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Construction and evaluation of a disposable pH sensor based on a large
core plastic optical fiber
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The fabrication and characterization of a disposable optical fiber sensor for the detection of pH in
the range 5–8 are described. The sensing element is a drop of sol–gel hybrid material containing
phenol red and deposited onto the tip of a large core plastic optical fiber. This fiber is also exploited
for the optical interrogation. This probe can be used as a disposable part of a measuring system. The
dynamic range and temporal response of the sensor are here investigated. © 2011 American Institute
of Physics. [doi:10.1063/1.3541795]

I. INTRODUCTION

The monitoring of pH (Latin: pondus hydrogenii) level
is of great interest in medicine,1 food industry,2 chemical
industry,3 marine research,4 and wastewater treatment.5 Es-
pecially in medical applications, the probe disposability is
an appreciated quality.6 Different types of pH sensors, such
as indicator strips, pH electrodes, and optical sensors, are
commercially available, but only few of these sensing ap-
proaches are suitable for the fabrication of disposable sensing
elements.

The design of disposable sensors involves a key aspect re-
lated to the implementation of a cheaper and simple transduc-
tion mechanism, which converts the information of interest
into a readable signal. The advent of large core and low-cost
(less than 0.5 $/m) plastic optical fibers (POFs) on the mar-
ket makes the interrogation of a colorimetric sensing matrix
simple and economic.

The realization of pH sensors through the immobiliza-
tion of a pH sensitive dye onto the tip or onto the sides of
traditional silica-cored optical fibers by means of the sol–gel
technology is an already well-known approach.7 The sol–gel
technique, which consists of a process involving a solution
(sol) undergoing a sol–gel solidification, is appropriate in or-
der to realize the sensing matrix to be coupled to POFs. It is
actually very simple, not expensive and the resulting matrix is
inert, intrinsically bondable to a POF and resistant to aggres-
sive environments.

The traditional fully inorganic sol–gel process offers a
mild route for the preparation of porous glass substrates,
where pH sensitive dyes can be easily entrapped in. This pro-
cedure allows the creation of Si-O-Si linkages between the
silica core of the optical fiber and the silica porous matrix
deriving from the jellification of the sensitive dye-doped col-
loidal suspension.8 However, this approach cannot be easily
applied in the case of plastic optical fibers, due to the inef-
fective interaction between the organic PMMA core and the
inorganic silica sensitive element, resulting in an unstable de-
vice with physical discontinuity between the optical fiber and
the sensitive element.9

In this study we report the fabrication and characteri-
zation of a pH sensor based on an organic–inorganic hybrid
matrix obtained by sol–gel process, doped with a pH sensitive
dye, to be applied at the tip of plastic optical fibers. Inside the
sensitive element, the organic part of the hybrid glass plays a
multiple role: (i) it allows good adhesion between the plastic
optical fiber and the whole sensitive element; (ii) it permits
to tune the kinetic of response of the sensor by influencing
the diffusion rate of the analyte inside the porous matrix and
its interaction with the indicator; (iii) its nature of organic
compound allows better physical and chemical interactions
with the organic pH indicator dispersed in the hybrid matrix,
thus reducing problems of leaching and enhancing the
response rate of the sensor. The developed probe has been
interrogated in reflectance mode. Optical effects, such as
absorption and scattering, contribute to convert the pH of the
solution into the spectral information. Thus, the pH value of
the solution is obtained from the analysis of the spectrum of
the back-scattered light.

In Sec. II, the working principle of the sensor is de-
scribed. Section III deals with the realization of the probe;
in Sec. IV the instrumentation and experimental activity are
described and, finally, the main results are reported and dis-
cussed in Sec. V.

II. WORKING PRINCIPLE

The operating principle of the disposable sensor is based
on the classical colorimetric approach. Consider the simple
probe configuration reported in Fig. 1(a). The pH-sensitive
dye is immobilized on the tip of the fiber and its color, re-
lated to the pH value of the solution, can be detected using
a spectrometric approach. Indicators are weak acids or bases
wherein the pH sensitivity is based on a color change. Thus,
the information of interest is strictly associated with the se-
lective absorption operated by the dye. A change in the color
of the dye induces a change in the optical spectrum of the
outgoing light collected by the fiber.
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FIG. 1. Drawing of the probe configuration (a): Ii (λ) is the interrogation
light absorbed and scattered by the sensing hybrid matrix; Io(λ, pH) is the
outgoing light containing the information of interest. (b) Picture of the sens-
ing probes realized.

As the pH varies, the relative fractions concentrations of
the dissociated [A−] and protonated [HA+] forms of the in-
dicator are changed according to the Henderson–Hasselbalch
equation:

pH = pKa + Log

(
[A−]

[H A+]

)
,

C = [A−] + [H A+],

(1)

where Ka is the acid dissociation constant, pKa is −log Ka,
and C is the concentration of the indicator. According to
Eq. (1), the concentrations of the relative fractions concentra-
tions of the two forms can be easily calculated as a function
of the pH value as

[H A+] = C

1 + 10pH−pKa
,

[A−] = C

1 + 10pKa−pH
.

(2)

According to Fig. 1(a), interrogation light Ii(λ) is ab-
sorbed and scattered by the sensing matrix generating the out-
going light Io(λ, pH). Thus, although the polymer is chosen to
be transparent in the range of absorption of the indicator dye,
it should scatter light significantly. The spectrum of the outgo-
ing light Io(λ, pH) can be estimated from the spectrum of the
entering light Ii(λ) using the modified Beer–Lambert law:10

O D(λ, pH) = Log
Ii (λ)

Io(λ, pH)
= αA(λ) · d(λ, pH ) · [A−]

+αH A(λ) · d(λ, pH) · [H A+] + G,

(3)
O D(λ, pH) = C · d(λ, pH)

·
{

αA(λ)

1 + 10pKa−pH
+ αH A(λ)

1 + 10pH−pKa

}
+ G,

where OD(λ, pH) is the optical density, αA(λ) and αHA(λ) the
specific extinction coefficients of the two forms, d(λ, pH) the
mean optical path of the photons through the probe, and G a
parameter related to the “geometry” of the probe.

Hence, we consider the relative variations of the outgoing
light as the sensor response:

�(λ, pH) = Io(λ, pHref) − Io(λ, pH)

Io(λ, pH)
= �Io(λ, pH)

Io(λ, pH)
,

= �O D(λ, pH)

Log(e)
,

(4)

�(λ, pH) = C × d(λ, pH)

Log(e)
×

{
αA(λ)

1 + 10pKa−pH
+ αH A(λ)

1 + 10pH−pKa

}

− Bl(λ, pHref),

where baseline Bl is

Bl(λ, pH) = C × d(λ, pHref)

Log(e)

×
{

αA(λ)

1 + 10pKa−pHref
+ αH A(λ)

1 + 10pHref−pKa

}
, (5)

and pHref is the reference value of pH that annulls response
�(λ, pH).

III. PREPARATION OF THE DISPOSABLE PROBES

The sensor is based on a low-cost plastic (PMMA) fiber
(Fort Fibre Ottiche, Italy) with core diameter 1 mm and nu-
merical aperture 0.22. The total length of the taken fiber is
35 cm. The sensing matrix takes advantage of the use of
organic–inorganic hybrids obtained from sol–gel technique
by the use of polymeric organic phases bearing terminal re-
active groups for the hydrolysis–condensation reactions that
transform the precursor of the inorganic glass (namely TEOS)
into the metal–alkoxide network (namely the silica glass). In
this work, PEOSi (α,ω-triethoxysilane-terminated polyethy-
lene oxides) were used as the polymer chains to be cova-
lently included in the silica glass. The resulting materials, also
known as ceramers, give a unique combination of the proper-
ties of inorganic glasses (chemical and thermal stability, trans-
parency, low coefficient of thermal expansion, etc.) with those
of the organic polymer (ductility, gas or liquid permeability,
etc.) included in the formulation of the hybrid material.

Polyethylene oxide (PEO) was chosen as the organic
phase of the hybrids, thanks to its thermodynamic affinity
with PMMA (necessary to obtain good adhesion between the
plastic optical fiber and the dye-doped sensitive element), and
the organic–inorganic weight ratio was varied in order to eval-
uate the influence of this parameter on the rate of response
of the sensor and the capacity of permanent entrapment of
the pH indicator molecules. Different molecular weights of
PEO were selected and tested (in the range between 1000 and
8000 g/mol), in order to evaluate a possible effect of the poly-
mer chain length on the entrapment and stabilization of the
pH indicator; in principle, longer polymer chains should give
rise to larger organic domains within the sol–gel hybrid struc-
ture, thus having higher capability of embedding and more nu-
merous interactions with the organic indicator molecules, that
should limit or avoid its leaching from the hybrid formulation.
Samples were coded as follows: PEOx-a:b-dye where x repre-
sents the molecular weight of the PEO chains used as organic
component in the hybrid, a:b indicates the organic:inorganic
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weight ratio in the hybrid, and dye indicates the pH indica-
tor entrapped in the hybrid structure (PR: Phenol red). For
instance, sample named PEO1000–8:2-PR is a phenol red-
doped organic–inorganic hybrid having 80% by weight of or-
ganic PEO phase (Mw = 1000 g/mol) and 20% by weight of
silica phase. PEOSi/SiO2 hybrids were prepared by dissolving
TEOS (Sigma Aldrich, Milan, Italy) and PEOSi (prepared by
reacting hydroxy-terminated PEO in bulk at 120 ◦C with 3-
isocyanatopropyltriethoxysilane, all reactants purchased from
Sigma Aldrich, Milan, Italy) in EtOH at a concentration of
about 60% (w/v), and then adding water and HCl to pro-
mote hydrolysis and condensation reactions. Then pH indi-
cators were dissolved into the mixture (approx 4 mg/50 ml)
and left under stirring at room temperature for 15 min. The
homogeneous dye-doped mixture was finally heated at 60 ◦C
for 15–30 min (in order to approach the gel point) before the
application of a drop onto the tip of the optical fiber.

The disposable sensors were cast by depositing a drop
of hybrid sol onto the tip of the optical fibers, then the fibers
were dried at atmospheric pressure and room temperature for
2 h and then cured at 105 ◦C for 60 h. In respect of a thin film
deposition of the sensing matrix,11 drop sensing probe allows
us to obtain a larger mean optical path of the photons and thus,
according to Eq. (4), an enhanced sensor response.

Different combinations of PEOx-a:b-dye have been stud-
ied to determine the best behavior in terms of adhesion be-
tween the optical fiber and the hybrid sensitive element, faster
swelling, response rate and stable entrapment of the dye
molecules. Figure 1(b) shows a typical sensing probe realized.

IV. INSTRUMENTS AND MEASUREMENTS

The interrogation of the sensing probe has been per-
formed using the instrumental setup depicted in Fig. 2. The
beam generated by the white light source (WLS) (tungsten
halogen lamp, HL-2000-HF, Avantes, Netherlands) is de-
livered to the fiber-optic collimator FC1 (PAF-SMA-5–550,
OFR, USA) through a 0.5 m long multimode optical fiber
(1 mm core diameter, NA 0,51, Fort Fibre Ottiche, Italy). The
resulting collimated light feeds the cube beam splitter (BS)
(039–1130, Optosigna, USA). Light transmitted through BS
is refocused by the second fiber-optic collimator FC2 (PAF-
SMA-5–550, OFR, USA) into the fiber sensor, having the sen-
sitive tip submerged into the testing solution. The pH of this
solution is monitored by a pH electrode (Jenway 3045 Ion
Analyser, Dunmore, UK).

FIG. 2. Instrumental setup used for the interrogation of the sensing probe:
WLS: tungsten halogen lamp, FC1 and FC2: fiber-optic collimators, BS: cube
beam splitter, SCT: grating spectrometer. A pH electrode meter monitors the
pH of the test solution.

The outgoing coloured light from the fiber sensor retraces
the entering beam to BS that deflects part of it to the en-
trance fiber bundle of the grating spectrometer SCT (PMA-11
C5966, Hamamatsu, Japan) equipped with a charge-coupled
device detector. The measuring spectral range covers the vis-
ible spectrum from 400 to 800 nm. Spectral resolution can
be defined according to the Rayleigh criterion that indicates
how wide the spectral distance between two lines must be to
allow their recognition as separate lines. Here, the spectral
width of the individual lines must be markedly smaller than
their spacing. In our spectrometer, the maximum resolution
achievable is easily computable dividing the spectral range by
the number of acquisition spectral channels, i.e., 400 nm/820
= 0.487 nm. This theoretical limit does not take into account
channels cross talk and other nonidealities.

All measurements were carried out at room temperature
and the probes were not conditioned before use.

The first experiment was devoted to determine the spec-
tral response of the interrogation system. Even though we
measure signal variations, the spectral properties of the out-
going light should not be too corrupted by the response
of the measuring system and transmission of the sensing
POF. The experimental setup used for this characterization
is shown in Fig. 3. First, the light spectrum Ĩi (λ) at the
output of a 35 cm-long POF without sensing matrix was
measured using spectrometer SCT [Fig. 3(a)]. Afterward,
the spectrometer was reassembled as in Fig. 3(b) using the
same 35 cm-long POF. In front of the POF a National Insti-
tute of Standards and Technology calibrated reflectance target
(� = 99%, Labsphere, USA) acted as a lambertian diffuser.
This target has a spectrally flat (± 4%) reflectance over the
UV-near-infrared spectrum. Spectrum Io(λ) acquired by SCT
can be calculated as

Io(λ) = k × � × Sr (λ) × Ĩi (λ), (6)

FIG. 3. Experimental setup used to measure the spectral response of the in-
terrogation system. (a) The light spectrum at the output of a 35 cm-long POF
without sensing matrix was measured. (b) Afterward, the spectrometer was
reassembled and in front of the POF a calibrated reflectance target acted as a
diffuser.
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where is a coupling constant, � the calibrated target re-
flectance assumed not dependent on the wavelength, and
Sr (λ) the interrogation system response. Therefore, the ratio
Io(λ)/ Ĩi (λ) has been used to study the spectral trend of the
interrogation system response.

Response �(λ, pH) of the disposable sensors was evalu-
ated by immersing the sensitive tip of the POF in 20 ml of a
sample solution. Measurement was taken 5 min after chang-
ing the pH level that was controlled using standard pH buffers
from 4–10 (Fisher Scientific). The testing solution was also
continuously monitored with the reference pH meter, which
has a measuring uncertainty of 0.05 units. A reference spec-
trum Io(λ, pHref) was acquired at pHref = 10 and the values
of the system response �(λ, pH) were calculated varying the
pH from 9 to 4.

Temporal response of the probe to a rapid change
in pH has been investigated first visually inspecting the
color changes and then acquiring continuously the spectrum
Io(λ, pHref) and calculating �(λ, pH) as a function of time.
The pH value of the solution has been staircase decreased
from 8 to 5 with unitary steps of duration 10 s each. The same
protocol has been applied to the reverse direction of the stair-
case, i.e., from 5 to 8. During these measurements too, the
testing solution was continuously monitored with the refer-
ence pH meter.

V. RESULTS AND DISCUSSION

The sensing mechanism used in this disposable sensor
relies on the photon diffusion process in the hybrid drop and
on the absorption of the indicator. Both these processes are
pH dependent and modify the spectrum of the outgoing light
Io(λ, pHref) and, thus, the response of the sensor �(λ, pH).
Notice how the size of the hybrid drop depends on the pH
level of the solution and thus, varying the pH of the solution,
the photon diffusion process produces different photon opti-
cal paths. By way of example, Fig. 4 shows the two shapes
appearance of the probe PEO8000–8:2-PR after 5 min of im-

FIG. 4. Two shapes appearance of the probe PEO8000–8:2-PR after 5 min
of immersion in basic (a) and acid (b) solutions.

mersion in a basic (pH = 10) and an acid (pH = 2) solution.
Although reversibility is not strictly necessary for a dispos-
able sensor, this hybrid probe provides advantages in terms
of reversibility even though the response and recovery times
are strictly related to the swelling/shrinking process that is pH
dependent.

Phenol red has a limited solubility in the hybrid gel ma-
trix; therefore, the leaching of the dye from the probe may
occur. Varying x, a, and b in the matrix composition, this
leaching process can be controlled. The best behavior, also
in terms of adhesion to the optical fiber and response rate,
was found using the PEO with the highest molecular weight
(namely 8000 g/mol) in hybrids containing 80 wt. % of or-
ganic phase, i.e., PEO8000–8:2-PR. Actually, for this sensing
matrix, no leaching of the dye was observed; however, the
high molecular weight PEO significantly increased the recov-
ery times of the gel. The swelling in water and the deswelling
in air of the hybrid matrix take almost 3 and 10 min, respec-
tively, to reach the half of the maximum.

A. Spectral response of the interrogation system

Spectra Io(λ), Ĩi (λ) and their ratio are shown in Fig. 5. In
Fig. 5(a) the upper dashed line represents the emission spec-
trum of the halogen lamp WLS. The comparison between this
spectrum and Ĩi (λ) well denotes the transmission features of
the POF that showed an attenuation peak at about 750 nm.12

Other distortions of the halogen lamp spectrum are related to
the transmission properties of the optical components used in
the interrogation setup.

Figure 5(b) shows the ratio Io(λ)/ Ĩi (λ) that, according to
Eq. (6), is proportional to the spectral response of the interro-
gation system. The spectral region of interest in our applica-
tion is 500–600 nm, i.e., green–yellow–red; here, as shown in
Fig. 5(b), the response of the interrogation system is satisfac-
torily flat, thus the information of interest is not corrupted.

B. Spectral properties of the probe

The response of the disposable sensor depends on proton
activity and, thus, on the pH level. The spectra �Io(λ, pH) =
Io(λ, pH) − Io(λ, pHref) acquired at different value of pH
are shown in Fig. 6. The light absorption of phenol red is
clearly evident at the wavelength of 560 nm. According to the
literature,13 at this wavelength the phenol red molecules ex-
hibit a very low absorption that can be enhanced by increasing
the pH of the solution. Hence, the specific extinction coeffi-
cient of the protonated form αHA(560 nm) can be neglected
with respect to that of the dissociated form αA(560 nm) and
Eq. (4) calculated at λ = 560 nm and pHref = 10 becomes

�(560 nm, pH) = C × d(560 nm, pH)

Log(e)
×

{
αA(560 nm)

1 + 10pKa−pH

}

−Bl(560 nm, pHref). (7)

From Fig. 6, it is clear that the swelling/shrinking pro-
cess induces a change in the amplitude of the whole spectrum.
This effect is described in Eq. (3) by parameter d(λ, pH).
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FIG. 5. Spectra of Ĩi (λ) and Io(λ) (a), and spectral response of the interrogation system (b). In (a), the upper dashed line represents the emission spectrum of
the halogen lamp WLS. The spectral region of interest for our application is 500–600 nm.

Let us consider typical spectrum �Io(λ) shown in Fig. 7. To
quantify the response of the sensor, we considered the char-
acteristic parameters A and S calculated as follow: (i) the two
maxima M1 = (λ1, I1), M2 = (λ2, I2) and the minimum m
= (λ3, I3) of �Io(λ) have been calculated using a standard
MATLAB routine; (ii) the equation of the line joining M1

and M2 has been calculated as L(λ) = [(I2 − I1)/(λ2 − λ1)]
(λ − λ1); (iii) A has been defined as L(λ3) − I3 and S as
L(λ3). As shown in Fig. 7, parameter A is strictly related

FIG. 6. Spectra of �Io(λ) acquired at different values of pH: (●) pH 4, (�)
pH 5, (�) pH 6, (�) pH 7, (�) pH 8, and (x) pH 9. The light absorption of
phenol red is well visible at the wavelength of 560 nm. Swelling/shrinking
process induces a change in the amplitude of the whole spectrum.

to the absorption (at about λ = 560 nm) performed by the
indicator, whereas S is correlated to the spectrum amplitude
and, thus, to the swelling/shrinking process. For each spec-
trum acquired, parameters A and S were calculated; the nor-
malized results plotted against pH are shown in Figs. 8(a)
and 8(b). A shows a sharp transition as the pH of the solu-
tion changed from 5 to 8. The experimental data was fitted
by the Boltzmann (sigmoidal) function according to Eq. (7).
The point of inflection (sigmoidal fitting function equal to 0.5)

FIG. 7. Graphical definition of the two characteristic parameters. Parameter
A is strictly related to the absorption performed by the indicator, whereas S
is correlated to the swelling/shrinking process.
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FIG. 8. Normalized A and S as a function of the pH value. Absorption parameter A is fitted by the Boltzmann function (a). The maximum sensitivity of the
probe is 0.5. Linear fit of the normalized S exhibits a slope of 0.17 (b).

corresponds to the apparent pKa values pK′
a = 6.8. This

value is lower than the respective pKa = 7.9 of phenol red
in aqueous solution.14 As observed by Holobar et al.,15 the
pKa value can be shifted to lower pK with increasing ionic
strength; this phenomenon could occur also in our hybrid
matrix.

The sensitivity of the probe, calculated as the slope of the
sigmoidal fitting function at the pK′

a value, is 0.5.
As shown in Fig. 4, visual inspection of the probe demon-

strated a swelling process increasing the value of pH. We
observed that this process tends to reduce the distance be-
tween the fiber tip and the probe-liquid interface. There-
fore, mean optical path of the photons through the probe
d(λ, pH) decreased and, according to Eq. (4), also the sen-
sor response diminished. Coherently, as shown in Fig. 8(b),
parameter S decreased linearly with the pH of the solu-
tion. The linear fit of the experimental data exhibits a slope
of 0.17.

C. Temporal response

The response time of the probe PEO8000–8:2-PR was
measured. Optimization of the dye leaching and adhesion be-
tween the sensitive matrix and the POF require high molecular
weight PEO that causes long response time of the sensor. Pre-
liminary visual observations have demonstrated that when the
pH was altered from 10 to 3, the color of the sensitive probe
reached its steady state in a short time, i.e., less than 2 s. Alter-
ation of pH from a low value to a high one resulted in longer
response times that can be quantified in the order of some
minutes, i.e., the kinetics depends on the direction of the pH
change. This agrees with the results reported in literature.16, 17

Quantification of these observations is shown in Fig. 9. In this
figure, the parameter A (bold line), calculated as in Sec. IV,
is represented as a function of time. In the same figure, the

value of the reference pH value (dashed line) of the solution
is also shown. From a high to a low value of pH, the sensor
was found to reach 90% of the regime signal intensity (τ 90)
between 1 and 2 s. When the pH was changed from a low to
a high value, the 90% of the regime signal intensity was not
reached in the time scale of the experiment (10 s per step),
except for the step between pH 5 and pH 6. In other words,
we can observe two time constants describing: (i) a fast re-
sponse with time scale similar to that observed for the high to
low value of pH changes and (ii) a slow response. The regime
signal intensity of each step for the staircase pH increasing
was estimated from the mean signal values observed at the

FIG. 9. Parameter A (__) and the value of the reference pH (dashed line) as
a function of time. Each of the signal step variations 6 to 7 and 7 to 8 have
been fitted with a double exponential function (dot-dashed line).
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TABLE I. Figures of merit of the developed disposable pH sensor.

Parameter Value

Measuring parameter Absorbance at 560 nm
Probe diameter 2 mm typ.
Measuring pH range 5–8
Sensitivity 0.5 a.u./pH unit max
Response time pH 8 to pH 5: 2 s max

pH 5 to pH 8: 4 min typ.
Reusability 1 month
Mean lifetime 2 days
Cost less than 0.7 Euro

same pH value during the staircase pH decreasing. Thus each
signal step variation, i.e., 6 to 7 and 7 to 8, has been fitted
with a double exponential function. The results of the fitting
are shown in Fig. 9. Both the variations exhibited a fast re-
sponse constant time of 0.28 s and a slow one in the order
of 21–22 s.

When an alteration of pH from a low value to a high one
occurs, the response time is dominated by the slow response
of the probe. We assume that the slow response time observed
when the pH was altered from 5 to 8 is strictly related to the
swelling/shrinking kinetics of the sensitive drop. This exper-
iment shows that the size of the sensitive drop depends not
only on the pH but also on the swelling/shrinking kinetics that
can be altered by the direction of the pH change.

The developed disposable sensor based on a low-cost
plastic fiber exhibits a sigmoidal shape response function that
covers an important pH range for physiological applications,
e.g., in medicine and biotechnology, with excellent sensitivity.
The reusability, tested with a series of probes checked once a
day at a pH level in the middle of the range and preserved dry,
has a mean life of 1 month. The mean lifetime of disposable

sensors, checked in the continuous mode operation at the pH
level in the middle of the range, is 2 days. Table I shows these
and other analytical parameters.

Some other advantages of the proposed sensor are: small
size, high resistance to aggressive environments, and electri-
cal isolation.
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