrophobic hydrocarbon tails or
fatty acids tails form the lipophilic/hydrophobic core of the bilayers that are shielded
from the aqueous compartment whereas the polar head groups are exposed to the
aqueous medium and form the outer hydrophilic surface [41]. They are spontane-
ously formed on the hydration of a dry phospholipid film above the glass transition
temperature of phospholipids. They are of varying sizes ranging from 30 nm to
several micrometers [42]. The thickness of the phospholipid bilayer membrane
ranges from 4 to 7 nm. They are classified primarily in the following categories on
the basis of their size and the number of bilayers forming the vesicles (lamellarity) —
small unilamellar vesicles (SUVs) (30-100 nm); large unilamellar vesicles (LUVs)
(>100 nm); giant unilamellar vesicles (>1000 nm); multilamellar vesicles (MLVs)
(>500 nm); and multivesicular vesicles (1000 nm to several micrometers). The lipo-
somes produced by using the lipid thin film hydration technique are multilamellar
vesicles (MLVs) [43]. These MLVs are composed of several concentric lipid bilay-
ers arranged in an onion-like structure (hydrated multilayers) with diameters rang-
ing from 500 nm to several micrometers. The MLVs can be further processed by
sonication or extrusion techniques, through a filter to generate unilamellar vesicles
(ULVs) [44] (Fig. 2). These ULVs are liposomes with single lamellae (membrane
bilayer). Based on their size, these ULVs can be further classified as small
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Fig. 2 Schematic representation of methods of preparation of liposomes (self-drawn)
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unilamellar vesicles (SUVs) and large unilamellar vesicles (LUVs). The difference
in the release rates of the bioactive(s) strongly depends on the phospholipids that the
bioactive has to cross during the release process [45].

On the basis of their composition and constitution, they may also be classified as
conventional, anionic, cationic, long-circulating, stimuli-responsive, and immunoli-
posomes. Moreover, there are various other vesicles-based systems considered as
modified liposome(s) vesicles. The examples include ethosomes, sphyngosomes,
virosomes, transferosomes, emulsomes, pharmacosomes, and enzymosomes. These
are analogous to lipid-based liposomes. Besides this, niosomes, aquasomes, and
bilosomes are nonlipid-based liposome analogs [46].

4 Benefits and Limitations of Liposomes as Drug
Delivery Modules

Liposomes have sparked considerable interest since their discovery by Bengham
and colleagues in 1965 due to their flexible organization and versatility in biophysi-
cal and physicochemical characteristics [47]. The realization of the remarkable
potential of the phospholipids to self-assemble substantiated previous findings that
all intracellular vesicles and plasma membranes are comprised of bilayers of phos-
pholipids. It encouraged the extensive use of liposomes as the primary model for
studying the biophysical and physicochemical features of the cell/biological mem-
branes [48, 49]. One of the distinct merits of liposomes is their chemical biphasic
nature as they contain both hydrophilic and hydrophobic regions. Therefore, their
applications have enormously increased from merely membrane/biomimetic mod-
ules to attractive vehicles for the delivery of both hydrophobic and hydrophilic
bioactive(s). Consequently, in 1970, just after 5 years of their development, lipo-
somes emerged as well-acceptable drug delivery modules. Furthermore, liposomes
were among the first generations of nanocarriers approved by the USFDA in 1995
for study in clinical trials. Initially, they were used for the delivery of doxorubicin
for the treatment of ovarian cancer and AIDS-related Kaposi’s sarcoma [50].
Today, liposomes are the most extensively employed carrier for bioactive(s)
delivery. They are also widely exploited as delivery modules for antimicrobials.
They offer numerous advantages including safety and biocompatibility; nonimmu-
nogenicity; the potential to carry large drugs payloads; the ability for self-assembly;
and a vast array of biophysical and physicochemical characteristics that could be
altered to engineer their carrier characteristics [51]. Encapsulation within liposomes
protects the therapeutic moieties from early inactivation, degradation, and dilution
in the circulation. Despite their merits, they still suffer some limitations such as
instability in plasma. When drugs-loaded liposomes enter the bloodstream, during
their circulation, they interact with the plasma proteins such as high-density lipo-
proteins (HDLs), low-density lipoproteins (LDLs), and opsonins (immunoglobulin,
fibronectin, lipoproteins) [52]. The opsonins bind to the liposomes followed by
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adsorption of opsonins onto the phospholipid membrane and signaling for their
presence. This signal is detected by the mononuclear phagocyte system (MPS)/
reticuloendothelial system (RES) cells which engulf liposomes and eliminate them
from the blood circulation through the opsonization process. This leads to the elimi-
nation of the bioactive(s) at the hepatic level following its metabolism by the Kupffer
cells. Another process of elimination involves the metabolism of liposomes by the
MPS. The elimination or clearance process by the MPS cells via plasma proteins
opsonization is influenced by a number of variables including size, surface charge,
and colloidal stability. In general, negatively charged large liposomes are eliminated
more rapidly from the blood circulation than small, positively charged, or neutral
liposomes [53]. Thus, negatively charged liposomes have a shorter half-life in blood
circulation. However, this probable drawback of liposomes has been used for the
effective therapeutic delivery of the antibacterial/antimicrobial bioactive(s) to treat
opportunistic intracellular infections thriving within the MPS such as TB.

Nevertheless, when the target site is other than the MPS, the use of liposomes
that are able to escape passive uptake by MPS is justified in order to allow for longer
circulation. The search for long-circulating liposomes thus began with the develop-
ment of certain lipids, i.e., pegylated lipids; the PEG-coated stealth liposomes that
are sterically stabilized. The protection of liposomes from scavenging by the MPS
is offered by the pegylation that constitutes a steric barrier [54]. The liposome sur-
faces could be further altered/decorated with targeting moieties such as peptides,
antibodies, carbohydrates, etc. It improves the specificity of these nanoconstructs to
recognize and bind to target cells. Consequently, the improvement in the specificity
results in a favored accumulation of these nanocarriers at the infected or target sites
and relatively lower concentrations in nontarget cells or healthy tissues saving them
from eventual toxic effects of the drug(s) [55, 56]. Conclusively, there are promising
and potential merits of liposomes to be a carrier of choice for drugs (Fig. 3).

5 Routes of Administration of Liposomes
in the Treatment of TB

Liposomes have previously been evaluated as an anti-TB drug delivery module for
the treatment of both pulmonary and extrapulmonary TB [57]. The success and
efficacy of the therapy, however, are strongly dependent on the routes of administra-
tion of these nanoconstructs. It is well-established that liposomes are susceptible to
intestinal lipases; therefore, their oral application seems limited. The permeability
and stability of vesicular systems could be increased for oral drug delivery by mod-
ulating the compositions of the phospholipid bilayers, by adding targeting moieties
(ligands) or modifications using polymers. Routes other than the oral route have
also been explored for their administration [58]. The intravenous (IV) route of
administration has also been studied for the delivery of antitubercular drug(s).
Several factors including leakage of the encapsulated content from liposomes in the
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Fig. 3 Potential advantages of liposomes

plasma compartment before reaching the infected or target cells/tissues, rapid clear-
ance from the blood circulation, and uptake of the liposomes by the liver and spleen
macrophages have been the concern of research and studies.

Gaspar and colleagues reported that preferential accumulation of antitubercular
drugs-loaded liposomes occurs in the spleen and liver after IV administration, rather
than their accumulation in the lungs. This may be a potential approach for the treat-
ment of extrapulmonary TB [59]. In contrast to this, if the surface of the liposomes
is functionalized by using polymers or targeting moieties, the lung specificity could
be achieved [60]. In addition to the IV route, the noninvasive routes such as naso-
pulmonary route and inhalatory route have equally been explored. It would provide
convenience to the patient and the possibility of effective localized delivery of anti-
microbials. This may be a very interesting and attractive alternative strategy, par-
ticularly for the therapy of pulmonary TB [61]. Thus, the administration of liposomal
nanoconstructs loaded with anti-TB drugs through inhalatory or nasopulmonary
route may also be further explored. However, the size of the liposomes must be
tuned because the area in the respiratory tract where these nanoconstructs are depos-
ited principally depends on their size. Deposition of 1 nm particles occurs largely in
the upper airways (nose, pharynx, and larynx). The particles of approx. 5 nm are
considered appropriate for deposition into the trachea and bronchi regions while
particles of 20 nm sizes are optimally deposited into the deeper alveolar regions of
the lungs. Similarly, in the case of particles greater than 15 pm in size, they are
reportedly retained in the throat and get swallowed in the gut [62].
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6 Potential of Passive and Active Targeting
of Liposomes-Based Approaches for TB Treatment

6.1 Passive Targeting of Liposomes as Drug Delivery Systems
in TB Treatment

Systems that target systemic circulation are generally characterized as “passive”
delivery systems. Passive drug targeting refers to the distribution and accumulation
in accordance with the nature of the material of construct and its size and surface
characteristics. It occurs due to the body’s natural response to the physicochemical
properties of the drug or drug-carrier systems [63]. The colloidal nanoconstructs
that are taken up by the RES predominant organs (liver and spleen) could be the
ideal vectors for passive drug targeting to these compartments. The intervention and
uptake of colloidal nanoconstructs by macrophages by passive phenomenon bestows
therapeutic opportunities for the delivery of bioactives for disease conditions that
involve macrophage cells of the RES, e.g., leishmaniasis. Targetable modules in this
class include drug-loaded bilayer vesicular modules as well as cellular nanocon-
structs of micron or submicron size range.

6.1.1 Nanocarriers Characteristics Affect Passive Drug
Targeting Strategy

The physicochemical characteristics of the developed nanoconstruct and the patho-
physiological characteristics of the tumor microenvironment influence the bio-
distribution, pharmacokinetics, and toxicity profiles of the loaded bioactive(s).
Previous studies have reported that the size and surface charge of the nanosystems
affect the pathway of their cellular uptake and consequently their therapeutic effec-
tiveness. These parameters influence the adhesion of the particles and their interac-
tion with cells [64].

One of the major applications of nanomedicines is in the selective and effective
delivery of several antitumor bioactives based on extravasation owing to nanosize of
the modules and their subsequent retention due to nonavailability of the lymphatic
drainage system. The microvasculature of healthy tissues varies by tissue type, but
in most tissues including the heart, brain, and lungs, there are intercellular junctions
with less than 10 nm intercellular spaces; however, tumor microvasculature contains
pores, fenestrae ranging from 100 to 1000 nm in diameter. Therefore, a tumor within
these tissues could be targeted selectively by designing and developing bioactive(s)
delivery modules that are larger than the intercellular gap of the healthy tissue but
smaller than the pores found in tumor vasculature. Therefore, the nanocarriers of
size-ranging from 10 to 1000 nm are considered to be appropriate for the targeted
delivery of various antitumor bioactives. The size of the nanoconstructs is a pivotal
parameter for their permeation and retention in the tumor and thus is due to the
fenestrations in tumor vessels. The accumulation of liposomes or large molecules in
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cancerous tissues/tumors is the result of a “leaky” microvasculature and impaired
lymphatics, supporting the tumor area (also known as enhanced permeability and
retention effect) [65, 66]. Previously it was reported that the enhanced permeability
and retention phenomenon may also operate in the infected and inflamed tissues.
Thus, as a general rule, this phenomenon could be advantageous for improvising
nanosystems accumulation at the site of infection or infected area, particularly in
the granuloma in the case of Mtb infection.

EPR phenomenon is found associated with etiology where cancer and inflamma-
tion develop due to hypervenulated (fenestrated) blood vessels. This leads to extrav-
asation and subsequent retention. This has been reported to be of benefit in the case
of carcinoma and also other inflammatory diseases such as myocardial infarction
and arthritis inflammation due to infection.

The extravasation through the discontinuous endothelium of the tumor microvas-
culature is a principal pathway for the transport/movement of liposomes into the
tumor interstitium. Even the size of the liposomes in the passive targeting approach
determines the degree or extent of extravasation from the normal vasculature. Once
in the tumors, nontargeted liposomes are localized in the interstitium surrounding
the tumor cells; however, a limited accumulation and distribution of liposomes
within the tumor interstitium results due to typically high interstitial pressure (which
though helps in trapping the liposomes within the tumor area but prevents the access
of bioactive into the necrotic zone) and a large interstitial space compared with
normal body tissues [67, 68].

The surface chemistry and charge of the nanosystems also play a crucial role in
the circulation time. Lipophilic/hydrophobic or charged modules are opsonized rap-
idly by the cells of the MPS. Therefore, the nanosystems are prepared with hydro-
philic, slightly anionic charged, and sterically stabilized surfaces. Furthermore,
surface stabilization is affected by using polyethylene glycol (PEG), a hydrophilic
polymer that is adsorbed or grafted on the surface of nanocarriers [52, 68]. PEG
coatings on nanosystems shield the surface from aggregation. Additionally,
pegylation also prevents nonspecific interactions by changing the surface charge
and hydration of the nanosystems. It has been reported that 5-9 mol% of DSPE-
PEG2000 facilitates the optimal loading of PEG-modified lipids in the liposomes.
Consequently, each polymer chain forms a mushroom-like globular structure with a
slight overlay between distinct polymers at this lipid concentration. Furthermore, it
also ascertains complete “stealth” coverage of the nanosystems surface [69].

It has been reported in a study that the first injection of pegylated liposomes was
demonstrated to produce PEGs-specific IgM resulting in rapid clearance and
increased hepatic uptake of the second dose of pegylated liposomes. This is referred
to as an accelerated blood clearance phenomenon. It is a major impediment to the
pharmacokinetics and pharmacodynamics of pegylated liposomes and other PEG-
coated nanosystems. Furthermore, PEG corona may act as a steric barrier averting
the nanosystems from being efficiently internalized into the cancerous tissue/cells.
This problem is referred to as the “PEG dilemma.” Consequently, while designing a
drug delivery module, an acceptable balance/adjustment between prolonged circu-
lation time and effective cellular uptake should be sought. The potential solutions
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could be the use of shorter PEG chains (i.e., Mw < 1000). The PEG attachment by
enzyme-cleavable bond or grafting tumor-specific targeting moieties on nanosys-
tems surface could be advantageous in circumventing the challenges [65]. However,
pegylation is a clinically accepted method to ameliorate the surface characteristics
of nanosystems and develop “stealth” bioactive(s) delivery modules. Furthermore,
it offers an opportunity to chemically attach/link/conjugate a targeting moiety on
nanosystems surface, which improves their intracellular uptake. This so called
“active drug targeting” approach will be discussed in Sect. 6.2.

In regard to TB, another approach that appears advantageous is the avid uptake
of the drug delivery modules by the mononuclear phagocytic system (macrophages,
monocytes, and dendritic cells) via phagocytosis or endocytosis. The approach
might be successful when infectious agents dwell within macrophagic tropics;
which not only harbor the infection but also cluster together to constitute granulo-
mas. The enhanced uptake could be achieved by tuning or altering their properties
such as size, shape, porosity, elasticity, charge, lipophilicity, rigidness, etc. Passive
targeting in TB particularly in pulmonary TB is of enormous interest when it is
attempted through the inhalatory route [70]. Localized administration of nanothera-
peutics through the inhalatory route prevents the gastrointestinal degradation of the
bioactive(s) and first-pass metabolism in the liver; enhances accumulation and
retention of bioactive(s) in the alveoli; prevents penetration of bioactive(s) into the
blood circulation. This results in a higher accumulation of drug(s) in the lungs, and
a high therapeutic effect simultaneously minimizes the adverse effects. This type of
targeting solely depends on the natural propensity of the phagocytic cells to engulf
exogenous particles [71]. This approach possesses the ability to deliver the
bioactive(s) or nanotherapeutics to the desired site of action. Vyas et al. developed
liposomal aerosols for improved delivery of Rifampicin to infected alveolar macro-
phages. In vitro penetration efficiency of the developed liposomal formulation was
recorded to be 1.5—1.8 times higher in comparison to free drug solution-based aero-
sol. A higher concentration of the bioactive(s) in the lungs was observed in the case
of ligand-anchored liposomes-based aerosols in comparison to free drug and plain
liposomes-based aerosols [72]. The strategy seems promising and may pave the way
for effective treatment for TB.

Kaul et al. reported RIF and ofloxacin-loaded pegylated liposomes for the tar-
geted therapy of mycobacterial infections. The size of the liposomes was 160.6 nm.
They reported significant colloidal stability of the formulation up to 120 days. The
pharmacokinetic analysis demonstrated a slow biphasic pattern together with a
much longer terminal half-life of 19.13 h. High systemic concentration even up to
24 h post injection was reported. Maximum organ localization was also observed in
the spleen, liver, and kidneys one hour post injection. In vivo, scintigraphic studies
were performed in the murine model. The enhanced cellular uptake at infected
lesions was recorded. The competitive inhibition and blocking imaging studies
demonstrated reduced uptake, confirming specific and active targeting [73].

Another well-known approach is the prodrug design or lipid drug conjugates
(LDCs)-based formulations. Lipid drug conjugates (LDCs) are also known as
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lipoidal prodrugs. Several merits of LDCs include increased bioactive(s) payload,
enhanced retention of bioactive(s), and improved tumor and lymphatic targeting
[74]. Pandit et al. reported Isoniazid-loaded lipid drug conjugates-based nanoparti-
cles to improve its intracellular delivery to alveolar macrophages. Isonaizid has a lot
of drawbacks because of its hydrophilic character involving poor gut permeability
and bioavailability, failure to cross blood-brain barrier, etc. To address these limita-
tions, Isoniazid was conjugated with a short lipid chain of stearoyl chloride to form
a stable covalently linked lipid drug conjugate. The lipid drug conjugates-based
nanoparticles were fabricated by using the cold-high pressure homogenization tech-
nique and extensively characterized. The results showed sustained drug release,
improved cellular uptake by THP-1 cells, and increased lipophilicity [75]. Other
examples of passive targeting of liposomes as drug delivery systems for the treat-
ment of TB are enlisted in Table 1.

6.2 Active Targeting of Liposomes as Drug Delivery Systems
in TB Treatment

The passive and active drug targeting strategies are equivocally involved in macro-
phage targeting in antitubercular therapy (Fig. 4). The normal bio-distribution pat-
tern of nanoconstructs is modulated through modifications in their structure and
composition; it is referred to as active targeting [63, 85]. These alterations involve
surface modifications, the use of charged lipids, or attachment/conjugation/coating
of a targeting moiety (monoclonal antibodies, glycoproteins, polysaccharides, pro-
teins, glycolipids, peptides, aptamers, etc.). Active targeting entails the delivery of
the bioactive(s) to the pathologic sites through the molecular recognition process
[72, 86]. It depends on the cross talks/interaction between the receptors on the target
cell and the specific targeting moieties on the surface of the nanoplatforms, result-
ing in receptor-mediated endocytosis or phagocytosis. Consequently, internaliza-
tion of the nanoconstructs occurs, which further increases the intracellular
bioactive(s) accumulation in the target cells/tissues. Moreover, the previously men-
tioned pegylation process is a part of the design of an active targeting module. It
prolongs or extends the circulation half-life of the developed liposomal formula-
tions. The incorporation of negatively charged lipids (e.g., dicetylphosphate) into
the liposomal surface appears to improve the affinity of the alveolar macrophages to
anionic liposomes through scavenger receptors. These receptors do not seem to
have mechanisms of ligand-induced downregulation. The ligand-bound drug is rap-
idly cleared from the extracellular milieu to the macrophage phagolysosome. The
ligand-anchored or surface-decorated liposomes represent the most successful and
efficient approach for the delivery of bioactive(s) at a high concentration to the lungs.

In the case of TB, the receptors expressed on the surface of macrophages could
be advantageous for targeting antitubercular bioactive(s) to these cellular tropics of
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Table 1 Passive targeting of single or multiple drug-loaded liposomes as drug delivery systems in

TB treatment

Formulations Loaded bioactive(s) | Therapeutic benefits References
Targeted pegylated Rifampicin and Excellent antimycobacterial activity, |[73]
liposomes Ofloxacin higher cellular uptake at infected
lesions was observed.
Rifabutin- Rifabutin Higher concentration of drug was [59]
encapsulated attained in the lungs, liver, and
liposomes spleen at 24 h; lower bacterial
burden was observed in the spleen;
promising approach for
extrapulmonary TB therapy.
Pyrazinamide Pyrazinamide Highly significant reduction in the [70]
liposomes bacterial count was recorded
Rifampicin- and Rifampicin and Improved therapeutic drug levels in | [76]
Isoniazid-loaded Isoniazid the lungs; reduction in frequency of
liposomes administration were observed
Amikacin-loaded Amikacin Improved anti-TB activity; the [77]
liposomes half-life of the drug-encapsulated
liposomes was increased.
Rifampicin-loaded Rifampicin Liposomes released the drug in a [78]
liposomes in dry controlled manner over a protracted
powder period of time.
Liposomes in dry Isoniazid, No excessive drug leakage or [79]
powder Rifampicin, changes in mean vesicle diameter
Pyrazinamide, occurred during 3 weeks. This could
Ethionamide, and be attributed to the stability of
Streptomycin liposomes.
Inhalable Isoniazid- Isoniazid Higher antimycobacterial activity [80]
loaded surfactant and preferential accumulation of
liposomes drug were measured in the lungs.
Isoniazid proliposome | Isoniazid They were nontoxic to respiratory- | [81]
powders associated cells. Isoniazid-
proliposomes showed greater
antimycobacterial activity than free
drug.
Levofloxacin- Levofloxacin The efficacy of developed drug- [81]
proliposomes loaded proliposomes was
significantly greater than free drug
against M. bovis.
Isoniazid-loaded Isoniazid The developed formulations were [82]
elastic liposomes hemocompatible and demonstrated
sustained drug release.
pH-responsive Isoniazid The developed formulation showed | [83]
liposomes pH-dependent release behavior
Isoniazid- Isoniazid Controlled release of drug was [84]
Phthalocyanine- observed.

cyclodextrin complex
loaded liposomes
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Fig. 4 Schematic representation of the principle of active and passive drug targeting

infection. Thus, the PRRs present on the macrophages are prime receptors for
receptor-mediated targeting. These receptors play a significant role in recognizing
pathogen-associated molecular patterns (PAMPs). The PRRs are of paramount sig-
nificance for receptor recognition and targeting. The Toll-like receptors are primar-
ily capable of recognizing heat shock proteins, lipoproteins, lipopolysaccharides,
and flagellar proteins, whereas the C-type lectin receptors can recognize carbohy-
drate derivatives including fucose, mannose, p-glucans, and glycolipids [87-89].
These carbohydrate derivatives are expressed on the surface of the microbes. Apart
from this, another receptor that also constitutes a subset of membrane-bound PRRs
are referred to as scavenger receptors [90]. They could be advantageous candidates
for site-specific delivery of the bioactive(s) due to their overexpression on the mem-
brane of phagocytes. These receptors possess specificity for a wide range of ligands
including proteoglycans, lipoproteins, polysaccharides, phospholipids, and bacte-
rial components [91]. Apart from the PRRs, other types of receptors such as Fc
receptors and complement receptors are also expressed on the surface of the phago-
cytes. They are involved in the opsonin-dependent phagocytosis and several other
immunological responses as a result of which clearance of the opsonized microbe
does occur [92, 93].

A diverse range of ligands has been investigated and reported in the literature
that could be used to facilitate the active targeting of drugs to the macrophages. The
specific targeting moieties for alveolar macrophages include O-steroyl amylopectin
(O-SAP) and maleylated bovine serum albumin (MBSA). The O-SAP possesses a
greater affinity toward alveolar macrophages, whereas the MBSA possesses a spe-
cific affinity for scavenger receptors that exist on the surface of alveolar macro-
phages [86]. One similar study was reported by Vyas and coworkers. They worked
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on O-SAP, MBSA-coated liposomes and reported their preferential accumulation in
the lung macrophages [72].

The cells of the immune system such as macrophages excessively express man-
nose receptors (MR). The mannose receptor is also known as CD206, which belongs
to a C-type lectin receptor family. The processes that are mediated by mannose
receptors are endocytosis, phagocytosis, and other inflammatory consequences as
well as intracellular trafficking pathways. The incorporation of mannose as a ligand
onto the surface of the liposomes, producing so-called mannosylated liposomes,
could be beneficial in the therapy of pulmonary TB. One similar study was reported
by Shrivastava et al. The author developed dual drug-loaded mannosylated lipo-
somes. The results demonstrated maximum anti-TB activity in Balb/C mice and
preferential accumulation of mannosylated liposomes in the alveolar macrophages
[94]. The strategy seems promising. Thus, mannose receptor-mediated macrophage
targeting through liposomes-based delivery modules holds potential for TB
chemotherapy.

Taciana and coworkers worked on usnic acid-loaded fucoidan-coated liposomes
for Mtb-infected macrophage targeting. Fucoidan is a negatively charged sulfated
polysaccharide that was used here as the coating material for liposomes. Fucoidan-
coated liposomes demonstrated a lower ICs, value (8.26 + 1.1 pM) in comparison to
plain liposomes (18.37 + 3.34 pM). The ligand-coated liposomes were avidly inter-
nalized through the C-type carbohydrate recognition domain and showed higher
cell uptake than plain liposomes [95].

Tuftsin is a well-known ligand for macrophage targeting; it is a tetrapeptide, a
natural macrophage activator. The peptide is found in leukophilic IgG. It specifi-
cally interacts and binds to phagocytic cells (polymorphonuclear leukocytes, mono-
cytes, macrophages). Tuftsin demonstrates a wide array of activities including the
activation of the immune system, potentiation of phagocytosis, immunological
responses, and bactericidal activity [96]. Tuftsin grafting on the surface of lipo-
somes facilitates their specific and selective transport to the macrophages. Moreover,
it is also an activator of nonspecific cells to fight against infections.

Transferrin is another well-known PRR that could be used for macrophage tar-
geting in the case of TB. It is an 80-kDa freely circulating iron-binding protein
whereas transferrin receptor (Tfr) is a transmembrane-bound glycoprotein. It is
involved in the transportation of ferric ions into the cells. It is internalized into the
cell via receptor-mediated endocytosis after binding to its receptor. The transferrin
receptor is functionally linked with the transportation of divalent metal ions
(DMT-1) in endosomes [97, 98]. Regarding TB, Horwitz et al. [99] reported that
exogenously administered Tf is transported to the Mtb phagosome, thus manifesting
directly that the Mtb phagosome interacts with the early endosome. Tf and Tfr do
not traffic via the lysosomal compartment [99]. The receptor holds the potential and
constitutes the basis of the design and development of novel strategies for macro-
phage targeting of antitubercular bioactive(s). Other examples of active drug target-
ing of liposomes as bioactive(s) delivery modules for the treatment of TB are
enlisted in Table 2.
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Table 2 Active targeting of liposomes as drug delivery systems in TB treatment
Loaded Targeting moiety/ligand
Formulations bioactive(s) | used Therapeutic benefits References
Fucoidan- Usnic acid Fucoidan (A negative The developed [95]
coated sulfated polysaccharide) | formulations
liposomes demonstrated higher
cellular uptake and
lower ICs, values than
plain liposomes.
Mannosylated | Isoniazid and | Cholesten-5-yloxy-N-(4- | Maximum anti-TB [94]
liposomes Rifampicin ((1-imino-2-p activity and
thiomannosylethyl) preferential
amino)alkyl)formamide | accumulation of drugs
(Man-C4-Chol) in lungs were recorded.
Ciprofloxacin- | Ciprofloxacin | Mannose The developed [100]
loaded mannosylated
mannosylated liposomes showed
liposomes potent antibacterial
effects against
bacterial. However,
plain drug-loaded
liposomes were
ineffective against
many bacteria.
Covalent _ ID93 antigen The vaccine [101]
conjugation of formulation was stable.
ID93 antigen to Significant secretion of
liposomes IL-2, IF-y, and TNF-«
was observed.
Mannosyl _ Mannosyl phospholipid | Cellular uptake was [102]
phospholipid enhanced.
liposome
system
Lung-specific | Isoniazid and | O-stearylamylopectin Preferential [60]
stealth Rifampicin accumulation of drugs
liposomes in the lungs was
observed. The
developed liposomal
formulation was
nontoxic to peritoneal
macrophages than free
drugs.
Lungs-specific | Isoniazid and | O-stearylamylopectin Mycobacterial burden | [103]

stealth
liposomes

Rifampicin

was significantly
reduced in the lungs,
liver, and spleen of
infected mice.

(continued)
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Formulations

Loaded
bioactive(s)

Targeting moiety/ligand
used

Therapeutic benefits

References

Liposomal
aerosols

Rifampicin

Maleylated bovine
serum albumin (MBSA),
and
O-stearylamylopectin
(O-SAP)

Preferential
accumulation of drug
in lungs at high
concentration was
recorded.

[72]

Tuftsin-bearing
liposomes

Rifampin

Tuftsin

Rifampicin was
delivered twice weekly
for 2 weeks in infected
mice. The results
revealed that the
developed formulation
was 2000 times more
effective compared to
free drug.
Mycobacterial burden
in the lungs was also
reduced.

[55]

Aerosolized
liposomes

Mannose

Higher cellular uptake,
efficiently delivered to
alveolar macrophages
upon pulmonary
aerosolization to rats.

[104]

Mannosylated
liposomes

Cholesten-5-yloxy-N-(4-
((1-imino-2-p
thiomannosylethyl)
amino)alkyl)formamide
(Man-C4-Chol)

Improved cellular
uptake was observed.

[105]

Several other receptors are also present on the alveolar or pulmonary macro-
phages including CD200R, CD115 (colony-stimulating factor 1 receptor), CD14
(lipopolysaccharide (LPS) receptor), scavenger receptors (SR-A, CD36 (SR-B),
Toll-like receptors (TLR4, TLR9), Dectin-1/2 (f-glucan receptor), Fc receptors
(CD64, CD32, CD16), and macrophage receptor with collagenous structure
(MARCO), CD163, CD204, CD68) [36, 98, 106]. These receptors can be used for
macrophage targeting. They may provide new insights for the design and develop-

ment of novel therapeutic options/approaches for macrophage targeting.

7 Recent Patents/Breakthroughs on Liposomes in TB

Some recent breakthroughs on liposomes-based systems for the treatment of TB are
discussed in Table 3.
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Table 3 Recent patents/breakthroughs on liposomes in TB

Type of
Patent number | patent Description of the patent References
10,228,371 US patent | US Patent 10,228,371 B2 shows the preparation of [107]
B2 liposomes-based systems for the treatment of TB. The

developed systems consist of a sterol-modified lipid
and a pure mycobacterial lipid cell wall component.
The mycobacterial lipid component is employed here
as an antigen presentation determinant. It was used for
the detection of antigen-specific biomarker antibodies
in order to diagnose active TB.

2012/0244212 | US patent | US patent 2012/0244212 A1 revealed enhanced activity | [108]
Al for the treatment of TB and HIV co-infected patients.
The study described a unique approach in which
liposomal system was used to deliver reduced
glutathione to the sites of viral infection in combination
with anti-TB drugs, and for HIV patients in
combination with antiretroviral drugs. The formulation
was administered orally. The patent claims the stability
of liposomes and efficient delivery of contents to the
infected macrophages.

8,795,719 B2 | Us patent | US 8,795,719 B2 worked on immunotherapeutic agent | [109]
used for the treatment and primary prophylaxis of

TB. The immunotherapeutic agent was encapsulated in
the liposomes-based system. The patent claims upon
administration in Mtb-infected mice, the
immunotherapeutic agent in the form of liposomes
significantly reduced the bacterial burden.

2,661,253 B1 | European | EP 2661253 B1 reported liposomal formulation for the | [110]
patent treatment of TB. The developed formulation showed a
lower average particle size in comparison to
conventional liposome. Consequently, higher
bioavailability and therapeutic effectiveness of anti-TB
drug(s) were achieved.

8 Concluding Remarks and Future Prognosis

TB is one of the major public health scourges, with the number of cases adding
every year. The conventional approach employed in TB chemotherapy requires high
doses of multiple bioactive(s) for a prolonged period. This usually leads to drug-
associated toxic effects and the development of multidrug resistance (MDR).
Furthermore, the dosage regimens or bioactive(s) that are currently being employed
in TB chemotherapy are also suffering some limitations in terms of permeability,
solubility, and stability. Apart from this, it may develop resistance over time, conse-
quently causing relapse. The infection may spread to the other peripheral areas of
the body to cause secondary TB. The designing of smart nanoconstructs for the
effective delivery of therapeutics has been extensively studied and has gained sig-
nificant attention over the past few years. The nanomedicines-based systems
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presented an effective and versatile platform for not only alleviating the pharmaco-
logical constraints but also the drawbacks associated with conventional TB chemo-
therapy. In view of this, a significant step forward would be the design and
development of targeted bioactive(s) delivery modules that possess the ability to
improve the effectiveness and efficiency of conventional bioactive(s). Therefore, the
therapy of TB could be revolutionized by developing new therapeutic approaches,
including the design of anti-TB nanoconstructs such as liposomes. These are the
most extensively studied and successful bioactive(s) delivery modules being
explored to improve the efficacy of anti-TB bioactive(s). There is already a begin-
ning to improve anti-TB chemotherapy using nanomedicines-based modules (lipo-
somes) which are biomimetic, biocompatible, and biodegradable. The toxicity of
bioactive(s) encapsulated in these nanoconstructs is decreased owing to their modi-
fied and preferential accumulation at the infected/desired sites. In addition, they
provide higher flexibility for chemical amelioration to be specific against opportu-
nistic intracellular infections, especially in the case of TB. The incorporation of
targeting moieties at the surface of the liposomes would improve the targeting of the
major and infected organ of this infection, i.e., the lungs. The composition/constitu-
tion of these carrier systems could also be modulated to select the most advanta-
geous administration route. The anti-TB drugs in liposomes delivered via
inhalational route have many discernible merits such as preferential accumulation
of drugs in alveolar macrophages and reduction in the frequency of administration
and drug-associated side effects. Additionally, it is a noninvasive route of adminis-
tration that does not require healthcare assistance. Conclusively, using liposomes as
anti-TB bioactive(s) delivery modules hold great potential for TB chemotherapy.
The liposomal technology needs to be further explored to attain high therapeutic
effectiveness via alternative routes such as inhalation.
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Abstract Mycobacterium tuberculosis is the single pathogen responsible for the
spread of tuberculosis (TB) in humans. TB is present from ancient times, but is still
one of the deadliest diseases due to the nature of bacteria, chronic treatment and also
its spread into different organs such as lymph nodes, lungs, brain, eye, spleen and
liver. The drawback of currently available drug treatment is the low oral bioavail-
ability, toxicity of drug, and drug resistance. Recently, nano-based therapy is widely
explored for drug targeting, enhancing bioavailability and improving the stability of
drugs. From the different nanocarriers, micro/nanoemulsions (MEs/NEs) are the
promising nanocarriers for the improvement of bioavailability and Pgp modulation.
This chapter highlights the composition, formulation, characterization, and pharma-
cokinetics of NEs/MEs with reference to tuberculosis.
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Abbreviations

%DR  Percentage drug loading

AIDS  Acquired-Immuno Deficiency Syndrome
BBD  Box-Behnken design

DPI Dry powder inhaler

DSC  Differential Scanning Calorimetry

GI Gastrointestinal

HIV Human immunodeficiency virus

HPH  High pressure homogenization

INH Isoniazid

MDR  Multi-drug resistance

ME Microemulsion
MT Mtb
NE Nanoemulsion

PBS Phosphate buffer saline

PDI Polydispersity index

PIT Phase Inversion Temperature
PYZ  Pyrazinamide

RFB  Rifabutin

RIF Rifampicin

SDR  Single-drug resistance

SEM  Scanning electron microscopy
STRS  Streptomycin sulphate

TB Tuberculosis

TEM  Transmission electron microscopy
XDR  Extensive-drug resistance

1 Introduction

Mycobacterium tuberculosis (Mtb)(M. tuberculosis or Mtb) is a communicable
bacteria from the Mycobacteriaceae family which is known for the infection of
the chronic most deadly airborne disease of tuberculosis (TB) [1]. TB was the
first single bacterial-infected disease before the COVID-19 pandemic, and its
ranking is ahead of HIV/AIDS. As per World Health Organization (WHO)
(define) 2021 report, there were around 1.3 million deaths due to TB in 2020 [2].
In developing countries, TB is declared as an alarming issue due to non-follow-
up of medicine by patients up to the treatment plan (more than 6 months) [3].
Over the 50 years, effective pharmacotherapy has been available, but still date
TB is the deadliest disease [4, 5]. The reason for the failure of the treatment is
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the multiple drug resistance (MDR) (Rifampicin and Isoniazid), concurrent
infection of HIV, Spread of TB in different organs (brain, lymph nodes, lung,
liver, eye), chronic toxicity of drugs, failure of patient compliance, drug-drug
interaction and low oral bioavailability [6, 7]. Conventional drugs for TB are
useful for the 6-month duration of treatment for fighting TB. But MDR and
extensive drug resistance (XDS) are the bigger challenges for the healthcare
industry [3]. Again, the development of new drugs is also challenging. So, there
is a need to find an alternative solution to tackle the above situation. Recently,
nanotechnology-based carriers are the best choice due to their smaller size, sur-
face modification and absorption-enhancing properties. Different type of nano-
carriers are lipid nanoparticles, microemulsions (MEs)/nanoemulsions (NEs),
liposomes, etc. In this sense, nano/microemulsions are seen as one of the most
promising options for increasing antitubercular medication absorption and
thereby improving therapeutic efficacy [8].

In the early 1940s, Hoar and Schulman introduced the concept of ME, which is
one-phase system made up of titration of milky emulsion with hexanol. Commonly,
ME is an optically isotropic, and thermodynamically stable formulation of two
non-miscible solvents (oil and water). Two non-miscible solvents are stabilized
with the help of a surfactant or mixture of surfactant with co-surfactant. The free
energy of ME is low in contrast to water and oil and that is why it is thermody-
namically stable. Formulation of ME is by spontaneous method with minor heat-
ing and/or stirring, which create the nanodroplets of 1-100 nm size. Due to the
smaller size of droplet, MEs are a transparent system. Furthermore, the smaller
diameter of droplets increases the shelf life, hydrophobic nature, near to zero
interfacial tension and minimum viscosity of ME, which benefit physicochemical
properties of ME. There is indistinctness between NE and ME terminology and
both are represented as an alternative. The first misunderstanding is related to the
size of globules as ME represents the micron size while NE stands for nano size.
But the size of ME droplets is below 100 nm. MEs are formulated with more than
10% surfactant, and due to this they form spontaneously. In comparison to MEs,
NEs are made up of the below 10% surfactant using high-energy input with glob-
ule size ranges of 20-200 nm [9]. NEs and MEs are crucial drug delivery vehicles
due to solubility and high entrapment of lyophilic and lyophobic drugs due to
their composition of oil, aqueous, surfactant and co-surfactant. MEs/NEs are clas-
sified based on the composition of oil and water portion namely, (1) oil in water
(O/W) (2), water in oil (W/O) and (3) bicontinuous ME/NE. Nowadays, cationic
ME/NE are explored for drug delivery to improve absorption. This chapter empha-
sizes on the composition, formulation, characterization and application of MEs/
NEs with regard to TB.
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2 Formulation and Characterization of ME/NE

2.1 Composition of ME/NE

MESs/NEs are generally made of oil, water, surfactant and co-surfactant. Selection of
ME/NE excipients are done by solubility studies, types and safety aspects. Table 1
illustrates the commonly used oils, surfactants and co-surfactants.

Oils can insert into a lipophilic portion (tail) of surfactant single layer resulting
in swelling and affecting the curvature of ME/NE. Small-chain length oils have
great capability to pierce the lipophilic part of surfactant in comparison to a long
chain. Oil affects the drug loading, release of drug and absorption of drug, and that
is the reason selection of oil is a key part [9]. Commonly used oils are saturated fatty
acid, unsaturated fatty acid, vegetable oils and glycerides (medium-chain mono, di
and tri) owing to permeation-enhancing properties and many of them have Pgp
modulation properties [10]. One of the well-known example is the Capmul® MCM
which blocks the MDR and by that modulated the Pgp ([11]. Emulsification of oil
is affected by the molecular volume and chain length of oils. Oil composed of long-
chain fatty acids such as soybean oil has difficulties with emulsification.
Emulsification of oil increases with decreasing lyophobicity of oil but it impacts
drug solubility. Water-insoluble drug solubility is higher in medium-chain mono
and diglycerides in comparison to medium-chain triglycerides and vegetable oils.
Solubility and emulsification are important for the selection of oil. Higher viscosity
oil (olive oil, corn oil, linseed oil, etc.,) is needed for the high-energy method for the
preparation of NE [12—14].

Surfactant is the heart of the ME/NE formulation which reduces energy differ-
ence of two immiscible liquids and improves the thermodynamic stability. Surfactant
is composed of hydrophilic and lyophobic parts which make its amphiphilic nature.
An example of surfactant is reported in Table 2. Tween and Labrasol® are the most
used surfactants due to modulation of Pgp and improvement of permeation of drugs
[15]. Other than these poloxamers, sorbitans, lecithin and phospholipids are widely
used. Surfactant also plays a role in the solubilization of drugs. The non-ionic sur-
factant is more preferable over cationic or anionic surfactants due to its safety [16].
The ideal characteristics of surfactant are (a) reduction of surface tension below 10
dynes/cm, (b) absorption of surfactant above dispersed phased globules are fast so
that made full and coherent film and protect against coalesce, (c) obtain optimized

Table 1 Composition of ME/NE

Oils Surfactants Co-surfactants
Capmul® MCM, IMWITOR® 9838, Tween 80, Tween 20, PEG 400, Transcutol®
IMWITOR®742, Miglyol, Capryol®90, Brij® 93, Brij® 92 V, P Transcutol® HP,

Captex®200P, Captex®355, Lauroglycol™ | Cremophore® RH 40, Propylene glycol, PEG
90, Olive oil, Labrafil®M2125, Labrafil® M | Span20, Tween 60, Span | 200, Cremophore® EL
1944, Peceol™, Soyabean oil, Maisine® 80, Solutol® HS 15,
35-1, Oleic acid, Ethyl oleate, castor oils Labrasol®
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Table 2 Different types of NE/ME preparation with their characterization

Characterization
Drugs Subtype of | Globule size Zeta potential | Refer-
name Type of method | ME/NE (nm) PDI (mV) ences
Pretomanid | Ultrasonication | Pretomanid | 186.46 + 0.38 | 0.058 = 0.007 | 0.086 = 0.13 | [25]
NE
Rifampicin | Spontaneous RIF NE 43.89+£0.36 |0.160+0.03 |-2.50+1.06 |[26]
emulsification | g 52.12+0.36 | 0250+0.03 | 4.18+0.13
Chitosan
NE
RIF 59.69 +0.26 |0.230+0.01 |0.70 £0.24
Chitosan-
folate NE
High-pressure | RIF NE 133.1 1.1 0.200 £0.01 |-=32.7+1.50 | [23]
homogenization | gig 136.8 + 1.9 0.170 £ 0.02 | +34.1 = 1.20
Chitosan
NE
RIF 1342+ 1.6 0.210£0.01 | +4.70 +£0.30
Polymyxin
B ME
Spontaneous RIF 86.1+0.9 0.150 +36.9 +0.5 [3]
emulsification | Oleylamine
NE
Spontaneous RIF NE 4741436 |0.092 +15.11 £ 1.51 | [27]
emulsification
Phase inversion | RIF NE 25.75+0.01 |0.18 £0.01 —8.22 +4.59 | [28]
temperature
Spontaneous RIF 97.25 Not reported | +22.21 [29]
emulsification Cationic
NE
Spontaneous RIF 88453 0.12 +27.2+0.6 [3]
emulsification Cationic
NE

zeta potential for charge surfactant and viscosity, and (d) minimum concentration of
surfactant are effective [17]. Surfactants should be solubilized with higher amount
of drug without changing their emulsification capacity [12].

Alone, surfactant does not reduce a sufficient amount of interfacial tension and
also form rigid films. To overcome this problem, there is a need for a high concen-
tration of surfactant or co-surfactant. Co-surfactants are used to decrease interfacial
tension (achieve negative) and also reduce the stress of two immiscible liquids.
Short-chain alcohols are the first choice of co-surfactants. Co-surfactant is penetrat-
ing the layer of surfactant at the boundary of two immiscible liquids. It also alters
the packing, fluidity and interfacial films. It also improves the permeation of drug,
solubility and viscosity [18].

Selection of oils, surfactants and co-surfactants is done based on the solubility
studies and pseudo-ternary diagram [19]. Artificial neural network (ANN)-based
techniques are used. Agatonovic-Kustrin et al. [20] used the ANN for the prediction
of stable ME formulation of RIF and INH. MS-Windows—based ANNs simulator



178 D. Khunt et al.

software, Statistica Neural Networks 0.0F are used for the prediction of the model.
The software was predicting the many ME formula. ANN suggested the formula
with target concentration for the treatment of TB [20]. A similar set of experiments
was formed by B. D., S. Agatonovic-Kustrin and M. H. Wisch [21] to optimize the
combination of Rifampicin (RIF), Isoniazid (INH) and Pyrazinamide (PYZ)
ME. The results suggest that ANN successfully predicts the stability and composi-
tion of ME [21].

2.2 Different Formulation Approaches of Micro
and Nanoemulsions

NEs/MEs are developed by two broad methods, namely, (a) high-energy and (b)
low-energy method. Graphical representation of different formulation methods is
shown in Fig. 1 and Table 2.
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Fig. 1 Graphical illustration of high- and low-energy methods of ME/NE. (Reproduced from
Gupta et al. [22], an open access article distributed under the Creative Commons Attribution
License that permits unrestricted use, distribution, and reproduction in any medium)
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(a) High-energy method

High energy is applied to break the droplets into nanoscales. Generally used
instruments for the formulation of NEs/MEs are the high-pressure homogenizer
(HPH), high-speed homogenized (HSH), small pore membrane and ultrasonication.
Different process variables are time and RPM. HPH or microfluidizations are com-
monly employed industrial methods due to scalability features.

High-pressure Homogenization/Microfluidization

Premix of oil, surfactant, water and co-surfactant is homogenized using high share
force. After that developed ME/NE are passed through the HPH for the reduction of
size. In HPH, fluids are passed through the small orifice with pressure (5005000
PSI) which reduces globule size. Globule size is broken into smaller globules by
elongation and shear stress. The process of homogenization is repeated several
times, which is known as a number of cycles or passes until the globule size is con-
stant. One of the proven methods for the NE formulation, however high energy
consumption increases process temperature [22].

Henostroza et al. [23] developed the cationic RIF NE for the ocular TB. For the
formulation of RIF NE, the HPH method was used. Oleic acid as oil, Tween-80 and
Poloxamer 188 as a surfactant was taken for NE. Firstly pre-mixture was homoge-
nized using Ultra-Turrax at 10,000 RPM for 5 min. The resultant NE was passed
through HPH at 10,000 PSI and five cycles. Surface modification was done using
Chitosan chloride and polymaxin B sulphate. Optimized RIF NE without surface
modification had 133.1 nm globule size with 0.20 PDI and — 38.3 mV zeta poten-
tial. Chitosan surface-modified NEs were shown to be 136.0-202.6 nm in size with
PdI 0.17 to 0.27 and zeta potential values from +26.1 to +57.7 mV. It was predicted
that the cationic charge of Chitosan increases the permeation across the corneal
epithelial. Positive-charge Chitosan reacts with the negative charge of the cell wall
which increases the efficacy of RIF. Polymyxin B-modified NE showed the size
range of 126.4 to 135.1 nm; PDI between 0.18 to 0.21 and Zeta potential from +2.7
to +5.7 mV. Polymyxin B is a positive antibiotic for the killing of most of the gram-
negative bacteria (Table 2) [23].

Microfluidization is done using the microfluidizer device which used high-
pressure positive displacement pump (500-20,000 psi) to form small droplets. It is
a similar technique to the HPH and it is used interchangeably. The mixture is repeat-
edly circulated through the microfluidizer until the required particle size is achieved.
The resultant product is also passed through the filter to separate smaller droplets
from larger ones and to obtain a uniform nanoemulsion. Orr et al. [24] used the
microfluidization technique for the development of NE formulation of vaccine for
TB. Premixture of oil (DMPC and GLA added into squalene) and ammonium phos-
phate buffer water phase (Poloxamer 188 and glycerol) was made. Premix was
passed through the Microfluidics M110P at 30,000 PSI (12 cycles). Size obtained
was obtained below the 100 nm [24].

In ultrasonication method, ultrasonic frequency is used for the reduction of glob-
ule size of prepared premixed ME/NE. Commonly, probe sonicators are used with
and without a water jacket. In this, sonicator probes are used as a source of sonic
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waves. The sonicator probe is made of piezoelectric quartz crystal and coated with
zirconium. On the application of voltage, probe generates sonic waves which reduce
size using a cavitation mechanism [22]. Shobo et al. [25] formulated the Pretomanid
NE using solvent evaporation technique and further size reduction was done using
probe sonicator at 40% amplitude for the 20 min. They found that the developed NE
was below 200 nm and suitable for brain delivery via the intranasal route [25]. Other
NE/ME formulation methods are shown in Fig. 1 namely, evaporative ripening and
bubble bursting at the interface.

(b) Low-energy method (LEM)

In this method, smaller globules are developed by phase inversion using the com-
position or temperature. LEM required low energy input which can be applied by
simple stirring. Emulsion inversion point (phase inversion point) and phase inver-
sion temperature are commonly used in LEM (Fig. 2). In emulsion inversion point,

In Vivo Study

/ Characterizat

ion of
Micro/Nano
emulsion

Fig. 2 Difference characterization parameter of micro/nanoemulsion
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the W/O ME is first prepared at room temperature and then water is added slowly.
The addition of water leads to the transformation of Water-in-oil ME to Oil-in-
Water ME. In phase inversion temperature, Water-in-oil ME was formulated at
higher than the phase inversion temperature of the mixture. After that, the mixture
is cooled at room temperature which leads to inversion of ME. At the inversion
point, interfacial tension of water and oil interface is very low, which induces small-
size globules [22]. Halicki et al. [28] prepared the Rifampicin (RIF) NE using the
hot solvent diffusion with phase inversion temperature method. The developed NE
was 25 nm size with 0.18 PDI [28].

Another method is spontaneous emulsification. In this method, oil, surfactant
and co-surfactant are mixed using simple stirring. After that, water is added to the
above mixture with continuous stirring [9, 22, 30]. Mehta et al. [30] prepared ME
using spontaneous methods. For the preparation of ME, oleic acid as oil, tween-80
as surfactant and ethanol as co-surfactant are used. They focused on the evolution of
the microstructure of ME/NEs. It was found that INH-loaded ME is stable and opti-
cally clear without any phase separation [30]. Hussain et al. [29] formulated the RIF
cationic NE using the slow spontaneous titration method. Oleylamine was added for
the cationic charge. The developed NE was below 100 nm of globules size [29].

2.3 Different Characterization Techniques of Micro
and Nanoemulsion

Different characterization parameters of ME/NEs are shown in Fig. 2. Critical qual-
ity attributes of NE/MEs are the size, PDI and zeta potential which prove that NE/
ME are formed [31]. Additional, refractive index, dye test and conductive test give
the idea of which type of NE/ME are formed [19]. The stability of ME/NEs is
proven by the interfacial tension determination and phase separation studies. Drug
compatibility with oils, surfactants, and co-surfactant is done by the measurement
of drug content through HPLC assay and visual changes. ME/NE pourability is the
prime characteristic which can be determined using the viscosity test. Viscosity of
ME/NE:s is also impacted on the drug release. Drug release determines the efficacy
of the developed formulation. Safety parameter of NE/MEs is determined using cell
line studies and also animal toxicity study.

Globule size, PDI and zeta potential are commonly measured using the photon
correlation spectroscopy [32]. Globule size is dependent on the concentration and
chain length of surfactant, and applied energy. Kifayatullah et al. (2017) reported
that increasing the surfactant concentration leads to the decrease of the globule size
(from 250 nm to 50 nm) due to reduction of interfacial tension. Non-ionic surfactant
stabilized globules by steric stabilization [26]. A similar result was also found by
Hussain et al. (2020) [29] and Orr et al. [24], It was reported that the globules size
impact on the vaccine efficacy and sizes below 200 nm directly target the lymph
nodes [24]. PDI gives the idea of the homogeneity of NE/ME. Near to zero value of



182 D. Khunt et al.

PDI shows the higher homogeneity of NE/ME, which is desirable. The stability of
NE/ME is also evaluated using zeta potential. Zeta potential is the surface charge of
globules which suggests the attraction or repulsion in between dispersed phase and
globules. The lower charge of globules is prone to coalescence owing to the attrac-
tion of droplets for charged surfactants. Idea value of zeta potential is the +30 mV
for better stability of ME/NE [33].

Viscosity is measured by the different types of viscometer such as capillary tube
viscometer. pH and osmolarity are important parameters for the parenteral route NE.

Scanning and transmission electron microscopy are utilized for the evaluation of
surface properties [34]. Aerosolization studies were also performed for the pulmo-
nary delivery of anti-TB drugs. Kifayatullah et al. (2017) measured the aerody-
namic and inhalation properties using Anderson cascade impactor [26]. From the
result of total aerosol input and output rate, it was concluded that fine particle frac-
tion was deposited into respiratory bronchioles and alveoli. Lower globule size
leads to decrease in the surface tension and ultimately improves the aerosol output
and their rate [26].

Refractive index studies are performed for the evaluation of optical properties of
NE/ME [26]. Phase separation studies are done by centrifugation and dilution test
[25]. In the centrifugation test, NE/ME are filled into a centrifuge tube. If ME/NEs
are formed and stable, then no phase separation is observed [35]. In dilution studies,
NE/ME diluted with continuous phase to check phase separation [15]. NMR
(Nuclear Magnetic Resonance) studies are done to evaluate where the drug is
located. Mehta et al. [15] performed 'H NMR to find INH location in ME. NE/ME
is composed of long hydrocarbon with oxyethylene group which hinders the resolu-
tion of the peak. So, to avoid that problem deuterium-based NME was performed.
Results revealed the INH is located in the dispersion phase [30].

Surface tension is measured by a tensiometer. It is a contractive parameter of
liquid surface that resists external force. It is present at the interface of two immis-
cible liquid [26].

Kifayatullah et al. (2017) measured the surface tension of RIF NE, Chitosan NE
and Chitosan folate NE. The lower surface tension of NE leads to interaction with
the alveolar surface and leads to phagocytosis. It is an important parameter for the
nebulizer and pulmonary delivery. From the result, it is concluded that surface ten-
sion has impact on the nebulisation time and ultimate effect dispensability of
NE [26].

NE is kinetic stable which provides time to phase separation of different phases.
Ostwald ripening, flocculation, coalescence and creaming or sedimentation are the
main mechanisms of instability of NE. Globules of NE are joined to each other due
to attractive force and make single globules without merging. If globules merge
with each other and make single bigger globules, then it is called coalescence.
Different mechanisms of instability are shown in Fig. 3.

Coalescence and flocculation are avoided by increasing surface concentration. If
the chemical composition of smaller and larger globules is varying, then the differ-
ence of these leads to the Ostwald ripening. Dispersed phase chemical potential is
greater than smaller globules which stimulate the mass transfer from smaller to
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Fig. 3 Pictorial representation of different mechanisms for instability of NE. (Reproduced from
Gupta et al. [22] an open access article distributed under the Creative Commons Attribution
License that permits unrestricted use, distribution, and reproduction in any medium)

bigger globules. Due to these smaller globules, small and larger globules become
larger (Fig. 3) [22].

Drug release from ME/NE or in vitro drug release is used to predict in vivo per-
formance of drugs. It gives the idea of how drugs are partitioned out from the NE to
the media. Hussain et al. [29] was shown the RIF released from RIF NE a faster rate
from dialysis membrane in comparison to solution due to smaller globule size of
NE. While NE loaded into gels was shown the slow release which proves retain of
drug. For further confirmation, perform the ex vivo release studies using rat skin. It
was found that RIF NE penetrates skin more in comparison to RIF solution [29].

2.4 Pharmacokinetics and Pharmacodynamic of Developed
NE/ME for TB

Pharmacokinetics and dynamic parameters are the most essential features of NE/
ME to prove their efficacy and safety. Table 3 shows different pharmacokinetics
parameters of developed ME/NE.

Pretomanid O/W NE was formulated by Shobo et al. [25] for the treatment of
brain TB. They have developed the LC-MS/MS method for analysing the drug
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Table 3 Pharmacokinetics parameter of developed different NEs/MEs

Drug with Route of
NE/ME type | administration | Cmax Tmax (H) | AUC Reference
Pretomanid | NE intranasal | Plasma: Plasma: 8 Plasma: [25]
3616.9 ng/g Brain: 8 47908.1 ng-h/ml
Brain: Brain:
120262.3 ng/g 183465.8 ng-h/
ml
Solution Plasma: 109.3 ng/g | Plasma: 4 Plasma:
intranasal Brain: 3060.3 ng/g | Brain: 4 679.2 ng-h/ml
Brain:
36589.0 ng-h/ml
Rifampicin | NE lung Plasma: 0.62+ 0.06 | Plasma: Plasma: [26]
1.00 + 0.00 |5.41+0.58
Chitosan NE Plasma: 0.47 + 0.04 | Plasma: Plasma:
lung 275+ 129 |8.32+0.49
Chitosan folate | Plasma: 0.69 + 0.07 | Plasma: Plasma:
NE lung 1.33+047 6.34+0.71
RIF cationic | Transdermal Plasma: Plasma: 6.0 | Plasma: [29]
NE 27,900 += 1106 ng/ 351.9+£17.2
mL pg. hr. mL™!
Oral Plasma: Plasma: 2.0 | Plasma:
5890 + 112.9 81.09 +4.9

concentration in body fluid. It was found that a higher concentration of drug in the
brain and plasma showing the potential NE given via intranasal route. MALDI-MSI
was performed for the evaluation of brain distribution studies. From the result, it
was concluded that NE transports the drug through nasal route to the cortical region
and BBB to the cerebral capillary network [25].

Kifayatullah et al. (2017) prepared the RIF NE (first generation), RIF Chitosan
NE (second generation) and RIF Chitosan Folate conjugate NE (third generation)
for treatment of TB via the intratracheal route (Fig. 4). Results suggested that
Chitosan and Chitosan folate NE showed a higher plasma concentration in compari-
son to NE. In a later phase, plasma drug concentration of RIF did not increase when
Chitosan folate NE was given due to the accumulation into the alveolar macrophage
using receptor targeting. Cell viability gives assurance safety of formulation [26].

Hussain et al. [29] prepared the cationic RIF for treatment of TB via transdermal
route. Developed NE was again loaded into 0.5% carbopol 934 gel. The toxicity of
developed cationic NE gel was evaluated using a haemolysis assay. Results suggest
that developed formulations were not shown in haemolysis which revealed the
safety of NE. Cationic NE-loaded gel showed reversible changes in the skin which
were evaluated using scanning electron microscopy. Pharmacokinetics studies of
cationic NE-loaded gel revealed 4.74-times higher AUC in comparison to oral RIF
suspension. Skin irritation study proved the formulation was not irritant to skin with
no sign of erythema for edema which suggested the safety of Cationic NE [29].
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Folate NE via pulmonary routes. (Reproduced from Shah et al. [26] an open access article distrib-
uted under the Creative Commons Attribution License that permits unrestricted use, distribution,
and reproduction in any medium)

Halicki et al. [28] developed RIF NE which were evaluated for antimycobacterial
activity. RIF NE was effective against MT strains. The minimum effective concen-
tration (MIC) of RIF NF and RIF was 7.8 pg/mL and 1024 pg/mL. From the result,
it was concluded that RIF NE is highly effective in comparison to RIF [28].

Alshehri et al. [3] fabricated cationic NE using oleylamine as a positive charge.
Confocal Laser Scanning Microscopy studies showed the intense intensity of fluo-
rescence in the jejunum, ileum and duodenum in comparison to drug solution. It
was concluded that present components of NE enhance the permeation of rhoda-
mine dye and also inhibit the Pgp efflux [3].

Okonkwo Sylvia et al. [36] prepared the NE of Ocimum Gratissimum Leaf
Extract and evaluated antimycobacterial activity (Mycobacterium bovis BCG strain
(ATCC 35737) and Mycobacterium smegmatis (650)). NE-loaded saponin sample
increased the activity 2 and 4 times against M. bovis BCG (MIC: 312.5 pg/mL) and
M. smegmatis (MIC: 39 pg/mL) respectively [36].
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3 Challenges, Opportunities and Future Perspectives

NE/ME are the oil-based drug vehicle systems that stabilize using the surfactant.
One of the problems of NE/ME is the rancidity of oil which needs to be considered.
Rancidity can be delayed by the addition of antioxidants or kept in control tempera-
ture. Toxicity of surfactant is necessary for anti-TB ME/NE. One of the examples of
ethylene glycol impurities is present in Transcutol, which leads to kidney and brain
damages in chronic use [37]. These problems are overcome by reducing concentra-
tion or avoiding of Transcutol due to chronic treatment of TB. Another parameter is
the loading of the drug, which is decided based on the solubility studies. The devel-
opment of self-nano-emulsifying/micro-emulsifying delivery (SNEDS/SMEDS) of
anti-TB is increase the acceptance by patients. SNEDS/SMEDS is a simple mixture
of oil, surfactant and co-surfactant. It is solidified using a spray dryer or adsorption
on an adsorbent. Solidified products can be delivered through tablets or capsules
which makes NE/ME in the gastrointestinal tract with a dilution of fluid.

4 Conclusion

Anti-TB drug-loaded NE/ME improve the permeation, drug loading, bioavailability
and also targeting. ME/NE formulation is easy to scale up and has no critical fac-
tors. But still date, in market ME/NE-loaded anti-TB products are available so it is
a great opportunity. Also, lack of pharmacokinetics and dynamic-based research
article are available which are needed before going to clinical studies.
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Nanosuspensions in Treatment
of Tuberculosis

Atul Garkal, Priyanka Bangar, Khushboo Mathur, Dhaivat Parikh,
and Tejal Mehta

Abstract Tuberculosis (TB) is one of the prime reason of death globally and is
tough to treat by most antibiotics, together with tuberculosis (TB) multidrug therapy
(MDT). Hence, TB rests as the foremost universal eminent health problem.
Nanotechnology-based treatment has contributed an enormous development for the
treatment by designing and developing advanced drug delivery systems, which can
aim for phagocytic cells affected by intracellular pathogens, namely, mycobacteria.
Advanced therapeutics can increase the therapeutic index of antimycobacterial
treatments, reduce dosing recurrence, and also improve the efficacy. Nanosuspension
is widely applicable for the management of TB because of its favourable character-
istics. Therefore, nanosuspension is new ambition towards anti-TB drug develop-
ment. In this chapter, the authors have tried to briefly summarize the pathogenesis
of TB, the importance of nanosuspension, characterization and application of nano-
suspension in the management of TB.

Keywords Tuberculosis - Nanosuspension - Nanotechnology - Drug delivery
system - Nanoformulation - MDR-TB

1 Introduction

Tuberculosis (TB) is a granulomatous illness that causes persistent inflammation
and is a serious health issue in underdeveloped and developing countries [1].
Therefore, controlling the tuberculosis pandemic is consequently a top concern for
worldwide public health. According to the data from the survey in 2018, around 1.4
million people till that date, 2,51,000 of whom were also Human Immunodeficiency
Virus (HIV) infected were killed due to the spread of Mycobacterium tuberculosis
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(M. tb) [2, 3]. Overpopulation, poverty, malnutrition, liquor abuse, HIV, chronic
renal failure requiring dialysis, silicosis, fibro-apical radiographic abnormalities,
diabetes, cigarette smoking, and immune-suppressive medication are all important
risk factors for TB [4].

1.1 Pathogenesis of TB

Tuberculosis is transmitted when an infected patient coughs up the organism, which
is then gasped hooked on the alveoli of a fresh crowd [4]. Close contacts of infec-
tious TB patients are at risk of being infected and, if infected, develop tuberculosis,
especially in the first year following exposure [5]. Coughing, shouting, singing,
sneezing, other assertive expiratory manoeuvre that shears respiratory discharges
from the airways is the most resourceful at causing infective aerosols in people with
active pulmonary or laryngeal tuberculosis, with coughing being the maximum
effectual at giving rise to infectious aerosols [5]. Only a fraction of MTB-containing
droplet nuclei from infectious patients reach alveoli; the majority are confined in the
upper airway and are thrown out by ciliated mucosal cells [6]. The human immune
response can stop bacterial development and eliminate the germs in most M. tuber-
culosis infections, or it can establish latent tuberculosis infection (LTBI). However,
5-15% of latent tuberculosis infection patients develop lively tuberculosis with
extrapulmonary involvement. Active tuberculosis usually appears soon after infec-
tion, but it might appear years later due to a weakened immune response, highlight-
ing the need for both innate and adaptive immunity in M. tuberculosis management
[7] (Fig. 1).

MTB bacilli spread hematogenously and lymphatically during initial infection,
generating main Ghon’s complex in the hilar and mediastinal lymph nodes [6, 8-
11]. Bacilli eventually enter the bloodstream and then they make their way to vari-
ous organs. Extrapulmonary TB occurs as a consequence of lympho-hematogenous
feast during original contagion or later in life during disease reactivation [6]. The
infection may spread to different organs. This is known as extra-pulmonary tuber-
culosis (EPTB).

2 Current Treatment for TB

Table 1 summarizes the details of anti-TB drugs with examples.
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Fig. 1 Tuberculosis pathogenesis and disease progression [7]



192 A. Garkal et al.

Table 1 Details of anti-TB drugs [1]

Group | Description Example of drugs

Group | First-line oral anti-TB drugs Isoniazid, Rifampin, Pyrazinamide, Ethambutol

1

Group | Injectable anti-TB drugs Streptomycin, Kanamycin, Amikacin,

I Capreomycin

Group | Fluoroquinolones Ofloxacin, Moxifloxacin, Levofloxacin,

I Well-tolerated bactericidal oral drugs | Ciprofloxacin

Group | Oral anti-TB medicines used as a Terizidone, Ethionamide, Cycloserine,

VI second line of protection mechanism | Para-aminosalicylic acid, Prothionamide

Group | Drugs which show unclear efficacy | Clarithromycin, Thiacetazone, Clofazimine,

\' Linezolid, Amoxicillin/clavulanate, Imipenem/
cilastatin

2.1 Limitations of Current Treatment

The MDR-TB is even more complex and challenging; the human body’s compli-
cated immunological response to Mtb causes a wide range of clinical symptoms,
making clinical and radiological diagnosis difficult [12]. Ever since the finding of
the first anti-TB medicine, that is, streptomycin, the drug resistance has also been
documented for Mycobacterium tuberculosis as a biological phenomenon [13].

3 Nanoformulations for Anti-tuberculosis Therapy

Targeted and customized drug delivery systems were created to address the draw-
backs of traditional dosage forms. A sort of targeted medication delivery technology
is nanoparticles [14]. Micronization is a frequently used method for increasing the
bioavailability of medicines with low solubility [15]. Because, novel chemical enti-
ties (NCEs) are essentially insoluble in aqueous fluids and difficult to formulate
using standard approaches, the nanosuspension approach is common and universal
formulation nanotechnology [14, 16-22].

They exhibit several advantages such as providing a larger surface area for the
surface interaction of the drugs. They can readily enter smaller capillaries and target
the cell because of their tiny size. The other advantage is prolonged clearance
period, which implies that a modest quantity of medicine is needed to achieve thera-
peutic efficacy and reduced toxicity. They are simple to customize and regulate and
exhibit decreased patient-to-patient variability. The beginning of therapeutic activ-
ity is quicker. Various “smart” formulations can also be prepared, that is, they may
be developed to be pH-responsive, temperature-controlled, enzyme-responsive,
light-responsive, or even such that they act on magnetic stimuli. Different types of
formulations consisting of nanoparticles are prepared as shown in Fig. 2 [23].

Nanosuspensions, which are liquid dispersions that show a nanoscale distribu-
tion of size, are being developed and becoming more used in pharmaceutical
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Fig. 2 Types of nanoformulation that can be used for treatment of TB

practice as a way to synthesize poorly water-soluble medicines and boost their bio-
availability. The prepared nanosuspension must exhibit the desired properties and
formulation aspects [24, 25]:

4 Methods for Preparation of Nanosuspensions

Different methods are employed for the preparation of nanosuspension. The sche-
matic diagram is given in Figs. 3 and 4 [26].
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Fig. 3 Method of preparation of nanosuspension
4.1 Bottom-Up Methods

This technique begins at a molecular plane and works its way up to the production
of a solid nanoparticle. The medication is diffused in an organic solvent, and then it
is blended with a miscible antisolvent to induce quick precipitation to a dispersed
product in bottom-up procedures [15].

4.1.1 Precipitation

The bottom-up precipitation approach has been successfully used to manufacture
nanosuspensions. High supersaturation conditions are caused by a change in sol-
vent, resulting in fast nucleation while preventing supersaturation near the nucleat-
ing crystals. According to the traditional Ostwald law of nucleation, high-speed
nucleation in addition to moderate growth rate form the fundamental determinants
for a successful thermodynamically stable crystal structure [26].
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Fig. 4 Schematic representation of bottom-up and top-down technologies and for the
composition of nanosuspensions

4.1.2 Hydrosols

The drug will dissolve in a organic solvent, which is then added into a aqueous sol-
vent, which helps to start the fast precipitation settle of the product. In order to do
this, the so-called Ostwald—Mier region must be passed swiftly, which implies that
the solvent quantity must be reduced rapidly. This can be accomplished by combin-
ing a solvent with a nonsolvent [15, 27-31].

4.1.3 Nanomorph

This method reportedly creates amorphous particles. Solution of polymer is used to
precipitate the amorphous form of the material. The amorphous nature of nano-
morph gives it a distinct advantage in terms of dissolving velocity. It is increased
significantly [15].

4.1.4 Supercritical Fluid Technology
Supercritical fluids may be used to make nanosized drug particles utilising a variety

of methods, including the fast expansion of supercritical solution, the gas antisol-
vent techniques, and the supercritical antisolvent techniques [15]. The drug solution
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is subjected to an ultrasonic field created due to the vibrating surface at the core of
the supercritical medium, which allows the shape and particle size of the prepared
nanoparticles to be additionally regulated. Vibration frequency was modified to gen-
erate particles of various sizes and morphologies [26].

4.1.5 Other Precipitation Techniques

Some precipitation approaches for creating nanosized particles have recently been
published [15] including the following.

4.2 Top-Down Technologies

Large drug crystals are reduced to the micrometre range in the top-down technique,
then reduced to the nanodimension in a stabilizer solution [32].

4.2.1 High-Pressure Homogenization

Several researchers have successfully employed the high-pressure homogenization
approach to generate nanosuspensions [26].

The second approach is microfluidization, which works on the notion of a jet
surge. This causes the suspension to be accelerated and passed through a specifi-
cally built homogenization chamber at a high velocity, resulting in particle size
reduction owing to particle collisions and shear forces created. Hydrosol, dissocu-
bes, nanomorph, nanocrystals, nanopure, and NANOEDGE are all HPH-based
techniques [15] (Fig. 5).

4.2.2 Media Milling

Media mills are used to make nanosuspension in this procedure. The API is broken
down into nanoparticles during the shearing process. It also maintains continuous
output due to its link to the recirculating chamber [32]. The milling contains an
aqueous solution of the drug and stabilizer, and the milling medium, or pearls, rotate
at a very high shear rate, generating drug nanoparticles by friction and collisions
[32]. Shearing produces a lot of heat, yet it is an operation that may be done at a
regulated temperature. However, this approach may result in pearl erosion, which
might contaminate the drug nanoparticle product [32].
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Fig. 5 High-pressure homogenizer [33]

4.3 Combination Technologies

In some circumstances, the preceding nanosuspension technologies are coupled to
provide superior size reduction and system stability. As a result of combining these
technologies, the advantages of nanosuspension technology have enhanced.
NANOEDGE is a patented method that uses a mix of precipitation and homogeni-
zation to create a cutting-edge product. NANOEDGE is a technology that makes it
possible for water-insoluble medicines to be used as pharmaceuticals. Particle size
distribution and stability are frequently improved by combining precipitation and
homogenization processes [32]. The use of NANOEDGE technique will help solve
the disadvantages of both the homogenization and precipitation techniques. The
precipitated suspension is then homogenized with the help of NANOEDGE tech-
nique, causing particle size to be reduced and crystal development is slowed. After
the homogenization stage, particles which are in the nano range with enhanced ther-
modynamics are produced because the crystal development of nanoparticles is
checked [32, 34].
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4.4 Other Technologies
4.4.1 Supercritical Fluid Technology

The supercritical solution process (RESS), the supercritical antisolvent process, and
the precipitation with the compressed antisolvent process (PCA) are some of the
ways that may be used. This method was used to create cyclosporine nanoparticles
with sizes ranging from 400 to 700 nm, according to a study done by Young et al.,
2000 [32].

4.4.2 Emulsification Solvent Evaporation

Drug solution is initially created in the emulsification-solvent evaporation tech-
nique. The emulsification was then preformed in a liquid with low solubility of the
medication. The drug nanocrystals precipitate out when all of the solvents have
been evaporated [32].

4.4.3 Emulsion Diffusion

The emulsion diffusion technique is utilized for medications which are diffusible in
volatile organic solvents, also partly water miscible organics. In an organic solvent
or a combination of solvents, the medicine particles are completely dissolved. The
organic solution is then stirred into an aqueous phase containing appropriate surfac-
tants to generate an emulsion. The emulsion diffusion technique has the benefit of
requiring no specific equipment. Controlling the emulsion droplet size allows for
easy tuning of particle size. The formula is very simple to scale up. The main disad-
vantage of the emulsion-diffusion approach is that it cannot produce nanosuspen-
sions of the medicines with low solubility in aqueous as well as organic mediums.
In addition, toxic solvents are employed in the manufacturing process [32].

4.4.4 Melt Emulsification

The medicament is initially dispersed in an aqueous solution along with a stabilizer
in the melt emulsification process. The solution was then homogenized and tem-
perature is increased above the drug’s melting point, resulting in an emulsion. While
this procedure is going on, the emulsion is kept at a temperature greater than the
drug’s melting point. The drug emulsion is carefully chilled to room temperature or
cooled using an ice bath [32].
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4.4.5 Lipid Emulsion

One of the methods for making nanosuspensions is to emulsify the drug particles
into a partly water-miscible solvent and then dilute the emulsion. The oil and water
can produce thermodynamically stable and isotropically transparent microemul-
sions. The usage of organic solvents, which might induce toxicity, adds as a major
disadvantage. In addition, a high number of surfactants and stabilizers must be
added [32].

4.4.6 Nanojet

A process works in the other direction. A chamber is used in this method; here the
suspension surge is split into two or more than that halves and the particles collide
with amongst each other under high pressure. Therefore, the strong shear force pro-
duced by the high-pressure technique aids in particle size reduction. The main
downside of this method is that it can produce a huge number of microparticles
when a significant mass passes through the microfluidizer [32].

5 Characterization of Nanosuspension

The nanosuspension characterization usually includes physical, chemical and bio-
logical examinations. The size of particle and distribution of particle with different
sizes, state of particles and morphology are the important evaluations for any nano-
suspension. Unluckily, because of low power of detection, it becomes tough to
detect nanosuspensions with high particle size. Hence, the laser diffractometric
analysis is preferred. Laser diffractometry is a technique for detecting particles with
sizes ranging from 0.05-80 pm. Furthermore the nanosuspensions are characterized
for different parameters such as [17] pharmacokinetic behaviour of a formulation,
which can be greatly affected by the size of the particles. In a nanocrystalline sus-
pension, the particle size must be less than 5 pm. When long-term dissolution is
desired, the diameter of the average particle must be in the nanometre range such as
800—1000 nm. The particle distribution is the critical parameter of nanosuspension
because the particle size is directly correlated to physical stability, dissolution
velocity, saturation solubility, along with their biological action [35]. Specifically,
for nasal drug delivery, the specific requirement of nanosuspension is measured
with different techniques; however, the particle size of suspended particles is mea-
sured with low-resolution dynamic light scattering (DLS) techniques. DLS is the
one of the most preferred sizing technologies for measuring the particle size of
formulations. The particle size detection techniques such as electron microscopy,
field flow fractionation connected to online sizing detectors, centrifugal techniques,
particle tracking analysis, and adjustable resistive pulse sensing are rarely employed.
The depictions of molecular morphology and glasslike design comprehend the
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morphological or main changes that drugs may undergo when subjected to nano-
measuring devices. Because shapeless pharmaceutical nanoparticles are likely to be
supplied during nanosuspension planning, it is vital to pay attention to how much is
in the nanosuspensions. The shapeless structure is thermodynamically shaky and
will in general change into a glasslike structure during capacity. Such change over
capacity ought to be thought about while planning or forming nanosuspensions.
Thus, X-beam powder diffraction (XRD) and examining electron microscopy
(SEM) are normally used to decide the glasslike design and molecule morphology
of medications, individually. In addition, differential filtering calorimetry (DSC) is
one more helpful strategy for portraying the glasslike structure and deciding the
nebulous parts of medications.

5.1 Redispersibility and Reconstitution Time

The nanocrystals must redisperse readily with modest agitation and retain their
integrity following reconstitution. The USP recommends certain tests for homoge-
neity of dosage units and water content, which may be used for nanosuspension
as well.

5.2 Stabilizers

To moisten the API particles and inhibit Ostwald’s ripening, stabilizers are utilized.
Due to the high surface energy of drug nanocrystals, the absence of stabilizers might
cause aggregation formation. They should be chosen based on how well they inter-
act with the active pharmaceutical component and how well they can stabilize it.
Tonic surfactants that display electrostatic repulsion or polymers that produce steric
hindrance also inhibit particle accumulation are examples used to describe stabiliz-
ers. To offer greater stability, a mix of surfactants and polymers can also be utilized.

5.3 Organic Solvents

For producing the drug solution, organic solvents such as ethanol, isopropyl alco-
hol, methanol, acetone, and N-Methylpyrrolidone can be employed. Residual
organic solvents, on the other hand, may provide a toxicity risk. Class III solvents
can be used in the manufacture of nanocrystals, according to ICH rules, because
they are considered less harmful.
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5.4 pH/Buffers

Inflammatory responses and other negative effects may occur if a formulation has
an extremely high pH. To modify the pH, buffering agents are utilized.
Nanosuspensions can be administered through various routes [16].

6 Preferred Routes for Administration of Nanosuspension
in Treatment of TB

Oral Delivery They show a decrease in gastric discomfort, increasing bioavail-
ability and saturation solubility and significant taste masking.

Pulmonary Delivery When compared to micro-suspension, the dosage and toxic-
ity are reduced, superior to the oral solution in terms of tolerability, alveoli are not
irritated, decreasing pharyngeal and bronchial deposition.

IV Administration Particle size uniformity and ultra-fineness can be achieved,
larger dosages are better tolerated, isotonicity, sterility, and lack of pyrogens. They
can be incorporated into various dosage forms as well, such as liquid nanosuspen-
sions, lyophilized powder, pellets, tablets, capsules and films as well.

7 Application of Nanosuspension in Treatment
of Tuberculosis

Nanosuspension can also be described as submicron colloidal dispersion of thera-
peutic substances inside a liquid. They are usually less than 1 m in size and are
stabilized with the presence of surfactants and polymers. Many newly discovered
medications are water-insoluble, resulting in low bioavailability, which can be eas-
ily answered using nanosuspension. For safe pulmonary delivery, an aqueous nano-
suspension with appropriate droplet size in an aqueous nebulizer is to be utilized. A
nebulizer’s highly respirable droplets are fairly easy to transport inside the lungs,
also the droplets can easily distribute across the lung surface, enhancing medication
distribution. A nanosuspension can hold a large amount of medication. It helps in
boosting the saturation solubility and dissolution rate of medications that are not
very aqueous-soluble. It also increases biological performance by lowering the
active pharmaceutical ingredient’s toxicity and side effects. It increases both the
chemical and physical stability of the active medicinal component [36, 37].

For local anti-inflammatory effect, inhalable fluticasone propionate nanosuspen-
sions generated using an amalgamation of wet milling and high-pressure homogeni-
zation techniques may be utilized. In rat airways, fluticasone propionate
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nanosuspensions boosted mucociliary clearance, improved drug retention, length-
ened pulmonary absorption time, and extended the duration of the local anti-
inflammatory action [38]. Rundfeldt et al. developed an inhalable itraconazole
nanosuspension that can be simply nebulized with common nebulizer techniques
such as pressurized air nebulizers and mesh technology. In cystic fibrosis, patients
with allergic bronchopulmonary aspergillosis, inhalable itraconazole nanosuspen-
sion exhibits higher and longer-lasting lung tissue concentrations. It is simple to
make using a wet-milling method, and it is more effective than oral formulations for
treating bronchopulmonary aspergillosis at low doses with few adverse effects.
Because the nanosuspensions are non-irritating and tasteless, improved patient
compliance is observed [39]. The nanosuspension having suitable particle size
increases drug bioavailability and easy to target/administer in lungs for treatment of
TB. The nanosuspension formulations are mostly preferred for water-insoluble
drugs. The nanosuspension is recommended in TB because of their superior proper-
ties over the powder and solution formulations.

8 Conclusion and Future Perspectives

Targeting the lungs through inhalation is a route of choice to treat pulmonary tuber-
culosis. This is advantageous over other routes of administration as direct targeting
of drugs to the site of action, less systemic toxicity and increased patient compli-
ance with the high rate of cure. Nanosuspensions are an attractive and promising
strategy to deliver the antitubercular drug by inhalations, nebulization, or aerosol-
ized systems. Nanosuspension drug delivery for the treatment of TB is an emerging
era. Drug delivery is improved by nanosuspension, which also improves the thera-
peutic efficacy of the medications. They are useful in the delivery of pulmonary
drugs because of their positive charge. It improves the permeability of different
medicines making them available for nasal administration. They are used as an
adjuvant in the administration of vaccines. In a nutshell, nanosuspension is versatile
and used for these purposes because of its physicochemical properties: biocompat-
ibility, biodegradability, mucoadhesiveness, absorption boosting ability, and in situ
gelling characteristics.
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Rakesh P. Patel, Geeta K. Patel, Nikunjana Patel, Sudarshan Singh,
and Chuda Chittasupho

Abstract Among all infectious diseases that afflict humans, tuberculosis (TB)
remains the deadliest. At present, epidemiologists estimate that one-third of the
world population is infected with Mycobacterium tuberculosis, which is responsible
for 8—10 million new cases of TB and 3 million deaths annually throughout the
world. Over the past 50 years, with medical treatment and standard public health
practices, tuberculosis diminished in developed countries and resulted in a loss of
interest and funding for research in improving diagnostic and treatment options. In
developing countries, efforts including BCG vaccination have failed to control
tuberculosis, and the disease continues to spread as the world becomes more global-
ized. At the same time, multidrug-resistant tuberculosis has emerged, challenging
even the most advance treatment centres. Various unique antibodies have been
developed to overcome drug resistance, reduce the treatment regimen, and elevate
the compliance to treatment. Therefore, we need an effective and robust system to
subdue technological drawbacks and improve the effectiveness of therapeutic drugs
which still remains a major challenge for pharmaceutical technology. Polymeric
nanoparticulate carriers have shown convincing treatment and promising outcomes
for chronic infectious diseases. Different types of nanocarriers have been evaluated
as promising drug delivery systems for various administration routes. Controlled
and sustained release of drugs is one of the advantages of nanoparticle-based anti-
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tuberculosis drugs over free drug. It also reduces the dosage frequency and resolves
the difficulty of low poor compliance. This chapter reviews sodium alginate-based
nanotechnology therapies which can be used for the treatment of TB, with a short
summary on bibliometric analysis that could provide significant information to
researcher about ongoing research.

Keywords Mycobacterium tuberculosis - Tuberculosis - Sodium alginate -
Nanoparticles - Treatment

1 Introduction

Tuberculosis (TB) is an infectious disease caused due to Mycobacterium tuberculo-
sis (Mtb). TB is the foremost infectious disease affecting human beings since early
civilization. However, a notable decline in the number of TB cases has been observed
for two decades excepting sub-Saharan Africa [1, 2]. Despite the reduced trend in
TB, the disease still causes considerable health issues and death globally. Previous
to the COVID-19 pandemic, tuberculosis was the prime root for death worldwide,
above acquired immunodeficiency syndrome and human immunodeficiency virus
[3]. In low-income countries and in developed countries, people have suppressed
immune systems; TB still remains the main source of morbidity and mortality and
the goal of TB-free world is far achieved. Bacillus of TB can infect the whole body,
while it is a majorly respiratory pathogen. Still, huge investment is essential for
thorough research in TB to eradicate the disease, as it is the tenth leading reason for
global deaths. Easy access to its diagnosis, primary care and control interventions
are major necessity in fighting against TB [4, 5].

As stated by the World Health Organization (WHO) report 2021, 10 million peo-
ple developed TB in 2020. The large worldwide drop in the number of cases
decreased to 5.8 million from 7.1 million in 2020 [3]. A small decline in trends of
TB in 2020 was observed compared to 2019 as fewer people were provided with a
preventive treatment of TB in 2020, and the positive trend was reversed compared
to 2019 (Fig. 1). This disruption in TB services was probably caused by the preva-
lence of the COVID-19 pandemic. Different 16 countries considered for 93% of this
reduction, including badly affected countries like India, Indonesia and Philippines.
The major impact of this shortfall in 2020 for getting treatment is due to reduction
in global spending on TB diagnostic, treatment and prevention services.

TB is transmitted by air and spreads by people infected with TB throw out bac-
teria into the air through coughing; susceptibility, infection, environment and expo-
sure are the critical parameters for determining the transmission probability of
M. tuberculosis. No environmental reservoir is known for pathogens of TB, ‘humans
are its only known reservoir’ [6].
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Fig. 1 Slow down trend in estimated number of incident cases verses reverse trends in number of
people provided preventive treatment of TB from 2019-2020

Data suggests that majority of tuberculosis bacterial isolates show resistance
against currently available antituberculosis drugs. Multidrug-resistant TB and
extensively drug-resistant TB are the driving reasons for spreading TB. The devel-
opment of novel effective drugs is necessary to get rid of TB. Drug resistance is also
not solved by newly developed drugs like bedaquiline and delamanid [7-9]. Some
of the new promising drugs are under phase II and III clinical trials. Moreover, more
investigation and thorough research is required to identify and discover potential
new drugs and their combination to effectively treat TB [10]. Also, new treatment
strategies with newer approaches are strongly required to combat TB [11].

Recently, numerous nanocarriers have been developed by entrapping antituber-
cular drugs to fight against the endemic of TB worldwide [12]. Various nano-sized
carriers like liposomes, niosomes, nanoparticles, micelles, nanoemulsions, den-
drimers, nanospheres, nanocapsules, carbon nanotubes and nanoconjugates have
been reported to target drugs at specific sites in order to achieve effective control
over TB. These advanced novel drug deliveries offer great alternative to conven-
tional therapy of TB as it is associated with certain drawbacks that lead to failure in
therapy [13]. However, high concentrations of polymers, low drug loading, costly
formulations, use of organic solvents are several associated demerits of novel sys-
tems [14—18].

Currently, one of the best ways to achieve higher drug levels in the lungs has
been developed as a nanoparticulate system to deliver the right amount of drug
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directly to the lungs. Nanoparticles are taken up more efficiently by cells than other
larger carriers which make them a promising drug delivery system to release drug in
a controlled manner [19]. Furthermore, nanoparticles are adapted to control drug
release in a persistent way; having a customized surface, improved solubility and
multifunctionality allow them to increase bioavailability, reduce dosing frequency
and toxicity and improve the therapeutic efficacy of the drug [20].

Nanoparticles are mainly fabricated using natural materials such as alginate, chi-
tosan, gelatin, and albumin, polysaccharides and synthetic like poly(lactide) (PLA),
poly(lactide-co-glycolide) (PLGA) copolymers, poly (e-caprolactone) (PCL),
poly(amino acids), cellulose acetate phthalate and Poly (Bhydroxybutyrate) (PHB)
[21-25]. Among the natural polymers, alginate is a considerably promising polymer
of interest in pharmaceutical formulations as a matrix-forming polymer due to its
intrinsic biological characteristics such as biocompatibility and biodegradability
[26, 27]. Various studies revealed the potentiality of alginate as nanocarriers mainly
in cancer treatment acquire popularity [28, 29]. Alginate has also been explored for
drug targeting for various diseases [30-33]. Moreover, alginate contains carboxyl
and hydroxyl functional moieties, which can be modified easily to get desirable
properties to fabricate nanoparticles [34]. Among various nanocarriers investigated
for TB as a controlled drug delivery system, alginate nanoparticles gained more
attraction by researchers [35].

The potential methods for the fabrication of nanoparticles are emulsification/
gelation, emulsification-solvent displacement, complexation, desolvation tech-
nique, dialysis technique, ionic gelation technique, nanoprecipitation technique,
salting out technique, solvent evaporation technique, spray drying technique,
polymerization, electrospray and supercritical fluid technique [36—44].

Anti-TB drugs entrapped in alginate nanoparticles have been studied for various
routes of drug administration like oral, inhalation and intravenous. Alginate, along
with its derivatives with other polymers such as chitosan, cyclodextrin, PLGA and
PLA, has been explored for the fabrication of nanoparticles for TB [45, 46].

2 Challenges and Opportunities of Nanotechnology-Based
Approaches in Treatment of TB

TB is an irresistible infection brought about by microscopic organisms of the Mtb
complex, of which M. tuberculosis is the main and significant species responsible
for human sickness. Similar types of infections are caused by related mycobacteria,
M. bovis, M. africanum, and M. microti. In 1882, Robert Koch proved that the tuber-
cle bacillus was the main reason for tuberculosis, and for this revelation, he received
the Nobel Prize in 1905. When an individual inhales in bead cores containing tuber-
cle bacilli, they reach the alveoli of the lungs. The majority of these tubercle bacilli
are eliminated by macrophages present in alveoli. When the macrophages bite the
dust, some fubercle bacilli are delivered intracellularly. In that scenario, if that
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bacillus is alive, they might reach further tissues and organs like local lymph hubs,
the peak of the lung, kidneys, mind, and bone via lymphatic channels or through the
circulatory system. This cycle of scattering prepares a framework for a fundamental
reaction. Transmission of M. tuberculosis generally occurs via air, not by surface
contact [47, 48].

The drawback of conventional therapy for tuberculosis includes some life-
threatening adverse effects with complicated long-term treatment, which results in
patient non-adherence to certain therapy with developing drug resistance; hence,
novel therapy is introduced. Several drug delivery systems have been developed for
the managemnt of TB that target at specific sites in a controlled manner; thus, it
helps in patient adherence to the pharmacotherapy as the dose and dosing frequency
reduces [49]. Using nanoparticles as targeted drug delivery can provide site-specific
targeting, delivery of poorly water-soluble drugs, transportation across epithelial
and endothelial barriers, retaining drug for longer time for efficacy, combining of
diagnostic and therapeutic modalities into one agent, and many more [50].

Nanoparticulate technologies are new and rapidly developing science in which
the particles of nanoscale are used to serve as therapeutic moiety or diagnostic tools
to specifically targeted sites in a sustained or controlled manner. Site specificity in
chronic human diseases and precise medicines in targeted drug delivery are some of
the benefits of nanotechnology [51]. It is noticed that nanotechnology like nano-
structures and nanophases acts to overcome the barrier of physical and biological
sciences in various fields of sciences [52]. For prolonged period, nanostructures stay
in the blood plasma, thus enabling the release of amalgamated drugs as per the
specified dose. This can result into reduced adverse effects with less plasma fluctua-
tions [53]. Drug designing has been a key aspect that marks the discovery of novel
lead medications based on biological targets [54, 55]. Strategies to improve the drug
release profiles of nanostructures [56], and to decrease the immunogenicity with
several substances like natural polysaccharides [57, 58], cell membrane [59], pep-
tides [60], polymers [61], tunable surfactants [62], etc., are being formulated.

Some of the excipients that are involved in the fabrication of nanoparticles are
shown in Table 1.

2.1 Alginate and its Derivatives Explored in the Fabrication
of Nanoparticles

Alginic acid, natural copolymer of mannuronic acid and guluronic acid, is obtained
by the treatment of alkali with brown seaweed with some mineral acids. It can be
commercially obtained in a pure form, and to improve its compatibility with a broad
range of substances can be modified as neutral/charged forms as mentioned in
Table 2 [64, 65]. The ability of alginate to gel in the presence of divalent cations is
exploited in the development of alginate-based drug delivery systems. The original
method of producing nanoparticles can be modified in two steps: a reduction in the
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Table 1 Excipients used in the fabrication of nanoparticles [63]

Types of

nanoparticles Excipients used

Polymeric Polylactic acid, Polyglycolic acid, Gelatin, Sodium alginate, Dextran

nanoparticles

Solid lipid Glyceryl monostearate, Cetyl palmitate, Palmitic acid Tricaprin,

nanoparticles Tristearin

Emulsions Poloxamer 188, Egg lecithin, Soybean lecithin, polysorbate 80,
Tyloxapol

Stabilizers Polyacrylic acid, Polyvinyl alcohol, Hydroxypropylmethyl cellulose,

Polyvinyl pyrrolidine

Vesicle-based
systems

Phosphotidylcholine, Dipalmitoyl phosphatidic acid, Distearoyl,
Cholesterol

Table 2 Various chemical modifications on alginate with the specific advantages [68]

Chemical modification of

alginate

Advantages

Oxidation

Improves biodegradability of alginate

Reductive amination of
oxidized alginate

Controlled release rate, amphiphilic characteristics, lower surface
tension, solubilization of solid azobenzene and heavy metal
adsorption in practical application

Sulphation High blood compatibility

Copolymerization Good swelling capability, metal ion uptake, flocculating and low
biodegradability in comparison to alginate

Cyclodextrin linked Permeability

alginate

Esterification Increases hydrophobic nature

Ugi reaction

Modifies hydrophobicity

Amidation

Provides a host matrix with biocompatibility that holds enzyme

molecules via gellification and electrochemical cross-linking

polymer to drug ratio and the replacement of chitosan for poly-L-lysine [66].
Alginate nanoparticles have been reported to permeate through the intestinal barrier
and reach various organs. The encapsulation efficiency for various drugs for these
types of alginate-based nanoparticles ranged between 70% and 90% [66, 67].

In a study, researchers developed alginate cellulose nanocrystal hybrid nanopar-
ticles. At pH 7.4, initial drug release was slow at only 10-15% in 2 h which then
gradually showed 100% release in 12 h [69].

The treatment of TB is done by routes such as oral, IV or IM. The main chal-
lenges for the treatment of tuberculosis are in vitro cellular uptake, solubility, bio-
availability, drug-drug interactions, and needs higher dose for normal bioavailability.
Using nanotechnology-based treatment for TB can overcome these challenges as
there will be minimum drug-drug interaction due to the nano size, bioavailability
would be improved as the surface area will increase by nanocarriers, they might be
available in low prices in future perspectives, also the time of treatment can be
shortened [70].
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Table 3 Types of NPs

Types of NPs Target Therapeutic agent Reference
PLGA, PLGA-PEG Mtb cells Rifampicin [71]
AuNP Mtb cells SMVLD [72]

SPIO Mtb cells Isoniazid [73]
Silica NP, beta glucan Mtb cells Isoniazid [74]
Mesoporous silica NP Mtb cells Isoniazid [75]

PLG Mtb cells Isoniazid, rifampicin, pyrazinamide [76-79]
Dendrimer Mtb cells Rifampicin [80-82]
Chitosan Mitb cells Rifampicin [83-85]
Aptamer Ag85A Apt22 [86]

There have been several approaches in nanotech for TB. Most NPs are having
chemotherapy as mode of action. NPs like PLGA, PEG-PLGA, SPIO, beta gluca-
gon, MSNP, PLG, dendrimers, chitosan, aptamers can be used for the treatment of
tuberculosis by their specific therapeutic agents shown in Table 3.

3 Bioengineered Nanoparticles Fortified with Bioactive
Compound in the Treatment of Tuberculosis

Most punctual known treatment of TB comprised of normal strategies to oversee TB
and contained different customs obtained from old customary practices [8§7-90].
Age-old practices connected with TB treatment that has been given over from one
age to another are still essential for TB treatment countries such as South Africa and
Asia [91-95]. These conventional treatments, despite the fact that they are not pre-
pared to totally kill the infection, however, are very powerful in treating the respira-
tory issues related to TB and lessening the harmfulness related to anti-tuberculosis
treatment (ATT) as seen by the treatment given to the patients by the customary
healers. Analysts all around the globe are attempting to observe new antimicrobials
from rich and therapeutically huge plant auxiliary metabolites having a place with
the Indian subcontinent, South Africa, and other eastern nations.

The traditionally used plant only removes, does not kill the microorganisms gen-
erally all alone; yet, they appear to assume an extremely significant part in oversee-
ing side effects connected with TB, for example, delayed hack, chest torments,
weakness, and fever that expands the degree of uneasiness in patients. This plant
concentrate or optional metabolites apply expectorant, bronchodilator, mitigating,
and antipyretic impacts. Since hundred years, plants, for example, Tussilago farfara
and Pulmonaria officinals, have been investigated for these properties in the treat-
ment of TB [96]. Treatment of TB using plants/phytochemicals comprises an exten-
sive methodology, which could give TB treatment a further developed standpoint.

The phytochemicals are fundamentally the synthetic substances delivered in
plants generally as a feature of assurance instrument used by the plants to assist
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them with flourishing hunters and microorganisms. They are result of the essential
or auxiliary digestion of the plant [97]. These mixtures have a background marked
by being utilized in biomedical treatments and their restorative properties and are
principally connected with the presence of various mixtures like isothiocyanates,
carotenoids, flavonoids, monoterpenes, indoles, and phenolic acids [98].

Till now, an adequate number of phytochemicals have been screened; however,
because of the absence of nitty-gritty examination, this area of exploration has been
constantly ignored and hence should be reinforced by new exploration. Restricted
investigations have been led a long way in investigating the possible job of phyto-
chemicals in antituberculosis treatment. Numerous analysts have presently been
concentrating on the role of phytochemicals in TB treatment, as this treatment
would assist with working on the impacts of DOTS treatment. A few examinations
report the promising impact of the phytochemicals against M. tuberculosis bacteria
[99, 100]. However, these examinations neglect to incorporate the host defensive
components or the immunotherapeutic utilization of these mixtures. The space of
phytochemical studies against M. tuberculosis is exceptionally wide and promising
and is in this way in uncommon need of additional investigation. We realize that
DOTS treatment while wiping out the microscopic organisms hoses the host insus-
ceptible framework. A subordinate medication or compound that could forestall the
hosing of the resistant cells will end up being a shelter for TB treatment. In the
accompanying segment of Table 4, we have attempted to sum up the known phyto-
chemicals, which have been utilized in TB treatment. Researchers have likewise
reviewed the antimicrobial movement of these phytochemicals with extraordinary
driving force on their utilization in the anticipation and treatment of tuberculosis.

Directly observed treatment short-course (DOTS), an internationally accepted
therapy for TB, is effective but has several limitations [119, 120]. Even after a short
duration of treatment, regular TB requires treatment for 69 months, whereas drug-
resistant TB requires 12—24 months or more. This prolonged remedy length can also
additionally result in the era of drug-resistant versions of the mycobacterial organ-
isms. In addition, this treatment leads to treatment cessation by patients due to the
serious toxicity of a mixture of antibiotics [121]. Moreover, DOTS-treated patients
also showed disease reactivation and reinfection due to toxicity of isoniazid antigen-
activated T cells during treatment [122, 123]. The antibiotic remedy which includes
an immunity-boosting agent can also additionally reduce the length of remedy and
facilitates in regaining shielding immunity that is useful in enhancing the remedy
final results and in lowering the probabilities of producing a couple of extraordi-
narily drug-resistant (MDR and XDR) variations of TB [124, 125].

Curcumin (CUR) is additionally an inhibitor of Kv1.3 [126] and displays restor-
ative advantages in a few fiery and irresistible diseases [127]. Curcumin analogs
were tested and found with promising in vitro antimycobacterial activity towards
drug-resistant traces of Mtb [128]. Recently, CUR becomes exhibited to increase
mycobacterial killing in having macrophages with the aid of using inciting apopto-
sis [129]. Furthermore, CUR strongly represses hepatotoxicity, which is a simulta-
neous issue in numerous anti-microbial treatments that incorporate TB treatment.
Taken together, this information has given solid proof that CUR is an astounding
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calming immunomodulator and has restorative potential in an assortment of ill-
nesses. Regardless of the heap of exercises detailed, CUR is yet to be endorsed as a
restorative specialist because of bioavailability problems. Numerous clinical studies
have obviously settled that customary curcumin has extremely poor bioavailability
and is consequently unacceptable for delayed use [130, 131]. To conquer this restric-
tion of curcumin, nanoparticles of curcumin with 200 nm in size were developed
which showed fivefold upgraded bioavailability in mice over normal CUR. During
treatment in mice, CUR nanoparticles reduced hepatotoxicity induced by antituber-
cular anti-microbials. Most curiously, co-treatment of nanoparticle-formed CUR
alongside antitubercular anti-infection agents drastically diminished the danger for
illness reactivation and reinfection, which is the significant setback of the current
anti-toxin treatment embraced by DOT Short course. Moreover, nanoparticle-
formed CUR fundamentally diminished the time required for anti-microbial treat-
ment to get sterile insusceptibility, in this way decreasing the chance of creating
drug-safe variations of the living beings. Subsequently, assistant treatment of nano-
formed curcumin with upgraded bioavailability might be gainful to the treatment of
tuberculosis and potentially other diseases [132].

In a further comparative study, Sing et al. had synthesized silver nanoparticles
(AgNPs) and gold nanoparticles (AuNPs) by two different methods: chemical and
biological [133]. These nanoparticles were evaluated against mycobacteria and
AgNPs and found to have high myco-bactericidal potency at minimum inhibitory
concentrations (MIC) of <3 pg/ml, while the AuNPs showed no such activity up to
a concentration of 100 pg/ml. In addition, in vitro and ex vivo THP1 infection model
tests showed higher potency of chemical AgNPs compared to biogenic AgNPs in
inhibiting the growth of active and dormant mycobacteria. In human cell lines, an
AgNP in concentration of 10x MIC (30 pg/ml) showed 40% cytotoxicity after 48 h.
Silver nanoparticles exhibited higher efficacy against mycobacteria than other
Gram-negative and Gram-positive pathogenic bacteria. The selectivity index was in
the range of 11-23, indicating the potential of these nanoparticles to be used in the
development of new therapeutics for tuberculosis.

Silver (AgNPs), gold (AuNPs), and gold-silver bimetallic nanoparticles (Au—
AgNPs) were synthesized by Richa Singh and coworkers using three different
medicinal plants (Barleria prionitis, Plumbago zeylanica, and Syzygium cum-
ini). The effectiveness of these nanoparticles was then checked against Mrb and
Mycobacterium bovis BCG. These nanoparticles were evaluated for macrophage
infection model assays in vitro as well as ex vivo by studying MIC and half
MIC. Microscopic analyses were conducted to understand the intracellular
uptake of nanoparticles in macrophages. In addition, nanoparticles showed good
biocompatibility, specificity, and selectivity in human cell lines. Out of the
tested nanoparticles, the highest antitubercular activity was shown by Au-—
AgNPs with minimum inhibitory concentration of 2.56 pg/ml, followed by
Silver-NPs whereas AuNPs did not show any significant antitubercular activity
up to 100 pg/ml. In macrophage infection model assays, Au—AgNPs have the
capacity to inhibit active as well as dormant stage mycobacteria. These nanopar-
ticles were capable of achieving concentration of 30 pg/ml (10 times MIC)
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inside macrophage cells and showed marked cytotoxicity up to 45% at 48 h. Out
of prepared and tested nanoparticles, gold-silver bimetallic nanoparticles syn-
thesized from Syzygium cumini were exhibited more activity and found more
specific and selective towards mycobacteria, with their selectivity index in the
range of 94—108 [134].

Gupta et al. has used Ocimum gratissimum linn (ethanolic extract [EE] and
hydroalcoholic extracts [HAE]) for synthesizing gold nanoparticles (GNPs) and
evaluated against the H37RV strain of Mtb. The prepared GNPs were found spheri-
cal in structure with a diameter of about 10-25 nm having A max at 348 nm. The
coating of GNPs with phytoconstituents (terpenoids) was confirmed with FTIR
indicated that biomolecules may lead to efficient stabilization and capping of the
gold nanoparticles. The ethanolic and hydroalcoholic extracts showed the presence
of Ursolic acid at 2.89% and 1.97%. GNPs of these extracts showed superior anti-
tubercular activity, with minimum inhibitory concentration of 2.5 pg/ml and 20 pg/
ml, whereas EE and HAE exhibited MIC at concentrations 50 pg/ml and 75 pg/ml,
respectively. Gold nanoparticles prepared from EE showed higher efficacy to inhibit
mycobacteria. The synthesized GNPs have the potential for tuberculosis treatment
as no chemical reagents were used in this method [135].

Ethanolic extract of P. merkusii was prepared by the maceration method.
P. merkusii nanoparticles were prepared using tripolyphosphate (TPP) by employ-
ing ionotropic gelation method. Scanning electron microscope (SEM) was used for
studying size and morphology of the P. merkusii nanoparticle. The MIC and MBC
of P. merkusii nanoparticle on H37Rv strain of Mtb was performed by broth micro-
dilution and micro diffusion methods. The SEM study of nanoparticle extract of
P. merkusii revealed uniform sphericity with a rough surface and a solid dense cubi-
cal or rectangular structure. The size distribution of these nanoparticles ranged
from10 to 800 nm with an average of 500 nm. P. merkusii nanoparticle showed
significant antimycobacterial effects with an MIC value of 1000 mg/ml and MBCs
value of 2000 mg/ml for the H37Rv strain of Mtb. P. merkusii extract nanoparticle
has the potential to be developed further for tuberculosis treatment [136].

4 Biogenic Metallic Nanoparticles in Inhibition of 7B

Several issues are associated with the efficacy of antibiotics used in the treatment
of TB including correlation between blood plasma of antibiotics with intracellular
concentration and their intracellular activity [137]. The anti-TB antibiotics have
flexible internalization and intracellular accumulation path [137]; however, these
antibiotics may not penetrate granulomas [138]. The intracellular survival of Mtb
in the cell pertains to its adaptation-evading of the immune system and dissemina-
tion that leads to the selection of aggressive multidrug resistance [137]. Several
studies indicated that the azithromycin could accumulate completely in phagoly-
sosomes; however, its antimicrobial efficacy is limited. But, moxifloxacin could
not accumulate but demonstrate effective antimicrobial efficacy on pathogens
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[139]. Thus, cellular accumulation and related local environmental conditions
(pH) are important parameters for administered antibiotic activity. This specific
condition of anti-TB therapy via antibiotics could be overcome by the use of
metallic nanoparticles. Several studies showed that green-synthesized silver, gold,
and zinc oxide nanoparticles with dimensions less than 10 nm can directly pene-
trate through the bacterial cell membrane and macrophage bilayer membrane with
excellent efficacy [140, 141].

Metallic nanoparticles have varied applications in various areas including
chemical engineering [142], textile manufacturing [143], electronics, tissue engi-
neering [144], clinical diagnostics [145], biological imaging, nanomedicine [146],
organ implantations, biosensor [147], biomarkers, cell labelling, active packaging
of food [148], etc. However, chemical-based synthesis of metallic nanoparticles is
costly and involves the use of toxic chemicals that causes serious biological and
environmental risks. Recently, several studies reported that the green synthesized
metallic nanoparticles demonstrate potential efficacy and biocompatibility with
excellent antibacterial activity against infectious microorganisms [147-149].
Although several approaches are being utilized to produce such entities, the use of
a natural product such as phenolic compounds, pharmaceutical excipients, and the
biological organism is a novel and biocompatible approach. Silver nanoparticles
increase the permeability of membrane by motiving the aggregation of proteins in
the periplasmic space and forming a required sized pore. However, zinc oxide
nanoparticles can interact with the membrane of Mtb, leading to the formation of
surface pores and the release of intracellular nucleotides [150]. However, the col-
loidal mixture of silver and zinc oxide nanoparticles can eliminate Mtb with
reduced cytotoxic effect on human monocytic cells and breast cancer cell lines.
Moreover, co-delivery of mixed metallic nanoparticles such as silver/gold or sil-
ver/zinc oxide through passive targeting releases metallic ions with reduced cyto-
toxicity and improved efficacy, compared to lone nanoparticles [150, 151]. In
addition, studies reported that gallium nanoparticles can effectively import active
pharmaceuticals to the macrophage, inhibit Mtb growth and reduce the inhibition
of phagosome maturation [152]. Furthermore, magnetic encapsulate nanoparti-
cles exhibit excellent drug release properties to the targeted site and might be
suitable as the carrier of anti-TB drugs. The suggested mode of action for antibac-
terial activity of gold nanoparticles is attributed to the generation of reactive oxy-
gen species that increase oxidative stress of microbial cells and result in the
release of intracellular lactate dehydrogenase enzymes into extracellular medium
forming vacuole leading to cell death [153]. Although the mechanisms behind the
biocidal activity of copper nanoparticles are not yet fully understood, however
some studies reported Cu ions nanoparticles might interact with phosphorus and
sulphur-containing biomolecules such as DNA and protein to distort their struc-
tures and thus disrupt biochemical [154].
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S Current Clinical Management Outlook
in Tuberculosis Treatment

Science and technology in the treatment and management of severe diseases have
significantly developed with advancements in diagnostic instruments and target
drug delivery pharmaceuticals. However, multidrug-resistance TB remains still a
serious public health crisis and a health security threat. The WHO indicated that
only one in three people with drug resistance TB accessed treatment in 2020.
Moreover, current WHO strategies for the formulation and treatment regimens for
multidrug resistance TB pay diminutive attention to the microbiological activity for
anti-TB drugs [155]. In 2020, an estimated 10 million people fell ill with TB and 1.5
million people died from TB. In addition, 1.1 million children fell ill with TB glob-
ally in 2020. Furthermore, the 30 high TB burden countries accounted for 86% of
new TB cases [156]. However, eight countries account for two-thirds of the total,
with India leading the count, followed by China, Indonesia, the Philippines,
Pakistan, Nigeria, Bangladesh, and South Africa [156]. Tuberculosis occurs in every
part of the world, WHO reported that 43% of new cases in the Southeast Asian
region, followed by African with 25% and Western Pacific with 18% [156]. Though
several issues are associated with the treatment and management of TB, globally
incidence of TB is dropped at about 2% per year with a cumulative reduction of
11% from 2015 to 2020. However, low- and middle-income countries that account
for 98% of the reported TB cases fall short of basic medications might be due to a
decline of 8.7% in spending in the last 2 years [157]. World Health Organization set
TB strategy target of ‘No TB patients’ adopted in 2015 to reach the milestone of 0%
with a target of 90% reduction in TB case and death by 2030 or 2035 [156].
Anti-TB drugs have been used for decades and strains that are resistant to one or
more of these medicines have been well documented in every country. At present
stage, the principal drugs for drug-resistant TB include rifampicin as first line for
6 months followed by fourth-generation fluoroquinolones and bedaquiline in regi-
mens. Other drugs are ‘companion drugs with high bactericidal activity’ used to
avert treatment failure due to acquired drug resistance against the basic drugs [158].
Globally in 2018, the success rate of multidrug/rifampicin resistance TB patients
was 59% [156]. Recently several studies indicated delivery of anti-TB drugs via
modified dosage or targeted delivery system can reduce the treatment region.
Furthermore, the application of nano-medicine is increasing rapidly with the prom-
ise of targeted and efficient drug delivery in the treatment and management of
TB. Nanomedicine addresses the lacunae within conventional therapy, as evidenced
by several preclinical and clinical investigations indicating site-specific drug deliv-
ery with reduced side effects and better treatment outcomes. The development of
such suitable and biocompatible targeted drug delivery vehicles include liposomes,
mesoporous particles, micelles, dendrimers, and nanoparticles. The pulmonary
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administration of rifampicin and ascorbic acid co-loaded alginate-chitosan nanopar-
ticles reported with prolonged antibacterial properties against Staphylococcus
aureus due to surface functionalization with chitosan [159]. Biosynthesized metal
nanoparticles including gold and silver fabricated by employing alginate followed
by co-encapsulating doxorubicin and rifampicin demonstrated pH-dependent
release with excellent in vivo imaging analysis [160]. Similarly, several studies indi-
cated that alginate could be a potential carrier for anti-TB drug’s ineffective treat-
ment and management of tuberculosis.

6 Bibliometric Analysis of Alginate-Based Nanoparticles
in the Treatment of Tuberculosis

Over the years, there has been increasing research interest in alginate-based nano-
materials considering tuberculosis management. Therefore, it will be enthralling to
examine the overall trend and the new research direction in this field. A bibliometric
analysis is an appropriate technique to utilize in this case. Additionally, bibliometric
analysis has gained immense popularity in various research segments, and popular-
ity attributed to the (I) advancement, availability, and accessibility of bibliometric
software such as Gephi, Leximancer, VOSviewer, and Scientific databases such as
Web of Science and Scopus, and (II) the cross-disciplinary pollination of the biblio-
metric methodology from information science to research in health science. The
bibliometric analysis enables scholars to identify patterns of publication, authors
prolific, top affiliation, year trends, citation tends, document type, productive source
outlet over the period [161]. Moreover, in our study, we emphasized the significant
contribution of authors, organizations, countries, and document sources with link-
age among others.

Study Design
This study reported here follows Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) extension statement for network meta-analysis [162].

Data Collection

The data set presented in this study was obtained from the ‘Scopus’ database, with
approximately 69 million records and access to Elsevier and the author’s citation
database [163]. In addition, to maintain consistency and to avoid data overlap, data
sets were collected simultaneously from the Web of Science. Initially, data was
obtained from the Web of Science and Scopus to compare the volume of the mate-
rial available on each database. The Scopus database had 3776 published scientific
papers relating to the topic, while the Web of Science yielded 419 published research
papers. The data retrieval steps and the inclusion and exclusion criteria are depicted
in Fig. 2. In this study, the data set was collected from 1994 to 2020 and accessed
on 1 December 2021. Data were retrieved using “alginate nanoparticles”, “sodium
alginate nanoparticles”, and “alginate nanoparticles in tuberculosis” as core key-
words. The strategic search in retrieving original research published during 1994 to
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Study design in accordance with Preferred Reporting Items for
Systemic Reviews and Meta-Analysis (PRISMA)
Keywords: “alginate*” or “alginate nanoparticles*” or “sodium alginate
nanoparticles*” AND *“alginate tuberculosis™ or “alginate nanoparticles tu
berculosis™ or “sodium alginate nanoparticles tuberculosis™ or “metallic
nanoparticles tuberculosis™
Document types: Articles, Conference proceedings
Access: All
Date: 1994—2020
Specification: Title, keywords, and Abstract

Excluded documents: Keywords
not relevant to pharmaceuticals,
Irrelevant subject area, other than
english language scientific data

A

Data exported from Scopus to|
Microsoft Excel for vetting
>

Data exported to VOSviewer rAnalysis: Publication during 1994
-Visualizing scientific land- to 2!?)2]}, s[vailabilit)r ofdocumclnls,
scapes (version 1.6.17) for participation of authors, countries,

analysis journals, and occurrence of keywords

Analysis: Co-authorship with au-
thors, co-authorship with country, co-
occurrence of keywords, citation of
authors, bibliographic coupling with
country, co-citation of sources, and
co-citation of cited authors.

Fig. 2 Process flowchart for systemic bibliometric analysis of data retrieved from Scopus data-
base on “alginate*” or “alginate nanoparticles*” or “sodium alginate nanoparticles*” AND “algi-
nate tuberculosis” or “alginate nanoparticles tuberculosis” or “sodium alginate nanoparticles
tuberculosis” or “metallic nanoparticles tuberculosis”, dated 1 December 2021

2020 is as follows: (“alginate®™” or “alginate nanoparticles*” or “sodium alginate
nanoparticles*”) AND (“alginate tuberculosis” or “alginate nanoparticles tubercu-
losis” or “sodium alginate nanoparticles tuberculosis” or “metallic nanoparticles
tuberculosis™) were entered with the specific document type. The quotation marks
(“”’) were used for specifying the exact required phrase, whereas the asterisk (*) was
a shortcut for retrieving both the singular and plural versions of required keywords.
Document type was limited to original article or conference proceedings paper only
and publication year ranged from 1994 to 2020, to internment original research
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from the beginning. The 1780 data obtained from the Scopus database following
exclusion criteria were imported into VOSviewer-Visualizing scientific landscapes
(version 1.6.17) software and Microsoft Excel (version 2010) for further analysis.
Data exported to Excel were edited, sorted, and categorized based on inclusion and
exclusion criteria, year of publications, countries, region, and fields. The data set
was later imported to VOSviewer and used to create network maps of co-authorships
of authors and countries, co-occurrence of indexed keywords, citation of authors,
citations of countries, bibliographic coupling of authors and countries, and co-
citations of cited source with authors.

The results for the data collected for the bibliometric analysis on alginate-based
nanomaterials in the treatment and management of tuberculosis from the stipulated
period of 1994 to 2020 are presented in Fig. 3. The following analyses were studied
for the trend of publication, the interaction between countries/regions, institutions,
authors, and journals. Key indicators were allocated to highlight the collaborative
efforts and highlight key participants at the forefront of alginate nanoparticles in the
treatment of tuberculosis research.

Initially, a total of 3776 documents were retrieved using the search keywords;
however, several documents were excluded considering the exclusion criteria of the
study. The included documents were recorded 1664 and 130 for original articles and
conference proceedings, respectively. Figure 3 conveys the increase in publication
trends of scientific data that indicate the severity of disease and resistance against
potential antibiotics used during the management of TB. Clustering and network
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Fig. 3 The figure denotes the publication trend of scientific papers published during 1994 to 2021
for “alginate nanoparticles*” “tuberculosis*” during 1994-2021 imported from Scopus on 6
December 2021. (For interpretation of the results to colour in this figure legend, the reader is
referred to either web version of this chapter or colour print)
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visualization mapping is an important tool in bibliometric analysis that provides
enrichment to the exported dataset with a primary goal to create thematic or social
clusters with overlay in the visualization network.

Co-authorship analysis represents the interaction among scholars in a research
field. Since co-authorship is a formal way of intellectual collaboration among schol-
ars, therefore it is important to understand how scholars interact amongst them-
selves including associated authors with their institutional affiliation [164]. In fact,
collaboration among scholars can lead to improvements in research, for example,
contributions from different scholars can contribute to greater clarity with ironic
perceptions. Figure 4a conveys the overlay visualization for co-authorship of
authors considering the number of citation received from 2015 to 2019 with a maxi-
mum number of five documents of an author. Out of 6657 authors, 174 meet the
thresholds, and among them, the top authors were Khuller G K, Sarmento B, Sharma
S, Chen S, Zhang y, Liu J, Primo A, and Liu y with citation and total linkage strength
of 928, 816, 810, 680, 635, 611, 608, and 601 and 16, 4, 12, 43, 66, 76, 6, and 61,
respectively. However, Sukhodub IF received the least citation and linkage strength
of 11 and 0, respectively. The citations-based overlay visualization between co-
authors of different countries with a minimum number of five documents per

Fig. 4 Overlay visualization for co-authorship of author citation (a), overlay visualization for co-
authorship of authors amid countries (b), co-occurrence of all keywords with their total link
strength (c¢), co-citation of authors’ published documents (d). (For interpretation of the results to
colour in this figure legend, the reader referred to either web version of this chapter or colour print)



224 R. P. Patel et al.

country is presented in Fig. 4b. A total of 57 meet the thresholds amid 88 countries;
among them top countries were China, India, United States, and Iran with citation
and total linkage strength of 10,566, 6452, 4704, and 4333 and 173, 83, 136, and 45,
respectively.

The Scopus database gave a holistic view of the various categories that publica-
tion come under. However, it must be noted that there are overlaps with these key
research areas, and it is only a primary indication of the prevalent categories.
Figure 4c demonstrates the occurrence of all keywords with a minimum number of
five occurrences. The distinctive clusters in Fig. 4c indicate the usage of similar,
most commonly, and the least commonly used keywords in their publications. A
total of 1441 keywords meet the thresholds among 13,264 keywords. The topmost
keywords overall in this study were Nanoparticles, Alginate, Alginic acid, and
Sodium alginate with an occurrence and total link strength of 814, 578, 481, and
433 and 13,202, 8933, 12,864, and 5724, respectively. However, the least transpired
keywords were Antitubercular Drugs, Osteoblast, Skin Fibroblast, Mycobacterium
Bovis BCG, and Lung Alveolus Macrophage with an occurrence of 5. The citation
of authors with a maximum number of authors of 25 per paper and a minimum
number of 5 documents were presented as overlay visualization in Fig. 4d. The top
five authors document for the treatment of TB using alginate nanoparticulate carrier
were Khuller GK, Sarmento B, Sharma S, Chen S, Zhang y with citations and link-
age strength of 928, 816, 810, 680, and 635 and 35, 35, 29, 88, and 46, respectively.
However, aside from total publications, the total linkage strength is another impor-
tant indicator to the study the author Gao Y toped among 6657 authors with total
linkage strength of 339.

Bibliographic coupling is a technique for screening and mapping operating on
the assumption that two publications share common references with similar in their
content. The analysis concentrate on the division of publications into thematic clus-
ters based on shared references, and its best used within a specific timeframe [165].
Bibliographic coupling or participation between countries with a maximum number
of ten documents and a minimum number of five documents per country indicated
57 countries meet the thresholds among 88 countries as presented in figure 8. The
bibliographic coupling of documents among top counties was China, India, United
States, Iran, and South Korea with total linkage strength of 31,841, 20,892, 18,019,
13,685, and 9399 respectively. Figure 5a also expresses that authors from Asia and
its continents contribute 64% of publications for this topic, followed by the United
States, Iraq, and South Korea. Moreover, these initial studies suggested that these
regions/countries are leaders in the research relating to alginate nanoparticles in the
management of TB. However, an important factor to also consider is the population
of the leading country is comparatively high than other countries.

Co-citation analysis is a technique for scientific data mapping that assumes pub-
lications are cited together frequently with similar thematically [166]. This analysis
is used to reveal the intellectual structure of a research field including its underlying
theme. Moreover, the co-citation network indicates interconnection between two
publications when they co-occur in the reference list of another publication.
However, co-citation analysis more emphasizes on highly cited publications, and
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Fig. 5 Bibliographic coupling of countries with total link strength (a), co-citation of cited sources
with total link strength (b), co-citation of cited authors with total link strength (c¢). (For interpreta-
tion of the results to colour in this figure legend, the reader referred to either web version of this
chapter or colour print)

leave that are recent especially thematic issues. Figure 5b conveys the seminal pub-
lication and knowledge foundation of co-citation of cited sources with a minimum
number of ten citations per source. A total of 15,580 journals participated in the
publication; among them 1002 meet the inceptions. The journals were grouped into
four distinct clusters. Biomaterials have the greatest mapping in cluster 1 with green
colour, carbohydrate polymers showed mapped clusters in red colour, and food
hydrocolloids showed mapped clusters in yellow colour. However, the Journal of
Controlled Release showed clusters connection in blue and green. The results of the
bibliographic analysis indicated the top five co-citations of source as Biomaterials,
Carbohydrate Polymers, Langmuir, Biomacromolecules, and International Journal
of Biological Macromolecules with citation and total linkage strength of 1475,
1041, 914, 735, and 715 and 48,940, 37,007, 31,629, 26,575, and 25,727, respec-
tively. However, the Journal of Nuclear Medicine obtained the least citations and
linkage strength of 10 and 84. The current impact factors (for the year 2021) of the
journals compared to the number of total publications were also analysed. Impact
factors are a commonly used tool to evaluate the relative significance of an article
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within a particular field, with the frequency of papers published weighed against the
citations per document within a stipulated period. The top five cited journals in this
study were ranked under the top ten in biomedicine, polymer science, and allied
health science with an impact factor of 12.479, 9.381, 6.988, 6.95, and 3.882 for
Biomaterials, Carbohydrate Polymers, Biomacromolecules, International Journal
of Biological Macromolecules, and Langmuir, respectively.

The results of bibliographic mapping of the minimum number of 10 citations of
authors are presented in Fig. 5c. A total number of 121,886 authors participated in
the study, among them 4076 meet the thresholds. Wang Y, Zhang Y, Liu Y, and Li Y
was the top-cited author with citation and linkage strength of 740, 697, 683, and 668
and 58,596, 52,355, 50,519, and 50,692, respectively, were among the top 1000
authors in the study. However, Zhang X documents gained linkage strength and cita-
tion of 63,304 and 661, respectively.

7 Conclusion

Tuberculosis has been intimidating for a decade, and the discovery of antibiotics
with progressive development and transformation of drug delivery from conven-
tional to nanoparticulate systems has provided the chance for recovery. However,
the progression of multidrug resistance with strains continuously create challenges
to the current treatment strategies. Development and discovery of novel antibiotics
against TB remains a priority; however, the development of nanoparticles of exist-
ing drugs using biodegradable polymers and bio-reduction of metallic nanoparticles
may represent a cost-effective and promising alternative. Sodium alginate fortified
anti-TB agent as nanoparticles demonstrated significant efficacy with several advan-
tages including improvement of drug bioavailability with reduction in dosing fre-
quency. Moreover, considering the efficacy and biocompatibility, sodium alginate
nanomaterials create an effective basis for the management of the diseases and mak-
ing treatment regime more practical and affordable. Additionally, a short bibliomet-
ric analysis enables scholars to identify patterns of publication, prolific authors, top
affiliation, year trends, citation tends, document type, productive source outlet over
the period that can influence future research trends. Undoubtedly, success of such
nanomaterials-based anti-TB agent depends on pre-clinical and clinical studies,
which can bring more insight into their potential to commercialize it.
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Abstract Tuberculosis is a significant public health issue prevailing globally.
Despite the progress in science and technology, TB is still an ongoing challenge.
The discovery and development of novel molecules with potential antimicrobial
activity against Mycobacterium tuberculosis and delivering them via appropriate
drug delivery system is a promising tool in treating TB effectively. The applications
of nanocarriers for the delivery of drugs to target organs and the modification of
drug disposition have been thoroughly studied and investigated. Due to some
demerits of liposomes, niosomes paid more attention as a vesicular system for
entrapment of drugs, especially anti-TB drugs. These novel vesicles offer reductions
in dosing frequency, increasing therapeutic effect in lungs by more accumulation,
controlled and prolonged release of drugs. Adequate experimental evidence and
data revealed the fact that nanomedicines for anti-TB drugs are significantly
effective way to go compared to available conventional chemotherapy practices of
TB. Currently, scientific literature and data for niosomes bring attention about its
potentialities for development of anti-TB formulations. Furthermore, in-depth
interest is required in development of newer and specific surfactants to produce
specialized niosomes for drug targeting. Currently, improvement has made upon
time to reduce burden of TB worldwide. Still, it requires deep understanding,
education and awareness, thorough research, more financial investment to build up
necessary infrastructure, improved standard of living to maintain the gains and
attain advancement in the objective of TB-free world.
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1 Introduction

Tuberculosis (TB) is becoming a worldwide problem due to M. tuberculosis, mainly
affecting lungs [1]. The increased frequency of TB among the poor is exacerbated
by war, poverty, homelessness, and a lack of medical treatment [2]. Because tuber-
culosis is easily transferred from person to person, a rise in TB in any section of the
population puts everyone at risk. This is evident by World Health Organization
Report on TB 2021 as TB is 13th prime disease responsible for deaths and second
highest infectious disease after COVID-19. Without proper treatment, 45% of HIV-
negative people with TB on average and nearly all HIV-positive people with TB will
die [3]. This necessitates the implementation and maintenance of important public
health measures such as screening, vaccination (if necessary), and treatment. A lack
of public health measures will lead to increase the number of cases. The inadequate
treatment promotes the spread of tuberculosis-resistant strains [4].

The incidences of multidrug-resistant tuberculosis are in an alarming state [5].
TB is a leading and difficult disease to be solved on urgent basis. The frequent and
inadequate administration of antibiotic drugs results in the development of the dis-
ease that is not easily curable. Threatening bacteria and viruses resistant to various
antibiotics are increasing day by day from last decades evident by pandemic effects
of COVID-19. Exposure and disturbance of resistant strains have been observed for
long [6]. Inappropriate treatment of antibiotics results in the increasing intensity of
the disease. The moderate antibiotic susceptibility of the bacteria of tuberculosis
results in treatment failure [7].

Still, 10 million people developed TB in 2020. The large worldwide drop in the
number of cases decreased to 5.8 million from 7.1 million in 2020 compared to
2019. Moreover, TB still remains main source of morbidity and mortality, and goal
of TB-free world is far from achieved. This indicates still huge investment is
required for in-depth research in TB to eradicate it by driving newer technologies
and rapid innovations to reach targets. In spite of huge funding per year for preven-
tion and treatment of TB, the number of cases in 2020 was somewhat high com-
pared to 2019 as less number of people provided TB treatment. This disruption was
probably due to COVID-19. As per target in 2022, 40 million will be provided with
TB preventive treatment (Fig. 1).

TB is transmitted by air and spreads when people infected with TB throw out
bacteria into the air through coughing; susceptibility, infectiousness, environment
and exposure are the critical parameters for determining transmission probability of
M. tuberculosis. No environmental reservoir is known for pathogen of TB, ‘humans
are its only known reservoir’ [8]. Small particles containing M. tuberculosis expelled
in the air can remain suspended in the air for several hours, responsible for infec-
tion [9].
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Fig. 1 Targets for increasing funding for research versus number of people provided with preven-
tive treatment by 2022

2 Conventional Therapy Versus Future Need

Various conventional antitubercular drugs such as first-line oral anti-TB drugs
(Isoniazid, Pyrazinamide, Ethambutol, Rifampicin, Streptomycin) injectable drugs
(Kanamycin, Amikacin, Capreomycin, Vancomycin), newer Fluoroquinolones
(Levofloxacin, Ciprofloxacin, Ofloxacin, Moxifloxacin, Gatifloxacin), oral second-
line anti-TB drugs (Thiacetazone, P-amino salicylic acid, Ethionamide, Cycloserine)
and other newer drugs with limited data such as Bedaquiline, Delamanid, Linezolid,
Imipenem and certain other drugs with unclear action and function are available in
the treatment of TB. Adverse effects and poor patient compliance are major draw-
backs associated with conventional antitubercular therapy. Furthermore, develop-
ment of drug-resistant strains against major antitubercular leads to failure in the
treatment of TB [10, 11]. The development of effective drug combinations is always
required in all the regimens to avoid the development of the drug-resistant TB.
Multidrug-resistant TB and extensively drug-resistant TB are the driving reasons
of spreading TB. The development of novel effective drugs is necessary to get rid of
TB. Drug resistance is also not solved by newly developed drugs like bedaquiline
and delamanid [12-14]. Some of the new promising drugs are under phase II and III
clinical trials. Moreover, more investigation and detail research is required to iden-
tify and discover potential new drugs and their combination to effectively treat TB
[15]. An efficacious drug regimen should be investigated thoroughly. Also, new
treatment strategies with newer approaches are strongly required to combat TB [16,
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17]. Numerous antibodies having distinctive properties have been discovered to
control drug resistance and reduce dosage regimens [18]. Many researchers are
engaged in the development of novel anti-TB drugs worldwide. Still, efficacious
drugs active against resistant strains are needed on an urgent basis [19-23].

The formation of the Global Alliance for TB Drug Development (GATB) altered
the scenario on TB. The GATB will fill spaces in the R&D by collaborating with
groups like university institutions, government and non-governmental organiza-
tions, the pharmaceutical sector and research firms on a contract basis. It will also
encourage medication development for tuberculosis by providing a framework for
bringing together the many aspects of the process [24].

Any new medicine for tuberculosis must be superior to the present treatment.
The GATB has set numerous objectives for the development of novel medicines in
the fight against tuberculosis. These include lowering doses, shortening treatment
duration, improving the treatment of MDR-TB and offering better treatment of
latent TB [25].

3 Current Challenges/Knowledge Gap

In spite of the various ventures to control and standardize TB prevention strategies,
wide variation is observed globally in the selection and implementation of control
strategies among different countries. These variations are mainly availability of
resources, prevalence of TB, incidence of TB, rate of HIV co-infection, priorities of
TB control programs, controversy in TB treatment, volume of migrants, TB diagno-
sis among immigrants, etc. [26].

The other main challenges in controlling TB in underdeveloped and poor nations
are mainly poor healthcare systems in rural areas, private health sectors without
regulation, unreasonable use of anti-TB drugs, prevalence of HIV infection, pov-
erty; lesser involvement of government, corrupt government, negligence towards
TB by rich people [27]. Use of unpasteurized milk and dairy products is one more
likely source of TB for humans [28, 29].

Development and expansion of powerful National Tuberculosis Programmes
(NTPs) to defeat the social and economic limitations of the nations are needed. The
government of the individual nation should improve the diagnostic and therapeutic
facilities of the nation. Education among healthcare personal, improving awareness
for lifestyle and cough etiquettes in the community are the key factors to eradicate
TB [30]. ‘Indeed, there is a need in compiling viewpoints and beliefs about TB by
various stakeholders working in the healthcare field globally especially related to
status and challenges of TB’. Moreover, successful drug delivery systems and potent
strategies for the development and administration of novel TB vaccines should be
considered as prime current needs.
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4 Novel Trends for the Treatment of TB
Using Nanomedicines

Earlier to the discovery of nanomedicines, several traditional techniques and meth-
ods were utilized for the diagnosis of TB (Fig. 2). Several newer techniques and
nanomedicines have been investigated and reported for the treatment of
TB. Numerous delivery systems are used to target anti-TB drugs at a specific site.
In spite of currently available effective drugs and regimens, urgent focus should
emphasize in order to target anti TB drugs with correct therapeutic effects. For this,
nanotechnology and nanocarriers are promising for the development of an effective
drug delivery system for TB treatment [18].

Recently, various nanocarriers have been developed to entrap antitubercular
drugs to deliver them to targeted sites effectively [31]. These nanocarriers are
designed to release the drug in a controlled pattern to a specific target, increase the
bioavailability of drugs, reduce dosing frequency, improve patient compliance and
solve the issue associated with nonadherence of therapy. This leads to the success of
therapy of TB [32, 33]. Various nano-sized carriers like liposomes, niosomes,
nanoparticles, liquid crystals, micelles, nanoemulsions, dendrimers, nanospheres,
nanocapsules, carbon nanotubes and nanoconjugates have been reported to target
drugs at specific sites in order to achieve effective control over TB. However, high
concentrations of polymers, low drug loading, costly formulations, use of organic
solvents are several associated demerits of novel systems [34-36].

Certain newer implants such as microparticulate and carrier-based drug delivery
systems to deliver anti-TB drugs, decrease dosing frequency and improve patient
responses have been reported. Among these nanocarriers, niosomes can be consid-
ered as one of the best carriers to deliver anti-TB drugs at target site [37].
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Anti-TB drug (ATD) formulations containing entrapped isoniazid using poly-
mers using polymethyl methacrylate, polyvinyl chloride, and carbomer have been
reported [38]. In the early 1990s, the release kinetics of encapsulated isoniazid was
studied using Eudragit RS 100 [39]. After that, significant advancement has been
reported to incorporate ATDs in nanoformulation for two decades [40—44].

Enough experimental data revealed that nanomedicines containing ATD is sig-
nificantly better way to treat and control TB compared to conventional therapy and
practices. The analysis of recent data showed that there are still unfulfilled mile-
stones in this area that obstruct clinical trials for further development of nanomedi-
cines entrapping antitubercular. Still, several considerable challenges should be
analysed and addressed for the routes of administration of ATD during nanomedi-
cines development as oral treatment would be more comfortable and patient-
friendly. An injectable formulation requires medical supervision and expertise and
also has other challenges in pulmonary drug delivery. However, significant improve-
ment in methods and techniques of manufacturing allows the formulation of ATD
nanomedicines with ease, gaining interest in pharmaceutical industries in this
domain [45].

5 Niosome as a Novel Vesicular System

Currently, in the era of nanomedicines and drug delivery, more attention has been
given to vesicular systems, specially niosomes and liposomes [46-50]. Among
reported nanovesicles, liposomes are spherical vesicles consisting of phospholipids
bilayers, was first characterized as drug transporters in the early 1960s [51, 52].
Nonionic surfactant-based vesicles are investigated for applications for drug deliv-
ery or gene transfer. Nevertheless, characteristics and features of niosomes com-
pared to liposomes are not documented well [53]. From the three decades, unique
advantages of niosomes pay more observation as potential nanocarriers [54].
Nonionic surfactants having tails (hydrophobic part) and heads (hydrophilic part)
show properties of self-assembling, varieties of shapes such as micelles and lamel-
lar bilayer [55].

Several studies reported that niosomes act in vivo identical to liposomes [56, 57].
Niosomes are more stable and slightly leakier than liposomes. In contrast to lipo-
somes, niosomes can create certain structures such as proniosome, discome and
aspasome to entrapped drug [58]. Liposomes are prone to oxidative degradation, but
niosomes are more stable. Therefore, niosomes are an easier and inexpensive way
of carrier systems. Furthermore, the size of niosomes decreases significantly upon
freezing in liquid nitrogen and following thawing.

Dissimilarities in attributes among niosomes and liposomes are mainly due to
formulation components as niosomes are produced by nonionic surfactants and cho-
lesterol; however, liposomes are produced by double-chain phospholipids. Niosomes
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contain a lesser amount of cholesterol compared to liposomes. Consequently, nio-
somes have greater drug entrapment efficiency to that of liposomes. Moreover, lipo-
somes are more costly than niosomes and require special handling and storage
conditions. The purity of phospholipids varies as they are obtained from natural
sources.

5.1 Structural Components of Niosomes

Niosomes consists of drugs, cholesterol or its derivatives, nonionic surfactants,
hydration medium and sometimes ionic amphiphiles. Both the water-soluble and
insoluble drugs can be encapsulated in niosomal form [59, 60]. The amphiphilic
character of molecules is an unexplained requirement for them to form vesicular
assemblies, and the type of enabling hydrophilic head groups is varied. Alkyl ether
lipids are the most common nonionic molecules that form vesicles.

5.1.1 Nonionic Surfactant

The prime components of niosomes are nonionic surfactants. Niosomes entrapment
efficiency of drugs is mainly affected by head and tail of nonionic surfactants. The
structure of surfactant and its HLB value plays a crucial role in the stability and size
of niosomes, respectively. Mainly HLB value of nonionic surfactants ranging from
14 to 17 is not selected for the formulation of vesicles as it forms a bigger size of
niosomes [61, 62].

Alkyl ethers are most stable and better vesicle forming nonionic surfactants and
are able to entrap macromolecules like peptides and proteins [63, 64].
Polyoxyethylene 4 Lauryl Ether (Brij 30-HLB value-9.7) forms large unilamellar
vesicles [65]. Cetyl derivatives of polyoxyethylene (Polyoxyethylene Cetyl Ether
(Brij 52, 54, 58)) can be used for vesicle formation. Polyoxyethylene ether deriva-
tives like Polyoxyethylene Stearyl Ethers (Brij 72 and Brij 76) form vesicles espe-
cially Brij 72 having HLB 4.9 produce multilamellar vesicles [66].

Sorbitan fatty acid esters mainly span [20, 40, 60, 65, 79, 84] are used to produce
vesicles. Vesicles forming from higher molecular weight spans are most stable to
osmotic grades [67]. Polyoxyethylene sorbitan fatty acid esters like Tween [20, 40,
60, 65,79, 84] are used for niosomes formation [68]. Block copolymers like Pluronic
L64 and Pluronic p105 are hydrophilic nonionic surfactants used for niosomes for-
mation [69]. Fatty alcohols and fatty acids are also used to form ‘Ufasomes’ vesi-
cles. Newer classes of surfactants like Bola surfactants and Gemini are utilized to
formulate novel and specialized noisomes. Tyloxapol has been used to formulate
niosomes to load antitubercular drugs [70].
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5.1.2 Cholesterol

Cholesterol is used to provide mechanical rigidity, orientational order and stabilize
membrane of vesicles. This results in formation of less leaky niosomes having
increased entrapment efficiency [71]. Cholesterol is mixed with bilayer membranes
to control the structure and flexibility of membrane as cholesterol alone cannot form
a bilayer structure.

5.1.3 Charge-Inducing Molecule

Several charge-inducing molecules are incorporated in the formulation of niosomes
to improve the stability of niosomes by electrostatic repulsion and prevent aggrega-
tion and coalescence. Negative charge inducers and positive charge inducers develop
surface charges on vesicles and enhance their stability.

5.1.4 Hydration Medium

Phosphate buffer is mainly used as a hydration medium for the preparation of nio-
somes. Buffers of different pH values 5 and 7 are used according to solubility of
entrapped drugs like pH 5 phosphate buffer is used for niosomes containing ascor-
bic acid [72], and pH 7 is used for niosomes containing aceclofenac [69].

5.2 Factors Influencing Niosomes’ Formulation

The production of niosomes mainly relies on proper knowledge and a detailed
understanding of the various properties of formulation ingredients. Various factors
affecting the formation of niosomes are discussed as follows:

5.2.1 Type of Surfactants

The selection of surfactants is greatly affected by formation of niosomes. Nonionic
surfactants are widely used for production of niosomes due to its versatility. Wide
varieties of nonionic surfactants, their derivatives with examples and selection of
different nonionic surfactants along with their HLB values for the formation of
unilamellar and multilamellar vesicles are discussed in structural components of
niosomes earlier in this chapter.
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5.2.2 Thermodynamic Feature

Thermodynamic stability of niosomes can be achieved by selecting appropriate
concentration of surfactants and formulation additives. Different kinds of energies
like mechanical energy, chemical potential excess energy and surface energy are
required for the development of niosomes. Compared to submicron size niosomes,
particles with size ranging from 1 to 10 mm are found more stable [73].

5.2.3 Hydrophilic-Lipophilic Balance

HLB value is a critical parameter affecting the size and entrapment efficiency of
niosomes. Surfactants having HLB values ranging from 4 to 8 are more suitable for
the formation of vesicles. Surfactants having HLB values greater than 6 are rarely
used as they are not able to form vesicles properly; hence, cholesterol is an essential
component for the formation of niosomes [74].

5.2.4 Geometric Features of Amphiphilic Molecule

The morphology of the niosomes is generally anticipated by geometric features of
the surfactant used for the preparation. According to the critical packing parameter
(CPP) value, the shape and size of the equilibrium aggregate will form spherical
micelles (CPP < 0.33) to cylindrical micelles (1/3 < CPP < 0.5), bilayers
(0.5 < CPP £ 1), or inverse micelles (CPP > 1) [75].

5.2.5 Gel-Liquid Transition Temperature (Tc)

Phase transition temperature (7c) greatly affects entrapment efficiency, membrane
permeability, bilayer rigidity and stability of niosomes. 7c and alkyl chain length of
nonionic surfactants are mutual parameters that affects niosomes formation. It has
been reported that niosomes prepared from surfactants with less Tc value produced
more flexible vesicles [76]. More Tc values improve encapsulation efficiency of
niosomes. The hydration medium’s temperature should be more than the 7c of the
system as it will directly affect the formation of niosomes and the development of
changes in a bilayer structure.

5.2.6 Additive Agents

Additives are added in niosomes formation to alter the biodistribution, improve
physical stability and permeability of niosomes. The addition of cholesterol affects
the structural properties of vesicles. The amount of cholesterol required depends on
the HLB value of the surfactant. The other common additives are ionic compounds
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(a) | Based on Size

(b) I Specialized Niosomes I

l l l
o B

A) Proniosomes, B)Elastic niosomes, C) Transfersomes, D) PEGylated niosomes, E) Hybrid
Niosomes, F) Polyhedral Niosomes, G) Discomes, H) Bola niosomes, 1) Aspasomes

Fig. 3 Different types of niosomes: (a) based on size and (b) specialized niosomes: (A) pronio-
somes, (B) elastic niosomes, (C) transfersomes, (D) PEGylated niosomes, (E) hybrid niosomes,
(F) polyhedral niosomes, (G) discomes, (H) bola niosomes, (I) aspasomes

such as dicetyl phosphate, stearyl amine, or stearyl pyridinium chloride are utilized
in the formulation of niosomes to increase its stability [77].

5.3 Classification of Niosomes

Different types of niosomes are reported as follows and shown in Fig. 3:

5.3.1 Based Upon the Size and Lamella

e Small unilamellar vesicles (SUV — 0.025 — 0.05 pm)
e Large unilamellar vesicles (LUV —>0.10 pm)
e Multilamellar vesicles (MLV —>0.05 pm)
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5.3.2 Specialized Niosomes

Proniosomes: These are prepared using water-soluble carriers by applying a thin
coat of nonionic surfactant. The dry powder form of niosomes has certain merits
compared to simple niosomes like better stability, less drug leakage and aggre-
gates formation [78].

Elastic Niosomes: These are flexible kinds of niosomes; the formulation ingredients
of these niosomes are surfactants, cholesterol, water and ethanol. Elastic nio-
somes are mainly used in transdermal/topical formulations [79, 80].

Discomes: These are large disc-like structures mainly formulated by hexadecyl
diglycerol ether, cholesterol and dicetyl phosphate [81].

Bola Niosomes: Bola surfactants are used to formulate bola niosomes. This specific
kind of surfactant was observed in the archaebacteria’s membrane in 1980s. This
surfactant having strong assembly-forming ability was reported by Zakharova in
2010 [82].

Transfersomes: These are newer deformable types of vesicular carrier systems
majorly made up of phospholipids with self-assembly into a bilayer of lipid in an
aqueous media and close to producing vesicle. Wide varieties of drugs can incor-
porate and entrap transfersomes as they contain both hydrophobic and hydro-
philic functional groups [83].

Aspasomes: Ascorbyl palmitate forms vesicles with cholesterol and dicetyl phos-
phate called negatively charged lipid. Thin film hydration and sonication meth-
ods are used for preparation of aspasomes. These types of niosomes have been
studied for drugs via transdermal delivery and offer greater permeation [84].

PEGylated Niosomes: PEGylated niosomes is a favourable vesicular system for
anticancer compound having higher encapsulation capacity, good colloidal sta-
bility, more cellular uptake, greater bioavailability and chemical stability [85, 86].

Hybrid Niosomes: These niosomes are favourable for targeted drug delivery, co-
delivery and multifunctional biomedicine applications. Furthermore, it provides
increase therapy outcomes offering more drug entrapment efficiency [87, 88].

Polyhedral Niosomes: They are made by hexadecyl diglycerol ether replaced with
one of the nonionic surfactants and polyoxyethylene24 cholesteryl ether in
absence of cholesterol. Hydrophilic drugs can easily entrap unconventional
structures of polyhedral niosomes [89].

5.4 Niosomes Preparation Methods

Various well-developed and studied methods and techniques are used for the formu-
lation of niosomes. Many of them are briefly discussed below:

In the thin film hydration (hand shaking) method, dissolved surfactants and choles-
terol formed thin film in a round-bottom flask upon vaporization of organic sol-
vents. Afterward scrapping of film and allowing swelling it in aqueous medium
above Tc of the surfactant for appropriate time interval by providing mild agita-
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tion leads to the formation of multilamellar vesicles followed by unilamellar
vesicles production by suitable treatment [90-92].

In the Ether injection method, surfactant and drug are solubilized in diethyl ether.
The solution is introduced to an aqueous phase at a low rate, then heated exceed-
ing the boiling point of the solvent. LUVs are formed by this method, and their
size is reduced further according to the requirement. During evaporation of the
organic phase, single-layered vesicles formed [93, 94].

Sonication is one of the older methods for the fabrication of niosomes. The desired
niosomes are obtained by sonicating the mixture at specific frequency, tempera-
ture and time. This method can be used to reduce the diameter of niosomes
[95, 96].

The submerged jet principle is used in the microfluidization method. In this tech-
nique streams of drug and surfactant interact at ultra-high velocity at a 100 ml/
min rate in the chamber. The niosomal vesicles are formed bypassing the solu-
tion from a cooling loop to remove heat generated by microfluidization [97].

In multiple membrane extrusion methods, thin film of the lipidic mixture is hydrated
with water or phosphate buffer saline containing water-soluble drug and obtained
mixture is extruded by membrane filter to obtain niosomes of required size
[98-100].

In reverse phase evaporation method, excipients for niosomes are dissolved in ether
and chloroform and incorporated to drug containing aqueous phase. These
immiscible phases are then mixed followed by removal of organic solvents at
lower pressure leads to formation of niosomes [101, 102].

Niosomes can be prepared using the bubble method, which is a single-step and
solvent-free process. Buffer solution containing surfactants and cholesterol
maintained at 70 °C is homogenized for 15 s by high shear homogenizer; after-
ward purging of nitrogen gas from the solution results in the formation of large
unilamellar vesicles [103, 104].

By emulsion method, O/W emulsion is formulated using surfactant, cholesterol and
drug in organic solvent. Later on, evaporation of the organic solvent forms nio-
somes dispersed in the aqueous media [105].

In transmembrane pH gradient, drug uptake method surfactant and cholesterol in
solution form are evaporated under decreased pressure to form a film. A hydra-
tion medium containing citric acid solution pH 4 is selected to hydrate film by
vortex mixing. The pH of the solution is maintained at 7.0-7.2 and heated at
60 °C to generate MLVs [106, 107].

The lipid injection method is an organic solvent-free technique used to produce
niosomal suspension [108, 109].

Mixed micellar solution with enzymes can be used to prepare niosomes. Ester link
breakage of polyethylene stearyl derivatives leads to generation of cholesterol
and polyoxyethylene which can further produce niosomes [110].

Niosomes are also prepared from proniosomes. Coating of surfactant on the sorbitol
or water soluble carrier forms proniosomes in dry form. Upon incorporation of
water phase at higher temperature more than mean phase transition temperature
forms niosomes from proniosomes [111, 112].
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Supercritical reverse-phase evaporation is solvent-free technique for niosomes pro-
duction. Niosomes can be easily scaled up to produce a large number of nio-
somes between 100 and 500 nm [113, 114].

5.5 Characterization of Niosomes

Evaluation of niosomes is required to control the quality of the formulations. Various
parameters such as size and shape [115-117], morphology, bilayer formation [118],
zeta potential [119, 120], membrane rigidity [121], entrapment efficiency [122],
stability, in vitro drug release [123, 124] and other important parameters with details
of instruments and features used to evaluate niosomes are described in Table 1.

5.6 Salient Features of Niosomes

Niosomes offers certain advantages such as they can entrap wide varieties of drugs
and also increases steadiness of drugs. Niosomes are osmotically active and stable.
They are biodegradable, biocompatible and non-immunogenic. Unacceptable sol-
vents are not used for production of niosomes. No special handling and storage
conditions are required as niosome has chemical stability due to its structural com-
position. Various properties, for instance shape, fluidity and size of niosomes, are
simply controlled by altering its structural components and manufacturing methods.
The high stability exhibited by long shelf life of niosomes permits the delivery of
drugs at specific targets in a controlled way. Niosomes can be easily administered
by different routes using different dosage forms. It improves the bioavailability of
poorly soluble drugs administered orally and increases the permeability of drugs by
topical application. They are a better alternative compared to oily formulations in
terms of patient compliance [125-130].

On the negative side, niosomes show some stability issue during storage such as
aggregation, fusion, drug leakage and hydrolysis of encapsulated drugs which limits
the shelf life of the dispersion. Furthermore, sterilization of niosomes formulation
is a challenging endeavour. Major sterilization processes are inadequate for steril-
ization of niosomes. Hence, more investigations may require in this area as future
direction.

5.7 Purification of Niosomes

Generally, purification of niosomes is required to separate unentrapped drugs in
vesicles. Some researchers used the dialysis method for the purification of vesicle
dispersion and further removal of unentrapped materials [131, 132]. Gel-filtration
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Table 1 Characterization parameters of niosomes

G. Patel et al.

Characterization Specificity/additional
parameters Description Instrumentation features
Vesicle size To check physical Photon correlation Rapid and non-
properties and spectroscopy (dynamic | destructive method
stability of light scattering) (measure size range
formulation Laser diffraction 3-3000 nm)
Polydispersity index DLS not give shape of
Electronic microscopy niosomes

Micron size niosomes
Distribution of niosome
size

Measure size of niosomes

Bilayer formation

To determine number
of lamellae

Bilayer’s packing
structure

Small angle X-ray
scattering

Nuclear magnetic
resonance Spectroscopy
Atomic force microscopy
Fluorescent polarization

Measure niosomal
bilayer’s thickness
Microviscosity of
niosomal membranes

Morphology Transmission electronic | Liquid sample
Mmicroscopy Solid sample
Negative-staining Bilayer thickness of
transmission niosomes
Electronic microscopy
Freeze-fracture
transmission electronic
Mmicroscopy
Scanning electron
microscopy
Atomic force microscopy
Zeta potential Physical stability of | Laser Indication of the degree
(vesicle charge) niosomes Doppler anemometry of electrostatic repulsion
Stability For physical, Measure by particle size | Determined at 4 °C,
chemical and and zeta potential 25°C,40°C at 75%
biological stability UV irradiation and Use to study
fluorescent light photodegradation of
niosomes
Entrapment Actual drug Spectrophotometry Number of marker
efficiency (EE) enclosement in Gel electrophoresis molecules entrapped
vesicles UV densitometry By dialysis,
Fluorescence marker centrifugation, or gel
(calcein) filtration
Separation of
unentrapped drug

In vitro drug

Determination of

Dialysis membrane

Release behaviour of

release percentage drug Franz diffusion cells niosomes
released
Spreadability For topical niosome | Spreadability test For uniform application
apparatus, texture on targeted site to ensure
analyser the suitable dose

(continued)
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Table 1 (continued)

Characterization Specificity/additional
parameters Description Instrumentation features
Rigidity Improves bilayer AFM

stability
Separation/ Ultracentrifugation Separate unentrapped
purification Gel filtration drug

Sephadex-G-50 column

Skin/corneal Confocal laser scanning
permeation microscopy (CLSM)

chromatography is a popular and versatile technique that allows the effective sepa-
ration of free molecules in high yield. To purify niosomes, centrifugation and ultra-
centrifugation separation were also reported [133, 134].

6 Niosomes in TB

Till time, the number of anti-tubercular drugs has been entrapped in niosomal form
successfully to deliver at targeted sites for the effective management of
TB. Encapsulation of drugs showed more cellular uptake compared to plain drugs.
Moreover, niosomal anti-TB drugs are able to deliver drug to where M. tuberculosis
hide. Various researchers have investigated niosomes containing anti-TB drugs and
achieved good cellular uptake of drugs, encapsulation efficiency and satisfactory
results of various characterization parameters of niosomes. Many researchers tried
to achieve the reduction of dose-related toxicity, drug targeting over M. tuberculo-
sis, increased antimicrobial activities, prolonged drug release, etc. Moreover, encap-
sulated niosomal drugs showed improved bioavailability and stability, better
pharmacokinetic profiles, and good localization in the lungs. Some of the outcomes
and results are summarized in Table 2.

7 Future Perspective of TB Treatment and Niosomes in TB

As a bacterial disease, TB has taken the lives of about a billion patients for two
decades. As per recent observation, there is a declining phase of TB globally, except-
ing nations having a greater number of HIV patients. Some of the critical parame-
ters like proper diagnosis, rational use of drugs, short treatment time, and effective
vaccine can play a crucial role to eradicate TB in near future. It is quite difficult to
predict future of TB as various factors related to TB are beyond the control of
researchers, pharmaceutical industries and clinicians. Currently, academy and
industry collaborative projects and varying international bodies come ahead in TB
research and development to get rid of TB. Still, rapid, accurate and cost-effective
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diagnosis, development of newer and effective drugs and vaccines are needed on
urgent basis for the treatment and prevention of TB.

However, numbers of downsides are associated with the current treatment of TB
like ineffective anti-TB drug regimens and development of multidrug resistance.
The longer period of the treatment proves poor patient compliance. Increased
resources and funding for TB research for the identification of new targets, develop-
ment of newer technologies and drug delivery systems can effectively manage the
decline phase of TB in a long run.

Though predicting the future of nanotechnology for the treatment of infectious
diseases like TB is difficult due to issues associated with treatment can be addressed
by increasing more focus on the development of multifunctional nanocarriers to
deliver one or more anti-TB drugs intracellularly to solve drug resistance.

Researchers have to focus on nanocarriers mainly vesicular systems for specific
drug targeting to achieve better therapeutic response. Also, potential nanocarriers
such as niosomes should be explored more for TB therapy. In comparison to other
nanocarriers investigated for TB therapy, niosomes showed superior chemical sta-
bility and offer numerous advantages.

Moreover, niosomes should be investigated thoroughly before they could take
place in applications in drug delivery for TB. There is a lot of scope to encapsulate
drug for infectious diseases, cancer, inflammation, AIDS, HIV and other categories
of drug in niosomal form as a promising drug carrier to achieve drug targeting.
Hence, niosomes can be successfully used as all-round tools in drug delivery system
in near future to treat TB. However, ‘the niosomal technology is still at a premature
stage and abundant work is still required to guide their future applications in differ-
ent clinical fields’. It is also important to focus more for developing newer nonionic
surfactants able to form novel and multifunctional niosomes suitable for preclinical
studies and later on to clinical studies for the successful and effective treat-
ment of TB.

8 Conclusion

Applications of nanotechnology and the usefulness of various nanocarriers can
solve the drawbacks of currently used anti-TB drugs. Nanocarriers can improve the
therapeutic efficacy of drugs. Smart, well-studied, cost-effective, easily accessible,
well-tolerated, safe and efficacious approaches should be developed to curb
TB. Still, combination therapy based on nanotechnology for TB is in its infancy.
Development of rational and effective combination therapy to treat multi-resistant
TB and latent TB with greater cure rate, lesser risk of associated adverse effects and
scalability is required on an urgent basis. Furthermore, easy access of various tools
to fight TB, development of appropriate and efficacious anti-TB formulation with
its right applications would be important parameters as a future preventive plan of
action to eradicate TB. By considering important properties of niosomes, it would
be the potential carrier to deliver antitubercular drugs at specific target sites. In spite



Niosomes in Tuberculosis 253

of this, younger system niosomes still offer unique advantages to deliver drugs. To
sum up, still more research requires understanding the true opportunities of these
vesicles to be effective in delivering anti-TB drugs. Moreover, emphasis should be
put on continued education, awareness programs and allocating high funding for
research for prevention and control of TB.
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Abstract Tuberculosis (TB) presents as the second most lethal infectious disease
after HIV/AIDS and has presented difficulty in treatment over the years, due to
prolonged duration of therapy and side effects of the drugs resulting in patient non-
compliance and the development of multidrug resistance (MDR) strains. Anti-TB
drugs incorporated in nanosystems may reduce side effects by delivering the drug
selectively into infection reservoirs such as macrophages, which may assist in clear-
ing the TB bacilli faster and reducing the duration of therapy. The rapid develop-
ment of nanosciences has improved the targeted delivery of therapeutics, offering
great benefits in the treatment of chronic diseases. Nanosystems demonstrate great
prospect by specific and selective targeting, supported by their ability to be surface
functionalized with targeting ligands. This chapter will therefore demonstrate the
state of the art in the development of surface-modified nanotechnology incorporated
with anti-TB therapeutics.
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1 Introduction

Even with enhanced research and decades of dedication towards finding the solution
for the best treatment of tuberculosis (TB) whilst ensuring efficacy and safety, TB is
still considered cataclysmic in nature, ranking first in mortality by a single infectious
agent in the world [34]. In 2019, it was reported that 1.4 million people died from
the disease. The mortality rate has been found to drop by 9% between 2015 and
2019 by 2% annually, but is still less than half the milestone 20% target set between
the years 2015 and 2020 in correlation with the United Nations Sustainable
Development Goals (SDGs) and World Health Organization (WHO) goals to end
TB by 2030 and 2035, respectively [75, 77]. With this target in place and our reports
not on track, it is evident that more interventions and efforts are needed to achieve
these goals. These interventions will need to improve the 6 monthly duration of
treatment and patient compliance which are causes of treatment failure and MDR
strains [15]. MDR strains require second-line drugs which take a longer period of
9-12 months to treat, increasing the possibility of patient incompliance and mortality.

With TB maintaining its notable mortality rate over the past decades, it has
become more evident that the conventional anti-TB therapeutic regimen with no
enhancing delivery system alone may not be sufficient to end TB in the set periods
due to the limitations it poses. Targeted drug delivery systems are looked up to as a
method to counter these limitations and enhance the therapeutic efficacy of these
drugs by enhancing drug permeability, decreasing resistance, providing controlled
drug release, increasing potency whilst decreasing dosage amount, frequency and
the potential for adverse effects [56].

The conventional anti-TB drugs poorly permeate the hydrophobic
lipoarabinomannan-rich envelope of Mycobacterium tuberculosis (M.tb), which
also includes a hydroxyl fatty acid, mycolic acid which is bound to arabinogalactan,
granting it a very hydrophobic character [56]. Out of the four standard anti-TB
drugs, isoniazid (INH), pyrazinamide (PYZ) and ethambutol (EMB) are all hydro-
philic in nature making them impermeable to these cell walls. Rifampicin (RIF) is
the only lipophilic drug and most structurally complex of all standard anti-TB drugs.
Studies suggest that lipophilic derivatives were more active against replicating
mycobacteria than its hydrophilic companions [50]; it was found that the applica-
tion of lipophilic compounds such as bedaquiline, rifapentine, clofazimine, PA-824,
sutezolid and the new nitroimidazole called TBA-354 on rats resulted in steriliza-
tion from M.tb in 6-8 weeks in comparison to RIF+INH+PYZ which took 6 months
[50, 74]. Additionally, only lipophilic compounds killed both dormant H12/H19
cells and A5/HS5 cells [50]. Based on such a background, a drug delivery system that
enhances permeability and internalization of hydrophilic drugs may be required to
improve therapeutic outcomes.

Targeted drug delivery systems will allow the encompassing of pulmonary thera-
peutic advancement and also extrapulmonary tuberculosis therapeutic advancement
which contributes to 16% of TB cases and is the most difficult to treat [77]. Central
Nervous System (CNS) manifestations of TB is the most prominent form of
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extrapulmonary TB, with worse therapeutic outcomes than pulmonary TB due to a
lack of an effective system to ensure drug delivery to require site of action. From the
first line, only INH and PYZ show sufficient CSF bioavailability but RIF and EMB
have been shown to have poorer CSF bioavailability, thus requiring a higher dose
for therapeutic relevance consequently causing an increased severity in the possible
adverse effects like cerebral haemorrhage and visual impairment, respectively.
Fluoroquinolones, a second-line agent, also have good bioavailability in the
CSF. New generational fluoroquinolones have also proven to be greatly efficacious
in the treatment of MDR-TB, like gatifloxacin due to its low incidence of resistance
[81]. On the other hand, streptomycin demonstrates minimal efficacy whereby at
high doses it may increase the risk of nephrotoxicity and ototoxicity [81].

Nanotechnology is an extensively studied method of delivery in recent years.
The nanospheres small-sized property of nanoparticles allow the particle to be able
to travel uninterruptedly across the human body [47]. Nanomedicine has gained
more medical relevance over time due to its ability to bind to a drug or even encap-
sulate it whilst simultaneously attaching unto its surface, functionalizing proteins to
promote targeted controlled delivery of the drug. Surface modification of the deliv-
ery system brings about a more specific targeted delivery which is also accompa-
nied by theranostics, the integration of therapy and diagnosis. Dendrimers are
typical examples of nanoparticles well known for their entrapment and surface-
attaching capabilities. Their very small size of 2—10 nm and multiple functional
group sites on its surface allow binding of drugs and ligands for targeted-controlled
drug delivery [27, 62, 63]. Carbon nanotubes are another synthetic nano-
biotechnology of size 1-100 nm with great prospects in the nano-field due to the
ease of surface modification with drug and functional ligands based on the desire for
enhanced site-specific delivery [45].

Nanosensors modification on nanoparticles further allows diagnosis apart from
treatment. In the case of poly (ethylene glycol)-modified poly (amidoamine) den-
drimers encapsulating gold nanoparticles, a system that employs both imaging
functions of cancer diagnosis and treatment [22], gold nanoparticles are used as
biomarkers and tumour labels in detection assays [47]. Combination studies of
nanosystems and natural products have gained prominence over the last decades for
the treatment of various conditions. This green nanotechnology allows the incorpo-
ration of nanoparticles with natural products, decreasing the development of toxic-
ity encountered from biosynthetic processes which result in side effects [31]. These
methods have been greatly appreciated, leading to the FDA approval of liposomes
and micelles, the fathers of nanoparticle-based therapy [58].

The CD206/mannose receptors are predominantly expressed on the surface of
macrophages and dendritic cells acting as a pattern recognition receptor (PRR),
which is recognized by mannose-binding lectin receptors that bind to glycoproteins
found on the surface pathogens like M.tb. The M2 macrophages which are respon-
sible for the resolution of inflammation, protection from excessive inflammation
and tissue repair, express more CD206 receptors in comparison to M1 macrophages
[23]. The CD206 receptor, unfortunately, stands as the site of exploitation by M.b
to facilitate infection in macrophages [25]. In addition to that, soluble forms of
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CD206, (sCD206) are found in the periphery and can recognize mannosylated car-
bohydrates and cause an effect on the innate and immune response [67]. The CD206
receptor can therefore be used as a therapeutic target for the treatment of M.1b.

This concept has therefore created a path using mannosylated-nanostructured
lipid carrier (NLC) for active targeting of the CD206 on macrophages [70, 71, 49]
and mannose microstructured modified liposomes [11]. A definite increase in the
uptake of the particles was observed in rats alveolar macrophages after pulmonary
administration. Furthermore, plasma concentrations of encapsulated drugs are
found to be decreased in comparison to free drugs indicating increased specificity
and selectivity of the delivery system. In the study of liposomes at a size range of
90-125 nm, a positive correlation was observed between the concentrations of man-
nose on the surface and a more notable cellular uptake [73]. In the presence of
excess solubilized mannan, the uptake of the nanoparticles also decreased due to
receptor overload, further confirming the specificity of mannose to CD206 recep-
tor [73].

HIV/AIDS is an important cause of the continuation of TB, which has contrib-
uted to the mortality and morbidity rates of TB. A slight contributing factor to the
increased mortality and morbidity includes intestinal malabsorption of anti-TB
drugs, mainly RIF and ETB [65]. Since RIF is taken over a period of 6 months, it is
important for it to have good bioavailability, due to its lipophilic nature, but unfor-
tunately demonstrates low aqueous solubility and low intestinal absorption [39].
This is because, in gastric acidic conditions, RIF is hydrolysed into even lesser
soluble forms such as 3-formyl rifampicin and 1-amino-4-methyl piperazine [66].
In fixed-dose combinations, the intragastric reaction of RIF with INH also forms an
insoluble hydrazone [64].

Enhancing drug bioavailability and targeted treatment will increase drug effec-
tiveness and decrease treatment duration, improve patient compliance and minimize
the dose required to obtain a therapeutic effect. These are the goals for the pharma-
ceutical industry making targeted encapsulated drug delivery systems great pros-
pects in achieving this goal [66].

2 Nanotechnologies in Tuberculosis

Nanosystems generally have various structural and functional properties; therefore,
modification is possible, in order to achieve the required outcome by changing the
compositions of the system, which includes the drug, polymeric materials, func-
tional groups and even excipients [19]. Nanosystems’ success is easily measured by
their physicochemical abilities and their permeation abilities across anatomical bar-
riers that unloaded drugs hardly pass through [62, 63]. Drug encapsulation within
nano-sized carriers reduces drug elimination from the intracellular medium facili-
tated by resistant-mediated efflux pumps that is prevalent in various pathologies
including cancer, HIV, and hepatitis. Nanotechnology thus has the prospects to
overcome or decrease drug resistance.
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3 Polymeric Nanosystems

Polymeric nanoparticles (PNPs) present great prospects in the treatment of diseases
due to their intricate structure that allows surface modification. They have been
substantially investigated to improve drug solubility, stability and targeting, which
ultimately improves drug bioavailability at the required site of action [66]. PNPs are
mainly subclassified into two broad groups, namely, nanocapsules and nanospheres.
Nanocapsules comprise drugs incorporated with hydrophilic/hydrophobic solvents
bounded by a polymeric membrane, whilst nanospheres is a solid network, a model
that allows even distribution of drug across variable pores in its structure. PNP’s
high loading capacity of both hydrophilic and hydrophobic drugs and its viability
across various routes of administration makes it a prominent delivery system for
drug entrapment [4]. Opsonization and phagocytosis are two mechanisms for elimi-
nating PNP from the body. This clearance method could also present advantageously
in the treatment of TB since the body clears TB in the same way. Furthermore, in
order to prolong blood circulation periods, promising outcomes have been identified
by the modification of nanosystems with highly hydrophilic chains such as
poly(ethylene glycol) (PEG) [66].

3.1 Modified Polymeric Nanoparticles

Lectin surface-modified poly(lactic-co-glycolic acid) (PLGA) nanoparticles
enhanced targeted delivery of anti-tubercular drugs across pulmonary and gastroin-
testinal mucosa [57]. The process employed the use of carbodiimide, which yields
the formation of amide bonds between the amines of lectin; wheat germ agglutinin
(WGA), and carboxylic acid groups of PLGA. This surface grafting method yielded
a coupling efficiency of 60—70%, whereby 3-3.5 mg lectin bound per mg of PLGA
by acting as bioadhesive drug carrier, causing the drug residence time in plasma of
RIF, INH and PYZ to be improved. The WGA coating allowed RIF to be retained in
plasma for 6-7 days, instead of 4—6 days in uncoated particles. PYZ and INH were
retained for 13—14 days instead of 8-9 days. In the liver, spleen and lungs, the drugs
were all detectable for 15 days, minimising the chance of drug resistance. In SGF
and SIF, only 3-5% drug was released, stipulating its targeting ability and stability
in the GIT, but the glycosylated structures in the GIT allowed immobility on the
system using the surface-grafted lectin recognizable by GI mucosa and lung mucosa.
The dosing frequency was also revealed to decrease the dose required to reach unde-
tectable mycobacteria colony-forming units from 45 doses in the conventional free
drugs compared to three doses of oral/nebulized lectin-coated nanoparticles admin-
istered fortnightly [57].

A more interesting concept of polymeric nanoparticles involves the use of the
polymer poly(ethylene oxide) monomethyl ether-block-poly(e - caprolactone) with
a Forster resonance energy transfer system sensor which allows perceptible assess-
ment of the delivery system drug release. There was an observed enhanced release
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of drug from polymer in vivo for cells that retained the system than in vitro dialysis
tubes. Furthermore, in vitro assays showed that apart from the antimicrobial effect
of RIF, blank NPs also exhibited antimicrobial effects against Mycobacterium for-
tuitum [69].

Polymeric nanoparticles together with liposomes (LPs) may form a hybrid nano-
carrier, called solid lipid nanoparticles (SLNPs), a solid lipid core, surrounded by
surfactants to improve the drug stability and loading capacity of LPs [1]. To practi-
calize these concepts, a WGA-conjugated SLNP has been studied for the enhance-
ment of RIF delivery. The nanoparticles consisted of glyceryl monostearate (GMS)
and stearic acid (SA), of which the SA introduced free carboxylic acid to the surface
of the nanoparticles, whilst forming together with GMS, the internal part of the
lipid. The nanosystem was synthesized by a process of simple emulsification, prior
to solvent evaporation followed by a carbodiimide reaction for WGA conjugation as
in Fig. 1 below [51].

The entrapment efficacy of RIF into the nanosystem was 68.71%; consequently,
it was noted that the entrapment had no significant effect on the particle size and
zeta potential of the system. The WGA allowed a high binding efficacy unto intes-
tinal mucus glycoproteins of 93.06% compared to polymeric nanoparticles, since
lipids have the ability to bind to mucin, which promoted a more controlled release,
from 20 h in pure RIF to a biphasic release over a period of 120 h with an initial
burst release of 37.1% in the first 24 h and 76.9% release after 120 h. The system
presented toxicity by showing a positive haemagglutinin test, which could be
explained by the binding of the lectin conjugated system (WGA) to the carbohy-
drate moiety on red blood cells (RBC). In the presence of excess N-acetyl glucos-
amine (NAG), this toxicity was prevented, altering binding of the system to
RBCs [51].
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Fig. 1 Schematic diagram showing the arrangement of rifampicin (RFN) and lipids (stearic acid
and glyceryl monostearate) in the nanoparticles followed by conjugation of wheat germ agglutinin
(WGA) on the surface. Keywords: EDC ethyl carbodiimide, NHS N-hydroxysuccinimide. (Figure
obtained with permission from Ref. [51])
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In order to survive in GI acidic medium, the RIF degradation, in the presence of
INH was decreased, SLNPs made up of Compritol® ATO 888/polysorbate 80. The
nanosystem synthesized by microemulsification method was found to minimize the
drug’s interaction. Results obtained indicated that RIF-loaded SLNPs promoted
60% degradation protection induced by free INH at acidic pH while a 74.7% degra-
dation protection was achieved when both the agents were incorporated separately
into SLNPs [61].

RIF-loaded SLNPs coated with chitosan, with the lipid phase composed of cetyl
palmitate synthesized by ultrasonication method, demonstrated improved mucoad-
hesive properties in vitro, increasing retention time of system in the alveolar and
improving RIF permeability across alveolar epithelial cells due to the chitosan coat-
ing. This platform may be a prospective system for the enhancement of aerosol drug
delivery [71]. Apart from RIF, INH has also been incorporated in similar strategies,
whereby chitosan was more soluble in gastric pH of 1.2 compared to intestinal pH
of 7.4, the acidic pH favoured the swelling of the polymer and solubility of the drug;
due to the basic nature of INH, it solubilizes at acidic pH [2]. An initial burst release
in the first 3 h of 50% of the drug due to the adsorbed drug on the surface of the
nanoparticles was observed.

Employing biomaterial, PLGA and PEG, a PLGA-PEG-PLGA triblock copoly-
mer synthesized by a water-oil-water double emulsification technique for the deliv-
ery of INH, loaded by sonication with a drug loading efficiency and drug content of
(12.8-18.67%) and (6.4-8.9%) respectively, improved bioavailability of INH by 28
fold. The nitrogen atom of INH binds to the carbonyl oxygen of the polymer, caus-
ing INH to be loaded on the surface of the core shell. This effect resulted in an initial
2 h burst release of INH from the surface. Due to the emulsification technique of
nanoparticle synthesis, an additional small burst release occurred due to the intersti-
tial space in the core shell, and subsequently, a third stage controlled release from
individual nanoparticles as in Fig. 2 below. The sustained release is said to be pres-
ent for up to a period of 124 h [17].

Another approach looked towards the synthesis of RIF-, INH- and PYZ-loaded
PLGA nebulized nanoparticles for pulmonary delivery, with a mass median aerody-
namic diameter (MMDA) of 1.88 pum, indicating the respirability of the nanoparti-
cles, showing plasma detection 6 h post-administration. Due to the prolonged
half-life of the system, loaded anti-TB drugs had a higher AUC than both IV and oral
free drugs bioavailability. When compared to nebulized free drugs, the bioavailabil-
ity increased by 51.0-, 20.0- and 28.0-fold for RIF, INH and PYZ, respectively, indi-
cating the significance of the PLGA nanoparticles. Furthermore, the drug residence
time in the body was 11 days for drug-incorporated nanosystems as compared to
24 h for free unloaded drugs. The retarded elimination of the drug allowed a dosing
regimen of five doses of nanoparticles administered every 10 days showing equal
therapeutic efficacy as 46 oral daily doses [46]. A similar approach with the only
difference of nanoparticles being alginate nebulized nanoparticles demonstrated
faster plasma detection at 3 h and a drug residence time up to 14 days, whereby three
doses of nanoparticles administered every 15 days for 45 days was as effective in
clearing M.tb bacilli of lung and spleen as 45 oral daily doses of the free drugs [80].
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Fig. 2 Mechanism of drug release of PLGA-PEG-PLGA triblock copolymer synthesized by
water-oil-water double emulsification. (Figure obtained with permission from Ref. [17])

A RIF/PLGA nanoparticle incorporated in mannitol microspheres enhanced the
uptake by NR8383 macrophage cells in the lungs, with the mannitol microspheres
affecting its uptake from 13.5% in RIF/PLGA nanoparticle to 47.1% in a micro-
sphere, RIF/PLGA nanoparticle [44].

3.2 Modified Polymeric Micelles

Polymeric micelles are self-assembled nanocarriers, made of a hydrophobic core,
representing the drug reservoir, and an outer hydrophilic shell, usually PEG, which
acts on the surface as an opsonization and elimination preventative method [66].
The two components form an amphiphilic stimuli-responsive system that incorpo-
rates hydrophobic drugs, loading it, for improved targeted delivery [66]. Drugs
loaded in the inner core are consequently protected from the environment, chemical
and biological degradation. Polymeric micelles have a slow disassembly process
depending on the molecular weight, HLB of the polymer and properties of the
encapsulating drug, making it a more stable delivery system compared to conven-
tional micelles.

In relation to TB, a study investigated the incorporation of RIF, a large hydropho-
bic drug within various poly(ethylene oxide)—poly(propylene oxide) (PEO-PPO)
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block copolymers, which includes linear poloxamers and branched poloxamines.
The solubilization was found to be minimal (~2 folds of RIF alone), due to the size
of the core in comparison to the RIF molecule. With the flexibility of synthesis,
modification of the polymer by linking mono and bifunctional PEG precursors of
different molecular weight with polycaprolactone which improves the HLB and
enlarges the core cause improved solubilization to ~5-7 folds of RIF alone [66]. A
thermo-responsive poly(e-caprolactone-coglycolide)—poly(ethylene glycol)-poly(e-
caprolactone-co-glycolide) block synthesized by ring-opening polymerization
copolymer loaded with RIF presented with an unimproved solubility of 2 mg/ml but
presented the slow release of drug over 32 days which could present a pathway in
the development of a depot injection [24].

The use of enantiomeric pure micelles was outclassed by an evenly mixed molar
ratio of monomethoxy PEG poly (ethylene glycol)—poly(L-lactide) (MPEG-PLLA)
and monomethoxy PEG poly(ethylene glycol)-poly(D-lactide) (MPEG-PDLA)
block copolymers, improving RIF loading capacity and release in comparison to the
single polymer micelles. In vitro studies showed a fast initial release of 50% after
4-8 h, then became sustained afterwards to release 100% of the drug in 48 h. It is
important to also note that although there was a burst release, there was no free drug
on the shell of the micelles. The release rate was inversely proportional to the con-
tents of the polylactic acid (PLA) segment in the stereo complex block copoly-
mers [9].

In another design, chitosan was employed to modify spherical PLA micelles,
which upon entrapment of RIF resulted in a size increase from a range of (154—181)
nm to (163-210) nm. In vitro release demonstrated a 35% burst release within the
first 5 h, followed by a slow sustained release until 5 days [78].

Furthermore, in other studies involving other anti-TB drugs, encapsulating INH,
PYZ and RIF, a poly(ethylene glycol)-poly(aspartic acid) (PEG-PASP) copolymer
with INH embedded in it, resulted in a 5.6 times decrease in Mycobacterium tuber-
culosis MIC compared to the drug alone [60]. The same micelles had a level of drug
conjugated between 65.02-85.70% and were with a size of 78.2 nm, 84.2 nm and
98.9 nm, for INH, PYZ and RIF, respectively. Due to a decreased diameter and
hydrophilic surface, these systems have minimized renal filtration and reticular sys-
tem elimination [66].

3.3 Modified Dendrimers

Dendrimers are exemplary types of lipid-based polymeric drug delivery systems
that are monodispersed and can easily be surface modified to desired targeting
goals. Dendrimers are very small macromolecular synthetic nanosystems ranging
from 2 and 10 nm, which allow the attachment of various and multiple functional
groups on their external surface that can be used for treatment and diagnosis [40, 62,
63]. This presence of multiple terminal groups causes dendrimer to be less viscous
than other linear polymers, highly soluble, reactive and miscible [29, 62, 63].
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Dendrimers are, therefore, candidates in reducing toxicity, enhancing solubility and
bioavailability of anti-TB drugs. They are special because as their diameter increases
linearly, the number of surface groups increase exponentially [40].

The dendrimers macromolecular structure can be divided into four main compo-
nents, which includes (a) central core moiety, responsible for the molecular arrange-
ment, size and shape, (b) interior layers which consist of patterns of repeating
branches attached to the core, which increases based on the generation causing sur-
face groups to increase exponentially. These branches form (c) void spaces which
act as room for molecular cargos. The outer surface is made of (d) terminal func-
tional groups used in targeted delivery [40].

A gen | dendrimer, would have eight terminal amino groups, whilst a gen 2 den-
drimer would exponentially increase to 16 terminal groups and gen 5 dendrimer
therefore would have 128 terminal groups [40]. These terminal groups, therefore,
act as sites for the attachment of functionalizing groups. Dendrimers are adjustable
pH-based systems, which retain the drug at a blood pH of 7.4 and release the drug
at acidic pH, in correlation with a TB-infected macrophage which is a pH of ~4.5.
For this reason, dendrimers present themselves as very prospective candidates for
the incorporation and functionalization of anti-TB drugs presenting a form of tar-
geted delivery. The various types of dendrimers differ based on their size and the
number of terminal functional groups. The main materials used comprise PAMAM
dendrimers, poly-ether hydroxyl-amine (PEHAM) dendrimers, PPI dendrimers,
carbosilane dendrimers, and phosphorus-based dendrimers [35].

In relation to TB, studies incorporating anti-TB drugs as in Fig. 3 has been
explored. Mannose functionalized ethylene diamine poly(propylene imine) (EDA-
PPI) fifth gen dendrimers with 64 amino groups on the surface for targeted delivery
of RIF to alveolar macrophages has been performed [30]. The core of the particle
was composed of EDA and its surface was grafted with ~30-D-mannose groups.
Since RIF hydrolysed in pH of 4-5 (gastric pH) into less soluble compounds, the
use of dendrimers with mannose will allow leptin receptors on phagocytic cells the

Encapsulation of anti-TB drugs within dendrimers
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Fig. 3 Schematic representation of the use of dendrimers as nanocarriers for the delivery of anti-
TB drugs. (Figure obtained with permission from Ref. [40])
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recognition of the system and its uptake, consequently enhancing the uptake of the
drugs found in the void space [35]. Although the solubility of the nanosystem is
decreased from 50 mg/ml to 5 mg/ml in unmannosylated RIF-loaded dendrimers
compared with mannosylated RIF. The mannose-functionalized dendrimer still pos-
sesses an aqueous solubility twice that of RIF alone. Noncovalent interactions were
observed between RIF and the mannosylated dendrimer, whilst hydrogen and
hydrophobic interactions occur between RIF and the core. Haemolytic toxicity limi-
tations were observed in the G5 EDA-PPI dendrimers; though it was observed that
the unmannosylated dendrimers were haemolytic, their toxicity was decreased by
functionalizing with mannose from 15.6% to 2.8% due to a minimized interaction
of the charged peripheral amino groups with cells. This serves as a prelude to the
requirement of modification of their surface by functional groups to inhibit its cat-
ionic and subsequent haemolytic effect since these effects will preclude the effect
from the use of unfunctionalized dendrimers [35].

In relation to anti-TB drugs, a study on vero cells used in cell studies indicated
negligible cytotoxic effect as 100 pg/ml, with RIF-loaded mannosylated dendrimer
(G5 EDA-PPI) having ~85% viability better than RIF alone at ~50%. In mannosyl-
ated dendrimers, RIF stayed entrapped for ~5 days in mannosylated dendrimers in
comparison to less than 10 h in PPI dendrimers. Furthermore, mannosylated den-
drimers undergo drug release at a pH of 5, the same required condition in phagoly-
sosomes like infected macrophages. The target delivery of the system using mannose
improves the intracellular concentration of the drug, improves cellular viability
whilst improving the therapeutic efficacy of lipophilic drugs life RIF [35].

Taking into consideration the same method, the authors describe the formulation
of G4 and G5 PPI dendrimers, which is PEGylated instead of mannose. In addition
to the cytotoxic effects of primary amino group terminal bearing PPl and PAMAM
dendrimers, they have also been found to be cleared rapidly if administered intrave-
nously [32]. In contrast, PEG is water-soluble, thermostable, chemically inert,
unhydrolysed, and not deteriorative, making it non-toxic and biocompatible [72].
Therefore, the incorporation of PEG into the surface of polymeric micelles such as
dendrimers suppresses the interaction of the delivery system with plasma proteins
and cells, prolonging their blood elimination half-life [72].

The incorporation of RIF, known for its short half-life, solubility difficulty into
PEGylated ethylene diamine (EDA)-PPI dendrimers, resulted in a slower release of
the drug, with G4 non-PEGylated releasing 97.3 % of RIF in 36 h, whilst G4
PEGylated released half of that in 36 h and 93.1% in 96 h. In G5 non-PEGylated
released 94.6% of RIF in 48 h and G5 PEGylated released half of that in 48 h and
93.4% after 120 h. This is because as the generation increases, the hydrophobic
interactions of the core increase; therefore, these interactions with RIF as well as the
doubling up of the terminal groups from 32 to 64 contributed to its delayed release
profile. With regard to its haemolytic toxicity, dendrimers generally have
(~14.6-20.3%) RBC haemolysis, and PEG significantly decreased it to less than 3%
due to minimized interaction between quaternary ammonium groups in the terminal
end of dendrimers and RBCs [72].
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Furthermore, on G5 PEGylated dendrimer, encapsulation efficacy of RIF more
recently was found to be ~99% by P. Dineshkumar and co-workers, with a compa-
rable drug release rate of 81% after 120 h and 98% after 72 h in non-PEGylated,
with inhibition of RBC haemolysis by less than 2.5% [13]. Wistar albino rats studies
performed in vivo comparing the pharmacokinetic properties of RIF encapsulated
G5 PEGylated dendrimer and RIF alone showed that over a period of 120 h, the
presence of RIF alone was not observed after 6 h. In correspondence with in vitro
studies, RIF encapsulated G5 PEGylated dendrimer was retained in plasma for
120 h. Even after its storage for 3 months at —40 °C, the release of the drug system
was unaltered, ensuring improved AUC and drug residence time [40, 62, 63].

INH is another drug that has been incorporated into dendrimers. An INH G1.5
PAMAM dendrimers were synthesized using the dialysis method. Drug release
study showed controlled 93.25% release of INH over a period of 24 h. A zero-order
kinetic was demonstrated [26, 62, 63]. Dendrimers show great prospect in the incor-
poration of both high molecular weight, hydrophilic and hydrophobic chemical
entities that have low solubility and low half-life.

4 Nanotechnological Advances for MDR and XDR TB

TB resistance has emerged over the years and proven to be a challenging aspect of
TB to manage, with patient incompliance in the first-line therapy, recurrently caus-
ing therapeutic failure. Furthermore, the resistant TB bacilli may also be contracted
through person-to-person transmission. With nanotechnology showing strife over
enhancing patient compliance in the first-line therapy, which reduces the emergence
of resistant TB, a strong urge to improve treatment of present individuals with MDR
and XDR-TB assures nanotechnology an opening to be a prospective breakthrough
for this aim. According to the World Health Organisation, fluoroquinolones are con-
sidered the main therapeutic pathway to counter MDR, particularly moxifloxacin
(MOX), which is recommended for the ‘shorter MDR-TB regimen’ by WHO, even
though its shortcomings include lack of patient compliance due to its associated
hepatotoxicity.

Nanoencapsulation may be a good attempt to counter the shortcomings of MOX,
by reducing its side effect, with studies indicating that modification of NPs with
hydrophilic polymers such as PEG and water-soluble chitosan deters the accumula-
tion of MOX in the liver due to their ‘brush-like’ configuration [42].
Polyisobutylcyanoacrylate and gelatin synthesized nanoparticles incorporating
RIF+MOX also targeted improved cellular immune response in murine alveolar
macrophages by increasing intracellular pro-inflammatory cytokines [55].

Bedaquiline showed complete encapsulation as well as a surface-binding capac-
ity on different diblock copolymers, which includes poly(lactic-co-glycolic acid)
(PLGA), poly(lactic-co-hydroxymethyl glycolic acid) (PLHMGA) and poly(lactic-
co-benzyloxymethyl glycolic acid) (PLBMGA) which are all surface modified by
the hydrophilic mPEG [53]. This causes a burst release of 30-42% within the first
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hour, and a sustained release thereafter up to 100% within ~3-7 days [53].
Modification of NPs to make an LPNP also shows prospective advantages in second-
line drugs. A study incorporating INH and CPX in lipid-polymer hybrid NPs
(LPNPs), composed of soy lecithin (LC) and PEGylated DSPE (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine) resulted in improved in vitro cellular uptake of
CPX into J774A.1 cell [3]. Soy LC was used to construct the shell of lipid particles
for electrostatic interaction with oppositely charged polymers whilst PEGylated
DSPE was responsible for modifying the system to escape the recognition by the
reticuloendothelial system (RES) [68]. In vivo, the drug accumulation from nano-
carrier in lungs was significantly more than unloaded free drugs.

5 Modified Nanosystem for Active Targeting of M.tb
Reservoirs

As much as surface modification of a delivery system may be passive and be present
to stabilize drugs, protect drugs, and prevent rapid elimination; it may also be
actively directed to the specific site of action in a ligand-receptor interaction mecha-
nism as in Fig. 4 that may exist between the nanocarrier and cell/tissue in the body.
These ligands are generally coated, complexed or modified unto the surface of the
nanosystem.

Since macrophages remain a significant factor in the pathogenesis of M.tb, acting
as a reservoir of the M.rb bacilli, as well as in latent infections, active targeting
would look to specify drug delivery towards alveolar macrophages in pulmonary
TB, and lymph nodes in extrapulmonary TB; consequently, increasing site bioavail-
ability and minimizing side effects of the drug without having to increase the dose.

The pattern recognition receptors on macrophages give a site of exploitation for
a ligand for targeted delivery. These receptors include toll-like receptors (TLRs),
C-type lectin receptors (CLRs), NOD-like receptors (NLRs), and DC-specific inter-
cellular adhesion molecule-3-grabbing non-integrin (DC-SIGN). The most
researched ligand is mannose, which is recognizable by CLRs found on macro-
phages surfaces. Mannose has presented prospective results, whereby cationic man-
nose lipid NPs significantly improve the uptake of the nanosystem in alveolar
macrophages in vitro and in vivo. It is further understood that the cationic nature of
the system allows NP-plasma protein interaction and aggregation in the alveolar
macrophages, causing its improved lung deposition [21].

Solid lipid NPs functionalized with mannose and loaded with RIF and INH indi-
vidually have shown similar outcomes. In a fluorescent RIF-loaded mannosylated
SLNPs, made of glycerol tripalmitate (lipid phase) and surfactant (Tween® 80) in
double deionized water (aqueous phase) with an entrapment efficacy of 90%, the
internalization of RIF into THP-1 differentiated macrophages were improved, with
the system remaining biocompatible at concentrations less than 57 pg/ml of which
RIF bactericidal concentration is 3.2 pg/ml [79]. Eighty percent or more of the drug
remained entrapped in the system after contact with pulmonary-simulated



274 S. Ayodele et al.

passive targeting

Lung

Non-targeted nanoparticle

Active targeting

& Targeting lignand

D
Macrophage  ® NI i
a» Targeting receptor
Targeted nanoparticle
B NPs passive NPs active
targeting targeting

Blood vessel

Targeting receptor

o

f
|

./“— .
Surface modified
ligand

NI's

Fig. 4 (a) Schematic representation of macrophage targeting by surface-modified nanoparticles.
(Figure adapted with permission from [48]). (b) Schematic diagram comparing active and passive
uptake of nanoparticles. (Figure adapted with open access permission from Ref. [54]).

conditions for up to 8 h, and are able to release the drug in infected cells in a pH-
dependent manner, with a faster drug release at acidic pH, which supports its suit-
ability for pulmonary delivery, with diminished degradation and improvement in
bioavailability. The NPs cell entry took place quickly within 15 min of administra-
tion [70]. With regard to INH, the SLNP were synthesized by a modified solvent
emulsification-evaporation method employing a w/o/w double emulsion technique.
The 500 nm system was composed of Witepsol® E85 forming the lipid phases and
stearylamine (SA) which contributed to the system by surfacing amine groups for
the attachment of mannose to form a lipid matrix which showed enhanced
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internalization of the system even based on mere adsorption of mannose to the sur-
face of the particles. The fluorescent M-SLNP system enhances in vitro uptake of
INH into dTHP-1 than the unfunctionalized SLNP [12].

In [49], a novel 50-300 nm mannosylated and PEGylated graphene oxide nano-
carrier was synthesized for selective targeting and delivery of RIF to mucosal
CD14+ macrophages (derived from M.tb-infected rhesus macaques) via mannose
receptor-mediated endocytosis. Results indicated that selectivity for macrophages
was established, with a higher concentration of RIF as compared to T and B cells
due to low mannose-binding, c type lectin receptors on their surface. Subsequently,
drug release in the macrophages was attributed to acidic lysosomic condition, caus-
ing a burst release to enhance intracellular killing of M.tb.

A 272 nm lactoferrin (Lf) conjugated RIF-loaded SLNPs with an encapsulation
efficacy of 66% was synthesized. It is composed of tristearin, soya lecithin and
stearylamine. Most drugs remained in the nanoparticles upon administration in the
blood which decreases RIF toxicity. IV administration of free drugs resulted in
0.4% RIF concentration in the lungs after 4 h and undetectable levels after 24 h. In
unfunctionalized SLNP, 15.6% and 2.1% RIF concentration was recovered at 4 h
and 24 h, respectively, whilst in Lf-conjugated SLNPs, a staggering 47.7% and
35.3% RIF concentration was recovered after 4 h and 24 h respectively, a threefold
increase in drug load in lung tissue in functionalized nanoparticle as compared to
that of unfunctionalized nanoparticles, indicating the significance of the Lf specific-
ity to the lung even when administered systemically and not locally/nebulized, due
to the abundance of Lf recognizing receptors in the lungs. Upon fluorescence imag-
ing, the alveolar macrophages were distinctly filled with the nanosystem [59].

A similar approach has been applied, whereby methyl a-d-mannopyranoside was
engineered on an SLNP to deliver rifampicin, synthesized through melt emulsifica-
tion technique combining cholesteryl myristate with palmitic acid (PA set) or tripal-
mitin (TP set) and functionalized with methyl a-d-mannopyranoside. Maretti et al.
synthesized SLNP, demonstrated good cytotoxicity and cell internalization ability
into J774 murine macrophage cell line, whilst making possible drug preservation in
SLNPs along respiratory tract prior to macrophage internalization. Although favour-
able results were achieved, the particles cohesiveness hampered respirability, espe-
cially when SLNPs were functionalized, causing the need for better-balanced
amphiphiles with -d-mannose residues prior to further investigation that can protect
powder against moisture in the environment enhancing particle de-aggregation and
lowering powder cohesiveness [38].

Aside from monosaccharides, mannose, other ligands on other polymeric plat-
forms have been experimented with. The study of a flower-like poly(epsilon-
caprolactone)-poly(ethylene glycol)-poly(epsilon-caprolactone) polymeric micelles
encapsulating RIF functionalized by hydrolysed galactomannan (GalM-h), a poly-
saccharide of mannose and galactose both recognized by CLRs, to form a complex
polymeric NP, coated with GalM-h/chitosan, with drug encapsulation efficacy of
12.9 times that of unfunctionalized NP. The presence of GalM-h was confirmed by
an agglutination assay with concanavalin A, whilst its uptake and internalization into
RAW 264.7 murine macrophages were observed by fluorescence microscopy, with
the polysaccharide significantly improving the intracellular concentration of RIF [41].
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Furthermore, on mannose-functionalized nanocarriers, [48] also demonstrated
using chitosan-based bioadhesive nanoparticles loaded with clofazimine the effect
of mannose functionalization, an excellent enhanced therapeutic efficacy in terms of
inhibition and anti-mycobacterial activity by 46 fold as compared to free clofazi-
mine. The nanosystem with a particle size ranging between 132-184 nm and an
encapsulation efficacy of 95% demonstrated great in vitro release, showing a burst
release, whereby 30-40% of the drug is released in the first 5 h followed by sus-
tained release between 10 and 72 h, after which 70.98% of drugs in mannose-
functionalized nanoparticles are released [7].

In the insight of a different ligand class from mannose, hyaluronic acid (HA) has
been investigated, recognizable by its receptors such as CD44 and TLR-2 and -4,
via MyD88 in order to activate NF-kB and induce proinflammatory cytokine gene
expression [33]. The expression of these receptors on alveolar macrophages allows
HA use for active targeting and drug delivery [20]. A targeted delivery system for
RIF comprises the incorporation of HA into tocopherol/succinate (TS) micelles,
increasing the in vitro uptake of RIF in murine alveolar macrophages (AMs) (MH-S
cells) by phagocytosis, in a dose and energy-dependent manner. Concurrently, the
micelles were taken up through CD-44 receptor-mediated endocytosis. The MH-S
cells were activated, which in turn further improved the RIF-HA-TS uptake. The
cytokine secreting activity demonstrated the enhanced secretion of Thl cytokines
due to the presence of the nanosystem in comparison to free drugs [18].

In [5], an oleic acid tuftsin-modified peptide (pTUF-OA) was synthesized to be
used as a ligand unto an SLNP as shown in Fig. 5. The peptide is composed of threo-
nine, lysine, proline and arginine amino acids and an oleic acid molecule. The SLNP
is composed of a lipid phase of stearic and oleic acid and a surfactant mixture com-
posed of Phospholipon 80H and Tween 80. In vitro pulmonary-simulated condition
indicating an initial 10% burst release of drug for 2 h was followed by a slow sus-
tained release. Cell viability of over 70% was established in J774 A.l1 cells as

Tuftsm -
-0
i o

NP-pRIF highly taken up by M
macrophages and able to release
RIF and kill mycobacteria v

Oleic acid  Nanoparticle functionlized with
tuffsin-modified peptide (pTUF-

OA)

Macrophages expressing
specific tuftsin-binding
receptors on cell surface

Fig. 5 Diagram showing pTUF-OA peptide functionalization unto RIF-loaded nanoparticles for
active targeting of macrophages. (Figure obtained with permission from Ref. [5])
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compared to a 60% cell viability of free RIF, improving the RIF treatment drawback
with regard to toxicity. A twofold improved MIC of 0.48 pg/ml for RIF-loaded pep-
tide NP was compared to 1 pg/ml for free RIF due to the enhanced penetration of NP
across the mycobacteria cell wall. The enhanced internalization was attributed to the
specific tuftsin-binding receptor, which could possibly be neuropilin-1 (Nrpl) [43]
on the surface of the macrophages, higher contact surface and hydrophobic nature
of the NP.

Other ligands with limited studies include O-stearoyl amylopectin, (O-SAP), and
methylated bovine serum albumin (MBSA) that have a specific affinity for macro-
phages and selectivity for type 1 and 2 scavenger receptor, respectively. A RIF-
loaded aerosolized egg phosphatidylcholine (PC)- and cholesterol (Chol)-based
liposome coated with these ligands demonstrated rapid attainment of high concen-
tration of drug in alveolar macrophages over an extended period of time as compared
to free drugs. O-SAP-coated liposomes demonstrated better accumulation in macro-
phages, with 10.8% of O-SAP liposomes retained in the lungs after 24 h compared
to 8.2% MBSA liposomes. Although the delivery system shows prospective use, the
fast elimination and uptake by RES is a challenge that still needs to be overcome.

In extrapulmonary TB, fluoroquinolones with a low incidence of resistance, gati-
floxacin (GAT) have been incorporated into nanoparticles and functionalized for the
treatment of CNS tuberculosis. Marcianes et al. synthesized a PLGA 502 nanopar-
ticle surface modified with polysorbate 80 or labrafil. Labrafil is a more lipophilic
surfactant in comparison to polysorbate 80, therefore facilitates more access of
nanoparticles to the CNS but has a low entrapment efficacy, giving polysobate 80
the advantage as a modifier. The distribution into the brain, lungs and liver were
evaluated using rhodamine-loaded PLGA nanoparticles in male Wistar rats. In vivo
fluorescence studies indicated a significant increase in rhodamine concentration in
the cerebral cortex and hippocampus at 30 min and also after 60 min, indicating
correspondence to the expected effect of gatifloxacin-loaded nanoparticles suggest-
ing prolonged encapsulation of drug after delivery, as >80% of GAT was still encap-
sulated after 30 min, allowing enhanced drug residence time for the exertion of
therapeutic efficacy [37]. The non-ionic surfactant potentially reduces cellular drug
efflux [8]. In the cortex, rhodamine concentration was tenfold higher when incorpo-
rated into the nanosystem than in solution. The transportation of the nanocarrier
across the BBB may be attributed to polysorbate 80, allowing adsorption of ApoAl,
ApoB, and/or ApoE onto the surface of the low-density lipoprotein and other related
receptors on the BBB as observed in polysorbate 80-coated poly butyl cyanoacry-
late NPs, leading to endocytosis thereafter, transcytosis of the NP [28, 52]. No sig-
nificant cytotoxicity was experienced with regard to cell viability and neuron
survival. A greater distribution of NP was observed in the lung as compared to the
liver after 30 min, which is advantageous in targeting the M. tuberculosis bacilli,
from its origin. After 60 min, the concentration had decreased in both lungs and
liver. In vitro studies of GAT release showed a biphasic release, with rapid release
occurring within the first 10 h, followed by controlled release [36]. The Gat-loaded
PLGA NPs functionalized with polysorbate 80 present a prospective system for the
treatment of CNS TB.
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Another instance of gatifloxacin use in surface-modified PLGA microparticles
for active targeting to macrophages demonstrated the author’s synthesis of PLGA
microparticles using PLGA 502H and undergoing surface modification using
labrafil. Labrafil actively increases the phagocytosis of PLGA 502H microparticles
by macrophages as it makes the surface more lipophilic. Lipophilic surfaces are
readily phagocytosed than hydrophilic surfaces since the same nanosystem without
labrafil remained not phagocytosed after 5 h due to the formulation having a more
hydrophilic surface. The internalization of the nanosystem occurred by the forma-
tion of a membrane-bound vesicle via protrusion of the cell membrane, causing
invagination of the macrophage membrane and the possibility of phagosome devel-
opment and phagocytosis. With a high encapsulation efficacy of 89.6%, the system
was noticed in macrophages after 3 h and remained in macrophages for at least 48 h,
showing suitability for the treatment of MDR-TB. In vitro studies showed a bipha-
sic release of GAT, a rapid release in the first 3 days, followed by slow release [37].

Most recently, the enzyme mimetic activity of magnetic iron oxide nanoparticles
has shown benefit in the delivery of anti-TB drugs. INH is a prodrug that is activated
when exposed to KatG enzyme or catalase and peroxidase; for this reason, the
absence of catalase and peroxidase or a KatG gene mutation, which is by large the
most common mutations in INH-resistant MTBs is an important factor to take note
of in treatment[76]. Magnetic iron oxide nanoparticles have intrinsic peroxidase-
like and catalase-like enzymatic activity, showing a prospective combinatory effect
against M.tb. A study incorporating INH in a lipoamino acid surface-modified mag-
netic nanoparticle with an average size of 12.93 nm demonstrated a reduced INH
MIC from 1.26 pg/ml to 1.08 pg/ml when incorporated in the nanoparticle. In the
use of unmodified nanoparticles, a more impressive MIC of 0.87 pg/ml was noticed,
but due to the possible unintended effect of uncoated magnetic nanoparticles, it is
preferable to coat it, since lipoamino acid may mimic the structure of the cell mem-
brane [16] and prevent unintended interaction with plasma proteins in the body.
Furthermore, the presence of a lipophilic structure enhances drug efficacy espe-
cially in the lung, the most prominent site for TB infection.

A study demonstrating the anti-M.rb effect of gallium (III) (Ga)-based com-
pounds, types of drugs in development, when incorporated in nanoparticles was
performed. In [10], various nanoparticles, comprising RIF, gallium incorporated in
NPs made of pluronic F127, mannose/folic acid conjugated F127, dendrimer, and
poloxamer 188, were synthesized. It was very interesting to note that Ga-loaded
folate- or mannose-functionalized block copolymers provided sustained Ga release
for 15 days whilst significantly inhibiting M.zb (H37Rv) microbial growth in THP-1
cells for the same period. Ga(Ill) concentration in folate-conjugated NPs was 2.5
and 10 folds compared to the mannose-NPs and free GA, respectively, by acting on
folate receptor  (FRp) [6]. In addition to the delivery and inhibition of M.tb, Ga
was also found to block the phagosome maturation process by interrupting M.zb-
mediated suppression of Gal3.

An active targeted system presents unique advantages and more studies, includ-
ing extended in vivo studies, will confirm and assure the complete prospects of the
delivery system. Furthermore, studies incorporating the delivery of combinatorial
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anti-TB drugs as performed in the standard regimen, or studies with the combina-
tion of anti-TB drugs and repurposed drugs in the active target nanosystems may
have possible enhanced benefits to counter the progress of the disease. These strate-
gies may be administered by various routes of administration, such as the pulmo-
nary route for pulmonary TB, and IV or intraperitoneal for extrapulmonary
tuberculosis [21].

6 Future Perspectives

The extensive studies over the years on nanotechnology have continuously gained
grounds in its impressive ability to overcome physicochemical limitations, of solu-
bility and stability, by addition virtue of its nano-size range, whilst enhancing the
bioavailability of required anti-TB drugs. This size also contributes to enhancing
drug permeation across membranes and cellular uptake, with its functionalization
allowing specificity and selectivity to the required cell. For pulmonary TB, many
studies on the administration of the medicines through the oral route for the admin-
istration of the free anti-TB drugs have been performed. More recently, pulmonary
TB therapy, employing the use of nanosystems, is showing a prospective alternative
to the oral route, with pulmonary administration of drugs generally gaining aware-
ness due to its non-invasiveness, reduced side effects, and evasion of the hepatic
first-pass metabolism, and the large alveoli surface area. Furthermore, since most
TB is pulmonary, it will be administered directly to the required site of action [21].

Although the need to optimize the even distribution of nanocarriers across the
lung remains a key parameter, another feature to consider is the aerodynamic behav-
iour of the nanoparticles in relation to the rapid clearance from the respiratory sys-
tem. Methods to improve mucoadhesion and mucus penetration as present in
polymers like chitosan and pluronic needs to be investigated [14]. In comparison to
mucoadhesive formulations with identical particle size, the mucus-penetrating
nanoparticles for the administration of baicalein permitted deeper penetration, cel-
lular absorption, enhanced drug distribution in airways, and superior local distribu-
tion and bioavailability. As a result, there is a chance that pluronic and other
mucus-penetrative polymers might be used to make nanosystems for pulmonary TB
therapies.

More interestingly, the approach of active targeting using ligand-receptor pattern
recognition demonstrates a promising preferential approach for internalization into
Mtb reservoirs whilst optimizing the pharmacotherapy. Discovering and exploring
other surface ligands apart from mannose and HA that may act as keys for pattern
recognition on the receptors on Mtb reservoirs, such as toll-like receptors (TLRs),
C-type lectin receptors (CLRs), NOD-like receptors (NLRs), that are normally used
for the entrapment of the microbes need to be explored with the concept of drug
internalization. With more promising in vivo data, a greater insight will allow pre-
clinical studies to determine its possible use clinically. Only then will the prospect
of acquiring a commercially viable nanoformulation become a possibility.
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7 Conclusion

In order to get back on track with the SDGs and WHO goals to end TB by 2030 and
2035 respectively, nanotechnology systems need to be thoroughly scrutinized to
obtain all possible benefits as carriers of anti-TB therapy. The improved clinical
outcome will counter and concurrently treat MDR TB, therefore curbing the spread
and severity of the disease. A combination of toxicity studies, biomaterial approval
by regulatory affairs, and enhanced preclinical studies will bring us closer to the
world of commercially available specific and selective nano-targeted therapies. This
will allow dose reduction and dose frequency which will enhance patient compli-
ance, whilst decreasing treatment cost. Moreover, simply incorporating nanoformu-
lation with present conventional anti-TB drugs is more cost-effective, time-saving,
and more beneficial to low and middle-income countries than the research and
development of a new chemical entity with better therapeutic efficacy.
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Abstract Tuberculosis (TB) is a communicable disease caused by the bacterium
Mycobacterium tuberculosis which is the second most lethal infectious disease after
AIDS. The global problem of multidrug-resistant tuberculosis is nearing epidemic
proportions, and it is a leading killer of young adults worldwide. It is endemic in the
majority of developing countries and has resurfaced in both developed and emerg-
ing countries with high rates of HIV infection. This chapter reviews the clinical
trials and drug delivery approaches for tuberculosis. A number of innovative
implant, microparticulate, and other carrier-based drug delivery systems containing
the main anti-tuberculosis medicines have been developed with the goal of improv-
ing patient outcomes by either targeting the location of tuberculosis infection or
reducing dose frequency. To fully realize the promise of drug development, it will
take creativity, perseverance, collaboration, and resources. A delicate balance must
be struck between preserving medications from developing resistance and ensuring
that regimens are low cost, readily available, and widely accepted by healthcare
systems and clinicians.
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1 Introduction

Tuberculosis (TB) is a common and extremely infectious chronic granulomatous
bacterial illness, where mortality is very high among young adults across the world.
It is caused by the bacillus Mycobacterium tuberculosis, which most commonly
affects the lungs (pulmonary tuberculosis), where chances of infection may spread
to other body parts also (extrapulmonary TB). The illness generally spreads into the
air, when persons with pulmonary tuberculosis exhale germs, such as by coughing.
TB is still a serious worldwide health issue that affects millions of individuals each
year. The illness can strike anybody, anywhere, although the majority of persons
who contract it (about 90%) are adults, the male-to-female ratio is 2:1, and annual
case rates range from fewer than 50 to more than 5000 per 1 million populations.
Each year, 30 nations with a high TB burden account for about 90% of all cases. The
rate per 100,000 population is used to describe the incidence of all types of tubercu-
losis, the incidence of infected cases, and death. The majority of cases (5—-6 million)
affect persons between the ages of 15 and 49. The chance of developing active ill-
ness varies depending on the length of time since infection, age, and host immunity;
nonetheless, a newly infected young child’s lifetime risk of disease has been esti-
mated at 10% [1]. Figure 1 depicts a schematic description of TB.

The region of Southeast Asia has the highest number of instances, accounting for
33% of all incident cases worldwide. In 2003, however, the estimated incidence per
capita in sub-Saharan Africa was about twice that of Southeast Asia, ranging from
290 to 350 cases per 100,000 people [1]. After the human immunodeficiency virus,
it is the second largest cause of mortality from an infectious illness globally (HIV).
Noncompliance with recommended regimens has become one of the primary issues
in tuberculosis treatment today, owing to the fact that TB therapy requires constant,
frequent multiple drug therapy. The introduction of long-duration medication for-
mulations that release antitubercular drugs in a gradual and sustained way should
enhance treatment adherence and effectiveness [2]. For patients with pulmonary
tuberculosis, a 6-month regimen of four first-line medications is now recommended:
isoniazid, rifampicin, ethambutol, and pyrazinamide where 85% chances of suc-
cessful therapy are there. This medication is beneficial in both HIV-positive and
HIV-negative people. The liver and kidneys are overworked and progressively dete-
riorate as a result of the cumulative effects of the medications over such a lengthy
period of time. The most of the standard anti-TB medications are taken orally and
undergo first-pass metabolism in the liver, resulting in adverse effects [3]. Moreover,
the recent rise of resistant TB strains and the scarcity of novel anti-TB medications
pose a potential danger to TB prevention and treatment. The exposure of mycobac-
teria to sub-therapeutic levels of antibiotic is one of the factors for the formation of
resistant TB strains. Treatment failure is mostly caused by patient noncompliance
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Fig. 1 Progression of tuberculosis (TB)

with the treatment regimen and multidrug-resistant tuberculosis (MDR-TB).
MDR-TB therapy necessitates the use of second-line medicines, which are less
effective and well tolerated. In order to prevent resistant TB, each case of tubercu-
losis must be adequately treated, and patient compliance must be improved. The
progression of TB can be briefly described with the following schematic diagram
(Fig. 1).

Pulmonary delivery systems have been extensively studied for the treatment of
pulmonary-related disorders in order to avoid systemic adverse effects and improve
therapeutic efficacy by delivering the medicine directly to the site of action.
Inhalable dry powders, in particular, were created for the aerosol administration of
anti-TB medications to the lungs. These powders, which include anti-TB drugs, can
be administered straight to the lungs. They are made to go straight to the alveolar
macrophages, where the bacteria grow. Local administration may result in high
medication concentrations in the lungs, thereby decreasing treatment time and
avoiding multidrug resistance (MDR). This chapter aims to examine clinical studies
for medication delivery techniques for TB. The bacterium that causes TB is
Mycobacterium tuberculosis. Other ‘atypical’ mycobacteria, such as M. kansasii,
can cause illness with a similar clinical and pathologic presentation. In terms of
organ distribution, M. avium-intracellulare infection (MAI) observed in immuno-
compromised hosts (especially in people with AIDS) is not primarily a pulmonary
infection (mostly in organs of the mononuclear phagocyte system) [4]. Tuberculosis
is becoming a global issue. War, famine, homelessness, and a lack of medical treat-
ment are all factors that contribute to the rising prevalence of tuberculosis among
the poor. Because tuberculosis is easily transmitted from person to person, an
increase in TB in any sector of the population poses a threat to everyone [5]. This
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means that relevant public health interventions, including as screening, immuniza-
tion (where necessary), and treatment, must be implemented and maintained. An
increase in instances will be aided by a lack of public health measures. Inadequate
treatment increases the establishment of TB-resistant strains.

2 Patterns of Infection

There are two main TB disease patterns:

Primary TB: It is a type of tuberculosis that occurs in youngsters. A tiny subpleural
granuloma is the first site of infection, which is followed by granulomatous hilar
lymph node infection. The Ghon complex is made up of all of these things. In
nearly all cases, the granulomas dissolve and the infection does not spread
further.

Secondary TB: It is a reactivation (or reinfection) of a previous infection that occurs
predominantly in adults when their health deteriorates. The granulomatous
inflammation is far more extensive and florid. The higher lobes of the lungs are
usually the most damaged, and cavitation can ensue.

When infection resistance is very low, a ‘miliary’ pattern of dissemination can
develop, with a slew of minute millet seed (1-3 mm) granulomas appearing in the
lungs or other organs.

When tuberculosis spreads outside of the lungs, it can cause a variety of unusual
results with recognizable patterns:

Skeletal Tuberculosis Tuberculous osteomyelitis, often known as Pott’s disease,
affects the thoracic and lumbar vertebrae, followed by the knee and hip. With com-
pressive fractures (kyphosis) and extension to soft tissues, including a psoas ‘cold’
abscess, there is significant necrosis and skeletal destruction.

Genital Tract Tuberculosis Tuberculous salpingitis and endometritis are caused
by tuberculosis spreading to the fallopian tube, causing granulomatous salpingitis,
which can flow into the endometrial cavity, resulting in granulomatous endometri-
tis, irregular monthly bleeding, and infertility. Tuberculosis most commonly affects
the prostate and epididymis in men, causing non-tender induration and infertility.

TB in the urinary tract: A ‘sterile pyuria’ with WBCs in the urine but a negative
routine bacterial culture may indicate renal tuberculosis. If not treated, the renal
parenchyma would gradually deteriorate. With ureteral stricture, drainage to the
ureters might cause irritation.

Tuberculosis in the CNS A meningeal pattern of spread can develop, with high
protein, low glucose, and lymphocytosis in the cerebrospinal fluid. Because the base
of the brain is frequently implicated, cranial nerve symptoms may be present. A
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solitary granuloma, also known as a ‘tuberculoma’, can occur and cause seizures in
some people.

Tuberculosis in the Gastrointestinal Tract This is now uncommon due to wide-
spread pasteurization of milk, which has eliminated Mycobacterium bovis infec-
tions. M. tuberculosis organisms coughed up in sputum, on the other hand, may be
swallowed and spread throughout the GI tract. Circumferential ulcerations with
small intestine stricture are the most common lesions. Because of the abundance of
lymphoid tissue and the slower pace of passage of luminal substances, ileocecal
involvement is more common.

Tuberculosis of the Adrenals Tuberculosis of the adrenals is frequently bilateral,
resulting in enlargement of both adrenals. Addison’s disease is caused by the
destruction of the cortex.

Scrofula Tuberculous lymphadenitis of the cervical lymph nodes can result in a
mass of hard, matted nodes right beneath the jaw. Overlying skin may have chronic
draining fistulous tracts. Children may have this problem, and Mycobacterium
scrofulaceum can be cultured.

Tuberculosis of the Heart The pericardium is the most common site of tuberculo-
sis of the heart. A granulomatous pericarditis develops as a result, which can be
haemorrhagic. If the fibrosis is significant and prolonged, it might develop to calci-
fication and constrictive pericarditis.

3 Microscopic Findings

Microscopically, TB infection causes granulomatous inflammation with epithelioid
macrophages and Langhans giant cells, lymphocytes, plasma cells, possibly a few
PMNs, fibroblasts with collagen, and caseous necrosis in the core. A type IV hyper-
sensitivity reaction triggers the inflammatory response [1]. This can be used as a
starting point for a TB skin test diagnosis. The organisms will appear as slender red
rods in an acid-fast stain (Ziehl-Neelsen or Kinyoun’s acid fast stains). The organ-
isms will be easier to screen with an auramine stain when seen under fluorescence
microscopy, and more organisms will be visible. Sputum is the most typical item
tested; however, histologic staining can also be done on tissues or other bodily flu-
ids. Below is the microscopic view of TB infection caused by granulomatous
inflammation (Fig. 2)
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4 Drug Delivery Systems in TB

Drug administration to the lungs provides a number of benefits, including quick and
prolonged drug delivery, high effectiveness, no first-pass metabolism, and the abil-
ity to induce both local and systemic effects. The enormous surface area of the
lungs, the weak absorption barrier, and the high vascularity all contribute to
improved medication delivery via the lungs [7]. The use of aerosolized medications
in the treatment of localized disease conditions in the lungs is a well-established
modality [8]. Some important modes of drug delivery are discussed here. Liposomes
are bilayer vesicles with a membranous lipid bilayer that completely encloses an
aqueous volume. Because they may be made with phospholipids endogenous to the
lungs as surfactants, they are the most intensively explored methods for regulated
delivery of pharmaceuticals to the lungs. They have the ability to entrap both hydro-
philic and hydrophobic medicines. The supply of oxygen to the lungs has been
enhanced and even tested in animals and humans [9]. Medicines encapsulated in
liposomes have higher bactericidal action than free drugs, notably in the treatment
of monocytes and macrophages [10]. Nanocapsules are the vesicular systems where
the medication is encapsulated within the center volume of these vesicular net-
works, which is surrounded by an embryonic continuous polymeric sheath. These
are a combination of polymer nanocapsules and liposomes. Liposomes are made
with organic solvents and are leaky and unstable in biological fluids. Lung nanocap-
sules, on the other hand, are made with a solvent-free, soft energy method and have
a high level of stability (with physical stability up to 18 months) [11, 12].
Nanoparticles are colloidal formulations made up of synthetic or semisynthetic
polymers. The drug molecules are trapped in the polymer matrix as particulates
enmesh or solid solution, or they may be physically or chemically attached to the
particle surface. Inhalation is the most common way for airborne nanoparticles to be
delivered [13]. Microparticles are spherical particles having a core material that
range in size from 50 nm to 2 mm. They are usually injected intraperitoneally or
directly into the target organs, and due to their size, they offer a long-term drug
depot. They necessitate the diversity of colloidal carrier bio-disposition’s normal
course, that is, passive accumulation. Intracellular targeting with nanoparticles can
be generated by derivatized polymers, which orient projecting their hydrophilic por-
tion exposed to aqueous bulk while the hydrophobic segment is sheltered, resulting
in a hydrophilic surface that evades identification by the reticulo-endothelial system
[14]. Because of its favourable pharmacokinetics, nano-particulate drug delivery
may be able to overcome a wider range of drug resistance. Niosomes are the struc-
tures created by the self-assembly of non-ionic amphiphiles in an aqueous environ-
ment, culminating in a closed bilayer structure, known as non-ionic surfactant-based
vesicles (niosomes). The assembly is seldom spontaneous [15], and it almost always
requires some form of energy input, such as physical agitation or heat. As a result,
the hydrophobic regions of the molecule are protected from the aqueous solvent,
while the hydrophilic head groups have the most interaction with it. Rifampicin
encapsulated in Span 85 (sorbitan tri-oleate)-based niosomes in the 8—15 mm size
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Fig. 2 Microscopic view of TB infection caused by granulomatous inflammation. (a) The pink,
amorphous region in the center of this granuloma in the upper right, surrounded by epithelioid cells
on the left and lower areas of this photomicrograph, should be noted. Caseous necrosis appears like
this on a microscopic level. (b) A Langhans big cell (a committee of macrophages with the nuclei
placed at the periphery) and elongated epithelioid cells, which are changed from macrophages, are
illustrated here. (¢) Granulomas are not necessarily well-formed, although epithelioid cells should
be present. The presence of giant cells is common. Lymphocytes, plasma cells, and neutrophils are
among the other inflammatory cell components. Collagenization is frequently a sign of a healing
process. Granulomas can become calcified as they recover. (d) The presence of mycobacteria in
tissue and cytologic preparations is determined using an acid-fast stain. The thin red rod-like
organisms should be noted Ref. [6]

range were observed to aggregate in the lungs of mice indicating that enhanced anti-
tuberculosis therapy may be possible [16].

Biodegradable Microspheres

These drug carriers may be made in a variety of particle sizes, which is important
for in vivo deposition of particulate carriers. Drugs can be readily included with
relatively high efficiency, and variable drug release rates may be obtained by manip-
ulating the synthetic synthesis technique. In vitro and in vivo, they are more physico-
chemically stable. Entrapped drugs have a longer duration of action and a slower
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Table 1 Table showing numerous delivery systems and their modes of distribution, and the
proportion of drug put into the system

SL.

no. | Delivery system Mode of delivery Drug loading

1 Liposomes conventional Nebulization Rifampicin 22%
Isoniazid 14%

2 Liposomes ligand appended | Nebulization Rifampicin 40%

3 Liposome Nebulization Amikacin 15-21%

4 Liposome Instillation Amikacin 40%

5 Liposome Nebulization Rifampicin 69.3%

6 Liposome Nebulization Rifampicin 85.3%

7 Microparticles PLG Nebulization/Insufflation | Rifampicin 30%

8 Microparticles PLA dry Inhalation Rifampicinl1% Isoniazid 4%

powders

9 Microparticles DPP Insufflation PAS, 95%

10 | Microparticles Inhalation Rifampicin 20.8 + 2.4%

11 | Nanoparticles PLG Nebulization Rifampicin 60-70%

12 | Lectin PLG Nebulization Rifampicin 60-70%

13 | Solid lipid nanoparticles Nebulization Rifampicin 40-50%

14 | Microspheres Dry powder inhaler Capreomycin sulphate
6.2 +2%

rate of release. Easy formulation is made possible by the increased stability.
Following systemic injection, a variety of biodegradable microspheres were shown
to be non-toxic, biodegradable, and non-immunogenic [17]. After intravenous
administration, model microspheres coated with a polaxamine-980 block copoly-
mer showed extended circulation half-life in the arterial compartment, little or no
RES absorption, and significant deposition levels in the lungs [18]. The tabular rep-
resentation is as follows (Table 1).

5 Clinical Studies and Novel Medication Regimens
for Tuberculosis

A potential TB medication pipeline has emerged in the last five years. Several can-
didates with potent anti-Mycobacterium tuberculosis activity are in the lead optimi-
zation stages, as well as phase II and phase III clinical studies.

5.1 Fluoroquinolones

Fluoroquinolones are the mainstay of treatment for MDR-TB, and their efficacy has
been demonstrated in many studies [19]. They also have a potential role in reducing
the treatment duration in drug-susceptible TB [20]. Guidelines for the treatment of
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MDR-TB recommend late-generation fluoroquinolones (levofloxacin and moxi-
floxacin). The finest fluoroquinolones, on the other hand, are a contentious topic.
Moxifloxacin has lower minimum inhibitory concentrations (MICs) and stronger
bactericidal activity than levofloxacin, according to many experimental and animal
studies [21]. However, high dosages of levofloxacin (1000 mg/day) have been
shown in some studies to have outstanding early bactericidal activity (EBA) compa-
rable to moxifloxacin [4]. There were no differences in sputum culture conversion
at 3 months of treatment (88.3% in the levofloxacin group vs. 90.5% in the moxi-
floxacin group, P > 0.05) or the proportions of adverse drug reactions in a recently
reported clinical trial comparing the efficacy of moxifloxacin (400 mg/day) and
levofloxacin (750 mg/day) in MDR-TB treatment. The efficacy and safety of both
medicines in the early stages of MDR-TB treatment were demonstrated in this study.
Aside from the development of new medications, drug resistance prevention is
an essential concern in MDR-TB care because fluoroquinolone resistance is a sig-
nificant risk factor for poor outcomes [5]. Only 7 of the 15 countries with their own
national lower respiratory tract infection and community-acquired pneumonia
guidelines had information on the potential risk of developing fluoroquinolone
resistance in patients with misdiagnosed TB, according to a recent study conducted
in 24 European countries. However, a meta-analysis of six studies found that indi-
viduals who were exposed to fluoroquinolones before their TB diagnosis had a
threefold increased chance of acquiring fluoroquinolone-resistant TB [22].

5.2 Rifapentine

Rifapentine was tested as a once-weekly TB treatment in combination with isonia-
zid because of its long half-life and lower MIC [23]. Patients with cavitary pulmo-
nary TB or HIV infection, on the other hand, had a significant failure rate with the
regimen. Furthermore, in pulmonary TB, 5 days/week of rifapentine treatment in
combination with isoniazid, ethambutol, and pyrazinamide was not more effective
than a standard rifampin regimen [24], despite another study showing that a 3-month
rifapentine regimen cured TB and prevented its relapse in mouse models. Because
the efficacy of rifapentine is related to peak concentration [25], the disparity in these
results between mice and human investigations could be explained by an inadequate
peak concentration. To determine the safety and activity, more research is needed.
More research is needed to determine the safety, activity, and pharmacokinetics of
the drug. A systemic and conclusive research is required to determine the safety,
activity and pharmacokinetic profile of the drug. In animal studies, it was found
that, the rifapentine exhibit longer half-life and more potent anti-M. tuberculosis
activity than rifampin, as a result, it can be opted for the treatment of latent tubercu-
losis. Research revealed that, a 3-month course of these drugs would be helpful for
treating latent M. tuberculosis because weekly rifapentine and isoniazid are effica-
cious in the continuation phase of tuberculosis treatment in individuals with a low
bacillary burden. Direct observation revealed a similar result. In terms of
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preventing tuberculosis, 3 months of rifapentine with isoniazid treatment was just as
effective as 9 months of isoniazid treatment alone, and it had a higher treatment
completion rate. It will be crucial to monitor safety over the long run [26].

5.3 Bedagquiline

A diarylquinoline, bedaquiline, is a strong novel medication that inhibits the proton
pump in adenosine triphosphate (ATP) synthesis, resulting in insufficient ATP syn-
thesis. In a murine model, it possesses a very low MIC against M. tuberculosis and
robust bactericidal action that outperforms isoniazid and rifampin [27]. A conven-
tional 2-month treatment regimen with bedaquiline produced high culture conver-
sion rates, fast sputum culture conversion, and little acquired resistance to companion
medicines in phase II studies for newly diagnosed MDR-TB [28].

When an effective treatment regimen cannot be offered, the WHO and the US
Centers for Disease Control and Prevention have advised that bedaquiline be used
as an interim recommendation for MDR-TB adult patients. However, due of an
elevated risk of death and QT prolongation, there are still safety concerns about this
medicine.

5.4 Nitroimidazoles

Delamanid and PA-824 are novel nitroimidazoles that inhibit mycolic acid forma-
tion in phase II and phase III clinical trials. Delamanid exhibited high EBA in
patients with pulmonary tuberculosis and potent action against drug-susceptible and
drug-resistant M. tuberculosis in both in vitro and in vivo experiments [29]. In a
subsequent study of the efficacy and safety of delamanid in patients with MDR-TB,
researchers found that 2 months of treatment with two different drug doses (100 and
200 mg twice daily) in combination with a standard MDR-TB regimen resulted in a
significant increase in culture conversion compared to placebo (45 percent in the
100 mg group vs. 42% in the 200 mg group vs. 29% in the placebo group). In the
subsequent open-label extension experiment for MDR and XDR-TB, a mortality
advantage was also demonstrated; specifically, mortality rates in patients receiving
delamanid for at least 6 months and 2 months or less were 1% and 8.3%, respec-
tively. QT prolongation, on the other hand, was recorded substantially more fre-
quently in delamanid-treated patients than in placebo-treated individuals.

PA-824 has a low MIC that is comparable to isoniazid. In a recent phase II clini-
cal trial, the mean 14-day EBA of this regimen was comparable to that of standard
treatment in patients with drug-susceptible pulmonary TB. In February 2013, an
8-week serial sputum colony count trial utilizing this regimen was completed,
although the results have yet to be published [30].
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5.5 Clofazimine

Clofazimine has been used to treat leprosy for a long time; however, it was first cre-
ated as an anti-TB medicine. According to meta-analyses [31], the drug has lately
emerged for the treatment of drug-resistant tuberculosis. The most common reported
side effects were gastrointestinal disturbances and skin pigmentation, and a
clofazimine-containing regimen exhibited satisfactory treatment outcomes in
62-65% of cases [30]. A clofazimine-containing regimen consisting of gatifloxacin,
ethambutol, and pyrazinamide obtained an 88% relapse-free cure rate among 206
patients in observation research on the efficiency of standardized MDR-TB regi-
mens [32]. A clofazimine-containing regimen resulted in a reduced bacillary load
after 2 months of treatment and negative conversion after 5 months of treatment in
a recent mouse research.

6 Meropenem and Clavulanate in Combination Therapy

M. tuberculosis develops extended-spectrum b-lactamase, which makes it intrinsi-
cally resistant to b-lactam medicines like meropenem (BlaC). Because clavulanate
inhibits BlaC, meropenem and clavulanate have significant anti-M. tuberculosis
activity in vitro [33]. A meropenem-clavulanate-containing regimen has been shown
in recent studies to have high smear and culture conversion in MDR/XDR-TB.

6.1 SQI109

SQ109 is a 1,2-ethylenediamine derivative of ethambutol that exhibits action against
both drug-susceptible and drug-resistant tuberculosis by inhibiting protein synthesis
in M. tuberculosis. In vitro, it displays synergistic effects with bedaquiline and pref-
erential interactions with PNU-100480 (sutezolid). SQ109 is now undergoing phase
II studies [34].

6.2 Benzothiazinones

Benzothiazinones are a new class of antimycobacterial drugs that inhibit the forma-
tion of decaprenylphospho-arabinose, the precursor of the arabinans in the myco-
bacterial cell wall, and have the strongest antimycobacterial efficacy against
M. tuberculosis. BTZ043 is effective against 240 M. tuberculosis clinical isolates,
including drug-susceptible MDRTB and XDR-TB [35]. There were no antagonistic
interactions detected in a study of BTZ043 and rifampin, isoniazid, ethambutol,
TMC207, PA-824, moxifloxacin, meropenem with or without clavulanate, and
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SQ109, and most of the interactions were additive. When BTZ043 was coupled with
bed aquiline, synergic effects were observed [36].

6.3 Novel Regimens

In clinical trials, numerous novel regimens for drug-susceptible and drug-resistant
tuberculosis are being tested. These efforts have been made to reduce the time of
chemotherapy in drug-susceptible and drug-resistant TB patients, as well as to
improve drug-resistant TB efficacy.

7 Treatment Regimens for TB That Are Less
Time-Consuming

Treatment shortening could lead to a breakthrough in TB control, as protracted
treatment duration causes many patients to drop out early. Patients with noncavitary
disease whose sputum cultures converted to negative after 2 months had signifi-
cantly higher rates of relapse in the 4-month arm than in the standard 6-month arm
in a randomized equivalence trial evaluating whether treatment duration could be
shortened to a 4-month regimen using standard doses of rifampicin in patients with
a low risk of relapse (with noncavitary disease whose sputum cultures converted to
negative after 2 months) [37]. The failure to remove dormant bacilli may be to
blame for the increased relapse rate in the shorter treatment group. As a result, suc-
cessful treatment regimens that reduce treatment time must emphasize the introduc-
tion of new medications with unique mechanisms of action.

Fluoroquinolones could play a significant role in this regard. However, a recent
randomized trial found that, the 4-month thrice-weekly regimens of gatifloxacin or
moxifloxacin with isoniazid, rifampin and pyrazinamide (2GHRZ3/2MHR3 or
2MHRZ3/2MHR3) had a higher relapse rate of 15% and 11%, respectively, com-
pared to 6% in the standard 6-month thrice weekly treatment (2EHRZ3/4HR3) of
long run tuberculosis. Three noninferiority trials are currently evaluating the use of
fluoroquinolones to reduce treatment duration to 4 months by employing a daily
dose strategy at least during the intensive phase rather than an intermittent dosing
regimen. OFLOTUB (A Multicentre, Randomized, Control Trial of Ofloxacin-
Containing, Short-Course Regimen for the Treatment of Pulmonary Tuberculosis;
NCT00216385) compares the standard 6-month regimen to a 2-month intensive
phase in which gatifloxacin replaces ethambutol, followed by a 2-month mainte-
nance phase in which gatifloxacin, isoniazid, and rifampin. Follow-up data has been
collected; however; the results are yetto be released [38]. REMox TB (NCT00864383)
compares normal 6-month therapy to two study regimens [2 months of moxifloxa-
cin, isoniazid, rifampin, and pyrazinamide followed by 2 months of moxifloxacin,
isoniazid, and pyrazinamide (2MHRZ/2MHR) or 2 months of ethambutol,
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moxifloxacin, rifampin, and pyra]. The RIFAQUIN trial (ISRCTN44153044) is
comparing the standard 6-month regimen with two study regimens [2 months of
daily ethambutol, moxifloxacin, rifampin, and pyrazinamide followed by 2 months
of twice weekly moxifloxacin and rifapentine (2EMRZ/2PM?2) or 4 months of once-
weekly moxifloxacin and rifapentine (2EMRZ/4MP1)]

8 New Tuberculosis Treatment Regimens

In most patients, WHO recommendations on the treatment of MDR-TB propose an
intense treatment period of 8 months and a total treatment duration of 20 months
[19]. However, treatment success rates for MDR-TB were unsatisfactory as a result
of this programmatic management [5]. An observational analysis of standardized
treatment regimens for MDR-TB found that they are extremely effective and have
few side effects. In particular, an 88% cure rate was achieved using gatifloxacin in
combination with ethambutol, pyrazinamide, and clofazimine (5-month mainte-
nance phase), supplemented with kanamycin, prothionamide, and isoniazid during
an intensive phase of 4 months or until sputum smear conversion
(4KCGEHZP/5GEZC) [32]. Despite the fact that this observational trial had sub-
stantial limitations, such as a lack of similar patients treated with WHO-
recommended regimens, the fact that this regimen significantly decreased the
duration of MDR-TB treatment and raised the cure rate is encouraging. The
STREAM trial (The Evaluation of a Standardized Treatment Regimen of Anti-
Tuberculosis Drugs for Patients with Multidrug-Resistant Tuberculosis;
ISRCTN78372190) is currently underway, and it is comparing WHO-recommended
individualized regimens with 4KCMEHZP/SMEZC (moxifloxacin instead of
gatifloxacin).

9 Fixed-Dose Combinations

Since the 1980s, fixed-dose combination (FDC) tablets have been manufactured to
improve patient compliance with anti-TB treatment. FDC pills combine two or
more anti-TB medications. FDCs have been frequently utilized because they were
thought to prevent physician error when prescribing medications and patient error
when taking only one medicine [39]. The effectiveness of FDCs has been studied
extensively through observational research and clinical trials. The outcomes, how-
ever, have been inconsistent. To see if FDCs are useful in treating tuberculosis, a
systematic review and meta-analysis was recently conducted. The use of FDCs for
the purpose of improving treatment outcomes is not supported by this systematic
review of available data. FDCs, on the other hand, were linked to a higher risk of
illness or treatment failure. However, the outcomes have not always been consistent.
A systemic review and meta analysis were just completed to see, if FDC’s are
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beneficial in the treatment of tuberculosis or not, as the limitations of FDC’s are
found to be higher than separate drug regimens. Moreover, there is no such concrete
evidence of improving patients compliance as well as treatment satisfaction through
FDC’s. This systematic review of current evidence on TB [40] does not believe that
FDCs should be used for this purpose. Treatment outcomes are improving. FDCs,
on the other hand, were related with an increase in the risk of treatment failure or a
return of the disease.

10 Future Prospects

According to Wade Hampston Frosts, ‘age and earlier exposure do not confer
immunity against TB as they do against many acute infections’. Because pulmonary
TB is the most common form of tuberculosis and Mycobacterium tuberculosis
dwells in alveolar macrophages, giving anti-tubercular drugs via the respiratory sys-
tem is a potential promise. Due to the difficulties of diagnosis, MDR, and treatment
adherence, the goal of eliminating the transmission of the causal organism is now
out of reach. The inability to control a treatable disease has several causes. The
HIV/AIDS pandemic [41] cases and case fatality have grown more quickly, and
drug resistance rates are high in several countries (especially to rifampicin, which is
too expensive to be included in many of the regimens). Inactivation of the drug,
changed cell wall permeability or drug efflux, drug titration owing to target overpro-
duction, and target modification are the main routes of resistance. Intrinsic drug
delivery principles may be used to segregate the distribution of pure pharmaceuti-
cals in order to create an oral system as cost effective, low dose intake (for new
potent drugs), robust supply chain and access to remotely spread population are the
key factors.

11 Conclusion

Tuberculosis has a devastating effect on underdeveloped countries. In this environ-
ment, drug-resistant tuberculosis poses a significant obstacle to efficient tuberculo-
sis control. The goal is to discover a solution by developing or manufacturing better
and more effective medications that minimize treatment time, reduce drug toxicity,
and have a higher bioavailability. The objective is to discover a way to stop the
spread of the causal organism, but owing to the difficulty of identification, antibiotic
resistance, and patients’ low compliance with therapy, this is a complex, multifac-
eted, and thorny task. A number of new anti-TB potential medications are under
development, but they have several serious limitations, including a lack of thorough
research and a high price tag. For the past 40 years, a standard TB treatment regi-
men has been used with established high efficacy and safety, but improvements are
needed to reduce treatment duration and increase efficacy in drug-resistant
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TB. These modifications in TB treatment could be enabled by recent advances in
TB medication research. However, there are still a number of issues that need to be
addressed before these new drugs can be used, including dose optimization and the
development of new regimens that not only combine new drugs but also add new
drugs to standard regimens, which could improve treatment efficacy while reducing
adverse events and drug interactions. Additionally, enhanced efforts should be
undertaken to decrease drug resistance throughout TB treatment.

Conflicts of interest Authors declares that there is no any competing interest.
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Potential of Herbal Drugs for Treatment
of Tuberculosis

Check for
updates

Vishwa Patel, Dipal Gandhi, Hetanshi Patel, and Niyati Acharya

Abstract Worldwide, TB is estimated as the 13th leading cause of death and the
second leading infectious disease after COVID-19. In 2020, an estimated 10 million
people fell ill with tuberculosis (TB) worldwide. The current first-line drug treat-
ment against tuberculosis has various limitations, of poor efficiency in complicated
TB cases, side effects and lengthy drug treatment regime. Antibiotics like rifampi-
cin, ethambutol, isoniazid, and pyrazinamide are currently used to treat tuberculo-
sis, but multiple drug resistance is a major problem associated with it. Many
traditional practices and medicinal plants have been in use as adjuvant for the treat-
ment and management of TB.

This chapter gives an overview of medicinal plants and some of the bioactives
found to be reported with a prominent effect against TB. The mechanism behind the
interaction of anti-TB drugs and herbal constituents and their novel delivery
approaches are also discussed.

Keywords Tuberculosis - Ethnopharmacology - Bioactive phytoconstituents -
Herbal remedies - NDDS

1 Introduction

Tuberculosis (TB) is an infectious disease caused by the bacillus Mycobacterium
tuberculosis. 1t is a chronic specific inflammatory infectious disease caused by
M. tuberculosis in humans. Tuberculosis usually attacks the lungs but it can also
affect any parts of the body [2, 49]. TB disease can be traced back to Mycobacterium
tuberculosis. Lungs are the main line of attack by M. tuberculosis and symptoms are
often presented as severe coughing, fever and chest pain [40]. The current first-line
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drug treatment against tuberculosis has various limitations, such as efficiency
towards complicated TB cases, drug-related side effects and lengthy drug therapy
(612 months) [77]. The first-line cocktail drugs used in the treatment of TB infec-
tions include isoniazid and rifampicin, which are usually supplemented with pyra-
zinamide and ethambutol in the first 2 months [5, 78]. Most cases of TB are
pulmonary and acquired by person to person transmission of airborne droplets of
organisms. Oropharyngeal and intestinal TB contracted by drinking dairy milk con-
taminated with M. bovis are rarely seen nowadays and Products made from unpas-
teurized cow’s milk have been linked to a number of infectious diseases, and
importing them from nations where M. bovis is a common cattle bacteria increases
the risk of transmission [31].

According to the World Health Organization (WHO), approximately 10 million
people were infected with TB in 2020 and 1.5 million died from the disease in the
same year. WHO declared TB a global public health emergency. About one-third of
the world’s population (>2 billion), are infected with TB bacilli. Ten percent of the
people infected with TB bacilli will become sick with active TB in their lifetime.
According to WHO report, global population with burden of disease caused by TB
from 1990-2011 was 6948 million and total number of MDR cases from 2005 to
2011 were 61690.3 In 2011, there were an estimated 8.7 million incident cases of
TB (range, 8.3 million-9.0 million) globally. Highest numbers of incidents were
reported in Asia (59%) and Africa (26%). Estimates of the burden of TB disease
among children have also been carried out [45].

The burden of TB is highest in Asia and Africa. In 2011, the largest number of
cases was reported from India, China, South Africa, Indonesia and Pakistan. India
and China alone accounted for 26% and 12% of global cases, respectively. An esti-
mated 1.4 million (range 1.3—1.6 million) of the 8.7 million TB incident cases
reported in 2011 died from the disease, translating to a mortality rate of 20 fatalities
per 100,000 persons [45]

1.1 Tuberculosis: Initiation, Etiology,
Symptoms, Pathophysiology

M. tuberculosis is the most common cause but other than that it includes: M. avium
intracellulare, M. kansasii, M. scrofulaceum, M. marinum, M.ulcerence, M. fortui-
tum, and M. chelonae [2, 31]. TB is transmitted through the air by a person with
active TB disease of the lungs and less frequently transmitted by ingestion of
M. bovis found in unpasteurized milk products or auto-ingestion and inoculation (in
skin tuberculosis). Symptoms include persistent cough sometimes with chronic
obstructive pulmonary disease (COPD) (Fig. 1).

Pathophysiology of tuberculosis [32] is divided into three Acts. Act I is the War
of Attrition wherein MTB tries to multiply while the host attempts to contain them
within granulomas, with no or little immunity, there is greater lymphatic or
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Alveolar macrophage (AM)
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Fig. 1 Illustrative description of TB pathogenesis in five consecutive steps: (1) Mycobacterium
entry, (2) interactions with alveolar macrophages, (3) recruitment and stimulation of immune cells,
(4) Mycobacterium containment in granuloma, (5) active TB disease [97]

hematogenous spread. Control through cell mediated Immunity. In Act II — The
Sneak Attack — post-primary bronchogenic TB begins asymptomatically in the api-
ces of the lung, at some distance from the site initial infection, and it is part of latent
TB since there are no clinical symptoms. In Act III- the fallout, is responsible for
nearly all clinical post primary disease with formation of a cavity surrounded by
epithelioid cells and fibrosis which produces granulomatous inflammation. Cavities
form when caseous stage encompasses the pneumonia softens, fragments and is
coughed out of the body leaving a hole. Pneumonia that is not coughed out remains
to induce inflammation (Fig. 2).

1.2 M. tuberculosis Drug Development and Phage-Based
Therapy: Potential Anti-TB Treatment

The triple combination of bedaquiline, pretomanid and linezolid has been used as a
potential “game-changer” with high efficacy towards extensively drug-resistant
TB. This multidrug target regimen has been inhibiting mycobacterial ATP synthase,
mycolic acid synthesis and energy production [93]. The discovery of a potent anti-
TB drug, TB47, a pyrazolo[1,5- a] pyridine-3-carboxamide, has new hope in the
fight against TB. The compound, TB47, was revealed to be effective against 37
MDR-TB clinical strains. This compound has indicated that to be highly anti-
mycobacterial, inhibiting the growth of M. bovis, M. ulcerans, M. marinum,
M. smegmatis and M. abscessus at very low concentrations of TB47 displayed
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Pathophysiology of T.B. (Hunter et al., 2014)

PRIMARY LS ACUTE CASEATING

The Three Distinct Stages Hypothesized (Hachart et al., 2016)
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Fig. 2 Pathophysiology of TB

potent bactericidal activity in comparison to rifampicin. TB47 directly depends on
the respiratory cytochrome bce complex and is a potential antitubercular agent that
synergistically inhibits M. tuberculosis [86].

The drugs now used to treat tuberculosis were discovered over a two-decade
period (1944—1965), during which a relatively intensive search was conducted in
various industrial and nonindustrial laboratories. There are multiple reasons for the
decline in interest in research into new anti-tuberculosis drugs, including incorrect
assumptions, investment of time, and issues with how the pathogen should be han-
dled. In addition, developing an anti-TB drug requires more human resources than
developing other antimicrobial agents. Finally, and perhaps most importantly, tuber-
culosis is prevalent in developing countries with limited economic resources, and
industrial laboratories are reluctant to invest in research for new products to be used
in those areas, where another major drawback is the lack of patent protection.
Medicinal plants are an everlasting gift from nature that has been utilized to treat a
variety of ailments in humans since the dawn of time. Herbs, either alone or in
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combination, are effective at reducing drug-related side effects. In absence of effec-
tive therapeutic drugs for TB, hope is built on plant-based natural products due to
their chemical diversity and important role as phyto-drugs as well as herbs and
bioactive which can be further utilized to develop novel targeted formulation.

2 Herbs Used in the Treatment of Tuberculosis

TB is a highly contagious viral disease that has been declared a global health emer-
gency by the World Health Organization, with over one-third of the world’s popula-
tion latently infected with M. tuberculosis. The treatment for tuberculosis is divided
into two phases: intensive and maintenance [79].

Tuberculosis (TB) is a disease that has afflicted humans since the dawn of
humanity. The increasing rise in multidrug-resistant clinical isolates of
Mycobacterium TB has necessitated the rapid discovery and development of novel
anti-tuberculosis leads. Because of the toxicity and side effects of allopathic drugs,
herbal therapy is becoming more popular [4].

Antibiotics such as rifampicin, ethambutol, isoniazid, and pyrazinamide are cur-
rently used to treat tuberculosis, but the rise of multiple drug resistant (MDR) and
extensively drug-resistant (XDR) Mycobacterium strains is a common concern with
anti-TB medications [70].

Traditional medicines (TM) play an important role in the health care industry
around the world. The popularity of TM is growing in industrialized countries for a
variety of reasons, one of which is that ethnopharmacological research has proven
the effectiveness of these TM. Nearly half of all medications approved by the FDA
in the United States in the previous 20 years have been natural product derivatives,
including natural plant products. An estimated 70,000 plant species are used for
medical reasons among the 435,000 species identified globally. As a result, picking
plants based on ethnobotanical knowledge can improve the chances of discovering
new anti-TB chemicals [94].

The traditional anti-TB medicinal plants are classified into 90 families, with 230
genera and 277 species. Fabaceae (21 species in 18 genera), Asteraceae (20 species
in 16 genus), Euphorbiaceae (14 species in 11 genus), Lamiaceae (13 species in 11
genus), Rutaceae (14 species in 10 genus), Combretaceae (9 species in 4 genus),
Piperaceae (9 species in 1 genus), Zingiberaceae (8 species in 3 genus), Annonaceae
(7 species in 6 genus), Apiaceae (7 in 7 genus). A total of 40 plant families are only
mentioned once. There are up to six anti-TB plant species in the Terminalia genus,
which belongs to the Combretaceae family, and roughly nine anti-TB plant species
in the Piper genus [94].

GIT symptoms, hepatotoxicity, ototoxicity, nephrotoxicity, skin rashes, fever,
peripheral neuritis, and rarely psychotic alterations are all side effects of anti-TB
medications. The plant extract prevents cellular damage and can greatly restore nor-
mal hepatic enzyme levels in the event of any hepatic irregularities. Glycosides,
flavonoids, triterpenes, and the phenolic group of chemicals isolated from plants
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have been shown to have hepatoprotective properties in numerous studies. These
phytochemicals have antioxidant and free radical scavenging activities, which
reduce catalase, superoxide dismutase, and glutathione levels in the liver and pre-
vent excessive lipid peroxidation [50].

The herbs can help to decrease high blood enzymes, total bilirubin, and protein
levels. They can help repair enzymatic antioxidants’ abnormal activity and liver
damage induced by anti-TB medications. Traditional TB treatments include Apium
graveolens, Apium indica, A. paniculata, Ficus religiosa, Fumaria indica,
Glycyrrhiza glabra, Syzygium aromaticum, W. somnifera, Tinospora cordifolia, and
other herbs with hepatoprotective qualities. Alkaloids, flavonoids, diterpenoids, tan-
nins, lipids, sterols, and other compounds found in these plants have antibacterial
and liver protective properties. Several anti-TB plants have been found to have anti-
microbial action against MTB-H37RV [50].

Phytochemicals such as alkaloids, flavonoids, carbohydrates, glycosides, sapo-
nins, tannins, and terpenoids are abundant in Moringa oleifera leaves. Hepatic dam-
age caused by INH, PZA, and RIF, M. oleifera leaf extract can restore normal liver
activity. The enzymes ALS, AST, alkaline phosphatase, lipid peroxidation, and bili-
rubin in the serum appear to enhance recovery from liver injury and restore regular
functioning [50].

In several ways, phytochemicals are useful in the treatment of anti-TB drug-
induced toxicity. They primarily act on a few key mechanisms that are responsible
for drug toxicity. Cytochrome P450, free radicals, and reactive oxygen species are
all targets for phytochemicals. Flavonoids, tannins, and carotenoids, for example,
have an effect on reactive oxygen species. The activity of Cytochrome P450 is also
affected by organosulphur compounds and flavonoids, which affects drug metabo-
lism [50].

The detailed description of the plants, family, plant parts used, extract type and
in vitro activity with minimum inhibitory concentration value (MIC), information
on active chemicals (if any), and ethnomedicine and Ayurvedic usage have been
mentioned in Table 1 Surprisingly, the majority of plant species have a significant
ethnopharmacological relationship with traditional knowledge [30].

2.1 Multitargeting Potential of Natural Products
in TB Treatment

Medicinal plants have traditionally been used in the treatment of pulmonary dis-
eases such as TB, yet most of these have not been fully elucidated. Plant-derived
compounds with low toxicity and high activity towards M. fuberculosis have previ-
ously been identified against M. tuberculosis species and these should be tested in
combination with the current first-line drugs. In the last decade, 25 newly approved
drugs were derived from natural products, with 31 additional drugs either at or past
Phase III clinical trials. In the last decade, a number of researchers have reported
extracts from edible plants such as aromatic ginger, roselle, celebes pepper and
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banana leaves as potent MDR-TB inhibitors. Examples of some antitubercular
drugs with multitarget properties include SQ109 and its derivatives, which have
been reported to inhibit MmpL3 and MmpL11, transporter proteins involved in cell
wall biosynthesis, and MenA and MenG, involved in menaquinone biosynthesis.
Furthermore, the inhibitory capabilities of the SQ109 derivatives against a panel of
various Gram-positive and Gram-negative bacteria, including the M. tuberculosis,
fungi and the P. falciparum parasite, have been reported [51, 85].

3 Potential of Phytoconstituents

1. Acalypha indica

Acalypha indica Linn.(Family: Euphorbiaceae) It has been traditionally used for
diuretic, anthelmintic, respiratory problems, rheumatoid arthritis, to cure scabies
and other skin infection [57]. A. indica has different pharmacological activities such
as anti-inflammatory, anti-bacterial, anti-fungal, hepatoprotective, anthelmintic,
anti-fertility, antiulcer activity, antioxidant and anticancer activity [21]. A.indica
revealed the presence of p-sitosterol and its B-D-glucoside were isolated from the
leaves and twigs of A. indica. Several secondary metanolites are found to be present
such as Potassium brevifolin carboxylate, 1-O-galloyl-p-D-glucose, 1,2,3,6-tetra-
D-galloyl-p-D-glucose, corilagin, geraniin, acaindinin, acetonylgeraniin A, euphor-
misin M2, repandusinic acid A, and chebulagic acid, as well as two flavonoid
glycosides quercetin 3-O-p-D-glucoside and rutin. Chrysin and galangin were iso-
lated from the whole plant extract. Acalphin, an acyanogenic glycoside, was also
isolated from the same plant [42]. Kaempferol glycosides, mauritianin, clitorin,
nicotiflorin and biorobin were isolated from the flowers and leaves of A. indica [44].
The phytochemicals such as phenolics and flavonoids are important components of
the plant and some of their biological activities could be imputed to the presence of
these constituents [72]. The crude extracts of A. indica have shown activity against
M. tuberculosis H37Rv strain. Antitubercular potential of various fractions of meth-
anol extract of A. indica were performed and checked on drugresistant strain. Three
fractions such as ethyl acetate, aqueous fraction and n-butanol fraction were ana-
lyzed for the activity. The prepared fractions found to contain phytochemicals viz.
flavonoids, alkaloids, saponins and steroids. The importance and effect of these
phytocinstituents were studied. Flavonoids show activity by damaging cytoplasmic
membrane with the generation of hydrogen peroxide, inhibition of nucleic acid syn-
thesis and inhibition of ATP synthase. This might be the reason for the mechanism
of action of saponins and flavonoids present which may inhibit M. tuberculosis.
Hence, the ethyl acetate and aqueous fractions will be carried out to separate the
phytochemicals responsible for the anti-TB activity. The antitubercular activity of
the fractions is carried out on M. tuberculosis H37Rv strain, by Microplate Alamar
Blue Assay (MABA) method [59].
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2. Allium sativum

Allium sativum (Family: Liliaceae) therapeutic effects are due to specific oil and
water-soluble organosulfur compounds, which are responsible for the typical odor
and flavor of garlic. They exhibit different antibacterial, antifungal, antiseptic, anti-
viral, expectorant, antihistamine properties [18]. Researchers have discovered that
Allium sativum exhibits in vitro activities such as (i) antimicrobial activity against
both Gram-positive and Gram-negative bacteria, including species of Escherichia
coli, Salmonella, Staphylococcus and Streptococcus, Klebsiella, Proteus, Bacillus,
Clostridium, Helicobacter pylori, and even Mycobacterium tuberculosis (Mtb);
(i) antifungal activity — particularly against Candida albicans — (iii) antiparasitic
and (iv) antiviral action [18]. It has in vitro a strong anticancer effect as well as anti-
inflammatory, immunomodulatory and antioxidant properties [3]. It also possesses
antihyperlipidemic, anthelmintic, antihypercholesterolemic, antihypertensive activ-
ity. The high potential of garlic extract was revealed by the ability to inhibit the
growth of M. tuberculosis H37Rv and M. tuberculosis TRC-C1193, susceptible and
resistant to isoniazid (first-line antituberculosis medication), respectively. The mini-
mum inhibitory concentration (MIC) [1] the garlic extracts effectiveness against
clinical isolates of MDR-TB are of scientific importance. Water extract of Allium
sativum was found to have activity against two MDR M. tuberculosis isolates that
were found to be resistant against rifampicin and isoniazid [20].

3. Diospyros anisandra

Effects of Diospyros anisandra (Family: Ebenaceae) were reported against
M. tuberculosis H37Rv strain sensitive to streptomycin, isoniazid, rifampin, etham-
butol, and pyrazinamide, and M. tuberculosis. Antimycobacterial activity was eval-
uated by the Microplate Alamar Blue Assay (MABA). Leaves, root and stem bark
of Diospyros anisandra were screened against two strains of M. tuberculosis, one
resistant and one susceptible to antibiotics, using the Microplate Alamar Blue Assay
test. The lipophilic fractions of the root and bark showed significant inhibitory
activity against both strains, with the hexane fraction of the bark showing the stron-
gest activity against the resistant strain and a significant antimicrobial activity
against Staphylococcus aureus, Bacillus subtilis, Candida albicans, Aspergillus
niger, and Colletotrichum gloeosporioides. The methanolic extract of stem bark of
D. anisandra showed significant antimycobacterial and antimicrobial activities,
inhibiting the growth of a resistant strain of M. tuberculosis [9, 14].

4. Glycyrrhiza glabra

The antitubercular activity of acetone extract of G. glabra, was evaluated against
M. tuberculosis H37Rv (ATCC 27294). The in vitro antitubercular activity was
determined by the Resazurin Microtiter Plate Assay (REMA) and colony count
method. The antitubercular activity of acetone extract of G. glabra was determined
in human macrophage U937 cell lines and was compared against that of the stan-
dard drugs isoniazid (INH), rifampicin (RIF) and ethambutol (ETH). G. glabra
extract showed significant activity against M. tuberculosis, when evaluated by
REMA and colony count methods and in U937 human macrophage cell lines
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infected with M. tuberculosis H37Rv [60]. Liposomal dry powder (using freeze-
dryer method) for inhalation (LDPI) formulation containing licorice extract for use
in tuberculosis treatment. The in vivo lung deposition of the LDPI was evaluated in
Swiss Albino mice to validate the in vitro ACI (Anderson cascade impactor) and
TSI (twin stage impinger). The lung deposition of the LDPI also provided an idea
about the release of drugs in lung milieu. The in vivo pharmacodynamic studies of
the LDPI were also conducted in mice infected with M. tuberculosis H37Rv [91].

5. Mallotus philippinensis

Mallotus philippinensis, (Family: Euphorbiaceae) species are known to contain
different natural compounds such as phenols, diterpenoids, steroids, flavonoids,
cardenolides, triterpenoids, coumarins, isocoumarins, and many more. Specially,
phenolics such as bergenin, mallotophilippinens, rottlerin, and isorottlerin have
been isolated, identified, and reported interesting biological activities such as anti-
microbial, antioxidant, antiviral, cytotoxicity, antioxidant, anti-inflammatory,
immunoregulatory activity protein inhibition against cancer cells [19]. Bioassay-
directed fractionation of the organic extract of Mallotus philippinensis gave five
compounds the most active of which against M. tuberculosis was a new compound,
8-cinnamoyl-5,7-dihydroxy-2,2-dimethyl-6- geranyl chromene for which the name
mallotophilippen F is suggested. Compound 8-cinnamoyl-2,2-dimethyl-7-
hydroxy-5-methyl chromone was isolated from a natural source for the first time,
while the remaining three compounds, rottlerin (3), isoallorottlerin, iso rottlerin and
the so-called “red compound,” 8-cinnamoyl-5,7-dihydroxy-2,2,6- trimethyl-
chromene, had been isolated previously from this plant [34].

4 NDDS Approaches for TB

Drug delivery and drug targeting systems are currently used to minimize drug deg-
radation and loss, to prevent harmful side effects and to increase drug bioavailability
and the fraction of the drug accumulated in the required zone. Among drug carriers,
one can name soluble polymers, microparticles made of insoluble or biodegradable
natural and synthetic polymers, microcapsules, cells, cell ghosts, lipoproteins, lipo-
somes and micelles. The carriers can be made slowly degradable, stimuli-reactive
(e.g., pH- or temperature-sensitive) and even targeted (e.g., by conjugating them
with specific antibodies against certain characteristic components of the area of
interest). Targeting is the ability to direct the drug-loaded system to the site of
interest.

Two major mechanisms can be distinguished for addressing the desired sites for
drug release: (i) passive and (ii) active targeting. An example of passive targeting is
the preferential accumulation of chemotherapeutic agents in solid tumors as a result
of the enhanced vascular permeability of tumor tissues compared with healthy tis-
sue. A strategy that could allow active targeting involves the surface functionaliza-
tion of drug carriers with ligands that are selectively recognized by receptors on the
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surface of the cells of interest. Since ligand-receptor interactions can be highly
selective, this could allow a more precise targeting of the site of interest. Controlled
drug release and subsequent biodegradation are important for developing successful
formulations [15].

Potential release mechanisms involve (i) the desorption of surface-bound/
adsorbed drugs; (ii) diffusion through the carrier matrix; (iii) diffusion (in the case
of nano capsules) through the carrier wall; (iv) carrier matrix erosion and (v) a com-
bined erosion/diffusion process. The mode of delivery can be the difference between
a drug’s success and failure, as the choice of a drug is often influenced by the way
the medicine is administered. Sustained (or continuous) release of a drug involves
polymers that release the drug at a controlled rate due to diffusion out of the poly-
mer or by degradation of the polymer over time. Pulsatile release is often the pre-
ferred method of drug delivery, as it closely mimics the way by which the body
naturally produces hormones such as insulin. It is achieved by using drug-carrying
polymers that respond to specific stimuli (e.g., exposure to light, changes in pH or
temperature) [74].

Other approaches to drug delivery are on crossing particular physical barriers,
such as the blood-brain barrier, in order to better target the drug and improve its
effectiveness; or on finding alternative and acceptable routes for the delivery of
protein drugs other than via the gastrointestinal tract, where degradation can occur.

Presently novel drug delivery systems have been widely utilized only for allo-
pathic drugs, but they have their own limitations; hence, turning to safe, effective
and time-tested Ayurvedic herbal drug formulation would be a preferable option [75].

4.1 Potential of Novel Drug Delivery for Herbal Drugs

Drug delivery system used for administering the medicine to the patient is tradi-
tional and out-of-date, resulting in reduced efficacy of the drug. In case of herbal
extracts, there is a great possibility that many compounds will be destroyed in the
highly acidic pH of the stomach. Other components might be metabolized by the
liver before reaching the blood. As a result, the required amount of the drug may not
reach the blood. If the drug does not reach the blood at a minimum level, which is
known as ‘minimum effective level’ then there will be no therapeutic effect.
Phytopharmaceuticals are pharmaceuticals using traditional compounds derived
from botanicals instead of chemicals. Natural ingredients are more easily and more
readily metabolized by the body. Therefore, they produce fewer, if any, side effects
and provide increased absorption in the bloodstream resulting in more thorough and
effective treatments. Pharmaceuticals made from chemical compounds are prone to
adverse side effects. The human body will have a tendency to reject certain chemi-
cal compounds which do not occur naturally. These rejections occur in the form of
side effects; some as mild as minor headaches, and others as severe as to be poten-
tially lethal. It is important to note while phytopharmaceuticals produce fewer to no
side effects, chemical interactions with other prescription drugs can occur.
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Furthermore, as they are single and purified compounds, they can be easily stan-
dardized making it easier to incorporate them in modern drug delivery systems
compared to herbs [61].

Lipid-based drug delivery systems have been shown their potential in controlled
and targeted drug delivery. Pharmacosomes are amphiphilic phospholipids com-
plexes of drugs bearing active hydrogen that bind to phospholipids. They impart
better biopharmaceutical properties to the drug, resulting in improved bioavailabil-
ity. Phytosomes are novel compounds comprising of lipophilic complexes of com-
ponents of plant origin like Silybum marianum, Ginkgo biloba, ginseng and so on,
with phospholipid [76]. They are also called as phyto lipids delivery system. They
have high lipophilicity and improved bioavailability and therapeutic properties.
These are advanced forms of herbal extract that have improved pharmacokinetic
and pharmacological parameters, whose result can advantageously be used in treat-
ment of acute liver diseases, either metabolic or infective origin. Phytosomes are
produced by a patent process in which individual components of herbal extract like
flavonolignans and terpenoids are bound on a molecular level to the phospholipids
like phosphatidylcholine through a polar end. Phytosomes are used as a medicament
and have wide scope in cosmetology. Phytosomes form a bridge between the con-
ventional delivery system and novel delivery system. If the herbs themselves or the
purified phytopharmaceuticals or phytosomes are incorporated in novel drug deliv-
ery systems, we can get the benefits of both [6].

4.2 Bioenhancers Based on Mechanism of Action

Cuminum cyminum (black cumin), Carvum carvi, genistein, sinomenine, naringin,
quercetin act as inhibitors of p-glycoprotein (p-gp) efflux pump and other pumps.
Quercetin, naringin, gallic acid and its esters also act as inhibitors of CYP-450
enzyme and its isoenzymes. Niaziridin from drumstick pods, glycyrrhizin from
licorice, gingerol and shogaol from ginger act by inhibiting regulators of gastroin-
testinal functions to facilitate better absorption [66].

Black Cumin is reported to contain the chemical constituents namely 3", 5-dihy-
droxyflavone-7-O-6-D glucuronide-4"-3-O-D'Glucopyranoside. Anti-TB phyto-
chemicals are abietane, ethyl-p-methoxycinnamate, ergosterol peroxide,
mono-O-methyl curcumin isoxazole, 7-methyl juglone, 12-dimethyl multicaulis,
12-methyl-5- dehydroacetylhorminone, tryptanthrin, etc. [27].

Many bioactives such as Alliin, aloin, octyl-p-d-glucopyranoside, oleanolic acid,
and phytol [43] were evaluated against two standard front-line anti-TB drugs, iso-
niazid (ISN) and ethambutol (EMB), to decipher their potential anti-tuberculosis
efficacy, targeting four of the mycobacterial receptor proteins/enzymes (arabinosyl-
transferase C, protein kinase A, glutamine synthetase, and proteasomal ATPase).

Phytol metabolite from Leucas volkensii was found to have inhibitory activity
against M. tuberculosis H37Rv and is believed to be a better therapeutic agent for
the treatment of TB.
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Alliin (S-allyl-L-cysteine sulfoxide), the most abundant sulfur compound in
Allium sativum L., had been a potent cardioprotective and neuroprotective agent
having antidiabetic, anticholesteremic, and anticarcinogenic effects. Allicin (diallyl
thiosulfinate) is a sulfur-containing, volatile, oxygenated chemical derived from
garlic (Allium sativum). The combination of garlic extract-derived AgNP synthesis
and conjugation with INH might pave the approach for effective MDR-TB treat-
ment. Fresh garlic extract was combined with isoniazid hydrazide (INH), a com-
monly used antibiotic to treat tuberculosis, to create a green synthesis of silver
nanoparticles (AgNPs). The in vitro drug release study was done at 37 = 0.5 °C
under using sodium phosphate buffer solution or simulated lung fluid from buffer
medium at pH 7.2. The chosen compounds were compared to anthranilate phospho-
ribosyltransferase (trpD) from Mycobacterium tuberculosis in a molecular docking
study. It had a higher docking score than trpD, suggesting that it could aid in antitu-
bercular activity [55, 81].

Glycyrrhitinic acid, from licorice, targets the medication to macrophages, a
unique technique was used to produce bioactive licorice extract with significant
antitubercular action in the form of mannose-linked gelatin nanoparticles. The man-
nosylated formulation showed increased cellular absorption in vitro via the man-
nose receptor route, resulting in active drug targeting to macrophages. In vivo, the
mannosylated formulation was able to maintain therapeutically substantial drug
levels in a reasonable manner. In vivo pharmacodynamic tests of mannosylated
gelatin nanoparticles in a murine tuberculosis model revealed potential antitubercu-
lar efficacy in vivo. The proposed formulation was found to be promising, safe, and
effective, and it has the potential to move forward with further exploratory research
in order to develop it for use in tuberculosis treatment. A novel method for deliver-
ing biologically active licorice extract with significant antitubercular activity
straight to the lungs via liposomal dry powder inhalation. As a result, licorice extract
liposomal dry powder for inhalation (LDPI) has the potential to be investigated as
an effective antitubercular treatment or as a supplement to currently available anti-
tubercular drugs.

Curcumin, a polyphenol, has been demonstrated to target several signaling mol-
ecules while also displaying cellular activity, supporting its multiple health advan-
tages. Inflammatory disorders, metabolic syndrome, pain, and the management of
inflammatory and degenerative eye conditions have all been proven to benefit from
it. Curcumin, the bioactive component of turmeric also known as “Indian Yellow
Gold,” has been shown to be effective in the treatment of a variety of chronic inflam-
matory and infectious disorders. Curcumin incorporated in nanoparticles dramati-
cally shortened the time required for antibiotic therapy to achieve sterile immunity,
lowering the risk of drug-resistant strains of bacteria. Curcumin nanoparticles inhib-
ited the growth of the MTB H37Rv strain by at best 1-log in the mice and acceler-
ated the clearance of the MTB from the lung and spleen of BALB/c mice by
promoting an antitubercular response, which in turn reduced the duration of therapy.
Curcumin nanoparticles restored the isoniazid (INH)-induced suppression in
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antigen-specific cytokine, the proliferation of T cells suppressed by INH, and
reduced hepatotoxicity in mice induced by antitubercular antibiotics. As a result,
adjuvant therapy with nanoformulated curcumin may be effective in the treatment
of tuberculosis and other disorders [87].

Piperine was recently used as a bioenhancer in a formulation comprising lower
concentrations of RIF and INH for the treatment of drug-susceptible pulmonary TB,
which was efficacious and resulted in good clinical cure rates while lowering treat-
ment time and side effects. The efflux pump inhibitor activity of PIP was deter-
mined by bromide accumulation assay and cytotoxicity carried out in VERO cells
and J774. A1 macrophages. Piperine (PIP) and Streptomycin (SM) synergism was
found in the M. tuberculosis reference strain, with equivalent effects in susceptible
and MDR clinical isolates. In M. tuberculosis H37Rv and clinical isolates with var-
ied resistance profiles, RIF + PIP and SM + PIP combinations showed synergism
but had a low effect in improving efficiency [38].

Aloin, a major compound of A. vera latex, is a well-known laxative agent, gener-
ally existing as a mixture of two diastereomers, aloin A and aloin B, also referred to
as barbaloin and isobarbaloin, respectively.

Quercetin, a flavonoid with excellent activity against M. tuberculosis H37Rv,
was found to have a very robust and considerable growth inhibitory function. In
vivo lung deposition studies of LDPI was carried out in mice. In tuberculosis-
infected mice, the combination of quercetin and polyvinylpyrrolidone (PVP) was
observed to prevent the spread of necrosis to unaffected organs [91].

Phyllanthus emblica (amla). The major bioactive compounds of P. emblica,
including octyl-p-D-glucopyranoside, have been well known for curing effects
against various diseases, such as fever, cough, piles, constipation, anorexia, hemor-
rhoids, skin diseases, asthma, biliousness, respiratory disorders, tumors, and cancer.

Oleanolic acid isolated from Lantana hispida showed a potential inhibitory
potential against M. tuberculosis H37RV.

In addition to above bioactives used, few more bioactives have been studied as
antitubercular agents such as Phenazines obtained biosynthetically by many species
of the Actinobacteria phylum, Clofazimine extracted from Buellia canescens,
Piperidines derivative of piperine obtained from black pepper, Mycins sourced from
Actinobacteria spp., Thiolactomycin isolated from Nocardia spp., Rifapentine iso-
lated from Amycolatopsis rifamycinica, Quinolones Pseudomonas spp., Escherichia
spp. and many other bacterial species, Antimicrobial peptides polypeptides pro-
duced by living organisms, Lariatins and few marine Streptomyces CN3-982 and
many more natural products as well as phytoconstituents inspired from natural
sources showed to be promising effect as anti-mycobacterial agents with clinical
potential [92].
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5 Conclusion

Nature provides numerous medicinal plants that can be used to treat human ill-
nesses. Plants are the primary source of molecules for the development of new
drugs, which highlights transnational industries’ interest in discovering substances
derived from plants, especially since the vast majority of species have yet to be
chemically or biologically researched specially in terms of antitubercular agents. As
a result, combining anti-TB medications’ target-specific characteristics with the
many beneficial properties of medicinal plants could be a viable solution. The pres-
ent chapter gives an overview of medicinal plants found to be reported to impart a
prominent effect against TB. The mechanism behind the interaction of anti-TB
drugs and herbal constituents has received little attention. Thus, novel targets can
also be set to overcome the disease using herbs as well as bioactives that can also be
further explored for modern targets for preparation of formulations. As a result, the
current chapter summarizes findings from the literature on plants as anti-TB agents.
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In the original version of this book, in chapter “Drug Delivery by Micro,
Nanoemulsions in Tuberculosis” the author name “Sagar Salave” was incorrectly
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