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ARTICLE INFO ABSTRACT

Handling editor: Manel del Valle Ensuring effective monitoring of methotrexate (MTX) levels in the bloodstream of cancer patients undergoing

high-dose methotrexate chemotherapy is crucial to prevent potentially harmful side effects. However, the

Keywords: absence of portable analytical devices suitable for point-of-care bedside monitoring has presented a significant
The;ape““c drug monitoring obstacle to achieving real-time MTX monitoring. In this study, we developed an impedimetric immunosensor that
Methotrexate

doesn’t require reagents for measuring MTX levels in undiluted human blood serum. This reagentless approach
simplifies the assay process, enabling rapid and straightforward MTX quantification. The immunosensor trans-
ducer was fabricated by electrodepositing conductive network of porous multiwalled carbon nano-
tube@polypyrrole/polytyramine on screen-printed gold microchip electrode (SP-Au/MWCNT;o@PPy-PTA).
Polyclonal anti-MTX antibodies were immobilized on the film, acting as the immunorecognition element. Non-
specific binding was prevented by blocking the transducer interface with denatured bovine serum albumin
(4BSA) fibrils, resulting in SP-Au/MWCNT,(@PPy-PTA/anti-MTXap|¢BSA film electrode. When MTX binds to the
SP-Au/MWCNT7o@PPy-PTA/anti-MTXap|¢BSA interface, the film conductance and electron transfer resistance
changes. This conductivity attenuation allows for electrochemical impedimetric signal transduction without a
redox-probe solution. The electrochemical impedance spectroscopy (EIS) results showed increased charge
transfer resistance and phase angle as MTX concentrations increased. The SP-Au/MWCNT7;o@PPy-PTA/anti-
MTXab|4BSA demonstrated high sensitivity, with a linear response from 0.02 to 20.0 pM and a detection limit of
1.93 nM. The detection limit was 50 times lower than the intended safe level of MTX in human serum. The
immunosensor exhibited minimal cross-reactivity with endogenous MTX analogs and serum proteins. The SP-Au/
MWCNT7o@PPy-PTA/anti-MTXap|4BSA immunosensor presents a simple and rapid method for therapeutic drug
monitoring compared to traditional immunoassay systems.

Reagentless sensor
Electrochemical impedance spectroscopy
Carbon nanotube network

and antitumor drug. High-dose MTX (>500 mg m~2) is a highly effective
chemotherapy option for various cancers, while a lower dose (7.5-20 mg

1. Introduction

Methotrexate (2,4-diamine-N-10-methylpteroyl glutamic acid, MTX)
is a folate derivative and an antimetabolite that inhibits the activity of an
enzyme called dihydrofolate reductase (DHFR). DHFR is crucial for the
de novo synthesis of nucleic acid precursors and cell proliferation [1,2].
By interfering with DHFR, MTX suppresses immune system hyperac-
tivity and disrupts the division and growth of cancer cells [2]. Therefore,
MTX is widely used as a potent immunosuppressant, anti-inflammatory
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per week) is used to treat inflammatory autoimmune diseases such as
rheumatoid arthritis and psoriasis [3]. However, MTX can lead to severe
and life-threatening side effects, including acute kidney injury, muco-
sitis, and multiple organ failures when used in high concentrations or for
an extended period [4]. Also, due to variations in how MTX is metab-
olized by different individuals’ body systems and its steep dose-response
relationship, some patients may not derive optimal therapeutic benefits,
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while others may experience potentially life-threatening toxicity from a
specific dose [5]. Monitoring the concentration of MTX in the blood-
stream during treatment is crucial to ensure the effectiveness of
high-dose MTX (HD-MTX) chemotherapy while minimizing its harmful
side effects. This monitoring process, known as therapeutic drug moni-
toring (TDM), enables personalized dosage adjustments tailored to each
patient’s needs. It also helps guide the use of leucovorin (LV) rescue
therapy to counteract the toxic side effects of MTX [6]. The targeted safe
blood serum concentrations for MTX are 10.0 pM after 24 h, 0.10 uM at
72 h, and 0.01 at 96 h after intravenous drug administration [7,8].

Currently, TDM of MTX is conducted using traditional analytical
methods like high-performance liquid chromatography-tandem mass
spectrometers [9,10], fluorescence bioassays [11-13], surface-enhanced
Raman spectroscopy [14-16], and various enzyme-linked immunoassay
kits [8,17,18]. However, these methods require specialized laboratory
setups, sample preparation, and expensive equipment, limiting their
usage to centralized laboratories. Additionally, they often have a
lengthy turnaround time, which is unsuitable for timely dosage adjust-
ments. These methods are not applicable in point-of-care settings, such
as bedside in hospitals or the doctor’s office. Therefore, there is a need
for a rapid, cost-effective, and miniaturized diagnostic device that en-
ables point-of-care TDM of MTX. Such a device would allow healthcare
professionals to monitor MTX concentrations quickly and accurately,
facilitating personalized chemotherapy regimens tailored to each pa-
tient’s needs.

Electrochemical impedance spectroscopy (EIS) utilizing printed
electrodes is the cutting-edge technology for developing rapid point-of-
care (POC) diagnostics devices. EIS immunosensors offer advantages,
including simplified equipment miniaturization, low fabrication cost,
minimal electric power requirement, high sensitivity, and label-free
sensing [19]. In a conventional faradaic EIS immunosensor, the trans-
ducer signal detects changes in the charge transfer process between the
redox probing electrolyte solution and the immunoelectrode interface
upon analyte binding. However, the need for a redox probe electrolyte
solution adds operational complexity and limits their real-time mea-
surement capability [20]. Electrochemical impedance-derived capaci-
tive spectroscopy (ECS) has recently emerged as a reagentless
immunosensor that eliminates the need to add redox probe solutions
[21,22]. These immunosensors involved immobilizing redox-active
molecules such as ferrocene [23-25], Prussian blue [22], and
redox-active polymer film [20] onto the transducer interface. ECS
operates by detecting changes in the redox density-of-state of the
surface-bound redox-active probes and the electron charge transfer to
the electrode surface upon selective binding of the target analyte to the
immunosensor interface. However, ECS has drawbacks related to the
poor voltammetric and capacitive stability of the immobilized redox
probes [20,26] and the high signal interference caused by biofouling of
the interface in complex biological media such as blood serum. There-
fore, there is significant interest in developing non-faradaic EIS immu-
nosensors to overcome the challenges of faradaic EIS systems. Our group
has recently reported several non-faradaic immunosensors that quantify
serological MTX concentration using immittance spectroscopy and
multivariate data analysis [27-30]. This method measures changes in
the capacitive signal resulting from the variation in charge distribution
and local conductance when MTX binds to the immobilized anti-MTX
antibody. However, under physiological conditions with high ionic
strength (100-200 mM), the Debye length (<1 nm) [31] is shorter than
the length of the anti-MTX antibody (10-15 nm). As a result, when MTX
binds to the immobilized anti-MTX, it does not alter the capacitive signal
of the immunosensor. This Debye length screening effect and the
non-specific binding of other species in human blood serum limit the
selectivity and sensitivity of non-faradaic capacitive immunosensors for
direct detection of MTX in clinical samples. Therefore, there is a pressing
need for a highly sensitive and accurate reagentless immunosensor that
operates without a redox probe, exhibits low biofouling propensity, and
can detect MTX in human blood serum without dilution.
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To address this need, we present a new reagentless EIS immuno-
sensor in this work. It is based on changes in the conductance or resis-
tance of an interconnected conductive network film of anti-MTX
antibody-functionalized MWCNT@PPy when MTX binds specifically to
the film. The fabrication process involves creating a porous three-
dimensional (3D) conductive hybrid film of multi-walled carbon
nanotube-coated  polypyrrole-polytyramine ~ (MWCNT@PPy-PTA)
through electrodeposition on a screen-printed gold microchip (SP-Au).
The SP-Au/MWCNT;o@PPy-PTA/anti-MTX|4BSA immunosensor pos-
sesses several vital features that offer advantages over other EIS sensors:
(i) the interconnected MWCNT;(@PPy-PTA network film provides
excellent electrical conductivity that enhances immunosensor sensi-
tivity; (ii) the porous 3D structure of the film facilitates a longer Debye
screening length, enabling detection in human serum; (iii) the use of
amyloid BSA fibrils (4BSA) minimize non-specific binding in blood
serum, reducing interferences; and (iv) the incorporation of anti-MTX-
antibodies ensures high specificity and accurate quantification. The
fabrication steps and characterization of the film are reported. Non-
faradic electrochemical impedance spectroscopy was used to detect
and quantify the level of MTX in blood serum. The immunosensor
operates without redox probe reagents and exhibits a low biofouling
propensity, making it suitable for efficient point-of-care monitoring of
MTX in blood serum. The developed SP-Au/MWCNT7(@PPy-PTA/anti-
MTX|¢BSA has demonstrated accurate detection of MTX within the
clinically relevant reference range in human blood serum samples
without sample dilution, making it solution for real-time and low-cost
bedside TDM of MTX in clinical settings.

2. Experimental
2.1. Reagents and materials

Anti-methroxetrate polyclonal antibody (MTXap, PA5-98434) was
purchased from Invitrogen by Thermo Fisher Scientific. Human Serum,
AB plasma (MFCD00165829), Methotrexate hydrate (MTX, >99.0 %
HPLC grade), multi-walled carbon nanotube (MWCNT, >98 % carbon
basis, OD x L. 6-13 nm x 2.4-20 pm), pyrrole (Py, >98 % purity), Bovine
serum albumin (BSA, 99 %, fatty acid, IgG and globulin free), Sulphuric
acid (H3SO4), Glutaraldehyde (GA, 25 % in H0) and tyramine hydro-
chloride (TA, 98 %) were obtained from Sigma-Aldrich. Phosphate-
buffered saline solution (pH 7.4, 10.0 mM) was prepared following the
method previously reported by Adeniyi et al. [32]. Milli-Q water with a
resistivity of 18.2 MQ cm was obtained from the Q-POD® Millipore
water system. Disposable screen-printed chips (SPCEs) consisting of a
printed gold ink working electrode, printed silver ink pseudo-reference
electrode, and printed gold ink counter electrode deposited on a ceramic
substrate were purchased from DropSens (model 220AT).

2.2. Apparatus and instruments

The surface morphology was examined on a Carl Zeiss Merlin GmbH
field-emission scanning electron microscopy (FE-SEM) operated at 15.0
kV. Raman spectra of the modified surfaces were recorded with a 405
nm solid-state laser on a Renishaw Qontor spectrophotometer equipped
with a confocal microscope. Contact angle (©) measurements were
performed using an Ossila contact angle Goniometer. The DC dry state
conductivity of the surfaces was recorded with an Osila four-probe in-
strument (T2001A3) using the van der Pauw method following the
ASTM standard F84-99 [33]. The conductivity and resistivity were
recorded in the X-Z direction at a probe spacing of 0.1 mm. All elec-
trochemical experiments were performed using a Modulab potentiostat
(Solartron Analytical, UK) in a three-electrode configuration at room
temperature.
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2.3. Fabrication of SP-Au/MWCNT,9@PPy-PTA/anti-MTXp | dBSA

The MWCNTs were purified and oxidized (ox-MWCNT) using our
previously reported method [34]. To prepare the ox-MWCNTs aqueous
solution, different weight percentages (20 %, 50 %, 70 %, and 80 %
wt./v) of corresponding MWCNTs (0.2, 0.5, 0.7, and 0.8 mg) were
dispersed in 1.0 ml of deionized water and sonicating for 2 h. The
MWCNT;o@PPy was electrodeposited on the screen-printed gold
(SP-Au) microchip by dropping a mixed solution of pyrrole (1.50 pL, 0.2
mol LY and ox-MWCNT (70 % wt./v, 48.50 pl) onto the SP-Au elec-
trode, followed by applying a constant potential of 0.65 V (vs. Ag/AgCl)
for 80 s. The SP-Au/MWCNT@PPy with different weight percentages of
MWCNTs (20 %, 50 %, and 80 %) were also prepared using the same
method. The SP-Au/MWCNT@PPy was immersed in tyramine (10
mmol, 1.37 mg) dissolved in a 1:9 mixture of ethanol and
phosphate-buffered solution (PBS, pH 7.2), then a CV was performed by
cycling the potential between +0.4 and + 1.2 V (vs. Ag/AgCl) at a scan
rate of 50 mV s ! to form a polytyramine thin film-modified
SP-Au/MWCNT,o@PPy-PTA electrode. The SP-Au/MWCNT;,@P-
Py-PTA electrode was washed with PBS (pH 7.2) to remove the adsorbed
monomer.

2.4. Biofunctionalization of SP-Au/MWCNT,y@PPy-PTA with anti-
MTX|4BSA

The SP-Au/MWCNT@PPy-PTA electrode was treated with a 7 %
glutaraldehyde (GA) solution at room temperature for 1 h. The GA-
derivatized SP-Au/MWCNT@PPy-PTA was then incubated in an anti-
MTX antibody solution (10.0 pL, 20.0 ug mL ™) in PBS (pH 7.4) for 6
h to create SP-Au/MWCNT;o@PPy-PTA/anti-MTX,}, immunoelectrode.
Separately, 1.0 ml of BSA solution (5.0 mg ml~! in PBS buffer, pH 7.4)
was heated at 90 °C for 10 min to induce the denaturing and formation
of amyloid BSA fibrils (4BSA) [35,36]. The 4BSA solution was cooled to
room temperature and sonicated for 20 min. The
SP-Au/MWCNT;(@PPy-PTA/anti-MTX,, immunoelectrode was further
incubated in the 4BSA solution at room temperature for 3 h, allowing the
amine groups of ¢BSA to crosslink with the unreacted GA on the
immunoelectrode and block the non-specific binding sites. Finally, the
SP-Au/MWCNT7o@PPy-PTA/anti-MTXp|qBSA immunoelectrode was
stored at 4 °C.

2.5. Quantification of MTX in huma blood serum

A standard stock solution of MTX (20.0 pM) was prepared by dis-
solving MTX (1.0 mg) in 10 mL of human blood serum. Varying con-
centrations of MTX were prepared by further diluting the stock solution
with human serum. Before the assay, the EIS signal of the SP-Au/
MWCNT7o@PPy-PTA/anti-MTXap|¢BSA was recorded to acquire the
sensor background signal (S,). It was then incubated with 50.0 pL of
MTX-spiked human serum sample for 5 min at room temperature, and
the electrochemical impedance spectroscopy (EIS) was recorded. EIS
was carried out using a potentiostat configuration with a screen-printed
electrode electrochemical cell setup. Impedance data were recorded
between 100 kHz and 0.5 Hz with a sinusoidal modulation amplitude
voltage of 10 mV at a potential of 0.0 V (vs. Ag|AgCl pseudo-reference
electrode). The impedance data were represented in Nyquist and Bode
plots and analyzed with an equivalent circuit model using the Fit and
simulation software [37]. The fitted EIS data were accepted if they had a
high goodness-of-fit with an error of less than 0.05 % for all circuit el-
ements. The changes in the transfer resistance and capacitance of the
immunoelectrode were used to monitor the immunosensing signal. The
immunosensor signal (S) in the presence of MTX (Syrx) was normalized
with the background signal (S,), as S = % to eliminate
batch-to-batch variations of the sensor. The limit of detection (LoD) and
limit of quantification (LoQ) were calculated as the signal that
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corresponds to 3S, /sensitivity and 108, /sensitivity respectively.
3. Results and discussion
3.1. Fabrication of SP-Au/MWCNT7o@PPy/PTA/anti-MTXap|4BSA

The schematic illustration of the fabrication of the SP-Au/
MWCNT7o@PPy/PTA/anti-MTXap|¢BSA immunosensor is shown in
Scheme 1. The first step involved the electrodeposition of a network of
multi-walled  carbon  nanotubes coated with  polypyrrole
(MWCNT7o@PPy) onto a screen-printed gold (SP-Au) microchip elec-
trode. Additionally, the electrodeposition of PPy onto SP-Au and
different weight ratios of MWCNT were compared. To create abundant
amine groups for anti-MTX antibody immobilization, an ultrathin pol-
ytyramine (PTA) film was electrodeposited onto the SP-Au/
MWCNTyo@PPy film using voltammetric cycling in a tyramine mono-
mer solution. The anti-MTXap, was covalently immobilized via
glutaraldehyde-mediated crosslinking between the pedant ethylamine
groups of SP-Au/MWCNT;o@PPy-PTA and the N-terminus polypeptide
chains of anti-MTXQy}, to fabricate the SP-Au/MWCNT,o@PPy-PTA/anti-
MTXap. The residual glutaraldehyde groups and non-specific binding
sites were blocked with the denatured amyloid-like BSA protofibrils
(4BSA) to form SP-Au/MWCNT7o@PPy-PTA/anti-MTXap|¢BSA immu-
nosensor. The preparation of BSA amyloid fibrils as efficient antifouling
blocking agents has been previously reported [36,38].

Fig. 1 shows the cyclic voltammograms (CV) presenting the elec-
trodeposition of SP-Au/PPy and SP-Au/MWCNT@PPy onto the SP-Au
electrode from their respective monomer solutions at a scan rate of
20 mV s~!. The CV confirmed the irreversible electrodeposition of PPy
(Fig. 1a) and MWCNT@PPy (Fig. 1b) onto the SP-Au electrode, resulting
in the formation of SP-Au/PPy and SP-Au/MWCNT@PPy polymeric
films. The anodic oxidation current density increases rapidly at an onset
potential of 0.45 V (vs. Ag|AgCl) during the first and subsequent CV
scans, indicating the oxidation of the pyrrole monomer into radical
cations and electrodeposition of PPy onto the SP-Au electrode at a
higher potential [39]. The higher anodic current density observed dur-
ing the reversed cathodic scans confirms the formation of an electrically
conductive polymeric film. Incorporating MWCNT did not affect the
electrodeposition potential of PPy. However, it resulted in a higher
current density (Fig. 1b). The voltammetric current density during the
electrodeposition of SP-Au/MWCNT@PPy was 30 times higher than that
of SP-Au/PPy, which can be attributed to the larger electroactive surface
area and higher electrical conductivity of the MWCNT@PPy film. It is
worth noting that the electrodeposition of MWCNT alone was unsuc-
cessful without the pyrrole monomer, suggesting that electrostatic and
n-n bond interactions between the MWCNT and PPy facilitated the
electrodeposition of MWCNT@PPy onto the SP-Au electrode. Addi-
tionally, the repetitive CV scans for the SP-Au/PPy electrodeposition
showed a broad anodic and cathodic redox peak centered at 0.04 V and
0.03 V, respectively (inset, Fig. 1a’). These redox peaks were attributed
to the oxidation and reduction of the deposited PPy film by
counter-anions ingression and expulsion [40]. The increase in the anodic
and cathodic peak currents density (inset, Fig. 1a’) indicated the growth
of the PPy film as the number of CV scans increased [41]. However, the
voltammetric redox peak current did not significantly increase with the
increasing number of CV scans for the SP-Au/MWCNT@PPy electrode-
position (inset, Fig. 1b’), suggesting the formation of MWCNT@PPy thin
film that does not grow into a thick layer on subsequent scans. During
the deposition using CV, MWCNT@PPy was deposited on both the SP-Au
working and counter electrodes, as shown in Fig.S1, (ii). To address this
issue, constant potential electrodeposition at 0.65 V vs. Ag|AgCl was
successfully applied for fabricating SP-Au/PPy and
SP-Au/MWCNT@PPy without affecting the SP-Au counter electrode as
shown in Fig. S1, (iii). The current-time transient curve of the electro-
deposition of PPy and MWCNT@PPy (Fig. 1c) showed an increased
current density during the first 3 s (zone Z;), which is due to the pyrrole
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(i) MWCNT: Pyrrole
mix monomer
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Scheme 1. Schematic illustration of the SP-Au/MWCNT70@PPy-PTA/anti-MTXAb|dBSA immunosensor fabrication.

monomer oxidation to radical cations and characteristic double layer
charging of the Au surface. The subsequent decrease in current density
(zone Zj, Fig. 1c, i) indicates the nucleation and progressive growth of a
compact SP-Au/PPy film with reduced conductivity (zone Z3). However,
for SP-Au/MWCNT@PPy, the current density increases progressively in
zones Zp and Z3, indicating the formation of a continuous interconnected
conductive SP-Au/MWCNT@PPy network. The current density in-
creases gradually with the increase (%wt) of MWCNT and remains
constant after 70%wt of MWCNT in SP-Au/MWCNT,o@PPy (Fig. 1c).
The CV in Fig. S2 confirmed the electrode position of polytyramine
(PTA) onto the SP-Au/MWCNT;o@PPy. The broad anodic peak with a
maximum at 0.85 V (vs. Ag|AgCl) with no associated cathodic peaks in
Fig. S2 (i), indicate irreversible oxidation of the phenoxide ions to free
radical intermediate without forming reduced species. A significant
decrease in the anodic peak current after the first voltammetric scan
showed the self-limiting growth of polytyramine [42] and confirmed the
formation of an ultrathin polytyramine film
(SP-Au/MWCNT7o@PPy-PTA).

3.2. Structural characterization of the immunosensor interfaces

The scanning electron microscope (SEM) images (Fig. 2) confirmed
differences in the morphology of the fabricated working electrode sur-
faces. The SP-Au showed a continuous rough gold thick film layer with
numerous nanopores (Fig. 2a). A compact layer of aggregated globular
PPy particles with a smooth surface was electrodeposited onto the SP-Au
in the absence of MWCNT in the SP-Au/PPy film (Fig. 2b). The SEM
image of SP-Au/MWCNT;(@PPy and SP-Au/MWCNT;,@PPy showed a
mixture of globular and elongated irregular particles (Fig. S3), indi-
cating the doping of MWCNT into the PPy at lower %wt. of MWCNT.
Interconnected MWCNT@PPy nanotubes with smaller-sized spherical
nanoparticles attached to their surfaces were obtained for the SP-Au/
MWCNTs5o@PPy (Fig. S3c). The SP-Au/MWCNT7o@PPy formed highly
interlinked three-dimensional porous nanotube networks with smooth
walls and closed-up terminal nodes (Fig. 2c). The SP-Au/

MWCNT;o@PPy has a core-shell morphology in which each multi-
walled carbon nanotube is wrapped with a thin PPy layer, bridging
the gaps between the nanotube junctions. The uniform PPy shell of
MWCNT;o@PPy confirmed good interfacial contact between the
MWCNT core and the PPy shell. The Y-shaped structure in the SP-Au/
MWCNT7o@PPy/anti-MTXap|4BSA confirms the successful immobiliza-
tion of anti-MTXyp, (Fig. 2d). The SEM image showed that the immobi-
lized anti-MTX,ap, was well-spaced on the MWCNT@PPy nanotube
network without crowding and aggregation.

The Raman spectra of the different modified surfaces are shown in
Fig. S4. The bands at 1594 cm~! (C=C stretching), 1397 cm ! (C-N,
C-C), and 1255 cm™! (C-H in-plane bending) in the spectra of SP-Au/
PPy (Figs. S4 and b) and the SP-Au/MWCNT,o@PPy (Figs. S4 and c)
are due to the vibrations of the PPy backbone carbon structure, con-
firming the electrodeposition of PPy. The bands at 924 (di-polaron) and
980 cm ! (polaron) are attributed to ring deformation. In contrast, the
band at 1054 cm ™! is assigned to C—H in-plane deformation of the PPy,
respectively. The Raman bands at 1594 em ! (G-band) and 1408 cm ™!
(D-band) became broader, with decreased relative peak intensity, and
were shifted to lower wavenumbers with increasing %wt of MWCNT in
SP-Au/MWCNT@PPy (Fig. S4, b-d). This confirms the interfacial n-n
interaction between the PPy and MWCNT. The D-band (Sp3) to G-band
(sz) ratios increased from 0.66 for SP-Au/PPy to 0.78 for SP-Au/
MWCNT,o@PPy indicating formation n-conjugated system (Sp? char-
acter) and correlates to higher electrical conductivity. The attenuation
of the intensity of the Raman bands of SP-Au/MWCNTy;o@PPy-PTA/
anti-MTXap|4BSA (Figs. S4 and e) confirms the covalent immobilization
of MTXap.

The wettability of the different modified sensor chip surfaces was
measured by recording the static contact angle (©) of a 5 pL of a water
droplet (Fig. 3). The SP-Au electrode was found to be hydrophobic,
displaying a contact angle (8) of 86 + 1.7° (Fig. 3a). Hydrophobic
surfaces tend to repel water and have a higher propensity for non-
specific adsorption of organic biomolecules. On the other hand, the
contact angle of the SP-Au/PPy exhibited a lower contact angle of 46 +
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Fig. 1. Cyclic voltammograms obtained during electrodeposition of (a) SP-Au/PPy and (b) SP-Au/MWCNT@PPy in an aqueous monomer solution. (¢) Current time
transit curve for the fabrication of (i) SP-Au/PPy, (ii) SP-Au/MWCNT;,@PPy, (iii) SP-Au/MWCNT5,@PPy, (iv) SP-Au/MWCNT5,@PPy, (v) SP-Au/MWCNT,,@PPy

and (iv) SP-Au/MWCNTgo@PPy. (¢’) is an expanded view of (c).

2.6°, indicating improved hydrophilicity due to the deposited PPy film.
As the content of MWCNTs increased, the deposited film became more
hydrophilic. The contact angle of SP-Au/MWCNT;(@PPy-PTA/anti-
MTXap, was 24 + 6.2°, which further decreased to 16 + 3.7° after
blocking with 4BSA (SP-Au/MWCNT,o@PPy-PTA/anti-MTXap|dBSA).
This indicates that the SP-Au/MWCNT,o@PPy-PTA/anti-MTXap|4BSA
possesses higher hydrophilicity and is less susceptible to non-specific
bioaccumulation and adsorption of organic biomolecules. The lower
contact angle signifies better wettability of the surface, reduced surface
defects, enhanced shear forces, prevention of biofilm formation, and
non-sticky surface [43], all of which contribute to the anti-biofouling
capability of the SP-Au/MWCNT7o@PPy-PTA/anti-MTXap|4BSA.

3.3. Electrochemical characterization of immunosensor interfaces

The electrical conductivity of the electrodeposited films was char-
acterized using the direct current (DC) electrical probe method. The
electrical conductivity of the SP-Au/PPy was 3.21 x 10° S/m with a film
resistance of 63.2 Q/sq. An increase in the percentage by weight of
MWCNTs in the SP-Au/MWCNT@PPy film resulted in decreased film
resistance and increased conductance (Table S1). The MWCNT within

the film provides efficient pathways for electron transfer due to their
one-dimensional structure and high electron mobility, reducing the
overall film resistance. The conductive paths are established through
physical contact and charge transfer between the MWCNTS core and the
PPy shell. The highest electrical conductivity of the SP-Au/
MWCNT;o@PPy (2.45 x 10° S/m) confirmed that the well-ordered,
highly crosslinked porous network of MWCNT;o@PPy enhances effi-
cient electron transport. The interconnected MWCNT;(@PPy core-shell
allows for ballistic electron tunneling and hopping through the walls of
the MWCNT and across the nanogaps and junctions within the SP-Au/
MWCNT;o@PPy film. The increase in the sheet resistance and decreased
film conductance of SP-Au/MWCNT,o@PPy-PTA (1.54 x 108 S/m)
compared to SP-Au/MWCNT,,@PPy indicate the formation of a semi-
conductive film after the electrodeposition of PTA. Also, the covalently
immobilized anti-MTXyp, via the glutaraldehyde crosslinking induced an
electrostatic gating effect [44] that altered the electric field around the
SP-Au/MWCNT7o@PPy-PTA. This gating effect decreases the electrical
conductivity of the SP-Au/MWCNT7o@PPy-PTA/anti-MTXap (2.74 x
10% S/m). There were no significant changes in the conductivity of the
SP-Au/MWCNT7o@PPy/anti-MTXap|4BSA (2.3 x 10° S/m), indicating
blocking non-specific sites with denatured BSA amyloid fibrils did not
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Fig. 2. SEM images of (a) SP-Au, (b) SP-Au/PPy, (c) SP-Au/MWCNT,,@PPy, and (d) SP-Au/MWCNT,o@PPy-PTA/anti-MTXup|4BSA.

alter the film conductivity significantly.

The cyclic voltammetry measurements of SP-Au/PPy and the SP-Au/
MWCNT@PPy films in PBS (pH 7.4) showed superimposable non-
faradaic capacitive background current and faradaic redox current
(Fig. 4a), indicating the pseudocapacitive behavior of the deposited film.
The CV of SP-Au/PPy showed a quasi-reversible redox pair at 230 mV
and —280 mV (AE, = 50 mV), attributed to the oxidation and reduction
of PPy, respectively. The shift of the redox peaks to lower potential and
increasing current density in Fig. 4a, (iii-iv) confirmed the higher elec-
troactive surface area with increasing %wt. of MWCNT. The highest
current density and lowest AE;, (24.9 mV) of SP-Au/MWCNT,o@PPy
(Fig. 4a, v) were due to the efficient charge transport process across the
interconnected film. The decrease in current density and AE, of SP-Au/
MWCNT7o@PPy-PTA/anti-MTXap|aBSA (Fig. 4a, vi) further confirms
the immobilization of anti-MTXup|qBSA. The charge transfer properties
were examined by electrochemical impedance spectroscopy (EIS). The
most significant feature of the Nyquist plot (Fig. 4b) is the decrease in
the diameter of the semicircle with increasing %wt of MWCNT in the
electrodeposited SP-Au/MWCNT@PPy films. The EIS data were best
fitted with an equivalent circuit with a film resistance (Rcr) parallel to
the constant phase element (CPE) (inset, Fig. 4b). The R¢r of the SP-Au/
PPy film (3.48 + 0.3 kQ) decreases with increasing %wt of MWCNT in
the film. The SP-Au/MWCNT;(@PPy film had the lowest R¢r of 0.04 +
0.01 kQ, confirming that the interconnected three-dimensional porous
MWCNT;o@PPy network promotes efficient electron transport and fa-
cilitates charge transfer within the film. The Warburg impedance in the
Nyquist plot of SP-Au/MWCNT,(@PPy (Fig. 4b, iv) further confirmed
that the interconnected porous network nanostructure facilitates effi-
cient diffusion of ions and promotes effective mass transport within the
film. The slight increase of the Rer to 0.16 + 0.5 kQ for the SP-Au/
MWCNT;o@PPy-PTA showed that the electrodeposition of ultrathin film

of PTA does not significantly decrease the ionic and charge transfer
mobility process within the film. The covalently immobilized anti-
MTXap induced an electrostatic gating effect on the film and increased
the Rer of SP-Au/MWCNT7o@PPy-PTA/anti-MTXap|¢BSA to 0.21 £ 0.1
kQ.

3.4. Immunosensing principle

The sensing principle is based on the modulation of the conductance
of the SP-Au/MWCNT7o@PPy-PTA/anti-MTXap|aBSA film when the
target analyte (MTX) binds to the immobilized biorecognition element
(anti-MTXyp) to form an insulating antibody-analyte immunocomplex
(SP-Au/MWCNT7o@PPy-PTA/anti-MTXa,-MTX|¢qBSA). The immuno-
complex disrupts the film’s conductivity by inhibiting electron
tunneling and hopping transport processes. As a result, the film
conductance (g¢) decreases, and its charge transfer resistance (Rer = 1/
g¢) increases, leading to a change in the electrical properties of the film.
These changes in the electrical properties of the film are measured as the
impedance to the alternating current output (Al,,) when an AC signal
with an amplitude of 10 mV superimposed to a DC bias voltage of Vp¢c =
0 is applied. The AC signal changes the potential of the interface relative
to the fixed potential of the Ag|AgCl pseudo-reference electrode (Vrgg).
The impedance of the immunosensor is the ratio of the alternating
voltage put (Vi) to the output current (Ioy) [45]. The total impedance
(Zr) is given by:

AV, n 1
AIoul g + (QDL)((DJ)“

Zy (€]
where R; represent the electrolyte resistance, 1/g; = Rer is the charge
transfer resistance of SP-Au/MWCNT;o@PPy/anti-MTXap|qBSA film,
Qpy. is the constant phase element (CPE) that reflects the double-layer
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(b) O = 46+2.6°

(d) O = 36+4.2°

U O = 16£3.7°

Fig. 3. Static water contact angle of (a) SP-Au, (b) SP-Au/PPy, (c) SP-Au/MWCNT5,@PPy, (d) SP-Au/MWCNTs5o@PPy, (e) SP-Au/MWCNT,o@PPy-PTA/anti-MTXap,

and (f) SP-Au/MWCNT,,@PPy-PTA/anti-MTX s |qBSA.

capacitance formed by the accumulation of ions at the electrode/elec-
trolyte interface. j is an imaginary unit, and o is the angular frequency.
The Zt is represented by its Euler’s form as Zy = Z + jZ (used for plot-
ting Nyquist plot) and by its polar form as Z; = |Z|e%) (used for plotting
Bode plot) corresponding to the non-faradaic capacitive response of the
immunosensor. The Nyquist plots were fitted with an equivalent circuit
having an electrolyte resistance (R;) in series with a parallel combina-
tion of CPE and the charge transfer resistance (Rcr) to explore the
quantitative analytical analysis of the immunosensor response.

3.5. Investigation of antibiofouling performance

The change in the sensor response (%AR) was used to evaluate the
resistance to non-specific serum protein adsorption by comparing the
charge transfer resistance before (R,) and after (Ryrx) incubation with
various diluted (% v/v) blood serum samples (Eq. (2)).

Rurx — R,

% AR = x 100 2)

The background signal of the two sensor variants, SP-Au/
MWCNT70@PPy-PTA/anti-MTXp,, and SP-Au/MWCNT;o@PPy-PTA/
anti-MTXap|qBSA were compared to assess their antibiofouling perfor-
mance. A lower percentage change in the film resistance of the back-
ground signal indicates antibiofouling performance. Changes in the
sensor response after incubation with various dilution ratios of human
blood serum are shown in Fig. S5. The signal of the SP-Au/
MWCNT;o@PPy-PTA/anti-MTXyyp, (Fig. S5, blue bars) after incubation
with the blood serum is due to the non-specific adsorption of the serum

proteins. The non-specific signal contributes approximately 2.6 % of the
total sensor signal in undiluted human serum. This indicates that the
interface without 4BSA has inefficient antibiofouling capability. In
contrast, the signal of the SP-Au/MWCNT;o@PPy-PTA/anti-
MTXap|¢BSA was 0.24 % after incubation with the undiluted human
serum (Fig. S5, red bars), confirming blocking with 4BSA fibrils prevents
non-specific serum protein adsorption. BSA fibrils are known to exhibit
excellent serum biofouling properties [35,46]. SP-Au/MWCNT,,@P-
Py-PTA/anti-MTXap|¢BSA demonstrated excellent antibiofouling prop-
erties, indicating a promising potential for ultrasensitive detection in
undiluted blood serum samples.

3.6. Impedimetric detection of MTX in undiluted blood serum sample

The Nyquist plot of SP-Au/MWCNT,o@PPy-PTA/anti-MTXap|¢BSA
immunosensor in undiluted human serum without MTX showed stable
baseline signals without a significant change in the diameter of the
semicircle and the phase angles upon repetitive measurements. The
diameter of the semicircle in the Nyquist plot, which corresponds to the
transfer resistance of the film, the height of the imaginary impedance
(Z") (Fig. 5a, i), and the magnitude of the phase angle (Fig. 5¢) remained
unchanged in the blank samples, indicating high sensor baseline sta-
bility and low background noise. However, upon incubation with
increasing concentrations of MTX (0.02-20.0 pM) in spiked human
serum samples, the diameter and height of the semicircle increased
progressively (Fig. 5a, ii) with increasing MTX concentrations, indi-
cating the binding of MTX to the immobilized anti-MTXy}, induced an
extra resistance on the film. The Nyquist plots were analyzed using an
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Fig. 4. (a) Cyclic voltammograms and (b) Nyquist plot of (i) SP-Au, (ii) SP-Au/PPy, (iii) SP-Au/MWCNT,@PPy, (iv) SP-Au/MWCNT,,@PPy, (v) SP-Au/
MWCNT;o@PPy-PTA and (vi) SP-Au/MWCNT,,@PPy-PTA/anti-MTXap|4BSA. (a’) and (b’) are the expanded views of (a) and (b), respectively.

equivalent circuit, as depicted in the insert of Fig. 5 (a). This circuit
consisted of an electrolyte resistance (R;) in series with a parallel com-
bination of CPE and charge transfer resistance (R¢r). The magnitude of
the circuit elements determined through fittings was summarized in
Table S2. To explore the quantitative analytical analysis of the immu-
nosensor response, the normalized percentage changes in the magnitude
of the charge transfer resistance (%AR/R,) were calculated as (%AR/R,
= (Remmrx — Rero)/Rero), Where Rer, and Reryrx represent the charge
transfer resistance before and after immunoreaction with MTX, respec-
tively. The dose-response curve of the change in the film resistance (%A
R/R,) in response to varying MTX concentrations was modeled using a
hyperbolic curve fitting shown in Fig. 5b. This curve fitting indicates an
affinitive binding of MTX to the immunosensor surface. The saturation
signal, corresponding to the maximum signal of the dose-response curve,
was 36.0 + 1.5 %. The affinitive binding constant (kp) of MTX was
estimated from the fitted curve as 0.32 pM. The low kp indicates high
affinitive binding of MTX to the immunosensing interface. The calibra-
tion plot (inset Fig. 5b) relating the change in the %AR/R, to the log-
arithm of MTX concentrations demonstrated linearity within the
dynamic ranges of 0.02-20.0 pM. The corresponding linear regression
equation was determined as (%AR /R,) = 24.29 + 10.54 logMTX](uM)

and the correlation coefficient (R%) was 0.985. Based on this analysis of
the changes in film transfer resistance, the sensor exhibits a sensitivity of
84.8% pM.cm’2 with a limit of detection (LoD) of 1.93 nM and a limit of
quantification (LoQ) of 6.11 nM of MTX, respectively. In addition, the
capacitive impedance response of SP-Au/MWCNT,o@PPy-PTA/anti-
MTXap|4BSA to various MTX concentrations was investigated to quan-
tify the analytical signal. The imaginary component of the complex
impedance (1/wZ") reached its maximum at a phase angle of approxi-
mately 2.7 Hz (Fig. 5¢), indicating the optimum capacitive response of
the SP-Au/MWCNT7o@PPy-PTA/anti-MTXap|4BSA at this frequency. As
the concentrations of MTX increased, there was a shift to a higher phase
angle (A¢), which is associated with the changes in the dielectric
properties of the immunosensing interface. This alteration led to a
decrease in the capacitance of the immunosensor with increasing MTX
concentrations (Fig. S6). The analytical curves (Fig. 4d) were obtained
by plotting the normalized % A¢ shift at 2.7 Hz against different con-
centrations of MTX. The sensor response demonstrated linearity within a
dynamic range of 0.02-20.0 pM with a linear regression equation of
%(Ad /d,) = 8.33 + 2.66 log]MTX](¢M) and an R? of 0.993. Based on
the analysis of phase angle changes, the sensor’s sensitivity was 21.2 %
uMem™2. Using the capacitive response, the LoD and LoQ of 7.63 nM
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Fig. 5. impedimetric response of SP-Au/MWCNT,o@PPy-PTA/anti-MTXap|4BSA: (a) Nyquist plot and corresponding, (b) dose-response curve with the inset of the
linear calibration plot (b’). (c) Bode plot and corresponding (d) dose-response curve with the inset of the linear calibration plot (d’). (e) Nyquist plot of SP-Au/
MWCNT7,@PPy-PTA|4BSA to different concentrations of MTX. (f) SP-Au/MWCNT,,@PPy-PTA/anti-MTXap|4BSA response to interfering MTX analogs. The error bar
represents the standard deviation of three independent measurements.
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and 23.0 nM, respectively.

The LoD and the linear concentration range of the SP-Au/
MWCNT;o@PPy-PTA/anti-MTXap|¢BSA falls within the clinical targeted
serum MTX concentrations of >5.0-10.0 pmol L™! at 24 h, 0.10 pmol
L7 at 72 h, and below 0.05 pmol L™ at 96 h after intravenous MTX
administration to prevent toxic side effects [8]. Compared to other MTX
immunoassays listed in Table 1, the LoD of the proposed immunosensor
utilizing changes in both resistivity (LoD of 1.97 nM) and capacitive
components (LoD of 7.63 nM) of the signal demonstrates a lower or
comparable limit of detection. The reagentless sensing mode and the
ability to detect MTX without dilution showcase the superior analytical
performance of the SP-Au/MWCNT7o@PPy-PTA/anti-MTXap|dBSA over
other sensing systems listed in Table 1. This suggests that the proposed
immunosensor can potentially be a highly sensitive and accurate
method for detecting MTX in blood serum samples without sample
dilution. Furthermore, it offers the advantage of not requiring additional
reagents and enables direct measurements in undiluted human serum
samples.

3.7. Specificity, selectivity, and reproducibility

The control experiment with the SP-Au/MWCNT70@PPy-PTA|dBSA
electrode (without immobilized anti-MTXAb) demonstrates the immu-
noreaction specificity and selectivity of the sensor response (Fig. 5e).
The diameter of the semicircle and change in transfer resistance (AR did
not change significantly after incubating with different serological MTX
concentrations, indicating that non-immunospecific interaction of MTX
with the SP-Au/MWCNT70@PPy-PTA|dBSA resulted in minimal signal
changes even at high MTX concentrations. This confirms the high
immuno-specificity of the SP-Au/MWCNT70@PPy-PTA/anti-MTXAD|
dBSA. The cross-reactivity of SP-Au/MWCNT70@PPy-PTA/anti-
MTXAb|dBSA with potentially interfering endogenous MTX analogs
and metabolites in blood serum was also evaluated. High concentrations
(20.0 pM) of the potential interference with MTX (5.0 pM) were
analyzed individually and as a mixture. The results (Fig. 5f) showed that
the MTX analogs, including folic acid (FA), leucovorin calcium (LV),
glutamic acid (GA), 5-fluorouracil (5-FU), and tetrahydrofolic acid
(HFA), did not induce an impedimetric response and did not interfere
with the accurate determination of MTX. However, 2,4-diamino-N(10)-
methylpteroic acid (DAMPA), a minor metabolite of MTX, induced an
immunosensor response (15.3 %), indicating cross-reactivity between
DAMPA and anti-MTX antibody. Nevertheless, DAMPA is rapidly elim-
inated and detected only in a few patients receiving HD-TMX and is not
expected to interfere with the accurate quantification of MTX in most
patients [49]. Overall, the SP-Au/MWCNT70@PPy-PTA/anti-MTXAD|
dBSA immunosensor demonstrated excellent specificity and selectivity
for detecting MTX in human serum samples. Fig. S7 shows the response
of six independently prepared immunosensors to 0.5 pM of MTX. The
inter-immunoassay reproducibility, indicated by the low relative stan-
dard deviation of 1.64 % among the independently prepared immuno-
sensors, was excellent, further highlighting the reliability of the
immunosensor for clinical application in high-dose MTX chemotherapy
monitoring.

4. Conclusion

In summary, the developed immunosensor based on a reagentless,
redox probe-free, and ultrasensitive impedimetric approach using multi-
walled carbon nanotube@polypyrrole-polytyramine hybrid film on a
screen-printed gold electrode has shown promising results for the
monitoring of MTX level in blood serum. The optimized fabrication
conditions of the SP-Au/MWCNT;o@PPy-PTA/anti-MTXap|qBSA
immunosensor have resulted in a highly conductive and stable sensing
platform. The immunosensor has exhibited high antifouling properties,
enabling accurate detection of MTX in undiluted human serum samples.
The immunosensor has also demonstrated good analytical reliability
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Table 1
Comparison of the analytical performance of the SP-Au/MWCNT,,@PPy-
PTA|4BSA immunosensor with other reported methods (TW - this work).

Transducer interface Methods Matrix  Linear LoD Ref.
range (nM)
(M)

SP-Au/ EIS Serum 0.02-20 1.93 T™W
MWCNT,o@PPy- Capacitive ~ Serum 0.02-20 7.63 ™
PTA/anti-

MTXAhldBSA
Au/anti-MTX,p EIS-MVA PBS 2.7 x 1074 0.16 [30]
-27
GCE/IPA/anti-MTX,p, EIS-MVA PBS 3.0 x 107 0.7 [27]
-30
AuE-CP/anti-MTXjp EIS-MVA PBS 3.0x107* 0.007 [29]
-30

Gold nanopillar SERS Serum 1.81-5 0.55 [15]

Silver nanopillar/MTX SERS Serum 5-150 60 [14]
aptamer

GCE/SWCNT/Nafion/ SWv PBS 0.02-1.5 8 [471
DNA

Multiplied Enzyme UV-Vis Serum  0.04-1.2 300 [48]
immunoassay UV-Vis Serum 0.05-1 50 [18]

EIS-MVA: Electrochemical impedance spectroscopy-multivariate data analysis;
SWYV: square wave voltammetry; SERS: surface-enhanced Raman spectroscopy.

with acceptable reproducibility and selectivity in the presence of other
interference and MTX analogs. The developed immunosensor has
several advantages over other MTX immunoassays, including (i) the
reagentless and label-free sensing format, (ii) the capability of accurate
quantification of MTX in undiluted human blood serum sample, (iii)
high sensitivity, which allows LoD (1.93 nM) which is about 50-times
lower than the clinically safe reference concentration of <100 nM at
72 h, (iv) high selectivity for MTX without interference from folic acid
and other MTX analogs and (v) the immunosensing system can be easily
miniaturized by integrating with a hand-held electrochemical poten-
tiostat. The results of this study indicate the excellent potential of the
developed immunosensor for clinical translation and bedside point-of-
care MTX monitoring, which could potentially improve patient care
and treatment outcomes.
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