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ABSTRACT

Current diagnostic tools for multidrug-resistant tuberculosis (MDR-TB) are molecular assay-based and have challenges associated
with labor-intensive workflows, complex laboratory infrastructures, and limited mutation coverage. This highlights the need for
alternative techniques that can be used as diagnostic tools for MDR-TB. In this study, we demonstrated the use of an surface
plasmon resonance (SPR)-based biosensor chip for the detection of selected genes (InhA, KatG, and RpoB) within the MDR-TB
genome using single-stranded deoxyribonucleic acids (ssDNA) targets and thiolated probes. The probes were successfully func-
tionalized to AuNPs and confirmed using UV-vis and DLS. On SPR-based detection, the hybridization of the selected probes to
complementary and non-complementary targets induced changes in the resonance angles. The hybridization of the selected
probes to the targets was observed at resonance angles of 46.85, 46.77, 45.84, and 46.91° for the IS6110, InhA, KatG, and
RpoB genes, respectively. In contrast, the unhybridized probe and the non-complementary targets exhibited resonance angles
of 46.33, 46.05, 45.53, and 45.85° for the IS6110, InhA, KatG, and RpoB genes, respectively. The data showed that SPR-based
biosensing can be refined and considered as an alternative approach to detect and differentiate between different sSDNA targets

using thiolated probes as biorecognition elements for MDR-TB detection.

1 | Introduction

Tuberculosis (TB) remains one of the most prevalent and
fatal communicable diseases caused by a bacterium [1, 2].
According to the World Health Organization (WHO) 2024
Global TB report, TB caused 2.7 million infections and 1.25 mil-
lion deaths worldwide [3]. In South Africa, ~270,000 people
were infected with TB, of which 13,000 contracted different
forms of drug-resistant TB [3]. Furthermore, 56,000 people in
South Africa died due to TB infections, with 31,000 deaths
attributed to people living with human immunodeficiency
virus [3].

Although TB is curable with first-line drugs, rifampicin (RIF),
isoniazid (INH), ethambutol (EMB), and pyrazinamide (PZA),
other factors such as inappropriate antibiotic use, poor patient
adherence to treatment, and the overprescription of incorrect
therapies can contribute to the significant rise in drug-resistant
strains of TB [2-4].

In 2023, only 2 in 5 people diagnosed with TB had access to drug-
resistant TB treatment worldwide [3]. This limited access com-
plicates TB treatment management, as drug-resistant TB requires
complex drug regimens and extended treatment periods [5, 6].
Therefore, the diagnosis and identification of drug resistance
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are essential to reduce the high mortality and morbidity associ-
ated with drug-resistant TB [3, 6, 7]. There is therefore a need for
alternative, rapid, and sensitive diagnostic tools that can identify
drug-resistant TB mutations, ensuring timely and appropriate
treatment administration to prevent the transmission and pro-
gression of severe cases.

Current diagnostic tools for drug-resistant TB detection include
assays such as the Xpert MTB/RIFplus, Genoscholar NTM +
MDRTB II, GenoType MTBDRplus, and drug susceptibility tests
such as genotypic and phenotypic drug susceptibility testing
(gDST and pDST) [5, 8]. These diagnostic tools target the detec-
tion of canonical mutations within gene targets for the two first-
line drugs, RpoB for RIF resistance and InhA and KatG for INH
resistance [9-12]. More specifically, they target gene loci com-
monly prone to mutations, such as mutations in loci 459, 511,
526, and 531 for RpoB, 241, 315, and 289 for KatG, and 15 for
InhA [13, 14].

Although the current diagnostic tools are effective in diagnosing
drug-resistant TB, they have limitations, such as limited muta-
tion coverage, being laboratory-based, and requiring established
infrastructures [5, 8, 15, 16]. Additionally, these diagnostic tools
require regular maintenance, which limits their capabilities as
diagnostic tools for resource-limited settings [15, 16]. Efforts to
find alternative sensitive methods and/or point-of-care biosen-
sors for detecting and diagnosing TB and multidrug-resistant
(MDR)-TB have led to the evaluation of alternative label-free
and rapid assays, such as optical- and immunosensor-based
techniques [17-19]. One optical-based technique that has
shown high sensitivity for the detection of proteins, deoxyribo-
nucleic acids (DNA), and other small molecules is surface plas-
mon resonance (SPR) [18]. It is based on the excitation of
surface plasmons on the metal-dielectric interface on the sur-
face of the sensor chip [20-23]. Moreover, these surface plas-
mons are extremely sensitive to any alterations made on the
sensor surface [20, 23]. Alterations influence changes in the sig-
nal, which, in turn, can be interpreted as changes in the
reflected or transmitted intensity, refractive index, and/or reso-
nance angle shifts [20, 23].

SPR offers distinct advantages over other sensing platforms
(i.e., fluorescence-based assays), such as the detection of minor
changes in the refractive index at very low analyte concentra-
tions, its label-free nature that eliminates the need for fluorescent
tags, and its simple experimental workflows that can reduce
potential interferences [20-22, 24, 25]. Moreover, SPR is highly
versatile by facilitating the real-time analysis of diverse molecu-
lar interactions, such as protein-protein, protein-DNA, and
protein-ligand binding kinetics [25-28]. Moreover, its ability
for portability and multiplexing are added advantages that the
SPR platform offers [22, 24, 29-32].

Despite being a label-free detection technique, SPR-based plat-
forms can be coupled with nanomaterials such as gold nanopar-
ticles (AuNPs) to amplify the signal [22, 33-37]. Due to the
characteristics of AuNPs and their ability to agglomerate, a char-
acterization technique known as dynamic light scattering (DLS)
can be used to determine the hydrodynamic diameter/size of the
nanoparticles [38, 39]. In addition, the electrical potential differ-
ence, or surface net charge, also known as the zeta potential (£),
on the surface of the nanoparticles can also be evaluated [38, 39].
Similarly, nanoparticles can be conjugated to the molecules of

interest and analyzed for changes in their hydrodynamic size
after bioconjugation [40]. These molecules of interest bind
through different techniques such as covalent bonding, direct
(absorption), or affinity binding [41-43]. Once bound, these mol-
ecules can be detected using various platforms, including SPR.

Several studies have evaluated the use of SPR for the detection of
TB using antibodies such as MPT64 and Ag85 [44-46]. These
studies demonstrated the sensitivity of an SPR-based biosensor
with low quantities of 10 pg/mL [44-47]. For instance, in a study
by Trzaskowski et al. in 2018 [46], a miniature, portable SPR sen-
sor chip device was fabricated and used to detect Mycobacterium
tuberculosis (MTB), using anti-Ag85 antibodies targeting the
MPT64 protein. In addition, similar studies used an SPR-based
biosensor chip to detect the IS6110 complex and the RpoB gene
within the MTB genome using oligonucleotides [45, 48-50].

While SPR has been evaluated for the detection of TB using anti-
bodies and oligonucleotides targeting the IS6110 complex and the
RpoB gene, this study introduces a unique probe design specifi-
cally targeting MDR-TB single-nucleotide mutations in gene tar-
gets, InhA, KatG, and RpoB. This refinement distinctly addresses
a critical need for higher mutation coverage and more effective
detection methods for drug-resistant TB strains. Moreover, by
assessing the hybridization of the probes targeting specific
MDR-TB mutations, this study contributes to the advancement
of TB and MDR-TB diagnostics, offering the detection of hetero-
resistance. In this study, the focus on MDR-TB mutations pro-
vides a significant addition to the existing literature, with the
potential to revolutionize the field of TB diagnosis and treatment,
which could enable healthcare professionals to identify drug-
resistant mutations (including heteroresistance) quickly and
accurately for effective disease management and improved diag-
nostic outcomes. To achieve this, we developed a simple and
label-free SPR-based biosensor chip to detect MDR-TB genes
and their associated mutations. The SPR setup and single-
stranded (ss) DNA probes were utilized to recognize MDR-TB
genes on the SPR-based biosensor chip. The ssDNA probes
targeted the IS6110 complex and first-line drug gene targets
(InhA, KatG, and RpoB). Furthermore, the proposed method,
SPR, was used to assess the hybridization of the probes with com-
plementary and non-complementary target DNA. Based on the
data collected in this study, we established the relationship
between the hybridization/binding properties of the probe and
the gene targets using UV-visible spectroscopy (UV-vis) and SPR.

2 | Materials and Methods
2.1 | DNA Probe Design and Synthesis of ssDNA

Specific ssDNA targets and probes were designed to target loci
511 for the RpoB gene, 291 for KatG, and 15 for InhA. The
MTB H37Rv strain’s nucleotide sequence was obtained from
the National Center for Biotechnology Information (NCBI)
(GenBank: AL123456.3) and used as a reference to introduce
mutations to loci 511 (L511P), 291 (A291V), and 15 (M15T)
for RpoB, KatG, and InhA, respectively. Specific thiolated probes
were designed to target sequences within the genes of interest, as
listed in Table 1. The probes and target sequences were designed
using BioEdit V7.1 (https://bioedit.software.informer.com/7.1/).
A non-complementary probe with less than 15% sequence
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https://bioedit.software.informer.com/7.1/

TABLE 1 | Sequences of thiolated ssDNA probes, complementary,
and non-complementary targets for MDR-TB genes of interest,
presented in the 5’ to 3’ orientation.

Name Sequences (5’ - 3')

Probes (complementary to the targets)

IS6110 probe TGAACCGGATCGATGTGTAC
InhA probe AGATATAGCTCCCGTCCTCG
KatG probe CGATGACGTGCAGCCGAAGT
RpoB probe CGTACCGTCGTTTACCGGGC
Target DNA sequence

IS6110 GTACACATCGATCCGGTTCA
InhA CGAGGACGGGAGCTATATCT
KatG ACTTCGGCTGCACGTCATCG
RpoB GCCCGGTAAACGACGGTACG
Non-complementary ACTCCTTCAACCGCTTCCAC

complementarity to the target sequences was used as a negative
control. This sequence was intentionally selected to represent a
stringent test for non-specific binding, thereby enabling a robust
assessment of the assay’s specificity for detecting TB- and MDR-
TB-associated sequences.

2.2 | Nanoparticle Functionalization and
Characterization

In this study, bioconjugation was performed by adding 100 pL of
gold nanoparticles (AuNPs) (~90 nm) (CytoDiagnostics, Canada)
into a 1.5mL centrifuge tube. Stock solutions (100 uM) of the
thiolated probes were diluted to concentrations of 1, 2.5, 5,
10, 25, 50, and 75 pM. These were mixed in a 1:2 ratio with
the AuNPs in microcentrifuge tubes and then placed on an
orbital shaker for 1 h. Subsequently, 100 pL of the AuNPs-probe
solution was mixed with different concentrations (1, 2.5, 5, 10, 25,
50, 75, and 100 pM) of the complementary/non-complementary
targets and incubated for 30 min on an orbital shaker. The sam-
ples were analyzed using UV-vis.

Wash steps with 100%

ethanol and water

N

Au coated slide

ssDNA Probes
with target DNA Q SH- functional
sh sh sh sh group

sh_sh sh fh

DNA
hybridization

Subsequently, the hydrodynamic size and zeta potential of the
bioconjugates (AuNPs-ssDNA) were analyzed using DLS. The
hydrodynamic size and zeta potential of the AuNPs were
measured before and after bioconjugation using a Zetasizer
(LB-550, Horiba Ltd, Japan).

2.3 | Preparation of Biosensing Surface
2.3.1 | Coating the Glass Substrate with Gold

The glass slides (5% 5 cm) were washed with absolute ethanol
and rinsed with ultrapure water in a sonicating bath for
10 min each. The washed slides were dried under nitrogen (N,)
gas and coated with thin films of titanium (5nm) and gold
(50 nm) using a physical vapor deposition system (HEX deposi-
tion system, Korvus Technology; United Kingdom). The coated
slides were air-dried and stored at room temperature in an air-
tight container.

2.3.2 | Probe Immobilization

The Au-coated slides were washed with absolute ethanol, rinsed
with ultrapure water, and dried under N, gas. The concentrations
of the probe used in the SPR experiments were optimized
through UV-vis (as described in Section 2.2). Thirty microliters
of the thiolated probes (10 pM) (Table 1) were immobilized on
the slides and incubated overnight in the dark at 4°C. Following
incubation, the slides were washed with 1X Phosphate-buffered
saline (PBS) (Thermofisher, South Africa) to remove any unbound
probes. The slides were air-dried at room temperature, and 30 pL
of the ssDNA targets (10 pM) were added to the slides and incu-
bated for 30 min in the dark at 4°C. The slides were washed with
ultrapure water, allowed to dry, then washed with 1X PBS (pH 7.2)
to remove any unbound DNA. The slides were dried and analyzed
using the SPR setup (Figure 1).

2.3.3 | The Optical Biosensing Setup

The custom-built SPR-based biosensing platform was assembled
using a 632.8 nm Helium-Neon (HeNe) laser with 2.0 mW power
(as described in our previous publication) [51]. The reflected light
from the sensor chip and the prism was captured using a photo-
detector connected to a computer for signal processing, as shown
in Figure 2.

Slide dried under N, gas

ssDNA Probes

Probe
immobilization

FIGURE 1 | A schematic diagram of probe immobilization and DNA hybridization, including washing steps of the sensor chip.

Advanced Photonics Research, 2026

3of 11

85UBD17 SUOWIWOD BAITE8ID 3|qeal|dde au Aq peusenob afe sopie VO ‘8sN JO S3|nJ oy Aud 1T 8U1|UO A1 UO (SUONIPUOD-PUE-SWLB)A0D AB 1M ARelq) 1 BUl|UO//:SdiL) SUOIIPUOD Pue SWiS 1 8Y) 89S *[9202/S0/TT] UO Akeidi]auluo AB|IM * Yosessay [eoIpe N UedLljy LInos - axmeyd "H oydss Aq 622005202 1dpe/z00T 0T/10p/woo Ao imAkelq 1jpul{uo"peoueApe//sdny Wouy pepeojumoq ‘s ‘9202 ‘€6266692



S polarization

Polarizer

HeNe Laser (632.8 nm) sBO'.:m
plitter

Computer

P polarization

Gold thin film

FIGURE2 | Anillustration of the SPR setup used in this study. The setup shows a HeNe laser beam passing through a polarizing beam splitter, with

the p polarization of light being reflected from the BK7 glass prism with a biosensor chip on it [51].

The biosensing platform was optimized for its signal-to-noise
ratio through optimized optical alignment, the use of a stable
light source, and integrated references to enhance the detection
of slight changes in the resonance and incident angles.

2.3.4 | The Detection Limits of the Optical Setup

The limit of detection (LOD) and limit of quantitation (LOQ) of
the SPR platform for each probe were determined using the
thiolated probes at different concentrations of 1, 5, 10, 50, and
100 pM. The probes were immobilized on the sensor chip as
described in Section 2.3.2 and analyzed using the optical biosens-
ing setup.

2.4 | Statistical Analysis

All statistical analyses were performed using OriginPro 8 soft-
ware. The repeatability of each SPR experiment for each gene
(in three independent experiments, n = 3) was determined using
equation (1), while the LOD and LOQ of the SPR platform for
each probe were quantified using Equations (2) and (3) [52],
respectively.

Resonance angle shift mean

Repeatability =
CPeatabiily = Resonance angle shift mean+ Standard error
X 100

ey

(2
LOD=33x ¢ 2)

o
LOQ=10x ¢ (3)

where o is the standard deviation of the reference measurements
and S the slope of the calibration curve of each response.

In addition, hybridization signal differences between the comple-
mentary and non-complementary targets were evaluated using a
Tukey’s honest significant difference (HSD) test (coupled with
Levene’s test for variance homogeneity) for pairwise compari-
sons. Independent experimental replicates (n = 3) were averaged,
and the statistical significance was defined as p < 0.05, with a 95%
confidence interval.

3 | Results and Discussion
3.1 | UV-Visible Spectroscopy

UV-vis is known for its ability to quantify the purity and concen-
tration of a sample [53]. In this study, UV-vis was used to assess
the changes in the absorption intensity with the addition of the
probe and targets (complementary and non-complementary) to
the AuNPs. The results of the different concentrations of the
probe conjugated to the AuNPs obtained using UV-vis are pre-
sented in Figure 3. At a wavelength of 570 nm, the AuNPs exhib-
ited a strong absorption peak, and thus, the effects of changing
the concentrations of the probes bound to the AuNPs were eval-
uated. Subsequently, the bioconjugates’ absorption at 570 nm
was used to establish the intensity’s linearity as a function of
increasing probe concentration (Figure 3).

Across all genes, at a wavelength of 570 nm, as the concentration
of the added ssDNA probes increased, there was a decrease in the
absorption intensity (Figure 3). The decrease in the absorption

0.03

AuNPs-/S6110 bioconjugate
—— AuNPs-InhA bioconjugate
AuNPs-KatG bioconjugate
—— AuNPs-RpoB bioconjugate

0.02 +

0.01 4
1S6110 slope = -1.89 x10*

R?= 0.8968

InhA slope = -2.45 x10™
R?= 0.9268

KatG slope = -1.973x10*
R?= 0.8697

RpoB slope = -1.964x10*
R%= 0.8588

0.00

Average absorbance at 570 nm (arb.unit)

T 3 T = T T T b T T T T T x T = T = T

. T
0 10 20 30 40 50 60 70 80 90 100
Concentration (uM)

FIGURE 3 | The linearity and saturation behavior of ssDNA probes
bound to AuNPs at different concentrations represented by the average
absorption intensity at 570nm (sample absorbance minus reference
AuNP absorbance), plotted against DNA concentration (1 to 100 pM
concentrations).
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intensity, as the concentration increased, suggests the attach-
ment of probes onto the AuNPs, thus producing low absorption
intensities of the bioconjugates. Similar findings were noted in a
study conducted by McCarte et al. in 2022 [54].

For each gene, the AuNPs’ reference data were subtracted
from the observed absorbance at different concentrations
and plotted against the DNA concentration (at 570 nm), as
shown in Figure 3. The function of each gene showed a linear
response with gradients or slopes of —1.89 X 107%, —=2.45 x 107,
—-1.973x 107, and —1.964 x 10 for genes IS6110, InhA, KatG,
and RpoB, respectively. When considering the linear regression
equation, in this study, the gradients or slopes indicated the
average change in the absorption intensity with increasing
probe concentration.

Moreover, the R? values for IS6110, InhA, KatG, and RpoB genes
were 0.8968, 0.9268, 0.8697, and 0.8588, respectively (Figure 3).
Moreover, since the R* values (the coefficient of determination)
were slightly closer to 1, this indicates that a greater proportion of
the variation in the observed sample data was less likely due to
residual variation (errors).

a
( )0'20 AuNPs (R? = 0.99015)
AuNPs-/S6710 bioconjugate (R? = 0.97339)
AuNPs-/S6110 bioconjugate & complementary DNA (R? = 0.96393)
AuNPs-/S6710 bioconjugate & non-complementary DNA (R? = 0.9882)
0.15
[m]
o
=
[0}
O 0.10
C
®
e
[
[}
(%]
e
< 0.05
0.00

T T T T T T T T
475 500 525 550 575 600 625 650 675 700
Wavelength (nm)

C)0.20
( i AuNPs (R? = 0.99015)
—— AuNPs-KatG bioconjugate (R? = 0.98352)
—— AuNPs-KatG bioconjugate & complementary DNA (R? = 0.95414)
—— AuNPs-KatG bioconjugate & non-complementary DNA (R? = 0.98606!
0.15 4
—~
[m]
©]
=
[0] -
2 0.10
C
1]
e}
=
o
8
< 0.05
0.00
T T T T

T T T T T
450 475 500 525 550 575 600 625 650 675 700
Wavelength (nm)

As shown in Figure 4a—d, the observed absorption intensity of the
AuNPs decreased with the addition of the probes, complemen-
tary, and non-complementary targets. Moreover, the conjugation
of the ssDNA probes to the AuNPs, which was enabled by the
thiol groups on the probes, had high binding affinities to the
AuNPs [55]. This is because of the conferred covalent bond
formed between the probe and the AuNPs [56, 57]. This extended
coverage stabilized the colloidal dispersion and altered the local
refractive index surrounding the AuNPs, thereby reducing their
SPR intensity and overall absorption of light by the AuNPs at
570 nm [57, 58]. In a similar study by Zhang et al. in 2018 [59],
they also noted that an increase in oligo concentration led to a
decrease in the absorption of intensity. Furthermore, the
decrease in the absorption intensity of the bioconjugate bound
to the complementary DNA was due to DNA hybridization, thus
resulting in less light being absorbed by the AuNPs [60]. The
decreased absorption intensity observed for the InhA gene (in
Figure 4b), in the presence of the non-complementary target,
could be attributed to different binding conformations on the
AuNPs [61]. Overall, the observed decrease in the absorption
intensity across all probe concentrations and targets reflects both

(b)o.20 -
AuNPs (R* = 0.99015)
AuNPs-InhA bioconjugate (R? = 0.9868)
AuNPs-InhA bioconjugate & complementary DNA ((R? = 0.9688)
—— AuNPs-InhA bioconjugate & non- complementary DNA (R? = 0.9814)
0.15
—~
(m)
o
=
[0} -
8 0.10
c
4]
o]
=4
[}
3
< 0.05
0.00
T T T T T T T T

T
450 475 500 525 550 575 600 625 650 675 700

Wavelength(nm)
(d) 020 —— AuNPs (R? = 0.99015)
AuNPs-RpoB bioconjugate (R? = 0.9862)
AuNPs-RpoB bioconjugate & complementary DNA (R? = 0.9694)
—— AuNPs-RpoB bioconjugate & non-complementary DNA (R? = 0.9862)|

0.15
—~
Q
)
[0} .
3 0.10
=
©
e}
—_
[e}
8
< 0.05

0.00

T T T T T T T T

T
450 475 500 525 550 575 600 625 650 675 700
Wavelength (nm)

FIGURE 4 | UV-vis spectra showing mean hybridization responses of thiolated probes (10 pM) bound to AuNPs at 570 nm. The spectra illustrate

changes in the absorption intensity upon the addition of complementary and non-complementary DNA to the AuNP-probe bioconjugates for gene

targets (a) IS6110, (b) InhA, (c) KatG, and (d) RpoB.
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surface modification and the stabilization effects that suppressed
nanoparticle aggregation and plasmonic interactions.

3.2 | Characterization of Gold Nanoparticles
using DLS

The quantification of the core size, conjugated molecules, and
surface shell of a nanoparticle in a liquid is referred to as the
hydrodynamic size [62, 63]. Furthermore, a particle’s hydrody-
namic size increases with the addition of biomolecules on the
particle’s surface [62]. In this study, the use of DLS enabled
the determination of the nanoparticle distribution and aggrega-
tion, which could not be distinguished using UV-vis. Further evi-
dence of the bioconjugation/binding of the ssDNA probes to the
AuNPs was therefore assessed using DLS.

According to the manufacturer’s specifications, the hydrodynamic
size of each gold nanoparticle was reported as 93 nm. However,
the DLS size distribution profile indicated that the hydrodynamic
size of the particles was 89.72 nm (Figure 5). These slight changes
in the hydrodynamic size could have been influenced by fluctua-
tions in the temperature during analysis [64].

In addition, the hydrodynamic size distribution of the nanopar-
ticles conjugated to the probes indicated an increase in the hydro-
dynamic size when compared to the untreated/bare nanoparticles
(Figure 5). The average hydrodynamic sizes (in nm; + SEM) noted
for the AuNPs, IS6110, InhA, KatG, and RpoB bioconjugates
were 89.72nm +4.486, 241.45nm=+12.073, 349.6 nm =+ 17.479,
205.8 nm =+ 10.291, and 200.5 nm = 10.025, respectively (Figure 5).
The increase in the hydrodynamic size of the bioconjugates
when compared to the AuNPs could indicate the binding of the
ssDNA probes to the surface of the AuNPs [65]. In a similar study
by Miao et al. [63], the average hydrodynamic size of 35.5nm
AuNPs increased to 46.8 nm upon the addition of 0.0037 pm oli-
gonucleotides.

400
350 1
I
=300
S
£
o
N
(2]
(0]
S
£
©
Q.
o
c
©
z
. , .
AuNPs  IS6110 InhA KatG RpoB

Bioconjugates

FIGURE 5 | Mean nanoparticle sizes (in nm) before and after the
functionalization of the thiolated probes (error bars indicate the SEM)
for each gene target (IS6110, InhA, KatG, and RpoB).

Although the probes used in this study had an identical number
of nucleotide bases, they exhibited varying hydrodynamic sizes.
This discrepancy was attributed to differences in probe orienta-
tion and conformation upon binding to the AuNPs, as reported in
previous studies [58, 62, 63]. Furthermore, electrostatic interac-
tions and steric hindrances further modulated the probe confor-
mations, thus contributing to the observed variations in the
hydrodynamic sizes [58, 63].

Using DLS, the charge of the nanoparticles was evaluated using
the zeta potential parameter. This parameter is used to quantify
the net surface charge of a particle in a solution and is often
used as a guide to indicate the stability of nanoparticles in a
solution [66, 67]. According to Carone et al. [67], stable nano-
particles have zeta potential values above+30 and below
-30mV.

In Figure 6, the unmodified/bare AuNPs exhibited a negative
zeta potential value (—19.6 mV), consistent with their citrate-
capped surface. Upon bioconjugation with the ssDNA probes,
the surface charge became progressively less negative (i.e.,
—2.82mV for KatG), indicating successful surface modification.

Overall, the DLS measurements revealed a narrow size distribu-
tion, indicating uniform particle dispersion and minimal
aggregation. Furthermore, the average hydrodynamic diameter
remained consistent across replicates, confirming colloidal
stability while the zeta potential values were within the range
associated with stable AuNPs in suspension, suggesting sufficient
electrostatic repulsion between the AuNPs. These results validate
the physicochemical integrity of the bioconjugates and support
their suitability for downstream biosensing applications. Similar
trends were reported by Mereuta et al. [68], where unhybridized
ssDNA bound to AuNPs led to a shift in the zeta potential with-
out promoting aggregation. These findings therefore corroborate
the UV-vis and DLS results, confirming probe attachment and
stable bioconjugate formation under the evaluated conditions
[67-70].

AuNPs n =5, p <0.001

AuNPs-IS6110 bioconjugate n = 3, p = 0.018
AuNPs-InhA bioconjugate n = 5, p = 0.0027
AuNPs-KatG bioconjugate n = 5, p < 0.0001
AuNPs-RpoB bioconjugate n = 5, p = 0.0065

T T T
-25 -20 -15 -10 -5 0
Zeta potential (mV)

FIGURE 6 | Zeta potential values of bare AuNPs and bioconjugates
corresponding to gene targets 1S6110, InhA, KatG, and RpoB.
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3.3 | SPR Biosensing of MDR-TB Gene Mutations

In this study, on the SPR biosensing platform, the hybridization
of the capture and target molecules was recorded as analytical
signals indicating the reflected intensities and angle shifts before
and after DNA hybridization (Figure 7a-d).

In Figure 7a-d, the resonance angles for the references (Au only)
for each gene were observed at 45.51 (IS6110), 45.81 (InhA), 45.67
(KatG), and 45.46 (RpoB) degrees. Moreover, the immobilization
of each probe onto the sensor chip surface resulted in resonance
angles of 46.01, 45.93, 45.81, and 45.55 degrees for gene targets
IS6110, InhA, KatG, and RpoB, respectively. Subsequently, the
functionalization of the targets onto the sensing surface with
the probe (for each gene) resulted in positive angle shifts of
46.85 (IS6110), 46.77 (InhA), 45.84 (KatG), and 46.91 (RpoB)
degrees. This observation coincides with several similar studies
that attributed positive angle shifts to the hybridization of mol-
ecules on the sensing platforms [71-73].

In contrast, when the immobilized probes on the sensor sur-
face were exposed to the non-complementary targets, negative
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angle shifts for all genes were noted when compared to the
probe-complementary target angle shifts. The observed reso-
nance angles were 46.33, 46.05, 45.53, and 45.85 degrees for
1S6110, InhA, KatG, and RpoB genes, respectively. The addition
of the non-complementary target to the probe (except for the
KatG gene) on the SPR sensor chip surface resulted in no major
angle shifts from the angle shifts noted for the immobilized
probe only (Figure 7a,b,d). The observed signal variation, in
several studies, was attributed to the absence of hydrogen
bonding between non-complementary DNA strands, which
disrupts the hybridization process and alters probe-target
interactions [74-76]. This disruption is often reflected in subtle
angular deviations of the capture probe, as demonstrated in
studies where non-complementary sequences induced measur-
able shifts in probe orientation [74-76]. Moreover, such angu-
lar changes have been linked to the immobilization geometry
of DNA probes on sensor surfaces, which significantly influen-
ces hybridization efficiency and signal transduction [75, 76].

In contrast, the SPR response for the KatG gene with the non-
complementary target showed a resonance angle shift that
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FIGURE 7 | SPR responses of the immobilized probes and the hybridization of MDR-TB targets (a) IS6110, (b) InhA, (c) KatG, and (d) RpoB. The
curves represent the normalized reflected intensities and resonance angle shifts of the sequential addition of probe, complementary target, and non-

complementary target to the sensor chip.

Advanced Photonics Research, 2026

7 of 11

85UBD17 SUOWIWOD BAITE8ID 3|qeal|dde au Aq peusenob afe sopie VO ‘8sN JO S3|nJ oy Aud 1T 8U1|UO A1 UO (SUONIPUOD-PUE-SWLB)A0D AB 1M ARelq) 1 BUl|UO//:SdiL) SUOIIPUOD Pue SWiS 1 8Y) 89S *[9202/S0/TT] UO Akeidi]auluo AB|IM * Yosessay [eoIpe N UedLljy LInos - axmeyd "H oydss Aq 622005202 1dpe/z00T 0T/10p/woo Ao imAkelq 1jpul{uo"peoueApe//sdny Wouy pepeojumoq ‘s ‘9202 ‘€6266692



reverted to a resonance angle less than the observed resonance
angle for the reference (Au only). This observation can be
explained using the Maxwell-Garnett theory, which attributes
an SPR blueshift (shift to the left/negative angle shift) to the bio-
molecules dissolving into the matrix of the biosensor chip [77].

Overall, although the SPR resonance angle shifts are small,
these shifts are consistent with previous DNA hybridization stud-
ies, where single base mismatches produced measurable angular
deviations due to disrupted altered probe-target dynamics
[59, 75, 76, 78]. Mean resonance angles for each gene are sum-
marized in Table 3 (Supplementary A).

The calculated corresponding repeatability percentages for each
gene in three independent SPR experiments are indicated in
Table 2. The repeatability values, which ranged between 98.84
and 99.59, indicated that the results obtained for each successive
SPR measurement carried out under the same conditions were
consistent with the observed outputs.

A Tukey’s HSD test was used to examine the significant
differences between the interactions of the probes with the
complementary and non-complementary targets. For each gene,
the Tukey’s HSD test indicated significant differences between

the resonance angles observed for the probes with the comple-
mentary targets and compared to the probes with the non-
complementary targets. In addition, the p-values for all genes
were p <0.001. Levene’s test for homogeneity of variances
(absolute deviations) indicated no significant differences
(p>0.05) between the variances of the data observed for the
complementary and non-complementary targets for all genes
of interest.

Subsequently, the linear responses of various probe concentra-
tions on the biosensing platform were assessed to determine
the corresponding LOD and LOQ values for each gene of interest
(Figure 8). The LOD and LOQ values were calculated using
Equations (2) and (3).

The resonance angles measured at various probe concentrations
were corrected by subtracting the reference data from the Au-
coated sensor chip (Figure 8). Each gene exhibited linear
responses, with slopes of 0.067 (IS6110), 0.040 (InhA), 0.055
(KatG), and 0.064 (RpoB). In addition, using Equation (2) and
a reference standard deviation of 0.035, the calculated LODs were
1.72, 2.89, 2.10, and 1.81 pM/mL for IS6110, InhA, KatG, and
RpoB, respectively. The corresponding LOQ values, calculated

TABLE 2 | The repeatability of the SPR measurements, based on the mean resonance angle shifts, for four genes of interest (IS6110, InhA, KatG,

and RpoB).
Genes Repeatability percentages (%; = SEM)
Au only Probe Probe and complementary Probe and non-complementary
I1S6110 99.41 99.36 99.46 99.59
(£0.0046) (£.0051) (£0.0033) (£0.0063)
InhA 99.35 99.34 99.53 99.05
(£0.0051) (£0.0081) (£0.0065) (£0.0083)
KatG 98.90 98.90 98.91 99.16
(£0.0088) (£0.0086) (£0.0088) (£0.0049)
RpoB 98.84 99.20 99.05 98.93
(£0.0079) (£0.0128) (£0.0082) (£0.0074)
8
= /S6110 Probe
e InhA Probe
74 4 KatG Probe
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FIGURE 8 | Calibration curves of mean resonance angle shifts corresponding to different probe concentrations on the SPR sensor chip.
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using Equation (3), were 5.22 (IS6110), 8.75 (InhA), 6.36 (KatG),
and 5.47 pM/mL (RpoB). In contrast, current MDR-TB diagnostic
assays, such as Xpert MTB/RIF, line probe assays, and nucleic
acid amplification tests (NAATs), which use real-time PCR,
exhibit LODs of =131, 10,000, and 15CFU/mL, respectively
[79]. These values correspond to estimated DNA concentrations
of 0.22, 16.95, and 0.03 uM/mL, depending on DNA yield per cell.

The calculated LOD values for the SPR biosensing platform used
in this study are comparable to those reported for the NAAT
assays; however, while our approach shows promise for detecting
MDR-TB using synthetic samples, its clinical applicability
remains limited by clinical sample benchmarking and validation.
To bridge this gap, future work will focus on rigorously bench-
marking sensitivity and specificity using clinical samples and
integrating the platform into microfluidic point-of-care devices
to enable rapid, low-resource diagnostics. Additionally, multi-
plexing capabilities will be optimized for improved diagnostic
breadth. Finally, key challenges such as biomarker complexity
and variability due to multiple genetic mutations, sample proc-
essing, and instrumentation costs are potential constraints in
developing a DNA-based SPR sensor for MDR-TB diagnosis.
Despite these constraints, the sensor promises for a rapid diag-
nostic tool and drug resistance surveillance for MDR-TB.

4 | Conclusion

In this study, we demonstrated the differences in the absorption
intensity of the AuNPs when bound to different concentrations of
thiolated ssDNA probes using UV-vis. This method indicated that
with increasing probe concentration, there was a decrease in the
absorption intensity of the AuNPs. Furthermore, we used DLS to
investigate the hydrodynamic size and surface charge (zeta poten-
tial) of the AuNPs before and after bioconjugation with the thio-
lated probes. While the hydrodynamic size of the AuNPs indicated
an increase in the hydrodynamic size of the AuNPs with each bio-
conjugation, the surface charge of the bioconjugates exhibited zeta
potential charge values that suggest reduced electrostatic stability.
The UV-vis and DLS results, therefore, confirmed that the nano-
particles remained dispersed, due to steric effects from ssDNA con-
jugation. We further demonstrated the use of SPR in assessing the
hybridization properties of capture probes and target ssDNA on
the sensor surface. We highlighted the differences in the resonance
angles after the immobilization of the probe, target ssDNA (com-
plementary), and mismatched ssDNA (non-complementary). The
subsequent changes in the resonance angles indicated probe
immobilization onto the sensor surface and hybridization between
the immobilized probe and the target ssDNA. Overall, we demon-
strated the use of SPR as a label-free biosensing approach for the
detection of drug-resistant TB genes.
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