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Abstract: The design, development and performance evaluation of aeBaence-based
pH sensor for on-line measurements is presented. peof the sensing element has
been calculated to be 7.9, thus the sensor is suitable fosungment of near neutral
solutions. The sensor consists of a low-cost disposablael sensing probe, in contact
with the solution under test, interrogated by an optoebegtrtransduction system. The pH
sensitive dye is based on fluoresc@mmethacrylate, which has been covalently linked to a
hydrogel matrix, realized through the use of HEMA (2-hydrethyl methacrylate), HDDA
(1,6-hexanediol diacrylate) and PEGDA (polyethylene glydiacrylate). The optical
interrogation setup, together with the electronics, hanlokeveloped to acquire and process
the fluorescence signal. The sensor works over a pH rangeebet®w.5 and 9.0. In
the range between 7.0 and 8.0, the sensor shows a lineariteldth a maximum
linearity error of 5%. Thanks to the good performance of tlkassng element and
transduction system, the short term drift of the readinga@need over 40 min) is lower than
0.15%. The measuring system also exhibits good performemtarms of response time
and reproducibility.
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1. Introduction

pH (Latin: pondus hidrogenii) is a commonly measured patamef great interest in many
application fields, such as environmental monitoring2], bioprocessing 3] and biomedical
diagnostics4]. The measurement of pH is routinely performed using theg&ectrode. Nevertheless,
the electrochemical approach suffers from many drawbasish as electromagnetic interference,
difficulty in miniaturisation, and limitations when meas\wy aqueous suspensions of organic matter
or low-ionic-strength solutions. With respect to electremical sensors, optical pH sensors allow for a
higher sensitivity and selectivity, due to the lumines@plbenomena. Moreover, they are insensitive to
electromagnetic interference, they do not need any rederetectrode and they are suitable for remote
and disposable sensing, which is typical of in-situ appiices [5,6].

Nowadays, the fluorescence phenomena is widely exploiteddlize optical sensors, due to the
higher sensitivity and versatility with respect to othete#ion schemes. In particular, fluorescein is
widely used due to its high molar absorptivity at the wavgtarof the argon laser\(= 488 nm), high
fluorescence quantum yield and pH-dependent emissionragélt

Several optical fluorescence-based pH sensors consist ofica reatrix permeable to protons,
containing a pH sensitive dye, which can be reached by thiytenaChemical bonding between the
dye and the matrix is necessary to avoid undesirable leg@ffacts. pH measurements are performed
revealing reversible variations in the intensity or lifeé of the fluorescent indicator; polymers are
widely used as immobilization matrices for pH-sensitivefescent dyes, thanks to the possibility of
molecular tailoring to control and tune proton absorpti®HLp).

Nevertheless, although lots of pH sensors are commeraadiyable at present, only few of them are
suitable for the fabrication of disposable sensing elemfrd. In fact, the key aspect of a disposable
sensor is a cheap and simple transduction mechanism, whinsierts the information of interest into a
readable signal, so that it is possible to use the same bptidaelectronic instrumentation for different
measurements changing only the cheap and disposable g&tsment. Disposability is becoming a
fundamental characteristic in life science sensors, wheaens performed on different patients require
always new and sterilized sensing elements in contact watbdjcal tissues.

In this paper, we present a disposable fluorescence-basiedl@i sensor for on-line measurements
in near neutral solutions. In particular, in Sectidnthe polymer sensing element, the optics and
electronics are fully described. SectiBrdeals with the characterization of the sensor and finally the
results are discussed and conclusions are drawn in Sektion

2. Materialsand M ethods

In the next sections, after a brief theoretical discussitwe, developed measurement system is
presented. It basically consists of three parts: (i) polysemsing element in contact with the solution,
(ii) optical reading head and (iii) front-end and signaloeleation electronics.

2.1. Theoretical Background

The development of the present sensor is based on the flubrordetermination of pH 14].
Following the absorption of a photon, the excited molecwdas lose energy through non-radiative
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relaxation, emission of a photon or energy transfer to are@oc. The reemitted photons usually
possess less energy, so they are shifted to the red part sptdatrum. This property represents a
great advantage, compared with the absorption spectrgssoje it decreases the level of the shot
noise, which is proportional to the square root of the ligitensity. In fact, when the emission light is
only observed, the signal-to-noise ratio is greatly impchvThe sensor presented in this work makes
use of a polymerizable fluorescein, namely fluores&@imethacrylate, to detect pH changes in the
measured fluorescence intensity. Fluores€imethacrylate is a new kind of pH-sensitive fluorescent
monomer characterized by an excitation spectrum centdrad=a490 nm and an emission spectrum
centered af = 520 nm. Lots of optical pH sensors based on the dissociatiailibrium of fluorescent
dyes are usually cross-sensitive to ionic strength. Nbeéss, fluorescein carries the least negative
charges compared with other fluorescent indicators suchPasSHnd carboxyfluorescein, which leads
to a lower dependence on the ionic strength. Variationsnicistrength in the range from 50 mM to
400 mM causes a pH error of ca. 0.05 pty|. This error is acceptable and therefore fluorescein is a
suitable indicator for pH measurement in aqueous solutiBlo®rescein exhibits multiple, pH dependent
ionic equilibria [7]. Both the phenol and carboxylic acid functional groups abfescein are almost
completely ionized in aqueous solutions above pH 9.0 (EigurAcidification of the fluorescein dianion
first protonates the phengbk, ~ 6.4) to yield the fluorescein monoanion, then the carboxylidaci
(pK, < 5.0) to produce the neutral species of fluorescein. Furtheifa@ton generates a fluorescein
cation pK, ~ 2.1). Only the monoanion and dianion of fluorescein are fluor@seath quantum yields

of 0.37 and 0.93, respectively. A further equilibrium inves$ the formation of a colorless nonfluorescent
lactone (Figurel).

Figure 1. lonization equilibria of fluorescein.
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Nevertheless, the fluorescence emission spectrum of fegirggven in acidic solution, is dominated
by the dianion, with only small contributions from the mon@m. Consequently, the wavelength and
shape of the emission spectra resulting from excitatiosecto the dianion absorption peak at 490 nm
are relatively independent of pH, but the fluorescence sitgns dramatically reduced under acidic
conditions. The mass-action law relationships between piHfeuorescence intensity determines the
response curve of this sensing approads).[ Considering a dye covalently linked to a polymer matrix,
defining!,,.. and/,,;, as the fluorescence contribution of the fully deprotonatetihe fully protonated
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form of the fluorescent indicator, respectively, the relatbetween the fluorescence emission intensity
I, and pH, in the presence of the sample under test, becdiiAetd:

Iaw — I
H=pK,—b-log | 2= _-2 1
pH =p Og(ls—lmm) (1)

wherepK, is the acid-base constant of the indicator and b is a nuneraetficient, introduced to
determine the slope of the function betwdep, and/,,;,. In fact, the chemical and physical properties
of the matrix including the dye (e.g., polarity and viscgstould affect its sensitivity near thes,, thus
having different slopes for the same indicator in differevdtrices. Rewriting Equatiori) in terms of

I, gives the well-known sigmoidal functiod §]:

I [max + [min : 107(1’}1_1}’](‘1) I [max — ]min (2)
R EETEC e IS T RS

This equation results in a nonlinear relationship betwaerfltiorescence intensitgrsus pH, which
has been used for the calculation of i€, of the dye included in the polymer matrix.

2.2. Polymer Sensing Element

The polymer sensing element in contact with the solutionsmaices the level of pH into an optical
information; it consists of a polymer matrix and a pH-sewsitlye covalently bonded to the polymer
chains. The polymer matrix plays an important role becatisan direct contact with the solution and
it contains the sensitive dye inside its molecular strugtsp it has to be: (i) robust towards the flow,
(ii) able to guarantee a fast penetration and mobility oflilgdrogen ions, (iii) fast in response time,
(iv) well adherent to the substrate of the measuring ce)l,characterized by absence of or reduced
dye leaching.

2.2.1. Fabrication of the Polymer Matrix

All chemicals needed for the realization of a hydrophiliaghly swellable polymer matrix
containing an optical sensing element were of analyticaldgr purchased from Sigma-Aldrich
(Milan, Italy) and used without further purification. All agous solutions were prepared using
distiled water. The matrix was prepared by the free-rddmalymerization of 2-hydroxyethyl
methacrylate (HEMA), whose thermodynamic affinity for watewell known 0], catalysed by the
radical photoinitiator 4-(2-hydroxyethoxy)phenyl-(Rdroxy-2-propyl)ketone (Irgacure 2959, BASF,
Ludwigshafen, Germany), used at 1.0% wt. The polymerimati@s run in the presence of a
tetrafunctional monomer, namely 1,6-hexanediol diatey(&IDDA) added at 5.0% wt with respect to
HEMA, acting as crosslinker to avoid an excessive swellirgrde of the acrylate matrix in contact
with water, which could result in a poor mechanically resmiste. Fluorescein O-methacrylate 97%
(Figure 2(a)) was added to the acrylates mixture at 1.0% wt with reaspe¢iEMA monomer; its
methacrylate moiety allows for a covalent inclusion of thefesceine comonomer within the swellable
polymer matrix, thus suppressing the severe drawback ofatal leaching. The covalent bonding
between the HEMA matrix and the fluorescent dye is depictddgare2(b). The overall swelling ratio
of the polymer matrix in aqueous solutions was finely tuneddding different amounts (up to 6.0% wt)
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of a flexible macromer, namely poly(ethylene glycol) didaty (PEGDA, Ebecryl13, Cytec Industries,
Woodland Park, NJ, USA), to further improve the polymer ohixibility, and in turn ion mobility
within the polymer matrix21]. The mixture of chemicals was accurately mixed using a retigstirrer
before being deposited by spin coating (500 rpm, 30 s) ontarsparent PVC substrate (Figud@)),
and cured by UV-irradiation with a medium pressure mercamyp under nitrogen with a light intensity
on the surface of the sample of 8301/cm? for different time up to 70 s.

Figure3(b) reports a SEM micrograph of a cross-section of the sgnmatymer film (thickness about
25 pm) deposited onto the PVC substrate (thickness 1b0). Because of the manual realization of
the sensing elements, it was difficult to firmly control theckimess of the polymer sensing layer; this
disuniformity between different sensing elements may eagsne variation in terms of response time
and sensitivity. The polymer film uniformity could be impexithrough the application of instrumental
deposition techniques, like the one reported by Heaal. [22,23].

Figure 2. (a) Molecular structure of Fluorescefdrmethacrylate.lf) Molecular structure of
poly(HEMA) covalently bonded to Fluoresceirmethacrylate units.
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Figure 3. (a) Top-view picture of the hydrophilic polymer matrix incling the fluorescent
indicator, used as the sensing element, excited by a blue. (EDSEM cross-section
picture of the hydrophilic polymer matrix including the fl@scent indicator, used as the
sensing element.
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2.3. Optical Reading Head

A schematic representation of the realized optical setuperted in Figured. To perform
fluorescence intensity variation measurements, it is sacggo excite the fluorescein; in the present
work excitation was induced by a blue LEDR,(,; = 480 nm), and the emitted fluorescence signal was
collected. Since the optical power emitted by the LED is mbiher than the emitted fluorescence,
two filters inside the optical head have been positioned;ariqular an excitation filter on the light
emitted by the LED X..,pr = 485 nm, ODL S.rl.,, BG12, Bergamo, lItaly) and an emissioterfil
(AN = 515-535 nm, Thorlabs, MF525-39, Munich, Germany) on thicappath of the fluorescence
light towards the photodetector. The unwanted excitatight Icollected by the fluorescence channel
produces an offset in the signal of interest comparable thighoffsets introduced by the electronics.
Thus, it can be compensated by a proper calibration of theosef/inally, two photodiodes have been
used, one to collect the fluorescence signal and one to mdh#&aptical power emitted by the LED.
The monitor photodiode is used to detect possible variatasthe excitation optical power.

Figure 4. Schematic representation of the optical setup realizecetiopn fluorescence
intensity measurements. It consists of a blue LED to extieefluorescein, two optical
filters (an excitation and an emission filter respectivetyd &inally two photodiodes, one to
collect the fluorescence signal and one to monitor the dgimaer emitted by the LED.
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2.4. Front-End and Sgnal Elaboration Electronics
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An electronic board has been developed to drive the LED, isegand process the emitted
fluorescence signal and the optical power emitted by the LEDorder to reduce the effect of
photobleaching, which is typical in fluorescent indicaidhe blue LED was excited by current pulses
(duration 800 ms) at a frequency of 0.125 HA][ Moreover, to increase the robustness against
the interferences and because of the low signal-to-noise, re lock-in technique has been used,
modulating sinusoidally the LED driving current during {hielse and demodulating the collected signal
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with the same signal (frequency = 6.06 kHz), as shown in [Ei§um this way, only the signal of interest
presents a non-zero average value, which is representdtilie excitation and fluorescence intensities.

Figure5. Schematic representation of the electronic board devdlapé realized to acquire
and process the emitted fluorescence signal and the optiwatrpemitted by the LED.
The lock-in technique has been used, modulating the LEDrdyisignal and demodulating
the collected signal with the same sinusoidal signal. Onéydignal of interest presents a
non-zero average value.
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For the performed measurements, the fluorescence-to-onoaito was considered, thus avoiding that
the variations in the optical power emitted by the LED coulfiuence the fluorescence measurements.
In fact, the fluorescence intensityis a function of the absorbed light4], as reported in Equatior3):

I, = klype\lC (3)

wherel, is the intensity of the exciting beam,is the quantum yield of the fluorophorg, is the molar
absorptivity at)\.,, [ is the optical path length in the samplg,is the concentration of the fluorophore
andk is an instrumental factor. Considering the fluorescenesdaitor ratio, it yields:

I
]Ratio = 7 = ]{?QSEAZC (4)
Iy

As shown in Equatiord), the ratio signal is independent from the optical powerteadiby the LED.
In the next sections of the article, it will be referred to therescence-to-monitor ratio dg,;;, and to
the normalized fluorescence-to-monitor ratiags,,,,, defined as:
I

‘[ orm = 7 5 1 5
N IO . ]Ratio‘Maz ( )

3. Experimental Results

In order to test the sensor, a fluidic system has been reakeshown in the schematic representation
in Figure 6(a) and in the picture in Figuré(b), it consists of (i) a closed loop circulator, (ii) the
optical head with the sensing element inside, (iii) a beakién a reference glass electrode pH-meter
(Eutech Instruments, XS pH 700, Nijkerk, The Netherlandsineasure the pH of the solution and a
thermocouple to measure the temperature of the solutiow@mect the pH value.

All the measurements were performed at room temperatutie arflow rate of 200 mL/min. The pH
of the solution was changed by adding acetic acid or ammohigoinoxide to the solution.
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Figure 6. (a) Schematic representation of the fluidic system used totbespH sensor.
It consists of (i) a closed loop circulator, (ii) the optitedad with the sensing element inside,
(iif) a beaker with a reference glass electrode pH-meter @asure the pH of the solution
and a thermocouple to measure the temperature of the solamtid correct the pH value.
(b) Picture of the fluidic system used to test the pH sensor.
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3.1. Characterization of the Sensor pK,

A fluorometric titration has been performed to investigateti(, of the indicator inside the polymer
matrix in aqueous solutions. In Figuve Iy, versustime acquired at different pH values is shown.
The steady state pH values of the solution as measured bgfgremce instrument are reported close to
the curve. In Figurs, the average of théy,,.,, signal over a time interval of 60 s for every reference pH
value is shown.

Ino-m Values have been fitted to a sigmoidal function, represeintédgure 8 and determined by
applying Equationsy) and @), wherel, ., = 1.98, I,,;, = 1 andb = 1.10. ThepK, of the indicator
was thus estimated to be 7.9. This value is bigger than theepweted in literature for the fluorescein
in aqueous solutions.e,, 6.4 [25]. According to Vasylevskat al. [18], an increase ipK, is observed
upon covalent immobilization of the indicator and is atttéd to the decrease in the polarity of the
microenvironment.

The sigmoidal interpolation curve can be approximated witmear curve for a range of values of
pH close to the K, of the indicator. In particular, here we propose to considanearity range between
7 and 8. In the next section, the linearity characteristich® sensor within this range are presented.
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Figure7. Iy, versustime of a measurement performed in an aqueous solutiongatgn
the pH value of the solution. The steady state pH values o$thgion as measured by the
reference instrument are reported close to the curve.
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3.2. Evaluation of the Non-Linearity Error

In Figure9, Iy, Versustime acquired at different pH values in the range 7.0-8.0@w. It can be
noted that the new normalization 6§,;;, tends to expand and shift the ranges of valuekgf,,, respect
to the data shown in Figuré

For every reference pH value, the averagel gf.,,, has been calculated over an interval of 60 s.

Afterward, these values were fitted to a linear function as:
I_Norm = 0.546 - pHReference — 3.285 (6)

where I, iS the average value dfy,,,, andpH Reference 1S the pH measured by the reference pH
electrode. Hence, the estimated pH values were calculated a

I — I 2
Norm q _ Norm T 3.285 (7)
m 0.546
In Figure 10(a) the estimated valuegrsus reference pH are shown, together with the fitting line
(R = 0.9958), whereas Figurg)(b) shows the difference between the estimated and referphic

pHEstimated -
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values, for every reference pH value. Thus, the Integral-Nwarity error, which is a parameter
representing the maximum deviation between the sigmondefpolation curve of Equatior2) and the
linear interpolation curve of Equatiof)( was calculated to be 0.02 units of pH, which represent@%he

in the range 7.0-8.0. Finally, the Integral Non-linearityoe was calculated also for the measurement
reported in Figure and was determined to be 0.05 units of pH, which represert§8%in the range
7.0-8.0. These small variations between the Integral Nwewtity errors are probably due to different
sensing elements used to perform these tests.

Figure9. Iy, versustime acquired at different pH values in the range 7.0-8.@ Stkady
state pH values of the solution as measured by the referastrement are reported close to
the curve.
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Figure 10. (a) Estimatedversus reference pH and fitting line. b§ Difference between
estimated and reference persus reference pH.
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3.3. Short Term Sability

Figurell(a) shows the estimated pH values, determined through Bgua), versus time acquired
firstly changing the pH of the solution and then keeping itstant. Assuming that the pH of the solution
is completely stabilized at t = 60 min, the short term stapitian be determined by evaluating the
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deviations of the estimated pH respect to its mean valuedrtithe interval 60—-100 min. As shown
in Figure11(b), no significant drifts have been observed in this timerwvdl; all deviations are within
0.15% of the mean value of the estimated pH.

Figure 11. (a) Estimated pHsersustime of a measurement performed changing the pH value
of the solution and then keeping it constant. The steadg gidtvalues of the solution as
measured by the reference instrument are reported cloke ttve. p) Deviations of the
estimated pH respect to its mean value in the time intervallB0 min. All deviations are
within 0.15% of the mean value of the estimated pH (dashexs)in
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3.4. Response Time

The sensor response time, the so-cafigd is defined as the time required for the sensor output to
reach 90% of the change from its previous value to the findesketalue. To measure the response time
of the developed sensor, the fluidic system reported in EijRhas been realized.

The setup shown in Figuga) has been integrated by a 3-way valve, thus allowing switcbetween
two different buffer solutions (Fisher Scientific, Sigm#dAch). The measurement was performed by
pumping the first buffer solution till the sensor stabilizéen switching to the second buffer solution and
waiting for the stabilization of the sensor and finally s\witgy back to the first one. The measurements
were performed with the same sensing element/(60thick), at room temperature at a flow rate of
200 mL/min. The whole circuit volume was about 200 mL. In Fgl3(a—c), Ino., Versus time is
reported for three different test conditions.

In Table 1, the calculated rise and fall timesy{) of the performed measurements are reported.
The response time of the sensor depends on several factois,as the flow-rate and the thickness
of the film. Response times reported in Figdi®@are substantially different compared with those of
Figures7, 9 and 11(a). This large difference can be ascribed to the thicknéskeosensing film.
We have experimentally observed that even small differemeehickness can result in large changes
in the dynamic response of the sensor. Moreover, the respiime depends on the initial and final
pH value. In fact, from the data reported in Talllat can be noticed that the response time is highly
dependent on the pH values with respect tojihg of the fluorescent dye. In fact, the response time
is longer for the first variation of pHp{ = 7.0 — 8.0, Figure13(a)), which has been done between
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pH values below or equal to the<, (pK, ~ 7.9). If the final pH value is much higher than thé,,
the response time is significantly reduced; in fact, considethe second variatiopfd = 8.0 — 9.0,
Figure 13(b)), the response time is improved. Nevertheless, it candbieed that, if the variation is
done between two pH values chosen so that they are on eitteeofthep K, value, pH = 7.0 — 9.0,
Figure13(c)), the rise and fall times are further improved (7 min peit of pH and 13 min per unit of
pH, respectively). Finally, it can be noticed that, if theafipH value is higher than thek,, the rise
time is lower than the fall time, whereas if the final pH valséower than the K, the fall time is lower

than the rise time.

Figure 12. Schematic representation of the fluidic system used to medka pH sensor
response time. It consists of (i) a closed loop circulaigrti{e optical head with the sensing
element inside, (iii)) a beaker with a glass electrode pHem&i measure the pH of the
solution and a thermocouple to measure the temperatureadiution and correct the pH
value. A 3-way valve has been added to switch between twerdifit buffer solutions.
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Table 1. Rise and fall times estimated during the three performed.tes

Risetime 9y (min)  Fall time 799 (Min)

pH =7.0—80 54.0 23.0
pH =80-90 95 17.0
pH =7.0—9.0 14.0 26.0

Nevertheless, this dynamic behavior can be improved bygusimner polymer sensing elements.
The thickness of the sensing element depends on a tradesbffebn the response time and the
signal-to-noise ratio. As long as the signal-to-noiseratiour sensor remains high enough, itis possible
to use thinner polymer films and thus achieve shorter regptme.
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Figure 13. Iy, versus time acquired during the three tests performed to evaluse t
response time of the sensor and its dependency on the pH V@u8ensor response to a
change in pH from 7 to 8 and baclg)(sensor response to a change in pH from 8 to 9 and
back; €) sensor response to a change in pH from 7 to 9 and back.
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3.5. Reproducibility

The reproducibility of the pH sensor has been evaluatedgugia fluidic system represented in
Figure 12, by changing the pH between the same two buffer solutioes, 8.0 and 9.0 (Fisher,
Sigma-Aldrich, Milan, Italy). In Figurel4(a), Iy, versustime is reported. The first test (blue) was
performed the day before the second test (red), using the palymer sensing element. In Figur4b)
the mean values of thgy,,,, signal, measured atH = 8.0 andpH = 9.0, are reported, together with
the error bars.

The mean values were calculated considering the averagesvalf /., in the steady-states at
pH = 8.0 and pH = 9.0 respectively. The error bars represerdtdndard deviations; for the reference pH
values they were determined through the uncertainty regan the datasheet of the buffer solutiares,
pH =8.0+ 0.02 and pH =9.& 0.02 respectively, whereas for the,,,, signal they were determined by
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the sample standard deviatios).(Finally, the mean valued (,,,,) and the relative standard deviations
(0 = 5/Inorm) Of Inomm Were determined to b@425+1.80% at pH = 8.0 and).993+0.60% at pH = 9.0.

Figure 14. (a) Acquired Iy, Versustime changing the pH value between 8.0 and 9.0 to
evaluate the reproducibility of the pH sensor. Two testsewsrformed (blue line and red
line) on two consecutive daysh)Mean values and error bars of the,,.,,, signal, measured
at pH =8.0 and pH =9.0.
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4. Discussion and Conclusions

A disposable optical fluorescence sensor has been developBuke sensor is based on the
pH-dependent fluorescence of a purposely developed polygratix including a fluorescent monomer
(fluoresceinO-methacrylate 97%). This fluorescent monomer is covaldmlyded to the hydrophilic
polymer chains to realize a disposable sensing elemenbuiitine risk of dye leaching. The optical
head and the front-end electronics have been also devetopeallect and process the fluorescence
signal together with the electronics to acquire and protiessignals of interest. Since thé, of the
sensing element has been calculated to be 7.9, the sensotaisles for measurement of near neutral
solutions. Good performance in terms of linearity (in thega 7.0-8.0), stability and reproducibility
has been observed.

It has to be noticed that the response time strongly dependdhe measuring conditions.e.,
amplitude of the pH range and its limit values. Obviouslyistparameter also depends on the
physico-chemical characteristics of the sensing elemarfact, it has been observed that the response
time could change considerably for different sensing etgmerThis variation is mainly due to different
thicknesses and cross-linking degrees of the sensing etspwaused by the manual realization. For a
thickness of the sensing film of 50n, we measured a response time between 10 min and 1 h. For many
applications, this dynamic response may be sufficient; nieskess it is always possible to reduce the
thickness of the polymer film to improve the response timertHeumore, it was observed that the
response time diverges in the case of pH excursions thathewdinal value close tp K, of the sensing
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element. Therefore, to improve the sensor dynamic respdmisevalue can be tuned by adjusting the
sensing matrix to prevent, in the application of interdss tondition to occur.

Future work will focus on the realization of the sensing edais in order to diminish the performance

spread and improve their uniformity.

References

1.

10.

11.

12.

13.

14.

15.

16.

Dybko, A.; Wroblewski, W.; Rozniecka, E.; Pozniak, K.; Me@wski, J.; Romaniuk, R.; Brzozka,
Z. Assessment of water quality based on multiparameter bpéc probe. Sens. Actuators B
Chem. 1998, 51, 208-213.

Schirrmann, M.; Gebbers, R.; Kramer, E.; Seidel, J. Soil pkpping with an on-the-go sensor.
Sensors 2011, 11, 573-598.

Kermis, H.R.; Kostov, Y.; Harms, P.; Rao, G. Dual excitatratiometric fluorescent pH sensor
for noninvasive bioprocess monitoring: Development angliegtion. Biotechnol. Progr. 2002,
18, 1047-1053.

Gannot, I.; Ron, I.; Hekmat, F.; Chernomordik, V.; Gandjbetke, A. Functional optical detection
based on pH dependent fluorescence lifetiiresers Surg. Med. 2004, 35, 342-348.

Lin, J. Recent development and applications of optical dmerfoptic pH sensorsTrends Anal.
Chem. 2000, 19, 541-552.

Bilro, L.; Alberto, N.; Pinto, J.L.; Nogueira, R. Opticalrs®ors based on plastic fiber&ensors
2012, 12, 12184-12207.

Johnson, I.; Spence, M.T.ZMolecular Probes Handbook, A Guide to Fluorescent Probes and
Labeling Technologies, 11th ed.; Invitrogen Life Technologies: Carlsbad, CA, U2810.

Xu, H.; Sadik, O.A. Design of a simple optical sensor for tleéedtion of concentrated hydroxide
ions in an unusual pH rangdnalyst 2000, 125, 1783-1786.

Choi, M.F. Spectroscopic behaviour of 8-hydroxy-1,3,8emetrisulphonate immobilized in ethyl
cellulose.J. Photochem. Photobiol. A Chem. 1997, 104, 207-212.

Richter, A.; Paschew, G.; Klatt, S.; Lienig, J.; Arndt, K.&dler, H.J.P. Review on hydrogel-based
pH sensors and microsenso&ensors 2008, 8, 561-581.

Cajlakovic, M.; Lobnik, A.; Werner, T. Stability of new opal pH sensing material based on
cross-linked poly(vinyl alcohol) copolymeAnal. Chim. Acta 2002, 455, 207-213.

Wencel, D.; MacCraith, B.; McDonagh, C. High performancéaa ratiometric sol-gel-based pH
sensor.Sens. Actuators B Chem. 2009, 139, 208-213.

Rovati, L.; Fabbri, P.; Ferrari, L.; Pilati, F. Construgtiand evaluation of a disposable pH sensor
based on a large core plastic optical fibRev. ci. Instrum. 2011, 82, doi:10.1063/1.3541795.
Kostov, Y.; Rao, G. Low-cost optical instrumentation fooimiedical measurementsRev. ci.
Instrum. 2000, 71, 4361-4374.

Weidgans, B.M. New Fluorescent Optical pH Sensors with MatiEffects of lonic Strength. Ph.
D. Thesis, Publikationsserver der Universitat RegenstiRegensburg, Germany, 2004.

Tusa, J.K.; Leiner, M.J.P. Optodes Fluorescentes Pouryfesmbde L'urgence. IfProceedings
of the Annales de Biologie Clinique, Dossier: 2e Symposium International * Gazomtrie Sanguine,
Biocapteurs et Mthodes Optiques’, Rennes, France, 30—-31 May 2002.



Sensors 2013, 13 499

17.

18.

19.

20.

21.

22.

23.

24.

25.

Povrozin, Y.A.; Markova, L.I.; Tatarets, A.L.; Sidorov,|V. Terpetschnig, E.A.; Patsenker, L.D.
Near-infrared, dual-ratiometric fluorescent label for sweament of pH.Anal. Biochem. 2009,
390, 136-140.

Vasylevska, A.S.; Karasyov, A.A.; Borisov, S.M.; Krause, Bovel coumarin-based fluorescent
pH indicators, probes and membranes covering a broad pHeraAgal. Bioanal. Chem. 2007,
387,2131-2141.

Szabelski, M.; Guzow, K.; Rzeska, A.; Malicka, J.; Przybueska, M.; Wiczk, W. Acidity of
carboxyl group of tyrosine and its analogues and derivatstadied by steady-state fluorescence
spectroscopyd. Photochem. Photobiol. A Chem. 2002, 152, 73—78.

Li, L.; Lee, L.J. Photopolymerization of HEMA/DEGDMA hydgels in solution.Polymer 2005,
46, 11540-11547.

Son, Y.K.; Jung, Y.P.; Kim, J.H.; Chung, D.J. Preparatiod properties of PEG-modified PHEMA
hydrogel and the morphological effedélacromol. Res. 2006, 14, 394—399.

Tian, Y.; Su, F.; Weber, W.; Nandakumar, V.; Shumway, B.Ry, ¥.; Zhou, X.; Holl, M.R;;
Johnson, R.H.; Meldrum, D.R. A series of naphthalimide\@dgives as intra and extracellular pH
sensorsBiomaterials 2010, 31, 7411-7422.

Lu, H.; Jin, Y.; Tian, Y.; Zhang, W.; Holl, M.R.; Meldrum, D.RNew ratiometric optical oxygen and
pH dual sensors with three emission colors for measuringgsiyathetic activity in cyanobacteria.
J. Mater. Chem. 2011, 21, 19293-19301.

Ferrari, L.; Fabbri, P.; Rovati, L.; Pilati, F. PhotobleawpEffects in Organic Thin Film Sensing
Probes.  InProceedings of the 2012 IEEE International Instrumentation and Measurement
Technology Conference, Graz, Austria, 13—16 May 2012; pp. 1235-12309.

Klonis, N.; Sawyer, W.H. Spectral properties of the praiptc forms of fluorescein in aqueous
solution. J. Fluorescence 1996, 6, 147-157.

(© 2013 by the authors; licensee MDPI, Basel, Switzerland. s Hrticle is an open access article
distributed under the terms and conditions of the Creativem@ons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



