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Opto-chemical pH detection of Myocardial
Ischaemia using Fluorescent Hydrogels

Ger de Graaf, Member, IEEE,, Maurits Frans Vriesendorp, Amin Hassan
and Patrick James French, Fellow, IEEE

Abstract—In this research fluorescent optochemical pH probes for the detec-
tion of ischaemia have been investigated. Myocardial ischaemia is the most
prominent risk during heart surgery. During open heart surgery the heart is
temporarily arrested and, since there no blood flowing, oxygen supply and
removal of waste products is stopped and heart cells can be damaged. In this
paper we propose a hovel method to monitor the condition of the heart by
placing optochemical pH sensors on several strategic places around the heart
during surgery. Low cost opto-chemical pH sensors, using a HPTS (8-hydroxy-
1,3,6-pyrene trisulfonic acid trisodium salt) fluorescent dye encapsulated in a
thin bio-compatible hydrogel layer, were investigated for this application. Our
research started with an extensive optical characterization of several types of
hydrogel layers at different pH levels. Secondly a reflection probe prototype
using several of these layers was designed, built and tested. Dual wavelength excitation and ratiometric detection of the
fluorescent signals was used to detect the pH level. Typical output signals of 35% to 53% per pH in the range from 6.5-8.0
pH have been measured and a response time of typically 400 seconds was obtained for the prototypes. Finally based on
our measurements on the HPTS layers and the reflection probe we propose an improved type of pH probe for the detection
of ischaemia during open heart surgery.
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Index Terms—Fluorescence, ischaemia, hydrogel, optical pH probe, HPTS, pyranine, fluorescent dye, dual wavelength
excitation, ratiometric detection.

I. INTRODUCTION valve replacement [6]. When the condition of the heart is
better monitored on ischaemia symptoms, the degree of the
injury and mortality can be decreased. The next section briefly
discusses myocardial ischaemia followed by short overview
of the methods for measuring the heart condition during a

Cardioplegia Induced Cardiac Arrest.

URING open heart surgery the heart is temporarily

arrested by administering cardioplegia. Cardioplegia is
a pharmacological solution that “pauses” the heart muscle
cells, resulting in a Cardioplegia Induced Cardiac Arrest
and the function of the heart and lungs is taken over by
a heart-lung machine. During the cardiopulmonary bypass
no oxygenated blood is going to the heart and a change
in the metabolism of the heart muscle cells occurs. The
middle layer of the heart wall (myocardium) is composed of
cardiomyocytes, heart muscle cells [1]. For a given condition
of the heart an initial amount of cardioplegia is administered
[2], but heart muscle cells may become permanently damaged
if the cardioplegia does not reach all cells [3]. Myocardial
damage (ischaemia) is one of the most common causes of
morbidity and mortality after heart surgery [4]. The number
of patients with myocardial damage can vary between 2-10%
after coronary artery bypass surgery [5] and 29% of aortic

[I. MYOCARDIAL ISCHAEMIA

Oxygen is needed for the metabolism of the cardiomyocytes
and ischaemia occurs as a consequence of an imbalance
between oxygen supply and oxygen demand. The mitochon-
dria of the cardiomyocyte cannot produce enough energy
(Adenosine triphosphate, ATP) because of a lack of oxygen
and they switch to anaerobic glycolysis to produce energy.
This change of metabolism causes a negative energy balance in
the cardiomyocyte and uses high energy reserves. Cardioplegia
plays an essential role in reducing the energy demand of
the cardiomyocytes thereby reducing damage [3] [7]. The
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anaerobic glycolysis causes an increase in lactic acid, which
will immediately break down into lactate and hydrogen atoms.
The increase of the acidity in the cardiomyocytes causes the
intracellular pH (pHi) to drop. Besides an insufficient oxygen
supply, ischaemia is also associated with reduced availability
of nutrients and the inadequate removal of metabolic waste
products. Since there is no blood flow, CO; can not be
transported away and will accumulate in the cell. Pischke et
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al. [8] showed that there is a correlation between the tissue
COq (P;COy), the tissue lactate and tissue pH. As described
by [9] the physical quantities directly related to the ischaemia
of the heart cells are PCO,, StO,, Lactate, and pH. Based on
our literature study [10] we have selected pH measurement as
the most promising technique for detecting ischaemia.

I1l. DETECTION OF ISCHAEMIA BY PH MEASUREMENT

A drop of intracellular pHi immediately starts after is-
chaemia occurs [11]. During ischaemia the red blood cells
in the intravascular space are used to accept protons. This can
partially delay the decrease of the pHi and results in a less
intracellular acidification as compared with the extracellular
pH (pHe) [12] protecting the cells against hypoxic, ischaemic
and toxic injuries [13]. Both the drop of extracellular pH and
intracellular pH are parameters that can be measured. The
potential of measuring pH during cardiac surgery was shown
in 1985 by [14]. In a study of [15] three glass pH-sensors
were placed on the heart to monitor the pH level during
cardioplegia. A clear drop of pH of the posterior tissue in
comparison with the anterior tissue was observed, indicating
that there was a problem with the cardioplegia. Khuri and
Marston [14] and Khabbaz et al. [15] showed the capability to
monitor ischaemia in the heart with pH measurements. Pischke
et al. [16] measured the pH and the accumulation of COs.
Multiple studies have shown the direct correlation between pH
and lactate, e.g. Atkins et al. [17] and Nichols et al. [18]. Most
research on pH sensing in the body is in the field of blood
measurements, since this would make the blood gas analysers
and blood tests redundant. Good results have been achieved
in vitro, but in vivo testing is still a challenge [9].

IV. REQUIREMENTS DURING OPEN HEART SURGERY

In the operating theatre it is important for the surgeon to
monitor the ischaemia real-time, in vivo, reliable and safe. The
system should be robust, easy to handle and should not be in
the way during the operation. Several sensors are needed to
measure ischaemia locally. Khabbaz et al. [15] showed that
at least three sensors in the flow areas of all coronary arteries
are needed for reliable measurements, however surgeons prefer
to have data from more locations around the heart. There
are several methods to measure pH and there are three main
challenges when measuring in vivo during a Cardioplegia
Induced Cardiac Arrest. First of all the environment should
be aqueous enough to enable the transfer of hydrogen ions
from the myocard, the main muscle tissue of the heart, to the
outer epicardium/pericardium layer. Secondly, instead of blood
the coronary arteries are filled with cardioplegia, consisting
of many ions, to depolarise the cells. These ions change the
ionic strength inside the heart. The concentration of these ions
depends on the technique and the type of cardioplegia used. In
vivo tests are needed to demonstrate the effect of cardioplegia
on the proposed sensor system. Finally, temperature is known
to vary during operations, and since pH values are temperature
dependent, temperature sensing and compensation needs to be
implemented. Taking into account the considerations above,
we have selected optochemical detection of real time changes
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in pH in the range between 6.5 and 8 on several locations
around the heart. These measurements need to be combined
with temperature measurements.

V. OPTOCHEMICAL PH SENSING

Optochemical sensing of tissue and blood pH is discussed
extensively in a review article by [9]. The most promising
approaches are a device using a 400um multimode fibre with
37 cores coated with a sol-gel with encapsulated HPTS (8-
hydroxy-1,3,6-pyrene trisulfonic acid trisodium salt) described
by [19] and a hydrogel-based device using two fluorophores
(5(6)-FAM and Porphyrin) by [20]. For in-line blood pH
measurements a sensor using HPTS encapsulated in micro-
beads has been presented by Cattini et al. [21]. Although sol-
gels are chemically, photochemically and mechanically more
stable [22] they are much more complex to fabricate than
hydrogels. In this work a hydrogel was selected as the base
material for extracellular opto-chemical detection of pH since
hydrogels allow a simpler chemical and more iterative design
process.

VI. PH SENSITIVE HYDROGELS

HydroMed D4 does not need activation and is one of the
most used and proven bio-compatible hydrogels. HydroMed
can be developed by dissolving in ethanol and mixed with
an indicator. Phenolic luminophores like HPTS have a phenol
group which is part of the chromophoric system. This group
can be phenol and phenolates. If the phenolate is photo excited
it causes fluorescence. Fluorescence decreases if the pH drops
because there is less absorption of the phenolate form. HPTS
(Pyranine) is a commonly used indicator and was selected
since it has a very high sensitivity to pH, a large Stokes
shift and does not need advanced chemical processing. A
disadvantage of HPTS is that it is prone to bleach and affects
the solutions ionic strength, which influences pH sensitivity.
Photobleaching is the irreversible destruction of the fluo-
rophore and is best prevented by optimizing the optical path to
maximize signal so the lowest possible level of illumination
can be used. The influence of the pKa of the HPTS layer
on the ionic strength of the test solution should be kept in
mind when measuring pH sensitivity. Stored under proper
conditions, typical lifetimes of hydrogel layers with HPTS of
more than 120 days have been reported [23].

A. Fabrication of the sensing layers

The processing steps for the fabrication of the samples are
illustrated in Fig. 1. The left-hand side shows the process of
filling the microbeads with HPTS. A dye immobiliser has
to be used since the HPTS can not be mixed directly with
the hydrogel. For this AmberChrom 1x8 is used as an anion
exchange resin [24] and [21]. This is a relatively simple
method to immobilise the HPTS in the hydrogel although it
affects the ionic strength of the material. After this 1 gram
of crushed Hydromed D4, 1 ml of demineralised water, and
9 ml of ethanol (96%) were poured together and mixed for 6
hours until the Hydromed D4 fully dissolved into the ethanol.
Meanwhile, water was extracted from the HPTS microbeads
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Fig. 1. Hydrogel samples fabrication process.

Sample A B C D units
Thickness 1 1 0.5 0.5 [mm]
HydroMed D4 0.1 0.1 0.1 0.1 [g/ml]
Microbeads 1 1 1 1 [g/ml]
HPTS 0 3.5 17.5 35 [mg/ml]
dp(A = 405nm) | 5.00 0.77 087 132 [mm]
dp(A=475nm) | 5.02 291 1.781 146 [mm]
dp(A = 525nm) | 7.06 102 5.23 6.25 [mm]
pKa 6.99 7.73 7.23 6.20

dp is the light penetration depth in the hydrogel, pKa is the
negative log of the acid dissociation constant.

TABLE |
OVERVIEW OF THE MAIN SAMPLES USED.

and the HPTS microbeads were mixed with the hydrogel
solution at a ratio of 1 ml of hydrogel to 350 mg of microbeads
and stirred for one hour. The final steps in fabrication of the
hydrogel are joining the HPTS microbeads with the Hydromed
D4 hydrogel at ambient temperature. A batch of several
hydrogel layers consisting of 1 g/ml Hydromed D4, 1 g/ml
microbeads were fabricated from the hydrogel solutions. Table
I shows the main data of the four main types of samples.
Three different HPTS concentrations were used: Sample B =
3.5 mg/ml, C = 17.5 mg/ml, D = 35 mg/ml. Sample A was
intended without any HPTS in the microbeads. However, due
to contamination in the processing a few microbeads contained
HPTS. The hydrogel solutions were diluted with 1 ml of
ethanol before pouring them in containers of 0.5 and 1 mm
height. A surgical knife was used to scrape off the excessive
solution. Per solution 6 different samples were made for pH
determinations. The fabricated hydrogel layers are relatively
strong, flexible and can be handled easily during prototype
development.

B. Hydrogel initial tests

For initial tests the samples were investigated using a Zeiss
Axiomat microscope with a camera using the standard coaxial
light source. In the photo of Fig. 2 the size differences of 37
to 75 microns, as given by the manufacturer, of the micro-
beads can be seen. An increasing yellow color, i.e. increasing
absorption of blue light with increasing HPTS concentration
has been observed also.

The hydrogels were tested by immersion into calibrated
pH buffer solutions. A Schott Instruments Analytics LAB850
with an N64 probe was used to fabricate 40 different buffer
solutions stepping up from pH= 6.2 until pH= 8.2. The pH

Authorized licensed use limited to: TU Delft Library.

sensitive fluorescence response was verified by illumination
of the samples at wavelengths of \; = 405 nm and A\j, =475nm
using a Triax-180 monochromator and a CMOS camera. The
images on the CMOS camera showed an increasing absorption
of blue light with increasing HPTS concentration and green
fluorescent light from the microbeads. During these initial
experiments we have tried several concentrations of HPTS
and selected the concentration of sample C because of the
expected optimal response around pH=7. Sample B has a the
highest response at a lower pH and sample D at a higher
pH. Sample A was intended without any HPTS however some
microbeads contained HPTS due to contamination. We have
selected only two thicknesses ( 0.5 and 1.0 mm ) to limit
the amount of samples and scans at each pH level in the
spectrometers. The effect of the layer thickness on the response
time ( diffusion constant ) can be also estimated from the
two layer thicknesses. The samples were stored in light-tight
bottles in water.

VIl. SENSING LAYER CHARACTERISATION

This section discusses the optical characteristics of the
different hydrogel layers, followed by an investigation of
the fluorescence of the samples. We examined two layer
thicknesses, i.e. 1 mm for sample A and B and 0.5 mm for
sample C and D. The spectrophotometer graphs shows the
effect of the increasing concentration of HPTS in samples A,
B, C and D on the absorption, fluorescence and the pKa of
the samples.

A. Transmission and reflection of the hydrogels

The samples were fixed by taping them to microscopic
glasses since, due to their hydrophilic nature when wet, they
do not adhere to glass. They were submerged for 5 minutes
in the prepared pH buffers. The layers ionic strength solutions
of 150 mM were selected, since this matches the typical ionic
strength of the human body. After 5 minutes, the samples were
taken out of the buffer solution and excessive solution was
removed with clean-room wipes. For each sample described
in section VI-A these steps were repeated for six different pH
buffers with an ionic strength of 150 mM. F or the 4 types of
samples the optical properties of the layers were investigated
using a Perkin Elmer Lambda-1050 spectrophotometer. The
range was set from A= 350 nm to 700 nm in steps of 5 nm. For
transmission measurements a converging lens was put in front
of the sample holder to collimate the light onto the sample.
This lens created a focal area of of 25 mm? and using the
align function, a white light beam was projected on the focal

: /
22 at 07:31:1% TC from IEEE Xplore. Restrictions apply.

permitted, but republication/redistribution re%lires IEEE permission. See htEc)p //www.ieee.or| ]ﬂlblicationsfstandards/publications/rights/index.html for more information.

ownloaded on May 06,2



1530-437X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution re

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2022.3166709, IEEE Sensors

Journal

DE GRAAF et al.: OPTO-CHEMICAL PH DETECTION OF MYOCARDIAL ISCHAEMIA USING FLUORESCENT HYDROGELS (DECEMBER 2021) 5

A=475nm A=415nm
- -~
- - - » = RECET x
5 ~ e 5 ~ RS
L N S’ e R
4 b 4 - » -Sample A
‘\‘ - & -Sample B
--4a
— \ = Sample C
E 3 \ E 3
= \\ o = % Sample D
s o B
~
2¥.... 2
G .
’ e g ¥
0 0
6.5 7 7.5 8 6.5 7 7.5 8
pH PH

Fig. 3. Absorption depth for A= 475 and 415 nm at different pH levels.

area. The total transmittance of the samples was measured by
placing them in front of the entrance of the integrating sphere.
A tungsten halogen light source and a double monochromator
set-up with a common beam depolarizer, to correct for inherent
instrument polarization, were used. Before measuring the
samples, 0% and 100% transmission calibration steps were
done. Fig. 4 shows the results of the selected samples. From
the measured transmittance 7'(A)[%)] the absorbance a(\) was
calculated using Beer’s law [25] as
T(N)[%]

a(N) = ~log(T(V) = ~log(—0=). (D

The absorption or penetration depth, i.e. the optical path
length where the transmitted power decreases to 1/e or 36.8%,
for different wavelengths can be written as

. —L
- log(T(pH, \))

where L is the sample thickness. The penetration depth of
photons at different pH values can be derived from the
measured transmittance of the samples. As shown in Fig. 4
sample A (low HPTS) shows a high transmission, i.e. low
absorption, above 510 nm and only 2.5% decrease over the
whole pH range. The transmission typically starts to decrease
below A= 440 nm. Some small artifacts can be seen at \,=
475 and \;= 405 nm in sample A due to the contamination
with HPTS. Samples C and D have a higher transmittance due
to a lower thickness. Fig. 3 shows the extracted data from Fig.
4 at the two optical resonant modes (A = 475 and 415 nm) of
the HPTS dye. At A\;= 405 nm the measured absorption depth
d, does not significantly change with the pH, while at \;=
475 nm all samples with HPTS show a decreasing absorption
depth with increasing pH. The increasing absorption at this
wavelength indicates that the transmittance of the HPTS dye
at A\, can be used for pH detection. A better quality signal
may be expected from detection the amount of fluorescence
resulting from the resonant excitation of the dye material, as
will be shown in the next section.

dp(pH, A) 2

B. Fluorescence microscopy

In the next section the fluorescence of the sample layers
at different wavelengths and at several pH levels will be
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investigated. Fig. 5 shows some sample images from a Zeiss
Axiovert 200-M fluorescence microscope using an excitation
filter of 472/30 and an emission filter of 520/35 (GFP-3035B
filter) at different pH values.

Sample A was intended without any HPTS in the mi-
crobeads. However, due to contamination in the processing
some microbeads contained HPTS as can be seen in Fig. 5
where some fluorescence can be observed. Sample B shows
much more microbeads with fluorescence than Sample A.
Sample C shows that almost all micro-beads are filled with the
fluorescent HPTS and also shows more transparency because
of the thinner layer. Sample D shows the best contrast and
the different size of the particles can be clearly seen. All
micro-beads are filled with fluorescent material. The samples
with the highest amount of HPTS will also generate the
highest fluorescent intensity, however the higher concentration
of HPTS also causes higher absorption of the excitation
signal. This may result a lower fluorescence and increasing
the excitation signal power will cause more photobleaching.
We have characterized the fluorescence in sample D but we
did not include all results since the expected peak responsivity
is at a much higher pH level than required for our application,
as will be also shown in the measurement results of the next
section.

C. Hydrogel analysis by Fluorescence Spectroscopy

The optical properties of the samples were investigated by
transmission measurements in the range from 350 to 700 nm
for the 4 types of layers using a Horiba Fluorlog-3 microscope.
The 3-22 configuration was used in this research. The samples
were submerged for several minutes in different pH solutions
and placed in the spectrometer. The solutions were at a con-
stant temperature around ambient temperature. The measured
responses of Fig. 7 clearly show changes in emission as the
pH changes. Especially when using an excitation wavelength
of \;= 475 nm large changes in the fluorescent signal at .=
525 nm can be observed when the pH changes.

The peak magnitude of the fluorescent signal at A= 525 nm
of sample B and C at A\y= 475 nm and \;= 405 nm is shown
in Fig. 7. A large dependence of the fluorescence on the pH
of both sample B and C can be seen when excited at A\p= 475
nm. In Fig. 7 can be also seen that around pH=7 sample B and
sample C have a comparable sensitivity. This is due to the fact
that the thicker sample B holds more active HPTS particles and
sample C has a higher HPTS concentration. At A\;= 405 nm
source the fluorescent signal does not significantly vary with
the pH. The small variations are probably due to mounting and
remounting of the samples in the spectrometer after each pH
measurement point. From all previous measurement results it
was decided to use the fluorescent signal with illumination at
A;=405 nm as a reference level for each pH value as described
in the next section.

VIIl. RATIOMETRIC READOUT TECHNIQUE

The presence of dual absorption bands in HPTS enables the
use of dual excitation ratiometric detection as can be found
in literature [26] [21]. The method is based in fact that the
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ratio signal holds the dye concentration in both the numerator
and the denominator, thus the concentration term cancels [27].
From the measurement results in Fig. 7 of the previous section
it can be seen that the fluorescent signal at Ap= 475 nm has
a large dependence on the pH, while it does not vary with
the pH at Ap= 405 nm. Therefore the fluorescent signal at
A= 405 nm can be used as a reference level. Hence it was
decided to use dual wavelength excitation at \;,= 475 nm and
A;= 405 nm and to calculate the ratio of these fluorescent
signals to determine the pH. The method involves subsequent
detection of the intensity E of the fluorescent signal at A.=
525 nm when illuminating the sample with Ag= 405 and 475
nm respectively at a certain pH level. The ratio a(pH) is then

calculated as E(pH)
DI ) =475
H) = ————,
) E(pH)x=405

This method enables (first order) compensation of unwanted
effects such as changes in the light path, stray light, back-
ground illumination and intensity loss by bleaching [26]. Dual
band ratiometric detection also creates more standard curves
[26]. The responsivity R(pH) of the sensor for changes in pH
can be written as

a(p

3)

R(pi) = 220 H)

5(pH)

The dual-wavelength ratiometric method can be easily

“4)
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implemented by first illuminating the sample using a LED
with peak emission at A\;= 405 and, after this, a LED with
peak emission at A\p= 475 nm. In both cases, the fluorescent
response of the micro beads in the hydrogel layer at \;= 525
nm is measured by a spectrometer or a photo detector with
a green filter. The measured spectra of the fluorescent signals
and penetration depth at different pH levels provide enough
insight for a prototype design as will be discussed in the next
section.

IX. SENSOR PROTOTYPE DESIGN

In our application, the hydrogel layer needs to be in close
contact with the heart on one side and the source and detector
should be placed on the other side. The most straightforward
way of measurement is therefore reflection mode. The mea-
sured average values of the absorption depth d, over the whole
pH range of the samples are given in Table I. These results
show a low absorption at A;= 525 nm for all samples. A typical
travel distance of Lso5= 7 mm of the fluorescent signal in the
hydrogel has been found by extrapolation using the absorption
coefficient of the 1 mm layers, which indicates that collection
of the fluorescent signal over a large area is possible. For
the illumination sources A\;= 405 nm and A, = 475 nm, the
measured absorption is much higher and the resulting average
penetration depths in the hydrogel have been found as L45=
Imm and L475= 2 mm respectively. The experiments also
showed that the response time mainly depends on the layer
thickness. For a reasonable speed in a real-time application, a
layer less than 1 mm is required. As a compromise between
mechanical strength and the response time, a typical thickness
of the hydrogel layer of 0.5 mm or less would be favourable.
The short penetration depth of the excitation light requires a
design using orthogonal projection of the excitation sources
on the hydrogel layer, while the fluorescent light at A\; = 525
nm can be collected laterally over a larger distance.

Taking into account the demands for a multisensor system,
usable for surgeons during an operation, two options for the
realisation were considered. Thin optical probes (cannula)
inserted at several locations in the tissue may be used where
the hydrogel layer is mounted on the tip of the optical fibre
bundles on the probes. Fibres guide the LED light into the
hydrogel and others collect the fluorescent signal from the
layer to a detector. In terms of optical design a better option
would be the use of a planar sensor, held in place by a wire
mesh around the heart. A MEMS (Micro Electro-Mechanical
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Spectral 3D Plot of Fluorescence output in counts per second of
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Fig. 7. Fluorescent signals of sample B and C at A; = 405 and 475 nm
at different pH levels.

System) device realisation, as illustrated in Fig. 8, is proposed
as a small planar sensor device.

15 mm

ETCHED MIRROR ETCHED MIRROR

8 mm

;|

Silicon die —>»

Glass —[-: I / _
LED sources / | 2o0Hm

Photodetectors with green filter

500 um

500 um

Silicon die =

Fig. 8. Planar sensor configuration.

The illustration shows two silicon wafers, typical thickness of
around 500 pum, bonded to a glass wafer in the middle . The
top die has a cavity of typically a few square mm? filled with
the hydrogel layer. The sidewalls are used as mirrors to collect
the laterally fluorescent light onto photodetectors placed on
the lower die. Optically flat 45° angle mirrors fabricated by
anisotropic etching in silicon, based on our previous work [28]
[29], can be used as highly reflective mirrors. Fabrication of
such a lateral type of reflection probe has not been imple-
mented yet. Such a prototype involves advanced processing
and more costly and time consuming fabrication. However
batch fabrication in commercial production however may

Sample B pH 7.0

300 350

Excitation Wavelength (nm)
Emission Wavelength (nm)

Sample B pH 12.0

300 350
Excitation Wavelength (nm)
Emission Wavelength (nm)

g. 6. Horiba Fluorlog spectral plots: Signal in counts per second of Sample B, From left to right pH = 4.0, pH = 7.0 and pH is 12.0

decrease this cost dramatically. A less complicated, needle
type of reflection prototype has been designed, tested and
evaluated as described in the next section.

X. PROTOTYPE USING A REFLECTION PROBE

A reflection optical probe sensor has been implemented by
mounting the hydrogel on a commercial probe as depicted in
Fig. 9. Reflection probes are commercially available in many
different types and sizes. Such a probe should be robust, yet
thin in order not to damage the tissue. In the experiments, a

LED 405 nm

LED 465 nm =" L~
Probe
{ [ ]
\ Hydrogel
Fibres Spectrometer

Fig. 9. Reflection probe with hydrogel measurement setup.

2mm Avantes FCR-7UVIR200-2-2.5x100 reflection probe, as
illustrated in Fig. 9, has been used. Since the hydrogel does
not adhere to the glass of the probe tip, a plastic holder was
3D printed for the tests. Hydrogel layers of 1mm and 0.5 mm
thickness are sufficiently flexible to be wrapped around the tip
of the holder on the probe and were held in place by a small
O-ring, as can be seen in the photo of Fig.10.

(b) Fluorescence in a Imm
hydrogel layer.

(a) Holder and 1mm hydrogel
layer.

Fig. 10. Camera photos of the probe tip.

The probe enables easy interfacing to an Avantes Starline
USB spectrometer and to the LED light sources using SMA
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connectors. The light from the light source was guided through
six 200 pm illumination fibres around a centre fibre to the
sample. The single 200 pm fiber in the centre was connected
to the spectrometer measuring the sample reflection. As ex-
citation light sources, a Bivar UV5TZ-400-15 (405nm) LED
and a blue Luxeon LXHL-PBO1 (475nm) LED were used.
The LED’s can be individually switched on and off and are
optically connected via a Y-shaped plastic light pipe and a
lens to the other connector of the Avantes probe. The 475 nm
LED operated at a constant current of 350 mA, producing
an intensity of 15 W/m? on the hydrogel layer. The 405
nm LED operated at 20 mA and producing 16 W/m?. The
spectrometer was set for an integration time of 5Sms and an
averaging number of 1000.

A. Results using the reflection probe

Fig. 10b shows a 1 mm sensing layer on the probe after
it had been just submerged in a pH solution. A clear layer
of fluorescence can be observed at the surface where the
buffer solution has diffused. Using the Avantes spectrometer
in the setup of Fig.9 the emission spectra from 350-700 nm of
several samples were recorded. From these spectra, the ratios
of the fluorescent signal at A\, = 525 nm at the two excitation
wavelengths \405 and A\4g5 were calculated. Fig. 11 shows the
characteristic, sigmoid shaped, plots of the measured ratio «
of Sample C as a function of pH. The measured signal ratio

Normalised Ratios « of Flourlog and Reflection Probe

o 2 o o o9
S S )
T T

Normalised Ratio «

o
~
T

0.1 : :

Fig. 11. Ratio « of the fluorescent signals of Sample B (red) C (blue)
at different pH levels.

at the excitation wavelengths Ry75,405 was fitted using the
Boltzmann function

a—>b
1+ e(R475/405—C)/d

pPH(aurs/405) = +b (5)
where a, b, ¢, and d are empirical parameters describing the
initial value (a), final value (b), center (¢) and the width of
the fitting curve (d). The derived responsivity R for changes
in pH, according to equation (4), is plotted in Fig. 12. The
measurements using the probe type of sensor have shown
a high sensitivity for changes in pH, due to the very high
sensitivity of the HPTS dye [26]. The lower amount of HPTS
in sample B results in a higher pKa value of the hydrogel
material, resulting in a maximum responsivity of 52%/pH at
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Fig. 12. Responsivity R of Sample B (red) C (blue) at different pH levels.

pH= 6.58 and for sample C 35%/pH at pH= 7.23. Sample
B shows a larger maximum response than sample C, because
more fluorescent signal is generated and collected in the larger
thickness (1 mm) layer due the larger penetration depth. The
pH range where highest responsivity occurs can be controlled
by the amount of HPTS in the layer.

B. Response time measurement

The response time of the sensors depends on the diffusion
speed of the hydrogen ions in the hydrogel layer. Fig. 13 shows

Response Time Sample B and C

| Response Time \

Response Time
357 \ 323

o (X1 N
89 % o
©
g ° osp @ © /
3 0.6 Y ?
2} X%
S 04 Q 0.4 o)
£ % 04
S % %0
0.2 Q9% 0.2 oo
o o b%
0 500 1000 1500 0 500 1000 1500
Sample B Sample C
Time [sec]

Fig. 13. Response time of Sample B (L=1.0 mm) and Sample C (L=0.5
mm).

the step response of the 0.5 mm and 1.0 mm layer probe by
subsequent immersion into a pH= 6.2 and a pH= 8.2 buffer
solution. The figure shows for Sample B a first-order response
with a time constant around 7= 540s. For Sample C a first-
order response with a typical time constant around 7= 350s.

C. Repeatability

In order to test the accuracy of the sensor after calibration,
three measurements were done with the same buffer solutions
at an ionic strength of 150 mM with 5 minutes waiting time
in between. Fig. 14 shows the results of cycling the pH with
a single probe. The plots show that the repeatability of the
sensing layer is poor. The main reason for this is the low
adhesion of the hydrogel to the probe surface resulting in
detaching of the hydrogel layer from the probe surface and/or
instability of the layer due to mechanical stress. Recently some
techniques to improve the adhesion of wet hydrogels to smooth
surfaces like glass have been described in literature [30].
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Fig. 14. Results of the repeatability measurements.

XI. CONCLUSIONS

This work presents an extensive optical characterization (
transmission, absorption and fluorescence ) of several types
of hydrogel layers with HPTS ( 8-hydroxy-1,3,6-pyrene trisul-
fonic acid trisodium salt) embedded in micro-beads at different
pH levels. From the optical characterization we selected a
two-wavelength ratiometric type of measurement using low-
cost LED’s as favorable. Based on the optical characterisation
of different hydrogel layer samples excitation of the HPTS
dye using LED’s emitting at wavelengths of A= 405 and 475
nm and detection of the fluorescent signal was implemented
using a thin reflection probe. The pH level was calculated as
the ratio at the peak of the fluorescent signal at A\yz= 525 nm
at both excitation wavelengths. In terms of response time in
our application a suitable hydrogel layer thickness was found
at 0.5 mm. Increasing the layer thickness to Imm increased
both the response time and the sensitivity. For the intended
application for the detection of myocardial ischaemia we have
tested several hydrogel layers using a thin reflection probe as
a pH sensor. We have characterized several HPTS hydrogel
layers in reflection mode in liquids. The probe prototype has
shown a high sensitivity and a good selectivity for pH, however
the reproducibility of the device needs to be improved before
performing further experiments. At the moment, the accuracy
is limited due to the low adhesion of the hydro-gel to the small
surface of the glass of the probe. New processing techniques
to improve this need to be tested. A novel reflection type of
prototype using the same layers has been proposed in section
IX. This planar device has a more efficient light coupling and a
sensing area of about two orders of magnitude higher, enabling
much more signal power. Improved control of the thickness of
the layer and a better mechanical coupling to the heart tissue is
also expected from such a prototype. Therefore future work we
plan to develop lateral devices on bulk micromachined MEMS
substrates using the 0.5 mm hydrogel layers as presented
here for future work. Future experiments using these new
prototypes are needed to study the effect of cardioplegia on
pH measurement. There are many types of cardioplegia and all
these solutions have high levels of potassium chloride (KCI)
and other electrolytes which may result in changes in the
responsivity due to a change in ionic strength in the sensing
layer. Finally, in vivo experiments are required to demonstrate
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