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Abstract

The role of microneedles (MNs) in enhancing tissue permeability has long been established.
Their capacity to serve as drug-delivery vehicles or biosensing platforms makes them
ideal candidates for applications in which tissue serves as the primary pathway. Such
potential can only be thoroughly validated through tissue-dependent tests. Although MNs
are not limited to human tissues, humans remain the most relevant target group. This
highlights the need to develop platforms that closely replicate the structure of human
tissue for the intended applications. To date, many studies have addressed the limited
availability of human samples, constrained by ethical concerns and other challenges, by
using artificial, human-like tissue mimics. These models have been widely used to evaluate
various aspects of MN performance, including penetrability, drug delivery, and biosensing.
Despite limitations, artificial tissues provide a practical assessment tool in MN development.
This review offers new insights into the role of synthetic tissue models in evaluating MN
functionality. It discusses the underlying rationale for their use, highlights their flexibility
and potential in MN application studies, addresses their limitations, and presents their
future perspective. Finally, it highlights the need for standardized, scalable artificial tissue
platforms to support the translational and commercial advancement of MN technologies.

Keywords: skin phantom; tissue-mimetic biomaterials; transdermal drug delivery;
microneedles; biosensing

1. Introduction
In device development, a well-defined characterization platform is a prerequisite for

achieving an efficient and optimized final product. MN development is no exception.
Given their intended applications, it is essential to conduct systematic evaluations of their
performance in order to achieve the most effective MN design [1]. Since MNs primarily
interact with biological tissue, an appropriate tissue model for initial evaluation is critical.
Humans represent the primary target group for these devices, making human skin the
ideal model. However, ethical constraints and the limited availability of fresh human tissue
make comprehensive testing across different tissue types nearly impossible. Moreover,
recent studies have highlighted the potential of MNs not only for transdermal use but also
for applications involving internal tissues [2,3], further underscoring the impracticality
of obtaining all relevant biological samples. This creates a pressing need for models that
closely replicate the structural and mechanical properties of real tissues. Thus, alongside
optimizing MN design and materials, it is equally essential to ensure that the tissue models
employed are as physiologically relevant as possible.
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In recent years, artificial tissues, particularly polymer-based models such as agarose
gel, polydimethylsiloxane (PDMS), and Parafilm, have provided new opportunities to
characterize MN systems and analyze diverse aspects of their performance [4,5]. Their
significance has become increasingly evident. Without such models, the ability to system-
atically evaluate MN performance would have been severely limited, hindering progress
in biomedical applications. Artificial tissues have been particularly valuable for assess-
ing mechanical performance, such as insertion and extraction behavior. For example,
agarose gel has been widely used to investigate MN penetration capabilities, and it has
also been employed in drug delivery studies, where release and diffusion processes can be
assessed in vitro [6–8]. Similarly, artificial tissues have been used in biosensing applications,
further demonstrating their versatility and importance. Three-dimensional microfluidic
culture systems have also been widely employed as engineered tissue analogues, as they
enable controlled investigation of oxygen and nutrient transport, shear stress, and cellular
organisation under well-defined geometric and perfusion conditions [9].

This review explores the diverse applications of artificial tissues in MN research, with
a particular emphasis on their role as platforms for characterization and performance
evaluation rather than as biological substitutes alone. While numerous studies have
reported individual tissue-mimicking models for specific MN applications, a consolidated
perspective linking model selection to the particular performance metrics being evaluated
remains limited. Here, artificial tissue models are examined across mechanical testing,
therapeutic delivery, and biosensing applications, highlighting how different material
choices and platform designs influence experimental outcomes. By organising the literature
around the functional role of artificial tissues in MN development, this review aims to
support more informed selection of tissue models and to clarify their advantages and
limitations at different stages of MN research. The review concludes with a discussion of
future perspectives and directions for research in this area.

2. Why Artificial Tissues?
The rationale for employing artificial tissue models is to establish reliable, accessible

platforms for MN testing and evaluation. The use of real tissue samples often entails
significant challenges. Ethical approval and regulatory requirements for animal models
create delays, which, in turn, affect research timelines and resource allocation [10]. In
addition, animal testing requires strict storage and maintenance conditions, with high
associated costs that pose a significant obstacle, particularly during the early stages of
MN development.

Artificial synthetic tissue models, by contrast, are readily available and offer a high
degree of flexibility. Their properties can be customized to mimic the mechanical and
structural characteristics of target tissues, a level of control that is not achievable with
in vivo or ex vivo samples. For instance, animal skin, e.g., porcine skin, commonly used as
one of the closest analogues to human skin, still exhibits variability in properties depending
on factors such as storage conditions, animal age, and anatomical origin. These variations
may not align with the specific tissue type for which MNs are designed, limiting the
reliability of results.

Artificial models are scalable and suitable for industrial and commercial applications.
Their ease of preparation and tunability make them highly practical for multiple testing
purposes. Furthermore, they enable the modeling of extreme physiological conditions that
would be unsafe or impractical to replicate in vivo. In drug delivery applications, these
models provide a valuable platform for early-stage formulation optimization, including
dosage determination, prior to extensive in vivo studies.
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3. Applications of Artificial Tissue Models
As tools for MN testing and characterization, artificial tissue-mimetic models have

been employed for various evaluation purposes. These models provide a means to study
microneedle–tissue interactions across a wide range of applications. Their ability to repli-
cate the mechanical and diffusional characteristics of real tissue samples makes them
particularly valuable for assessing MN performance in therapeutic and biosensing fields.
In the following subsections, selected studies in this area are presented.

3.1. MN-Tissue Mechanical Interaction Analysis

In MN applications, tissue serves as the primary pathway, and all factors influencing
MN–tissue interactions directly affect device performance. These include insertion force,
penetration depth, and extraction force in the case of non-dissolvable microneedles. To
facilitate systematic experimentation and iterative optimization, a variety of artificial skin
models have been developed.

Parafilm®M, composed of hydrocarbon wax and polyolefin, is commonly employed
as a membrane model to simulate layered tissue structures in MN penetration studies. For
instance, eight layers of Parafilm were used in vitro to mimic the thickness of human skin,
with each layer averaging 126 µm in thickness. The insertion capability of microneedle
patches with different formulations was quantified by measuring the number of layers pen-
etrated [11]. In another study, an MN insertion setup was used to analyze MN penetration
depth, as shown in Figure 1A. As in the previous approach, eight layers of Parafilm®M
were stacked together as the tissue model. Penetration depth was evaluated by calculating
the percentage of holes created by the MNs at each layer of Parafilm [12].

Agarose gel, a hydrogel widely used in biomedical applications [13], has also demon-
strated utility as a tissue-mimetic model due to its viscoelastic properties, which resemble
those of hydrated biological tissues. In MN studies, agarose gels have been employed to
measure MN insertion and extraction forces, as well as to assess MN tissue adhesiveness
through quantification of extraction behavior [6,14]. These characteristics make agarose gel
a valuable model for studying MN performance in hydrated tissue environments [14].

In another study, Makvandi et al. developed a composite tissue model composed of a
silicone layer and a gel layer, designed to mimic the stratum corneum and the hydrated
viable epidermis/dermis, respectively [15]. The tissue structure is shown in Figure 1B.
This artificial model was proposed as an alternative to in vivo or ex vivo tissue samples
for testing MN penetration. The silicone layer, incorporated to replicate the stratum
corneum, was used to evaluate the insertion performance of hydrogel microneedle arrays
across subcutaneous tissue layers. Penetration tests were conducted using three substrates:
porcine skin, agarose gel, and the engineered tissue model. The findings showed that, with
respect to MN penetrability, the tissue model yielded results more comparable to those
from porcine skin than agarose gel. The channel widths formed by MN insertion were
≈300 µm in ex vivo porcine skin and ≈280 µm in the tissue model, both significantly wider
than those generated in agarose gel (>10 µm). Figure 1C shows the MNs’ penetration into
the tissue model.
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Figure 1. Representative artificial tissue models, experimental configurations, and imaging methods
used to study MN–tissue mechanical interactions. (A) Schematic configurations of four different MN
penetration test setups. (I) MNs (needles down) inserted into stacked Parafilm®M layers supported
by dental wax. (II) MNs (needles down) inserted into unsupported stacked Parafilm®M layers.
(III) MNs (needles down) mounted on a movable probe, with Parafilm®M layers fixed to the stage.
(IV) MNs (needles up) fixed on the stage, with Parafilm®M layers mounted on the probe. Repro-
duced from [12] under the terms of the Creative Commons Attribution 3.0 License (CC BY 3.0).
(B) (a) Photograph of the synthesized multi-layered tissue model, with each layer representing a
specific component of human skin; (b) Scanning Electron Microscopy (SEM) images of the gel layer
within the tissue model. (C) Optical microscopy (left) and optical coherence tomography (OCT,
(right)) images of MN penetration into the tissue model (red arrow indicates the tissue surface).
Adapted from [15] under the terms of the Creative Commons CC BY license.

Non-Transdermal Tissue Phantoms for Mechanical Interaction Analysis

Although the majority of artificial tissue models for MN mechanical testing have
been developed for transdermal applications, there is increasing interest in extending
MN technologies to non-transdermal targets, such as ocular and other internal tissues.
Compared with skin, these tissues exhibit distinct mechanical and interfacial characteristics,
including higher hydration levels, lower stiffness, curved geometries, and lubricated
surfaces, which necessitate the development of purpose-designed artificial phantoms rather
than direct reuse of skin-mimicking models.
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As evidence of the applicability of artificial tissue phantoms for non-transdermal ap-
plications, the tissue adhesiveness of a hydrogel MN array with a self-adhesive design was
evaluated using a sclera-mimicking phantom [16]. It was prepared from polycaprolactone
in 5% (w/v) chloroform and integrated with a vitreous humor-mimicking gel (PVA mixed
with 2.5% (w/v) gelatin in water) and an ex vivo rabbit eye model. The results showed
comparable results for these cases with no significant difference in adhesion forces between
the two tissue models, with values of approximately 2.0 N for the phantom and 2.2 N for
the ex vivo tissue. A similar trend was also observed for the measured penetration forces.

Beyond ocular systems, recent reviews of 3D-printed polymeric microneedle arrays
highlight rapid growth in non-transdermal MN applications targeting the oral cavity,
gastrointestinal tract, central nervous system, cardiovascular tissues, and reproductive or-
gans [17]. However, these studies predominantly focus on the feasibility of MN fabrication
and delivery, and most evaluations rely on ex vivo tissues, animal models, or highly sim-
plified gels rather than standardized artificial tissue surrogates. This contrast underscores
a current gap between the expanding scope of non-transdermal MN technologies and
the availability of validated artificial tissue models for their mechanical characterization,
indicating a clear opportunity to develop application-specific non-skin phantoms.

3.2. Drug Delivery and Therapeutic Evaluation

The use of artificial tissue models has created new opportunities for MN testing in
therapeutic applications such as drug delivery. These tissue-mimicking platforms enable
comprehensive analysis of various aspects of the drug release process. For instance, the
transparency of agarose gel makes it a suitable candidate for visualizing drug diffusion
pathways. Ramalheiro et al. demonstrated the release profile of fluorescently labeled
theranomycin-loaded cubosome-like particles using agarose gel as a tissue model [18].
The particles were incorporated into dissolving microneedles, which fully dissolved in 3%
agarose gel within one minute, releasing their cargo into the gel matrix.

Biological variability in real tissues often masks the effects of experimental parameters,
thereby directly affecting the reliability and reproducibility of results. Since these artificial
tissues are free of biological interference, the analysis can focus solely on the intended as-
pects of the platform without concern for undesired or uncontrolled biological factors. This
is particularly important in cases such as protein or peptide transdermal delivery, where
the use of real biological tissues can complicate analysis due to protein interference. As
proven by Anjani et al. artificial models such as Parafilm®M and Strat-M® can be as reliable
alternatives to dermatomed porcine skin [19]. Strat-M®, engineered to mimic human skin,
consists of multiple layers: a lipid-based outer layer representing the stratum corneum; a
porous polyether sulfone middle layer simulating the dermis; and a polyolefin non-fabric
support layer mimicking the subcutaneous tissue. Figure 2A,B schematically illustrate the
structure of these tissue models. These artificial models were employed to evaluate dissolv-
ing microneedle patches for transdermal delivery of proteins including ovalbumin (OVA),
bovine serum albumin (BSA), and amniotic mesenchymal stem cell metabolite products
(AMSC-MP). Optical microscope images of the top surface and SEM images of the backside
of OVA-loaded dissolving microneedles after penetration into Parafilm®M and Strat-M®

are shown in Figure 2C. Based on cumulative permeation studies of the three protein mod-
els across Parafilm®M, Strat-M®, and dermatomed porcine skin, permeation levels varied
across both tissue types and proteins. The cumulative permeation of OVA-loaded dissolv-
ing microarray patches across dermatomed porcine skin, Parafilm®M, and Strat-M® was
14.21%, 12.31%, and 17.27%, respectively, with no significant differences after normalization
(p > 0.05). For BSA, 24 h permeation was 54.45%, 26.59%, and 11.14%, respectively, with
porcine skin showing a significantly higher (4.88-fold) permeation than Strat-M® (p < 0.05),
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likely due to interference from endogenous skin proteins. Similarly, AMSC-MP permeation
reached 110.05%, 94.59%, and 33.41%, respectively, with Parafilm®M showing a 2.83-fold
higher permeation than Strat-M® (p < 0.05) and no significant difference from porcine
skin (p > 0.05). Correlation analysis over 24 h revealed protein-dependent agreement
between Parafilm®M and Strat-M®, with strong and moderate correlations for OVA and
BSA, respectively, and a very strong correlation for AMSC-MP (r = 0.90–0.99). In contrast,
correlations with dermatomed porcine skin were poor due to protein interference, indicat-
ing that Parafilm®M and Strat-M® provide more reliable and reproducible permeation data
than neonatal porcine skin.

Figure 2. (A) Schematic illustration of the Strat-M® membrane, comprising a lipid-based top layer
designed to approximate the barrier function of the stratum corneum, a porous polyethersulfone
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middle layer providing dermis-like mechanical support, and a polyolefin non-fabric backing layer
analogous to subcutaneous tissue. (B) Schematic illustration of the Parafilm®M tissue model, consist-
ing of a single paraffin wax–based layer with a uniform thickness of approximately 130 µm. Panels
(A,B) were redrawn with modifications from Ref. [19]. Some elements were created in BioRender.
Kashaninejad (2026) https://BioRender.com/b4kk5wt/. (C) Representative experimental images
showing microneedle penetration patterns in Parafilm®M and Strat-M® membranes: optical mi-
croscopy images of the membrane top surfaces (upper row) and corresponding SEM images of the
membrane backside (lower row). Panel (C) is reproduced from Ref. [19] under the terms of the
Creative Commons Attribution (CC BY 4.0) license.

Sometimes, the importance and accuracy of a particular aspect of MN performance ne-
cessitate the use of artificial tissue models alongside animal tissues. For example, in a recent
study by Leite et al., the dissolution performance of single-component polysaccharide-
based, lidocaine-loaded dissolving MNs (PL- Lid MNs) was evaluated using two different
tissue models: agarose hydrogel and porcine ear skin [20]. The dissolution assay conducted
on agarose gel showed results comparable to those on porcine skin tissue, with a similar
dissolution rate and loss of integrity over the same time points. In both models, the mi-
croneedle tips were fully dissolved within 10 min of insertion. 26% and 32% of the lidocaine
remained in the patch after insertion into agarose hydrogel and porcine skin, respectively.

3.2.1. Cell–Laden Artificial Tissue Models

To evaluate cellular responses to therapeutic agents and assess treatment effectiveness,
it is common to extend MN testing to cell-based platforms. To date, cytotoxicity analyses
have primarily been conducted using 2D culture media. However, recent studies have
begun to advance this approach by culturing cells within 3D tissue models, making the
testing environment more complex and closely aligned with real physiological conditions.

It should be noted that while cell-laden artificial tissue models offer greater physio-
logical relevance than acellular platforms, their broader adoption is often constrained by
higher cost, increased experimental complexity, specialised infrastructure requirements,
and limited scalability. As a result, advanced models such as 3D bioprinted tissues and
skin-on-chip systems are predominantly used in academic and late-stage mechanistic stud-
ies, whereas simpler artificial tissue models remain more practical for routine screening,
high-throughput testing, and industrial or translational workflows.

3D Bioprinted Models

The antitumor activity of the dissolvable carboxymethylcellulose–fucoidan (CMC_Fuc)
MNs against melanoma cells (A375 cell line) was evaluated using a 3D bioprinted cell-
laden culture model (Figure 3A) [21]. The 3D in vitro model was fabricated using a bioink
composed of a pectin nanocomposite hydrogel containing 4.7% (w/v) pectin, 2.0% (w/v)
nanofibrillated cellulose (NFC), and 0.75% (w/v) lysozyme nanofibrils (LNFs), loaded with
A375 cells at a density of 3 × 106 cells mL−1. Using this structure offers several advantages,
as it better mimics the natural physiological conditions of the tumor microenvironment,
including cell–cell interactions, spatial complexity, and cellular communication, which
are not adequately represented in conventional 2D cultures. The antitumor activity of the
MNs was assessed in both 2D cell culture media and the 3D bioprinted cell-laden tissue
model. The MN array exhibited a clear cytotoxic effect on A375 cells after 24 and 48 h of
application in both culture systems, as reflected by the observed reduction in cell viability.
In the 2D culture, cell viability decreased to 59 ± 4% after 24 h and 17 ± 7% after 48 h. In
the 3D tissue model, viability was reduced to 68 ± 9% after 24 h and 44 ± 4% after 48 h.
The comparatively stronger cytotoxic response in the 2D model is attributed to its lower
physiological complexity relative to the 3D environment, which reduces cellular resistance
to treatment and thereby increases susceptibility to the MN-induced antitumor effect.
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Figure 3. (A) Schematic illustration of the preparation mechanism of the bioprinted melanoma
tissue model. Redrawn with some changes from [21]. Some elements were created in BioRender.
Kashaninejad (2026) https://BioRender.com/2pnzpr0. (B) (a) Schematic of the skin-on-a-chip setup
for MN analysis. (b) Scheme of the 3D assembled skin-on-a-chip model (c) Schematic illustration of
the cross-sectional view of the skin-on-chip platform. (d) Schematic representation of MN-mediated
drug delivery targeting melanoma cancer cells in a skin-on-a-chip melanoma model. Redrawn with
some changes from [22].

Wound Models

Another key concern with artificial skin models is their ability to replicate pathological
or damaged tissue conditions. Addressing this issue, Silve et al. developed a reproducible
wound model using a 3D skin construct [22]. The system consisted of a fully differentiated,
stratified squamous epithelium derived from human keratinocytes grown at an air–liquid
interface on a type I collagen scaffold seeded with human dermal fibroblasts. Wound

https://doi.org/10.3390/technologies14020106
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conditions were simulated using a microneedle stamping method, allowing the creation of
length-tailored wound areas for therapeutic evaluation. The morphology, cell viability, and
immunological responses at the simulated wound site were evaluated using histological
staining, metabolic assays, and cytokine expression analysis.

Skin-on-a-Chip Platforms

Skin-on-a-chip platforms have been introduced as robust model systems that provide
physiologically relevant conditions for disease modeling and drug efficacy analysis [23,24].
To investigate the progression of skin-related diseases and evaluate the effectiveness of drug
treatments, a skin-on-a-chip model was developed by Barros et al. [23]. The system was
designed on a PDMS-based microfluidic platform consisting of a microchannel for media
perfusion, a porous polyester membrane (0.4 µm pore size), and a PDMS skin chamber, as
shown in Figure 3B. The engineered skin model incorporated vascular layer, dermis and
epidermis presenting enhanced functionality and maturation. Dermal layer development
was confirmed by Collagen I and Fibronectin expression (after 7 days), while epidermal
layer maturation was validated by the expression of Filaggrin and Keratin 10, 14, and 19 at
the air–liquid interface (ALI) over 21 days. To simulate melanoma invasion into the dermis,
melanoma cells were placed 400 µm below the epidermal layer, adjacent to the dermis.
The skin-on-a-chip platform was subsequently utilized to assess the therapeutic efficacy of
doxorubicin (DOX)-loaded gelatin methacryloyl (GelMA) MNs for targeted treatment of
melanoma cancer cells.

3.3. Biosensing

As for another application regarding the MN system, MNs present potential as biosen-
sory system. The detection platform used in this system can be based on two main prin-
ciples of on-site and off-site mechanisms. As with drug delivery performance analysis,
the biosensing function of the MN array system should be monitored to ensure consistent
results. The use of artificial tissue models for the preliminary steps of in vitro test series
for microneedle performance assessment could serve as a reference for sensing function
analysis. Employing artificial tissue samples allows the option of sensitivity analysis of
the MN testing system under different conditions for a variety of biomarkers. Analyzing
extreme conditions and manipulating the sensing environment are among the options
offered through using these tissue-like platforms.

From a testing perspective, key biosensing performance metrics include sampling
efficiency (extracted volume or uptake), analytical sensitivity and detection limit, response
time, selectivity against interfering species, and signal stability in physiologically relevant
media. Artificial tissue phantoms enable controlled modulation of analyte concentration
and matrix composition (e.g., Phosphate-Buffered Saline (PBS) vs. interstitial fluid (ISF)),
supporting reproducible benchmarking across these metrics.

A patch of porous microneedles containing glucose oxidase (GOx) and horseradish per-
oxidase (HRP), and a colorimetric sensing layer containing 3, 30, 5, 50-tetramethylbenzidine
(TMB) on the back of the MNs was prepared for rapid glucose sampling and sensing [25].
For testing and validating the MN’s performance in rapid fluid sampling and collection, an
agarose gel was used as a tissue model containing simulated fluid. The volume of the fluid
extracted from agarose gel was measured in different time intervals. 34.57 ± 4.76 mg of the
loaded fluid in agarose gel was extracted in 1 min of patch wearing. Effects of different
glucose concentrations on the performance of microneedles was also analyzed. A linear
relationship was observed between the glucose content into the tissue structure and the
recovered liquid volume by porous microneedles.
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Manssouri Majd reported the preparation of a hydrogel-coated stainless-steel MN
biosensor capable of selective and low-potential electrochemical glucose detection directly
in skin-mimicking phantom [26]. For in vitro testing of electrochemical functionality, a
phantom-gel tissue was modeled to simulate the mechanical and diffusional properties
of human tissue. Two different phantom gels were formulated using either PBS or ISF
to replicate the transdermal condition. Defined glucose concentrations, ranging from
low (normal) to high (pathological) levels, were injected into the tissue models, and the
electrochemical biosensing performance of the microneedles was evaluated under both
conditions. The results demonstrated that both tissue models provided a promising skin-
mimicking platform. However, the microneedle biosensor exhibited higher sensitivity in
PBS than in ISF, attributed to the presence of multivalent ions and organic constituents
in ISF that may interfere with detection. The biosensor’s selectivity, an essential feature
given that microneedles operate in a complex microenvironment, was further evaluated by
introducing interfering analytes, such as ascorbic acid, uric acid, and acetaminophen, at
physiological or supraphysiological levels.

The analytical performance of a wearable MN sensor for cholesterol monitoring
was evaluated using an artificial skin phantom [27]. The device consisted of pyramidal
microneedles with hollow side microcavities integrated with platinum (Pt) and silver (Ag)
wires. Cholesterol oxidase (ChOx) was immobilized on the Pt transducer surface using
bovine serum albumin and Nafion. The microcavity design protected the immobilized
enzyme layer during MN insertion into the tissue.

To avoid the effects of long-term exposure to complex biological media on sensor
performance, the analysis was conducted using artificial media, including ISF and a skin-
mimicking gel phantom. A 1.4% agarose gel prepared by dissolving agarose powder in PBS
was used as the artificial tissue platform. Five different cholesterol concentrations (2–10 µM)
were tested by diffusing cholesterol into the gel, after which the MNs were inserted and left
in place for 1 min to ensure contact between the MN tips and the tissue. Cholesterol levels
were quantified by amperometric measurements. The resulting calibration curve between
current and cholesterol concentration, obtained from chronoamperometric responses, exhib-
ited a linear dynamic range across the tested concentrations, with a correlation coefficient of
0.9996, demonstrating the potential of the biosensor for cholesterol monitoring. In addition,
the selectivity of the sensor was confirmed in the presence of potential interfering species,
including glucose, lactic acid, uric acid, and ascorbic acid, together with cholesterol.

A summary of the reported studies is presented in Table 1.
The use of artificial tissue models for microneedle characterization provides valuable

insights into multiple aspects of microneedle performance. As highlighted in the existing
literature, these models can be tailored to replicate conditions most relevant to specific
applications. In this context, artificial tissues can be regarded as purpose-designed, en-
gineered testing platforms. For example, in hydrogel-based tissues such as agarose gels,
the mechanical properties can be tuned by adjusting the agarose concentration to match
those of the target tissue. Similarly, while simple gel-based structures are sufficient for
mechanical testing, they are not suitable for evaluating drug therapeutic efficacy; in such
cases, cell-laden tissue models provide a more appropriate platform. Based on these con-
siderations, a decision framework for selecting artificial tissue models based on application
and performance metrics is presented in Table 2.

Collectively, these studies show that artificial tissue models are particularly valuable
for early-stage calibration and selectivity testing, but they remain limited in replicating
dynamic physiological exchange (e.g., ISF replenishment and immune-related fouling),
reinforcing the need for hybrid or perfused platforms in later-stage validation.
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Table 1. Summary of the reported studies employing artificial tissue models for various applications.

MN Design MN Application Tissue Type Key Findings

3D-printed solid MNs [14] Tissue adhesion 2% agarose gel

The mechanical insertion and extraction
behavior of the needles was analyzed

using an agarose tissue model that
simulates human tissues.

Hydrogel MNs [15] Penetration study

A composite tissue
model composed of

a silicone layer and a
gel layer

The tissue model demonstrated greater
physiological relevance to biological

tissues in terms of microneedle
penetration depth, drug permeation, and

heating profile compared to the
agarose model

PVP/PVA dissolving MNs for
cubosome-like rapamycin-loaded

nanoparticles [18]
Drug delivery 3% agarose gel

The transparency of agarose gel makes it
an excellent model for visualizing drug

diffusion pathways.

Dissolving microneedle patch for
protein (ovalbumin, bovine serum

albumin and amniotic
mesenchymal stem cell metabolite

products) transdermal
delivery [19]

Transdermal
protein delivery

Parafilm®M,
and Strat-M®

Synthetic membranes were able to bypass
protein-related skin interference in
in vitro permeation studies, thereby

providing more reliable results.

Polysaccharide-based,
lidocaine-loaded dissolving

microneedles (PL- Lid MNs) [20]
Drug delivery Agarose with a layer

of Parafilm.

The microneedle dissolution rate in
agarose hydrogel was found to be

comparable to that in porcine ear skin.

Carboxymethylcellulose-
fucoidan dissolvable MN [21]

Drug delivery, anti
tumoral analysis

3D bioprinted
melanoma

culture mode

The bioprinted tissue mimics the natural
physiological conditions of the tumor
microenvironment, including cell–cell
interactions, spatial complexity, and

cellular communication

A stamp with incorporated
needles with a length of

250 µm [22]
Wound modeling

Artificial 3D human
skin simulated
tissue model

Length-tailored wounds were simulated
in a 3D skin model to study cell

migration and interactions during the
wound healing process, as well as to

better understand tissue regeneration in
response to various factors.

Doxorubicin (DOX)-loaded
gelatin methacryloyl (GelMA)

MNs [23]

Transdermal
drug delivery

Skin-on-a-chip
platform

Skin-on-a-chip platform was utilized to
assess the therapeutic efficacy of

doxorubicin (DOX)-loaded gelatin
methacryloyl (GelMA) MNs for targeted

treatment of melanoma cancer cells.

A patch of porous microneedles
containing glucose oxidase (GOx)

and horseradish peroxidase
(HRP), and a colorimetric sensing

layer (TMB) on the back of the
microneedles [25]

Glucose sensing Agarose gel

The performance of microneedles was
evaluated across a spectrum of glucose
concentrations, ranging from normal to

abnormal levels.

Hydrogel-coated stainless-steel
microneedle biosensor [26]

Selective and
low-potential

electrochemical
glucose detection

Agarose gel

The sensitivity of the microneedle patch
was evaluated using two different

phantom gels formulated with PBS or ISF.
Selectivity was assessed in the presence

of potential interfering substances.

Biocatalytic MN wearable
sensor [27] Cholesterol monitoring Agarose gel

The potential of the MNs for continuous
cholesterol monitoring in ISF was
demonstrated, together with an

evaluation of its selectivity in the
presence of potential interfering species.
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Table 2. Decision framework for selecting artificial tissue models based on application, performance
metrics, validation requirements, and practical constraints.

Use Case Performance Metric Required Tissue Properties Recommended
Artificial Models

MN insertion testing Insertion/extraction force/
MN penetrability

Elastic
modulus/viscoelasticity

Composite gel, agarose gel,
silicone elastomer, Parafilm

Drug release performance Drug diffusion pathway,
MN dissolution rate

Diffusivity, porosity,
hydration, optical

transparency
Agarose gel

Drug therapeutic effect Cell–cell interaction, drug
response analysis Cell integrated

Skin-on-a-chip platform/ cell
integrated 3D printed

tissue model

Biosensing Sensitive and selective
biomarker selection

Fluid availability, interference
transport, biomarker transport Agarose gel

4. Limitations and Challenges
Despite the significant advantages of artificial tissue models for MN testing and

post-analysis, several challenges persist. These models cannot fully replicate the struc-
tural, mechanical, and functional characteristics of real biological tissues, as summarized
schematically in Figure 4. The unique morphology of each tissue type plays a crucial role in
microneedle penetration and overall performance, which may not be accurately simulated
in artificial platforms.

It should be noted that the merits and limitations summarised in Figure 4 primarily
reflect skin-mimicking artificial tissue models, which constitute the majority of currently re-
ported platforms for MN testing. Artificial tissue phantoms developed for non-transdermal
targets are comparatively scarce, remain highly application-specific, and are still at an
early stage of development; therefore, they are beyond the primary scope of the present
schematic comparison.

For instance, the curvature and delicate structure of ocular tissue pose specific chal-
lenges for artificial reproduction of ocular MN applications. In addition, physiological
responses, such as tearing induced by the sustained absence of blinking, cannot be mim-
icked in vitro. Similarly, if the target tissue is the breast, natural movements associated with
respiration (e.g., chest expansion and relaxation) introduce dynamic mechanical conditions
that are not easily simulated in artificial environments.

Another major limitation is the absence of systemic physiological components. Arti-
ficial tissue models lack integration with blood circulation, immune responses, and drug
clearance pathways, all of which play critical roles in drug delivery and therapeutic out-
comes. Likewise, for fluid extraction applications, replicating the dynamics of ISF flow
remains a significant challenge.

Emerging hybrid platforms, such as perfused microfluidic or organ-on-chip sys-
tems that integrate artificial tissue constructs with controlled flow and, in some cases,
endothelial or immune cell components, represent a promising research direction for
addressing these dynamic physiological limitations; however, their application to micronee-
dle testing remains largely exploratory and is currently limited by scalability, cost, and
experimental complexity.

It can be confidently stated that artificial tissue platforms are essential for in vitro
microneedle testing and analysis during the early stages of MN development. Given
the high costs of microneedle design and fabrication, these models offer a practical, cost-
effective approach to overcoming challenges associated with repeated testing and design

https://doi.org/10.3390/technologies14020106

https://doi.org/10.3390/technologies14020106


Technologies 2026, 14, 106 13 of 17

iteration. However, despite their advantages, artificial tissue platforms may still have
limitations when used in the final stages of microneedle evaluation test series.

 

Figure 4. Key information on the merits and limitations of artificial tissue models in microneedle
studies. Elements were Created in BioRender. Kashaninejad (2026) https://BioRender.com/gyzphcb.

5. Commercial Readiness of Artificial Tissue Platforms
Looking ahead, and with heightened awareness following recent global health crises,

MN-based medical technologies are poised to play an increasingly important role in health-
care delivery. As standardized testing workflows and safe production pathways become
increasingly critical, robust, reliable characterization platforms have become a high priority.
Consequently, there is a clear and growing need to advance the commercialization of
artificial tissue models as realistic tissue surrogates, in parallel with the rapid technological
progress of MN systems.
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A useful framework for describing and benchmarking the maturity of such emerging
characterization platforms is the Technology Readiness Level (TRL) scale, originally de-
veloped by the National Aeronautics and Space Administration (NASA) and now widely
adopted across engineering, biomedical, and translational research domains. TRL defines
technology maturation across 9 levels, ranging from fundamental concept formulation
(TRL 1) to fully deployed, commercially operational systems (TRL 9) [28]. Within trans-
lational research, this framework has proven particularly valuable for identifying gaps
between laboratory proof-of-concept and practical deployment—commonly referred to as
the “valley of death” [29].

In the context of artificial tissue models for MN evaluation, most reported platforms
currently reside in the mid-TRL range (approximately TRL 3–5), where feasibility has been
demonstrated through laboratory validation and controlled testing.

At present, several commercially available artificial tissue surrogates are already used
within MN research and development workflows. For example, Strat-M®, a multilayer
synthetic membrane designed to approximate key barrier properties of human skin, is
widely employed for in vitro drug permeation and release studies involving MN-mediated
delivery. Similarly, Parafilm®M and standardized polymeric or hydrogel substrates are
frequently used as reproducible benchmarks for MN insertion, penetration depth, and
mechanical integrity testing. These platforms offer clear advantages in terms of accessi-
bility, reproducibility, and ease of integration into early-stage screening and comparative
testing protocols.

Accordingly, simple artificial tissue models are more commonly adopted in industrial
and translational settings, where throughput, reproducibility, and cost-efficiency are priori-
tised, whereas advanced tissue-engineered platforms remain largely confined to academic
laboratories due to scalability and cost constraints.

From a validation perspective, progression toward higher TRL requires the estab-
lishment of clear and repeatable performance benchmarks. These include demonstration
of repeatability and reproducibility through batch-to-batch consistency and, where fea-
sible, inter-laboratory validation, as well as benchmarking against relevant ex vivo or
in vivo tissues using matched performance metrics (e.g., insertion force, penetration depth,
permeation rate, or analyte recovery). For commercial deployment, additional practical
considerations include quality-control (QC) procedures, material consistency, shelf stability
under defined storage conditions, and compatibility with standardized testing workflows.
Together, these steps represent concrete milestones for advancing artificial tissue platforms
from research tools toward robust, commercially viable testing standards.

Despite their commercial availability, the broader adoption of such platforms at higher
TRLs remains limited. One major barrier is their inability to replicate critical aspects
of biological complexity relevant to late-stage validation, including tissue heterogeneity,
vascularization, immune response, active metabolism, and long-term drug distribution. In
addition, many commercially available artificial tissues are application-specific, meaning
that performance metrics obtained using a given platform may not be directly transferable
across different MN designs, payloads, or target tissues. The absence of formal regulatory
qualification pathways and limited inter-laboratory benchmarking further constrain their
acceptance as standalone validation tools for advanced development stages.

It is also essential to recognise that TRL, while widely used, is not without limitations.
Studies examining TRL implementation across multiple industries have highlighted chal-
lenges related to assessment validity, system complexity, and contextual interpretation,
particularly as technologies approach higher readiness levels [28]. These findings empha-
sise that TRL alone cannot fully capture integration requirements, workflow compatibility,
or the robustness of validation protocols, all of which are critical for commercial deploy-
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ment. Consequently, the practical application of TRL frameworks in translational contexts
often requires adaptation to sector-specific constraints and the provision of supporting
evidence beyond nominal readiness classification.

For artificial tissue surrogates, this suggests that advancement toward commercial
readiness will depend on demonstrating consistent performance across multiple micronee-
dle designs, compatibility with industry-standard testing workflows, and documentation
practices aligned with recognised quality and safety frameworks, such as those estab-
lished by the International Organization for Standardization (ISO) and the Food and Drug
Administration (FDA).

Ultimately, commercially available artificial tissue platforms are best positioned as
standardized preclinical screening and benchmarking tools, rather than replacements for
ex vivo or in vivo testing. Continued development toward higher TRLs has the potential to
accelerate MN development, reduce development risk, and enable faster and safer market
entry for MN-based technologies.

6. Conclusions and Future Perspective
With the rapid advancement in microneedle research, the need for a reliable, scalable

characterization platform has become increasingly evident. From penetration to application
(e.g., therapy or sensing), microneedle functionality must be rigorously evaluated with
respect to insertion mechanics, drug delivery efficiency, and biosensing capabilities. Given
the need for multiple characterization tests, artificial tissue platforms that closely simulate
the properties of real tissues offer an excellent alternative for microneedle performance
assessment, as they circumvent several challenges associated with in vivo and ex vivo
tissue models.

This paper aimed to provide a distinct perspective on these artificial surrogates, which
have consistently complemented in vivo tests during the microneedle evaluation process.
It should be noted that, despite their flexibility and demonstrated potential as tissue
mimics, the use of artificial models has thus far been largely restricted to the early stages of
microneedle development and has not yet found widespread adoption in final evaluation
stages. This limitation is likely due to their inability to fully replicate the complexity of
real tissues.

Such dissimilarity, however, can be considered a double-edged sword. On one hand,
simplified models are advantageous for preliminary testing, as they allow researchers to
isolate and investigate specific aspects of microneedle functionality without interference.
On the other hand, the absence of these biological interferences, which are an inseparable
part of real tissues, can sometimes lead to findings that diverge from in vivo performance.

Looking forward, bridging this gap between early-stage screening and advanced
evaluation will be critical not only for improving physiological relevance but also for
enabling broader adoption of artificial tissue platforms in translational and industrial
settings. In this context, continued development of standardized, scalable, and application-
relevant artificial tissue models will be essential to support the reliable advancement
of microneedle technologies toward clinical use and commercial deployment. Future
progress is likely to benefit from the co-design of MN devices and artificial tissues, in which
phantom specifications are iteratively refined alongside microneedle geometry, materials,
and intended function.

To enable translation and cross-laboratory comparability, standardized benchmarks
for artificial tissues should be defined in terms of measurable mechanical, transport, and
reproducibility metrics. We propose a three-tier framework: (i) mechanical benchmarks,
including elastic modulus, fracture stress, and toughness, which govern microneedle
insertion physics; (ii) transport benchmarks, including water content, porosity, diffusion
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coefficient, and permeability, which control drug delivery and biosensing performance; and
(iii) reproducibility benchmarks, such as batch-to-batch variation in the modulus, insertion
force, and analyte uptake, with acceptable coefficients of variation below 10–15%. Artificial
tissues meeting these criteria can serve as standardized, application-specific reference
platforms for microneedle evaluation.

It is worthwhile to direct greater efforts in research and development toward creat-
ing more realistic artificial samples for advanced microneedle evaluation. For instance,
three-dimensional bioprinting technologies capable of generating functional tissue-like
architectures represent a promising approach in this direction [30].
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