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settings, the need for affordable, user-friendly, and 
accessible diagnostic technologies has become increasingly 
critical [3]. Among the available biomarkers, Early Secreted 
Antigenic Target 6 kDa (ESAT-6) is secreted exclusively by 
virulent Mycobacterium tuberculosis (MTB), minimizing 
cross-reactivity and boosting assay sensitivity. As an early 
infection marker, ESAT-6 appears in host fluids even at 
low bacterial loads, making it highly suitable for early TB 
diagnosis [4]. However, most current detection methods 
rely on complex instrumentation and trained personnel, 
limiting their accessibility in resource-constrained setting 
[5]. These challenges highlight the urgent need for versatile 
and accessible biosensing strategies capable of detecting 
ESAT-6 across different biological fluids, thereby supporting 
both point-of-care and non-invasive diagnostic applications.

Introduction

Tuberculosis (TB) remains one of the leading causes of 
infection-related mortality worldwide, second only to 
COVID-19 in 2020, with the greatest burden concentrated 
in low- and middle-income countries [1]. Early detection of 
TB is essential to ensure timely treatment, curb transmission, 
and improve patient outcomes [2]. In resource-limited 
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Abstract
Early and accessible diagnosis of tuberculosis (TB) remains a global health challenge, particularly in low- and middle-
income countries. Early Secreted Antigenic Target 6  kDa (ESAT-6), released during initial infection, is a promising 
biomarker for TB detection. However, most current assays for TB detection depend on complex instrumentation and 
trained personnel, limiting their utility in resource-constrained settings. Here, we developed dual biosensing platforms 
based on a (Cu–S)n metal-organic framework–polyaniline (MOF–PANI) composite for ESAT-6 detection in blood 
plasma and urine. A paper-based microfluidic resistive immunosensor with pulsed light sintering optimization enabled 
quantification through resistance changes, achieving a detection range of 195 pM–50 nM with a limit of detection 
(LOD) of 39.2 pM in human blood plasma. In parallel, a glassy carbon electrode–based electrochemical sensor was 
fabricated by covalent antibody immobilization on MOF–PANI, followed by bovine serum albumin (BSA) blocking. 
Cyclic voltammetry revealed a detection range of 23.6 fM–1.56 nM with an ultralow LOD of 1.68 fM in artificial 
urine, along with excellent reproducibility and stability. Together, these results highlight the versatility of MOF–PANI 
composites in enabling multi-matrix ESAT-6 detection, offering complementary advantages of blood plasma-based point-
of-care testing and urine-based non-invasive diagnostics. This integrated strategy shows strong potential for scalable, 
accessible, and accurate early TB diagnosis.
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Point-of-care (POC) devices have gained prominence as 
effective tools for the rapid and accurate detection of TB, 
addressing critical healthcare challenges in resource-limited 
settings. Several POC testing (POCT) methods have been 
developed, including lateral flow assays for detecting lipo-
arabinomannan (LAM) antigen in urine and loop-mediated 
isothermal amplification (LAMP) for identifying MTB 
complex DNA in sputum [5]. Additional approaches, such 
as point-of-care ultrasound (POCUS), nucleic acid amplifi-
cation tests (NAATs), and optical-based devices, have also 
been explored for TB screening [3]. Despite these advances, 
many POCT strategies still face limitations in sensitivity, 
specificity, and adaptability across diverse clinical contexts. 
Importantly, non-invasive specimens such as urine [6] and 
minimally invasive matrices like blood plasma offer clear 
advantages in terms of safety, accessibility, and patient com-
pliance, yet remain underutilized in current diagnostic work-
flows. These gaps underscore the urgent need for innovative 
biosensing technologies that integrate versatility, high sensi-
tivity, and practicality to advance early TB diagnosis.

Emerging technologies are revolutionizing TB diagnosis 
and management [7], with metal-organic frameworks (MOFs) 
recognized as promising materials due to their tunable struc-
tures and high surface areas [6], [8]. MOFs have been success-
fully integrated into diverse biosensing platforms, including 
paper-based devices for portable and low-cost diagnostics as 
well as electrochemical sensors for highly sensitive biomarker 
detection [9], [10] and [11]. Unlike conventional MOFs, which 
are typically electrical insulators, conductive metal-organic 
frameworks (CMOFs) exhibit enhanced electrical conductiv-
ity, making them particularly attractive for resistive electro-
chemical sensing applications [12]. A notable advancement 
involves the structural evolution of copper-based MOFs with 
two-dimensional (–Cu–S–)n networks, enabling multidirec-
tional charge transfer and achieving an electrical conductivity 
of 10.96 S cm–1 in a single-crystal CMOF [13]. Building on 
these properties, a semiconductive (Cu–S)n MOF–polyaniline 
(PANI) nanocomposite for hydrogen sulfide (H2S) gas sensing 
was reported, which showed a 3.4-fold higher sensitivity than 
PANI-coated interdigitated electrodes (IDEs) due to enhanced 
conductivity and optimized band gap hybridization [14]. These 
advancements highlight the potential of (Cu–S)n MOF–PANI 
composites to enable scalable and versatile TB diagnostics, 
particularly through dual-platform applications for detecting 
ESAT-6 in both blood plasma and urine samples.

To date, the integration of conductive (Cu–S)n MOFs 
with polymer composites for multi-matrix TB diagnostics 
remains unexplored. In this work, we report a novel dual-
platform biosensing strategy based on (Cu–S)n MOF–PANI 
composites, where pulsed light sintering (PLS) was strate-
gically employed to precisely modulate the material’s con-
ductivity and surface properties. This advanced processing 

technique significantly enhanced the analytical sensitivity, 
enabling the detection of the ESAT-6 biomarker across two 
distinct modalities. First, a paper-based microfluidic resis-
tive immunosensor was developed for POCT in human 
blood plasma, reaching a pM-level LOD. Second, an elec-
trochemical sensing platform using glassy carbon electrodes 
(GCE) was constructed, achieving an ultralow fM-level 
LOD for non-invasive ESAT-6 detection in urine. We fur-
ther demonstrate how the PLS treatment and platform-spe-
cific surface modifications lead to unique selectivity profiles 
for each matrix. By benchmarking against enzyme-linked 
immunosorbent assay (ELISA) and validating with clinical-
range concentrations, this dual-platform approach offers a 
versatile, scalable, and high-performance solution for early 
TB diagnosis in both resource-limited and clinical settings.

Experimental sections

Materials

Phosphate-buffered saline (PBS, 10 mM, pH 7), sourced 
from Biomate, was used for sample dilution and microen-
vironment stabilization in ESAT-6 detection experiments. 
1-(3-Dimethylaminopropyl)−3-ethylcarbodiimide Hydro-
chloride (EDC) was purchased from TCI, and Nafion was 
purchased from DuPont de Nemours. Camphorsulfonic 
acid ((1 S)-(+)-CSA), N-hydroxysuccinimide (NHS), Glu-
taraldehyde, bovine serum albumin (BSA), ascorbic acid 
(AA), glucose (Glu), human serum albumin (HSA), Urea, 
Uric acid, Glycine (Gly), Methionine (Met), L-Aspartic acid 
(Asp), L-Tryptophan (Trp) were from Sigma-Aldrich. Alco-
hol was procured from J.T. Baker. Rabbit ESAT-6 Polyclonal 
Antibody (Ab), ESAT-6 recombinant protein, TB CFP10 
Recombinant Protein (CFP-10), MPT-64 recombinant pro-
tein (MPT-64), ESAT6-CFP10 recombinant protein (ESAT-
6-CFP-10 hybrid), and human ESAT-6 ELISA kit 96-well 
test were from MyBioSource. L-valine (Val) and Potassium 
hexacyanoferrate(Ⅱ) trihydrate (K4[Fe(CN)6]·3H2O) were 
from Alfa Aesar. Artificial urine was from Pickering Labo-
ratories. Potassium hexacyanoferrate(III) (K3[Fe(CN)6]) 
was from Acros Organics.

Fabrication of the (Cu–S)n MOF–PANI paper-based 
biosensor

Polyaniline (PANI) and (Cu–S)n metal–organic framework 
((Cu–S)n MOFs) were used as control materials, while a 
nanocomposite containing 5 wt% (Cu–S)n MOFs within 
PANI ((Cu–S)n MOF–PANI) served as the test group. 
The (Cu–S)n MOFs were synthesized as described in our 
previous report [14]. For sensor fabrication, a 16 wt% 
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camphorsulfonic acid (CSA) solution was prepared in eth-
anol. Subsequently, 6.5 wt% of (Cu–S)n MOF–PANI was 
added to CSA solution, stirred, and centrifuged at 700 rpm 
for 15  min; the supernatant was collected as the (Cu–S)n 
MOF–PANI solution. Control solutions of pure PANI and 
pure (Cu–S)n MOFs were prepared in the same way, except 
that MOFs were used directly without centrifugation.

The paper-based microfluidic device was fabricated using 
a wax printing method to create a convex pattern consisting 
of an injection zone (0.3 cm in diameter) and a detection zone 
(1.0 × 0.9 cm). The wax-printed paper was heated to promote 
wax penetration, ensuring hydrophobic channel boundaries. 
Onto the detection zone, 10 µL of the (Cu–S)n MOF–PANI 
solution was drop-cast and subjected to photonic sintering 
with a xenon pulse light system (PLS) to enhance electrical 
conductivity. The surface was then modified with 5 µL of 
EDC-NHS solution, followed by immobilization of 5 µL of 
ESAT-6 Ab. Nonspecific binding sites were blocked with 5 
µL of BSA. In the injection zone, 1 µL of Nafion was applied 
as a filtration layer. In the paper-based biosensor, resistance 
changes were monitored, whereas in the electrochemical bio-
sensor, oxidation peak currents were measured.

For electroresistance measurements, conductivity 
changes were recorded in the detection zone using a four-
point probe method. The resistance as R1 of the sintered 
(Cu–S)n MOF-PANI film was measured. After which 5 µL 
of ESAT-6 antigen at varying concentrations was introduced 
into the injection zone, the resulting resistance was recorded 
as R2. The percentage change in resistance (ΔR) was calcu-
lated according to Eq. (1):

ΔR = R2 – R1 (1).

Fabrication of the (Cu–S)n MOF–PANI 
electrochemical biosensor

GCE were polished with 0.3 and 0.05 μm alumina slurries, 
rinsed with deionized water, and dried under nitrogen. A 5 
µL aliquot of the (Cu–S)n MOF–PANI composite solution 
(prepared as in Fabrication of the (Cu–S)n MOF–PANI paper-
based biosensor, but at a centrifugation speed of 6000 rpm) 
was drop-cast onto the GCE surface and dried at room tem-
perature. The electrodes were activated with EDC and NHS in 
10 mM PBS, followed by incubation with 7 µL of ESAT-6 Ab 
for 1 h. Non-specific binding sites were blocked with 5 µL of 
BSA for 1 h, and the electrodes were rinsed with PBS. Control 
electrodes with pure PANI or (Cu–S)n MOFs were prepared 
similarly. Cyclic voltammetry (CV) was used to characterize 
the electrodes and monitor ESAT-6 binding responses.

For material optimization, the oxidation peak current 
change (ΔI = I1 – I2) was evaluated using CV, where I1 was the 
peak current of the unmodified 5 wt% (Cu–S)n MOF–PANI/
GCE, and I2 was the peak current under varied conditions (e.g., 

different EDC-NHS volumes). For the calibration curve the 
current change was defined as ΔI = I2 – I1, and recovery tests 
the current change was defined as ΔI = I1 – I2, where I2 was the 
peak current of ESAT-6/BSA/Ab/EDC-NHS/(Cu–S)n MOF–
PANI/GCE, and I1 was that of PBS/BSA/Ab/EDC-NHS/
(Cu–S)n MOF–PANI/GCE. This enabled the assessment of the 
sensor’s response to ESAT-6 at varying concentrations.

Instruments

A solid-ink printer (Fuji Xerox ColorQube 8570) was used to 
fabricate paper-based microfluidic channel patterns. A high-
speed compact centrifuge (HITACHI CF15RXII) was used to 
prepare the 5 wt% (Cu–S)n MOF–PANI suspension. A xenon 
pulse light sintering system (Xenon X-1100) was employed 
to rapidly sinter 5 wt% (Cu–S)n MOF–PANI material on the 
test paper. A four-point probe measurement system (Keithley 
Model 2000) was utilized to measure the electrical resistance 
of the paper. Electrochemical measurements, including CV, 
was conducted using a potentiostat (PGSTAT204, Metrohm, 
Switzerland) controlled by Nova 2.0 software. A three-elec-
trode system was employed, comprising a Ag/AgCl reference 
electrode, a GCE as the working electrode, and a platinum (Pt) 
counter electrode. Surface morphology and elemental compo-
sition of the paper-based biosensor were characterized using a 
field-emission scanning electron microscope (FE-SEM, JEOL 
JSM7600F and HITACHI S-3000  N) and X-ray photoelec-
tron spectroscopy (XPS) with a high-throughput lab-based 
HAXPES spectrometer (ULVAC-PHI Quantes). Attenuated 
Total Reflection Fourier Transform Infrared Spectroscopy 
(ATR-FTIR, ABB FTLA2000-104) was applied to identify 
the functional groups on the sensor surface. Ultraviolet visible 
(UV–VIS) reflection was measured with a Hitachi U-4100.

Real samples analysis

To evaluate the analytical robustness and clinical applicabil-
ity of the dual-platform biosensors, the recovery of ESAT-6 
was investigated in human blood plasma and artificial urine. 
To accurately simulate clinical conditions and assess matrix 
effects, the analytical workflow commenced with spiking 
the target antigen into undiluted biological matrices before 
any subsequent processing or molecular recognition steps. 
The spiking concentrations were selected to encompass the 
clinically relevant ranges for tuberculosis-associated ESAT-
6, facilitating early non-sputum-based TB diagnosis.

Paper-based biosensor

To assess the performance in a blood-based matrix, undi-
luted human blood plasma samples were first spiked with 
ESAT-6 at target concentrations. Following this initial 
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and selectivity were evaluated under conditions accounting 
for the complex ionic environment of urine.

To further evaluate the reproducibility and stability of 
the developed sensor, all spike-recovery experiments were 
performed in triplicate. The analytical performance was 
assessed by calculating the recovery and relative standard 
deviation (RSD) of the measured ESAT-6 concentrations.

Results and discussion

Fabrication of the paper-based biosensor

Scheme 1 illustrates the architecture of the paper-based 
microfluidic biosensor, comprising an injection zone, a 
detection zone, and wax-printed microchannels for direc-
tional flow. A thin Nafion layer was coated along the chan-
nels to suppress blood plasma-derived interferents, thereby 
improving selectivity [15], [16]. In the detection zone, the 
(Cu–S)n MOF–PANI nanocomposite was deposited and 
photonic-sintered, forming a continuous conductive net-
work with low sheet resistance (≈ 30 Ω/sq). This enabled 
reliable resistance-based readouts, with distinct resistance 
shifts observed upon exposure to ESAT-6, confirming the 
feasibility of the device for blood plasma testing.

spiking step, the samples were diluted 25-fold with PBS 
(pH 7.0) to achieve a final sample-to-total volume ratio of 
1:25 (v/v), with final ESAT-6 concentrations ranging from 
0.78 to 50 nM (26.2 to 1690 ng/mL).

For validation, the results from the proposed resistive sensor 
were benchmarked against a commercial ELISA kit (Cat. No. 
MBS2607284, MyBioSource). Since the dynamic range of the 
ELISA kit is 1.56–100 ng/mL, samples exceeding this range 
were appropriately diluted with sample diluent. The final con-
centrations determined by ELISA were back-calculated using 
the respective dilution factors to verify the accuracy and meth-
odological recovery of our paper-based platform.

Electrochemically based biosensor

The applicability for non-invasive diagnostics was evalu-
ated using artificial urine. The raw artificial urine was 
spiked with ESAT-6 standard solutions at the beginning 
of the workflow. These spiked matrices were then sub-
jected to a 40-fold total dilution. The final concentrations 
of ESAT-6 in the test samples ranged from 23.6 fM to 1.56 
nM (0.799 pg/mL to 52.84 ng/mL). Prior to detection, the 
spiked samples were mixed with an equal volume of 20 mM 
[Fe(CN)6]3–/4– solution as the redox probe for CV measure-
ments. This procedure ensured that the sensor’s sensitivity 

Scheme 1  Schematic illustration of the (Cu–S)n MOF–PANI (1) paper- and (2) electrochemical-based biosensor fabrication and detection workflow
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and robust matrix compared to MOFs alone (Fig. S2). To 
optimize device architecture, three paper layouts were 
evaluated: paper #1 (with buffer zone), paper #2 (without 
buffer zone), and paper #3 (non-microfluidic). Paper #3 
exhibited excessive variability due to interferent accumula-
tion, whereas paper #2 suffered from instability caused by 
Nafion solution diffusion into the detection zone (Fig. 1a). 
Paper #1, incorporating a buffer zone, effectively prevented 
Nafion infiltration and demonstrated superior stability. 
ELISA validation further confirmed efficient antigen trans-
port in paper #1, yielding the strongest absorbance peak at 
450 nm (Fig. 1b).

Electrochemically-based biosensor

In CV analysis, pure MOFs showed weak signals, while 
PANI yielded strong baseline currents due to high con-
ductivity (Fig.  1c). The MOF–PANI composite showed 
intermediate conductivity but exhibited the largest signal 
changes upon ESAT-6 binding, especially when further 
functionalized with antibodies via EDC-NHS chemistry 
(Fig. 1d). These findings highlight the synergistic benefits 
of combining MOFs and PANI for electrochemical sensing.

Characterization

Paper-based biosensor

The surface morphology of each modification step in the 
(Cu–S)n MOF–PANI paper-based biosensor is shown in 
Fig.  2a After xenon PLS, the (Cu–S)n MOF–PANI com-
posite displayed porous structures. Following EDC-NHS 
activation, the surface became denser with smoother edges. 
Subsequent covalent immobilization of Ab on the activated 
surface resulted in the appearance of nano-sized granular 
features. After blocking nonspecific sites with BSA, addi-
tional spherical deposits were observed, with some pores 
partially filled. Finally, binding of the ESAT-6 antigen 
produced protrusions and a visibly thicker coating layer, 
confirming successful antigen attachment on the (Cu–S)n 
MOF–PANI matrix.

Control SEM images of unsintered PANI, (Cu–S)n 
MOFs, and the composite (Fig. S2c-e) revealed marked dif-
ferences from the sintered material. Pulsed xenon light treat-
ment fused the components into a more continuous porous 
network, as reflected in the enhanced morphological integ-
rity of the composite. Importantly, this PLS-induced struc-
tural refinement correlates directly with the superior sensing 
performance observed in Fig. S1, as the continuous network 
facilitates more efficient charge transfer and provides a 
more stable platform for analyte interaction compared to its 
unsintered counterpart.

Fabrication of the electrochemical biosensor

For the electrochemical platform (Scheme 1), the (Cu–S)
ₙ MOF–PANI composite was drop-cast onto a GCE to 
form a thin conductive sensing layer. In contrast to the 
paper-based system, this platform required neither pho-
tonic sintering nor Nafion treatment. Control electrodes 
composed of pure PANI or (Cu–S)ₙ MOFs were pre-
pared using the same procedure. CV was employed to 
characterize the electrochemical properties of the modi-
fied electrodes and to evaluate their responses to ESAT-6 
binding. Although the incorporation of a Nafion film on 
the electrode surface was evaluated, the resulting film 
masked active reaction sites and impeded electron trans-
fer, thereby suppressing the sensing signal and rendering 
the platform unsuitable for ESAT-6 detection. Electrodes 
were functionalized by sequential EDC-NHS activation, 
covalent immobilization of ESAT-6 antibodies, and BSA 
blocking to minimize nonspecific adsorption. CV mea-
surements revealed that incorporation of MOFs into 
PANI enhanced conductivity and charge transfer, produc-
ing stronger and more reproducible oxidation peak cur-
rents compared with electrodes fabricated from PANI or 
MOFs alone.

Comparative evaluation and design optimization

To identify the optimal sensing matrix, three materi-
als—(Cu–S)n MOFs, PANI, and their composite ((Cu–S)
ₙ MOF–PANI)—were systematically evaluated on both 
platforms. PANI was pre-functionalized with glutaralde-
hyde to enable antibody attachment.

Paper-based biosensor

To further isolate the impact of PLS, we evaluated the 
(Cu–S)ₙ MOF–PANI composite performance with and with-
out photonic sintering. Control experiments revealed that 
without PLS treatment, the composite suffered from mac-
roscopic cracking and delamination upon drying, leading 
to poor substrate adhesion. Consequently, these un-sintered 
films failed to establish a continuous conductive network, 
making it impossible to obtain reliable resistance values 
using the four-point probe. In contrast, the PLS-treated 
composite formed a robust and uniform film that produced 
significantly larger and more consistent resistance shifts 
upon ESAT-6 exposure (Fig. S1). These results confirm that 
PLS is the decisive factor for ensuring the mechanical integ-
rity and electrical percolation of the sensing matrix, thereby 
enhancing both sensitivity and reproducibility. Morphologi-
cal analysis further confirmed that the synergistic effect of 
PANI and PLS-induced sintering formed a more continuous 
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Stepwise surface functionalization further modified the 
composite morphology (Fig.  3a). Following EDC-NHS 
activation, a thin continuous layer enveloped the MOF–
PANI surface. Antibody immobilization introduced granular 
and columnar features, consistent with protein attachment. 
Subsequent BSA blocking produced a thicker and smoother 
layer, partially covering surface pores and irregularities, 
thereby minimizing nonspecific binding. Finally, after 
ESAT-6 antigen binding, pronounced protrusions and local-
ized agglomerates were observed, reflecting antigen–anti-
body interactions and confirming the successful capture of 
ESAT-6 on the electrode surface.

Surface chemical characterization

To confirm the chemical composition and the stepwise bio-
molecular functionalization, ATR–FTIR and XPS analyses 
were performed for both platforms.

Electrochemically-based biosensor

The surface morphology of electrodes modified with different 
materials was analyzed by SEM at 3,000× magnification 
(Fig.  3a). For morphological characterization, all samples 
were deposited onto indium tin oxide (ITO) glass substrates 
prior to SEM imaging. PANI/GCE displayed a uniform 
fibrous network that covered the electrode surface, consistent 
with the conductive framework of the polymer (Fig. S3 
In contrast, (Cu–S)n MOFs/GCE exhibited a layered 
sheet-like architecture with high surface area, confirming 
successful MOFs deposition. The (Cu–S)n MOF–PANI 
composite, prepared by camphorsulfonic acid dispersion 
and centrifugation, showed smaller MOFs domains evenly 
distributed on the GCE surface, forming a more homogeneous 
and stable coating that supported reproducible electrochemical 
performance. The different rotational speeds result in different 
surface morphologies, as shown in Fig. S2c-e and Fig. S3 plot.

Fig. 1  (a) ΔR responses of ESAT-6 detected by three paper-based 
microfluidic sensing platforms (paper #1–3). (b) UV–Vis absorption 
spectra of the treated papers (paper #1–3). (c) CV of electrodes modi-
fied with different materials. (d) Comparison of the change in oxida-
tion peak current upon ESAT-6 (0.39 nM) addition using different elec-

trode materials. The y-axis represents the relative change in oxidation 
peak current (ΔI = I1 – I2), where I1 denotes the oxidation peak current 
obtained from PBS/BSA/Ab/crosslinker/base material, and I2 denotes 
the oxidation peak current after ESAT-6/BSA/Ab/crosslinker/base 
material modification
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Fig. 3  (a) SEM images showing each step of surface modification of the electrochemically based (Cu–S)n MOF–PANI biosensor. (b) ATR–FTIR 
transmittance spectra corresponding to each modification stage. (c) XPS survey (wide-scan) spectra of the modified electrodes

 

Fig. 2  (a) SEM images showing each step of surface modification of 
the (Cu–S)n MOF–PANI–based biosensor in the paper-based plat-
form at 2,000× magnification. (b) ATR–FTIR spectra correspond-
ing to each modification step. (c) XPS survey (wide-scan) spectra of 

the modified samples. (d) High-resolution XPS spectra of the N 1 s 
region, highlighting the chemical-state changes associated with sur-
face functionalization
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Shared material and buffer parameters

The (Cu–S)n MOF–PANI composite exhibited consistent 
optimal behavior across both platforms. A MOF loading of 
5 wt% was selected as it provided the highest conductivity 
and most robust electron-transfer current, while 16 wt% CSA 
was found to be the optimal dopant concentration for maxi-
mizing PANI protonation. These standardized formulations, 
validated by the consistent baseline resistance (Fig. S6a) and 
oxidation peak current (Fig. S7a) across three independent 
synthesis lots (inter-batch RSD < 11%), demonstrate the high 
reproducibility and scalability of the fabrication process. 
Regarding the sensing environment, 10 mM PBS at pH 7.0 
was identified as the ideal buffer. Higher pH levels (> 7.0) 
were found to impair the binding affinity or potentially dena-
ture the ESAT-6 antigen, while increased PBS concentrations 
led to undesirable background resistance or ionic interference.

Platform-specific optimizations

Photonic sintering was critical for the resistive interface in 
paper-based sensor. The optimal energy was determined to 
be 2400 J/cm2 with eight pulses, which minimized substrate 
resistance while maintaining film integrity. For bio-func-
tionalization, a 15  min EDC-NHS activation and 60  min 
antibody incubation (0.2  mg/mL) yielded the most stable 
resistance change (ΔR).

The coating volume and drying time were found to be 
pivotal for film stability on GCE. A 5 µL coating volume 
with a 9 min air-drying duration produced the most repro-
ducible peak currents. Notably, the electrochemical platform 
demonstrated rapid recognition kinetics, with the antigen-
antibody binding signal reaching a plateau within 2  min, 
significantly faster than the paper-based resistive response.

Functionalization efficiency

Both sensors shared an optimal EDC-NHS activation time 
of 15 min. For the antibody-antigen interaction, the paper-
based system required higher volumes (5 µL) to ensure 
uniform coverage of the cellulose fibers, whereas the elec-
trochemical GCE surface was effectively functionalized 
with 7 µL of antibody solution. These optimized condi-
tions collectively ensured the high sensitivity and low LOD 
observed in subsequent clinical matrix evaluations.

Analytical performance of the ESAT-6 biosensor

Paper-based biosensor

The analytical performance of the paper-based biosensor 
was evaluated under optimized conditions, where increasing 

Comparative FTIR analysis of sensing interfaces

The ATR–FTIR spectra of the paper-based biosensor after 
PLS (Fig. 2b, Fig. S4 and S5) and the unsintered electro-
chemical biosensor (Fig. 3b) were analyzed.

The PLS treatment significantly enhanced interfacial inter-
actions, evidenced by the intensification of the C = O stretch-
ing band at 1738 cm–1 and the emergence of a Cu–π interaction 
peak at 811 cm–1. These features indicate a strengthened coor-
dination interaction between the MOF nodes and the PANI 
backbone induced by photothermal effects.

In contrast, the electrochemical sensor preserved the 
native vibrational features of the (Cu–S)n MOF–PANI hybrid 
(Fig. 3b), such as the N–H/O–H stretching at 3411 cm–1and 
ligand coordination features at 1680 cm–1, confirming the 
stability of the composite without thermal processing.

For both platforms, the subsequent bio-functionalization 
followed a consistent spectral evolution. The EDC-NHS 
activation was validated by the appearance of amide-
related bands (Amide I and II) around 1633–1652 cm–1 and 
1551–1564 cm–1. Successful antibody conjugation and BSA 
blocking were corroborated by the pronounced enhance-
ment of these amide features. Upon ESAT-6 introduc-
tion, specific antigen-antibody recognition was confirmed 
by further intensity shifts in the amide and N–H regions 
(3629 cm–1 for paper-based; relative intensity increase for 
electrochemical), signifying successful protein assembly on 
both modified surfaces.

XPS surface validation

XPS survey spectra (Figs.  2c and 3c) corroborated the 
hybrid composition, showing characteristic signals of C, 
O, N, S, and Cu for both sensors. The pulsed-light-treated 
surface exhibited larger signals in N 1 s and O 1 s follow-
ing functionalization, suggesting a more active surface for 
protein binding. Conversely, the unsintered material showed 
a more gradual increase in N 1 s and O 1 s intensities, reflect-
ing a progressive protein incorporation. High-resolution N 
1 s spectra for both platforms revealed a distinct component 
at ~ 401.1 eV after activation, confirming the formation of 
NHS esters and subsequent covalent coupling of antibod-
ies. These results collectively verify that while the initial 
material state (sintered vs. unsintered) differs, both plat-
forms support robust and specific bio-functionalization for 
ESAT-6 detection.

Optimization of experimental conditions

To maximize the analytical performance and reproducibility of 
both biosensing platforms, fabrication and operational param-
eters were systematically optimized. (Fig. S6 and Fig. S7).

1 3

324  Page 8 of 16



Microchimica Acta (2026) 193:324

LOD, and smaller required sample volume, making it suit-
able for quantifying blood plasma ESAT-6 levels in patients 
with active tuberculosis [15], [16] and [17].

Electrochemically-based biosensor

The electrochemical biosensor was evaluated by CV using 
the [Fe(CN)6]3–/4– redox system. The stepwise surface mod-
ification of the sensor is illustrated in Fig. S9. As successive 
functional layers were introduced onto the electrode sur-
face, a progressive decrease in the oxidation peak current 
was observed. Notably, ESAT-6 is an organic protein mol-
ecule, and its immobilization and increasing concentration 

ESAT-6 concentrations progressively impaired the conductiv-
ity of the composite sensing layer, resulting in a corresponding 
increase in electrical resistance. The LOD, based on a signal-
to-noise ratio of 3, was determined to be 39.2 pM (1.32 ng/
mL). As shown in Fig. S8, the biosensor displayed a strong 
linear response from a functional limit of quantification (LOQ) 
of 195 pM to a upper limit of quantification (ULOQ) of 50 nM 
(6.60–1.69 × 103 ng/mL), following the regression equation y 
= (35.13 ± 1.085) log[ESAT-6] – (80.65 ± 3.683) with an excel-
lent correlation coefficient (R2 = 0.994).

Compared with previously reported paper-based biosen-
sors for tuberculosis biomarkers such as ESAT-6 (Table 1), 
the present system provides a wider linear range, lower 

Table 1  Comparative performance summary of the two developed biosensing platforms and recently reported ESAT-6 sensors from other research 
groups
Paper-Based Biosensor
No. Material Detection 

platform
Sample Volume

(µL)
Detection 
method

Linear range 
(ng/mL)

Detection 
limit (ng/
mL)

Ref.

1 aFND bSELFIA sputum 50 Fluorescence 0–103 2.00 × 10− 2 [15]
2 cAuNP dLFIA recombinant 

antigens (in 
PBS)

65 Colorimetric 
detection

eN.A. 6.25 × 10− 2 [16]

3 Gold Screen-Printed 
Gold Electrode

culture filtrates 
proteins
(in PBS)

50 fSWV 10–103 7.00 [17]

4 (Cu–S)n MOF–PANI µPAD blood plasma 5 Resistance 
method

6.60–1.69 × 103 1.32 present work

Electrochemically-Based Biosensor
No. Material Detection 

platform
Sample Volume

(µL)
Detection 
method

Linear range 
(ng/mL)

Detection 
limit (ng/
mL)

Ref.

1’ a’N-GO GCE serum eN.A. b’EIS 10− 2 – 102 7.00 × 10− 3 [18]
2’ c’MXene/C60NPs/Au@Pt GCE serum 10 d’DPV, e’IT 10− 4 – 5 × 10 2.88 × 10− 6 

(DPV) 
1.35 × 10− 5 
(IT)

[19]

3’ f’Ti3C2Tx GCE serum 20 DPV 10− 5 – 102 4.07 × 10− 6 [20]
4’ g’N-CNTs-Au GCE serum eN.A. CV, EIS 10− 4 – 5 × 10 2.36 × 10− 6 [21]
5’ h’Ni-rGO-PANI Ni-rGO-PANI 

metal
carbon-polymer 
composite film

blood plasma 1000 CV 1.0–102 1.04 [22]

6’ i’NG@Zr-MOF-on-Ce-
MOF@Tb

GCE serum 20 CV 10− 4 – 10 1.20 × 10− 5 [23]

7’ j’NiMn-LDHs@PdNPs GCE serum eN.A. CV 7.5 × 10− 4 – 10 6.29 × 10− 4 [24]
8’ k’PEDOT-COOH Gold Electrode blood plasma 5 CV 8.1 × 10− 1 

– 1.69 × 103
4.70 × 10− 2 our previous 

work, [25]
9’ (Cu–S)n MOF–PANI GCE artificial urine 5 CV 7.99 × 10− 4 

– 5.28 × 10
5.68 × 10− 5 present work

aFND: Fluorescent nanodiamond. bSELFIA: Spin-enhanced lateral flow immunoassay. cAuNP: gold nanoparticle. dLFIA: Lateral flow immunoas-
say. eN.A.: Not Available. fSWV: Square wave voltammetry. a’N-GO: N-doped graphene oxide. b’EIS: Electrochemical Impedance Spectroscopy. 
c’MXene/C60NPs/Au@Pt: Mxene a novel type of metal carbides and nitrides material. C60NPs: Fullerence nanoparticles. Au@Pt: Core-shell bime-
tallic Au@Pt nanostructures. d’DPV: Differential Pulse Voltammetry. e’IT: Amperometric i-t curves. f’Ti3C2Tx: Titanium carbide. g’N-CNTs-Au: 
Gold nanoparticles supported nitrogen-doped carbon nanotube. h’Ni-rGO-PANI: Ni nanoparticles/reduced Graphene oxide/polyaniline. i’NG@
Zr-MOF-on-Ce-MOF@Tb: Nitrogen-doped graphene/Zr-MOF-on-Ce-MOF/Toluidine Blue nanohybrid. j’NiMn-LDHs@PdNPs: NiMn-layered 
double hydroxides@palladium nanoparticles. k’PEDOT-COOH: poly(3,4-ethylene dioxythiophene) with carboxyl groups.
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analytical performance, characterized by a lower 
detection range, lower LOD, and reduced sample volume. 
Furthermore, the platform’s unique advantage in using 
artificial urine as a detection matrix highlights its potential 
for noninvasive tuberculosis diagnosis. In previous studies, 
the concentration of ESAT-6 detected in urine samples 
from most non-tuberculosis patients was below the limit of 
detection (6 pg/mL = 6 × 10–3 ng/mL), clearly distinguishing 
infected from non-infected individuals [26]. In the present 
work, the detection range of our biosensor covers the 
clinically relevant ESAT-6 concentrations found in both 
TB-positive and TB-negative subjects, demonstrating its 
potential for differentiating disease status through urine-
based detection. The integration of a MOF–polymer 
composite electrode contributed to the remarkably low LOD 
and minimal sample volume requirement, outperforming 
comparable electrochemical sensors reported previously.

further hindered electron transfer between the redox couple 
and the electrode surface, resulting in a gradual attenuation 
of the CV current response.

As shown in Fig.  4a, I1 represents the oxidation peak 
current of the functionalized electrode in PBS, whereas I2 
corresponds to the current after exposure to ESAT-6. The 
difference (ΔI = I2 – I1) reflects the signal change induced by 
antigen binding. A linear correlation was obtained between 
ΔI and the logarithm of ESAT-6 concentration over the 
range of 23.6 fM–1.56 nM (7.99 × 10− 4 – 5.28 × 101 ng/mL), 
following the equation y = (– 11.88 ± 0.740) log[ESAT-6] 
– (36.41 ± 1.223) (R2= 0.977). The LOD was 1.68 fM 
(5.68 × 10− 5 ng/mL), demonstrating ultrasensitive perfor-
mance at the femtomolar level.

Compared with previously reported electrochemical 
biosensors for detecting tuberculosis-associated biomarkers 
(Table  1), our developed platform demonstrated superior 

Fig. 4  Analytical performance of the electrochemical biosensor for 
ESAT-6 detection. (a) Calibration curve of oxidation peak current 
change (ΔI) versus log[ESAT-6] (n = 3). (b) Interference assessment 
using common urinary components (900 µg/mL urea, 1.5 µg/mL uric 
acid, 900 µg/mL Gly, 0.056 µg/mL Met, 0.1 µg/mL Asp, 0.159 µg/
mL Trp, 0.293 µg/mL Val, 36 µg/mL Glu, 3.75 µg/mL HSA, 2.5 µg/

mL AA) and tuberculosis-related proteins (29.5 nM MPT-64, CFP-
10, ESAT-6–CFP-10 hybrid). A mixed solution containing all inter-
ferents (Mixture) and the same mixture with 1.56 nM ESAT-6 (Mix-
ture + ESAT-6) were also tested (n = 3). (c) Inter-assays repeatability 
was measured using 1.56 nM ESAT-6 (n = 3). (d) Intra-assay reproduc-
ibility over 5 consecutive days was measured using 1.56 nM ESAT-6
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orientations or non-specific interactions of the heterodimer, 
despite partial epitope masking [16].

In contrast, the GCE-based electrochemical sensor dem-
onstrated superior molecular specificity by effectively sup-
pressing signals from the ESAT-6–CFP-10 complex. This 
high tolerance suggests that the electrochemical interface, 
governed by direct electron-transfer kinetics, is more sensi-
tive to the precise steric configuration of the antigen. Conse-
quently, the electrochemical platform is better suited for the 
highly selective quantification of free ESAT-6.

Precision and long-term stability

The reproducibility of the dual platforms was validated 
through intra- and inter-assay precision tests (Figs.  4c-d 
and 5b-c). Both systems demonstrated high precision; the 
paper-based sensor yielded RSDs below 4%, while the 
electrochemical sensor showed superior precision with 
RSDs below 3.5% over five consecutive days. Regarding 
long-term robustness, the paper-based biosensor exhibited 
a remarkable shelf-life, maintaining a stable response 
within ± 4% RSD after 32 days of storage at 4 °C. Similarly, 
the electrochemical platform demonstrated robust storage 
stability, retaining 95.8% of its initial response after 12 

Selectivity and interference evaluation

To evaluate analytical specificity within complex biological 
matrices, both platforms were challenged with potential 
interferents. For the blood plasma-based (paper) sensor, 
common components (AA, Glu, HSA) and TB-specific 
proteins (CFP-10, MPT-64) were examined, while the urine-
based (electrochemical) sensor was tested against urea, uric 
acid, and various amino acids (Gly, Met, Asp, Trp, Val).

To suppress inherent matrix effects and high ionic back-
grounds, samples were diluted—40-fold for artificial urine 
and 25-fold for blood plasma—following optimized analyti-
cal workflows. Despite these dilutions, interferent concen-
trations remained several orders of magnitude higher than 
the target ESAT-6, the (Cu–S)n MOF–PANI sensing inter-
face maintained high accuracy, demonstrating the robust 
anti-interference capability of the composite. A critical dis-
tinction emerged during the comparative evaluation of the 
ESAT-6–CFP-10 heterodimer (Figs. 4b and 5a). The paper-
based sensor exhibited partial cross-reactivity toward this 
complex. This broad-spectrum recognition is analytically 
advantageous for initial screening, as it captures both free 
ESAT-6 and its hybrid forms. This response likely stems 
from the porous cellulose matrix, which facilitates different 

Fig. 5  Analytical performance of the paper-based biosensor for 
ESAT-6 detection. (a) Interference assessment with common blood 
plasma components (0.014  mg/mL AA, 1.8  mg/mL Glu, 5  mg/mL 
HSA), tuberculosis-related proteins (3.125 mg/mL CFP-10, 0.366 mg/
mL MPT-64, 3.125 nM ESAT-6–CFP-10 hybrid, and 50 nM ESAT-6), 

and a mixed solution containing all interferents with ESAT-6 (n = 3). 
(b) Inter-assay repeatability for 4.78 nM ESAT-6 over five consecu-
tive days (n = 3). (c) Intra-assay repeatability for 4.52 nM ESAT-6. (d) 
Storage stability of the biosensor evaluated over 32 days using 7.01 
nM ESAT-6 (n = 3)
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Performance in human blood plasma (paper-based sensor)

The quantitative reliability of the resistance-based sensor 
was validated across a concentration range encompassing 
the reported clinical threshold for tuberculosis (1.05 × 102 ng/
mL). To ensure analytical fidelity, undiluted blood plasma 
samples were first spiked with ESAT-6 and subsequently 
diluted 25-fold with 10 mM PBS (pH 7.0), yielding final test 
concentrations from 26.2 to 1693.5 ng/mL (0.78 to 50 nM). 
As summarized in Table 2, the recovery values ranged from 
92.9% to 101.0% with RSDs between 1.86% and 4.12%. 
The high degree of accuracy and reproducibility underscores 
the potential of this paper-based platform as a robust tool for 
rapid blood plasma-based screening. These results were fur-
ther benchmarked against a commercial ELISA kit.

Performance in artificial urine (electrochemical sensor)

To demonstrate the matrix tolerance of the (Cu–S)n MOF–
PANI composite in non-invasive diagnostics, recovery experi-
ments were conducted in artificial urine, focusing on both 
trace-level and disease-relevant regimes. Following the estab-
lished protocol, raw artificial urine was spiked with ESAT-6 
and then subjected to a 40-fold total dilution to mitigate ionic 
interference while maintaining detectable analyte levels. The 
final test concentrations ranged from 7.99 × 10–4 to 52.84 ng/

days (Fig. S10). These results confirm that the ((Cu–S)n 
MOF–PANI composite provides a stable and reliable 
sensing interface, suitable for both rapid point-of-care 
screening (paper-based) and high-sensitivity quantitative 
diagnostics (electrochemical).

Spiked recovery experiment

Methodological strategy and recovery rationale

To systematically evaluate the methodological recovery 
and matrix effects, spiked samples were utilized—a stan-
dard and rigorous strategy for disease-associated biomark-
ers like ESAT-6 that are absent in healthy biofluids. To 
ensure the highest analytical fidelity, the ESAT-6 antigen 
was spiked into undiluted human blood plasma and artifi-
cial urine at the beginning of the workflow, followed by 
the respective dilution protocols. This approach confirms 
the sensors’ ability to handle complex biological matrices 
during the initial recognition stage. Furthermore, to con-
firm the complementary utility of the two platforms, a 
cross-platform validation was conducted in a shared blood 
plasma matrix, ensuring that the superior sensitivity of the 
electrochemical method and the rapid screening capability 
of the paper-based platform can be reliably integrated into 
a unified diagnostic framework.

Table 2  Recovery results of ESAT-6 in samples determined by two biosensor platforms: Paper-based biosensor ESAT-6 recovery test results using 
resistance method and ELISA methods in human blood plasma (n = 3). Electrochemically-based biosensor recovery results of ESAT-6 determined 
by the CV method in artificial urine samples (n = 5)
Paper-Based Biosensor
Sample Added ESAT-6 

(ng/mL)
measured by the resis-
tive method
(ng/mL)

Recovery 
(%)

RSD (%) ELISA method
(ng/mL)

Recovery 
(%)

RSD 
(%)

1 2.62 × 101 (2.44 ± 0.05) × 101 92.9 2.18 -a

2 5.28 × 101 (5.35 ± 0.16) × 101 101.0 3.02 (5.54 ± 0.06)× 101 105.0 1.16
3 9.97 × 101 (9.71 ± 0.18) × 101 97.4 1.86 (1.03 ± 0.09) × 102 103.0 8.45
4 8.45 × 102 (8.08 ± 0.26) × 102 95.6 3.16 -a

5 1.69 × 103 (1.58 ± 0.07) × 103 93.5 4.12 (1.59 ± 0.18) × 103 94.5 11.5

Electrochemically-Based Biosensor
Sample Added ESAT-6 

(ng/mL)
CV method
(ng/mL)

Recovery 
(%)

RSD (%) ELISA method
(ng/mL)

Recovery 
(%)

RSD 
(%)

1’ 7.99 × 10− 4 (7.84 ± 0.29) × 10− 4 98.1 3.67 -b

2’ 1.28 × 10− 2 (1.31 ± 0.10) × 10− 2 103.0 4.58
3’ 2.05 × 10− 1 (1.93 ± 0.10) × 10− 1 94.0 4.24
4’ 3.29 3.39 ± 0.17 103.0 4.87
5’ 5.28 × 101 (5.04 ± 0.16) × 101 95.4 3.20
-: not detected
a See the section on the Comparison between Paper-Based Sensors and ELISA Kits
b Out of the detection range of ELISA.
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Discussion: comparative analysis of sensing 
architectures

The dual-platform strategy developed in this study leverages 
the unique properties of the (Cu–S)n MOF–PANI composite 
to meet diverse clinical diagnostic needs. The distinct sens-
ing behaviors observed between the paper-based microflu-
idic and electrochemical platforms arise from fundamental 
differences in their interfacial physics and signal transduc-
tion mechanisms.

Sensitivity and transduction efficiency

The electrochemical platform achieves an ultra-low fM-
level LOD, primarily due to the direct electron transfer 
between the (Cu–S)n MOF–PANI layer and the GCE, which 
minimizes interfacial resistance. In contrast, the paper-
based platform operates via capillary-driven flow within a 
3D porous matrix. While this architecture facilitates rapid 
sample transport, the passive mass transport and increased 
background noise limit its sensitivity to the pM range. Inter-
estingly, the electrochemical system requires more precise 
surface equilibration, whereas the paper-based system offers 
a broader dynamic range suitable for high-concentration 
blood plasma screening.

Selectivity and matrix interference

The distinct interference tolerance of the two platforms was 
experimentally validated. The paper-based sensor showed 
partial cross-reactivity toward the ESAT-6–CFP-10 het-
erodimer (Fig.  5), likely due to the high surface-area-to-
volume ratio of the cellulose network (Fig. S2) promoting 
multi-epitope interactions. While this reduces molecular 
specificity, it is clinically advantageous for broad TB screen-
ing. In contrast, EIS analysis (Fig. S11) confirmed the elec-
trochemical platform’s high specificity. The substantial 
increase in Rct for free ESAT-6 versus negligible change for 
the heterodimer demonstrates that the electrochemical inter-
face effectively discriminates against the bulkier complex 
via steric exclusion. This physical hindrance at the (Cu–S)n 
MOF–PANI surface ensures superior precision for ultra-
trace quantification.

Clinical utility and complementarity

The two platforms offer complementary operational advan-
tages The paper-based system excels in portability, cost-effec-
tiveness, and rapid processing, making it an ideal candidate 
for POCT in resource-limited settings. The electrochemical 
system, while requiring more sophisticated instrumentation, 
provides the extreme precision necessary for non-invasive 

mL (23.6 fM to 1.56 nM). The electrochemical platform exhib-
ited exceptional accuracy, with recovery values of 94.0% to 
103.0% and RSDs between 3.20% and 4.87% (n = 5). Direct 
benchmarking against ELISA for concentrations below 1.56 
ng/mL (52.8 ng/mL) was not feasible due to the kit’s sensitivity 
threshold. However, at the overlapping concentration of 1.56 
nM (52.84 ng/mL) in a diluted blood plasma matrix, the elec-
trochemical platform showed results highly consistent with the 
ELISA benchmark (95.6% vs. 105.0% recovery). Given that 
blood plasma is a more chemically complex biological matrix 
than artificial urine, this cross-matrix consistency validates the 
methodological accuracy and robustness of the (Cu–S)n MOF–
PANI platform. Consequently, the high recovery rates obtained 
in artificial urine (94.0%−103.0%) can be considered reliable 
for subsequent ultra-trace quantification in clinical contexts.

Cross-platform validation and synergistic analysis

To validate the complementary performance of the two sens-
ing strategies, a head-to-head comparison was conducted in 
a shared blood plasma matrix. A concentration of 1.56 nM 
(52.8 ng/mL) was selected as the cross-validation point, as it 
falls within the operational linear range of both platforms. To 
minimize matrix effects and non-specific protein adsorption 
during electrochemical analysis, the spiked plasma samples 
were diluted 100-fold with pH 7.4 PBS prior to measurement. 
As summarized in Table S1, the paper-based sensor and the 
electrochemical platform yielded highly consistent recovery 
values of 101.0% and 95.6%, respectively. Crucially, these 
results were further benchmarked against a commercial 
ELISA kit, which showed a comparable recovery of 105.0% 
at the same concentration. The high degree of correlation 
among the three methods confirms the accuracy of our plat-
forms. This synergistic approach ensures that the diagnostic 
framework can provide ultra-sensitive detection at the femto-
molar level while maintaining the capability for rapid, cost-
effective screening at higher clinical concentrations, offering 
a comprehensive solution for tuberculosis monitoring.

Comparative analytical summary

The successful recovery across both matrices—spanning 
from femtomolar levels in urine to nanomolar levels in 
blood plasma—demonstrates the versatility and robust-
ness of the dual-platform sensing strategy. By leveraging 
the same conductive composite, the paper-based sensor 
provides a rapid response optimized for clinical thresholds, 
while the electrochemical sensor offers the extreme sensi-
tivity required for early-stage or non-invasive detection. 
Collectively, these complementary systems provide a com-
prehensive and reliable solution for ESAT-6 monitoring in 
diverse biological environments.
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and enzymatic kits, reducing material costs to approximately 
5–10 USD per test. Furthermore, the use of a portable four-
point probe instrument ensures precise resistance readout in 
field settings. Compared to traditional sputum culture, the use 
of blood plasma and urine enhances safety and patient com-
pliance, providing a robust and accessible solution for tuber-
culosis monitoring in resource-limited environments.

Limitations of the work

Although this study demonstrates the high performance and 
reproducibility of the dual sensing platforms, several limita-
tions provide a roadmap for future development. First, while 
high recovery was achieved in spiked biofluids, further vali-
dation with a larger cohort of diverse clinical samples from 
tuberculosis patients is essential to confirm diagnostic accu-
racy in real-world settings. Furthermore, extending shelf-life 
evaluation to commercial standards (e.g., beyond six months) 
and optimizing mass-production variables—specifically the 
PLS sintering and MOF loading processes during the transi-
tion from laboratory-scale to automated synthesis—remain 
critical steps for successful commercial translation.

Conclusions

In conclusion, we have demonstrated a versatile dual-
biosensing strategy for the detection of the ESAT-6 bio-
marker, leveraging the synergistic properties of a (Cu–S)n 
MOF–PANI conductive composite. A significant aspect of 
this work is the application of pulsed light sintering, which 
modulates the composite’s conductivity and surface chem-
istry to enable effective sensing across two distinct archi-
tectures. The paper-based microfluidic resistive sensor 
provides a cost-effective and rapid screening tool for blood 
plasma samples, covering the clinically relevant nanomolar 
range. Complementing this, the electrochemical GCE-based 
biosensor achieves an ultralow femtomolar-level detection 
limit (23.6 fM), offering the extreme sensitivity required for 
non-invasive urine diagnostics. Our findings, validated in 
spiked human blood plasma and artificial urine, show that 
this integrated approach provides a complementary frame-
work for both rapid screening and high-precision quantifica-
tion. While further clinical validation with patient-derived 
samples is necessary, this dual-platform methodology, 
enabled by MOF-polymer engineering, offers a promising 
and potentially scalable solution for the early diagnosis and 
monitoring of tuberculosis, particularly suited for diverse 
clinical and resource-limited settings.

Supplementary Information  The online version contains supplementary 
material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​6​0​4​-​0​2​6​-​0​8​0​0​7​-​5.

diagnostics. By integrating both platforms, this study pro-
vides a comprehensive diagnostic solution that covers the 
entire spectrum of clinical TB monitoring, from rapid field 
screening to high-sensitivity clinical quantification.

Comparison between paper-based sensors and 
ELISA kits

The proposed sensor’s performance was benchmarked 
against a commercial ELISA kit (linear range: 1.56–100 ng/
mL). To ensure compatibility, samples at 845 ng/mL were 
diluted to 21.12 ng/mL. However, experimental results 
revealed poor RSD and increased error at concentrations 
near 21.12 and 26.2 ng/mL (Table  2), indicating that the 
kit’s precision is compromised at these lower concentra-
tions. Nevertheless, for samples within the reliable detec-
tion range of the ELISA kit (Samples 2, 3, and 5), the results 
from our paper-based sensor showed an excellent linear 
correlation (R2 = 0.9999) and no significant statistical dif-
ference (p > 0.05) compared to the reference technique, 
validating the platform’s analytical accuracy. These results 
highlight the inherent limitations of ELISA: it is not only 
time-consuming (4-hour process) and labor-intensive but 
also prone to performance fluctuations at the lower end of 
its scale. Our paper-based platform addresses these issues 
by offering superior precision and operational simplicity, 
making it a more reliable solution for ESAT-6 detection.

Reliability and anti-fouling performance in complex 
matrices

To address potential signal drift and sensor fouling in com-
plex biofluids, both platforms were developed as dispos-
able, single-use devices, ensuring that each measurement 
is performed on a pristine interface. For the paper-based 
sensor, a Nafion membrane was integrated to act as an anti-
fouling layer, effectively isolating non-specific components 
in blood plasma. Furthermore, the accuracy of each session 
is maintained through daily calibration curves and, for the 
paper platform, a four-point probe resistance calibration. 
The robustness of these strategies is supported by the inter-
ference studies in Figs. 4 and 5, which confirm the sensors’ 
high fidelity in both urine and plasma matrices without the 
influence of bio-fouling.

Practicality and scalability

The dual-platform strategy offers significant advantages in 
scalability and clinical utility. High-speed processing (milli-
second-range) enables high-throughput, roll-to-roll manufac-
turing of the sensing interfaces. By utilizing a direct sensing 
mechanism, we eliminate expensive secondary antibodies 
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