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Single bi-functional flexible sensor device for
simultaneous pH and oxygen monitoring during
pre-transplant normothermic perfusion

Avik Sett®'?, Filippos Bersis®', Puck Groen’, Annelot Muntinga®, Jeroen de Jonge®, Robbert Friendwijk',
Ger de Graaf', Massimo Mastrangeli®' and Paddy French'™

Abstract

Monitoring of organ health and tissue damage through real-time sensing of chemical parameters such as pH and
oxygen concentration could provide helpful information in the field of solid organ transplantation. Several sensors
have been developed to detect oxygen concentrations and pH levels in tissues separately; however, there is no report
to date on a single device in such context that can detect both pH and oxygen alterations simultaneously and in real
time. This paper reports the development of a single, bi-functional optical sensor device that can simultaneously and
reversibly respond to changes in both pH and oxygen concentration. The proposed optical sensor integrates both pH-
and oxygen-sensitive probes, and is optimized to achieve minimal cross-sensitivity during simultaneous
measurements. The sensor is excited with light of 405 nm wavelength to detect pH and oxygen changes respectively
at emission wavelengths of 520 nm and 600 nm. The sensor detects pH and oxygen alterations with a response time
of about 12.5 s and less than 1.5 s, respectively. The sensor exhibits a sensitivity of 75.75% for pH variations and 20.4%
per mg/ml for changes in oxygen concentration. The sensor was tested on a human liver declined for transplantation
to analyse the initial sensor behaviour on human tissue. Including the sensor in an organ perfusion setup to monitor
pH and oxygen levels could potentially provide insight into the microcirculation of an organ before transplantation.

Introduction surrogate markers for tissue-level physiology. However, it

In the field of solid organ transplantation, dynamic
preservation by machine perfusion has emerged as a
promising technique to enhance organ preservation and
enable functional assessment prior to transplantation.
Although ex situ perfusion strategies vary widely between
organs, with differences in timing, perfusate composition,
perfusate temperature and perfusion duration, monitoring
of key physiological parameters such as pH and partial
pressure of oxygen in the perfusate is widely imple-
mented"?. These measurements in the perfusate offer
insight into what is provided to the organ and are used as
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remains unclear how these measurements reflect the
physiological state of the organ at a peripheral and tissue
level. Monitoring of closely related metabolic biomarkers
at the same tissue site, may improve assessment of organ
viability. Simultaneous measurement of oxygen and pH at
a central and peripheral level can provide insight into the
differences in central circulation and microcirculation of
an organ. This demands a compact and miniaturized
sensor system with minimal wiring to avoid microbial
contamination in a closed perfusion system.
State-of-the-art oxygen sensors, like the Clark oxygen
electrode, reduce oxygen on a noble metal electrode’.
Even though the sensors exhibit good accuracy, they
suffer from long-term drift and high cost. Moreover, these
systems consume oxygen during measurement, resulting
in erroneous data readout in case of low-level oxygen
detection. An alternative approach to detect oxygen levels
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employs the principle of fluorescence quenching®. The
quenching follows the Stern-Volmer equation as given in
Eq. (1):

I/ly =1+ K«[Q] (1)

where Iy and I are fluorescence intensities in absence and
presence of oxygen, respectively, the concentration of
oxygen is denoted as Q, and K, represents the Stern-
Volmer constant.

Among fluorophores, ruthenium-based transition
metal complexes are commonly used in oxygen detection
due to their high quantum yield, large dynamic range, low
level detection and high photostability. These complexes
are suspended into a variety of matrices for fabrication of
oxygen sensors. Silica gels®, silicone rubbers®™, poly-
mers'%~'® and sol-gels'* > are common matrices to bind
the ruthenium complex. Kumar et al. embedded ruthe-
nium compound on a Pluronic F127 matrix and mon-
itored intracellular and intratumoral oxygen gradients>".
McEvoy et al. fabricated a dissolved oxygen sensor by
incorporating oxygen sensitive ruthenium complexes in a
sol-gel derived porous silica coating®, but largely fails to
address the comprehensive organ monitoring that
requires the simultaneous tracking of multiple bio-
markers (e.g., O,, pH, CO,) across various regions of the
graft. Lin et al. proposed a hydrogel based stretchable
oxygen sensor for wearable applications. The sensor
exhibited strain insensitive oxygen detection with very
high sensitivity*®. Kermis et al. developed a robust pH
sensor’* using methacryloyl modified 8-hydroxy-1,3,6-
pyrene trisulfonic acid (HPTS). Sensors were prepared by
copolymerization of the MA-HPTS with poly(ethylene
glycol) diacrylate. The sensor exhibited good optical
response towards pH in the range between 6-9. However,
relying on discrete, single-parameter sensors crowds the
organ surface, multiplies the external optical hardware
required in the operating room, and inherently drives up
overall system costs. De-Graaf et al. fabricated pH sensor
based on HPTS loaded microbeads in hydrogel to detect
myocardial ischemia during open heart surgery*’, how-
ever the sensor had severe drift issues with time. Few
ratio-metric approaches aimed at minimizing cross-
sensitivity have been proposed earlier*', however, pla-
cing a pH sensor on one section of the tissue and an
oxygen sensor on another, fails to capture the inter-
dependent relationship between these biomarkers. It
yields geographically disjointed data rather than a true
representation of localised cellular health. Previous
reports mostly focused on the fabrication of dedicated pH
and oxygen sensors based on fluorescent probes similar
to those adopted here, namely ruthenium and pyr-
anine®>~>°, While discrete optical sensors for oxygen and
pH are well-documented, the synthesis of a single,
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chemical-based, and entirely biodegradable hydrogel
matrix capable of capturing both biomarkers simulta-
neously has not been previously achieved. A multi-
functional sensor acquires different metabolic parameters
at the same location simultaneously. This co-localisation
provides a synchronised, high-fidelity metabolic snapshot
of that specific tissue microenvironment, allowing for a
much more accurate assessment of graft viability. This
research focuses on integration of both sensing probes
(ruthenium and HPTS) into a single hydrogel matrix to
achieve simultaneous detection of oxygen and pH chan-
ges. This integration represents a significant technologi-
cal leap, enabling the continuous, co-localised extraction
of critical metabolic data using a single, biocompatible
footprint.

In this work, the ruthenium complex was immobilized
into a hydrogel matrix, which is proven to be biocompa-
tible and does not require activation. 8-Hydroxypyrene-
1,3,6-trisulphonic acid trisodium salt (HPTS), also called
pyranine, was selected as pH-sensitive probe due to high
pH sensitivity, large Stokes shift and proven compatibility
with hydrogels®. Integrating pH and O, sensors on a
single substrate enables local, simultaneous monitoring of
two closely related metabolic biomarkers at the same
tissue site, improving assessment of organ viability. While
the overall setup is not space-limited, the normothermic
machine perfusion system has constrained space around
the organ, making compact sensor design and reduced
wiring important. This also facilitates the future use of
multiple sensor units distributed across the organ. Fur-
thermore, clinical perfusion protocols require a closed,
sterile chamber, and sensor integration minimizes wiring
and feedthroughs, improving sterility and clinical applic-
ability. In addition, miniaturization of the size of the
device and its compactness, allows for its extended use on
smaller transplantable organs such as kidneys.

Ruthenium and pyranine are usually utilized as fluor-
escent probes through encapsulation in polymers*~°,
Oxygen-sensitive  ruthenium  incurs  fluorescence
quenching in presence of oxygen, whereas the pH probes
undergo higher absorption at higher pH levels, leading to
enhanced fluorescence intensity. A rapid drop in oxygen
levels lead to ischemia and subsequent tissue damage.
Hypoxia forces cells to switch from aerobic to anaerobic
metabolism, resulting in the accumulation of lactic acid
and a decrease in intracellular pH**~*°, Consequently, the
ratio of oxygen-dependent fluorescence intensity (at
600 nm wavelength) to pH-dependent fluorescence
intensity (at 520 nm) increases. Under normoxic condi-
tions, oxygen delivery and consumption are balanced and
pH is physiological, resulting in a low oxygen-to-pH ratio.
Ratio-metric analysis of the fluorescence intensity can
help monitoring the microcirculatory perfusion and
detecting hypoxia within tissues. The overall schematic of
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Fig. 1 Schematic of the overall sensing principle for organ health
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the complete sensing mechanism is represented in Fig. 1.
The excitation source excites the optical probes in the
sensor layer, which behaves differently for different phy-
siological conditions. The variable behaviour of the sensor
is captured as intensity variation of the collected spec-
trum. Table 1 compares the performance of the fabricated
sensor with some existing sensors in literature.

Sensor fabrication and experimental methods
Choice of sensor matrix and sensor probes

A polyurethane-based hydrogel (HydroMed D4 from
AdvanSource Biomaterials) was selected as the sensor
matrix to encapsulate the sensor probes. The proven
biocompatibility and non-essential activation process for
HydroMed D4 was significant in choosing the sensor
matrix. The HydroMed D4 is dissolved in ethanol for its
development. The sensor probes, i.e. fluorescent particles/
complex, are introduced into the hydrogel solution to
form an integrated system of sensing elements encapsu-
lated in a sensor matrix. The hydrogel layers encapsulat-
ing the sensor probes have a lifetime of more than 40
days®. These attributes make HydroMed D4 a promising
candidate in sensor applications®".

Pyranine (HPTS) is a phenolic luminophore which
contains phenol or phenolates as its functional attach-
ment. Photoexcitation of phenolate groups results in
fluorescence. A decrease in pH contributes to smaller
absorption of the phenolate form leading to reduction in
fluorescence. On the contrary, an increase in pH results in
enhancement of fluorescence. Pyranine was selected due
to its high sensitivity towards pH alterations, large Stokes
shift and ease in processing. However, pyranine suffers
from bleaching and alters the ionic strength of the solu-
tion. Hence, proper encapsulation of the pyranine in the
sensor matrix is of utmost importance.
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Ruthenium complex is chosen as fluorescent probes for
oxygen detection owing to their high sensitivity towards
oxygen, large Stokes shift and excellent selectivity. In the
absence of oxygen, the ruthenium complex exhibit very
high fluorescence intensity after excitation. However, in
presence of oxygen, the excited states of the ruthenium
complex collide with the triplet state of oxygen molecules,
resulting in fluorescence quenching®®. The ruthenium
complex is embedded within the hydrogel matrix to avoid
any possibility of toxicity local to the hydrogel. The
decrease in fluorescence intensity with increase in oxygen
concentration gives an indication of the oxygen levels in a
given media.

Fabrication of sensors

For successful fabrication of the sensors, a lubricious
hydrophilic polyurethane, HydroMed D4 was procured
from AdvanSource Biomaterials, 8-Hydroxypyrene-1,3,6-
trisulfonic acid (HPTS) and Dichlorotris (1,10-phenan-
throline) ruthenium (II) hydrate was procured from
Merck Sigma. AmberChrom microbeads for HPTS func-
tionalization was supplied by DuPoint.

Fabrication of pH-sensing layers

The fabrication of the pH sensor is shown in Fig. 2.
Initially 10 g of AmberChrom microbeads (from DuPont)
were soaked in 10 ml demineralized (DM) water. 35 mg
HPTS (pyranine) was dissolved in 100 ml DM water and
the microbead solution was added to it. The resulting
solution was stirred for 15h at 400 rpm. During this
process, HPTS got functionalized on the microbeads
surface. The microbeads with HPTS were collected
through filtration. The hydrogel matrix was prepared by
dissolving 1 g HydroMed D4 precursor into 10 ml 90%
ethanol. The solution was stirred for about 6 h to get a
uniform hydrogel solution. 3.5g of the HPTS-
functionalized microbeads was added to 10 ml of hydro-
gel solution. The mixture was stirred for 6 h to get a well-
dispersed profile of microbeads in the hydrogel. The
solution was then drop-casted over a glass slide, followed
by drying at room temperature to prepare the pH-sensing
layer.

Fabrication of oxygen-sensing layers

Dichlorotris  (1,10-phenanthroline) ruthenium (1)
hydrate was selected as the precursor for fabrication of the
oxygen sensor, shown in Fig. 3. 50 mg of the ruthenium
complex was dissolved in 10 ml solution of methanol and
toluene (4:1). The solution was stirred for 1 h at 100 rpm.
1 ml of the as-prepared ruthenium solution was added to
10ml of hydrogel solution. The resulting mixture was
stirred for 1 h at 300 rpm to obtain a uniform mixture of
ruthenium complex in hydrogel solution. The solution



Page 4 of 13

Sett et al. Microsystems & Nanoengineering (2026)12:309

uoisnyiad djwiayowiou
juejdsuen-aid

‘Bupoyuow

AJ[eUA 3NSSIT OAIA U
‘Bunioyuow
101283J0Iq 2INYND ||2D

"AIpILNY [PIUSWIUOIIAUS
‘diya-e-uo-ge
“(uondarep

3e3] J1I0W0ISeUR)

0 [eunsaUl OAIA U

‘Buppden
WIS||0geIaW [[93 OAIA U]

€0 [p21pawolq
pue |elusWUOIIAUS NIIS-U|

‘BuISUSS [EIUSUIUOIIAUD
pue OAIA UJ JUSISUR)|

‘Bunoiuow
UOIIeIUSULIR} DIqOIdRUY

uabAxo 10} sg'|
pue Hd 1o} sSZL

S¢~

S|~

ulwole~

191BAN 'SPU0daS Hd

Ul ¢-1

sQz> HA s 6 70

S |~

“(da1s A1an0D31
ulw-g salinbay)
91e15-Apealg

/U

dUON

"UOIDRIIGNS SDURIDSYSI BIA PR1DSII0D
‘leubls HQYN SJ93[e aWnN|OoA poo|g

YD1 Juslque $109fa4 37 paiejnpow
‘buinojoiq seziwuiw yYd-93d

J1em/AlIpIwiny pue yibuais
JIUOI Y10g 0} DAIISUIS-S501D A|YbBIH

‘asuodsal Apoq ubiaio) pue
Buinojolq se1ebniw buneod uoyen

‘YUp auljsseq

SUQIYXD Josuas Hd ‘Eduslapisiul
Xopai sploAe 3beyoA padnpay
“Buiyoesjgoloyd

S9ONPaJ Ja1INYs d1UoD3e bulyoes)
9Ap sdois Bulpuog Ju3eA0D

'$91A|04103]2 punolbydeq

0 2AIISUSS ‘BulUesD JUILND

-ybry saunbal uopeaissed spouy
'S||92/eIpaWl anbedo

WIOJ) 95UaJaK1UI punoibydeq pue
Bunaneds 1ybi| syusnsid Usyy yoelg

uabAxo 10}

%t'0Z pue Hd 10 %S/'SL
‘sIa1awolonyy

[BIIUIP YUM (26610 =

) uoneppuod Jeaul AybiH
"TO %1¢-0 Woyj (5660

= ) asuodsal seaur
ENIENS

uodn p~ 01 sdoip Aysuaiul
[eubis) 1senuod ybiH

"TO %001 PUe ‘%1T %0l
12 SYIYS 1U1IND 1DURSIC

‘dais Hd / AW Gy~
"Hd YU GE'Z- 03 80'0- 1O

‘wdd
€0~d01cO wdd §1-0

‘(9buel
96W1e 09-0) O % / AW 9~

‘foeindde yun Hd |0F
‘abues djweuAp g-| Hd

WX wd |

(219yds snssn

ww 90 ~) 21dodsoidepy
'sse|b

uo wiy 1y3 wrl pge

“(Yapm apinbanem wirl g

-1) 9[BISOUBN/OIN

|[BISAC WW | X 0'SX 87

WWoroX ¥l

‘Hd u21ewelp wrl 5z :z0

(2402 Jaqy wirl 001 —¢€)
3|BIS-1212WOIIN

‘(eale aAROR
D Gi70) WWIGLX Gl

“(d19ANnD Yibus|yied
wod-|) d1dodsolden

(@uadsason|4) [eondo

(9duesay Is|ddoq Jssen
‘9dudsaIoNy HAYN) [eondo

(Buiysuanb
2duddsalon|4) [eando

(Buneib aadeuiq) |eondo

(2dA-pieD) |EDIWBYD0I1D9|3

(Hd duBWOoRUSI0
‘70 dswoladuly)

[B2IWRYD01103|3

(Burysuanb
92Uadsai0Nn|4) [eando

(9|dnod
DlUeA[RD) |EDIWRYD0I1D9|]

(dudsaulwn) |eondo

(Hom siyy)

Joswas [euondunyig

c(22ds1)
9d02501109dg anssi|

e)ialilcle)
[2601pAH va-53d

,eoPInBanem
[oboIpAH Qg

4£lOSUSS €O 1DV

(€D9)
diyd dljogeIsAl sse|s

105USS €0 dndo-1aqi4

£10SUSSODIN
d|qepelbapolg

ccopondo
Hd 2ouadsaulwing

1X91u0) uonedyddy

awi] asuodsay

S9OUIRRU/ANAIISUSS-SSOLD

Ananisuas

judyoo4 |eneds

ABojouyda] Iosuas

awep Josusg

saduew.oyiad Josuads Bunsixa jo uosuedwo)

L SiqeL



Sett et al. Microsystems & Nanoengineering (2026)12:309

Page 5 of 13

a b
i .5 g HPT!
10 ml DM water Collection of 3_5 g S
109 HPTS loaded microbeads
with microbeads ; in 10 ml
Mlcrobeads microbeads .m m|
Amberchrom ydrogf e
8 200400 Stir for 15 h
|$ @ 400 rpm g
10ml
DM water
Mix for 6
hours
WS o Dissolve
1! A
HPTS%% 110 ml solution "
|$ of microbeads Deposition of .
dispersed in sensing (5 n
HPTS material and 30
100 ml solution <:|
DM water HydroMed
100 ml HPTS solution D4 10 m1 90% ethanol

microscopic image of the as-prepared pH sensing layer
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Fig. 2 Pyranine-functionalized microbeads dispersed in hydrogel matrix. a Fabrication steps for developing the pH-sensitive hydrogel layer (b)
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Fig. 3 Ruthenium complex dispersed in hydrogel matrix. a Fabrication steps for developing the oxygen-sensitive hydrogel layer (b) microscopic

was then drop casted-over a glass slide and allowed to dry
to prepare the oxygen-sensing layer.

Fabrication of the bi-functional pH and oxygen sensor
Fabrication of a single, bi-functional sensor with both
pH- and oxygen-sensitive probes was targeted, and is
shown in Fig. 4. Initially, 10 g of AmberChrom microbe-
ads were soaked in 10 ml DM water. 35 mg HPTS was
dissolved in 100 ml DM water and the microbead solution
was added to it. The resulting solution was stirred for 15 h
at 400 rpm. The microbeads with HPTS were collected
through filtration. 200 mg of the ruthenium complex was
dissolved in 5 ml solution of methanol and toluene (4:1).
The solution was stirred for 1h at 100 rpm to obtain
“Ru40” solution. The hydrogel matrix was prepared by
dissolving 1 g HydroMed D4 precursor into 10 ml 90%

ethanol. The solution was stirred for about 6h to get a
uniform hydrogel solution. 3.5g of the HPTS-
functionalized microbeads along with 1 ml of Ru40 were
added to 10 ml of hydrogel solution. The mixture was
stirred for 6 h to get a well-dispersed profile of ruthenium
and microbeads in the hydrogel. The solution was then
drop-casted over a glass slide, followed by drying at room
temperature to prepare the bi-functional sensing layer.
The concentration of ruthenium complex was optimized
keeping the HPTS concentration fixed. For other con-
centrations of ruthenium, i.e., 5 mg/ml, 10 mg/ml, 25 mg/
ml and 50 mg/ml, severe cross-sensitivity issues were
observed. This means that while measuring the pH of the
solution at fixed oxygen levels, the oxygen-sensitive
emission peak (600nm) undergoes intensity variations.
Additionally, while measuring the oxygen levels in the
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Fig. 4 Fabrication steps for developing the bi-functional pH- and oxygen-sensitive hydrogel layer. The fabricated sensor layer and its

solution at a fixed pH value, the pH-sensitive emission
peak (520 nm) undergoes severe variations in intensity.
The effect of cross-sensitivity is highly minimized at the
optimized ruthenium concentration of 40 mg/ml added to
the hydrogel precursor. The effective optimized ratio of
ruthenium to HPTS in the sensor is 1:88 by weight
(HPTSgsRu).

Experimental setup

The experimental setup is sketched in Fig. 5. A con-
trolling circuit for the switching of two light-emitting
diodes (LEDs) was implemented on a prototype board of
the ESP (Espressif) module (manufactured by Espressif
Systems). This module was connected to a computer, and
the ESP module and the LEDs were connected to a power
supply. The purpose of using two LEDs in the system is to
characterize the sensor with 405 and 450 nm illumination
and optimize its efficacy for a single sensor system.

As detector, a flame spectrometer was used in combi-
nation with an optical fibre. In order to align the LEDs
and the spectrometer in such a way that the sensor layer
can be illuminated efficiently and the fluorescent emission
falls directly on the optical fibre, a double-compartment
case was designed in Solid Edge software and later 3D-
printed in plastic resin. On one housing part of the case,
the LEDs are mounted and a hole is introduced to tightly
fit the optical fibre. Onto the other part of the case,
working as a cover, the glass slide with the sensor layer is

( ~\
Sensor layer
|
. ]
3D printed case ——| N~ Glass slide
405 nm LED \TZ y-~ 450 nm LED
Optical fibre
Mflame \
@
[
K
)
[+]
o
ESP module 31;3
usB and °
switching o
circuit Power cables

Fig. 5 The single-sensor setup for simultaneous optical monitoring of

both pH and oxygen changes

\

glued. Thereafter, the cover can slide over the housing
with the LEDs to compose a closed square case.

Figure 6 shows the actual measurement setup used
during the experiments. The sensor is connected to the
ESP module via power cables to turn the LEDs on and off.
The spectrophotometer collects the reflected fluorescence
from the sensor for analysis. The sensor is connected to
the flame spectrophotometer through an optical fibre to
obtain the fluorescent measurements. The spectro-
photometer then sends the obtained data to the computer
for processing. A MATLAB® script drives the ESP
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Fluorescence from the sensor layer
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Fig. 6 Experimental setup. a The measurement setup comprising power supply, spectrophotometer, microcontroller-based loT module (ESP32),
LEDs and laptop (b) zoomed view of the setup with the sensor illuminated with desired wavelength
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Fig. 7 Sensing mechanism of pH-sensitive HPTS
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module to control the switching of the LEDs during
measurements.

Preliminary measurements on human tissue

To evaluate the sensor behaviour on human tissue, the
sensor was tested on an unviable human liver declined for
transplantation in the Erasmus Medical Centre, Rotter-
dam, the Netherlands. The liver was perfused with an
acellular perfusion solution, and the supplied oxygen level
was manually adapted from 1L/min to 6L/min. The
preliminary results are discussed in a later section.

Sensing mechanism

Figure 7 depicts the sensing mechanism of the pH-
sensitive HPTS probes. When the HPTS-functionalized
microbeads are exposed to solutions with higher pH level,
the phenolic groups of HPTS absorb more photons when
illuminated with 405 nm light. More molecules undergo
excitation and relaxation, leading to higher intensity
fluorescence at 520 nm. Thereby, lower pH corresponds
to lower fluorescence intensity, and conversely higher pH
corresponds to higher fluorescence intensity™.

The sensing mechanism for the oxygen-sensitive
ruthenium complex is elaborated in Fig. 8 and its details

can be found in previous articles®** In brief, the singlet
state Sy is the electronic ground state for the ruthenium
complex molecule. When light absorption at 405 nm takes
place, the molecule is prompted to the first excited singlet
state (1), which is short-lived and vibrationally relaxes to
the ground state (2) of S;. The molecule may return to the
So state by non-radiative internal conversion (3). Alter-
natively, S; may undergo “spin-forbidden” intersystem
crossing (ISC) to the triplet state T; (4). The molecule
then de-excites vibrationally to the ground state of T1 (5)
and subsequently relaxes to the singlet state S, through
fluorescence (6) at 600 nm. This mechanism is elucidated
in Fig. 8a.

When the ruthenium complex is exposed to molecular
oxygen, near-resonant energy transfer takes place
between the triplet state T1 of the ruthenium complex
and T, ground state of molecular oxygen (7) as shown in
Fig. 8b. The energy transfer leads to excitation of the
molecular oxygen from T, ground state to singlet excited
state S; (8). This leads to fluorescence quenching, as the
relaxation mechanism (6) of the molecule is hindered. An
increase in oxygen concentration leads to higher collision
between molecular oxygen and the triplet state of
ruthenium, leading to increased quenching of the fluor-
escence at 600 nm. Fewer collisions are involved at lower
oxygen concentration, leading to a higher fluorescence
intensity.

Sensing results

The sensors were tested in solutions having different pH
levels. These solutions were prepared by standard che-
mical processes. The pH levels were standardized and
measured using a pH meter (Atlas Scientific).

At the time of testing, the oxygen level was varied by
bubbling nitrogen into the solution. The oxygen level was
measured and controlled using a compact Dissolved
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Fig. 8 Sensing mechanism of oxygen-sensitive ruthenium complex. a In absence of oxygen (b) in presence of oxygen

Table 2 Optimization of the bi-functional sensor layer

Sensing layer pH sensitivity (per Oxygen sensitivity (per

Cross-sensitivity towards pH while

Cross-sensitivity towards oxygen

pH) mg/ml) detecting oxygen while detecting pH
HPTS,,Ru 41.2% 23.4% Absent Present 4%
HPTS44Ru 61.6% 22.1% Absent Present 2.1%
HPTSggRu 75.75% 20.4% Absent Present 1.23%
HPTS;76Ru 81.8% 13.6% Present 25% Absent
HPTS,64RU 89% 8% Present 28.2% Absent

The bold row signifies the best sensor combination among others

Oxygen Meter (DO210), manufactured by Extech
Instruments.

The fabricated pH and oxygen sensors illustrated in
Figs. 2 and 3 were tested initially by illumination with
light of both 405 and 450 nm wavelengths. In line with
prior literature'®**, the pH sensor exhibited good sensi-
tivity for pH variations as indicated by the 520 nm emis-
sion peak, and the oxygen sensor demonstrated good
sensitivity towards oxygen changes at the 600 nm emis-
sion peak. The oxygen and pH sensors exhibited better
sensitivity when exposed to 405nm wavelength light
compared to 450 nm wavelength. Hence, further experi-
ments were conducted with 405 nm illumination.

The pH levels can range between 6.5 and 8.1 for
damaged and healthy tissues, respectively, while the oxy-
gen levels can drop from 2.1 mg/ml to 0 when the tissue
encounters severe hypoxia. The aim of this research is to
integrate both sensing probes (ruthenium and HPTS) into
a single hydrogel matrix to achieve simultaneous detec-
tion of oxygen and pH. The content ratio of both sensing
probes was adjusted meticulously in order to achieve
sufficient sensitivity for both oxygen and pH along with
minimal mutual cross-sensitivity. Five such mixing ratios
were evaluated, as described in Table 2. The cross-
sensitivity for a particular sensor is calculated as follows,
where I, is the baseline intensity, (Iox — Ipase) is the
unexpected change in intensity for the oxygen peak and

(Ibase — Ipn) is the unexpected change in intensity for the
pH peak during measurement of pH and oxygen,
respectively.

Cross sensitivity for oxygen (while measuring pH): (Iox
— Ihase) /Tpase ¥100; calculated at 600 nm

Cross sensitivity for pH (while measuring oxygen): (Ipase
— Ion)/Tpase *100; calculated at 520 nm

Figure 9a illustrates the cross-sensitivity of the different
sensor layers towards pH and oxygen. Minimum cross-
sensitivity was observed in the case of HPTSggRu. The pH
and oxygen sensitivity of the different sensors are depicted
in Fig. 9b.

Figure 10 illustrates the pH and oxygen sensing char-
acteristics for the HPTS;76Ru sensing layer. Here, the
ratio of ruthenium to HPTS in the sensor is 1:176 by
weight (HPTS;,¢Ru). Figure 10a elucidates the pH sensing
nature of the sensing layer. During pH changes, the
amplitude of the 600 nm oxygen-sensitive emission peak
remains almost unaltered. The variations in pH can
therefore be visualized in the intensity variations of the
520 nm emission peak. With increase in pH levels, both
absorption and fluorescence are seen to increase. How-
ever, during oxygen level measurement, cross-sensitivity
towards pH was observed.

Figure 10b shows that the changes in oxygen level from
5mg/ml to 8.5mg/ml incur reduction of fluorescence
intensity at the 600 nm peak. Even though the pH of the
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solution was fixed to 7.2, variation in the 520 nm peak was
observed, leading to severe cross-sensitivity. The reduc-
tion of intensity at 520 nm peak can be attributed to the
smaller amount of ruthenium complex available in the
sensor matrix. The presence of oxygen ensures collision
with ruthenium along with the phenolic groups of HPTS.
However, an increase in ruthenium fraction may ensure
that all of the oxygen-related collisions occur with the
ruthenium complex only. Hence, further efforts were
made to optimize the ratio of the sensor probes such that,
during pH measurements, the oxygen peak does not
change and, during oxygen measurement, the pH peak
does not alter.

Through optimization it was observed that HPTSggsRu
shows the best performance in terms of zero cross-sen-
sitivity, pH and oxygen sensitivity. Even though an even
higher ratio of ruthenium still supports zero cross-sensi-
tivity, it also causes a fall in pH sensitivity due to lower
fraction of HPTS probes. Moreover, the presence of sur-
plus ruthenium does not significantly enhance the oxygen

sensitivity. Here, HPTS,,Ru and HPTS4Ru suffer low pH
sensitivity with only slightly-improved oxygen sensitive-
ness. Increase in HPTS ratio enhances the pH sensitivity
but drastically reduces the oxygen sensitivity and intro-
duces cross-selectivity issues.

Figure 11 demonstrates the pH sensing characteristics
of HPTSggRu. This optimized sensing layer exhibits good
pH sensitivity at the 520 nm emission peak and shows
almost zero sensitivity at the 600 nm one. The pH sensi-
tivity is calculated to be approximately 75.75% per pH, as
per Eq. (2). The sensor was tested in the pH range of 6.6
to 8, as this is the common pH physiological range for
tissues and organs>>.

Sensitivity in pH = Change in fluorescence intensity /Baseline intensity
2)

Figure 12 illustrates the oxygen sensing characteristics
of HPTSggRu. This optimized sensing layer exhibits
excellent oxygen sensitivity at 600 nm and demonstrates
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zero sensitivity at 520 nm. The oxygen sensitivity is cal-
culated to be approximately 20.4% per mg/ml. The
insensitive 520 nm peak is of high significance in this
study. This result ensures that a single sensor can deliver
two independent signal outputs, one for pH and the other
for oxygen, respectively, without any evident interference.

Considering a normoxic tissue, the ratio of intensity of
the 600 nm emission peak (due to oxygen) to the intensity
of the 520 nm emission peak (due to pH) was found to be
0.71. In this case, the pH was 7.6 and oxygen concentra-
tion 8.5 mg/ml. In case of hypoxic tissue (pH = 6.6 and
oxygen concentration = 5 mg/ml), the ratio increased to
approximately 2, i.e. almost 2.8 times higher than for the
normoxic tissue. Thereby, by analysing the peak intensity

concentrations from 5.0 to 10.0 mg/ml
\ J

ratio, we can determine the oxygen status of the tissue or
organ.

Figure 13 shows the transient real-time response of the
HPTSggRu sensor towards change in pH levels of the
solution from 7.0 to 7.6. The sensor was initially exposed
to a solution of pH value 7.0 for ten minutes. The sensor
was then withdrawn from the 7.0 pH solution and
exposed to a solution of pH 7.6. When the sensor is
illuminated with 405 nm light, the phenolic groups in the
HPTS absorb more light at higher pH. This results in
higher fluorescence intensity, as shown in Fig. 10. The
sensor exhibits a very-short pH response time of 12.5s,
making it appropriate for medical applications.

Figure 14 shows the transient real-time response of the
HPTSggRu sensor towards change in oxygen concentra-
tion of the solution from 5mg/ml to 10 mg/ml. The
higher the concentration of oxygen in solution, the higher
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the number of collisions between the excited states of
ruthenium and oxygen molecules.

The concentration-dependent collision rate is respon-
sible for the fluorescence quenching at 600 nm during
oxygen sensing. The sensor exhibits oxygen response time
of less than 2 s, which makes it ideal for detecting quick
alterations. The fabricated bi-functional sensor demon-
strated an intensity ratio of 2.0 in hypoxic conditions and
0.71 in normoxic conditions, signifying its applicability in
identifying damaged tissues. Finally, the stability of the
sensor was confirmed during three subsequent cycles of
measurement.

Figures 15a and b represents the calibration curve of
HPTSggRu sensor towards pH and oxygen, respectively.
As discussed earlier, the intensity for pH is observed to
increase with increased pH values, whereas the oxygen
intensity reduces with increase in oxygen concentration.
The pH and oxygen levels were measured and standar-
dized using a pH meter and dissolved oxygen meter,
respectively.

Preliminary measurements on human tissue and
future scope

Figure 16 shows the unviable human liver, declined for
transplantation in the Erasmus Medical Centre, Rotter-
dam, the Netherlands.

Figure 17 shows the results of oxygen and pH measure-
ments on human tissue. The sensor exhibited a decrease in
fluorescence intensity with manually increased oxygen
concentration in the perfusate (Fig. 17a). When dis-
continuing the oxygen supply, a decrease in pH intensity
can be observed (Fig. 17b).

Finally, the drift analysis of the sensor was performed to
evaluate the sensor stability. Figure 18a demonstrates the
sensor stability when subjected to a solution of pH 7.0 for
8 minutes. The sensor showed good stability for
5.5 minutes which is sufficient for detecting tissue vitality.

a b
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Fig. 15 Calibration curve of HPTSggRu. a For pH (b) for oxygen
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Fig. 16 Initial test carried out to detect oxygen and pH levels in

human liver declined for transplantation
\ J

Figure 18b demonstrates the intensity ratio of the sensor
when exposed to i) pH=6.6 and oxygen= 5mg/ml
(mimicking damaged tissue condition) and ii) pH=7.4 and
oxygen = 10 mg/ml (mimicking healthy conditions). The
intensity ratio of oxygen and pH eliminates the drift of the
sensor towards pH and oxygen with time. Therefore,
long-lasting, continuous monitoring, intensity measure-
ments are highly preferred to individual, segmented
monitoring of parameters.

These preliminary measurements provided the initial
successful demonstration of functionality and application
of the sensor. Further miniaturization of this sensor
along with additional characterization is essential for
successful implementation during organ perfusion. The
integration of a pH and oxygen sensor into a perfusion
set up could enhance our understanding of micro-
circulation by capturing regional differences and bridging
the gap between systemic delivery and local tissue
perfusion.
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Conclusions

We presented a novel optical sensor which can detect
changes in the pH and oxygen levels at the same time.
The sensor was optimized meticulously to avoid any
cross-sensitivity during pH and oxygen measurements.
The sensor exploits a single excitation at 405 nm, and is
characterized by dual emission at 520 nm and 600 nm,
respectively corresponding to pH and oxygen variations.
The fast response of the sensor towards pH and oxygen is
attributed with a response time of 12.5s and 14s
respectively. The sensor exhibits a sensitivity of 75.75% for
pH variations and 20.4% per mg/ml for changes in oxygen
concentration. Further development of this sensor may
enhance the ability to monitor microcirculatory perfusion
within organs.
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