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A B S T R A C T

By 2050, the global population is projected to approach 10 billion, requiring substantial increases in crop pro
ductivity under growing land, water, and climate constraints. In this context, plant wearables have emerged as 
powerful AgriTech tools, highlighted by the inclusion of wearable plant sensors in the World Economic Forum's 
Top 10 Emerging Technologies report of 2023 and autonomous biochemical sensing in 2025. Among these 
technologies, microneedle (MN) electrochemical sensors provide minimally invasive access to plant biofluids and 
are rapidly becoming a promising platform for real-time chemical monitoring in living plants. In this review, we 
examine the key design requirements, analytical challenges, and applications of MN-based in planta sensors for 
monitoring nutrients, agrochemicals, phytohormones, growth precursors, and stress biomarkers. We first discuss 
the plant–MN interface, relating plant organs, biofluid composition, and tissue mechanics to MN design con
siderations. We then describe the principal MN architectures and electroanalytical techniques used to develop 
sensing platforms. Representative case studies illustrate how MN sensors can resolve the spatial and temporal 
dynamics of target analytes directly in plants, with emphasis on analytical performance under realistic or in vivo 
conditions. We further assess the main challenges limiting the translation of MN sensors from laboratory pro
totypes to autonomous systems suitable for field deployment. Finally, we outline opportunities arising from 
advances in flexible electronics, wireless communication, Internet-of-Things infrastructures, and artificial- 
intelligence-driven data analysis. Overall, this review provides an analytical framework for microneedle-based 
plant (bio)sensing and highlights their potential role in next-generation smart agriculture. We analyzed a 
collection of over 170 references (2016-2026) identified by database searches, pertinent keywords, and recog
nized contributions in this field.

1. Introduction

Global population growth, estimated to reach approx. 9.8 billion by 
2050, is projected to exert unprecedented pressure on food systems [1]. 
Meeting this demand is expected to require a 70–100% increase in food 
production to ensure availability without compromising food security 
[2]. In addition to this challenge, climate change will intensify agri
cultural stress through rising temperatures, shifting rainfall patterns, 
and more frequent extreme weather events. Moreover, pest and disease 
control in many cropping systems still relies on calendar-based or 
visually triggered pesticide applications rather than on direct chemical 
evidence from plants. From an analytical chemistry perspective, these 

pressures translate into the need for quantitative, plant-level measure
ments of nutrients, signaling molecules, stress markers, and agrochem
ical residues in real time. Such real-time in planta biochemical 
information would enable faster and more targeted decision-making, 
reducing both economic costs and off-target environmental impacts, 
while supporting sustainable precision agriculture strategies that rely on 
robust plant-level analytics [3,4].

It is worth mentioning that monitoring of these endogenous and 
exogenous analytes still depends largely on centralized laboratory ana
lyses, which are time-consuming, and destructive methods that hinder 
timely corrective actions [5–7]. Moreover, because these methods cap
ture only discrete data, they cannot track transient or long-distance 
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dynamic events. Recent studies show that precision agriculture offers 
considerable economic and agronomic benefits [8]. For example, when 
combined with real-time, in situ monitoring, precision agriculture en
ables the optimized application of fertilizers, pesticides, and water, 
reducing input costs by 10–30% while improving productivity [9,10].

Rooted in data-driven management, modern precision agriculture 
increasingly relies on advanced analytical tools in which functional 
materials, miniaturized sensors, and IoT infrastructures converge to 
enable real-time crop sensing and decision-making. This transition is 
reflected in the recognition of wearable plant sensors in 2023 and 
autonomous biochemical sensing in 2025 in the World Economic Fo
rum's Top 10 Emerging Technologies reports. Within this framework, 
the sensing component plays a pivotal role as the quality and specificity 
of the information collected ultimately determine the reliability of data 
analysis and automated decision-making. However, most sensing ap
proaches still rely on soil measurements, visual inspection, or environ
mental variables. Although valuable, these approaches mainly describe 
the conditions surrounding the plant and do not reveal the biochemical 
changes occurring inside the plant. This limitation creates a clear need 
for sensors capable of direct, minimally invasive chemical monitoring in 
living plants [11–13].

In this context, microneedle (MN)-based sensors represent a new 
frontier, enabling minimally invasive, in situ access to plant physiology 
and integrating crop chemical information with digital platforms for 
processing and automated decision-making. Driven by these unique 
capabilities, research on MN sensors for plant monitoring has grown 
rapidly in recent years. As illustrated in Fig. 2, the field has experienced 
a significant evolution since 2017, progressing from early proof-of- 
concept bulk electrical and flow measurements to more advanced plat
forms capable of the specific determination of metabolites, hormones, 
and stress biomarkers [14–20]. This rapid expansion has also high
lighted the need for robust frameworks that critically assess perfor
mance figures of merit, practical limitations, and overall reliability for 
continuous field deployment. Recent reviews have summarized com
plementary dimensions of plant microneedle technologies, including 
materials and fabrication methods, mechanical performance and engi
neering considerations, and applications in plant-health, crop-quality, 
and food-quality monitoring [14–20]. In contrast, the present review 
addresses a more specific and complementary question: how should 
MN-based electrochemical sensors be designed, analytically evaluated, 
and translated into reliable tools for direct in planta chemical sensing? 
Building on these contributions, the present review is structured ac
cording to a different conceptual framework, adopting an analytical 
rather than a primarily descriptive perspective. As outlined in Fig. 1, the 
review follows the analytical workflow required to generate reliable 
information from MN-based plant sensing in realistic conditions, span
ning sensor design and plant interfacing, electrochemical transduction, 

data interpretation, and eventual decision support within precision 
agriculture. Accordingly, particular emphasis is placed on the inter
connection between MN architecture, plant tissue mechanics, 
target-dependent analytical requirements, and validation under realistic 
plant-matrix conditions. Although the review focuses on electro
chemical transduction mechanisms, selected optical MN platforms are 
discussed when relevant electrochemical examples are unavailable, as 
models for future electrochemical translation.

Within this framework, we first discuss plant anatomical structures 
and their implications for MN design, including physical insertion, 
analytical performance, and monitoring requirements (e.g., continuous 
versus discrete measurements). Next, we discuss the detection mecha
nisms, design principles, and analytical performance most relevant to 
plant monitoring. Representative case studies enable a more detailed 
discussion of achievements in device design, materials, and analytical 
performance, while also revealing the factors that still limit progress 
toward higher technology readiness. Finally, we discuss emerging di
rections in device integration, multiplexed sensing, and field deploy
ment that may help translate experimental prototypes into scalable 
solutions.

2. The plant–MN interface: from anatomy to physiology

Plant physiology and chemical composition define not only the tar
gets to be measured but also the physical and analytical constraints that 
sensors must overcome. Different organs are associated with distinct 
functions, for example, roots with nutrient and water uptake, stems with 
long-distance transport, and leaves with photosynthesis and transpira
tion, which create organ-specific analytical environments. These organs 
also differ in tissue hardness, spatial organization and biofluid accessi
bility, meaning that MN insertion, stability, and sampling depth must be 
tailored to the anatomical context. Understanding these in
terconnections is therefore essential for a rational MN design.

2.1. Plant compartments as a starting point for MN design

From the perspective of MN sensing, plant anatomy is primarily 
relevant because it defines the penetration barrier, the depth of the 
target compartment, and the composition of the matrix contacting the 
sensing interface. The cuticle and epidermis represent the first me
chanical barrier that MN sensors must overcome (Fig. 3a). Their thick
ness, surface architecture, and mechanical properties vary across species 
and organs, creating substantial heterogeneity in insertion requirements 
[34,35]. Plant tissues also exhibit mechanical behavior markedly 
different from that of mammalian skin. Reported compressive strengths 
of plant materials span several orders of magnitude, from 0.3 to 
>300 MPa [36], whereas mammalian skin has been reported to exhibit 

Fig. 1. Conceptual framework of the review. Analytical workflow of microneedle-based sensing in precision agriculture, from plant interfacing and electrochemical 
sensing to data analysis, interpretation, and decision support.
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values of approximately 30 kPa under compression [37]. Consequently, 
the skin-based MN design criteria cannot be directly extrapolated to 
plant systems, and penetration performance must be independently 
validated for the intended plant species, organ, and target compartment, 
with MN geometry and insertion conditions optimized accordingly (as 
depicted in Fig. 3b and c and Section 3.1).

Depending on penetration depth, MNs can access the epidermal re
gion and the apoplast, whereas deeper insertion is required to reach the 
xylem or phloem and access the corresponding vascular sap (Fig. 3). The 
apoplast comprises cell walls and intercellular spaces and contains 
water, inorganic ions, reactive oxygen species (ROS), and mobile phy
tohormones involved in local and rapid signaling [38,39]. Xylem sap is 
predominantly aqueous and enriched in dissolved macro- and micro
nutrient ions (e.g., K+, Ca2+, NO3

− ), with a weakly acidic pH of 
approximately 5.0-6.5 [40]. In contrast, phloem sap is rich in sugars and 
also contains amino acids, hormones, proteins, and other metabolites, 
resulting in a more chemically complex and viscous matrix [7].

Together, these compartments offer complementary analytical win
dows but present contrasting composition, pH and biochemical 
complexity, which shape MN sensing performance. Therefore, the target 
tissue and biofluid should be defined before selecting the MN architec
ture. Near-surface apoplastic measurements favor short MNs and 
controlled insertion to minimize tissue perturbation, whereas vascular 

measurements require deeper and more reproducible positioning. 
Xylem-oriented sensing must prioritize ion selectivity and stable oper
ation in high-ionic-strength media, while phloem-oriented sensing pla
ces greater demands on antifouling strategies and the stability of 
biorecognition layers. Table 1 summarizes the most relevant access and 
matrix constraints for MN sensor design.

2.2. Plant biofluids as sources of chemical information through key 
analytes

Once the target compartment has been defined, the analyte class 
determines the sensitivity, selectivity, response time, and operational 
stability required from an MN sensor. Plant analytes are often classified 
according to their endogenous or exogenous origin [41]. However, this 
origin-based distinction does not fully capture the analytical demands 
associated with their measurement. We therefore organize the discus
sion into three analytical regimes according to typical abundance, 
temporal dynamics, and specificity requirements, beginning with the 
more abundant targets: (i) abundant ionic and metabolic targets, (ii) 
low-abundance and dynamic signaling analytes, and (iii) molecular and 
exogenous targets requiring highly specific detection. Table 2 provides 
an overview of the major analyte classes relevant to in planta MN-based 
sensing and their associated analytical requirements.

Fig. 2. Chronological overview of representative advances in microneedle-based plant sensing, highlighting key developments in targets, device configurations, and 
fabrication strategies from 2017 to 2025. Selected examples are adapted or reproduced from Refs. [21–33] Permissions and license terms follow the corresponding 
original publications.

Fig. 3. a) Main stem tissues and biofluids accessible by microneedles (MNs). b) Target-specific MN geometries and dimensions for epidermis/apoplast, phloem, and 
xylem access. c) Successful penetration criteria and common insertion failure modes.
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2.2.1. Ionic targets and primary metabolites
Among the more abundant plant constituents are proteins (e.g., 

aquaporins), enzymes (e.g., Rubisco), lipids, primary metabolites such 
as sugars, amino acids, and organic acids, and nutrient ions such as K+, 
Na+, Ca2+, and NO3

− . For MN-based sensing, current interest has focused 
primarily on nutrient ions, pH, and soluble sugars [76,77]. Ions such as 
K+, Na+, Ca2+, and NO3

− , together with pH, provide direct information 
on plant ionic and nutritional status. Because these targets are generally 
present at comparatively high levels (e.g., μM - mM range), the main 
analytical challenge is generally not achieving very low detection limits 
but maintaining selectivity and operational stability in complex plant 
sap. Ion and pH monitoring must address interference from coexisting 
ions, long-term signal drift, and temperature-dependent responses [14].

Soluble sugars such as sucrose and glucose are also relatively abun
dant (mM), particularly in phloem sap [7]. Nevertheless, their mea
surement remains challenging because sugar-rich biofluids are viscous 
and chemically complex [29,71–74]. Reliable sensing therefore requires 

selective and stable recognition layers, resistance to surface fouling, and, 
for enzymatic electrochemical approaches, suitable redox mediators.

2.2.2. Low-abundance and dynamic signaling analytes
Phytohormones and reactive oxygen and nitrogen species are small 

molecules that constitute a more analytically demanding regime char
acterized by lower concentrations and rapid temporal variations. Phy
tohormones such as indole-3-acetic acid (IAA), abscisic acid (ABA), 
salicylic acid (SA), cytokinins, and gibberellins generally occur at 
nM–μM levels and can fluctuate rapidly during plant development and 
stress responses [78,79]. Their monitoring therefore requires sensitive 
and fast-response detection, together with selective and stable recogni
tion layers capable of operating in chemically complex and potentially 
fouling plant matrices.

Reactive oxygen and nitrogen species, including H2O2 and NO, are 
short-lived and frequently electroactive signaling molecules involved in 
rapid stress responses [80]. Given their transient nature, MN sensors 
targeting these species should combine low detection limits and high 
temporal resolution with limited cross-reactivity toward coexisting 
electroactive compounds. In some cases, continuous monitoring of an
alyte trends may be informative even without accurate absolute quan
tification, provided that the sensor reliably captures their temporal 
evolution.

2.2.3. Exogenous targets: pathogen-associated biomarkers and pesticide 
residues

The main exogenous targets considered for MN-based sensing are 
pathogen-associated biomarkers and pesticide residues. Direct pathogen 
identification may rely on DNA/RNA, proteins, or toxins and requires 
high molecular specificity, efficient target extraction, and, in many 
cases, the integration of amplification or immunorecognition steps 
within the MN workflow [81,82]. Early detection of these biomarkers 
may enable timely intervention before substantial crop damage occurs. 
The primary analytical challenge lies in achieving high specificity (i.e., 
strain-level discrimination) and sub-pM detection limits in complex 
plant matrices. In practice, meeting these requirements demands careful 
consideration of matrix interference, target extraction efficiency, and 
the integration of amplification or immunorecognition steps directly 
within the MN architecture. Because infection management often relies 
on pesticides, their residues represent additional exogenous targets that 
may persist at trace concentrations and distribute heterogeneously 
across plant compartments, making sampling depth critical for 
MN-based detection [83]. Reliable MN-based detection therefore de
pends not only on sufficient sensitivity and chemical selectivity, but also 
on the appropriate selection of the sampled tissue and insertion depth.

Each of these analyte classes presents distinct analytical challenges 
for MN-based sensing, as summarized in Table 2. In addition to their 
main analytical requirements, the table includes an author-defined 
qualitative priority for monitoring. This prioritization considers: i) the 
agronomic relevance of each analyte, particularly its potential for early 
stress detection and actionable intervention, ii) its analytical difficulty, 

Table 1 
Plant tissues, their accessible biofluids, and implications for MN sensor design [7,34,35,38–40].

Tissue Location Main function Relevant physicochemical 
features

Biofluid 
accessible

Relevance of biofluid Implications for MN 
sensor design

Epidermis Outermost 
dermal layer

Protection against 
dehydration & pathogens

Waxy cuticle (0.2–10 μm), 
multilayered cells, mechanical 
heterogeneity

Apoplast 
(extracellular 
fluid)

Water content, inorganic 
ions, ROS, signaling 
molecules, nutrient status

Main penetration barrier

Xylem Internal 
vascular 
tissue

Unidirectional water & 
mineral transport (root → 
shoot)

Dead conductive elements; acidic 
pH 5.0–6.5; high-ionic strength

Xylem sap Higher percentage of sap 
volume: enriched in water 
and inorganic ions

Opportunity for water/ 
nutrient monitoring

Phloem Internal 
vascular 
tissue

Bidirectional transport of 
sugars & signaling 
molecules

Living sieve tubes; alkaline pH 
7.3–8.5; metabolically complex 
(>300 compounds)

Phloem sap Lower percentage of sap 
volume: sucrose, amino 
acids, hormones, proteins

Rich analytical target for 
systemic metabolism and 
stress signaling

Abbreviations: ROS: Reactive Oxygen Species.

Table 2 
Relevant analytes for in planta monitoring and their associated analytical 
challenges for MN-based sensing.

Analyte class Analytical 
priority

Primary analytical 
challenge

Additional analytical 
considerations

ROS/RNS (H2O2, 
NO) [42–46]

High Detection of short- 
lived species 
under dynamic 
redox conditions

Low detection limits, 
rapid response and 
limited interference 
from other reactive 
species

Phytohormones 
(IAA, ABA, SA) 
[47–51]

High Trace-level 
detection 
(nM–μM) in 
chemically 
complex plant 
matrices

Specificity and long- 
term stability of 
biorecognition layers

Nutrient ions (Kþ, 
Naþ, Ca2þ, 
NO3
¡) [14,

52–54], and pH 
[55–59]

High Ion selectivity in 
high-ionic- 
strength plant sap

Long-term stability and 
temperature 
compensation

Pathogens/ 
pathogen 
markers (DNA/ 
RNA, proteins, 
toxins) [60–70]

Medium- 
High

High specificity (i. 
e., strain-level 
discrimination) 
and sub-pM 
detection limits

Matrix interference, 
target extraction 
efficiency, and 
integration of 
amplification or 
immunorecognition 
steps

Sugars (sucrose, 
glucose) [29,
71–74]

Medium Selective 
biorecognition in 
complex plant 
matrices

Long-term stability of 
biorecognition layers, 
and redox mediators.

Pesticides [23,75] Medium- 
Low

Trace-level 
detection 
(nM–pM) in 
complex plant 
matrices

Heterogeneous tissue 
distribution
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including sensitivity, selectivity, temporal resolution, and matrix 
compatibility, iii) the availability of alternative non-invasive monitoring 
methods, and iv) the current number of reported MN-based studies. 
Based on this assessment, ROS/RNS, phytohormones, and nutrient ions 
and pH were assigned high priority, although for different reasons. ROS/ 
RNS and phytohormones are associated with early and rapidly evolving 
stress responses, making sensitivity and temporal resolution particularly 
important. In contrast, nutrient ions and pH provide directly actionable 
information for crop management, with the main analytical challenges 
related to long-term stability, ion selectivity, signal drift, and 
temperature-dependent responses.

Pathogen-associated biomarkers were assigned medium-high prior
ity because of their major agronomic impact and the value of early 
diagnosis, although their detection requires high molecular specificity 
and often involves extraction, amplification, or immunorecognition 
steps. Sugars were classified as medium priority because they are 
abundant and physiologically informative, but their continuous moni
toring is limited by matrix viscosity, fouling, and the long-term stability 
of recognition layers. Pesticide residues were assigned medium-low 
priority because alternative residue-monitoring methods are available 
and their heterogeneous distribution across plant tissues complicates 
representative in planta sampling.

2.3. Analytical strategies and future directions for plant biofluids analysis

Although chemical information is essential for decision-making, 
plant monitoring still relies largely on visual inspection and environ
mental sensors that measure soil and microclimatic variables (e.g., 
relative humidity and air temperature), which cannot capture the 
biochemical status within plant tissues [75]. This disconnect between 
external monitoring and internal plant chemistry leaves a critical mea
surement gap at the biofluid level, causing crop management decisions 
to remain largely experience-driven rather than data-driven [84]. To 
address this limitation, recent research has focused on three main stra
tegies for probing internal plant biofluids: (i) destructive 
laboratory-based extraction and chemical analysis, (ii) genetically 
encoded and optical nanosensors for in vivo molecular measurements, 
and (iii) remote imaging and spectral techniques for large-scale crop 
assessment. However, none of these approaches simultaneously offers 
high chemical specificity, real-time monitoring capabilities, and 
compatibility with field deployment. As a result, there remains a need 
for sensing technologies capable of directly accessing plant biofluids 
while providing continuous, minimally invasive, and field-deployable 
chemical measurements.

2.3.1. Conventional extraction-based analytical methods
Traditional workflows based on sample collection, freezing, ho

mogenization, chemical extraction, and central laboratory analysis, 
remain the gold standard for accuracy but are inherently destructive and 
discontinuous [85–87]. They disrupt endogenous signaling, fail to cap
ture transient biochemical dynamics, and introduce delays of several 
days between stress onset and its confirmation.

2.3.2. Genetically encoded and optical nanosensors
Advances in synthetic biology and nanotechnology have enabled the 

development of genetically encoded and optical nanosensors as new 
tools for in planta monitoring. Genetically encoded optical nanosensors 
are typically composed of two components: a binding protein with high 
specificity for the target molecule (e.g., bacterial periplasmic binding 
protein), and a fluorescent protein reporter integrated by genetic coding 
(e.g., the Förster resonance energy transfer (FRET) pair) [88,89]. In 
parallel, synthetic optical nanosensors exploit photoactive nano
materials smaller than 100 nm to facilitate interactions at plant in
terfaces. While both strategies have been demonstrated to work in 
controlled environments, their broader adoption is hindered by un
certainties in nanosensor uptake and distribution within plant tissues, as 

well as concerns regarding nanotoxicity, regulatory acceptance and 
food-chain exposure [1,14]. The potential entry of nanomaterial-treated 
plant products into the food chain raises safety and societal concerns 
that demand comprehensive toxicological assessment before field 
implementation. High costs and reliance on specialized optical instru
mentation further limit their suitability for field deployment.

2.3.3. Remote imaging and spectroscopic approaches
Advances in imaging and spectroscopic technologies have enabled 

the development of remote, non-contact approaches for plant moni
toring [90,91].Techniques such as thermal, hyperspectral, and fluores
cence imaging support large-scale phenotyping and provide valuable 
structural and physiological information at the canopy level. However, 
their ability to access molecular-level chemical information remains 
limited. Furthermore, field deployment is challenged by variable illu
mination conditions and canopy heterogeneity, which complicate opti
cal signal interpretation and reduce analytical sensitivity and specificity. 
Other advanced analytical techniques, including positron emission to
mography (PET) and X-ray fluorescence (XRF), can provide higher 
spatial and chemical resolution. However, their reliance on specialized 
instrumentation, high operational costs, and limited portability restrict 
their applicability for routine field monitoring [8,92].

Although these approaches have significantly expanded our ability 
to assess plant physiological status, none currently combines high 
chemical specificity, continuous monitoring capability, and practical 
field deployment. MN-based sensors offer a promising alternative by 
providing minimally invasive, real-time access to plant biofluids while 
remaining compatible with low-power wearable electronics for on-plant 
measurements. Originally developed for biomedical applications such as 
minimally invasive glucose monitoring [93–98], MN technologies are 
increasingly being adapted for agricultural systems. Nevertheless, their 
translation to in planta sensing introduces unique analytical challenges, 
including matrix complexity, biofouling, recalibration requirements, 
traceability, and long-term operational stability. Despite these chal
lenges, the rapid growth of the field highlights the recognition of MN 
platforms as one of the most direct and promising routes toward 
continuous chemical monitoring in living plants. The following sections 
therefore focus on the design principles, analytical considerations, and 
current state of the art of MN-based plant sensors.

3. Microneedle sensors: analytical design principles and 
technological progress

In planta MN sensors should be conceived as integrated analytical 
devices that couple tissue access with signal generation and interpre
tation. This section outlines the design logic underlying these systems: 
the target biofluid defines the required access route, the MN configu
ration and geometry determine whether that compartment can be 
reached with limited damage, and the electrochemical readout estab
lishes whether the resulting signal can be interpreted as a concentration, 
a temporal trend, or a physiological response.

3.1. Microneedle architecture and fabrication: implications for plant 
interfacing, sampling, and sensing

Plant MNs operate in mechanically heterogeneous tissues whose 
accessibility is governed by the cuticle, epidermis, cell walls, turgor 
pressure and vascular organization [34,99]. The composition and depth 
of these barriers are organ-dependent, meaning that MN insertion into a 
leaf or stem may require different geometries because of differences in 
mechanical rigidity, hydration state and vascular depth. For this reason, 
it is recommended that the target fluid, organ, and plant species are 
defined before selecting the MN architecture. Shorter MNs are more 
suitable for near-surface epidermal interrogation, whereas longer MNs 
are required to reach deeper vascular tissues and access sap. This 
distinction becomes particularly important for sap-oriented 
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measurements, where the type of sap being accessed is one of the first 
analytical variables to define. A schematic overview of the tissue-access 
design space for in planta MN sensing is shown in Fig. 3, linking target 
biofluids with suitable MN geometries and penetration outcomes.

For the MN to reach the intended compartment, parameters beyond 
needle length must be considered. Tip sharpness (tip angles < 20–30◦) 
and base width jointly govern the minimum force required for successful 
penetration: a smaller tip radius concentrates stress at the insertion 
point, lowering the penetration threshold, while a narrower base mini
mizes the wound cross-section, reducing both mechanical trauma and 
the extent of the local tissue response [100–102]. The geometric char
acteristics of MNs are inherently interdependent, collectively dictating 
insertion mechanics, tissue disruption patterns, and ultimately the 
identity and composition of the biofluid sampled at the sensing 
interface.

A further critical consideration is the method by which the MN is 
inserted into the tissue. The insertion angle determines the effective 
penetration depth of the sensing element, which may differ substantially 
from the nominal MN length. Oblique insertion reduces the depth 
reached by the active sensing region, whereas excessive insertion force 
or an inappropriate trajectory can lead to tissue deformation, sensor 
fracture, or penetration into unintended tissue compartments. To 
improve insertion reproducibility, applicator devices (widely employed 
in transdermal MN sensing and drug-delivery systems) enable precise 
control over insertion angle, velocity, and force. Such devices minimize 
operator-dependent variability and promote more consistent access to 
the targeted tissue and biofluid compartment [102].

A key architectural decision in MN design is the choice between solid 
and hollow configurations. Solid MNs are continuous structures without 
internal microchannels. This geometry offers greater mechanical resis
tance to bending, buckling, and fracture. For this reason, solid MNs are 
particularly attractive when reliable penetration is the primary 
requirement [17]. Depending on their composition, solid MNs may 
support direct sensing at the external surface or tip, or enable plant-fluid 
uptake through porous, absorbent, or hydrogel-based matrices. By 
contrast, hollow MNs incorporate an internal microchannel that can 
serve either as a conduit for direct plant biofluid extraction or as a 
protected compartment for integrating the sensing element within the 
needle body, depending on the analytical strategy. This functionality, 
however, comes at the expense of mechanical robustness: the presence 
of the lumen reduces the effective load-bearing cross-section of the 
needle, requiring tighter control of wall thickness, channel diameter, 
and tip geometry to avoid fracture or buckling during insertion [27,103,
104]. Material selection and fabrication strategy must therefore be 
adapted to the selected architecture.

MNs can be fabricated from a range of materials, including metals, 
polymers, and silicon, each offering distinct trade-offs between me
chanical robustness, biocompatibility, cost, and fabrication scalability 
[17]. Metallic MNs, typically composed of stainless steel or titanium, 
offer high mechanical resistance to fracture, making them well-suited to 
the high penetration forces required in plant tissues [17,101]. Their 
dimensional precision can be achieved via laser micromachining or 
micro hot embossing, and their durability allows repeated use [17]. 
However, metallic architectures involve complex and costly fabrication 
processes, and the sensing element must be incorporated via external 
surface modification, where it remains fully exposed to mechanical 
abrasion and chemical fouling during insertion. Among the available 
alternatives, polymer-based MNs are widely adopted, owing to their 
lower cost, ease of mold-based fabrication, and inherent biocompati
bility. Materials such as PVA, silk fibroin, PDMS, PLGA, or SU-8 can be 
shaped into complex geometries via UV or thermal curing and can 
readily accommodate the integration of sensing layers during fabrica
tion [17]. Their flexibility also enables better conformal contact with 
irregular plant surfaces. The main limitation is their reduced mechanical 
resistance compared with metals: softer polymers risk buckling or 
fracture in hard plant tissues such as lignified stems or thick cuticles, and 

prolonged exposure to high humidity, UV radiation, and temperature 
fluctuations can cause swelling or degradation of the polymeric matrix 
[17,99,102]. Silicon offers high-dimensional precision through photo
lithography or deep reactive ion etching (DRIE), but its brittleness and 
cleanroom-dependent fabrication limit its scalability for field-oriented 
plant applications [17].

From a manufacturing perspective, solid MNs are generally simpler 
to fabricate because they require only the definition of the external 
needle geometry. They can be produced by micromachining, laser cut
ting, molding, or 3D printing, depending on the selected material and 
resolution requirements [17]. Among these approaches, 3D printing is 
particularly attractive for solid MN fabrication because it enables rapid 
prototyping, iterative optimization of needle height, base width, tip 
angle, and array layout without dedicated molds or cleanroom facilities 
[104,105]. Fused deposition modelling (FDM), stereolithography (SLA) 
and digital light processing (DLP) are accessible and scalable, but their 
limited resolution can produce blunter tips and wider insertion profiles, 
compromising penetration efficiency in mechanically resistant plant 
tissues [106,107].

Across 3D printing modalities, the range of compatible materials also 
remains narrower than that available through conventional mold-based 
fabrication, restricting the selection of mechanically robust, biocom
patible, and chemically functionalizable substrates, as well as the inte
gration of conductive coatings or sensing elements [106]. 
Higher-resolution approaches, such as two-photon polymerization, can 
generate sharper and more complex MN geometries, but their low 
throughput and high cost currently limit their use to proof-of-concept 
studies. For hollow MNs, fabrication is more demanding because the 
process must define not only the external needle geometry but also a 
continuous internal microchannel while preserving sufficient wall 
thickness.

Silicon-based hollow MNs are commonly produced by DRIE, whereas 
polymeric hollow architectures generally rely on sacrificial templating, 
multi-step molding, or high-resolution additive manufacturing [108]. 
Compared with solid MNs, these approaches impose stricter geometric 
constraints because the external needle profile, lumen diameter, wall 
thickness, and tip opening must be controlled simultaneously. In prac
tice, maintaining channel continuity along the full needle length while 
avoiding clogging, tip blunting, or mechanical failure remains particu
larly challenging at small tip diameters.

Beyond fabrication and mechanical considerations, MN architecture 
also shapes the plant–MN analytical interface by determining how plant 
biofluids are accessed and how sampling and sensing are performed. In 
solid MNs, the external surface or tip may act either as a direct sensing 
interface or as a fluid-collecting matrix. For direct in situ sensing, 
conductive or transducing layers, selective membranes or bio
recognition elements, and, when required, protective coatings are 
sequentially deposited on the MN. After insertion, analyte transport 
through these functional layers is predominantly diffusion-controlled, 
followed by direct electrocatalysis or target recognition through ion 
partitioning, enzymatic conversion, or affinity binding. Accordingly, 
layer thickness, porosity, and hydration influence sensitivity and 
response time [28,109–111]. Because the coatings are directly exposed, 
they are susceptible to insertion-induced abrasion and fouling by sap 
macromolecules and phenolic compounds, while their adhesion and 
insertion resilience are rarely quantified. More robust attachment stra
tegies, such as plasma-initiated covalent anchoring demonstrated for 
conventional ion-selective electrodes, could improve coating stability; 
however, their applicability to plant MNs remains unexplored, and 
additional protective or anchoring layers may increase mass-transfer 
resistance and slow the response [28,109,112]. Alternatively, porous, 
absorbent, or hydrogel-based solid MNs can collect plant fluid by 
imbibition or swelling for subsequent analysis [24,26]. Hydrogel 
matrices may also enable analyte enrichment: in dermal interstitial fluid 
(ISF), negatively charged hydrogel MNs have enabled the selective 
enrichment of positively charged metabolites [113]. Adapting this 
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strategy to plant biofluids could facilitate the preconcentration of 
low-abundance analytes, although this remains to be demonstrated in 
plants. In hollow MNs, the internal lumen constitutes a configurable 
fluidic and analytical compartment. Depending on the design, it may 
transfer sap to an external collector or detector [27,114], house a 
discrete protected sensing element [115], contain a functional sensing 
phase, or connect the insertion site to an integrated microfluidic sensing 
pathway [116]. Each configuration imposes different requirements for 
biofluid–sensor contact. For internal sensing, the incoming biofluid must 
wet the active phase; the position of this phase determines the 
analyte-transport distance, whereas its attachment to the lumen wall 
influences mechanical stability. Recessing the sensing region away from 
the tip protects it from insertion-induced abrasion but may increase the 
response time. When the lumen contains the sensing material, sufficient 
fluid entry and hydration of the active phase become more important 
than recovering a measurable bulk sample.

Apart from the structural challenges associated with hollow MN 
fabrication, a critical yet largely overlooked design variable, especially 
for in planta applications, is the physicochemical modification of the 
lumen surface. When the lumen is used for sampling, passive fluid up
take may be driven by capillarity or wicking. If these forces are insuf
ficient, an absorbent collector or an imposed pressure gradient, such as 
external suction, may be required, adding auxiliary components and 
pressure-control requirements [27,117–119]. Lumen diameter and 
length, tip-opening geometry, surface wettability, sap viscosity, and 
sealing at the plant–MN interface therefore jointly determine the filling 
rate and recovered volume. Hydrophilic treatments can promote wetting 
and capillary filling and have been demonstrated in transdermal hollow 
MN systems [120,121], but remain largely unexplored in plant-oriented 
devices. Channel clogging is another important limitation: proteins and 
polysaccharides may adsorb onto internal surfaces or obstruct narrow 
channels, phenolic species may passivate sensing layers, and 
insertion-generated cellular debris may block the tip opening. Lumen 
geometry and chemistry should therefore be co-designed for the inten
ded function (i.e., sampling, internal sensing, or both) while balancing 
fluid uptake, compatibility with the sensing or absorbent material, 
fouling resistance, and response time.

3.2. Detection principles

The detection principle ultimately determines whether a plant MN 
sensor can produce a measurable signal from the target biofluid. Its 
selection must consider not only the analyte class and concentration 
range, but also the physicochemical constraints of the plant matrix, such 
as high ionic strength, variable pH, and the presence of electroactive 
interferents. Optical readouts for plant sensing have been described 
elsewhere [122], covering fluorescent/FRET, plasmonic, and fiber-optic 
approaches. However, their translation into MN platforms remains 
limited and generally unsuitable for field deployment due to bulky op
tical instrumentation and the need for controlled illumination. In 
contrast, electrochemical transduction offers high sensitivity, low power 
consumption, compact instrumentation, and label-free operation, mak
ing it particularly compatible with miniaturized MN platforms. In 
practice, electrochemical MN systems primarily rely on three detection 
modes: voltammetric, potentiometric, and impedance-based ap
proaches. A brief introduction to each detection principle and its 
plant-specific analytical constraints is provided in the following 
subsections.

3.2.1. Potentiometric methods
Potentiometric transduction measures changes in electrode potential 

under zero-current conditions, providing a simple and energy-efficient 
sensing strategy. By integrating ion-selective membranes (ISMs), MN 
potentiometric sensors achieve high ionic selectivity with minimal 
power requirements and simple readout electronics, attributes that are 
particularly well-suited for miniaturized platforms for continuous in 

planta measurements. As a result, potentiometric transduction is 
particularly attractive for the monitoring of charged species in planta, 
where selective and minimally invasive operation is required. As illus
trated by the examples compiled in Table 3, currently reported MN 
sensors have mainly targeted monovalent cations, including K+, Na+, 
and H+, driven by the availability of selective ionophores and their more 
favorable Nernstian sensitivity (~59 mV/dec) [14,28]. Beyond these, 
potentiometric MN sensors could be extended to multivalent cations 
such as Mg2+, as recently demonstrated, as well as agronomically rele
vant anions such as NO3

− and H2PO4
− [123]. Notably, practical field 

deployment must also account for temperature-dependent changes in 
the Nernst response and the distinction between ionic activity and ab
solute concentration [14].

3.2.2. Voltammetric and amperometric methods
Both amperometric and voltammetric techniques rely on cur

rent–potential relationships, and their selection depends mainly on the 
target concentration range and the required analytical discrimination. 
Amperometric methods, which operate at a fixed potential, are partic
ularly attractive for continuous monitoring and couple naturally to 
oxidase-based biosensing schemes, where the enzymatic reaction gen
erates electroactive products such as H2O2 that can be directly quanti
fied [95,128]. As reflected in Table 4, current MN implementations 
based on these methods have mainly targeted those species (i.e., H2O2 
and glucose).

By contrast, voltammetric methods are more attractive when addi
tional analytical discrimination or higher sensitivity is required. Among 
voltammetric techniques, cyclic voltammetry (CV) is primarily 
employed for sensor development and characterization, whereas pulse 
techniques such as differential pulse voltammetry (DPV) and square 
wave voltammetry (SWV) are better suited for quantitative in planta 
measurements. DPV can achieve nanomolar-to-picomolar detection 
limits, making it exceptionally qualified for tracking low-abundance 
signaling molecules like phytohormones (Table 4). When rapid 
response times are paramount, SWV offers a compelling alternative. 
However, deploying these pulse techniques within complex plant 
matrices requires addressing critical analytical challenges, including 
electrode biofouling and interference from endogenous electroactive 
coexisting species. These phenomena can compromise selectivity, ulti
mately undermining the reliability of quantification over extended in 
planta monitoring periods (see Section 5.1).

3.2.3. Impedimetric methods
Electrochemical impedance spectroscopy (EIS) probes the frequency- 

dependent electrical response of an electrode–electrolyte interface, 
providing critical insights into resistive and capacitive components 
without requiring electroactive analytes. By employing multi-frequency 
AC perturbations (typically 0.1 Hz–100 kHz), EIS characterizes the plant 
tissue–electrode interface through complex impedance (Z′+ jZ″), which 
is conventionally interpreted using equivalent-circuit models. In the 
context of MN sensors, EIS has emerged as a powerful tool to interrogate 
cellular structure, water content, and overall physiological status. For 
instance, shifts in tissue impedance serve as a reliable proxy for plant 
health, enabling the early, non-destructive detection of agronomic 
stressors such as salt stress, pathogen infection, and fruit ripening [124,
134,135]. Notably, drought-induced lipid peroxidation, which alters cell 
membrane integrity, is directly reflected in changes to the Nyquist 
semicircle radius and Bode-frequency shifts. These impedance-derived 
parameters facilitate the assessment of stress tolerance within preci
sion agriculture workflows. However, the structural complexity of plant 
tissues, where cell walls, membranes, and heterogeneous biofluids 
contribute simultaneously to the signal, remains a challenge, making it 
difficult to deconvolute specific biological processes or achieve absolute 
quantitative measurements.
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4. Microneedle sensors for in planta sensing: representative case 
studies and implications for smart agriculture

Having outlined the design and detection principles of the MN sen
sors, we now turn to representative in planta implementations. This 
section summarizes experimental demonstrations that illustrate how the 
concepts described above translate to real plant systems. Reported 
studies are organized according to the main analyte classes introduced 
in Section 2, and each example is discussed in terms of architecture, 
transduction mechanism, analytical performance and implications for 
crop monitoring and decision support.

4.1. Bioelectrical signals and ionic fluxes

Bioelectrical signals and ionic fluxes were among the first targets for 
MN-based sensors for plants, with early demonstrations focusing on bulk 
electrical measurements before advancing towards ion-selective detec
tion. Table 3 summarizes the analytical performance, validation level, 
deployment setting, and applicability of MN platforms for bioelectrical 
and ionic monitoring. Since 2017, Lee and co-workers have published a 
series of MN-based electrodes for bioelectrical signal recording [21,33,
136,137]. Although these probes featured microscale tips on 
millimeter-scale probes and were not strictly MNs, they represented an 
early demonstration of direct electrical interfacing with living plants 
(Fig. 4a). Conductivity, resistance, impedance, and capacitance mea
surements were used to infer bulk ionic fluctuations and diurnal patterns 

[124]. Rosati et al. introduced a new fabrication method based on 
inkjet-printed metallic MNs patterned onto flexible substrates (Fig. 4b) 
[127]. More recently, flexible MN arrays have been engineered to 
maintain stable contact with plant stems under bending conditions 
(Fig. 4c) [31]. The MN sensor detects electrophysiological responses 
associated with physical disturbances such as touching or cutting. 
Machine-learning (ML) algorithms were used to decode complex elec
trical signals for early stress detection, illustrating the potential of 
MN-based electrophysiological sensing for monitoring plant stress 
responses.

Altogether, the MN platforms for bulk electrical and electrophysio
logical monitoring provide time-resolved, but chemically nonspecific, 
indicators of plant status. These studies support the feasibility of 
resolving plant electrical responses under the respective experimental 
conditions [31,124]. However, they are not directly comparable and 
describe signal quality rather than ion-selective or concentration-based 
analytical accuracy. On the other hand, the reported in planta moni
toring windows ranged from hours [127] to 13 d in a growth chamber 
[124], demonstrating the potential of these platforms for prolonged 
signal acquisition. Nevertheless, this long-term operation should be 
interpreted cautiously. First, the absence of selective receptors or func
tional coatings may make the system less susceptible to thermal insta
bility, biofouling, or interface drift. Also, no validation with an 
alternative method has been reported. Despite these limitations, the 
stress-response classification achieved using machine-learning analysis 
[31] highlights the potential of these approaches for early stress 

Table 3 
Microneedle sensors for bioelectrical signals and ion detection.

Analytes Architecture Transduction Analytical features Validation level Deployment 
setting

Applicability details ref

Plant 
electrophysiology 
(Action 
potentials)

Solid MN 
array

EIS Amplitude = 11.7 ± 0.7 mV; 
SNR = 20.5 ± 5.5 dB

In planta without 
validation

Laboratory Stress-response 
classification

[31]

Plant impedance Solid MN 
array

EIS Frequency range: 10 Hz–100 kHz; 
average relative noise: 3.83% 
(impedance), 7.61% (phase)

In planta with field 
deployment; not 
independently 
validated

Growth 
chamber and 
greenhouse

Long-term 
monitoring: 13 d in a 
growth chamber and 
7 d in a greenhouse

[124]

pH Solid MN 
array

Potentiometry LRR: pH 4–8; Sensitivity: 
− 59.9 ± 1.5 mV pH− 1; Response time: 
50s

In planta validated 
with pH meter

Laboratory Continuous 
monitoring for 2 d

[125]

pH Hollow MN 
array

Potentiometry LRR: 5–8; Sensitivity: − 71.0 mV pH− 1 In planta validated 
with pH-meter

Laboratory Discrete 
measurements; No 
continuous 
monitoring.

[27]

Na+ Solid MN Potentiometry LRR: 10− 2-10− 5 M; Slope: 
56.55 ± 0.25 mV dec− 1; LOD: 
1.94 × 10− 6 M; Response time < 10s

In planta validated 
with ICP-OES

Laboratory Continuous 
monitoring for 3 h

[109]

K+ and Na+ Solid MN Potentiometry Slope: ~55− 57 mV dec− 1; LRR: 10− 1 - 
10− 5 M (Na+), 10− 1 - 10− 4 M (K+); LOD: 
~2.9 × 10− 5 (M) K+, ~7.5 × 10− 6 M 
(Na+); Response time: <5s K+ and Na+

In planta validated 
against IC

Laboratory 24 h monitoring [28]

K+ Solid MN Potentiometry LRR: 10− 4–10− 1 M; Slope: 
59.3 ± 0.35 mV dec− 1; LOD: 
3.5 × 10− 6 M; Response time: 15 ± 3 s; 
log KᵖᵒᵗK,Na = − 0.2

In planta validated 
against IC

Laboratory Continuous 
monitoring for 
60 min of salt- 
induced K+ loss in 
rice

[126]

Mg2+ Solid MN Potentiometry LRR: 10− 5–10− 1 M; Slope: 
29.00 ± 0.20 mV dec− 1; LOD: 
~1.1 × 10− 7 M; Drift: ~0.3 mV h− 1

In planta; dynamic 
trends compared 
with ICP-OES

Laboratory >40 h xylem 
monitoring; first 
4–8 h excluded; 
absolute 
quantification not 
validated

[123]

Plant impedance Solid MN EIS Proof-of-concept, no quantitative 
analytical performance reported.

In planta without 
validation

Laboratory Diurnal monitoring [127]

Sap flow Solid MN 
thermal 
probe

Modified heat 
dissipation 
method 
(Granier)

Pipe calibration: Range 0–4 mm s− 1, 
RMSE = 0.115 mm s− 1; Xylem 
calibration: Range 0–3.07 mm s− 1, 
RMSE = 0.128 mm s− 1

In planta without 
validation

Laboratory Stress-response 
classification

[21]

Abbreviations: EIS, electrochemical impedance spectroscopy; IC, ion chromatography; ICP-OES, inductively coupled plasma optical emission spectrometry; LOD, limit 
of detection; LRR, linear response range; RMSE, root-mean-square error; SNR, signal-to-noise ratio.
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Table 4 
Microneedle sensors for ROS, phytohormones, metabolites, and small molecules detection.

Analytes Architecture Transduction Analytical features Validation level Deployment setting Applicability details ref

H2O2, 
glucose, 
pH

Hollow MN array Amperometry H2O2: LRR: 10–100 μM; Sensitivity: − 3.2 nA μM− 1 In planta without validation Laboratory Discrete multianalyte measurements 
after sap extraction; no continuous 
monitoring

[27]

Glucose: LRR: 50–1500 μM; Sensitivity: − 0.6 nA μM− 1 ​ ​ ​
pH: LRR: 5–8; Sensitivity: − 71.0 mV pH− 1 ​ ​ ​

H2O2 Solid MN Extraction with 
colorimetric 
detection

Sap extraction: 2.20 ± 0.30 mg in 1 min; LRR: 0–500 μg mL− 1 In planta without validation Laboratory Discrete measurements [24]

H2O2 Implantable 
microelectrode

Amperometry LRR: 5–200 μM; Sensitivity: 0.0239 μA μM− 1; LOD: 0.35 μM In planta with partial validation 
against KI-based UV 
spectrophotometry

Environmentally 
controlled plant 
factory

Self-powered H2O2 monitoring; 50 h 
continuous in vivo operation

[129]

H2O2 Solid MN Amperometry LRR: 0.1–4500 μM; Sensitivity: 14.7 μAμM− 1; LOD: 0.06 μM In planta with validation 
against Amplex Red 
fluorescence assay

Laboratory Discrete measurements [110]

Glucose Solid MN array Amperometry LRR: 0–2 mM; Sensitivity: 17.27 μA mM− 1⋅cm− 2; LOD: 
113 μM

In planta without validation Laboratory Discrete measurements [130]

Glucose Hollow MN Amperometry LRR: 100 μM–100 mM; Sensitivity: 17 nA μM− 1 cm− 2; LOD: 
33.3 μM

In planta without validation Laboratory Continuous glucose monitoring up to 
12 h.

[115]

Glucose, 
H2O2

Hollow MN with 
integrated 
microfluidic

CV Glucose: LRR: 0–0.44 mM; Sensitivity: 62.34 μA mM− 1; LOD: 
102.5 μM.

In planta without validation. 
Ex-vivo validation

Greenhouse Discrete measurements [116]

H2O2: LRR: 0–80 μM; Sensitivity: 3.65 μA decade− 1; LOD: 
3.22 μM.

Glucose Solid MN Amperometry LRR: 0–30 mM; Response time: 0.4 s In planta without validation Laboratory Sensor retained in the leaf for 4 d; 
repeated 60-s measurements 
distinguished light/dark responses

[131]

IAA Solid wire DPV LRR: 100 pg mL− 1 to 100 μg mL− 1; LOD: 43 pg mL− 1; LOQ: 
143 pg mL− 1; Sensitivity: 0.275 (log I vs. log C); RSD: 7% 
(n = 12)

In planta with validation 
against UPLC-MS

Laboratory Monitoring under salt stress [132]

IAA, SA Solid MN Multipulsed 
amperometry

IAA: LRR: 5–150 μM; LOD: 1.41 μM; Lifetime: ~543 cycles in 
vivo (25–30 h)

In planta with validation 
against UPLC-MS

Laboratory Quasi-continuous IAA/SA 
measurements every 3 min for 
25–30 h; periodic electrochemical 
cleaning required

[25]

SA: LRR: 5–150 μM; LOD: 1.15 μM; Lifetime: ~543 cycles in 
vivo (25–30 h)

​ ​ ​

Sucrose Hollow hypodermic 
needle

Amperometry LRR up to 60 mM; Sensitivity: 6.22 μA mM− 1 cm− 2; LOD: 
100 μM; Response time: 90 s-2 min; Stability: 86% initial 
signal for 72 h

In planta without validation Laboratory Day–night sucrose transport 
monitoring; 86% signal retention after 
72 h.

[133]

SA Solid conical MN- 
IDEs

Amperometry LRR: up to 150 μM; Sensitivity: 0.0312 μA μM− 1 mm− 2 (0- 
20 μM), 0.004 μA μM− 1 mm− 2 (50–150 μM), LOD: 2.74 μM;

In planta without validation Laboratory Relative SA monitoring during fungal 
infection. Discrete measurements

[111]

ABA Solid MN array Amperometry LRR: 0.012–495.2 μM (pH 4–7); Sensitivity (pH 6.5): 
1.628 μA μM− 1 (0.012–0.095 μM), 0.263 μA μM− 1 

(0.095–3.76 μM), 0.071 μA μM− 1 (3.76–495.2 μM); LOD: 
0.002–0.005 μM

In planta without validation Laboratory Discrete measurements [32]

ABA Solid microelectrode Amperometry LRR: 1–1000 ng mL− 1; Specificity: 71%; Sensitivity: 78%; 
Accuracy: 77%; Analysis time: <10 min

In planta with validation 
UHPLC–MS/MS

Laboratory Discrete measurements, 9 min assay. [114]

Abbreviations: ABA, abscisic acid; CV, cyclic voltammetry; DPV, differential pulse voltammetry; IAA, indole-3-acetic acid; IDE, interdigitated electrode; KI, potassium iodide; LOD, limit of detection; LOQ, limit of 
quantification; LRR, linear response range; SA, salicylic acid; UHPLC–MS/MS, ultra-high-performance liquid chromatography–tandem mass spectrometry; UPLC–MS, ultra-performance liquid chromatography–mass 
spectrometry; UV, ultraviolet.
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screening and longitudinal trend recognition rather than 
analyte-resolved quantification, as a potential application for smart 
farming.

To address this lack of ion selectivity, later studies integrated carbon- 
based solid-contact transducers and ion-selective membranes onto 
stainless-steel MNs [28,109]. Commercial stainless steel MNs offer 
reliable conductivity and mechanical stability, serving as robust sub
strates for in planta sensor fabrication (Fig. 4d and e). The single-ion 
Na+ sensor reported by Fan et al. covered a concentration range from 
10 μM to 10 mM, with a near-Nernstian slope of 56.55 ± 0.25 mV dec− 1, 
and a response time below 10 s [109]. In addition, the multiplexed 
K+/Na+ platform reported by Wang et al. showed comparable slopes of 
approximately 55–57 mV dec− 1 and faster responses below 5 s, while 
extending the upper concentration limit to 100 mM for both ions [28]. In 
both cases, both detection limits (in the μM) are already well below the 
mM concentrations targeted in these in planta measurements. Impor
tantly, both platforms retained suitable analytical performance in arti
ficial sap containing high concentrations of coexisting ions and in real 
plant sap samples. This matrix tolerance is a critical consideration for 
practical applicability because analytical performance established in 
simple buffer solutions cannot be directly extrapolated to complex plant 
matrices. Both systems were validated by comparison with reference 
techniques, ICP-OES for the single-ion Na+ sensor and ion chromatog
raphy for the multiplexed K+/Na+ platform, with no significant differ
ences observed between the potentiometric and reference 
measurements. Compared with bulk electrical sensors, however, the 
potentiometric platforms demonstrated shorter continuous in planta 
monitoring periods: Na+ dynamics were followed for 3 h with the 
single-ion sensor, whereas the multiplexed platform achieved contin
uous K+ monitoring for up to 24 h.

Simultaneously, research efforts have been directed toward 
exploring alternative fabrication strategies such as additive 
manufacturing. Parrilla et al. recently applied commercial 3D printing to 
fabricate solid and hollow MN bodies for direct pH measurements and 

biofluid extraction, respectively (Fig. 4f) [27,125]. The solid platform 
exhibited a near-Nernstian slope of − 59.9 ± 1.5 mV pH− 1 over pH 4–8, a 
response time of 50 s. This analytical range fully covers the xylem pH 
window summarized in Section 2 (pH 5.0–6.5), although it does not 
encompass the upper end of the reported phloem range, which may 
reach pH 8.5. Continuous operation was demonstrated for 2–4 d, 
depending on the plant evaluated. However, operation remained 
restricted to laboratory conditions. By contrast, the hollow platform 
enabled sap extraction and subsequent external analysis, providing 
discrete measurements rather than continuous in planta monitoring. 
These examples demonstrate that the same manufacturing route can 
support either direct-sensing or extraction-based workflows, but fabri
cation versatility should not be mistaken for analytical maturity. The 
limited resolution of affordable stereolithography or digital light pro
cessing techniques constrains geometrical design, yielding wider inser
tion angles and larger hole diameters (>300 μm) that increase tissue 
trauma. Additionally, the non-conductive nature of printable polymers 
requires complex post-fabrication metallization steps. Poor adhesion 
and mechanical stability of these functional layers on polymeric sub
strates can facilitate signal drift and membrane damage during inser
tion, ultimately limiting long-term measurement reliability [30,125].

More recent studies have explored alternative materials and in
terfaces to address the rigidity, potential drift, and limited analyte scope 
of earlier ion-selective MNs. Li et al. introduced a solid hydrogel MN 
coated with a conventional valinomycin-based PVC ISM, aiming to 
provide greater flexibility and a mechanically compliant interface with 
plant tissue [126]. The sensor tracked salt-induced K+ loss in rice and 
showed close agreement with IC measurements from parallel samples. 
However, in planta monitoring was limited to 60 min, and the low 
selectivity against Na+ requires further evaluation of the sensor under 
high-Na+ conditions before field deployment. Later, Wang et al. 
extended the analyte scope to the divalent cation Mg2+ using a 
stainless-steel all-solid-state MN-ISE with a compact 
graphene-composite solid contact that suppressed water-layer 

Fig. 4. (a) Electrical conductivity measurement for key plant physiological information via needle-shape sensors [33], reproduced from Ref. [33]. Copyright 2017 
Institute of Physics Publishing. (b) All inkjet-printed conductive microneedles based on silver nanoparticles [127], reproduced from Ref. [127]. Available under CC 
BY4.0. (c) An implantable microneedle array using micromachining technology for monitoring and decoding plant electrical signals [31], reproduced from Ref. [31]. 
Copyright 2025 Elsevier. (d) Microneedle sensors for K+/Na+ monitoring to study ion dynamics in plants [28], reproduced from Ref. [28]. Available under CCBY4.0. 
(e) Microneedle sensors for Na+ ion monitoring to select salt-tolerant cultivars via rapid salt-level assessment [109], reproduced from Ref. [109]. Copyright 2025 
Elsevier. (f) 3D-printed microneedle arrays for pH monitoring [125], reproduced from Ref. [125]. Copyright 2024 Elsevier.
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formation, reduced potential drift, and enabled more than 40 h of xylem 
monitoring [123]. Nevertheless, accuracy could not be stated; undiluted 
pressed stem sap showed a pronounced positive matrix bias, whereas 
ICP-OES comparisons supported only treatment-dependent trends rather 
than absolute xylem concentrations.

Collectively, these potentiometric MN platforms illustrate the po
tential of monitoring rapid changes in ion concentrations associated 
with salt stress and nutrient status, providing chemically specific in
formation that could support early stress assessment and more respon
sive irrigation or fertilization management. The remaining analytical 
and technological challenges for field deployment are discussed in 
greater detail in Sections 5.1–5.3 and 6.1–6.2.

4.2. Phytohormones, metabolites and reactive species

Beyond electrophysiological signals and ions, MN sensing platforms 
have been extended to track phytohormones, primary metabolites, and 
reactive species. While providing complementary insights into plant 
metabolic dynamics and systemic stress responses, these distinct analyte 
classes present markedly different analytical challenges, ranging from 
transient nanomolar fluctuations to high matrix interference. Accord
ingly, the following discussion critically examines ROS markers, primary 
sugars, and phytohormones individually, evaluating their dynamic 
ranges, matrix compatibility, operational stability, and validation stra
tegies. Table 4 provides a comprehensive synthesis of reported MN ar
chitectures tailored for these targets.

Overall, H2O2 is currently the most extensively explored ROS target 
in MN-based plant sensing, although the number of reported platforms 
remains limited. Two main MN-based configurations have been inves
tigated: direct electrochemical measurement at the plant–sensor 

interface and MN-assisted sap extraction followed by ex situ analysis. 
Within the first group, Singh et al. (Fig. 5a) [110] reported an amper
ometric MN sensor capable of detecting pathogen-induced oxidative 
stress in real time. A solid MN was externally modified with horseradish 
peroxidase (HRP) enzyme, enabling H2O2 detection in the μM range 
directly inside plant tissue (LOD 0.06 μM). This analytical range 
comfortably covered the H2O2 concentrations measured in mock-treated 
and pathogen-inoculated tobacco and soybean leaves, which ranged 
from approximately 0.56 to 6.9 μM. Moreover, comparison with the 
Amplex Red fluorescence assay showed close agreement, supporting 
both the fit-for-purpose sensitivity and the accuracy of the in planta 
measurements. Importantly, however, each determination was discrete 
and required approximately 1 min, which may miss short-lived ROS 
transients occurring over seconds or less. In addition, continuous oper
ation of the same MN sensor was not investigated.

Extraction-based platforms showed a complementary analytical 
profile. Parrilla et al. coupled hollow-MN-assisted sap collection with a 
Prussian-blue electrochemical sensor operating over 10–100 μM [27]. 
Notably, the lower limit of this range was above the approximately 
0.56–6.9 μM H2O2 concentrations quantified by Singh et al. suggesting 
that the extraction-based platform may be better suited to detecting 
larger oxidative increases than lower-μM H2O2 levels. Comparison with 
plant fluid collected by conventional centrifugation supported the 
feasibility of the MN-assisted sampling procedure. However, because the 
samples obtained through both collection methods were analyzed using 
the same MN platform, this experiment compared sampling approaches 
rather than validating the measured H2O2 concentrations against an 
independent reference assay.

Wu et al. adopted a fundamentally different strategy using hydrogel 
MNs for sap extraction (2.20 ± 0.30 mg in 1 min) followed by ex situ 

Fig. 5. (a) Microneedle array based on HRP/Cs-rGO hydrogels for H2O2 testing, reproduced from Ref. [110]. Copyright under CCBY-NC-ND 4.0. (b) Non-enzymatic 
K-Co3O4 microneedle clip for glucose detection [130], reproduced from Ref. [130]. Copyright 2025 Elsevier. (c) Leaf-adhered microneedle sensors for foliar IAA and 
SA detection [25], reproduced from Ref. [25]. Copyright 2025 The American Association for the Advancement of Science. (d) Conical MNs combined with inter
digitated electrodes (IDE) combs for SA detection [111], reproduced from Ref. [111]. Copyright 2022 Elsevier. (e) Absorbent MNs with a catalytic hairpin assembly 
(CHA) detection system for miRNA detection [138], reproduced from Ref. [138]. Copyright 2024 Elsevier. (f) Disposable polymeric MN patch for rapid DNA 
extraction and analysis [26], reproduced from Ref. [26]. Copyright 2019 American Chemical Society. (g) Integrated MN-smartphone nucleic acid amplification 
platform with LAMP reaction and detection [22], reproduced from Ref. [22]. Copyright 2021 Elsevier.
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colorimetric detection (LRR: 0–500 μg mL− 1). While sacrificing real- 
time monitoring, this extraction-based method avoids enzyme stability 
issues and biofouling associated with prolonged in planta measurements 
[24]. This contrast reflects two distinct paradigms in MN-based plant 
sensing: continuous in situ monitoring versus sample extraction with 
subsequent analysis. Finally, although not strictly MN-based, the 
implantable microsensor developed by Zhang et al. provides a useful 
benchmark for system-level deployment integrating H2O2 detection 
with photovoltaic power generation, data acquisition, and wireless 
transmission, enabling autonomous continuous monitoring of responses 
to osmotic, mechanical-injury, and UV stress operating for up to 50 h 
[129]. Although the sensor achieved an LOD of 0.35 μM in PBS, only 
H2O2 additions of approximately 100 μM could be resolved in untreated 
tomato sap, which further demonstrates that buffer-derived figures of 
merit cannot be directly extrapolated to authentic plant matrices 
without assessing analyte stability and performing matrix-specific cali
bration. Quantification was compared with a conventional 
potassium-iodide (KI) spectrophotometric assay, which was restricted to 
the osmotic-stress experiment. Thus, the study represents a strong en
gineering deployment, but only limited analytical validation in 
authentic plant matrices. Taken together, these studies indicate that 
H2O2 sensing could provide an early warning of biotic and abiotic stress 
and inform timely crop-management decisions. However, most reported 
MN platforms remain limited to discrete measurements, and few 
combine adequate sensitivity in authentic plant matrices with the tem
poral resolution required to resolve short-lived ROS transients, limiting 
their integration into real-time crop-monitoring workflows.

Among MN sensors developed for primary metabolite monitoring, 
particularly glucose, Chen et al. demonstrated the conventional enzy
matic approach using hollow MNs containing glucose-oxidase-AuNP- 
decorated platinum microwires [115]. Glucose oxidase catalyzes 
glucose oxidation, generating H2O2 as a byproduct that is subsequently 
detected amperometrically. The sensor exhibited an LRR of 100 μM–100 
mM and an LOD of 33.3 μM. This broad range extends well into the 
high-mM regime and is therefore more relevant for in planta measure
ments than further reductions in LOD, because glucose is already ex
pected at comparatively high concentrations. The encapsulation of the 
GOx within hollow MN structures combined with Nafion/polyurethane 
protective coatings enabled continuous operation for up to 12 h. 
Although the recorded profiles were consistent with literature-expected 
diurnal glucose trends, they were not compared with an independent 
reference method. A complementary extraction-based strategy was 
previously demonstrated by Parrilla et al. The same 3D-printed 
hollow-MN platform discussed above for H2O2 also incorporated a 
GOx-based glucose channel operating over 50–1500 μM. However, sap 
collection and downstream analysis remained discrete rather than 
continuous [27]. More recently, Erukainure et al. proposed a more in
tegrated system in which syringe-assisted vacuum drew sap through a 
sealed microfluidic pathway from the hollow MN array to tissue-isolated 
Au transducers functionalized with GOx or HRP for dual glucose/H2O2 
detection [116]. The glucose channel was linear over 0–0.44 mM (LOD: 
102.5 μM), a narrower range than that of the Parrilla platform, which 
may limit direct quantification when sap glucose exceeds the upper 
calibration limit. For H2O2, the system covered 0–80 μM with an LOD of 
3.22 μM. Quantitative accuracy was evaluated ex vivo in extracted 
maize sap. In planta, however, syringe-assisted vacuum sampling and 
discrete measurements at selected time points were used to distinguish 
responses among graded watering treatments; the corresponding con
centrations were not independently validated, and continuous moni
toring was not demonstrated. Thus, the main advance lies in system 
integration and matrix-based ex vivo validation rather than continuous 
quantitative in planta sensing. On the other hand, Yun et al. (Fig. 5b) 
[130] developed a non-enzymatic glucose MN sensor based on 
potassium-doped Co3O4 (K–Co3O4) nanocatalysts integrated into a 
compact leaf-clipping device (LRR: 0–2 mM, LOD: 113 μM). Although 
the biocompatibility of the K–Co3O4 nanocatalysts was evaluated, key 

concerns regarding their implementation in plant-based sensing remain 
unaddressed, particularly the potential for entry into the food chain. 
Moreover, non-enzymatic metal oxide sensors are inherently susceptible 
to biofouling, which can gradually degrade sensitivity and selectivity 
over time. The short measurement windows reported (<2 min) are 
insufficient to evaluate long-term operational stability, leaving open the 
question of whether this non-enzymatic approach offers a real advan
tage over conventional glucose oxidase-based sensors under in vivo 
conditions. More recently, Kim et al. incorporated a 
Co3O4/MWCNT/chitosan composite into a 3D-printed MN platform, 
extending the in vitro glucose range to 0–30 mM and resolving light
–dark signal differences over four days [131]. However, the in planta 
data were obtained from 60-s amperometric measurements rather than 
uninterrupted multi-day monitoring and were not validated against an 
independent analytical method. Finally, sucrose sensing has also been 
demonstrated using a hollow-needle platform based on a three-enzyme 
cascade comprising invertase, mutarotase, and glucose oxidase [133]. 
The sensor exhibited an LRR up to 60 mM, an LOD of 100 μM, and 
response times of 90 s–2 min, providing sufficient analytical coverage 
for the sucrose concentrations reported in the stem and fruit tissues 
investigated. The device retained 86% of its initial response after 72 h, 
although the in planta sucrose concentrations were not validated against 
an independent analytical reference method. Overall, glucose and su
crose monitoring could reveal diurnal carbon dynamics and changes in 
plant metabolic status. However, their use in crop management will 
require improved long-term operational stability and independent 
validation of the recorded temporal profiles.

Finally, phytohormones represent the most analytically demanding 
targets summarized in Table 4 due to their low concentrations, 
commonly within the nM–μM range, and large number of potential 
interferents. Reported MN platforms include direct electrochemical ap
proaches, and receptor-mediated strategies based on antibodies or 
molecularly imprinted polymers. Regarding direct detection, Bukham
sin et al. introduced magnetized MNs coated with Fe3O4-intercalated 
multi-walled carbon nanotubes to enhance electron transfer and in
crease the electroactive surface area of the sensing interface (Fig. 5c) 
[25]. The platform enabled simultaneous IAA and SA quantification 
with LODs of 1.41 and 1.15 μM, respectively. These values are suitable 
for detecting relatively large hormonal increases but may not fully cover 
basal nM or sub-μM concentrations. Quasi-continuous monitoring was 
demonstrated for approximately 25–30 h, with measurements acquired 
every 3 min, and the resulting concentrations showed moderate corre
lations with UHPLC–MS/MS measurements (R2 ≥ 0.7). Because analyte 
discrimination relies on separated oxidation potentials, the sensor is 
more susceptible to interference and progressive electrode passivation, 
requiring periodic electrochemical cleaning. In this regard, the same 
group explored the integration of magnetic molecularly imprinted 
polymers (MIPs) into MNs for selective SA recognition (Fig. 5d) [111]. 
The MIP layer improved discrimination against other phytohormones 
and reduced electrode fouling, although the higher LOD of 2.74 μM il
lustrates a trade-off between selectivity and sensitivity. Because selec
tivity was evaluated against a limited set of interferents and the PBS 
calibration could not be directly transferred to leaves, the platform was 
better suited to monitoring relative SA changes than to independently 
validated absolute quantification. By contrast, the Au@S
nO2–vertical-graphene ABA sensor exploited the synergistic electro
catalytic and conductive properties of the nanocomposite to achieve one 
of the lowest LODs reported for MN-based phytohormone sensing, 
ranging from 2 to 5 nM (Table 4) [32]. However, this low-nM perfor
mance was established in PBS and was strongly pH-dependent. Re
coveries of 93.3–108.9% were obtained in extracted cucumber juice, but 
the in planta measurements were brief (~500 s) and were not validated 
against an independent reference method; therefore, their quantitative 
accuracy remains unconfirmed.

Within another recognition-mediated approach, a wearable electro
chemical lateral-flow (eLF) platform combined MN-assisted sap 
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extraction with a competitive ABA immunoassay [114]. The use of 
antibody-based molecular recognition enabled one of the lowest re
ported LODs (2 nM) together with UHPLC–MS/MS comparison, while 
achieving 78% diagnostic sensitivity, 71% specificity, and 77% classi
fication accuracy during a three-week drought-stress study. However, 
these gains in analytical performance required integration into a 
lateral-flow immunoassay, increasing assay complexity and limiting the 
platform to discrete rather than continuous measurements. Current 
phytohormone platforms reveal a clear trade-off between sensitivity, 
molecular specificity, temporal resolution, and assay complexity. Direct 
electrochemical sensors favor repeated in planta measurements, 
whereas affinity-based approaches provide stronger selectivity and 
validation but remain largely limited to discrete analysis. The choice of 
strategy should therefore reflect whether the intended application pri
oritizes temporal tracking or highly selective quantification.

4.3. Pathogen and pesticide biomarkers

Pathogen-associated biomarkers and pesticide residues represent 
emerging targets for MN-assisted plant analysis. While ROS and phyto
hormones can provide early but nonspecific indications of plant stress, 
pathogen identification requires molecularly specific targets, particu
larly DNA or RNA [110,139]. Because nucleic-acid analysis remains 
analytically complex, the few MN platforms reported to date have 
focused primarily on minimally invasive sampling coupled with down
stream optical detection, often following amplification, rather than on 
continuous in planta sensing. Table 5 summarizes the analytical per
formance, validation level, deployment setting, and applicability of 
pathogen- and pesticide-related MN platforms.

Chen et al., who reported a method for detecting plant microRNAs 
(specifically miR156 in tobacco, Nicotiana benthamiana), used MN- 
assisted sap extraction followed by on-site fluorescence-based quantifi
cation (Fig. 5e) [138]. A more integrated approach was later reported by 
Paul et al., who developed a MN patch capable of extracting nucleic 
acids (DNA and RNA) from plant leaves within 1 min, with the extracted 
genetic material remaining stable on the MN surface for up to three days 
(Fig. 5f) [26]. The same group subsequently introduced an integrated 
MN–smartphone platform combining loop-mediated isothermal ampli
fication (LAMP) with optical readout for genomic DNA detection from 
tomato, potato, and chili leaves, successfully identifying Phytophthora 
infestans in infected tissues (Fig. 5g) [22]. Although optical readout was 
used, these studies highlight the potential of MN-assisted biofluid 

sampling for molecular pathogen detection, which could be readily 
coupled with electrochemical readouts, extending their applicability. 
Pesticide-residue sensing has also been explored using a SERS-active 
hydrogel MN patch, in which the needles collected residues from 
within agricultural products while the patch base sampled surface 
contamination. The captured thiram and thiabendazole were subse
quently analyzed on the patch by Raman spectroscopy, with LODs of 
10− 7 and 10− 8 M, respectively [23]. Thus, the MN primarily served as a 
minimally invasive sampling interface for discrete ex situ analysis rather 
than as a continuously implanted sensor. Pathogen- and 
pesticide-related MN platforms remain at an earlier stage of integration 
into field-deployable systems, as most use MNs primarily as minimally 
invasive sampling interfaces followed by laboratory or discrete on-site 
analysis. The current literature therefore mainly provides 
proof-of-concept evidence that analytically demanding molecular assays 
can be coupled to MN sampling, rather than demonstrating mature tools 
for routine crop-monitoring and decision-support workflows.

5. Technical and analytical challenges for in planta microneedle 
sensing

5.1. Analytical figures of merit

Reliable quantification remains one of the main analytical challenges 
for MN-based plant sensing. In most studies, figures of merit such as 
sensitivity, LOD, and LRR are determined under controlled conditions 
using standard buffers rather than plant biofluids. However, plant sap 
contains complex mixtures of ions, metabolites, proteins, and phenolic 
compounds that can introduce interferences and alter sensor response 
[14]. A major limitation to expanding the range of detectable analytes, 
and, consequently, the scope of potential applications, is the availability 
of recognition elements with sufficient selectivity, stability, and 
compatibility with plant biofluids. Accordingly, the availability and 
performance of ionophores, enzymes, antibodies, and other affinity re
ceptors constrain both sensor design and practical deployment.

Another aspect, and frequently overlooked in the literature, is the 
lack of precision regarding the exact plant compartment being sampled 
(i.e., apoplastic fluid, xylem sap, or phloem exudate). Despite substantial 
differences in ionic composition, pH, and co-existing interfering species 
among these matrices, this ambiguity persists. Such a gap severely 
complicates the rational selection of analytical parameters, including 
the sensor's linear range and relevant interferents, as well as the design 

Table 5 
Microneedle sensors for pathogen- or pesticide-related markers detection.

Analytes Architecture Sensing 
transduction

Analytical features Validation level Deployment 
setting

Applicability details ref

MicroRNA Solid 
absorbent 
MNs

Fluorescence LRR: 25–100 nM (in vitro); LOD: 
500 nM (in planta); Sensitivity: 
30.54 a.u./nM

Collected samples 
without validation

Laboratory Discrete miR156 detection in 
spiked tobacco leaves; Central 
laboratory CLSM fluorescence 
readout required

[138]

Pesticides Solid MN 
patch

Surface-Enhanced 
Raman 
Spectroscopy 
(SERS)

Thiram: LRR = 10− 4 - 10− 7 M; 
LOD 10− 7 M; Enhancement 
Factor: 692.59

Agricultural samples 
without independent 
validation

Laboratory testing 
of agricultural 
samples

Discrete measurement; 
Central laboratory Raman/ 
SERS instrumentation 
required

[23]

Thiabendazole: LRR 
10− 5–10− 8 M, LOD 10− 8 M; 
Enhancement Factor: 816.91

DNA Solid MN Fluorescence/ 
Colorimetry

LOD: 1 pg; LRR: 1 pg to 10 ng; 
sensitivity: 97.5–100%; 
specificity: 100%

Collected samples 
validation against 
benchtop 
amplification

Laboratory testing 
of laboratory- 
collected samples

Multiplex P. infestans/TSWV 
diagnosis within 30 min; On- 
site analysis

[22]

DNA Solid MN Nucleic acid 
extraction + PCR/ 
qPCR

Detection rate: 100% for samples 
≥3 days post-inoculation and all 
field samples; qPCR sensitivity: 
down to 1.2 pg/μL P. infestans 
DNA

Collected samples 
with validation 
against conventional 
CTAB extraction

Laboratory testing 
of field-collected 
samples

P. infestans DNA extraction in 
1 min; Central laboratory 
PCR/qPCR equipment 
required

[26]

Abbreviations: CLSM, confocal laser scanning microscopy; CTAB, cetyltrimethylammonium bromide; LOD, limit of detection; LRR, linear response range; PCR, po
lymerase chain reaction; qPCR, quantitative polymerase chain reaction; SERS, surface-enhanced Raman spectroscopy.
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of appropriate calibration protocols. Indeed, many studies still rely on 
deionized water or simplified artificial matrices that poorly replicate the 
actual sensing environment, neglecting not only chemical composition 
but also critical physical properties like viscosity, which directly dictate 
mass transport. Notably, this limitation extends beyond MN-based ap
proaches; conventional destructive sampling methods are equally sus
ceptible to cross-contamination between vascular compartments during 
tissue extraction. The resulting mixed fluid compositions obscure the 
true biochemical profile of any single compartment, consequently 
compromising the validation of in planta measurements. Definitive 
interpretation of in planta datasets therefore demands not only well- 
characterized sensors but also an unambiguous understanding of the 
specific target matrix being accessed, a fundamental prerequisite that 
remains insufficiently addressed across the field.

A closely related bottleneck is signal degradation driven by surface 
biofouling at the sensor–plant interface, a ubiquitous phenomenon that 
threatens all electrochemical modalities, including potentiometric, 
amperometric, and impedimetric sensors. Macromolecules present in 
plant sap, such as polysaccharides, proteins, and phenolic compounds, 
can adsorb non-specifically onto electrode surfaces, progressively dete
riorating the sensor's response. While protective antifouling strategies 
like Nafion [140], polymer coatings [141–143] or hydrophilic surface 
treatments [144] have been explored to mitigate these matrix effects, 
they often introduce clear trade-offs, such as increased fabrication 
complexity or attenuated electrochemical responsiveness.

5.2. Field deployment challenges and environmental robustness

To date, nearly all in planta MN studies have been conducted under 
controlled laboratory environments; however, translation to field 
deployment introduces a distinct suite of challenges that transcend basic 
analytical performance. Achieving stable and reproducible measure
ments over extended periods, ranging from several days to weeks, re
mains a critical bottleneck, as reliable multi-day continuous operation is 
rarely demonstrated in the literature. Ambient environmental fluctua
tions drive this limitation. For instance, temperature variations directly 
modulate potentiometric responses as dictated by the Nernst equation 
[145],while simultaneously compromising the catalytic kinetics of 
enzymatic amperometric architectures [146].

Similarly, dynamic pH fluctuations within the plant sap can alter 
enzyme conformation and activity, introducing confounding measure
ment errors. Beyond these chemical variables, physical factors such as 
relative humidity, solar irradiance, and mechanical stress induced by 
wind or localized tissue expansion can jeopardize both the structural 
integrity of the MN arrays and the stability of the biotic–abiotic inter
face. Consequently, integrating co-localized auxiliary sensors, such as 
temperature probes or pH-sensitive MNs, to actively monitor and 
compensate for these environmental variables represents an indispens
able design strategy for securing robust, long-term in planta operation 
[105].

Beyond compensation for environmental fluctuations, reliable long- 
term field operation requires demonstrating that sensor calibration re
mains valid over time. Biofouling, degradation of functional layers, and 
changes at the plant–sensor interface may cause baseline drift, loss of 
sensitivity, or slower response even while the device continues to 
generate a signal. Field-ready systems will therefore require predefined 
recalibration and validation strategies, including acceptable drift limits, 
recalibration intervals, and periodic comparison with independent 
reference methods. In situ drift-monitoring and temperature-supervised 
calibration approaches developed for field-deployed potentiometric 
sensors provide a useful precedent [145], although their applicability to 
in planta MN systems remains to be demonstrated. Long-term studies 
should therefore assess analytical performance over time rather than 
report operational duration alone.

Measurement reproducibility under field conditions represents an 
additional challenge. Variations in measurement-site selection and MN 

insertion depth, angle, and force can alter the tissue compartment 
accessed and, consequently, the analytical response. Field-ready systems 
will therefore require standardized insertion and measurement pro
tocols, ideally supported by automated applicators, to reduce operator- 
dependent variability and enable reproducible measurements across 
plants.

Field applicability must also account for the biological representa
tiveness of the measurement. Although an MN may provide an analyt
ically accurate local signal, insertion-induced tissue perturbation can 
alter the sampled microenvironment, with effects depending on MN 
geometry, insertion conditions, and the plant species and organ. Since 
mechanical wounding can rapidly induce responses such as local and 
systemic H2O2 accumulation, these effects should be characterized and 
accounted for when interpreting early post-insertion signals [147,148].

Manufacturing scalability represents a further barrier. As discussed 
in Section 3.1, many MN platforms rely on multistep and partly manual 
fabrication procedures, including MN preparation, surface modification, 
and deposition of functional sensing layers. These processes can intro
duce device-to-device and batch-to-batch variability in mechanical and 
electrochemical performance. Scalable manufacturing will therefore 
require reproducible fabrication and functionalization routes, together 
with cost-effective quality-control procedures.

Ultimately, long-term validation under greenhouse and field condi
tions, together with compact, low-power electronics for signal acquisi
tion and data transmission, will be required for practical deployment 
(Section 6.1).

5.3. Mechanical and biological interface

The interaction between MNs and plant tissues strongly influences 
both signal stability and plant health. From a sensing perspective, 
incomplete MN penetration can limit access to the target plant 
compartment, resulting in sampling from unintended tissue layers. 
Moreover, variations in insertion depth directly affect the electroactive 
area in contact with the matrix. Both factors ultimately compromise the 
accuracy and reproducibility of quantitative measurements. This chal
lenge is further compounded by the marked mechanical heterogeneity of 
plant tissues, not only across species, but also among different organs 
and developmental stages within the same plant. In addition, long-term 
monitoring must contend with plant growth since tissue expansion and 
developmental changes can progressively alter the mechanical stability 
of the sensor–tissue interface over time. At the same time, MN insertion 
may induce local wound responses, including ion redistribution and ROS 
accumulation, which can modify the composition of the sampled 
microenvironment and bias the analytical readout. Although most 
studies report that short MNs (<1 mm) cause minimal visible damage, 
quantitative assessments of tissue perturbation remain scarce. Future 
studies incorporating physiological indicators (e.g., growth rate, ion 
leakage) and molecular responses, such as ROS accumulation or 
microscopic structural analysis, could provide valuable insights. Corre
lating these parameters with the sensor readout would help discriminate 
between local tissue damage and systemic responses, ultimately guiding 
the design and optimization of less invasive MN sensors.

6. Emerging directions for in planta microneedle technologies

6.1. Fully integrated and flexible microneedle interfaces

Wearable sensors in human health rely on flexible substrates that 
maintain intimate contact with the skin [149]. In plant systems, analo
gous platforms must conform to diverse organs such as leaves, stems, 
and roots while accommodating continuous growth and complex surface 
microstructures. These conditions impose constraints absent from 
human-oriented wearables, as plant surfaces exhibit markedly different 
physicochemical properties and dynamic growth behavior. Plant organs 
undergo rapid morphological changes (e.g., stem thickening or leaf 
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expansion over days rather than months), requiring substrates that 
stretch, bend, and adhere without impeding growth. Conventional rigid 
sensors lack such compliance and may stress seedlings or deform fragile 
tissues.

Similarly, commercial soil sensors are bulky and invasive, making 
them unsuitable for attachment to growing plants. As a result, sup
porting substrates must combine stretchability, bendability, trans
parency (to avoid shading), breathability and gentle adhesion, ensuring 
long-term device stability without obstructing photosynthesis [150]. 
Adhesion is further complicated by organ-specific epidermal features 
such as wax layers, stomatal patterns, trichomes, and superhydrophobic 
surfaces, which hinder conventional bonding strategies [151]. Con
ventional adhesives, ropes, or tapes should be avoided because they 
interfere with local growth. Biomimetic microstructures therefore offer 
a compelling route to conformal adhesion (Fig. 6) [152–158]. Natural 
designs such as hook-like trichomes, thorns, microhooks, or the 
ratchet-like anchoring of Galium aparine inspire mechanical interlocking 
MN patches that adhere through insertion and directional loading, 
without external adhesives or fixtures.

Beyond mechanical attachment, achieving fully autonomous sensing 
systems requires combining MN platforms with compact electronics for 
signal acquisition, processing, and wireless communication. In plant 
systems, however, such integration must remain lightweight to avoid 

mechanical loading of stems or leaves during growth and environmental 
movement. Consequently, miniaturized and low-power electronic 
modules, such as Bluetooth Low Energy communication units, can be 
integrated into lightweight housings with flexible wiring to enable long- 
term operation while preserving plant integrity [159].

6.2. AI-driven analytics and multiplexed MN sensing

Single-analyte measurements in plants often lack diagnostic speci
ficity, as similar biochemical signatures may arise from distinct 
stressors. For example, salicylic acid levels may increase during fungal 
infection, but also under drought stress [160,161]. Consequently, inte
grating information from multiple analytes and environmental variables 
is essential for reliable interpretation of plant physiological states. The 
large and heterogeneous datasets generated by plant sensing platforms, 
including electrochemical signals, environmental parameters, and plant 
physiological indicators, have increasingly motivated the use of AI and 
machine learning (ML) tools [162]. Recent wearable plant-monitoring 
systems illustrate how data-driven approaches can extract meaningful 
patterns from multimodal signals and predict stress responses earlier 
than conventional methods [163–165].

For MN-based sensing, this paradigm becomes particularly impor
tant as future devices aim to simultaneously monitor multiple chemical 

Fig. 6. (a) Picture of golden margined century plant leaf [156], reproduced from Ref. [156]. Copyright 2021 Elsevier. (b) Hooks on the leaf. Geometry and 
orientation of the structure of G. aparine plant [154], reproduced from Ref. [154]. Copyright 2024 John Wiley and Sons. (c) Schematic illustration of the sting of the 
wasp, and corresponding illustration of the multilayer microneedle patch with DCS coating [155], reproduced from Ref. [155]. Copyright 2021 Elsevier. (d) Limpet 
tooth-inspired 3D-printed MN array [158], reproduced from Ref. [158]. Copyright 2021 John Wiley and Sons. (e) Feeding aphid of the family Aphididae sucking on 
phloem sap [157], reproduced from Ref. [157]. Copyright under CC-BY-4.0. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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and physiological markers. Multiplexed MN arrays could combine 
detection of ions, hormones, metabolites, and environmental parame
ters, generating complex datasets that require advanced signal pro
cessing and pattern recognition to interpret plant health and stress 
responses. However, multiplexed MN sensing remains technically chal
lenging. Integrating multiple sensing elements within compact MN 
platforms increases fabrication complexity and device dimensions, 
while high-density arrays introduce signal-processing challenges such as 
channel crosstalk and parasitic capacitances [166]. These issues can 
distort signals, particularly under wide dynamic ranges or high sampling 
frequencies. Future progress will therefore depend on co-designing MN 
arrays with advanced microfabrication strategies and optimized 
signal-processing architectures capable of supporting multi-parameter 
sensing within compact devices.

6.3. Living sensors and plant–material biohybrids

Plants possess intrinsic sensing capabilities, responding to environ
mental stimuli such as light, temperature, gravity, and mechanical 
perturbations through specialized receptors and complex signal- 
transduction networks [167]. These mechanisms regulate tropic re
sponses and stress adaptation, highlighting that plants function as active 
information-processing systems. Plant tissues also exhibit remarkable 
tolerance to physicochemical modification, enabling the development of 
plant–material biohybrids. Recent studies show that plants can interface 
with organic electronic materials such as PEDOT:PSS and carbon-based 
nanomaterials (e.g., carbon nanotubes or graphene) without compro
mising viability [29,88]. Such compatibility arises from non-covalent 
interactions with cell-wall polysaccharides and from the ability of 
these materials to localize within vascular tissues. Taking advantage of 
this inherent compatibility, biohybrid platforms have been explored for 
integrating functional materials directly with living plants. For example, 
microfluidic printing onto leaves has enabled stable material integration 
for sensing and stimulation [168,169]. Although this concept remains at 
an early stage and has not yet been demonstrated with MN platforms, 
these studies illustrate how future MN systems could evolve toward 
biohybrid platforms capable of combining sensing with targeted inter
vention in plant physiological processes.

6.4. Closed-loop MN systems: integrating sensing and targeted chemical 
delivery

Closed-loop MN systems integrate real-time sensing with on-demand 
chemical delivery, enabling automated responses to plant stress. Such 
platforms combine sensing and actuation within a single device, 
allowing interventions to be guided by plant physiological signals. These 
concepts are particularly promising for high-value crops and controlled- 
environment agriculture, where intervention precision directly affects 
yield and quality [170]. A recent example was reported by Cao et al., 
who developed a silk-fibroin (SF) MN platform capable of high-volume 
agrochemical delivery while simultaneously monitoring contaminants 
such as Cd [30]. Although such closed-loop MN systems remain at an 
early stage, this work illustrates the potential of integrating sensing and 
chemical delivery within a single plant-interfacing device.

6.5. Commercial pathways, TRLs and on-the-field adoption

Transitioning MN sensors from proof-of-concept prototypes to com
mercial plant-monitoring technologies remains challenging. Key bar
riers include maintaining stable sensor performance in biological 
environments, mitigating biofouling, and establishing reliable calibra
tion strategies that ensure quantitative accuracy under field conditions 
[14]. In addition, the integration of compact sensing electronics in
creases system complexity and cost, which may require modular archi
tectures that decouple the sensing interface from processing units to 
enable scalable manufacturing. Regulatory and economic factors further 

complicate commercialization. The absence of dedicated frameworks for 
in planta sensing devices raises uncertainties regarding environmental 
impact, biodegradability, and device disposal. At the same time, wide
spread adoption will depend on demonstrating clear agronomic and 
economic benefits through large-scale field validation. The Technology 
Readiness Level (TRL) framework provides a useful reference for 
assessing technological maturity. Based on the studies reviewed here, 
MN platforms for plant sensing currently correspond approximately to 
TRL 4–6, representing laboratory-validated prototypes tested in relevant 
environments but lacking large-scale field deployment and regulatory 
approval [171]. Although MN-based plant sensors are not yet widely 
commercialized, companies working in plant sensing and precision 
agriculture, such as Growera, InnerPlant, and Phytech, illustrate the 
growing industrial interest in plant-integrated monitoring technologies.

7. Conclusion and remarks

Electrochemical MN sensors offer a promising approach for in planta 
chemical monitoring, transitioning plant diagnostics from retrospective 
laboratory assays to real-time, in planta measurements. Combined with 
scalable, low-cost manufacturing approaches, these platforms could 
complement existing precision-agriculture tools. However, translating 
these laboratory prototypes into field-deployable architectures requires 
the emerging field of plant bioelectronics to transcend its current 
boundaries. Further progress will require addressing the challenges at 
the plant–sensor interface by engineering elastomeric, mechanically 
compliant substrates that conform to dynamic tissue growth and achieve 
stable operation across plant tissues, species, and environmental 
conditions.

To unlock the potential of in planta MN sensing, future research must 
shift from simple proof-of-concept analyte detection toward holistic 
analytical robustness and multi-system integration. Reliable quantifi
cation in planta requires improved antifouling and protective sensing 
layers, alongside integrated hardware and data-processing strategies for 
real-time temperature and background compensation. Also, single- 
analyte measurements often lack sufficient specificity to distinguish 
overlapping stress responses. Therefore, combining multimodal MN 
platforms with AI-driven multivariate data analysis could improve the 
interpretation of plant physiological states. Achieving these advances 
will require coordinated efforts across plant physiology, analytical 
chemistry, materials science, and engineering to define relevant targets, 
establish validation protocols, and develop stable, integrated MN sys
tems for plant research, precision agriculture, and food security.
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E. Cebecioğlu, E.E. Özkahraman, U.C. Yener, L. Beker, A wearable touch-activated 
device integrated with hollow microneedles for continuous sampling and sensing 
of dermal interstitial fluid, Adv. Mater. 36 (2024), https://doi.org/10.1002/ 
adma.202304704.

[120] T. Abbasiasl, S. Sarıca, U.C. Yener, E. Yilgor, I. Yilgor, H. Ceylan Koydemir, 
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