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detection of the plant pathogen Xylella fastidiosa
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Plant diseases pose a growing threat to global food security, with invasive bacterial pathogens presenting

particular challenges for early detection and containment. Xylella fastidiosa is among the most destructive

of these pathogens, infecting hundreds of plant species and posing a severe biosecurity risk to agricultural

systems, including those in Australia. Despite its significance, routine detection still relies on laboratory-

based molecular amplification methods that are slow, costly, and poorly suited to field deployment. Here,

we present an amplification-free, proof-of-concept electrochemical method for detecting X. fastidiosa

DNA based on potential-induced DNA adsorption onto a screen-printed gold electrode (Au-SPE). Target

DNA is first isolated using magnetic beads and then rapidly adsorbed onto an Au-SPE through a 30 s

cathodic potential step, enabling direct differential pulse voltammetric (DPV) readout without enzymatic

amplification. The method clearly discriminates the X. fastidiosa 9a5c isolate from non-specific bacterial

DNA (Xanthomonas albilineans), delivering a sensitive and selective signal within 2 minutes (30 s for

adsorption plus 75 s for DPV measurement). The entire assay is completed in under 30 minutes, offering

approximately fourfold faster analysis than conventional molecular amplification. When applied to spiked

buffer and xylem sap (i.e., a complex biological matrix) samples, the assay maintains high analytical per-

formance, achieving a detection limit of 100 aM without compromising specificity or sensitivity. To

support on-site testing, we also introduce a low-cost, 3D-printed device for rapid xylem sap extraction,

allowing direct analysis with minimal handling and seamless integration into the detection workflow.

Overall, the method provides a simple, rapid, and portable diagnostic strategy that advances plant patho-

gen detection beyond the laboratory. With further field validation, it could support earlier intervention and

strengthen biosecurity surveillance for X. fastidiosa and other high-priority pathogens.

1 Introduction

Plant pest and pathogen associated diseases account for up to
40 percent of global food crop losses and cause more than US
$220 billion in annual trade losses, posing a serious threat to
food security, agricultural sustainability, ecosystem integrity,

and societies in general.1,2 Among these threats, the insect-
transmitted and xylem-limited bacterium Xylella fastidiosa is
regarded as one of the most destructive plant pathogens
worldwide.3,4 It infects more than 650 cultivated and wild
plant species, including major food and fibre crops.5–7

Originating in the Americas,8 this highly invasive pathogen
has now spread to parts of Europe and Asia, where it has
caused serious environmental and economic damage.9,10 In
Australia, X. fastidiosa is recognised as the highest priority
exotic plant pest under the national biosecurity framework, as
there is no cure and many economically important crops are
highly susceptible.11,12 Early and rapid detection tools are
therefore essential to support preparedness, surveillance, and
timely response before irreversible damage occurs.

Detecting X. fastidiosa is particularly challenging because of
its broad host range, long latent phase, insect vectors, and
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ability to spread silently while plants remain
asymptomatic.9,13–15 Several diagnostic methods are currently
available, including molecular amplification-based polymerase
chain reaction (PCR), loop mediated isothermal amplification
(LAMP), enzyme linked immunosorbent assay (ELISA), and
large scale airborne imaging approaches.16–19 While these
methods provide high sensitivity and specificity, they are
largely laboratory based, require trained personnel, expensive
reagents and instruments, and involve complex sample hand-
ling and logistics. These limitations restrict their use for rapid
screening and on-site decision making, particularly in resource
limited agricultural environments where early intervention is
most critical.

The biology of X. fastidiosa further complicates detection
because the bacterium resides exclusively within the xylem,
where it adheres to the vessel wall, proliferates, and establishes
structured biofilms that occlude water transport, thereby dis-
rupting hydraulic conductivity and driving disease pro-
gression.20 Effective early detection therefore requires access to
biochemical information within deep vascular tissues rather
than surface samples.21 Although xylem sap represents a valu-
able matrix for pathogen detection and plant health surveil-
lance, its collection remains technically challenging. Existing
extraction approaches are frequently laborious, instrument-
dependent, and prone to contamination, highlighting the
need for simple, cost-effective, and field-deployable
approaches for reliable sampling.21–23 Consequently, the devel-
opment of a simple 3D-printed device capable of rapidly
extracting small volumes of xylem sap represents an important
step toward practical and scalable early detection of plant and
crop pathogens.

Conventional electrochemical DNA biosensors rely on
probe-functionalized electrodes, which require time-consum-
ing surface preparation and prolonged exposure to complex
biological samples for target capture. During this exposure,
non-target biomolecules compete for surface access, leading to
non-specific adsorption that compromises assay specificity,
sensitivity, reproducibility, and speed.24 To overcome these
challenges, DNA adsorption-based electrochemical biosensors
have recently emerged as promising alternatives that use the
intrinsic affinity between DNA and gold electrodes.24–28 In
these DNA adsorption-based assays, biological samples are
kept physically separate from the sensing surface to enable
independent isolation of the target DNA. The target DNA is
initially isolated through magnetic capture and purification,
and subsequently immobilised directly onto a bare Au-SPE.
This strategy spatially separates complex biological matrices
from the sensing interface, thereby minimising non-specific
interactions and enhancing analytical performance. Notably,
DNA adsorption-based assays operate without labels or enzy-
matic amplification, offering a simple and low-cost format that
is well suited for field-deployable agricultural diagnostics.29–32

However, a major limitation in DNA–gold affinity-based DNA
sensors has been the slow DNA adsorption kinetics, typically
requiring ∼30 minutes. We recently showed that applying an
external electric potential can dramatically accelerate DNA

adsorption.31 Using this method, the sample adsorption time
was reduced to 1 minute for rapid detection of Ratoon
Stunting Disease in sugarcane, establishing a practical
pathway for extending DNA adsorption-based assay electro-
chemical sensing to X. fastidiosa while overcoming key con-
straints of speed, cost, and field deployability.

In this study, we introduce a potential-induced DNA adsorp-
tion-based electrochemical sensing method that maintains
physical separation between plant samples and the electrode
surface. The target DNA is magnetically captured and purified
before a brief, potential-induced adsorption onto a bare Au-
SPE. Electrochemical detection is performed using differential
pulse voltammetry (DPV), which provides a sensitive and
reliable measure of surface-adsorbed target DNA. In the pres-
ence of the ferricyanide quasi-reversible redox system ([Fe
(CN)6]

3−), changes in electron transfer at the Au-SPE reflect the
extent of target DNA adsorption. Applying a cathodic potential
of −500 mV versus Ag/AgCl for 30 s yields stable and reproduci-
ble signals, enabling semi-quantitative, amplification-free
detection with high sensitivity. The simplicity and robustness
of this cathodic potential-induced DNA adsorption method
were demonstrated by integrating with a portable, low-cost
xylem sap extraction device for on-field plant disease diagnos-
tics. Beyond a single pathogen or crop, this strategy provides a
general framework for rapid and early detection of plant dis-
eases in resource-limited agricultural settings, with clear
potential to reduce yield losses, strengthen biosecurity surveil-
lance, and support sustainable farming practices.

2 Experimental
2.1 Materials and reagents

All chemicals and reagents were of analytical grade. Screen-
printed gold electrodes (Au-SPE, DRP-250BT) with an inte-
grated three-electrode system (Au working, Pt counter, and Ag
reference electrodes) were obtained from Metrohm Dropsens
(Llanera, Asturias, Spain). Nuclease-free water (Integrated DNA
Technologies, Australia) was used for all aqueous solutions.
Streptavidin-coated magnetic beads (Dynabeads MyOne
Streptavidin C1), a HulaMixer™ sample mixer, a DynaMag™-2
Magnet, 5 M NaCl, 20× SSC buffer, 1 M Tris-HCl (pH 7.5), and
0.5 M EDTA (pH 8.0) were purchased from Invitrogen (Thermo
Fisher Scientific). 2× SensiFAST SYBR No-ROX Master Mix was
obtained from Meridian Bioscience (Cincinnati, OH, USA).
Electrochemical measurements were performed using a
DRP-DSC connector (Metrohm Dropsens) and a CH660E
electrochemical analyzer/workstation (CH Instruments, Austin,
TX, USA).

2.2 Synthetic target DNA and primer collection

Since X. fastidiosa is not present in Australia, synthetic DNA
corresponding to the pathogen was used for proof-of-concept
analytical validation. The synthetic target sequence spans
bases 106 545 to 106 670 of the X. fastidiosa isolate 9a5c
genome (NC_002488) within the rimM gene. A biotinylated
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capture probe targeting a conserved 33 bp region of the rimM
gene, forward and reverse primers,17 and a non-specific target
(NsT) synthetic DNA from Xanthomonas albilineans (bases
43 128 to 43 253 of the XALB1 gene cluster, AJ586576.1) were
obtained from Integrated DNA Technologies (IDT, Australia).
Both of these species belong to the same family (Xylella) so
they have a very high level of phylogenetic and ecological simi-
larity.33 The sequences of the synthetic target, capture probe,
primers, and NsT are listed in Table S1. Specificity was con-
firmed by BLASTn screening against the NCBI nucleotide and
genome databases,34 with all sequences showing 100% hom-
ology to their intended targets. The target sequence we
selected is conserved across all subspecies of X. fastidiosa,
including fastidiosa, multiplex, pauca, sandyi, and tashke.

2.3 Xylem sap extraction device

Grapevine stems (Vitis vinifera L. ‘Cabernet Sauvignon’) were
collected from vineyards in Orange, NSW 2800, Australia, on
4 June 2025 and transported to the laboratory in sterile con-
tainers. In the laboratory, leaves were removed, outer surfaces
were wiped with 70% ethanol, and stems were cut into ∼3 cm
segments for sap extraction. The xylem sap collection device
(Fig. 1A) was designed using Autodesk Inventor, sliced using
Ultimaker Cura, and fabricated with an Ultimaker 3D printer.
The assembled device consists of two rollers with textured
grips, one connected to a rotating handle, and a PCR tube
holder at the base. To operate the device, a PCR tube was first
placed in the holder. A sterile plastic dropper (1–2 mL) was cut

to the required size, and a cleaned stem segment was inserted.
The dropper containing the stem was positioned between the
rollers and pressed toward the PCR tube. Mechanical pressure
was applied by rotating the handle counterclockwise, compres-
sing the stem and collecting the xylem sap in the PCR tube. As
the stem was squeezed, it gradually moved upward within the
dropper while the sap accumulated in the tube (Fig. S1 and
S2).

2.4 Probe hybridization and magnetic isolation

Stock lyophilized synthetic DNA sequences were resuspended
according to the manufacturer’s instructions (Integrated DNA
Technologies, Inc.) to obtain a 100 µM stock solution, which
was then diluted in nuclease-free water. Serial dilutions (1 nM
to 100 aM) were prepared in nuclease-free water and in xylem
sap to assess the performance of the developed method, with
xylem sap samples simulating natural conditions. Each con-
centration was processed in triplicate, from target capture to
detection. The X. fastidiosa capture probe-bead complex was
prepared following the manufacturer’s protocol. Streptavidin-
coated magnetic beads were washed with 2× binding and
washing (B&W) buffer (10 mM Tris HCL, pH 7.5; 1 mM EDTA,
pH 8.0; 2 M NaCl) and incubated with the capture probe for
20 min at room temperature under gentle rotation using a
HulaMixer™. Unbound probes were removed by washing with
1× B&W buffer. The target sequences were hybridized, isolated,
and purified magnetically according to previously established
protocols.27,30,31 Briefly, the target DNA spiked into xylem sap

Fig. 1 Schematic illustration of the xylem sap extraction and magnetic capture–release workflow for electrochemical detection of Xylella fastidiosa
stDNA. (A) (i) Computational design of the 3D-printed xylem sap extraction device. (ii) Target double-stranded DNA is denatured and selectively
hybridised with biotinylated capture probes specific to X. fastidiosa, enabling magnetic isolation using streptavidin-coated beads. The captured DNA
is thermally released and magnetically separated for downstream analysis. (iii) Electrochemical detection relies on potential-assisted adsorption of
the target DNA onto an Au-SPE. (B) (i) DPV responses obtained under three conditions: 30 s incubation without applied potential, 30 min incubation
without applied potential, and potential-assisted adsorption (−500 mV, 30 s) without incubation. (ii) Corresponding percentage decreases in current
density. Error bars represent the SD from three independent DPV measurements performed using separately prepared electrodes.
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was first denatured at 95 °C for 2 min using a calibrated heat
block to generate single-stranded DNA (ssDNA), and immedi-
ately mixed with the capture probe-functionalized magnetic
bead complex. The mixture was incubated at 55 °C to facilitate
specific hybridization between the target and the capture
probe. Following incubation, the bead–target complexes were
washed with 2× B&W buffer to remove unbound species and
resuspended in nuclease-free water. The target DNA was then
thermally released from the beads, followed by magnetic sep-
aration to isolate the supernatant containing the released
DNA. The isolated target DNA was diluted in 5× SSC buffer
prior to adsorption and subsequent electrochemical measure-
ments.27 An identical procedure was applied to synthetic target
DNA (stDNA) prepared in nuclease-free water, a non-specific
target control, and a no-template control in which nuclease-
free water was used in place of the target DNA.

2.5 Potential-induced DNA adsorption and electrochemical
detection

All Au-SPE were electrochemically cleaned as previously
described35 and allowed to air-dry between measurements.
The effective surface area of the working electrode was calcu-
lated using the Randles–Sevcik equation:36

ip ¼ 2:69� 105n3=2AD 1=2cv 1=2 ð1Þ
where ip is the peak current (A), n is the number of electrons
transferred (n = 1), A is the effective area of the working elec-
trode (cm2), D is the diffusion coefficient of ferricyanide (7.60
× 10−5 cm2 s−1), c is the concentration (mol cm−3), and v is the
scan rate (V s−1).

Magnetically isolated and purified target DNA (10 µL) was
directly deposited onto the working electrode surface of the
Au-SPE by applying a cathodic potential of −500 mV (vs. Ag/
AgCl) for 30 s. After adsorption, the electrodes were rinsed
three times with phosphate-buffered saline (10 mM PBS con-
taining 137 mM sodium chloride and 2 mM potassium chlor-
ide, pH 7.4). For control experiments, DNA (10 µL) was pas-
sively deposited onto the working electrode surface of the
A-SPE electrode without applying a potential.

DPV measurements of modified (target-adsorbed) and
unmodified (bare) Au-SPE electrodes were performed in a
2 mM ferricyanide ([Fe(CN)6]

3−) solution prepared in 10 mM
PBS. DPV scans were recorded from −0.1 to 0.5 V using a pulse
amplitude of 50 mV and a pulse width of 50 ms. The percen-
tage decrease in current response was calculated as follows:

%Δj ¼ jbare � jadsorbed
jbare

� �
� 100% ð2Þ

where jbare and jadsorbed represent the current densities of the
bare electrode and the electrode after DNA adsorption,
respectively.

2.6 qPCR validation

Quantitative PCR (qPCR) was performed using a CFX96 Touch
Real-Time PCR System (Bio-Rad Laboratories, Gladesville,

NSW, Australia) to validate the electrochemical detection
method. Magnetically isolated X. fastidiosa stDNA prepared in
nuclease-free water and in xylem sap was used for comparison.
A standard curve for quantification was generated by plotting
cycle quantification (Cq) values against the logarithm of the
stDNA concentration obtained from serial dilutions of
X. fastidiosa stDNA. qPCR reactions were prepared according to
the SensiFAST SYBR No-ROX kit protocol. Thermal cycling con-
ditions consisted of polymerase activation at 95 °C for 3 min,
followed by 40 cycles of denaturation at 95 °C for 5 s, anneal-
ing at 62 °C for 10 s, and extension at 72 °C for 20 s. Cq values
were determined at the end of each run. Nuclease-free water
was used as the no-template control, and Xanthomonas albili-
neans stDNA was used as a non-specific target control.

2.7 Statistical analysis

All data are presented as mean ± standard deviation (SD) from
three independent experiments (n = 3). The limit of detection
was calculated as the blank response plus three times the stan-
dard deviation of the blank. Data analysis and plotting were
performed using OriginPro 2018 (OriginLab, Northampton,
MA, USA) and Microsoft Excel 365. Figures were prepared
using BioRender and Microsoft PowerPoint 365.

3 Results and discussion
3.1 Assay principle

Fig. 1A outlines the assay workflow for electrochemical detec-
tion of X. fastidiosa based on potential-induced DNA adsorp-
tion. Xylem sap is first collected using a 3D-printed extractor
that gently expresses sap from the plant stem into a soft
plastic tube, reducing the risk of external contamination
[Fig. 1A(i)]. The sap is then used to prepare samples containing
defined concentrations of X. fastidiosa stDNA. A biotin-labelled
capture probe, complementary to the target sequence, is
immobilised on streptavidin-coated magnetic beads. The
bead-bound probe is incubated with X. fastidiosa stDNA to
allow hybridisation. After hybridisation, magnetic separation
and washing remove unbound DNA and nonspecific bio-
molecules, yielding purified probe–target complexes. The
target stDNA is released from the capture probe by brief
heating, following a published protocol [Fig. 1A(ii)]. The
released stDNA is then directly adsorbed onto a bare Au-SPE by
applying a short cathodic potential, which enables rapid
surface attachment. Quantification of the adsorbed stDNA is
performed by DPV using the ferricyanide quasi-reversible
redox system [Fig. 1A(iii)].

Fig. 1B shows the DPV responses for the detection of 100
pM X. fastidiosa stDNA with and without application of an elec-
tric field. Without an electric field, a 30 s incubation produces
less than a 5% decrease in current densities, indicating a
small amount of DNA adsorption on the Au-SPE [Fig. 1B, red
curve (i); third bar (ii)]. Extending this passive incubation to
30 min increases the current density decrease to ∼40%
[Fig. 1B, blue curve (i); second bar (ii)], consistent with greater
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DNA adsorption driven solely by prolonged exposure. For both
the cases, the attenuation of the faradaic current densities,
which can be correlated semi-quantitatively with the surface
coverage of adsorbed stDNA, arises primarily from two
coupled mechanisms: (i) electrostatic (coulombic) repulsion
between the negatively charged phosphate backbone of
surface-bound stDNA and the anionic ferricyanide ions in
solution, and (ii) steric blocking of electroactive sites, whereby
adsorbed DNA physically limits the access of the [Fe(CN)6]

3−/4−

species to the electrode surface. These effects impede inter-
facial electron transfer during the one-electron redox process,
resulting in a reduced faradaic response relative to the bare
electrode. Such current suppression mechanisms have been
extensively reported for DNA-modified gold electrodes using
ferricyanide ([Fe(CN)6]

3−) as a redox probe.24,37 In addition,
DNA adsorption may induce local interfacial reorganisation,
including changes in surface hydration, DNA conformation, or
partial base–surface interactions, which can collectively influ-
ence heterogeneous electron-transfer kinetics.38,39

Application of a cathodic potential likely increases both the
rate and extent of X. fastidiosa stDNA adsorption on the Au-
SPE, resulting in a large decrease in DPV current density. As
shown in Fig. 1B (green curve, (i); fourth bar (ii)), adsorption
of 100 pM X. fastidiosa stDNA under an applied electric field
produced an approximately 45% decrease in current density
compared with measurements obtained in the absence of an
electric field. Similarly, potential-induced adsorption of 1 pM
X. fastidiosa stDNA resulted in an approximately 28% decrease
in current densities relative to the blank, as shown in Fig. S3.
These decreases arise from enhanced stDNA adsorption on the
Au-SPE under potential, which may modify the electronic
structure of the gold surface and the physicochemical pro-
perties of the electrode–electrolyte interface.40

Under cathodic bias, the surface electron density of gold
may increase, shifting the surface Fermi level and potentially
strengthening short-range non-covalent interactions with
approaching DNA molecules.41 The nucleobases of stDNA
contain aromatic heterocycles with delocalised π-electron
systems that may engage in weak charge-transfer, π–metal
coupling, or dispersion interactions with the gold surface.
Enhancement of surface electron density may increase the
stabilization of these interactions, potentially raising the
adsorption free energy42 and promoting closer interfacial
contact between the DNA bases and the electrode. This effect,
combined with potential-induced restructuring of the electri-
cal double layer, may facilitate accumulation of solvated
cations near the negatively polarised surface.43,44 These
cations can partially screen electrostatic repulsion between the
DNA phosphate backbone and the electrode, supporting DNA
approach and transient interfacial confinement.

In addition, the local electric field may induce interfacial
polarisation of the stDNA and promote charge redistribution
at the DNA–gold contact region. This likely reinforces van der
Waals and electrostatic stabilisation without the formation of
covalent bonds.45,46 Importantly, these interactions are likely
reversible and consistent with field-assisted physisorption

rather than chemisorption or thiol-mediated attachment, as
previously observed for DNA adsorption at gold surfaces under
mild conditions.47,48 The combined effects of enhanced
surface electronic coupling, double-layer screening, and field-
induced polarisation substantially reduce the energetic barrier
to adsorption and accelerate adsorption kinetics. As a result,
brief cathodic potential steps enable rapid and efficient stDNA
adsorption on bare Au-SPEs, in contrast to passive adsorption
processes that rely on slow diffusion and weak interfacial
interactions.

3.2 Optimization of parameters for potential-induced
adsorption

The DPV response depends directly on the amount of stDNA
adsorbed onto the Au-SPE. For a potential-induced DNA
adsorption-based DPV readout to produce meaningful signal
modulation, the surface coverage of adsorbed stDNA must
remain within a moderate range. Excessive DNA loading leads
to extensive surface passivation, which restricts access of the
redox probe to the electrode interface and results in higher
signal difference relative to the bare electrode. Accordingly,
this assay operates optimally at low to moderate target concen-
trations that yield partial surface coverage, allowing reproduci-
ble current attenuation while preserving sufficient electroactive
area for the ferricyanide quasi-reversible redox system to gene-
rate a measurable faradaic response. Optimization of the
adsorption parameters therefore plays a critical role in achiev-
ing a rapid, reproducible, and sensitive assay.

To determine the optimal cathodic potential for stDNA
adsorption, potentials ranging from 0 to −700 mV (vs. Ag/
AgCl) were tested while maintaining a constant adsorption
time of 30 s (Fig. 2A and A′). As the cathodic potential was
increased from −100 to −500 mV, stDNA adsorption on the Au-
SPE increased gradually, resulting in a corresponding increase
in DPV current density decrease. At potentials more negative
than −500 mV, the decrease in current density reached a
plateau, consistent with near-maximum surface coverage by
100 pM X. fastidiosa stDNA. At potentials beyond −700 mV,
minor gas evolution was observed, resulting in unstable and
noisy DPV signals. Therefore, −500 mV was selected as the
optimal potential, as it maximized DNA adsorption while
avoiding hydrogen evolution and maintaining stable, reprodu-
cible DPV responses.

The effect of adsorption time was also investigated at a
fixed cathodic potential of −500 mV (vs. Ag/AgCl) by varying
the duration from 5 to 60 s (Fig. 2B and B′). Increasing the
adsorption time from 5 to 30 s led to a gradual increase in
stDNA adsorption and a corresponding increase in current
density decrease. Beyond 30 s, no further change in current
density was observed, indicating saturation of stDNA adsorp-
tion under these conditions.

Based on these results, the optimal conditions for poten-
tial-induced adsorption of X. fastidiosa stDNA were selected as
−500 mV (vs. Ag/AgCl) applied for 30 s. Under these con-
ditions, the assay produced a larger current density attenu-
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ation than that of the passive adsorption of X. fastidiosa stDNA
on gold electrodes without potential for over 30 min, demon-
strating the superior speed (30 s versus 30 min; Fig. 1B) and
efficiency (approximately 45% versus 40%; Fig. 1B) of the
potential-induced adsorption strategy.

In this study, the electrolyte composition was kept constant
to allow the influence of the applied potential on nucleic acid
adsorption and the resulting electrochemical response to be
examined in isolation. The chosen potential window was
selected to maintain stable ferri/ferrocyanide redox behaviour
while avoiding the onset of gas evolution at more negative
biases, thereby ensuring reliable signal interpretation. At the
same time, nucleic acid adsorption at gold interfaces is
expected to depend on electrolyte properties, including ionic
strength and cation identity, which can modulate electrostatic
screening and interfacial organization. Although these para-
meters were not studied here, their influence warrants sys-
tematic examination. Future studies exploring monovalent and
divalent cations, controlled adjustment of ionic strength, and
refined tuning of the potential window may provide further
insight into the interfacial mechanism and help define the
operational limits of the platform. Such investigations would
contribute to facilitate consistent performance across diverse
sample matrices and deployment settings.

3.3 Assay specificity

To evaluate assay functionality and specificity, we performed a
series of control experiments (Fig. 3A). These included a no-
template control (NoT), where buffer replaced the X. fastidiosa
target; a no-beads control, where magnetic beads were omitted
while capture probes were retained; and a no-capture-probe
control (No CP), where capture probes were excluded from the
isolation step.

All controls produced only negligible changes in current
density, confirming the proper functioning of the assay. Assay
specificity was first examined using a non-specific stDNA (NsT)
sequence from X. albilineans, a closely related species within
the same family (Xanthomonadaceae)33 as X. fastidiosa. Both
bacteria are xylem-limited, Gram-negative organisms that have
undergone convergent reductive evolution. At both 1 nM (NsT
high) and 100 aM (NsT low), X. albilineans NsT produced only
marginal current changes, comparable to the NoT response,
demonstrating high assay specificity (Fig. 3A).

Specificity was further tested using mixtures of X. fastidiosa
stDNA and X. albilineans NsT across a range of concen-
trations:100 aM X. fastidiosa + 100 aM NsT (Xf low + NsT low),
100 aM X. fastidiosa + 1 nM NsT (Xf low + NsT high), 1 nM
X. fastidiosa + 100 aM NsT (Xf high + NsT low), and 1 nM

Fig. 2 Optimization of applied potential (A and A’) and adsorption time (B and B’) for potential-assisted adsorption of magnetically isolated 100 pM
Xylella fastidiosa stDNA onto an Au-SPE. (A) Representative DPV responses obtained under cathodic potentials of −100 to −700 mV (vs. Ag/AgCl)
applied for 30 s. (A’) Corresponding percentage decreases in current density. (B) Representative DPV responses recorded at −500 mV (vs. Ag/AgCl)
for adsorption times ranging from 5 to 60 s. (B’) Corresponding percentage decreases in current density. Error bars represent the SD from three
independent DPV measurements performed using separately prepared electrodes.
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X. fastidiosa + 1 nM NsT (Xf high + NsT high). When
X. fastidiosa stDNA was present at 100 aM, the mixtures pro-
duced current density changes comparable to those obtained
with 100 aM X. fastidiosa alone, regardless of the NsT concen-
tration. In contrast, mixtures containing 1 nM X. fastidiosa
stDNA showed more than a 50% decrease in current density,
similar to the response observed with 1 nM target alone and
independent of the amount of NsT present. In all cases, the
signal was determined by the concentration of the target
X. fastidiosa stDNA, confirming that the assay remains selective
even in the presence of high levels of non-specific DNA.

3.4 Assay sensitivity

The sensitivity of the assay was evaluated by measuring
defined concentrations of X. fastidiosa stDNA prepared in
nuclease-free water over a range from 100 aM to 1 nM (Fig. 3B
and C). As the target concentration increased, the magnitude
of the DPV current change systematically increased. This trend
reflects greater adsorption of stDNA onto the Au-SPE, which
progressively restricts access of ferricyanide ions to the elec-
trode surface, thereby reducing the faradaic current and pro-
ducing larger changes in the DPV current density. A clear con-
centration-dependent response was observed across the entire
tested concentration range. The calibration plot of the current

density change versus the logarithm of stDNA concentration
showed a linear relationship described by the regression
equation y = 5.937x + 103.464, with a coefficient of determi-
nation of r2 = 0.985 (Fig. 3C). These data demonstrate that the
assay provides a stable and semi-quantitative DPV response
over more than seven orders of magnitude in target concen-
tration. The data shown in Fig. 3C also represent the average
of three independent experiments conducted using freshly pre-
pared reagents and three separate Au-SPEs. Error bars indicate
the standard deviation (SD) obtained from independent DPV
measurements. Across the concentration range from 1 nM to
10 fM, the relative SD remained below 5% (n = 3), confirming
good reproducibility and intra-assay precision. Minor vari-
ations observed in these measurements can be attributed pri-
marily to electrode-to-electrode variability, small temperature
fluctuations, and differences in sample handling.

The limit of detection (LoD) was calculated using the stan-
dard approach based on the background signal. The signal
corresponding to the mean background response plus three
times the SD of the background was used to define the LoD.49

In Fig. 3C, this threshold is indicated by the dashed line,
representing three times the SD of the current density change
at zero concentration of the target DNA. Using this method,
the LoD was estimated to be 100 aM, corresponding to roughly

Fig. 3 Analytical performance of the assay using synthetic Xylella fastidiosa stDNA. (A) Percentage decrease in average current density for the bare
electrode, no-target (NoT) control, no magnetic beads, no capture probe (CP), non-specific target (X. albilineans) at 100 aM (NsT-low) and 1 nM
(NsT-high), and mixtures of low (100 aM) and high (1 nM) X. fastidiosa ssDNA with NsT-low and NsT-high synthetic DNA. (B) Representative DPV
responses obtained for synthetic X. fastidiosa DNA over the concentration range 100 aM–1.0 nM. (C) Corresponding calibration curve showing the
concentration-dependent increase in percentage current density decreases with increasing target DNA concentration. The dotted line indicates the
LoD. (D) Correlation between the percentage decrease in average current density from DPV measurements and the corresponding Cq values
obtained for the same synthetic X. fastidiosa DNA using standard PCR. Error bars represent the SD from three independent DPV and PCR
measurements.

Analyst Paper

This journal is © The Royal Society of Chemistry 2026 Analyst

Pu
bl

is
he

d 
on

 1
6 

M
ar

ch
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/2
6/

20
26

 7
:5

9:
07

 P
M

. 
View Article Online

https://doi.org/10.1039/d6an00096g


300 copies per microliter. This attomolar-level sensitivity high-
lights the effectiveness of rapid, potential-induced adsorption
of stDNA onto an unmodified Au-SPE.

Compared with existing detection methods for X. fastidiosa,
the present assay offers a favourable balance between sensi-
tivity and analysis time (Table S2). Real-time PCR17 can detect
as few as approximately 10 copies per microliter but typically
requires around two hours from sample to result and involves
thermal cycling and laboratory infrastructure. LAMP17 and
conventional PCR17 also require longer assay times and mul-
tiple processing steps, with reported detection limits compar-
able to or higher than those achieved here. Several previously
reported electrochemical and electronic biosensors show lower
sensitivity than the present method. A copper(II)-based electro-
chemical biosensor50 detected X. fastidiosa DNA only at submi-
cromolar concentrations. Electrochemical impedance spec-
troscopy methods51 reported detection limits on the order of
103 colony forming units (CFU) per milliliter, which is substan-
tially less sensitive than the attomolar-level detection achieved
here. An electrolyte-gated transistor platform52 demonstrated
detection of individual bacterial cells and provided a rapid
response, but it requires more complex device fabrication and
signal readout compared with the simple electrochemical
setup used here. Importantly, the total analysis time of the
present assay is approximately 30 minutes from purified target
to DPV readout. This is significantly faster than PCR-based
methods17 and comparable to the fastest reported electronic
sensing approaches,50,51 while maintaining a detection limit
of 100 aM.

3.5 qPCR validation

The electrochemical results shown in Fig. 3B and C were vali-
dated using qPCR, which is the gold standard method for
X. fastidiosa detection. The qPCR assays were performed fol-
lowing an established protocol reported in ref. 17. This vali-
dation step was used to confirm that the DPV responses
directly reflect the presence and concentration of the target
DNA. As shown in SI Fig. S4, qPCR successfully amplified the
rimM gene region from the X. fastidiosa 9a5c genome. A clear
and systematic change in Cq values was observed across all
tested target concentrations (SI Fig. S4A). Importantly, this
trend closely matched the concentration-dependent changes
observed in the DPV current densities for the same samples
(Fig. 3D). Lower target concentrations produced higher Cq

values, whereas higher target concentrations produced lower
Cq values, in agreement with the corresponding DPV
responses. No significant amplification was detected for the
NsT and NoT controls. This absence of amplification is con-
sistent with the negligible DPV signal changes observed for
the same controls, confirming that both methods selectively
detect the X. fastidiosa target DNA. Taken together, these vali-
dation results demonstrate that the developed method pro-
vides reliable detection of X. fastidiosa DNA and offers a rapid
and simple alternative to qPCR without requiring enzymatic
amplification or complex instrumentation.

3.6 Xylem sap extraction using a 3D printed device

The 3D printed sap extraction device (9 cm × 4 cm × 2.2 cm;
Fig. 1A) enabled rapid and reproducible extraction of xylem
sap from soft grapevine stems using simple mechanical com-
pression. The device consistently produced measurable
volumes of sap within a short time frame, demonstrating that
controlled mechanical squeezing is sufficient to access xylem
fluid without the need for external pressure sources, vacuum
systems, or chemical treatments. Sap volumes on the order of
tens of microliters were readily obtained from short stem seg-
ments, which is sufficient for most molecular and analytical
assays.

A key advantage of this device is its portability and oper-
ational simplicity (for the operational procedure, see SI Fig. S1
and S2). Sap collection can be performed directly in the field
or laboratory, with the extracted sap collected into standard
PCR tubes. This format minimizes sample handling, reduces
contamination risk, and allows immediate compatibility with
downstream analytical methods. The short extraction time
(∼5 min) enables rapid sampling of multiple plants, which is
important for surveillance studies and large-scale screening
applications. Additionally, the device is fabricated by 3D print-
ing using a common polymer material, which enables low-cost
production, rapid prototyping, and easy modification of the
design to accommodate different stem sizes or plant species.
Because the extraction relies on mechanical compression
rather than plant-specific anatomical features, the device can
be readily adapted as a general tool for xylem sap collection
from a wide range of soft-stemmed plants. This versatility
makes it suitable for use across plant pathology, agriculture,
and environmental monitoring studies.

Compared with previously reported approaches,21,23 the 3D
printed device offers several practical and analytical advan-
tages. The silk fibroin microneedle platform reported by Cao
et al.21 enables direct interfacing with plant vasculature and
continuous monitoring of sap composition. While powerful,
this approach requires complex fabrication, careful insertion
into plant tissue, and control over flow stability. Long-term
field deployment may be affected by clogging, mechanical
failure, variable sap pressure, and tissue heterogeneity. In
addition, the limited internal volume of microneedles restricts
the amount of sap available for downstream analysis, which
can be a limitation for assays requiring larger sample volumes.
The negative-pressure syringe-based method23 reported for
tomato stems provides a low-cost alternative but relies on
manual assembly of syringes, tubing, and airtight seals. This
setup increases handling time and introduces variability, par-
ticularly under field conditions where maintaining consistent
sealing and alignment can be challenging. These factors
reduce throughput and reproducibility when large numbers of
samples are processed. In contrast, the 3D printed device
described here operates as a single, self-contained unit and
requires no manual pressure control, sealing steps, or auxiliary
components. This simplicity improves reproducibility and
makes the method well suited for high-throughput and on-site
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sampling. The ability to collect sap directly into PCR tubes
further streamlines integration with downstream analytical
workflows.

3.7 Detection of X. fastidiosa in spiked xylem sap and qPCR
validation

The applicability of the method to complex biological matrices
was evaluated using xylem sap samples. Grapevine stems were
collected from vineyards in Orange, NSW, Australia (Fig. 4A),
transported to the laboratory, cleaned with 70% ethanol, and
cut into approximately 3 cm segments for sap extraction.
Xylem sap was obtained using the procedure described in
Section 2.3 (SI Fig. 1 and 2). In the first set of experiments, all
control measurements previously performed with spiked
buffer samples (Fig. 3A) were repeated using spiked xylem sap.
The changes in DPV current density observed for the NoT, no
beads, no CP, and low and high concentrations of NsT control
experiments were comparable to those obtained with the bare
electrode. This behaviour is consistent with that observed in
buffer for the corresponding control experiments (Fig. 3A).
These results confirm the high specificity of the detection
system in the presence of a complex sap matrix (Fig. 4D).
Minor variations in current density changes were observed for
samples containing high and low concentrations of NsT, as
well as for mixtures containing different combinations of
X. fastidiosa stDNA and NsT targets (see the last two bars in

Fig. 4D). These variations were small, within the %RSD limits,
and can be attributed to normal electrode-to-electrode varia-
bility, differences in sample handling, manual sap processing,
and matrix effects associated with the presence of xylem sap.

In the second set of experiments, defined concentrations of
X. fastidiosa stDNA were spiked into tenfold-diluted xylem sap
to minimise the inhibitory effects of plant-derived compounds
(e.g., polyphenols and polysaccharides) while preserving a bio-
logically relevant matrix, thereby enabling reliable evaluation of
detection performance. Following magnetic isolation and purifi-
cation, DPV measurements were carried out after the potential-
induced adsorption step (Fig. 4E). A clear concentration-depen-
dent decrease in current density was observed across the entire
tested range, with the largest signal suppression occurring at
the highest target concentration of 1 nM. The calibration plot of
current density change versus the logarithm of stDNA concen-
tration exhibited a linear relationship described by the
regression equation y = 6.620x + 113.459, with a coefficient of
determination of 0.986 (Fig. 4F). This linearity was maintained
over more than seven orders of magnitude in target concen-
tration. Across the concentration range from 1 nM to 10 fM
(Fig. 4F), the relative standard deviation remained below 5% (n
= 3), demonstrating good reproducibility and intra-assay pre-
cision. The LoD was estimated to be 100 aM, which is identical
to that obtained in buffer, indicating that the sensitivity of the
method is not compromised in a complex biological matrix.

Fig. 4 Analytical performance of the assay using synthetic Xylella fastidiosa stDNA spiked into grapevine xylem sap. (A) Grapevine collection and
prepared clean stems for sap extraction. (B) Handheld 3D-printed device used to extract xylem sap. (C) Collected sap in the collection tube. (D)
Percentage decrease in average current density for the bare electrode, NoT, no magnetic beads, CP, non-specific target (X. albilineans) at 100 aM
(NsT-low) and 1 nM (NsT-high), and mixtures of low (100 aM) and high (1 nM) X. fastidiosa ssDNA with NsT-low and NsT-high, all spiked in xylem
sap. (E) Representative DPV responses for synthetic X. fastidiosa DNA (100 aM–1.0 nM) spiked in sap. (F) Corresponding calibration curve showing
concentration-dependent suppression of current density; the dotted line indicates the LoD. Error bars represent the SD from three independent
DPV measurements using separately prepared electrodes.
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To further validate these results, qPCR analysis was per-
formed using the same sap samples, following the approach
applied to buffer-spiked samples (Fig. 3D). As shown in
Fig. S4, qPCR successfully amplified the rimM gene region
from the X. fastidiosa 9a5c genome, with a clear and systematic
change in Cq values across all tested target concentrations. No
significant amplification was observed for the non-specific
target or no-template controls. The qPCR results closely
matched the concentration-dependent trends observed in the
DPV measurements and were fully consistent with the buffer-
based validation data. The strong agreement between qPCR
and DPV results confirms that the measured DPV signals orig-
inate from the target DNA rather than non-specific adsorption
or matrix-induced background effects. Collectively, these find-
ings demonstrate that the developed method enables reliable,
sensitive, and specific detection of X. fastidiosa DNA directly in
xylem sap samples.

4 Conclusion

This study introduces potential-induced DNA adsorption as a
concept for agricultural diagnostics and demonstrates its
application for detecting X. fastidiosa, a major plant health
threat. By exploiting electrically driven interactions between
nucleic acids and a gold electrode, the target DNA was cap-
tured and detected directly without enzymatic amplification.
The resulting electrochemical readout was sensitive and selec-
tive, achieving a detection limit of 100 aM with negligible
response to non-specific targets in spiked xylem sap. These
findings confirm analytical performance in a complex biologi-
cal matrix and support the feasibility of direct sap analysis. As
this work represents a proof of concept, further validation
across different plant species, infection stages, and field-col-
lected samples is required to establish robustness under con-
trolled laboratory conditions. The integrated workflow, com-
bining portable xylem sap extraction with rapid electro-
chemical measurement, provides a practical foundation for
subsequent translation beyond conventional laboratory
settings.

The use of low-cost fabrication and minimal instrumenta-
tion supports scalability in agricultural environments.
Importantly, the underlying detection principle is not target-
specific. With appropriate probe design, the platform could be
adapted to monitor a broad range of plant pathogens of biose-
curity and agronomic concern. With further field-based vali-
dation and optimization, this approach has the potential to
support earlier intervention, strengthen plant health surveil-
lance, and enable more responsive disease management strat-
egies across diverse cropping systems.
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