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A B S T R A C T

Several studies have stated that mucus is a critical hurdle for drug delivery to the mucosal tissues. As a result,
Polymeric nanoparticles that can overcome mucus barriers are gaining popularity for controlled drug delivery into
intra-macrophages to attain high intracellular drug concentration. The present study was aimed to fabricate
inhalable N-acetylcysteine (NAC) modified PLGA mucus penetrating particles using the double emulsion method
(w/o/w) for target delivery to alveolar macrophages and minimize the dose-related adverse effects, efficiently
encapsulate hydrophilic drug, sustain the release profile and prolong the retention time for the management of
tuberculosis. Among the numerous formulations, the drug/polymer ratio of 1:10 with 0.50% PVA concentration
and sonication time for 2 min s was chosen for further research. The formulated nanoparticles had a mean particle
size of 307.50 � 9.54 nm, PDI was 0.136 � 0.02, zeta potential about �11.3 � 0.4 mV, decent entrapment ef-
ficiency (55.46 � 2.40%), drug loading (9.05 � 0.22%), and excellent flowability. FTIR confirmed that NAC and
PLGA were compatible with each other. SEM graphs elucidated that the nanoparticles were spherically shaped
with a slightly rough surface whereas TEM analysis ensured the nanometer size nanoparticles and coating of lipid
over NPs surface. PXRD spectrum concluded the transformation of the drug from crystalline to amorphous state in
the formulation. In vitro release pattern was biphasic started with burst release (64.67 � 1.53% within 12hrs)
followed by sustained release over 48hrs thus enabling the prolonged replenishing of NAC. In vitro lung deposition
study pronounced that coated NAC-PLGA-MPPs showed favorable results in terms of emitted dose (86.67 �
2.52%), MMAD value (2.57 � 0.12 μm), GSD value (1.55 � 0.11 μm), and FPF of 62.67 � 2.08% for the
deposition and targeting the lungs. Finally, in vitro efficacy studies demonstrated that NAC-PLGA-MPPs presented
more prominent antibacterial activity against MTB H37Rv strain as compared to NAC. Hence, PLGA based par-
ticles could be a better strategy to deliver the NAC for lung targeting.
1. Introduction

Tuberculosis (TB) is a lethal communicable disease caused by bacillus
Mycobacterium tuberculosis (MTB), which affects the human race by
manifesting in the lungs predominately through the formation of soft
tissue called granuloma (Singh et al., 2017).The World Health Organi-
zation (WHO) report of 2020 estimated 7.1 million newly diagnosed
cases and 1.4 million deaths worldwide including 2,08,000 among
HIV-positive patients (Organization WH, 2020; Chakaya et al., 2021).
Even though WHO has recommended effective chemotherapy, TB re-
mains a fatal disease due to poor patient compliance, induces oxidative
stress, drug-induced toxicity, the complexity of treatment along with
ersity, formerly Punjab Technica
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multidrug-resistant (MDR), and extensively drug-resistant (Dheda et al.,
2017). These limitations draw the attention of researchers to develop an
anti-TB drug delivery system with sustained release, low dosing fre-
quency, targeted drug delivery, enhancing therapeutic efficacy, and
reduced adverse effects (Nasiruddin et al., 2017).

N-acetyl-L-cysteine (NAC)is included in the list of essential medicines
by WHO and approved by the Federal and Drug Administration (FDA) as
an antidote for a hepatotoxic dose of acetaminophen (WHO, 2017; Pre-
scott et al., 1979). NAC act as an antioxidant (stimulating the glutathione
level), free radical scavenger, mucolytic agent, anti-inflammatory, and
antimycobacterial effect by enhancing interleukins and
interferon-gamma (INF-γ) production (Amaral et al., 2016; Yudhawati
l University, Kapurthala, Jalandhar-Punjab 144,603, India.
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and Prasanta, 2020). Furthermore, multiple clinical trials assured that
NAC not only displayed synergistic, hepatoprotective, and otoprotective
effects against anti-TB drugs but also emerged as an adjunct therapy in
patients with neuropsychiatric disorders, cancer, and specifically for
cardiovascular diseases (Naveed et al., 2017; Ejigu and Abay, 2020).
Even though NAC belongs to BCS Class I i.e., high solubility and high
permeability but common pitfall with NAC is a low bioavailability
(~10%) which affects the drug therapeutic efficacy (Olsson et al., 1988).
The major challenge which researchers encountered is the development
of a carrier to stabilize the drug, target delivery, substantially improve
the drug bioavailability and prevent premature degradation of proteins
and peptides (Sharma et al., 2016). In such a scenario, drug encapsula-
tion in polymeric nanoparticles and directly delivered to the lungs via
inhalational route will be an ideal choice to improve the drug concen-
tration at the local site of action (Parumasivam et al., 2016). Poly (lac-
tic-co-glycolic acid)(PLGA) based inhalable powders have received a lot
of attention in recent years (Emami et al., 2019). PLGA is US FDA (Food
and Drug Administration) approved, biocompatible, biodegradable, and
non-toxic polymer (Arpagaus, 2019). Additionally, it allows
extended-release of encapsulated agents, possess surface decoration po-
tential, and highly desirable in designing nano-sized particles (Tafagho-
dia et al., 2020). Mucus onto the surface of the lung presents a great
challenge via inhalation delivery. Therefore, designing of mucus pene-
trating particles (MPP)by using Pluronic F127 could be a promising
approach to overcome this barrier for better-targeted delivery and ther-
apeutic efficacy. Meanwhile, the coating of NAC-loaded PLGA nano-
particles with Pluronic F127 greatly inhibits the adhesive interactions
between PLGA core and mucus without modifying the PLGA carrier
material.

Therefore with this motivation in mind, we developed and evaluated
NAC-loaded PLGA nanoparticles coated with Pluronic F127 (NAC-PLGA-
MPPs) for inhalation delivery. We prepared the nanoformulations using
the double emulsion solvent evaporation (w/o/w) method and subjected
to physicochemical characterization such as FTIR, DSC, FESEM, TEM,
and PXRD. Additionally, we determined the in vitro release studies of
NAC-PLGA-MPPs to examine the sustained release of NAC. Moreover,
powder flow characterization and in vitro lung deposition studies were
performed to assess the inhalation potential of these particles. Finally, in
vitro efficacy studies were also performed using the BACTEC method.
Table 1
Composition and physical characterization of acetylcysteine loaded polymeric mucus

Formulation Drug/Polymer
Ratio (w/w)

Water
Added

Solvent
(DCM)

PVA conc
(% w/v)

Sonication
time

F1 1:05 1 ml 3 ml 0.25 1min

F1 1:10 1 ml 3 ml 0.25 1min

F1 1:15 1 ml 3 ml 0.25 1min

F2 1:05 1 ml 3 ml 0.50 2min

F2 1:10 1 ml 3 ml 0.50 2min

F2 1:15 1 ml 3 ml 0.50 2min

F3 1:05 1 ml 3 ml 0.75 3min

F3 1:10 1 ml 3 ml 0.75 3min

F3 1:15 1 ml 3 ml 0.75 3min

The studies were performed in the triplicate (n ¼ 3).

2

2. Materials and methods

2.1. Materials

N-Acetyl-L-cysteine (NAC) and polyvinyl alcohol (PVA) were pur-
chased from TCI Chemicals, India. Poly (d,l-lactide-co glycolide) (50:50)
and Pluronic F127 were obtained from Sigma Aldrich, New Delhi, India
while dichloromethane was provided by SRL Laboratory Pvt. Ltd., New
Delhi, India. All other chemicals used were of analytical grade and used
as supplied.

2.2. Methods

2.2.1. Synthesis of NAC loaded MPPs
The various formulations were designed to determine the effect of

drug/polymer ratio, stabilizer, and coating material as indicated in
Table 1.Initially, 10 mg of NAC was dissolved in 1 ml of distilled water
(waterinternal phase) and emulsified with 3 ml dichloromethane (DCM)
containing 50mg, 100mg, and 150mg of PLGA (oil phase) and sonicated
using a probe sonicator [SONICS VIBRA CELL (VCX 130 PB),USA] at
different time interval about 1min, 2min and 3min to form the primary
emulsion (w/o). The w/o emulsion was significantly emulsifiedwith 5ml
PVA solution at varying concentrations of 0.25%/w/v, 0.5%w/v, and
0.75%w/v (waterexternal phase) with continuous stirring followed by
intermittent sonication to produce double emulsion(w/o/w). Further-
more, an equivalent volume of 2%v/v of Pluronic F127 was added to the
formulation and 4 h of stirring will completely evaporate the organic
solvent from the dispersed phase under reduced pressure. Finally, the
emulsion was lyophilized at�30�C for 24hrs before being freeze-dried at
40�C for 48hrs (Christ Alpha 1–4 LOC-1M, Germany). In another
formulation, the procedure was followed similarly as mentioned above
except that Pluronic F127 was omitted from the formulation. Schematic
representation of NAC-PLGA-MPPs is illustrated in Fig. 1.

2.3. Physicochemical characterization of nanoparticles

2.3.1. Particle size, PDI, and zeta potential
The particle size, polydispersity index, and zeta potential were

determined by Dynamic Light Scattering using Delsa Nano C (Beckman
Coulter Counter, USA). The glass cuvette was filled with a homogenized
penetrating particles.

Mean particle
size (nm�SD)

PDI
(�SD)

Zeta potential
(mV�SD)

Entrapment
efficiency (%
EE�SD)

Drug loading
(% DL �SD)

312.53 � 20.04 0.228 �
0.06

�11.5 � 1.5 35.10 � 2.14 3.85 � 0.35

252.93 � 13.57 0.201 �
0.06

�10.2 � 0.6 37.85 � 0.84 5.45 � 0.08

272.47 � 9.32 0.103 �
0.07

�10.7 � 1.4 34.41 � 0.52 2.15 � 0.03

350.47 � 45.98 0.195 �
0.10

�12.6 � 1.9 54.18 � 1.75 5.03 � 0.29

307.50 � 9.54 0.136 �
0.02

�11.3 � 0.4 55.46 � 2.40 9.05 � 0.22

345.57 � 6.48 0.207 �
0.06

�12.1 � 1.8 46.88 � 0.25 2.93 � 0.01

640.37 � 18.35 0.271 �
0.02

�18.9 � 1.2 29.86 � 1.10 2.98 � 0.18

725.23 � 8.70 0.355 �
0.03

�23.4 � 1.7 32.07 � 0.71 4.92 � 0.06

815.40 � 20.76 0.369 �
0.01

�24.8 � 2.3 30.41 � 0.98 1.90 � 0.06



Fig. 1. Schematic representation of nanoparticles (A) without coated with Pluronic F127 (B) coated with Pluronic F127.
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sample and then analyzed. All measurements were performed in tripli-
cate (Bhattacharya et al., 2020).

2.3.2. Entrapment efficiency and drug loading
Entrapment efficiency (EE) and drug loading were estimated by the

separation of free drug from the formulated nanoparticles using ultra-
centrifugation (indirect method). The suspension obtained after double
emulsion was centrifuged at 4500rpm for 40min (Centrifuge 5418R
Eppendorf, USA), and drug present in the supernatant was quantified by
ultra violet spectrophotometer (UV-1700, Shimadzu, Japan) at 204 nm.
Encapsulation efficiency was measured from the fraction of NAC
encapsulated into NPs to the total amount of NAC initially added while
the drug loading was described as the percentage of amount of NAC
divided by total weight of mixture i.e., NAC and PLGA (Ahmaditabar
et al., 2017; Abdelghany et al., 2019). The percent of entrapment effi-
ciency and drug loading was calculated by using the following formula:

% Entrapment Efficiency¼ Total drug added�Amount of free drug
Total drug added

x 100

(1)

Drug Loading ðμg=mgÞ¼Amount of drug added�Unentrapped drug
Weight of nanoparticles recovered

x 100

(2)

2.3.3. Fourier transforms infrared spectroscopy (FT-IR)
The infrared spectrum provides extensive information about the

functional group present in a formulation. It is mostly used to examine
the chemical interaction between drugs and excipients. FT-IR spectra of
NAC, PLGA, physical mixture of NAC, PLGA plus Pluronic F127, and
NAC-PLGA-MPPs were detected by FT-IR spectrometer (Agilent Cary
630, USA) using KBr disk method were sample (2 mg each) were mixed
with potassium bromide and transformed into the pellet. The spectra
were analyzed in the wavelength range of 400-4000 cm�1 (Budama-Ki-
linc et al., 2018).

2.3.4. Differential scanning calorimetry (DSC)
DSC monitors the temperature and heat flow associated with thermal
3

transitions in a material so that the amorphous and crystalline behavior
of the drug in nanoparticles could be identified. DSC curves of pure drug,
polymer, physical mixture, and resulting nanoparticles weremeasured by
DSC 6000, PerkinElmer, USA. The instrument was calibrated with in-
dium (99.9% pure calibration standard) and the melting point was
recorded by heating 5 mg of each sample in an aluminum pan from 30 �C
to 300 �C at a heating rate of 10 �C/min under a constant flow of nitrogen
at 20 ml/min and cooling back to 30 �C at the same rate. An empty
aluminum pan was taken as a reference (Zakeri-Milani et al., 2013).

2.3.5. Scanning electron microscopy (SEM)
SEM imaging was necessary to visualize the diameter, structural and

surface morphology of the NAC-PLGA-MPPs. The powder was sprinkled
into double-adhesive carbon tape that adhered to an aluminum stub,
sputter-coated with a thin layer of gold, and analyzed (JEOL JSM-7610F
Plus, Japan) with a 15 kV accelerating voltage at different magnifications
(Khatak et al., 2020).

2.3.6. Transmission electron microscopy (TEM)
The surface coating andmorphological characterization of coated and

uncoated NAC-PLGA-MPPs were analyzed by TEM (Hitachi H-7500,
Japan). A drop of nanoparticle dispersion was kept on the carbon-coated
copper grid and stained with phosphotungstic acid (2% w/v) then air-
dried and visualized under the TEM microscope with an accelerating
voltage of 120 kV at various magnifications (Singh et al., 2015a).

2.3.7. X-ray diffraction study
The X-ray diffraction (XRD) analysis is performed to get the infor-

mation regarding crystal lattice arrangement and identification of
physical state i.e., crystalline and amorphous state of the drug in the
formulation. The crystalline behavior of NAC, PLGA, NAC-PLGA-F127,
and NAC-PLGA-MPPs was examined by powder X-ray diffraction
(PXRD) (Bruker D8 Advance, Germany) by placing a sample on a hori-
zontal quartz glass holder plate and using Cu Kα radiation (45 kV, 40 mA)
with 2θ scan range of4 to 50� at a rate of 10�/min at 25 �C in a uniform
scan mode (Singh et al., 2014).

2.3.8. In vitro drug release study
In vitro release profile was carried out by placing 20 mg NAC and

NAC-PLGA-MPPs in a USP Dissolution Apparatus-II (Paddle type)
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(DS8000, Lab India). The dissolution media consist of a 900 ml phos-
phate buffer solution (pH-7.4) with temperature maintained at 37 � 0.5
�C and a paddle rotating at 50rpm. Precisely, 5 ml of suspension was
withdrawn at predetermined time intervals (1 h, 2hrs, 4hrs, 6hrs, 8hrs,
10hrs, 12hrs, 24hrs, and 48hrs) and replaced with 5 ml of buffer solution
to maintain the sink condition. The drug content was detected by a UV
spectrophotometer (UV-1700 Shimadzu, Japan) at 204 nm (Khaira et al.,
2014).

2.3.9. Bulk and tapped density
The initial and final volume (after tapping) was noted for the

computation of bulk and tapped density. Owing to the sample size
constraint, a precisely weighed powder (1g) was filled into a 10 ml
graduated cylinder and operated for a fixed number of taps (200) (Bos-
quillon et al., 2001). The compressibility index of the powder was
calculated using the following equation based on the apparent bulk and
tapped density.

Carr
0
s index ¼ Tapped density� Bulk density

Tapped density
x 100 (3)

2.3.10. Powder flowability
The flow properties of the lyophilized powder were performed by an

angle of repose and Hausner ratio because these are convenient and
simple method adapted for semi-cohesive powders. The angle of repose
was measured using the fixed funnel technique, where the powder is
poured into a flat horizontal surface through a funnel to form a conical
pile with an angleƟ (Ezzati Nazhad Dolatabadi et al., 2015). The value of
Ɵwas calculated by inverting the height to the sloping surface of the pile.
The Hausner ratio was obtained by dividing the tapped density by the
bulk density.

θ ¼ tan�1 ðh = rÞ (4)

Where, h ¼ height, r ¼ radius

Hausnerr ratio ¼ Tapped density
Bulk density

(5)

2.3.11. In vitro pulmonary deposition studies
The aerodynamic evaluation of uncoated and coated NAC-PLGA-

MPPs was carried out using a next-generation cascade impactor (NGI)(-
Copley Scientific Limited, Nottingham, UK)equipped with a USP induc-
tion port (Apparatus 1, USP 35) where the powder was aerosolized at a
flow rate of 30L/min and measured by a flow meter (DFM2, Copley
Scientific, UK). Before the dispersion, all NGI stages were coated with
1.5%w/v of hydroxypropyl methylcellulose (HPMC) (4000cps) gel in
water to reduce the particle bouncing. The HPMC hard gelatin capsules
(size 3, Quali-V®, Qualicaps® Inc, Whitsett, USA) were loaded with 20
mg of powder per capsule followed by actuation for 10sec using an
Osmohaler® (Plastiape, Italy). Powder deposited at each NGI stage was
extracted, rinsed with methanol, and centrifuged for 15 min at 5000
rpm(Centrifuge 5418R Eppendorf, USA), the supernatant was collected
and subjected to HPLC analysis. Aerodynamic parameters including
emitted dose (ED), fine particle fraction (FPF), mass median aerodynamic
diameter (MMAD), and geometric standard deviation (GSD) were
calculated (Lababidi et al., 2020; Singh et al., 2015b) as follows:
Emitted dose ðED%Þ¼ Initial mass in capsules� Final mass remaining in ca
Initial mass in capsules

4

Fine particle fraction ðFPF%Þ¼ Mass deposited
Initial particle mass loaded in capsules

x 100
(7)

2.3.12. In vitro antimycobacterial activity
The minimum inhibitory concentration (MIC) and minimum bacterial

concentration (MBC) of NAC and NAC-PLGA-MPPs against MTB H37Rv
strain (Tuberculosis Research Centre, Chennai, India) were examined
using BACTEC method (Venkataraman et al., 1998).The bacteria were
cultured in Middlebrook 7H9 broth supplemented with 10% oleic
acid-albumin- dextrose-catalase (OADC; HiMedia, India) and stored in
aliquots at �60 �C until required. The sample was dissolved in distilled
water and sterilized with Middlebrook 7H9 before testing. The MTB
growth index (GI) was determined by BACTEC™ MGIT™ 960 System(-
FIND Diagnostics, USA). Briefly, 0.1 ml was added to BACTEC 12B vials
and incubated at 37 �C in a CO2enriched atmosphere. After incubation,
MICwas recorded as the lowest concentration of the NAC that completely
suppress the growth. The GI value was analyzed daily under anaerobic
conditions in 1:100 control until a value greater than 30 was obtained.
Moreover, undiluted control reading was used to assess the percentage
inhibition (Singh et al., 2015b). Both positive and negative controls
consisting of either bacterial suspension or broth alone were included in
all test groups. The percentage of growth inhibition was estimated for
each drug concentration. MBC of NAC was defined as the lowest con-
centration of the agent that caused �99.9% killing of the inoculum.

3. Results

3.1. Particle size, PDI, and zeta potential analysis

Table 1 depicted the various physical parameters of the NAC-PLGA-
MPPs where nano-sized particles were obtained along with mono-
disperse size distribution. The smallest particle size (252.93� 13.57 nm),
PDI value (0.201 � 0.06), and zeta potential (�10.2 � 0.6 mV) were
observed in the F1 formulation containing 0.25% PVA and 1:10 drug/
polymer ratio. Although the mean particle size (307.50 � 9.54 nm) and
negative zeta potential (�11.3 � 0.4 mV) of F2 formulation containing
0.50% PVA with 1:10 drug/ polymer ratio was similar to the F1 value
whereas other characteristics such as PDI (0.136 � 0.02), entrapment
efficiency, and drug loading of F2 formulation were more promising.
After coating with Pluronic F127, particle size obtained was 382.63 �
6.42 nm, PDI of 0.208 � 0.01, and zeta potential about-14.3 � 2.1 mV.
On this basis, F2 was a preferred formulation for developing NAC-PLGA-
MPPs.

3.2. Entrapment efficiency and drug loading

Entrapment efficiency and drug loading are considered integral pa-
rameters from the perspective of formulation and large-scale
manufacturing. The lowest EE (29.86 � 1.10) and DL (1.90 � 0.06)
were observed in F3 formulation with drug/polymer ratio varies from
1:05 to 1:15. On the other hand, optimized formulation F2 showed
maximum EE (55.46 � 2.40%) and DL (9.05 � 0.22%) of NAC as shown
in Table 1.
psules
x 100 (6)



Fig. 2. Fourier transform infrared (FTIR) spectrum of (A) pure NAC (B) PLGA (C) physical mixture of NAC-PLGA-F127 and (D) NAC-PLGA-MPPs.
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3.3. Fourier transform infrared spectroscopy (FT-IR)

The schematic representation of the FT-IR spectrum is mentioned in
Fig. 2 and functional groups present at different vibrational frequencies
are described in Table 2. In the NAC spectra, the distinctive peak at 2549
cm�1 due to SH stretching and 3372 cm�1indicative of N–H band
(Fig. 2A) while 1715 cm�1 owing to stretching of C––O carboxylic group
confirm the presence of PLGA (Fig. 2B) (Guerini et al., 2020). In addition,
1184 cm�1 attributed to the C–N group, 1535 cm�1 assigned to N–H
stretching vibrations of NH group, and CH3group present at 1450 cm�1.
The disappearance of the S–H peak in the NAC-PLGA-MPPs exhibited the
excellent bonding between the sulfhydryl group of NAC and the surface
of the formulation thus evidence of successful drug loading (Du et al.,
2017). The amide I, II, and III was ascribed at 1560, 1530, and
1275-1370 cm�1 respectively. Moreover, NAC-PLGA-MPPs exhibited the
5

additional peaks of amide I, II, carboxylic, S–H group, and a low-intensity
band of NH hereby confirming the NAC presence in nanoparticles
(Fig. 2D). Meanwhile, the band in PLGA and physical mixture at 2996
cm�1 consist of alkyl groups, 1751 cm�1 of carbonyl stretching group
whereas 1100-1176 cm�1 comprises of the ester group (mainly C–O
band) which linked with water and undergoes PLGA hydrolysis hereby
ensuring a sustained release of NAC from nanoparticles (Fig. 2C)
(Makadia and Siegel, 2011). There were no prominent changes in the
PLGA and NAC-PLGA-MPPs spectra which suggested the remarkable
stability of polymer in the nanoparticles. In the physical mixture, Plur-
onic F127 presence is attributed by the characteristic peaks at 1345
cm�1, 1298 cm�1, 1249 cm�1, and 952 cm�1 which are related to CH2
stretching vibration (Lin et al., 2009). The crystallinity of the PVA was
identified at 1120 cm�1 which was related to the C–O stretching band
(Fig. 2D) (Mansur et al., 2008).



Table 2
FT-IR functional groups present at various vibrational frequencies (Wave
numbers/cm�1).

Formulation Frequencies Functional Group

NAC (Drug) 2549 cm�1 SH stretching
3372 cm�1 N–H band
1184 cm�1 C–N stretching
1535 cm�1 N–H stretching

vibrations of NH group
1450 cm�1. CH3 group

PLGA (Polymer) 1715 cm�1 C¼O carboxylic group
2996 cm�1 Alkyl groups
1751 cm�1 Carbonyl stretching

group
1100-1176 cm�1 Ester group

NAC-PLGA-F127
(Physical Mixture)

2996 cm�1 Alkyl groups
1751 cm�1 Carbonyl stretching

group
1100-1176 cm�1 Ester group
1345 cm�1, 1298 cm�1, 1249
cm�1, and 952 cm�1

CH2 stretching
vibration

NAC-PLGA-MPPs
(Formulation)

1560 cm�1 Amide I
1530 cm�1 Amide II
1275-1370 cm�1 Amide III
1535 cm�1 N–H stretching

vibrations of NH group
1120 cm�1 C–O stretching band
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3.4. Differential scanning calorimetry (DSC)

The DSC thermogram depicted a glass transition for PLGA at ~60 �C
(Fig. 3B). The melting point of NAC was desirable at ~110 �C while the
steep peak indicated that the drug was in a crystalline form as observed in
pure drug and the physical mixture (Fig. 3A and C). In the physical
mixture, the melting temperature (Tm) of the polymer was 50 �C and 102
�C for NAC whereas the melting point for Pluronic F127 in the formu-
lation was reported at 45 �C.Besides this, there was a small endothermic
peak at 220–230 �C which corresponds to the phase transition of PVA.
Surprisingly, the broadening peak of the PLGA polymer and disappear-
ance of melting peaks instead of the intense sharp peak of the drug in the
NAC-PLGA-MPPs further scrutinized that NAC was integrated into the
polymer matrix; thus exists in the amorphous or partially crystalline state
(Fig. 3D) (Mahumane et al., 2020). This study also iterates the presence
of the drug in a solubilized state in the lipid due to solid-state interaction
induced by heating as mentioned in Fig. 3.

3.5. Scanning electron microscopy (SEM)

The SEM images of NAC-PLGA-MPPs were demonstrated in Fig. 4.
The nanoparticles were discovered to be spherical with a smooth surface.
A narrow size range (<500 nm) was visualized which is favorable for
internalization into alveolar macrophages (Fig. 4B) (Zarchi et al., 2015).

3.6. Transmission electron microscopy (TEM)

TEM analysis of NAC-PLGA-MPPs observed discrete and spherical-
shaped particles with a dense coating over particle surface as high-
lighted in Fig. 5. TEM images anticipated that particle size was in
nanometer range before and after coating with Pluronic F127; hence
compatible for inhalation and easily phagocytosis by macrophages
(Sanches et al., 2020).

3.7. X-ray diffractometry

The X-ray diffraction spectra of pure NAC, PLGA, physical mixture
(NAC-PLGA-F127), and lyophilized NAC-PLGA-MPPs are shown in Fig. 6.
NAC displayed multiple notable peaks but a high-intensity peak was
obtained at a 2θ value of 27� on diffraction spectrum reflected the drug's
crystallinity in its pure form (Fig. 6A). Interestingly, all of the NAC
6

characteristic peaks in the physical mixture were obtained at the same
position but with lower intensity (Fig. 6C) whereas PLGA was present in
the amorphous form (Fig. 6B). Moreover, drug characteristic peaks were
not present at a higher percentage in NAC-PLGA-MPPs suggesting that
drug encapsulated in MPPs were amorphous or partially crystalline
(Fig. 6D) (Desai et al., 2008).

3.8. In vitro release pattern

The release profile from NAC-PLGA-MPPs predicted a biphasic
release that began with a burst release (64.67 � 1.53% within 12hrs)
followed by a sustained release of about 76.33 � 0.57% in 48hrs as
revealed in Fig. 7. Moreover, 100% of pure NAC was released abruptly
within 2 min s (Chiesa et al., 2017). The burst release phase is charac-
terized by swiftly drug release due to drug dissolution on the nano-
particles surface or initial exposure of PLGA nanoparticles to the aqueous
environment which causes polymer erosion both within the bulk and at
the particle surface, resulting in drug diffusion through aqueous pores
whereas extended-release was due to strong interaction of NAC with the
hydrophobic PLGA which impeded the release by integrating the drug
into the matrix (Yoo and Won, 2020).

3.9. Powder characterization

The bulk density of lyophilized uncoated and coated NAC-PLGA-
MPPs were 0.194 � 0.015 and 0.178 � 0.003 g/cm3, respectively
whereas the tapped density was 0.241 � 0.019 g/cm3 for uncoated and
0.192 � 0.006 g/cm3 for coated NAC-PLGA-MPPs as described in
Table 3. Powder flow properties were calculated by carr's index, angle of
repose, and Hausner ratio. The carr's index value of less than 15% pro-
claimed good flowability while greater than 25% pronounced cohesive
flowing powder. The carr's index value varied from 7.08 � 1.38% for
coated (excellent flowability) to 19.5 � 0.58% for uncoated formulation
(fair flowability). The powder flowability is inversely related to the angle
of repose, with a large angle of repose value suggesting poor flow char-
acteristics and a small angle of repose indicating free-flowing powder
(Mahajan and Gundare, 2014). The results highlighted a good angle of
repose value for coated formulation (32.3 � 2.08) and fair flowing
property for uncoated NAC-PLGA-MPPs (37.7 � 1.53). Hausner ratio of
the lyophilized formulation was excellent about 1.07 � 0.02 and for
uncoated was found to be 1.24 � 0.01 (Table 3). The findings elucidated
that the proposed formulation has the potential for pulmonary drug
delivery.

3.9.1. In vitro deposition study
The aerodynamic behavior of coated and uncoated NAC-PLGA-MPPs

indicated the particles deposition on each stage of NGI (highest in stage-
3) therefore can effectively disseminate throughout the lungs as scruti-
nized in Fig. 8. The aerodynamic particle size of 1–5 μm assured the
target delivery to the alveolar region (Lee et al., 2015). Both formulations
emitted >80% of dose thus exhibiting that maximum drug was available
for the inhalation. The MMAD value for uncoated NAC-PLGA-MPPs was
2.35 � 0.17 μm and for coated NAC-PLGA-MPPs was 2.57 � 0.12 μm
hence emerged to be sufficiently deposited in the lungs. Consequently,
respirable FPF value was 55.33� 3.51% for uncoated and 62.67� 2.08%
for coated NAC-PLGA-MPPs while GSD value for uncoated and coated
nanoparticles was 1.47 � 0.14 μm and 1.55 � 0.11 μm, respectively
(Sharma et al., 2020). The findings elucidated that the proposed
formulation has the potential for pulmonary drug deliver (See Table 4).

3.10. In vitro antimycobacterial activity

To establish the in vivo potential of NAC and NAC-PLGA-MPPs,
developed formulation was analyzed for antimycobacterial activity.
The findings suggested that MIC value were found out to be 2.37 mg/ml
and 0.64 mg/ml, respectively whereas MBC value was visualized to be



Fig. 3. Differential scanning calorimetric (DSC) thermograms of (A) NAC (B) PLGA (C) NAC-PLGA-F127 and (D) NAC-PLGA-MPPs.
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Fig. 4. Scanning electron micrographs (SEM) images of (A) Uncoated NAC-PLGA-MPPS and (B) Coated NAC-PLGA-MPPs.

Fig. 5. Transmission electron microphotograph (TEM) of (A) Uncoated NAC-PLGA-MPPS and (B) Coated NAC-PLGA-MPPs.

Fig. 6. X-ray diffraction data of (A) NAC (B) PLGA (C) NAC-PLGA-F127 (D) NAC-PLGA-MPPs. PM stands for the physical mixture.

Fig. 7. Comparative in vitro release pattern of NAC and optimized NAC-PLGA-MPPs (n ¼ 3).
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Table 3
Powder flow characterization with and without Pluronic F127.

Formulation Bulk
density
(g/cm3)

Tapped
density (g/
cm3)

Carr's
index
(%)

Angle of
repose
(Ɵ)

Hausner
ratio

Uncoated NAC-
PLGA-MPPs

0.194 �
0.015

0.241 �
0.019

19.5 �
0.58

37.7 �
1.53

1.24 �
0.01

Coated NAC-
PLGA-MPPs

0.178 �
0.003

0.192 �
0.006

7.08 �
1.38

32.3 �
2.08

1.07 �
0.02

All measurements were performed in triplicate and standard deviation was
calculated.

Fig. 8. In vitro aerosol deposition profile of uncoated and coated NAC-PLGA-
MPPs on each stage following next-generation impactor (NGI) (mean � SD, n
¼ 3).

Table 4
Flowability scale.a.

Flow character Angle of repose Carr's index Hausner ratio

Excellent 25–30 <10 1.00–1.11
Good 31–35 11–15 1.12–1.18
Fair 36–40 16–20 1.19–1.25
Passable 41–45 21–25 1.26–1.34
Poor 46–55 31–36 1.35–1.45
Very poor 56–65 32–37 1.46–1.59
Very very poor >66 >38 >1.60

a Data was taken from reference 45.

Table 5
Aerodynamic characterization of uncoated and coated NAC-PLGA-MPPs.

Formulation ED (%) MMAD
(μm)

GSD (μm) FPF (%)

Uncoated NAC-PLGA-
MPPs

83.33 �
1.53

2.35 �
0.17

1.47 �
0.14

55.33 �
3.51

Coated NAC-PLGA-
MPPs

86.67 �
2.52

2.57 �
0.12

1.55 �
0.11

62.67 �
2.08

All results were accomplished in triplicates under constant conditions (n ¼ 3).
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19.25 mg/ml for NAC and 5.18 mg/ml for the formulation (Zhao and Liu,
2010). NAC-PLGA-MPPs reported four-folds improved in vitro efficacy as
compared to pure drug hence act as a bactericidal and completely
inhibiting the MTB growth.

4. Discussion

Tuberculosis is a fatal infectious disease and is prevalent in least
developed and developing countries (Singh et al., 2015c). The current
regimen is long term and cumbersome which requires at least 6–9
months. In this research, NAC-PLGA-MPPs were designed to reduce the
treatment time of the standard TB therapy from 6 to 9 months to possibly
1–2 months, as well as to achieve good encapsulation efficiency along
with controlled and targeted drug delivery through pulmonary delivery.
Moreover, it also envisions overcoming the biological barriers such as
mucus and granuloma that developed during TB pathogenesis and are
responsible for poor drug penetration. Mucus mesh-like network traps
overseas particles via steric obstruction and adhesion through hydro-
phobic, electrostatic, hydrogen bonding interactions, van der Waals
forces, and chain entanglement; hence eliminating particles in a quick
interval time. For respiratory mucus penetration, nanoparticles ought to
be of smaller size to prohibit steric obstruction and must be hydrophilic
9

with a neutral surface to enhance mucoadhesion. When inhaled, NAC
mucolytic activity is mediated by its free sulfhydryl group, which reduces
the disulfide bonds in the mucus matrix and lowers the mucus viscosity.
The double emulsion solvent evaporation (w/o/w) is the acceptable
technique available for encapsulating hydrophilic drugs such as NAC
(Iqbal et al., 2015). While incorporating the drug into polymeric nano-
particles has the advantage of being readily internalized into alveolar
macrophages with optimum particle size range and aerodynamic diam-
eter. This could results in improved antimycobacterial activity to limit
the MTB infection through suppression of host oxidative response and
disrupt MTB biofilm formation. In this work, nine batches of nano-
particles were synthesized and optimization was done to examine the
effect of process parameters primarily sonication time and formulation
parameters such as drug: polymer ratio, polymer, and polyvinyl con-
centration on the particle size. The results predicted that increasing the
PVA concentration would decrease the particle size nevertheless
increasing the polymer concentration eventually increased the particle
size. Initially, increasing the drug: polymer ratio results in enhanced
entrapment efficiency and drug loading. Soon after, both EE and DL were
decreased which might be attributed to the polymer's separation ten-
dency (Tripathi et al., 2010). The lower EE and DL value was probably
due to NAC hydrophilic nature which leaches out the drug to the outer
aqueous phase (Chen and Wen, 2018). Desai et al. synthesized PLGA
implants with 1–10% w/w of NAC using solvent extrusion and fluid
energy micronization (FEM) method. They reported the DL in the range
0.96–8.5% and EE of 82–95% (Desai et al., 2008). Similarly, Zarchi et al.
declared that NAC incorporated PLGA nanoparticles when fabricated by
electrospray technique, had DL about 5% and EE was 54.5% (Zarchi
et al., 2015). In the literature, there were several modifications per-
formed to enhance the EE (85–95%) and DL value (~10%) which is
desirable for large-scale commercial manufacturing (Chong et al., 2015;
Khadem-Hamedani, 2019; Winkler et al., 2019).

Besides this, the sonication time was optimized to provide a stable
formulation with appropriate particle size and % drug entrapment.
Moreover, droplet size was not affected by the nonsolvent viscosity, type
of solvent, or the amount of drug used. The outcomes concluded that a
desirable formulation was obtained after sonicating for 2 min in a pulsed
manner. However, augmenting the sonication time (3 min) resulted in
larger particle size (640–815 nm) along with lower drug entrapment
(29–32%) and drug loading (1–4%) due to particle agglomeration caused
by surface charge. FT-IR spectrum of physical mixture concluded no
distinctive changes compared to the formulation. DSC thermograms and
PXRD analysis ensured the decreased crystallinity and absence of
distinctive peaks in the formulation which proved the amorphization or
drug solvation in the amorphous carrier. SEM and TEM results declared
nano-sized spherical particles. In the in vitro release studies, the rapid
initial drug release was attributed to the fact that NAC was absorbed at
nanoparticle surface or large surface to volume ratio of nanoparticle
geometry because of their size or due to water-soluble nature of NAC
whereas diffusion of the dissolved drug within the PLGA core into the
dissolution medium was responsible for the delayed-release pattern.
Similar findings were claimed by other researchers working on NAC-
PLGA nanoparticles (Chiesa et al., 2018). Powder characterization re-
sults revealed that the formulation had improved aerosolization which is
linked with reduced powder density (Labiris and Dolovich, 2003). In vitro
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deposition study scrutinized that coated NAC-PLGA-MPPs displayed su-
perior aerosol powder performance thereby suitable for administration in
the form of dry powder inhalation (DPI) for deep deposition in the lungs
as illustrated in Table 5. Drug loaded PLGA MPPs exhibited enhanced in
vitro antimycobacterial activity against H37Rv strain. This could be
attributed to reduced particle size and better uptake of the nanoparticles
vis-�a-vis unformulated drug. Finally, the outcomes of the current work
suggested that NAC-PLGA-MPPs can be an effective “adjunct therapy” in
tuberculosis treatment but clinical trials on a potent drug-like N-ace-
tylcysteine are obligated to not only decline the TB incidence but to
eradicate this lethal disease globally to the level where TB is regarded as
a disease of the past.

5. Conclusions

This paper focuses on the development of a new formulation of NAC
containing PLGA nanoparticles using double emulsion method to reduce
the NAC dose compared to oral route of administration and enhancing
the efficacy via deep lung delivery at the local site of action. In this work,
the developed formulation showed a desired particle size for deep lung
delivery and sustained release (76.33 � 0.57%) up to 48hrs. Addition-
ally, the powder flow properties displayed good flowability of NAC-
PLGA-MPPs; which shows PLGA nanoparticles an ideal delivery system
for mucus penetration to reach the lungs deeply with increased retention
for the management of TB. Moreover, the physicochemical properties of
nanoparticles may be altered by modifying the parameters such as drug/
polymer ratio, aqueous phase volume, and sonication time. Finally, for
the clinical translation of the developed formulation cell based assays and
mucus penetration potential could be assessed in future. In addition to
this, the ultimate proof of lung deposition can be confirmed only after the
in vivo aerosolization experiments carried out in animal model. In a
nutshell, it can be concluded that mucus penetrating particles open the
doorstep for researchers to investigate the inhalational delivery of NAC
which has the potential to be employed in various biomedical
applications.
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