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Fiber-optic probes for real-time pH monitoringf

Mohamed Elsherif, ©*2® Fahad Alam,® Ahmed E. Salih,® Xinyu Wang,?
Peter R. Corridon, @ ¢ Khalil B. Ramadi®" and Haider Butt*?

While pH determination is a commonplace laboratory practice, conventional commercial pH probes exhibit
drawbacks of bulkiness, slow response times, and signal drift. These become particularly limiting in
specialized fields like tissue engineering and bio-industrial processing, where unique pH probe
specifications surpass the capabilities of standard laboratory equipment. Here, we present the development
of compact pH fiber probes by integrating silica optical fiber with a colorimetric pH indicator. Our
approach involves cross-linking the pH indicator with a biocompatible synthetic hydrogel matrix, facilitating
colorimetric and precise pH measurements. Two distinct designs of optical fiber sensors were devised to
cater to a broad spectrum of applications. The first design involved attaching the hydrogel sensor to the
fiber tip during the photopolymerization process, while the second design was crafted by folding the
hydrogel sensor onto the bare terminal of the fiber using the casting process. The fiber sensor exhibited
high sensitivity (17 nm pH™) within physiological and pathophysiological pH ranges (6-8) when tested in
reflection configuration. Validation of the developed fiber sensors was carried out on cancerous tissue
phantoms derived from an ovine extracellular matrix. The unique specifications of these fiber sensors
position them as promising candidates for applications in tissue engineering, cell growth, and continuous
blood pH monitoring.

Introduction term continuous measurements face challenges stemming from
calibration issues, electrode fouling, and clogging problems.’
Determination of pH holds paramount importance across In specific applications like tissue engineering,
diverse applications, spanning tissue engineering, tumor  monitoring cell growth necessitates meticulous control of pH
diagnosis, wastewater management, biotechnology, the  values.'® Tissue engineering mandates sophisticated sensors

chemical industry, physiological processes in organisms, and
intracellular regulatory scenarios."® While the pH glass
electrode stands as the prevailing system, its inherent
limitations, such as bulkiness, sizable sample volume
requirements (10 ml), and the need for discontinuous
calibration, render it unsuitable for various contexts.”® Long-
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and cell bioreactors capable of standardizing, controlling,
and automating growth and testing conditions for optimal
reproducibility.”* Sustaining the desired growth environment
in bioreactors entails precise control over various parameters,
with pH being a critical factor.'> Analytical sensors with high
repeatability are indispensable for this purpose. As cells
undergo growth, the natural acidification of their
environment occurs. Maintaining an optimal pH level of
around 7 is crucial, as deviations towards acidity or alkalinity
can compromise cell viability."* Tissue engineering studies,
often spanning weeks, demand continuous monitoring.'*
Commercial pH instruments prove inadequate for such
applications, as conventional pH meters lose up to 0.1 pH
units of accuracy daily in the absence of regular calibration."®

Highly spatial resolution pH sensors find in vivo
applications, particularly in the context of tumor cells and
their microenvironments characterized by their acidity. The
pH in the vicinity of tumor cell surfaces registers as acidic
(6.7-6.8), and this acidity progressively increases with
distance from the cell membrane.'® Unlike bulk pH
measurements that might overlook tumor cells, smaller
probes with enhanced spatial resolution prove instrumental
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in delineating precise surgical margins during tumor
resection. Beyond tumor-related applications, extracellular
acidity has been linked to various pathologies, including
ischemic, stroke, neurotrauma, epileptic  seizures,
inflammation, infections, and wound healing."”~*°

Optical fiber probes, developed to address the limitations of
glass electrodes, offer distinct advantages such as remote
sensing, immunity to electromagnetic interference, minimal
contact area, and significantly reduced sample size (1 pl).>°
These fiber sensors rely on changes in the optical properties
(absorbance or fluorescence) of the pH-sensitive segment,
responding to variations in pH.*>*' Among optical sensors,
fluorescence sensors stand out for their simplicity, high
sensitivity, and specificity.”> In this system, the fluorophore
undergoes intensity changes during reversible protonation/
deprotonation, resulting in an optical response governed by
the Henderson-Hasselbalch equation.”® This yields a sigmoidal
response function with a dynamic working range, enabling pH
determination within specific pH windows.>**° Fluorescence-
based pH sensors find applications in diverse fields such as
the environment, biological research, industry, and disease
diagnosis.*® However, direct fluorescence measurements are
susceptible to background light interference and photo-
bleaching.”® In contrast, absorbance-based pH sensors,
perceptible to the naked eye, are straightforward.”® Yet,
challenges arise from potential pH indicator leakage when
physically trapped in the hydrogel or poor response when
chemically crosslinked in the hydrogel matrix.***

Neutral red (NR), a widely employed pH indicator in
biology, is commonly immobilized in sensitive hydrogels or
films.*® Its commendable performance as a water-soluble
colorimetric ~pH indicator, functioning within the
physiological pH range, has positioned NR as a preferred
choice in pH sensor applications.>*** Previous studies have
involved the immobilization of NR dye in various matrices,
including agarose films, cellulose acetate, and a copolymer of
allylamine hydrochloride and polyacrylic acid.?*?*37%8
Nevertheless, it's crucial to note that the hydrogel matrix
employed for dye entrapment undergoes pH-dependent
changes, significantly impacting and potentially masking the
response of the pH indicator.

In this study, neutral red (NR) was cross-linked with
synthetic ~ biocompatible hydrogel, polyhydroxy ethyl
methacrylate. This hydrogel demonstrated superior resistance
to harsh pH environments when compared to materials such
as agarose, polyacrylic acid, and cellulose acetate, as
documented in the existing literature.****** An additional
advantage of the chosen matrix is its non-interference with
the colorimetric response of the pH indicator, a limitation
observed in prior research.**?**% Furthermore, the selected
hydrogel matrix ensures the pH indicator's stability,
preventing leakage under operational conditions within both
physiological and pathological pH ranges. This study
presents two distinct designs: firstly, the attachment of the
hydrogel to the fiber tip, yielding a system that does not
necessitate a large contact area or sample volume; secondly,
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the wrapping of the hydrogel on the fiber terminal, designed
for prolonged sensing applications. The practicality of these
fiber sensors was demonstrated through testing in reflection
configuration. Validation was conducted through application
on models of healthy and cancerous tissue phantoms.

Results and discussion

We selected neutral red dye to be the pH indicator in the
developed sensors because of its working range (pH of 6-8)
which makes it ideal for physiological and pathophysiological
pH sensing applications.*® Neutral red is a eurhodin dye used
for staining in histology and is also called toluylene red,
basic red 5, and C.I. 50040.%° The chemical structure of NR
responds to the medium pH changes leading to shifting the
dye color from red to yellow when pH changes from acidic to
basic (Fig. 1a). Prior to immobilizing the dye into the
hydrogel, the dye was dissolved in aqueous solutions of
different pH values (5, 6, 7, and 8) and the spectral responses
of the dye solutions were recorded using a spectrometer
(Fig. 1). As predicted, the dye color was red in the acidic
solutions of pH 5 and 6, and it turned yellow in the basic
solution of pH 8 (Fig. 1b). The absorption spectra of the NR
solutions showed absorption peaks at wavelengths of 522,
520, 495, and 480 nm, for aqueous solutions of pH 5, 6, 7,
and 8, respectively (Fig. 1c and d). The absorption peak for
the solution of pH 7 was the widest among the rest and this
might be due to that the pH 7 is very close to the color-
turning pH value of the NR dye which is 6.8 (Fig. 1c). The
trend of the absorption peak positions versus pH shows the
dye's colorimetric response almost saturates at pH 6
(Fig. 1d). The transmission measurements recorded for the
same NR solutions completely matched the absorbance
measurements. For NR solutions of pH 5, 6, 7, and 8, broad
valleys were observed to be positioned at wavelengths 522,
520, 495, and 480 nm, respectively (Fig. 1e). Additionally, the
valley in the transmission spectrum for the solution of pH 7
was as wide as the peak observed in the absorbance
measurement for the same solution.

The pH-responsive hydrogels were synthesized using the
free-radical polymerization method. The neutral red dye as
the pH indicator was immobilized in a biocompatible
hydrogel matrix, ie., poly (hydroxyethyl methacrylate), during
the photo-polymerization process. The dye was dissolved in
DI (de-ionized) water and mixed with the monomer solution,
followed by photo-polymerizing the mixture in a glass mold
to produce free-standing pH-responsive hydrogels. To
investigate the influence of the dye solvent on the dye
performance when it is immobilized in the hydrogel matrix,
three more samples were prepared by dissolving NR in
DMSO, ethanol, and isopropanol, separately. The prepared
four samples were denoted by Ay, hq, ke, and h;, which stand
for the pH-hydrogel sensors prepared using DI water, DMSO,
ethanol, and isopropanol as solvents, respectively. The freshly
prepared free-standing hydrogel sensors were tested for pH
sensing in highly acidic (pH 2) and basic (pH 12)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Response of the neutral red dye dissolved in DI water of different pH. (a) The chemical structure of the neutral red dye in basic (left) and
acidic (right) media. (b) Photograph of NR dissolved in DI water of pH values 5, 6, 7, and 8. (c) Absorption spectra of NR dissolved in DI water
solutions of different pH values. (d) The absorption peak positions of the aqueous solutions of pH values 5, 6, 7, and 8. (e) Transmission spectra of

NR aqueous solutions of pH values 5, 6, 7, and 8.

environments (Fig. 2). The four hydrogel sensors; %, A4, K,
and #;, turned from red to yellow when the pH of the
environment changed from 2 to 12 (Fig. 2a). These free-
standing hydrogel sensors have a 500 pum thickness as
confirmed by the optical microscopic images taken for their
cross-section (Fig. S1t). The colorimetric responses of the
hydrogel sensors were detected by measuring the light
absorbance. At low pH conditions (2 units), both 7; and #.
sensors showed absorption peaks centered at the wavelength
of 534 nm, while A, and hq sensors presented absorption
peaks centered at wavelengths 525 and 530 nm, respectively
(Fig. 2b). Again, at high pH (12 units), both #; and A, sensors
presented absorption peaks centered at the same wavelength
of 460 nm while the A, and %4 sensors showed absorption
peaks positioned at 447 and 456 nm, respectively (Fig. 2c).
The optical response measurements confirmed that 4. and #;
sensors functioned the same, showing a peak shift of 74 nm
upon changing the pH from 2 to 12 (Fig. 2d and e). Among
the four prepared sensors, the &, sensor provided the best
performance, showing an absorption peak shift of 79 nm
with pH changing from 2 to 12. Compared to h; and A,
sensors, the positions of the absorption peaks for the &g

© 2024 The Author(s). Published by the Royal Society of Chemistry

sensor were centered at different positions when tested in pH
solutions of values 2 and 12; however, the shift of the peak
positions with the pH changes was 74 nm, which is still the
same. Based on these results, the dye solvent slightly
influences the sensitivity and the response of the developed
pH sensors. Previously, studies showed very high/low pH
media may cause irreversible damage to the pH-sensitive
hydrogel.*” However, these developed sensors provided a
highly stable optical response reflecting their high stability in
harsh environments, which is an essential property for
biomedical and environmental sensing applications.
Photographs of the hydrogel sensors were taken over time
to show their dynamic colorimetric change from red to yellow
when the sensors were immersed in a high pH solution (12
units). The photographs were captured every two minutes
until the sensors' color completely changed and stabilized.
First, the color change in response to pH occurred at the
edges, and this change gradually expanded to cover the whole
sensor's surface. The sensors responded to the pH change
within 2 min and were saturated in approximately 10 min
(Fig. 3). These results showed the significance of minimizing
the sensor's size and thickness, which are crucial

Sens. Diagn., 2024, 3, 827-838 | 829
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Fig. 2 Response of the pH-hydrogel sensors to low and high pH values.
(a) Photographs of the four pH-sensitive hydrogel sensors; hy, he, hy,, and
h;, as freshly prepared (F.P) (i), dipped in a low pH solution (2 units) (ii),
and dipped in a high pH solution (12 units) (iii). (b) The absorption spectra
of the four pH sensors in a low pH solution (2 units). (c) The absorption
spectra of the four pH sensors in a high pH solution (12 units). (d)
Positions of the absorption peaks for the four sensors immersed in a low
pH solution (2 units). (e) Positions of the absorption peaks for the four
sensors dipped in a high pH solution (12 units).
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considerations for shortening the response and saturation
times. Therefore, thinner (100 pum) sensors were prepared
and shown to change their colors uniformly (Fig. S2, and
ESIt videos). The optical response of the sensors at low and
high pH values was recorded over time using the
spectrometer (Fig. 4). Decreasing the sensors’ thicknesses led
to enhancement in both response and saturation times (ESI{
video). The response time declined to 5 s and the saturation
time became 30 s as compared to 2 min and 10 min for their
counterpart thick sensors, respectively (Fig. 4a-d).

Thin hydrogel sensors (100 pm) were tested in the pH
range of 5-8, and their optical responses were recorded
(Fig. 5). Transmission spectra measurements for the four
sensors showed significant increases in the transmittance
levels in the spectral range centered around 550 nm, upon
increasing the pH from 5 to 7 (Fig. 5i(a-d)). Significant shifts
for the valleys' positions in the transmission spectra toward
shorter wavelengths, were observed when pH changed from 7
to 8. These results are explained and supported by the
absorption spectra measurements that showed a decrease in
the absorbance of the hydrogel sensors with increasing pH,
in addition to the blue shift of the absorption peak positions
occurring at pH 8 (Fig. 5ii(a-d)). Also, the measured light
intensity showed an increase in the light intensity in the
spectra range around 550 nm, upon increasing pH (Fig. S3(a-
d)t). Positions of the absorption peaks versus pH changes for
the four sensors are displayed in Fig. S4.}

The h,, sensor performed the best in terms of sensitivity
and showed excellent robustness that was observed during
the handling of the sensor. Therefore, the &, sensor was

Fig. 3 Photographs were taken over time for the four thick free-standing hydrogel pH sensors while they were immersed in a solution of pH 12:

(a) hy, (b) hg, (c) h;, and (d) he.
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Fig. 4 The optical response recorded over time for the thin pH sensors when they were immersed in a solution of pH 12: (a) hy, (b) hg, (c) h;,

and (d) he.

taken to the next stage. Also, the stability of the sensor and
its dye leachability were tested. For in vivo applications, the
pH indicator dye must not leach out to avoid adverse
inflammatory reactions. Therefore, the leachability of the NR
dye from the h,, sensor was tested by storing the sensors in
PBS buffer (pH 7.4), and its absorbance was examined for 12
h (Fig. S5T). The intensity of the absorbed light by the sensor
was constant over the tested period reflecting zero dye
leakage and stable performance. However, further studies are
in progress to determine the sensor's shelf life/maximal
period of stability.

For remote sensing and real-world applications, the
hydrogel h,, sensor was integrated with commercial silica
optical fibers for developing pH probes. Two probes were
developed using the A, sensor. The first design could handle
a small sample volume (2 pl) vie minor contact points
(Fig. 6a). Such a probe would be favorable for applications
such as detecting the pH environment of cells or tissues to
distinguish between healthy and cancerous states. The probe
was developed by chemically attaching the pH hydrogel
sensor to the fiber tip (Fig. 6b). To investigate the
performance of the probe, the functionalized fiber tip was
dipped in different pH solutions and the other end of the
fiber was connected to a three terminal-bundle fiber (Fig. 6c).
A white light source illuminated the fiber, and the absorbed
light was recorded by a spectrometer, in reflection
configuration. The fiber sensor was stored in a buffer of pH 4
to keep it hydrated all the time, so it could be ready
immediately for the measurements when needed. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

absorption spectra of the fiber sensor while it was immersed
in the storage buffer, were recorded as the reference
spectrum, and then the fiber sensor was immersed in the
tested pH solutions one by one starting from the lowest pH
(5 units) and ending with the highest pH solution (8 units)
(Fig. 6d). All the tested pH solutions had physiological ionic
strength (150 mM) and the tests were carried out at room
temperature. The absorption spectra of the fiber sensor in
the tested pH buffers showed valleys that were found to shift
toward the shorter wavelengths with increasing pH, similar
to the case when the sensor was under free-standing
conditions (Fig. 6d and 5a). This shift is due to the response
of the immobilized dye to the pH changes where the dye
turned from red to yellow when pH changed from 5 to 8. The
depth of the valleys for the absorbed wavelengths increased
with increasing pH which reflects decreasing in alkaline
media. Positions of the valleys for the buffers of pH values 5,
6, 7, and 8 were located at wavelengths of 575, 565, 540, and
524 nm, respectively (Fig. 6e). The absorbance measurements
were supported with the total light intensity measurements
which were recorded in reflection configuration (Fig. 6f). The
light intensity decreased with pH at the short wavelength
range <575 nm and increased at longer wavelengths >575
nm, which is due to tuning the absorption band of the pH
sensor. The shift in the absorption peak/valley for the fiber
sensor with pH variations from 5 to 8 measured 51 nm,
indicating a notable sensitivity of 17 nm pH". This level of
sensitivity stands out when compared to previously reported
fiber pH sensors relying on colorimetric pH indicators

Sens. Diagn., 2024, 3, 827-838 | 831
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Fig. 5 Optical response of the pH-responsive hydrogel sensors. (a)
The optical response of the h,, sensor while it was exposed to different
pH values; (i) transmission spectra, and (ii) absorption spectra. (b) The
optical response of the h, sensor while it was exposed to different pH
values; (i) transmission spectra, and (i) absorption spectra. (c) The
optical response of the h; sensor while it was exposed to different pH
values; (i) transmission spectra, and (ii) absorption spectra. (d) The
optical response of the hy sensor while it was exposed to different pH
values; (i) transmission spectra, and (ii) absorption spectra.

embedded in hydrogels.*****" For instance, a fiber-optic

system using the brilliant yellow dye within polyallylamine
hydrochloride demonstrated a sensitivity of 5.4 nm pH™".*
Optical fibers employing a combination of pH indicators;
bromophenol blue, cresol red, and chlorophenol red,
exhibited sensitivities of 1.02 and 0.93 nm pH " for acidic
and alkaline media, respectively.’” Hetero-core structure
fibers utilizing phenol red and cresol red showcased a
wavelength shift of 30 nm across the pH range from 2.5 to
12.7, providing a sensitivity of 3 nm pH™".*" On the other
hand, fiber pH sensors developed with the NR dye
immobilized in hydrogels, such as poly(allylamine
hydrochloride) and poly(acrylic acid), proved ineffective in
delivering colorimetric responses to pH changes.?”?8%243
This ineffectiveness was attributed to the hydrogel matrices
used, which masked the NR's response.
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Additional experiments were carried out to study the
reusability of the fiber sensor (Fig. 6g). The fiber probe
was alternatively immersed in pH buffer solutions of 6
and 8 for four cycles. Highly consistent behavior and
negligible drift were detected with rapid fiber response
times of approximately 5 s (Fig. 6g). The kinetic response
of the probe was recorded for a complete cycle in pH 6
and 8 buffers which confirms the probe's short response
time (5 s) (Fig. S6t).

The second design of the fiber pH sensor was also
developed and tested for pH measurements in the pH range
of 5-8. A schematic illustration and photographs of the fiber
sensor design are shown in Fig. 7a. In this design, the pH-
responsive hydrogel wrapped the stripped terminal of the
fiber (1.5 cm), and a silver paste coated the fiber tip to reflect
the light increasing the sensor's light exposure for enhancing
the absorbance and subsequently, the sensitivity. To
investigate the fiber sensor's performance, it was immersed
in a buffer of pH 4 and the measured absorbance was
recorded as a reference. The light absorbance by the sensor
was high when the sensor was exposed to low pH
environments, and is the same as it was observed during
testing of the free-stand sensors (Fig. 5a). The sensor's
absorbance was the highest when it was dipped in the
reference buffer of pH 4 and decreased with increasing pH.
Therefore, taking the buffer of pH 4 as a reference made the
absorption spectra for the pH buffers of higher pH to appear
in the negative section of the Y-axis as the absorbance of the
fiber sensor goes down with pH (Fig. 7b). The deeper the
valley, the less light is absorbed by the fiber sensor as
compared to the absorbance in the reference buffer, which
appeared for the buffer of pH 8. Two valleys appeared in the
absorbance measurements; the first was fixed at wavelength
445 nm with only light intensity change with pH, and the
second valley was shifted and its intensity changed with pH.
The first valley/dip may be due to the background light and
the second valley was the considerable one for sensing. The
light absorbance of the valleys was recorded to be -0.83,
-0.96, -1.19, and -1.26 au for buffers of pH values 5, 6, 7,
and 8, respectively, and the position of dips shifted from 582
to 573 nm (Fig. 7c and d). The fiber sensor showed a
sensitivity of 3 nm pH™" which is quite low compared to that
for the first design. This difference may be due to fewer light
modes propagating through the cladding made of the pH-
responsive hydrogel. This issue may be overcome by tapering
the terminal of the fiber before folding it with the sensor.
Stretching the fiber under heat could taper the fiber terminal
to achieve the best performance. The usage of a hetero-core
fiber by splicing the multimode fiber terminal with a single-
mode fiber coated with the pH-responsive hydrogel may have
a positive influence on the probe performance too.

The second probe design offers a large fiber-to-sensor
surface contact area, which assists in keeping the sensor
attached to the fiber for a long period as compared to the
first design. Also, the developed fiber sensor is impervious to
stray light and light source fluctuations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Testing the optical fiber sensor of the functionalized tip. (a) Schematic illustration of the optical fiber sensor. (b) Photographs of the optical
fiber sensor in OFF (i), and ON condition (ii). (c) Schematic illustration of the setup used to test the performance of the fiber sensor. (d) The
absorption spectra recorded when the fiber sensor was immersed in different pH buffers. () The central wavelength of the valleys when the fiber
sensor was dipped in different pH buffers. (f) The total light intensity reflected in the fiber while the fiber sensor was examined in different pH
buffers. (g) Response of the fiber sensor when it was tested for four cycles in pH 6 and 8.

Cancer and healthy tissue models were used to
demonstrate the feasibility of using the developed fiber probe
for tissue differentiation applications (Fig. 8). The fiber probe
of the functionalized tip was left to stabilize in a buffer of pH
7, and the reading of the fiber sensor was recorded as the
reference spectrum. Then, the fiber sensor was brought in
contact with the cancer model tissue, and the absorption
spectrum was recorded in reflection configuration
(Fig. 8a(i and ii)). Next, the probe was brought to touch the
healthy (control) tissues and its response was recorded and
compared (Fig. 8b). The light absorption recorded for the
sensor when it was in contact with the cancerous tissues, was

© 2024 The Author(s). Published by the Royal Society of Chemistry

in the positive section of the y-axis, reflecting the increase in
the absorbance of the sensor as compared to the sensor's
absorbance while it was immersed in the reference buffer
(pH 7). On the other side, the absorbance decreased as
compared to the reference buffer when the sensor was in
contact with the healthy tissues, shifting the absorption
spectrum to the negative section of the y-axis and showing a
valley at a wavelength of 500 nm. These results match the
response of the sensor in the previous experiments as it was
observed that the light absorbance decreased with pH.
Consequently, for the cancerous tissues that have an acidic
pH (3 units), the sensor's absorbance is more than in the
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case of the healthy tissues that have normally alkaline pH
(7.4). Based on these proof-of-concept results, the developed
sensor may have the potential to discriminate between
cancerous and normal tissues; however, further studies need
to be performed.

Compared to the previous fiber sensors based on NR, the
developed fiber sensor provided a colorimetric response with
pH changes and stability in harsh pH environments.?”*%4243
According to the literature, the hosting materials/hydrogels
for the NR dye were not passive and masked the colorimetric
response of the NR dye for pH changes, hence only the
absorbed light intensity changed with pH.*”**** For the
reported fiber, its colorimetric response to pH changes
ensures that the fiber sensor is immune to instabilities, such
as light source drift. Unlike the electrochemical pH sensor,
the developed sensor is insensitive to electrical interference
and does not require a separate reference sensor.* The
minute dimensions of the fiber pH sensors make them
appropriate to be directly placed in arteries, veins, or tissues
for real-time and continuous monitoring.*> The developed
pH sensor can be integrated with the present in-dwelling
medical devices, such as catheters, which would lower the
barriers to adoption through subtle modifications to the
existing clinician behavior. The real-time monitoring of pH is
beneficial in many situations.”® For example, blood and
tissue pH would change rapidly during thoracoscopic surgery

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for some patients, which could be missed by relying on
intermittent laboratory measurements.*>*” Also, the current
techniques for blood pH measurements rely on in vitro
analysis methods performed intermittently on hand-drawn
samples providing only a snapshot of blood pH
fluctuations.”” However, blood pH levels may vary within
minutes, and failing to monitor the short-term dramatic
alterations can lead to significant patient deterioration.*”

Conclusion

Optical fiber pH sensors were successfully developed based
on a colorimetric pH indicator and a passive biocompatible
hydrogel matrix. Two designs of the fiber pH sensors were
developed; one model was produced by chemically attaching
the sensor to the fiber tip, and the other design was made by
folding the pH sensor on the bare terminal of the optical
fiber. The first one is ideal for minute sample volumes and
the second design fits for long-term monitoring applications.
The fiber pH sensors showed a high sensitivity (17 nm pH )
and a good linear response to pH changes within the
physiologically relevant pH range between 6-8. A rapid
response of 5 seconds and a saturation time of 30 seconds
were recorded for the thin sensors. The fiber probe was
validated by application in cancer model tissues. Biofouling
may limit probe functionality in ex vivo or in vivo applications
such as blood pH monitoring. This challenge can be
mitigated by incorporating anticoagulant agents into the
hydrogel matrix or by enclosing the sensor within a
membrane. However, the impact on probe performance
requires thorough investigation. Hemoglobin fluorescence
(580-650 nm) may also introduce interference, necessitating
additional calibration steps. In extracellular pH monitoring
for tumor cell diagnosis, direct tissue contact may hinder
signal observation.

Materials and methods

Materials

Ethylene glycol dimethacrylate (EGDMA) 98%, 2-hydroxyethyl
methacrylate (HEMA) 97%, 2-hydroxy-2-methylpropiophenone
(HMPP) 97%, dimethyl sulfoxide (DMSO), sodium phosphate
monobasic (99%), and sodium phosphate dibasic (99%) were
purchased from Sigma Aldrich and used without any further
purification.

Tissue models

Tissue models were employed in this study, and no live
vertebrates were utilized. The Animal Research Oversight
Committee (AROC) at Khalifa University of Science and
Technology approved the experiments involving animal
tissues under protocol # A20-001.

Intact aortic segments spanning the ascending to the
descending portions of an Arabian sheep (Najdi, Awassi
(Nuaimi), and Orb breed), were provided by a butchery (Fig.
S4aft). Aortas with diameters of approximately 1.5 cm were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sectioned into 2-3 cm segments and immersed in a 4%
zwitterionic biosurfactant solution (Ecover, Malle, Belgium)
that consisted of 15-30% non-ionic surfactants, 5-15%
anionic surfactants, ethanol, sodium citrate, glycerin,
trisodium  ethylenediamine  dissociate,  polypropylene
terephthalate, and citric acid. After 4 days, the tissue sections
were removed from the decellularizing biosurfactant and
immersed in a water bath (pH approximately 7.5) for 3 days
to remove traces of the detergent. The decellularized aortic
segments composed of the extracellular matrix, were placed
in a freshwater bath. The aortic sections were separated into
normal (the decellularized tissue scaffold) and cancerous
groups. The cancerous group contained tissue segments
immersed in hydrochloric acid solutions with a pH of 2.82
for 7 days to generate scaffolds with a pH of 2.99.

Preparation of the free-standing pH hydrogel sensor

HEMA monomer was mixed with PEGDA with a ratio of 10:1
and HMPP was added to the mixture with a ratio of 1:100.
Neutral red was dissolved separately in DI water, DMSO,
isopropanol, and ethanol. The dye solution was mixed with
the monomer solution at a ratio of 1:4 to form the pH-
responsive gel. The gel was poured into a glass mold of a
spacer for the photo-polymerization to produce four pH
sensors denoted as h, hq, h;, and h., based on the solvent
used for dissolving the neutral red dye, i.e., DI water, DMSO,
isopropanol, and ethanol. The photo-polymerization was
carried out in a UV oven (wavelength: 360 nm) for five
minutes. The prepared hydrogel films were left in DI water
for 2 h to be easily detached from the mold. Then, the
hydrogel films were washed thoroughly three times with 50%
ethanol/DI water to remove the un-polymerized materials.

Preparation of the pH testing buffers

For the testing buffers of pH in the range of 5-8, sodium
phosphate monobasic solution was mixed with sodium
phosphate dibasic solution. Both solutions were prepared to
have a physiological ionic strength of 150 mM. The stock
sodium phosphate monobasic solution had a pH of 4.2 and
the sodium phosphate dibasic solution had a pH of 8.8. The
appropriate volumes of each solution were mixed to prepare
the pH testing buffers. For the high alkaline (pH 12) solution
and the high acidic solution (pH 2), sodium hydroxide and
acetic acid were used, respectively.

Fabrication of the optical fiber sensor with the functionalized
tip

A droplet of 2 pl size was pipetted on a hydrophobic
substrate and the silanized fiber tip was brought very close to
the substrate to contact the droplet. Then, the gel was
exposed to UV light for 5 min. Next, DI water was pipetted on
the functionalized tip and left for 2 h to easily detach the
fiber tip from the substrate. Finally, the fiber tip was washed
thrice in ethanol/water at 50% vol to remove the
unpolymerized materials.
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Fabrication of the optical fiber sensor with the functionalized
terminal

The protective coating for the silica fiber and the cladding
were removed. The stripped terminal of the fiber of length
1.5 cm was thoroughly cleaned with acetone. Then, the
terminal was silanized to allow chemical attachment of the
hydrogel on the fiber surface. A silicon tube was used as a
mold to fold the bare fiber terminal with the hydrogel matrix.
The pH-responsive gel filled the tube, and the stripped
terminal was inserted and cured by UV light for 5 min. Next,
the tube was cut longitudinally with a blade to take out the
fiber terminal. Finally, the fiber terminal was washed to be
ready for the interrogation. Another way to functionalize the
fiber's terminal: a platinum-cured silicone tube was used to
wrap the bare fiber's core with the pH-responsive hydrogel.
The bare fiber's terminal was inserted in the tube filled with
the pH monomer solution and the UV curing process was
initiated. After that, the tube was exposed to
dichloromethane to facilitate detaching the fiber's terminal
from the tube.

Testing the free-standing pH hydrogel sensors

Photographs of the prepared hydrogels were taken by a
smartphone camera while the hydrogel
immersed in different pH solutions and light absorption and
transmission were recorded using a UV-vis spectrometer (USB
2000+, Ocean Optics) attached to an optical microscope.

Sensors were

Testing the optical fiber sensor

An optical setup that combines a white light source (Halogen
HL-2000, ocean optics), spectrometer, and 3-terminal bundle
fiber, was constructed and the optical fiber sensor was
attached to the terminal of the bundle to be interrogated in
reflection configuration. The other two arms of the
3-terminal bundle were connected to the spectrometer and
the light source.
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