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Fluorescent nanodiamonds (FNDs) are carbon nanoparticles containing a dense ensemble of nitrogen-
vacancy defects as color centers. These centers have exceptional photostability and unique quantum
properties, making them useful for ultrasensitive biosensing applications. This work employed FNDs
conjugated with antibodies as magneto-optical immunosensors for tuberculosis (TB) diagnostics using
competitive spin-enhanced lateral flow immunoassay (SELFIA). ESAT6 (6-kDa early secretory antigenic
target) of Mycobacterium tuberculosis is a clinical marker of TB. We evaluated the assay's performance
using the recombinant ESAT6 antigen and its antibodies noncovalently coated on FNDs. A detection
limit of ~0.02 ng mL™* was achieved with the lateral flow membrane strip pre-structured with a narrow
channel of 1 mm width. Adopting a cut-off value of 24.0 ng mm~* for 100-nm FNDs on the strips, the
method detected 49 out of 50 clinical samples with Mycobacterium tuberculosis complexes. In contrast,
none of the assays for 10 clinical samples with non-tuberculous mycobacteria (NTM) isolates exhibited
the presence of ESAT6. These results suggest that the SELFIA platform is applicable for TB detection and
can differentiate TB from NTM infections, which also affect the human respiratory system. The FND-
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Open Access Article. Published on 13 mart 2024. Downloaded on 9.6.2026. 12.47.31.

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

(cc)

rsc.li/materials-b

Introduction

The negatively charged nitrogen-vacancy (NV~) defect in dia-
mond has emerged as one of the most important quantum
systems in the solid state since its identification in the 1970s.
It was first applied to biology in 2005 by Yu et al. who produced
fluorescent nanodiamonds (FNDs) containing a dense ensem-
ble of NV~ centers by proton irradiation of synthetic type-Ib
diamond powders.> When exposed to green light, these parti-
cles emit bright far-red fluorescence (ca. 600-800 nm wave-
length). The fluorescence is exceptionally photostable (without
photobleaching and blinking), making FNDs well-suited as
biolabels for long-term imaging and tracking in cells and
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diseases, opening a new avenue for biomedical applications of carbon-based nanomaterials.

organisms.®> Another noticeable feature of the NV~ centers is
that their ground-state electron spins can be optically polar-
ized, generating “bright” and “dark” states.* This unique
magneto-optical property has allowed selective detection of
FNDs by applying a periodic, time-varying magnetic field to
induce spin state mixing and thus modulate their fluores-
cence intensities, followed by lock-in demodulation.” Similar
background-free detection is achievable by microwave modula-
tion of the spin resonances of the NV~ centers, which has
enabled ultrasensitive diagnosis of disease markers at the
subfemtomolar level, as demonstrated by Miller et al.®
Recently, by taking advantage of the unique properties of
this nanomaterial, we have developed FNDs as high-sensitivity
reporters for immunoassays and applied them for rapid anti-
gen testing of infectious diseases such as COVID-19.”® The
platform, called spin-enhanced lateral flow immunoassay
(SELFIA),>* selectively detected antibody-conjugated FNDs cap-
tured on nitrocellulose membranes. Compared with conven-
tional gold nanoparticle-based lateral flow immunoassays
(LFIAs) using naked-eye detection, the SELFIA platform is
100-fold more sensitive and provides more objective and quan-
titative findings. These advantages have permitted high-
sensitivity detection of all four serotypes of Dengue virus
nonstructural protein NS1 as well as the nucleocapsid and
spike proteins from the SARS-CoV-2 wild-type, Alpha, Delta,
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and Omicron variants.® This study demonstrates the first
application of FND immunosensors to clinical diagnostics of
diseases like tuberculosis (TB) using SELFIA.

TB is a highly contagious disease caused by Mycobacterium
tuberculosis (M. tuberculosis). While TB primarily affects the
lungs (pulmonary TB), it can also impact other body parts
(extrapulmonary TB) including the kidneys, bones, and brain.'>"*
TB spreads through airborne transmission when an infected
person coughs, sneezes or speaks. In 2021, approximately
10.6 million individuals developed TB, compared to 10.1 million
in 2020. The number of TB-related deaths in 2021 reached 1.6
million, whereas it was 1.5 million in 2020. The incidence rate of
TB increased by 3.6% from 2020 to 2021, marking a reversal from
the nearly 2% annual decrease observed over the past two
decades.'”'* TB is treatable with medication, but it is challenging
to manage, and the emergence of drug-resistant strains is a
growing concern. Although it was difficult to estimate the burden
of TB during the COVID-19 pandemic, the number of undiagnosed
and untreated cases increased, leading to a rise in community
transmission and TB-related deaths.'® Vaccines for TB are available;
however, effective public health measures like early diagnosis and
proper treatment are crucial in controlling the disease spread.

M. tuberculosis secretes ESAT6 (early secretory antigenic
target, 6 kDa) and CFP-10 (culture filtrate antigen, 10 kDa),"**°
two critical virulence factors that play vital roles in TB infection
and immunity. Both proteins (ESAT6 and CFP-10) are considered
ideal biomarkers, as their detection in clinical patient samples can
be used to determine if a patient has TB.'® Additionally, they are
not present in the Bacillus Calmette-Guérin (BCG) vaccine, which
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is widely used to prevent TB."” There are two kinds of tests to
detect TB infection: the TB skin test and TB blood tests.'® In the
tuberculin skin test, a small amount of purified proteins from
dead TB bacteria is first injected into the upper layer of the skin,
and measurements are later made for the size of the lump that
forms within 48-72 hours after the injection whereas for the blood
tests, ESAT6, CFP10, and other TB antigens are detected through
lymphocyte stimulation, and the levels of interferon-gamma (IFN-
v) released from the lymphocytes in patients’ blood are measured.
Although both tests are highly sensitive, they demand specialized
laboratory facilities and personnel with sufficient training. This
prevents their accessibility in resource-limited settings where TB is
common. Therefore, developing a rapid, cost-effective, and reliable
method for point-of-care diagnostics of TB remains a formidable
challenge. Quantitative LFIAs using FNDs as photostable reporters
offer a promising and effective solution.

The FNDs used in this work were ~100 nm in size and
contained ~ 10 ppm NV centers. We first demonstrated that the
fluorescence properties of FNDs are perfectly stable, unaffected
by the coating of antibodies on their surface. We next opti-
mized the immunosensor production, assay buffer conditions,
and incubation times and investigated the effect of membrane
configurations on the assays. Finally, a performance evaluation
of the SELFIA platform for TB diagnostics was conducted using
clinical samples. The clinical samples comprised 50 culture
supernatants with M. tuberculosis complexes (MTC) and 10 culture
supernatants with non-tuberculous mycobacteria (NTM)
isolates."®*° By utilizing the excellent photostability of the
FND reporters, we established a cut-off value of 24.0 ng mm "
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(a) and (b) Illustration of the detection of ESAT6 from M. tuberculosis in clinical samples by competitive SELFIA. The nitrocellulose membrane strip

is scanned through the laser beam with a diameter of ~0.6 mm using a motorized translation stage to obtain its fluorescence intensity line profile (Fig. S1,
ESIt). Background-free detection is achieved through magnetic modulation of the fluorescence signals. The black arrows indicate the direction of the
strip movement. The measured fluorescence intensity is expressed in terms of FND weight per unit area (ng mm™2). Abbreviations: Ab: antibody,
Ag: antigen, NC: nitrocellulose. The principle of this competitive assay is based on the competition of ESAT6 in the sample and ESAT6 on the strip for a
limited number of Ab binding sites on FNDs in the buffer.
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to categorize the result as “positive” or “negative” for TB screen-
ing or diagnostics using competitive SELFIA for the first time.
Fig. 1 illustrates the working principle of the assay, which is rapid,
simple, sensitive, specific, and quantitative. It adds a new dimen-
sion to the clinical detection of TB using carbon nanoparticles
(such as carbon nanotubes and graphene oxides) targeting differ-
ent immunogens.”>**

Results and discussion
FND immunosensors

Fig. 2a shows the size distribution of FNDs after surface
modifications by air oxidation and oxidizing acid washes.>*°
As is well documented in the literature,>*™>° these nanodia-
mond particles possess a high binding affinity for proteins due
to the abundance of various oxygen-containing groups on their
surface, including -COOH, —-COH, and -COO0C-,?° which can
interact noncovalently with the neutral, acidic, and basic moi-
eties of antibodies at the interface to form stable antibody-FND
complexes. In this study, three mouse monoclonal antibodies
(mAb32, mAb56, and mAb73) were coated separately onto FNDs
for testing. The goal was to find the antibodies with the highest
possible specificity for ESAT6 detection. This was achieved by
incubating FNDs with anti-ESAT6 at the weight ratio 5:1 for 20
min, then covering the uncoated sites with bovine serum
albumin (BSA) and washing them with phosphate-buffered
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saline (PBS). As shown in Fig. 2a, the average sizes of these
particles increased by approximately 20 nm after the antibody
conjugation, and their zeta potentials changed by approxi-
mately 15 mV, both suggesting successful antibody conjugation
on the FND surface. Fourier-transform infrared spectra of bare
FNDs and these antibody-conjugated FNDs supported the
suggestion (Fig. S2 of the ESIt).

A quantification for the number of antibodies attached to
the FND surface involved measuring the remaining antibodies
in the supernatant through ultraviolet absorbance at 280 nm,
assuming a molar extinction coefficient of 2.1 x 10° cm™* M ™"
for IgG antibodies.>”*® The results in Fig. 2b demonstrated the
efficient binding of all three antibodies (mAb32, mAb56, and
mADb73) to FNDs through noncovalent interactions. The anti-
body loadings were about 0.04-0.1 ng ng” ' FND or 300-700
molecules per FND, assuming a spherical shape for the nano-
particles. Fig. 2c compares the fluorescence spectra between
bare and antibody-conjugated FNDs suspended in distilled
deionized water at the same concentration (0.1 mg mL ).
Interestingly and importantly, no significant changes in the
fluorescence intensity of the particles before and after coating
with the three antibodies were found. This is because most
(~75%) of the fluorescent NV centers are deeply embedded in
the diamond matrix and are separated from the surface by
more than 5 nm. Therefore, the light-emitting properties of
FNDs are not really affected by environmental changes, such as
the changes in composition of the culture medium.
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Fig. 2

(a) Size distributions of FNDs before and after conjugation with antibodies (mAb32, mAb56, and mAb73) in distilled deionized water. The

measured mean hydrodynamic diameters (zeta potentials) are 94 (—42.4), 104 (—32.3), 112 (—27.8), 118 nm (—23.1 mV) for bare FND, mAb32-FND,
mMADb56-FND, and mAb73-FND, respectively. (b) Amounts of antibodies (mAb32, mAb56, and mAb73) attached to FNDs at saturation. (c) Comparison of
the fluorescence spectra of FNDs suspended in distilled deionized water before and after conjugation with mAb32, mAb56, and mAb73. The
concentration of the FND suspension used in both measurements was 0.1 mg mL™. (d) and (e) TEM images of immunogold-labeled mAb56-FNDs
(d) and BSA-FNDs (e). The dark gray column on the right in (e) is a wire of the copper grid. Scale bars: 50 nm.
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To further confirm the attachment of antibodies onto the
FND surface, we employed an immunogold staining technique
to directly visualize the events using goat anti-mouse IgG-10 nm
colloidal gold as the label. Using a transmission electron micro-
scope (TEM) operating at 25 kV, we unambiguously identified the
10 nm gold nanoparticles surrounding the mAb56-FND com-
plexes (Fig. 2d). In contrast, no significant colloidal gold attach-
ment was found for FNDs mixed with BSA without mAb56
(Fig. 2e). These results indicated that the antibodies could bind
spontaneously with surface-oxidized and carboxylated FNDs via
noncovalent interactions. Moreover, BSA is highly effective in
preventing undesired non-specific interactions from occurring.

Direct and competitive SELFIA

Following material characterization, we searched for the opti-
mal monoclonal antibodies against ESAT6 using direct SELFIA
(Fig. S3, ESI}), analogous to the direct enzyme-linked immu-
nosorbent assay (ELISA). The experimental setup is shown in
Fig. S1 (ESIT) and has been detailed in ref. 5. The assay was
performed by immobilizing an excess amount (0.75 pg) of
recombinant monomeric ESAT6 on the nitrocellulose membrane,
followed by adding a known amount of antibody-conjugated
FNDs to the strip without antigens. Fig. 3a illustrates three
representative fluorescence intensity line profiles of antibody-
conjugated FNDs captured by the immobilized ESAT6. The simi-
larity in profile implies that the affinity of these three antibodies
(mAb32, mAb56, and mAb73) for the antigen is comparable. Their
integrated fluorescence intensities increased as more antibody-
conjugated FNDs were added to the strips (Fig. 3b). Notably,
mAb56-FND exhibited the highest fluorescence intensity among
all conjugates tested, showing a linear response over a wide
concentration range of 0-10 pg mL ™" (Fig. 3c). We chose it as
the immunoreagent in subsequent experiments with competitive
SELFIA (Fig. 1).

The competitive SELFIA for ESAT6 involved incubating the
sample solution (50 uL) with mAb56-FNDs prior to adding the
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mixture to the test strip. For the ESAT6-negative samples, all
the antibodies attached to FNDs are available for capturing by
antigens immobilized on the strip, giving rise to the highest
possible fluorescence signal. However, if the sample contained
ESAT6, which could bind with antibodies on the FND surface,
the capture efficiency of mAb56-FNDs by ESAT6 on the strip was
reduced, yielding a diminished or no fluorescence signal. The
magnitude of the signal reduction (not increase) is directly
correlated with the concentration of ESAT6 in the sample.
To optimize the assay performance, we varied the experimental
conditions, including the weight ratios of antibodies to FNDs,
the incubation times of mAb56-FNDs with the samples, and the
types of running and washing buffers. Results are presented in
the ESIT (Fig. S4 and S5), which led us to adopt the following
conditions in the ensuing experiments: 100 ng mAb56-FNDs
prepared at the 1:5 weight ratio as the immunoreagents, an
incubation time of 30 min between mAb56-FNDs and the
sample, 3% BSA/PBS as the running buffer, and 0.2% BSA +
0.2% Tween 20 (wt%) in acetate buffer pH 5 as the washing
buffer. Compared with the commonly used sandwich immu-
noassay for rapid antigen testing, the competitive assay does
not need a highly specific antibody pair; moreover, it has a
wider dynamic detection range and no Hook effect at high
antigen concentrations.>

Sensitivity enhancement

After optimizing assay conditions, we examined whether detec-
tion sensitivity could be improved by altering the nitrocellulose
membrane configuration (such as the width).*>*" In conven-
tional studies and commercial setups, a nitrocellulose
membrane strip of 4 mm wide is typically used (Fig. 4a).
However, as the diameter of the laser beam to probe FND
reporters on the strips in our home-built SELFIA reader is
only about 0.6 mm (Fig. 1), the region of interest can be
reduced to 1 mm wide to enhance the sensitivity. Fig. 4a
depicts the configurations of three strips: an unmodified strip,
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(a) Representative profiles of antibody-FNDs captured by recombinant ESAT6 immobilized on nitrocellulose membrane strips with direct SELFIA.

Each sample consisted of 10 ug mL™* antibody-FND (100 pL), and 3% BSA/PBS (100 ul) was used as the blank. The three antibodies, mAb32, mAb56, and
mAb73, are physically attached to FNDs to form complexes. (b) Integrated fluorescence intensities of antibody-FND complexes captured by recombinant
ESAT6 immobilized on nitrocellulose membrane strips with direct SELFIA. Data are presented as mean =+ standard deviation (SD), n = 3. The mAb56
antibody showed a significantly higher affinity for ESAT6 than mAb32 and mAb73 (**p < 0.01). (c) Measured fluorescence intensities of MAb56-FNDs
captured by immobilized ESAT6 on nitrocellulose strips with direct SELFIA. The black line shows the linear fitting of the experimental data, with

R? = 0.996.
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(a) Configurations of the unmodified strip, the 2 mm narrow-channel (NC2) strip, and the 1 mm narrow-channel (NC1) strip. The blue areas

denote the positions of immobilized ESAT6. (b) Photograph of a pre-structured NC1 strip. (c)-(e) SEM images of an NC1 strip near the narrow channel
region. Scale bars: 200 um (c), 100 um (d), and 2 pm (e). (f) Representative fluorescence intensity line profiles and (g) average integrated fluorescence
intensities of mMAb56-FNDs captured by recombinant ESAT6 immobilized on the unmodified, NC2, and NC1 strips by direct SELFIA. Data in (g) are
presented as mean =+ standard deviation (SD), n = 3, and ***p < 0.001. (h) SEM image of an NC1 strip with mAb56-FNDs attached to its nitrocellulose

fibers. The yellow arrow indicates FNDs. Scale bar: 1 pm.

a 2 mm-wide narrow-channel (NC2) strip, and a 1 mm-wide
narrow-channel (NC1) strip, all created on 4 mm strips using
laser engraving. By precisely regulating the intensity of a CO,
laser and its engraving speed, parts of the nitrocellulose
membrane were removed without harming the active region.
Fig. 4b shows a photograph of the pre-structured NC1 strip.
Scanning electron microscopy (SEM) imaging of the strip
revealed a highly porous architecture of the nitrocellulose
membrane in the narrow channel post-laser engraving
(Fig. 4c-e), with a distinct boundary in which the nitrocellulose
material was completely removed. Although there were slight
structural changes at the edges of the narrow channels, the
membrane at the center maintained its original structure and
porosity, affirming the preservation of its functionality.

In Fig. 4f and g, we display the fluorescence intensity line
profiles and integrated fluorescence intensities of mAb56-FNDs
captured by ESAT6 immobilized on the strips with different
formats by direct SELFIA. SEM also verified the capture of these
antibody-conjugated FNDs on the strips (Fig. 4h). Although the
heights of the line profiles in Fig. 4f did not change substan-
tially across the unmodified, NC2, and NC1 strips, the bands
were broader as the channels became narrower (from 4 mm to
1 mm wide). Consequently, the total signal intensity increased
when the channel width decreased. The result is attributed to a

This journal is © The Royal Society of Chemistry 2024

concentration effect, where more mAb56-FNDs are forced to
pass through the narrow channel at the strip center. Therefore,
they can be more readily captured by the immobilized ESAT6
and also excited by the laser beam when the strip is scanned
over to obtain the fluorescence intensity line profile (Fig. 1).
However, the signal enhancement was less than a factor of 4.
This is because the flow rate increased roughly 2-fold in the
natrrow channel region (Video $1, ESIt),*® which decreased the
binding efficiency between mAb56-FNDs and the immobilized
ESAT6. Such a signal enhancement effect was further verified
by using other biomarkers, e.g., the non-structural protein NS1
of the Dengue virus (Fig. S6, ESIT), suggesting the potential
use of these pre-structured membrane strips to enhance the
performance of LFIA.

Clinical detection

To quantitatively assess the performance of competitive SELFIA
of clinical samples, calibration curves were first constructed for
the recombinant ESAT6 using unmodified, NC2, and NC1 test
strips. As shown in Fig. 5a for the NC1 strips, the fluorescence
intensity gradually decreased as the ESAT6 concentration
increased from 0 to 1000 ng mL™'. Consistently across all
samples, NC1 strips exhibited a higher fluorescence inten-
sity than the NC2 and the original 4 mm wide strips (Fig. 5b).

J. Mater. Chem. B, 2024, 12, 3533-3542 | 3537
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(a) Fluorescence intensity line profiles of mAb56-FNDs captured by recombinant ESAT6 immobilized on the NC1 strips in competitive SELFIA. The

numbers in the figure are the ESAT6 concentrations (0-1000 ng mL™?) of the sample solutions. The line profiles are displaced vertically for clarity.
(b) Calibration curves of the ESAT6 assays using unmodified, NC2, and NC1 strips with competitive SELFIA. Solid curves are best fits of the experimental
data to the equation, y = a, + (a; + a,)/[1 + (x/xo)"], where a;, a,, xo, and p are constants. The points of crossing between the solid curves and the dashed

lines give the LODs of the individual assays.

Each experimental data set could fit well with a four-factor
logistic function. Following the definitions of LOB (limit of
blank) = mean + 1.645 x (SD of blank), n = 10, and LOD (limit of
detection) = LOB + 1.645 x (SD of the low concentration
sample, 0.01 ng mL '), n = 3,>* we obtained LOD = 0.19, 0.10,
and 0.02 ng mL ™" of the competitive SELFIA for ESAT6 using
unmodified, NC2, and NC1 strips, respectively.

Next, we applied competitive SELFIA to detect ESAT6 in 50
MTC culture-positive and 10 NTM samples using the NC1
strips. Procedures for sputum sample collection and bacterial
identification have been previously reported'®*® and are
described briefly in the Materials and methods section. Fig. 6
and Fig. S7 (ESIT) show the results of the assays and associated
data analysis. The average values of the integrated intensities
of mAb56-FNDs captured on the strips were 26.4 ng mm "
(95% confidence interval: 25.3-27.4 ng mm™ ') for the NTM
samples and 19.7 ng mm ™' (95% confidence interval: 18.8-
20.7 ng mm ') for the MTC samples (Fig. 6a). The apparent
positive detection rate was 98% (i.e., 49/50). Various analytical
methods can be applied to assess the assay’s efficacy, including
receiver operating characteristic (ROC) analysis, area under the
curve (AUC), optimal cut-off value determination, and Youden
index calculation. The ROC curve plots the true positive rate
(sensitivity) against the false positive rate (1 — specificity) at
various threshold settings (Fig. 6b). The curve provides a visual
tool to assess the trade-off between sensitivity and specificity
and helps determine the optimal cut-off value for classification.
A higher AUC value indicates a better discriminatory power of
the test, with an AUC of 1 representing a perfect classifier and
0.5 for a random classifier. The Youden index, calculated as
J = sensitivity + specificity — 1, is also derived from the ROC
curve. It quantifies the effectiveness of a diagnostic test or
biomarker by maximizing the difference between the true
positive rate and the false positive rate. A higher Youden index
value (ranging from 0 to 1) indicates a better overall diagnostic
test performance, with 1 representing a perfect test. Fig. 6¢ and
d show that the AUC of the present assays was 0.988, and the
corresponding Youden index was 0.98 at the cut-off value of
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Fig. 6 (a) Competitive SELFIA of 10 NTM and 50 MTC clinical samples.

Data (in triplicate) are presented as mean £95% confidence interval (black
line) of these two groups. (b) ROC curve analysis, (c) cut-off value, and (d)

Youden index of the ESAT6 detection in clinical samples using competitive

SELFIA. The cut-off value was determined to be 24.0 ng mm™™.

24.0 ng mm™ . Considering that FND is perfectly photostable
and its fluorescence intensity is a reliable quantitative measure,
this cut-off value (e.g., 24.0 ng mm™ " for 100-nm FNDs) may be
generally applicable for TB screening or diagnostic tests using
competitive SELFIA. To validate the method further, a syste-
matic investigation of the inter-assay and intra-assay coeffi-
cients of variation using more clinical samples is currently in
progress.

Comparison with other assays

TB is highly contagious, primarily affecting the lungs and other
body parts. The global burden of TB is increasing, with millions
of new cases and deaths reported annually. Drug resistance

This journal is © The Royal Society of Chemistry 2024
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complicates treatment efforts. In this context, the detection
of specific biomarkers like CFP10 and ESAT6 is critical for
facilitating the diagnostics of active TB. Recently, various types
of assays such as immuno-polymerase chain reaction,*
ELISA,**?> LFIA,***” mass spectrometry,'®*°?® electrochemi-
luminescence,*® and electrochemical immunosensing®™** have
been developed for ESAT6/CFP10 detection. Specifically, Omar
et al. demonstrated the use of a Ni/polyaniline/reduced gra-
phene oxide electrode in electrochemical immunosensors,
achieving an LOD of 1.0 ng mL™" for ESAT6.*> Mohd Bakhori
et al. utilized quantum dot-silica nanoparticles on a screen-
printed carbon electrode, achieving a LOD value of
0.15 ng mL~" for ESAT6/CFP10 detection.”® Although these
electrochemical immunoassays are highly sensitive, clinical
validation is needed prior to their applications in practical
settings. Other assays, such as the aptamer-based quantitative
polymerase chain reaction by Kil et al., showed 50.0% sensitiv-
ity, 91.8% specificity, and 78.1% accuracy, comparable to that
of sputum smear microscopy.>®> An ESAT6-specific ELISA of
culture supernatants also enabled a sensitivity of 95.4% and a
specificity of 100%.>* However, these assays are more time-
consuming and require more specific equipment than LFIAs. In
this work, the LOD measured for ESAT6 with the improved
SELFIA platform is 0.02 ng mL™ ", approximately 300-fold lower
than the reported value of LOD = 6.0 ng mL ™" with a colloidal
gold-based LFIA.*® Table S1 (ESIf) compares the performance
of competitive SELFIA with other reported assays for EAST®6.

The NTM family comprises approximately 170 species of
mycobacteria, including M. avium complex, M. kansasii, and
M. abscessus, as the causative agents of pulmonary diseases in
humans.”® NTM infections are primarily acquired from the
environment, although the exact transmission mode remains
unclear. In addition to affecting the lungs, NTM infections
commonly involve the lymphatic system, skin, and soft
tissues.*® Distinguishing between TB and NTM species in
clinical specimens is challenging as both show positive results
in conventional smear acid-fast staining.”” Consequently, the
incidence of NTM has often been underestimated in many
countries with a high burden of TB. In this work, with the
SELFIA platform operated in a competitive mode and a cut-off
value set at 24.0 ng mm ', 49 out of 50 MTC samples were
successfully detected as ESAT6-positive. In contrast, none of the
assays for 10 NTM samples exhibited the presence of ESAT6.
The clinical sensitivity and specificity were 98% and 100%,
respectively.

Conclusions

We have demonstrated the potential use of antibody-conju-
gated FNDs as immunosensors for detecting disease markers
(such as ESAT6) in clinical samples. Our findings strongly
suggest that the nanomaterial-based SELFIA platform is a
promising analytical tool for differentiating between TB and
NTM infections. Notably, the observed high sensitivity and low
LOD (~0.02 ng mL™") prove the assay’s capacity to detect

This journal is © The Royal Society of Chemistry 2024
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ESAT6 even at extremely low concentrations, which is of utmost
importance in facilitating early diagnosis. The SELFIA reader is
an easy-to-use device that requires no special training and skill.
With the help of further technological advancements, the FND-
enabled platform is expected to find practical applications in
the field of in vitro diagnostics and can be used to monitor a
wide range of diseases in point-of-care settings and clinics.

Experimental section

Chemicals and materials

Recombinant M. tuberculosis ESAT6 protein (GTX57459-pro)
and M. tuberculosis ESAT6 mouse monoclonal antibodies,
GTX40232 (mAb32) and GTX36773 (mAb73), were purchased
from GeneTex. M. tuberculosis ESAT6 mouse monoclonal anti-
body MBS312556 (mAb56) was obtained from MyBioSource.
Goat anti-mouse IgG-10 nm colloidal gold (A-31561) was pur-
chased from Thermo Fisher Scientific. BSA, PBS, and all other
chemicals were from Sigma Aldrich.

Preparation of antibody-conjugated FNDs

FNDs were produced by ion irradiation of synthetic type-Ib
diamond powders, followed by vacuum annealing at 800 °C, air
oxidation at 450 °C, and concentrated sulfuric-nitric acid
washes at 100 °C, as detailed previously.*®*° Through physical
adsorption, they were conjugated separately with three anti-
bodies, including mAb32, mAb56, and mAb73. Each conjuga-
tion was made by mixing FNDs (1 mg mL ") and the antibodies
of interest at various weight ratios (Ab: FND =1:5 to 1:15) and
then incubating the mixture at room temperature for 20 min.
Afterward, an aqueous solution containing 3% BSA was added
to block empty sites on the FND surface without washing away
unbound antibodies. Following centrifugal isolation of the
antibody-FND complexes at 20000 x g for 5 min, the pellets
were dispersed in 3% BSA/PBS to a final concentration of
100 pg mL~'. A microplate reader (Spark, Tecan) operating at
280 nm measured the changes in absorbance of free antibody
molecules in distilled deionized water before and after mixing
with FNDs to determine the antibody loading on the solid-
phase supports. The same reader was applied to measure the
changes in the fluorescence intensity of FNDs with or without
antibody conjugation by photoexcitation at 530 nm.

Characterization of antibody-conjugated FNDs

Immunogold staining was used to validate the noncovalent
conjugation between antibodies and FNDs. Briefly, goat anti-
mouse IgG-10 nm colloidal gold (5 pL) was mixed with the
mAb56-FND suspension (5 pL, 200 pg mL™") and then incu-
bated for 60 min at room temperature. Subsequently, the
mixture was dropped on a copper grid with an ultrathin carbon
film supported by a Lacey carbon film (Ted Pella) and incu-
bated for 20 min. The liquid was then removed, and the grid
was washed twice with distilled deionized water and dried in a
vacuum. The same procedures were applied to BSA-conjugated
FNDs, which served as the control. TEM images of the
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nanoparticle bioconjugates were acquired using a low-voltage
electron microscope (LVEM25, Delong) operating at 25 kV.

Fabrication of pre-structured membrane strips

Narrow channels on nitrocellulose membranes (FF120HP plus,
Millipore) were configured with a 30 W CO, laser engraving
platform (Beamo, Flux). Parameters such as laser power and
engraving speed were carefully optimized to minimize mem-
brane damage while exclusively removing unwanted nitro-
cellulose materials. The optimal laser power was 18%, and
the engraving speed was 120 mm s~ '. After the configuration,
an absorption pad was assembled at the far end of the laser-
etched membrane. The resulting membranes were cut into
4 mm wide strips and stored in a desiccator at room tempera-
ture until use. A field-emission scanning electron microscope
(JSM-7800F, JEOL) operating at an accelerating voltage of 5 kv
examined the changes in the membrane’s architecture before
and after laser engraving as well as the capture of antibody-
conjugated FNDs on the strips.

Direct and competitive SELFIA

Test strips, each consisting of a modified or unmodified nitro-
cellulose membrane and an absorbent pad, were assembled in
plastic cassettes. To carry out direct SELFIA, a drop of the
ESATS6 solution (1.5 pL and 0.5 mg mL ") was first deposited at
the center of the membrane strip and then air-dried at room
temperature. Following pre-wetting of the test strip with 3%
BSA/PBS (30 pL), antibody-conjugated FND solution (50 pL,
2 pg mL™") was suspended at the front end of the membrane.
The strip was then left in air at room temperature for 10 min
and added with 0.2% BSA + 0.2% Tween 20 in acetate buffer
PH 5 (50 uL) as the washing buffer to complete the assay. The
strips (with their cassette caps removed) were finally dried in a
microwave oven for 1 min before fluorescence measurements
were taken using a home-built SEFLIA reader, as described
in previous reports.>®° The same protocols were applied
for competitive SELFIA, except that the antibody-conjugated
FND solution (10 pL, 10 pg mL™") was first mixed with the
ESAT6 solution (50 pL) prepared at different concentrations
(0-1000 ng mL ") in 3% BSA/PBS for 30 min at room tempera-
ture before each assay.

Clinical samples

Clinical sputum samples were originally collected at Buddhist
Tzu Chi General Hospital for nucleic acid amplification tests on
reducing delayed diagnosis and misdiagnosis of TB, as pre-
viously reported.>® These samples were used again in this study
with the dataset containing no information that could be
connected to the identity of the patients. In brief, sputum
samples were collected, liquefied, and decontaminated using
the standard N-acetyl-i-cysteine-sodium method, followed by
inoculation of the specimens in an automated liquid culture
system (BACTEC MGIT 960, Becton Dickinson).'®?%*® The
samples were incubated at 37 °C for 5-14 days, and the growth
of bacteria was automatically monitored until a positive signal
was shown. The supernatant of the culture medium was then
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filtered. An aliquot of the filtrate was examined by using
conventional methods such as microscopy, subcultures, and
biochemical identification, including niacin, nitrate reduction,
and 68 °C catalase tests.”® Another aliquot of the same filtrate
was tested with competitive SELFIA.

Protocols for clinical detection

Clinical samples, including MTC and NTM, were employed to
investigate the sensitivity and specificity of the FND-based
competitive SELFIA for TB. First, the sample solution (50 pL)
was incubated with antibody-conjugated FNDs (10 uL and
10 pg mL ') for 30 min. Subsequently, 3% BSA/PBS (40 pL)
was added to the mixed solution. Prior to the assays, test strips
immobilized with ESAT6 were pre-wetted with 3% BSA/PBS
(30 pL). The sample/antibody-conjugated FND mixtures were
then added to the test strips and allowed to run for 10 min,
followed by washing the strips with the acetate buffer contain-
ing 0.2% BSA and 0.2% Tween 20 (pH 5, 50 pL) to complete the
assay. After drying the test strips in a microwave oven, a home-
built SELFIA reader obtained the fluorescence intensity line
profiles of FNDs on the nitrocellulose membranes.

Data analysis

SPSS 20.0 software was used to determine statistical signifi-
cance via one-way analysis of variance (ANOVA). All the values
were presented as means £ standard deviations (SDs). Addi-
tionally, the same method was applied to assess the accuracy of
the assay for clinical samples by receiver operating character-
istic (ROC) curve analysis.
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