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Abstract

Hydrogel-forming microneedles (HFMNs) are minimally invasive interfaces that access in-
terstitial fluid (ISF) through skin penetration, swelling-mediated uptake, analyte diffusion,
and hydrated sensor integration. This review examines HFMN architectures, skin—-device
interfaces, ISF transport, molecular-recognition and signal-transduction strategies, analyti-
cal performance, benchmarking, wear-associated failure modes, therapeutic monitoring,
and translational priorities. The field has expanded from glucose sensing to metabolites,
ions, hormones, proteins, nucleic acids, microbial and wound biomarkers, and therapeutic
drugs, enabled by advances in hydrogel chemistry, conductive networks, nanostructured
electrodes, catalysis, affinity recognition, molecular imprinting, optical readouts, and mul-
tiplexed wearables. Performance remains context dependent and requires physiological
range, calibration stability, biofouling resistance, reliable insertion, validated ISF-reference
correlations, and interpretable thresholds. Evidence is strongest in artificial matrices,
ex vivo tissue, and animals, while human validation remains limited. Translation will
require standardized mechanics and transport reporting, longer wear studies, sterilization-
compatible chemistries, scalable manufacturing, and clinical validation. HFMNs may
complement rather than replace blood-based diagnostics.

Keywords: hydrogel-forming microneedles; interstitial fluid; wearable biosensors; therapeutic
drug monitoring; closed-loop theranostics

1. Introduction

Continuous biochemical monitoring has transformed diabetes care, yet the broader
promise of minimally invasive molecular surveillance remains largely unrealized. Blood
remains the dominant clinical matrix for therapeutic drug monitoring, metabolic assess-
ment, and biomarker quantification, but repeated sampling is poorly suited to continuous,
ambulatory, or decentralized care. ISF, occupying the extracellular space beneath the skin,
offers a compelling alternative because it reflects local and systemic physiology and is
accessible through shallow, minimally invasive interfaces. Microneedles have therefore
become central to wearable biosensors that sample or interrogate dermal ISF without
conventional venipuncture [1-3].

Within this landscape, HFMNs represent a particularly important architectural class.
Their significance lies not only in painless or minimally invasive skin access, but also
in functioning as hydrated polymeric interfaces that couple penetration, fluid uptake,
analyte diffusion, receptor stabilization, and sensor integration. Poly(ethylene glycol) di-
acrylate (PEGDA) extraction arrays, methacrylated hyaluronic acid (MeHA)/poly(vinyl
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alcohol) (PVA) hydrogel patches, conductive hyaluronic acid systems, and highly swellable
microneedle—electrode platforms illustrate how hydrogel composition and geometry can
support ISF acquisition and on-device analysis [4-7]. Conductive and composite hydrogels
further transform the microneedle matrix from a passive sampler into an active transduction
environment, as demonstrated by poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)-containing hydrogel electrodes, MeHA /PEDOT:PSS/graphene oxide mi-
croneedles, and MXene-containing hydrogel wound dressings [5,8,9].

The biological scope of microneedle sensing has expanded substantially. Early work
established glucose as the dominant benchmark analyte, with enzymatic, nonenzymatic,
porous, hollow, and high-density microneedle systems demonstrating ISF glucose detec-
tion and several showing correlations with blood or commercial glucometer measure-
ments [10-15]. More recent hydrogel and hydrogel-relevant platforms have broadened
the field to lactate, urea, uric acid, ketones, potential of hydrogen (pH), electrolytes, in-
sulin, immunoglobulin E (IgE), protein biomarkers, nucleic acids, and wound-associated
biomarkers [4,8,16-20]. This diversification is critical because HFMNSs’ clinical value will
depend on supporting analytes that are difficult to monitor continuously with conventional
wearable technologies.

Molecular recognition has evolved alongside this analyte expansion. Enzymatic sys-
tems remain the most mature route for metabolite sensing, particularly when catalytic
specificity and established biochemical pathways can be coupled to electrochemical read-
out [10,15,21-24]. However, affinity-based recognition is increasingly central to therapeutic
and disease-state monitoring. Aptamer-based platforms have enabled monitoring of
insulin, IgE, cortisol, phenylalanine, vancomycin, gentamicin, tobramycin, and infection-
associated response markers not easily addressed by classical enzyme chemistry [25-31].
Immunochemical and hydrogel-protected recognition systems further demonstrate feasi-
ble protein biomarker monitoring, including insulin and other clinically relevant macro-
molecules [18,32-35]. These advances suggest that HFMNs may ultimately support person-
alized biochemical monitoring beyond the metabolic domain.

Therapeutic drug monitoring is among the field’s most clinically consequential direc-
tions. Hydrogel microneedle systems have generated real-time antibiotic profiles, including
vancomycin and gentamicin monitoring, while aptameric microneedle patches have shown
strong ISF-blood correlation for tobramycin and vancomycin [28,29]. Related platforms
have extended drug monitoring to lidocaine, buprenorphine, olanzapine, fentanyl, methy-
lene blue, mitoxantrone, irinotecan, and related pharmacokinetic targets [6,36—40]. These
studies indicate that microneedle-accessed ISF may provide actionable pharmacokinetic
information, but also underscore that ISF cannot be treated as a universal blood surrogate.
Drug-specific blood-ISF partitioning, tissue access, distribution, and local or organ-level
clearance must be defined before ISF measurements can support dosing decisions [39,40].

The most ambitious frontier is the convergence of sensing and therapy. Several plat-
forms approach theranostic functionality by combining monitoring with drug release,
stimulation, or wound management. A bilayer microneedle-triboelectric platform inte-
grated antibiotic release, electrical stimulation, and wound-biomarker monitoring [41]. A
biomimetic diabetes theranostic system linked glucose and ion sensing to insulin deliv-
ery [42]. A hydrogel-forming wound dressing combined wound-ISF biomarker monitoring
with antimicrobial and therapeutic functions [8]. These examples establish a plausible path
from passive biosensing to feedback-informed intervention, although they remain early
demonstrations rather than evidence of broadly validated closed-loop HFMN therapy [1,3].

Translation now requires a shift in emphasis. The field has generated impressive
sensing modalities, material platforms, and analyte panels, but clinical readiness depends
on more than technical novelty. HFMN systems must function stably during hydration,
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motion, and biological fouling; preserve receptor activity after fabrication and sterilization;
maintain mechanical reliability during insertion and removal; generate interpretable signals
across relevant patient populations; and align ISF outputs with accepted clinical compara-
tors [1-3,18,43,44]. The central question is no longer whether microneedles can access ISF
or detect biomarkers, but whether HFMNs can become reliable, manufacturable, clinically
interpretable interfaces for continuous monitoring and therapeutic decision-making.

2. Scope, Classification, and Therapeutic Relevance
2.1. Defining the Review Scope

This review focuses on HFMNs as soft, polymeric interfaces for ISF biosensing and
therapeutic monitoring. HFMNSs are distinct from hollow microneedles (HMNs), although
the broader literature sometimes uses HMNs ambiguously to refer to hydrogel-forming
or hollow microneedles. In this manuscript, HFMNs refer only to hydrogel-forming
microneedles, and HMNs only to hollow microneedles. HFMNs use hydrated or swellable
polymer networks to interface with ISF, whereas HMNs use lumen- or channel-based fluid
transport [5,19,45]. This distinction is essential because much of the broader microneedle
biosensing literature is relevant to ISF monitoring but does not constitute direct evidence
for HFMNs.

The strongest evidence for the central theme comes from hydrogel-forming, hydrogel-
integrated, swellable, conductive-hydrogel, or hydrogel-coated microneedle systems that
enable ISF access and biomarker monitoring. These platforms monitor clinically relevant
metabolites, proteins, electrolytes, nucleic acids, microbial targets, drugs, and wound
biomarkers in ISF or tissue-associated fluids [8,16,18-20,28,46]. The field has thus pro-
gressed beyond proof-of-concept glucose sensing to broader biochemical surveillance,
including insulin monitoring for diabetes-related therapeutic assessment [18], ketone moni-
toring for diabetic ketoacidosis risk management [19], C-reactive protein (CRP) tracking
during resistant infection and vancomycin treatment [30], and multiplex wound-biomarker
monitoring [8]. Nevertheless, most HFMN-based sensing systems remain diagnostic or
monitoring platforms rather than integrated therapeutic devices. Their translational value
lies primarily in providing timely biochemical information that could inform clinical deci-
sions, rather than autonomous treatment control [8,19,28,30].

2.2. Hydrogel-Integrated and Hydrogel-Relevant Sensing Platforms

A second evidence tier comprises hydrogel-relevant systems that use hydrogel
coatings, gel shells, PEGDA matrices, swellable polymers, hydrogel transducers, or
gel-mediated sensing interfaces without always meeting the stricter HFMN defini-
tion. These platforms clarify how hydrated polymer interfaces support ISF uptake,
analyte access, signal stability, or wearable integration. Examples include PEGDA-
associated sensing systems [4,47], metal-hydrogel-assisted immunoglobulin G (IgG) mon-
itoring [17], gel microneedles for self-powered monitoring and short-term forecasting
of glucose, lactate, and uric acid [48], glucose-responsive polymer-coated micronee-
dles [49], methacrylated hyaluronic acid microneedles for glucose extraction [50], hydrogel-
coated surface-enhanced Raman scattering (SERS) microneedles for drug monitoring [39],
hydrogel-coated glucose biosensors and hydrogel-containing core—shell microneedle biosen-
sors [22,44], and swellable or hydrogel-mediated systems for glucose, alcohol, cortisol, and
ion monitoring [7,31,51].

Together, this group shows that hydrogel functionality often improves sampling
or sensing rather than enabling therapy. Hydrogel integration should not be equated
with drug delivery, feedback control, or closed-loop treatment unless those functions are
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explicitly demonstrated. In the current evidence base, hydrogel-containing microneedles
more consistently support ISF biosensing than therapeutic intervention [1,2].

2.3. Comparator Microneedle Biosensors and the ISF Monitoring Landscape

Comparator microneedle biosensors provide necessary context but should not di-
lute the manuscript’s HFMN focus. Hollow, porous, polymeric, SERS-active, aptameric,
clustered regularly interspaced short palindromic repeats (CRISPR)-functionalized, molec-
ularly imprinted, metallic/nanostructured, and other electrochemical microneedles have
been reported across diverse ISF-relevant biomarkers [45,52-57]. These include metabolic
and ionic targets such as glucose, lactate, ketones/acetoacetate, urea, uric acid, pH, and
electrolytes [21,52,55,58—61]. Dedicated electrochemical microneedle systems also support
oxygen and hydrogen peroxide monitoring [62,63]. Additional comparator platforms ad-
dress cortisol, dopamine/catecholamines, cytokines, cancer markers, nucleic acids, bacteria,
and endotoxins [34,53,56,57,64—66]. Drug-focused examples include lidocaine, buprenor-
phine, olanzapine, fentanyl, methotrexate, and pharmacokinetic or drug-clearance moni-
toring [6,36-38,40,67]. Collectively, these studies show microneedle biosensing expanding
from single-analyte metabolic tracking to multiplexed and disease-specific monitoring.

Their relevance is comparative rather than central. They identify analytes, sampling
strategies, and translational use cases that HFMNs may also address but do not establish
the advantages of HFMN architectures. Comparator systems often emphasize electrode
performance, hollow-channel sampling, metallic transduction, molecular recognition, or
nanostructured sensing rather than hydrogel-mediated ISF uptake, analyte diffusion, bio-
compatibility, or coupling with drug-release functions. Accordingly, they are most useful
for defining what HFMN platforms must match or improve: reliable ISF access, selectivity
in complex matrices, long-wear stability, biofouling resistance, and clinically meaningful
interpretation of sensor outputs [1,2,52,62].

2.4. Therapeutic Monitoring and Drug-Delivery Relevance

The therapeutic-monitoring literature provides the most important bridge between
ISF biosensing and dosing- or treatment-decision-making. Studies targeting vancomycin,
gentamicin, tobramycin, infection-associated CRP dynamics, and drug pharmacokinetic or
clearance interpretation are especially aligned with this transition because they connect
microneedle sampling to pharmacokinetic assessment, treatment-response evaluation, or
precision dosing [28-30,40]. Other platforms extend microneedle-based drug monitoring
to lidocaine overdose prevention [36], buprenorphine monitoring [37], olanzapine monitor-
ing [38], fentanyl detection [6], 3,4-methylenedioxymethamphetamine (MDMA) toxicology
tracking [68], methylene blue and mitoxantrone pharmacokinetics [39], rhodamine 6G
model pharmacokinetic profiling [69], and electrochemical aptamer-based monitoring of
non-redox-active molecular targets [70].

This body of work supports the premise that ISF-accessing microneedles can contribute
to therapeutic monitoring but also exposes a major limitation: most platforms measure
drug levels or treatment-associated biomarkers without showing that sensor outputs di-
rectly control dosing, release, or therapeutic adjustment. Only a smaller subset approaches
monitoring—intervention integration. A bilayer microneedle-triboelectric platform inte-
grates antibiotic release, electrical stimulation, and wound-biomarker monitoring [41]. A
biomimetic diabetes theranostic platform couples glucose and physiological-ion sensing
with subcutaneous insulin delivery [42]. A hydrogel-forming microneedle wound dressing
links wound-ISF biomarker monitoring with intelligent wound management [8]. These
examples define the field’s therapeutic frontier but should be interpreted as early integrated
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or theranostic platforms, not as evidence that mature HFMN-based closed-loop therapy
has been broadly achieved.

2.5. Peripheral and Framework Evidence

Frameworks and reviews help define translational requirements for continuous mi-
croneedle monitoring, therapeutic drug monitoring, closed-loop integration, active-reset
strategies, and HFMN-based sensing development [1-3,43]. These sources organize the
field but should not be weighted as primary experimental evidence. Peripheral microneedle
studies in saliva, sweat, intracellular environments, plant fluids, food matrices, and fish tis-
sue further illustrate the adaptability of microneedle-based analytical formats [71-77]. Fish-
tissue hypoxanthine monitoring is useful as a nonclinical electrochemical sensing compara-
tor but remains outside the central axis of HFMNSs, ISF, and therapeutic monitoring [77].

Overall, the evidence supports a clear hierarchy. HFMNs and hydrogel-integrated plat-
forms provide the strongest foundation for ISF biosensing. Hydrogel-relevant systems clarify
how hydrated interfaces enhance sampling or sensing. Comparator microneedle biosensors de-
fine the broader analytical landscape and performance expectations. Therapeutic-monitoring
platforms show the clinical value of ISF drug and biomarker tracking. True sensing-plus-
delivery systems remain comparatively limited, indicating progression from minimally inva-
sive ISF biosensing toward therapeutic monitoring, while robust HFMN-enabled closed-loop
therapy remains an emerging rather than established capability [8,41,42,67]. This evidence
positioning is summarized in Table 1 and conceptualized in Figure 1.

Table 1. Scope-based evidence positioning for HFMN-enabled ISF biosensing and therapeutic monitoring.

Scope, Classification, and

. What the Evidence Demonstrates Boundary or Unresolved Point References
Therapeutic Relevance
HFMNSs and hydrogel-integrated
Biosensing based on or hydrogel-mediated Strong support exists for
HFMN s, microneedles can access ISFor ~ biosensing and monitoring, but
hydrogel-integrated tissue-associated fluid and evidence remains limited for [5,6,8,16,18—
microneedles, and monitor clinically relevant direct therapeutic actuation or 20,28,46,78]
hydrogel-mediated metabolites, proteins, ions, autonomous
ISF access nucleic acids, microbial targets, closed-loop control.
drugs, and wound biomarkers.
Hydrogel coatings, swellable Hydrogel functionality is often
Hydrogel-relevant systems matrices, gel shells, PEGDA used for sampling or sensin
ydrogel-te y interfaces, and hydrogel-like phng & [4,7,17,22,31,39,
not strictly based ; support, not drug storage,
on HEMNSs sensing layers can support ISF controlled release. or 47,48,50,51]
uptake, analyte access, or feedback-triggered t}{era
wearable signal acquisition. 88 24
Microneedle systems not based l;_};l?lsve[Iztsllgissizr:&x;%ilg:
Comparator ISF on hydrogels or HFMNs establish treated as direct evidence for [40,45,52,53,55—

microneedle biosensors

clinically relevant analytes,
sampling strategies, and device
architectures for ISF monitoring.

hydrogel-mediated sampling,
diffusion, or
delivery advantages.

57,59,60,64-67]

Therapeutic drug
monitoring and
pharmacokinetic
assessment

Microneedle platforms can track
therapeutic drugs, toxic agents,
illicit drugs, or
treatment-associated biomarkers
relevant to dosing, exposure,
toxicity prevention, or
response assessment.

Most systems remain
monitoring-only platforms;
clinical dosing benefit and

real-time treatment adjustment
are not consistently
demonstrated.

[6,28-30,36~
40,68]
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Table 1. Cont.
Scope, Clas§1ﬁcat10n, and What the Evidence Demonstrates Boundary or Unresolved Point References
Therapeutic Relevance
A small subset couples These are the c.los’est example.s
o . . to the manuscript’s therapeutic
. . monitoring with drug delivery, . .
Sensing-plus-delivery or . . Lo endpoint, but broad evidence
. electrical stimulation, insulin [8,41,42,67]
theranostic platforms . for autonomous closed-loop
delivery, or
. therapy based on HFMNs
wound-treatment functions. . ..
remains limited.
Reviews, theoretical models, and
microneedle sensors outside These sources are useful for
Framework and peripheral ISF-centered or clinical (.tontexts context only and shpuld not [1-3,43,71
. help frame translation, expand the central claim beyond
comparator evidence 74,77,79]

ISF biosensing and therapeutic
monitoring enabled by HFMNs.

closed-loop concepts, and
point-of-need sensing
beyond HFMN:Ss.

>
\

Core HFMN /
Hydrogel-integrated
ISF platforms
T

Platform Relevance
Hydrogel-relevant /
adjacent systems

Non-HFMN
comparators
I

Theranostic or sensing-
plus-delivery systems

Core HFMN ISF ﬁ%w;.,; 4
Hydrogel-relevant blosegsars -
sensing interfaces ’ éj;
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f \[ A / \/
Therapeutic drug

Comparator ISF
microneedle biosensors

monitoring platforms

Peripheral/non-ISF
comparators

v

Diagnostic ISF Biosensing

Therapeutic drug/response monitoring Sensing-plus-delivery / Theranostics

Therapeutic Proximity

Figure 1. Scope positioning of HFMN-enabled ISF biosensing and therapeutic monitoring. The figure
maps evidence classes along two conceptual axes: increasing platform relevance to HFMNs and
increasing therapeutic proximity. Core HFMN and hydrogel-integrated ISF biosensors occupy the
highest platform-relevance region, while therapeutic drug-monitoring and sensing-plus-delivery
systems move toward greater therapeutic proximity. Comparator ISF microneedle biosensors and
peripheral or non-ISF comparators are positioned as contextual evidence rather than central support
for HFMN-enabled therapeutic monitoring. The highlighted upper-right region represents the
highest-priority evidence space, where hydrogel-forming or hydrogel-integrated platforms intersect
with therapeutic monitoring, delivery, or theranostic function (Prepared with the assistance of Gemini
NotebookLM pro and OpenAl ChatGPT Plus).

3. Microneedle Architecture, Skin Interface, ISF Access, and
Transport Behavior

3.1. Hydrogel-Forming and Swellable Microneedles as ISF-Access Interfaces

Hydrogel-forming and swellable microneedles are the architectural core of this review
because they combine skin penetration with fluid uptake through hydrated polymer
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networks. Their advantage is minimal invasiveness combined with simultaneous function
as temporary skin-access structures and ISF-collecting matrices. This distinguishes HFMNs
from HMNs, which typically route fluid through a lumen, and solid microneedles, which
primarily position an electrode or sensing surface within the skin. Figure 2 illustrates
the architecture-controlled sequence of dry insertion, hydrogel swelling, ISF uptake, and
analyte transport.

o Mechanical Insertion o Hydrogel swelling and ISF uptake e Analyte transport
Therapeutic
monitoring/delivery
HFMN Patch (Dry) » —> o interface

Epidermis — |
oAy
7 opo)

oty 5 Hydrated, swollen
[ Interstitial fluid (ISF) Analytes polymer network

Dermis -

Subcutaneous _|
fat

Comparative access modalities

Hollow microneedle Porous microneedle Solid microneedle
— = %
/
‘\\ 4\ 57 |
Sl
e
v ddd

Lumen extraction Capillary wicking Direct electrode insertion

Figure 2. Architecture-controlled ISF access in hydrogel-forming microneedles. A hydrogel-forming
microneedle first functions as a dry, mechanically competent structure for skin insertion, then hydrates
and swells within the viable epidermis and dermis to access ISE. Hydration enables ISF uptake and
analyte diffusion through the hydrogel network toward an integrated or coupled sensing interface.
The inset distinguishes comparator routes in which hollow microneedles rely on lumen extraction,
porous microneedles on capillary wicking, and solid microneedles on direct insertion of a sensing
interface (Prepared with the assistance of Gemini NotebookLM pro and OpenAl ChatGPT Plus).

The strongest architectural evidence for HFMNSs, hydrogel-integrated microneedles,
and hydrogel-mediated sampling comes from systems explicitly reporting swelling ca-
pacity, insertion force, extracted volume, or needle geometry. PEGDA microneedles were
fabricated as a 10 x 10 extraction array with an average needle length of 782 £ 10 pm [4].
MeHA /PVA composite hydrogel microneedles exhibited mechanical strength exceeding
0.1 N per needle and 400% swelling [6]. Highly swellable microneedles coupled to elec-
trode arrays extracted approximately 6.87 pL per needle within 5 min while maintaining a
penetration strength of 0.21 N per needle [7]. A two-layer swellable patch absorbed 60.2 mg
of ISF within 10 min in vitro [80]. These data support hydrogel-mediated ISF acquisition
but also show that the field lacks a common framework for comparing swelling, insertion
strength, uptake kinetics, and post-insertion integrity across formulations.

Material evidence is promising but uneven. MeHA repeatedly serves as a swellable
ISF-extracting matrix in MeHA-based extraction patches, MeHA /PVA composites, MeHA
matrices for probe loading, and MeHA systems incorporating graphene oxide—probe
conjugates [6,20,31,50]. Other HFMN or hydrogel-integrated formulations include
gelatin methacryloyl (GelMA) microneedles [78], hyaluronic acid methacryloyl/sodium
hyaluronate microneedles [30], PEGDA microneedles [4], and PVA/chitosan hydrogel
dressings [8]. However, most summaries do not report crosslinking density or directly
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relate network structure to mechanical strength, swelling, analyte diffusion, or drug-release
behavior. Thus, the evidence supports the importance of hydrogel composition but does
not permit rigorous formulation-level comparison of how network structure governs ISF
uptake or transport.

Conductive hydrogels provide a more integrated architecture in which the hydro-
gel is both the sampler and the sensing interface. Dopamine-conjugated hyaluronic acid
containing PEDOT:PSS enabled on-needle ISF pH measurement, and the effect of PE-
DOT:PSS on swelling and mechanical strength was specifically evaluated [5]. A crosslinked
MeHA /PEDOT:PSS/ graphene oxide composite formed sharp hydrogel microneedles that
functioned directly as working electrodes [9]. A PVA/chitosan/MXene hydrogel-forming
wound dressing integrated PEDOT:PSS/ graphene oxide electrodes on the HFMNs and
reached a conductivity of 384 S/m [8]. These examples show progression from passive
sampling to integrated hydrogel-electrode systems. However, the evidence remains insuf-
ficient to compare PEDOT:PSS, graphene oxide, and MXene for long-term skin exposure,
cytocompatibility, or hydration-dependent drift within this architecture section.

3.2. HMN, Core—Shell, and Protected Sampling Designs

HMN:s offer a parallel but mechanistically distinct approach to ISF access. Instead
of absorbing ISF into a swelling matrix, they create dermal conduits that transfer fluid
through a lumen, inner cavity, or coupled collection/sensing module. A touch-activated
HMN system generated negative pressure as low as approximately —53 kPa and extracted
ISF at approximately 2 pL per needle per hour [45]. Other HMN platforms used finger-
activated pumping, custom collection chambers, microvalves, vacuum tubes, capillary
uptake, or passive capillary filling for ISF extraction or sensing [14,17,47,58,81]. A single
hollow silicon microneedle integrated a sensing probe inside the lumen; molecular diffusion
carried glucose to the sensing region, with an approximately 10 min physiological delay
observed in human forearm testing [14]. Three HMNs continuously coupled dermal ISF to
an external molecular sensor, producing a 20 min lag time in human monitoring [27].

These studies define useful benchmarks for HFMN sampling efficiency and lag time
but should not be conflated with hydrogel-forming systems. HMNs often address ISF
availability through pressure, lumen geometry, capillary filling, or coupled collection
modules, whereas HFMN s rely primarily on swelling, hydration, and matrix transport.
They are most valuable for assessing whether HFMN's can achieve comparable ISF access
without pumps, vacuum systems, or open channels.

Core-shell and cavity-protected structures address a recurring microneedle-biosensing
limitation: preservation of the sensing interface during insertion. A hollow outer shell
surrounding a sensing core reduced damage to the active region [82], while recessed micro-
cavities at microneedle tips protected sensing layers from delamination during insertion
and removal [83]. A high-molecular-weight poly(lactic acid) (PLA) hollow shell filled with
zwitterionic hydrogel isolated the internal sensing layer from subcutaneous friction while
preserving epidermal penetration strength [44]. These architectures show that mechanical
protection is becoming as important as sampling efficiency, particularly for prolonged wear
and repeated insertion.

3.3. Porous, Capillary, Osmotic, and Microchannel-Mediated Transport

Porous and channel-engineered microneedles show how architecture can increase
passive ISF access without bulk hydrogel swelling. Porous microneedles paired with
poly(ethylene glycol) (PEG)-loaded filter paper physically separated ISF extraction from
transduction and reduced insertion-related coating damage [52]. Ethoxylated trimethylol-
propane triacrylate (ETPTA) porous microneedles extracted ISF by capillary action without
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post-processing and provided a specific surface area of 6.694 m?/g [66]. Macroporous-
channel HMNs combined a rigid shell, interconnected pores, and an axial lumen to drive
multiscale capillarity, transferring ISF to paper-wick collectors with extraction behavior
comparable to that of negative-pressure systems [60]. Bioinspired hierarchical microchannel
microneedles likewise used capillary action to enhance ISF collection [84].

Across these studies, porosity, capillarity, and channel hierarchy can partially substi-
tute for external actuation. Osmosis-assisted HMNs used magnesium chloride (MgCl,) to
enhance ISF withdrawal [55], while ultrasharp microneedles with base reservoirs and open
side channels supported ISF collection from the skin-entry site toward reservoir regions [36].
These strategies highlight principles compatible with swelling hydrogels, including capil-
lary amplification, short transport distances, and compartmentalized routing. However,
many porous, hollow, or channel-engineered systems remain analytical sampling devices
rather than hydrogel-forming matrices; their translational relevance to HFMNs therefore
depends on integrating the transport mechanism without compromising hydrogel insertion
strength or hydration behavior.

3.4. Solid, Metallic, Polymeric, and Nanocomposite Microneedle Interfaces

Solid, coated, and other non-HFMN microneedles are not central to this manuscript
but clarify what HFMNs must match or improve: reliable penetration, stable ISF contact,
minimal tissue trauma, and durable sensor integration. Reported examples include a
microneedle electrode array measuring 600 x 100 x 150 um [12], a 1 mm tip-height mi-
croneedle working electrode [85], and a high-density silicon microneedle patch containing
approximately 9500 microneedles cm~2 [13]. A poly(methyl methacrylate) (PMMA) mi-
croneedle platform maintained structural integrity without swelling and allowed full skin
recovery within 10 min after measurement [54]. PLA /functionalized multiwalled carbon
nanotube (f-MWCNT) arrays with up to 6 wt% nanotube loading withstood axial forces up
to four times higher than required for insertion [86].

These non-HFMN platforms show that robust insertion and dense electrode integration
are achievable but do not resolve the central HFMN challenge: balancing pre-insertion
mechanical strength with post-insertion swelling and diffusion. Additive manufacturing,
air-spray coating, conductive-ink casting, and polymeric-lattice transfer expand the design
space [37,87-89]. Laser-based patterning, laser-induced graphene processing, and mold-
and-place assembly further broaden microneedle—electrode fabrication options [38,90-92].
Their HFMN relevance lies in structural lessons for miniaturization, surface area, electrode
placement, and insertion reliability.

3.5. Diffusion Control, Antifouling Interfaces, and Mechanical Stabilization

For HFMN-enabled monitoring, the critical engineering problem is not only ISF
access but also maintenance of a stable tissue-material-sensor interface during hydration,
wear, and biological exposure. Protective and diffusion-regulating layers appear across
microneedle classes. Water-soluble polymer coatings protected nanostructures during
insertion and dissolved after ISF contact [93]. Polyurethane films reduced biofouling
by large proteins and cells [94]. Nafion served as a diffusion-controlled membrane on
planar polymer microneedles at 1.25 wt% [23], while double-layer fluorinated copolymer
membranes used one layer to preserve enzyme activity and a second perfluorinated sulfonic
acid layer as a diffusion-limiting barrier [24]. These examples support controlled diffusion
as central to signal stability, but the evidence does not establish standardized criteria for
matching membrane transport to relevant analyte ranges or long-term wear.

Mechanical stabilization further shows that insertion is a dynamic interface prob-
lem rather than a one-time event. Separated functionalization and assembly reduced
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coating damage in multichannel arrays [90]. Repeated insertion of a three-dimensional
(3D)-printed solid microneedle sensor into porcine skin caused only an 8.4% signal decrease
after four insertions [95]. Magnetic affixation prevented skin contraction from dislodg-
ing stereolithography-printed microneedle arrays in rodents [96]. A nanocavity-textured
resilient bioelectrode supported 6 days of in vivo pharmacokinetic monitoring without
structural degradation in stiff tissues [40]. These studies support designing HFMNs around
insertion durability, adhesion, swelling control, and post-use tissue recovery rather than
treating hydrogel formulation and sensing performance separately.

3.6. Decoupled Sampling Formats and Comparators Not Based on HFMNs

Several systems separate skin access from the final sensing event. Hydrogel micronee-
dles coupled to graphene oxide—nucleic acid modules extracted ISF for in situ analysis [97],
while a flexible HMN-based platform combined ISF-extracting hydrogel microneedles with
flexible electrodes and used a separate HMN-based pH assay for concurrent pH track-
ing [28]. Micrometer-scale microneedles transferred microliter ISF volumes onto plasmonic
paper [69], and macroporous-channel HMNs delivered ISF into paper-wick collectors [60].
These decoupled systems reduce the burden on the hydrogel or sampling matrix: the mi-
croneedle can focus on access and fluid handling while the sensor is optimized separately.

Comparator platforms should remain peripheral unless they clarify a transport
or interface principle relevant to HFMNs. Saliva, sweat, plant-fluid, food, intracellu-
lar, nitrocellulose-membrane, and blood-plasma SERS and mass spectrometry systems
demonstrate concepts in liquid transport, penetration mechanics, or direct tissue and
matrix analysis but do not provide direct evidence for HFMN-mediated dermal ISF be-
havior [71,72,74-76,98,99]. The fish-tissue hypoxanthine example is best used only as a
nonclinical demonstration of microneedle-enabled electrochemical sensing in a complex
tissue matrix, not as evidence for HFMN-mediated ISF monitoring [77]. This distinc-
tion maintains the manuscript’s focus and avoids extending general microneedle-sensing
findings to hydrogel-forming clinical platforms.

3.7. Architecture for Therapeutic Monitoring and Delivery

The transition from ISF biosensing to therapeutic monitoring is clearest when mi-
croneedles collect drug-containing ISE, support pharmacokinetic tracking, or connect sens-
ing with controlled delivery. Several platforms demonstrate therapeutic drug monitor-
ing without delivering therapy, including systems for antibiotics, fentanyl and analogues,
non-redox-active molecular targets, and broader pharmacokinetic or drug-clearance assess-
ment [6,28,29,39,40,70]. Related work, including phenylalanine tracking in human dermal ISF,
further shows how microneedle access can support clinically interpretable monitoring beyond
conventional metabolic sensing [27]. Thus, the architectural principles used for biomarker
monitoring—swelling-hydrogel uptake, hollow-lumen sampling, capillary transport, diffusion
barriers, and protected biointerfaces—can support therapeutic monitoring. However, they do
not establish closed-loop therapy unless sensor output directly governs dosing or release.

Only a small subset explicitly demonstrates microneedle-mediated therapeutic de-
livery. A methotrexate platform paired a hollow microneedle monitoring patch with a
separate iontophoretic HMN array containing both an anode and a cathode for on-demand
transdermal methotrexate delivery [67]. Bilayer wound microneedles placed dissolvable
polyvinylpyrrolidone antibiotic-loaded microneedles above conductive stainless-steel mi-
croneedles; after skin penetration, the polymer layer dissolved and released the drug into
ISE, while the metallic component supported stimulation and sensing [41]. A biomimetic
theranostic system used on-demand microneedle penetration to induce ISF exudation for
epidermal analysis while enabling subcutaneous insulin delivery [42]. Thus, the evidence
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supports a strong trajectory from HFMN-enabled and broader microneedle ISF biosensing
toward therapeutic monitoring, but true closed-loop drug delivery remains much less
developed and should be described cautiously.

The architecture-transport patterns most relevant to sensing and therapeutic monitor-
ing enabled by HFMNs are summarized in Table 2.

Table 2. Hydrogel-forming microneedle architecture and ISF transport strategies relevant to biosens-

ing and therapeutic monitoring.

Microneedle Architecture,

HFMN-Centered

Skin Interface, ISF Access, Interpretation Technical Evidence References
and Transport Behavior P
PEGDA 10 x 10 array with 782 £ 10 um
needle length; MeHA /PVA patch with >0.1 N
Core HEMN or per needle strepgth and 400% swglling;
Swellable HFMNs and hydrogel-mediated format in swc'ella]:kle n;l;;oniedles exgla cfmSg . [4,6,7,20,30
hydrogel-mediated matrices ~ which the hydrogel penetrates ap Erox1ma €1y 0.6/ HL per heedie n o min ) R
for ISF extraction skin, hydrates, and extracts or with 0.21 N per needle p.enetratlon strength, 31,78,801
transfers ISF. two-layer patch absorbing 60.2 mg ISF in
10 min; hyaluronic acid methacryloyl
(HA-MA), MeHA, and GelMA systems further
supporting ISF biomarker extraction.
Dopamine-conjugated hyaluronic
acid/PEDOT:PSS hydrogel microneedles with
hy dr{ggﬁ:ﬁ;fiizg/{?fgfmats assessed swelling and mechanical strength;
Conductive HFMNs and in which the hvdrated matrix crosslinked MeHA /PEDOT:PSS/graphene [5,8,9]
hydrogel-electrode systems éI(;rI:Iributes dir(}e]c flv to sensin oxide hydrogel microneedle electrode; "
or electrode fli]nc tion &  PVA/chitosan/MXene HFMN dressing with
’ PEDOT:PSS/graphene oxide electrodes and
384 S/m conductivity.
PEGDA hydrogel transducer inside hollow
.. microneedle cavities; hydrogel-coated
s tiﬁf&tﬁﬁ?{gg ;Os?etret(iion gold-silver core—shell (Au@Ag) substrate
Hydrogel-filled or streneth. while hvdrogel enabling mouse ISF drug monitoring within [22,39,44,47]
hydrogel-coated hybrids compoﬁen,ts me diai,e up%cake 10 min; alginate-PVA hydrogel encapsulation T
diffusion, or local transport ! improving analyte diffusion; PLA hollow
/ ' shells filled with zwitterionic hydrogel to
reduce subcutaneous friction.
Graphene oxide—nucleic acid fluorescence
m?i?i:(%i:fgﬁ:gir modulg couplefi to hydrogel microneedle
Decoupled HFMNs and transfer ISF, while sensing extractlgp ,.ﬂexllé)lie HMNTbaSEdC{JIatf?rm 2851 97
swellable sampling formats ~ occurs on a coupled electrode, combining I5-extracting hycroge . [28,51,971
backing layer, or mlcron(?edles with ﬂe?<1ble glectrodes,
assay module swellable microneedles using chitosan to route
' ISF to an electrochemical strip backing.
Hollow vacuum extraction to approximately
—53 kPa with approximately 2 uL per needle
per hour ISF collection; hollow array yielding
5.6 uL in 5 min; porous microneedles paired
HF;}E@?ET;;SLZ?T; f(())r;ms, with I?EG-loaded filter—}.)aper. decoupled
Hollow, porous, capillary, and benchmark ISF access E"T")I(;{”aACtlco)?cl)xgrizilczrgir;(zlsll:;if/silt:%d6l9_fllvr[rl1\;s/’ [11,17,45,52,
osmotic comparators mechanisms against p ) & 55,60,66]

swelling-based
hydrogel uptake.

surface area; macroporous-channel HMNs
with rigid shell, interconnected pores, axial
lumen, and paper-wick collectors; reverse
iontophoresis after microneedle microchannel
formation increasing glucose extraction flux by
approximately 1.6-fold.
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Table 2. Cont.
Microneedle Architecture,
Skin Interface, ISF Access, HFMN-Cent'ered Technical Evidence References
. Interpretation
and Transport Behavior
Recessed microcavities protecting sensing
layers; water-soluble protective layer
Structural measures preserve dissolving after ISF contact; 1.25 wt% Nafion
Interface protection and microneedle function during  diffusion membrane; double-layer fluorinated [23,24,40,83,
diffusion control insertion, hydration, and copolymer diffusion barrier; only 8.4% signal 93,95]
prolonged ISF exposure. decrease after four porcine-skin insertions;
nanocavity bioelectrode supporting 6 days
in vivo without structural degradation.
Flexible HMN-based and microneedle-based
electrochemical aptamer biosensing (UNEAB)
patches for antibiotic monitoring;
hydrogel-coated microneedles for ISF drug
ISF drug tracking is broader monitoring; MeHA/PVA HFMN patch for
: . . fentanyl extraction; nanocavity bioelectrode for
. o than active delivery; delivery L
Therapeutic monitoring and . . pharmacokinetic and drug-clearance [6,28,29,39—
. . claims require demonstrated o . .
delivery-relevant architectures . . monitoring; iontophoretic HMN array with 42,67]
release, stimulation, or .
. anode and cathode for methotrexate delivery;
subcutaneous delivery. . ) .
dissolvable polyvinylpyrrolidone (PVP)
antibiotic-loaded microneedles above
stainless-steel microneedles; on-demand
microneedle penetration enabling ISF
exudation and subcutaneous insulin delivery.
Plant hollow microneedle array with
25.9 £ 3.7 um tip diameter, 228.2 + 18.6 um
. . side-hole diameter, 20-40 N thumb-force
Useful only for device-design .
. L. . tolerance, and 13.5 £ 1.1 pL plant-fluid
Peripheral non-ISF and principles; not evidence for extraction: sweat. saliva. fish-tissue [71-
nonclinical comparators dermal ISF behavior mediated ’ ’ ’ ’ 77,79,98,99]

intracellular, nitrocellulose-membrane,
food-matrix, and blood-plasma SERS or mass

spectrometry platforms demonstrating
comparator mechanics or non-clinical sensing.

by HFMN:Ss.

4. Molecular Recognition and Signal-Transduction Strategy
4.1. Recognition Chemistry at Hydrated Microneedle Interfaces

Molecular recognition in HFMNSs and related hydrogel microneedle sensing systems
have two linked requirements: the receptor must remain selective in a hydrated biological
matrix, and recognition must be converted into a stable optical or electrical signal during
ISF contact. Across the evidence base, the strongest mechanistic designs treat the hydrogel
or porous microneedle not merely as a sampler but as an engineered microenvironment
for receptor immobilization, analyte diffusion, antifouling protection, and signal transfer.
This distinction matters because several reports demonstrate electrochemical, colorimetric,
or optical sensing after microneedle-mediated sampling while emphasizing architecture,
extraction, or transduction more than receptor-level recognition [11,13,84,87,100]. These
studies support the feasibility of ISF-accessing transduction platforms but provide more
limited mechanistic evidence for receptor-mediated selectivity.

Enzymatic sensing remains the most mature and consistently supported strategy
for small-molecule metabolite monitoring. Glucose oxidase, flavin adenine dinucleotide-
dependent glucose dehydrogenase, nicotinamide adenine dinucleotide-dependent glu-
cose dehydrogenase, urease, lactate oxidase, and 3-hydroxybutyrate dehydrogenase have
been coupled to conductive supports, redox mediators, and protective membranes to
convert catalytic turnover into amperometric or voltammetric signals [10,15,21-23,89,101].
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Ketone-monitoring platforms extend enzymatic microneedle sensing toward diabetic ke-
toacidosis risk management, while peripheral enzymatic microneedle systems illustrate
related analyte-specific sensing outside the central HFMN-ISF axis [19,77,101]. The col-
lective evidence indicates that enzymatic microneedle sensors are no longer limited only
by the availability of biological recognition elements; their performance is increasingly
determined by interfacial engineering. Mediator layers, Prussian blue, ferrocene poly-
mers, methylene blue, carbon nanotubes (CNTs), and gold/platinum- or reduced graphene
oxide-based conductive supports regulate electron transfer and improve signal genera-
tion [15,21,85,89,91]. Nafion, polyurethane, o-phenylenediamine, hydrogel encapsulation,
and fluorinated diffusion barriers reduce fouling, preserve enzyme activity, and suppress
interference [22-24,94]. Low-potential operation, including —0.2 V and 0.15 V in glu-
cose systems, can improve selectivity by limiting the oxidation of competing electroactive
species [15,22]. However, the evidence does not establish long-term enzymatic stability
under hydrated HFMN conditions, particularly during prolonged wear, wound-exudate
exposure, repeated hydration—dehydration, or drug-delivery integration.

Nanozyme and nonenzymatic catalytic interfaces address some of the fragility of
natural enzymes, but their selectivity requires cautious interpretation. Iron phthalocyanine—
zeolitic imidazolate framework-8-MXene nanozymes, single-atom nanozymes, gold
nanoparticle nanozymes, porous platinum black, gold/copper(l) oxide, and Prussian
blue/CNT composites convert analyte-dependent reactions into electrochemical or colori-
metric outputs [12,50,63,80,102]. These platforms show a clear movement toward replacing
biologically labile enzymes with inorganic or hybrid catalysts that may better tolerate
hydrated sensing environments. The strongest examples combine catalysis with interface-
level design, including porous confinement, Nafion packaging, conductive MXene, or
cascade colorimetry [12,80,102]. Still, catalytic activity should not be equated with molec-
ular specificity unless interference testing and matrix stability are demonstrated. This
distinction is especially important for HFMNSs, where swelling, nonspecific adsorption, and
local pH changes may alter the catalytic response.

Figure 3 summarizes the section’s central mechanistic logic: the hydrated microneedle
interface must coordinate analyte diffusion, receptor immobilization, signal conversion,
and stabilization before ISF biosensing can support reliable therapeutic monitoring.

4.2. Affinity-Based, Immunochemical, and Imprinted Recognition

Affinity-based recognition is the main mechanism moving microneedle sensing from
conventional metabolite biosensing toward therapeutic and disease-state monitoring. Ap-
tamers have been used for insulin, IgE, cortisol, phenylalanine, carcinoembryonic antigen,
glucose/lactate, and endotoxin detection [16,25-27,56,64,66]. Related aptameric or aptamer-
enabled hydrogel platforms support antibiotic monitoring, CRP tracking during resistant
infection and vancomycin treatment, non-redox-active molecular sensing, and hybridiza-
tion chain reaction-amplified cortisol detection [28-31,70]. Their value lies in extending
ISF monitoring to drugs, hormones, proteins, and molecules without native enzymatic
receptors. This class is mechanistically strongest when both immobilization and signal con-
version are defined, including redox-tagged aptamer conformational changes, gold—thiol
attachment on gold nanoparticle-functionalized microneedles, aptamer-triggered hybridiza-
tion chain reaction fluorescence, or regenerable electrochemical aptamer arrays [26,31,56,70].
Dry-storage stability for phenylalanine aptamer sensors and porous microneedle immo-
bilization of aptamer probes at 0.9459 uM on a 6.694 m?/g scaffold provide evidence
that aptamer interfaces can be stabilized [27,66]. Nevertheless, literature does not resolve
aptamer behavior under sustained swelling, local protein fouling, repeated mechanical
deformation, or simultaneous drug-delivery exposure.
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Figure 3. Hydrated recognition-transduction interface in HFMN sensing. The schematic illustrates
ISF analyte diffusion into a swollen HFMN or hydrogel microneedle sensing zone, immobilized
recognition elements, signal-conversion surfaces, and stabilized readout. The main interface-level
constraints are fouling, drift, cross-reactivity, receptor instability, and coating loss, while stabilization
strategies include hydrogel confinement, antifouling coatings, diffusion membranes, nanostructured
conductors, and spatial separation (Prepared with the assistance of Gemini NotebookLM pro and
OpenAlI ChatGPT Plus).

Immunochemical and protein-capture systems broaden analyte scope but add stability
concerns. Human epidermal growth factor receptor 2 immunocapture on gold-coated sili-
con microneedles, antibody-based molecular pendulum sensors in zwitterionic hydrogels,
CNT biointerfaces for cytokine markers, nanoporous microneedle immunoassays for S100
calcium-binding protein B, gold nanoparticle-based colorimetric detection of phosphory-
lated Tau 181, and microneedle electrochemical lateral-flow immunoassays for CRP show
that microneedle formats can support protein-level recognition [18,32-35,98]. Most directly
relevant to HFMNs, zwitterionic poly(carboxybetaine) hydrogel can protect antibody-based
recognition elements during ultraviolet crosslinking and y-irradiation [18]. This matters
because many HFMN systems require hydrogel curing, sterilization, and hydrated storage
conditions that may compromise proteins. However, protein recognition in hydrated ma-
trices remains less mature than metabolite sensing, and evidence for antibody retention,
antigen accessibility, nonspecific adsorption control, and continuous-use signal stability
remains fragmented.

Molecularly imprinted polymers (MIPs) provide a synthetic alternative where en-
zymes, antibodies, or aptamers are unstable or costly. Examples include cortisol-imprinted
polymers, analyte-imprinted layers for epinephrine, dopamine, and lactate, MIPs for
interleukin-6, x-cyclodextrin-functionalized MIPs for dopamine, and a molecularly im-
printed urea layer paired with a polyaniline pH sensor [55,73,74,103,104]. MIPs offer a
plausible route to more robust recognition in hydrated microneedle devices, but the evi-
dence should not be overread. Summaries support selectivity and repeated use in selected
comparator systems, including reuse of a cortisol-imprinted sweat patch over 15 cycles
across 30 days [73], but do not establish whether imprinted cavities retain affinity and
selectivity after prolonged swelling, exposure to complex ISF proteins, or integration with
drug-loaded hydrogel networks.
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Nucleic acid- and CRISPR-enabled systems extend recognition to infectious, genetic,
and prognostic biomarkers. CRISPR-associated protein 12a-enabled microneedles detect
bacterial deoxyribonucleic acid (DNA) by cleaving ferrocene-labeled single-stranded DNA
reporters, while CRISPR-activated graphene biointerfaces capture cell-free DNA and re-
tain anti-interference capability in 60% fetal bovine serum with stable sensitivity over
10 days in vivo [53,65]. Probe DNA—-graphene oxide conjugates and DNA-gated metal-
organic frameworks enable fluorescence or dual fluorescence/SERS detection of microRNA
targets [20,78]. Sequence-defined recognition is mechanistically compelling but imposes
demanding requirements for probe retention, nuclease resistance, nonspecific matrix effects,
and calibration in hydrated tissues. These systems are currently best viewed as promising
HFMN-biosensing extensions rather than established therapeutic-monitoring tools.

4.3. Conductive, lon-Selective, and Antifouling Transduction Layers

Conductive and nanostructured materials increasingly determine whether micronee-
dle sensors remain usable during prolonged hydration and tissue contact. Vertical graphene,
CNTs, laser-induced graphene, platinum/reduced graphene oxide, nanostructured gold,
gold/copper(I) oxide, and metal-organic framework/CNT composites improve elec-
tron transfer, surface area, adsorption, and signal amplification [38,68,81,82,93,95,105].
Hydrogel-relevant and probe-based systems also incorporate MXene-containing materials,
PEDOT:PSS, graphene oxide, and metal-organic framework components to support cataly-
sis, conductivity, or signal transfer [5,8,9,20,97,102]. Conductive fillers are thus becoming
central components rather than passive modifiers of the recognition-transduction interface.
MXene contributes conductivity in iron phthalocyanine—zeolitic imidazolate framework-8—
MXene nanozyme and antibacterial hydrogel wound platforms [8,102], PEDOT:PSS enables
conductive hydrogel pH sensing and hydrogel microneedle working electrodes [5,8,9],
and graphene oxide appears in conductive hydrogel electrodes and nucleic acid probe
systems [8,9,20,97]. Comparative long-term cytocompatibility and skin-exposure profiles
within hydrated hydrogel matrices remain less established. The studies support feasibility,
conductivity, and selected biocompatibility or cytocompatibility claims but do not provide
a unified basis for ranking PEDOT:PSS, graphene oxide, and MXene for extended skin or
wound contact.

Biofouling, abrasion, coating delamination, and electrical drift threaten continuous
microneedle sensing. Several studies address these limitations at the interface rather than
solely through analytical chemistry. Recessed microcavities protect urea-sensing layers from
delamination [83], water-soluble polymer shielding preserves platinum/reduced graphene
oxide nanostructures until ISF contact [93], crosslinked chitosan reduces biofouling and
promotes methotrexate adsorption [67], and dual-layer antimicrobial/antifouling architec-
tures separate skin-contact functions from uric acid sensing [106]. Core-shell microneedles
filled with zwitterionic hydrogel and an internal gold nanoconductive layer isolate the
sensing region from subcutaneous friction [44], while resilient nanocavity-textured gold
bioelectrodes extend pharmacokinetic monitoring by resisting abrasion in stiff tissues [40].
Magnetic placement of aptamer-functionalized microneedles further shows that stable
electrical contact can be as important as receptor affinity for continuous molecular monitor-
ing [96]. These studies collectively indicate that HFMN sensing accuracy depends on drift
management, antifouling design, and mechanical protection of the sensing layer as much
as on receptor selection.

Ion, pH, oxygen, and redox-state sensors provide physiological context for molecular
signals. Polyaniline, iridium oxide, poly(3,4-ethylenedioxythiophene), electrolyte gels,
gold-modified electrodes, and ion-selective or ion-monitoring interfaces have been used
for pH, sodium ions, potassium ions, calcium ions, oxygen, and related ionic or redox-state
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measurements in skin, ISE, or subcutaneous settings [5,7,8,59,62,107,108]. Tungsten oxide
and ferrocyanide redox couples illustrate useful peripheral designs for intracellular pH
and food-matrix redox sensing but should remain comparator rather than central HFMN-
ISF evidence [72,76]. Unlike receptor-driven biosensors, these systems often depend on
potentiometric response, open-circuit voltage, redox potential, or conductive-polymer
chemistry. They matter for HFMN-enabled therapeutic monitoring because drug response,
wound state, inflammation, and tissue metabolism may be difficult to interpret from one
molecular biomarker. However, local pH heterogeneity, biofilms, wound-exudate composi-
tion, and variable ionic strength may alter both contextual signals and adjacent biosensor
performance. Reviewed wound and infected-wound platforms demonstrate multiplexed
biochemical sensing and antimicrobial or electrically active components [8,41] but do not
establish how complex wound microenvironments systematically affect selectivity, calibra-
tion, or drift.

4.4. Optical, Plasmonic, and Multimodal Signal Conversion

Optical and plasmonic microneedle sensors provide an alternative to electrode-
dominated readouts, particularly for visual interpretation, molecular fingerprinting, or
spatially separated multiplexing. Photonic aptamer-functionalized cholesteric liquid crys-
tal networks detect illicit drugs through target-induced hydrogel contraction and pho-
tonic band-gap shifts [109]. SERS systems use silver coatings, Au@Ag core-satellite
structures, self-assembled gold nanoparticle hot spots, plasmonic paper, gold nanorods,
4-mercaptophenylboronic acid chemistry, and gold nanoshells to detect glucose, uric acid,
cholesterol, pH, drugs, bacteria, tyrosinase, and model compounds [39,46,54,69,110-112]. A
plasmonic HMN patch integrates gold nanoparticles into a PEGDA hydrogel to support lo-
calized surface plasmon resonance and metal-enhanced fluorescence for biotin—streptavidin
recognition [47]. These studies show that optical systems can convert binding, catalysis,
probe displacement, bacterial capture, or Raman peak-ratio changes into measurable out-
puts without relying exclusively on electrochemical current.

The strongest optical designs pair recognition with a clear signal-generation mecha-
nism. Examples include tyrosinase oxidation of immobilized dopamine, changing SERS
probe density [110]; glucose oxidase-mediated conversion of 4-mercaptophenylboronic
acid to 4-mercaptophenol, quantified by Raman peak ratios [113]; and spatially separated
SERS zones for glucose, uric acid, and cholesterol using hydrophobic paraffin barriers [112].
Optical and SERS methods are particularly useful for multiplexing and molecular finger-
printing. Their limitations are also distinct: optical calibration, spectral overlap, nonspecific
adsorption, hydration-dependent refractive changes, and probe stability may affect inter-
pretation. These issues are especially relevant to HFMNs because swelling and analyte
diffusion can change the optical path and local probe environment. The current evidence
supports feasibility but does not yet define standardized calibration or drift-correction
methods for prolonged hydrated wear.

4.5. Multiplexing and Transition Toward Therapeutic Monitoring

The field is moving from single-analyte ISF biosensing toward multiplexed plat-
forms that could support therapeutic monitoring, although evidence strength varies by
analyte class. Metabolite and metabolic-monitoring platforms, such as glucose/lactate,
ketone-body monitoring, and glucose/uric acid/cholesterol, are mechanistically well sup-
ported where recognition chemistries are defined [16,19,21,112]. Aptamer-based or con-
ductive electrochemical antibiotic- and drug-monitoring systems extend this concept to
vancomycin, gentamicin, tobramyecin, lidocaine, buprenorphine, olanzapine, fentanyl, and
related therapeutic or toxicological targets [6,28,29,36-38]. Wound, inflammatory, and
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infectious-monitoring platforms integrate glucose, uric acid, pH, temperature, hydrogen
peroxide, cytokines, cell-free DNA, and bacterial markers [8,34,41,46,65]. Collectively, these
studies support connecting ISF biosensing to treatment monitoring through HFMNs. They
do not uniformly demonstrate closed-loop therapy. Monitoring-only platforms should
therefore be distinguished from systems integrating sensing with drug release, electrical
stimulation, insulin delivery, or dose-relevant intervention [41,42,67].

Multiplexing introduces analytical risks not resolved by single-analyte performance
metrics. Spatial separation, independent electrodes, hydrophobic barriers, parallel mod-
ules, and multimodal readouts can reduce crosstalk but cannot eliminate matrix ef-
fects, differential diffusion, local pH variation, protein fouling, or receptor incompati-
bility [8,16,28,55,90,112]. The most convincing systems explicitly separate recognition
zones or combine orthogonal readouts; less detailed reports should be interpreted as plat-
form demonstrations rather than validated multi-analyte measurement systems. Future
performance sections should therefore evaluate multiplexed sensors by calibration stability,
drift, biofouling resistance, wear duration, and post-use skin safety, as well as sensitivity
and detection limit [1,2].

Table 3 summarizes the main mechanism-level priorities determining whether
HFMN-compatible sensing interfaces can progress from ISF biosensing toward reliable
therapeutic monitoring.

Table 3. Mechanism-level priorities for HFMN molecular recognition and signal transduction.

Molecular Recognition

HFMN- and HMN-Specific

and Signal-Transduction . Critical Interpretation References
Function
Strategy
Hydrated matrices host The evidence is strongest when the
aptamers, antibodies, probe hydrogel actively stabilizes
Hydrogel or porous DNA, DNA-gated yeros el
. . recognition chemistry rather than
microneedles as metal-organic frameworks . . [18,20,31,44,
. . e merely collecting ISE. Evidence
recognition-supporting (MOFs), zwitterionic remains promisine but uneven for 66,78,97]
matrices stabilizers, or conductive p & ) .
. long-term receptor retention during
hydrogel networks while X
. swelling and wear.
enabling ISF contact.
This is the most mature route for
Enzymes are coupled to
. glucose, lactate, urea, ketone, and
Enzymatic and mediated conductive supports, redox eripheral hypoxanthine sensin
y . mediators, antifouling films, peripheral iyp & [4,10,15,21-
electrochemical e Translational value depends on
. . and diffusion-control . . . 24,77,94,101]
metabolite sensing enzyme preservation, diffusion
membranes to convert
. . control, oxygen dependence, and
catalytic turnover into current. . .
interference suppression.
. . These interfaces are useful where
Inorganic or hybrid catalysts ey s g
enzyme stability is limiting, but
Nanozyme and replace or supplement natural .
) ) catalytic response should not be [12,50,58,63,
nonenzymatic catalytic enzymes and generate e
. ; treated as molecularly specific unless 80,88,102]
interfaces electrochemical or . .
. : interference and matrix effects are
colorimetric outputs.
clearly controlled.
This category provides the most
Affinity receptors enable important bridge from biosensing to
Aptamer, antibody, detection of drugs, hormones,  therapeutic monitoring. Remaining  [18,25,26,28-
immunoassay, and MIPs proteins, cytokines, and concerns include receptor drift, 31,33,70,103]

non-redox-active analytes.

nonspecific binding, protein fouling,
and stability in swollen hydrogels.
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Table 3. Cont.
Molecular Recognition o
and Signal-Transduction HEMN- a;ljnI;Itli\;Irltl-SpeCIﬁc Critical Interpretation References
Strategy
This strategy expands HFMNSs,
Probe DNA, DNA-gated HMNs, and related microneedle
Nucleic acid and MOFs, graphene biointerfaces, platforms towarq 1r}fect10us, genetic,
CRISPR-enabled and CRISPR-associated and prognostic biomarkers, but [20,53,65,78,
recoenition svstems enable probe retention, nuclease resistance, 97]
& Y e . and hydrated-matrix interference
sequence-specific detection. remain ke
y
translational uncertainties.
CNTs, graphene, MXene, Continuous sensing is limited as
PEDOT:PSS, nanostructured much by fouling, drifting,
Conductive and electrodes, chitosan, Nafion, delamination, abrasion, and contact  [8,40,44,52,67,
antifouling transducer zwitterionic hydrogels, and instability as by receptor chemistry.  83,93,96,106,
architectures protective cavities improve Comparative long-term skin 114]
signal transfer and compatibility of conductive fillers
interface durability. remains insufficiently resolved.
Potentiometric, redox, . .
conductive-polymer, and These signals are essential for
electrolyte-gel interflaces interpreting wounds, inflammation, [5,7,8,55,59
Ion, pH, oxygen, and meastire i,oca% hvsiological and treatment response, but they are 62,7,2 ’7 6 ’1 07’
contextual sensing 1 PIYSIo 08 vulnerable to local pH heterogeneity, AN
context in ISF, skin, .. .. . o 108]
subcutaneous. or ionic variation, b10f1.lr.ns, and
comparator settings. exudate composition.
iiziréoﬁﬁj;lz?;t;;; 25512 These approaches are valuable for
Optical, SERS, fluorescence fluorescence probes, localized ﬁ;ﬂ léih}l?ilrf‘i(ilr?g ellged Il?r?llrgzgll?/l(;d
p ’ ’ ’ surface plasmon resonance &€TP & ey [39,46,47,54,

and plasmonic

(LSPR), and metal-enhanced

issues include optical calibration,

69,109-113]

transduction fluorescence (MEF) interfaces spectr;?l overlap, non§peC1f1c
RO adsorption, probe stability, and
convert recognition into S . .
. swelling-induced signal variation.
spectral or visual outputs.
Spatial separation, The field is progressing toward
. . therapeutically actionable
Multiplexed or independent electrodes, o .
. . . monitoring, but multiplexed systems [8,16,21,28,41,
multi-parameter hydrophobic barriers, parallel -
therapeutic-monitorin modules, and multimodal must prove cross-reactivity control, - 55,61,90,105,
P & ! calibration stability, drift resistance, 112]

architectures

outputs enable multi-analyte
or treatment-relevant panels.

and compatibility with
drug-delivery functions.

Overall, HFMN-compatible recognition and transduction strategies have advanced

beyond simple ISF access. Enzymes and nanozymes support metabolite monitoring; ap-
tamers, antibodies, MIPs, nucleic acid probes, and CRISPR systems extend detection to
drugs, proteins, cytokines, nucleic acids, and pathogens; conductive and antifouling mate-
rials stabilize signal transfer; and optical methods add multiplexed or label-rich readouts.
The central unresolved issue is whether the recognition interface can remain selective,
calibrated, and mechanically stable during prolonged hydration, tissue contact, and, where
relevant, therapeutic delivery—not whether microneedles can sample ISF or produce a sig-
nal. This criterion separates promising ISF biosensors from HFMN-based systems capable
of reliable therapeutic monitoring.
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5. Analytical Performance, Benchmarking, and Wear-Associated
Failure Modes

5.1. Translational Meaning of Analytical Performance in HEMN Systems

For HFMNs, analytical performance emerges from the coupled behavior of the hydro-
gel matrix, ISF extraction, analyte transport, sensor stability, and skin-contact mechanics
rather than sensing chemistry alone. A low limit of detection is insufficient unless the
sensor also covers physiologically or therapeutically meaningful concentrations, maintains
calibration during hydration and wear, resists biofouling, and correlates with accepted com-
parators [1,2,43]. Glucose monitoring provides the most mature benchmark set, whereas
therapeutic drugs, cytokines, nucleic acids, pathogens, and wound biomarkers are expand-
ing rapidly but have less consistent validation [10-13,50,54,85]. Emerging platforms extend
this evidence to therapeutic drugs, inflammatory or infectious markers, nucleic acids,
bacterial targets, and wound biomarkers, but reporting remains uneven across analyte
classes [8,28,29,46,65,78,115]. Several studies remain best treated as proof-of-concept or
device-level demonstrations because summaries do not consistently report drift, calibration
stability, wear duration, cross-reactivity, or post-use skin reliability [47,78,84,87,97,100,116].
This unevenness matters because HFMNs must function as hydrated, mechanically engaged
sensing interfaces, not only sampling devices, if they are to inform therapeutic decisions.

Platform specificity is a second interpretive issue. Evidence includes true hydrogel-
forming or hydrogel-assisted systems and porous, solid, metallic, polymeric, saliva-facing,
sweat-facing, food-facing, plant-facing, or plasma-facing microneedles. These platforms are
useful analytical comparators, particularly when quantifying drift, insertion loss, biofoul-
ing, or benchmark agreement, but their performance should not be generalized to dermal
HFMNs without matrix- and wear-specific validation [12,52,71,72,75,79,99]. Figure 4 illus-
trates the central premise: analytical sensitivity becomes translationally meaningful only
when the complete sampling—sensing-benchmarking—wear-stability chain remains reliable.

Hydrated ISF sampling 9 Analytical signal generation 9 Benchmark validation Failure filters e Therapeutic-monitoring
( Must pass a

(Sampling-dependent variables) (Sensing readout)

C

Benchmarking against readiness
blood / reference assays) (Downstream outcome)

\ &
\a it @

Blood

} (J Analyte-specific } \\//

\5 agreement ; >
J o
: Glucometer %3 Insertion or
ime
| 5 ’.’ wear damage .
Analyte ' ’ 2 : : )
nalyt ] ) ELISA /, | : Reliable HFMN
diffusion : fg)SIO‘OQIC/the'aDEU“C range e o |E // | \ : measurement chain
« Sensitivty . Gl T b/ : ready for therapeutic
SurSomy —_ \{ / ' monitoring
— & :
o Selectivity LC-Ms ISF-blood @ :
* Reproducibility -— mismatch :

® Response/lag time o=l
Clinicalassay

Translation question: Low LOD alone is not enough.
Is the full sampling-sensing—benchmarking—wear-stability chain reliable?

Figure 4. Integrated analytical-performance framework for HFMN-enabled monitoring. The figure
shows the progression from hydrated ISF sampling to analytical signal generation, benchmark
validation, failure-mode screening, and therapeutic-monitoring readiness. It emphasizes that low
limit of detection alone is insufficient; reliable monitoring requires coordinated performance across
ISF uptake, analyte diffusion, physiologically relevant sensing, comparator agreement, and resistance
to biofouling, drift, insertion damage, and ISF-blood mismatch (Prepared with the assistance of
Gemini NotebookLM pro and OpenAI ChatGPT Plus).
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5.2. Metabolic Analytes and Physiological lons

Glucose remains the clearest model for assessing whether HFMNSs, hydrogel-relevant
platforms, and comparator microneedle systems can progress from ISF biosensing to
actionable monitoring. The strongest studies report clinically interpretable operating
ranges, response kinetics, recovery, reproducibility, and comparator agreement rather
than ultralow detection limits alone. Reported glucose ranges include 0.05-5 mM [21],
0.1-10 mM [117], 1-30 mM [12,15], 4-24 mM [85], 30-400 mg dL~! [118], 0-20 mM [54,94],
0-30 mM [88], 1.0-40.0 mM in artificial ISF [22], linearity up to 35 mM [24], up to 14 mM [14],
1.5-14 mM [119], 0-15 mM [112,113], and 0.5-40 mM linearity within a broader 0.5-180 mM
detection window [63]. The most complete profile combined a 1-30 mM dynamic range,
98.7-102% ISF recovery, sensitivities of 1.792 + 0.25 pA mM~! cm~?2 in phosphate-buffered
saline (PBS) and 0.957 4 0.14 uA mM~! cm 2 in ISF, detection limits of 7.2 uM and 22 uM,
a 2 s response, intra- and interassay relative standard deviation (RSD) values of 1.64% and
0.70%, and only 3.5% signal loss over 16 days [12]. Complementary findings included an
approximately 95 s in vivo response with a 0.357 uM detection limit [10], an approximately
2 min skin-model lag with 20% signal loss after 30 days [117], an approximately 3 s response
with 7-day stability and strong glucometer correlation [15], and 28-day in vitro stability
with correction of temperature-induced variation [24]. Human and reference-method
comparisons included an approximately 10 min physiological delay relative to capillary
blood [14], 93% of values in Clarke error grid zones A/B [54], and repeated correlation
with commercial glucometers or blood glucose measurements [10,11,13,15,49,50].

For non-glucose metabolites, evidence is increasingly convincing when the reported
range overlaps the relevant biological window. Lactate sensors achieved sensitivities of
7974 + 38.1 pA cm~2 mM~! and 43.96 pA mM ! ecm 2, detection limits of 3 uM and
2.04 uM, a 10-100 uM range in one mediated system, linearity up to 10 mM in a planar
polymeric microneedle system, and response times as fast as 8 s [21,23]. SERS microneedles
resolved exercise-induced ISF lactate dynamics, including normal hindlimb increases from
2.41 + 0.67 to 8.12 &+ 1.05 mM after 3 min of swimming and to 13.85 &+ 2.51 mM after
6 min [120]. Urea sensors reported detection limits of 0.1214 uM and 2.8 uM and ranges of
50-2500 uM, 0.1-15 mM, and 3-18 mM; the 3-18 mM range explicitly covered relevant phys-
iological urea levels [4,83,89]. Uric acid platforms achieved detection limits as low as 20 nM
and 0.17 uM, recovery of 98.6-100.4%, an RSD of 1.68%, enzyme-linked immunosorbent
assay (ELISA) agreement, physiological-range detection, and broad linear ranges from mi-
cromolar to millimolar concentrations [61,81,95,105,106]. Ion and pH sensing further show
why benchmark choice matters: pH systems reported —57.4 mV /pH over pH 4.0-9.0 [107],
93% accuracy against a conventional pH probe [5], —60.5 mV /pH with 97.7% accuracy
and 2.3% error over 21 days [59], and stable intracellular pH monitoring across pH 6-11
with membrane-potential suppression as a contextual comparator [76]. A multiplex ion
platform covered sodium ions from 0.75-200 mM, potassium ions from 1-128 mM, calcium
ions from 0.25-4.25 mM, and pH from 5.5-8.5 while extracting approximately 6.87 uL per
needle within 5 min [7]. Thus, analytical breadth is meaningful only with matrix relevance,
stability, and interference control.

5.3. Neurochemical, Endocrine, and Therapeutic-Drug Monitoring

Neurochemical and endocrine monitoring extends HFMN-relevant and comparator
microneedle sensing beyond metabolic analysis but increases the selectivity burden because
structurally related and electroactive interferents are common. Dopamine detection reached
a 0.58 nM limit over 5 nM-100 uM in buffer and 0.5-100 uM in artificial ISF [104], while
another platform reported limits of 90 nM by square-wave voltammetry and 0.6 uM by
chronoamperometry [114]. Total catecholamine sensing achieved a 100 nM detection limit
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in ISF-relevant testing [57]. Simultaneous uric acid/dopamine systems reported high sensi-
tivities and ascorbic acid tolerance, supporting multiplexed detection where interference
would otherwise be limiting [61,105]. Cortisol platforms illustrate the need to integrate
sensitivity, range, matrix, and comparator agreement: benchmarks include 1-1000 nM with
a 0.22 nM detection limit in simulated ISF [64], 0-100 ng/mL with a 1.4 & 0.3 ng/mL detec-
tion limit and 15 reuses over 30 days in sweat [73], a 0.048 uM detection limit covering phys-
iological ISF cortisol with ELISA agreement [31], and a 0.26 pg mL~! detection limit with
exercise-triggered sweat cortisol tracking and antimicrobial protection during wear [79].

Therapeutic-drug monitoring most directly connects biosensing with treatment ad-
justment but exposes a central limitation: ISF-blood relationships are analyte-specific.
Hydrogel microneedle systems generated vancomycin and gentamicin pharmacokinetic
profiles strongly correlated with conventional blood measurements [28], and aptamer-
based patches showed strong ISF-blood correlation for tobramycin and vancomycin [29].
In contrast, a SERS comparison found comparable methylene blue concentrations in ISF
and blood, whereas mitoxantrone levels were 2-3 orders of magnitude lower in ISF [39].
This difference cautions against treating ISF as a universal blood surrogate. Quantified
drug sensors nevertheless show encouraging coverage: lidocaine over 1-120 uM with a
0.13 uM limit [36], buprenorphine over 2-140 pM with a 0.129 uM limit [37], olanzapine
over 0.05-500 1M with a 0.0026 M limit [38], MDMA over 1-50 uM with 0.05 pA pM~!
sensitivity and a 0.75 uM limit [68], methotrexate over 25-400 pM with more than 2 days
of continuous operation and explicit suitability for high-dose therapeutic monitoring [67],
and fentanyl over 10-100 uM with 0.3 uA uM~! sensitivity and a 4.4 uM limit [6]. As
a plasma-facing comparator rather than direct ISF evidence, SERS/substrate-supported
electrospray ionization mass spectrometry (ssESI-MS) microneedles achieved subpicomo-
lar fentanyl and alprazolam detection in plasma, a SERS enhancement factor of up to
1.0 x 10°, and successful identification in all 10 patient plasma samples [99]. For therapeu-
tic monitoring, decisive evidence is sustained operation, therapeutic-window coverage, and
validated interpretation of ISF concentrations relative to treatment-relevant comparators,
not detection alone.

5.4. Protein, Nucleic-Acid, Pathogen, and Immune-Marker Assays

Macromolecular and pathogen sensing shows strong analytical ambition but uneven
evidence for continuous monitoring. Immunoglobulin platforms reported an IgG detection
limit of 0.05 ng mL~! with 5.6 uL of ISF extraction in 5 min [17], and an IgE detection
limit of 30.6 pg mL~! across 88 pg mL~!-100 ng mL~! with high specificity [26]. Cancer,
neurological, and prognostic biomarker systems reported human epidermal growth factor
receptor 2 detection over 10-250 ng mL ! in artificial ISF with a 4.8 ng mL~! limit and
50-250 ng mL~! in phantom gel with a 25 ng mL~! limit [32], carcinoembryonic antigen
(CEA) detection over 0.05-500 ng mL~! with limits of 0.012 ng mL~! in PBS, 0.028 ng mL !
in artificial ISF, and 0.034 ng mL~! in a skin model [56], S100 calcium-binding protein B
(S100B) detection at 20 pg mL~! with high linearity and up to a 55% reduction in signal
deviation [35], and phosphorylated Tau 181 (p-Tau181) detection at 16 pg mL~! compared
with 460 pg mL~! on traditional two-dimensional (2D) surfaces [33]. Immune-marker
sensors reported interleukin-6 (IL-6) detection as low as 1 pg mL~! within 6 min [103],
interferon-oc (IFN-o) detection at 8.6 pg mL~! with linearity up to 1000 pg mL~! [115], and
cytokine-storm marker detection at 0.54 pg mL~! with 5-day stability, a 4.0% coefficient of
variation, and a 1-4 h response to increasing cytokine levels [34].

Pathogen and nucleic acid platforms extend HFMN-compatible and microneedle-
enabled monitoring toward infection and molecular diagnostics. A CRISPR-associated
protein 12a (Casl2a) microneedle platform detected bacterial DNA at 0.69 pM ex situ

https://doi.org/10.3390/jnt7030019


https://doi.org/10.3390/jnt7030019

J. Nanotheranostics 2026, 7, 19

22 of 41

and 6.3 pM in situ, with bacterial-load detection down to 4.27 x 10° colony-forming
units (CFU) mL~! [53]. Hydrogel microneedles captured bacteria within 5 min with
>50% efficiency, produced a linear SERS response from 1 x 107 to 1 x 10 CFU mL~},
and achieved 97.87% bacterial-identification accuracy [46]. Endotoxin detection covered
0.0342-8.2082 endotoxin units (EU) mL~! with a 0.0064 EU mL~! detection limit [66]. Cell-
free DNA and microRNA (miRNA) systems reported anti-interference in 60% fetal bovine
serum, stable in vivo sensitivity for 10 days, rapid ISF collection, high sequence speci-
ficity, and highly sensitive dual-mode detection, although complete numerical ranges
or detection limits were not always provided [20,65,78]. Macromolecular platforms can
therefore achieve impressive sensitivity, but fewer studies demonstrate the longitudinal
calibration stability, fouling resistance, and repeated-use reliability required for therapeutic-
response monitoring.

5.5. Sampling Reliability, Wear Stability, and Failure Modes

In HFMNSs and related ISF-accessing microneedle systems, sampling cannot be sepa-
rated from analytical performance. Extraction volume, swelling rate, capillary uptake, and
transport delay determine whether the sensor receives a stable analyte supply. Reported
metrics include vacuum pressures down to approximately —53 kPa and collection of ap-
proximately 2 uL of ISF per needle per hour [45], 5.6 uL within 5 min [17], 60.2 mg within
10 min [80], approximately 6.87 uL per needle within 5 min [7], and extraction yields/start-
up times comparable to negative-pressure collectors with high paired-blood agreement
for potassium, glucose, acetoacetate, and creatinine [60]. Reverse-iontophoresis-assisted
sampling improved glucose extraction flux by approximately 1.6-fold [11]. These data
establish swelling and fluid uptake as analytical variables because inconsistent extraction
can cause calibration error, delayed response, or misleading blood agreement. Nonclinical
microneedle studies, including plant-fluid extraction and fish-tissue hypoxanthine monitor-
ing, further illustrate direct-sample benchmarking outside medicine [75,77]; the fish-tissue
platform reported 5-50 and 50-200 1M hypoxanthine ranges, 0.024 pA pM~! sensitivity,
a2.18 £ 0.75 uM detection limit, an approximately 100 s response, interference tolerance,
and agreement with a commercial Amplex Red assay over 48 h [77]. Such studies are useful
methodological comparators but should remain separate from dermal ISF claims.

Wear-associated failure modes are the evidence base’s most underdeveloped but clin-
ically important component. Biofouling, delamination, abrasion, dehydration, motion,
local inflammation, and loss of electrical contact can convert strong in vitro performance
into unstable on-body data. Physical decoupling of ISF extraction from electrode trans-
duction reduced abrasion-induced coating delamination and biofouling under identical
insertion conditions [52]. Protective films limited fouling by large proteins and cells [94],
chitosan coatings supported methotrexate sensing for more than 2 days [67], and an-
tifouling /antimicrobial uric acid microneedles monitored mouse ISF without significant
biofouling while matching ELISA [106]. Insertion-related damage was reduced through
recessed microcavities protecting urea-sensing layers from delamination [83], polymer
shielding of nanostructures for hydrogen peroxide (H,O;) sensing [93], separated func-
tionalization to reduce coating damage and cross-interference [90], and structural viability
during olanzapine sensing in penetration models [38]. Quantified insertion robustness
remains uncommon; one nanostructured uric acid sensor showed only an 8.4% signal de-
crease after four porcine-skin insertions, <3.3% calibration difference during skin-piercing
reversibility tests, and a 5.8% signal difference in preliminary on-body testing [95]. Mag-
netic affixation prevented rodent-skin contraction from pushing sensors out, preserved
electrical contact, avoided irreversible array damage, enabled drift correction, and pro-
duced baseline drift rates comparable to those of successful in vivo aptamer sensors [96].
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Longer-duration glucose and ion/pH evidence included 16-day glucose stability with 3.5%
signal loss [12], 30-day glucose stability with 20% signal loss [117], 14-day repeatability
with RSD < 4% [22], 21-day pH and 14-day sodium testing [59], 28-day in vitro glucose
stability [24], and >14-day glucose service life [121]. Additional evidence included 90-day
dry, room-temperature shelf storage for phenylalanine sensors [27], 10-day in vivo cell-free
DNA sensitivity [65], and a 6-day in vivo lifetime for an abrasion-immune pharmacokinetic
platform [40]. Prolonged monitoring is therefore feasible, but standardized wear studies
are needed before stability claims can be compared across platforms.

5.6. Integrated Assessment

The evidence supports the premise that HFMNs and hydrogel-associated microneedle
systems can extend ISF analysis from single-analyte biosensing toward therapeutic moni-
toring, but strength varies sharply by analyte class and validation depth. Glucose has the
most mature analytical foundation, with many studies reporting physiologically relevant
ranges, time response, stability, and comparator agreement. Small metabolites, ions, pH,
and oxygen are also progressing toward clinically interpretable monitoring when ranges
align with expected biological values. Therapeutic-drug monitoring is promising but more
demanding because ISF concentrations require interpretation against analyte-specific blood
or pharmacokinetic relationships. Macromolecular, nucleic-acid, pathogen, and immune-
marker platforms show high sensitivity but often provide less evidence on drift, fouling,
wear, and longitudinal calibration.

The conclusion is not that HFMN biosensors are uniformly ready for therapeutic
monitoring, but that the field has identified the required performance criteria. The most
convincing platforms combine physiologically or therapeutically matched ranges, matrix-
specific calibration, response or lag-time characterization, recovery, reproducibility, se-
lectivity, comparator agreement, and quantified resistance to biofouling, delamination,
abrasion, drift, and insertion-related signal loss. Claims of monitoring—delivery integration
should be reserved for systems in which sensor outputs demonstrably inform dosing,
release, or treatment adjustment; monitoring-only platforms should be described as en-
abling technologies rather than closed-loop systems. Table 4 summarizes the analytical
benchmarks and reliability criteria most relevant to HFMN-enabled ISF biosensing and
therapeutic monitoring.

Table 4. Analytical benchmarks and reliability criteria most relevant to HFMNSs for ISF biosensing
and therapeutic monitoring.

Analytical
Performance, .
Benchmarking, and Key Evidence Evidence Shows Fl;;nsilii:ggil References
Wear-Associated P
Failure Modes
Glucose ranges include 1-30 mM,
4-24 mM, 1.5-14 mM, and
. ; The strongest systems
linearity up to 35 mM; urea spans match the expected
3-18 mM,; uric acid includes biolo icalp or Range relevance is a [7,12,15,24,
Biologically matched 150-500 uM and wider 1-800 uM thera eutgic window primary acceptance 61,83,85,
operating range or 5-600 uM ranges; ions cover ra thgr than simpl criterion for monitoring 95,105,
sodium ions from 0.75-200 mM, . . p y enabled by HFMNs. 119]
L reporting low limits of
potassium ions from 1-128 mM, detection (LODs)

calcium ions from 0.25-4.25 mM,

and pH from 5.5-8.5.
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Table 4. Cont.

Analytical
Performance,
Benchmarking, and
Wear-Associated
Failure Modes

Key Evidence

Evidence Shows

Translational
Implication

References

ISF sampling as an
analytical variable

Sampling metrics include
approximately 2 pL per needle per
hour, 5.6 pL in 5 min, 60.2 mg in
10 min, approximately 6.87 uL per
needle in 5 min, and extraction
comparable to negative-pressure
collectors; reverse iontophoresis
increased glucose flux by
approximately 1.6-fold.

Fluid uptake, swelling,

and extraction kinetics
affect calibration, lag,

and matrix agreement.

Sampling performance in
HFMN’s and related
ISF-accessing
microneedles should be
reported alongside
sensor metrics, not
treated as a separate
design feature.

[7,11,17,45,
60,80]

Temporal behavior and
monitoring duration

Reported values include 2-3 s
glucose response, approximately
95 s in vivo glucose response,
approximately 2 min skin-model
lag, approximately 10 min
physiological blood lag, 8 s lactate
response, 1-4 h cytokine response,
and 20 min phenylalanine lag;
stability spans days to weeks
depending on the platform.

Continuous monitoring
requires known
response kinetics and
operational stability.

Single-point sensitivity
cannot establish
therapeutic-monitoring
readiness.

[10,12,14,

15,23,24,

27,3440,
117]

Comparator and matrix
benchmarking

Glucose correlates with
commercial glucometers or blood;
one SERS glucose system placed
93% of values in Clarke error grid
zones A and B. Antibiotic
monitoring correlated with blood
for vancomycin, gentamicin, and
tobramycin. Methylene blue
showed comparable ISF-blood
levels, whereas mitoxantrone was
2-3 orders of magnitude lower in
ISE. Cortisol matched ELISA or
blood trends.

ISF is informative, but
blood equivalence is
analyte dependent.

Therapeutic monitoring
requires analyte-specific
ISF-blood or
reference-method
validation.

[10,11,13,

15,28,29,

31,39,54,
64]

Selectivity and
multiplex interference
control

Glucose sensors minimized
interference from ascorbic acid,
uric acid, acetaminophen,
mannose, and other electroactive
species; uric acid/dopamine
systems tolerated ascorbic acid;
cortisol, IgE, cytokine, endotoxin,
bacterial, and CRISPR systems
reported high specificity.

Cross-reactivity and
matrix effects are key
barriers, particularly in
multiplexed or
protein-rich ISF
environments.

Selectivity should be
interpreted under
realistic matrix and wear
conditions, not only in
simple buffers.

[22,26,34,
46,53,64,
66,105,117,
119]

Wear-associated
failure modes

Evidence includes reduced
delamination and biofouling,
protective films against proteins
and cells, antifouling or
antimicrobial sensing, 8.4% signal
decrease after four insertions,
<3.3% calibration difference during
piercing, 5.8% on-body signal
difference, magnetic stabilization
against sensor push-out, and 6-day
abrasion-immune in vivo lifetime.

Wear reliability is less
consistently quantified
than analytical
sensitivity.

Biofouling, drift,
insertion damage, and
contact loss are central

barriers to translation of
HFMNs.

[40,52,67,
83,90,93—
96,106]
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Analytical
Performance, Translational
Benchmarking, and Key Evidence Evidence Shows Implication References
Wear-Associated P
Failure Modes
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DR £ ove HFMN-compatible and
88 pg/mL~100 ng/mL; human microneedle-enabled
epidermal growth factor receptor 2 Sensitivity is strong, sensing toward immune [17,26,32
and CEA detection reached but drift, repeated-wear 8 . ! e
Macromolecular and .. - . infection, 34,35,46,
L. ng/mlL-level limits; S100B, IL-6, stability, and matrix .
pathogen monitoring . . cancer/prognostic, and 56,103,
IFN-«, and cytokine-storm robustness remain athogen monitorine. but 115]
markers reached pg/mL-level unevenly reported. P the gre dire s trong,er
detection; bacteria were captured Cyon t(ilnuous—useg
within 5 min with >50% efficiency validation
and 97.87% classification accuracy. '
A fish-tissue hypoxanthine
microneedle biosensor detected Non-clinical svstems
hypoxanthine over 5-50 and demons tthe These studies are useful
Non-clinical 50-200 uM, with 0.024 pA/uM direct-sample as methodological
. sensitivity, 2.18 £ 0.75 uM LOD, p context but should not be [77]
comparator evidence electrochemical

approximately 100 s response,
interference tolerance, and

agreement with a commercial

Amplex Red assay over 48 h.

benchmarking and
comparator validation.

used as evidence for
dermal ISF performance.

6. Validation Stage, Translational Readiness, and Closed-Loop or
Drug-Delivery Implications

6.1. Translational Position of HFMN Biosensors
The validation landscape for HFMNSs, hydrogel microneedles, HMNSs, and closely

related microneedle sensing platforms shows technical progress but incomplete clinical
translation. Hydrogel-based systems combine minimally invasive skin interfacing with
ISF uptake, localized sensing, and monitoring of metabolites, proteins, drugs, pH, nucleic
acids, or wound biomarkers [5,6,8,18,20,28,78]. Selected hydrogel or hybrid microneedle
platforms also provide antimicrobial, antifouling, stabilizing, or delivery-associated
functions [8,41,44]. This trajectory supports the manuscript’s central premise of progres-
sion from ISF biosensing toward therapeutic monitoring. However, evidence remains
stronger for feasibility and preclinical validation than for broad clinical implementation.

Many devices establish sensing feasibility in artificial ISF, buffers, hydrogel or skin
phantoms, ex vivo tissue, serum, sweat, plant, food, plasma, or other simulated and periph-
eral matrices, but these models do not establish clinical readiness [22,32,36,47,77,99,109].
Animal studies provide a stronger translational bridge, particularly for glucose/lactate,
proteins, antibiotics, wound biomarkers, delivery-associated wound therapy, nucleic acids,
cytokines, pharmacokinetics, and organ-function monitoring [8,16-18,28,40,41]. Human
evidence remains limited but important, including phenylalanine monitoring in human
subjects, cortisol tracking in human volunteers, HMN-based glucose monitoring in the
human forearm, hydrogel microneedle ketone monitoring in pilot human participants, and
swellable microneedle ion extraction/detection in humans [7,14,19,27,64]. These studies
mark meaningful progress but cannot define general clinical performance across analytes,
skin types, wear durations, or patient populations.
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Broader microneedle literature clarifies HFMN-relevant translational benchmarks, in-
cluding comparator validation, wearability, sterilization, manufacturing, and monitoring—
delivery integration. Nonclinical examples, such as direct electrochemical food-quality
monitoring without sample preparation, indicate platform versatility rather than
clinical maturity [77].

6.2. Comparator-Grounded Validation and Clinical Alignment

The most persuasive studies compare ISF readouts with accepted clinical or ana-
lytical methods. Glucose platforms have been aligned with commercial glucometers,
capillary blood, or blood glucose trends in animal settings [10,11,13,15,16,50], and human
forearm testing further defined physiological delay relative to capillary blood [14]. Urea
monitoring was compared with the clinical glutamate dehydrogenase method [4], con-
ductive hydrogel microneedle pH sensing achieved 93% in vivo accuracy relative to a
conventional pH probe [5], and cortisol measurements were aligned with blood cortisol
or ELISA, depending on the model [31,64]. Drug-monitoring studies provide particularly
strong translational signals: antibiotic platforms correlated ISF drug measurements with
blood-based values [28,29], CRP tracking during resistant infection and vancomycin
treatment provided treatment-response context [30], model-drug pharmacokinetics were
compared with liquid chromatography—-mass spectrometry (LC-MS) blood measure-
ments [39], and a resilient bioelectrode linked ISF pharmacokinetics to blood antibiotic
profiles across kidney-disease severities while detecting delayed irinotecan clearance in
liver-damaged models [40].

The critical lesson is that ISF cannot be treated as a universal blood substitute. The
comparison of methylene blue and mitoxantrone pharmacokinetics is informative: one drug
showed comparable ISF and blood concentrations, whereas the other was 2-3 orders of
magnitude lower in ISF [39]. This finding cautions against extending single-analyte success
to broader therapeutic-monitoring claims. Clinically actionable HFMN-enabled monitoring
requires an analyte- or drug-class-specific correlation model, calibration strategy, and
meaningful decision threshold.

6.3. Wearability, Safety, and Durability

Wearability has advanced through wireless readout, smartphone transmission, Blue-
tooth/smartphone connectivity, web-app visualization, automated alerts, artificial intel-
ligence (Al)-assisted short-term forecasting, and self-powered operation. Smartphone-
linked or wireless glucose systems include HMN and reverse-iontophoresis platforms, an
emergency-alert glucose sensor, and a Bluetooth-enabled HMN glucose patch [11,58,119,121].
Web-app visualization and machine-learning-enabled drug readout support lidocaine and
buprenorphine monitoring [36,37], while thermoelectric- or biofuel-cell-based microneedle
systems support self-powered operation and Al-assisted short-term forecasting [48,85].
Several hydrogel or hydrogel-assisted systems also report operationally relevant sampling
metrics, including rapid ISF extraction, capillarity-driven collection, and multi-analyte
on-patch monitoring [7,28,60,80]. These features support wearable plausibility but not
long-term clinical usability.

Evidence for durability and skin compatibility remains uneven. Studies report 14-day,
16-day, 21-day, 28-day, and more-than-14-day stability across sensing formats [12,22,24,59,121].
Others report 5-10-day in vivo sensitivity or 6-day pharmacokinetic monitoring in freely
moving animals [34,40,65]. These data span different materials, analytes, and models, limit-
ing direct comparison. Repeated insertion and post-use skin recovery are less developed.
One PMMA SERS glucose microneedle reported complete skin recovery within 10 min [54],
and one uric acid sensor showed limited signal loss after four porcine-skin insertions, small
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calibration changes, and preliminary on-body stability [95]. Other studies report cytocom-
patibility, biocompatibility, biosafety, antibacterial behavior, infection-risk suppression, or
absence of significant tissue damage in ISF-facing and peripheral sweat-facing comparator
platforms [8,20,41,44,79,115]. These findings support early safety feasibility but do not
resolve repeated application, irritation, inflammation, barrier recovery, infection risk, or
prolonged wear in intended users.

6.4. Manufacturing, Sterilization, and Quality Readiness

Practical manufacturing strategies include low-cost 3D printing, two-photon polymer-
ization with soft lithography, direct casting, laser fabrication, mold-and-place assembly,
clinical-grade needle conversion, secondary mold replication, film-like laser processing,
micromolding, and molecularly imprinted systems with scalable potential. Additive
and laser-enabled approaches include desktop resin printing, two-photon/direct-laser
lithography with soft lithography, 3D-printed conducting microneedles, laser-induced
graphene processing, and film-like laser-fabricated patches [37,38,58,87,92]. Molding, cast-
ing, conversion, and scalable comparator approaches include mold-and-place assembly,
clinical-grade needle conversion, secondary mold replication, conductive-ink casting, mi-
cromolding from solvent-cast nanocomposites, and scalable recognition systems based on
MIPs [29,86,89,91,103]. These approaches support translation but enable manufacturing
processes rather than demonstrate regulatory readiness. Affordable fabrication does not
demonstrate batch-to-batch reproducibility, validated release specifications, sterilization
compatibility, or quality-controlled production.

Sterilization is among the least developed readiness domains. Only selected sum-
maries directly address it: commercially available insulin-pen microneedles were de-
scribed as sterilizable for vancomycin monitoring [116], and a zwitterionic hydrogel
insulin patch preserved sensor function through ultraviolet (UV) crosslinking and Food
and Drug Administration (FDA)-standard y-irradiation [18]. This matters for HFMNs
because sterilization may alter hydrogel swelling, mechanical strength, analyte transport,
and biomolecular recognition. Isolated feasibility does not establish sterilization work-
flows across hydrogel chemistries, recognition elements, or integrated sensor formats.
Review-level sources likewise identify material stability, signal drift, scalable manufac-
turing, closed-loop integration, and the absence of standardized testing as persistent
translational barriers [1-3].

6.5. Therapeutic Monitoring, Drug Delivery, and Closed-Loop Status

The clearest advance is the shift from biosensing alone toward therapeutic moni-
toring. Drug- and treatment-relevant platforms have targeted vancomycin, gentamicin,
tobramycin, lidocaine, buprenorphine, olanzapine, fentanyl, methylene blue, and mi-
toxantrone [6,28,29,36-39]. Additional support comes from methotrexate monitoring—
delivery studies, regenerable aptamer-based monitoring of non-redox-active therapeu-
tic targets, CRP tracking during methicillin-resistant Staphylococcus aureus (MRSA) in-
fection and vancomycin therapy, and resilient pharmacokinetic monitoring across im-
paired organ-function models, including irinotecan clearance and antibiotic pharma-
cokinetics [30,40,67,70]. These studies support a feedback-informed model in which ISF
data may characterize exposure, toxicity risk, treatment response, or dosing windows.
Related systems include Al-assisted 20-min biomarker forecasting, abnormal-glucose
alerts, machine-learning drug-level visualization, CRP tracking during MRSA infec-
tion and vancomycin therapy, and pharmacokinetic monitoring intended to support
precision dosing [30,36,37,40,48,119].
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This evidence requires careful framing. Most platforms remain monitoring-only, detect-
ing biomarkers, drugs, ions, pathogens, cytokines, nucleic acids, wound states, metabolic
markers, or nonclinical quality markers without directly controlling a therapeutic actuator.
A smaller subset is theranostic or delivery capable. The methotrexate system combined
continuous sensing with a separate iontophoretic delivery patch and sustained operation
for more than 2 days in vitro and ex vivo [67]. An HFMN wound dressing monitored seven
wound biomarkers, demonstrated cytocompatibility and antimicrobial effects, and acceler-
ated wound closure in rats [8]. A microneedle-triboelectric nanogenerator (MN-TENG)
platform combined antibiotic release, electrical stimulation, and biomarker monitoring
in animal wound models [41]. A biomimetic diabetic platform combined glucose/ion
detection with subcutaneous insulin delivery and hyperglycemia regulation [42]. These
systems approach treatment, but the cited evidence does not demonstrate autonomous
sensor-output-controlled drug release, dose adjustment, or actuator regulation. They
should therefore be described as theranostic, delivery-capable, or feedback-capable, not
as confirmed closed-loop systems. Figure 5 illustrates this evidence-gate structure, and

Table 5 summarizes the corresponding validation patterns.
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Figure 5. Evidence gates for translating hydrogel-forming microneedles from ISF biosensing to thera-
peutic monitoring. The figure depicts the increasing evidentiary burden required to move HFMN and
hydrogel-assisted microneedle systems from analytical feasibility to biological validation, comparator
alignment, wearable readiness, and therapeutic-monitoring or closed-loop readiness. The right-hand
outcomes distinguish monitoring-only systems, feedback-informed therapeutic monitoring, and true
closed-loop or sensor-controlled drug delivery. The figure emphasizes that most current platforms
remain concentrated in the earlier validation gates, whereas few reach delivery-capable or theranostic
integration, and no confirmed autonomous closed-loop control is established in the cited evidence
(Prepared with the assistance of Gemini NotebookLM pro and OpenAl ChatGPT Plus).
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Table 5. Hydrogel-forming and hydrogel-assisted microneedle platforms across validation readiness
and therapeutic-monitoring translation.
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6.6. Translational Gaps and Implications

Beyond simple ISF sampling, the field includes wearable biosensing, multiplexed
monitoring, treatment-response assessment, pharmacokinetic profiling, and selected
theranostic functions [8,28,30,40-42]. HFMNs and hydrogel-enabled microneedle plat-
forms are central to this progression because their hydrated networks support ISF up-
take, conformal skin interfacing, and integration with sensing or treatment-associated
components [5,6,8,18,20,28,78]. HMNs and other non-hydrogel microneedle formats re-
main important comparators when they clarify sampling, transport, or validation bench-
marks. Yet, the evidence supports feasibility and preclinical promises more strongly than
clinical implementation.

Several gaps are defining translational barriers, not routine future work. First, valida-
tion pathways remain inconsistent; progression from artificial ISF to ex vivo skin, animal
models, and human testing lack shared acceptance criteria. Second, skin models are
not interchangeable: rodent, porcine, and human skin differ in insertion behavior, bar-
rier properties, ISF accessibility, and hydrogel swelling context, so successful preclinical
insertion cannot be assumed to predict human use. Third, prolonged wear introduces
unresolved risks of biofouling, signal drift, enzyme or aptamer instability, hydrogel de-
hydration or overswelling, local pH variability, irritation, inflammation, and infection.
Fourth, integrated sensors may alter microneedle mechanical integrity, insertion strength,
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swelling behavior, analyte diffusion, and drug-release kinetics; these interactions are not
consistently quantified [1-3,43]. Finally, regulatory translation will require sterilization
validation, storage stability, manufacturing reproducibility, quality-controlled production
parameters, and clinically meaningful endpoints such as dosing accuracy, toxicity reduction,
infection control, wound closure, glycemic or ketoacidosis management, and improved
treatment response [1,2,8,19,41,42,67].

7. Limitations and Future Perspectives

Despite rapid progress, evidence remains uneven across materials, analytes, validation
models, and translational endpoints. A major limitation is inconsistent reporting of HFMN
structure-function relationships. Many studies report swelling, insertion force, uptake
volume, or response kinetics, but few connect these metrics with network chemistry,
crosslinking density, analyte diffusion, receptor retention, and post-insertion integrity
within one platform. This limits comparison across PEGDA, MeHA, hyaluronic acid
derivatives, PVA /chitosan composites, zwitterionic hydrogels, and conductive hydrogel
matrices [4-8,18,44]. GelMA, hyaluronic acid/sodium hyaluronate, MeHA-probe, and
DNA-gated hydrogel systems broaden the material landscape but do not resolve this
structure—function gap [20,30,31,78]. Future studies should report a minimum dataset
including needle geometry, insertion force, swelling ratio, ISF uptake kinetics, diffusion
characteristics, skin recovery, and sensor performance before and after insertion.

A second limitation is the frequent separation of sensing performance from real wear
conditions. Many platforms achieve excellent limits of detection (LODs), dynamic ranges,
or response times in artificial ISF, buffers, phantoms, serum, plasma, or ex vivo tissues,
but these conditions do not reproduce the mechanical, biochemical, and immunological
complexity of hydrated skin contact [6,12,22,32,36,56,89]. Photonic, pathogen, plasma-
facing, and SERS systems reinforce this feasibility pattern but remain short of clinical wear
validation [46,99,109,112,113]. Prolonged wear introduces biofouling, coating delamination,
receptor degradation, hydration-induced drift, motion artifacts, skin inflammation, and
changes in local ISF flux. Decoupled porous sampling designs, protected microcavities,
core—shell structures, zwitterionic hydrogels, Nafion or polyurethane barriers, and an-
tifouling conductive interfaces offer partial solutions [18,22,44,52,83,95], but no dominant
engineering strategy has emerged. Long-duration studies under motion, perspiration,
temperature variation, repeated application, and clinically relevant skin conditions should
be prioritized.

Analytical validation also remains analyte-specific. Glucose has the strongest bench-
mark ecosystem, with repeated comparisons to commercial glucometers, capillary blood,
or blood glucose trends [10,11,13-15,49,50]. Other analytes, including cortisol, urea, pH,
ions, antibiotics, and drug-clearance markers, have begun to show clinically meaningful
comparator alignment [4,5,28,29,31,40,64]. However, ISE-blood relationships cannot be
generalized across molecules. Pharmacokinetic studies showing divergent ISF and blood
behavior for different drugs highlight the risk of assuming universal equivalence between
compartments [39]. Future therapeutic-monitoring work should define analyte-specific
correlation models, lag times, calibration strategies, actionable thresholds, and conditions
under which ISF measurements diverge from blood-based interpretation.

Recognition chemistry presents another translational bottleneck. Enzymatic sensors
are mature but vulnerable to denaturation, oxygen dependence, mediator instability, and
activity loss during prolonged hydration or sterilization [15,21,22,24]. Aptamers broaden
the accessible analyte space and support real-time molecular monitoring, but their behavior
under sustained swelling, nucleolytic exposure, nonspecific adsorption, and repeated me-
chanical deformation remains incompletely characterized [27-31,64,70]. Immunochemical
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systems are promising for proteins but raise concerns regarding antibody orientation, anti-
gen accessibility, hydrogel curing, y-sterilization, and long-term storage [18,32-35]. MIPs,
nanozymes, CRISPR-enabled systems, and DN A-gated materials offer attractive alterna-
tives, yet each requires rigorous testing in complex ISF and under prolonged skin-contact
conditions [12,20,65,78,80,102,103]. Future HFMN platforms should treat receptor stability
as a central design parameter, not a secondary analytical feature.

Manufacturing and sterilization lag behind sensing innovation. Additive manufactur-
ing, laser processing, two-photon polymerization, mold-and-place assembly, commercial
needle conversion, micromolding, and scalable MIP systems have improved fabrication fea-
sibility [29,37,38,58,87,91,103]. Casting and nanocomposite-based strategies expand process
options [86,89,92]. Nevertheless, scalable production requires batch-to-batch reproducibil-
ity, release specifications, dimensional tolerances, mechanical quality control, shelf-life
testing, packaging compatibility, and validated sterilization. Sterilization is particularly
challenging for HFMNs because it may alter hydrogel swelling, mechanical behavior, con-
ductivity, receptor activity, and analyte transport. Preservation of antibody-based sensor
function through UV crosslinking and y-irradiation is encouraging [18], and sterilizable
commercial off-the-shelf (COTS) microneedles provide a useful comparator signal [116],
but isolated success does not establish platform-wide readiness. Future studies should
integrate sterilization and shelflife testing early in development.

Human validation remains sparse. Human-facing studies, including continuous
phenylalanine monitoring, cortisol tracking, HMN glucose monitoring, ketone monitoring,
and swellable microneedle ion detection, show that ISF microneedle sensing can move
beyond animal models [7,14,19,27,64]. However, these studies remain insufficient to define
performance across age, sex, skin pigmentation, dermatologic status, hydration state,
disease severity, medication exposure, and long-term use. Prospective clinical studies
should evaluate analytical accuracy, usability, comfort, adherence, adverse skin events,
failure rates, data interpretability, and impact on clinical decisions.

Finally, closed-loop and therapeutic integration should be framed carefully. The field
has produced important prototypes linking sensing with drug delivery, antimicrobial
action, electrical stimulation, wound management, or insulin administration [8,41,42,67].
However, most HFMN and hydrogel-relevant systems still generate information rather
than autonomously modifying therapy. Future closed-loop platforms will require validated
control algorithmes, fail-safe mechanisms, dose-delivery accuracy, biocompatible actuation,
regulatory-grade risk analysis, and evidence that feedback improves outcomes compared
with monitoring alone. The most realistic near-term path may be decision-support systems
for therapeutic drug monitoring, infection management, metabolic instability, and wound
care, followed by progressively more autonomous feedback-controlled platforms as safety
and interpretability improve.

8. Conclusions

Hydrogel-forming microneedles have advanced from minimally invasive sampling
structures into multifunctional biointerfaces capable of accessing interstitial fluid, sta-
bilizing hydrated sensing environments, and supporting diverse biochemical readouts.
Their defining strength is integrating skin penetration, fluid uptake, analyte transport, and
sensor compatibility within soft polymeric architectures. This positions them between
conventional wearable sensors and invasive clinical sampling.

The field now extends well beyond glucose monitoring. HFMN and hydrogel-relevant
systems have demonstrated detection of metabolites, ions, hormones, proteins, nucleic
acids, infection markers, wound biomarkers, and therapeutic drugs. These advances
support a compelling vision of continuous, personalized, feedback-informed healthcare.

https://doi.org/10.3390/jnt7030019


https://doi.org/10.3390/jnt7030019

J. Nanotheranostics 2026, 7, 19

33 of 41

However, the evidence does not yet justify broad claims of mature closed-loop therapy
or universal substitution for blood-based testing. Translation will require standardized
benchmarking, analyte-specific validation, long-wear reliability, sterilization-compatible
materials, scalable manufacturing, and clinically meaningful interpretation of ISF signals.

The next phase should prioritize integration over novelty. HFMNs will achieve their
greatest impact when material design, recognition chemistry, transduction stability, skin
compatibility, data interpretation, and therapeutic decision-making are developed as a
single system. If these challenges are met, hydrogel-forming microneedles could become
a foundational platform for minimally invasive biochemical monitoring and precision
therapeutic management.

9. Evidence-to-Practice Roadmap

This roadmap (Table 6) translates the reviewed evidence into practice-facing prior-
ities without reclassifying device types, repeating sensing mechanisms, or duplicating
validation-stage summaries. It preserves the manuscript’s central argument: hydrogel-
forming and hydrogel-integrated microneedles provide a strong foundation for minimally
invasive interstitial-fluid biosensing and therapeutic monitoring, but responsible clinical
translation requires analyte-specific validation, measurable clinical benefit, manufacturable
device quality, and cautious framing of closed-loop claims.

Table 6. Evidence-to-Practice Roadmap for Hydrogel-Forming Microneedles in Interstitial-Fluid
Biosensing and Therapeutic Monitoring.

Rosat‘:gmeap Current Evidence Supports Key Uncertainty Practice Interpretation Future Priority
HFMNs and
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sensing function, not
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in artificial matrices.

diffusion, sensor drift, skin recovery,
and post-sterilization performance.
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The strongest evidence supports
feasibility and preclinical
monitoring; human-facing
validation exists but remains

Generalizability across
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states, wear durations,
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justifies translational
development and
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high-risk inpatients,
outpatient
chronic-disease
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wound-care patients,

pediatric or geriatric
groups, and individuals
with poor venous access.

in clinically constrained
scenarios in which
current sampling is
burdensome, delayed,
or insufficiently
continuous.

including antibiotic therapeutic drug
monitoring (TDM) in high-risk
patients, wound-response
monitoring in chronic wounds,
ketone monitoring in diabetes, and
drug-clearance monitoring in renal
or hepatic impairment.
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Table 6. Cont.

Roadmap
Stage

Current Evidence Supports

Key Uncertainty

Practice Interpretation

Future Priority

Outcomes

Existing studies support
biomarker detection,
pharmacokinetic profiling,
treatment-response monitoring,
and selected theranostic
functions [1,2,8,28-30,39-41,67].

Whether measured
signals improve
patient-centered

outcomes rather than
only analytical
performance.

Clinical value should be
judged by measurable
endpoints, not detection
limits alone.

Define endpoints prospectively:
dosing accuracy by time in
therapeutic range, dose-adjustment
error, or agreement with reference
TDM,; toxicity reduction by
nephrotoxicity, ototoxicity,
hypoglycemia, local irritation,
infection, or adverse drug events;
treatment-response improvement by
CRP decline, pathogen control,
wound-closure rate, glycemic
stabilization, ketoacidosis
prevention, or reduced treatment
failure; usability and adherence by
wear time, successful-use rate,
comfort, pain scores, and
missed-sample reduction; and
cost-effectiveness by cost per
actionable result, avoided blood
draws, reduced clinic visits, shorter
hospitalization, prevented adverse
events, or cost per
quality-adjusted life-year.

Practice and
implementa-
tion

Wearable readout, wireless

selected sterilization-compatible
systems indicate practical

Whether devices can
meet regulatory-grade

compatibility, data
security, workflow

HFMNs should first be

oversight, especially
where dosing or
treatment decisions

transmission, Al-assisted reliability, implemented as Develop implementation studies that
short-term forecasting, manufacturing decisign—su ort tools test device training, data
abnormal-signal alerts, reproducibility, under clri)gician interpretation, alert thresholds,

antimicrobial designs, and sterilization clinician response protocols,

electronic-record integration, patient
acceptance, and

potential integration, and . health-economic impact.
[1,3,18,30,36,37,48,116,119]. reimbursement carry safety risks.
requirements.

Future gaps

The field has progressed from
ISF access to therapeutic
monitoring and early theranostic

wound—management systems,
antibiotic-release/stimulation

True autonomous
closed-loop control
remains insufficiently

sensor-output-
controlled dosing,
release, or therapeutic

Closed-loop
terminology should be
reserved for systems in

an actuator, dose, or
treatment decision with
validated safety

Establish staged translation:
analytical validation —

prototypes, including demonstrated; most which sensor output ISF /reference correlation — clinical
methotrexate . .
o . platforms do not prove demonstrably governs decision thresholds — supervised
monitoring/delivery,

dose adjustment — safety-locked
feedback control — outcome and
cost-effectiveness trials.

platforms, and diabetes
theranostics [8,41,42,67].

adjustment. controls.
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Abbreviations

2D two-dimensional

3D three-dimensional

Al artificial intelligence

Au@Ag gold-silver core—shell

Casl2a CRISPR-associated protein 12a

CEA carcinoembryonic antigen

CFU colony-forming units

CNTs carbon nanotubes

COTS commercial off-the-shelf

CRISPR clustered regularly interspaced short palindromic repeats
CRP C-reactive protein

DNA deoxyribonucleic acid

ELISA enzyme-linked immunosorbent assay
ETPTA ethoxylated trimethylolpropane triacrylate
EU endotoxin units

f-MWCNT  functionalized multi-walled carbon nanotube
FDA Food and Drug Administration

GelMA gelatin methacryloyl

HA-MA hyaluronic acid methacryloyl

H,0O, hydrogen peroxide

HFMNs hydrogel-forming microneedles

HMNs hollow microneedles

IFN-o interferon-alpha

IgE immunoglobulin E

IeG immunoglobulin G

IL-6 interleukin-6

ISF interstitial fluid

LC-MS liquid chromatography-mass spectrometry
LOD limit of detection

LSPR localized surface plasmon resonance
MDMA 3,4-methylenedioxymethamphetamine
MEF metal-enhanced fluorescence

MeHA methacrylated hyaluronic acid

MgCl, magnesium chloride

miRNA microRNA

MIPs molecularly imprinted polymers
MN-TENG  microneedle-triboelectric nanogenerator
MNTP microneedle theranostic platform

MOFs metal-organic frameworks

MRSA methicillin-resistant Staphylococcus aureus
PBS phosphate-buffered saline

PEDOT:PSS  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PEG poly(ethylene glycol)

PEGDA poly(ethylene glycol) diacrylate

pH potential of hydrogen

PLA poly(lactic acid)
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PMMA poly(methyl methacrylate)

p-Taul8l phosphorylated Tau 181

PVA poly(vinyl alcohol)

PVP polyvinylpyrrolidone

RSD relative standard deviation

S100B 5100 calcium-binding protein B

SERS surface-enhanced Raman scattering

ssESI-MS substrate-supported electrospray ionization mass spectrometry
TDM therapeutic drug monitoring

uSMART integrated ultraswelling microneedle aptamer-recognition tester
uv ultraviolet

uNEAB microneedle-based electrochemical aptamer biosensing
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