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 Drug delivery systems have wide biomedical applications owing to their 
distinct therapeutic advantages, such as controlled release of drugs over 
prolonged periods, protection against premature drug degradation, reduction 
in drug toxicity and drug–drug interactions. All these factors are important 
considerations in the treatment of chronic infectious diseases such as tuber-
culosis. In tuberculosis, patient non-compliance is a vexing problem which is 
responsible not only for treatment failure, but also for the emergence of 
multi-drug resistant cases. Alginate, a natural polymer, has attracted researchers 
owing to its ease of availability, compatibility with hydrophobic as well as 
hydrophilic molecules, biodegradability under physiological conditions, lack 
of toxicity and the ability to confer sustained release potential. It is not 
therefore surprising that the controlled release phenomenon of this polymer 
has been documented for a vast array of drugs. In particular, the ability 
of alginate to co-encapsulate multiple antitubercular drugs and offer a 
controlled release profile is likely to have a major impact in enhancing 
patient compliance for better management of tuberculosis.  
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  1.   Introduction 

  1.1   Tuberculosis 
 Tuberculosis (TB) is an infectious disease, caused by  Mycobacterium tuberculosis , 
that usually affects the lungs (pulmonary TB) and can also affect the central nervous 
system, lymphatic system, circulatory system, genito-urinary system, bones and 
joints   [1,2] . Over one-third of the world’s population now has the TB bacterium 
in their bodies and new infections are emerging at a faster rate   [2] . Although 
tuberculosis predominantly affects the developing world, a rising number of 
people in the developed world contract tuberculosis owing to their compromised 
immune systems due to immunosuppressive drugs, HIV/AIDS, or by infections 
with multi-drug resistant or extensively resistant strains of  M. tuberculosis    [3,4] . 

 The control of TB revolves around prevention – vaccination and a cure – 
chemotherapy   [5] . Although vaccination is the most desirable means of preventing 
this infection, the vaccine currently available for TB, that is Bacillus-Calmette-
Guerin (BCG), suffers from several demerits such as variable efficacy in different 
populations, short-term immunity and limited success against pulmonary infection, 
which accounts for most of the disease burden   [3] . However, efforts are being made 
to improve BCG or to develop new vaccines. In this regard carriers such as chitosan/
alginate, etc have been employed with some degree of success   [6,7] . BCG incorporated 
in alginate microspheres demonstrated an almost ninefold increase in viable bacilli 
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in simulated gastric fluid (SGF) after 1.5 h, in comparison to 
free BCG, thereby demonstrating the potential of encapsulated 
BCG for oral vaccination   [8] . In another study, alginate-
encapsulated BCG proved (reduced more colony forming 
units (CFU)) to be more protective in mice even after oral 
administration as compared to an un-encapsulated counterpart 
that was administered either orally or subcutaneously   [9] . 
Significant improvements in both humoral and cell-mediated 
immune responses have been observed upon the encapsulation 
of subunit tuberculosis vaccine antigen Ag85B-ESAT-6 in 
liposomes   [10] . Nevertheless, it is apparent that several 
decades will elapse before a candidate TB vaccine could take 
over from BCG and this is precisely the reason why an 
improvement in the current TB chemotherapy should be the 
immediate short-term goal   [11] .  

  1.2   Drug delivery 
 It is appreciated globally that in order to combat various 
diseases in a logical manner, the development of novel delivery 
systems for pre-existing drugs is as important as new drug 
identification   [12] . An ideal drug delivery system is designed 
to alter the pharmacokinetics and biodistribution of the 
drug, or to function as a drug reservoir that controls the rate 
and/or site of drug release   [13] . Drug delivery systems improve 
the bioavailability of drugs by entrapment of the drugs within 
a suitable carrier such as liposomes and micro/nanoparticles 
of natural or synthetic polymers   [12] . These systems are 
mainly aimed at the improvement of already existing drugs 
with established therapeutic profiles. 

 The underlying concept behind drug delivery systems is 
to get the maximum therapeutic benefit while removing or 
minimizing the side effects of the drugs   [14] . Sustained release 
drug delivery occurs when a polymer, whether natural or 
synthetic, is judiciously combined with a drug or other 
active agent in such a way that the active agent is released 
from the material in a predesigned manner   [14] . The release 
of the active agent may be constant over a prolonged period 
which may be cyclic, or it may be triggered by the environment 
or other external events. In any case, the purpose behind 
controlling the drug delivery is to achieve more effective 
therapies while eliminating the potential for both under and 
overdosing. Other advantages of using controlled delivery 
systems are the maintenance of drug levels within a desired 
range, the need for fewer administrations, optimal use of the 
drug in question and increased patient compliance   [15] . 

 The goal of all drug delivery systems is to deploy medications 
intact to specifically targeted parts of the body through a 
medium that can control drug bioavailability by means of 
either a physiological or chemical trigger   [12] . To achieve this 
goal, researchers are turning to advances in the worlds of 
micro and nanotechnology   [14] . During the past decade, 
polymeric microspheres, polymer micelles and hydrogel-type 
materials have been shown to be effective in enhancing drug 
targeting specificity, lowering systemic drug toxicity, lowering 
dosing frequency and providing protection of pharmaceuticals 

against biochemical degradation, hence improving treatment 
success rates   [12,14,15] . In addition, several other experimental 
drug delivery systems look promising, including those composed 
of biodegradable polymers, dendrimers (so-called star polymers), 
electroactive polymers and modified C-60 fullerenes (also 
known as ‘buckyballs’). Several drug delivery systems have 
received regulatory approval and these are listed in  Table 1 . 

 In a drug delivery system, delivery is the only variable 
parameter, while the other three – drug, destination and 
disease – cannot be changed. Hence, when a drug formulation 
is designed in such a way that the rate and/or place of drug 
release are altered, the formulation is called a modified 
release system. Those modified release systems that provide 
slow and controlled release of the drug are called sustained 
release drug delivery systems. Sustained release is generally 
achieved by means of encapsulation of drugs in carriers. 
In this review we discuss the potential of alginate as a 
sustained release carrier for the delivery of antitubercular 
drugs (ATD).  

  1.3   The need for antitubercular drug delivery systems 
 The therapy of tuberculosis is challenging because  M. tuberculosis  
is not susceptible to many classes of antibacterial agents, it grows 
slowly and bears strong potential to develop resistance   [16] . 
Hence, most of the drugs used for treating infections 
with other bacteria have failed to act on it. The antibiotic 
treatment of TB was initiated by the discovery of streptomycin 
(SM), followed by the identification of its activity against 
 M. tuberculosis    [17] . In spite of the availability of effective 
chemotherapy and BCG vaccine, TB remains a leading 
infectious killer worldwide   [18] . 

 The current therapy for drug-susceptible TB uses daily oral 
administration of antituberculosis drugs, that is isoniazid 
(INH), rifampicin (RIF), pyrazinamide (PZA) and ethambutol 
(EMB) for a period of 6 – 9 months or more   [16] . However, 
the administration of these drugs alone (without encapsulation 
in a drug delivery system) suffers from certain pitfalls: the 
drugs often reach the target sites at low concentrations due 
to premature and rapid degradation, dilution (drugs are 
diffused through the circulatory medium and hence become 
diluted), reduced cellular permeability of drugs, drug–drug 
interactions, hepatotoxicity, nephrotoxicity, nausea, vomiting 
and fever   [17,19] . Most patients are therefore either unwilling 
or unable to adhere to such daily dosing, which results in 
treatment failure and the emergence of drug resistance   [20] . 
The ongoing DOTS (Directly Observed Treatment, Short 
course) program has not been completely successful in 
solving the problem of patient non-compliance. 

 To assure the success of treatment, a number of basic 
requirements must be met: i) antibiotics must be given 
in combination to prevent the selection of resistant mutants; 
ii) antibiotics must be given for a long period of time, at 
least 6 months, to prevent relapse after treatment is stopped; 
and iii) patient as well as clinician compliance must be 
monitored to ensure proper administration and intake of 
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antibiotics. These requirements are often difficult to meet, 
especially in developing countries and in the context of HIV 
epidemics. The vast majority of the TB burden is in developing 
countries, which is the main reason why only 23% of prevalent 
active cases receive appropriate antituberculosis treatment   [21] . 
The results are therefore such that even after the availability 
of such a strong therapeutic bullet, 9  ×  10 6  new cases of 
active disease occur each year   [21] . 

 The research efforts to improve chemotherapy of TB 
include: i) derivatize existing ATDs into more potent 
compounds; ii) screening of compounds active against repli-
cating as well as latent bacilli; iii) identification of novel drug 
targets and designing appropriate inhibitors; and iv) targeting 
host–pathogen-related processes essential for survival in 
human disease. While these strategies are indeed worthwhile 
to go ahead with, the challenges are: i) the involvement of 
intense research efforts; ii) the difficulty in targeting latent 
bacilli; and iii) uncertainty with respect to toxicity and drug 
resistance   [22] . Considering the fact that for several decades 
now no new ATDs have been developed, despite global 
efforts, it would be prudent and rational to develop sustained 
release drug formulations (using ATDs already in current 
clinical practice) in order to reduce the dosing frequency. 
Therapies based on sustained release drug delivery systems 
could be administered more intermittently (i.e., once weekly 
or even less frequently) without sacrificing therapeutic outcome. 
This will reduce the burden of supervising drug administration 
and make treatment more widely available, as well as 
more acceptable.   

  2.   Types of carriers 

 A carrier is that part of a drug delivery system that holds the 
active moiety, that is the drug, by encapsulation/adsorption, 
etc, and helps in its delivery and pre-designed release 
pattern. In addition to different delivery system designs, 
carriers also provide the flexibility for selecting the route 
of delivery. There are number of carriers used in drug 
delivery systems that are broadly classified into synthetic 
and natural   [15] . The synthetic carriers that are used as 
drug delivery vehicles include poly( D , L -lactide-co-glycolide) 
(PLG), polylactic acid (PLA), polyglycolic acid (PGA), 
polyanhydrides, polymethyl acrylates, carbomers, etc, while 
lipids (liposomes and solid lipid nanoparticles), alginic acid, 
chitosan, gelatin, dextrins, etc, are examples of natural 
carriers   [14,15,23,24] . The present focus is on the natural 
carrier alginate. 

  2.1   Alginate 
 Alginic acid is a natural copolymer of guluronic acid and 
mannuronic acid ( Figure 1 ) and was first reported by the 
British chemist EC Stanford at the end of 19th century. 
This polymer is obtained by the treatment of brown 
seaweed  (Phaeophyceae , mainly  Laminaria)  (where they play 
structural role) with alkali, followed with mineral acids. 
Alginate is the most abundant marine biopolymer and the 
second most abundant biopolymer (next to cellulose) in 
the world. Alginate can be obtained economically in an 
ultra-pure form and may be prepared in neutral/charged 

  Table 1     . Examples of drug delivery systems that have received regulatory approval.   

 Drug or therapeutic agent (trade name), manufacturer(s)  Disease 

Liposomal amphotericin B (AmBisome), Gilead, USA; Fujisawa, USA Fungal infections, leishmaniasis

Liposomal amphotericin B (Fungisome), Lifecare, India Fungal infections, leishmaniasis

Goserelin Acetate (Zoladex), Zeneca, UK Prostate cancer

PEG-adenosine deaminase (Adagen), Enzon, USA Severe combined immunodefi ciency disease

Styrene maleic acid and neocarzinostatin copolymer in Ethiodol 
(SMANCS/Lipiodol, Zinostatin stimalamer), Yamanouchi, JPN

Hepatocellular carcinoma

Stealth (PEG-stabilized) liposomal doxorubicin (Doxil/Caelyx), 
ALZA, USA; Schering-Plough, USA

Kaposi’s sarcoma, refractory ovarian cancer, refractory 
breast cancer

Liposomal cytosine arabinoside (DepoCyt), SkyePharma, USA Lymphomatous meningitis, neoplastic meningitis

Denileukin diftitox or interleukin 2-diptheria toxin fusion 
protein (ONTAK), Seragen, USA

Cutaneous T-cell lymphoma

Liposomal doxorubicin (Myocet), Elan, Ireland Metastatic breast cancer in combination with 
cyclo-phosphamide

Gemtuzumab ozogamicin or anti-CD33–linked calicheamicin 
(Mylotarg), Wyeth-Ayerst, USA

CD33_ relapsed acute myeloid leukemia

PEG-interferon-2b (PEG-Intron), Enzon, USA; Schering-Plough, USA Hepatitis C

PEG–granulocyte colony stimulating factor or pegfi lgrastim 
(Neulasta), Amgen, USA

Reduction of febrile neutropenia associated with chemotherapy

90Y-ibritumomab tiuxetan or 90Y anti-CD20 (Zevalin), IDEC, USA Relapsed or refractory non-Hodgkin’s lymphoma

131I-tositumomab (anti-CD20) (Bexxar), Corixa, GlaxoSmithKline, UK CD20_ relapsed non-Hodgkin’s lymphoma
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forms which make it compatible with a broad range 
of substances   [25,26] . 

 Alginate represents a family of unbranched polysaccharides 
composed of the epimers  β -D-mannuronic acid (M) and 
 α -L-guluronic acid (G) residues, that can be arranged either 
in homopolymeric blocks of each type (MM, GG) or 
in heteropolymeric blocks (MG) ( Figure 1 ). The alginate 
monomer composition is of major concern in drug delivery 
as it governs the drug release property   [26,27] . High ‘M’ 
content alginates are suitable for thickening applications, 
whereas those with high ‘G’ content are best for gelation. 
‘Designer’ alginates are currently being developed, involving 
the 5-epimerization of  β - (1 → 4) linked ‘M’ residues to 
 α - (1 → 4) linked ‘G’ residues in algal alginates using 
bacterial epimerases. 

 The main property of alginates is their ability to form 
gel-like structures in aqueous solutions with the help of 
divalent counterions, for example Ca 2+ . These cations 
specifically bind to carboxylic groups of guluronate in GG 
sequences, leading to a particular structure three-dimensional 
network often called an ‘egg-box model’. The gelation 
process is very fast, and gel network and homogeneity 
depends on the cation concentration. With an excess of 
Ca 2+ , a modified ‘egg-box’ with multiple alginate chains in 
the gelling zone may be formed with different physicochemical 
properties   [28] . The homogenous hydrogels can only be 
obtained by the controlled addition of cations. The M/G 
ratio is an important consideration in the process – as the 
ratio decreases, the requirement of Ca 2+  for crosslinking 
increases. Gels bearing alginate with a high ‘G’ content 
exhibit high porosity, low shrinkage during gelation and 
do not swell after drying   [29] . Hence, such alginates ensure 
the formation of more rigid gels which are less prone to 
erosion and the drug release is slow. When the ‘M’ content 
increases, the gels become softer, more elastic, shrink, 
porosity reduces and such gels swell after drying. Alginic 
acid possesses unique features because of its ability to 
form two types of gels depending upon the pH of the 
surrounding medium. At low pH, hydration of alginic acid 
leads to the formation of a high viscosity ‘acid gel’ due to 
intermolecular binding; this property is being exploited for 
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  Figure 1     . Structure of alginate.     
   Reticulation reaction
  2Na(Alginate) + Ca 2+   →  Ca(Alginate)2 + 2Na + .
  G: (alpha)- L -guluronic acid unit; M: (beta)- D -mannuronic acid unit.   

cell immobilization/encapsulation studies. Ionotropic hydrogels 
are formed with divalent/multivalent cations, except the 
Mg 2+  form. Based on its ability to form two types of gels 
that have a wide range of physicochemical properties, alginate 
is suitable for granule formation, lyophilization and direct 
compression into tablets. In addition, alginate is non-toxic, 
stable at room temperature and sterilization may be performed 
by filtration or specific heat treatment   [25,30] . With the 
discovery of alginate lyases, either mannuronate or guluronate 
lyases, it is now possible to produce novel alginate polymers 
for diverse applications   [31] .  

  2.2   Alginate-based drug delivery 
 Alginate has wide industrial applications due to its gelling 
and stabilizing properties   [32]  and in the pharmaceutical 
industry it is in clinical use for the supportive treatment for 
reflux esophagitis. It has diverse applications as a binding 
and disintegrating agent in tablets, a suspending and thickening 
agent in water miscible gels, lotions and creams and as a 
stabilizer for emulsions   [31,32] . Several attributes make 
alginate an ideal drug delivery vehicle ( Table 2 ). Hence, it is 
not surprising that alginate has been used as a carrier for 
the controlled release of numerous molecules, for example 
insulin, indometacin, sodium diclofenac, nicardipine, dicou-
marol, gentamicin, vitamin C, ketoconazole, amoxicillin and 
ATDs   [33-44] . There are two broad types of alginate-based 
drug delivery systems: the membrane system and the matrix 
system. In the membrane reservoir system, the drug release 
from the inner reservoir core is controlled by the polymeric 
encapsulating membrane having a specific permeability. As 
the thickness of the coat/membrane increases, the release 
rate decreases. Moreover, the co-encapsulation of certain 
non-polar substances may further reduce the release rates. 
This property was advantageously used in the encapsulation 
and controlled release of indometacin, where the sudden 
release of the drug is highly undesirable because it is well 
known that indometacin is irritant to the gastrointestinal 
mucosa   [34] . In contrast, in the matrix system or more 
specifically the ‘swelling–dissolution–erosion system’, the 
drug molecules are dispersed in a rate controlling polymer 
matrix. The matrix swellings, as well as dissolution/erosion 
occurring concomitantly at the matrix periphery ,are the 
factors that modulate drug release   [43] . Broadly speaking, 
factors related to the development of a particular formulation, 
as well as factors encountered once the formulation is inside 
a living system, can influence alginate-based drug delivery 
systems to a great extent ( Table 3 ).  

  2.3   Alginate microspheres as antitubercular 
drugs carriers 
 The method used entails the encapsulation of ATDs during 
the cation-induced gelation of alginate, followed by recovery 
of microspheres by filtration. On drying, the microspheres 
showed that mean particle size was between 90 – 100 µm   [41] . 
The entrapment of INH, RIF and PZA was found to be 

E
xp

er
t O

pi
n.

 D
ru

g 
D

el
iv

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

H
ac

et
te

pe
 U

ni
v.

 o
n 

12
/0

3/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Ahmad & Khuller

 Expert Opin. Drug Deliv. (2008) 5(12) 1327

25 – 35%, 40 – 70% and 33 – 43%, respectively. The 
release of INH, RIF and PZA from drug-loaded alginate 
microparticles was studied in simulated intestinal fluid (SIF) 
and simulated gastric medium (SGM). All the drugs showed 
sustained release in SIF and SGM over a period of 
25 days   [41] .  In vivo  drug disposition studies were carried 
out in guinea pigs by oral administration of a single dose of 
alginate microparticles containing individual or a combination 
of drugs and a sustained release was observed in the plasma 
for 3 – 4 days. Peak plasma concentration ( C max  ),  T max  , 
elimination half-life ( t ½ e ) and AUC 0 – ∞  of alginate drugs 
were all significantly higher than those of free drugs. The 
encapsulation of drugs in alginate microparticles resulted in 
up to a ninefold increase in relative bioavailability compared 
with free drugs   [41] . When the tissue disposition of drugs 
was examined, sustained release of INH, RIF and PZA 
was detected above the minimum inhibitory concentration 
(MIC) in all the organs up to 7 days. Based on tissue 
distribution, free and alginate-encapsulated drugs were 
administered daily and weekly respectively for 8 weeks. Both 
these regimens resulted in no detectable bacilli in spleen and 
lungs as compared to untreated controls, which exhibited 

  Table 3     . Factors infl uencing drug encapsulation and 
release from alginate-based systems.   

pH of the surrounding medium

The relative proportion of G and M residues

Molecular weight and viscosity of alginate

Drug–polymer ratio

Ionic nature of the drug

Nature and amount of cross-linker

Gelling time

Variation in particle size 47

Addition of regulatory molecules

  Table 2     . Alginate: the polymer of choice in drug delivery.   

A natural polymer

Large-scale production in an economic fashion

Compatible with a wide range of substances

Simple encapsulation procedure for the majority of drug(s)

Mucoadhesive

Biodegradable

On-toxic

Formulation of different delivery systems

Sustained drug release

Enhanced bioavailability of drugs

Applications in biotechnology

5.1 and 5.0 log units of  M. tuberculosis  in lungs and spleen 
respectively   [41] . A new form of alginate microspheres called 
alginate blends–INH microspheres has been evaluated recently 
for INH delivery in rabbits   [43] . This formulation has an 
encapsulation efficiency of 89% w/w with an  in vitro  sustained 
release potential up to 36 h. Bio-distribution studies showed 
accumulation of the formulation in liver, intestine, lungs and 
kidneys, indicating a hepatobiliary and renal route of excretion.  

  2.4   Alginate–chitosan microspheres 
 In order to further improve the drug encapsulation and 
pharmacokinetics of the formulation, a few critical modifications 
were introduced, such as maintaining a constant drug : polymer 
ratio, the addition of chitosan as a stabilizer and the reduction 
of the gelling time. This resulted in a reduction in microsphere 
size (65 – 75 µm in diameter), encapsulating approximately 
85% of the initial amount of RIF and 70% of INH/PZA   [45] . 
The microspheres encapsulating ATDs at therapeutic doses 
were first evaluated in mice by the oral route. The plasma 
profile, organ distribution and key pharmacokinetic parameters 
including bioavailability (with respect to oral free drugs) 
were calculated. It was observed that all the drugs could be 
detected in the plasma for 7 days and in the organs (lung, 
liver, spleen) for 9 days with a striking improvement in the 
pharmacokinetic parameters   [45] . In particular, the relative 
bioavailability was increased by 29 – 39-fold for all three 
drugs. The study was repeated in other animal species to 
rule out the possibility of interspecies variation, but similar 
results were obtained in rats, guinea pigs and rabbits. 
Moreover, it was also possible to obtain sustained release 
behavior even after a reduction in drug dose. Indeed, drugs 
could be detected in the plasma for 5 days and in the organs 
for 7 days following a single oral dose of alginate encapsulated 
ATDs at half the therapeutic dose   [45] . This formulation was 
non-toxic even at a very high dose tested in mice as opposed 
to an equivalent dose of free drugs, which proved to be 
lethal. It was observed that 150 times the therapeutic dose 
of drug-loaded microspheres did not produce any adverse 
effects, whereas the same dose of free drugs resulted in 
100% mortality within 24 h   [45] . 

 Once the pharmacokinetics and safety of the microspheres 
was established, the chemotherapeutic efficacy studies were 
carried out in  M. tuberculosis -infected guinea pigs, because 
TB progression in guinea pigs largely resembles human 
pathology. As predicted by the pharmacokinetic data, a 
schedule of microsphere administration at every 10 days 
(therapeutic dose) as well as every 7 days (half therapeutic 
dose) was followed. Free drugs administered daily (as per 
the conventional chemotherapy) served as one of the 
control groups. Five doses of microspheres (therapeutic dose) 
adminis-tered every 10 days or seven doses of microspheres 
(half therapeutic dose) administered every 7 days, were as 
efficacious as 46 doses of free drugs   [45] . This study clearly 
demonstrates the feasibility of reducing the dosing frequency 
and the dosage.  
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  2.5   Alginate nanoparticles as drug carriers 
 In order to take advantage of both alginate and nanotechnology, 
alginate nanoparticles encapsulating ATDs were developed 
and evaluated. This development has also addressed a 
big question of particulate delivery systems. Particulate 
systems (liposomes, microparticles and nanoparticles) used 
as drug carriers are rapidly taken up from the blood by 
the mononuclear phagocytes (MPS), especially by the 
Kupffer cells in the liver   [28] . To avoid this problem 
surface properties of nanoparticles and liposomes have been 
modified to render them more hydrophilic. This approach 
consists of the adsorption of hydrophilic co-polymers on 
the nanoparticle surface or the incorporation of sialic 
acid-rich gangliosides or polyethylene glycol fatty acid 
derivatives into liposomes   [28] . However, the tissue distribution 
profile of nanoparticles remained unchanged, even after 
they were coated with hydrophilic co-polymers. In addition, 
the integrity of the liposomes (modified by the above 
approach) has not yet been demonstrated under  in vivo  
conditions. In light of these problems, in recent years 
‘stealth’ colloidal particles (nanoparticles) have been directly 
developed from hydrophilic polymers to overcome the 
problem of MPS uptake. This concept has been developed 
with sodium alginate (a hydrophilic polymer)   [28] . These 
nanoparticles have been shown to encapsulate both 
hydrophilic as well as hydrophobic drugs. Thus, alginate 
nanoparticles were used as an effective drug delivery system 
for antitubercular drugs. 

 The development of alginate-based drug delivery systems 
makes use of the ability of this polymer to undergo gelation 
in the presence of divalent cations. However, a critical 
adjustment in the relative concentrations of alginate and the 
cation results in a pregel state, that is alginate nanoparticles 
that can be harvested by high-speed centrifugation   [46,28] . 
This principle was initially exemplified taking doxorubicin 
as a model drug and the same technique was employed 
for encapsulating ATDs   [47] . The original method of nano-
particle production was modified at two steps: the substitution 
of chitosan in place of poly- L -lysine and a reduction in 
the polymer : drug ratio   [47] . Chitosan was substituted in 
place of poly- L -lysine owing to its non-toxicity, bioadhesiveness 
and lower cost   [46] . The size of alginate nanoparticles 
developed (235 nm) favors their use as oral drug delivery 
vehicles, as particles less than 400 nm are known to be 
taken intact from the intestine   [46,47] . Further, it has 
been demonstrated that alginate nanoparticles can cross the 
intestinal barrier and be distributed to various organs. The 
drug encapsulation efficiency ranged from 70 – 90%   [47,48] . 
The efficiency of drug encapsulation/loading depends on 
the type of drug, the resultant drug–polymer interactions 
and solvent–drug interaction. The higher drug loading 
observed in alginate nanoparticles in this study can be 
attributed to a higher drug : polymer ratio. Further alginate 
due to high gel porosity is reported to have higher drug 
loading capacity   [31,28] . 

  2.5.1   Studies with orally administered ATD-loaded 
alginate nanoparticles 
 Following a single oral administration of drug-loaded alginate 
nanoparticles to mice, all the four ATDs (EMB, RIF and 
INH/PZA) in plasma were observed up to 7, 9 and 11 days 
respectively   [47,28] . These results depicted a definite improvement 
in AUC 0 – α    and relative bioavailability of ATDs encapsulated 
in alginate nanoparticle over free drugs or drugs encapsulated 
in other carriers. The pharmacodynamic parameters C max /MIC, 
AUC 0 – α    /MIC and T M IC achieved significantly higher 
values in case of encapsulated drugs than reported to be 
required for the substantial killing of  M. tuberculosis    [47-48] . 
Thus, results of pharmacodynamic parameters further supported 
the use of alginate nanoparticles as an ideal carrier for anti-
tubercular drugs. The sustained release of encapsulated drugs 
can be explained on the basis that both alginate and chitosan 
possess bioadhesive characteristics, which is probably responsible 
for the prolonged adhesion of the formulation to the intestinal 
mucosa, thereby increasing the time period available for its 
absorption. Chitosan itself is known to modulate the intestinal 
tight junctions, thereby augmenting the paracellular transport 
process. The prolonged plasma stay of drugs encapsulated in 
alginate nanoparticles might be attributed to their longer 
half-life (nanoparticles) coupled with sustained release potential 
in general and to the affinity of alginate to amino groups 
in the case of INH and PZA in particular. These factors 
collectively contribute towards enhancing the pharmacokinetics 
and oral bioavailability of ATDs when administered as 
alginate nanoparticles. 

 Upon oral administration of ATD-loaded alginate 
nanoparticles to guinea pigs, the plasma profile of all four 
frontline ATDs was significantly better than un-encapsulated 
counterparts; the improvements were even better than those 
observed in mice ( Figure 2 )   [49] . This can be attributed to 
slower metabolic rates in guinea pigs than mice owing 
to lesser surface area. All the pharmacokinetic as well as 
pharmacodynamic parameters of encapsulated drugs were 
better than their free counterparts (p < 0.001)   [49] . 

 Upon oral administration of alginate nanoparticles 
to mice/guinea pigs, all the ATDs were present at or 
above MIC in the organs (lungs, liver and spleen) up to 
day 15   [47-49] . This formed the basis of the chemotherapeutic 
schedule wherein the alginate formulation was administered 
to TB infected mice or guinea pigs on every 15th day 
through the oral route, as against free antitubercular drugs 
daily. It was observed that only two doses of this formulation, 
administered every 15 days in mice, were equi-efficient to 
30 doses of oral free drugs administered daily in achieving 
undetectable CFU   [47-49] . The efficacy of the alginate nano-
particle formulation in animals harboring higher bacillary 
loads of 6 – 7 log CFU that are commonly found in human 
TB lesions was also evaluated. A bacillary load of  ∼  7.2 log 
CFU in lungs/spleen at day 15 post-challenge confirmed the 
establishment of infection. Six weeks of chemotherapy, that 
is either three doses of alginate formulation or 45 doses of 
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free drugs, resulted in undetectable CFU levels in the lungs 
and spleen of infected animals ( Figure 3 ). Hence, fortnightly 
alginate nanoparticle-based ATD delivery will be equi-efficient 
to daily conventional drugs against bacterial loads that are 
normally found in human TB lesions. 

 The formulation was also evaluated against a guinea pig 
model of tuberculosis and it was observed that either two 
doses of four drugs or three doses of three drug formu-
lations, administered every 15 days, were equi-efficient to 
30 (four drugs) or 45 (three drugs) doses of oral free drugs 
administered daily in achieving undetectable CFU   [49] .  

  2.5.2   Studies with inhalable ATD-loaded 
alginate nanoparticles 
 Alginate nanoparticles were also administered via the aerosol 
route to guinea pigs, and INH, RIF and PZA were detected in 
all the tissues above MIC until 15 days   [50] . These observations 
clearly demonstrate that alginate nanoparticles encapsulating 
ATDs when administered through the aerosol route not 
only increased the bioavailability of the drug in the lung, 

but also at any other site in the body. Further, it was 
observed that only three nebulized doses of this formulation, 
administered every 15 days, were equi-efficient to 45 
doses of oral free drugs administered daily in achieving 
undetectable CFU   [50] . 

 A comparative account of alginate-based drug delivery 
systems that have been used for the delivery of ATDs is 
presented in  Table 4 .  

  2.5.3   Nanoparticles as novel drug delivery systems for 
azole antifungals 
 During recent years azole antifungal drugs have been suggested 
to have antitubercular activity   [51] . In fact, these drugs have 
been proven to bear strong potential against  in vitro  and 
 ex vivo M. tuberculosis    [52] . More recently,  in vivo  studies 
have demonstrated that econazole can reduce the CFU 
load by 90% in the lungs and spleen of mice infected with 
 M. tuberculosis  and the chemotherapeutic potential of econazole 
was equal to RIF   [53] . Further, the results of this study 
showed that econazole could replace RIF, INH or both in 
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  Figure 2     . Plasma drug profi le following a single oral dose of alginate–nanoparticle encapsulated ATDs to guinea pigs. 
Values are mean  ±  SD,  n   =  6.    
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  Figure 3     . Chemotherapeutic effi cacy of orally administered ATD-loaded alginate nanoparticles in mice.  Free drugs were 
administered daily (seven doses/week) for 45 days and nanoparticle drugs were administered fortnightly (total three doses/45 days). Basal load 
is the log 10  CFU load found at day 15 after infection (start of treatment). A value of 0.1 in each bar indicates no detectable bacilli.
Values are mean  ±  SD of six animals.    

  Table 4     . Comparison of alginate-based drug delivery systems employed for ATDs.   

 Drug delivery 
system [ref.] 

 Drug encapsulation 
effi ciency 

 Route of 
administration 

 Plasma drug stay 
with a single 
dose (days) 

 Increase in relative 
bioavailability (fold) 

 Chemotherapeutic 
schedule (days) 

Comment on 
property

The higher the value, 
the better the system

The more routes, 
the better the 
feasibility of 
administration

The longer the 
duration, the 
more benefi t

The higher the value, 
the more benefi t

The higher the value, 
the more benefi t

Alginate 
microspheres  [41] 

INH  =  25 – 35%  
RIF  =  40 – 70%  
PZA  =  33 – 43%  
EMB  =  N.D.

Oral INH  =  4  
RIF  =  4  
PZA  =  4.5  
EMB  =  N.D.

INH  =  3.7  
RIF  =  9.3  
PZA  =  1.5  
EMB  =  N.D.

7

Alginate–chitosan 
microspheres  [45] 

INH  =  65 – 75%  
RIF  =  81 – 85%  
PZA  = 65 – 76%  
EMB  =  N.D.

Oral INH  =  7  
RIF  =  7  
PZA  =  7  
EMB  =  N.D.

INH  =  18.4  
RIF  =  17.6  
PZA  =  19.1  
EMB  =  N.D.

10

Alginate 
nanoparticles  [47,48] 

INH  =  70 – 90%  
RIF  =  80 – 90%  
PZA  =  70 – 90%  
EMB  =  88 – 95%

Oral and aerosol INH  =  11 – 14  
RIF  =  9  
PZA  =  11 – 14  
EMB  =  7

INH  =  32.25  
RIF  =  76.85  
PZA  =  198.87  
EMB  =  290.24

15

 N.D.: Not done. 

tuberculosis chemotherapy   [53] . Azole drugs have strong 
antimycobacterial potential against latent  M. tuberculosis  
under  in vitro  conditions and these drugs prevent the formation 
of drug-induced latency   [54] . Their antimycobacterial activity 
against MDR strains of  M. tuberculosis  has also been 
demonstrated recently. In fact the MIC 90  and MBC > 99.99  of 
econazole were found to be in the ranges of 0.120 – 0.125 µg/ml 
and 0.125 – 0.150 µg/ml respectively against the strains bearing 
resistance patterns that include resistance to INH and RIF but 
sensitive to all other drugs; resistance to INH, RIF, EMB and 
streptomycin but sensitive to ofloxacin; and resistance to INH, 

RIF and ofloxacin (with or with out resistance to EMB and 
streptomycin)   [55] . Thus, these strains represent the most 
common multi-drug resistant (MDR) strains that have 
emerged globally and are posing a threat to treatment   [55] . 

 Although azole drugs have been shown to have strong 
antimycobacterial potential against latent/persistent MDR 
and active murine tuberculosis, their bioavailability is poor 
via the oral route. Therefore, studies were designed to 
improve the oral bioavailability of two clinically important 
antifungal drugs – clotrimazole and econazole. Each drug 
was encapsulated in either PLG-NP or alginate nanoparticles. 
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Drug encapsulation efficiency was better (> 90%) for the 
alginate formulation compared with the PLG formulation 
(nearly 50%)   [56] . The biodistribution/pharmacokinetic data 
suggested that there was a controlled drug release for 
5 – 6 days with each of the formulations ( Figure 4 ) as 
compared with un-encapsulated drugs which were cleared within 
3 – 4 h of oral/i.v. administration. There was also a striking 
improvement in the relative and absolute bioavailability of each 
drug   [56] . Further, drugs were detected in the tissues (lungs, 
liver, spleen) for up to 6 – 8 days in the case of nanoparticles, 
whereas free drugs were cleared by 12 h. These results 
emphasize the power of nanotechnology to make the oral 
administration of azole antifungal drugs a reality   [56] . 

 Chemotherapeutic studies using alginate nanoparticle-
encapsulated or freeeconazole (with or without ATDs) 
against murine tuberculosis have been carried out. Eight doses 
of econazole administered weekly resulted in approximately 
90% clearance of bacilli from the lungs and spleen   [57] . The 
administration of four drug-loaded alginate nanoparticles to 
 M. tuberculosis- infected mice resulted in undetectable myco-
bacterial CFU in lung and spleen homogenates (undiluted/1 
in 10 diluted) as compared to  ∼  4 log CFU in lungs and 
spleens ( Table 5 ) in the untreated control group   [57] . These 
results clearly demonstrate that econazole can replace INH 
and RIF in chemotherapy of tuberculosis in free and in 
encapsulated forms.  

  2.5.4   Alginate nanoparticle-based therapy and 
relapse rates 
 Conventional ATDs can be administered daily or intermittently, 
although the latter is associated with post-treatment relapse. 
Hence it is of great interest to evaluate intermittent therapy 
based on drug delivery technology for relapse cases. This 
aspect was investigated in mice, employing dexamethasone as 
an immunosuppressant to allow post-treatment relapse. It was 
observed that two doses of ATD-loaded alginate nanoparticles 

administered fortnightly, or three doses of ATD-loaded 
PLG-NP administered every tenth day, or 30 doses of free 
drugs administered daily resulted in undetectable mycobacterial 
CFU as compared to  ∼  4 log CFU in lungs and spleen of 
untreated control group. Further, similar observations were seen 
in animals killed even after six weeks of immunosuppression 
(the time period given to allow reactivation of persistent/latent 
bacilli if any) (unpublished observations). These observations 
were in contrast to untreated controls, where 5.73 log CFU 
load was seen in lungs and spleen after immunosuppression 
(unpublished observations). These results clearly demonstrate 
that nanoparticle-based intermittent therapy leads to a total 
clearance of bacilli rather than persisters.    

  3.   Expert opinion and conclusion 

 Out of the four components of a drug delivery system – 
drug, destination, disease and delivery – the delivery is 
the only component that can be variable, or adjusted according 
to conditions. If the design of a drug formulation is made in 
such way to alter its natural disposition by effecting its 
rate and/or place of drug release, the formulation is called 
a modified release system. Several such systems have 
been used for the delivery of antitubercular drugs 
using both synthetic and natural carriers. A comparison 
of therapeutic efficacy of these sustained release antitubercular 
drug delivery systems has been presented in  Figure 4 . As is 
clear from the Figure, alginate represents one of the most 
promising systems in the form of nanoparticles. There are a 
number of factors that affect drug loading and release from 
alginate-based systems. These include the pH of the 
surrounding medium, the composition of alginate, viscosity 
of alginate, drug : polymer ratio, ionic nature of the 
encapsulated drug, the crosslinker, gelling/curing time, 
variation in microsphere size, presence of substances which 
modulate the properties of alginate. In general the mechanical 
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  Figure 4     . Therapeutic effi cacy of various controlled release antitubercular drug delivery systems.  Each bar indicates the mean 
log CFU in the lungs after the respective treatment. A value of 0.1 indicates no detectable CFU.
R: Rifampicin; I: Isoniazid; P: Pyrazinamide; E: Ethambutol; MP: Microparticles; NP: Nanoparticles; i.v: Intravenous; SLN: Solid lipid nanoparticles.    
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stability and the fast drug release of Ca 2+ -alginate based 
systems can be improved by modifying the microsphere 
surface using polycations (chitosan/poly- L -lysine), or by 
applying layer by layer strategies. The main advantages 
of the proposed coating strategies are the reduced use 
of toxic chemicals and the ease of preparation. Many 
efforts have been made to develop procedures for the 
preparation of alginate-based drug systems for the 
delivery of antitubercular drugs with small dimensions 
and narrow size distributions. This literature evaluation 
may convince readers that this field can be considered 
mature and that new publications can only add 
information on the use of this type of drug carriers with 
slight innovation. 

 Although pharmacokinetic improvements of antitubercular 
drugs have been well documented by the application of 
drug delivery technology, in TB it is generally believed 
that the tubercle lesions/cavities represent pathological 
barriers for drug–bug contacts. Hence, it is important 
to design studies to address the issue of drug penetration 
to these cavities after the administration of encapsulated 
drugs. Such studies can be designed with ease in animal 
models like guinea pigs or rabbits, where formation of 
cavitory lesions has been reported. The issue can also 
be addressed using hollow fiber mouse models of tuberculosis 
and  in vitro  pharmacokinetic and pharmacodynamic systems, 
as both these models have some kind of microenvironmental 
similarities with natural tubercle lesions. 

 Antitubercular drug delivery systems have been extensively 
studied in mouse as well as in guinea pig models. Further 
studies should be conducted to address some important 
issues in this area, which include evaluating these systems 
against aerosol models of infection, especially against high 
bacterial burden, evaluating them at human equipotent drug 
doses, and performing actual six-month studies miming 
both phases of conventional TB therapy and assessment of 
post-treatment relapse. 

 In conclusion, drug delivery systems hold great promise 
in order to improve patients’ compliance with tuberculosis 
chemotherapy. Although all the drug delivery systems have 
definite advantages, the alginate nanoparticle-based ATD 
delivery system certainly holds several unique attributes to 
the extent that it seems to have the potential to turn the 
tide against tuberculosis.             
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  Table 5     . Chemotherapeutic effi cacy of azoles alone or in combination with ATDs in free or alginate nanoparticle 
encapsulated form against murine tuberculosis (ref.   [57] ).   

 Groups  Log 10  CFU 

 4 weeks  6 weeks 

 Lung  Spleen  Lung  Spleen 

INH, PZA, EMB and RIF < 1.0 < 1.0 < 1.0 < 1.0

Econazole, INH, EMB and PZA < 1.0 < 1.0 < 1.0 < 1.0

Econazole, RIF, EMB and PZA < 1.0 < 1.0 < 1.0 < 1.0

Econazole, EMB and PZA 2.3  ±  0.03 ‡ 2.32  ±  0.05 ‡ < 1.0 < 1.0

Encapsulated INH, PZA, EMB and RIF < 1.0 < 1.0 < 1.0 < 1.0

Encapsulated econazole, INH, EMB and PZA < 1.0 < 1.0 < 1.0 < 1.0

Encapsulated econazole, RIF, EMB and PZA < 1.0 < 1.0 < 1.0 < 1.0

Encapsulated econazole, EMB and PZA 2.3  ±  0.06 ‡ 2.33  ±  0.03 ‡ < 1.0 < 1.0

Untreated controls 4.02  ±  0.03 4.1  ±  0.04 4.71  ±  0.04 4.73  ±  0.03

   Values are mean  ±  SD of six to eight animals;  ‡ p < 0.001 as compared to untreated controls. < 1.0 indicates no detectable bacilli. 
 EMB: Ethambutol; INH: Isoniazid; PZA: Pyrazinamide; RIF: Rifampicin.   
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