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Abstract

This study presents the in vitro and preliminary ex vivo development of a novel
microneedle-based pH sensor for continuous intrapartum fetal monitoring. The objec-
tive was to evaluate the feasibility of using microneedle sensors to monitor fetal pH during
labour and to develop a proof-of-principle microneedle pH sensor that meets clinical re-
quirements such as high sensitivity to small pH changes (0.05 units) within a relevant range
(6.50–7.45), minimal tissue disruption, and a compact design suitable for transcervical
placement on the fetal scalp (<40 mm diameter). Platinum microneedles were passivated
with ArCare medical adhesive and coated with iridium oxide via electrodeposition. Sen-
sitivity was tested in phosphate buffered saline (PBS) and artificial interstitial fluid (ISF),
using both external Ag/AgCl and internal platinum pseudo-reference electrodes. In PBS,
the sensor exhibited linear responses in increments of 0.05 pH units over the clinically
relevant range (6.5–7.45), with slopes of −60.49 mV/pH (R2 = 0.946, accuracy = 97.65%) and
−63.2 mV/pH (R2 = 0.910, accuracy = 93.70%) in the external and internal configurations,
respectively. In ISF, a slope of −25.5 mV/pH (R2 = 0.979) was obtained. Ex vivo testing
on human skin confirmed successful microneedle penetration without visible iridium
oxide transfer or tissue damage, as indicated by methylene blue staining. These findings
support the potential for continuous minimally invasive fetal pH monitoring during labour,
representing a significant step toward more objective and specific intrapartum assessment.

Keywords: intrapartum monitoring; pH; sensor; microneedle; labour; interstitial
fluid; electrochemistry

1. Introduction
The aim of intrapartum fetal monitoring is to improve perinatal outcomes by iden-

tifying foetuses at risk of hypoxia while avoiding unnecessary obstetric intervention [1].
Cardiotocography (CTG), a method of fetal heart rate assessment, is employed in the
majority of births globally but has not reliably demonstrated the ability to detect or prevent
hypoxic brain injury in the foetus [2–7]. Although CTG use may reduce the incidence of
neonatal seizures, it has also been associated with a higher rate of Caesarean deliveries com-
pared with intermittent auscultation, without meaningful improvements in other neonatal
outcomes [8]. Its clinical utility is further limited by variability in interpretation between
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and within observers and by its poor positive predictive value for fetal hypoxia, which
contributes to a high false-positive rate [2,9,10]. As a result, obstetric decisions may be
influenced by overestimated risk, leading to interventions that may not be necessary. This
dynamic likely plays a role in the global rise in Caesarean section rates, which increased
from 20.7% to 32.1% in the United States between 1996 and 2021, and from 14.7% to 35.21%
in the United Kingdom between the 1990s and 2021–2022 [11–13].

The use of fetal blood sampling as an adjunctive method of intrapartum monitoring
does not reduce the number of Caesarean sections or the rate of neonatal encephalopathy
compared with fetal heart rate monitoring alone [14]. It is a complex, invasive, and lengthy
procedure that cannot demonstrate continuous trends in pH [2,15].

There is a need for better intrapartum fetal surveillance methods that will decrease
the incidence of adverse neonatal and long-term neurodevelopmental outcomes while
minimising unnecessary obstetric intervention.

Microneedle sensors may offer a novel solution for non-invasive continuous monitor-
ing of interstitial fluid (ISF) pH, which reflects blood pH and typically ranges from 7.35 to
7.45 under normal conditions [16,17]. Microneedle sensors could provide instantaneous,
continuous, and objective data, allowing for the early recognition of fetal acidosis and
immediate interventions if necessary [18,19]. They are associated with less pain and a lower
risk of infection compared with hypodermic needles [20–22].

Microneedles have been developed as pH sensors for use in clinical settings, such as
assessing for ischaemic tissue damage [23], and the measurement of pH in cerebrospinal
fluid, urine, brain tissue, and cardiac tissue [24–26]. Garcia-Guzman et al. [18] characterised
a potentiometric pH microneedle sensor for transdermal pH measurements in the interstitial
space fluid. In their study, commercially available stainless steel solid microneedles were
externally modified with an ion-selective membrane and tested in solutions ranging from
pH 5.0 to 8.5, with increments of 0.5 pH units. The clinical decision-making thresholds for
fetal scalp pH are normal (>7.25), subnormal (7.20–7.25), and pathological pH (<7.20) to
guide intrapartum clinical decisions [27]. Given that diagnostic thresholds for fetal scalp
pH rely on detecting differences of 0.05 pH for clinical decision making, it is important to
demonstrate that a sensor being used for intrapartum management can accurately detect
such small variations in pH [28].

This study aims to (i) evaluate microneedle pH sensors as a minimally invasive
method for continuous fetal pH monitoring during labour and (ii) to characterise a proof-
of-principle microneedle sensor with ArCare medical grade adhesive tape passivation and
iridium oxide (IrOx) functionalisation under both in vitro and initial ex vivo conditions,
capable of measuring pH levels ranging from 6.5 to 7.45, with increments of 0.05 pH, in
interstitial fluid. Ultimately, this sensor is intended to be applied transcervically to the fetal
scalp using a small patch. This work represents the initial step toward a minimally invasive
technique for continuously monitoring fetal cranial dermal interstitial pH during labour.

2. Materials and Methods
2.1. Reagents

Analytical grade reagents were used throughout this study. Oxalic acid (C2H2O4), cal-
cium chloride (CaCl2), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes), potas-
sium chloride (KCl), magnesium sulfate (MgSO4), sodium chloride (NaCl), monosodium
phosphate (NaH2PO4), saccharose, magnesium chloride (MgCl2), sodium carbonate
(Na2CO3), and 30% hydrogen peroxide (H2O2) were obtained from Sigma Aldrich. Iridium
chloride hydrate (IrCl4-H2O) was purchased from Thermo Fisher Scientific (Waltham, MA,
USA; formerly Alfa Aesar), and buffer pH solutions were procured from Merck (Darmstadt,
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Germany). Methylene blue and silver/silver chloride paste were purchased from Brunel
Microscopes Ltd. and BAS Inc., respectively.

A 1 mM solution of ferrocene carboxylic acid (FCA) was prepared in 10 mM phosphate
buffered saline (PBS), both purchased from Sigma Aldrich (Burlington, MA, USA). Artificial
ISF was prepared by combining 5 mM CaCl2, 10 mM Hepes, 3.5 mM KCl, 0.7 mM MgSO4,
123 mM NaCl, 1.5 mM NaH2PO4, and 7.4 mM saccharose. This solution was adjusted to
pH 7.5 in accordance with established protocols [19].

The IrOx was prepared following the method described by Yamanaka et al., 1989 [29].
IrCL4-H2O was dissolved in deionised water under magnetic stirring for 30 min. Then,
1ml of 30% H2O2 was added, and the solution was stirred for an additional 30 min. Sub-
sequently, 0.5g of C2H2O4, was incorporated with continuous stirring for another 30 min,
after which the pH was adjusted to 10.5 using Na2CO3.

Microneedle wafers were fabricated using the Epotek 353ND kit (Parts A and B, Epoxy
Technology). All solutions were prepared using double-distilled deionised water.

Methylene blue and silver/silver chloride paste were purchased from Brunel Micro-
scopes Ltd. (Chippenham, UK) and Radionics (Dublin, Ireland), respectively.

Ex vivo human skin samples, obtained following abdominoplasty procedures under
full ethical approval from the Clinical Research Ethics Committee of the Cork Teaching
Hospitals (ECM 4 (aa) 06/08/13), were stored at −80 ◦C until use. For experiments, the
skin samples were sectioned into 35 × 35 mm2 pieces, with adipose tissue removed. Before
mounting in a skin holder (to simulate natural skin tension and facilitate staining), the
samples were rehydrated in 0.01 M PBS for fifteen minutes.

2.2. Equipment

Electrochemical measurements were carried out at room temperature using a Metrohm
Autolab PGSTAT100 potentiostat with Nova software 2.1 (Metrohm, Cheshire, UK). The
surface morphology of the iridium oxide coating was examined using a scanning electron
microscope (FEI Quanta 650 FEG SEM; Hillsboro, OR, USA) with a working voltage of
5 kV. All experiments were conducted at room temperature within a Faraday cage, and pH
values were verified using a commercial pH meter (FiveEasy Plus FP20, Mettler Toledo;
Greifensee, Switzerland).

2.3. Electrochemical Characterisation of the Microneedles

Solid microneedle sensor arrays were developed through micromoulding techniques,
followed by a metallisation process to establish reference and working electrodes as pre-
viously described (Figure 1) [30,31]. Platinum was used as the electrode material due to
its biocompatibility, chemical inertness, conductivity, and durability [32,33]. The sensors
were passivated with ArCare 7759, a 55 µm thick medical-grade adhesive film from Adhe-
sives Research (Limerick, Ireland) to prevent interference from the metallised areas on the
microneedle sensor signal (Figure 1). The film was cut using a Graphtec CE7000-40 vinyl
cutter into 9.5 mm diameter circles, each featuring 500 µm holes arranged to match the
microneedle array pitch. The tape was aligned with the microneedles and manually pressed
into place with forceps to ensure proper attachment to the substrate [34]. The needles were
500 µm tall with a tip-to-tip pitch of 1.75 mm.



Biosensors 2025, 15, 517 4 of 19

 

Figure 1. (a) Passivated platinum microneedle array; (b) unpassivated platinum microneedle array.

2.4. Microneedle Electrode Cleaning

Microneedle arrays were cleaned using cyclic voltammetry (CV) in a solution of 10 mM
PBS and 1 mM FCA. CV was performed over a potential range of −0.5 V to + 0.5 V at a
scan rate of 0.05 V/s for 4 scans. A three-electrode setup was used, consisting of an MN
array electrode as the working electrode, platinum wire as the counter electrode, and an
Ag/AgCl reference electrode. An acid cleaning step was then carried out using H2O2,
applying 10 scans from 0 to + 0.6 V at a scan rate of 0.05 V/s. This was followed by an
additional 4 CV scans in the FCA solution to complete the cleaning process.

2.5. Electrodeposition of Iridium Oxide

The microneedle surface was modified with IrOx using an Autolab potentiostat (de-
tailed above). IrOx was selected as the sensor material since it exhibits high sensitivity
across a broad pH range, rapid response times, good chemical selectivity, and suitability
for miniaturisation [35,36]. An anodic electrodeposition of an IrOx layer was achieved via
standard electrochemical CV using 50 cycles. A three-electrode setup was used to deposit
IrOx onto the working electrode, as described above.

The potential was swept between −0.8 V and + 0.8 V at a scan rate of 0.1 mV/s.
CV scans were used to calculate the electrochemical surface area of the sensors before

and after IrOx deposition. To evaluate the stability of the sensors after IrOx deposition,
CV scans in FCA were performed. The potential was varied from 0 to + 0.6 V at a scan
rate of 0.05 mV/s, with measurements taken on days 1, 2, 5, 6, 8, 10, 12, 18, 28, 35, and
61 post-deposition.

2.6. Sensitivity and Stability of the pH Microneedle Sensors

The sensitivity and stability of the sensors was evaluated by assessing their response
to changes in PBS and artificial ISF with different pH levels ranging from 5.5 to 7.45. We
altered the pH of the solutions by adding hydrochloric acid (HCl) or sodium hydroxide
(NaOH) as demonstrated in the existing literature [37,38]. The pH values were validated
with a commercial pH meter. Open-circuit potential (OCP) measurements were carried out
at room temperature to evaluate the potential electrode pH response. We initially tested
the stability and sensitivity of the sensors using an external setup with a two-electrode
electrochemical cell, where a microneedle electrode served as the working electrode and
an Ag/AgCl wire as the reference electrode (Figure 2a). The same set of sensors was
used throughout the stability study, with measurements conducted on days 1, 5, 9, 15, 35,
and 60 to assess their long-term performance in both PBS and ISF. Sensor sensitivity was
then evaluated in PBS using an internal setup that employed an unpassivated platinum
microneedle array as a pseudo-reference electrode and a passivated microneedle array
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as the working electrode (Figure 2b,c) [39–41]. The electrodes were mounted on a plastic
holder, with each microneedle array spaced 1.9 mm apart. For measurements in artificial
ISF, we began with an external setup. Next, we evaluated sensor sensitivity using an
internal configuration with an unpassivated platinum pseudo-reference electrode. Finally,
we repeated the sensitivity assessment using the same electrode treated with Ag/AgCl
paste, similar to the existing published literature [18].

 

Figure 2. (a) External setup used; (b) internal setup with three passivated platinum working elec-
trodes (WE) and one unpassivated platinum pseudo-reference electrode (RE) as viewed from above;
(c) internal setup.

2.7. Interference Testing

Interferents were prepared by adding physiologically relevant concentrations—2 mM
of MgCl2, 3.5 mM KCl, and 5 mM NaCl—to artificial ISF (pH 7.0), using the same concentra-
tions as used in the existing literature [42]. OCP measurements were then performed in each
solution, and the potential measured in ISF and the individual interferent solutions were
compared. Dunnett’s test was conducted using SPSS version 28 to determine whether the
mean potentials for the different solutions differed significantly from the control solution
(pH 7.0).

2.8. Negative Control Experiment

A negative control experiment was performed to confirm that the IrOx modification
was essential for pH sensing. We repeated the OCP calibration protocol in PBS using the
same internal setup previously described. However, for this control, the working electrode
was a bare passivated platinum microneedle that had not been modified with IrOx. The
same pH range was tested, and the OCP readings were recorded under identical conditions
to those used for the IrOx-modified electrodes.

2.9. Skin Testing

We immersed a skin sample in a PBS solution adjusted to pH 7.0 with HCl for 15 min.
We then applied the microneedles to the skin using a high velocity microneedle applicator
system (internal setup) and conducted three OCP measurements to determine the pH. A
t-test was conducted to assess whether the mean potentials recorded from skin samples
significantly differed from those obtained in vitro PBS experiments. After the OCP mea-
surements, we examined the skin to assess for any transfer of IrOx from the microneedles.
Finally, we applied a 1% w/v aqueous methylene blue solution to the treated area to assess
the extent of microneedle penetration. The penetration efficiency was calculated by ex-
pressing the number of needles that penetrated as a fraction of the number of microneedles
in the device.
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3. Results and Discussion
3.1. Characterisation of the Electrodes

Microneedle pH sensors are characterised by sensitivity, accuracy, rapid response time,
stability, and reproducibility. We evaluated these attributes and demonstrated the potential
for the sensors to serve as an adjunct method for intrapartum fetal monitoring. Figure 3
compares the morphology of platinum microneedles with and without IrOx modification,
both passivated using ArCare. Panels (a) and (b) show SEM images of the unmodified
platinum microneedle. Panel (a) provides an overall view, while panel (b) offers a higher
magnification of its relatively smooth surface. In contrast, panels (c) and (d) illustrate the
IrOx-modified microneedle. Panel (c) presents the broader geometry, and panel (d) reveals
the more textured surface arising from the IrOx layer. This modification is important be-
cause the IrOx layer enables pH sensing in interstitial fluid using solid microneedles [43]. It
achieves this by facilitating reversible pH-sensitive redox reactions that accurately quantify
hydrogen ion concentration [44]. The iridium oxide layer can be prepared using various
methods, including electrodeposition, metal–organic chemical vapor deposition, sol–gel
processing, and sputtering deposition [44,45]. Although sputtering deposition produces
high-quality uniform IrOx films, it is expensive and offers limited control over the cata-
lyst’s structural and morphological features [44]. In contrast, the sol–gel process is more
cost-effective but often yields lower sensitivity due to its low porosity and reduced number
of hydrophilic sites [46]. Electrochemical deposition, however, presents a cost-effective
alternative by enabling the fabrication of IrOx films through the electrolysis of iridium-
complex-containing solutions. This method is particularly advantageous because it allows
for precise control over the IrOx loading and surface oxidation states by fine-tuning vari-
ables such as solution composition, current density, and deposition time, without requiring
access to a cleanroom [45,47–49].

 

Figure 3. SEM images of microneedle tips before and after IrOx modification. (a) Unmodified
platinum microneedle showing a smooth and clean surface; (b) higher magnification of the boxed
region in (a), highlighting the low surface roughness of native Pt; (c) IrOx-modified microneedle
exhibiting a visibly rougher surface due to the electrodeposited IrOx layer; (d) high magnification of
the boxed region in (c), revealing a granular and porous morphology.
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The surface roughening introduced by the IrOx deposition increases the electroactive
area and enhances the sensor’s pH responsiveness by facilitating proton exchange at the
electrode interface.

3.2. Electrodeposition of the Iridium Oxide Layer

Figure 4a shows the CV analysis during the electrodeposition of the IrOx layer. The
passivated electrode initially exhibits an electrochemical surface area of 5.54 mm2, which
increases by a multiplication factor of 12.23 to 67.74 mm2 after IrOx modification. This
enhancement increases the number of active catalytic sites, allowing faster electron trans-
fer and better electrode kinetics. This is critical for boosting the performance of elec-
trochemical devices [50]. Before IrOx, the oxidation peak occurs at 0.313 V with a cur-
rent of 1.28 × 10−5 A, and the reduction peak is observed at 0.264 V with a current of
−1.22 × 10−5 A, yielding a peak separation (∆Ep) of ~49 mV. After IrOx deposition, the
oxidation peak shifts to 0.348 V with a current of 1.03 × 10−4 A and the reduction peak
shifts to 0.215 V with a current of −9.41 × 10−5 A, corresponding to a ∆Ep of ~133 mV.
These changes quantitatively demonstrate how the increased surface area and modified
electron-transfer kinetics enhance the sensor’s performance [50,51]. Figure 4b presents
cyclic voltammograms recorded at various scan rates. Both the peak currents and charg-
ing currents increase with higher scan rates, indicating a larger double-layer capacitance.
Collectively, these results confirm that the IrOx deposition not only expands the electro-
chemically active surface area but also enhances the electrode’s charge storage capacity,
thereby improving the overall electron-transfer kinetics and performance of the sensor
in terms of higher sensitivity, lower limit of detection, faster response times, and a wider
linear dynamic range, because of the increased number of active catalytic sites, larger
double-layer capacitance, and more rapid electron-transfer rates [51].

Figure 4. (a) Cyclic voltammetry analysis of the IrOx layer formation via electrodeposition; (b) cyclic
voltammograms at varying scan rates for surface area evaluation.

Consistent with earlier reports [52,53], the IrOx film in our study required a stabilisa-
tion period following electrodeposition, reflecting hydration-driven structural rearrange-
ments and ongoing oxidation processes. The peak current was observed to evolve until
reaching a steady state, with our sensors exhibiting a stabilised peak current by day 5 post-
deposition, as demonstrated in Figure 5. Therefore, sensor sensitivity testing began on day
5 after the IrOx layer was deposited. This conditioning is essential, ensuring the completion
of structural reorganisation within the IrOx layer and resulting in reproducible and reliable
sensor performance [52,53].
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Figure 5. Stabilisation of iridium oxide over time (peak current vs. days).

3.3. Sensitivity and Stability

The sensors exhibited a linear response. Using the external setup in PBS across a pH
range of 6.7 to 7.4 (in increments of 0.05), the sensors provided a linear Nernstian response
of −60.49 mV/pH with a high correlation coefficient (R2) of 0.972 and an accuracy of 97.65%
(Figure 6).

Figure 6. OCP-based calibration curve in external setup: voltage vs. pH in phosphate buffered saline
(n = 6).

Figure 7 illustrates the OCP measurements of the microneedle sensors in PBS across a
pH range of 3 to 9, measured on days 1, 5, 9, 15, 35, and 60. The data show that the potential
response remains stable over time, with consistent changes in potential corresponding
to alterations in pH. This indicates good long-term stability of the microneedle sensors.
Furthermore, the ability to store these sensors in a dry state enhances their suitability
for medical applications. Previous studies have reported that IrOx sensors require a one-
hour buffer soak following dry storage, a procedure that is less than ideal in high-activity
high-acuity clinical settings such as a labour ward [54].
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Figure 7. OCP stability of microneedle sensors in PBS from day 1 to day 60.

When testing the internal setup in PBS over a pH range of 6.5 to 7.35 (in increments of
0.05), a sensitivity of −63.2 mV/pH (R2 = 0.91) and an accuracy of 93.07% were achieved
(n = 4, Figure 8). Although the calibration curve yielded an R2 of 0.91, this was considered
acceptable within the narrow physiological pH range assessed. Alternative regression
models (e.g., second-order polynomial) were explored but did not provide meaningful
improvements without overfitting, and a linear fit was retained for interpretability and
consistency with previous pH sensor studies.

Figure 8. OCP-based calibration curve in internal setup: voltage vs. pH in phosphate buffered saline
(n = 4).

Although the sensor demonstrated an in vitro accuracy of 93.07%, this level of pre-
cision is considered acceptable for a proof-of-concept study and is sufficient to detect
clinically relevant pH changes as small as 0.05 units. Future development will aim to refine
the device and achieve accuracy levels exceeding 95%, ensuring it meets the safety and
reliability standards required for clinical use in fetal monitoring.

Figure 9 illustrates the real-time OCP readings of the sensor in PBS at multiple pH
values ranging from 6.5 to 7.45. Each coloured trace represents the sensor response at a
distinct pH, showing stable plateaus with minimal drift over the 60 s measurement period.
The clear separation between the potential levels at each pH demonstrates the sensor’s
sensitivity to small changes in pH.
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Figure 9. OCP vs. time for microneedle pH sensors in PBS at various pH values.

Using an Ag/AgCl-modified platinum pseudo-reference electrode, the sensor achieved
a highly linear calibration in artificial ISF, with a slope −27.5 mV/pH and R2 of 0.979, affirm-
ing the sensor’s capability to function in a complex medium that simulates the composition
of natural ISF (Figure 10). Despite the reduced sensitivity in ISF, the sensor maintained the
ability to detect pH changes as small as 0.05 units, which falls within the clinically relevant
range for fetal monitoring applications.

Figure 10. OCP-based calibration curve in internal setup: voltage vs. pH in artificial interstitial fluid
using an Ag/AgCl paste applied to a platinum pseudo-reference electrode (n = 6).

The initial use of an unpassivated platinum pseudo-reference electrode in ISF likely
led to a non-linear slope due to its inherent instability in complex media [55]. In complex
solutions like ISF, various ions and impurities can interact with the unpassivated platinum
surface, leading to the uncontrolled formation or dissolution of surface oxide layers. This
can result in fluctuating potentials rather than a stable baseline [55]. Additionally, without a
well-defined redox equilibrium, the electrode potential may drift during the measurement,
further contributing to the non-linear behaviour observed [55]. We coated the platinum
pseudo-reference electrode with an Ag/AgCl paste as performed in the similar existing
research [18]. Ag/AgCl is the most frequently used reference electrode due to its high
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stability and non-toxicity [56]. Coating the electrode with Ag/AgCl paste helped establish
a more stable well-defined potential through the formation of an insoluble salt layer, which
minimised these variations and yielded a linear response [57]. Notably, the sensitivity of the
sensor was lower in ISF than in PBS. This reduction in sensitivity is likely due to the more
complex ionic composition of ISF [58]. Although the decreased sensitivity in ISF poses a
limitation when translating our in vitro findings to a physiological context, the maintained
linearity and high correlation coefficient in both media demonstrate the sensor’s potential.
These findings provide a valuable foundation for future optimisation and in vivo validation.
To address the potential long-term drift of unpassivated Pt pseudo-reference electrodes in
ISF, future work will explore alternative coatings such as Ag/AgCl layers or polymer-based
membranes to enhance electrochemical stability in complex biofluids.

3.4. Interference

At pH 7.0, the sensor measured an average potential of −0.03606 ± 0.0186 V in ISF. In
the presence of 5 mM NaCl, 3.5 mM KCl, and 2 mM MgCl2, the average potentials (n = 6)
were −0.03883 ± 0.0209 V, −0.03444 ± 0.0207 V, and −0.03339 ± 0.0194 V, respectively. The
difference in the mean potential for each solution was not statistically significant to the
potential measured in ISF (p = 0.543, p = 0.842, p = 0.889, respectively). Figure 11 illustrates
these results, with the bar chart showing comparable potentials across all tested solutions.
Table 1 details the selectivity coefficient differences between each solution, which did not
differ significantly. The sensor’s response remains consistent across ISF solutions containing
NaCl, KCl, or MgCl2, indicating that these ions do not contribute to the calibration curve
discrepancies observed with the unpassivated platinum microneedle array RE. Maintaining
high selectivity is critical when analysing dynamic fluids like ISF, where the concentrations
of various ions and compounds fluctuate continuously. Our results, which demonstrate
negligible interference from NaCl, KCl, and MgCl2, are consistent with previous studies
reporting minimal impact from these salts [18,42]. To ensure the selective detection of
ISF pH during intrapartum application, the microneedle sensor is designed to access sub-
stratum corneum interstitial fluid while minimising exposure to external fluids through
skin-conforming barriers; future development will incorporate selective membranes to
further mitigate interference from blood or amniotic fluid.

Figure 11. Potential in ISF vs. solutions with physiologically relevant interferents (pH 7.0).
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Table 1. Values of the selectivity coefficients between ions and the interference ions for pH sensor.

Selectivity Value
(V)

Selectivity Coefficient
Difference (V) p-Value

pH 7.0 −0.03606 Target ion
NaCl −0.03883 0.00277 0.543
KCl −0.03444 0.00162 0.842

MgCl2 −0.03339 0.00267 0.889

3.5. Negative Control Experiment

Unmodified platinum microneedles were used as a negative control to establish a
baseline electrochemical response, enabling the specific contribution of the surface function-
alisation to be accurately assessed. The OCP measurements obtained from the unmodified
platinum microneedle did not yield a linear response across the tested pH range (Figure 12).
This lack of linearity indicates that the sensor was not effectively measuring pH without
the IrOx layer. Consequently, these negative control results demonstrate the importance of
IrOx modification in achieving accurate and stable pH sensing.

Figure 12. OCP calibration of unmodified platinum microneedle in PBS (negative control).

3.6. Ex Vivo Skin Testing: Evaluating Microneedle Sensor Performance and Tissue Integrity

Three microneedle sensors were tested on skin pre-soaked in PBS (pH 7.0), yielding an
average potential of −0.0853 mV, whereas the mean potential measured for the same pH in
PBS solution was −0.0651 (Figure 13). The difference between the mean potential measured
in PBS solution and in skin preconditioned to pH 7.0 was not statistically significant
(p = 0.342). Future studies could replicate these OCP measurements using the Ag/AgCl-
coated platinum pseudo-reference electrode and consider extending the skin pre-soaking
time in the pH 7.0 solution beyond 15 min. Notably, Chen et al. [59] soaked porcine skin in
various pH solutions for 12 h when conducting similar experiments.

Visual inspection of the skin after microneedle application showed no visible trans-
fer of IrOx, indicating that the sensor coating remained intact. Furthermore, methylene
blue staining confirmed microneedle penetration without significant tissue disruption
(Figure 14a), demonstrating the feasibility of using these microneedles for in-skin mea-
surements (Figure 14b). Ex vivo testing was conducted on adult abdominal skin, which,
although not identical to neonatal tissue, served as a consistent and ethically sourced model
for preliminary evaluation. The use of a single donor batch reduced sample variability.
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Notably, the skin of term neonates shares similarities with adult skin, including a well-
developed stratum corneum and comparable thickness, supporting the relevance of this
model for assessing pH sensing in the dermal interstitial fluid of neonates [60–62]. This
combination of retained coating integrity, minimal tissue disruption, age-independent
skin compatibility, and compact dimensions demonstrates the sensor’s suitability for in-
trapartum monitoring. The penetration efficiency was calculated as 82%, in keeping with
values reported in the existing literature [63].

Figure 13. Comparison of OCP measurements in skin and PBS at pH 7.0.

 
Figure 14. (a) Microneedle application; (b) skin examination; (c) methylene blue penetration test.

This sensor is designed to be inserted vaginally and placed transcervically on the fetal
scalp once the membranes have ruptured, either spontaneously or by amniotomy, during
the active first stage or second stage of labour. The active first stage begins at 3–4 cm of
cervical dilation (the end of the latent first phase) and continues until full dilation (10 cm),
while the second stage spans from full dilation to delivery of the foetus [64]. Existing
intrapartum fetal monitoring methods include fetal blood sampling, as discussed in the
introduction. Amnioscopes used for fetal blood sampling range from 18 mm to 33 mm in
external diameter [65,66]. Each of our microneedle arrays measures just 9.5 mm in diameter,
and when combined, using an unpassivated platinum microneedle as the pseudo-reference
electrode and a passivated platinum microneedle array as the working electrode, the total
diameter is only 19 mm. These were spaced 1.9 mm apart on the holder. This compact
size makes the device ideally suited for intravaginal placement during labour. Collabo-
ration with mechanical engineers will be essential to refine this design into a clinically
viable intrapartum monitoring tool that is easy to use within the restrictive anatomical
environment and prevents amniotic fluid from interfering with the dermal interstitial fluid
pH measurement. Microneedle arrays are classified as minimally invasive [67]. Their
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placement on the fetal scalp during labour follows procedures comparable to standard fetal
monitoring techniques such as fetal heart rate monitoring via a fetal scalp electrode. As
this placement does not involve any incisions and uses an anatomical orifice, the vagina,
and dilated cervix, it can also be classified as minimally invasive [68]. Nonetheless, further
evaluation of safety, tolerability, and potential risks will be undertaken in future clinical
validation studies.

3.7. Comparison with the Existing Literature

The sensitivity of the microneedle sensor in PBS aligns with those found in the lit-
erature [18,26,69]. As mentioned previously, Lee et al. [23] developed a pH sensor to
monitor tissue damage associated with ischaemia by electrochemically depositing PANI
and Ag/AgCl onto an open window in the microneedle. These sensors achieved a sensi-
tivity of 94 mV/pH in PBS. Zhou [26] created a PANI-functionalised acupuncture-based
pH sensor for real-time cerebral monitoring (slope: −51.2 mV/pH in pH buffer solution,
−46.8 mV/pH in serum). Mani et al. [24] developed a sensor using zinc oxide thin film
on tungsten microneedles for cerebrospinal fluid and urine pH and reported a slope of
−46.35 mV/pH in pH buffer solution. PANI has high electrical conductivity and biocom-
patibility; however, there are limitations in the use of PANI, such as its low processability
and degradability [70,71]. In contrast with these existing works, we specifically focused
on detecting small pH increments within the clinically relevant range for fetal hypoxia,
and incorporated ArCare passivation and IrOx deposition. As previously noted, IrOx is
an excellent choice for biosensor development because of its proven stability, conductivity,
durability, and biocompatibility [54,72]. Zuliani et al. [25] designed an IrOx-functionalised
sensor to map pH distributions in the rat heart; however, their approach used a gold-coated
working electrode rather than a platinum one and did not demonstrate the capability to
detect small increments in pH. Garcia-Guzman et al. characterised a potentiometric pH
microneedle sensor for transdermal pH measurements in ISF, using commercially available
stainless steel solid microneedles modified with an ion-selective membrane, with testing
performed over a broader pH range (5.0 to 8.5) and in larger increments (0.5 pH units) [18].
Given that clinical decision making during intrapartum fetal monitoring relies on detecting
differences as small as 0.05 pH units, our work demonstrates the importance of designing
sensors capable of capturing such subtle changes to ensure accurate and timely obstetric
intervention [28].

A significant strength of this work is the demonstration of a minimally invasive
continuous monitoring system, validated through this in vitro and ex vivo study, that has
the potential to improve the objectivity and specificity of intrapartum fetal monitoring.
The multidisciplinary involvement of both obstetricians and chemical engineers facilitated
the development of a sensor that exhibited appropriate sensitivity and accuracy within
the clinical pH range, while meeting the user requirements of minimal tissue disruption,
no transfer of IrOx from the sensor to the skin, compact size, and the capability for dry-
state storage.

The microneedle design could provide continuous measurement of intrapartum fetal
pH, enabling trend analysis while potentially minimising both maternal and fetal dis-
comfort, and reducing the risk of infection compared with fetal blood sampling [20–22].
The sensors exhibit high accuracy, sensitivity, and stability, with the capability to detect
subtle pH variations that are essential for precise fetal monitoring during labour. Using a
microneedle array as a pseudo-reference electrode simplifies the design of an intrapartum
monitoring patch, as two small arrays can be combined into a single device that can be
inserted vaginally, placed transcervically, and positioned on the fetal head. The successful
integration of ArCare passivation to shield non-sensing areas, the effective electrodeposi-
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tion of IrOx, and the use of an internal pseudo-reference electrode configuration establish a
foundation for future in vivo testing.

Despite these promising results, several limitations still need to be addressed. First,
inter-sensor variability was also observed, indicating that further refinement in the fabrica-
tion and passivation processes is necessary to ensure consistent performance. Second, the
sensor was less sensitive in ISF using the internal setup; further modifications are required
to improve sensitivity in complex media. Third, stability of the sensors was tested using
an external setup with a two-electrode electrochemical cell, with a microneedle electrode
serving as the working electrode and an Ag/AgCl wire as the reference electrode; this may
have potentially improved the stability of the sensors. Finally, while this study demon-
strates promising in vitro and initial ex vivo findings, further in vivo research is essential to
fully evaluate sensor performance under physiological conditions. For example, an animal
comparative crossover study, directly comparing the microneedle sensor readings with
those of established blood gas analysers, could validate the sensor’s accuracy in a clinical
setting and elucidate its potential to reliably monitor subtle pH variations in real time.

4. Conclusions
This work demonstrates a proof-of-principle microneedle-based pH sensor that

achieves the sensitivity required for intrapartum fetal monitoring. The platinum micronee-
dles, passivated with ArCare and functionalised with electrodeposited IrOx, exhibited a con-
sistent linear response to small pH increments in both PBS and ISF using microneedle-based
working and reference electrodes. The sensor showed a linear response (–63.2 mV/pH in
PBS; −27.5 mV/pH in ISF) with an accuracy of 93.07% in PBS. It successfully penetrated ex
vivo skin without any coating delamination, and minimal tissue disruption, confirming
its suitability for continuous minimally invasive fetal pH measurement. The stability,
compact size, and capability for dry-state storage were also demonstrated. These results
highlight the sensor’s potential to provide precise and continuous fetal pH monitoring,
which may reduce unnecessary obstetric interventions without increasing the incidence
of neonatal encephalopathy. Further in vivo validation and device integration are neces-
sary for clinical application. Beyond intrapartum pH monitoring, the microneedle-based
platform demonstrated in this study offers a versatile foundation for adaptation to other
analytes, including glucose, lactate, and electrolytes, supporting the future development of
multiplexed minimally invasive biosensors for broader clinical applications.
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The following abbreviations are used in this manuscript:

Ag/AgCl Silver/silver chloride
CaCl2 Calcium chloride
CV Cyclic voltammetry
CTG Cardiotocograph
FCA Ferrocene carboxylic acid
H2O2 Hydrogen peroxide
HCl Hydrochloric acid
Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
IrCl4·H2O Iridium chloride hydrate
IrOx Iridium oxide
ISF Interstitial fluid
KCl Potassium chloride
MgCl2 Magnesium chloride
MgSO4 Magnesium sulfate
Na2CO3 Sodium carbonate
NaCl Sodium chloride
NaH2PO4 Monosodium phosphate
NaOH Sodium hydroxide
OCP Open-circuit potential
PBS Phosphate buffered saline

References
1. Chandraharan, E.; Wiberg, N. Fetal scalp blood sampling during labor: An appraisal of the physiological basis and scientific

evidence. ACTA Obstet. Gynecol. Scand. 2014, 93, 544–547. [CrossRef]
2. Alfirevic, Z.; Devane, D.; Gyte, G. Continuous cardiotocogra-phy (CTG) as a form of electronic fetal monitoring (EFM) for fetal

assessment during labour. Cochrane Database Syst. Rev. 2006, 3, CD006066.
3. Vintzileos, A.M.; Antsaklis, A.; Varvarigos, I.; Papas, C.; Sofatzis, I.; Montgomery, J.T. A randomized trial of intrapartum electronic

fetal heart rate monitoring versus intermittent auscultation. Obstet. Gynecol. 1993, 81, 899–907. [PubMed]
4. MacDonald, D.; Grant, A.; Sheridan-Pereira, M.; Boylan, P.; Chalmers, I. The Dublin randomized controlled trial of intrapartum

fetal heart rate monitoring. Am. J. Obstet. Gynecol. 1985, 152, 524–539. [CrossRef] [PubMed]
5. Kelso, I.M.; Parsons, R.J.; Lawrence, G.F.; Arora, S.S.; Edmonds, D.K.; Cooke, I.D. An assessment of continuous fetal heart rate

monitoring in labor. A randomized trial. Am. J. Obstet. Gynecol. 1978, 131, 526–532. [CrossRef]
6. Grant, A.; O’Brien, N.; Joy, M.T.; Hennessy, E.; MacDonald, D. Cerebral palsy among children born during the Dublin randomised

trial of intrapartum monitoring. Lancet 1989, 2, 1233–1236. [CrossRef]
7. Grivell, R.M.; Alfirevic, Z.; Gyte, G.M.; Devane, D. Antenatal cardiotocography for fetal assessment. Cochrane Database Syst. Rev.

2015, 12, CD007863. [CrossRef]
8. East, C.E.; Begg, L.; Colditz, P.B.; Lau, R. Fetal pulse oximetry for fetal assessment in labour. Cochrane Database Syst. Rev. 2014, 10,

CD004075. [CrossRef]
9. Nonnenmacher, A.; Hopp, H.; Dudenhausen, J. Predictive value of pulse oximetry for the development of fetal acidosis. J. Perinat.

Med. 2010, 38, 83–86. [CrossRef]
10. Rhöse, S.; Heinis, A.; Vandenbussche, F.; van Drongelen, J.; van Dillen, J. Inter- and intra-observer agreement of non-reassuring

cardiotocography analysis and subsequent clinical management. Acta Obstet. Gynecol. Scand. 2014, 93, 596–602. [CrossRef]
11. Osterman, M.J.K.; Hamilton, B.E.; Martin, J.A.; Driscoll, A.K.; Valenzuela, C.P. Births: Final Data for 2021. Natl. Vital Stat. Rep.

2023, 72, 1–53. [PubMed]

https://doi.org/10.1111/aogs.12416
https://www.ncbi.nlm.nih.gov/pubmed/8497353
https://doi.org/10.1016/0002-9378(85)90619-2
https://www.ncbi.nlm.nih.gov/pubmed/3893132
https://doi.org/10.1016/0002-9378(78)90114-X
https://doi.org/10.1016/S0140-6736(89)91848-5
https://doi.org/10.1002/14651858.CD007863.pub4
https://doi.org/10.1002/14651858.CD004075.pub4
https://doi.org/10.1515/jpm.2010.006
https://doi.org/10.1111/aogs.12371
https://www.ncbi.nlm.nih.gov/pubmed/36723449


Biosensors 2025, 15, 517 17 of 19

12. Black, C.; Kaye, J.A.; Jick, H. Cesarean Delivery in the United Kingdom: Time Trends in the General Practice Research Database.
Obstet. Gynecol. 2005, 106, 151–155. [CrossRef] [PubMed]

13. NMPA Project Team. National Maternity and Perinatal Audit: Clinical Report 2022. Based on Births in NHS Maternity Services in
England and Wales Between 1 April 2018 and 31 March 2019; RCOG: London, UK, 2022. Available online: https://maternityaudit.
org.uk/FilesUploaded/Ref%20336%20NMPA%20Clinical%20Report_2022.pdf (accessed on 8 August 2024).

14. National Institute for Health and Care Excellence. Fetal Monitoring in Labour (NICE Guideline NG229). 2022. Available online:
https://www.nice.org.uk/guidance/ng229/resources/fetal-monitoring-in-labour-pdf-66143844065221 (accessed on 8 August
2024).

15. Tuffnell, D.; Haw, W.L.; Wilkinson, K. How long does a fetal scalp blood sample take? BJOG Int. J. Obstet. Gynaecol. 2006, 113,
332–334. [CrossRef] [PubMed]

16. Marunaka, Y. The Proposal of Molecular Mechanisms of Weak Organic Acids Intake-Induced Improvement of Insulin Resistance
in Diabetes Mellitus via Elevation of Interstitial Fluid pH. Int. J. Mol. Sci. 2018, 19, 3244. [CrossRef]

17. Torres-Terán, I.; Venczel, M.; Klein, S. Prediction of subcutaneous drug absorption-do we have reliable data to design a simulated
interstitial fluid? Int. J. Pharm. 2021, 610, 121257. [CrossRef]

18. García-Guzmán, J.J.; Pérez-Ràfols, C.; Cuartero, M.; Crespo, G.A. Toward In Vivo Transdermal pH Sensing with a Validated
Microneedle Membrane Electrode. ACS Sens. 2021, 6, 1129–1137. [CrossRef]

19. Bollella, P.; Sharma, S.; Cass, A.E.G.; Antiochia, R. Minimally-invasive microneedle-based biosensor array for simultaneous
lactate and glucose monitoring in artificial interstitial fluid. Electroanalysis 2019, 31, 374–382. [CrossRef]

20. Madden, J. Biosensing in dermal interstitial fluid using microneedle based electrochemical device. Sens. Bio-Sens. Res. 2020, 29,
100348. [CrossRef]

21. Donnelly, R.F.; Singh, T.R.; Tunney, M.M.; Morrow, D.I.; McCarron, P.A.; O’Mahony, C.; Woolfson, A.D. Microneedle arrays allow
lower microbial penetration than hypodermic needles in vitro. Pharm. Res. 2009, 26, 2513–2522. [CrossRef]

22. Kaushik, S.; Hord, A.H.; Denson, D.D.; McAllister, D.V.; Smitra, S.; Allen, M.G.; Prausnitz, M.R. Lack of pain associated with
microfabricated microneedles. Anesth. Analg. 2001, 92, 502–504. [CrossRef]

23. Lee, W.; Jeong, S.H.; Lim, Y.W.; Lee, H.; Kang, J.; Lee, H.; Lee, I.; Han, H.S.; Kobayashi, S.; Tanaka, M.; et al. Conformable
microneedle pH sensors via the integration of two different siloxane polymers for mapping peripheral artery disease. Sci. Adv.
2021, 7, eabi6290. [CrossRef]

24. Mani, G.K.; Miyakoda, K.; Saito, A.; Yasoda, Y.; Kajiwara, K.; Kimura, M.; Tsuchiya, K. Microneedle pH Sensor: Direct, Label-Free,
Real-Time Detection of Cerebrospinal Fluid and Bladder pH. ACS Appl. Mater. Interfaces 2017, 9, 21651–21659. [CrossRef]

25. Zuliani, C.; Ng, F.S.; Alenda, A.; Eftekhar, A.; Peters, N.S.; Toumazou, C. An array of individually addressable micro-needles for
mapping pH distributions. Analyst 2016, 141, 4659–4666. [CrossRef] [PubMed]

26. Zhou, J.; Ding, F.; Tang, L.; Li, T.; Li, Y.; Zhang, Y.; Gong, H.; Li, Y.; Zhang, G. Monitoring of pH changes in a live rat brain with
MoS2/PAN functionalized microneedles. Analyst 2018, 143, 4469–4475. [CrossRef] [PubMed]

27. Girault, A.; Le Ray, C.; Garabedian, C.; Goffinet, F.; Tannier, X. Re-evaluating fetal scalp pH thresholds: An examination of fetal
pH variations during labor. Acta Obstet. Gynecol. Scand. 2024, 103, 479–487. [CrossRef] [PubMed]

28. Al Wattar, B.H.; Lakhiani, A.; Sacco, A.; Siddharth, A.; Bain, A.; Calvia, A.; Kamran, A.; Tiong, B.; Warwick, B.; MacMahon, C.;
et al. Evaluating the value of intrapartum fetal scalp blood sampling to predict adverse neonatal outcomes: A UK multicentre
observational study. Eur. J. Obstet. Gynecol. Reprod. Biol. 2019, 240, 62–67. [CrossRef]

29. Yamanaka, K. Anodically electrodeposited iridium oxide films (AEIROF) from alkaline solutions for electrochromic display
devices. Jpn. J. Appl. Phys. 1989, 28, 632–637. [CrossRef]

30. O’Mahony, C.; Grygoryev, K.; Ciarlone, A.; Giannoni, G.; Kenthao, A.; Galvin, P. Design, fabrication and skin-electrode contact
analysis of polymer microneedle-based ECG electrodes. J. Micromech. Microeng. 2016, 26, 084005. [CrossRef]

31. Bocchino, A.; Marquez-Grana, C.; Singh, O.P.; Melnik, E.; Kurzhals, S.; Mutinati, G.C.; Coulman, S.; Martin, C.; Ng, K.W.;
Massufero Vergilio, M.; et al. A multifunctional platform for the production and customization of polymer-based microneedle
devices. Sens. Actuators A Phys. 2025, 388, 116491. [CrossRef]

32. Larrañeta, E.; Lutton, R.E.M.; Woolfson, A.D.; Donnelly, R.F. Microneedle arrays as transdermal and intradermal drug delivery
systems: Materials science, manufacture and commercial development. Mater. Sci. Eng. R Rep. 2016, 104, 1–32. [CrossRef]

33. Cowley, A.; Woodward, B. A healthy future: Platinum in medical applications platinum group metals enhance the quality of life
of the global population. Platin. Met. Rev. 2011, 55, 98–107. [CrossRef]

34. Bocchino, A.; Teixeira, S.; Iadanza, S.; Melnik, E.; Kurzhals, S.; Mutinati, G.C.; O’Mahony, C. Development and Characterization
of Passivation Methods for Microneedle- based Biosensors. In Proceedings of the 44th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society (IEEE EMBC 2022), Glasgow, UK, 11–15 July 2022; pp. 1275–1278.

35. Steegstra, P.; Ahlberg, E. Involvement of nanoparticles in the electrodeposition of hydrous iridium oxide films. Electrochim. Acta
2012, 68, 206–213. [CrossRef]

https://doi.org/10.1097/01.AOG.0000160429.22836.c0
https://www.ncbi.nlm.nih.gov/pubmed/15994631
https://maternityaudit.org.uk/FilesUploaded/Ref%20336%20NMPA%20Clinical%20Report_2022.pdf
https://maternityaudit.org.uk/FilesUploaded/Ref%20336%20NMPA%20Clinical%20Report_2022.pdf
https://www.nice.org.uk/guidance/ng229/resources/fetal-monitoring-in-labour-pdf-66143844065221
https://doi.org/10.1111/j.1471-0528.2006.00859.x
https://www.ncbi.nlm.nih.gov/pubmed/16487206
https://doi.org/10.3390/ijms19103244
https://doi.org/10.1016/j.ijpharm.2021.121257
https://doi.org/10.1021/acssensors.0c02397
https://doi.org/10.1002/elan.201800630
https://doi.org/10.1016/j.sbsr.2020.100348
https://doi.org/10.1007/s11095-009-9967-2
https://doi.org/10.1213/00000539-200102000-00041
https://doi.org/10.1126/sciadv.abi6290
https://doi.org/10.1021/acsami.7b04225
https://doi.org/10.1039/C6AN00639F
https://www.ncbi.nlm.nih.gov/pubmed/27243147
https://doi.org/10.1039/C8AN01149D
https://www.ncbi.nlm.nih.gov/pubmed/30151517
https://doi.org/10.1111/aogs.14739
https://www.ncbi.nlm.nih.gov/pubmed/38059396
https://doi.org/10.1016/j.ejogrb.2019.06.012
https://doi.org/10.1143/JJAP.28.632
https://doi.org/10.1088/0960-1317/26/8/084005
https://doi.org/10.1016/j.sna.2025.116491
https://doi.org/10.1016/j.mser.2016.03.001
https://doi.org/10.1595/147106711X566816
https://doi.org/10.1016/j.electacta.2012.02.058


Biosensors 2025, 15, 517 18 of 19

36. Steegstra, P.; Ahlberg, E. Influence of oxidation state on the pH dependence of hydrous iridium oxide films. Electrochim. Acta
2012, 76, 26–33. [CrossRef]

37. Hussain, N.M.; Amin, B.; O’Halloran, M.; Elahi, A. Development and Characterization of Interstitial-Fluid-Mimicking Solutions
for Pre-Clinical Assessment of Hypoxia. Diagnostics 2023, 13, 3125. [CrossRef] [PubMed]

38. Marin-Grez, M.; Vallés, P. Effect of metabolic alkalosis and metabolic acidosis on urinary kallikrein excretion of anaesthetized rats:
Evidence for a role of blood pH as regulator of renal kallikrein secretion. Pflug. Arch. 1996, 432, 202–206. [CrossRef]

39. Zhou, J.; Ren, K.; Zheng, Y.; Su, J.; Zhao, Y.; Ryan, D.; Wu, H. Fabrication of a microfluidic Ag/AgCl reference electrode and its
application for portable and disposable electrochemical microchips. Electrophoresis 2010, 31, 3083–3089. [CrossRef]

40. Polk, B.; Stelzenmuller, A.; Mijares, G.; MacCrehan, W.; Gaitan, M. Ag/AgCl Microelectrodes with Improved Stability for
Microfluidics. Sens. Actuators B Chem. 2006, 114, 239–247. [CrossRef]

41. Inzelt, G. Handbook of Reference Electrodes; Springer: Berlin, Germany, 2013; p. 5.
42. Dervisevic, M.; Dervisevic, E.; Esser, L.; Easton, C.D.; Cadarso, V.J.; Voelcker, N.H. Wearable microneedle array-based sensor for

transdermal monitoring of pH levels in interstitial fluid. Biosens. Bioelectron. 2023, 222, 114955. [CrossRef]
43. Kashaninejad, N.; Munaz, A.; Moghadas, H.; Yadav, S.; Umer, M.; Nguyen, N. Microneedle Arrays for Sampling and Sensing Skin

Interstitial Fluid. Chemosensors 2021, 9, 83. [CrossRef]
44. Xi, Y.; Guo, Z.; Wang, L.; Xu, Q.; Ruan, T.; Liu, J. Fabrication and Characterization of Iridium Oxide pH Microelectrodes Based on

Sputter Deposition Method. Sensors 2021, 21, 4996. [CrossRef]
45. Hong, S.; Kim, M.; Weon, Y.; Park, D.; Park, Y.; Kim, Y.; Lee, K. Iridium oxide nano-needles using electrodeposition for highly

stable and sensitive pH sensor. J. Electroanal. Chem. 2025, 979, 118921. [CrossRef]
46. Huang, W.; Cao, H.; Deb, S.; Chiao, M.; Chiao, J. A flexible pH sensor based on the iridium oxide sensing film. Sens. Actuators A

Phys. 2011, 169, 1–11. [CrossRef]
47. Yang, J.; Kwak, T.; Zhang, X.; McClain, R.; Chang, W.; Gunasekaran, S. Digital pH test strips for in-field pH monitoring using

iridium oxide-reduced graphene oxide hybrid thin films. ACS Sens. 2016, 1, 1235–1243. [CrossRef]
48. Kim, T.; Yang, S. Fabrication method and characterization of electrodeposited and heat-treated iridium oxide films for pH sensing.

Sens. Actuators B Chem. 2014, 196, 31–38. [CrossRef]
49. Choe, S.; Lee, B.; Cho, M.; Kim, H.; Henkensmeier, D.; Yoo, S.; Kim, J.; Lee, S.; Park, H.; Jang, J. Electrodeposited IrO2/Ti electrodes

as durable and cost-effective anodes in high-temperature polymer-membrane-electrolyte water electrolyzers. Appl. Catal. B
Environ. 2018, 226, 289–294. [CrossRef]

50. Savinell, R.F.; Zeller, R.L.; Adams, J.A. Electrochemically Active Surface Area: Voltammetric Charge Correlations for Ruthenium
and Iridium Dioxide Electrodes. J. Electrochem. Soc. 1990, 137, 489. [CrossRef]

51. Rahman, F.; Ryan, A.; Bocchino, A.; Galvin, P.; Teixeira, S.R. Microneedle-based electrochemical sensors for real-time pH and
sodium monitoring in physiological environments. Sens. Bio-Sens. Res. 2025, 48, 100777. [CrossRef]

52. Yang, H.; Kang, S.K.; Choi, C.A.; Kim, H.; Shin, D.; Kim, Y.S.; Kim, Y.T. An iridium oxide reference electrode for use in
microfabricated biosensors and biochips. Lab Chip 2004, 4, 42–46. [CrossRef] [PubMed]

53. Dong, Q.; Sun, X.; He, S. Iridium Oxide Enabled Sensors Applications. Catalysts 2021, 11, 1164. [CrossRef]
54. Chen, Y.; Chung, T.; Wu, P.; Chen, P. A cost-effective fabrication of iridium oxide films as biocompatible electrostimulation

electrodes for neural interface applications. J. Alloys Compd. 2017, 692, 339–345. [CrossRef]
55. Torriero, A.A. Understanding the Differences between a Quasi-Reference Electrode and a Reference Electrode. Med. Anal. Chem.

Int. J. 2019, 3, 000144. [CrossRef]
56. Rohaizad, N.; Mayorga-Martinez, C.C.; Novotný, F.; Webster, R.D.; Pumera, M. 3D-printed Ag/AgCl pseudo-reference electrodes.

Electrochem. Commun. 2019, 103, 104–108. [CrossRef]
57. Brainina, K.Z.; Tarasov, A.V.; Vidrevich, M.B. Silver Chloride/Ferricyanide-Based Quasi-Reference Electrode for Potentiometric

Sensing Applications. Chemosensors 2020, 8, 15. [CrossRef]
58. Bakker, E.; Pretsch, E.; Bühlmann, P. Selectivity of potentiometric ion sensors. Anal. Chem. 2000, 72, 1127–1133. [CrossRef]

[PubMed]
59. Chen, Z.; Guo, Y.; Gu, X.; Liu, X.; Zhang, J.; Song, C.; Wang, L. Flexible plasmonic microneedle array-based SERS sensor for pH

monitoring of skin interstitial fluid. Microchem. J. 2024, 206, 111546. [CrossRef]
60. Michel, M.; L’Heureux, N.; Auger, F.A.; Germain, L. From newborn to adult: Phenotypic and functional properties of skin

equivalent and human skin as a function of donor age. J. Cell. Physiol. 1997, 171, 179–189. [CrossRef]
61. Fairley, J.A.; Rasmussen, J.E. Comparison of stratum corneum thickness in children and adults. J. Am. Acad. Dermatol. 1983, 8,

652–654. [CrossRef]
62. Holbrook, K.A. A histologic comparison of infant and adult skin. Perspect. Pediatr. Pathol. 1982, 8, 23–42.
63. van der Maaden, K.; Luttge, R.; Vos, P.J.; Bouwstra, J.; Kersten, G.; Ploemen, I. Microneedle-based drug and vaccine delivery via

nanoporous microneedle arrays. Drug Deliv. Transl. Res. 2015, 5, 397–406. [CrossRef]
64. Kenny, L.C.; Myers, J.E. (Eds.) Obstetrics by Ten Teachers, 20th ed.; CRC Press: Boca Raton, FL, USA, 2017. [CrossRef]

https://doi.org/10.1016/j.electacta.2012.04.143
https://doi.org/10.3390/diagnostics13193125
https://www.ncbi.nlm.nih.gov/pubmed/37835868
https://doi.org/10.1007/s004240050125
https://doi.org/10.1002/elps.201000113
https://doi.org/10.1016/j.snb.2005.03.121
https://doi.org/10.1016/j.bios.2022.114955
https://doi.org/10.3390/chemosensors9040083
https://doi.org/10.3390/s21154996
https://doi.org/10.1016/j.jelechem.2024.118921
https://doi.org/10.1016/j.sna.2011.05.016
https://doi.org/10.1021/acssensors.6b00385
https://doi.org/10.1016/j.snb.2014.02.004
https://doi.org/10.1016/j.apcatb.2017.12.037
https://doi.org/10.1149/1.2086468
https://doi.org/10.1016/j.sbsr.2025.100777
https://doi.org/10.1039/b309899k
https://www.ncbi.nlm.nih.gov/pubmed/15007439
https://doi.org/10.3390/catal11101164
https://doi.org/10.1016/j.jallcom.2016.09.064
https://doi.org/10.23880/MACIJ-16000144
https://doi.org/10.1016/j.elecom.2019.05.010
https://doi.org/10.3390/chemosensors8010015
https://doi.org/10.1021/ac991146n
https://www.ncbi.nlm.nih.gov/pubmed/10740849
https://doi.org/10.1016/j.microc.2024.111546
https://doi.org/10.1002/(SICI)1097-4652(199705)171:2%3C179::AID-JCP8%3E3.0.CO;2-L
https://doi.org/10.1016/S0190-9622(83)70074-5
https://doi.org/10.1007/s13346-015-0238-y
https://doi.org/10.1201/9781315382401


Biosensors 2025, 15, 517 19 of 19

65. Medical, C. The Amnioscope Range. Available online: https://www.kebomed.no/files/454/cruinn_medical_amnioscope_and_
fetal_scalp_kit_brochure_1.pdf (accessed on 5 June 2025).

66. BridgeMaster Medical Limited. Electronically Illuminated Amnioscope (ELA) and OmniScope. Available online: https://www.
bmmedical.co.uk/datasheets/bridgemaster-ela-datasheet.pdf (accessed on 25 April 2025).

67. Donnelly, R.F.; Mooney, K.; Caffarel-Salvador, E.; Torrisi, B.M.; Eltayib, E.; McElnay, J.C. Microneedle-mediated minimally
invasive patient monitoring. Ther. Drug Monit. 2014, 36, 10–17. [CrossRef]

68. Whiteley, M.S.; Davey, S.E.; Placzek, G.M. The access and invasiveness-based classification of medical procedures to clarify
non-invasive from different forms of minimally invasive and open surgery. J. Minimal Access Surg. 2024, 20, 301–310. [CrossRef]

69. Hegarty, C.; McConville, A.; McGlynn, R.J.; Mariotti, D.; Davis, J. Design of composite microneedle sensor systems for the
measurement of transdermal pH. Mater. Chem. Phys. 2019, 227, 340–346. [CrossRef]

70. Zare, E.N.; Makvandi, P.; Ashtari, B.; Rossi, F.; Motahari, A.; Perale, G. Progress in Conductive Polyaniline-Based Nanocomposites
for Biomedical Applications: A Review. J. Med. Chem. 2020, 63, 1–22. [CrossRef] [PubMed]

71. Pina, C.D.; Falletta, E. Advances in Polyaniline for Biomedical Applications. Curr. Med. Chem. 2022, 29, 329–357. [CrossRef]
[PubMed]

72. Jang, H.; Lee, J. Iridium oxide fabrication and application: A review. J. Energy Chem. 2020, 46, 152–172. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.kebomed.no/files/454/cruinn_medical_amnioscope_and_fetal_scalp_kit_brochure_1.pdf
https://www.kebomed.no/files/454/cruinn_medical_amnioscope_and_fetal_scalp_kit_brochure_1.pdf
https://www.bmmedical.co.uk/datasheets/bridgemaster-ela-datasheet.pdf
https://www.bmmedical.co.uk/datasheets/bridgemaster-ela-datasheet.pdf
https://doi.org/10.1097/FTD.0000000000000022
https://doi.org/10.4103/jmas.jmas_240_23
https://doi.org/10.1016/j.matchemphys.2019.01.052
https://doi.org/10.1021/acs.jmedchem.9b00803
https://www.ncbi.nlm.nih.gov/pubmed/31502840
https://doi.org/10.2174/0929867328666210419135519
https://www.ncbi.nlm.nih.gov/pubmed/33874868
https://doi.org/10.1016/j.jechem.2019.10.026

	Introduction 
	Materials and Methods 
	Reagents 
	Equipment 
	Electrochemical Characterisation of the Microneedles 
	Microneedle Electrode Cleaning 
	Electrodeposition of Iridium Oxide 
	Sensitivity and Stability of the pH Microneedle Sensors 
	Interference Testing 
	Negative Control Experiment 
	Skin Testing 

	Results and Discussion 
	Characterisation of the Electrodes 
	Electrodeposition of the Iridium Oxide Layer 
	Sensitivity and Stability 
	Interference 
	Negative Control Experiment 
	Ex Vivo Skin Testing: Evaluating Microneedle Sensor Performance and Tissue Integrity 
	Comparison with the Existing Literature 

	Conclusions 
	References

