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This work describes the preparation of an array of individually addressable pH sensitive microneedles

which are sensitized by electrodepositing iridium oxide. The impact of the deposition potential, storage

conditions and interferents on the sensor characteristics such as slope, offset, intra- and inter-batch
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Introduction

Microneedle arrays have demonstrated a huge potential in bio-
medical applications such as for minimally invasive thera-
peutic delivery of vaccines and hormones as well as for the
detection of metabolites, therapeutic drugs and disease bio-
markers in transdermal fluids."™"® Silicon has been used pre-
dominantly for fabrication of microneedles, however the
fragility and the cost of the microfabrication process are major
drawbacks for this material.'™ Injection molding has instead
emerged as an alternative fabrication process offering advan-
tages such as cost and robustness.'®'” Microneedles can offer
minimally invasive tools in the field of analytical science for
example in order to achieve high-density chemical mapping,
thus to measure chemical heterogeneities in biological
systems such as in tissues and organs.

In this regard, pH measurement is rather complicated to
obtain since the glass-type pH electrode cannot often be
applied in biomedical and physiological research because of
the cumbersome miniaturisation and sensor format, e.g., not
conformal to organs.'®! In addition, an array of pH sensors
provides a better mapping of tissues or organs than a single-
spot device because of possible heterogeneities across
different sites and along the depth of the sample.”*?* In this
regard, it is important to note that the fabrication of an array
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reproducibility is investigated. The device may be a useful tool for carrying out direct pH measurements
of soft and heterogeneous samples such as tissues and organs. For example, we demonstrated that the
microneedle array can be employed for real-time mapping of the cardiac pH distribution during cycles of

from glass-type pH electrodes is a difficult process. Among
materials that have emerged as alternatives to the glass elec-
trode, iridium oxide (IrOx) is a possible candidate since it exhi-
bits high sensitivity in a wide pH range, rapid response times,
good chemical selectivity and ease of miniaturization.**?
Iridium oxide electrodes exhibit a super-Nernstian response of
65-80 mV per pH unit depending on preparation and discus-
sions on the complex equilibrium interfacial reactions that
account for this behaviour can be found elsewhere.'®>*~2¢

An example of heterogeneous pH variation is the setting of
myocardial ischemia due to a switch towards anaerobic meta-
bolism and the development of lactic acidosis.>’** Reperfusion
of the ischemic myocardium®? leads to a rapid restoration of
pH to pre-ischemic values,***> which may in part contribute
towards reperfusion injury.**® In this context, mapping pH
distribution complements the physiological profile offered by
electrograms and highlights spatially heterogeneous biochemi-
cal changes predisposing to ischemia- and reperfusion-
induced arrhythmias.>”*"**3° Optical mapping using pH fluo-
rescent indicators is possible, however, there are several draw-
backs such as limited temporal resolution, phototoxicity
during prolonged illumination, scale of the map (microscopic
rather than macroscopic) and cost.

This work reports on the preparation of an array of indi-
vidually addressable iridium-oxide coated microneedles fabri-
cated from a plastic substrate obtained by injection moulding.
This device may afford a novel low-cost bio-analytical tool suit-
able for high-density spatial mapping of pH in solid soft
samples such as organs and tissues. The needles were inserted
into an explanted perfused rat heart and employed for real-
time mapping of the pH distribution across several sites of the
whole organ during cycles of ischemia/reperfusion.
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Experimental

Chemicals & materials

Buffer salts (pH 4, 5, 6, 7, 8), KCl, NaCl, KNO;, Na,HPO,,
NaH,PO,, MgCl,, CaCl,, NaHCO3, glucose, K;IrCls, K,CO3, and
oxalic acid were from Sigma-Aldrich, UK. N, (99.9%) and the
0,/CO, mixture (95/5) were from BOC, UK. 75 and 500 pm
Mylar sheets, double adhesive tape, silver-loaded epoxy resin
and Araldite epoxy resin were from Farnell, UK. Insulated
stainless steel wires (125 um conductor and 25 pm thick
Teflon® insulation) were from Advent Materials, UK. PET
microneedle arrays were fabricated by injection molding
(PEP, France).

Equipment

Gold was sputtered using a sputter-coater (Quorum Techno-
logies, UK). Ivium Compact (Alvatek, UK) with the 32-channel
probe, WE32 module, was employed for the simultaneous
electrochemical deposition of iridium oxide using an Ag/AgCl
electrode (IJ Cambria, UK) and a coiled 0.5 mm Pt wire
(Advent Metals, UK) as reference and counter electrodes,
respectively. A salt-bridge containing aqueous 0.5 M H,SO,
was employed while recording voltammograms of the IrOx
coated electrodes immersed in 0.5 M H,SO,. The potentio-
metric traces of the pH sensors were recorded under quiescent
conditions using the EMF-16 high-input impedance voltmeter
(Lawson, USA) and a double junction Ag/AgCl reference elec-
trode (Sigma-Aldrich, UK) filled with an inner solution of
4.0 M KCI and an outer solution of 1.0 M KNO;. It should be
noted that employing a double junction Ag/AgCl and using the
same buffer for bathing and perfusing the heart minimizes
the contribution of the junction potentials across the phase
boundaries. The pH of all the solutions was measured using a
pH meter from Hanna (Sigma-Aldrich, UK). A caliper was
employed to measure the height of the needles and distances
between them. The heart slices were imaged with a Zeiss Axio
Observer wide-open field microscope following histopathologi-
cal treatment. The electrocardiogram (ECG) was monitored
throughout the ex vivo experiment using a LabChart and a
bioamplifier (both AD Instruments, New Zealand). Plastic and
adhesive sheets were laser-micromachined in order to produce
a mask for the microneedle array. Deionized (DI) water with a
resistivity of 18.2 MQ cm was obtained with a water purifi-
cation system (Purite, UK) and it was used for making aqueous
solutions. A pneumatically-actuated inserter (Blackrock, USA)
with a 1.0 mm piston was employed to insert the microneedle
array into the heart.

Procedures

Fig. S171 describes the steps followed for patterning gold on the
surface of the substrate. In practice, a 500 pm thick Mylar®
sheet was laser-cut in order to pattern gold by means of a
sputter-coater. Following this step, a 75 pm thick Mylar® sheet
laminated together with a double adhesive tape was laser-cut
and laid onto the microneedle in order to leave only the
needles and the conductive pads exposed. 10 cm long insu-
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lated stainless steel was cut from the reel and the insulator
was gently scraped from both ends using a scalpel blade. The
wires were then individually glued to the gold conductive pads
of the microneedle array platform using silver epoxy resin.
After 24 hours curing, these joints and the remaining part of
the conductive pads were electrically insulated using epoxy
resin. Iridium oxide (IrOx) was electrochemically deposited
onto the gold microneedles using a slight modification of a
previously reported protocol.’®' In practice, 62.7 mg of
K;IrClg were dissolved in 30 mL of deionized water, then
87.0 mg of oxalic acid were added to the mixture followed by
331.7 mg of K,CO;. The mixture was stirred at 800 rpm and
heated up using a water bath maintained at 60 °C. The solu-
tion turned pale yellow from yellow after 1 hour, and after
5-6 hours it became transparent. After this time, the mixture
was removed from the heat and left stirring overnight using an
Al foil to protect it from direct sunlight. The solution turned
pale purple/blue after this 24 hours protocol.

The final mixture was stored at 4 °C but a slow change in
colour from pale purple/blue to intense blue occurred over
time (30-60 days). Nevertheless, the solution thus prepared
could be used for the IrOx electro-deposition for up to
2 months with reproducible results. Plating of IrOx was
obtained under quiescent conditions by applying a constant
potential for 600 seconds. It has been suggested that the
oxalate ligand is oxidized to form CO, during the deposition
leading to the deposition of a hydrated form of iridium oxide"®
although other mechanisms have been proposed.”® After
plating, a dark blue deposit could be observed on the area of
the needle array which was then rinsed using DI water and
then dried by blowing air before being stored in Petri dishes.
The devices were calibrated by measuring the potential bias,
AE, between each individual IrOx-coated needle (pH sensor)
against the reference electrode. The AE was calculated as the
average of values over a 3 minutes measurement with the
device dipping into the given buffer. The drift of the sensor
was evaluated by monitoring the potential in a phosphate
buffer having a pH equal to 6.80 + 0.05 and composed of an
equimolar (10 mM) solution of Na,HPO, and NaH,PO, in
0.1 M aqueous KCl or KNO;3.

Biological protocols

All studies were approved by the institutional animal care and
use committee of Imperial College London. Tyrode’s solution
was freshly prepared and consisted of (in mM): 128.2 NaCl,
4.7 KCl, 1.19 NaH,PO,, 1.05 MgCl,, 1.3 CaCl,, 20.0 NaHCOj3,
11.1 glucose and was gassed with an O,/CO, mixture (95:5).
Explanted hearts (n = 3) were obtained from male Wistar rats
that had been anesthetized with isoflurane prior to sacrifice by
rapid manual cervical dislocation, in line with Schedule 1 of
the Animals (Scientific Procedures) Act 1986. The heart was
rapidly excised and arrested in cold Tyrode’s solution. The
heart was then subsequently perfused via the aorta and super-
fused with oxygenated Tyrode’s solution maintained at 37 °C.
Mean coronary arterial pressure was maintained at 60 mmHg.
The pH of the buffer in which the heart bathed was equal to

This journal is © The Royal Society of Chemistry 2016
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7.40 = 0.10. A two-point calibration using buffer solutions of
PH equal to 4 and 8 was carried out prior to the experiment in
order to determine the value of the slope. Following this, a
double junction Ag/AgCl reference electrode and the IrOx-
coated microneedle array were immersed into the Tyrode’s
solution in which the heart bathed. A one-point calibration
was carried out in this media in order to recalculate the offset
value. This one-point calibration was repeated at the very end
of the ischemia/reperfusion experiment after removing the
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needles from the heart and repositioning them into the
Tyrode’s buffer. This procedure corrects for the drift due to the
biofouling of the sensors occurring during the experiment. A
linear correction for the drift was applied, i.e., the offset value
changes linearly with the time of the recording from the value
before insertion to the one measured at the end of the last
ischemia/reperfusion cycle.

The needle array was positioned on the anterior left ventri-
cle and left ventricular free wall with the posterior surface of

Fig. 1 (a) Distribution pattern of the microneedle array and (b) detail of the

needle tip by SEM microscopy (accelerating voltage 20 kV, 250x).

Table 1 Average values (Av.) of the slope and offset with the related standard deviation, o, as calculated from the linear regression carried out from
the calibration of the microneedle arrays. Each device consists of 7 IrOx-coated individually addressable needles and the table reports the intra-

batch (n = 7) and inter-batch calibration (n = 14) values. IrOx was deposited

from the plating solution by applying a potential equal to 0.835 V (arrays

A and B), 0.935 V (arrays C and D) and 1.035 V (arrays E and F). A% represents the percentage change of the calibration values compared to day 1

Array A Array B Inter-batch
Day Av. o Av. c Av. o —A%
1 75.4 0.4 74.4 0.3 74.9 0.7 — Slope
3 69.0 0.7 67.7 0.3 68.3 0.9 8.8
5 67.2 1.2 65.7 0.4 66.4 1.2 11.3
1 750.5 9.9 730.0 8.0 740.3 13.7 — Offset
3 610.4 15.6 579.4 4.2 594.9 19.5 19.6
5 541.2 16.1 537.1 5.2 539.1 11.7 27.2
Array C Array D Inter-batch
Day Av. o Av. c Av. o —A%
1 75.6 0.7 73.9 0.5 74.7 1.1 — Slope
3 68.1 1.1 67.2 0.5 67.7 1.0 9.5
5 65.4 0.9 65.7 0.4 65.5 0.7 12.4
1 768.6 13.3 730.9 8.9 749.8 22.4 — Offset
3 605.6 14.6 571.3 6.5 588.4 20.9 21.5
5 536.5 13.2 542.0 6.5 539.3 10.4 28.1
Array E Array F Inter-batch
Day Av. c Av. c Av. c —-A%
1 71.7 1.3 70.7 2.3 71.2 1.8 — Slope
3 65.8 6.8 65.6 2.1 65.7 4.9 7.7
5 61.4 6.9 63.9 1.6 62.7 5.0 12.0
1 690.5 15.4 717.5 171 704.0 21.0 — Offset
3 606.4 51.9 578.3 28.8 592.4 42.9 15.9
5 470.6 185.8 536.7 11.4 503.7 131.0 28.5

This journal is © The Royal Society of Chemistry 2016

Analyst, 2016, 141, 4659-4666 | 4661


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6an00639f

Open Access Article. Published on 11 May 2016. Downloaded on 12/4/2025 2:56:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the heart supported by pins. With the tip of the inserter
resting on the back of the platform, the spring mechanism
controlling the piston of the inserter was triggered thus
pushing the needles into the tissue. This part of the procedure
was repeated twice or thrice to fully secure the spikes into the
myocardium wall. After 8-10 minute stabilization the heart
underwent cycles of global no-flow ischemia (15 minutes) fol-
lowed by reperfusion (15 minutes) with continuous pH moni-
toring. In order to follow the depth of the electrode spikes, the
hearts were processed histologically. Following the excision of
the organ, the heart was fixed in formalin, then frozen and
sliced in the cryostat in 90 pm sections. The sections were
stained using Nissl preparation before microscope investigation.

Results and discussion

Fig. 1a and b show the pattern of microneedles in the array
employed in this investigation and the detail of the micro-
needle tip, respectively. The needles are arranged in a equilateral
triangular pattern and the distances (center-to-center) among
them is ca. 2.2 mm. This spatial arrangement allows mapping
pH heterogeneities across a significant proportion of the
ventricular myocardium. It should be noted that this specific
pattern was chosen for convenience in the manufacture
process rather than for physiological considerations. The
radius and height of the needles are ca. 0.8 mm and 1.6 mm,
respectively, and the tip diameter at the apex is 50-80 pm. It is
important to note that the thickness of the myocardium is
2-3 mm."? Fig. S2at reports the typical cyclic voltammograms
obtained with the microneedle array platform immersed in the
IrOx plating solution. Fig. S2bt compares the voltammograms
of IrOx-coated and gold needles obtained in 0.5 M H,SO,.
Overall these results suggested the formation of a defect-free
iridium oxide coating and agree with previous findings.'®*?

Fig. S3 in the ESI{ provides an example of a typical cali-
bration curve of an array of IrOx-coated needles. It is important
to note that all the sensors have a linear response in the pH
window from 4 to 8 independent of the deposition potential
(see Tables S1-S3 in the ESIt). Table 1 summarizes the average
values of the slope and offset of the calibration obtained with
sensors prepared by plating IrOx at 0.835, 0.935 and 1.035 V
vs. SCE. The initial values of the offset (inter-batch average) are
740.3 + 13.7, 749.8 + 22.4 and 704.0 + 21.0, respectively, and
the values of the slope (inter-batch average) are 74.9 + 0.7, 74.7
+1.1, and 71.2 + 1.8, respectively.

Table 1 reports also the changes in the calibration trends
upon dry-storage of the microneedle sensors. Slope and offset
values diminish over time, however, the response of the sensors
remains linear upon storage (R> values always larger than
0.996) thus suggesting that the sensor characteristics can be
tested using a two-point calibration. The hourly-drift of the
sensors is equivalent to a displacement of pH units equal to
—0.02 + 0.01 (n = 7) and —0.03 + 0.02 (n = 6) as evaluated by
measuring the potential of the sensors immersed in a phos-
phate buffer (pH = 6.80 + 0.05) containing 0.1 M KNO; or 0.1 M
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KCl, respectively. Interestingly, in de-oxygenated buffer the drift
reverses and corresponds to a displacement of 0.03 + 0.01 pH
units per hour (n = 7), see Fig. S4a in the ESLT These results
suggest that the etching of the IrOx layers in the presence of
Cl™ ions'®* is not particularly severe and that the sensors are
suitable for long-term monitoring of pH with good accuracy.

It is important to quantify possible sources of interferents
also in relation to the chemicals (MgCl,, CaCl,, glucose) of the
perfusate buffer employed for the ex vivo preparations. Fig. 2a
displays traces of the potential of the sensors upon spiking a
phosphate buffer solution (pH = 6.80 + 0.05) containing 0.1 M
KCl with CaCl, and MgCl, at the times indicated by the
arrows. Similar trends were obtained by replacing 0.1 M KCl
with 0.1 M KNOj; as a background electrolyte, although the dis-
placements of the potential of the sensors were smaller in the
latter case (not shown). A reverse trend can be observed in the
figure, i.e., first, second and third additions of CaCl, produced
a change of ca. —1, 0 and 4 mV, respectively. In contrast, the
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Fig. 2 Each line represents the individual trace of the AE of six IrOx-
coated needles immersed in a phosphate buffer (pH = 6.80 + 0.05) con-
taining (a) 0.1 M KCl or (b) 0.1 M KNOs. (a) The buffer was spiked with
0.4 M aqueous CaCl, and 0.4 M aqueous MgCl, at the time indicated by
the arrows and the resulting concentrations of CaCl, and MgCl, are
reported in the graph. (b) Albumin was added at t = 3 min in order to
obtain a final concentration of 1 g L™ and after 2 minutes of stirring
without recording the measurements were then re-started under quiescent
conditions.

This journal is © The Royal Society of Chemistry 2016
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following additions of MgCl, produced an increase in the
potential of ~1 mV for each millimolar concentration increase.
The reverse trend observed during the additions of CaCl, is
not fully understood, however, there is evidence for the
involvement of ions in equilibrium reactions in Ir oxide
films.>*** These results highlight a slight sensitivity to CaCl,
and MgCl,, however, at worst this is equivalent to an error of
PH units of —0.12 + 0.01 (n = 6). Fig. 2b provides evidence that
the sensors are not susceptible to albumin at least for concen-
trations below 1 g L™ since the traces of the potential are
almost unaffected, i.e., the displacement of the potential is
below 1 mV. It is also important to note that glucose does not
impact on the pH readings as shown in Fig. S4b in the ESL.}
Fig. 3a reports an indentation in the cardiac tissue
caused by the insertion of a microneedle. This indentation
has an arrow shape and the characteristic dimensions are
ca. 0.30 mm and 0.25 mm, corresponding to the depth and
base of the triangular part, respectively. The overall mor-
phology resembles the shape of the microneedle and the

Fig. 3
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mismatch in dimensions arises probably from the shrink-
age of cardiac tissue during the histopathology procedure.
The final device was tested during a heart ischemia/
reperfusion experiment in order to prove its suitability for
mapping the organ pH distribution. Fig. 3b demonstrates
that the recorded electrocardiograms before and after
needle array impalement were unchanged. In fact, there
were no significant changes to the heart rate, QRS complex
morphology or the ST segment/T wave, all indicating that
the impalement of the microneedles did not produce
detectable local myocardial injuries or affect the electro-
physiology of the heart. Fig. 4 shows a device inserted into
an ex vivo perfused rat heart and the video in the ESI}
demonstrates that the inserted platform moves alongside
the beating heart.

It is important to note that not all the needles penetrated
the myocardium wall because of the shape and dimension
of the heart in comparison with the device. For instance,
the needles in Fig. 4a were divided into 3 groups upon

(A) Baseline, pre-impalement

?“HWHHW"’H‘*WHHV

(B) Post-needle impalement (pre-ischaemia)
ks o b e e LB A
: (C) Ischaemia (6 mins)

'""”""]\wwmm WWTMT me"g W
" 1second

(a) The imprint of a microneedle after insertion into the heart tissue and following histopathology treatment as specified in the Experimental

section. The image was acquired using a 20X magnification. (b) Comparison between electrograms recorded before and after impalement of the
microneedle array into the myocardium and during global no-flow ischemia with the pH sensing device inserted into the heart.

Fig. 4

IrOx-coated microneedle array inserted into the explanted rat heart which is bathing in Tyrode's solution. Pictures show the device (a) from

top (the visible dark disks correspond to the back of the needles) and (b) from the side. Needles were divided into three groups upon visual inspec-
tion: needles well inserted into the myocardium, group i, which are circled with a green (—) line; well inserted into a fatty area, group ii, circled with
a blue (—) line; and needles with the tip resting on the pericardium, group iii, circled with a red (—) line.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Traces of the (a) potential and (b) pH (derived from the former)
as measured by a microneedle inserted into an ex vivo perfused rat
heart. The latter figure compares pH trends with (—) and without (---)
drift correction. After 7 minutes background recording, the rat heart
underwent two cycles of global heart ischemia/reperfusion. Ischemia
occurred at 8 and 38 minutes while reperfusion started at 22 and
52 minutes as indicated by the red and green dashed vertical lines,
respectively.
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visual inspection: (i) well inserted into the myocardium, (ii)
well inserted in a region of fatty tissue, and (iii) tip of the
needle in contact with the pericardium. Fig. 5a presents an
example of the traces of the potential obtained with one of
the spikes belonging to group i. Fig. 5b compares the pH
trend calculated from the value of potential bias with and
without drift correction. It can be noted that the drift
caused by biofouling is noteworthy by corresponding to an
average of 47.2 + 12.4 mV shift (n = 7) as measured by com-
paring the AE of the sensors in the same buffer before and
after the cardiac pH mapping. Fig. S5 in the ESIf compares
the traces of pH obtained with the remaining sensors of the
array.

It is significant to note that the pH as measured by the
sensors in group i and ii is stable during the initial 8 minutes
baseline recording, ca. 7.3, while the pH of the sensors in
group iii moves upwards. This result may be a mechanical
artefact since only the tip of the sensors of this group is in
contact with the pericardium, i.e., likely to be susceptible to
movements produced by the beating heart, however, other
factors such as the drying out of the pericardium may have
some impact on these pH readings. More significantly, stop-
ping the coronary perfusion causes an immediate drop in the
pH concurrent to the establishing of an acidotic environment.
As soon as the flow of perfusate re-starts the pH increases
towards the initial values with faster dynamics compared to
the ischemic event as previously observed.?” A spatio-temporal
map of the pH distribution in the cardiac tissue was con-
structed using the pH data obtained from the individual
needles, see Fig. 6. The figure provides a visual of the real-
time pH microenvironments existing across the whole heart
during ischemia/reperfusion cycles. This result, thus, con-
firms the potential of the microneedle array here reported for
mapping pH distribution in biological samples such as
organs and its usefulness as a bioanalytical tool for direct pH
measurements.

t=0min 6

A

9 11 14 17
(] o i) ® 0.0
QQW ® o O.Q B
1 ® ®
39 41 44 47 51 53 55 58 61 66

Fig. 6 Colour map of the pH distribution obtained with the microneedle device inserted into an ex vivo perfused rat heart. The map reports the
snapshots of the pH measured by the sensors at the minutes indicated below each frame. Each labelled disk represents a microneedle and the
colour legend for the pH ranges is given in the figure. After 7 minutes background recording, the rat heart underwent two cycles of global heart
ischemia/reperfusion. Ischemia occurred at t = 8 min and 38 min while reperfusion started at t = 22 min and 52 min.
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Conclusions

An array of individually addressable pH sensitive needles was
prepared, optimized and tested during bench and ex vivo
experiments. A deposition potential smaller than 0.935 V vs.
SCE was found optimal to minimize the intra- and inter-batch
reproducibility. The investigation highlighted that the sensor
calibration parameters changed over a period of 5 days after
preparation although retaining a linear response within the
pH window between 4 and 8. This device was tested on an
explanted heart undergoing cycles of global ischemia/reper-
fusion allowing mapping the pH distribution across multiple
sites of the heart and showing the regional dynamics of the
ischemic response.
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