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In recent years, several multiplexed point-of-care platforms have been developed as diagnostic
tools for sepsis. However, the current versions suffer from poor electrode consistency, analyte
interference, and complicated production challenges. Here, we report a polymethyl methacrylate
(PMMA)-based trimodal multiplex sensor for the concurrent detection of three sepsis biomarkers:
procalcitonin (PCT), C-reactive protein (CRP), and interleukin-6 (IL-6). The device has three
active sensing areas. Each area contains a conductive paste comprising trypan blue (TB)-
functionalized metal-organic framework (MOF). The MOF paste acts as a transduction layer and
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is modified with aptamers specific to each analyte. The design includes barriers, optimized channel
geometries, and capillary stops to keep electrolytes separate, preventing cross-contamination and
off-target binding. The TB-MOF material, with its extended n-conjugation, allows direct electron
transfer, which is amplified by surface modification with 3-phosphonopropionic acid (3-PPA).
This enhanced electron transfer reduces charge transfer resistance (Rct), lowers redox potential,
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and increases peak currents by ~ 5-10-fold compared to the unmodified MOF paste. The increased
density and orientation of aptamers, caused by the phosphonic acid groups of 3-PPA, also increase
the number of binding sites, leading to significant changes in electrochemical reversibility
following immobilization. With such arrangements, the subsequent aptasensors achieved detection
limits of approximately 0.204 pg mL™! (PCT), 0.02 mg mL™! (CRP), and 0.315 pg mL! (IL-6),
with cross-reactivity below 5%. Overall, this single-formulation platform is graphene-free, shows
reproducible baseline stability, and provides a cost-effective approach for producing disposable
diagnostic cartridges for sepsis with high specificity.
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1. Introduction

Sepsis is a medical condition associated with a dysregulated host response to infection and
represents one of the major challenges in global healthcare. Patient outcomes depend critically on
the speed and accuracy of diagnosis. The progression from early sepsis to septic shock necessitates
rapid detection and patient stratification using key biomarker profiles, including procalcitonin
(PCT), C-reactive protein (CRP), and interleukin-6 (IL-6).1> Traditional assays such as ELISA
and immunoassay-based methods are largely confined to central laboratory settings and require
substantial infrastructure. These techniques often lack multiplexed detection capability and result
in prolonged turnaround times. To address these limitations, point-of-care (POC) platforms are
needed for multiplexed biomarker testing, enabling timely and personalized diagnosis.>?

The quantities of these biomarkers vary considerably during the onset and progression of sepsis.
As reported in the literature, PCT levels of 0.25-0.5 ng mL™" are associated with local bacterial
infection. A value of 1 ng mL! indicates systemic infection, while levels exceeding 10 ng mL™!
and up to 100 ng mL™" reflect the onset of sepsis. The PCT levels rise within approximately 4 h of
infection onset and peak at 824 h.4> CRP is an acute-phase protein that is produced in response
to infection or tissue injury. CRP levels begin to rise approximately 10—12 hours following sepsis
onset. Levels above 10 pg mL-!' indicate sepsis.®’ Likewise, under normal physiological
conditions, IL-6 reference levels range from 5 to 25 pg mL™! and can reach up to 1000 pg mL-!
during sepsis. Blood IL-6 levels are strongly associated with sepsis prognosis, as high levels (500
pg mL™") are associated with increased mortality risk. Collectively, these dynamic biomarker
profiles underscore their clinical utility in the early diagnosis and management of sepsis.?-1°

Electrochemical sensors have gained considerable attention as analytical detection platforms. They
offer high sensitivity, portability, and compatibility with low-cost fabrication. Recent studies have
reported multiplexed devices capable of monitoring sepsis biomarkers, such as magneto-
immunosensors for simultaneous PCT and CRP detection and graphene-nanocomposite-coated
planar gold electrode-based multiplex platforms for detection directly in undiluted serum and other
clinical samples.!!"!3 These platforms demonstrated multi-biomarker detection in blood,
incorporating advanced antifouling and low-noise surface designs. They have also demonstrated
clinical feasibility through reduced assay times, which were enabled by microfluidic integration.
However, most of these multiplexed platforms suffer from limitations such as inter-channel
variability, analyte crosstalk, baseline drift, fabrication complexity, and inconsistent electrode
geometries. Furthermore, reliance on graphene or other complex nanostructured materials poses
reproducibility and scale-up challenges. Collectively, these limitations hinder the practical
deployment of multiplexed electrochemical systems.

MOFs are large surface area, high-porosity coordination polymers, which have been extensively
investigated for electrochemical applications.!416 Despite their unique structural properties, their
application in biosensing remains limited, primarily due to insufficient intrinsic conductivity.
Numerous efforts have been directed towards synthesizing electrically conductive MOFs, but most
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reported systems exhibit poor electrical conductivity to fully exploit their biosensing potential.
Prominent exceptions include MOFs derived from conjugated organic linkers such as
tetrathiafulvalene (TTF), trypan blue (TB), and porphyrin derivatives, which exhibit sufficient
conductivity. 416 To date, MOFs are primarily employed as solvent-dispersed thin films onto
glassy carbon or screen-printed electrodes for biosensor fabrication. These films are further
modified with biorecognition elements such as aptamers, enzymes, and antibodies, but often suffer
from limited long-term stability and compromised sensing performance.

In this context, utilizing a carbon-free conductive MOF in paste form offers several notable
advantages over conventional thin films. The paste architecture enables efficient electron transfer
through percolation pathways, ensures mechanical stability, and prevents film delamination.!# It
also allows higher MOF loading, which facilitates a greater number of accessible active sites, and
supports homogeneous chemical functionalization (e.g., 3-phosphonopropionic acid (3-PPA)
treatment for aptamer immobilization). Thus, MOF paste represents an ideal platform for
developing multiplexed sensing surfaces.

Herein, we report the development of a spatially separated, multiplexed biosensor for sepsis
biomarker (PCT, CRP, IL-6) detection. We introduce a three-dimensional (3D) laser-fabricated
trimodal sensing platform fabricated on polymethyl methacrylate (PMMA). The device integrates
three T-shaped wells incorporating 3-PPA-modified MOF pastes immobilized with DNA aptamers
as electroactive sensing layers. We use biomarker-specific amino-functionalized and biotinylated
aptamers for selective recognition of IL-6, CRP, and PCT. The system design addresses the key
multiplexing challenges, including inadequate compartmentalization, dependence on a shared

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

working electrode, high fabrication complexity, and elevated cost, while integrating signal
amplification within a unified sensing platform.
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Details on the materials, methods, and instrumentation are included in the Supporting Information
section.

Fabrication of POC device

A miniaturized multiplexed sensing platform for three biomarkers was fabricated by laser scribing.
The platform was designed using AutoCAD software, and the designs were transferred directly to
the laser scribing system (Figure 1 and S1). Each working electrode compartment consisted of a
T-shaped, two-tiered well, with the central section 3 mm deep and the outer section 2.5 mm deep.
A high-power laser was used to engrave these features on the surface of a PMMA substrate
measuring 50 x 30 mm, with a thickness of 7 mm. Subsequently, the substrate was patterned to
create channels (0.2 mm in depth) to establish electrical connections for electrical measurements.
Subsequently, the connection pads were formed using copper tape and fixed with cyanoacrylate
adhesive.

Formulation of MOF active paste
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Synthesis of MOFs: The MOFs were synthesized as previously reported.'* A typical synthesis
procedure was as follows:

Synthesis of Cu x Zn_y (Try)_x. Trypan blue (Try) (100 pL) and Cu (NO3).2H,O (100 mg),
Zn(NO3).2H,0 (100 mg) were dissolved in 3 mL of dimethylformamide (DMF) and sonicated for
15 min, then heated at 110 °C for 24 h. The product was collected by centrifugation, washed
repeatedly with ethanol to remove unreacted precursors and residual ions, and then dried under
vacuum at 100 °C for 12 h. Additional synthetic optimization details are included in the Supporting
Information (ESI) section.

Post-synthesis functionalization with 3-PPA and paste formulation

The synthesized MOFs were subsequently modified with 3-PPA. Functionalization was carried
out by dispersing the MOFs in a 0.1 M aqueous solution of 3-PPA under sonication for
approximately 40 min, followed by washing with ethanol and drying at 70—80 °C. The resulting
powder was used for electrode paste preparation. 1 mg of this powder was thoroughly mixed with
a defined quantity of mineral oil, and the resulting paste was stored at room temperature for further
processing.

Fabrication of aptasensor interfaces
Preparation of CRP, IL-6, and PCT sensors with EDC/NHS linkage:

Once the 3-PPA-modified MOF paste was prepared, it was treated with a freshly prepared 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) mixture. EDC (0.2 M) and NHS (0.05 M) were each dissolved separately in 50 mM MES
buffer (pH 5.5), combined, immediately deposited onto the MOF paste surface, and incubated for
30 min. The activated surfaces were later rinsed with MES buffer and dried under a gentle stream
of nitrogen. The resulting activated ester groups were available for covalent conjugation with
biorecognition elements. For the CRP sensor, the capture probe consisted of an oligonucleotide
bearing a 5' Amino Modifier C6, which was diluted to 1 mM in PBS (pH 7.2). Similarly, for the
IL-6 sensor, a 5' Amino Modifier C12 oligonucleotide probe was employed. For the PCT sensor,
3'-biotinylated oligonucleotides were used as the affinity probe.

With amino-modified aptamers, EDC/NHS-activated electrode surfaces were further treated with
probe solutions for 2 h. As a result, the immobilization of the respective aptamer was achieved via
covalent amide linkage, forming amide bonds between the amine groups of the aptamer and the
activated NHS ester. In the case of the biotin-modified aptamer, EDC/NHS-linked surfaces were
further treated with streptavidin (STV). The solution (I mg mL-") of streptavidin (SA) was
prepared in PBS by gentle mixing and diluted to 0.1 mg mL™. The streptavidin-treated paste was
subsequently incubated with the PCT-specific aptamer for 2 h. This step was followed by treatment
with bovine serum albumin (BSA) solution for blocking non-specific binding sites, and the
modified paste was incubated for approximately 20 h. After the bioconjugation step, the paste was
rinsed with 1 mL of PBS, dried, and stored for electrochemical testing.
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Electrochemical measurements

The MOF paste-based aptasensors were loaded into the 3 mm central wells and designated as
working electrodes, with copper tape serving as the electrical contact at the base. A silver wire
reference electrode and a platinum wire auxiliary electrode were positioned in the outer sections
to complete a three-electrode electrochemical cell configuration. The copper pads on the edge were
connected to the potentiostat for electrochemical measurements. The portions of copper tape
potentially exposed to working solutions were insulated to avoid unwanted electrochemical
interference. Preliminary electrochemical characterization of unmodified and modified pastes was
performed at each fabrication step using glass capillary electrodes. These materials were loaded in
the same manner as the well electrodes to form paste electrodes for comparative evaluation. A
potential window of -0.3 to 1.2 V and a scan rate range of 0.01-0.3 V s'! were utilized to record
the CV cycles.

The initial potential was set to the open circuit voltage for impedance studies over a frequency
range of 0.1 Hz to 100 kHz. Impedance spectra were obtained with an AC perturbation amplitude
within the range of 0.01-0.035 V. All three sensors were evaluated in PBS (pH=7.4). The
developed multiplex platform was subsequently tested using spiked whole blood samples. The test
solutions were prepared by mixing 5 uL of PCT (1-100 pg mL~"), CRP (0.001-0.5 mg/mL), and
IL-6 (0.01-50 pg mL~!) volumes, which were added to commercially sourced bovine blood
samples. The analytical performance of the aptasensors was evaluated using parameters such as
active electrode surface area, surface coverage, charge transfer resistance, electron transfer rate
constant, sensitivity, and limit of detection (LOD). Furthermore, the cross-reactivity analyses were

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

carried out by mixing equal volumes (20 pL each) of PCT, CRP, and IL-6 analytes. This mixture
(15 uL) was applied while recording the signals for each aptasensor, and the electrochemical
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signals were recorded to assess signal interference arising from non-specific molecular
interactions.
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CAD Design PMMA Prototype Sensor Schematic

Figure 1. Graphic representation showing the assembly of the PMMA-based layout and the
corresponding development of aptasensors.
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3. Results and discussion

This work focuses on the miniaturization and integration of ultrasensitive biomarker detection into
a single, multiplex point-of-care platform. We developed a handheld PMMA-based laser-engraved
miniature device capable of preventing molecular interference and enabling multiplex molecular
detection on the same interface.!” The stepwise fabrication of the device and aptasensor
articulation are demonstrated in Figure 1.

3-PPA modified MOF characterization and impedimetric optimization

The surface of the Cu/Zn-TB MOF was modified with 3-PPA to incorporate terminal carboxylic
acid groups and to ensure strong metal-phosphonate coordination.'® The phosphonate linkages
with metal centers prevented desorption during the electrochemical measurements. In addition, the
introduction of acid functionalities rendered the exposed MOF surface suitable for aptamer
attachment via subsequent EDC/NHS-mediated coupling. The morphological changes before and
after 3-PPA modification were examined by scanning electron microscopy (SEM). Micrographs
of pristine MOFs (Figure 2a and S2) exhibited a non-uniform surface, with irregularly aggregated
crystallites and polymorphic features; these results were in agreement with our previous findings.
In contrast, 3-PPA-functionalized MOF (Figure 2b) showed a significantly more uniform and
interconnected structural network. This transformation in surface morphology suggests a robust
coordination of phosphonate groups with metal nodes, leading to improved surface coverage.!”
The N, adsorption—desorption study revealed a type II isotherm and a surface area of around 24
m? g!, suggesting the predominantly microporous character (Figure 2¢). The large adsorption at
higher relative pressures demonstrated a well-developed pore structure in the modified MOF. FTIR
spectra exhibited characteristic peaks at 1661.4 cm™! (C=0 stretch), 1588.6 cm! (conjugated C=C
stretch), and 1493.1 cm! (aromatic C=C ring stretch). Further, the C—H out-of-plane bending bands
observed at frequencies 880.3 cm!, 814.7 cm!, 770.4 cm™!, 688.5 cm’!, are characteristic of
substituted aromatic rings of trypan blue.!#

The XPS analysis of Cu 2p for Cu in Cu/Zn-TB MOF displayed the deconvoluted Cu 2p3/2 and
Cu 2pl/2 peaks at 936.6 and 957.4 eV (Figure 2e). Satellite peaks at 943.1, 947.2, and
approximately 965.8 eV were also observed, suggesting a change in chemical environment and
oxidation state compared to the standard reference material. This is likely attributable to the hybrid
composition of the bimetallic MOF and strong interactions with neighboring elements. The Zn 2p
spectrum exhibited two well-resolved peaks at 1022.7 (Zn 2p3/2) and 1045.7 eV (Zn 2pl/2),
characteristic of Zn?".1# The peak separation of approximately 23 eV corresponds to the +2
oxidation state of zinc (Figure 2f) and further suggests the coordination with the O and N atoms
and the retention of a typical tetrahedral coordination geometry. The XRD analysis revealed sharp
diffraction peaks at 20 = 10.21, 10.81, 16.19, 17.07, and 24.82, corresponding to (100), (101),
(111), (211), and (222) crystallographic planes, respectively (Figure 2g). The phase analysis
indicated that the MOF comprises a mixture of nearly 60% monoclinic and 40% triclinic phases.'*
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Figure 2. SEM micrographs before (a) and after (b) modification of MOF with 3-PPA. (c) N,
adsorption isotherms, (d) FTIR spectra, XPS profile of (e) Cu 2p, (f) Zn 2p, (g) X-ray diffractogram
of Cu/Zn-TB MOF. (h) Comparison of electrode behavior upon 3-PPA introduction into the MOF
matrix. Nyquist (i) and frequency vs phase (j) plots showing the optimization of 3-PPA
concentration in the MOF. The inset picture (j’) shows the corresponding Bode plot.
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The electrochemical behavior of unmodified and modified MOFs as pastes was evaluated (Figure
2h). The cyclic voltammogram data revealed significant changes in the redox reversibility after 3-
PPA treatment. The as-synthesized MOF exhibited less distinct redox peaks, suggesting sluggish
electron-transfer kinetics and non-uniform surface states. As recorded in a previous study,
unmodified MOF pastes exhibited well-defined oxidation peaks (Figure 2h), accompanied by
poorly resolved reduction peaks at 0.44 and 0.14 V.'* 3-PPA-modified MOFs showed well-defined
cathodic and anodic peaks with reduced peak separation. The redox reversibility was substantially
improved, with peaks appearing at lower potentials of 0.35 and 0.08 V, along with a reduced lower
peak separation of 0.16 V (compared to ~ 0.32 V on blank paste). The reduction in current density
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increased, while the oxidation current density did not increase significantly. This may be attributed
to the integration of phosphonic acid functionalities, which enhanced the hydrophilicity of the
surface and promoted more efficient electron delocalization. The symmetrical anodic and cathodic
current response indicated rapid electron transfer kinetics. This is also a characteristic feature of
enhanced carrier mobility at the electrode-electrolyte interface. The enhancement in current
magnitude is attributed to the increase in electroactive surface area and better charge carrier
intensity. Additionally, the mixed valence (Cu*/Cu?*) of Cu metal centers is the primary pathway
for charge carriers via hole hopping.

The surface modification with 3-PPA was then optimized using impedance spectroscopy analysis
(EIS). The Nyquist plots shown in Figure 2i clearly show the dependence of Rct on the
concentration of 3-PPA used for surface modification. The MOFs were modified with varying 3-
PPA concentrations (0.01-0.5 M). The semicircular arc profiles of each MOF-PPA paste electrode
are represented by distinct color markers (Figure 2i). The Rct values vary from 1275 Q for the
unmodified MOF electrode (black symbol) to 350 Q for MOF-PPA incorporated with 0.5 M. This
finding reflects a substantial reduction in charge transfer resistance values and suggests the
formation of a more electroactive surface. The arcs were fitted using an equivalent circuit model,
confirming the reliability of the impedance data collected for all systems. Bode plots (Figure 2j)
for all compositions demonstrated similar response curves, with minimal variation in phase values.
Across the frequency range of 10*-10" Hz, most spectra (e.g., Figure 2j’) exhibited slopes between
—0.651 and —0.785, which is indicative of a quasi-Warburg response. This finding indicates the
contributions from ion diffusion within pores, heterogeneous charge transfer, and a non-ideal
capacitive response.!®20 Moreover, the phase angles between —30 and —70 ° suggest that the
electrode exhibits predominantly capacitive features. These results can be attributed to the
introduction of phosphonic acid groups, which enhance electrolyte penetration, improving surface
wettability, and facilitating charge accumulation. 1920
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Figure 3. EIS time-dependent monitoring of the aptamer immobilization process. Nyquist
impedance spectrum with fitted curves and corresponding frequency plots, recorded after 15-20
minutes of soaking time in (a-a’) EDC/NHS solution, (b-b’) aptamer solution, and (c-¢’) upon
biomarker coupling. Inset images in Figure (a-c) represent the equivalent circuit used in fitting the
data.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Impedimetric evaluation of aptamer immobilization

Here, we monitored time-dependent surface functionalization of MOFs during incubation in
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EDC/NHS, and subsequently upon incubation in aptamer solutions for PCT, CRP, and IL-6 using
the EIS technique. Figure 3a-c and 3a’-c’ display the Nyquist and corresponding Bode plots
collected at 15-minute intervals during each treatment step. The spectra (Figure 3a) revealed a
gradual increase in arc diameter, resulting in a steady increase in charge transfer resistance (Rct)
values after EDC/NHS treatment.”?! The behavior is likely attributable to the activation of
carboxylic acid (COOH) groups and their conversion into O-acylisourea and NHS-ester
intermediates, forming resistive interfacial layers at the electrode-electrolyte interface.?! Similarly,
the corresponding Bode plots (Figure 3a’ and Figure S4) show a significant rise in impedance
magnitude (|Z|) from mid to low frequency range (10*-10! Hz), with a marked increase in the Rct

(cc)

values. The slope values range from —0.218 to —0.411, reflecting the consistent quasi-capacitive
behavior.?! The phase angle values are initially observed (~ ¢ = -5 to -20°) in the mid frequency
region (10*-10?), and later shifted to —45° in the low frequency region. The mixed values in the
mid-frequency region suggest that the interface has mixed capacitive (C) and resistive (R)
qualities, while the latter values reflect balanced RC behavior consistent with Warburg or constant
phase element (CPE). Overall, these results confirm progressive and effective surface
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functionalization. Both diffusion and charge transfer processes contribute substantially to the
overall impedance response.

Similarly, the spectra recorded after incubation in the aptamer solution indicate the successful
immobilization of specific aptamers via amide bond formation with NHS-ester intermediates. In
agreement with previous findings, the Nyquist plots transition toward a more vertical trajectory,
and the Rct values reach a plateau (Figure 3b), suggesting full surface coverage, limiting ion
diffusion to the electrode surface.?! This behavior confirms the formation of a dense, resistive
aptamer layer. The equivalent circuit models fitted to the EIS data are shown in Figure 3a-c. The
EDC/NHS-treated surface consists of an electrolyte/solution resistance (Rs), a charge transfer
resistance (Rct), and a constant phase element (CPE). Both the aptamer-modified surface and the
post-analyte-binding stage were modeled using an open circuit with an additional component, a
Warburg element (Wy). This was incorporated to model the linear low-frequency response and
represent analyte diffusion.

The corresponding Bode plots show a gradual increase in |Z| values over mid frequencies, and a
sharp increase in impedance magnitude at lower frequencies (Figure S5). The phase curve exhibits
a characteristic phase response from mid to low frequencies, with a shift from approximately —2
to —10°. The increase in low-frequency impedance, together with a shift in phase angle, reflects
progressive blocking of electron transfer and surface saturation. Subsequently, the spectra were
recorded in the presence of the biomarker solution. The Nyquist curves exhibit two distinct
regions: a semicircular high-|Z| and a linear low-|Z| region (Figure 3c). The larger arc diameter
reflected elevated Rct, confirming that aptamer-biomarker binding impeded charge transfer. The
quasi-linear portions at low frequencies indicated diffusion-controlled behavior. The Bode plot
shows the shift in phase angle from ~ 0° (higher frequency) to -60° (lower frequency), indicating
a transition from solution-resistance dominance at high frequencies to the formation of an
insulating biomarker layer at the electrode-electrolyte interface (Figure 3¢’ and Figure S6). The
slope value of —0.017, approaching zero, further confirms the resistive behavior. These
characteristics suggest the formation of a resistive aptamer-biomarker complex, and are consistent
with findings reported by Ruankham et al. and Oliveira et al.?!=22

Voltammetric evaluation of aptasensors

In this study, the electron transfer arises from the intrinsic redox activity of the TB ligands
integrated within the MOF paste, rather than by an external redox probe.
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Figure 4. CVs depicting the effect of variable scan rates (0.01-0.3 Vs™') on reversibility in
overlapped, (a) MOF-PPA and PCT aptamer, (b) PCT aptamer and after biomarker coupling (PCT
- 1 pg mL"), and (¢) different concentration curves (PCT - 1 & 5 pg mL-!). Inset pictures represent
the CVs for MOF-PPA (a’), PCT aptamer (b”), 1 pg mL"! curves (c¢’), and Ep vs. In v plots (i-iii).
Calibration plot of Ip (anodic (a), cathodic (¢)) vs. log v for (d) MOF-PPA and PCT aptamer, (¢)
PCT aptamer, and (f) after biomarker coupling (PCT - 1 pg mL!). Insets (d’-f”) are corresponding
plots of Ip (a, ¢) vs. the square root of scan rate (v!/2).
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The conjugated azo/quinonoid groups of TB in the MOF-TB paste loaded into the PMMA serve
as reversible redox-active centers. As reported in our previous work on TB-linked MOFs synthesis,
the characteristically low charge mobility values (u < 0.1 cm?V-!s!) indicate that charge transport
proceeds primarily via a hopping mechanism.!# This is consistent with the methodology reported
by Irimes et al., in which voltammograms were recorded with reference to the ferrocene (Fc) redox
signal.?® Here, the three working electrodes were designated as WE1, WE2, and WE3 for PCT,
CRP, and IL-6 detection, respectively. Figure 4—6 presents the cyclic voltammetric (CV) responses
characterization of three paste electrodes over a potential range of —0.3 to 1.2 V. The
electrochemical behavior of three electrodes was evaluated at each modification step: carboxylic
acid functionalization with 3-PPA, EDC/NHS surface activation, and subsequent aptamer
immobilization. Following EDC/NHS treatment of the 3-PPA-functionalized surface, the redox
reversibility was further improved across all electrodes. The peak current responses increased
substantially, and a significant negative shift in potential of approximately 0.2 V was observed.
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For PCT detection, WEI was immersed in streptavidin solution, and the peak currents
approximately doubled (Figure S7). After PCT, CRP, and IL-6 specific aptamer immobilization,
the peaks shifted to lower anodic/cathodic peak potentials (0.23 / 0.003 V for PCT, 0.25/0.04 V
for CRP, and 0.12/0.02 V for IL-6).
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Figure 5. CVs depicting the effect of variable scan rates (0.01-0.3 Vs™') on reversibility in
overlapped, (a) MOF-PPA and CRP aptamer, (b) CRP aptamer and after biomarker coupling (CRP
-0.001 mg mL-1'), and (¢) different concentration curves (CRP - 0.001 mg mL~!' & 0.5 mg mL™).
Inset pictures represent the CVs for (a’) CRP aptamer, (b’) 0.001 mg mL~!, and (c’) 0.5 mg mL"!
curves. Calibration plot of Ip (anodic (a), cathodic (¢)) vs. log v for (d) MOF-PPA and CRP
aptamer, (¢) CRP aptamer, and (f) after biomarker coupling (CRP - 0.001 mg mL-"). Insets (d’-f”)
are corresponding plots of Ip (a, ¢) vs. v!/2.

The successful aptamer immobilization resulted in a further decrease in peak separation and a
proportionate increase in peak current responses. Upon recording voltammograms in the presence
of 10 nM solutions of the respective biomarkers, the peak currents increased accordingly. Notably,
in the case of WE3, there was a significant shift in peak potential of approximately 0.1 V, a two-
fold increase in oxidation and reduction currents. Additionally, voltammetric responses were
recorded over a range of scan rates 0.01 V/s—0.3 V/s (Figures 4-6a-c) to examine the aptamer
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surface coverage, interfacial changes at the working electrode surface in terms of electrode
kinetics, and variations in electrochemically accessible area following aptamer conjugation and
biomarker binding. Figure 4a’ shows the scan rate (v) dependent voltammograms for MOF-PPA,
aptamer modified WE1 (Figure 4b’), WE2 (Figure 5a’), and WE3 (Figure 6a’), and following the
addition of biomarkers PCT (Figure 4c-c’), CRP (Figure 5b’-c’), and IL-6 (Figure 6b’-c’). Key
observations include approximately 8- and 4-fold decreases in peak current responses, changes in
redox reversibility, following aptamer coupling and biomarker recognition. The transition from a
nonlinear Ip vs. v relationship (Figures 4-6d-f) for MOF-PPA to a near-linear trend for subsequent
modification steps, accompanied by a shift in Ip vs. v!’2 plots towards nonlinear behavior (Figures
4-6d’-1"), indicated a transition from diffusion-controlled to surface-confined electrochemical
behavior.
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Figure 6. CVs depicting the effect of variable scan rates (0.01-0.3 Vs™) on reversibility in
overlapped, (a) MOF-PPA and IL-6 aptamer, (b) IL-6 aptamer and after biomarker coupling (IL-
6 - 0.1 pg mL™1), and (c) different concentration curves (IL-6 - 0.01 pg mL~! & 50 pg mL"). Inset
pictures represent the CVs for (a’) IL-6 aptamer, (b’) 0.1 pg mL~!, and (¢”) 50 pg mL-!. Calibration
plot of Ip (anodic (a), cathodic (¢)) vs. log v for (d) MOF-PPA and IL-6 aptamer, (e) [L-6 aptamer,
and (f) after biomarker coupling (IL-6 - 0.01 pg mL"). Insets (d’ - f*) are corresponding plots of
Ip (a, ¢) vs. the square root of scan rate (v'/2).

The surface-confined electrochemical response upon aptamer immobilization and biomarker
linking was calculated using Equation 1. The peak current values were recorded as 1.99 (aptamer),
3.89 (concl), 4.68 (conc2) pA (WEL), 28.45 (aptamer), 44.01 (concl), 51.51 (conc2) uA (WE2)
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and 53.404 (aptamer), 36.34 (concl), 58.51 (conc2) pA WE3, respectively, at 0.04 V/s, with an
electrode area (A) of 0.070 cm?.

i (Eq 1)

The corresponding values of surface coverage (I') were estimated by integrating the baseline-
corrected anodic peak at the slowest scan rate (0.01 V/s) using Eq. 1. Upon PCT aptamer
immobilization (WE1), I' = 1.06 x 10~° mol/cm? and upon target binding (I' = 1.47 x 107, 1.77 x
107 mol/cm?), which are 102-fold lower than that of MOF-PPA (I' = 1.08 x 1077 mol/cm?),
confirming effective blocking of the electrode surface. Similarly, for CRP (WE2), I' =0.03 x 10~
(aptamer), 1.39 x 10 (concl), 1.68 x 10 mol/cm? (conc2), and for IL-6 (WE3), I' = 1.01 x 108
(aptamer), 1.38 x 108 (concl), and 2.22 x 10" mol/cm? (conc2). This finding indicated that the
surface coverage scales proportionally with peak current responses, demonstrating successful

I, =

aptamer coupling and biomarker binding. This trend is consistent with findings reported by Goda
etal.?*

Additionally, from the Randles — Sevcik’s equation:
I, = 2.69x10%n3 A C v} D3 (Eq 2)

where Ip is peak current (A), the values of diffusion coefficient (D) were calculated at a scan rate
of 0.04 V/s, with an electrode area (A) of 0.070 cm? and at two different concentrations (C) of 10
uM and 1 nM (1 x 10"'2 mol/cm?). The values were obtained in the range 10'-103, which are
significantly higher than the reported D values for purely diffusion-controlled systems (~ 10--10
). This suggests that the system becomes increasingly surface-confined upon successive
modification. It is consistent with the fact that trypan blue is incorporated as a structural element
during synthesis and acts as an intrinsic redox-active component within the MOF framework.
Thus, the system exhibits an apparent diffusion coefficient (D_app).

The dependence of Ep vs. In v plot was analyzed using the Laviron equation (Eq 3),

E,=E°+ ﬂln(RTko) — %lnv (Eq 3)

anF anF

The charge transfer coefficient o and rate constant k® were calculated from this equation, at 298
K, withn=1.

While the Laviron equations for anodic and cathodic peaks:

RT

— 0
Epa = E° + (1_a)nFlnv (Eq4)
RT
EpC = EO —_ ﬁlnv (Eq 5)

The charge transfer coefficient (o) was calculated from the anodic slope as:
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a=1- (Eq 6)

MOF-PPA exhibited a low slope of 0.02 V and an intercept ( —0.261 V) (Figure 4i), indicating
rapid, near-reversible electron transfer kinetics (a=0.50, k% =0.426 + 0.073 s*!). Immobilization
of PCT (Figure 4ii), CRP (Figure S8a), and IL-6 (Figure S9a) aptamers led to progressive increases
in slope values (0.054 V (WE1), 0.145 V (WE2), and 0.192 V (WE23)), indicating progressively
slower electron transfer kinetics. Gradual aptamer immobilization systematically reduced the
values of a, k% PCT (0.476, 0.294 + 0.035 s!), CRP (0.177, 0.023 + 0.004 s'!), and IL-6 (0.134,
0.034 +0.006 s'!), confirming the formation of an interfacial barrier layer. The pronounced change
observed for the IL-6-modified electrode suggested denser aptamer packing, indicative of denser
aptamer packing and a more pronounced kinetic barrier. In the presence of the target biomarkers,
the slope values showed clear concentration-dependent kinetics. For PCT, at low concentration
(Figure 4iii), the slope increased to 0.075 V (0=0.343,k%=10.320 £ 0.047 s’!), indicating a
significant conformational change in the aptamer upon target binding, and decreased to 0.049
(0=0.524,k°=0.294 £ 0.035s'!) at higher concentration, indicating a dose-dependent
conformational change and surface saturation. In the case of CRP at both concentrations,
equivalent slopes (0.172 V a=0.149,k%=0.012 £ 0.006 s'!) and intercepts (-0.987 V) were
observed; this finding was attributed to saturation binding or similar conformational states (Figure
S8b-c). IL-6 studies showed a measurable change in slope from 0.192-0.202 V
(a=0.127,k%=0.036 + 0.007 s'"), reflecting concentration-dependent conformational changes
upon target binding (Figure S9b-c). Overall, the changes in peak separation and electrode surface
kinetics were influenced by aptamer density, biomarker coupling, and saturation effects.
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Figure 7. Differential pulse voltammograms of PCT (a), CRP (b), and IL-6 (c) detection.
Corresponding Ip vs. concentration calibration plots of (d) PCT (1-100 pg mL™1), (¢) CRP (0.001-
0.5 mg/mL), and (f) IL-6 (0.01-50 pg mL")

Evaluation of Aptasensor Sensitivity

The analytical sensitivity of these aptasensors was evaluated using differential pulse voltammetry
(DPV). The aptamer-modified surfaces (WE1, WE2, and WE3) were recorded before and after the
addition of the target biomarkers (PCT, CRP, and IL-6). The DPV signals were recorded within
the potential window corresponding to MOF-TB oxidation peaks, as identified across the different
electrode interfaces as determined from CV measurements. Figure 7a-c shows the DPV results for
the WE1, WE2, and WE3 electrochemical aptasensors in 0.1 M PBS (pH 7.4), consistent with the
approach reported by William et al. for aptasensor-based detection of CRP levels.?> Voltammetric
responses were recorded upon successive addition of the target biomarkers. The current responses
scaled proportionally with increasing biomarker concentrations. In the case of WEI, a positive
potential shift from 0.216 to 0.232 V was observed upon aptamer-PCT binding. The signal
increased gradually with increasing PCT levels, ranging from 1-100 pg mL-! (Figure 7d). This
behavior may be attributed to conformational changes in the aptamer upon target binding. For CRP
detection on WE2, the peak current increased progressively across the range 0f 0.001-0.5 mg mL™
(Figure 7e). Likewise, DPV signals recorded for IL-6 detection on WE3 showed a concentration-
dependent increase in peak current over a range of 0.01-50 pg mL~! (Figure 7f). The detection
limits were calculated as 0.204 pg mL™' (R2=0.97, PCT, WE1), 0.02 mg mL"! (R?=0.99, CRP,
WE2), and 0.315 pg mL! (R? = 0.96, IL-6, WE3) based on linear regression analysis. The
corresponding sensitivity values were obtained as 0.461 uA/pg mL~'cm? (PCT), 2.3 pA/mg mL-!
cm? (CRP), and 2.730 uA/pg mL-'cm? (IL-6), demonstrating the sensor's capability for trace-level
detection in complex matrices. These sensitivity values were normalized to the working electrode
area. The obtained LOD values fall well within the tested concentration ranges, confirming the
high sensitivity of the platform. The observations are consistent with the findings of Tseng et al.,
who reported PCT aptasensing using a similar oligonucleotide sequence.?® Furthermore, the MOF-
paste electrode with probe modifications constitutes a highly responsive interface for point-of-care
diagnostic applications.
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Figure 8. The scan rate (0.01-0.3 Vs™') dependent overlapped CVs and DPVs of (a, d) PCT and
PCT + IL-6 + CRP, (b, ) CRP and CRP + IL-6 + PCT, and (c, f) IL-6 and IL-6 + CRP + PCT.
Inset pictures (i-iii) represent the calibration plot of Ip (a, ¢) vs. log v for these CVs.

Cross-reactivity analyses for aptasensors

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The molecule recognition capability of the fabricated aptasensors was assessed by evaluating
cross-reactivity by exposing each electrode to non-target biomarkers. The effect of CRP (0.5 mg
mL!) and IL-6 (50 pg mL"') on PCT detection (WE1) was evaluated using CV and DPV
measurements. Similarly, the effect of PCT (100 pg mL™") and IL-6 (50 pg mL") on CRP (WE2),
and the effect of PCT (100 pg mL™") and CRP (0.5 mg mL") on IL-6 (WE3) were assessed.??
Figure 8 presents the comparison of CV and DPV curves before and after spiking with non-target
biomarkers. Peak current responses and oxidation potential values in the CV and DPV scans did
not deviate significantly from control conditions (Figure 8a-e). Notably for CRP, the redox
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response showed further attenuation, which may be attributed to surface saturation upon target
binding (Figure 8b). The surface coverage values obtained from the respective Ip vs. log v plots
(Figure 8i-iii) include 1.7x107° mol cm 2 (PCT), 2.8x10~ mol cm ™2 (CRP), and 2.3x10 ¥ mol cm™2
(IL-6). These values are comparable to those reported previously obtained at the upper limit of
concentration (1.77 x 10~ mol/cm? (WE1), 1.68 x 10 mol/cm? (WE2), and 2.22 x 10-® mol/cm?
(WE3)), with a negligible deviation of approximately 5%. Furthermore, the slope values from Ep
vs. In v plots 0f 0.054 (WE1, PCT), 0.18 V(WE2, CRP), and 0.22 V (WE3, IL-6) were comparable
to those from individual assays (0.049 (PCT), 0.172 V (CRP), and 0.202 V (IL-6)) at the same
concentrations, confirming low cross-reactivity (Figure S10). This finding demonstrates that the
aptamer-biomarker interactions are stable and selective, consistent with results reported by
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Whitehouse et al., who demonstrated minor cross-reactivity in aptasensor-based detection of
CRP.»
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Figure 9. DPVs of spiked blood samples with the standard concentrations (a) PCT, (b) CRP, and
(c) IL-6. Bar graphs showing the (d) repeatability, (e) batch-to-batch reproducibility, and (f)
stability of aptasensors.

Performance validation with spiked biological samples

The capability of the developed trimodal aptasensor platform to detect the biomarkers in a complex
biological matrix was evaluated. The commercially obtained blood was diluted in PBS and spiked
with physiologically significant concentrations of PCT (1 pg mL!), CRP (0.5 mg mL!), and IL-6
(0.01 pg mL-!) within clinically relevant healthy ranges under ambient measurement conditions.
Additionally, the cross-reactivity was evaluated in the blood samples (Figure 9a-c). The peak
current responses were in good agreement with those of solution experiments, and signals arising
from cross-reactive species remained within comparable potential regions (Figure 9a-c). These
results demonstrate that the developed aptasensor platform enables efficient biomarker detection
in complex blood matrices. However, certain limitations remain; fully integrated device designs
are required for more effective POC applications, and real-time monitoring of aptamer
conformational dynamics warrants further investigation.

The repeatability of the aptasensors was evaluated from five consecutive measurements, yielding
%RSD values of 2.17%, 3.06%, and 3.93% for PCT, CRP, and IL-6, respectively (Figure 9d).
Batch-to-batch reproducibility was assessed across three independently fabricated sensors, which
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yielded %RSD values of 3.95%, 4.17%, and 5.45% (Figure 9e). Storage stability was further
assessed over 2 weeks at 4°C, and the sensors retained 95.53%, 97.35%, and 97.02% of their initial
signal responses for PCT, CRP, and IL-6, respectively, on Day 15 (Figure 9f). These results
indicated a shelf life of at least 15 days.

4. Conclusions

In summary, we have reported a cost-effective approach for the sensitive and selective detection
of sepsis biomarkers. A laser-patterned, trimodal multiplex electrochemical aptasensing platform
was designed for the selective detection of PCT, CRP, and IL-6 levels. The MOF-PPA paste
electrodes exhibited excellent electrical conductivity and supported stable aptamer
immobilization. Following careful optimization, probe-biomarker binding produced well-defined
voltammetric and impedance signals, without cross-contamination. The platform achieved
clinically relevant detection thresholds for 0.204 pg mL™' (PCT), 0.02 mg mL™" (CRP), and 0.315
pg mL™ (IL-6), with high sensitivity and negligible cross-reactivity with non-target biomarkers;
the results were validated against physiologically relevant levels in spiked solutions and blood
samples. These findings suggest that the developed devices could serve as viable alternatives to
conventional laboratory-based diagnostics for POC-based biomedical applications.
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Data Availability Statement

The methodologies and associated data are provided in the Supplementary Information file.
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