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Optical fiber sensors using luminescent probes located along an optical fiber in the cladding of this fiber are of great interest
for monitoring physical and chemical properties in their environment. The interrogation of a luminophore with a short laser
pulse propagating through the fiber core allows for the measurement of the location of these luminophores. To increase the
spatial resolution of such a measurements and to measure multiple analytes and properties in a confined space, a crossed optical
fiber sensing platform can be employed. Here we describe the application of this platform to measuring the concentration of
dissolved oxygen. The sensor is based on luminescence quenching of a ruthenium complex immobilized in a highly crosslinked
film and covalently attached to the optical fibers. Both luminescence-intensity and luminescence-lifetime changes of the sensor
molecules in response to changes in the concentration of oxygen dissolved in water are reported. For luminescence-intensity
measurements, a second adjacent sensor region is employed as reference to account for laser pulse energy fluctuations. Enhanced
quenching response in water is demonstrated by the use of organically modified poly(ethylene glycol) precursors, which increase

the hydrophobicity of the film surface.

1. Introduction

Optical fiber sensors using luminescent probes located along
an optical fiber in the fiber cladding and in close proximity of
the fiber core have been of great interest for spatially resolved
measurement of physical and chemical properties along a
single fiber in the sensor environment [1-3]. The location of
an emitting luminophore along a fiber can be determined by
measuring the time delay between a short exciting laser pulse
propagating in the fiber core to the sensor site and the subse-
quent sensor luminescence pulse returning to the front end
of this fiber. The spatial resolution of these measurements
is limited by the sensor luminescence lifetimes, because a
minimum separation of the luminophores is required to
resolve returning light pulses. However, by using a second
fiber, which forms orthogonal junctions with the first fiber at

all sensor sites, as an optical delay line, the minimum spacing
between adjacent sensor regions can be well below the lumi-
nescence lifetime limit [4]. Because the coupling between
the two fibers is evanescent, the attenuation of the excitation
pulse is low, making long arrays of sensor regions feasible.
To test the performance of the crossed-fiber sensor
arrays for sensing in aqueous environments, we fabricated
a crossed-fiber dissolved-oxygen sensor. Dissolved oxygen
(DO) is an important parameter in biological, biomedical,
and industrial systems. This widespread need has led to the
development of a number of water-soluble, noninvasive,
sensitive, and selective detection methods that are capable
of real-time DO sensing. In the past, oxygen sensors have
mainly been based on amperometric Clark-Type electrodes
[5]. Within the past few years, research in optical sensors
have overcome most of the disadvantages of amperometric



sensors; in contrast to the latter, optical sensors are free of
electromagnetic interference, do not consume oxygen and,
in general, respond faster [6-9].

Different optical sensors have been reported [10-16]
for oxygen measurement in both gas and aqueous environ-
ments. Most of these sensors respond to changes in the
luminescence intensity of an indicator dye; however, as with
all measurements based on luminescence-intensity changes,
these measurements are hampered by the fact that signal
changes may arise from a number of factors other than the
measurand. This problem could be overcome either by using
luminescence-lifetime detection (using either direct time-
resolved detection or the phase-shift method) [12, 17-19]
or by employing ratiometric sensors [20, 21]. In the latter
case the ratio of the indicator-luminescence intensity and a
reference-luminescence intensity can compensate for system
fluctuations; in spite of the need for a reference, measure-
ments based on indicator-luminescence changes are consid-
ered preferable to measurements based on luminescence-
lifetime changes, because the latter require a more sophis-
ticated experimental setup.

The use of luminescent ratiometric sensors combined
with the optical fiber technology provides an opportunity of
real-time and remote DO measurement. Fiber-optic oxygen
sensors are frequently of the extrinsic type [22-28], with a
single sensor mounted at the distal end of the fiber. This
allows for point monitoring; however, for measurements
at multiple locations, separate fibers are needed for each
additional sensor. Thus, placing luminescent sensors placed
into the fiber cladding (or a suitable material replacing the
original fiber cladding) along a continuous stretch of fiber
(distributed sensing) or in many discrete regions (quasidis-
tributed sensing) constitutes an efficient alternative; when
appropriate fiber-guiding conditions are maintained at the
sensor regions [4], the interaction of the probe light propa-
gating in the fiber core and the luminosensor in the cladding
is solely through the evanescent fields of the core modes.

The DO sensor implemented here consists of the
sensor dye tris(1,10-phenanthroline)ruthenium(II) chloride,
Ru[(Phen);]Cl,, immobilized in a poly(ethylene glycol)
(PEG) matrix. This polymer replaces the optical cladding,
which is removed prior to covalent attachment of the PEG-
film. The immobilization of this ruthenium complex within
an optically transparent, low-refractive index and oxygen-
permeable structural matrix is of primary concern for lumi-
nescent oxygen fiber-based sensors. Issues regarding oxygen
permeability and luminophore solubility within the matrix,
luminophore leaching, and complex-dependent luminescent
quenching were considered. We measured sensor calibra-
tion curves and characterized the sensor with respect to
response time, detection limit, repeatability, biocompatibil-
ity, longevity, and possible interferences.

2. Background

Our optical sensor consists of an optical fiber with exposed
core, PEG-films containing the sensor and reference mole-
cules, and a sensing medium. The versatility of the PEG-
polymer synthesis enables optimization of sensor parameters
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(e.g., sensitivity, response time, and signal-to-noise ratio) via
control of film properties such as coating length, thickness,
and porosity. The PEG films replace the original cladding
material only at the sensor/reference regions. The refractive
index of the cladding is such that the guiding condition
of the fiber is maintained, that is, total internal reflection
of the light propagating in the fiber core is taking place
at the core/cladding interface at the sensor regions. The
interaction of light propagating in the fiber core, which is
used to interrogate the sensor, and the indicator molecules
in the cladding are through evanescent fields, which decay
exponentially with distance from the core/cladding interface.
This defines a short-range sensing volume within which the
evanescent field may interact with the indicator molecules
[29]. Sensor molecules within the range of evanescent fields
may absorb light of the appropriate frequency, attenuating
the total internal reflection [29]. Also, the luminescence of
an indicator molecule may be coupled back into a guiding
mode of the fiber via the evanescent fields.

The spatial information regarding the location of an
emitting luminophore along the fiber can be obtained using
optical time-domain reflectometry (OTDR) [30-33] or,
more appropriately for luminescence transduction, optical
time-of-flight detection (OTOF) [34]. Laser pulses fed into
the front end of the fiber cause pulsed evanescent excitation
of the luminophores [35]. The luminescence pulses returning
to the front of the fiber arrive with a time delay At,; that
allows for the calculation of the location L of the emitting
luminophore. In our setup, the luminescence is captured
by a second fiber (referred to as “detection fibers”) at right
angle to the “excitation fiber” at every sensor region. The
second fiber provides the time delay necessary to temporally
resolve the signals originating at the sensor regions as seen in
Figure 1 (for details see [36, 37]). This allows for an increased
spatial resolution in multisensor arrays, as we demonstrated
with an array of 100 crossed fiber junctions in a space
of 6cm X 6cm [38]. This work is part of our effort to
develop sensing elements (i.e., individual sensor junctions)
for this sensor-array architecture; the long-term goal is to
incorporate various sensing elements for different sensing
tasks into this architecture.

Optical oxygen sensors are commonly based on the abil-
ity of molecular oxygen to quench the luminescence of cer-
tain transition metal complexes [39] or porphyrin derivatives
[40]. The variation of the luminescence signal, I (and the
luminescence decay time 7) with the dissolved oxygen con-
centration DO, is described by the Stern-Volmer equations
[41]

U ? — 1+ KsyDO, (1)

where Iy and 7y are the respective luminescence intensity
and luminescence lifetime in the absence of oxygen. The
Stern-Volmer quenching constant Ksy = k;70 depends on
the diffusion-dependent bimolecular quenching constant k,,
which in turn is given by k; = 47aD(107>Ny). D is the sum
of the diffusion coefficients of oxygen and luminophores, a is
the sum of the molecular radii, and 107Ny is the number



Journal of Sensors

Flowmeters
PMT1

N
)

Filter

)

SMA
connector,

Detector

0,

C

N

Mixing
chamber

1

1
I
1
\

]
o

RuPhen

P

Rh110

Oscilloscope

Rh110 RuPhen

TR X
\ / | ;
N , \ ;
U ] 1

\ N
\ So
\ S~
\
\
\
\
N
. AY
Detection 'R R
fibers S PMT2
Detector
Lens
J/ ; ‘ Nitrogen
Excitation Lasers
fiber Pulsed
excitation

FiGure 1: Experimental setup showing the crossed-fiber sensor system. The grey ellipse surrounding the fiber-fiber sensor junctions repre-

sents the flow cell in which the sensors are enclosed.

of molecules per millimole [42], where N, is Avogadro’s

number.

The ruthenium complex, Ru[(Phen);]Cl,, was chosen for
this work as it exhibits high oxygen sensitivity because of its
long unquenched lifetime 7 (~0.8 ys in ethanolic solution).
Furthermore, it absorbs strongly at blue-green wavelengths
and has a relatively large Stokes shift. As seen from (1), oxy-
gen pressure may be measured by monitoring luminescence
intensity or luminescence lifetime. We have adopted both
approaches to DO determination.

3. Experimental

3M Corp.) cladding (FT-200-UMT with core diameter of
200 ym) and SMA 905 connectors purchased from ThorLabs,
Inc. (Newton, NJ). The fibers had core and cladding refrac-
tive indices of 1., = 1.457 and nq = 1.404, respectively. The
sensor regions themselves were prepared by first removing
the fiber jackets of both fibers comprising the fiber junction
by mechanical stripping. Subsequently, the cladding layers
were removed by rubbing with a cotton swab immersed in
acetone and the exposed core was cleaned using Piranha
solution (3: 1 sulfuric acid : hydrogen peroxide) to eliminate
any organic residue. The first step in the synthesis of the new
cladding was treating the silica core of the fiber with 1 M
nitric acid solution to activate the hydroxyl groups of the

3.1. Reagent and Materials. The complex tris(1,10-phenan-
throline)ruthenium(II) chloride hydrate (hereafter referred
to as “RuPhen”), poly(ethylene glycol) diacrylate (PEG-DA)
with an average molecular weight of 575 and, poly(ethylene
glycol) dimethacrylate (PEG-MA) with a molecular weight
of 1000, 2,2-dimethoxy-2-phenylacetophenone (DMPA), 3-
(trichlorosilyl) propyl methacrylate (TPM), trimethylol-
propane triacrylate (TPT), sulfuric acid, and hydrogen per-
oxide (30% V/V in water) were obtained from Sigma Aldrich
Chemical Company (Milwaukee, WI). The laser dye Rho-
damine 110 (Rh110) was purchased from Exciton Corpora-
tion (Dayton, OH). Deionized water (DI) with a resistivity

silica. Then, a silanation reaction was carried out by exposing
the fiber core surface with a 1 mM solution of TPM in a nitro-
gen atmosphere, at 18°C for 1 hr [43—45]. Once the reaction
was completed, the fiber was removed from the reaction cell,
washed with DI water and ethanol, and dried in a nitrogen
stream. The chlorosilane modification of the core is necessary

to create gels that adhere covalently to the fiber surface.

3.3. Sensor Preparation. For molecules physically entrapped
in polymers, thin PEG-based films were synthesized by
mixing 1 mL of PEG-DA 575 with 10 mg of DMPA to prepare

of 18 MQ-cm was used for all aqueous experiments. All rea-
gents were used as received without further purification.

3.2. Chemical Modification of the Fiber Core. All setups
used multimode silica fibers with a TECS (trademark of

the PEG-DA 575 precursor solution, which was then diluted
with water to make a 40% V/V solution (referred as coating
solution). Separate solutions of 7.0nM RuPhen complex
(i.e., the oxygen sensor molecule) and 1.3nM Rh110 (the
intensity reference molecule) were made in ethanol. Each
luminophore solution was added separately to the coating



solution to make a 1:10 (V/V) mixture (designated as
doped-coating solution). Highly crosslinked PEG-DA (TPT-
PEG-DA 575) precursor solution was synthesized by adding,
while stirring, 10 mg of DMPA and 300 4L of TPT to 1 mL of
PEG-DA 575 and further sonicated for 10 min. The coating
solution was formulated by diluting this mixture with water
to make a 40% V/V solution. Subsequently the luminophore
solution (either RuPhen or Rh110) was mixed with the 40%
(V/V) coating solution to prepare a final 1:10 (V/V) doped-
coating mixture. Additional PEG films were prepared using
PEG-MA with a molecular weight of 1000 g/mol. lin this
case, first the waxy solid was heated at 37°C to melt the
polymer and then 1 mL of the liquefied reagent was used to
prepare the precursor solution.

After preparing the doped-coating mixtures, the fibers
were placed in the flow cell such that orthogonal fiber-fiber
junctions were created (see Figure 1) with the TPM-modified
fiber cores just touching. The first sensor region in the array
(i.e., the region that is excited first by the laser pulse) contains
the intensity reference molecule Rh110. The RuPhen oxygen
sensor is located in the second fiber-fiber sensor junction.
2.0uL of each doped-coating mixture were placed in the
corresponding region using an automatic pipette and the
gel formation was initiated upon UV-exposure (365nm)
of the doped-coating mixture [46-50]. The free-radical
copolymerization of methacrylate and terminal acrylate
groups between the PEG derivatives (of the doped-coating
mixture) and the TPM functionality (bound to the fiber-
core) creates polymer films covalently attached to the fiber
core and where the luminophore is physically entrapped in
the gel matrix. A Photon Technology International (PTI)
150-Watt Xenon lamp (Birmingham, NJ) with a narrow
bandpass interference filter (J43-057—Edmund Optics) was
used to cure PEG-gel films in approximately 1 minute. After
gel formation the flow cell was filled with deionized water.

3.4. Instrumentation. A typical setup used in these experi-
ments is shown in Figure 1. A dye laser PTI PL201 (using
the laser dye Coumarin 460—Exciton Corporation) pumped
by a nitrogen laser PTT PL2300 (pulse width 0.6 ns, pulse
energy 1.4 mJ, pulse repetition rates of 3—10 Hz) served as the
excitation source for the sensor array system. A pair of lenses
was employed to couple the light into the excitation fiber. The
sensors were mounted in a home-built flow cell filled with
deionized water. Oxygen and nitrogen mixtures from pure
gas cylinders (Praxair grades 2.6 and 4.8, resp.) were used to
achieve the range of DO concentrations by bubbling these
gas mixtures into the flow cell. The gases were premixed in a
separate mixing chamber and delivered through 1/4-in.-i.d.
flexible PVC tubing into the flow cell.

The luminescence emitted by the sensor molecules was
captured by the fibers crossing at right angle to the fiber car-
rying the excitation light pulse and guided to the detector. A
narrow bandpass filter (610 nm Edmunds J43-079) was used
in front of the Burle C31034A photomultiplier tube (PMT1;
with Peltier cooling) to select the RuPhen luminescence and
the Rh110 reference pulses. As seen in Figure 1, the array
is designed such that the region containing the reference
is excited first; also, the lengths of the detection fibers are
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chosen such that the emission of the Rh110 reference arrives
first at PMT1. The RuPhen luminescence pulse is delayed
by passage through an additional stretch of fiber (9m) to
arrive at PMT1 after the reference signal has subsided. Thus,
the output current of PMT1, which was analyzed with a
LeCroy LC564DL digital storage oscilloscope (DSO) with a
bandwidth of 1 GHz and sampling rate of 4 GS/s, displays
both region signals sequentially in one trace. A trigger for the
DSO was generated using a second PMT2 (RCA 1P28, 1.6-
ns rise time), which collected light scattered from the front
of the excitation fiber. A LabVIEW (National Instruments)
program was written to collect and analyze the data. All the
experiments presented here were repeated from three to four
times, and the peak ratios were measured and averaged. The
RuPhen referenced intensity T (IRuphen/Irn110) 1s calculated
as the luminescence integrated intensity of RuPhen itself
divided by the luminescence integrated intensity of the
reference dye.

4. Results and Discussion

4.1. Polymer Selection and Indicator Leaching Test. For oxy-
gen sensing in aqueous media, the polymer matrix must
have high oxygen permeability to allow the rapid interaction
of the dissolved oxygen with the indicator entrapped in
that matrix, must be of mechanical and chemical stability,
and must be optically clear. It is also worth noting that
the low oxygen solubility in water at ambient conditions
and the lower DO diffusion coefficient compared to the
one in gas phase result in a poor sensitivity and response
to DO. For PEG-based gels it has been demonstrated that
their mesh size can be increased by the introduction of
water to the precursor solution, which reduces the degree of
polymer cross-linking [51]. An increase in porosity allows
for faster diffusion of analytes through the gel; however,
indicator leaching is increased. Leaching is an important
aspect in the preparation of water-compatible sensors. The
performance, repeatability, and the response of such sensors
are associated to the degree of leaching. Several factors will
determine the extension of the leak; with respect to the
indicator molecules their molecular size, their solubility in
both water and polymer matrices have to be considered
for the fabrication of aqueous-phase sensors. With regard
to the matrix polymer its chosen porosity is a compromise
between indicator-molecule leaching from the solid matrix
to the aqueous medium and analyte diffusion from aqueous
environment to the entrapped molecule. Another important
restriction in the selection of a polymer matrix is its level
of hydrophobicity. Based on the molecular size of Rh110
and RuPhen the best matrix candidates are PEG-DA with a
molecular weight of 575 or/and PEG-MA with a molecular
weight of 1000. The higher the polymer molecular weight is,
the more hydrophobic and porous it becomes.

Using these polymers in the design of aqueous sensors,
we tested the degree of indicator leaching associated with
them. For this, the change in luminescent intensities of the
two regions placed in a water-filled flow cell was monitored
every 10 minutes for 2 days. Figure 2 curves (a) and (b)
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FiGure 2: Luminophore leaching for different cladding materials:
referenced-RuPhen intensity decrease versus time, which occurs
because of RuPhen leaching from films made with the following
polymers: (a) PEG-DA 575 (b) PEG-MA 1000, and (c) PEG-DA 575
tailored with TPT. The leaching percentages are (a) 71%, (b) 89%,
and (c) 50%. The initial values of each curve were normalized to one
for better comparison.

show the integrated referenced RuPhen intensity as function
of time for sensors based on PEG-DA 575 and PEG-MA
1000 polymer films, respectively. The observation of signif-
icantly larger leaching from the PEG-MA 1000 film suggests
an increase in indicator-molecule leaching as the matrix
molecular weight increases. This can be understood in term
of two factors: first, it appears that PEG-MA 1000 is not
sufficiently hydrophobic to retain RuPhen in its matrix and
to avoid its diffusion to the aqueous medium. The second
factor is the larger porosity obtained with PEG-MA 1000:
the larger the mesh size the faster is the indicator-molecule
diffusion toward the aqueous medium. Even though leaching
is considerably less for a PEG-DA 575 matrix, the loss of 71%
of RuPhen is quite detrimental to sensor performance. An
alternative for decreasing indicator leaching is the incorpo-
ration of alkyl groups in the polymer structure [13, 52-54]:
this provides not only high porosity (because of the bulky
groups) but also hydrophobicity. Therefore, we modified the
PEG-DA 575 polymer by adding a hydrophobic crosslinker,
TPT. The incorporation of this trifunctional monomer to the
PEG-DA 575 precursor mixture improves the resistance to
indicator leaching by more than 20%, as shown in Figure 2
curve (c). Even though an intensity loss of 50% is quite large,
we still can detect sufficient signal intensity from the retained
sensor molecules. Increasing the TPT concentration further
results in an increase in the coating-solution refractive index,
which will lead to refractive losses at the junctions and
eventually to the loss of guiding condition of the fiber. After
the initial leaching ceased, the TPT-PEG-DA 575-based DO
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FiGure 3: RuPhen intensity referenced to the Rh110 intensity as a
function of DO concentration in ppm.

sensor shows excellent stability, which is described in the
following sections. While for this sensor one goal was to find
a PEG formulation that would provide physical entrapment
of the dye which minimized leaching but not overly com-
promised sensor response time, covalent attachment of the
sensor dye to the PEG matrix is an alternative approach to
control leaching, which we employed in other work [55].

4.2. Quenching Sensitivity. The sensor sensitivity can be ex-
pressed by the overall quenching efficiency (Epo) given by

o - I
N2 7202 o 100%, (2)
I

Epo =

where INNZ and Tog represent the referenced RuPhen inten-
sities in fully deoxygenated and fully oxygenated water,
respectively.

The oxygen concentrations in air-saturated and oxygen-
saturated solutions were calculated to be 8.5 and 99.1 ppm
at 22°C, respectively. This calculation was based on the
solubility equation of oxygen in water [56]. For each DO
concentration, 1000 luminescence pulses were averaged.
All measurements were performed at room temperature.
Figure 3 shows the response of the TPT-PEG-DA 575-based
oxygen sensor to different DO concentrations.

Applying (2) to the data shown in Figure 3, we obtained
a value of Epp = 84%. This shows that, because of the issues
discussed in the Introduction, the quenching response of the
oxygen sensor is reduced in the aqueous phase compared to
the gas-phase value of Epo = 98% (found in our laboratory
[57]). However, the measured quenching efficiency still
constitutes a sufficiently high overall quenching response
to attain good sensor resolution, especially at low oxygen
concentrations. The DO-sensor described by Xu et al.
[9] used Ru(II)-tris(4,7-diphenyl-1,10-phenanthroline) as
sensor molecule enclosed in a sol-gel matrix and ratiometric
detection exhibited a DO quenching efficiency of ~92%.
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The sensor studied by Koo et al. [13], which employed plat-
inum (II) porphyrins derivatives incorporated in organically
modified silicate nanoparticles, attained a value of Epo =
97%. Our sensing system has a somewhat lower quenching
performance, but the sensors mentioned above are for use
in confined areas such cells, where our sensor, which has the
potential for remote monitoring, is not applicable.

4.3. Sensor Reversibility. We used the cycle-purging method
to check the reversibility of TPT-PEG-DA 575 films with
RuPhen physically entrapped in this highly crosslinked
matrix. The referenced sensor intensity (D is plotted in
Figure 4 for varying oxygen concentrations. Upon switching
from nitrogen-saturated to oxygen-saturated solution, T
decreased with increasing DO concentration. This process
was repeated multiples times with no significant change in
T between the initial nitrogen-saturated solution, indicating
complete reversibility of the sensor going from high to low
DO concentration and vice versa. In addition, this sensor
showed at least a 98% recovery each time after changing the
environment, implying a good reproducibility.

Over the range of oxygen concentrations that we studied
and for the measurement duration, we did not observe
significant photobleaching of the Ru complex, which in turn
may indicate singlet oxygen created in the quenching process
can rapidly diffuse away before causing oxidative damage, as
was reported in [58].

4.4. Sensor Response Time. The sensor response time was
tested by alternating oxygenation/deoxygenation cycles,
which is shown in Figure 5. The calculated transition time
is of the order of 5-7 seconds; however we believe that
the sensor itself has a shorter response time because the
measured response time includes the time required to change
between oxygenated and deoxygenated environments in the
flow cell and the attached tubing. Therefore the reported
value of the response time is an upper limit of the actual one.
The thickness of the PEG film plays an important role in the
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sensor response time, particularly in the highly crosslinked
films used here, which could reduce analyte diffusion to the
sensor molecules and negatively impact the sensor response
time. The crosslinking density in the PEG films used here
still allows for effective analyte diffusion into the sensing
volume between the fibers; the total film thickness through
which the analyte must travel to reach the sensing volume
is estimated to be less than 1 mm. Should faster response
times be required, the creation of highly porous files using
a microtemplating approach in combination with covalent
attachment of the sensor dye would offer an alternative
[55, 59].

4.5. Sensor Calibration and Linearity. The RuPhen lumines-
cence quenching by oxygen is described by the Stern-Volmer
equations (1), which are used to estimate the linear range of
our sensor. Figure 6 shows Stern-Volmer plots of the RuPhen
referenced intensity and luminescence lifetime versus DO
concentration for the TPT-PEG-DA 575-based sensor; the
dotted line represents the best linear fit generated by the
least-squares method. The sensor has a good linearity over
the whole range of DO concentrations tested, which may
indicate negligible matrix heterogeneity effects.

The good Epo and linearity in the Stern-Volmer plot may
result from the structure and hydrophobic nature of the film
used in the sensor preparation. The introduction of TPT
may provide good hydrophobicity and sufficient porosity to
create multiple channels, allowing oxygen to travel efficiently
towards the sensor molecule entrapped in the matrix.
Because oxygen has higher affinity for hydrophobic media,
this could lead to an improvement in sensitivity as well as in
linearity.

The linear fit of Figure 6 yields a Stern-Volmer quenching
constant of Ksy = 0.048ppm™!. Using the unquenched
lifetime 79 = 850ns (measured in the highly crosslinked
film submerged in water) we obtain for the bimolecular
quenching constant the value of k; = 1.8 x 10° L mol~'s!,
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which is in the same order of magnitude to the value reported
for oxygen sensing with RuPhen in solution (k; = 4.2 x 10° L
mol~'s71[60]).

To calculate the pressure resolution afforded by the refer-
enced sensor, we use the sensor sensitivity defined as

dr

AI(DO) = (d(DO)

)ADO, (3)

where AT(DO) is measurement uncertainty of the refer-
enced-integrated intensities at a given dissolved oxygen
concentration, and ADO is the corresponding resolution of
the DO concentration. Using for the referenced-intensity
uncertainty the 95% confidence band ¢ x aN(T ), that is, the
standard deviation of the mean oy (I) ata given DO concen-
tration with the appropriate t-value for n = 3, we obtain
for oxygen concentrations of 3.91 ppm and 48.98 ppm, a
sensor resolutions of 0.78 ppm and 0.82 ppm, respectively.
To calculate the DO detection limit, DO(min, T ) afforded by
the sensor, we use the sensitivity at DO = 0, which using
(1) is given by dI/d(DO)|po-o = —Ksyto With on(Ip) =
90.83 ppm, we obtain for the detection limit DO(min, I =
179 ppb. The same calculation for the lifetime data yields
for oxygen concentrations of 3.91ppm and 48.98 ppm a
sensor resolution of 0.41 ppm and 0.32 ppm, respectively,
and a detection limit of 140 ppb. Thus, in spite of the
two evanescent coupling processes occurring in our sensor
platform, the detection limit for DO is within one order of
magnitude of the detection limit reported for commercially
available extrinsic fiber sensors, where the sensor dyes are
mounted at the distal end of a fiber and interrogated with
the phase-shift method [10]. McDonagh and coworkers [54]
reported a sol-gel-based optical DO sensor with a resolution
of 0.18 ppm and a detection limit of 5ppb suggesting that

sol-gel films are better candidates for DO sensing than the
modified-PEG-DA gels. We investigated the use of sol-gel
matrices in our fiber sensors, but while the sensor-molecule
encapsulation was successful, the sol-gel (TEOS-based gels)
was not covalently attached to the fiber core, which caused
a fluctuating sensor response because of (slight) respective
movements of the fibers constituting a fiber-fiber sensor
junction.

4.6. Interferences. As explained above, the oxygen sensing
mechanism is based on the quenching of the RuPhen
luminescence, which, however, may also be quenched by
other species. The interference because of anions, cations,
and some oxidizing agents was tested by first purging
the sensor chamber with nitrogen to create at oxygen-
free atmosphere. Subsequently each interfering solution was
injected into the flow cell while continually monitoring
the referenced RuPhen intensity in an oxygen free aqueous
medium. The overall sensor quenching responses to the
dissolved species are depicted in Figure 7. It can be seen that
the sensor response is affected by the presence of F~ and
Fe™. However, the sensor response to these interferences is
much smaller than the sensor response to oxygen. The matrix
thus protects the entrapped indicator from the environment,
preventing interference with the luminescent properties of
the sensor molecules. Without this shielding of the indicator,
its luminescence would behave unpredictably in a given
media, making calibration even of ratiometric luminophores
difficult or impossible.

In addition to the interference studies, a DO sensor is
most likely to be applied in biological media (e.g., blood,
rivers, food processing, etc.) where the contamination of
the sensor surface with proteins and cells could affect the
diffusion of oxygen into the sensor. As a consequence, the
antibiofouling properties of the TPT-PEG-DA 575 films were
examined. The effects of nonspecific protein binding to
the PEG-DA-film surface were investigated by the addition
of bovine serum albumin (BSA, 0.3-5% (W/V) aqueous
solution) to the flow-cell containing the fiber-fiber junctions
immersed in DI water (see Figure 7 right-lower corner).
First, the flow cell was purged with nitrogen, then, a 0.3%
(W/V) BSA solution was added and allowed to interact
with the fiber regions in the aqueous medium for 20
minutes. After this time period, oxygen was introduced
to the flow cell with a DO concentration of 1.5 ppm. As
expected the RuPhen intensity was quenched; after ~75
minutes the sensor was flushed with nitrogen and the
RuPhen intensity recovered to the initials values, indicating
that no protein binding on the sensor surface occurred. We
observed the same trends with a BSA concentration of 5%
(W/V) with the sensor maintaining its recovery time and
sensitivity. The results from the nonspecific protein-binding
assay show the importance of encapsulating molecules inside
the protective PEG-DA matrix. The antibiofouling property,
biocompatibility, and nontoxicity of poly(ethylene glycol)
have been reported by different authors [61-65], making this
material suitable for biological applications. The vulnerabil-
ity of the sensor to metal ions, notorious oxidizing species,
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FiGure 7: Potential interferents of the DO measurement: sensor response to the presence of ionic species and proteins.

and biological materials was prevented, demonstrating the
capability of this sensor for environmental DO monitoring.
The sensor performance towards DO response was also
tested over time and the long-term quenching stability of DO
sensor was established over a period of 6 months when the
fiber-sensor array was continuously immersed in water.

5. Conclusions

Dissolved-oxygen sensing was implemented in a crossed-
fiber sensor configuration, with sensing based on lumines-
cence quenching of ruthenium complexes entrapped in a
PEG-DA matrix. In spite of the weak evanescent coupling
of the two fibers in a sensor junction, both lifetime-
and intensity-based oxygen measurements exhibited good
repeatability and signal-to-noise ratio with a limit of detec-
tion of ~0.8 ppm. With the use of second crossed-fiber
junction to measure the excitation pulse intensity and refer-
encing the ruthenium sensor signal, the intensity-based and
lifetime-based measurements were of similar quality with

regard to resolution and detection limit. Chemical modifi-
cation of the PEG-DA matrices was shown to improve the
performance of the dissolved-oxygen sensor. By employing
organic precursors, which impart surface hydrophobicity, the
quenching response can be comparable to that obtained in
the gas phase. The PEG-DA matrices have sufficient density
to prevent movement of the two fibers with respect to
each other, while still allowing fast oxygen diffusion to the
encapsulated ruthenium sensor for fast response times. Thus,
the results indicate the potential for remote dissolved-oxygen
sensing for use in a wide range of environments.
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