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Inhalable Pyrazinamide Loaded Lipid 
Polymer Hybrid Nanoparticles: In vitro and 
In vivo Lung Deposition Studies 

Research Article

ABSTRACT
In the present report, a nanoparticle based inhalable formulation of Pyrazinamide 
was prepared and evaluated for targeted drug delivery for pulmonary tuberculosis. 
Lipid polymer hybrid nanoparticles (LPHNs) loaded with pyrazinamide was 
prepared using emulsion-solvent evaporation technique with further optimization 
using design of experiments. Amount of polymer and lipid were chosen as the 
independent factors and particle size, percentage entrapment efficiency, and drug 
release at 6 hours (D6) were chosen as dependent variables. Optimized batch 
revealed particle size of 160.9 nm, % entrapment efficiency of 62.34 %, zeta 
potential of -27.45 mV and in-vitro drug release at 6 h of 75.18 %. The mean 
aerodynamic diameter of the particles was 0.845 µm which indicates ability to 
penetrate deep into the lungs. İn vivo deposition studies demonstrated enhanced 
efficacy of the nano-formulation as compared to pure drug. Stability testing 
was expedited for the optimized batch of LPHN and the results confirmed no 
remarkable deviations in the values. Overall, the findings indicate LPHNs made 
of biodegradable lipid as a viable method for pulmonary drug administration of 
pyrazinamide.
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1. Introduction

It is reported that about 2 billion of people in the 
world are suffering from pulmonary tuberculosis [1]. 
The Mycobacterium tuberculosis (M. tuberculosis) 
infects macrophages, which complicates the tuber-
culosis drug therapy procedure. Many antibacterial 
treatments are effective in preventing M. tuberculo-
sis, but they also come with unavoidable problems, 
chief among them being drug resistance [2,3]. Nu-
merous cutting-edge drug-delivery methods have 
been studied in an effort to boost therapeutic efficacy, 
decrease adverse effects, and enhance patient com-
pliance. The nano-based drug delivery overcomes 
the antiquated methods of the standard anti-tuber-
cular regimen. Consequently, nanoparticle-based 
technology has shown convincing therapies and 
encouraging outcomes for long-term infectious dis-
eases like tuberculosis [4-7]. Various investigators 
have demonstrated inhalable nanoparticles such as 
spray dried effervescent nanoparticles [8], polymeric 
nanoparticles [9, 10], solid lipid nanoparticles [11] 
for successful targeted drug delivery for the manage-
ment of pulmonary tuberculosis.

Liposomes are specially designed vesicles that dis-
perse synthetic or natural amphipathic lipids in water 
to spontaneously form one or more bilayers. But when 
it comes to poorly water soluble drugs, liposomes 
have poor encapsulation efficiency specifically with 
small unilamellar vesicle type of liposomes [12]. 
Synthetic or semi-synthetic biodegradable polymers 
are used to create polymeric nanoparticles, which 
are colloidal particles encasing the drug [13]. Lipid-
polymer hybrid nanoparticles, or LPHNs, represent 
a new method in nano-based medication delivery for 
the management of many long-lasting illnesses [14-
16]. For example, in non-alcoholic fatty liver disease, 
Liang and colleagues produced chitosan functional-
ized LPHNS for silymarin oral administration and 
improved the cholesterol lowering efficacy [17]. An-
other study effectively developed LPHNs laden with 
docetaxel to target cells of metastatic prostate cancer 
[18]. Liposomes and polymeric nanoparticles share 
conceptual similarities with LPHNs, which consist 
of a polymer core encased in a lipid layer. LPHNs 
combine the advantages of both the systems and of-
fer extended systemic circulation, high drug loading, 
biocompatibility, stability, and controlled release ca-
pability [19- 21]. 

Pyrazinamide is indicated primarily for tuberculosis 
treatment [22]. Pyrazinamide is significantly more 
efficient than other antibiotics. However, it has less 
efficiency against latent resilient bacterial strains 
[23]. In the acidic pH produced by bacteria, Pyrazi-
noic acid, an active form is formed from Pyrazinami-
de. İn acidic pH of bacteria, pyrazinamide changes 
into its active moiety, pyrazinoic acid, which further 
impede the growth and replication-related enzyme 
fatty acid syntheses I [24]. The major side effect 
of dose-dependent pyrazinamide is hepatotoxicity, 
along with nausea, vomiting, loss of appetite, or mild 
muscle/joint pain [25]. Resistance to pyrazinamide 
in Mycobacterium tuberculosis is also reported [26]. 
İn recent studies, various investigators have demons-
trated inhalable nanoparticles for the delivery of 
pyrazinamide for the treatment of pulmonary tuber-
culosis [27-29].

The active moeity of pyrazinamide is lipophilic in 
nature. The lipid core maintains high encapsula-
tion  for lipophilic drugs, while the polymeric shell 
increases the stability of the nanoparticles and pro-
tects the drug during blood circulation against exter-
nal factors [30, 31]. Thus, the goal of the research is 
to produce an oral dry powder drug delivery system 
for lipid polymer hybrid nanoparticles loaded with 
pyrazinamide. This will overcome the drawbacks of 
using traditional oral dosage forms of pyrazinamide 
and individual types of nanoparticles (lipid or poly-
meric) by combining the benefits of liposomes and 
polymeric nanoparticles separately in the formula-
tion and delivering direct drug delivery to the target 
organ. The process and formulation factors were op-
timised through the use of central composite design. 
The prepared nanoparticles were assessed for vari-
ous parameters. 

2. Material and Methods 

2.1. Materials

Pyrazinamide was obtained as gift sample from Ma-
cleods Pharma Ltd., Ankleshwar, India. Soya leci-
thin was purchased from Vishal Chemicals, Mumbai, 
India. Isopropyl myristate was obtained from High 
Purity Laboratory Chemicals, Mumbai, India. Oleic 
acid was procured from Clairo Filt, Mumbai, India. 
HPMC E15 was obtained from The Dow Chemical 
Co., Bangalore, India. Span 80, Poly vinyl alcohol 
and Lactose Monohydrate was obtained from Ozone 
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International, Mumbai, India. Dichloromethane and 
Methanol was procured from Thomas Baker, Mum-
bai, India. 

2.2. Methods

2.2.1. Preparation of Pyrazinamide loaded LPHN

LPHNs of pyrazinamide were fabricated by emulsi-
fication-solvent evaporation technique [32]. Briefly, 
a mixture of; lipid and polymer dissolved in di-
chloromethane (3 ml) and drug dissolved in metha-
nol (2 ml) was prepared. Further, the oil phase was 
added gradually into the solution (30 ml) consisting 
of 1%w/v surfactant (Span 80) in water under the 
high-speed stirring (10000 rpm). Continuous stir-
ring of the mixture was carried out for specific pe-
riod of time. Then the mixture was further sonicated 
for 15 min using Ultrasonic bath (EIE Instruments, 
Ahmedabad, India) and spray dried using spray dryer 
(LSD-48, JISL, Mumbai, India) to obtain powder na-
noparticles. 

2.2.2. Scrutinization of variables

Various formulation and process variables were scru-
tinized for further optimization. Three different lipids 
namely soya lecithin, isopropyl myristate and oleic 
acid were taken in Eppendorf tube. Surplus amount 
of drug around 500 mg was added in the lipid (3 ml) 
and exposed to shaking at 25℃ using orbital incuba-
tor shaker (EIE Instruments, Ahmedabad, India) for 
a period of 48 h. Later, the dispersion was centri-
fuged at 10000 rpm for 10 min. Supernatant was ap-
propriately diluted with methanol and analyzed us-
ing UV-Visible Spectrophotometer (Shimadzu 1800, 
Japan) at 263 nm. Further, concentration of lipid was 
varied from 50 to 250 mg to check the effect of vari-
ation on particle size and entrapment efficiency (EE) 
of the LPHNs. Then, nanoparticles were prepared at 
different stirring time at 24, 28 and 32 h to assess the 
influence of stirring time on the formation of LPHNs. 
Different concentration of HPMC E15 (polymer) 
varying from 50 to 250 mg were taken while keep-
ing all other parameters constant. Table 1 summa-
rizes the formulation details of the preliminary trial 
batches. Further, prepared LPHNs were analyzed for 
particle size and EE.

2.2.3. Optimization using central composite design 

The process of developing a pharmaceutical formu-
lation takes a long time and requires changing one 

variable at a time through trial and error. From the 
preliminary studies, two independent variables were 
identified influencing the formation of the nanopar-
ticles. Central composite design (CCD) presents a 
notable benefit over factorial design due to its profi-
ciency in modeling nonlinear relationships and cur-
vature in a response surface. The addition of center 
and axial points allows for a more extensive analy-
sis of quadratic effects, often resulting in a reduced 
number of experimental runs when compared to a 
full factorial design. Two factor-three level central 
composite design was used in this study to determine 
how independent and dependent variables interacted 
[33,34]. Table 2 demonstrates values of independent 
variables shown in coded and actual form. Depend-
ent responses for optimization taken were Particle 
size (nm) (Y1), % Entrapment Efficiency (Y2) and % 
Drug release at 6 h (D6) (Y3). ANOVA and multiple 
regression analysis were examined to determine the 
implemented model’s statistical significance and im-
pact. Design Expert 10.0 was used to build the non-
linear quadratic model. R2 values and the statistically 
significant co-efficient were used to assess the imple-
mented model. Using the overlay plot and the chosen 
criteria, the optimized batch was produced and eval-
uated. The % relative error was computed by quanti-
tatively comparing the experimental values obtained 
from the responses with the theoretical value.

2.2.4. Particle size, PDI and Zeta potential analysis

Particle size, PDI, and zeta potential of produced 
batches of Pyrazinamide LPHNs were measured us-
ing a Malvern Zetasizer. A batch of LPHNs that had 
been optimized was diluted 100 times and used in 
the study.

2.2.5. % Entrapment efficiency (EE)

The 50 mg of sample was appropriately washed with 
methanol to remove any free drug. They were then 
dried, further triturate with methanol and sonicated 
for 15 mins to release the encapsulated drug. It was 
then filtered, and the solutions were analysed spec-
trophotometrically at 263 nm. Standard formulas 
were used to calculate the encapsulation efficiency. 

2.2.6. Drug release analysis and release kinetics

The release studies was performed using dissolution 
test apparatus II (Paddle type, LabIndia, India). The 
rotation of the paddles was 100 rpm, and the tem-
perature was maintained at 37°C ± 0.5°C. Briefly, 
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LPHNs consisting of 50 mg of pyrazinamide were 
taken in the dialysis bag. The dialysis bag was tied 
to a paddle and dipped in the phosphate buffer, pH 
7.4 [35]. Then, 5 mL samples were withdrawn after 
specific periods and replenished with an equal vol-
ume of new media. Spectrophotometric analysis was 

performed on the filtered samples. The release stud-
ies were performed in triplicate, and the average val-
ues as cumulative percent drug released versus time 
was plotted. The release of the drugs from the sam-
ple was analyzed using a variety of kinetic models. 
Based on the regression coefficient (R2), the most ap-

Table 1. 	 Formulation of preliminary trial batches 

Batch code Trial Variable Constant

Concentration of Lipid (mg) (Soya 
Lecithin)

Amount of drug (10 mg), Amount of polymer (100 mg), stirring 
time (28 h) and stirring speed (10000 rpm)

S1 50

S2 100

S3 150

S4 200

S5 250

Stirring time (h)

Amount of drug (10 mg), Amount of polymer (100 mg), Amount 
of Lipid (100 mg) and stirring speed (10000 rpm)

T1 24

T2 28

T3 32

Concentration of Polymer HPMC E15 
(mg) 

Amount of drug (10 mg), Amount of Lipid (100 mg), stirring 
time (28 h) and stirring speed (10000 rpm)

P1 50

P2 100

P3 150

P4 200

P5 250

Table 2.	 Independent variables with coded and actual values 

Translation of coded value in actual units

Independent variables
Variable levels

Low (-1) Medium (0) High (+1)

Concentration of polymer (mg) (X1) 100 150 200

Concentration of lipid (mg) (X2) 100 150 200
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propriate model for defining the release mechanism 
was selected [36].

2.2.7. Fourier Transform Infrared Spectroscopy 
(FT-IR)

FTIR spectrophotometer was recorded for pure drug 
and optimized sample (Shimadzu, Japan). Each 
spectrum was recorded with a sensitivity of 4 cm-1 
in a dry atmosphere to avoid filthy contributions and 
averaged over 100 repetitions, resulting in a good 
signal-to-noise ratio and reproducibility and scanned 
between the 4000-450 cm-1 range. 

2.2.8. Scanning electron microscopy (SEM)

Field Emission SEM (JSM-7610F Plus, JEOL) was 
used to determine the surface morphology of opti-
mized sample. Using a double-sided carbon adhesive 
tape, the nanoparticles were frivolously scattered on 
the tape. Those were then impacted on gold-coated 
aluminium stubs of 300 Å to reduce the charging ef-
fects and photomicrographs were taken at an accel-
erating voltage of 20 kV. 

2.2.9. Micromeritics 

To determine the flow characteristics of the batch 
of polymeric nanoparticles that was optimized, the 
angle of repose and Hausner’s ratio were calculated. 
Using a fixed funnel approach and a fixed height of 
2 cm, the angle of repose was measured. Standard 
equations were used to obtain angle of repose and 
Hausner’s ratio values. 

2.2.10. In vitro deposition studies

The optimized batch’s mean median aerodynamic 
diameter was computed using an Anderson eight-
stage cascade impactor (Mumbai, India) [37]. Using 
HPLC analysis, the pyrazinamide content was deter-
mined at each stage after LPHNs of the compound 
were passed through a cascade impactor at a rate of 
28.3 l/min. The mobile phase consisted of 2% v/v 
acetonitrile in a pH 4 potassium phosphate buffer 
(5 mM). The flow rate was 1 ml/min. MMAD and 
geometric standard deviation were obtained using 
MMADCALCULATOR [38].

2.2.11. In vivo deposition studies

In vivo deposition studies were carried out using two 
groups of six rats each (Protocol sanction ID: RO-
FEL/IAEC/2021/0015). Wistar rats of any sex weigh-

ing 200-250 g were taken for the study. The animals 
were subjected to appropriate conditions of light and 
feed for 24 h before the starting the study. One group 
of rats was feed with optimized formulation of nano-
particles and the other group with pure drug powder. 
Administration of both samples were carried out us-
ing method reported wherein the syringe was filled 
with powder sample and placed near the nostrils of 
the rats via 20 G cannula tube. Later the rats were 
sacrificed for deposition analysis in the pulmonary 
region wherein the lungs were isolated and sections 
were studied under light microscopy for the deposi-
tion of nanoparticles in the tissue. Also, trachea and 
lungs were blended with phosphate buffer solution 
(15 ml). The blend was treated with trichloroacetic 
acid for deproteination and sodium bicarbonate for 
neutralization of acid. The sample was then centri-
fuged at 150000 rpm for 5 min and supernatant was 
subjected for analysis of drug amount by HPLC 
method. 

2.2.12. Accelerated Stability Study

Optimized batch of LPHNs was subjected to acceler-
ated stability testing using a stability chamber. Sam-
ple powder was sealed in aluminum container and 
stabilized for 6 months at 40ºC/75% RH. Particle 
size, zeta potential, drug content, and in vitro drug 
release were assessed for samples every 3 months 
till 6 months.

3. Results and Discussion

3.1. Preliminary trial studies

Screening was carried out to determine the influence 
of formulation and process variables on the generation 
of pyrazinamide lipophilic nanoparticles (LPHNs). 
Solubility tests were used to examine lipids, and 
the results displayed in Figure 1 indicated that soy 
lecithin had the maximum solubility of pyrazinamide, 
which was then used for additional optimization. Fur-
ther, different concentration of soya lecithin was as-
sessed while keeping all other parameters constant 
(Table 3). The results of the variation in lipid con-
centration, as displayed in Table 3, showed that the 
particle size increased as lipid content increased. This 
might be attributed to more amount of lipid content 
available to get adsorb on the surface of the particles 
[39]. Furthermore, the increased molecular weight of 
solid lipids may serve as an additional factor, poten-
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decreased dispersibility of the polymer solution in the 
aqueous phase. As the polymer concentration rises, 
the viscous forces resist the breakdown of the par-
ticles [43-45]. The initial batch, however, displayed 
a higher side of particle size, which may indicate that 
there was less polymer available to reduce the size of 
the drug particles. 

3.2. Optimization using Central Composite 
Design

Optimal batches of LPHNs were obtained by ap-
plying the Central Composite Design. Particle size, 
% EE, and % drug release were chosen as optimi-
zation factors for the prepared design batches. Par-
ticle size of the nanoparticles gives the idea of the 
formation of particles in the nanometer range. %EE 
of the nanoparticles gives the idea of the amount of 
drug entrapped in the formed nanoparticles and % 
drug release gives the idea of the drug release pattern 
from the nanoparticles. These parameters are impor-
tant to assess the performance of the nanoparticulate 
drug delivery. Table 4 tabulated the responses of de-
sign batches. It was observed that responses of all 9 
batches concurrently fitted to quadratic model with 
R2 values for Y1(0.9725), Y2(0.9470), and Y3(0.9932) 
employing Design Expert Version 10. Quadratic 
equations found from the process are as follows:

Y1= +175.46+17.55X1+10.68X2-6.95X1X2- 0.48X1
2 

-0.58X2
2 -eq 1

Y2= +70.12+0.02X1+2.73X2-4.84X1X2-4.04X1
2 - 

3.22X2
2 -eq 2

Y3= +69.14-3.98X1-4.29X2+2.09 X1X2-1.09 X1
2 - 

0.12X2
2 -eq 3

The findings of particle size responses indicated that 
the independent factors (X1 and X2) chosen for the 
analysis had a positive impact on particle size (Y1). 
Specifically, an increase in the values of X1 and X2 
indicated a bigger particle size. The observed incre-
ase in particle size may be attributed to the rising 
viscosity of the solution, which subsequently led to 
an enhancement in the liquid phase resistance of the 
particle dispersion. As a result, the particle size can 
be augmented by fostering greater interconnection 
among the particles. Thus, by elevating the num-
ber of particles, the rate of interconnection between 
them was enhanced, culminating in the formation 
of larger nanoparticles [46]. These two variables X1 
and X2 were found to be significant with P value less 

Table 3.	 Preliminary trials for screening of variables 
Screening Batches Particle size (nm)

Concentration of 
lipid 

(Soya lecithin)

S1 209.5 ± 4.67

S2 135.7 ± 2.24

S3 159.9 ± 2.98

S4 175.5 ± 3.01

S5 179.5 ± 3.33

Stirring time (h)

T1 257.5 ± 3.96

T2 135.7 ± 2.51

T3 132.3 ± 2.19

Concentration 
of polymer (mg) 

(HPMC E15)

P1 246.4 ± 3.25

P2 135.7 ± 2.63

P3 169.7 ± 2.88

P4 186.2 ± 3.05

P5 201.2 ± 2.84

Figure 1.	Solubility of pyrazinamide in different lipids

tially leading to more intricate linkages among the 
molecules. This complexity could ultimately result 
in aggregation, which may contribute to an increase 
in particle size [40]. However, particle size was also 
observed to be greater when lipid content was lower, 
which may be related to drug precipitation from the 
lipid [41]. Further, stirring time was screened for 24, 
28 and 32 h, and the results showed no apparent vari-
ation in LPHN particle size. This implies that the par-
ticles might have reached to the stable state where 
further stirring does not remarkably affect the particle 
size. HPMC E15 was taken as the polymer for the 
preparation of lipid polymer hybrid nanoparticles of 
pyrazinamide. Screening of amount of polymer was 
done to check the influence of varying the amount 
on the formation of LPHNs. Results exhibited rise in 
particle size with rise in polymer quantity [42]. The 
probable cause of this might be attributed to the inc-
reasing viscosity of the dispersed phase, leading to a 
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Figure 2.	Dissolution profile of design batches

Table 4.	 Responses of design batches 

Batch Particle size (nm)
(Y1)

%EE
(Y2)

Drug release at 6 h (D6)
(Y3)

F1 135.7 ± 2.51 53.21 ± 1.56 78.02 ± 1.52

F2 186.2 ± 3.05 67.93 ± 1.76 66.53 ± 1.54

F3 175.5 ± 3.01 66.82 ± 1.59 65.32 ± 1.49

F4 198.2 ± 2.49 62.18 ± 1.47 62.19 ± 2.43

F5 159.9 ± 2.98 62.70 ± 1.41 72.52 ± 2.32

F6 192.0 ± 2.36 70.75 ± 1.63 63.24 ± 1.54

F7 169.7 ± 2.88 63.29 ± 1.43 73.19 ± 1.48

F8 182.0 ± 2.71 71.80 ± 1.65 64.52 ± 2.56

F9 173.5 ± 2.05 68.82 ± 1.57 69.47 ± 2.35

than 0.05 in influencing Y1 whereas, the interaction 
effect X1X2 was found to be non-significant. The 
response value for %EE for all nine batches F1-F9 
was found to be from 53.21 to 71.80%. Independent 
factors, the X1 and X2 had a positive impact on the 
dependent variable Y2. Thus, drug entrapment effi-
ciency was higher with increase in lipid and polymer 
amount. This might be due to larger cavity available 
in the nanoparticle, allowing more drug to be con-
tained within the nanoparticle. Additionally, optimal 
amount of lipid and polymer contribute to the stabil-
ity of the nanoparticles, thereby preventing the pre-
mature leakage of the drug [47, 48]. The individual 
variables X1 and X2 and interaction effect X1X2 were 
found to be significant with P value less than 0.05 
in influencing Y2 response. The observed responses 
for D6 for all nine batches F1-F9 varied from 62.19 
to 78.02%. Figure 2 shows the drug release profile 

of all the design batches. The independent variables, 
X1 and X2 showed opposite influence with negative 
value of co-efficient. Lipids and polymers create a 
matrix surrounding the drug molecules, functioning 
as a barrier that hinders its movement and subsequ-
ent release [49]. The individual variables X1 and X2 
and interaction effect X1X2 were found to be signif-
icant with P value less than 0.05 in influencing Y3 
response. The response surface non-linear quadratic 
model showed the best fit, with a P-value <0.05, ac-
cording to the results (Table 5). Further, overlay plot 
(Figure 3) was produced using selection criteria for 
all responses, including 130-160 for particle size, 
55-75 for % EE, 65-80 for D6. Table 6 shows that 
there was less than 5% percent relative error between 
the experimental and theoretical values. Desirability 
function value for the optimized batch was shown 
to be 0.86. When the responses have a desirability 
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Figure 3.	Graphs; Contour plots, 3d response graphs, and Overlay plot 

Table 5.	 Results of ANOVA of dependent variables 

Sources Sum of square Degree of freedom Mean square F-value P-value

For Y1= Particle size

Regression 1075.34 5 215.06 31.15 0.0313

Residual 13.80 3 6.90

Total 1089.15 8

For Y2 = %Entrapment Efficiency

Regression 246.47 5 49.29 10.72 0.0390

Residual 13.78 3 4.59

Total 260.26 8

For Y3= Drug release at 6 h (D6)

Regression 225.37 9 45.07 87.67 0.0018

Residual 1.54 3 0.514

Total 226.91 12

Table 6.	 Result of optimized Batch for Response Variable 

Response Variables
Optimized batch

Theoretical value Practical value % Relative error

Particle Size (nm) 158.37 160.9 ± 2.23 1.59

%EE 63.81 62.34 ± 1.54 2.30

D6 73.61 75.18 ± 2.36 2.13
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value of 1, it indicates the most desired value; a value 
of 0 indicates an undesired value [50].

3.3. Fourier Transform Infrared Spectroscopy 
(FT-IR)

To investigate latent interactions between the drug 
and excipients in the prepared LPHNs, FT-IR analy-
sis was conducted. Figure 4 displays the FTIR spec-
troscopy findings wherein the functional group peaks 
of pyrazinamide such as N-H stretching (3414.25 
cm-1), C-N stretching (1378.65 cm-1), C=O stretch-
ing (1714.53 cm-1) and C-H stretching (3160.37 cm-

1) were observed in the FT-IR graph of the optimized 
batch suggesting that there was no remarkable inter-
action between the drug and the polymers [51].

3.4. Scanning electron microscope (SEM)

The outcome of the electron microscopy of the opti-
mized batch is displayed in Figure 5. The lipid-poly-
mer matrix system’s drug amalgamation and crystal 
structure were validated by SEM investigations. Fig-

ure demonstrated uniform dispersion of drug into the 
lipid-polymer matrix. 

3.5. Micromeritic properties

Micromeritics characteristics of the best formulation 
of LPHNs were quantified. Value of angle of repose 
was found to be 21.33º ± 0.98 and that of Hausner’s 
ratio was found to be 1.19 ± 0.15. The obtained re-
sults suggested acceptably good flow properties (An-
gle of repose < 25º and Hausner’s ratio <1.19) of the 
powdered formulation [52].

3.6. Kinetic modelling 

Calculating the coefficient of determination (R2) is a 
common method to evaluate the suitability of model 
equations. The model with the highest adjusted (R2) 
considered the best fit and is selected for further 
study. A (R2) regression coefficient value close to 1 
served as the basis for the interpretation of the ki-
netic drug release data [53]. The Higuchi model was 
found to be appropriate with an R2 value of 0.993, 
which supports the diffusion mechanism. In contrast, 

Figure 4.	FT-IR Analysis of pure drug (a) and optimized LPHNs of pyrazinamide (b)
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the R2 values of the zero order, first order, Korse-
meyer Peppas, and Hixson Crowell cube root models 
were 0.940, 0.545, 0.859, and 0.631, respectively. 

3.7. In vitro deposition studies

The shape and size of a particle are the key varia-
bles that influence its retention in varied lung areas. 
Particles with an aerodynamic size range of 0.5 to 
5 µm can penetrate small airways and alveoli [54]. 
Optimized batch of LPHNs exhibited Aerodynamic 
particle size of 0.845 µm. Further, value of geomet-
ric standard deviation was found to be 0.91. The op-
timum value of particle size obtained in the MMAD 
analysis suggested deeper retention of the powdered 
formulation in the lungs. 

3.8. In vivo deposition studies 

İn vivo studies were carried out to check the deposi-
tion of the prepared nanoparticles in the pulmonary 
region. Histopathology studies revealed the uptake 
of nanoparticles in the lung tissue (Figure 6). İn ad-
dition, drug loaded nanoparticles were analysed for 
their deposition in the trachea and lungs. Results ex-
hibited 1.21 and 2.66 times more drug deposition in 
trachea and lungs from the optimized batch of na-
noparticles as compared to pure drug deposition in 
the respective regions. The smaller particles of the 
optimized batch facilitates the deeper deposition in 
the pulmonary system [55, 56]. The % uptake was 
statistically higher with P < 0.05 according to Stu-
dent T-test. 

Figure 5.	SEM Analysis of pure drug (a) and optimized LPHNs of pyrazinamide (b)

Figure 6.	Histopathology of lung for nanoparticles deposition studies
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3.9. Accelerated Stability Study

From the stability studies it was concluded that there 
was no remarkable change in the values of the pa-
rameters with P value less than 0.05, suggesting sta-
bility of the formulation for 6 months as a minimum 
(Table 7).

4. Conclusions

Pyrazinamide LPHNs were made by emulsification 
solvent evaporation method. In order to maximise 
the process and formulation variables, central com-
posite design was utilized. The optimized batch had 
microscopic particles that could enter the pulmonary 

system and with appreciable entrapment efficiency. 
The drug release mechanism from the LPHNs was 
demonstrated by the release kinetics, which adhered 
to the Higuchi model. Particle aerodynamic diameter 
was within the range that the alveolar region could 
hold onto. Studies on accelerated stability revealed 
that nanoparticles were stable for at least six months. 
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