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Abstract: Microfluidics is used in many applications ranging from chemistry, medicine, biology and
biomedical research, and the ability to measure pH values in-situ is an important parameter for
creating and monitoring environments within a microfluidic chip for many such applications. We
present a portable, optical fibre-based sensor for monitoring the pH based on the fluorescent intensity
change of an acrylamidofluorescein dye, immobilized on the tip of a multimode optical fibre, and its
performance is evaluated in-situ in a microfluidic channel. The sensor showed a sigmoid response
over the pH range of 6.0–8.5, with a maximum sensitivity of 0.2/pH in the mid-range at pH 7.5.
Following its evaluation, the sensor developed was used in a single microfluidic PDMS channel and
its response was monitored for various flow rates within the channel. The results thus obtained
showed that the sensor is sufficiently robust and well-suited to be used for measuring the pH value of
the flowing liquid in the microchannel, allowing it to be used for a number of practical applications in
‘lab-on-a-chip’ applications where microfluidics are used. A key feature of the sensor is its simplicity
and the ease of integrating the sensor with the microfluidic channel being probed.
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1. Introduction
The accurate and rapid measurement of the pH value of a solution is important in
determining its chemical condition, and hence such measurements are widely needed
by and used in industry [1]. Measuring the pH is essential not only for finding the key
characteristics of a substance but also in the management of many chemical reactions.
Further, pH measurement is used in nearly all industries that deal with water contamination
and purity, not only the chemical industry but also public organizations, including the
agriculture and manufacturing industries.
Examples are seen in various related sectors [1], including health care [2–6], the
food processing industry [7–10], textile mills [11,12], wastewater management [13–15] and
environment monitoring [16–18]. In the field of microfluidics, pH measurement is a critical
parameter for cellular culture environments along with many other biomedical applications
from bioreactors to on-chip analysis platforms to full lab-on-a-chip applications [19].
To cater for this widespread requirement of easy, usually low-cost pH measurement
across a range of diverse environmental conditions, several different types of pH sensors
based on techniques, such as potentiometric and capacitive changes [20–22], micro-electrical
mechanical systems (MEMS) [23], surface acoustic waves [24,25], localized surface plasmon
resonance [26–30], fluorescent dyes [31,32], carbon nanotubes [33,34] and Complementary
MOS (CMOS) [35] has been reported in recent years.
Some of these techniques can be employed in an optical fibre-based configuration, as
that offers advantages (in contrast to the electrical counterparts) in terms of immunity to
electromagnetic interference and resistance to harsh and corrosive chemical environments,
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also allowing a remote sensing capability [36–38]. In several of the techniques mentioned
above, optical fibres have been used as a passive element (simply to transport light to
and from the sensing head [39]), whereas in many others they play an active role in the
sensing process itself [40–42]. One of the main issues faced when developing pH sensors for
microfluidics is the small volume of the liquid used, coupled with a constant flow within
the device, which makes any direct pH measurement challenging.
This field of research and development in pH monitoring is an active one and has
been for many years. When introducing a new sensor device, it is important to assess the
strengths and weaknesses of those that have been reported before and to build on that—the
recent paper by some of the authors have done that [1] (and this is not reproduced here). In
summary, a brief overview comparison of the key features of electronic and optical fibre
sensors, applied for measuring pH, can be used to highlight both their main characteristics
and advantages/disadvantages, which then is helpful in the design of the sensor discussed
in this work.
For example, a range of commercial pH sensors has been designed to work in the
world’s most extreme liquid analysis applications [43], for tough industrial applications.
This sensor has been optimized to create measurement solutions for extreme applications,
such as precious metal refining (gold, copper, nickel and zinc), or for titanium dioxide
production, ammonium nitrate, solvent extraction and industrial wastewater applications.
By comparison to the optical fibre sensor discussed here, the commercial device [43] requires
a solid-state reference, combined with a glass electrode—new types of toughened glasses
have been used when conventional glass or lab-grade electrodes are not suitable.
The optical fibre approach avoids the need for such electrodes in the measurement
process. Thus, in spite of considerable work to date worldwide, and indeed over several
decades, there is still considerable scope for improvement of the device in terms of their
suitability for long-term use in real-life applications. Many of the previously reported
optical sensors demonstrated in laboratories either are not readily portable for use in the
field [26,27,37,44], require to be used in darkness [26,27,39,44] (to avoid interference from
the ambient light) or in a static liquid [27,37,39]: all these render them less than optimal for
use in most industrial situations.
In this investigation, which aims to validate the approach put forward and which
is strongly application-focused, a study of these problems that restrict in-the-field use
and are associated with some of previously developed and reported optical pH sensors
are addressed. Acrylamidofluorescein (AAF) dye-based optical fibre sensors have been
designed for a variety of real-world applications, including the important measuring of pH
of a flowing liquid in a microfluidic channel.
Liao et al. [45] provided an interesting review paper, and this provided some useful
background through an overview of the state-of-the-art. Further, Moradi et al. [46] referenced the use of a polymethylmethacrylate (PMMA) mixing device actively to produce
solutions at different pH values using HPTS. Design-wise, this has some similarities to the
work reported herein, in the sense that it requires a larger detection chamber and they used
two detectors and fluorescence-based detection of pH.
Zamboni et al. [47] used a different but interesting technique of pH measurement. The
sensor is inherently built into the silicon device itself but created a pH sensor, which differs
from the approach herein, in that it is not optical. This does show that different methods
can be used, and this gives the user maximum flexibility in the choice of method.
In addition, Pinto et al. [48] employed a colourimetric technique using an indicator
dye—this is also an interesting but different technique using photodetectors. In their
paper, Budinski et al. [49], in their paper, detailed the manufacturing of a glass sensor that
uses optical absorbance at the reagent-specific wavelength to determine pH, while Elmas
et al. [50] discussed a photometric sensing method in which the chip is made in glass for a
clear pathway. Thus, there is considerable work in the literature on which to build as well
as to point in new directions that can be exploited herein.
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This design discussed in this work was created to overcome some of the issues seen with
prior research and thus to take advantage of the excellent work done by others (discussed
above). In the design proposed herein, we proposed that not only would the sensor readings
be conveniently collected under ambient light conditions but also a perylene red dye would
be added to the probe as an ‘internal reference’ to allow a correction to be made to minimize
the influence of important, potentially interfering external factors to the instrument reading,
such as light source intensity fluctuations and temperature changes.
The microfluidic channels (from ‘lab-on-a-chip’ applications) considered here were
used in this demonstration because of their increased usage in several important, practical
areas where pH measurement is needed, such as chemical analysis [51,52] and biological
analysis [53–56]. Since such microfluidic channels can readily be realized at low cost and
show important intrinsic advantages (in particular, needing only a small volume sample
of reagent), they are key to creating effective, real-time point-of-care devices, including
the important ‘lab-on-a chip’ devices that are being widely used today [51–59]. The major
novelty and key insight in this work can be summarized as providing a demonstration in
the probe developed of a portable, plug-and-play microfluidic pH sensor, working well in
ambient light conditions and providing an additional device available to the user.
2. Principle of Operation
The sensor developed uses the protonation–deprotonation of fluorescent AAF dye
immobilized at the tip of optical fibre, represented as HA, in an aqueous solution—this
being the reason that the pH-induced intensity change is observed. The fluorescence
intensity of the deprotonated (basic) form is greater than that of the protonated (acidic)
form, and this reaction in its equilibrium form, depicted in Figure 1, can be represented by:
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where [A− ] and [HA] are the concentrations 𝑎of the deprotonated
and protonated forms of
[𝐻𝐴]
the fluorescence dye, respectively, and pKa is an acid–base constant. Since the concentrations
where [A−] and [HA] are the concentrations of the deprotonated and protonated forms of
of the deprotonated and the deprotonated forms are directly proportional to the intensity of
the fluorescence dye, respectively, and pKa is an acid–base constant. Since the concentrations of the deprotonated and the deprotonated forms are directly proportional to the intensity of the fluorescence observed, Equation (2) can be written in terms of the observed
intensities as shown in Equation (3):
𝑝𝐻 = 𝑝𝐾𝑎 + log

𝐹 − 𝐹𝑚𝑖𝑛
𝐹𝑚𝑎𝑥 − 𝐹

(3)
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the fluorescence observed, Equation (2) can be written in terms of the observed intensities
as shown in Equation (3):
F − Fmin
pH = pKa + log
(3)
Fmax − F
where Fmin , Fmax and F are the fluorescence intensity of fully protonated system, the
fluorescence intensity of fully deprotonated system and the measured fluorescence of the
system. In the case where a reference signal is used, the fluorescence intensity ratio (R) can
be determined by dividing the signal intensity by the reference intensity (Fref ) (as given
in Equation (4)). In the present work, the fluorescence intensity from a perylene red dye
was used as a reference because it has a convenient, overlapping excitation band with the
AAF dye, thus a single light source is sufficient for the excitation of both chemicals. The
presence of Fref then can be used to modify Equation (3) to Equation (5) as shown below:
Ratio ( R) =

pH = pKa + log

F
Fre f
R − Rmin
Rmax − R

(4)

(5)

where Rmin and Rmax are, respectively, the minimum and maximum ratio obtained. Thus,
R can be written as:
R
+ Rmax × 10( pH − pKa )
(6)
R = min ( pH − pK )
a +1
10
It can be seen that Equation (6) shows the ‘S-shaped’ relationship between the fluorescence ratio, R, and the value of the pH, which is centred around the pKa value. This
equation is used to calibrate the response of the sensor in a static liquid, as well as in the
microfluidic channel.
As it will be shown later, the dye (AAF + perylene red) becomes coated on the side
of fibre during the functionalization process; however, it should be noted that only the
dye present on the tip of the optical fibre participates in the creation of a pH-sensitive
signal—not the dye present on the side of the fibre—as the sensing mechanism is not, in
this case, based on the modification of the evanescent wave ‘tail’ (a technique previously
reported in the operation of several evanescent wave-based sensors [60–62]). Thus, the
optical fibre is only acting as a passive element, i.e., carrying the light from the source to
the dye and then from the dye to the spectrometer.
3. Experimental Section
3.1. Chemicals and Reagents
All chemicals were of analytical grade, purchased from Sigma-Aldrich, UK (except
perylene red, which was purchased from Kremer Pigmente, Germany). All solvents used
were of HPLC or analytical grade from Fisher Scientific UK. All aqueous solutions were
prepared using deionized water.
3.2. Synthesis of the Fluorescent Dye and Optical Fibre Probe Preparation
AAF was prepared from fluoresceinamine according to the procedures reported in the
literature [63], and perylene red was added to the pre-polymerization mixture to provide
an ‘internal reference’. After synthesis of the fluorescent dye, it was immobilized on the
surface of the optical fibre selected according to the method successfully employed by some
of the authors in the development of other such probes (previously reported in the literature
e.g., [39]). In summary, a 150 mm long polymer-clad multimode silica fibre, with a 1000 µm
core diameter (FT1000UMT; Thorlabs, UK), was used as the substrate for the coating.
The 1000 µm diameter multi-mode optical fibre gives a much greater coating area than
single-mode communications-type fibre—with a typical diameter of around 5 µm— and
in addition, provides the sensor with good mechanical strength. The polymer cladding
from the optical fibre was removed, and it was (manually) polished using 5, 3 and 1 µm

Micromachines 2022, 13, 1224

5 of 16

grit polishing sheet (LFG series, Thorlabs, UK) in that same sequence, to minimize any
unwanted losses during light coupling.
After polishing, one facet was glued to an SMA connector (11050A; Thorlabs, UK) and
to another end, the dye-based coating was functionalized by immersing it in 10% KOH in
isopropanol for 30 min, with subsequent rinsing in copious amounts of distilled water and
dried with compressed nitrogen. Following that, it was treated in a 30:70 (v/v) mixture
of H2 O2 (30%) and H2 SO4 (95% laboratory Reagent Grade) (Piranha solution) for 30 min,
rinsed in distilled water for 15 min and dried in an oven at 100 ◦ C for 30 min.
This procedure leaves the surface with exposed hydroxyl groups, which facilitate the
bonding of a silane agent. The fibre surface was then modified by silanizing for 2 h in a 10%
solution of 3-(trimethoxysilyl) propyl methacrylate in dry ethanol. The fibre was washed with
ethanol repeatedly in an ultrasonic bath. Subsequently, it was dried in an oven at 70 ◦ C for
2 h. This procedure functionalizes the fibre surface with polymerizable acrylate groups.
The pre-polymerization mixture was prepared by dissolving AAF (4.0 mg, 0.01 mmol),
perylene red reference polymer (2.5 mg), ethylene glycol dimethacrylate crosslinker (150.9
µL, 0.8 mmol), acrylamide co-monomer (10.0 mg, 0.14 mmol) and 2,20 -azobisisobutyronitrile
initiator (1.1 mg) in 222 µL dry MeCN. The solution was purged thoroughly with argon for
10 min. A small volume of the solution was placed into a capillary tube using a syringe,
and the distal end of the fibre was inserted. They were sealed quickly with PTFE tape and
polymerized in an oven at 70 ◦ C for 16 h.
This procedure forms a polymer layer on both the cylindrical surface and the distal
end surface of the fibre. The probe prepared by this procedure is shown in Figure 2a where
it can be seen that the distal end of the probe shows a distinctive colouration due to the
presence of the fluorophore. The sensor tip was washed repeatedly with MeOH-AcOH (8:2,
v/v) in an ultrasonic bath, followed by the same procedure with MeOH alone to remove
all unreacted materials and the excess amount of polymer formed, which was not directly
bound to the fibre. The probe was then stored at room temperature in a dark box until
Micromachines 2022, 13, x FOR PEER REVIEW
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3.3. Fabrication of the Microfluidic Channel
The device consists of a circular sensing well, 1 cm in diameter and 100 µ m in depth.
The device consists of a single inlet port with two outlet ports to provide an alternative
flow path in an event of a blockage due to trapped bubbles within the channel. The inlet
and outlet channels are 200 µ m wide and 100 µ m in depth. The channel microstructure
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3.3. Fabrication of the Microfluidic Channel
The device consists of a circular sensing well, 1 cm in diameter and 100 µm in depth.
The device consists of a single inlet port with two outlet ports to provide an alternative flow
path in an event of a blockage due to trapped bubbles within the channel. The inlet and
outlet channels are 200 µm wide and 100 µm in depth. The channel microstructure used
in this work was manufactured ‘in-house’ using a rapid prototyping process previously
reported by Johnston et al. [64] where, in summary, SU-8 2050 (A-Gas Electronic Materials,
Warwickshire, UK) moulds were fabricated on silicon wafers. The silicon moulds provide a
replication template for any future castings.
PDMS structures were then cast from Sylgard 184 elastomer (Onecall Farnell, Leeds,
UK) mixed in the standard 10:1 component ratio. All PDMS devices cast from the same
SU-8 mould replicate the structures on the mould. The PDMS was then cured at 65 ◦ C for
2 h and afterwards connected to a 5 mm poly (methyl methacrylate) (PMMA) sheet was
used to close the fluid channels and provide fluid connectivity. The PMMA (Weatherall,
Aylesbury, UK) was drilled to implement accurately located ‘through vias’ for inserting the
locating tubing and the fibre optic sensor developed.
All through-vias in the PMMA were drilled using a standard benchtop drill press as
countersinks to ensure that any adhesives used to secure the tubing will not flow into the
channel. The tubing used was 1.57 mm (1/1600 ) OD and 0.76 mm (0.0300 ) ID PEEK tubing
(Cole-Parmer, Eaton Socon, UK). The vias were drilled in two parts, a 1 mm hole was first
made through the PMMA bulk, followed by a 1.8 mm hole drilled halfway through the
PMMA bulk.
The PDMS and PMMA components were then bonded by using a modification of
the PMMA substrate using silane. The in-house protocol used was as follows. Clean, dry
PMMA was exposed to UV-Ozone using a PSD-UVT system (Novoscan Technologies Inc.,
Ames, IA, USA) for 5 min. The PMMA was then silanized using aminopropyltriethoxysilane
(APTES, 80 µL in a gas-tight 100 mL container) vapour for 1.5 h at 60 ◦ C, at atmospheric
pressure. The cooled PMMA substrate was immediately rinsed with isopropanol and
dried with filtered nitrogen gas. Clean, dry PDMS was then exposed, bonding side up, to
UV-Ozone for 3 min with the PSD-UVT system. The two treated components were carefully
aligned and then brought together immediately. The composite device was then baked at
60 ◦ C for 12 h to create a strong, irreversible covalent bond between the two materials.
3.4. Integration of Optical Fibre with Microfluidic Channel
The microfluidic device was designed and manufactured to permit the fitting of the
optical fibre sensor into the sensing channel without the need for any additional sealing
element. In the absence of any permanent fixture between the sensor and the microfluidic
device, this allows the sensor to be extracted for reuse if needed.
The optical fibre used was carefully inserted into the 1.2 mm diameter hole drilled
into the PMMA cover to ensure a snug fit. To avoid scratching the coating on the tip, a lab
jack was used to position the fibre in place at a depth of 5 mm—the same as the thickness of
the PMMA sheet and sealed with a polymer (Elastosil RT 601A, Wacker Chemie, Munish,
Germany). Due to the size of the hole drilled, the fibre was able to sit tightly in the hole
drilled, even without the use of the polymer.
Whilst unnecessary, the decision to use RT601 A silicone rubber was taken to provide
further security—to further secure the fibre so that it is not movable during experiments
and to create a semi-permanent, water-tight seal around the fibre to prevent leakage. Using
a flexible polymer, instead of permanent glue, enables a clean extraction of the sensor, if
necessary. Elastosil sets to a shore hardness of 45, which is akin to the mechanical properties
of rubber bands, hence, that it could be easily pulled apart, without damaging either the
sensor or the microfluidic device, allowing both parts to be re-used, as necessary.
Figure 2b,c, respectively, show the optical fibre sealed in the microfluidic channel and
the top and front schematic views of the setup. One out of three through-vias was used
as an inlet, connected to the syringe pump through the tubing while the other two were
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Figure 4. (a) Typical fluorescence curve showing two peaks corresponding to AAF dye and perylene
Figure 4. (a) Typical fluorescence curve showing two peaks corresponding to AAF dye and perylene
red at the excitation wavelength of 375 nm for pH 6.5 and pH 8.5. The spectrum is normalized with
red at the excitation wavelength of 375 nm for pH 6.5 and pH 8.5. The spectrum is normalized with
respect to the reference peak. (b) The change in the ratio of signal to reference peak versus pH.
respect to the reference peak. (b) The change in the ratio of signal to reference peak versus pH.

The Ratio (R) of the intensities of signal and reference peaks, which is the pHThe Ratio
(R) (as
of the
intensities
of signal
and reference
peaks,
which
is the
dependent
quantity
given
in Equation
(4)), monitored
for the
change
in the
pHpH-defrom
a value
of 3.0
to 11, (as
is plotted
in Equation
Figure 4b.(4)),
It can
be seen from
the
figurein
that
pendent
quantity
given in
monitored
for the
change
thethe
pHsensor
from a
showed a negligible change in response at low pH values, i.e., up to pH 6.0; however, then,
value of 3.0 to 11, is plotted in Figure 4b. It can be seen from the figure that the sensor
the response increases approximately linearly with pH increases before saturating again,
showed
a negligible
change
in response
at low pH values, i.e., up to pH 6.0; however,
thus,
showing
an overall
“S” shaped
response.
then,
the response
increases
approximately
linearly
with of
pHthis
increases
Based
on this result,
the effective
working
pH range
sensor before
can besaturating
defined
asagain,
from thus,
pH 6.0
to
8.5,
a
range
useful
for
many
applications,
including
for
the
survival
showing an overall “S” shaped response.
of aquatic life—which thrives in this pH range and beyond which, disturbance is seen
to the physiological systems of any organisms [65]. This sigmoid response is similar to
that for a low pH sensor, as reported in previous work by some of the authors, where the
working pH range was less, 0.5 to 6.0 [39]. This new sensor, while extending the range of
pH measurements, is thus complementary in its response to that previously developed
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device. The combination of these devices thus allows a wide range of pH measurements,
from 0.5 to 8.5, using either two individual probes or integrating their essential components
in a combined probe.
On fitting Equation (6) to the experimental data obtained, it can be seen that there is a
good agreement (R2 = 0.990) as shown in Figure 4b. The value obtained for pKa , 7.33 ± 0.1,
which was determined from the fitting process, represents the value of pH at which 50% of
the dye population in the solution is protonated.
The maximum sensitivity of the sensor using Equation (7) is found to be 0.2/pH unit,
at a value of pH = 7.5. The Rmin and Rmax values were taken at the pH values 3 and 11 and
pKa were taken as 7.33 in static liquid.
10( pH − pKa ) × ln(10) × ( Rmax − Rmin )
dR
=
2
dpH
(10( pH − pKa ) + 1)

(7)

The repeatability of the sensor scheme thus developed was studied by measuring its
cyclical response, with two extreme pH values, these being 3 and 11. Figure 5a shows
the consistency of the response of the sensor. Figure 5b shows the rise time (t90 – t10 ) and
fall time (t10 – t90 ) of this sensor. From this graph, these are determined to be as follows:
Micromachines 2022, 13, x FOR PEER
REVIEW
12 of 21
the
rise time and fall times were 5.93 ± 0.94 min and 1.25 ± 0.17 min, respectively.
This
maximum response time is better than of some previously reported sensors (e.g., Wallace
et al.), which report a response time of ≈8.33 min [66]. However, from a general sensor
perspective,
the rise time with
measured
in this way
is high—this also
can be term,
seen in
comparison
in a way commensurate
a satisfactory
performance)—in
the longer
a lower
rise
totime
earlier
reported
work
by
some
of
the
authors
on
a
low-value
pH
sensor,
where
the
(rising)
is sought to more closely match the sensor fall time.
response time was ~25 s [39].

3

11

3

11

Figure
The
cyclical
response
of of
thethe
sensor
at two
pHpH
values
3 and
11. The
vertical
dotted-dashed
Figure5.5.(a)(a)
The
cyclical
response
sensor
at two
values
3 and
11. The
vertical
dottedlines
show
the
pH
change
time.
(b)
The
first
100
min
of
the
sensor
response
shows
the
rise
dashed lines show the pH change time. (b) The first 100 min of the sensor response shows
theand
risefall
times,
t10 times,
and t90t10, which,
represent
the time
to reach
10% of
theoflower
and and
90% of
and fall
and t90, respectively,
which, respectively,
represent
thetaken
time taken
to reach
10%
the lower
the
higher
value
of
the
measured
pH.
90% of the higher value of the measured pH.

It seems likely that the rise time is affected by the greater thickness of the sensing layer
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[39].response time seen in the
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damage,
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4.2. Characterization of the Optical Fibre Probe in a Microfluidic Channel with Fluid Flow
After characterizing the sensor in a static liquid, its response was measured in a microfluidic channel with various flow rates being used. All data were taken after the device
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static liquid may be too long for some measurement situations. To achieve that trade-off
requires further optimization of the probe, and this will be investigated in future work
(with a view to its reduction by minimizing the sensor coating thickness yet functioning in
a way commensurate with a satisfactory performance)—in the longer term, a lower rise
time is sought to more closely match the sensor fall time.
The advantage of cross-selectivity can be seen from the pH sensors, which have
been designed around the protonation–deprotonation mechanism in the aqueous solution.
Unlike other chemical sensors where cross-selectivity is a critical issue (that often affects
the successful application of the system), sensors based on the protonation–deprotonation
mechanism are not affected by the presence of other species since the only parameter that
causes a shift in the acid–base equilibrium is the pH change. It may be argued that ionic
strength can affect pKa values, thus, resulting in errors in pH determination. However,
previous studies by the authors have shown that this type of polymer sensor has no
sensitivity to ionic strength, even at high concentrations of NaCl [39].
4.2. Characterization of the Optical Fibre Probe in a Microfluidic Channel with Fluid Flow
After characterizing the sensor in a static liquid, its response was measured in a
13 of 21
microfluidic channel with various flow rates being used. All data were taken after the
device was primed and was free of bubbles. Priming was done filling the channels at a
slower flow rate of circa 500 µL/min. This allows the liquid to absorb any trapped air
along
the can
internal
walls,
preventing
of trapped
The channel,
change inwith
the a
design
be used
effectively
forthe
pHformation
measurements
in a bubbles.
microfluidic
fluorescence
ratio, R volume
(as described
above) and monitored as a function of the change in pH,
flowing, millilitre
of liquid.
is shown in Figure 6a.
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close to that of the observed value in the static liquid (pKa = 7.33 ± 0.1). The maximum
into the channel separately, with the channel being washed and dried after every solution.
sensitivity of the sensor in the microfluidics using Equation (7) was found to be 0.16/pH
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ing the density of water = 998 kg/m3). With the distance from the inlet to the probe measuring around 250 mm, the slowest time required for the solution to reach the probe was
estimated to be circa 3 s. For the highest volumetric flowrate used in Figure 6b of 509
mL/h, the solution will reach the probe in approximately 0.03 s.
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A syringe containing a pre-determined pH solution was used to allow the dye to be
pumped into the inlet during experiments. Solutions of varying pH were syringe-pumped
into the channel separately, with the channel being washed and dried after every solution.
This was performed to ensure that the probe is only reading the pH of interest. At the
lowest volumetric flowrate used of 6 mL/h, the flow velocity resulting from the dimensions
of the rectangular inlet channel was calculated to be approximately 0.08 m/s (assuming the
density of water = 998 kg/m3 ). With the distance from the inlet to the probe measuring
around 250 mm, the slowest time required for the solution to reach the probe was estimated
to be circa 3 s. For the highest volumetric flowrate used in Figure 6b of 509 mL/h, the
solution will reach the probe in approximately 0.03 s.
The repeatability and time response of the sensor in the microfluidic channel arrangement was measured over the range from pH 3 to pH 11, on three consecutive days, with
different flow rates being used as shown in Figure 6b. On the same day of measurement, as
well as across several subsequent days, the response of the sensor was highly repeatable.
However, the response time of the sensor was seen to be dependent on the flow rate
used. In general, the response rise time seems to reduce with increased flow rate, likely
due to the constant refreshing of hydrogen ions around the sensor head, increasing the
availability of hydrogen ions reaching the sensor, as opposed to sensing in a static condition
or at lower flow rates. The exchange of ions near the active area of the probe itself affects
the protonation and deprotonation rate of the fluorescent dye. The active sensing area in
contact with the liquid is approximately 3 mm2 in a 1 cm diameter well of approximately
30 µL in volume.
Due to the location and position (on the top of the flow channel and in the middle) of
the sensor tip, bubble formation around the sensor is unlikely once the channel has been
properly primed. Changing the cylindrical hole pattern of the microfluidic channel (used
for integrating the fibre) to an inverted funnel-shaped design might allow for more liquid
to be in contact with the sensor head might resolve this, as the latter design will allow more
solutions to come in contact with the sensor head. The exact reason for the presence of
small oscillation in the signal in Figure 6b is still unclear and the subject of ongoing work:
however, it does not create a major influence on the measurements made.
4.3. Performance Comparison with Previously Reported Optical Chemical pH Sensors
A comparison of the performance of the sensor developed in this work with several representatives and previously reported laboratory-based and commercially available
optically-based chemical pH sensors is shown in Table 1. With the exception of the commercial sensors, most of the pH sensors reported in Table 1 lend themselves to integration into
the design of most microfluidic platforms due to their size and currently reported manufacturing methods. However, it is important to note that most of the available, commercial
optical chemical sensors are not readily compatible with microfluidics channels, and thus
the development of such sensors is still an area of active research.
It can be seen from the table that the response time of the current sensor is somewhat
higher; however, the real strength of this sensor lies in its portability, use of ratiometric
detection, ease of integration with microfluidics (thus reducing the fabrication complexities),
ease of multiplexing and ability to work in the ambient light. As stated earlier, current
ongoing work seeks to reduce the response time by optimizing the thickness of the film
and by changing the design of the microfluidic channel, as well also by increasing the
pH working range by changing or multiplexing the dye used, such as to a coumarin dye
(working pH range: 0.5–6.0) [36]. Optimizing this aspect is part of ongoing work. The
estimated average precision of the measurement (see Figure 6a) of pH is ~ ± 0.2 pH units
(from the data reported).
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Table 1. Performance comparison with some previously reported lab-based or commercial optical
chemical sensors.
Chemical Used/
Manufacturer

Detection Method

Ph Range

Key Specifications

Acrylamidofluorescein
(AAF) dye

Intensity ratiometric
method

6.0–8.5

Sensitivity: 0.2/pH;
Response time < 6 min

Coumarine dye

Intensity Change

0.5–6.0

Response time = 25 s

Phenol red

Absorption

7.0–8.0

Accuracy: 4% in the
working pH range
Response time ≈ 10 s

8-hydroxypyrene1,3,6-trisulfonic acid
trisodium salt (HPTS)

Fluorescence
emission

2.5–9

Response time = 10 s

Bromothymol Blue

UV/visible
Absorbance

2.7–10.5

Sensitivity = 0.04/pH
Limit of
detection = 1.58 ± 0.01
µM

m-Cresol Purple

Absorption

7.5–8.2

Detection time = 8 min
Resolution = 0.002 pH
units

Phenol Red

Absorption

4–10

Response time = 15 s

Phenol red

Absorption

6–8.5

Signal stable after 2 min

Chitosan Hydrogel

Effective optical
thickness

6.2–7.4

PreSens
(Commercial)

Dual lifetime
referencing

5.5–8.5

Ocean Insight
(Commercial)

Colorimetric

5.0–9.0

Resolution = 0.02 pH
Response time = 30 s

Scientific Industries
(Commercial)

Dual Excitation
Ratiometric

5.5–8.0

Accuracy: 1.5% at pH 7
Response time < 15 s

m-Cresol Purple

Absorption

3.0–6.0

Response time = 90 s

Response time = 1.5 min
(microfluidic) & 13 min
(microfluidic)
Resolution: At
pH = 7.000 ± 0.001 pH
Response time <2 min

PreSens
(Commercial)

pH Microsensor

5.5–8.5

Response time at 25 ◦ C ≤
30 sec
Resolution at
pH = 7.00 ± 0.02 pH

Poly (ethylene glycol)
diacrylate (PEGDA)

Lateral stress
inducing wavelength
shift

1.0–6.5

Bromophenol
blue/Cresol
red/Phenol
red/phenolphthalein

Evanescent wave
absorption

3.0–11.0

Comments
Demonstrated for both static liquid
as well as a microfluidic channel;
does not need fluorescent liquid for
detection.
Measurement performed in the
static liquid
Non-invasive method demonstrated
for measuring pH in the
microfluidics chamber but works
only with liquid containing phenol
red solution
PMMA, Bragg grating-based device.
Static mixer for effective mixing of
the indicator dye and the test
solution
New sensor material presented.
Pre-mixed solution. Optical
transmission from the waveguides
is determined by absorbance. The
quality of channels affects the
coupling of the waveguide to the
device.
Device for seawater pH
measurement. Inline mixing
channel to improve the
homogeneity of seawater and
indicator.
Glass microcell. Pre-mixed
solutions syringed to cell.
Chlorine-based pH sensor.
Glass-based device. A linear
relationship was not observed when
pH was below 6 or 8.5
Measured swelling of the Chitosan
layer.
Sensor patches, non-invasive. Not
applied to microfluidic channels
Sensor patches, non-intrusive
measurement. Cannot be used with
coloured or turbid liquids. Yellow
liquids can be used if the 750 nm
baseline is used. Not applied to
microfluidic channels,
Sensor patches, non-invasive
measurement. Same system can also
be used to measure dissolved
oxygen in the liquid. Not applied to
microfluidic channels.
With artificial neural network
(ANN) to read out pH values in
real-time. pH sensing membrane
onto the wall of the microfluidic
chamber.

Reference

This work
[39]

[44]

[46]

[47]

[48]

[49]
[50]

[67]
[68]

[69]

[70]

[71]

pH-sensitive (swelling) coating
-HP5

[72]

Response time = 30 s
Sensitivity = 0.41 nm/pH

pH-sensitive hydrogel on fibre
Bragg grating

[73]

Response time = 0.05 s at
pH 12 & 1.8 s at pH 3
Sensitivity = 7.65
counts/pH

Silica-titania on sol-gel

[74]
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Table 1. Cont.
Chemical Used/
Manufacturer

Detection Method

Polyaniline coating

Refractive index
change

Polyaniline
(PANI)-polyvinyl
alcohol (PVA)
Composite layer

Light absorption

Ph Range

Key Specifications

Comments

Reference

2.0–12.0

Maximum
sensitivity = 82 pm/pH
and a minimum of 30
pm/pH. Stabilisation at 6
pH = 29 s

pH-sensitive film on tilted fibre
Bragg grating. Sensitivity is directly
related to the film thickness

[75]

Sensitivity of 2.79 µW for
2–9 pH

pH-sensitive with PANI-PVA
composite film as a
stimuli-responsive layer.
pH-responsive changes in
absorption properties due to
changes in molecular conformation.

[76]

2.0–9.0

5. Conclusions
In the research we conducted, the pH-dependent fluorescence intensity of acrylamidofluorescein dye was exploited to develop a portable optical fibre-based pH sensor, and
its response was studied in static liquid as well as in the dynamic flow conditions of the
microfluidic channel—for which it was particularly suited. The results show that the sensor
developed can be used both in a static measurement situation and in a microfluidic channel
with an active flowrate.
For the sensor scheme, with the dye used, the current optimum working pH range
(of 6.0–8.5) is within the maximum range of 3–11 pH units; however, the pH range can be
easily altered by changing the dye used, such as coumarin dye (working pH range: 0.5–6.0),
or can be used in parallel (multiplexed on a single optical fibre) with other sensors working
on same principles to cover a wider pH range if needed.
Importantly, the portable optical fibre sensor developed can be easily integrated (and
then separated from) with the microfluidic channel, without destroying either and allowing
easy cleaning and reuse—in this way, reducing the cost of ownership and thus opening
the door for its usage in a range of ‘real-life’ applications demonstrating that an accurate
in-situ evaluation of pH is possible in a standard microfluidic device that is applicable for a
variety of future applications.
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mi13081224/s1, MATLAB Source-Code.
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