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ABSTRACT 

Tuberculosis (TB) is a major cause of preventable deaths and a chronic worldwide health concern. Pulmonary delivery of 

drugs via inhalable routes has been recommended over systemic administration (such as intravenous or oral) in order to 

achieve localized distribution of drugs to the lung with enhanced therapeutics and lowered systemic adverse effects. The 

combination of multiple drugs loaded nanoparticles in a single dosage form like DPI offers a unique therapeutic advantage 

for simultaneously delivering drug payloads to the intracellular infection sites in predefined ratios. The study aimed to co- 

administer four WHO-recommended anti-TB drugs, isoniazid, rifampicin, pyrazinamide, and moxifloxacin Hcl, using a 

sodium alginate polymeric nanoparticle DPI to facilitate their pulmonary administration for effective treatment of TB- 

infected individuals. The ATDs (isoniazid, rifampicin, pyrazinamide, and moxifloxacin Hcl) loaded sodium alginate 

nanoparticle separately was prepared using the Emulsification/internal gelation technique. The percentage drug entrapment, 

drug loading and particle size were of isoniazid nanoparticles, rifampicin nanoparticles, Pyrazinamide nanoparticles and 

moxifloxacin Hcl nanoparticles were observed to be 76.632±0.448%, 75.260±0.101%, 76.797±0.293%, 77.252±0.086%; 
21.261±0.254%, 32.036±0.352%, 14.196±0.458%, 16.480±0.017%; 199.167 ±0.777nm, 221.77 ±1.645nm, 273.157 

±4.117nm and 250.327 ±0.818nm. The PDI of the all four nanoparticles' formulations was observed to be less than 0.2, 

while high zeta potential value indicated the stability of the formulation. The FTIR, XRD and DSC study confirmed the 
encapsulation of drug in the nanoparticles. TEM Images confirmed the spherical shape of drug loaded nanoparticles. In the 

next step, all four ATDs nanoparticles were combined, mixed with the carriers (lactose, leucin, and mannitol), and 

transformed in the DPI formulation. The lactose containing nanoparticles DPI formulation yielded the better flow property. 

In vitro drug release study demonstrated that the ATDs combined nanoparticle DPI formulation yielded the sustained 

release profile of the drug than the blend of the API. In vivo pharmacokinetic study demonstrated the mean residence time 

(MRT) of a combination of ATDs loaded DPI formulation was between 34-46 hours. Furthermore, an increase in AUC 

value in the lung for the combination of ATDs loaded DPI formulation compared with the AUC of blend of ATDs DPI. The 

increase in AUC of the ATDs combined nanoparticle DPI formulation could be attributed, at least in part, to the prolonged 

retention and reduced alveolar clearance of drug-loaded nanoparticles from lung tissue compared to blend of ATDs drug 

DPI.. 
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INTRODUCTION 

Tuberculosis (TB), a worldwide disease accountable for 

death and morbidity. As per report approximate in every 
year 10.0 Lac patients die due to tuberculosis, and an 

estimated 10 million more get the disease (1). India endures 

almost 25% of the world's TB burden, with a no. of TB 

cases 2.77 million in 2022 (2). Tuberculosis (TB) (3), a 

chronic worldwide health concern, and a significant 

socioeconomic burden on developing and underdeveloped 

nations (4). Mycobacterium tuberculosis is an intracellular 

organism that causes TB infection when it is inhaled (5). 

In the human body, tuberculosis spreads through a vector 

called the mycobacterium tuberculosis. It invades the 

human body through the phagocytosis process, which is 

caused by the interaction between the alveolar 

macrophages' (AM) surface mannose receptors and 

lipoarabinomannan (4). The pathogenesis of tuberculosis is 

triggered by the inhalation and interaction of the bacilli 

spread in the air through ‘alveolar’ ‘macrophages. 
Following this, nearby alveolar macrophages proliferate 

and invade the area. The most well-established target for TB 

treatment is alveolar macrophages, even though dendritic 

cells and epithelial type II pneumocytes also play a role in 

the prognosis of TB (6). 

Tuberculosis growing day by day at faster rate due to the 

long treatment period (6 months) of conventional drugs and 

the dearth of patient-adherent therapeutic choices. 

Additionally, multidrug-resistant strains and mycobacteria 

in low proliferative stages require longer treatment periods 
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of more than 24 months (4). TB-DOTS (directly observed 

therapy, short-course) is the treatment regimen used to treat 

TB patients. Rifampicin (RIF), Isoniazid, Ethambutol, 

moxifloxacin, and Pyrazinamide, either alone or in 

combination, are among the chemotherapy drugs utilized 

for the treatment (3). 
Severa reasons like low aqueous solubility of active 

ingredient, less availability of active to the infection site, 

degradation of active in GIT tract, higher side effect, and 

higher duration for time period, all of which contribute to 

non-compliance, the current conventional oral therapy is 

ineffective and frequently fails to fully cure patients. 

Furthermore, the multi-drug regimen is particularly 

susceptible to adverse effects such as hepatotoxicity, skin 

rashes, nausea, vomiting, and epigastric pain. One of the 

main issues is noncompliance with prescribed regimens 

because treating tuberculosis requires regular, ongoing 
multiple drug administration (3). 

Furthermore, several problems, such as a protracted 

treatment protocol, the need for extremely high doses, and 

severe toxicity, contribute to poor patient compliance with 

the therapy regimen (7). 

Treating respiratory infections has traditionally been 

extremely challenging since the bacteria that cause 

respiratory infections locate deep within the lungs, and less 

amount of active ingredient can reach the lungs following 

oral or parenteral delivery. Thus, a higher dose of the drug 

regimen is required to keep the amount of active above the 

minimal inhibitory concentration (8). 

Pulmonary administration of active ingredient via inhalable 

routes has been recommended over systemic administration 

in order to achieve localized distribution of drugs to the lung 

with enhanced therapeutics and lowered systemic adverse 

effects (9). Comparing the pulmonary route of 
administration to traditional oral medication, there are 

several benefits, including increased drug “bioavailability”, 

improved “patient”, decreased systemic side effects, and 

longer drug action (10-12). 

Inhaled drug delivery allows the drug to directly reach to 

the site of action, shortens the treatment period, ensures a 

rapid onset of action, and hinders drug “resistance” and 
significant adverse effects (13-16). The conventional drug 

delivery methods are unable to deliver the antitubercular 

drug to the alveolar region because they are delivered 

indirectly through the blood, Therefore, novel strategies 

must b e  d e v e l o p e d  f o r  efficient  

pulmonary drug administration that prevents off-target 

accumulation. Since the causative agent is found in the host 

AM, a targeted delivery may be achieved by designing an 

inhalation device with a favorable aerodynamic profile, 

perhaps lowering the frequency of dosages (17). 

Recent developments in nanotechnology have generated a 
lot of interest in using nanoparticles as drug delivery 

vehicles in the lungs. Inhalable nanoparticle-based drug 

delivery systems have several distinct advantages over 

traditional inhalable formulations, which contain the drug 

either in suspension or solution form (e.g., as formulations 

for use in nebulizers) or as micronized dry particles in 

conventional inhalable dry powder formulations (18). 

First, nanoparticles can be surface-modified by ligands 

(such as peptides, antibodies, etc.) to target particular lung 

cell types, such as lung tumor cells (19). Second, 

Nanoparticles smaller than 300 nm can evade macrophage 

absorption and shield the drug payload from enzymatic 

destruction (20). Thirdly, nanoparticles can enhance 
delivery of drug into cells more effectively than free drugs 

by using different endocytosis-based mechanisms (21). 

Fourthly, altering the characteristics of the nanocarrier can 

allow for the controlled or even prolonged release of drugs 

(22). 

Most importantly, nanoparticles can easily deliver from 

alveoli to the systemic circulation, but microparticles are 

unable to do so. This implies that there is an alternate way 

to administer nanoparticles throughout the body without 

requiring intrusive intravenous administration (23). This 

characteristic is especially helpful for diseases that have 

both systemic and lung symptoms (e.g., tuberculosis, 

metastasized lung malignancies, etc.). Inhalable nano 

systems with various compositions have also been 
extensively and effectively studied in the past. Of these, 

polymeric nanosystems are beneficial because to their 

potential to translocate across biological barriers, controlled 

release profile, desired pharmacokinetic consequences, and 

the ability to encapsulate both hydrophilic and hydrophobic 

medicines (17). 

DPI devices are more streamlined and user-friendly than 
other inhaler devices and have the ability to administer 

many drugs at once in the same aerosol similar to the FDA 

approved dual-drug and triple-drug DPIs (24). FDA 

approved the DPIs to be used in youngsters as young as four 

years old. For DPIs, the solid state offers advantages in 

terms of physical and chemical stability, and propellants are 

not used. 

The combination of multiple drugs loaded nanoparticles in 

a single dosage form like DPI offers a unique therapeutic 

advantage for simultaneously delivering drug payloads to 

the intracellular infection sites in predefined ratios (25). 

The study aimed to co-administer four WHO-recommended 

anti-TB drugs isoniazid, rifampicin, rifampicin, and 

moxifloxacin Hcl using a polysaccharide polymeric 
nanoparticle DPI to facilitate their pulmonary 

administration for effective treatment of TB-infected 

individuals. Sodium alginate, a natural polymer with 

characteristics like an aqueous matrix environment, high 

gel porosity, and biocompatibility, was utilized to prepare 

antituberculosis drug loaded nanoparticles. The US Food 

and Drug Administration (FDA) has approved sodium 

alginate for oral use (26). Sodium alginate nanoparticles 

containing isoniazid (INH), pyrazinamide (PZA), 

rifampicin (RIF), and moxifloxacin Hcl (MHcl) were 

prepared separately and co-administered in the DPI 
formulation. The prepared ATDs loaded solidum alginate 

nanoparticles co-administered with DPI were characterized 

for in vitro parameters and pharmacokinetic parameters 

through the pulmonary route. 

1.1 Material 

Isoniazid and Rifampicin were procured from the SRL. The 

pyrazinamide was procured from the TCI.  The 
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moxifloxacin was procured  from GLR.Sodium alginate 

was procured from the Thomas baker. The light liquid 

paraffin was procured from the Qualikems. 

 

1.2 Experimental work 

1.2.1 Preparation of ATDs loaded solidum alginate 

nanoparticles 
The ATDs loaded sodium alginate nano size range particles 

was prepared using the Emulsification/internal gelation 

technique. The accurately measured amount of the ATDs 

was transferred to a beaker containing water and sonicated 

for 5 minutes, resulting in a clear solution. The accurately 

weighed amount of sodium alginate was transferred to a 

beaker containing the drug's aqueous solution with the aid 

of heat at 100 rpm using a magnetic stirrer. In the meantime, 

the measured amount of Span 80 was blended with the light 

liquid paraffin by homogenizing at 5000 rpm for 20s. The 

aqueous drug containing polymeric solution was emulsified 

in the liquid paraffin solution by homogenizing at 5000 rpm 
for 30s. After the emulsification, the calcium chloride 

aqueous solution was dispersed to the emulsion, and 

homogenization was continued again for 20s followed by 

probe sonicated. Pure isopropyl alcohol was then added to 

harden the isoniazid-loaded sodium alginate nano-size 

range particles. The prepared ATDs loaded nanoparticles 

were then collected by centrifugation at 10000rpm for 

30min, washed twice with isopropyl alcohol and once with 

water (27) 

 
Cross linker calcium 

chloride  solution 

 
 

ATDs + Sodium alginat e solution 

+ 
 

 
Light liquid paraffin oil+ Span 80 Add Drug sodium  alginat e solution into  the paraffin  
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Figure 1: Preparation of ATDs loaded solidum alginate 

nanoparticles using the Emulsification/internal gelation 

technique 

 

Table 1: Batches of composition of ATDs loaded solidum 

alginate nanoparticles 

S 

. 

N 

o. 

Name of 

ingredie 

nt 

Amount of ingredient 

Isoniaz 

id 

nanop 

articles 

(SN1) 

Rifam 

picin 

nanop 

articles 

(SN2) 

Pyrazi 

namide 

nanopa 

rticles 

(SN3) 

Moxifl 

oxacin 

Hcl 

nanop 

articles 
(SN4) 

1 Isoniazi 

d (mg) 

75 - - - 

2 Rifampi 
cin mg) 

- 150 - - 

1.2.2 Freeze drying of the ATDs loaded sodium alginate 

nanoparticles 

The pellets of the ATDs loaded sodium alginate 

nanoparticles obtained from the centrifugation step were 

redispersed in the distilled water and freeze-dried using the 

5% w/v mannitol as cryoprotectant at pressure of 0.01 mbar 

throughout the process (4). 

1.2.3 In-vitro characterization parameters 

1.2.3.1 Physical appearance 

The physical appearance of the prepared dispersion was 

investigated by visual observation of the tailored 

formulation 

 

1.2.3.2 Percentage yield 

The percentage yield of the dried formulation was assessed 

employing the below equation: 

3 Pyrazina 

mide (mg) 

- - 400 - 

4 Moxiflo 

xacin Hcl 

(mg) 

- - - 400 

5 Sodium 

alginate 
(%w/v) 

4.22 3.85 4.99 4.39 

6 Volume of 

sodium 

alginate (ml) 

3 3 15 14 

7 Volume of

 the 

500mM 
Cacl2 

(ml) 

1.5 1.5 7.5 6 

8 Homoge 

nization 

speed 
(rpm) 

10635 12756 10000 10000 

9 Homoge 

nization 

time 
(min.) 

5 5 5 10 

1 

0 

Probe 

sonicatio n 
amplitud 
e (%) 

40 40 50 40 

1 

1 

Probe 

sonicatio n

 time 

(min.) 

1 1 1 4 

1 
2 

Span 80 

(ml) 

0.5 0.5 2.5 2 

1 
3 

Light liquid 
paraffin 
(ml)_ 

10 10 30 30 
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Percentage yield = 
Practical amount of nanoparticles 

Amount of drug and excipients 

freeze-dried ATDs loaded sodium alginate nanoparticles 

were obtained using a DSC SETARAM (Model: SETLINE 

× 100 ............................ (i) 

1.2.3.3 Percentage drug entrapment and percentage 

drug loading 

The percentage drug entrapment of the encapsulated 

antituberculosis drug in the sodium alginate nanoaprticles 

was accessed in the centrifugation step. Accurately 

measured freeze-dried ATDs laoded sodium alginate 

nanoparticle was transferred to a beaker containing 10ml of 

a mixture of the solvent water: methanol in 8:2, sonicated 

for 1min and heat at 50ᵒC. The solution was centrifuged at 
10,000 rpm for 30 minutes. The supernatant was diluted 

with methanol, and the sample was scanned between 200 to 

400 nm using a UV spectrophotometer (n=3) (27, 28). The 

percentage drug entrapment and percentage drug loading of 

the sample was determined using the following equation: 

Percentage drug entrapment 
Initial drug − Drug in supernatent 

= 
Initial drug 

× 100 .............. (ii) 

 
Percentage drug loading 

Amount of entrapped drug 
= 

Amount of the nanoparticle taken 
× 100 ............ (iii) 

1.2.3.4 Particle size analysis 

The average particle size (estimated as hydrodynamic 

diameter) of freeze-dried ATDs loaded sodium alginate 

nanoparticles was accessed using the using the dynamic 

light scattering approach. The investigation was performed 

at a fixed angle of 90° and a temperature of 25°C. The 

freeze-dried sample was diluted 100 times using distilled 

water and bath sonicated for 5 minutes. The activity was 

performed in triplicate manner (29). 

1.2.3.5 Zeta Potential 
The laser light-scattering technique was used to determine 

the zeta-potential of the prepared nanoparticles using a 

zetasizer (Zetasizer Nano ZS90; Malvern Instruments Ltd, 

UK). Samples were diluted in distilled water and placed in 

the capillary measurement cell, with the cell position 

adjusted. The activity was performed in triplicate manner 

(30). 

1.2.3.6 FTIR 
FTIR spectrum of the drug and freeze-dried ATDs loaded 

sodium alginate nanoparticles was noted using the FTR 

Perkin Elmer Spectrum 2. The sample was analyzed 

scanning ranging from 400–4000 cm−1 at a resolution of 4 

cm−1 at room temperature (31). 

1.2.3.7 DSC 

DSC analysis of the drug and freeze-dried ATDs loaded 

sodium alginate nanoparticles was accessed to investigate 

the thermal behaviours of drug in bulk form as well as in 
the nanoparticle formulation. Thermograms of the 

isoniazid, rifampicin, pyrazinamide, moxifloxacin HCl and 

DSC). Each sample was weighed and transferred to the 
aluminium pan followed by crimped employing the crimper 

and heated from 30 °C to 400 °C at a heating rate of 10°C 

min−1. The DSC thermogram was captured and investigated 

(31). 

1.2.3.8 X-ray diffraction 

X-ray diffraction (XRD) of the drug and freeze-dried ATDs 

loaded sodium alginate nanoparticles was accessed to 

investigate the crystalline and amorphous nature of drug 

and test formulation employing an PXRD Empyrean 

(Malvern). The XRD patterns were collected over an 

angular range 2θ (5°–60°) (32). 

 

1.2.3.9 Transmission electron microscopy 

The surface architecture of the freeze-dried ATDs loaded 

sodium alginate nanoparticles was determined using the 

HRTEM-JEM 2100 plus. The freeze-dried ATDs loaded 

nanoparticles was diluted 100 times with the distilled water, 

sonicated for 1min and transferred to the carbon film- 

covered copper grid followed by air-dried for 24 h. Images 

were captured to identify the shape to the nanoparticles 

(34). 

1.2.4 Preparation of combined ATDs loaded 

nanoparticles containing DPI 

The freeze-dried nanoparticles were manually combined 

with the carrier in a weight ratio using a geometrical 

dilution technique. The formulations listed in Table 2 were 
prepared by physically blending the components using 

geometric mixing, and following each component was 

processed through a sieve #60. The formulations showed 

that suitable flow characteristics were further accessed. The 

prepared formulation was labelled and stored till further use 

(34). 

Table 2: Composition of the ATDs loaded nanoparticles 

containing DPI 

 Formulation code 

 SNDPI1 SNDPI2 SNDPI3 

Isoniazid Equivalent Equivalent Equivalent 

loaded to 75mg of to 75mg of to 75mg of 

nanoparticl The the The 
es isoniazid isoniazid Isoniazid 

Rifampicin Equivalent Equivalent Equivalent 

loaded to 150mg to 150 mg to 150mg 

nanoparticl of the of the of the 
es rifampicin rifampicin Rifampicin 

Pyrazinami Equivalent Equivalent Equivalent 

de loaded to 400mg to 400 mg to 400mg 

nanoparticl of the of the of the 
es Pyrazinami Pyrazinami Pyrazinami 

 De de De 

Moxifloxaci Equivalent Equivalent Equivalent 

n Hcl loaded to 400 mg to 400 mg to 400 mg 

nanoparticl of the of the of the 

es moxifloxac moxifloxac Moxifloxac 
 in Hcl in Hcl in Hcl 
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Nanoparticl 

es: Lactose 

carrier ratio 

(w/w) 

1:10 - - 

Nanoparticl 

es: Leucin 

carrier ratio 

(w/w) 

- 1:10 - 

Nanoparticl 

es: Mannitol 

carrier ratio 
(w/w) 

- - 1:10 

 

1.2.5 In-vitro characterization of the combined ATDs 

loaded nanoparticles containing DPI 

1.2.5.1 Physical appearance 

The prepared combined ATDs loaded nanoparticles 

containing DPI were visually observed. 

 

1.2.5.2 Micromeritic properties 

Compressibility index (Carrs index) 

Weigh precisely 0.1 g of each combined drug loaded 

nanoparticle containing dry powder inhaler that has been 

put into a 10ml graduated cylinder. Level the powder gently 

without compacting it, and then measure the apparent 

volume that hasn’t settled. The activity was performed in 

triplicate manner (35). 

 
Bulk density =   Weight of powder  
   Bulk Volume               ………… ( iv) 

It is the proportion of the powder’s total mass to its tapped 

volume. Accurately measure 0.1 g of each drug loaded 
nanoparticle containing dry powder inhaler was transferred 

into a 10 ml graduated cylinder of a tap density tester. This 

device was operated for a predetermined number of taps 

until the powder bed volume reached a minimum, at which 

point the formula was applied: (35) 
Tapped density = Weight of powder 

                                            Tapped Volume     ……….. (v) 

The in-vitro release of combined ATDs loaded 

nanoparticles containing DPI incorporating nanoparticles 

and a blend of the pure drug was investigated using the 

dialysis membrane. The dialysis membrane (12-14KDa) 

was activated by soaking in the hydroalcoholic solution 

overnight. The blend of the antituberculosis drug and the 
dry powder formulation of each combined ATDs loaded 

nanoparticles containing DPI was dispersed in the enzyme- 

free simulated lung fluid pH 7.4 separately. The dispersion 

was added to the washed dialysis membrane, and both end 

of the being-filled dialysis membrane was tiled using the 

thread and hand in the beaker containing 10ml of simulated 

lung fluid without enzymes pH 7.4. The dialysis membrane 

containing beaker was maintained at 37ᵒC and 100rpm over 

a magnetic stirrer. The sample were withdrawn at different 

time intervals like 0hr, 0.25hr, 0.5hr, 1hr, 2hr, 4hr, 8hr, 10hr, 

12hr, 24hr and replace with the fresh drug release medium. 
The withdrawn sample was diluted with the methanol 

solvent and analyzed using UV spectroscopy. The activity 

was performed in triplicate manner (34). 

 

1.2.5.4 In-vivo pharmacokinetic Study 

The assessment of the pharmacokinetics of combined ATDs 

loaded nanoparticles containing DPI and blend of API DPI 

was accomplished using the rat animal model. According to 

the Institutional Animal Ethics Committee's (IAEC) 

Committee for Prevention, Control, and Supervision of 

Experimental Animals, permission number 

VCTE/IAEC/PH/24/016 rules, experiments were carried 

out. The combined ATDs loaded nanoparticles DPI and 

blend of API DPI were administered through pulmonary 
rout using an appropriate insufflator device. Rats were 

divided into the following groups for the pharmacokinetic 

study: Group 1: Blend of API; Group 2: combined ATDs 

loaded nanoparticles DPI. Blood was drawn via retroorbital 

plexuses 0.5, 2, 4, 6, 12, and 24 hours after the formulation 

was administered and stored in an EDTA tube followed by 

centrifuged for 20 minutes at 1000 rpm. The plasma was 

separated and filtered using a membrane filter (0.22µm). 

Drug estimation in plasma was carried out utilizing a 

developed high    performance  
 liquid chromatography (HPLC) 

technology. The pharmacokinetic parameters w

The compressibility index (CI) measures a powder's 

propensity to consolidate (i.e., unite to form a solid form). 

Carrs index = Tapped density – Bulk density  x100 ..(vi) 

computed,  including  the  area-under-the-plasma  drug 
concentration over time curve, peak plasma concentration 

(Cmax), and time to achieve Cmax (Tmax) Using pK solver 
software (36-38). 

Tapped density

Hausner’s Ratio is a number that is correlated to the flow 

ability of a powder. 

Hausner’s ratio= Tapped density/Bulk Density…..(vii) 

 Hausner’s ratio (<1.25) indicates better flow 
properties than higher ones (>1.25). 

 

1.2.5.3 In-vitro drug release study 

1.2.5.4.1 HPLC method of analysis 

The chromatographic separation was accomplished using 

the Revers phase C18 (250 mm × 4.6 mm, perfectSil Target 

ODS-3 5 μm particle size, MZ Analytical, Germany). The 

mobile phase comprise of water (solvent A) and methanol 

(solvent B) in ratio of (A:B) 95:05 v/v. The mobile phase 

was run at flow rate of 1.5 mL min-1 for 12 min, than linear 

gradient to 20:80 v/v until 15 min and was kept until 23 min. 

At 23 min, the mobile phase was changed to the initial 

composition and was maintained until 26 minutes before 

the next injection. The injection volume was 100µ(39). The 

monitoring wavelengths were 254 nm for INH, PZA, and 

Moxifloxacin, and 336 nm for RIF. The sample preparation 
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includes the addition of the methanol solvent in the 

biological samples. The samples were centrifuge at 

5000rpm for 10min. The supernatant was suitably diluted 

with diluent, filtered using the 0.22µ membrane filter paper, 

and injected in the HPLC. 

1.2.5.5 Statistical analysis 

Statistical analysis was accomplished employing the Graph 

Pad Instat Software (GraphPad Software, La Jolla, CA). 

The pharmacokinetic data were accessed employing the 

Student’s unpaired t-test. Difference with considered 

statistically significant 

 

1.3 Result and discussion 

1.3.1 Development of the ARDs loaded nanoparticles 

The current study involves the preparation of the 

encapsulation of Isoniazid, Rifampicin, Pyrazinamide, and 

Moxifloxacin Hcl in the sodium alginate nanoparticle, 

employing the emulsification/internal gelation method. 

Following this, the aqueous polymeric solution was 

emulsified into an oil phase with surfactant, and calcium 
chloride was added as a cross-linker. Calcium chloride 

crystals provide the calcium for the gelation step. The 

release of calcium from the calcium complex results in 

gelation and the production of Ca-polysaccharide. Calcium 

ions immobilize labile biological components by cross- 

linking the polysaccharide residues. 

 

1.3.2 In-vitro characterization of ATDs (Isoniazid, 

Rifampicin, Pyrazinamide, and Moxifloxacin Hcl) 

Loaded Sodium Alginate nanoparticle 

Table 3: In vitro characterization parameters of ATDs (Isoniazid, Rifampicin, Pyrazinamide and Moxifloxacin 

Hcl) loaded sodium alginate nanoparticle 

S. 

No. 

Name of ingredient Formulation 

Isoniazid 

nanoparticles 

(SN1) 

Rifampicin 

nanoparticles 

(SN2) 

Pyrazinamide 

nanoparticles 

(SN3) 

Moxifloxacin Hcl 

nanoparticles 

(SN4) 

1 Physical appearance Uniform, 

Homogenous 

dispersion 

Uniform, 

Homogenous 

dispersion 

Uniform, 

Homogenous 

dispersion 

Uniform, 

Homogenous 

dispersion 

2 Percentage yield (%) 94.498 
±0.312 

93.789 
±0.871 

94.498 
±0.312 

96.660 
±0.249 

3 Percentage drug 

entrapment (%) 

76.632 
±0.448 

75.260±0.101 76.797 
±0.293 

77.252±0.086 

4 Percentage drug 

loading (%) 

21.261 
±0.254 

32.036 
±0.352 

14.196 
±0.458 

16.480 
±0.017 

5 Particle size (nm) 199.167 
±0.777 

221.77 ±1.645 273.157 
±4.117 

250.327 ±0.818 

6 Zeta Potential (mv) -30.447 
±0.689 

-29.210 
±0.608 

-29.153 
±1.778 

-31.193 
±0.900 

7 PDI 0.161 
±0.003 

0.187 
±0.005 

0.179 
±0.007 

0.180 
±0.001 

 

 

ATDs (Isoniazid (INH), Rifampicin (RIF), Pyrazinamide 

(PYRA), and Moxifloxacin (MOXI) Hcl) were 

encapsulated separately into sodium alginate 

nanoparticles because of bioadhesives and well-established 

pulmonary safety profile of sodium alginate. The ATDs 

loaded sodium alginate nanoparticles were prepared using 

the calcium ion to facilitate the sustained release of the 

encapsulated drug. The prepared ATDs (INH-, RIF-, 

PYRA, and MOXI) loaded sodium alginate nanoparticles 

were uniform and free from the Aggregation. Following 
freeze drying, the percentage recovery of the INH-, RIF-, 

PYRA, and MOXI-loaded nanoparticles 

were 94.498±0.312%, 93.789±0.871%, 94.498±0.312%, 

and 96.660±0.249%, respectively. The percentage drug 

entrapment and drug loading of these formulations were 
76.632±0.448%, 7 5 .260±0.101%, 7 6 .797±0.293%, 

77.252±0.086%; 2 1 .261±0.254%,  32.036±0.352%, 

14.196±0.458%, 16.480±0.017% respectively, Similarly 

the particle size and PDI of these formulations were 

199.167±0.777nm, 221.77±1.645nm, 273.157±4.117 and 

250.327±0.818; 0.164±0.003, 0.192±0.005, 0.185±0.007, 

0.179±0.001. The zeta potential of these formulations was - 

31.20±0.689 mv, -29.60±0.608 mv, -31.0±1.778 mv, and - 

32.0±0.900mv. 
 

Figure 2: Particle size distribution of moxifloxacin Hcl 

laoded nanoparticles 
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Figure 3: Particle size distribution of pyrazinamide 

loaded nanoparticles 

 

Figure 4: Particle size distribution of rifampicin loaded 

nanoparticles 
 

Figure 5: Particle size distribution of isoniazid loaded 

nanoparticles 

Figure 6: Zeta potential distribution of rifampicin 

laoded nanoparticles 
 

Figure 7: Zeta potential distribution of isoniazid laoded 

nanoparticles 
 

Figure 8: Zeta potential distribution of moxifloxacin 

laoded nanoparticles 
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Figure 9: Zeta potential distribution of pyrazinamide 

loaded nanoparticles 

 

1.3.3 FTIR spectroscopy 

FTIR spectrum of the drug isoniazid, rifampicin, 

Pyrazinamide, moxifloxacin Hcl, isoniazid loaded 

nanoparticles, rifampicin loaded nanoparticles, 

pyrazinamide loaded nanoparticles, and moxifloxacin Hcl 

loaded nanoparticles are shown in Figure 11-17. FTIR 

spectrum of the isoniazid demonstrated the characteristics 

peaks at wavenumber of 3103.40cm-1 (Bonded NH and C- 

H), 1661.97cm-1 (Amide I (CLO stretching), 1552.35cm-1 
(N–H bending of secondary amide group), and 
13632.91cm-1 (NH2 Deformation) (40,41). FTIR spectrum 

of the rifampicin demonstrated the characteristics peaks at 
wavenumber of 1693.54cm-1 (C=O (Acetyl stretching), 
3284.41cm-1 (C-H stretching), 1693.54cm-1 (C=N 
(asymmetric stretching), 1615.62cm-1 (N-H (Amide 

bending), 1427.31cm-1 (C=C (stretching), and 1236.7cm-1 
(C-N (stretch) (42). FTIR spectrum of the pyrazinamide 
demonstrated the characteristics peaks at wavenumber of 

3409.98cm-1 (N–H assym: stretching), 3146.57cm-1 (C–H 
stretching), 1703.03cm-1 (C=O stretching), 1607.43cm-1 
(C-C (ring) stretching), 1434.10cm-1 (C-N (ring) assym 

stretching), 1375.51cm-1 (C-N (ring) sym stretching) 
(43,44). FTIR spectrum of the moxifloxacin demonstrated 
the characteristics peaks at wavenumber of 2689.89cm-1 

(Stretching (N-H2)+, 1706.11cm-1 (Stretching (C=O); 

COOH), 1624.13-1517cm-1 (Stretching (C=O); phenyl 
breathing), 1455.58-1351.34cm-1 -CH; deformations of 

CH2) (45). FTIR spectrum of all four individual drug loaded 

nanoparticle indicated the shifting of the characteristic 
peaks of the drug like isoniazid, rifampicin, moxifloxacin 

and pyrazinamide indicated the compatibility between the 
drug and excipients as well as the encapsulation of the drug 
in the nanoparticles (46). 

 

 
 

Figure 10: FTIR spectrum of the drug isoniazid 
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Figure 11: FTIR spectrum of the drug rifampicin 
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Figure 12: FTIR spectrum of the drug pyrazinamide 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: FTIR spectrum of the drug moxifloxacin Hcl 
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Figure 14: FTIR spectrum of pyrazinamide loaded sodium alginate nanoparticles 

 

 

Figure 15: FTIR spectrum of isoniazid loaded sodium alginate nanoparticle 

 

Figure 16: FTIR spectrum of rifampicin loaded sodium alginate nanoparticle 
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Figure 17: FTIR spectrum of moxifloxacin Hcl loaded sodium alginate nanoparticles 

172.223◦C (47), 232.85°C (48), and 190.186 °C (49). DSC 

thermogram of rifampicin demonstrated thermal 
1.3.4 DSC analysis 

DSC thermogram of the drug isoniazid, rifampicin, 

Pyrazinamide, moxifloxacin Hcl, isoniazid loaded 
nanoparticles, rifampicin loaded nanoparticles, 

pyrazinamide loaded nanoparticles, and moxifloxacin Hcl 

loaded nanoparticles are shown in Figure 18-25. The DSC 

endotherm of isoniazid, moxifloxacin Hcl and 

Pyrazinamide showed a sharp melting endotherm at 

decomposition process of Rifampicin at 258.99 °C. The 
thermal events observed on the DSC curve are consistent 

with the reported literature (50). DSC thermogram of reach 
drug loaded nanoparticles indicated intensity of the peak of 

each drug was diminished in the formulation, indicating a 

molecular-level dispersion of drug and complete 

solubilization within the matrix, indicating the 

encapsulation of drug in the nanoparticles (31). 

 

 
Figure 18: DSC thermogram of isoniazid 
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Figure 19: DSC thermogram of isoniazid loaded sodium alginate nanoparticles 

 

 

 

Figure 20: DSC thermogram of rifampicin 

 

Figure 21: DSC thermogram of rifampicin loaded sodium alginate nanoparticles 
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Figure 22: DSC thermogram of Moxifloxacin Hcl 

 

Figure 23: DSC thermogram of Moxifloxacin Hcl loaded sodium alginate nanoparticles 

 

 

Figure 24: DSC thermogram of Pyrazinamide 
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Figure 25: DSC thermogram of Pyrazinamide loaded sodium alginate nanoparticles 

 

1.3.5 X-ray diffraction spectroscopy 
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Figure 26: XRD of isoniazid 
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Figure 27: XRD of rifampicin 

ISO-ISONIAZID 

RIF-RIFAMPICIN 
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Figure 28: XRD diffractogram of pyrazinamide 
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Figure 29: XRD diffractogram of moxifloxacin Hcl 
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Figure 30: XRD diffractogram of isoniazid loaded nanoparticles 

PYR-PYRAZINAMIDE 

MOX-MOXIFLOXCIN HCL 

INHNAP-ISONIAZID NANOPARTICLE 
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Figure 31: XRD diffractogram of rifampicin loaded nanoparticles 
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Figure 32: XRD diffractogram of pyrazinamide loaded nanoparticles 
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Figure 33: XRD diffractogram of moxifloxacin Hcl loaded nanoparticles 

 

XRD patterns of isoniazid, rifampicin, pyrazinamide, and moxifloxacin Hcl, isoniazid loaded sodium alginate 

nanoparticles, rifampicin loaded sodium alginate nanoparticles, pyrazinamide loaded sodium alginate nanoparticles, and 

moxifloxacin Hcl loaded sodium alginate nanoparticles were given in Figure 26-33. The XRD pattern of Rifampicin 

RIFNAP-RIFAMPICIN NANOPARTICLE 
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revealed its crystalline character from the major peaks at 2θ =14.3586 (46). Isoniazid (Fig. 2, curve 2a) demonstrated 

peaks ranging 12to 50ᵒ indicated its crystalline nature (40). The diffraction pattern of pure Pyrazinamide demonstrated 

sharp peaks at 17.72° 2θ, which demonstrated the crystalline behaviour of pyrazinamide (51). The X-ray diffractogram of 

moxifloxacin showed a distinct peak at 10.015 at 2θ, indicating its crystalline nature (52). The XRD diffractogram of the 

ALG nanoparticles attributed the absence of the sharp peaks, indicating the dispersion or encapsulation of the drug in 

nanoparticles matrix (46). 

1.3.6 Transmission electron microscopy 

The HR-TEM images of the isoniazid loaded nanoparticles, rifampicin loaded nanoparticles, pyrazinamide loaded 

nanoparticles, and moxifloxacin Hcl loaded nanoparticles were shown In Figure 34-37. 

 
Figure 34: HR-TEM image of rifampicin loaded nanoparticles 

 

Figure 35: HR-TEM image of isoniazid loaded nanoparticles 
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Figure 36: HR-TEM image of moxifloxacin loaded nanoparticles 

 

Figure 37: HR-TEM image of Pyrazinamide loaded nanoparticles 

The next activity involves the incorporation of freeze-dried 

Figure 34-37 shows that all formulations, including 

isoniazid-loaded nanoparticles, rifampicin-loaded 

nanoparticles, pyrazinamide-loaded nanoparticles, and 

moxifloxacin HCl-loaded nanoparticles, have a spherical 

shape with homogeneous distribution, in agreement with 

the results obtained in the particle size analyzer. 

1.3.7 Development of combined ATDs (Isoniazid, 

Rifampicin, Pyrazinamide, and Moxifloxacin Hcl) 

Loaded sodium alginate nanoparticle DPI 

nanoparticles into DPI carrier. In the current investigation, 

all four ATDs (Isoniazid, Rifampicin, Pyrazinamide and 

Moxifloxacin Hcl) loaded freeze-dried nanoparticles were 

mixed with each carrier (lactose, leucin and mannitol) in a 

1:10w/w ratio. The carrier in the DPI formulation is 

responsible for maintaining the formulation's good flow 

characteristics (53). This may also lead to improved 

aerosolization behavior of the formulation because of 

increased flowability brought on by a higher drug 

dispersion (54). 
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1.3.8 In-vitro characterization of combined ATDs 

(Isoniazid, Rifampicin, Pyrazinamide and Moxifloxacin 

Hcl) loaded sodium alginate nanoparticle combined DPI 

 

Table 4: In-vitro characterization of combined ATDs (Isoniazid, Rifampicin, Pyrazinamide and Moxifloxacin Hcl) 

loaded sodium alginate nanoparticle combined DPI 

S.No. Test parameter Formulation 

SNDP1 SNDPI2 SNDPI3 

1 Physical appearance Uniform, Homogenous, 

free flowing Powder 

Uniform, Homogenous, 

free flowing Powder 

Uniform, but 

aggregation of 

particles 

2 Carrs index 2.521±0.250 15.303±1.747 34.037±5.121 

3 Hausner ratio 1.026±0.026 1.181±0.024 1.522±0.118 

4 Angel of repose 24.560±0.236 31.560±0.178 38.480±0.084 
 

 

The prepared batches of the ATDs loaded nanoparticles 

containing DPI formulation were uniform, free, and 

homogenous, except the DPI formulation comprises of the 

mannitol as a carrier. The DPI formulation containing 

mannitol demonstrated the aggregation of the particles. 
Therefore, it is crucial to keep an eye on the formulation's 

flow and reaggregation characteristics during the 

formulation of DPI preparation. Investigation of the flow 

property and deaggregation behaviour is an important 

parameter during the preparation of DPI. The flow property 

of the DPI formulation was investigated through the 

micrometric properties. The value of the all flow 

characteristic parameters for the DPI formulation 

comprising the lactose as a carrier demonstrated better than 

the DPI formulation comprising the leucin and mannitol as 

a carrier. 

1.3.8.1 In-vitro drug release study 

The in vitro drug release of INH, PZA, RIF, and MHCl from 

the combined ATDs loaded nanoparticles containing DPI 

(SNDPI1) was examined in contrast to the pure API blend 

in combination. The blend of API demonstrated the release 

of approximately 95.460±0.921% of the isoniazid within 60 

minutes due to the high- w a t e r  solubility of the 
isoniazid. were dissolved in 60 minutes due to the increased 

water solubility of pure INH. However, the combined ATDs 

loaded nanoparticles containing DPI (SNDPI1) showed a 

bimodal release, with a burst release within 3–4 hours and 

a nearly sustained release behaviour over the 24 hours 

(Figure 38). Similarly, the drug release profile of the 

remaining three drug rifampicin, pyrazinamide and 

moxifloxacin Hcl from the blend of API demonstrated the 

immediate release profile 87.897±0.267% 91.605±0.816%, 

and 85.989±0.569%. All three drugs, rifampicin, 

pyrazinamide and moxifloxacin Hcl, release from the 

sodium alginate nanoparticles DPI in a sustained manner. 

 

Table 5: Percentage drug release of the combined ATDs loaded nanoparticles containing DPI (SNDPI1) and blend 

of API 

Time(h 

r.) 

Percentag 

e drug 

release of 

isoniazid 

Percentag 

e drug 

release of 

rifampici 

n 

Percentag 

e drug 

release of 

pyrazinam 

ide 

Percentag 

e drug 

release of 

moxifloxa 

cin Hcl 

Percentag 

e drug 

release of 

isoniazid 

from 

SNDPI1 

Percentag 

e  drug 

release of 

rifampici 

n from 

SNDPI1 

Percentag 

e  drug 

release of 

pyrazinam 

ide from 

SNDPI1 

Percentag 

e drug 

release of 

moxifloxa 

cin  Hcl 

form 

SNDPI1 

0 0.000±0.0 0.000±0.0 0.000±0.00 0.000±0.0 0.000±0.0 0.00±.00 0.000±0.00 0.000±0.0 
 0 00  00 00   00 

0.25 8.775±0.0 17.668±0. 8.248±0.02 6.490±0.0 5.052±0.0 3.678±0.7 5.416±0.07 2.500±0.0 
 92 042 5 15 31 0 4 60 

0.5 34.696±0. 50.284±0. 28.129±0.0 13.035±0. 12.700±0. 6.294±0.0 10.730±0.0 6.423±0.0 
 132 426 77 031 217 49 91 71 

1 95.460±0. 79.240±0. 45.003±0.2 60.426±0. 18.587±0. 9.086±0.0 25.299±0.0 12.442±0. 
 921 183 55 751 083 18 89 052 

2  87.897±0. 91.605±0.8 71.774±0. 28.434±0. 14.6260.0 34.386±0.9 14.193±0. 
 267 16 225 098 58 77 049 

4    85.989±0. 41.033±0. 19.165±0. 47.217±0.6 21.710±0. 
 569 193 048 43 64 

8     49.161±0. 32.087±0. 57.689±0.5 33.391±0. 
 900 286 69 605 



Sodium Alginate Nanoparticle Dry Powder Inhaler for Pulmonary Co-Delivery of WHO-Recommended Anti-Tuberculosis 

Medications. 

IJDDT, Volume 16 Issue 2s, 2026 
Page: 606  

 

 

 

10     60.896±1. 
316 

59.110±0. 
450 

64.734±0.1 
98 

60.840±0. 
509 

12     76.502±0. 
796 

76.115±0. 
605 

72.164±0.4 
70 

79.881±0. 
644 

24     80.766±0. 
520 

78.454±0. 
478 

74.420±0.2 
97 

84.591±0. 
808 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38: Comparison of percentage drug release from the combined ATDs loaded nanoparticles containing DPI 

(SNDPI1) formulation and blend of API 

 

1.3.8.2 In-vivo Pharmacokinetics 

The in vivo outcomes of both the blend of ATDs DPI and 

the combined ATDs loaded nanoparticles containing DPI 

(SNDPI1) formulation are assessed after pulmonary 

administration in order to  confirm whether co- 
administration  of  ATDs  (Isoniazid,  Rifampicin, 

Pyrazinamide, and Moxifloxacin Hcl) loaded sodium 

alginate nanoparticles in DPI (Formulation: SNDPI1) could 

augment ATDs' therapeutic efficacy. Figure 39 shows the 

average concentration-time profiles in the lung after 

inhaling combined ATDs loaded nanoparticles containing 

DPI (SNDPI1) and the blend of ATDs drug DPI. 

Furthermore, DPI containing sodium alginate nanoparticles 

may sustain drug levels in the lungs for up to 24 hours after 

combined ATDs loaded nanoparticles containing DPI 

(inhalation. However, post administration of the blend of 
ATDs DPI, there was a noticeable drop in the drug level in 

the lung. This decrease in the lung's pure drug level was 

attributed to the quick removal of pure ATDs from the 

pleural cavity into the bloodstream (55). 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 39: Mean concentration-time profile after 

inhalation of plain ATDs and the combined ATDs 

loaded nanoparticles containing DPI (SNDPI1) in lung 

 

The pharmacokinetic parameters of a blend of ATDs and the 

combined ATDs loaded nanoparticles containing DPI 

(SNDPI1) are summarized in Table 6. Entrapping ATDs 
within sodium alginate nanoparticles combined in DPI 

formulation augmented drug accumulation within lung 

tissue in a significant manner. The mean residence time 

(MRT) of all four drugs in SNDPI1 was between 34-46 

hours. The AUC value in the lung for formulation SNDPI1 

was higher than the AUC of a blend of ATDs. The higher 

AUC value for the optimized SNDPI1 formulation may be 

due to higher accumulation and less alveolar clearance of 

drug-loaded nanoparticles than the plain drug. 
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Table 6: Pharmacokinetic parameters of blend of ATDs DPI and ATDs loaded nanoparticle combined in DPI 

 Blend of ATDs DPI ATDs loaded nanoparticles combined in DPI 

Param 

eter 

Isoniaz 

id 

Rifampi 

cin 

Pyrazina 

mide 

Moxifloxa 

cin Hcl 

Isoniazid Rifampicin Pyrazinami 

de 

Moxifloxaci 

n Hcl 

t1/2 (h) 2.323± 

0.090 

5.088±0. 

405 

14.660±0. 

605 

8.706±0.1 

42 

21.729±0.2 

81 

20.804±1.6 

13 

27.392±2.67 

1 

27.492±1.41 

6 

Tmax 

(h) 

2±0 4±0 6±0 6±0 12±0 12±0 12±0 12±0 

Cmax 

(µg/ml 
) 

0.787± 

0.073 

18.322±1 

.639 

73.591±2. 

894 

48.895±2. 

826 

117.757±3. 

011 

169.305±9. 

967 

400.563±11. 

327 

938.617±21. 

779 

AUC 

0-t 

(μg/ml 
*h) 

2.645± 

0.417 

200.849± 

2.795 

1776.181± 

71.423 

1258.140± 

73.824 

3510.515±2 

38.389 

4931.916±1 

88.782 

10548.825± 

148.745 

28218.672± 

209.865 

MRT 

(h) 

3.999± 

0.205 

9.097±0. 

432 

23.549±0. 

700 

17.951±0. 

100 

34.588±0.4 

57 

34.719±2.4 

15 

46.810±3.97 

3 

44.865±2.18 

9 

 

 

1.4 Conclusion 

In the current study, the four antituberculosis drugs 

isoniazid, rifampicin, pyrazinamide, and moxifloxacin Hcl 

was encapsulated in sodium alginate nanoparticle. All four 
ATDs loaded sodium alginate nanoparticles in combination 

were mixed with the carrier and transformed in the DPI 

formulation. The in vivo pharmacokinetic study 

demonstrated that the combined ATDs loaded sodium 

alginate nanoparticle containing DPI formulation 

demonstrated better pharmacokinetic parameters than the 

blend of API DPI. 
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