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A B S T R A C T

3D-printed microneedles (MNs) have revolutionized the biomedical sector, enabling applications in aesthetic
treatments, vaccine delivery, diagnostics, and real-time biomarker analysis. These minimally invasive structures
advance the development of sensors and biosensors for diverse applications, including human, veterinary, agri-
cultural, and environmental domains. Recent trends favor MNs made from polymers and nanomaterials over
traditional metals, addressing challenges related to cost, biocompatibility, and scalability. In this context, this
review explores recent advancements on different MNs-based sensors, fabricated by 3D printing, highlighting
innovations, shortcomings and also pointing future opportunities to expand their applications in medical, agri-
cultural and environmental domains. Initially, we discuss the general aspects of planning an efficient MN's design
(encompassing possible types and required properties), as well as the choice of materials and manufacturing
techniques for 3D printing polymeric MNs. Next, we examine the relationship between printing techniques, the
manufactured MNs, and their integration with sensors, followed by examples of studies that explore this
connection. Key innovations include the use of biodegradable resins, nanocomposites, artificial intelligence, and
machine learning for design optimization. While biomedical applications dominate, we highlight significant
opportunities for MNs in agriculture and environmental monitoring through tailored manufacturing approaches.
1. Introduction and contextualization

The production of microneedles (MNs) and microneedle arrays
(MNAs) by 3D-printing is an innovative area that directs additive
manufacturing technology toward diverse cutting-edge applications.
Initially focused on the biomedical field, including aesthetic treatments
[1,2] vaccines [3] and diagnostics [4,5], MN-based systems are valued
for their ability to analyze compounds minimally invasively compared to
traditional needle systems. So far, MN sensors have been produced using
various manufacturing techniques, including injection molding,
machining, and advanced lithography, among others. 3D printing offers a
compelling solution for prototyping and manufacturing miniaturized
devices, particularly those that need parametric design optimization or
benefit from mass customization [1].

The concept of MNs dates back to the 1970s, with the patent regis-
tration of a percutaneously administering drug delivery device.
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Specifically, the systemwas an array of projections ranging from 5 to 100
μm that were used to penetrate the stratum corneum and achieve phar-
macological effects [6,7]. In 1995, microneedling techniques were
introduced in aesthetic procedures to treat acne scars and promote
collagen induction [8]. Since then, the modernization of MNs and related
devices has been notable, finding use for transdermal drug delivery [9],
vaccines [10], capture of fluids for clinical analysis and diagnostics [11]
as well as in veterinary [12] and botanical [13] applications. Although
commercially available MNs are primarily made of metallic materials,
the tendency nowadays is to use polymers as major constituents, mainly
using additive manufacturing, also known as 3D printing [14,15]. The
relevant literature demonstrates that, for an efficient adaptation of con-
ventional minimally invasive systems to polymer printed models, several
challenges must be overcome, which involve costs, recyclability and
biocompatibility of resins, and also adjustments towards scalability and
production in mass [15,16]. Nevertheless, in 2020, the World Economic
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Forum and Scientific American recognized MN technology as one of the
most promising emerging technologies capable of transforming the
future of healthcare [7,17]. The current knowledge and new de-
velopments in MNs indicate that there are opportunities to explore MNs’
potential beyond the medical field. A survey in the Web of Science
database using the keyword “microneedle” revealed a rising interest in
this theme for the scientific community (Fig. 1A1). Narrowing the search
with terms “sensors” and “3D-printing” (Fig. 1A2), it is observed the in-
crease in the number of studies about 3D printing for MN, surpassing
those that apply MN for sensors, indicating the diverse and emerging
interest in 3D printed MN.

Techniques such as fused deposition modeling (FDM), liquid crystal
displays (LCD), digital light processing (DLP), stereolithography (SLA),
continuous liquid interface production (CLIP), and two-photon polymer-
ization (TPP), can be performed with instruments like the schematically
illustrated in Fig. 1B. These are suitable for MN and MNAs fabrication
2

with high resolution in a fast and low-cost manner compared to conven-
tional techniques such as molding, micro-milling, lithography, photoli-
thography, and laser cutting. These techniques allow the fabrication of
MN with different morphologies, which can be classified as solid, coated,
hollow, dissolvable and hydrogel MN, as illustrated in Fig. 1C.

Biofluids like sweat, skin interstitial fluid (ISF), blood, and vegetal sap
are reservoir of compounds called biomarkers, such as genetic markers of
cancer [18], cholesterol [19,20], pharmaceutical products [20], and
phytohormones [21]. The specific identification and the monitoring of
biomarkers levels can assist the maintenance of organism homeostasis,
tracking diseases or organ functions [7,22]. Interestingly, in light of
global climate change, the tests of biomarkers using sensors andwearable
technologies have recently been adapted from healthcare field to detect
environmental stressors [22,23]. In this scenario, portable electronic
devices designated to personalized Point-of-Care (POC) represent a cur-
rent technology that enables the strategic planning of actions to mitigate
Fig. 1. (A) Graphical representation of the survey
performed in the Web of Science database about the
number of research articles related to (A1) the
keyword “microneedle”, and (A2) a narrower search
combining the terms “sensors” and “3D printing”. (B)
Schematic representation of some of the instruments
(3D-printers) used for MN fabrication, such as fused
deposition modeling (FDM), digital light processing
(DLP), and bioprinter. (C) Schematic representation of
the main type of MNs. (D) Illustration of the wide
variety of possible applications that can be benefited
by integration of 3D-printed MNs in (bio)sensors.
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issues related to healthcare [24–26], environment [27–29], food industry
[30–33], agriculture [34–36], and livestock [37]. POC allows procedures
and methods to be customized on a case-by-case basis, increasing the
chances of effectiveness in treatments, as well as reducing inputs, and
consequently, decreasing costs, wastes, and the generation of emerging
contaminants. While conventional analytic methods depended on
expensive and complex laboratory equipment, which makes on-site and
real-time monitoring impractical, efforts to develop POC systems sparked
significant interest, stimulating the development of miniaturized devices,
simplified procedures, and faster analysis [38]. MNs and MNAs have
generated significant interest as tools for POC tests. Consisting of mini-
aturized needles, with lengths of 100–1500 μm, MNs can be strategically
arranged as patches [39,40], pen-shaped instruments [41,42], rollers
[43,44], stamps [45,46], and syringes [47], which can pierce, with
minimal invasiveness, biological tissues and other substrates [7,8]. In
this scenario, they represent an attractive approach for the development
of wearable (bio)sensors for continuous monitoring of relevant targets
[11,33,34,48,49].

In this context, this review critically evaluates the progress in MN-
based wearable sensors, highlighting their potential applications in
real-time continuous monitoring of health conditions, diseases, veteri-
nary care, plant health, and environmental sensing. Research findings
published in the last 5 years (but not restricted to) were evaluated, and
strategies that relate MNs application to themost suitable 3D design type,
composition, and manufacturing technique are spotlighted. Despite the
field of MN-based wearable sensors being currently consolidated in the
biomedical and pharmaceutical sectors for health monitoring, this review
discusses the most recent breakthroughs and potential applications for
environmental and agricultural challenges.

2. General aspects of MNs design and fabrication

2.1. Classifications of MNs

The type, design, manufacturing technique, and composition of MNs
vary according to the desired application, such as exemplified in Fig. 1D,
about sensors towards different fields. MNs must be designed to effec-
tively penetrate the tissue’s protective layer in order to reach the target.
In this way, MNs create micropores that facilitate the detection of sub-
stances or drug transport [50]. For instance, in health monitoring and
drug delivery applications, MNs need to pierce the epidermis, reaching
the upper dermal layer without reaching deeper regions containing blood
3

vessels and nerves, thereby minimizing pain and bleeding. The ideal
dimensions of MNs for this purpose range from 50 to 250 μm in width,
15–1500 μm in length, and 1–25 μm in thickness [49].

It is observed that, for sensing applications, MNs require specific
sensor integration strategies, which may include a) printing of MNs and,
in most cases, connected to a flexible substrate; b) integration of MNwith
sensing materials or electrodes; c) modification of MNs with recognition
elements. Thus, the objective of integrating MNs to sensors is to combine
biomolecular analysis within a single device, optimizing detection
technologies. These systems can be classified as mass, magnetic, elec-
trochemical, and optical, depending on the transduction principle
employed for the detection [50,51]. The MNs associated with sensing
devices can be classified into five main categories [52,53]: 1) solid MNs;
2) hollow MNs; 3) dissolvable MNs; 4) coated MNs; and 5)
hydrogel-forming MNs, as illustrated in Fig. 1C and also depicted in SEM
images shown in Fig. 2A–E.

2.1.1. Solid MNs
Solid MNs are fully filled structures and can be fabricated using

ceramic materials, nickel, stainless steel, titanium, silicone and polymer
resins [59]. From solid MNs, the transport of substances, whether for
sensing or delivery applications, occurs via passive diffusion [49,52]. For
biomedical applications, solid MNs create microchannels upon insertion
into the skin’s superficial layer, facilitating the transport of bioactive
compounds to deeper layers. In comparison to intramuscular adminis-
tration, solid MNs demonstrate advantage in vaccine delivery, for
instance, providing a longer duration of action [60]. In agricultural ap-
plications, MNs are utilized to administer agrochemicals into plant tissues.
The microchannels created by the needle insertion temporarily increase
tissue exposure to agrochemicals, promoting greater absorption [61].

In sensing applications, solid MNs can be modified in order to create
electrode materials for electrical or electrochemical purposes. Ap-
proaches involving the coating of solid MNwith conductive materials are
commonly found in literature [62], and will be discussed in the next
section. Solid MNs are considered easy to prepare, cost-effective, and, in
certain cases, reusable [52]. The choice of materials plays a crucial role in
determining mechanical strength, biocompatibility, and reuse capability.
However, for agricultural applications, repeated interventions in the field
may present operational challenges. To address this issue, an increase in
MNs density has been proposed, allowing for larger quantities of agro-
chemicals per application, thereby reducing the frequency of in-
terventions [61].
Fig. 2. Distinct types of MNs that can be
employed in sensing devices. (A and A1)
Optical and SEM image of solid MN.
Reprinted with permission from Cheng et al.
[54] Copyright 2022, Elsevier. (B and B1)
Freshly produced dissolvable MN, and MN
after 15 min of dissolution. Reprinted with
permission from Tian et al. [55] Copyright
2022, Elsevier. (C and C1) Photograph and
SEM image of hollow MN patch. Reprinted
with permission from Paul et al. al [56]
Copyright 2019, American Chemical Society.
(D, D1 and D2) SEM images of hydrogel MN
patch, tilted view (30�, scale bar: 500 μm)
and Front view (scale bar: 200 μm), respec-
tively. Reprinted with permission from Yi
et al. [57] Copyright 2023, American
Chemical Society. (E, E1 and E2) SEM image
of MN array, porous coated MN containing
therapeutics in the pores prior to coating of
the Eudragit S100 film and after coating the
Eudragit S100 film, respectively. Reprinted
with permission from Ullah et al. [58]
Copyright 2021, Elsevier.
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2.1.2. Coated MNs
Coated MNs are solid structures whose surface was modified with

materials or bioactive compounds, such as conductive materials, nano-
particles, macromolecules, elements of recognition, drugs, etc. In the
context of biomedical applications, these MNs must pierce the skin and
release or collect substances [52]. Besides, for efficient drug delivery, the
amount of compound delivered directly depends on the geometry and size
of the MNs, which affect the coating thickness and reliability of the
coating process [60]. For instance, Ullah et al. [58] developed MNs
capable of breaking biofilm barriers and releasing drugs in a
pH-responsive manner within wounds. Metallic MNs were coated with a
porous layer of poly(lactide-co-glycolide) (PLGA) designed for drug
loading, where the PLGA was coated with a gelatin layer, which not only
imparted porosity to the structure but also aided the healing process. This
layer was then coated with an Eudragit S100 film, a pH-sensitive polymer.
Eudragit S100 is insoluble in acidic pH, maintaining the film’s integrity in
healthy environments and preventing premature drug release. However,
in alkaline pH conditions typical of wounds, Eudragit S100 dissolves,
delivering the drug directly to the affected site [58]. This type of strategy
can also be applied to polymer MNs. For instance, modifying MNs by
attaching components responsive to the analyte of interest on the MNs
surface [63] was a strategy adopted by Sulaiman et al. [64]. The authors
reported the use of poly(L-lactide) (PLLA) MNs coated with alginate and
peptide nucleic acid (PNA) for the isolation and detection of nucleic acid
biomarkers within skin interstitial fluid. The attached PNA can be modi-
fied to match the complementary miRNA of interest. In the study, the
authors used a PNA complementary to a biomarker associated with early
systemic melanoma recurrence, enabling minimally invasive monitoring.
In addition to being minimally invasive, the use of hydrogel MNs offers
the advantage of collecting a larger volume of interstitial fluid over a short
period due to their swelling capacity.

2.1.3. Dissolving MNs
In contrast to solid MNs, which are typically fabricated from metallic

or ceramic materials, soluble MNs are predominantly developed using
natural, water-soluble, inert, biodegradable, and bioresorbable polymers.
These MNs have gained attention due to their low waste generation, as
they gradually dissolve upon insertion into the skin, releasing the drug in
a controlled manner within the body without the need for subsequent
removal [52]. Among their main advantages are high drug-loading ca-
pacity, simplified manufacturing processes, and ease of application. Due
to their dissolution characteristics after insertion, these MNs are partic-
ularly suited for drug delivery rather than applications as biosensors
[61]. In this context, Tian et al. [55] investigated the development of
MNs containing influenza antigens. In ex vivo tests with human skin, the
MNs exhibited adequate stiffness to penetrate the skin and completely
dissolved within 15 min. In experiments involving vaccine inoculation in
mice, usingMNs, it was observed that the immune response, measured by
antibody titers, was comparable to that obtained in mice vaccinated
through conventional intramuscular injections.

2.1.4. Hollow MNs
Hollow MNs resemble hypodermic needles, albeit on a smaller scale,

and are promising for drug delivery and sensing applications. These MNs
feature an empty interior, allowing them to be filled with drugs for
controlled drug delivery applications or to have their inner surface
modified with receptors, making them suitable for use as sensors [52].
This type of MNs is one of the most explored for detection purposes,
mainly for sampling (procedure employed to extract and concentrate
analytes), resulting in improved detection limits and greater precision in
sensory analyses [61]. Morphologies with microchannels, like hollow
MN, are particularly explored for electrochemical configurations, since
filling MN apertures with conducting materials has proven to be an
effective strategy for fabricating miniaturized electrodes [20,65,66].
However, designing these MNs presents challenges, such as structural
fragility and the risk of clogging. To address these issues, strategies such
4

as using a tapered design instead of straight structures and incorporating
lateral openings have been proposed [52].

2.1.5. Hydrogel-based MNs
Hydrogel-based MNs work similarly to dissolvable MNs, eliminating

the need for removal after insertion in the body. However, they stand out
due to their higher drug storage capacity, making them particularly
suitable for controlled drug release applications [67]. Once inserted into
the tissue, these MNs absorb biological fluids, which results in the
swelling of the structure and the subsequent formation of channels that
facilitate the controlled diffusion of the substances, either for sampling or
delivery [53]. For sensing applications focused on diagnostics and
monitoring, sensing elements can be incorporated into the matrix of the
hydrogel. Upon interaction with the target on biofluids, responses based
on the chosen detection method are collected [50].

Among the main advantages of hydrogel MNs, compared to other
types of MNs, are the absence of sharp residues after use and the possi-
bility of production from abundant and biocompatible materials [68].
Unlike solid MNs, hydrogel MNs interact more effectively with the skin,
avoiding needle retraction issues that can compromise signal efficacy.
Furthermore, solid MNs can trigger immune responses upon insertion into
the skin and present a risk of needle breakage at the application site [69].

To develop effective and compatible new devices, Ausri et al. [69]
investigated the efficiency of hydrogel MNs composed of poly(3,
4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS), hyal-
uronic acid, and dopamine, for ketone monitoring to prevent diabetic
ketoacidosis, a severe complication of type 1 diabetes. Dopamine was
used for continuous and real-time measurement of ketone bodies and as a
cross-linking agent, ensuring the stability of the detection components
within the hydrogel. Hyaluronic acid was selected for its ability to
covalently interact with dopamine, while PEDOT:PSS was incorporated
to enhance electrical conductivity. The highly cross-linked MNs exhibi-
ted good mechanical strength, allowing efficient skin penetration while
maintaining flexibility and tissue compatibility. Electrochemical analyses
showed that the MNs were able to detect ketone levels with a sensitivity
of 0.08 mM and values within a concentration range of 0.6–1.5 mM,
enabling early monitoring of the onset of diabetic ketoacidosis.

Considering environmental sensing applications, Yi et al. [57]
investigated the development of a hydrogel MN patch based on sodium
hyaluronate and polyvinyl alcohol with Ag nanoparticles. The system
was employed for the simultaneous detection of Thiram and Thiaben-
dazole (TBZ) residues on the surface and interior of agricultural products,
respectively, in an efficient and minimally invasive manner. The MNs
were fabricated using molds obtained via 3D printing, providing a
structure with a high surface area. The design of the hydrogel MNs
allowed their efficient insertion into agricultural samples, absorbing TBZ
within the interior, while the patch base detected Thiram on the surface,
enabling simultaneous detection, which is difficult to achieve with con-
ventional sensors. The results demonstrated that the hydrogel MNs
exhibited sufficient mechanical strength to penetrate the samples, and
that the addition of sodium hyaluronate polymer increased the MNs
swelling capacity, making detection analyses faster and more efficient.
Sensing studies were evaluated using surface-enhanced Raman spec-
troscopy (SERS) and demonstrated detection limits of 10�7 and 10�8 M
for thiram and TBZ, respectively.

2.2. Criteria for MNs properties

When it comes to MNs, the desired final application is the main factor
determining the essential properties that the device must possess. How-
ever, most MNs require a set of key parameters and properties during
development, encompassing structural, mechanical, chemical, and
functional characteristics [70–73]. The first property to consider in MNs
is the mechanical strength. To ensure efficient penetration, MNs need
sufficient strength and rigidity to avoid breaking or deforming during
insertion into human skin or plant tissues [71,73]. Optimizing the size of
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MNs is also crucial to minimize excessive tissue damage. Therefore, the
MNs should display precise dimensions, including specific diameters and
lengths that allow them to reach only the target layer. The properties of
the needle are influenced by the material employed, geometry, and
especially by the shaft width, which generally ranges from 10 to 300 μm
[73]. Details regarding mechanical evaluation and geometry aspects
have been explored in the literature and are presented in the next topic.
The second critical property is biocompatibility [74,75]. For human ap-
plications, the materials used in MNs must reduce the likelihood of
adverse reactions and avoid triggering immune rejection. A similar
principle applies to applications in plants, as MN insertion may activate
defense metabolite release if the plant's system perceives the device as a
threat. A third essential property for MNs is chemical functionality,
particularly for MNs designed to release pharmaceutical substances,
nutrients, or pesticides in a controlled manner. Incorporating these
substances within or on the surface of the MNs should allow controlled
release for efficient absorption by human or plant systems [70,71,73].
For environmentally friendly MNs, an essential property is the biode-
gradability or recyclability of the materials employed [72]. This is
especially important for devices used in environmental or agricultural
monitoring, where MNs may remain in the environment after use.
Finally, environmental and chemical stability is necessary. For outdoor
applications or extended use in humans, MNs must withstand humidity,
temperature variations, and UV exposure without compromising their
mechanical or chemical properties [72].

2.2.1. Mechanical properties
The mechanical properties of MNs are a critical parameter and must

be carefully evaluated, as MNs need to withstand significant stress to
penetrate barriers such as the skin or other materials under analysis.
During tissue piercing, MNs may encounter considerable resistance,
making it essential for them to possess adequate mechanical strength to
avoid deformation, bending, or fracture. Mechanical issues, especially
with solid MNs made from metals, glass, ceramics, or silicon, can
compromise the efficiency and long-term safety of the process [76]. The
substrates to be pierced comprise multiple layers, like the skin stratum
corneum, the main barrier against MN penetration [76]. In the case of
skin, besides the mechanical properties of MNs, it is equally important to
consider the mechanical characteristics of the skin, which vary depend-
ing on factors such as the patient's age and body region. Viscoelasticity,
for example, is a vital characteristic, as it provides elasticity to the skin,
enabling it to stretch under external forces [77].

The mechanical strength of MNs is typically evaluated by tests that
include axial and lateral force application, plate resistance testing,
buckling, and flexibility tests. Among these tests, axial and lateral forces
are primarily assessed. Axial force is defined as a product of the yield
strength of the needle matrix material and the cross-sectional area of the
needle tips. Reducing the needle tip radius can, in turn, minimize the risk
of MN buckling, where the buckling force is the maximum force MNs can
withstand before fracturing. The axial force test involves applying a
compressive force perpendicular to the MN base. During the test, force-
displacement curves are obtained by moving metal plates against the
MNs and recording changes in displacement and applied force. The point
at which the force changes abruptly imply in the MN’s breaking point
[53]. Similarly, lateral force tests follow the same principle as axial tests,
but involve applying transverse forces parallel to the MN base. MN
fracture resistance, as in axial tests, is also measured through
force-displacement curves, which are critical metrics for evaluating
structural stability [53]. Moreover, for MNs to remain stable and with-
stand applied forces without undergoing deformation or fracture, the
minimum applied force should be lower than the buckling and flexibility
force. This ensures that MNs possess adequate mechanical strength for
safe and efficient applications [60,76].

Stress-strain curves are widely used to assess tensile strength, elon-
gation at break, and tensile modulus. In stress-strain curves, the mate-
rial’s elastic region is identified at the start of the curve, representing the
5

elastic deformation where the applied stress is proportional to the strain.
At a certain point, the material reaches a critical juncture where it un-
dergoes plastic deformation. Increased applied stress eventually leads to
material rupture, thus defining a breaking point [76]. Another essential
aspect is related to the base that supports the MNs, which also needs to be
sufficiently robust and flexible to adapt appropriately to the application
surface. Bending tests are thus conducted to evaluate its resistance and
adaptability [76,78]. However, insertion tests on real skin are crucial to
validate simulated mechanical tests. Finally, it is important to note that
the mechanical properties of MNs are directly influenced by several
factors, including material composition and geometric parameters such
as thickness, length, and needle diameter. These factors play an essential
role in determining the efficacy and durability of MNs in practical ap-
plications [76].

2.2.2. Geometry
Needle geometry not only directly influences mechanical properties

but also determines drug loading in biomedical applications. The most
evaluated shapes in MN development include conical and pyramidal
configurations [79]. In this context, Li et al. [80] explored different MN
geometries for delivering the drug Ovalbumin (OVA), assessing conical,
cylinder-conical, rectangular-pyramidal, and hexagonal-pyramidal nee-
dle geometries. In rat skin insertion tests, conical MNs showed superior
performance, with 95% penetration efficiency, while the other geome-
tries demonstrated lower performances. Cylinder-conical MNs, for
instance, achieved an insertion efficiency of only 40%. Dissolution tests
further indicated that conical MNs were also the most efficient, achieving
complete dissolution within 20 min. In subsequent drug delivery tests,
these conical MNs demonstrated delivery efficiency comparable to con-
ventional hypodermic injections, establishing themselves as an effective
alternative for drug administration.

2.2.3. Additional properties for sensing application
The application of MNs as electrochemical, colorimetric, and fluo-

rescent sensors requires some key additional properties [49,81]. In the
case of impedimetric and electrochemical sensors, the MNs should pre-
sent electrical conductivity to ensure efficient signal transduction, opti-
mizing reaction efficiency and accurate signal transmission [82]. This
can be achieved by using conductive layers made of metals (Au or Pt) or
carbon-based nanomaterials (graphene or carbon nanotubes) [83–86].
Furthermore, MNs should allow for surface functionalization, which
enables the addition of specific molecules or enzymes to enhance the
detection of biomarkers or target compounds, especially for optical or
colorimetric sensors that provide a visual response [49]. This function-
alization promotes specific interactions between the MN surface and
analytes of interest, contributing to the sensitivity and selectivity
required for diagnostic and environmental monitoring applications
[87–90]. Finally, another crucial property of sensory MNs is electronic
integration. MN-based sensors often pair with portable electronic circuits
to transmit real-time data, requiring MNs to be easily integrated with
electronic chips or wireless communication systems as Wi-Fi or radio
frequency [15,87,91–93]. This design allows data transmission without
compromising signal integrity.
2.3. Polymers and composites for MNs manufacturing

A broad range of materials and their combinations have been pro-
posed for MNs fabrication. Biocompatible polymers are suitable alter-
native materials owing to their lower costs, safe disposal after use, and
adaptability for more affordable techniques of fabrication [15]. Howev-
er, for the effective replacement of conventional metallic MNs, the
polymeric microstructures must present specific properties, including
biocompatibility, low-cost, ability to pierce the skin and endure sterili-
zation process [94,95]. The balance between performance metrics and
cost requires careful consideration regarding precise planning of the
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geometry, in order to avoid deformation or breakage during application,
as well as in experimental procedures, avoiding, for example, shrinkage
during curing or degradative effects during preparation steps. In order to
fabricate structures with adequate durability and mechanical strength, it
can be inspired or adapted from existent investigations that demonstrate
such improvements. For example, polymer MNs capable to pierce the
skin without compromise their structures and, in some cases, with
penetration ability superior to metallic MNs of similar geometries have
been reported [96–98].

Methacrylated biopolymers have enabled the development of pho-
topolymerizable resins used for MNs manufacturing via 3D printing
[99–102]. This approach is interesting as it encompasses natural poly-
mers, such as cellulose, chitosan, chitin, and starch, as well as its de-
rivatives, enabling the fabrication of sustainable and eco-friendly devices
[40]. Liquid photopolymerizable resins used for molding and 3D printing
are composed of reactive monomers and/or oligomers containing
methacrylate and epoxy groups, which can photopolymerize in the
presence of a photoinitiator and exposure to light, resulting in
three-dimensional polymer networks [103]. These resins are primarily
petroleum-based, although recent studies have made advances in the use
of biopolymers such as cellulose [104,105], hyaluronic acid [101,106],
bovine serum albumin [107], chitosan [108], gelatin [102] among
others. For biopolymers to be feasible as photopolymerizable resins,
chemical modifications are necessary to introduce groups susceptible to
radical crosslinking, as occurs with the grafting of methacrylate groups,
known as methacrylation [104,109]. Hydrogels for 3D printing also
involve methacrylation and photopolymerization of diverse polymers,
and the use of biopolymers for this type of application is a growing
tendency.

One of the most explored biopolymers for producing photo-
polymerizable resins with high scaling potential is cellulose, as its
occurrence and abundance are directly associated with plant biomass
[110,111]. Due to its natural availability and its abundant presence as a
waste product in the paper industry, cellulose has been used in studies
that aim at replacing fossil-derived materials for a variety of applications,
ranging from packaging [112] to biomedical applications [107]. Cellu-
lose is a linear polymer made up of repeating β-(1→4) glucopyranose
units and can also be represented by the repeating cellobiose dimer unit,
with each β-D-glucopyranose ring originally having three hydroxyl
groups, including two secondary alcohols (on carbons C2 and C3) and
one primary alcohol on carbon 6, which is more reactive and susceptible
to substitution than the other hydroxyl groups [113,114]. For instance,
from carboxymethylcellulose (CMC) and cellulose nanocrystals (CNC),
Soullard et al. [104,105] reports the esterification at the hydroxyl group
on the C6 carbon of the unsubstituted glucopyranose ring, resulting in
methacrylic anhydride (MA) producing cellulose-based photo-
crosslinkable aqueous formulations. Attempts of printing objects showed
that the formulations have the potential to manufacture 3D structures.
Formulations using a biocompatible photoinitiator and the methacylated
CNCs added as fillers, showed stable colloidal properties in water, which
reduced crosslinking time and preserved hydrogel elasticity after
swelling. The cryogels were cytocompatible with fibroblast cells, high-
lighting the potential of these formulations in medical applications.

The use of composites and nanocomposites in MN is also feasible and,
while their application is still limited, it can benefit from the unique
properties and significant advantages offered by nanoscale materials and
devices [115,116]. The high surface area-to-volume ratio, high load ca-
pacity, and the ability to tailor the size, morphology, and surface
chemical composition of nanostructures for specific applications have
driven nanotechnology to contribute across various fields of knowledge,
including biomedical applications, bioimaging [117,118], drug delivery
[119–121], and diagnostics [122–124]. Studies exploring the combina-
tion of nanomaterials to polymer resins directed to 3D-printing fabrica-
tion of MN are still sparse. This observation indicates the space for
novelties, exploring nanostructured formulations and the broad spectrum
of additional properties that nanomaterials can provide.
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2.4. Fabrication of polymer MN by 3D printing technologies

Additive manufacturing (AM) encompasses a set of versatile 3D
printing technologies that enable the fabrication of three-dimensional
structures with complex geometries through the controlled layer-by-
layer deposition of varied materials (metal, ceramic, or polymer)
[125–127]. The first step involves creating a model and designing the
structure to be printed using CAD-based software [128–130]. Next, a
Standard Triangulation Language (STL) file format is generated, which is
the standard data format for this process [131]. The file is then trans-
ferred to the 3D printer, where it is sliced into layers for the construction
of the designed 3D structure.

3D printing technologies enables major advances in the fabrication of
custom MNs with complex geometries [132,133] with high resolution
and easy application, achieving fast, low-cost, clean production with less
material waste [134–136]. These aspects set this approach apart from
conventional techniques (molding, micro-milling, lithography, photoli-
thography, and laser cutting) [137–139]. Despite this, challenges still
need to be overcome regarding the selection of the material to be printed,
as well as the mechanical resistance, biodegradability, and biocompati-
bility of these devices [133,140,141]. Given this, MN manufacturing by
3D printing technologies based on FDM, and VAT photopolymerization
stand out. A schematic representation of the most explored 3D-printing
techniques is shown in Fig. 3.

FDM technology is based on the melting of thermoplastic polymers
(in the form of filaments), followed by the extrusion and deposition of the
molten material layer-by-layer on the heated printing surface, where the
material solidifies, taking on the designed shape [144]. Due to the
viscoelastic characteristics of polymers, thermoplasticity plays an
important role in shaping the molten and extruded filament, as well as in
the adhesion between the deposited layers after solidification [145,146].
Printing parameters such as extrusion nozzle diameter, processing tem-
peratures, speed, orientation, and printing angle may also promote
under-extrusion, surface defects, low quality, and loss of mechanical
strength of the printed material [147–149].

FDM technology is the most popular among additive manufacturing
technologies, due to its easy accessibility, lowcost, fast production, non-use
of solvents, and the possibility of printing flexible or rigid devices [150,
151].However, it isworthhighlighting some limitations of this technology,
such as the temperature gradient generated at the time of printing,
biocompatibility, and low resolution of the devices [146,152]. Actually,
many polymers have been processed by FDM [153], and it is worth high-
lighting the possibility of producingfilaments incorporatedwith graphene,
carbon nanotubes, graphite, or carbon black to improve the mechanical,
electrical, and thermal properties of 3D-printed materials [154–158].
Concerning the production of MNs by FDM, the effect of 3D printing pa-
rameters on the dimensional accuracy and geometry of these devices stands
out, in addition to the possibility of carrying out post-printing chemical
treatments aimed at improving both the size and shape of the MNs [159,
160]. Themanufacture ofbiodegradableMNs capable of acting asplatforms
for transdermal drug delivery has also been reported [161].

VAT photopolymerization brings together a set of 3D printing tech-
nologies that encompasses SLA, DLP, TPP, LCD, and CLIP [153]. For this
purpose, photocurable resins [162–165] based on bisphenol A diglycidyl
ether (DGEBA), pentaerythritol tetraacrylate (PETA), dipropylene glycol
diacrylate (DPGDA), or trimethylpropane triacrylate (TMPTA) have been
used, or polymers functionalizedwithmethacrylate groups based on gelatin
[166]. Silk fibroin [167], poly(2-hydroxyethyl methacrylate) [168], car-
boxymethyl cellulose [169], chitosan [170] and hyaluronic acid [171,172]
can also be used as substrate. Fundamentally, the 3D printing process oc-
curs in the presence of a photoinitiator, such as: bis(2,4,6-trimethylbenzoyl)
phenylphosphine oxide (Irgacure 819), bis(2,4,6-trimethylbenzoyl)
phenylphosphine oxide, diphenyl(2,4,6-trimethylbenzoyl)phosphine
oxide (TPO), 2,20-azobis-2-methyl-N-(2-hydroxyethyl)propionamide
oxide (VA-086), 2-hydroxy-40-(2-hydroxyethoxy)-2-methylpropiophenone
(Irgacure 2959) and 2,2,6,6-tetramethyl 1-pyridinyloxy (TEMPO)



Fig. 3. Schematic representation of different 3D printing technologies. The main elements of the instruments used for each technology are indicated. The abbrevi-
ations located at left side of each scheme are related to the name of the technique, as follows: (A) FDM, (B) Stereolithography, (C) DLP, LCD, CLIP, and TPP.
Figure adapted from Sirbubalo et al. [142] Copyright 2021, MDPI, and Chekkaramkodi et al. [143], Copyright 2024, Elsevier.
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[173–176]. The polymer solutions containing the photoinitiators are
placed in a tank and then exposed to ultraviolet (UV) radiation in the range
of λ ¼ 365–405 nm [177–179]. It is worth noting that each technology
based on photopolymerization in a vat will present its intrinsic issues
concerning speed, time printing capacity, resolution, and precision of the
devices constructed [180–182].

In the search for better processing conditions for materials in photo-
polymerization using VAT, composite materials have been developed that
allow obtaining customized high-resolution products, with better me-
chanical resistance properties (tensile or compression), high corrosion
resistance, and low cost [183] since using only one material it is difficult
to meet all project demands [184–187]. Thus, by combining the materials,
composites have been developed that are capable of meeting piezoelectric
demands, through the incorporation of barium titanate [188] filtration
through the addition of alumina microparticles [189], improvement of
mechanical resistance through the creation of new photopolymerizable
resins based on methacrylate and acrylate extracted from green sources
[190], increase of electrical conductivity through the combination of the
polymers poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PSS)
and polyethylene glycol diacrylate (PEGDA) in aqueous solution [191]
increase in the sintering temperature through the incorporation of
aluminum nitride and yttrium oxide to the photosensitive resin [192].
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LCD and CLIP technologies stand out in the fabrication of MNs by in-
VAT polymerization. In LCD technology, devices are built bottom-up
[193]. Besides, LCD is used to manufacture hollow devices with com-
plex geometries, at low cost and with a vertical resolution of ~50 μm
and a horizontal resolution of ~150 μm [194]. From the literature re-
view, only a few works have demonstrated the fabrication of devices
based on MNs by LCD for the sensor area. Alternatively, the published
works are focused on the controlled release of drugs [195–198]. CLIP
technology [3] uses an oxygen-impermeable window that inhibits
photopolymerization, preventing the adherence of the constructed part
to the printing window [199]. Thus, the polymeric material can flow
freely into the so-called “dead zone” [200], allowing continuous
layer-by-layer production [201,202], making it possible to produce
high-resolution devices [203], such as square-based pyramidal geome-
try and designs, using polymers such as trimethylolpropane triacrylate,
polyacrylic acid, and photopolymerizable derivatives of polyethylene
glycol and polycaprolactone, in fast production times (<10 min) [204].
Similarly to LCD, MN-based devices manufactured by CLIP technology
are focused on the drug delivery [3,205]. It is worth noting that LCD and
CLIP technologies have not yet been employed to fabricate MN-based
platforms to act as sensors, suggesting opportunities for new research
efforts.
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Regarding the fabrication of MNs and MNAs for sensing applications,
the most explored technologies are based on SLA, DLP, and TPP. Thus,
SLA technology has enabled the development of devices used in the
controlled release of high molecular weight antibiotics [206] treatment
of human squamous cell carcinoma A431 [207], as well as to detect
diseases in plants caused by bacteria [208]. Using SLA technology, it is
possible to fabricate solid MNs smaller than 100 μm [142]. Moreover, the
curing times of the deposited layers range from 2 to 100 s, resulting in
printing speeds ranging from 5 to 1000 mm/height, and layer heights
range from 25 to 200 μm, allowing structures with resolutions of up to
100 nm to be obtained [209,210]. SLA also allows the construction of 3D
structures using the free surface method, where parts are manufactured
from the bottom up from a support platform that rests just below the resin
surface, or using the constrained surface method where a construction
platform can be suspended above the resin bath [142,211].

Another AM technology used in the production of MNs is DLP, which
enables faster manufacturing due to the greater exposure of the polymer
solution to UV radiation in a smaller area [180]. In this case, DLP em-
ploys a digital light projector, in contrast to SLA technology, which is
point-based and relies on mirrors to direct the light [212]. Besides, DLP
technology has a pixel printingmethod that allows for the construction of
small devices with complex geometries displaying high resolution and
precision [213]. DLP technology has enabled significant advances in the
manufacture of customized MNs concerning printing parameters [214],
type of polymers [166,215,216] and photocrosslinkers [175], cross-
linking time [217], device design [218], mechanical properties [217],
controlled drug delivery [2,219–222] and biocompatibility [223].

TPP is another 3D printing technology employed in the fabrication of
MNs [224–226]. It uses focused ultrashort laser pulses to promote the
phenomenon known as “two-photon polymerization” in a well-localized
spatial region of the sample. This technique can be used for photosensi-
tive resins, hydrogels, and composites [227–230], enabling the fabrica-
tion of complex layer-by-layer structures at the micro- and nanoscale
[231,232]. By using TPP it is possible to produce MNs with a high degree
of control over the designed geometry [14,227,233,234], also allowing
to obtain MNs in different geometries for controlled drug release. For
instance, MN can be obtained using TPP with a variety of dimensions and
shapes. These include heights ranging from 200 to 400 μm, inner
diameter of 80–120 μm, tip wall thickness of 5 μm [75], height of
900–1300 μm, in conical, pyramidal, cross-shaped and pedestal shapes,
with base widths of 300–500 μm and spacing 100–500 μm [235]; and
conical devices with 3 � 3, featuring heights of 800 μm, base diameter of
250 μm, needle diameter of 30 μm, inter-needle distance of 1000 μm, and
base height of 50 μm [236]. While TPP enables the fabrication of MN
with high resolution, on small scales, it presents some drawbacks. These
included materials shrinkage after photopolymerization, which can
result in structural defects in the final product [237], the low biocom-
patibility of commonly used resins, lengthy processing times, high pro-
duction cost, the need for photosensitive materials and challenging in
maintaining the integrity of the printed devices [138].

In comparison to traditional micromolding methods, 3D printing has
been shown to be more suitable for MN manufacturing, offering
enhanced precision, customization, and scalability. This technology en-
ables the fabrication of MNs with the high dimensional accuracy neces-
sary for precise applications, leading to improved performance and
expanding their potential uses. However, challenges remain, particularly
regarding scalability and regulatory compliance, which must be
addressed to bring 3D-printed MNs closer to commercialization [238,
239]. As the adoption of 3D printing in MN fabrication is relatively
recent, establishing efficient large-scale production processes will require
time and refinement. Manufacturers must evaluate the cost efficiency of
3D printing compared to traditional techniques, particularly for mass
production [238,240]. Additionally, advancements in printing technol-
ogies are crucial to address the trade-off between print resolution and
build size, ensuring scalable and consistent production [239]. The
different 3D printing methods offer unique advantages based on
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resolution, material compatibility, and also scalability. Techniques like
SLA and DLP, for instance, deliver high-resolution capabilities, making
them ideal for intricate MN designs, while FDM provides cost-effective
scalability and versatility in material selection, suited for larger-scale
production [239,240]. Conversely, TPP, while capable of producing
highly detailed structures of small dimensions, faces challenges related to
high costs and lengthy production times, limiting its scalability [240].

3. Relation 3D-printing – microneedles – sensors

The integration of 3D-printed MNs into sensor and biosensor devices
necessitates enhanced collaboration across materials science, chemistry,
physics, biology, and computer science. Besides, the integration of arti-
ficial intelligence (AI) tools enables enhanced quality control by moni-
toring and predicting potential imperfections in the printed device
shapes. AI can also assist in selecting materials for specific 3D printing
technologies, optimizing drug selection for disease treatments, and
intelligent monitoring of various biomarkers, such as glucose, urea,
acetylcholine, alcohol, and glutamate, in real time. To achieve this, it is
essential to integrate these sensing platforms to IoT technology
[241–244]. Moreover, practical issues associated to the long-term use of
MNA as sensors, as well as for real-time analysis, face technological
challenges and need to be evaluated in a multidisciplinary way. It in-
cludes fixing on the surfaces, stability of the electrochemical signals
during monitoring, data reliability and biofouling. Some technological
barriers in sensor integration within MNs can be overcome with previous
planning. Achieving high sensitivity while maintaining miniaturization is
one of the key challenges. The small surface area of MNs can limit the
space available for functionalization with recognition elements (e.g.,
enzymes, aptamers, or antibodies), which are crucial for selective analyte
detection [245]. Moreover, due to the small sample volumes collected by
MNs, the signals generated can be weak and prone to noise and in-
terferences [246,247].

Table 1 presents a collection of information regarding the use of 3D-
printed MNs for (bio)sensing, extracted from representative research
articles. The literature reports that the integration of MNs in (bio)sensors
devices is motivated by the more effective sampling and biomarkers
capture, association with microfluidic devices, among other reasons. The
strategies adopted to integrate MNs with wearable sensors are discussed
and exemplified in the next topics.

3.1. MNs for sampling and biomarkers’ capture

Since one of the challenges associated with ISF analysis regards to the
efficient extraction of target analytes (sampling) [252], the integration of
MNs into wearable sensors aims to concentrate and capture biomarkers,
promoting the sampling and testing [66,252,251]. Hollow MN mor-
phologies [252,248,258] are the primary designs explored to address
sampling challenges. However, increasing interest has also been
observed in solid [39], swellable [90,259,260], porous [261,262], and
other [263,264] MNs shapes. Swellable and porous MN fabrications are
still mainly related to techniques of molding, suggesting opportunities
towards 3D printing techniques [66,252]. Investigations about strategies
for sampling and detection are the focus of recent researches [66,252,
254]. For instance, Cheng et al. [252] proposed a strategy to address
sampling difficulties for ISF analysis, where they developed a platform
that combines controllable hollow MNs and microfluidic paper-based
analytical devices. The MN were fabricated using micro-SLA printing,
along with a rectangular platform containing two branched channels and
two circular detection areas. This platform was integrated with a bottom
PDMS layer designed to produce negative pressure for sampling. Fig. 4A1
shows the image obtained by scanning electron microscopy (SEM) of a
conical MN, which contains a single channel. To guarantee the good
hydrophilicity to facilitate the liquid absorption and transport, the au-
thors applied plasma surface treatment to the MNA. The fluid draining
ability was tested using a red dye solution, for better visualization (Fig.



Table 1
Examples of recent MN-based wearable sensors, detailing the MN morphologies, 3D-printing method employed for the device construction, and the sensing experiment
information.

MN morphology Sensing method 3D printing technique Biomarker/analite Biofluid Ref.

Hollow Electrochemical DLP Ketone bodies ISF [5]
Electrochemical DLP Glucose, uric acid and pH ISF [248]
Electrochemical SLA Irinotecan and SN-38 (chemotherapeutic

prodrug and its metabolite)
ISF [249]

Electrochemical SLA Apomorphine ISF [86]
Electrochemical SLA pH ISF [250]
Electrochemical LDW Myoglobin and troponin ISF [251]
Colorimetric SLA Glucose and lactic acid ISF [252]
Colorimetric SLA Sodium ions and uric acid ISF [253]
Colorimetric SLA pH Wound fluids [39]
Electrochemical and colorimetric Photocurable

Resin printing
Glucose, uric acid and pH ISF [254]

Strain and colorimetric DLP Body movement and glucose ISF [255]
Solid Electrochemical DLP Glucose Plasma and ISF [256]

Electrochemical SLA Buprenorphine Intestinal fluid [39]
Solid swellable Colorimetric DLP Glucose and pH ISF [257]

Fig. 4. Examples of approaches to integrate
3D-printed MNs in sensor and biosensor de-
vices. (A) Design strategy used for the fabri-
cation of a platform that combines
controllable (A1) hollow MNs and micro-
fluidic device. A red dye solution evinces the
sampling in (A2–A3). (A2) shows that the
liquid filled all the spaces in 20 s, including
the detection area, and (A3) shows the per-
formance of sampling using agarose gel
model, with an efficient liquid drainage after
20 min. Reprinted with permission from
Cheng et al. [252] Copyright 2023, Elsevier.
(B) Use of MNs as miniaturizes electrodes for
electrochemical approaches. (B1) digital im-
ages of 3D printed MNA patches (packed and
unpacked), (B2) schematic illustration of the
packing of MN channels with the pastes for
electrode fabrication, as well as its use in a
human arm, and (B3) the representation of
the MNA with WE, RE, and CE electrode
system in phantom gel mimicked skin
experiment. Reprinted with permission from
Goud et al. [86] Copyright 2022, Elsevier.
(C) Example of MN platform for monitoring
multiple biomolecules using a combination
of transduction methods. (C1) mountable
structure composed of MNA patches, with
compartments designed for the insertion of
electrochemically and colorimetric respon-
sive platforms, (C2) different optically and
electrochemically responsive strips to sup-
port the simultaneous detection of glucose,
uric acid, and pH, and (C3) ability of
extracting fluids for further sensing,
revealing capability of extract about 16 mg
of liquid within 10 s. Reprinted with
permission from Ma et al. [254] Copyright
2024, Elsevier.
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4A2), and the liquid filled all the spaces in 20 s, including the detection
area. Fig. 4A3 shows the performance of sampling using agarose gel
model. The efficient liquid drainage ability was verified after 20 min,
while the red liquid was sucked up and filled the whole spaces in
response to the one-touch finger operation negative pressure. The tests
conducted to simultaneous detection of glucose and lactic acid demon-
strated that the system could effectively drain the fluids towards the
detection sites via capillary force, by one one-touch-activation.
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3.2. MNs as microelectrodes for electroanalytic analysis

Table 1 highlights that 3D-printed hollow MN have attracted signif-
icant interest for the integration with sensor devices, supporting both
electrochemical [20,65,66] and colorimetric detection approaches [5,86,
252,249,265]. Towards electrochemical sensors, morphologies with
microchannels, like hollow MNs, can be filled with conducting materials,
fabricating miniaturized electrodes [20,65,66]. Conductive pastes can be
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used for this strategy, as those based on graphite [266,267], and carbon
composites [268–271]. Nafion polymer has been used to avoid biofouling,
an issue associated with long-term measurements, beside the common
purpose of contributing with the diffusion-limited layer [20,272].

Fig. 4B shows photographs and the schematic illustration of the MN
array with working electrode (WE), counter electrode (RE), and counter
electrode (CE) system proposed by Goud et al. [86], to be applied as a
wearable sensor for apomorphine, a drug used for Parkinson disease
treatment. Fig. 4B1 depicts digital images of 3D printed MNA patches,
with inter-needle spacing of 10 mm and an internal MN diameter of 500
μm. One of the images shows the unpacked hollow MNs, while the next
image shows the packed MNs, adapted to act as electrodes. For this pur-
pose, two of the fourMNs were filled with rhodium-modified carbon paste
and transformed in WE, while the third MNs was filled with conventional
carbon paste and served as CE, and the fourthMNswas embeddedwith Ag
wire to be used as RE. The illustrations in Fig. 4B2 highlights the packing
of the MN channels with the pastes and the disposition of the electrodes in
the patch. Fig. 4B3 illustrates the operation scheme of theMNA interacting
with apomorphine in the skin mimicking phantom gel, the catalytic oxi-
dations of catechol and tertiary amine moieties of this analyte, and the
wireless data transmission to the smart device.

Research involving vivo tests has revealed practical challenges, such
as the displacement of MNA after application to the skin, as noted by
Reynoso et al. [273]. In response to skin contraction and movement after
placing MNs in rodents, the authors observed a loss of stability in elec-
trochemical signals, attributed to the retraction of circuits away from the
skin. To improve the stable attachment of MNA-based circuits, the au-
thors reported the integration of magnetic components into the MNA,
which assisted in fixation and prevented electrode disconnection from
the analysis medium. For this, a small skin incision was necessary for
subcutaneous implant of flat metallic discs. By evaluating the variations
in the redox signal of methylene blue, compared with medical tapes and
glues used for fixing the MNA, it was observed that the magnetic fixation
system of the circuits led to a stable measurement signal baseline, and
more robust retention of square wave voltammetry signals over the entire
measurement time.

3.3. MNs combined with microfluidic devices and multiple analysis

Also taking advantage of hollow MNs for electrochemical trans-
duction, Wu et al. [249] an aptamer-based sensors (E-AB) using MNA
designed for continuous monitoring of the chemotherapeutic prodrug
irinotecan and SN-38 (its metabolite). For this, hollow dual channels
were printed using poly(methyl methacrylate) resins and coated with
gold by sputtering technique, over which aptamers were immobilized.
The MNs were integrated into a 3D printed fluidic device designed to
mimic in vivo excretion kinetics, demonstrating real-time drug moni-
toring with MN E-AB arrays. The ability to monitor the prodrug and its
metabolite, simultaneously, at adjacent MNs, demonstrated the possi-
bility of developing multiplex systems using MNs.

Advancements in MN-based sensors have enabled the transition from
laboratory-based analyte detection to wearable sensors. Additionally,
these developments have facilitated the combination of various trans-
duction methods, as demonstrated in the studies by Ma et al. [254]. The
authors developed a detachable MN platform capable of monitoring
multiple biomolecules using a combination of colorimetric and electro-
chemical sensors. This platform features a mountable structure that ac-
commodates MNA patches (Fig. 4C1), along with compartments designed
for the insertion of electrochemically and colorimetric responsive plat-
forms (Fig. 4C2). The insertable cavities enhance versatility, allowing
customization with different test strips to support the simultaneous
detection of glucose, uric acid, and pH. The platform provided a visual
readout through colorimetry while ensuring high accuracy via electro-
chemistry, making it ideal for POC testing. For the simultaneous analysis
of three classical biomarkers (glucose, uric acid, and pH),
three-compartment structures were fabricated for analysis in interstitial
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fluid (ISF) sampled by the MNA. The ability to extract fluids for further
sensing was tested, as illustrated by Fig. 4C3, and revealed the capability
of extracting about 16 mg of liquid within 10 s. The sensing studies
demonstrated consistent readings that accurately reflected the concen-
tration of the analytes within the skin models, achieving accurate mea-
surements and ensuring their functionality and stability in rapid clinical
detection.

3.4. MN for easy-to-interpret colorimetric analysis

It is expressive of the number of recent papers exploring 3D-printed
MN for colorimetric sensor devices. Colorimetric platforms are inter-
esting for POC diagnosis because they do not require the integration of
complex circuits and batteries. On the contrary, they explore mechanisms
that can be interpreted by human eye or by colorimetric applications
(using software or devices) thereby minimizing subjective in-
terpretations. In this direction, Xie et al. [253] reported a wearable
MNA-based colorimetric sensor to monitor sodium ion and uric acid
levels in elderly patients suffering from nocturia. The proposed device is
composed of a MNA (bi-channel hollow), connected hoses and injection
needle, a sensing unit paper, a vacuum tube able to exert adequate
negative pressure to extract ISF, and a silicone wearable belt integrated
with a watch. It was possible to collect approximately 14 μL of ISF within
5 min, aiming for convenience in daily use. To tackle issues of ambient
light affecting colorimetric analysis, a custom model was designed to
improve accuracy in varying conditions, allowing effective classification
of sodium and uric acid concentrations. The sensor was tested success-
fully in living rat models, demonstrating potential as a point-of-care tool
for use in the elderly.

In another work, Liu et al. [265] developed a multifunctional eutec-
togel MN (EMN) patch, which was designed for transdermal diagnostics
and drug delivery, addressing challenges in the integration of MN for
multiple purposes. The multifunctional EMN patches could perform
multiple tasks, including monitoring body movements wirelessly, color-
imetric glucose detection, and controlled drug delivery. In this case, the
authors also included the use of polymerizable deep eutectic solvents
(PDES) as printing inks, allowing for the fabrication of EMN patches with
suitable mechanical strength and high drug solubility. Besides, the
patches presented rigid hollow MN and a flexible backing layer.

4. 3D printing MNs for biomedical sensors

In healthcare scenario, personalized therapies represent the most
important advances of modern medicine [274]. The use of MNs and
MNAs aims [18] for a more specific tailoring and designing of medica-
tions, considering individualized physiologies, drug responses, and ge-
netic profiles, minimizing the likelihood of ineffective dosages and side
effects [18,86,274]. The Food and Drug Administration (FDA) approves
the use of MN products for patients who are aged 22 years or older, and
its regulatory policies for legally marketed uses, risks of using, informa-
tion for patients are available in FDA digital sources [8,275]. Despite
serious problems being less frequent, micro-needling can pose some risks,
which are firstly associated with the piercing of skin. Although it typi-
cally heals shortly, these products may lead to discomfort, skin irritation,
dryness, redness, itching, bruising, and bleeding, while more severe
problems are less common [275].

In the sensors field, AM technologies are enabling the manufacture of
multifunctional devices (wearable and implantable) with complex ar-
chitectures and controlled microstructures. These are capable of quan-
tifying proteins, neurotransmitters, and metabolites with greater
detection range, sensitivity, lower threshold, and diagnostic capability at
the point of care [276]. MN-based sensors are explored as POC products
able to avoid pain due to their minimally invasiveness way to monitor
biofluids, such as ISF, sweat, saliva and tears [277].

Table 1 indicates that the majority of MN-based sensors monitoring
biomarkers and therapeutic drugs explores the ISF, expressing the
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abundance of bioinformation that this biofluid provide. For example, it
enables the fabrication of MNs that can be coupled to microfluidic de-
vices to facilitate early detection and measurement of glucose in situ in
patients with type 2 diabetes [14]. They have also been used in the
development of biosensors capable of monitoring in real-time various
biomarkers associated with kidney disease, Parkinson’s, and electrolyte
disorders, as well as in the detection of cancers and diabetes [255,278].
Furthermore, important advances have been reported in the develop-
ment of MNs capable of acting as electrochemical sensors coupled to
electronic systems, as well as in aspects regarding the commercialization
of these devices, methodology for evaluating the accuracy of these
sensors, and conducting in vivo tests [11]. In another study,
aptamer-decorated porous MNAs for extraction and detection of bio-
markers from skin interstitial fluids were also reported [249]. In vitro
detection results (rats) indicated that the aptamer-decorated arrays pre-
sented a highly sensitive and rapid detection of endotoxin in the con-
centration range from 0.0342 to 8.2082 EU/mL, with a detection limit of
0.0064 EU/mL. Another possibility reported is the manufacture of
MN-based platforms capable of detecting, monitoring, and treating dis-
eases in plants caused by fungi and bacteria, demonstrating the versa-
tility of these devices for applications in precision agriculture [61].

With the large variety of 3D printing techniques, the resolution in the
X and Y planes, as well as in the Z axis, can vary widely, ranging from a
few nanometers to hundreds of micrometers [279]. FDM, for instance,
stands out for its greater accessibility and simplicity, although it offers
lower spatial resolution [160]. Depending on the nozzle diameter, which
generally ranges from 100 to 200 μm, the fabrication of high-precision
devices, such as MNs, can be hindered by these limitations [244]. To
overcome these challenges, Sarabi et al. developed an innovative
approach that combined PLA corrosion with KOH and artificial intelli-
gence techniques, improving resolution andminimizing anomalies in MN
manufacturing, enhancing their structural and functional features [244].
In sensor development, PLA/PVA/PVP-based MNs incorporated with the
drug galantamine hydrobromide were reported for the detection of
Alzheimer’s disease [280]. Regarding the manufacture of MNs sensing
platforms using FDM, it is important to highlight that its use is limited
due to the high temperatures used to melt the filament, low printing
resolution, and the slow biodegradability of PLA, a polymer widely used
in the manufacture of MNs [281,282].

Although it is a simple technique with a wide range of materials that
can be explored, FDM 3D-printing faces many challenges in applications
involving MNs [160]. For these applications, techniques such as SLA,
SLS, DLP, CLIP, and TPP provide greater suitability, as they enable
achieving higher resolutions, essential for the fabrication of devices at
the micro and submicron scales. Using DLP technology, Liu et al. [256]
developed an integrated biosensor for glucose monitoring in diabetic
patients Fig. 5A1 and A2, measuring glucose levels in ISF with high pre-
cision and in real-time. The study combines 3D-printing, electrodeposi-
tion, and the immobilization of the enzyme glucose oxidase (GOD). In
vitro and in vivo tests, conducted on healthy and diabetic mice Fig. 5A3,
demonstrated that the biosensor reliably and accurately monitored
glucose (linear detection (LD): 0.8–24 mM and detection limit (DL): 8.65
μM), showing a strong correlation with results obtained from commercial
glucose monitors Fig. 5A4, A5 and A6 [273]. Following this approach,
Moonla et al. developed wearable MNs (WMN) based on the enzyme
β-hydroxybutyrate dehydrogenase (HBD) for real-time detection of ke-
tone bodies, such as β-hydroxybutyrate (BHB). The sensor enabled
real-time monitoring through a Pt-transducer electrodeposited with Au.
It was modified with an electropolymerized toluidine blue O (poly-TBO)
mediator layer, followed by a biocatalytic layer containing the HBD
enzyme along with the nicotinamide adenine dinucleotide (NADþ) co-
enzyme. This biocatalytic layer was functionalized with carboxylated
multiwalled carbon nanotubes (CNT-COOH) and Chitosan and protected
by a PVC layer. The sensor exhibited linear range of 0.5–5.0 mM, with a
limit of detection (LOD) of 95 μM and stability during continuous
amperometric monitoring of 0.2 mM BHB over 5 h [5].
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Xie et al. [283] developed a MNA patch (MAP) system for the rapid
extraction and analysis of ISF. This system consisted of an array of solid,
cone-shaped MNs with a base diameter of 1000 μm and a height of 1000
μm, featuring two 250 μm holes within each needle showed in Fig. 5B1
and B2. These MNs were fabricated with biocompatible resin through
stereolithography and were connected to an ISF extraction system. The
extracted fluid could be used for colorimetric analysis of various analytes
and integrated with a glucometer, allowing for continuous, non-invasive
monitoring [283], as shown in Fig. 5B3.

Keirouz et al., proposed the use of MNAs coated with conductive
polymers such as polypyrrole (PPy) and PEDOT:PSS. The study investi-
gated two methodologies for coating resin MNs: in situ polymerization
and casting. The MNs were tested on ex vivo porcine skin, demonstrating
efficacy in penetration, mechanical durability, and electrical stability
after multiple usage cycles by cyclic voltammetry. Furthermore, the
coated MNs were found to be non-cytotoxic, providing a promising
approach for biomedical sensors in continuous monitoring devices [285].

The TPP technique offers significantly higher resolution compared to
other 3D fabrication approaches. Based on this technology, Dervisevic et
al. [264] developed a WMN patch for transdermal urea monitoring in the
ISF. This device uses a MNA with microcavities to protect the sending
layer, preventing damage during skin insertion. The two-electrode sys-
tem with a MNA coated with Nafion and layers of polyaniline and urease
enabled selective urea detection, exhibiting a sensitivity of 2.5 mV/mM,
a linear range of 3–18 mM, and a LOD of 0.9 mM, ideal for monitoring
patients with elevated urea levels, such as those suffering from renal
dysfunction. Ex vivo tests on porcine and mouse skin demonstrated the
device's effectiveness for continuous urea monitoring, with high stability
and biocompatibility [264]. The same author presented the development
of a protective layer polymeric MNA (PL-pMNA) biosensor platform,
which combined a protective PL membrane Fig. 5C1–C4 with a
gold-coated MNA structure (Au-pMNA) Fig. 5C5–C10. Using
3D-printing and soft lithography technologies, this platform allowed the
development of complex biosensor surfaces. The gold layer provided a
conductive surface for electrochemical measurements, while the PL
membrane protected the biosensor during skin insertion. The platform
was tested for glucose and insulin detection, with a linear range of 0.5–21
mM for glucose and 0.2–2 nM for insulin, covering relevant levels for
monitoring in healthy individuals and diabetic patients. Tests on porcine
skin showed that the PL membrane protected the sensor layer during
insertion, keeping stable electrochemical response and preventing dam-
age to the biosensor [284].

5. 3D printing MNs for sensors applied to agriculture and
environment

One of the major global concerns for the coming decades is related to
agriculture and the challenges and constraints related to food security
and food safety. According to FAO projections, a 70% increase in global
food production will be required to ensure that the world’s population,
estimated to reach 9.1 billion people by 2050, can have access to safe
food. It is noteworthy that, in developing countries, production will need
to double [286]. In addition to increasing food production, strategies to
reduce food losses caused by plant diseases and logistical challenges will
also be necessary. When infected by pathogens, commercially important
plants exhibit a significant reduction in food quality and productivity
[287]. Diseases caused by viruses, fungi, and bacteria are estimated to
result in annual losses of 20% in global agricultural production [288].
This corresponds to an estimated economic loss of US$ 220 billion per
year [289]. Therefore, using technologies capable of early detection and
diagnosis of these diseases is essential for effective management and
implementing more cost-effective control measures [290].

In this context, the scientific community points to the need for
implementing Agriculture 5.0. This concept refers to the advanced inte-
gration of digital technologies, such as artificial intelligence, the Internet
of Things (IoT), and automation, to optimize production sustainably and



Fig. 5. (A1) Schematic representation of MNA pro-
duced by DLP printing, integrated to electrodes. In
(A2) is shown the photograph image of the printed
device, integrated to the electrodes, and in (A3) an
image of the MNA applied to a mouse. (A4) Seven-day
monitoring of subcutaneous glucose levels in a normal
mouse using the MN biosensor device (blue)
compared to a commercial device (red). (A5) Seven-
day monitoring of subcutaneous glucose levels in a
diabetic mouse using the MN biosensor device (blue),
compared to a commercial device (red). (A6) Clark
error grid for the MN biosensor device. The x-axis
represents blood glucose reference values measured
by a commercial glucose meter, and the y-axis shows
glucose values measured by the MN biosensor device,
image adapted with permission of Liu et al. [256]
Copyright 2021, Nature. In (B1) is shown a SEM image
of hollow MN produced by SLA printing, and in (B2) a
digital photograph of the printed array. (B3) Com-
parison of glucose measurements in interstitial fluid
obtained with MAP (red cube) and glucometer (purple
dot) in relation to venous blood glucose concentra-
tions measured with a glucometer (green triangle).
Image adapted from Xie et al. [283] Copyright 2024,
Wiley. (C1–C4) SEM images of PL membrane produced
by TPP printing. (C5–C10) PL-pMNA electrode, image
adapted from Ref. [284] Copyright 2024, Wiley.
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reduce the use of natural resources [291,292]. In this regard, it is
believed that the use of sensors applied to agriculture is a strategy of
great interest. Electronic and optical devices can provide valuable data
on plant health and nutrition through in situ monitoring [290,293–295].
Such information can be used in crop management, leading to significant
improvements in the production system [14,61]. This section will
address the use of MNs as sensors, or in combination with sensors and
therapeutic delivery applied to crop and plant monitoring. The main
strategies used for the fabrication of MNs, the most commonly employed
materials, the transduction mechanisms involved, as well as emerging
trends in this research field, are also discussed.

As discussed before, MNs were initially designed for medical appli-
cations, but more recently, they have expanded their applications,
including to the agricultural sector [14]. However, some considerations
must be contemplated towards the adaptation from biomedical applica-
tion to agriculture and environment fields. MNs are not typically exposed
to environmental stressors (e.g., UV light, humidity, or fluctuating
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temperatures), which can potentially accelerate the degradation of their
compounds and components. Also, for agricultural and environmental
applications, the final devices may require greater mechanical strength
and resistance to environmental and microbial degradation. Unlike
human skin, plants have diverse anatomical structures to which MNs can
be applied and anchored. The main plant structures that can be targeted
for these applications include roots, stems, and leaves as displayed in Fig.
6A [296]. To absorb water and mineral nutrients from the soil, roots play
a crucial role in extracting them. In addition, roots anchor and attach the
plant to the soil or other structures, such as climbing plants [296,297].
The stem's function is to connect the roots and leaves, raising them to-
wards the light. Leaves are the main photosynthetic organs of the plant,
and to do so they must receive appropriate amounts of sunlight [296,
297]. Within plants, as in animals, there is a vascular system responsible
for the distribution of fluids, composed of two types of tissue: xylem and
phloem. Xylem is related to the conduction of water and inorganic nu-
trients and storing some substances. This transport occurs from the root’s



Fig. 6. (A) Plant anatomy and structural presentation
of roots, stems, and leaves. (A1, A2, A3), and demon-
stration of MN. Adopted under the terms of the CC-BY
4.0 license [297]. Copyright 2021, American Chemi-
cal Society. (B) In situ monitoring of plant health via
MN-based sampling device coupled to an electro-
chemical sensor. (B1) Device construction illustration
showing the device components and field tests. (B2)
Evaluation of device capability to profile plants
through cyclic voltammetry (CV) in five different
plant species. Reprinted with permission [298].
Copyright 2021, Elsevier. (C) Schematic showing the
simultaneous detection of pesticide residues on the
surface and within leaves using MNs. (C1, C2) Raman
images of spectra for two pesticides detected via SERS
sensors combined with MNs. Adopted with permission
from Ref. [57] Copyright 2023, American Chemical
Society. (D) Impedance sensor applied to plants. (D1)
Sensor equipped with MNs showing the arrangement
of the working electrode (WE), reference electrode
(RE) and counter electrode (CE). (D2) Cross-sectional
3D X-ray image of the MNs inserted into the leaf.
(D3) Impedance values detected by the sensors
equipped with MNs over 7 d for an Arabidopsis
thaliana specimen under natural light or in the
absence of light. Adopted under the terms of the
CC-BY 4.0 license [299]. Copyright 2021, Advanced
Science published by Wiley-VCH GmbH.
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direction to the plants' upper parts. In contrast, phloem is involved in
transporting organic substances and water [296,297].

Plant biological fluids contain a variety of molecules, such as plant
hormones, nucleic acids (DNA/RNA), metabolites, enzymes, vitamins,
and ions, which can serve as markers for the detection of biotic and
abiotic stresses [296,297,300]. Through the vascular system, which ex-
tends throughout the plant, MNs can be used to access these fluids and,
by employing different analytical techniques, they can be utilized to di-
agnose plant health [14,297]. In addition to their use as sensory devices
for plants, MNs can also be employed for the therapeutic delivery of
agents aimed at combating pathogens related to specific diseases, or for
the administration of nutrients in cases of plant malnutrition [14].

5.1. Agricultural application of 3D printed MNs

As highlighted in previous reviews [14,61], few studies explore the
use of MNs in agriculture, either as diagnostic sensors or to deliver
essential molecules to plants. Refining the search to MNs produced
through additive techniques, such as 3D printing, a significant decrease
in the number of published articles is verified. Until now, less than ten
articles reported the fabrication of MNs through 3D printing and their
testing in plants. Table 2 details relevant data, including the target crop,
plant structure, target molecule, fabrication method, material used,
needle size, transduction method, LOD or release rate. In this direction,
Parrilla et al. [298] used a DLP printer to produce hollow MNs from
polymer-based resin. The MNs measured 0.8 mm in diameter and 1 mm
in height and were later combined with sensors. The MN openings
allowed the extraction of up to 13 μL of biological fluids from the leaves
of five plant species (Pilea peperomioides, Curio rowleyanus, Zamioculcas
zamiifolia, Echeveria Raindrops, and Alocasia Yucatan Princess). The sen-
sors, fabricated on paper using a semi-automatic screen-printing ma-
chine, included a carbon-based working electrode, a counter electrode,
and a pseudo-Ag/AgCl reference electrode on a polyester film (Fig. 6B1).
Integrating the MNs with the sensor facilitated in situ electrochemical
analysis of plant health biomarkers, including hydrogen peroxide,
glucose, and pH (Fig. 6B2) [298].
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In another work, Parrilla et al. developed solid microneedles fabri-
cated via SLA 3D printing for continuous pH monitoring in the range of
pH 4 to pH 7 on plant leaves (Hydrangea macrophylla (Hydrangea);
Peperomia polybotrya (Peperomia); Pilea peperomioides (Pilea); Coleus
sp. (Coleus)). The microneedles were designed with precise dimensions:
300 μm in diameter, 900 μm in height, and 30 μm at the tip. These
structures were coated with a layer of gold and silver, forming the WE
and RE, respectively. The WE were functionalized with polyaniline
(PANI) to provide pH sensitivity, while the RE was coated with a poly-
vinyl butyral (PVB) membrane to ensure potential stability. The device
was validated in two contexts: ex vivo, using sap extracted from plants,
and in vivo, with direct pH monitoring on plant leaves over several days.
The device could detect pH variations associated with abiotic stress
conditions, such as drought and irrigation [303].

Yi et al. [57] introduced a novel strategy for detecting pesticides on
vegetable leaves. The authors developed PVA/HA MNs using two
methods: 3D printing and PDMS molding (Fig. 6C). The MNs had a
diameter of 470 μm, and a height of 880 μm. For the detection tests, they
sprayed different pesticide concentrations onto tea, spinach, and tomato
leaves. They then gently inserted the MNs into the leaves and performed
detection using surface-enhanced Raman spectroscopy (SERS) with a
laser confocal microscope (Fig. 6C1 and 6C2). The limits of detection
(LOD) for thiram and thiabendazole were found to be 10�7 and 10�8 M,
respectively. The authors concluded that the sensor enabled minimally
invasive detection without harming the agricultural products [57].

Chen et al. developed an integrated system for real-time glucose
monitoring in plants (stem of tomato and leaf of Aloe vera, respectively)
using electrochemical sensors based on hollow MNs. The device com-
bines polymeric MNs fabricated via SLA 3D printing, with dimensions of
6 mm � 6 mm, 2 mm in height, and 300 μm in base diameter, along with
platinum electrodes modified with gold nanoparticles, Nafion, glucose
oxidase, and polyurethane (MPt-AuNPs-Nafion-GOx-Pu). In situ mea-
surements were conducted over a 12 h period, detecting variations in
glucose levels during diurnal and overnight cycles. Under saline stress
conditions, glucose synthesis was inhibited due to reduced photosyn-
thesis. The sensor was evaluated across a range of glucose concentrations,



Table 2
Examples of MN-based sensors applied to plants.

Target crop Plant
structure

Target molecule Fabrication method Material used Needle size Transduction
method

LOD Ref.

Pilea
pepermioides,
Curio
rowleyanus,
Zamioculcas
zamiifolia,
Echeveria
Raindrops, and
Alocasia
Yucatan
Princess

Leaves pH, H2O2, and
glucose

3D printer by
stereolithography
(SLA)

Polymer resin
Snow Gray 8K

Diameter of 0.6/
0.8 mm, and height
of 1.00 mm

Electrochemical ND [298]

Tea, spinach and
tomato

Leaves Thiram and
thiabendazole
pesticide

3D printing and
PDMS

Poly(vinyl
alcohol) and
sodium
hyaluronate

Diameter of
470 μm, and height
of 880 μm

Surface
enhanced Raman
spectroscopy

10�7th 10�8 M [57]

Arabidopsis
thaliana

Leaves Water 3D printing by two-
photon
polymerization (TPP)
and PDMS

Titanium and
gold.

Diameter of 70 μm
and height of
400 μm

Electrical
impedance
spectroscopy

ND [299]

Barley Leaves Water 3D printing by two-
photon
polymerization (TPP)
and PDMS

Titanium, nickel
and gold.

Diameter of
240 μm and height
of 230 μm

Bioimpedance ND [301]

Target crop Plant of
structure

Released molecule Fabrication method Material used Needle size Disease Released
content

Ref

Valencia orange Stem Cu nanoparticle 3D printing by digital
light processing
(DLP)

Polymer resin Diameter of
375 μm and height
of 1000 μm

Huanglongbing 2.2 mg/mL in
24 h

[302]
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achieving a detection limit of 33.3 μMand a sensitivity of 17 nA/μM⋅cm2,
with a detection range spanning from 100 μM to 100 mM. Furthermore,
the device exhibited excellent biocompatibility, with complete plant
wound healing observed within 15 d, showing no signs of necrosis or
significant damage [304].

In another approach, Bukhamsin et al. [299] developed impedimetric
sensors using MNs to monitor plant stress factors such as light and hy-
dration levels. TheMNs were created using a PDMSmold produced by 3D
printing with TPP. This PDMS mold then facilitated the production of
polyimide MNs. Following this, the MNs were placed on a silicon sub-
strate coated with an uncured polyimide layer, which was heated to 350
�C to secure the MNs through crosslinking. A CO2 laser shaped the film
into the desired electrode bed, and the film was then detached to retain
its flexibility. To achieve electrical conductivity, the MNs were coated
with a layer of titanium and gold (Fig. 6D). A laser-cut polymethyl
methacrylate (PMMA) shadow mask ensured precise 2 mm spacing be-
tween each MN-equipped electrode (Fig. 6D1). Plant tests involved the
application of MNs to the leaves of Arabidopsis thaliana (Fig. 6D2). The
authors observed significant impedance variations in response to
differing light and hydration levels (Fig. 6D3). Additionally, when
comparing MN-based devices with conventional planar sensors, results
showed that MN sensors offered enhanced sensitivity, detecting subtle
and discernible changes in the physiological state of the plant tissue. This
improved sensitivity underscores the potential of MNs for accurately
monitoring plant physiological stress responses.

In a previous study, Bukhamsin et al. [299] developed an impedi-
metric sensor based on flexible MNs. The MNs were fabricated similarly to
their prior work, with a modification: the needles received titanium,
nickel, and gold coatings to enhance conductive properties. The sensor
utilized bioimpedance as a transduction method to evaluate plant re-
sponses to variations in light exposure and temperature. For testing,
barley plants were grown in controlled chambers with 12-h light cycles at
22 �C and darkness at 16 �C. Bioimpedance measurements of the leaves
were recorded across frequencies from 1 Hz to 100 kHz using a portable
potentiostat (PalmSens4, PalmSens BV). Results indicated that bio-
impedance increased significantly in light conditions and decreased in
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darkness. This variation was linked to water movement within the leaves;
during the day, photosynthesis promotes a constant water flow to the
leaves, raising impedance, while at night, the osmotic balance between
the leaf and stem reduces water movement, consequently lowering
bioimpedance.

Santra et al. [302] report the only study utilizing 3D-printed MNs for
delivering essential substances directly to plants. Citrus plantations can
be severely impacted by the bacterium Candidatus Liberibacter asiaticus,
which resides exclusively within the phloem of citrus plants, causing
significant crop losses. Conventional disease management approaches,
primarily foliar applications, are ineffective for targeting the phloem.
Using a DLP 3D printer, they fabricated a set of MNs enabling copper
delivery directly to the phloem as a treatment strategy. Specifically,
copper nanoparticles were emulsified with sodium oleate to facilitate
binding between the hydrophobic MN resin and the water within the
phloem. This copper nanoparticle coating was applied to the MNs via a
spin-coating process, providing a targeted approach to combat the
infection. The authors observed that the MNs demonstrated effective
penetration into the plant stems. Release assays conducted in water
showed that theMNs successfully delivered 100% of the Cu nanoparticles
within 24 h, reaching an approximate concentration of 2.2 mg/mL. This
release profile suggests a potential for controlled, slow-release kinetics
for effective bacterial control in plants.

6. Conclusion and final remarks

MNs and MNAs manufactured by 3D printing are potential materials
that have enabled remarkable scientific and technological advances.
These innovative devices have already demonstrated their versatility in
areas such as transdermal drug delivery, vaccine administration, and
fluid sampling for clinical analysis and diagnostics. Additionally, their
utility has extended to veterinary and botanical applications.

Recent progress in additive manufacturing has revolutionized the
fabrication of MNs using 3D-printing, enabling a fast and cost-effective
process that utilizes polymer-based materials. This scenario has also
catalyzed the development of biopolymer-based resins, opening avenues
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for sustainable and biocompatible solutions. Among the distinct 3D-
printing techniques, those that explore VAT polymerization have been
the most used for customized high-resolution MN-based devices. FDM
still presents limitations regarding temperature gradient, time of print-
ing, biocompatibility of the materials, and low resolution of the MNs.
While CLIP is a technique able to enable improvements in printing res-
olution, it is still few explored for printing of MN, which suggests space
for new researches endeavors. However, MNs could evolve beyond this
function to serve as fully integrated sensors.

While electroanalytical analysis has been traditionally explored in
MN-based sensors, easy-to-interpret colorimetric (bio)sensors are prom-
ising. In this way, numerous researches demonstrate the efficient inte-
gration of MNs to wearable platforms for the detection of biomarkers for
healthcare and agriculture interests. While the application of MNs in
plants is still embryonic, preliminary studies indicate substantial poten-
tial for growth in this area.

The scientific literature reports that the advances of the (bio)sensors’
field have been efficiently transposed to MN-based sensors, with the
possibility of simultaneous detection of multiple analytes, integration of
microfluidic devices, biocompatibility, and successful application in vivo
models, particularly when paired with novel functional materials and
methods. Key future research developments in 3D-printed MNs’ include
the creation of biobased resins, and biocompatible photoinitiators, as
well as the incorporation of nanomaterials to improve the mechanical
properties and provide additional functionalities for the customizedMNs.

Although MNAs have been successfully implemented, regulatory
approval remains crucial for MNAs market adoption. Compliance with
good manufacturing practices and quality regulations, as outlined by the
FDA and the Center for Devices and Radiological Health (CDRH), the
Center for Drug Evaluation and Research (CDER), and the Center for
Biologics Evaluation and Research (CBER) [305] is essential to ensure the
safety and efficacy of these products. Particular focus must be given to
biocompatibility, sterilization, and validation, especially when they are
intended living organisms. Any chemical changes to the materials or
degradation products resulting from repeated melting, cooling cycles, or
photopolymerization must be anticipated, identified, and addressed.
Furthermore, the stability and chemical behavior of drugs and active
compounds incorporated into the polymer matrix must be validated
under various 3D printing conditions, such as exposure to high temper-
atures, radiation, and other physicochemical alterations. These measures
are vital to ensure consistent performance, prevent contamination and
toxicity, and maintaining traceability throughout the product lifecycle.
This is expected to be reached in the near future, considering the expe-
rience and technology gainedwith cosmeticMNs already available on the
market.

In summary, 3D-printed MNs represent a rapidly evolving field with
vast potential for technological innovation. By addressing existing chal-
lenges and exploring interdisciplinary applications, this technology is
poised to make groundbreaking contributions to biomedicine, agricul-
ture, environmental monitoring and beyond in the next years.
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