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Abstract

Background Vaccine development against tuberculosis remains a global health imperative, necessitating robust
immunogenicity and safety profiles. Nanoparticle-based delivery systems offer promising avenues to enhance vac-
cine efficacy while ensuring tolerability. This study explores the utilization of chitosan micelles as a delivery platform
for immune complex vaccination against tuberculosis. Leveraging two key antigens of Mycobacterium tuberculosis,
namely HspX and Mpt51, known for their relevance in latent tuberculosis and its co-infection with the human immu-
nodeficiency virus, immune complexes were synthesized in vitro using antibodies raised against these antigens. The
immune complexes were then conjugated onto chitosan micelles, characterized for their physicochemical properties,
and evaluated for their biocompatibility and immunogenicity.

Results Chitosan nanoparticles conjugated with either antigen or its immune complexes were synthesized

as micelles and physicochemical characterizations confirm the formation of micelles without altering the polymer
composition. These immune complex-conjugated chitosan micelles were found to be safe, exhibiting no significant
hemolytic and cytotoxic activity even at a higher concentration of 400 pug/ml. Peripheral blood mononuclear cells
upon stimulation with immune complex-conjugated chitosan micelles showed enhanced cellular uptake and one
to two-fold increased expression of key immune markers—interferon gamma and CD-86.

Conclusions These findings underscore the potential of chitosan nanoparticles as a versatile delivery platform

for immune complex vaccination against tuberculosis. While limitations exist, such as including only two markers
of immune modulation, this study lays a foundation for future investigations into immune complex vaccine poten-
tial in animal models. In conclusion, chitosan micelles carrying immune complexes of HspX and Mpt51 tuberculosis
antigens exhibit promising immunogenicity, highlighting their potential as a platform for multi-antigenic vaccine
components warranting further in vivo studies.
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1 Background

The cornerstone of vaccine research lies in achieving
robust immunogenicity while ensuring safety and toler-
ability. Early vaccine formulations often elicited dura-
ble immune responses but were associated with poor
tolerability. To address this challenge, researchers have
focused on developing vaccine candidates incorporated
into suitable delivery systems that mimic key immuno-
genic features such as the size, shape, and surface mole-
cule organization of infectious agents. These systems not
only enhance antigen presentation to immune cells but
also improve overall immune responses [1]. One critical
strategy to enhance vaccine potency is the inclusion of
adjuvants, particularly molecular adjuvants, which boost
vaccine efficacy without causing adverse effects. Exam-
ples of such adjuvants include granulocyte-monocyte
colony-stimulating factor (GM-CSF), pathogen-associ-
ated molecular patterns (PAMPs), and the Fc portion of
immunoglobulin G (IgG-Fc) [2-4]. Moreover, vaccine
delivery methods play a crucial role in determining effi-
cacy [5].

Recent research has focused on leveraging nanoparti-
cles (NPs) as efficient vaccine delivery vehicles. NPs can
encapsulate vaccine antigens or display them on their
surface, protecting against antigen degradation and pro-
moting sustained immune responses [6]. By mimick-
ing the presentation pattern of antigen-presenting cells
(APCs), NPs facilitate robust immune responses. Vari-
ous nanocarrier systems such as solid gold NPs, chitosan
NPs (CNPs), liposomes, and microspheres enable diverse
delivery routes like topical application, inhalation, intra-
ocular delivery, and multiplexing [5-7]. CNPs stand
out for their adjuvant properties, enhancing cytokine
responses and T cell-mediated immunity [8]. Chitosan,
an FDA-approved non-toxic and biocompatible sub-
stance, makes CNPs suitable for clinical use [9]. Addi-
tionally, CNPs’ muco-adhesive properties make them
promising for intranasal vaccine delivery, eliminating the
need for injections [10, 11].

Previous studies from our group highlighted the immu-
nomodulatory potential of immune complexes (ICs) dur-
ing tuberculosis (TB) infection that conferred protection
to Mycobacterium tuberculosis (Mtb) infected guinea
pigs [12]. IC administration showed protective effects in
guinea pig models, reducing pathogen load, and influ-
encing macrophage polarization and granuloma forma-
tion. Similar findings were observed in ex-vivo models
using the in vitro 3D granuloma model and ICs conju-
gated with Mtb antigens HspX and Mpt51 (Unpublished
data). Notably, the HspX antigen, highly expressed dur-
ing TB latency, is considered a vaccine candidate against
Mtb infection, and Mpt51 is an immunodominant anti-
gen with diagnostic importance [13-16]. Our findings
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suggest that ICs can modulate host immune responses
and may serve as potential vaccine candidates, leverag-
ing the adjuvant properties of IgG-Fc portions. In this
study, we aimed to develop a chitosan micellar nanopar-
ticle-based delivery system for efficient IC vaccine deliv-
ery. We characterized its physiochemical and functional
properties through rigorous in vitro and ex-vivo analysis,
laying the groundwork for potential future vaccine devel-
opment strategies.

2 Methods

2.1 In vitro synthesis of ICs

Mtb antigens (HspX and Mpt51) used in the IC prepa-
ration were previously expressed and purified in-house
using recombinant E.coli BL21 that was heterologously
transformed with hspx and mpt51 genes. The polyclonal
antibodies against these antigens were also prepared
in-house by immunizing the rabbits with correspond-
ing antigens (Additional file 1: Fig. 1). The IgG antibod-
ies from the serum of immunized rabbits were separated
using Ni-NTA column chromatography as instructed
by the manufacturer (HiMedia, India). The functional
characterization of the purified antibodies was done by
performing an enzyme-linked immune-sorbent assay
(ELISA) and serum bactericidal assay (Additional file 2, 3,
4: Figs. 2 to 4).

ICs composed of HspX and Mpt51 antigens and their
respective polyclonal antibodies were synthesized in vitro
by adapting the methods as described elsewhere. In brief,
equal concentrations and volumes of antigen and purified
antibody were mixed (HspX antigen with anti-HspX anti-
body and Mpt51 antigen with anti-Mpt51 antibody) and
incubated at 37 °C for 2 hours (h). To this, equal volume
of 7%, polyethylene glycol (PEG) 4000 was added to make
a final concentration of 3.5% and allowed to precipitate
at 4 °C overnight. Post-incubation, it was centrifuged at
13000 rpm at 4 °C for 10 min. The pellet was washed with
3.5% PEG twice and suspended in 1X phosphate-buffered
saline (PBS).

2.2 Estimation of Zeta potential of antigens and ICs
Efficient conjugation of ICs and antigens on the CNPs
depends on their total charges. The surface charge of chi-
tosan is positive and hence readily binds with the nega-
tively charged compounds [17]. The surface charge of the
HspX, Mpt51 antigens, antibodies, and ICs was identified
using dynamic light scattering (DLS) Delsa Nano C Parti-
cle analyzer (Beckman Coulter, USA), before carrying out
the nanoparticle synthesis.

2.3 Synthesis of chitosan-G-poly caprolactone
The chitosan-G-poly caprolactone (Cs-g-PCL) delivery
system was synthesized in the laboratory by following
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the in-house procedure that is employed by ring-open-
ing polymerization [18]. In brief, chitosan (6 mmol
glucosamine units) was vacuum-dried and mixed with
methanesulfonic acid solvent, and &-CL monomer
(52 mmol) in a glass ampoule under N, at 45 °C. After
dissolution, the mixture was irradiated under reduced
pressure, cooled, and dropped into a solution of 0.2 M
KH,PO,, 10 M NaOH, and ice (50 g). The filtrate was
washed and dialyzed against deionized water and then
lyophilized to obtain the product.

2.4 Synthesis of antigen and IC-conjugated CS-g-PCL
micelles

CS-g-PCL polymer 100 mg was dissolved in 2 ml
dimethyl sulfoxide (DMSO) and autoclaved. Antigens
and ICs (HspX, anti-HspX, Mpt51, anti-Mpt51) were
added dropwise to the solution along with 1 ml of 1%
acetic acid and then stirred continuously. The mixture
underwent three cycles of ultrasonication (30 s each)
with intervals in an ice bath. Subsequently, it was dia-
lyzed against 200 ml ultrapure water for 24 h, with
water changes every 4 h, to remove organic solvents.
The purified antigen and IC-conjugated CNPs were
stored under refrigeration until further use.

2.5 Physiochemical characterization of IC-conjugated
Chitosan-based delivery system

The IC-conjugated Cs-g-PCL delivery system was
subjected to physiochemical characterization using
various techniques as described previously [19]. Fou-
rier transform infrared (FTIR) spectra were obtained
with a Thermo Nicolet 6700 spectrophotometer,
USA. Wide-angle X-ray diffraction (XRD) analysis
was conducted using a Philips 1710 X-ray diffractom-
eter (Netherlands) with the copper target. Scanning
electron microscopy (SEM, VEGA3 TESCAN, Czech
Republic) was performed after the gold-palladium
coating of samples using a sputter coater (VEGA3SB,
Czech Republic). Transmission electron microscopy
(TEM) was carried out using a JEOL JEM 1400 (Japan).
The shape and size of nanoparticles were determined
on a carbon-coated copper grid.
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2.6 Ex-vivoimmunological characterization

of IC-conjugated chitosan delivery system
The potential of the IC-conjugated chitosan delivery sys-
tem to induce immune response was tested ex-vivo on
peripheral blood mononuclear cells (PBMCs) (HiMedia,
India) and U937 cells (NCCS, Pune).

2.6.1 Stimulation of PBMCs with, antigen and IC-conjugated
chitosan delivery system

Post-24 h of PBMC revival, cells were treated with chi-
tosan micelles conjugated with antigens and ICs (HspX
and Mpt51, 20 pg/ml each). Phorbol 12-myristate 13-ace-
tate (PMA) (5 ng/ml) served as a positive control for
PBMC induction. Incubation occurred at 37 °C in a 5%
CO, atmosphere, with morphological changes observed.

Similarly, U937 cells and PBMCs were treated with
rhodamine-tagged CNPs to assess internalization capa-
bility. After 60 min of stimulation, cells were observed
under a fluorescent inverted phase-contrast microscope.

After 72 h of stimulation, PBMCs were harvested for
RNA isolation using a HiPur-A kit (HiMedia, India). Iso-
lated total RNA purity and integrity were checked using
nanodrop spectrophotometer analysis and RNA gel elec-
trophoresis. cDNA was synthesized from RNA using a
Protoscript II reverse transcriptase cDNA synthesis kit
(New England Biologicals, USA). The RNA template con-
centration was maintained constant (1 pg). The expres-
sion of interferon-y (IFN-y) and CD-86, a marker for
monocyte activation into macrophages, was assessed
using cDNA as a template.

Real-time PCR was performed using the ABI-7000
real-time PCR machine (Applied Biosystems, USA) (DST
PURSE Facility at School of Biotechnology, Madurai
Kamaraj University). The reaction mixture comprised
Syber Green master mix (Roche, Switzerland) and spe-
cific primers (Table 1). Reaction conditions included
denaturation for 60 s, annealing for 45 s, and extension
for 30 s, adjusted based on the primer sequence and PCR
product length. The dissociation constant was monitored
to ensure reaction specificity. All the experiments were
carried out in triplicates with untreated PBMCs as con-
trol, and the statistically significant difference was deter-
mined through Student’s ¢-test between IC and non-IC
groups using GraphPad Prism software version for

Table 1 List of PCR primers used to study the induction of immune response by IC-loaded Cs-g-PCL in Monocytes

Cytokines Forward Primer (5'-3") Reverse Primer (5'-3")
B-Actin TCACCCACACTGTGCCCATCTACG CAGCGGAACCGCTCATTGCCAATG
IFN'y AGCTCTGCATCGTTTTGGGT CGCTTCCCTGTTTTAGCTGC

CD-86

CCATCAGCTTGTCTGTTTCATTCC

GCTGTAATCCAAGGAATGTGGTC
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Windows (GraphPad Software Inc., La Jolla, CA, USA). P
value less than 0.05 was considered significant.

2.7 Cell proliferation and cytotoxicity assay

The impact of CNPs on cell viability and growth in
PBMCs was assessed using the EZcountTM MTT cell
assay kit (Himedia, India) following the methods as
described previously [20]. In brief, 1x10* PBMCs were
seeded per well in 96-well plates and incubated over-
night under standard growth conditions. They were then
treated with synthesized CNPs at concentrations of 50,
100, 200, and 400 pg/ml. After 24 h of incubation, cells
were treated with 10% MTT solution and incubated at
37 °C until blue crystals formed (3—4 h). Subsequently,
the cells were disrupted and blue crystals were dis-
solved by adding an equal volume of solubilization buffer.
Spectrophotometric readings were taken at 570 nm and
630 nm wavelengths using the Multiskan EX instrument
(Thermo Scientific, USA). Cell viability percentage was
calculated using the equation given below after subtract-
ing the absorbance value at 630 nm from that at 570 nm.
These procedures were performed in triplicates.
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Table 2 Surface Charges for Hspx antigen, anti-Hspx antibody,
Mpt51 antigen, and anti-Mpt51 antibodies

Proteins mV

Anti-HspX -1735
HspX —15.60
Anti-Mpt51 -16.20
Mpt51 - 1346

light scattering as the binding of proteins to the nano-
particles is based on the charge. HspX antigen, Mpt51
antigen, and respective antibodies possessed a negative
charge on their surfaces (Table 2 and Fig. 1).

3.2 Physiochemical characterization of IC-conjugated
chitosan-based delivery system

The FTIR spectrum of the synthesized chitosan micelles

(Fig. 2) reveals specific absorption peaks at 2920 cm™!

and 1251 cm™!. These peaks are attributed to the -CH3

groups and C-O-C stretching vibrations, respectively,

which are characteristic of the SA-g-AA (sodium algi-

(Absorbance of test — Absorbance of blank)

Cell viability(%) =

(absorbance of control — Absorbance of blank) x

100

2.8 Hemolytic activity test

To assess the biocompatibility of the synthesized CNPs,
it was further tested on the red blood cells (RBCs) fol-
lowing the protocol mentioned elsewhere [20-22]. In
summary, RBCs were isolated from whole blood through
centrifugation and washed twice with PBS to eliminate
serum complement proteins. They were then diluted 1:10
with PBS. Diluted RBCs (200 ul) were mixed with 1000 pl
of the test solutions to achieve final concentrations of 50,
100, 200, and 400 pg/ml. Distilled water and PBS were
used as positive and negative controls, respectively. Cell
suspensions were gently mixed, incubated at 37 °C for
2 h, and then centrifuged at 4000g for 10 min at 4 °C. The
supernatant was collected, and absorbance at 541 nm was
measured using the Multiskan EX instrument (Thermo
Scientific, USA). The analysis was conducted in tripli-
cates. The percentage of hemolysis was calculated using
the formula,

Hemolytic activity(%) =

(Absorbance of test — Absorbance of negative control )

nate-grafted-acrylic acid) component within the micelles.
The incorporation ICs did not induce any significant
changes in the FTIR spectrum of the CNPs, indicating
that the primary chemical structure of the CNPs remains
intact after complexation with the antigens and antibod-
ies. XRD analysis provided further insight into the struc-
tural modifications of the chitosan micelles upon the
incorporation of ICs. As shown in Fig. 3, a new broad
peak emerged in the XRD pattern, signifying a transition
in the physical state of the material from an amorphous
to a semi-crystalline form. This transformation suggests
that the micelles have undergone a degree of ordering,
potentially due to interactions between the chitosan pol-
ymer matrix and the incorporated ICs. The morphologi-
cal characteristics of the micelles were examined using
SEM and TEM. SEM images (Fig. 4) revealed the success-
ful formation of micelles following the incorporation of
antigens, and ICs specific to HspX and Mpt51. The size

x 100

(absorbance of Positive control — Absorbance of negative control)

3 Results

3.1 Determination of Zeta potential

Zeta potential is determined to find the surface charge
of the particles based on the principle of electrophoretic

distribution of these micelles ranged from 100 to 200 nm,
demonstrating a uniform and controlled synthesis pro-
cess. The TEM images (Fig. 5) corroborated the SEM
findings, showcasing well-defined micellar structures.
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Fig. 1 The zeta-potential value of HspX and Mpt51 antigens and their respective ICs. The values expressed as mV are in negative delineation,

favoring effective conjugation with the CNPs
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Fig. 2 FTIR spectrum of Chitosan Micelles loaded with the antigen
and ICs of HspX and Mpt51. a Chitosan micelles conjugated

with HspX, Mpt51, and its respective ICs; b Empty Chitosan micelles ¢
Chitosan polymer before grafting

Interestingly, the TEM analysis also revealed the pres-
ence of smaller micellar formations at the periphery of
the larger micelles. This phenomenon suggests a hierar-
chical organization within the micellar assembly, possibly
indicating secondary self-assembly processes or interac-
tions between different components within the micelles.
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Fig. 3 XRD pattern of Chitosan Micelles. a Chitosan polymer

before grafting; b empty Chitosan micelles; ¢ Chitosan micelles
conjugated with HspX, Mpt51, and its respective ICs

3.3 Biocompatible nature of the CNPs

The biocompatible nature of the IC-conjugated CNPs
was tested on the PBMCs and RBCs. It was found to
be completely safe even up to 400 pg/ml (Fig. 6). There
was a significantly lesser hemolytic activity (2%) only
at the higher concentration of 400 pg/ml of the CNPs
(Fig. 7).
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Fig. 4 SEM micrographs showing the Chitosan-based polymer before (a) and after (b) micelle formation. The formation of micelles can be
observed (Magnification: 14,000 X)

Fig.5 TEM micrographs showing the Chitosan-based polymer before (a) and after (b, ¢) micelle formation. Conjugation of the ICs could be
observed on the surface of the micellar structure (d, e) (Magnification: 25,000 X)
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Fig. 6 Percentage of cell viability of the PBMCs treated with CNPs.
The values are compared with the control cells, which were
given mock treatment with PBS

Hemolytic Acitvity

EA Chitosan Nanoparticle

Percentage of Hemolysis (%)

Fig. 7 Percentage of hemolysis of the RBCs treated with CNPs. The
values are compared with the control cells, which were treated
with PBS (negative control) and water (Positive control)

3.4 Functional characterization of CNP delivery system
After 60 min of stimulation, the CNPs were also internal-
ized by the U937 cells and PBMCs (Fig. 8) and the cells
showed morphological evidence of differentiation of
monocytes into macrophages.

A
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Fig. 9 Differential expressions of IFN-y and CD-86 by the PBMCs
induced with CNPs conjugated with the HspX & Mpt51 antigens
and their respective ICs. * P<0.05 compared to PBMCs induced
with CNPs conjugated with respective antigens alone

IC-conjugated CNPs were found to induce the expres-
sion of IFN-y and CD-86 (Fig. 9). This indicates the acti-
vation and differentiation of the monocytes supporting
the above observations related to changes in the mor-
phology of the cells. Further, the CD-86 marker repre-
sents the activation of T cells by the activated monocytes,
favoring cell-mediated immunity’s involvement.

4 Discussion

Despite extensive scientific efforts spanning centu-
ries, TB remains a formidable global health challenge,
persisting with an incidence rate of 182 per 0.1 million
individuals and claiming the lives of 24 per 0.1 million
people worldwide. The association between TB and HIV
is well known. However, more than HIV, malnutrition is
accounted as a major predisposing factor that triggers
TB disease progression in the patients. Seven percent
of drug-sensitive and 26% of drug-resistant TB patients
either fail or poorly respond to anti-TB treatment due
to various factors [23]. This emphasizes the role of host

B

Fig. 8 Internalization of CNPs by U937 cells (a) and PBMCs (b) Changes in the morphology like the formation of pseudopods and differentiation
of the PBMCs could be observed due to the activation of cells after 1 h (b). Magnification at 400X (scale 10 um)



Rajadas et al. Beni-Suef Univ J Basic Appl Sci (2024) 13:58

factors in combating this pathogen. The BCG vaccine,
currently the only approved vaccine for TB, lacks effec-
tiveness in providing adequate protection for the adult
population due to its inability to induce a strong memory
response, despite triggering Th1l immune responses [24].
Consequently, there is an urgent demand for a highly
efficient TB vaccine capable of safeguarding adults, both
adult and pediatric populations. To address this need,
various strategies such as subunit vaccines and whole
antigen vaccines combined with adjuvants are being pur-
sued [25].

This study aimed to advance our understanding based
on our previous findings highlighting the importance of
ICs in eliciting a protective immune response compared
to free antigens. We selected two antigens from Mtb, spe-
cifically HspX and Mpt51, known for their relevance in
latent TB and HIV-TB co-infection scenarios. To prepare
ICs, we utilized antibodies raised in rabbits immunized
separately with HspX and Mpt51 (Additional files 1, 2, 3,
4: Figs. 1 to 4). These ICs were then made to attach onto
chitosan micelles, characterized for their physicochemi-
cal properties, to emulate natural antigen presentation
within the host (Figs. 4 and 5). Subsequently, we evalu-
ated the biocompatibility of these IC-conjugated chitosan
micelles on PBMCs and RBCs. Our results indicate that
even at a concentration of 400 pg/mL, these micelles are
safe and do not induce significant hemolysis (Figs. 6 and
7). Notably, prior studies have also affirmed similar find-
ings, reinforcing the safety of these micelles within the
physiological system [26].

IC-conjugated CNPS was found to enhance the cel-
lular uptake and activation of PBMCs within 60 min
post-stimulation, leading to increased expression of
IFN-y and CD-86, indicating type-I interferon activa-
tion, macrophage, T cell, and B cell activation (Figs. 8 and
9). Expression of IFN-y and CD-86 was comparatively
lower when the cells were induced with antigen alone
containing chitosan micelles. This shows the significance
of the IgG-Fc portion in the ICs in inducing an immune
response, especially during TB infection. IFN-y plays a
vital role by activating the macrophages and subsequently
inducing the Th1 proliferation to promote inflammation
and curtail TB progression. The same is found to increase
during latent TB also [27]. On the other hand, CD-86
also indicates the activation of macrophages besides the
B cells [28].

Previous studies have demonstrated the adjuvant
properties of CNPs. For instance, a Chitosan nanoparti-
cle carrying the HIN1 influenza viral antigen enhanced
antibody titers up to threefold compared to conventional
adjuvants like alum [29]. Moreover, a mice model chal-
lenged with Schistosoma mansonii infection following
immunization with a DNA vaccine delivered through
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Chitosan exhibited 47% protection, even when admin-
istered orally [30]. CNPs are also suitable for intrana-
sal administration, mimicking TB’s pulmonary route of
infection. Studies in chickens administering a formula-
tion carrying antigens of Newcastle disease (ND) and
infectious bronchitis (IB) intranasally displayed higher
IgA and IgG titers. Additionally, CNPs have been shown
to enhance cellular uptake and activation of immune
cells such as THP-1 monocytes and dendritic cells [31].
Hence, it could be claimed that when the antigens HspX
and Mpt51 are presented as ICs it could induce higher
cell proliferation, and activation of macrophages, T cells,
and B cells that are very much required for the efficacy
of a vaccine. These chitosan-based micelle-shaped deliv-
ery systems are incorporated with antigens and their ICs.
Physiochemical characterizations confirm the formation
of micelles without altering the polymer composition
(Figs. 2 and 3). While prior research has explored the use
of chitosan particles as delivery systems for immuniza-
tion and vaccination against various toxins, infectious
agents (bacterial and viral), proteins, and DNA, this study
marks the first attempt to utilize these CNPs for IC vac-
cination purposes.

In summary, this study underscores the promising
role of CNPs as a versatile delivery platform for IC vac-
cination against TB, offering potential improvement over
existing vaccine strategies. The inclusion of only two
markers of immune modulation is the major limitation
that could be rectified in the next phase of the study to
evaluate IC’s vaccine potential in the non-infected and
infected animal models.

5 Conclusion

This study highlights the potential of chitosan micelles
conjugated with ICs of HspX and Mpt51 antigens as an
innovative and effective approach for TB vaccination.
The IC-conjugated chitosan micelles exhibited promising
physicochemical properties and maintained biocompat-
ibility, significantly enhancing the activation of PBMCs.
This led to elevated expressions of critical immune mark-
ers such as IFN-y and CD-86, underscoring the impor-
tance of the IgG-Fc portion in ICs for eliciting a robust
immune response. This response is crucial for combating
TB infection and could significantly improve the efficacy
of TB vaccines, especially for adults who are inadequately
protected by the current BCG vaccine. The IgG-Fc por-
tion could be used as a common platform to include
additional immunodominant TB antigens in further
studies. Although preliminary, this study lays a strong
foundation for further development of chitosan-based
micelle-shaped delivery systems in TB vaccination, offer-
ing a promising avenue for enhancing global TB control
efforts.
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APCs Antigen-presenting cells

Cs-g-PCL  Chitosan-G-poly caprolactone

DMSO Dimethyl sulfoxide

FTIR Fourier transform infrared

GM-CSF Granulocyte-monocyte colony-stimulating factor
ICs Immune complex

[e]€] Immunoglobulin G

Mtb Mycobacterium tuberculosis

NPs Nanoparticles

PAMPs Pathogen-associated molecular patterns
PBMC Peripheral blood mononuclear cells

PBS Phosphate-buffered saline

PEG Polyethylene glycol

PMA Phorbol 12-myristate 13-acetate

RBC Red blood cells

SEM Scanning electron microscopy

TEM Transmission electron microscopy

XRD X-ray diffraction analysis
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