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Precise modulation of strain and electronic structure via atomic-level Mo and Cr co-doping in Pd metallene
(MoCr-Pdene) significantly enhances electrocatalytic tetracycline (TC) sensing. Conventional Pd-based sensors
suffer from weak TC affinity and sluggish kinetics due to surface inertness and biofouling. MoCr-Pdene over-
comes these limitations through synergistic dual-strain effects, including compressive strain (from Cr) stabilizing
the lattice and tensile strain (from Mo) redistributing surface charge. This strain-charge synergy shortens the Pd-
O adsorption distance (1.82 A), enhances adsorption energy (0.86 eV), and accelerates electron transfer, enabling
an ultra-low detection limit of 27 nM, which represents ten-fold improvement over commercial Pd/C. The co-
doped metallene exhibits exceptional stability (retaining 80 % of its signal after 120 days) and anti-biofouling
capability in matrices. Importantly, MoCr-Pdene serves as a dual-functional platform for clinical diagnostics
and environmental monitoring, quantitatively assessing TC biodegradation by black soldier fly larvae (BSFL) and
gut microbiota (degradation rates: 97.96 % in frass, 90.67 % in BSFL). These results pioneer atomic-scale strain-
electronic engineering for next-generation antibiotic sensing and sustainable bioremediation.

1. Introduction

Tetracycline (TC), a globally prevalent antibiotic with annual con-
sumption exceeding 100,000 tons, poses severe public health and
ecological threats. Its accumulation in ecosystems fuels antibiotic
resistance, contributing to millions of deaths annually (Heasley, 2011).
For instance, residual TC in biofluids (serum of 2-10 pg/mL and urine of
5-50 pg/mL) risks organ damage in 14-20 % of exposed patients (Blake
et al., 2025; Chu et al., 2024; Liu et al., 2024b; Wang et al., 2023; Xu
et al., 2024). Concurrently, environmental persistence of TC undermines
wastewater treatment and necessitates sustainable remediation strate-
gies like black soldier fly larvae (BSFL)-microbe symbiosis (Xu et al.,
2025b). However, quantifying TC in complex matrices (e.g., serum,
urine, BSFL tissues) remains challenging due to matrix interference and
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biofouling.

Conventional analytical techniques, such as high-performance liquid
chromatography and mass spectrometry, provide high sensitivity and
selectivity but are constrained by the need for time-consuming sample
preparation and centralized laboratory infrastructure, which limits their
application in point-of-care settings (Khaled et al., 2024; Li et al.,
2024a). In contrast, electrochemical sensing offers real-time and on-site
detection capabilities (Ahmed et al., 2024), but is hindered by
surface-specific limitations that compromise sensitivity, selectivity and
long-term stability (Cai et al., 2024; Chen et al., 2025; Li et al., 2025).
These challenges arise from several interconnected factors: (1) TC has a
low molecular affinity toward traditional sensing interfaces due to its
large, planar and zwitterionic molecule (Li et al., 2024b). (2) The charge
transfer kinetics are suboptimal due to slow electrochemical oxidation,
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which involves high activation energy barriers (typically greater than
1.5 eV), especially at the C11-OH site (Rong et al., 2024). (3)
Non-specific interactions and biofouling occur in complex biological
matrices (Li et al., 2023a).

Recent studies have explored diverse sensing materials, including
functional carbon nanotubes (Nekoueian et al., 2024), octahedral
Cuy0/Au nanocomposites (Wei et al.,, 2024), polyaniline@Cu-BTC
frameworks (Zhan et al., 2024), and molecularly imprinted polymers
based on nano-Al;O3/graphene oxide (Zhao and Zhao, 2023). Although
some of these platforms exhibit acceptable sensitivity at nM level and
broad detection range (from nM-level to pM-level), they often suffer
from poor specificity and susceptibility to interferences in real biofluids.
Notably, two-dimensional (2D) Pd metallenes (Pdene) have shown
promise for TC detection due to their high specific surface area
(~150 mz/g) (Xie et al., 2025), fast charge transport (electron
mobility>1.2 cmz/V/s)(Yang et al., 2024b) and high intrinsic electro-
catalytic activity for small organic molecules (e.g. methanol, formic acid
(Liu et al., 2023; Qiu et al., 2023)) than commercial Pd/C. However,
their performance is still limited by surface instability in biological en-
vironments and insufficient specificity toward structurally complex an-
tibiotics such as TC (Wei et al., 2023). Elemental doping strategies have
been employed to enhance the surface properties and catalytic activity
of Pdene. For example, chromium (Cr) doping introduces compressive
lattice strain, which enhances mass activity (~1.36 A/mg) (Zhang et al.,
2022), but often causes structural degradation and surface reconstruc-
tion, reducing long-term stability (retaining only 26.8 % activity after
10,000 s) (Liu et al., 2024a). Conversely, molybdenum (Mo) doping
induces tensile strain, which improve selectivity (>90 %) and Faradaic
efficiency (~78.3 %) at moderate potentials (—0.25 V vs. RHE) (Luo
et al., 2019), but reduces catalytic activity under more reductive con-
ditions (dropping to ~60 % at —0.45 V) due to weaker surface binding
and decreased conductivity (Zhang et al., 2023).

Here, we propose a dual-element coordination strategy to synergis-
tically engineer strain and electronic effects in five-layer Mo/Cr-modi-
fied palladium metallene (MoCr-Pdene) that exhibits exceptional
performance in TC electrochemical biosensing. By coupling Cr-induced
compressive strain with Mo-driven tensile strain, we optimize surface
charge distribution and lattice stability, transforming weak TC phys-
isorption into tilted chemisorption. This dual modulation shortens Pd-O
adsorption distances (1.82 /0\), elevates adsorption energy (0.86 eV), and
localizes reactive sites (Aq = 0.90e), achieving record-low detection
limits (27 nM) and robust anti-biofouling performance in clinical sam-
ples. Beyond diagnostics, MoCr-Pdene enables real-time monitoring of
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BSFL-mediated TC biodegradation, which is a critical advance toward
sustainable antibiotic remediation. This work establishes atomic-scale
strain-electronic engineering as a paradigm for multifunctional elec-
trochemical sensing.

2. Results and discussion
2.1. Design of 2D MoCr-Pdene for TC sensing

The Pd surface, although inherently catalytically active, has limited
specificity and binding affinity toward certain functional groups present
in TC. The integration of Mo and Cr within the Pd atomic layer is
carefully orchestrated to optimize both local coordination geometry and
charge transfer efficiency. Initial adsorption simulations validate that
the computed Pd-O bond length between TC and the MoCr-Pdene sur-
face is minimized to 1.82 A, significantly shorter than that observed on
single-doped or pristine Pd surfaces (Fig. 1a-d). This shortened bond
distance, along with a calculated adsorption energy (Eqq) of 0.86 eV,
suggests the formation of strong chemisorptive interactions. Compared
to single-doping configurations, co-introduction of Mo (electron donor)
and Cr (electron acceptor) allows for a more balanced and enhanced
modulation of the surface electronic environment, which strengthens
the Pd-TC binding (Fig. 1le). This synergistic behavior manifests in
enhanced local charge accumulation around the Pd atoms surrounding
the dopants (Fig. S1), which facilitates specific electron transfer with TC
molecules through functional groups (e.g., hydroxyl and amide).

To achieve precise modulation of chemisorptive interactions, a
kinetically controlled sequential-doping strategy was designed for the
synthesis of MoCr-Pdene. As illustrated in Fig. 1f, Pd nuclei were first
formed to establish a stable 2D metallene framework. Subsequently, Cr
(CO)e and Mo(CO)e were introduced under mild solvothermal condi-
tions, exploiting their distinct decomposition kinetics to guide spatially
ordered diffusion into the Pd lattice. This stepwise incorporation pre-
vents phase segregation and preserves the ultrathin lamellar
morphology. The differential reactivity of Cr and Mo precursors will
enable their atomically dispersed integration into the lattice, resulting in
homogeneous co-doping and strain-balanced configurations. Such
structural control may be critical for maximizing interfacial reactivity
while maintaining electronic coherence across the 2D domain.

2.2. Synthesis and characterization of MoCr-Pdene

The designed MoCr-Pdene was successfully synthesized and
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Fig. 1. The absorption configurations of TC on (a) Pdene, (b) Cr-Pdene, (c) Mo-Pdene and (d) MoCr-Pdene. (e) The adsorption energy and charge transfer amount of
TC on Pdene, Cr-Pdene, Mo-Pdene and MoCr-Pdene. (f) Scheme of the synthesis process for the 2D MoCr-Pdene.
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exhibited a lamellar architecture with uniformly dispersed Pd, Mo, and
Cr elements (Fig. 2a). As shown in Fig. 2b, transmission electron mi-
croscopy (TEM) image reveals that the synthesized MoCr-Pdene exhibits
an ultrathin 2D morphology with folded and wrinkled sheet-like struc-
tures and lateral dimensions exceeding to several hundred nanometers.
Atomic force microscopy (AFM) image (Fig. 2d) further proves an
average thickness of approximately 1.07 nm, equivalent to about five
atomic layers (Xie et al., 2024). The formation of 2D MoCr-Pdene is
derived from the single-element Pdene nanosheet, which shares a
similar structural framework but is obtained with a shorter reaction
duration of 0.5 h (Fig. S2). HRTEM analysis further reveals lattice fringe
spacing of 0.236 nm in MoCr-Pdene (inset of Fig. 2b), which is slightly
smaller than that of pristine Pdene (0.238 nm, inset of Fig. S2).
Combining the homogeneous distribution of Pd, Cr, and Mo elements in
energy dispersive spectroscopy (EDS) elemental maps (Fig. 2¢), Mo and
Cr atoms are confirmed to be successfully doped into Pdene lattice with
relatively smaller radii (Prabhu et al., 2024). Quantitative analysis by
inductively coupled plasma optical emission spectrometry (ICP-OES)
reveals that the Mo and Cr contents are 2.39 % and 2.52 %, respectively,
with a consistent 1:1 Mo:Cr molar ratio observed even under varying
reaction times or precursor ratios (Fig. S3).

The crystal structures of MoCr-Pdene and its derivatives were sys-
tematically investigated using powder X-ray diffraction (PXRD). As
shown in Fig. 2e, all diffraction patterns of MoCr-Pdene, Mo-Pdene, Cr-
Pdene, and Pdene show peaks around 40°, 46°, and 68°, corresponding
to the (111), (200), and (220) planes of face-centered cubic (fcc) Pd
(JCPDS No. 87-0639) (Song et al., 2024). Compared with pristine
Pdene, the diffraction peaks of the others show discernible shifts, indi-
cating dopant-induced lattice strain (Liu et al. 2025a, 2025b). Specif-
ically, Cr doping leads to a shift toward higher 20 angles, suggesting
lattice contraction due to the substitution of Pd atoms by smaller-radius
Cr atoms (Ma et al., 2025), whereas Mo doping induces a slight shift
toward lower 20 angles, corresponding to tensile lattice strain (Zhao
et al., 2023).

To further elucidate the electronic structure modulation induced by
Mo and Cr doping, X-ray photoelectron spectroscopy (XPS) analysis was
conducted. As shown in Fig. 2f, the Pd 3d binding energies are notably
shifted in the doped systems compared to Pd/C, which reveals peaks at
336.61 eV and 341.93 eV, indicating a relatively free metallic, low-
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oxidation state Pd (Liu et al., 2023). In Mo-Pdene, the peak shift to
336.13 eV and 341.48 eV, indicating an increase in the electron density
on the Pd surface, likely due to electron donation from Mo (Si et al.,
2024). For Cr-Pdene, the peaks shift to 336.27 eV and 341.65 eV, sug-
gesting that Cr doping also affects the electronic structure, although the
electron transfer mechanism differs from that of Mo (Li et al., 2023b). In
MoCr-Pdene, the Pd 3d binding energies (336.20 eV and 341.58 eV)
represent a compromise between the two doping elements, suggesting
that Mo and Cr synergistically modulate the electronic environment of
Pd (Wang et al., 2025a). This optimized electron density on the surface
likely enhances the catalytic activity and surface reactivity of Pd in
MoCr-Pdene.

2.3. Electrochemical performance of MoCr-Pdene towards TC

To evaluate the electrochemical sensing performance of various
catalysts to TC, linear sweep voltammetry (LSV) was employed. As
depicted in Fig. 3a, the MoCr-Pdene/C modified glassy carbon electrode
(GCE) as sensor exhibits a negligible current response in the absence of
TC, while a distinct anodic peak appears at 0.708 V with the addition of
60 pM TC, indicating its electrocatalytic activity toward TC oxidation
(Yang et al., 2024a). In comparison, commercial Pd/C, Pdene/C,
Cr-Pdene/C, and Mo-Pdene/C sensors show oxidation peaks at 0.689 V,
0.693 V, 0.696 V, and 0.701 V, respectively (Fig. 3b), with gradually
improved current responses. The highest current response of
MoCr-Pdene/C sensor highlights the synergistic enhancement of
co-doping with Mo and Cr atoms, which enhances the catalytic effi-
ciency for TC oxidation (Guo et al., 2023).

To quantify the sensing performance of MoCr-Pdene/C sensor,
current-time (i-t) tests were performed at the optimal oxidation poten-
tial of 0.708 V (Fig. 2c¢). The oxidation response current increases
gradually with successive additions of TC in the concentration range of
1-60 pM. At 60 pM TC concentration, the current response of the MoCr-
Pdene/C sensor is approximately 4-fold higher than that of the com-
mercial Pd/C sensor. Furthermore, as shown in Fig. 3d and summarized
in Table S1, MoCr-Pdene/C sensor exhibits well-defined linear calibra-
tion curves for TC in the 1-6 uM and 6-60 pM concentration ranges, with
rapid response times of 3-5 s. The corresponding linear equations are
determined as y = 0.31x - 0.11 (R2 = 0.996) and y = 0.096x + 1.27
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Fig. 2. Morphological and structural characterization of MoCr-Pdene. (a) Schematic illustration of MoCr-Pdene model with five atomic layers of Pd. (b) TEM images
(inset is representative lattice spacing), (c) EDS elemental maps, and (d) AFM image of MoCr-Pdene. (e) PXRD patterns of MoCr-Pdene, Mo-Pdene, Cr-Pdene, and
Pdene. (f) XPS analysis of MoCr-Pdene/C, Mo-Pdene/C, Cr-Pdene/C, Pdene/C, and Pd/C.
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Fig. 3. Electrochemical performance of MoCr-Pdene/C towards TC detection. (a) LSV curves of MoCr-Pdene/C in PBS solution at 60 pM TC concentration. (b)
Comparison of oxidation peak currents of MoCr-Pdene/C, Mo-Pdene/C, Cr-Pdene/C, Pdene/C, and Pd/C in the presence of 60 pM TC. (c) i-t response of MoCr-Pdene/
C and Pd/C for TC oxidation in the 1-60 pM concentration range. (d) Linear relationship between peak current and TC concentration for MoCr-Pdene/C. (e) i-t
responses for interference testing by common species at 1 pM TC. (f) Reproducibility test of MoCr-Pdene/C sensor for TC detection (n = 6).

(R? = 0.999), indicating high detection sensitivity across broad con-
centration range. The limit of detection is calculated based on the
standard 3c/slope method, where 6 represents the standard deviation of
the blank signal and the slope is obtained from the linear calibration
curve (Momeni et al., 2024; Sun et al., 2025; Xu et al., 2025a). In
comparison, Pdene/C, Mo-Pdene/C, Cr-Pdene/C, and commercial Pd/C
sensors exhibit lower current responses and poor sensitivity, with cor-
responding detection limits of 267 nM, 127 nM, 129 nM and 272 nM,
respectively. The detection limit of MoCr-Pdene/C sensor is calculated
to be as low as 27 nM, which represents a significant improvement over
other counterparts and also outperforms most existing analytical
methods for TC detection (Table S2).

The MoCr-Pdene/C sensor also exhibits good selectivity, durability
and repeatability toward TC. As shown in Fig. 3e, it generates a distinct
current response to 1 pM TC, while exhibiting negligible responses
interference from common interfering species (50 pM), including peni-
cillin, urea, glucose, Ca%t, Mg?t, K*, and CI~. The TC detection signal
remains stable after the introduction of interferents, confirming the
strong anti-interference capability of the sensing system. The long-term
stability of the MoCr-Pdene/C sensor was further evaluated by moni-
toring the electrochemical response at 15-day intervals over a total
storage period of 120 days (Fig. S4). The current response toward
60 pM TC remained above 80 % of its initial value after 120 days,
indicating good long-term storage stability. In addition, six MoCr-
Pdene/C sensors exhibit a relative standard deviation (RSD) of merely
1.62 % in response to 60 pM TC (Fig. 3f), demonstrating high fabrication
reproducibility (Naikoo et al., 2023).

2.4. TC sensing mechanism of MoCr-Pdene

The sensing mechanism of MoCr-Pdene/C toward tetracycline (TC)
was investigated through combined electrochemical analyses and den-
sity functional theory (DFT) calculations. The electrooxidation of TC on
MoCr-Pdene/C proceeds through a diffusion-controlled process
involving multiple electron-transfer steps. As shown in Fig. S5b, Cyclic
voltammetry (CV) at varying scan rates (20-200 mV/s) exhibits two
well-defined anodic peaks, indicating a sequential two-step oxidation
process. With increasing scan rate, the anodic peak current (Ip) exhibits

a linear relationship with the square root of the scan rate (z'/2, Fig. S5c,
R? = 0.999) (Xu et al., 2022), consistent with a diffusion-controlled
process governed by the Randles-Sevéik equation (Guo et al., 2019).
The number of electrons involved in the TC oxidation process was
estimated to be approximately two, consistent with previously reported
electrochemical oxidation mechanisms of TC (Guo et al., 2019; Wang
et al., 2021a).

To further clarify the involvement of protons, the pH-dependent
electrochemical behavior was investigated in 0.1 M PBS with pH
values ranging from 3.0 to 7.0 (Fig. S5d). Both anodic peak potentials
shift negatively with increasing pH, and the highest oxidation current is
observed at pH 3.0, indicating that proton availability plays a crucial
role in the reaction kinetics. The linear dependence of peak potential on
pH yields slopes of 63 mV/pH and 51 mV/pH for the first and second
oxidation steps, respectively, which are close to the theoretical Nerns-
tian value of 59 mV/pH for a 2H"/2e~ process (Xu et al., 2022). This
provides strong evidence that TC oxidation on MoCr-Pdene/C follows a
proton-coupled electron transfer (PCET) mechanism (Hammes-Schiffer,
2023).

The superior activity of MoCr-Pdene/C is closely linked to its large
electrochemically active surface area (ECSA). Using [Fe(CN)6]3'/ 4 asa
redox probe (Fig. S5a), the redox peak currents exhibit a linear depen-
dence on the square root of the scan rate, confirming a diffusion-
controlled process (Guo et al., 2019). Based on the Randles-Sevéik
equation, the ECSA of MoCr-Pdene/C was calculated to be 0.73 cm?,
which is significantly higher than those of Mo-Pdene/C (0.63 cm?),
Cr-Pdene/C (0.59 cmz), Pdene/C (0.34 cm?), and commercial Pd/C
(0.15 ¢cm?) under same conditions (Fig. S6). This enhancement can be
attributed to the strain compensation effect induced by Mo and Cr
co-doping. Quantitative refinement of PXRD data reveals lattice con-
stants of 0.3868 nm for pristine Pdene, 0.3864 nm for Cr-Pdene (ca.
—0.10 % compressive strain), and 0.3866 nm for Mo-Pdene (ca. —0.05 %
strain). In contrast, MoCr-Pdene exhibits a lattice constant of 0.3870 nm,
corresponding to a slight tensile strain of ca. +0.05 %. The intermediate
lattice constant and diffraction peak position of MoCr-Pdene indicate
effective compensation of the opposing lattice distortions introduced by
Mo and Cr, which suppresses metal aggregation and preserves a highly
accessible electrochemical surface area, thereby facilitating fast charge



Y. Wen et al.

transport during TC oxidation.

Based on the electrochemical data and prior literature, a plausible TC
oxidation pathway is proposed (Fig. 4a). At lower oxidation potentials,
the initial step likely involves the oxidation of the phenolic hydroxyl
group at the C10 position, involving the loss of one electron and one
proton to form an unstable radical intermediate (Dang et al., 2004). This
intermediate subsequently experiences a second deprotonation and
electron transfer, yielding a quinone-like intermediate. At higher
oxidation potentials, further electrochemical transformation of the in-
termediate occurs. In acidic media, strong intramolecular hydrogen
bonding initially stabilizes the oxidized species. With increasing po-
tential, steric hindrance around the hydroxyl groups at the C7 and C10
positions is reduced, weakening the hydrogen bonds and enabling the
sequential release of additional protons (Liang et al., 2018). This process
ultimately leads to the formation of a more stable, highly oxidized
quinone-like structure.

DFT calculations were employed to rationalize the enhanced per-
formance at the atomic level. The calculated adsorption energies (Eqq) of
TC on Pdene, Cr-Pdene, Mo-Pdene, and MoCr-Pdene are 0.65, 0.71,
0.77, and 0.86 eV, respectively, with corresponding Pd-O adsorption
distances of 2.23, 2.01, 1.87, and 1.82 A. The higher adsorption energy
and shorter Pd-O adsorption distance on MoCr-Pdene indicate a stron-
ger TC-surface interaction. Bader charge analysis reveals significant
charge transfer from Mo and Cr to neighboring Pd atoms, with charge
transfers of 0.33e for Cr-Pdene, 0.35e for Mo-Pdene, and 0.90e for MoCr-
Pdene. This charge redistribution creates local electronic hotspots that
strengthen TC binding and facilitate subsequent oxidation steps (Xuan
etal., 2023). The free energy profiles for TC oxidation demonstrates that
adsorption is thermodynamically favorable on MoCr-Pdene (—0.44 eV)
compared to pristine Pdene (0.06 eV), and the energy barrier for the
rate-determining step is significantly lowered (Fig. 4b). The subsequent
oxidation of TC to TC*** releases more energy on MoCr-Pdene (7.04 eV)
than on pristine Pdene (6.98 eV). The rate-determining step (TC*** —
TC****) exhibits a significantly lower energy barrier on MoCr-Pdene
compared to Pdene. Furthermore, geometrical optimization reveals
the formation of Pd-O and Mo-O bonds at the TC-MoCr-Pdene interface,
enhancing interfacial anchoring. Charge density difference analysis
confirms electron enrichment at the Mo/Cr-Pd interface, which pro-
motes interfacial electron transfer. Collectively, the synergistic
co-doping of Mo and Cr optimizes the electronic structure and reaction
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energetics of Pdene, leading to its superior electrocatalytic activity for
TC sensing.

2.5. Application of MoCr-Pdene/C sensor for determining TC

To validate the real-world utility of the MoCr-Pdene/C sensor, a
flexible MoCr-Pdene/C sensing platform was fabricated via commercial
screen-printing technology for point-of-care deployment in clinical and
environmental monitoring (Fig. 5a). (Wu et al., 2023) The sensor ex-
hibits a broad dynamic range (1 pM-2 mM) and ultralow detection limit
(27 nM) in PBS containing TC (y = 0.01633x + 2.41565, R? = 0.99,
Fig. 5b). Crucially, in spiked human serum and urine, the average re-
covery rates across the platform are between 93.05 % and 104.94 %,
with RSD below 6.19 % (Fig. 5b and Table S3), demonstrating the high
reliability and accuracy of the sensor against complex biological
matrices (Wang et al., 2025b).

Expanding into environmental biotechnology, we pioneered the use
of MoCr-Pdene sensor for real-time monitoring of TC biodegradation in a
closed-loop BSFL bioremediation system (Fig. 5a). After 12-day treat-
ment of TC-contaminated waste with BSFL (100 mg/kg), MoCr-Pdene
sensor reveals degradation efficiencies of 90.67 % in BSFL and
97.96 % in frass, surpassing conventional biological methods (Fig. 5c
and d). To distinguish biological degradation from abiotic effects, a
control experiment was conducted using TC-contaminated substrates
under identical conditions but without the presence of BSFL. The abiotic
control exhibits negligible TC removal (<4.31 %) over the same incu-
bation period, confirming that the observed TC degradation is pre-
dominantly driven by BSFL-mediated biological processes (Fig. S7).
Mechanistic analysis of S. marcescens BSFL-6 gut microbiota identified
key enzymatic drivers, which are wupregulated tet34 (TC
monooxygenase-like enzyme) and UGT2B7 (UDP-glucuronosyltransfer-
ase homolog) catalyze oxidative decarboxylation and glucuronidation,
converting TC into low-toxicity polar metabolites (P430 and P652).
Electrochemical quantification confirmed minimal residue accumula-
tion, verifying the consistency between biochemical and electroanalyt-
ical outcomes. Importantly, the MoCr-Pdene electrode exhibits strong
anti-fouling behavior even in complex organic matrices, enabling res-
idue detection in protein/lipid-rich larval tissues and establishing
electrochemistry-metagenomics synergy for mechanistic validation of
bioremediation efficacy.
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3. Conclusion

In conclusion, we developed a MoCr-Pdene through atomic-scale
dual-strain engineering, creating a transformative platform for TC
detection and bioremediation monitoring. The synergistic interplay of
Cr-induced compressive strain and Mo-driven tensile strain optimizes
charge distribution (Aq = 0.90e), shortens Pd-O adsorption distance
(1.82 A), and enhances adsorption energy (0.86 eV). This promotes
efficient TC oxidation with a broad linear range (1 pM-2 mM) and an
ultra-low detection limit of 27 nM. The screen-printed MoCr-Pdene
sensor also achieves accurate TC quantification in biofluids (recovery of
93.05-104.94 %) and complex biotransformation matrices, demon-
strating degradation efficiencies of 90.67 % in BSFL and 97.96 % in frass
via its anti-fouling capability. The sensor design further enables scalable
deployment in wearable diagnostics and field monitoring. Our dual-
strain engineering strategy establishes a general paradigm for tailoring
2D materials’ interfacial properties, bridging precision antibiotic
sensing and sustainable bioremediation, which is a critical advance to-
ward One Health solutions.

4. Materials and methods
4.1. Synthesis of MoCr-Pdene, Mo-Pdene, Cr-Pdene and Pdene

MoCr-Pdene was synthesized via a kinetically controlled sequential-
doping solvothermal strategy. In a typical procedure, Cr(CO)g (10 mg),
Mo(CO)¢ (10 mg), and ascorbic acid (20 mg) were first dissolved in 5 mL
of oleylamine under continuous stirring at 70 °C to form a homogeneous
precursor solution. After cooling to room temperature, Pd (acac)y
(10 mg) was added, followed by ultrasonication for 10 min to ensure
complete dissolution.

The resulting solution was transferred into a sealed reaction vessel
and heated at 80 °C for 12 h. During the solvothermal process, the
distinct decomposition kinetics of Cr(CO)s and Mo(CO)g¢ enable
temporally separated incorporation of dopants into the Pd lattice. Spe-
cifically, Cr(CO)e decomposes preferentially at an earlier stage of the
reaction, leading to initial Cr incorporation into the forming Pd metal-
lene framework, whereas Mo(CO)e decomposes more gradually and is
incorporated at a later stage. This sequential dopant incorporation
effectively suppresses phase segregation and promotes homogeneous co-
doping within the ultrathin Pd metallene.

After completion of the reaction, the product was collected by
centrifugation, washed three times with cyclohexane to remove residual
organic species, and finally redispersed in cyclohexane for subsequent
characterization and electrode fabrication.

4.2. Synthesis of MoCr-Pdene/C, Mo-Pdene/C, Cr-Pdene/C and Pdene/C

First, a certain amount of Ketjen black was dispersed in anhydrous
ethanol and ultrasonicated for 1 h. Cyclohexane was then added, fol-
lowed by an additional 0.5 h of ultrasonication to obtain a homogeneous
mixture. Subsequently, the metallene material dispersed in cyclohexane
was gradually added to the previously prepared mixture and ultra-
sonicated for another 2 h. Finally, the product was collected by centri-
fugation and dried overnight at 60 °C, yielding MoCr-Pdene/C, Mo-
Pdene/C, Cr-Pdene/C, and Pdene/C.

4.3. Characterization

The PXRD analysis was carried out using a Rigaku D/max-2500/PC
diffractometer under operating conditions of 40 kV voltage and 15 mA
current, utilizing Cu Ka radiation (A = 1.5406 A). The morphological
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characteristics were examined via TEM (JEM-2100F microscope).
Elemental distribution was mapped using a FEI Talos F200X at an ac-
celeration voltage of 200 kV. AFM imaging was conducted with a Bruker
Dimension Icon. The XPS spectra were obtained using an ESCALAB
250Xi spectrometer equipped with an Al Ka cathode source (75-150 W)
under ultrahigh vacuum conditions. Elemental composition analysis was
performed by inductively coupled plasma optical emission spectrometer
(ICP-OES) (Agilent 5110). For PXRD and XPS characterization, MoCr-
Pdene/C, Mo-Pdene/C, Cr-Pdene/C, and Pdene/C were supported on
commercially available carbon black.

4.4. Electrochemical measurements

A conventional three-electrode configuration was employed for
electrochemical measurements. The reference electrode was an Ag/AgCl
electrode, while a Pt foil (1 cm x 1 cm) acted as the counter electrode.
The working electrode consisted of a GCE (diameter: 4 mm) modified
with the catalyst. To prepare the catalyst ink, 1 mg of catalyst was
dispersed in a mixture of 500 pL isopropanol, 480 pL ultrapure water,
and 20 pL Nafion solution, followed by ultrasonication for 1 h. After-
ward, 5 pL of the resulting dispersion was drop-cast onto the GCE surface
and dried under ambient conditions to complete the electrode fabrica-
tion. Electrochemical tests were conducted using a Palmsens4 work-
station (Netherlands). CV and chronoamperometry (i-t) experiments
were carried out in a 0.1 M PBS solution.

Electrochemical characterization of the electrode materials was
performed using CV with [Fe(CN)¢] 3-/4 as a redox probe. CV measure-
ments were conducted in 5 mM [Fe(CN)6]3'/ 4 solution containing 0.1 M
KCl as the supporting electrolyte, over a range of scan rates (typically
10-200 mV/s). The ECSA of each electrode was calculated based on the
Randles-Sevéik equation:

I, = 2.72 x 10°n*?AD"?Cv/2 (€8]

where I, represents the redox peak current, n is the number of electrons
transferred in the electrochemical reaction, A is the ECSA, D is the
diffusion coefficient of the [Fe(CN)6]3'/ 4 redox probe was taken as
D=7.6 x 107%ecm? s}, C is the concentration of [Fe(CN)e]>/#, and v is
the scan rate. (Guo et al., 2019; Xu et al., 2022)

4.5. Application tests

An electrochemical sensor was fabricated using screen-printing
technology, in which carbon served as both the working and counter
electrodes, while silver/silver chloride functioned as the reference
electrode. The working electrode was modified with MoCr-Pdene/C
catalyst. The calibration curves of the electrochemical sensor at
different concentrations (1 pM-2 mM) of TC in PBS solution were con-
structed. Artificial serum and artificial urine samples, free of TC, were
employed as the testing matrices. Prior to analysis, each sample was
diluted tenfold with PBS to minimize matrix interference. Three
different concentrations of TC were then spiked into the diluted samples
to assess the sensor's accuracy and applicability under simulated phys-
iological conditions. For each concentration level, triplicate measure-
ments were conducted using the MoCr-Pdene/C-modified sensor.

Beyond simulated clinical conditions, the MoCr-Pdene/C-modified
sensor was further applied to evaluate TC degradation efficiency in a
biological remediation system mediated by BSFL. The BSFL were reared
in TC-contaminated organic feed (100 mg/kg) under controlled tem-
perature (28 °C) and humidity (65 %) for 12 days. Abiotic control ex-
periments were performed under the same conditions but without the
addition of BSFL. After the degradation period, larval tissues and frass
were collected separately, freeze-dried, and ground into fine powder.
Each sample (0.5 g) was ultrasonically extracted with 10 mL of
methanol-water (70:30, v/v) for 30 min, followed by centrifugation at
10,000 rpm for 10 min. The supernatant was filtered through a 0.22 pM
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membrane prior to electrochemical analysis.

During the measurements, 80 pL of solution was applied to the
sensor, and current variations were monitored via the i-t tests. Each
sample was assessed for 300 s, with the current at 200 s recorded as the
response signal. To establish the calibration curve, the current range
from 190 to 210 s was considered the error margin. This approach
ensured robust evaluation of the sensor's accuracy, reproducibility, and
anti-interference capability in complex biological matrices.

4.6. DFT calculation

DFT calculations were performed using the Vienna ab initio simula-
tion package (Baroni and Testa, 1987; Kresse and Furthmuller, 19964,
1996b; Kresse and Hafner, 1993, 1994; Kresse and Joubert, 1999). The
projector augmented wave method was employed to describe the
electron-ion interactions (Blochl, 1994), and the generalized gradient
approximations with the Perdew-Burke-Ernzerhof functional was
adopted for electron-electron exchange correlations (Perdew et al.,
1997). The energy cutoff for the plane-wave basis set was set to 600 eV.
A k-point mesh of 5 x 5 x 1 was set. The criteria for terminating elec-
tronic or ionic iterations were 1 x 10~* eV, and the residual force on
each atom was limited to less than 0.01 eV/A. A vacuum space of about
15 A was added to avoid interactions between periodic images. The D2
method was used to account for the van der Waals interaction (Bucko
et al., 2010). The adsorption behaviors of TC molecule on the materials
(Pene, Cr-Pdene, Mo-Pdene and MoCr-Pdene) surface ware then pre-
dicted using DFT calculations. The adsorption energies (Eqq) are defined
as follows:

Ead = Eadsorbate + Esubstrate = Etotal 2

where the Eir, Esupstrate and Egdsorbate are the total energy of molecule
adsorbed on sensing materials, the energy of sensing materials and
isolated molecule, respectively. A more positive Eqq value indicates
stronger binding between the substrate and the adsorbate.

The free energy of species was calculated as follows:

G = Eppr + Ezpg — TS 3

where Eppr is the reaction energy, which can be directly obtained from
the DFT calculation. Ezpg and S are the zero-point energy and entropy,
respectively, which can be obtained by calculating the vibration fre-
quencies. (Wang et al., 2021b) T is 298.15 K.
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