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Tuberculosis (TB) is one of the fatal diseases amongst many other infectious diseases and is primarily
caused by Mycobacterium tuberculosis. TB cases has been upsurging predominantly owing to the multi-
drug resistance, which is also predicted to increase drastically in the near future. Hence, elaborate
research exploring novel approaches for effective treatments has become an urgent area of study. In
this regard, NP utilization has gained high recognition for the treatment and the effective/elaborate
diagnosis of this fatal ailment. This review introduces a recent insight into novel NPs that have verified
significant efficacy in TB treatment. Specifically, major focus has been placed on nanomaterials as
optical probes for the diagnosis of TB. Gold, silver, and nickel oxide NPs as well as CdTe quantum dots
have been investigated for the optical detection, and information about their studies is compiled herein.
The sensing process is highly dependent on surface plasmon resonance, surface-enhanced Raman
scattering, and/or on fluorescence emission. Overall, nanomaterials are considered a promising tool for
developing sensors for the diagnosis of TB. Moreover, nanomaterials have gained significance for
application in drug delivery approaches for treating TB, particularly mesoporous silica, which has shown
to exhibit remarkable positive impacts on drug-resistant M. tuberculosis, delivering rapid and accurate
diagnosis. However, most reported studies are missing intensive in vivo analysis. Limitations and future
perspectives have been compiled and reported in this review article.

environments. It has a potential tendency to change its meta-
bolic pathways and easily evade the host immune system

Currently, tuberculosis (TB) is one of the most globally wide-
spread severe infectious diseases that leads to increased mor-
bidity and mortality rates annually." TB is the most common
cause of death arising from a single bacterial entity, where
1.8 million patients have died from TB so far according to the
World Health Organization data.”> Globally, it is estimated that
10 million people have developed TB infection, and there are an
estimated 1.8 million deaths annually due to primary disease,
reinfection, or reactivation of the latent infection.> M. tubercu-
losis has a strong ability to adapt and survive in several host
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through intracellular growth.” TB negatively affects the lungs
(i.e., pulmonary TB) and the central nervous system (CNS),
causing severe meningitis.”

TB is primarily caused by Mycobacterium tuberculosis, which
is a type of bacteria that can be identified as either Gram-
positive or Gram-negative on a gram stain.® Several clinical
approaches have reported the diagnosis of TB, encompassing
culture of the tracheal aspirate, cerebrospinal fluid (CSF),
gastric washings, chest X-ray, and skin examination.”

Diverse antibiotics could be used along with other medica-
tions for treating TB.® Several medications such as rifampicin,
isoniazid, ethambutol, kanamycin, capreomycin, amikacin and
pyrazinamide were approved by the FDA for the treatment of
infections caused by M. tuberculosis,’ as shown in Table 1.
Utilizing a fixed dosage can possess several advantages, includ-
ing cost-effectiveness, reduction in the pill burden and logis-
tical benefits.'® However, it also has several disadvantages such
as poor bioavailability, enzyme level elevation, adverse drug
reactions, questionable effectiveness in the absence of directly
observed therapy short (DOTS) course and therapeutic drug

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-1001-2959
https://orcid.org/0000-0002-3569-1206
https://orcid.org/0000-0002-0568-1613
https://orcid.org/0000-0001-9048-0746
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00720k&domain=pdf&date_stamp=2024-02-08
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00720k
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005005

Open Access Article. Published on 08 Kudo 2024. Downloaded on 16/10/2025 1:18:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

Materials Advances

Table 1 The most commonly used antibiotics for TB treatment along with their dosage limits

Type of TB Drug Dosage (mg kg ' day ') Max. dosage (mg) Ref.
1st line Rifampicin 10 (adults) 600 16-18
10-20 (children) 300
Isoniazid 5 (adults)
10-20 (children) 2000
Pyrazinamide 1000 (40-55 kg) N/A
1500 (56-75 kg)
2000 (>76 kg)
15-30 (children)
Ethambutol 800 (40-55 kg) 1600
1200 (56-75 kg)
1600 (>76 kg)
15-20 (children) 1000
Moxifloxacin 400 (>12 years of age) N/A
2nd Line Levofloxacin 15-20 (<15 years) 15¢g 16 and 19
250-750 mg tab (for a weight <30)
Amikacin 10-20 (<15 years) 1g
500 mg/2 mL vial
Clofazimine 2-5 (<15 years) 100
50-100 (>15 years)
Capreomycin 15-20 (<15 year) 1g
500 (>15 years)
Gatifloxacin 400 (for adults only >18 years) 1g
10-15
Moxifloxacin 400 400
15 (<16 kg) 800
Streptomycin 15-20 (<30 Kg) 1g
400 (<30 Kg)
Gatifloxacin Not used in <18-year olds 800

N/A: not applicable.

monitoring, as well as difficulty in dose adjustments. Accordingly,
there is an urgent need to reassess the current treatment regimen;
otherwise, conversion of TB into multi-drug resistant TB or
extensively drug resistant TB might occur. Selecting an effective
treatment plan and drug dosage depends on several factors,
including whether the patient has an active or latent disease, type
of TB, general health of a patient, and finally the patients’ age
range (Table 1).*

TB is very challenging to be efficiently treated, demanding
lengthy chemotherapy sessions and multi-drug regimens."* The
needed duration for an effective treatment is very long, varying
from six months for drug-susceptible infection to more than
two years for multi-drug resistant TB.'> Almost 30% of the
world’s population is infected by harsh infections."® The risk of
TB has dramatically increased lately, which has triggered
researchers to develop new ways of rapid detection and efficient
treatment regimens. While treating TB, drug resistance is the
main obstacle causing several severe health risks."*'® Recently,
the availability of new drugs namely, bedaquiline, delamanid
and repurposed drug linezolid, clofazimine and carbapenems,
are being used more frequently in drug-resistant TB regimens.’

The impacts of drug-resistant and multidrug-resistant cases
are particularly associated with the most challenging threats
towards TB control owing to the minute cure rate. Therefore,
most current reports suggest exploring more effective therapies
and developing research motivation towards the search for
surrogate treatment approaches.>® The hepatotoxic effects of
many drugs, such as rifampicin, isoniazid, pyrazinamide, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

ethambutol, which are all first-line anti-tubercular medica-
tions, should be considered. Elevations in liver functions were
observed in several cases. Stopping the medication can reverse
aminoglycoside-induced nephrotoxicity.”* The occurrence of
renal toxicity depends on the presence of any underlying renal
disease in the patient and the dosage of the medication being
administered.?? In addition, most second-line antituberculosis
drugs (e.g. ethionamide, capreomycin, linezolid, amikacin, levo-
floxacin, gatifloxacin, kanamycin, streptomycin, cycloserine, and
moxifloxacin) that are possessing poor efficacy are generally toxic
and require prolonged treatment durations; compromising
the patient’s adherence and therapeutic drug monitoring."®
Antituberculosis combinations refer to the administration of
multiple drugs concurrently to treat tuberculosis. These drugs
have distinct mechanisms of action, which help prevent the
development of drug-resistant strains of M. tuberculosis.”> By
targeting the bacteria in various ways, the use of medications
with different mechanisms of action enhances the effectiveness
of treatment by helping to shorten the duration of treatment,
decreasing the chances of disease release, and minimizing
the development of drug resistance, which is not normally
achievable with monotherapy.>*

Considering the merits of the high capacity for engineering
functional systems at the molecular scale, nanotechnology has
gained much significance for application in several materials
on a molecular, atomic, and supramolecular scale, including
industrial and medical applications.”® Nanomaterial-based
nanomedicines are widely involved in various clinical aspects
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owing to their bioavailability, enhanced activity, dose-responsiveness,
targeted ability, personalization, and high safety when com-
pared to conventional medications.”®*” NPs have been exten-
sively utilized as nanomedicines for disease-efficient treatment
and exploited as novel alternatives for nano-based medicines
for TB successive diagnosis.”® The intelligent usage of NPs
alongside antimicrobial substances has received significant
research attention in this context. NPs possess a high surface
area, entailing several active sites, which increase their affinity
to interact with a broader spectrum of biological entities.”®
NPs have also been reported to exhibit high penetrability
among various tissues.>® Recently, several NPs have emerged
to be applied positively as anti-TB agents, including Ag NPs,
Au NPs, and ZnO NPs.*°? Furthermore, NPs could be utilized
as electrochemical and optical probes for the diagnosis of
tuberculosis.?*** The electrochemical-based sensors depend
on the electrochemical behaviour of NPs at the electrode
surface, while the optical-based sensors are mainly based on
the surface plasmon resonance (SPR), excitation emission, and
surface enhanced Raman scattering (SERS) of NPs, such as
gold, silver, nickel oxide, and cadmium telluride.

The current review outlines the role of fabricated nano-
materials and NPs in the optical diagnosis and treatment of
tuberculosis in comparison to traditional methods. Additionally,
this review compiles information about different nanomaterials,
mainly silica mesoporous, in overcoming multiple barriers asso-
ciated with the delivery of medications during tuberculosis therapy.

2. Potential nanomaterials for effective
treatment

Currently, several well-established anti-TB agents (e.g., isoniazid,
rifampicin, pyrazinamide, ethambutol, etc.) are broadly used;
however, several problems are associated with using these
drugs, such as toxicity and poor efficacy during treatment.*®
Consequently, there is an urgent need for novel effective and safe
alternatives. Nanomaterials have attracted significant attention
as potential candidates for overcoming the obstacles of typically
applied commercial antibacterial agents, particularly their high
resistance and therapeutic limitations. In this context, several
academic experts have released many investigations worldwide
involving natural biopolymers that have been successfully
manipulated in the fabrication of anti-TB drugs. This type of
drug has gained high interest recently because of its remarkable
properties, including biocompatibility, biodegradability, and
non-toxicity.>® For instance, the facile, scalable, and cost-
effective method has recently been applied in the fabrication
of chitosan biguanidine NPs as an anti-TB drug.*> Predomi-
nantly, the synthetic approach was distinguished in which
uniformly well-distributed particles were significantly formed
with a small particle size (38 nm). The examination test showed
potential inhibition growth against sensitive, MDR, and XDR
M. tuberculosis pathogens (MIC: 0.48, 3.9, and 7.81 ug mL™")
compared to chitosan NPs (15.63, 62.5 > 125 ug mL™~ ") and the
commercial isoniazid drug (0.24, 0, and 0 pg mL %),
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Fig. 1 lonic gelation method for the synthesis of chitosan biguanidine
NPs and unmodified chitosan in the presence of TPP. The cloud of
positively charged guanidine surrounded by chitosan through condensa-
tion significantly enhances the antibacterial efficacy.

respectively.>® This remarkable effect could be attributed to the
high density of positively charged grafted biguanidyl groups
located on the surface of chitosan chains, which demolished
the bacterial cell wall by strong electrostatic interactions, as
shown in Fig. 1. In addition, it is worth mentioning that the
polycationic guanidine polymers possess an efficient antibacter-
ial efficacy because of the highly positive charges of amine
groups, which are strongly attached to the negative charges on
the bacterial cell membrane, resulting in bacterial death without
leading to microbial resistance. It also revealed high selectivity
towards bacterial cell membranes owing to the electrical neu-
trality of the outer membrane of mammalian cells.***”

Several reports have shed light on the phyto-fabrication of
NPs from natural sources, particularly from planta.>®*® zZnO
NPs have attracted attention as a potential novel practical
method for TB treatment (Table 2).”° In that context, phyto-
fabricated ZnO NPs from the aqueous extract of Canthium
dicoccum have been reported with an average size of 33 nm.
The inhibition efficiency of the biosynthesized ZnO NPs was
induced at 25 pg mL ™" owing to its high specific surface charge
and the generation of reactive oxygen species (ROS).*® It is
noteworthy that only few reports have examined the action
mechanism concerning ZnO-NPs against M. tuberculosis. The
interaction between ZnO-NPs and sulfur or phosphorous bases
has been reported to efficiently deprive the DNA ability of
replication.® Patil et al. also reported the exact action mecha-
nism as Taranath, who investigated the green synthesis of ZnO
NPs using Limonia acidissima L. with a controllable size
between 12 nm and 53 nm.*® The prepared ZnO NPs were
directly attached to the bacterial surface and then easily pene-
trated the cell membrane. The small particle size assists the
particles in entering into the cytoplasm of mycobacterium via
endocytosis and deactivates the essential enzymes required for
adenosine triphosphate production*"** (Fig. 2). Accordingly,
ROS are generated; eventually, bacterial cell apoptosis is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fabrication Particle
Nanomaterials method size (nm) Results Ref.
Chitosan bigua-  One-pot/ionic 38 MIC: 0.48, 3.9, 7.81 ug mL ™" for sensitive, MDR, and XDR M. tuberculosis 35
nidine NPs gelation
ZnO NPs 33 TB inhibited at 25 ug mL ™" 39
ZnO-Se NPs Hybridization of 90 Suppressed ATP production 3
zinc oxide and Increased ROS production
selenium Distortion of the membrane structure
Se-NPs 70-100 Destroy the integrity of the cell envelope 46
ZnO NPs Phytosynthesis 12-35 Control the growth of M. tuberculosis at 12.5 ug mL™" 38
Alginate — 312-365  2s line anti-TB drugs were incorporated into alginate modified PLGA NPs. 51
modified-PLGA Improved entrapment and controlled release of the drugs by modifying PLGA with algi-
NPs nate reflected in the synergistic effect of the dual entrapment of moxifloxacin and ami-
kacin compared to single-drug-loaded NPs
Graphene-TMC-  One-pot 22 MIC values of 0.98, 3.9, and 7.81 pg mL™" for inhibiting the growth of sensitive, MDR, 52
CMS IPN NPs ultrasonication and XDR M. tuberculosis pathogens compared to the bare TCNPs (7.81, 31.25, >125 pg
mL) and the isoniazid drug (0.24, 0, 0 ug mL "), respectively
TMC-Ag One-pot green 11-17.5  Antitubercular activity of nanocomposite was evaluated against both M. tuberculosis and 53

synthesis

lung carcinoma cells (A-549).

MIC inhibited M. tuberculosis of 1.95 ug mL ™"

initiated.*®> ZnO NPs can interact with sulfur or phosphorus-
containing soft bases, including RS-, R-S-R, R-SH, and PR3,
which inhibit the replication of DNA.**** Therefore, the sulfur-
containing protein in the membrane or inside the cell and
phosphorus-containing elements, such as DNA, are proposed to
be favorable positions for the effective action of ZnO NPs.*® An
additional suggested mechanism referred to as lipid metabo-
lism interference causes cell destruction and apoptosis.*’
Although there are only few reported data discussing
the practical action mechanism of ZnO NPs, they have massive
effects on TB treatment. Consequently, further intensive
research could reveal a new era of the actual mechanism

ZnO NPs
Inner membrane

Outer membrane
’ Cytoplasm

ZnO NPs

Phosphate
Sugar

Replication inhibation

through diverse elaborate in vivo studies. Moreover, the potential
efficiency of selenium NPs (SeNPs) has been examined, in which
the formed NPs have verified a distinguished recognition against
the inhibition of M. tuberculosis growth by demolishing the
integrity of the cell envelope.® The anti-microbial effect of SeNPs
against M. tuberculosis was estimated to have a lower toxicity
effect.’” The feasible mechanism of bactericidal activity could
result in the arrest of the cell cycle, instigating a notable degree
of apoptosis.*® Se NPs were also chosen as potential therapeutic
materials with lesser side effects.*®

Intensive efforts are still in progress by researchers to
explore more efficient anti-TB-drug-based NP materials. In this
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Fig. 2 Schematic diagram representing the possible action mechanism of ZnO NPs resulting in the loss of DNA replication in M. tuberculosis.
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Fig. 3 Preparation and characterization of ZnO—-Se NPs. (A) Schemes for
the preparation of ZnO—-Se NPs. (B) and (C) Typical TEM images of ZnO-Se
NPs. (D) Typical TEM-EDS dark field image of ZnO-Se NPs. (E) Typical
TEM-EDS selenium (Se) mapping analysis of ZnO-Se. (E) Typical TEM-EDS
selenium (Se) mapping analysis of ZnO-Se NPs. (F) Typical TEM-EDS zinc
(Zn) mapping analysis of ZnO—-Se NPs. (G) Typical TEM-EDS oxygen (O)
mapping analysis of ZnO—-Se NPs. With permission from ref. 3.

regard, a remarkable development has recently been reported
considering the discriminant features of both ZnO and Se NPs.?
A novel hybridization approach was involved in fabricating
spherical ZnO-Se core-shell NPs, as presented in Fig. 3.°
Undoubtedly, the designed NPs depend on utilizing and combining
the antibacterial advantages of both Se and ZnO by engineering
novel potential alloy NPs. The average diameters of the fabricated
ZnO-Se NPs were measured to be 90 nm, which stimulated
potential killing effects against extracellular M. tuberculosis,
including BCG and virulent H37Rv. The obtained core-shell
NPs can strongly suppress ATP production, enhancing the
creation of intracellular ROS and accordingly distorting the
membrane’s structure. Interestingly, intracellular inhibition
growth could also be exhibited by promoting M1 polarization
to enhance antiseptic nitric oxide production and developing
apoptosis and autophagy of M. tuberculosis-infected macro-
phages by increasing the intracellular ROS, disrupting mito-
chondria membrane potential and inhibiting PI3K/Akt/mTOR
signaling pathway.’

A novel host-directed therapy for multidrug-resistant
tuberculosis was examined.*® Moxifloxacin and amikacin were
incorporated into PLGA NPs via an encapsulation process. Two
nanocomposites, alginate-entrapped PLGA NPs and alginate-
coated PLGA NPs were produced using a water-oil-water
emulsion method, as depicted in Fig. 4. The results showed
the potential encapsulation performance of two hydrophilic
second-line anti-TB drugs, and intra-macrophage delivery of
the synthesized nanosystem utilized significantly for rapid treat-
ment of multi-drug resistant. The coated NPs showed undesir-
able particle sizes measured at a particle size of 640 + 32 nm.

The large size distribution was possibly caused by the high
viscosity of the external alginate phase, which formed larger

1776 | Mater. Adv, 2024, 5,1772-1782
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emulsion droplets, eventually leading to greater particle size
ranges.” In contrast, PLGA NPs entrapped within alginate-
induced spherical favorable particle sizes ranged from 312 to
365 nm, which enhanced their use for internalization into
alveolar macrophages (Fig. 4). The loading efficiency of moxi-
floxacin was found in the range of 10.1-18.7 pg mg ™', whereas
amikacin was in the range of 15-17.4 ug mg™~ ' compared to non-
modified PLGA NPs, that revealed a significantly less amikacin
loading of 6.2 g mg " polymer and 4.2 pg mg™ " of moxifloxacin.
The entrapped nanocomposite presented potential inhibition
activity against M. tuberculosis-infected macrophages compared
with the single-loaded drug NPs or untreated cells.*"

In addition, a new category of distinguished nanomaterials
has emerged in multi-functional applications, principally the
inhibition of tuberculosis infection. For instance, a highly
biocompatible graphene layer was engineered and decorated
with N,N,N-trimethyl chitosan (TMC)/carboxymethyl starch
(CMS) interpenetrating polymer networks (IPN) via a green
and a one ultrasonic pot strategy.”> TEM analysis revealed a
uniform distribution of TMC-CMS hydrogel NPs on graphene
surfaces with a small particle size of 22 nm, which was roughly
compared to the pure NPs formed at 30 nm. The inhibition
activity of the synthetic nanocomposite was evaluated against
different M. tuberculosis pathogens with MIC values of 0.98, 3.9,
and 7.81 pg mL~" for sensitive, MDR, and XDR compared to the
bare TCNPs (7.81, 31.25, and >125 pg mL ') and the isoniazid
drug (0.24, 0, and 0 pg mL™"), respectively. This reveals a
considerable synergism in the antituberculosis activity between
TCNPs and graphene nanosheets.>” In that context, the same
biodegradable polymer (TMC) as Ag NPs has been examined for
the first time against tuberculosis disease, where some limita-
tions arose that are associated with Ag NPs, including high
toxicity and poor stability.>® In contrast, TC NPs with graphene
nanosystems have been exploited to be applied safely as an
excellent anti-TB drug.>?

From previous literature and some relevant studies, all the
reported data confirmed the promising effects of NPs, which
efficiently enhanced further in vivo studies. It is noteworthy that
the data tabulated revealed a significant efficiency of most
fabricated NPs, particularly those small particles whose size
ranged from 20 to 100 nm.

3. Nanomaterial-based optical sensors
for tuberculosis detection

Currently, nanomaterials are being incorporated into chemical
sensors to elevate their sensitivity, improve their selectivity,
and lower their detection limits. For example, nanomaterials
have been extensively used for constructing electrochemical
sensors for detecting pesticides,**>> dyes,”®>” and biological
molecules®® as well as optical sensors to detect analytes, such as
glucose,* polyphenols,®® pesticides,®’ metal ions,®* crude oil,*
and microorganisms.®*%

Nanomaterials have been widely utilized in the fields of
biomedicine and bioengineering. For instance, they have been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic presentation of alginate entrapped PLGA nanoparticles and alginate-coated PLGA NPs along with their respective SEM images.>*

used in the field of the medical diagnosis of several diseases,
including tuberculosis.®® They were incorporated into electroche-
mical and optical sensors for elevated sensitivity and better
selectivity towards tuberculosis.®”®® Fig. 5 lists the nanomaterials
used in the optical detection of tuberculosis. In this review, a great
focus has been placed on nanomaterials, such as Au nanoparticles
(NPs), Ag NPs, cadmium telluride quantum dots (CdTe QDs), and
nickel oxide (NiO) NPs, that are particularly used for the optical
detection of tuberculosis. The sensing strategy is based on
attractive physical phenomena, such as SPR-, SERS, and fluores-
cence emission. Table 3 lists the nanomaterial-based optical
sensors used in the optical detection of tuberculosis.

3.1. Au NPs

Au NPs, which normally possess distinctive optical properties,
are incorporated into optical sensors.®””° Au NP-based optical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Nanomaterial-based optical sensors for tuberculosis diagnosis

Type of Detection
Nanomaterial optical sensor Mechanism limit Ref.
AuNPs SPR Biosensing (antigen) ND 73
Au layer SPR ND ND 74
Ag NPs SERS ND ND 79

SERS ND ND 80
Ag NPs/BaTiO; SPR ND ND 81
CdTe QDs Fluorescence Biosensing 35 pM 86

Fluorescence Biosensing 0.3 agmL™" 85
NiO NPs SPR Biosensing (antibody) 0.1 ng mL ™" 88

SERS: surface-enhanced Raman spectroscopy, SPR: surface plasmon
resonance, QDs: quantum dots, and ND: not defined.

sensors have been used for targeting many biological molecules®®”*

and water pollutants.”” These can also be used for the diagnosis of
tuberculosis. Recently, Au NPs, which were conjugated with
goat anti-rabbit IgG H&L secondary antibody for improving the
detection signal, have been incorporated into optical biosen-
sors for detecting tuberculosis antigens. Additionally, mycolic
acid was adsorbed onto the surface of the sensor to capture the
tuberculosis antibodies. In the presence of anti-mycobacterium
tuberculosis antibodies, the refractive index change resulted
in reduced transmitted intensity, making the SPR platform
appropriate for the diagnosis of tuberculosis.”® Additionally,
an SPR-based nano sensor has been developed for detecting
tuberculosis using an Au layer of 50 nm thickness as a plas-
monic substance. MoS, was adsorbed on the Au layer to
strengthen the coupling between the core mode and the surface
plasmon polariton mode of the fiber, while MXene was used as
a biorecognition element.”*

3.2. Ag NPs

Ag NPs are being employed in various environmental and
medical applications.”>’® For example, they were used for
electrochemical and optical detection of numerous analytes.””
Their ability to detect target analytes is attributed to their
significant optical features.”® Previously, Ag NP-based optical
sensors were examined as effective tools for detecting tuberculo-
sis. For example, the SERS sensor was constructed based on Ag NP
interactions with Mycobacterium tuberculosis cells. The sensor
depended on using bacterial cells as templates for the synthesis
of Ag NPs. The electrostatic interactions between Ag' ions and the
bacterial cells lead to strong and reproducible SERS spectra.”®
Additionally, an Ag NP-based SERS sensor was used to identify
tuberculosis. Ag NPs are capable of differentiating between bac-
teria, such as tuberculosis and typhoid, which have similar
symptoms.®® However, an SPR sensor, which is based on an Ag
layer of 65 nm, a barium titanate (BaTiOj3) layer of 9 nm, and two
graphene layers, is also applied for detecting tuberculosis. Increas-
ing the thickness of the Ag layer improved the transfer of incident
light energy to the surface plasmon, leading to efficient excitation
of the surface plasmon.®'

3.3. CdTe QDs

CdTe QDs are utilized in various applications, including
catalysis,®” solar cells,*® and sensors.**** Recently, they have
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been proven to be effective materials in optical biosensors for
detecting tuberculosis.®*®*® QDs, which have brilliant luminous
properties, were utilized for labelling single-stranded DNA
(ssDNA), which is complementary to the IS6110 gene fragment
of M. tuberculosis. The QD-DNA acts as a fluorescence donor,
while Cu-TCPP, a two-dimensional metal organic framework,
acts as an acceptor. In the absence of the tuberculosis gene, the
fluorescence of QDs-DNA was quenched because of the affinity
of Cu-TCPP towards ssDNA, while in the presence of the target
gene, DNA hybridization occurred, and the fluorescence was
maintained in a target-concentration-dependent manner.®®
However, CdTe QDs are used as aptameric sensors for detecting
Interferon-y, which is essential in the diagnosis of tuberculosis.
The sensing strategy is based on the fluorescence properties
of QDs.?’

3.4. NiO NPs

NiO NPs are gaining great attention in different research fields
owing to their distinctive desirable features and properties.®”
Previously, an SPR immunosensor based on NiO NPs was
applied for the detection of tuberculosis. The sensing process
depended on the amplification power of the NPs.%

4. Drug delivery for rapid diagnosis

Even with superior technological advancements in novel diag-
nostic techniques and the discovery of several antibiotics, TB
remains a critical challenge that could produce threats to
human health. The early diagnosis problem is worsened due
to the non-rapid prognosis that is maintained until present in
clinics, in addition to the unavailability of new antibiotics for
decades. The ever increasing incidences displayed inefficient
and rapid diagnostic procedures along with a lack of satisfac-
tory treatments.*® There is an unmet demand for designing new
diagnostic and treatment approaches to overcome TB-related
hazards, also to obtain a smooth treatment and to prevent TB
as well. Ideally, novel methods should be developed to develop
sensitive, cost-effective, rapid diagnosis, treatment, and pre-
vention. Currently, clinicians can diagnose TB in various ways,
including sputum smear microscopy, immunological methods,
rapid molecular tests, culture-based techniques, the use of
chest X-rays, CT scans, polymerase chain reaction (PCR), and
real-time PCR, as presented in Fig. 6. Even though these
methods are versatile approaches designed and developed by
researchers for a rapid and accurate diagnosis, there is a
need to design more rapid, highly sensitive, and cost-effective
TB tests.*®

Throughout this regard, NPs have shown significant results
in the rapid diagnosis and treatment of TB. Similarly, meso-
porous materials have gained interest in being applied as nano-
drug delivery systems owing to their unique surface features
and high biocompatibility.®® Their highly ordered networks and
porous surface structures make them an optimum choice for
nanomedicine applications. Several reports have recently inves-
tigated the efficacy of silica mesoporous nanocarriers against

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Traditional approaches and novel nanomaterials applied for TB diagnosis.

TB. For instance, mesoporous silica NPs containing gold
(MSNs@GNPs) were recently developed as novel nanocarriers
aiming for a rapid diagnosis. The in vitro studies of the
prepared material showed a superior effect against M. tubercu-
losis, particularly at a lower MIC. The fabricated composite
showed a dual effect for the rapid diagnosis and treatment of
TB, so it is highly recommended for use in clinical in vivo
studies.” A similar study has recently confirmed the high
tendency of silica mesoporous NPs towards high loading effi-
ciency to be one of the best options for drug loading resistance
purposes.

Ag NPs have proven to have great bactericidal activity.
Nevertheless, several obstacles have limited their potential wide
applications, particularly their relatively high toxicity, which
urges nanocarrier engineers to enable the safe delivery of silver-
based NPs to their targets in the cells. In this regard, meso-
porous silica NPs are potentially utilized as carriers of AgNPs
as antimycobacterial drugs against M. tuberculosis.”* Two syn-
thetic methods have been designed so far for the efficient
fabrication of a 2D hexagonal mesoporous silica nanosystem
and Ag-Si core-shell. AgBr NPs were incorporated into the
holistic silica network. In contrast, the mesoporous silica was
surrounded by metallic AgNPs as the inside core in a radial
mesoporous rearrangement, as shown in the TEM images
(Fig. 7). Both fabricated nanosystems exhibited antimycobac-
terial capacities in the in vitro study, induced by damaging the
cell envelope, being lower than the MIC for the nanosystem
including AgBr.”*

Moreover, a more critical in vivo study was conducted by
successfully loading the antimicrobial peptide NZX into silica

© 2024 The Author(s). Published by the Royal Society of Chemistry

mesoporous particles as an efficient carrier. The results
revealed an elevated inhibition of the intracellular mycobac-
teria in primary macrophages and maintained the ability to
destroy M. tuberculosis in vivo in a murine model.* In this
context, NZX was previously introduced as a novel antimyco-
bacterial agent, which induced promising efficacy in killing
clinical and multi-drug resistant strains of M. tuberculosis at
various ranges of therapeutic concentrations.’” This peptide
verified a substantial reduction in the bacterial load of infected
mice lungs after five days when compared to Isoniazid and
Rifampicin, which needed substantial durations of treatments
(i.e., six months to two years along with a multi-drug resis-
tance). The reported data analysis confirmed the excellent
efficiency potential of the applied mesoporous silica that
upgraded NZX intracellular delivery and mycobacteria
inhibition.*®* To the best of our knowledge, this study is the
only one that has investigated the actual performance of
nanocarriers under in vivo trials specifically. Most of the
reported studies revealed the significant and efficient role of
silica-based materials in the drug delivery of anti-TB drugs.
However, other researchers have eagerly tried to determine
additional ingredients to be applied as effective nanocarriers.
For example, a polyethylene glycol and chitosan mixture were
designed to encapsulate rifampicin using an ionic gelation
technique as a drug delivery model. The features and surfaces
of the produced NPs were changed via strong bindings between
the chitosan and polyethylene glycol, in which the particle size
was actually increased; and consequently, drug encapsulation
was also enhanced.”® This interaction also prolonged the
capsulated rifampicin retention duration when compared to

Mater. Adv., 2024, 5,1772-1782 | 1779
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the non-coated drug. The results also discussed in vitro drug
release, which depended on the initial drug concentrations.”
Biodegradable polymers are appreciated candidates and
manipulated to be used as drug delivery nano carriers for
sustainable drug release. A novel amphiphilic chitosan-
grafted-(cetyl alcohol-maleic anhydride-pyrazinamide)
fabricated to entrap Ag NPs and rifampicin via dialysis.’* The
developed nanosystem promoted the encapsulation effectiveness
of the low-soluble drug (rifampicin with AgNPs) by increasing
the hydrophobicity of the inner core of the prepared micelle.
The in vitro cell viability, cell apoptosis and cellular uptake
examination displayed that a multi-drug delivery system
improved the biocompatibility and increased the cytotoxicity
on the cells.”® Finally, all the discussed reports so far have
proven the remarkable impact of nanomaterials as a promising
system for the safe drug delivery of anti-TB agents.

was

5. Limitations and future perspectives

Several scientific reports and research works have stressed the
ubiquitous green fabrication techniques of diverse nanomaterials
from plants; however, manipulation of biowastes incorporated in
synthesizing nanomaterials as anti-TB drugs is yet to be elabo-
rately studied/reported. Biowaste recycling could open up a new

1780 | Mater. Adv, 2024, 5,1772-1782

era of research for innovative new drugs for the rapid diagnosis
and treatment of TB through eco-friendly and cost-effective
techniques. Accordingly, there is an urgent call for the best use
of this neglected source in extensive attempts to convert waste
materials into highly useful compounds. To the best of our
knowledge, most of the applied nanomaterials have been verified
for in vitro studies and are limited to lab work only, while
investigations of in vivo clinical trials have yet to be applied
thoroughly. Consequently, further in vivo studies are needed
and are highly recommended. In addition, the actual action
mechanism of the prepared NPs against M. tuberculosis is unclear.
Moreover, optical nanosensors, which were investigated for tuber-
culosis detection, should be further developed and constructed on
a large scale to be integrated into commercial devices.

6. Conclusion

The current review shed light on the novel nanomaterials
required for a rapid and clear diagnosis of the widespread
tuberculosis disease. In addition, nanomaterial-based optical
sensors could be used as an effective strategy in detection
procedures based on SPR, SERS, and fluorescence emission
phenomena. Some nanomaterials (e.g. Au NPs, Ag NPs, NiO
NPs, and CdTe QDs) were reported as efficient optical probes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for constructing successful sensors to be applied in tuberculo-
sis diagnosis. Limitations and future perspectives were also
compiled and discussed in the current review paper.
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