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Tuberculosis (TB) remains a global health challenge requiring rapid and reliable diagnostic tools. Here, azide-
functionalized magnetic nanoparticles (MNPs-Ns) were synthesized, characterized, and applied for one-tube
detection of Mycobacterium tuberculosis (Mtb) in sputum. Structural analyses including Fourier-transform
infrared (FT-IR), transmission electron microscopy (TEM), scanning electron microscopy (SEM), dynamic light
scattering (DLS), and vibrating sample magnetometry (VSM) confirmed successful functionalization, uniform
morphology, and preserved superparamagnetism. MNPs-Ns were integrated into modified Ehrlich-Ziehl-Neelsen
(MNPs-Ns-assisted EZN staining) and auramine-rhodamine (MNPs-Ns-assisted AR staining) staining protocols to
enhance bacterial capture and visualization without decontamination or centrifugation. Control experiments
using non-functionalized magnetic nanoparticles showed no bacterial co-localization, supporting the specificity
of the azide-mediated interaction. The entire process was completed within one hour, offering a rapid alternative
to conventional culture requiring > 41 days. Using Mycobacterial Growth Indicator Tube (MGIT) culture as the
reference, MNPs-Ns-assisted AR staining achieved 99 % sensitivity and 97 % specificity, outperforming MNPs-Na-
assisted EZN staining (95 % and 96 %, respectively). Diagnostic indices, including Youden index (0.96) and F1-
score (0.98), demonstrated excellent agreement with culture results. These findings establish MNPs-Ns as a fast,
efficient, and cost-effective tool for Mtb diagnosis. The single-tube workflow minimizes contamination risk and
simplifies laboratory handling, supporting potential application in resource-limited settings. Further optimiza-
tion and large-scale clinical validation are still warranted.

1. Introduction

amplification tests (NAATs), have notable limitations in sensitivity,
specificity, and accessibility [3,4]. Smear microscopy, though widely

Tuberculosis (TB), caused by Mtb, remains a major global health
concern, leading to significant morbidity and mortality, particularly in
resource-limited settings [1]. Despite extensive efforts to control TB, the
disease continues to pose a public health challenge, further exacerbated
by the rise of drug-resistant strains [2]. Early and accurate diagnosis is
critical for effective TB management; however, conventional diagnostic
methods, including smear microscopy, culture, and nucleic acid

used, suffers from low sensitivity, while culture-based methods,
considered the gold standard, require prolonged incubation times,
delaying timely treatment [5]. Although NAATs, such as GeneXpert
Mtb/RIF, have improved diagnostic accuracy, their high cost and de-
pendency on specialized equipment limit their use in low-resource set-
tings [6,7]. These constraints highlight the need for alternative
diagnostic strategies that are both rapid and reliable.
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One of the distinguishing features of Mtb is its unique cell wall
composition, which differs from that of both Gram-positive and Gram-
negative bacteria. The cell wall is rich in complex lipophilic glyco-
lipids, including trehalose dimycolate (TDM) (also known as cord fac-
tor), trehalose monomycolate (TMM), and mycolic acids, which
contribute to bacterial virulence and serve as specific biomarkers for TB
detection [8-10]. Given their specificity to Mtb, targeting these cell wall
components offers a promising approach for selective TB diagnosis [11].

Nanotechnology-based diagnostic approaches have emerged as
powerful tools for enhancing sensitivity and specificity while reducing
detection time [12,13]. Among these, magnetic nanoparticles (MNPs)
have gained considerable attention due to their biocompatibility, ease of
functionalization, and rapid magnetic separation capabilities [14].
Functionalized MNPs enable selective bacterial isolation from clinical
samples, improving detection efficiency compared to conventional
methods [15,16]. Specifically, surface-modified MNPs with functional
chemical groups can selectively interact with bacterial components,
providing a targeted and effective TB detection strategy [17].

In this study, we developed MNPs-N: designed to selectively bind
Mtb. The azide (-N3) functional group exhibits high nucleophilic reac-
tivity, enabling strong interactions with mycobacterial cell wall com-
ponents, particularly trehalose-containing glycolipids [18]. Previous
studies have demonstrated that azide-modified trehalose analogs can be
metabolically incorporated into the Mtb cell wall, further supporting the
specificity of azide-functionalized systems for TB detection [19]. Addi-
tionally, azide groups have been widely utilized in bioorthogonal Click
chemistry, facilitating covalent conjugation with alkyne-functionalized
biomolecules for enhanced detection sensitivity [20,21].

By leveraging the unique properties of MNPs-Ns, we established a
rapid, single-tube TB detection method that eliminates the need for
conventional decontamination steps, significantly reducing diagnostic
time while improving specificity and sensitivity. This study investigates
the synthesis, characterization, and application of MNPs-Ns for the se-
lective capture of Mtb from sputum samples, providing a promising
alternative to conventional TB diagnostic techniques [22-24].

2. Materials and method
2.1. Chemicals and materials

For tuberculosis diagnostic procedures, the TDC kit for decontami-
nation and homogenization, Ehrlich-Ziehl-Neelsen (EZN) carbol fuchsin,
Auramine-Rhodamine (AR) fluorochrome stain, methylene blue, and
potassium permanganate were procured from RTA Laboratories Ltd.
(Tiirkiye) and utilized in standard staining methods. The Mycobacterial
Growth Indicator Tube (MGIT) system, including MGIT culture tubes,
the Mycobacterium tuberculosis complex (MTBC) immunochromato-
graphic cassette test, and the BACTEC MGIT 960 instrumentation, was
supplied by BD Biosciences (USA).

Neodymium magnets (N52 grade) used for the selective isolation of
MNPs-Ns-labeled bacteria were purchased from K&J Magnetics (USA).
All aqueous solutions were prepared using ultrapure water (18.2
MQecm) obtained from a Milli-Q water purification system (Merck
Millipore, Germany). All chemicals and consumables were handled in
accordance with standard laboratory safety procedures.

2.2. Synthesis and characterization of azide-modified magnetic
nanoparticles (MNPs-N3)

The synthesis of MNPs-Ns was performed according to the method
described in Tural et al. [25]. The synthesis mechanism of MNPs-Na is
illustrated in Figure S1 (Supporting Information). The synthesized
MNPs-Nz nanoparticles were characterized using multiple analytical
techniques to determine their structural, morphological, elemental, and
surface properties. Morphology and surface structure were analyzed
using scanning electron microscopy (SEM) with a QUANTA 400 F
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instrument, providing high-resolution imaging of the nanoparticles'
external form and agglomeration behavior. Particle size and
morphology were further examined using transmission electron micro-
scopy (TEM) with a JEOL 2100F microscope, allowing
high-magnification imaging to assess the nanoparticle core structure and
aggregation state. The particle size distribution was measured using
dynamic light scattering (DLS) with a Zetasizer Ultra Red Label instru-
ment (Malvern Instruments Ltd, UK), which provided insights into size
variation within nanoparticle agglomerates. Additionally, zeta potential
measurements were performed using a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd, UK) at 25°C, determining the surface charge
and stability of MNPs-Ns in suspension. To identify functional groups
present on the nanoparticle surface, Fourier transform infrared spec-
troscopy (FT-IR) analysis was conducted using a Perkin Elmer Mattson
1000 instrument equipped with an ATR (Attenuated Total Reflectance)
accessory. The ATR-FT-IR spectra, recorded in the range of
4000-400 cm™ , confirmed the successful functionalization of MNPs-Ns
by detecting characteristic absorption bands corresponding to azide
groups and other surface modifications. These characterization tech-
niques collectively validated the structural and functional properties of
MNPs-Ns for their application in tuberculosis detection.

2.3. Stability assessment of MNPs-Ns

The stability of MNPs-Ns was evaluated under refrigerated storage
conditions (4 °C) for up to two weeks. After synthesis, the nanoparticles
were thoroughly washed with deionized water to remove unreacted
precursors and by-products. The washed samples were subsequently
freeze-dried (FreeZone 2.5 L, Labconco, USA) to obtain dry powders for
FT-IR and VSM analyses. Prior to storage, the dried samples were
transferred into light-proof glass containers, purged with high-purity
nitrogen gas to create an inert atmosphere, and hermetically sealed.
The sealed containers were then stored at 4 °C until further use.

For DLS analysis, freshly washed (wet) MNPs-Ns suspensions were
used. Following the washing step, the samples were similarly purged
with nitrogen gas, sealed in light-protected tubes, and stored at 4 °C to
prevent oxidation or photochemical degradation. All measurements
were performed using samples withdrawn directly from the refrigerated
stock without additional purification steps.

2.4. Sample collection and processing

Sputum samples were collected from patients with suspected TB at
the Dicle University Faculty of Medicine, Department of Medical
Microbiology, Mycobacteriology Laboratory. A total of 565 sputum
samples were included in the study. Ethical approval was obtained, and
all patients provided informed consent prior to sample collection.
Samples were collected in sterile, leak-proof polypropylene containers
and stored at 2-8 °C until analysis.

To ensure a uniform processing workflow for the comparative eval-
uation of all diagnostic methods, sputum samples were decontaminated,
homogenized, and concentrated using the TDC kit (RTA Laboratories
Ltd., Tiirkiye). The procedure involved adding an equal volume of 4 %
sodium hydroxide (NaOH), followed by N-acetyl-L-cysteine (NALC)
treatment for 15 min. The pH was then neutralized using phosphate
buffer, and mycobacteria were concentrated via centrifugation. The
resulting pellet was used for conventional staining and MGIT culture.

Although the MNPs-Ns method does not inherently require decon-
tamination, TDC processing was applied to all samples in this study to
maintain methodological consistency across all diagnostic techniques
and allow direct performance comparison.

2.5. Tuberculosis diagnostic methods

Sputum samples were analyzed using conventional and MNPs-Ns-
modified staining techniques. EZN staining was performed using
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standard procedures, including heat fixation, carbol fuchsin staining,
acid-alcohol decolorization, and counterstaining with methylene blue.
Auramine-Rhodamine fluorescent staining was performed using AR
fluorochrome staining, acid-alcohol decolorization, and counterstaining
with potassium permanganate. MNPs-Ns-based staining techniques
(MNPs-Ns-assisted EZN staining and MNPs-Ns-assisted AR staining)
involved selective isolation of Mtb using neodymium magnets, removal
of the supernatant, and direct staining of the isolated pellet.

2.6. Culture-based methods

MGIT (Mycobacterial Growth Indicator Tube) culture was conducted
by inoculating processed samples into MGIT tubes and incubating them
in the BACTEC MGIT 960 system for up to 45 days. Positive cultures
were confirmed using EZN staining and immunochromatographic assays
(Mtb identification strip test).

2.7. Application of MNPs-Ns for TB detection

MNPs-Ns (10 mg) was added to 0.5 mL of processed sputum samples
in a single tube, followed by gentle mixing and incubation for 10 min to
allow interaction with Mtb. After incubation, neodymium magnets were
used to isolate MNPs-Ns-Mtb aggregates. The supernatant was dis-
carded, and the pellet remained in the same tube for subsequent staining
procedures.

To evaluate the specificity of azide-mediated bacterial capture, un-
modified FesO4 nanoparticles (lacking azide groups) were included as a
negative control. The FesO. nanoparticles were subjected to the same
workflow as MNPs-Ns, including incubation with processed sputum
samples, magnetic separation, and subsequent EZN or AR staining. No
additional protocol modifications were applied for the negative control.

For MNPs-Ns-assisted EZN staining, carbol fuchsin was directly
added to the pellet inside the tube and heated for 4-5 min. The pellet
was then washed, and decolorization was performed by adding 3 % acid-
alcohol for 30 s. The supernatant was removed using a pipette, and no
further counterstaining with methylene blue was applied, differing from
the conventional EZN technique. After completing the staining process,
0.5 pL of the stained sample was transferred onto a slide, air-dried, and
examined under a light microscope at 100x magnification using im-
mersion oil, covering approximately 300 fields.

For MNPs-Ns-assisted AR staining, the same procedural steps were
followed, except no heating was applied during the staining process.
Unlike the conventional method, the MNPs-Ns-based approach did not
require an initial decontamination step before staining.

2.8. Statistical analysis

The diagnostic performance of MNPs-Ns-based TB detection methods
was evaluated using sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and overall accuracy. McNe-
mar’s test, Cohen’s kappa, Youden index, and Fl-score were used to
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assess agreement with the MGIT gold standard and other diagnostic
techniques (Table 2). Likelihood ratios (LR+ and LR—), diagnostic odds
ratio (DOR), Matthews correlation coefficient (MCC), and balanced ac-
curacy were determined for further evaluation (Table 3, Table 4). Net
reclassification improvement (NRI) and decision curve analysis (DCA)
were performed to assess the clinical utility of MNPs-Ns-based methods.
The overall workflow of the single-tube MNPs-Ns tuberculosis detection
process is illustrated in Fig. 1A. The staining-based microscopic confir-
mation of selective Mtb capture obtained after magnetic isolation is
presented in Fig. 1B. Statistical significance was set at p < 0.05, and
analyses were conducted using SPSS software (version 23, IBM Corp.,
USA) and GraphPad Prism (version 10, GraphPad Software, USA).

3. Results
3.1. Characterization of MNPs-Ns

The morphological properties of MNPs-Ns were characterized by
transmission and scanning electron microscopy. TEM images (Fig. 2A)
revealed uniformly distributed, spherical nanoparticles with diameters
ranging from 5 to 10 nm. SEM micrographs (Fig. 2B) demonstrated
moderate aggregation attributed to magnetic dipole-dipole interactions,
consistent with the superparamagnetic behavior of the particles. These
results confirm the successful synthesis and structural uniformity of
MNPs-Ns [26]. Additional physicochemical characterization data pro-
vided in the Supplementary Materials (Fig. S2-S3) further validate the
successful azide functionalization of the magnetic nanoparticles and
confirm that the resulting MNPs-Ns possess the structural and physico-
chemical properties required for the subsequent biological capture
experiments.

3.2. Stability and physicochemical evaluation

The structural and physicochemical stability of azide-functionalized
magnetic nanoparticles (MNPs-Ns) was investigated by FT-IR, DLS, and
VSM (Fig. 3 (A, B, C)) analyses immediately after synthesis and
following two weeks of refrigerated storage (4 °C).

Table 2
Statistical comparison of MNPs-Nz methods and other diagnostic techniques.
Method McNemar Test Cohen’s Youden F1-
Comparison (p-value) Kappa Index Score
MGIT vs. MNPs-Ns 0.0 0.91 1.0 0.96
(EZN)
MGIT vs. MNPs-Ns 0.25 0.96 1.0 0.98
(AR)
EZN Staining vs. 0.0 0.3 0.25 0.51
MNPs-Ns (EZN)
AR Staining vs. 0.0 0.65 0.64 0.81

MNPs-Ns (AR)

Table 1
Diagnostic performance of different mtb detection methods compared to the MGIT gold standard.
Test True True False False Sensitivity ~ Specificity  Positive Predictive Negative Predictive Accuracy
Method Positive (TP)  Negative Positive (FP)  Negative (FN) Value (PPV) Value (NPV)
(TN)
MGIT 315 250 0 0 1 1 1 1
Mtb ICA 289 225 25 26 0.92 0.90 0.920 0.90 0.91
EZN 99 233 17 216 0.31 0.93 0.85 0.52 0.59
Staining
MNPs-N3 299 241 9 16 0.95 0.96 0.97 0.94 0.96
(EZN)
AR 214 239 11 101 0.68 0.96 0.95 0.70 0.80
Staining
MNPs-N3 312 243 7 3 0.99 0.97 0.98 0.99 0.98
(AR)
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Table 3
Advanced statistical evaluation of MNPs-N3s methods for Mtb diagnosis.
Method Comparison LR+ LR- DOR NRI Net Benefit
(DCA)
MGIT vs. MNPs-Ns 26.37 0.05 500.41 -0.09 0.91
(EZN)
MGIT vs. MNPs-Ns (AR) 35.37 0.01 3610.29 -0.04 0.96
EZN vs. MNPs-Ns (EZN) 26.37 0.05 500.41 0.67 0.91
AR Staining vs. MNPs- 35.37 0.01 3610.29 0.33 0.96

Ns (AR)

FT-IR spectra (Fig. 3A) revealed the characteristic Fe-O stretching
vibration of the magnetite core at 542 cm™, Si-O-Si asymmetric
stretching bands at 798 and 1071 cm™ corresponding to the silica shell,
and a distinct azide (-Ns) stretching band at 2101 cm™, confirming
successful surface modification. The positions and intensities of these
peaks remained unchanged after two weeks of storage, indicating
excellent chemical stability and preservation of surface functional
groups [27-29].

Dynamic light scattering (DLS) analysis (Fig. 3B) demonstrated a
narrow particle size distribution, with an average hydrodynamic
diameter of approximately 500 nm immediately after synthesis and less
than 5 % variation following two weeks of storage. The zeta potential
remained around —32 mV, suggesting stable electrostatic repulsion and
minimal aggregation over time [28].

Vibrating sample magnetometry (VSM) analysis (Fig. 3C) confirmed
that the nanoparticles retained their superparamagnetic behavior,
exhibiting no coercivity or remanence. The saturation magnetization
(Ms) slightly decreased from 38.3 emu/g (freshly prepared) to
37.1 emu/g after storage, which can be attributed to minor surface
reorientation of the silica and azide layers. This marginal change does
not affect the magnetic responsiveness required for efficient magnetic
separation [26].

Collectively, these results demonstrate that MNPs-Ns nanoparticles
maintain their structural, colloidal, and magnetic integrity for at least
two weeks under standard refrigerated conditions. The preservation of
azide functional groups and stable physicochemical behavior support
their reproducibility and practical suitability for diagnostic applications.

Importantly, the long-term stability of the azide surface functionality
ensures that the nanoparticles retain their ability to interact with Mtb
cell-wall glycolipids, a key requirement for consistent bacterial capture.
The minimal variation in particle size and surface charge further sup-
ports reliable performance across different batches and storage periods,
strengthening the translational potential of MNPs-Ns for routine TB
diagnostics.

3.3. Microscopic evaluation of MNPs-Ns interactions with sputum

Fig. 4A presents the EZN-stained microscopic images of MNPs-Na,
comparing their behavior without sputum interaction and after inter-
action with sputum. In the absence of biological material, MNPs-Ns
formed dense aggregates with a relatively uniform distribution, and no
acid-fast structures were visible, indicating that the nanoparticles alone
do not exhibit staining features typical of Mtb. In contrast, when MNPs-
Ns was applied to sputum samples before EZN staining, acid-fast bacilli
stained in characteristic reddish-pink were clearly observed within the
nanoparticle clusters. This co-localization demonstrates that MNPs-Ns

Table 4
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effectively interacts with Mtb in sputum, enabling selective bacterial
isolation and enhanced microscopic visualization.

Similarly, Fig. 4B shows AR-stained microscopic images of MNPs-Na.
Without sputum interaction, MNPs Ns aggregates appeared as non-
specific dense clusters that lacked any fluorescent structures. Howev-
er, when incubated with sputum prior to AR staining, bright yellow
green fluorescent bacilli, which are characteristic of Mtb under fluo-
rescence microscopy, became clearly distinguishable within the MNPs
Ns aggregates. This finding confirms that MNPs Ns promotes selective
bacterial retention and enhances fluorescence based visualization
efficiency.

Importantly, Fig. 4C shows the corresponding microscopic image
obtained using non-functionalized FesOs nanoparticles under identical
staining conditions. In this negative control, no co-localization with
acid-fast bacilli was observed in either EZN or AR staining. The absence
of bacterial binding by FesOa alone confirms that the selective interac-
tion observed in Fig. 4A-B is attributable to the azide functional groups
on MNPs-Ns rather than nonspecific magnetic aggregation. Additional
microscopic images supporting these observations, including cord for-
mation and fluorescence-based validation of the MNPs-N3-Mtb complex,
are provided in Supplementary Fig. S4.

3.4. Diagnostic performance comparison

A total of 565 sputum samples were analyzed using conventional and
MNPs-Ns-based TB diagnostic techniques. The performance of each
method was evaluated in terms of sensitivity, specificity, positive pre-
dictive value (PPV), negative predictive value (NPV), and overall diag-
nostic accuracy (Table 1, Fig. 1).

Among the conventional methods, EZN staining showed a sensitivity
of 31 % and specificity of 93 %, which is consistent with previous re-
ports indicating a wide sensitivity range (3.3-70 %) [30]. AR fluores-
cence staining provided a higher sensitivity of 68 %, with a specificity of
96 % [31]. The statistical evaluation of these methods is presented in
Fig. 5A, which illustrates their diagnostic performance in terms of the
Youden index.

Molecular and culture-based diagnostic techniques demonstrated
improved performance. The MGIT culture method, used as the gold
standard, identified TB-positive cases with 100 % sensitivity and spec-
ificity but required a minimum of 41 days for final results [32]. The Mtb
Immunochromatographic assay (ICA) test, an immunochromatographic
assay, exhibited a sensitivity of 92 % and specificity of 90 % [33].

In contrast, MNPs-Ns-based diagnostic methods significantly
improved both sensitivity and specificity. The MNPs-Ns-assisted EZN
staining method demonstrated a sensitivity of 95 % and specificity of
96 %, while MNPs-Ns (AR) achieved a sensitivity of 99 % and specificity
of 97 % (Table 1). The ROC curve analysis (Fig. 5B) illustrates that the
MNPs-Ns-based methods showed diagnostic performance comparable to
molecular methods, with high area under the curve (AUC) values. The
Youden index values presented in Table 2 further emphasize the supe-
rior discriminatory power of MNPs-Nz compared to conventional stain-
ing techniques.

Unlike conventional staining techniques, the MNPs-Ns-based
approach allowed selective bacterial isolation within a single tube,
eliminating the need for decontamination steps such as NaOH/NALC
treatment [34]. The direct bacterial capture by MNPs-Ns significantly
reduced sample loss and improved detection efficiency. Furthermore,

Statistical evaluation of Mtb diagnostic performance: MCC, FDR, and likelihood Ratios.

Method Comparison MCC Balanced Accuracy  Prevalence  Disease Detection Rate  FDR LR+ CI (Lower, Upper)  LR- CI (Lower, Upper)
MGIT vs. MNPs-N3 (EZN) 0.91 0.96 0.56 0.95 0.03 25.74 27.01 25.70 27.05
MGIT vs. MNPs-N3 (AR) 096  0.98 0.56 0.99 0.02  34.64 36.13 34.99 35.76
EZN Staining vs. MNPs-N3 (EZN) 091  0.96 0.56 0.95 0.03  25.7427.01 25.70 27.05
AR Staining vs. MNPs-N3 (AR) 09.6 0.98 0.56 0.99 0.02  34.6436.13 34.99 35.76
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AR staining
(no heating)

AR-stained MNPs-N;-Mtb

!

Microscopic image of
AR-stained MNPs-N 3-Mtb

Fig. 1. One-tube azide-functionalized magnetic nanoparticle (MNPs-Ns) workflow and staining-based confirmation of selective Mtb capture. (A) Schematic overview
of the single-tube MNPs-Ns workflow, illustrating the addition of azide-functionalized magnetic nanoparticles to sputum, incubation, magnetic isolation of MNPs-Na-
Mtb complexes, and retention of the pellet within the same tube. (B) Direct EZN or AR staining of the isolated pellet inside the tube, enabling co-localized visu-

alization of acid-fast bacilli and confirming the selective binding capability of the MNPs-Ns platform.
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———300 nm

Fig. 2. TEM (A) and SEM (B) images of azide-functionalized magnetic nanoparticles (MNPs-N3).
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Fig. 3. Stability assessment of azide-functionalized magnetic nanoparticles (MNPs-Ns) by FTIR, DLS, and VSM analyses. (A) FTIR spectra of MNPs-Ns recorded on
Day 0, Day 5, Day 10, and Day 15 during storage at 4 °C. The preserved azide stretching band at approximately 2100 cm™ and the absence of significant spectral
shifts indicate stable surface functionalization and negligible structural degradation over the 15-day period. (B) Dynamic light scattering (DLS) size distribution
profiles of MNPs—N: measured over the same storage period, showing minimal variation in hydrodynamic diameter and confirming colloidal stability. (C) Vibrating
sample magnetometry (VSM) curves of MNPs-Ns recorded from Day 0 to Day 15, demonstrating preserved superparamagnetic behavior and only minor changes in
magnetic saturation, indicating stable magnetic properties throughout storage.

Fig. 4. Microscopic evaluation of MNPs-Na-Mtb complexes under EZN and AR staining. (A) EZN-stained MNPs-Ns-Mtb complex showing acid-fast bacilli (highlighted
by a circle) bound to nanoparticle aggregates. (B) Fluorescence image of AR-stained MNPs-Ns-Mtb complex, demonstrating bright yellow-green fluorescence typical
of Mycobacterium tuberculosis. (C) Non-functionalized FesOs nanoparticles processed with EZN staining, showing absence of acid-fast bacilli (negative control).
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Fig. 5. Performance Analysis of TB Diagnostic Tests: (A) Youden Index and (B) 3D Diagnostic Performance Mapping.

conventional EZN staining required counterstaining with methylene
blue, while MNPs-Ns-assisted EZN staining did not, making the process
more streamlined and efficient. Similarly, MNPs-Nz-assisted AR fluo-
rescence staining eliminated the need for heating, further simplifying
the procedure. The diagnostic improvement provided byMNPs-Ns is
visually represented in the 3D Bubble Chart (Fig. 5B), demonstrating the
correlation between specificity, sensitivity, and diagnostic accuracy.

Together, these findings confirm that MNPs-Ns significantly en-
hances both analytical sensitivity and operational efficiency, addressing
several limitations of routine smear microscopy and offering a practical
alternative for high-burden, resource-limited settings.

3.5. Statistical validation and advanced analysis

Advanced statistical analyses further confirmed the high diagnostic
reliability of the MNPs-Ns approach. The diagnostic odds ratio (DOR) for
MNPs-Ns (AR) was 3610.29, indicating a significantly higher discrimi-
natory power compared to conventional staining methods (Table 3).
Additionally, the Matthews Correlation Coefficient (MCC) for MNPs-N3
(AR) was 0.96, reflecting strong agreement with the MGIT gold standard
(Table 4).

Furthermore, the positive likelihood ratio (LR+) for MNPs-Ns (AR)
was 35.37, while the negative likelihood ratio (LR-) was only 0.01,
highlighting the method’s ability to confidently predict both TB-positive
and TB-negative cases.

These findings are further illustrated in Fig. 5, where the ROC curves
and 3D bubble chart collectively demonstrate the superior balance of
sensitivity, specificity, and diagnostic accuracy achieved by the MNPs-
Ns platform.

Taken together, the statistical analyses reinforce that MNPs-Ns sub-
stantially outperforms conventional staining techniques and provides
diagnostic metrics that approach those of molecular assays, while
maintaining operational simplicity and rapid turnaround.

3.6. Mechanistic insights, literature context, and clinical implications

The selective capture of Mtb by MNPs-Ns can be explained by the
distinctive biochemical architecture of the mycobacterial cell envelope.
Mtb possesses a lipid-rich and highly hydrophobic outer layer domi-
nated by long-chain mycolic acids, trehalose-based glycolipids, and
complex polysaccharides that are absent in most other bacterial species
[31-34]. Among these, TDM and TMM function as major
virulence-associated glycolipids and contribute to the unique perme-
ability and immunomodulatory properties of the pathogen [35-40].
These biomolecular constituents form a structurally dense and chemi-
cally reactive interface, providing a favorable environment for physi-
cochemical interactions with surface-modified nanomaterials.

In this context, azide functionality plays a critical role in facilitating
bacterial capture. Previous studies have shown that azide groups can
associate with trehalose-mycolate structures and other glycolipid-rich
surfaces through non-covalent interactions and click-compatible affin-
ity processes [41]. This mechanistic framework is consistent with our
experimental findings: while azide-functionalized MNPs-Ns demon-
strated robust co-localization with acid-fast bacilli, unmodified FesOa
nanoparticles showed no detectable interaction, confirming the essential
role of azide surface chemistry in selective binding. These mechanistic
observations complement established diagnostic practices, including
MGIT-based culture systems for mycobacterial detection [42], and align
with the growing need for rapid, point-of-care TB diagnostic platforms
[43]. Collectively, these results support the mechanistic validity and
translational potential of the MNPs-Ns-based workflow as an alternative
rapid diagnostic approach.

4. Conclusion

In summary, this study presents a rapid, reliable, and cost-effective
diagnostic approach for tuberculosis using MNPs-Ns. The developed
one-tube method enables selective bacterial capture and microscopic
visualization within one hour, demonstrating superior diagnostic accu-
racy compared with conventional staining and culture techniques. The
integration of azide chemistry with magnetic separation provides a
practical, low-cost, and contamination-free workflow that is particularly
suitable for routine clinical microbiology laboratories.

However, this study has certain limitations. The interaction mecha-
nism between the azide groups and the Mtb cell-wall glycolipids was
inferred based on physicochemical characterization and literature evi-
dence but not yet validated at the molecular level. In the current revi-
sion, we addressed this limitation by introducing a negative control
group (non-functionalized FesO4), which demonstrated the absence of
bacterial co-localization. This newly added control supports the azide-
mediated interaction mechanism within a clinically relevant sputum
environment. Additionally, although 565 clinical sputum samples were
analyzed, further validation on a larger and more diverse population
would enhance clinical applicability. Future studies will also focus on
complementary biophysical or biochemical assays that are compatible
with complex clinical matrices to further support the mechanistic
interpretation.

Future work will focus on molecular confirmation of the interaction
mechanism and the integration of this platform with automated optical
readout systems for large scale screening. Overall, the proposed MNPs
Ns platform represents a promising advancement toward a rapid and
fully single tube tuberculosis diagnostic tool that can be adapted to low
resource settings.
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