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Central nervous system tuberculosis (CNS-TB) is a severe form of extra-pulmonary tuberculosis with high
mortality and morbidity rates. The standard treatment regimen for CNS-TB parallels that of pulmonary TB,
despite the challenge posed by the blood-brain barrier (BBB), which limits the efficacy of first-line anti-
TB drugs (ATDs). Nose-to-brain (N2B) drug delivery offers a promising solution for achieving high ATD
concentrations directly at infection sites in the brain while bypassing the BBB. This study aimed to
develop chitosan nanoparticles encapsulating ATDs, specifically isoniazid (INH) and rifampicin (RIF). These
nanoparticles were further processed into micro-sized chitosan nano-aggregates (NA) via spray drying.
Both INH-NA and RIF-NA showed strong mucoadhesion and significantly higher permeation rates across
RPMI 2650 cells compared to free ATDs. Intranasal administration of these NAs to TB-infected mice for
four weeks resulted in a significant reduction of mycobacterial load by approximately ~2.86 Log 10 CFU
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compared to the untreated group. This preclinical data highlights the efficacy of intranasal chitosan nano-
aggregates in treating CNS-TB, demonstrating high therapeutic potential, and addressing brain inflam-
mation challenges. To our knowledge, this study is the first to show nasal delivery of ATD nano-formu-

Published on 30 Julai 2024. Downloaded on 18/10/2025 02:49:25.

rsc.li/nanoscale lations for CNS-TB management.

1. Introduction

Central nervous system tuberculosis (CNS-TB) is an extra-pul-
monary form of tuberculosis (TB) that occurs when
Mycobacterium tuberculosis (Mtb) spreads to the cerebrospinal
fluid (CSF) and meninges. It is characterized by sub-acute or
chronic meningitis, intracranial tuberculoma, and spinal
tuberculous arachnoiditis." CNS-TB is a highly fatal and debili-
tating disease, affecting 1-2% of TB cases worldwide, with over
100 000 cases per year.z’3 The current treatment regimen,
which involves high oral doses of anti-tuberculosis drugs
(ATDs) and chronic treatment durations of about six to nine
months, presents significant challenges." Poor penetration
and sub-therapeutic concentrations of key drugs in the CSF
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have led to studies on intensified treatment regimens and
novel drug combinations to improve drug delivery to the CSF.?
Effective treatment of CNS-TB requires ATDs to cross signifi-
cant barriers, such as the blood-brain barrier (BBB) and the
blood-cerebrospinal fluid barrier (BCSFB), to reach therapeutic
concentrations in the CSF. Therefore, there is a clear need for
new approaches to enhance drug concentrations in the CSF of
CNS-TB patients. Improved drug delivery could increase survi-
val rates, reduce the development of drug resistance, and
potentially shorten treatment durations.

The BBB presents a significant challenge for effectively deli-
vering therapeutic agents in vivo. However, recent advance-
ments have shown that the intranasal route of administration,
known as the Nose-to-Brain (N2B) pathway, is highly effective
in delivering drugs to the brain.®” It utilizes a large absorption
surface area within the nasal cavity, facilitating rapid attain-
ment of therapeutic drug levels and bypassing initial meta-
bolic processes, thereby enhancing drug bioavailability in the
CNS.*° Compared to traditional parenteral routes, N2B deliv-
ery enhances patient comfort and compliance, while also
avoiding hepatic first-pass drug metabolism, improving
patient adherence, and reducing systemic side effects.’®'" The
N2B delivery route, despite its numerous benefits, faces signifi-
cant challenges such as accurate drug dosing, rapid elimin-
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ation by mucociliary clearance, and inter-patient variability.'?
One of the primary challenges in utilizing nose-to-brain deliv-
ery in humans is the need for high pressure to effectively trans-
port therapeutic agents across the nasal mucosa and into the
brain, which raises safety and feasibility concerns.'?
Nanocarrier-based formulations can address these challenges
by incorporating mucoadhesive properties to improve nasal
permeation and increase residence time in the nasal cavity,
thereby avoiding rapid mucociliary clearance."*™*® Chitosan
nanoparticles (CSNP) has been explored as nanocarriers for
nasal delivery of several small molecules and biologicals in
different formulations."”

In this study, we designed and evaluated chitosan nano-
aggregates encapsulating a combination of ATD, specifically
isoniazid (INH) and rifampicin (RIF), to target virulent Mtb
both in vitro and in an experimental CNS-TB murine model.
The nano-aggregates (NA) are designed to de-aggregate into
nanoparticles upon reaching the nasal mucosa when they
encounter nasal fluids after nasal deposition. This dual func-
tionality combines the benefits of both nano- and micro-par-
ticles, offering optimal aerodynamic properties and enhanced
penetration at the target site, thereby optimizing therapeutic
outcomes. The formulation was evaluated for chemotherapeu-
tic efficacy, toxicity, and brain inflammation in a murine
model of virulent tuberculosis. Our findings provide compel-
ling evidence for the superior efficacy of ATD-NA in targeting
the brain in a CNS-TB murine model via the intranasal route.
Compared to the oral route, intranasal administration resulted
in enhanced efficacy and increased mycobacterial clearance
from the brain.

2. Experimental section
2.1. Fabrication of chitosan nanoparticles (CSNP)

CSNP encapsulated with anti-TB drugs were fabricated employ-
ing a standard ionotropic gelation process reported by our
group with some modifications.'®'® Briefly, chitosan (20-300
cP) is dissolved in glacial acetic acid (1% v/v) with a concen-
tration of 1.75 mg ml~" under constant overnight magnetic
stirring at 300 rpm at room temperature and filtered through
0.22 pum filters to remove undissolved materials. Similarly,
sodium tripolyphosphate (TPP) was solubilized in MilliQ water
to produce a concentration of 1.5 mg ml™*. Then, 4 ml of TPP
solution was added dropwise into 10 ml of chitosan solution
under constant mechanical stirring (REMI 5ML-H, India) at
800 rpm. A zone of opalescence appeared on the optimized
ratio of chitosan to TPP (3.3:1) and was upheld to produce
blank CSNP. To prepare ATD-loaded CSNP, INH or RIF-loaded
CSNP were prepared individually as above and with optimized
chitosan to TPP ratio. INH (5 mg) was added to the TPP solu-
tion, and RIF (5 mg) was dissolved in chitosan solution under
constant stirring before the addition of TPP solution. The
resultant nanoparticles were centrifuged (Sorvall ST S8R,
Thermo Fisher Scientific) at 14 000 rpm at 4 °C for 30 minutes.
The obtained sediment was dispersed in MilliQ water and
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supernatant was centrifuged again twice. The dispersed nano-
particles were used for further processing.

2.2. Processing of nanoparticles to nano-aggregates

The dry powder based on microencapsulated CSNP was devel-
oped using spray drying with some modifications.?® The pre-
pared INH-CSNP or RIF-CSNP were centrifuged, and further
formed pallets were resuspended in a mannitol solution (2 mg
ml™") with a solid content of 2%. INH-NA and RIF-NA dry
powder were formulated using a lab-scale spray dryer (Techno
Search Instruments, Mumbali, India) equipped with a 0.7 mm
nozzle. The following parameters were adopted in the spray
dryer during NA formation: the inlet air temperature was
~110 °C, the aspirator flow rate was —60 mm of WC, the feed
solution flow was 3 ml min~", and atomization air at ~1.25 kg
cm ™2 (fixed for both formulations). The nanoparticle suspen-
sion was fed into the feeding system and atomized through
the nozzle. The resultant powder formulations were driven
through the cyclone separator and deposited in the collecting
bowl. Afterwards, the powders were removed from the
collecting bowl and placed in a desiccator for further
examination.”’>* Physicochemical characterization including
detailed analysis of both physical and chemical properties of
nanoparticles and resultant nanoaggregates are mentioned in
ESI, S3.1

2.3. Redispersion of nanoparticles from nano-aggregates

Achieving effective therapeutic outcomes depends on the
ability of nano-aggregates to readily disperse into primary
nanoparticles in an aqueous environment. This capability
ensures the nanoparticles can function as intended in thera-
peutic applications. To assess re-dispersibility, 10 mg of
ATD-NA powder was meticulously dispersed in 1 ml of Milli-Q
water and vortexed for 30 seconds to achieve a stable and
uniform colloidal dispersion. Subsequently, the particle size of
the re-dispersed CSNP was measured. The effectiveness of re-
dispersion was characterized by examining the change in par-
ticle size before and after redispersion. The Redispersibility
Index (RDI) value, a metric that compares particle size before
spray-drying to after redispersion, was utilized. An RDI value
close to 1 indicates complete redispersion, whereas values
exceeding 1.5 suggest poor redispersion.>**® These measure-
ments provide critical insights into the ability of the nano-
particles to maintain their functional properties after under-
going the spray drying process.

2.4. Solid state characterization

Fourier transform infrared spectroscopy (FTIR). The FTIR
spectra of INH, RIF, chitosan, Blank-NA, INH-NA, and RIF-NA
powder samples (5 mg) were recorded to identify the func-
tional groups present in the formulations. The samples were
scanned using a Vertex 70 FTIR spectrophotometer (Bruker)
across the range of 4000 cm™ to 400 ecm™* with 64 accumu-
lations with a resolution of 4 cm™ in standard attenuated
total reflectance (ATR) mode. The OPUS software was employed
to analyze the spectra and obtain the results.
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X-ray diffraction analysis (XRD). Powder XRD pattern of
ATD and formulations were measured with Bruker D8
ADVANCE eco powder diffractometer (Bruker, Germany)
system with Cu-Ka radiation (4 = 1.54056 A). The scan of
INH, RIF, Chitosan, Blank-NA, INH-NA, and RIF-NA powder
samples were kept on a specimen holder and diffraction
intensity was measured at an angle of 26 from 5 to 60° at a
0.1° min~" scan rate (time per step 0.5 s) with 40 kV voltage
and 30 mA current.

Differential scanning calorimetry (DSC). The DSC analysis of
INH, RIF, Chitosan, Blank-NA, INH-NA, and RIF-NA powder
samples was thermally analyzed using a DSC 8000.
(PerkinElmer, Shelton, CT, USA). Aluminized pans were filled
with samples of 4-5 mg each, then pans were then crimped,
and scanning was carried out in the stream of N, (20 ml
min~"). The following DSC conditions were used: a heating
rate of 20 °C min~" between 25 and 400 °C, and a nitrogen gas

flow rate of 50 ml min™.

2.5. Mucoadhesive strength of nano-aggregates

The mucoadhesive strength of NA was evaluated by investi-
gating the interaction between nanoparticles and mucin using
a previously reported protocol with minor modifications.?” In
brief, porcine mucin type-III (0.5 mg ml™*) was suspended in
SNF (pH 5.5) to mimic nasal conditions. Subsequently, an
equal volume of mucin solution and reconstituted CSNP were
mixed, vortexed, and incubated at 35 °C in a shaking incubator
bath for 60 min. Subsequent to incubation, the resulting sus-
pensions were subjected to centrifugation at 12 000g for
40 minutes at 4 °C to pellet the CSNP. The residual free mucin
present in the supernatant was quantified using a UV-vis
spectrophotometer at 255 nm. The quantification of mucin-
adsorbed nanoparticles was achieved by calculating the dis-
parity between the initial mucin quantity added and the
remaining mucin present in the supernatant. The pellet was
resuspended in SNES and c-potential of resuspended CSNP
was recorded.

2.6. Invitro nasal deposition study

The aerodynamic properties and in vitro nasal deposition
evaluation of ATD-NA were carried out using a Next Generation
Cascade Impactor (NGI) (Copley, Nottingham, UK) with a well-
equipped nasal extension chamber (1 L).>**° The 25 mg of
ATD-NA powder samples were loaded into a nasal expansion
chamber via an entry port to mimic the nasal administration
of powder. The apparatus was actuated at an airflow rate of 15
L min~" using a calibrated pump and flow meter, considered
the standard inspiration flow rate of the nose. Upon actuation
of the nasal apparatus, the released powder was pulled
through NGI at a constant airflow rate of 15 L min~". The par-
ticles were segregated via their aerodynamic diameter with
seven stages (1 to 7) with an effective cut-off diameter of 14.1,
8.61, 5.39, 3.30, 2.08, 1.36, and 0.98 pm, respectively. The col-
lected powder sample in different stages was analyzed for aero-
dynamic properties such as mass median aerodynamic dia-
meter (MMAD), geometric standard deviation (GSD), and fine
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particle fraction (FPF) to evaluate drug deposition in the nasal
mucosa.

2.7. Cell culture experiments

The permeability of NA across nasal epithelial cells.
RPMI-2650 cells (1.5 x 10° cells per cm?) were cultured on a
6-well transwell plate (SPLInsert™ Hanging, SPL life
sciences, Korea) coated with polyethylene terephthalate
(PET) transparent membrane.*"**> The monolayer confluence
was assessed microscopically, ensuring visual confirmation
of cell layer integrity. Subsequently, the tight junction integ-
rity of each cell monolayer was quantified using the transe-
pithelial electrical resistance (TEER) measurement method,
conducted with an EVOM2® epithelial Voltohmmeter (World
precision instruments, Sarasota, USA). TEER values served as
an indicator of monolayer integrity and were measured daily
over a 1-week period. The permeation study started when the
monolayer TEER value was found to remain stable for three
consecutive days. For this experiment, 0.5 mg of anti-TB
drugs (INH and RIF) and equivalent NA powder were dis-
persed in Hank’s balanced salt solution (HBSS) containing
25 mM HEPES. The resulting solution was then introduced
into the apical donor compartments, while the basal receiver
compartments were loaded with 2.5 ml of HBSS-HEPES. The
cell inserts were incubated for 4 h at 37 °C with 5% CO,. An
aliquot (500 pul) was sampled from a basolateral compart-
ment at a fixed interval and reloaded with an equivalent
volume of fresh HBBS-HEPES medium. The concentrations
of ATD and formulation permeated were determined using
UV-vis spectrophotometer. The apparent permeation coeffi-
cients (P,pp) of anti-TB drugs and formulations via the
RPMI-2650 monolayer were calculated by following the
equation:

do 1

P, =— X
PP dr T AX G

(1)

where P,,, is apparent permeability coefficient, dQ/d¢ is the
cumulative flux in the basolateral compartment (slope of
cumulative transported amount versus time), A is the surface
area of inserts (cm?), C, is the initial concentration of the
drugs into donor compartment.

Cellular uptake study. C6 cell line (1 x 10° cells per well) was
grown on glass coverslips pretreated with poly-L-lysine solution
(0.01%w/v) in a 6-well microplate. Subsequently, specific wells
were subjected to a treatment of fluorescent CSNP for a dur-
ation of 24 h under controlled conditions of 37 °C and 5%
CO,. After the designated incubation period, the cells were
delicately rinsed using PBS and then fixed using a 4% parafor-
maldehyde solution. Subsequently, the fixed cells underwent a
series of washes, followed by treatment with a Triton X-100
solution (0.1% in PBS) to enable the permeabilization of cellu-
lar membranes for 5 minutes. Following permeabilization, the
cells were subjected to additional washes using Milli-Q water,
after which they were stained with DAPI solution (0.1 mg ml ™)
for a duration of 10 minutes at room temperature.
Micrographs were acquired using 63x lens on a confocal laser
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scanning  microscopy
Germany).*

Cell viability assay. The biocompatibility of anti-TB drugs
encapsulated NA formulations was examined by the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay. To evaluate the percentage of viable cells, 5 x 10*
RPMI-2650 cells were seeded into a 96-well microplate
(Corning Life Science, New York, USA) and cultured for 24 h to
achieve cell adherence on the surface. Then, cells were rinsed
with PBS and treated with different concentrations (100 to
500 pg ml™") of ATD, ATD-NA (equivalent concentration of
ATD), and equivalent mass of blank NA for 24 h. After incu-
bation, the medium was aspirated and treated with MTT solu-
tion (5 mg ml™" in PBS) in serum-free media and incubated for
4 h in the dark condition. Afterward, the media was prudently
decanted, and 100 pL DMSO was poured into respective wells
and slightly shaken for 10 min at room temperature. These for-
mazan crystals have a maximum absorbance of 570 nm
recorded using a microplate reader (Synergy H2, BioTek
Instruments, USA).>*

(CLSM) (LSM 880NLO, Zeiss,

2.8. Invitro antimycobacterial activity

The in vitro efficacy of ATD-NA was determined by using resa-
zurin microplate assay (REMA). Virulent MTB C3 strain was
cultured in Middlebrook 7H9 medium (Difco Laboratories, MI,
USA) with 10% Albumin-dextrose-Catalase (ADC) supplement,
0.2% glycerol, and 0.05% Tween-80. The mycobacterial culture
was procured at 2500g, and concentration was attuned to No. 1
McFarland standard and 1:20 dilution of the culture was pre-
pared with 7H9 medium resulting in ~1 x 10° colony-forming
units (CFU) per ml. The ATD and ATD-NA ranging from 0.64 to
20 pug ml™* were dissolved in 7H9 medium and introduced
into respective wells. The culture media containing C3 strain
was utilized as the negative control, whereas the culture
medium alone served as the blank control. Following an incu-
bation period of six days, a solution of resazurin dye (0.02%
w/v) in a volume of 25 pL was added to each well of the plates
and subsequently incubated for an additional day. The deter-
mination of the minimum inhibitory concentration (MIC)
value was based on the extent to which the resazurin dye
colour remained unchanged from blue to pink, indicating the
absence of mycobacterial growth.>?

2.9. Animal efficacy trials

Ethics statement. BALB/c mice (22-25 g, 6-8 weeks old) were
acquired from the animal house of ICMR-National JALMA
Institute for Leprosy & Other Mycobacterial Diseases, Agra
(NJIL&OMD), India, and were acclimatized for one week prior
to experiments. All animal experiments were conducted with
permission and under the oversight of Institutional Animal
Ethics Committees (Protocol no: NJIL&OMD/6/IAEC/2022-03)
of the NJIL&OMD, Agra, India. All experiments were conducted
with all safety precautions in Animal Biosafety Laboratory 3
facility (ABSL-3 containment).

Experimental murine model of CNS-TB. A mice model of
CNS-TB was developed using infection of Mtb clinical isolate
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(C3) isolated from CSF of CNS-TB patients following the proto-
col published earlier from our lab with slight modification.*®
Briefly, 6-8 weeks pathogen-free female BALB/c mice (20-25 g)
were infected intravenously through the tail vein route with 2 x
10° CFU of Mtb C3-strain. A group of infected mice were sacri-
ficed 45 days after infection to determine the basal level of
mycobacterial load in the brain, lung and spleen. The organ
homogenates were separately plated on Middlebrook
7H11 medium with 0.05% Tween-80 and glycerol. The CFU
were enumerated following a 3-4 weeks incubation at 37 °C.

Animal dosing and grouping. Infected BALB/c mice were
treated with various interventions after 45 days post-infection.
All mice were subjected to randomized isolation into a distinct
group of six. The treatment was performed as per the experi-
mental design mentioned in Table 1.

In this study, a specialized engineered in-house insuffla-
tion device specifically designed for nasal administration
entailed the release of a puff of powder from a small delivery
tube (ESI S7 and Fig. S3A7).>®*” For the intranasal instilla-
tion, ATD-NA powder was suspended in PBS or normal
saline, and a fine pipette tip was used to deliver 25 pL of the
solution into each nare. The dosing regimen was adminis-
tered five days per week for four weeks. For oral adminis-
tration, a ball-tipped 20-gauge cannula was utilized. The anti-
mycobacterial efficacy of ATD-NA powder was evaluated using
histopathological analysis and bacterial load determination
through the enumeration of CFUs in the brain, lungs, and
spleen. Pharmacokinetic evaluation was conducted on naive
BALB/c mice to quantify the concentration reaching the brain
following intranasal administration, as mentioned in ESI, S8%
(Fig. 4).

Assessment of antimicrobial activity. To assess the antimy-
cobacterial activity of treatment, the reduction in CFU counts
in the brain, lungs, and spleens of mice was measured after
four weeks of treatment. The mice were sacrificed three days
after the final dosage, under aseptic conditions and an over-
dose of isoflurane inhalational anaesthesia. The body weight,
wet brain, lung, and spleen weights of mice were recorded,
and the excised organs were examined for any evident lesions

Table 1 Dose administration to mice for various treatment groups

Animal  Groups of mice

group (n=6) Infection and/or treatment

Group A Uninfected
Group B +TB/untreated

No infection, no treatment

Infection, no treatment, estimation of
CFU after 10 weeks of infection (At the
end of experiment)

ATD® (INH-625 pg, RIF-250 pg)/mice
by oral route (5 days per week)
ATD-NA“ (INH-625 pg, RIF-250 pg)/

Group C  +TB/oral ATD

Group D +TB/ATD-NA

(insufflation) mice insufflation by intranasal route
(5 days per week)
Group E  +TB/ATD-NA ATD-NA® (INH-625 pg, RIF-250 pg)/
(instillation) mice instillation by intranasal route

(5 days per week)

¢ ATD @ human equivalent doses i.e., INH-25 mg kg™" and RIF-10 mg kg ™.

This journal is © The Royal Society of Chemistry 2024
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at necropsy. Animal organs were homogenized in 2.5 ml micro-
centrifuge tubes filled with sterile PBS using a polytron hom-
ogenizer (Kinematica, Switzerland). The resulting homogen-
ized animal organs were subjected to plating on 7H11 agar
supplemented with 10% oleic acid-albumin-dextrose-catalase,
which was selectively enriched by addition of cycloheximide
(10 pg ml™"), carbenicillin (50 ug ml~"), polymyxin B (25 pg
ml™), and trimethoprim (20 pg ml™) to minimize the poten-
tial contamination while having negligible effect on growth of
Mtb. For 3-4 weeks, the plates were cultured at 37 °C in an
incubator to assess the total number of culturable
mycobacteria.*®

Histopathology analysis. After sacrifice, the brain, lung, and
spleen tissues of animals were kept in a 10% neutral buffered
formalin solution for 24 h to facilitate fixation and preparation
for subsequent histological examination. The formalin-fixed
tissues were securely embedded within the paraffin wax
matrix, and tissue blocks were subjected to precise thin sec-
tioning utilizing a specialized microtome. The resulting sec-
tions were then meticulously mounted on glass slides and sub-
jected to Haematoxylin—-Eosin staining. These stained sections
were then meticulously examined under a light microscope to
evaluate the degree of fibrosis, the occurrence of epithelioid
cells, the occurrence of oedematous lesions, and the extent of
lymphocytic infiltration around the vessels as well as in the
brain and lung tissue.*®

2.10. Statistical analysis

All experimental results of different experiments were pre-
sented as the mean + SD. All statistical analyses were executed
using the GraphPad Prism (Version 8.4.2) California, USA stat-
istical software. Student’s ¢-test was employed to compare the
two groups, whereas One-way Analysis of Variance (ANOVA) fol-
lowed by the Bonferroni post hoc test was used to assess the
significance among multiple groups. Statistical significance
was denoted by p-values, with significance levels depicted as
follows: * p < 0.05, ** P < 0.01, *** p < 0.001, **** p < 0.0001.

3. Results

3.1. Characterization of mucoadhesive chitosan
nanoparticles

In the present work, we individually developed CSNP encapsu-
lated with ATDs (INH and RIF) using the ionic gelation
method. This method is simple and easily applied as it
includes adding two aqueous phases, i.e., TPP and chitosan
solution, under magnetic stirring at room temperature. The
resulting blank CSNP had a mean hydrodynamic diameter of
180.3 + 1.65 nm, a polydispersity index (PDI) of 0.229 + 0.008,
and a zeta potential of 16.4 + 0.681 mV (Fig. 1E and F). The
narrow PDI value for all formulations indicates a relatively
narrow size distribution and homogeneity of the particles. The
positive zeta potential values indicate a stable suspension with
a low likelihood of aggregation. In the first formulation,
INH-CSNP had a median hydrodynamic diameter of 188.2 +
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2.75 nm, a PDI of 0.174 + 0.033, and a zeta potential of 14.2 +
1.106 mV. In the second formulation, RIF-CSNP had a mean
particle size of 190.5 + 2.21 nm, a PDI of 0.194 + 0.024, and a
zeta potential of 15.3 + 0.666 mV. The EE of INH-CSNP and
RIF-CSNP was determined to be 66.86% and 49.70%, respect-
ively, indicating a high capacity for efficient encapsulation of
ATDs within the CSNP. The CSNPs were observed to be smooth
and spherical according to TEM and FE-SEM images and were
uniformly dispersed, as confirmed by AFM images. In
addition, both SEM and TEM analyses unveiled that the par-
ticle size of CSNPs was below 200 nm (Fig. 1). These results
were in agreement with the data obtained from DLS.

3.2. Characterization of nano-aggregates

In this study, nano-aggregates encased with ATD-CSNP were
created using spray drying to address drawbacks associated
with liquid forms and impart suitable aerodynamic properties
for effective nasal deposition of particles. The spray drying
setting was optimized to get maximum process yield of powder
formulation ranging from 48 to 52%. As observed in SEM
micrographs, depicted in Fig. 2B, the produced NA powder
shows a mulberry shape with a non-smooth topology revealing
visible aggregated nanoparticles. The INH-NA and RIF-NA have
a mean diameter of 5.83 + 1.97 um and 6.45 + 1.38 um,
respectively, with particle size distribution of ~5 to 10 pm
Table 2. RDI is a key metric used to evaluate the ability of
spray-dried NA powder to reconstitute into its native form.
After redispersion of INH-NA and RIF-NA, the RDI value was
found to be 1.12 and 1.08, close to 1, indicating that the
powder can be effectively reconstituted into INH-CSNP and
RIF-CSNP, respectively. The slight increase in particle size dis-
tribution of redispersed CSNP compared to the one observed
with the freshly prepared CSNP, may be due to the presence of
cryoprotectants, i.e., mannitol. Dynamics in particle size were
evaluated for NA after three months of storage condition (ESI
Fig. S2Et), indicating stability parameters relevant to the NA,
including particle size of redispersed CSNP. The particle size
and PDI of the blank-CSNP and INH-CSNP appeared relatively
stable over the three months, with slight changes in the average
particle size and PDI values. However, the RIF-NA showed a sig-
nificant increase in particle size and PDI over the three months
study period. The zeta potential values for all three formulations
decreased slightly over the three months, indicating a possible
change in the surface charge of the particles.

3.3. Solid state characterization

The FT-IR analysis of ATD and ATD-NA exhibits characteristic
peaks and represents no interaction between drugs and poly-
mers. The spectra revealed no chemical changes or inter-
actions were observed between anti-TB drugs and excipients
used for nanoparticle preparation (Fig. 2C). The characteristic
peaks of INH [3300 cm ™" (N-H stretching, Amine), 3108 cm™"
(C-H asymmetric stretching), 3008 cm™' (C-H symmetric
stretching), 1664 cm™' (C=O stretching), 1552 cm™ (N-H
bending), 1327 cm™' (NH, wagging)], RIP [3483.85 cm "
((-NH)), 2975 cm™' (¥(-OH)), 1648 cm™ ' (¥(-C=0)),
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Fig. 1 Fabrication and characterization of chitosan nanoparticles (CSNPs). (A) Schematic for the preparation of CSNP. (B) Scanning electron
microscopy (SEM) showing spherical and smooth morphology of CSNP, (scale bar = 1 ym). (C) Transmission electron microscopy (TEM) of CSNP. (D)
Atomic force microscope (AFM) image of CSNP showing 3D topographic representation of CSNP. (E) Particle size and (F) zeta potential of CSNP by

dynamic light scattering (DLS). Data represents mean + S.D (n = 3).

1567 cm™' (amide C=O0), 1726 cm™' (furanone C=0),
2883 cm™"' (N-CHj,)] observed in ATR-FTIR spectra. The charac-
teristic peaks for drugs were also reported in the physical
mixture of polymers with drugs. We could conclude that no
chemical modification was observed as polymers mixed with
drugs. The diffractogram of ATD, such as INH and RIF exhibi-
ted several sharp crystalline peaks (Fig. 2D). Briefly, PXRD
spectra of INH showed crystalline peaks at 26 = 11.70, 14.10,
15.6, 16.50, 19.6, and 25.2 with some extra peaks in the
between 26-30, and RIF exhibited major crystalline peaks at 20
=11.9, 13.8, 14.4, 16.3, 18.5, and 20, respectively. In the case of
ATD, all samples exhibited reciprocal PXRD patterns, demon-
strating the different XRD patterns from raw materials. Fig. 2E
illustrates the DSC thermograms of chitosan, INH, RIF,
INH-NA, and RIF-NA. The DSC thermogram of INH exhibited a
distinct peak at 175.97 °C, indicating the presence of a crystal-
line region and representing its melting point. Pure RIF dis-
played an intense endothermic peak at 197.1 °C, along with
two exothermic signals observed at approximately 212.2 and
259.1 °C, which corresponded to the melting point of its crys-

16490 | Nanoscale, 2024, 16, 16485-16499

talline form. Chitosan, on the other hand, demonstrated an
endothermic peak at 88.8 °C, signifying the loss of bound and
absorbed water. Notably, similar endothermic peaks were
observed in the DSC thermograms of INH-NA and RIF-NA,
appearing at 91.1 °C and 89.7 °C, respectively. Although there
were slight variations in the position and peak area of these
endothermic peaks compared to pure chitosan, these differ-
ences could be attributed to the varying water-polymer inter-
actions and different holding capacities. Importantly, the dis-
appearance of the endothermic peaks corresponding to INH
and RIF in the INH-NA and RIF-NA, respectively, confirmed
the successful encapsulation and stabilization of the drugs
into CSNP matrix and their presence in an amorphous state.

3.4. Invitro nasal deposition analysis

The aerodynamic properties were evaluated using NGI to
confirm the suitability of the particle size range for nasal depo-
sition. The aerodynamic particle diameter is a crucial factor
for nasal delivery, as the particles needed to deposit in the
nasal cavity with minimal lung deposition. Table S1t rep-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Formulation and characterization of nano-aggregates (NA). Scanning electron microscopy (SEM) images of (A) CSNP (scale bar = 1 um), (B)

group of NA and single NA showed a spherical and non-smooth surface

with aggregation of nanoparticles. (C) FT-IR spectra (D) PXRD patterns and

(E) DSC thermogram of anti-TB drugs and ATD-NA formulations. (F) In vitro nasal deposition analysis of ATD-NA dry powder as a percentage of total
emitted dose on each stage of the NGI. (G) Adsorption kinetic of formulations with 1 mg ml™ of mucin solution at 35 °C. Mucin adsorption (%) of

formulations represents the excellent interaction of CSNP with mucin

(<70%), which renders it effective mucoadhesive characteristics. (H) Zeta

potential measurement performed for mucin solution and mucin + ATD-NA before and after incubation at 35 °C with mucin (mean + standard devi-

ation, n = 3, ***P < 0.001).

Table 2 Physicochemical characterization of the blank and ATD-CSNP

Formulations Particle size (nm) PDI Zeta potential (mV) EE (%) DL%
Blank CSNP 174.2 £ 1.65 0.136 + 0.08 16.4 + 0.681 — —
INH-CSNP 188.2 £ 2.75 0.174 + 0.03 14.2 +£1.106 66.86 + 3.1 9.8 +0.9
RIF-CSNP 193.0 £ 2.21 0.210 = 0.02 15.3 + 0.666 49.70+1.9 8.47 +1.2

resents the aerodynamic properties, including ED, MMAD, and
FPF of INH-NA and RIF-NA. At an airflow rate of Q = 15 L
min~", both formulations exhibited an excellent total emitted
dose (ED) of >80%, signifying good powder dispersion from

This journal is © The Royal Society of Chemistry 2024

the Rotahaler for passive animal inhalation. The formulation
distribution across various stages of the NGI, as demonstrated
in Fig. 2F, revealed that a significant portion of the particles
was deposited in the pre-separator and stage-1 (cut-off:
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8.06 pm). The FPF value for both formulations was observed in
the range of 34.4 + 4.22% to 31.46 + 3.16%, which represents
the minimal proportion of particles that exist in the respirable
size range. These results suggest that the tested formulations
exhibit a particle size distribution suitable for nasal delivery,
with a substantial proportion of the emitted dose deposited in
the nasal cavity. Furthermore, the relatively low levels of fine
particles that may penetrate the lower respiratory tract indicate
that the formulations with particle size distributions condu-
cive to nasal delivery may offer enhanced therapeutic benefits.

3.5. Nano-aggregates powder shows mucoadhesion with the
mucin

The in vitro mucoadhesion potential of NA was assessed by
suspending them in diluted aqueous mucin solutions at room
temperature, and mucin adsorption studies were conducted
for unloaded and ATD-NA. The study found that the prepared
unloaded NA had strong mucoadhesion potential after 30 min
of incubation with a range of ~71.57 to 78.62%, as inherent
nature of CSNP (Fig. 2G). This outcome demonstrates that there
is a strong electrostatic interaction between CSNP and mucin.
In addition, INH-NA and RIF-NA exhibit strong mucoadhesion
tendency with 65.17 and 72.10% percent mucin adsorbed,
which was slightly less when compared to unloaded particles.
This lesser depiction may be caused due to several factors
which contribute to mucoadhesion potential, including the
number of free amino groups, molecular weight, and degree of
cross-linking of chitosan. Fig. 2H depicts the alterations in
surface charge of the unloaded CSNP or formulated with anti-
TB drugs upon interaction with mucin. The incubation of nano-
particles with mucin resulted in a decreased surface charge
across all groups. This decrease can be ascribed to the ionic
interaction taking place between the negatively charged sialic
moieties inherent in mucin and the positively charged outer
layer of the CSNP. The reduction in zeta potential observed
prior to and subsequent to the mixing process signifies the
nanoparticle’s substantial mucoadhesive strength towards the
nasal mucosa, suggesting their potential for prolonged resi-
dence and enhanced adhesion at the targeted site.

3.6. Nano-aggregates promote the transepithelial
permeability of anti-TB drugs

RPMI-2650 cell line is well-suited for evaluating the per-
meability of substances across epithelial barriers. These cell
lines exhibit physiologically relevant TEER values that
suggest they form similar barriers to inhaled xenobiotics as
those found in living organisms. RPMI-2650 cells cultured for
21 days on transwell inserts, demonstrated a TEER value of
81.6 + 7.6 Q cm? which falls within the range of measure-
ments obtained from excised human/animal nasal mucosa
(40-120 Q cm?). Fig. 3D illustrates the gradual development
of the tight junction barrier by RPMI 2650 cells cultured on
SPLInsert™ over time. The TEER values steadily increased
from around 21.67 Q cm? until reaching a plateau between
101.67 Q cm?, which persisted up to day 17 before the TEER
values started to decline. The findings imply that a minimum

16492 | Nanoscale, 2024, 16, 16485-16499
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of 14 days is required for the cells to establish a cohesive and
impermeable layer with the maximum TEER barrier when
cultured under air-liquid interface (ALI) conditions.
However, beyond day 17, a decrement in TEER values is
observed, suggesting a potential deterioration in the integrity
of the tight junctions among the cells. The study concludes
that values above 75 Q cm” are adequate for conducting
experiments, where the TEER values ranged from 90 to 150 Q
cm®. Transepithelial permeation of anti-TB drugs on the
RPMI 2650 nasal septum cell monolayer was performed in
the direction of the apical to basolateral compartment.
Fig. 3C, D shows the flux of anti-TB drugs and equivalent for-
mulations calculated from eqn (1). The P,,, value of INH
from INH-NA formulations was found to be 2.12 x 107® cm
s~!, which was higher permeation compared to the free INH
(0.79 x 107° cm s™') on RPMI 2650 cell monolayer. The Py,
of RIF from RIF-NA was found to be 2.02 x 107° cm s™%, com-
paratively higher than that of free RIF (1.12 x 107% ecm s7%).
Intriguingly, INH showed higher permeation than RIF-based
formulations, which may be explained by the difference in
solubility of compounds and efflux mechanisms. The find-
ings of the study suggest that the observed effects of chitosan
on the nasal absorption of INH can be attributed to the
enhance the paracellular pathway by widening the tight
junctions.

3.7. Nanoparticles exhibited enhanced internalization in
glioma cells

The cellular uptake of nanoparticles in the glioma cell line
was evaluated using CSLM. The intracellular fate of nano-
particles notably depends on the size, shape, and surface
composition of particles, which CSNP reportedly favoured cla-
thrin-mediated endocytosis. FITC-tagged CSNP (FITC-CSNP)
were fabricated to enumerate the potential uptake into brain
cells. Confocal microscopy images from the FITC channel
showed green fluorescence of FITC-CSNP, and pictures
obtained from the DAPI channel showed distinct blue fluo-
rescence of cell nuclei. FITC-CSNP has superior uptake and
internalization into brain glioma cells compared to untreated
cells depicted in Fig. 3G. The merged channel of FITC and
DAPI revealed that cytoplasmic and nuclear localization of
CSNP internalized by brain glioma cells. The results inferred
that CSNPs have excellent brain targeting and membrane per-
meability. The collective findings presented herein provide
strong evidence for the improved cellular uptake of CSNP,
establishing a robust basis for their potential in vivo
applications.

3.8. Nano-aggregates show cytocompatibility with nasal
epithelial cells and glioma cells

After nasal administration, nanoparticles must permeate the
frontline barrier, i.e., nasal epithelial cells, to reach the brain.
A cell viability assay was performed to address the concerns
regarding the toxicity of the developed formulation. A cell via-
bility assay was conducted using NA containing varying con-
centrations of 3.25 pg ml™* to 12.5 ug ml™ on RPMI-2650 and

This journal is © The Royal Society of Chemistry 2024
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lized for in vitro permeability experiment. Apparent permeability coefficient (P,,,) of (B) INH and INH-NA (C) RIF and RIF-NA from RPMI 2650 mono-
layers under ALl conditions at 37 °C. (D) TEER measurement throughout cultivation and growth RPMI 2650 cell onto SPLinsert™ (n = 6, mean + SD)
for 21 days until constant TEER values are obtained. The viability of RPMI 2650 cells (E) and glioma cells (F) after treatment with blank-NA, INH, RIF,
and their equivalent formulations (INH-NA and RIF-NA) at different concentrations (3.725, 6.25, and 12.5 ug ml™) analyzed by MTT assay. (G) Cellular
uptake of FITC-loaded CSNP by glioma cells for 12 h, measured by confocal microscopy (FITC-loaded CSNP, DAPI stained nuclei, and merged
image, scale bar ~10 um). (H) The in vitro anti-TB activity of INH, RIF, and their formulations (INH-NA and RIF-NA) was evaluated using REMA assay
(blue colour indicated anti-Mtb activity, while a pink colour signified bacterial growth). The blank medium was used as sterility control. (M — blank

medium controls without inoculation, M + B — growth control without treatment. Values are expressed as mean + SD (n = 3).

C6 cells for all samples to assess the safety of powder formu-
lation for potential use in future animal studies and compared
with the control group. Fig. 3E demonstrates that the cell viabi-
lity of cells after exposure to INH and RIF for 24 h was more
than 80%, indicating that both drugs are biocompatible with
RPMI-2650 cells. Both INH-NA and RIF-NA were compatible
with RPMI-2650 cells, with all samples revealing more than
90% cell viability.

3.9. Invitro anti-mycobacterial activity

To assess the antimicrobial efficacy in vitro, the MIC values of
the pure anti-TB drug and its respective formulations were
determined using the REMA plate method. This assay relies on
an oxidation-reduction reaction that changes colour from blue

This journal is © The Royal Society of Chemistry 2024

to pink in the presence of live bacteria. In our study, the MIC
value of pure INH was observed at ~0.25 pg ml™", consistent
with previously reported studies on INH (Fig. 3H).*
Interestingly, the MIC values of the prepared INH-NA exhibited
similar efficacy to pure INH. Furthermore, the MIC value of
RIF was observed to be 0.06 pg ml™, consistent with the MIC
value obtained from RIF-NA. These outcomes unveil that
encapsulating anti-TB molecules into nanoparticles and sub-
sequently into microparticles did not compromise their poten-
tial antimycobacterial effect.

3.10. Animal trials

Intranasal treatment of ATD-NA powder increased bacteri-
cidal activity in the brain. In this study, we established a
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CNS-TB model in BALB/c mice using a virulent C3 strain, fol-
lowing a standard protocol developed at JALMA, Agra. The
CFU count in the brain reached 4.40 + 0.70log;, CFU on 45
days in Mtb infected mice. The histopathology analysis
revealed inflaimmatory cell infiltration in mice brains at 45
days, which was more aggravated at 75 days post-infection in
infected but untreated mice (Fig. 4B). Infected mice were ran-
domly allocated into six groups to receive oral and nasal
administration of ATD and ATD-NA at human equivalent doses

A

2x10% CFU of MTB
C3 strain (IV route)

\ 4

Development of murine
model of TBM

\/
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for four weeks (Table 1). At the end of the treatment period,
the reduction of mycobacterial load and changes in histo-
pathology in the brain, lungs, and spleens were evaluated. The
infected mice tolerated the nasal administration of ATD-NA
dry powder at human equivalent doses with no apparent
adverse effects. Pharmacokinetic analysis revealed that intra-
nasal delivery of the formulation attained therapeutic con-
centrations in the brain necessary for effective anti-mycobac-
terial activity (ESI S8, Fig. S47).
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Fig. 4 Efficacy evaluation. Brain morphology, histopathological analysis and mycobacterial load in mice were subjected to Mtb-exposed and
diverse treatment groups. (A) Schematic for in vivo antimicrobial efficacy on CNS-TB murine model. (B) Illustrations of the whole brain of mice
demonstrating brain healing, upper panel: representative morphological images from each group of animals exhibiting early and untreated control,
oral ATD, and ATD-NA via intranasal route. Lower panel: H &E-stained sections of the brain of naive, untreated and treated mice. (a, b, ¢, d, e and f).
(C) The mean count of CFU in the brain of both untreated and treated mice serve as indicators of the bacterial load in the brain tissues. (D) Graph

depict the average weight of the wet brain (n = 5).
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Brain. Morphological analysis of the organs harvested
from Mtb-infected mice revealed noticeable swelling/oedema
of the brain in the left hemisphere compared to control
mice (Fig. 4B). Intranasal delivery of ATD-NA via dry powder
insufflation or instillation exhibited notably higher bacteri-
cidal activity in the brain tissues four weeks after initiation
of treatment (P < 0.001) (Fig. 4C) (Table 3). At the end of the
4-week treatment, oral INH and RIF reduced the brain CFU

View Article Online
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count to 1.90 log;, CFU per gram (CFU diminution compared
to the untreated group). Mice treated with the ATD-NA deli-
vered by insufflation had a significant reduction of mycobac-
terial burden after four weeks of treatment (CFU diminution
compared to untreated group ~2.86log;, CFU). Compared
with the ATD-treated group, the ATD-NA insufflated group
showed an additional reduction of approximately 1.0log;,
CFU in the lungs of BALB/c mice (P < 0.05). The mice group

Table 3 Mycobacterial recovery after oral/nasal administration of anti-TB drugs/formulations to Mtb infected mice

Group Experimentation animal group Brain Lung Spleen
Group-3 Infection + at end of treatment 3.60 £ 0.37 5.86 £ 0.16 4.84 + 0.46
Group-4 Infection + ATD (oral) (INH-625 pg, RIF-250 pg) 1.68 + 0.67 3.65 +0.77 2.34 + 0.46
Group-5 Infection + ATD-NA (INH-625 pg/RIF-250 pg) insufflation 0.74 £ 0.07 2.89 +1.98 2.37 +£0.43
Group-6 Infection + ATD-NA (INH-625 pg, RIF-250 pg) instillation 1.20 + 0.80 4.06 + 0.23 2.46 +0.23
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Fig. 5 Lung morphology and mycobacterial burden in mice subjected to Mtb and diverse therapeutic interventions. (A) Depictions of the entire
murine lungs were employed to elucidate pulmonary recuperation, as evidenced by distinct stages (a, b, ¢, d, e and f) characterized by greyish
nodular lesions, denoted by yellow arrowhead markings. (B) The mean CFU in the lungs of untreated and treated mice were assessed, providing
insights into bacteria load within the lung tissues. (C) The weight dynamics of mice during the therapeutic phase are depicted as an average plot.

Values are expressed from five mice per animal group (n = 5).
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treated with ATD-NA via the instillation route exhibited sig-
nificant inhibition of mycobacterial growth compared to the
untreated group (P < 0.05). Additionally, although the differ-
ence was not statistically significant, the ATD-NA treatment
offered superior protection compared to oral dosing.

Lung. Mice lung morphological analysis revealed the pres-
ence of greyish nodule-like lesions suggestive of active myco-
bacterial infection. Treatment with intranasal ATD resulted in
a significant decrease in the number and density of lesions.
Reductions in bacterial burden were also noted in the lungs of
these mice, with a statistically significant increase in mycobac-
terial clearance compared to oral administration (P < 0.05).
The mean bacterial burden in the ATD-treated mice lungs
decreased to 3.65 + 0.77 log;, CFU in the lungs. The mean CFU
count reduced significantly to 2.89 + 1.98log;, CFU in the
mice group treated with ATD-NA delivered intranasally by
insufflation (p < 0.001) (Fig. 5B).
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Spleen. A notable reduction in bacterial load was observed
within the spleen of these mice. The analysis revealed a signifi-
cant reduction in mycobacterial survival in the spleen of
treated mice in all the groups compared to infected and
untreated mice groups (p < 0.05). However, differences among
the treated mice group were not statistically significant (P >
0.05) (Fig. 6B).

Recovery in histopathology after treatment with ATD-NA
powder. The study of the brain and lungs of untreated control
mice in the murine model of CNS-TB revealed the typical path-
ology associated with the TB disease, including the presence of
epithelioid cells, the presence of oedematous lesions, and the
extent of lymphocytic infiltration around vessels and in the
brain and lungs tissue. Histopathological examination of the
brain and lungs exhibited chronic pathology at 6 weeks, which
was gradually exacerbated by 10 weeks post-infection (Fig. 4B).
Histopathological analysis of the brains of infected mice

A ) Untreated control Untreated control B < s- I
Normal (Naive) (start of treatment) (end of treatment) 8 a1
: e & 6- T
. “= |
o
E ns
C 44 Ms
2 |
-]
& 27
=
(@]
2° o4
S TB infection

ez

Positive control(Oral)
INH(625ug)/RIF(250ug)

ATD-NA (IN Insufflation)
INH(625ug)/RIF(250ug)

s

Fig. 6

¥ 5O ATDNA

N @
S & A¥ (Intranasal)
R rers
N R
& N
ATD-NA (IN Instillation) C 0.5-
INH(625pg)/RIF(250u9) T
— S 0.44
b, Sritcae] 90.4
5, 0.3
©
0.2
C
8
5 0.14
(%)
0.0-
S TB infection
@
& ,@6 Q ATD-NA
& @ \¥ (ntranasal)
S
SN
‘&’b ,&'\\'b
& &
NS A\

(A) Morphological and histopathological assessments of murine splenic tissue of mice subsequent to Mtb infection and therapeutic interven-

tions. Upper panel: representative images illustrating gross anatomic alterations of dissected spleen of BALB/c mice infected with Mtb (C3 strain) and
following treatment with ATD and their respective formulations (INH-NA and RIF-NA) (a, b, ¢, d, e and f), lower panel: histopathological cross-sec-
tions of excised splenic tissue. (B) The mean CFU in the spleen tissue of untreated control and treated mice. (C) Graphical representations delineate
the weight of wet spleen presented as an average plot. Values are expressed from five mice per animal group (n = 5).
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showed neuronal swelling accompanied by lymphocytic infiltra-
tion, which was more pronounced at 10 weeks. The treatment
of ATD-NA with insufflation (powder) and instillation (powder)
via the intranasal route showed a reduction in the severity of
the infection and improved histopathology of the brain in
murine mice. The ATD-NA treatment resulted in diminished
swelling of neurons and lymphocytic infiltration. The examin-
ation of lung sections at the 6 weeks mark revealed the presence
of nodules within the lung parenchyma, characterized by a pro-
minent lymphocytic infiltration and alveolar space predomi-
nantly occupied with inflammatory cells and oedematous fluid.

The lung pathology further deteriorated at 10 weeks post-
infection in untreated animals, with notable lymphocytic infil-
tration (Fig. 5A). The treatment of ATD-NA with insufflation
and instillation via the intranasal route shows a reduction in
the severity of the infection and improved histopathology of
the brain in murine mice. The ATD-NA treatment resulted in
diminished swelling of neurons and lymphocytic infiltration,
coupled with a decrease in the oedema of brain parenchyma.

In case of lung tissues, the decrease in severity is evidenced
by the decrease in consolidation and fibrinous degeneration
and the presence of only a small number of foam-like cells
and small granulomatous nodular lesions. The mice group
treated via the oral route did not exhibit as much restoration
of lung tissue architecture, as evidenced by the presence of
emphysematous-like changes with fibrinous degeneration and
infiltration of mononuclear cells in their lungs.

The histopathological analysis of spleen tissues revealed
distinct signs of TB, including granuloma and inflammation.
The untreated control group exhibited the highest relative
lesion burden, indicating significant damage caused by the
infection. In contrast, treatment with ATD-NA (insufflation or
instillation) effectively reduced the relative lesion burden in
mice infected with Mtb, though findings were inferior to orally
treated group (Fig. 6A). These findings were consistent with
the CFU values of each group, indicating that treatment with
ATD-NA may effectively reduce the relative lesion burden in
TB-infected mice.

4. Discussion

This study investigates the effectiveness of CSNP encapsulated
with anti-TB drugs, which are then converted to NA for N2B
delivery. The objective is to enhance the treatment of CNS-TB
by improving drug delivery directly to the brain. The study was
performed on mice with experimentally induced CNS-TB and
compared the efficacy of intranasal administration to the tra-
ditional oral route. Findings indicated that intranasal delivery
leads to faster bacterial reduction compared to oral adminis-
tration, likely due to increased drug exposure in the brain.*®*!
The CSNP were optimized to be below 200 nm in size, enhan-
cing their ability to reach the brain via the nasal route. These
nanoparticles exhibited a positive zeta potential (~+15 mV),
which prevents aggregation and ensures stability. Chitosan’s
positive charge (~+15 mV) facilitated strong binding with nega-
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tively charged cell membranes, prolonging nasal mucosa resi-
dence time and improving adhesion and transport pro-
perties.*> The olfactory epithelium in the upper nasal cavity
was identified as the primary target for effective N2B
delivery.**** Research indicates that particles with a size of
approximately >5 pm may exhibit preferential deposition
within the olfactory region when administered via intranasal
route, under typical inhalation rates.*> The study also empha-
sized the non-toxicity and high biocompatibility of chitosan
and mannitol, showing no toxicity towards RPMI-2650 cells.

We compared the transport rates of INH and RIF formu-
lations. Enhanced nasal permeability was observed, with INH
demonstrating higher transport rates than RIF due to its
hydrophilic nature. It is attributed to INH’s hydrophilic nature
and chitosan’s inhibition of CYP450 enzymes responsible for
INH metabolism in nasal mucosa. Notably, the study found no
significant changes in the TEER values of RPMI-2650 cells,
indicating that chitosan did not compromise the integrity of
the nasal epithelium during the experiment. These insights
suggest that chitosan-enhanced permeability of anti-TB drugs
across nasal mucosa may facilitate their concentration in the
brain, potentially aiding in the treatment of mycobacterial
infections and reducing brain inflammation. Chitosan and
mannitol, used in the formulation, are of natural origin, ensuring
non-toxicity and high biocompatibility. These findings suggest
the safety and efficacy of CSNPs for future animal studies.

In vivo studies in mice demonstrated that intranasal CSNPs
significantly improved bacterial clearance in the brain and
reduced bacteria in the lungs and spleen compared to oral
administration. This effect is likely due to increased drug
exposure in the brain. Daily intranasal doses for four weeks
showed excellent tolerability without adverse effects. The mice
model, mimicking human CNS-TB, confirmed the potential of
N2B delivery to enhance treatment outcomes. Further investi-
gation is warranted to corroborate these findings and ensure
safety and efficacy before clinical application. This approach
holds promise for better treatment outcomes in CNS-TB
patients, potentially improving drug bioavailability and
efficacy compared to oral administration. The integrative
approach of using CSNP encapsulated with anti-TB drugs for
nose-to-brain delivery shows great promise in enhancing the
treatment of CNS-TB. This method could revolutionize TB
therapeutics, especially for CNS infections, by offering a more
effective and targeted treatment option.

5. Conclusion

This study underscores the potential of N2B delivery of anti-TB
drugs encapsulated in CSNPs for treating CNS-TB. The find-
ings suggest that intranasal administration can significantly
enhance drug delivery to the brain, leading to improved treat-
ment outcomes. The enhanced bacterial clearance in the
brain, along with the safety and tolerability of the formulation,
highlights the promise of this approach for future therapeutic
strategies in managing CNS-TB.
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Abbreviations

CNS-TB Central nervous system tuberculosis

Mtb Mpycobacterium tuberculosis

MIC Minimum inhibitory concentration

CSNPs  chitosan nanoparticles

ATD Anti-tubercular drugs

NA Nano-aggregates

PDI Polydispersity index

FE-SEM Field-emission scanning electron microscopy

FTIR Fourier transform infrared spectroscopy

ANOVA  Analysis of variance

PBS phosphate buffered saline

MTT 3(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium
bromide

DMSO  dimethyl sulfoxide
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