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bstract

A new optical luminescent-lifetime pH sensor based on the sol–gel doped europium chelate has been developed. Near-UV to visible (350–400 nm)
xcitation of the europium(III) chelate of a 4-trifluoromethylcarbostyril derivative of diethylenetriaminepentaacetic acid (DTPA) exhibits a typical
anthanide line-like emission, the highest peak being at 615 nm. Due to antenna-mediated effects, the heterocyclic chromophore (parent emission
t 450 nm) transfers its energy to the close europium having isolated very weak quantum efficiency. The complex was co-immobilized with the

on-fluorescent pH indicator bromothymol blue (BTB) in a semi-permeable sol–gel layer. It can be shown, that not only the line emission spectra
ut also decay lifetimes depend strongly on pH changes. Since the sensitive dyestuff is highly stable and not quenched by oxygen, a sensor in the
ost interesting pH range of 4–9.5 could be produced, having its highest sensitivity at around physiological pH.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Sol–gel doped indicator species can provide an active layer
or pH optical lifetime-based sensors, where the analyte affects
he indicator decay time, a parameter that is conveniently inde-
endent of the signal intensity [1–3]. Especially the long-lived
pecies, such as lanthanide and transition metal complexes,
hich display decay times between some hundreds of nanosec-
nds up to several milliseconds, can be useful in applications
or decay time sensing. Lifetime methods using such complexes
ffer excellent suppression of stray light and other undesirable
ptical background signals, firstly because of their convenient
emporal variation, which distinguishes them from constant
ackground light levels, and secondly because the luminescence

f most useful chelates lasts much longer than elastic scatter-
ng and short-lived fluorescence from many other contaminants
3–6].

∗ Corresponding author. Tel.: +386 2 220 7912; fax: +386 2 220 7990.
E-mail address: aleksandra.lobnik@uni-mb.si (A. Lobnik).
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Our recent state-of-the-art survey has revealed several
ifetime-based pH sensors. An illustration, which uses the
H dependence of photo-induced electron transfer (PET)
rom an intermediate compound, was presented [7]. It is

UV-excitable pyrene derivative having a lifetime about
00 ns. Indicator Resorufin, doped in a sol–gel copolymer
as proposed as lifetime-based sensor [2]. The Resorufin pH
ependence was also exploited in a fibre optic sensor [8].
ecently, a decay time-based sensor incorporating a fluorescent

ndicator Acridine into a Nafion matrix was presented, being
ost sensitive between pH 8 and 10 [9]. Complexes based on

uthenium (Ru) and rhenium (Re) were successfully applied
n different optodes [10,11]. Another strategy to realize
ifetime-based pH optodes is the use of so-called “Förster-type”
uorescence energy transfer (FET), which occurs from a
H-insensitive luminescent donor to a pH-sensitive coloured
cceptor. Recently, FET-based optodes have been realized,

here the decay time is measured as a useful analyte-dependent
arameter. These are sol–gel and hydrogel (polyurethane type)
oped optodes, incorporating Texas Red Hydrazine (TRH)
nd Ru-complexes as donors and pH indicator dyes, such as

mailto:aleksandra.lobnik@uni-mb.si
dx.doi.org/10.1016/j.snb.2007.11.047
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romothymol blue (BTB) and N9 (Merck type), as receptors
1,12–14].

The encapsulation of a number of lanthanide ions, mainly
u(III) and Tb(III), in the ligand-type shielding cages offer

he possibility of meeting the optical requirements for many
ew potential applications [15,16]. Long-lived luminescent lan-
hanide antenna-chelates are excellent alternatives to classic
uorescent sensor dyes especially when probes display sig-
ificant autofluorescence [17]. Such dyestuffs can be also
ffective tools to investigate (static- or time-varying) inter-
nd intramolecular distances using energy-transfer experiments
18]. The advantage of lanthanide chelates over other transition
etal complexes, such as Ru- and Re-complexes, is that lan-

hanides display much longer decay times [19] (from several
icroseconds up to several milliseconds) than the latter [20,21]

usually several hundreds of nanoseconds) thus enabling easier
emporal variation of measurements [22,23]. Lanthanides also
isplay specific line-like emission peaks, which is not the case
f Ru- and Re-complexes.

In a recent review on (fibre) optical chemical sensors and
iosensors, indicator dyes immobilized on sol–gels can be found
or different sensor schemes and for various analytes [24].
mong them are optical sensing of pH, ammonia, ionic species

nd oxygen [24,25]. The attraction of the sol–gel method, as a
asis for the immobilization of a new family of europium-based
ybrid materials has been demonstrated [26–28]. These xero-
els are obtained as transparent elastomeric monoliths, which
re essentially amorphous and thermally stable (up to 200 ◦C).
hey form novel multi-wavelength emitters, in which the nar-

ow reddish Eu3+ luminescence merges with broad blue-green
mission of the hybrid backbone. Eu3+- and Tb3+-complexes,
oth incorporated in a sol–gel matrix, have been reported by
arker in intensity-based pH sensors [29] or as an oxygen
ensor [30]. Gunnlaugsson et al presented the incorporation
f europium complex using a quinaldine chromophore into a
ater-permeable methylmethacrylate type hydrogel based on

uminescence intensity measurements [31]. Here, complex dif-
usion out of the membrane was observed after a prolonged
oaking period. In contrast, the sol–gel process has the advantage
f non-leachable entrapment of water-soluble indicators, with-
ut the need to add reactive groups to provide covalent bonding
32–34].

The present work is developed from our previous approach
or pH sensing [26], where varying Eu3+ emissions based on
he absorption of antenna generated luminescence by the pH
ndicator BTB in a sol–gel membrane were used. Here, we
emonstrate that the same optode scheme is useful for decay
ime sensing. A setup using the same dyestuff combination to

easure pH changes by carbon dioxide has been published by
Japanese group [35,36]. A BTB indicator has previously been
tilized by Kessler [37] to study the dynamic quenching of time-
esolved luminescence in an aqueous solution using a europium
erpyridine chelate as the antenna chromophore. In our work,
solid phase version using a long wavelength antenna dye is
dvanced. This leads to the use of sensors working with a sim-
le LED emitting close the visible region [38,39]. Eu3+-complex
nd BTB were co-immobilized, both trapped within a sol–gel
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tors B 131 (2008) 247–253

ayer under acidic conditions on a glass support, providing a
H-sensitive optode layer with decay times in the microsec-
nd range. Our heterocyclic antenna is a modified carbostyril
40,41], which shows a broad excitation maximum at 370 nm,
seful in the range between 350 and 400 nm. A lifetime-based
H sensor incorporating a lanthanide complex in a sol–gel poly-
er support has not been introduced yet. Moreover, compared

o Ru- and Re-complexes, it displays narrower emission bands
nd by about 500 times longer decay time. Eu3+-chelate com-
lex was non-leachably entrapped in a sol–gel and the sensor
howed reproducible results.

. Experimental

.1. Reagents and solutions

A combination of Eu3+-complex and BTB (from Aldrich,
rod. no. 11,441-3) was entrapped in a sol–gel matrix using a
ommercial precursor tetramethoxysilane (TMOS, from Fluka,
rod. no. 87,682). For pH testing, buffer solutions of defined pH
ere prepared using standard analytical grade citrate, phosphate

nd carbonate buffers (from Fluka). All buffer compositions
ere adjusted to constant ionic strength by adding analytical

eagent grade potassium chloride.

.2. Instrumentation

Continuous fluorescence measurements were performed with
Shimadzu (Kyoto, Japan) RF-5001PC spectrofluorometer.

ensing layers were mounted in a self-constructed flow-through
ell to cover the inner wall. Light from 150 W xenon source
as directed to the sensing position at an angle of typically
5◦, and fluorescence was measured after passing the emission
onochromator at a typical slit width of 5 nm.
Unless otherwise described, separate check of pH value was

aken with a commercial, thermally compensated pH-meter
from WTW, Germany and type pMX 2000).

.3. Lifetime measurements

The decay time characterization of the fibre optic sol–gel sen-
or was performed as an arrangement suitable for interrogation
f short fluorescence lifetime (Fig. 1). Compared to the possible
rrangement via an optical fibre probe for both excitation and
uorescence collection, the present arrangement improves the
ignal-to-noise ratio, because the luminescent coating is directly
lluminated by a UV-LED via optical filters and the light is
ollected with a convenient optical fibre collector probe. The
llumination arrangement (a) illuminates a large coating area,
b) reduces a significant optical power loss that would otherwise
ccur when coupled from the LED into an optical fibre and (c) it
lso reduces the background auto-fluorescence signal that might
e generated from various optical components, if the light were

assed to and from the sample using common optical and fibre-
ptical paths for the launch and return signals. The fibre probe
s then fed back into the interrogation system. From here it falls,
ia suitable long-pass optical filtering for removing residual
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ig. 1. Optical arrangement for the interrogation of the weak fluorescence sig-
als.

xcitation light, onto a PMT (Hamamatsu H6180) which oper-
tes in a photon counting mode. Custom electronics and
omputer software allow either real time measurement of flu-
rescence lifetime via a rapid lifetime detection (RLD) system
42,43] or a measurement of the fluorescence decay response as
function of time, as used in our experiments.

For the reproducibility evaluation, the sensor layer was tested
or its time dependent luminescence measurements using a com-
ercially accessible Varian Cary Eclipse spectrometer at 20 ◦C.
he setup parameters were used as follows: PMT voltage: high,
flash; delay time (gate time): 0.05 ms; Ex/Em slit: 5/5; acquisi-

ion cycles: 50; total decay time: 5 ms. Lifetime calculation was
erformed using the built in software over the span of at least
even lifetimes.

.4. Preparation of sol–gel sensor layer

The indicator layer was prepared as follows: 2 mg of Eu3+-
omplex and 1.3 mg of BTB were diluted in 2.5 mL of ethanol.
fter a minute of sonication, 2 mL of TMOS precursor was

dded. After an additional minute of sonication, the sol–gel
rocess proceeded under acidic conditions by adding 1 mL of
× 10−3 mol/L HCl. Five minutes sonication was finally carried
ut. After 24 h, the glass slides (10 mm × 15 mm × 0.19 mm)
ere dipped into this sol–gel cocktail and allowed to dry for
–4 h in ambient atmosphere and finally at 70 ◦C for 24 h. For
lass slides activation procedure, see details in Ref. [26].

. Results and discussion

.1. Selection of materials

A sol–gel glass based on TMOS was employed as our pre-
erred matrix for use in pH sensing rather than hydrogel or
VC [12]. Sol–gel technology uses water and ethanol as starting
omponents, which is very suitable for the actually hydrophilic
u3+-complex dye. Its molecule and spectral characteristics are
hown in Fig. 2. Although Eu3+-complex luminescence in water

s diminished above pH 6.5, its entrapment into the sol–gel net
eeps its emission intensity stable in aqueous medium of pH
etween 2 and 10. In contrast, our preliminary experiments in
ydrogel polymer showed similar properties of Eu3+-complex as

p
r
d
m

ig. 2. Europium complex and its electron spectra in buffer of pH 6.5 (contin-
ous mode).

n water, but significant leaching of the complex was observed.
ol–gel material was also chosen because of its excellent adhe-
ion to glass substrates, as required to provide good mechanical
tability of sensing layers. Furthermore, sol–gels allow high
ndicator loading, display adequate ion permeability and have
xcellent optical transparency.

It was initially found that a Eu3+-complex, which showed
seful pH sensitivity in aqueous solution, lost this sensitivity
hen immobilized in sol–gel matrices. In order to recover this
roperty, the pH indicator BTB was added to the starting sol–gel
omponents and it was found that the useful pH response that
as present in water was not only restored, but was actually

mproved on. The BTB was selected to design an optical sensor
or the pH range between 4 and 9, covering thus the physiological
ange. Note that Eu3+-complex in the absence of BTB in sol–gel
atrix showed no decay time dependence on pH.

.2. Lifetime measurements

.2.1. Fluorescence lifetime interrogator performance
A common problem with fluorescence interrogators

s auto-fluorescence that is fluorescence induced in the
ptical coupling components or on contaminated opti-
al surfaces by excitation light. The auto-fluorescence can
ause a constant undesirable background that can also
xhibit its own fluorescence decay. For checking for the

resence of such signal, a fluorescent decay function was
ecorded with a LED and source filters were aligned to point
irectly into the fluorescence-detecting probe. By coupling a
uch larger portion of excitation light into the capturing probe,
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time values obtained at the most common ionic strength 0.1
over the pH range between 3 and 10. At pH 3, the decay time is
about 400 �s and rises up to 710 �s at pH 4.3. Then, the signal
decreases linearly with rising pH and shows at pH 10 again the
ig. 3. Comparison between the auto-fluorescence signal and the Eu3+-
mpregnated coating signal (sol–gel layer).

iffused scattering reflection from the slide or the presence
f lower levels of any possible auto-fluorescence could be
bserved. This is certainly also a good test that the source fil-
ers and detector filters do their required job of (a) removing the
ource light in the spectral region where fluorescence is expected
o be measured and (b) removing any elastically scattered source
ight from the layer from the desired fluorescent light detection.
he received detector light showed that the filters effectively
locked the undesired light, and the optical decay function of
he luminescent light was plotted to be compared with the nor-

al decay function taken with the experimental arrangement, as
hown in Fig. 3. The received auto-fluorescence signal intensity
as found to be almost unnoticeable, less than 0.5%, and was,

herefore, assumed to be negligible.
Luminescence decay profiles of Eu3+-complex-impregnated

oating were then examined, while the coatings were immersed
n three different pH buffers (4.0, 7.0 and 9.2). The pH of buffer
olutions was verified using a commercial electrode-type pH
eter (Jenway 3030) before each experiment. After the math-

matical retrieval using the non-linear regression function in
igma Plot 2000, and fitting the data to Eq. (1), the lumines-
ence lifetime of the coating was investigated. Decay times vary
trongly with pH and are plotted in Fig. 4.

= y0 + a e −bτ (1)

At pH 4, the Eu3+-complex lifetime is about 640 �s. Decay
ime is decreased by about 1.6-fold at pH 7 and by about 2.4-fold
t pH 9.2. Ionic strength used in this experiment was 0.1 KCl;
ecay time was determined after 15 min soaking time between
easurements. By linear fitting an equation y = −68.54x + 891.6

r2 = 0.996) was obtained, where y represents the sensor lifetime
nd x is the pH. The two values recorded at pH 7 were taken at the
eginning and at the end of the experiments demonstrating the
xcellent reversibility. Our linear working response is between
H 4.8 and 9.5 and is shown in the inset of Fig. 5.
.2.2. Effect of ionic strength
In addition to the previous measurement (Fig. 4), a second

xperiment (Fig. 5) was performed on a Varian spectrofluorom-

F
i
o

ig. 4. Sol–gel doped Eu3+-complex decay times, measured as a fluorescence
ifetime interrogation performance at pH 4, 7 and 9.2; soaking time = 15 min,

KCl = 0.1.

ter in order to check the reproducibility of the sol–gel doped
u3+-complex coating and the possible effect of ionic strength
n the sensor performance.

Variations in the ionic strength are known to cause very high
hanges in the reading of optical sensors [26,44], although a
tudy also has been proposed where pH fluorescence sensors
ere developed with negligible sensitivity towards ionic strength

nterference [45]. However, in our case, ionic strength affected
he performance of the lifetime-based pH sensor. The effect of
onic strength on the sol–gel layer was tested with buffer solu-
ions adjusted with KCl (I = 0.1, 0.5 and 1.0). It was found that
ith increasing ionic strength, the apparent pKa values shifted

o lower values: from pKa 7.0 (I = 0.1) to 6.1 and 5.1, respec-
ively. Not only the pKa values of the sensor layer shifted, but
lso the sensor sensitivity is significantly reduced from 50% of
he total signal to 25% at ionic strength 1. Fig. 5 shows decay
ig. 5. Sol–gel doped Eu3+-complex decay times, vs. pH range from 3 to 10,
nset—linear sensor operating range; soaking time = 15 min, IKCl = 0.1 measured
n a Varian spectrofluorometer.
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ifetime of 400 �s. The lifetime decreases by 45% from pH 4.3
o 10. At the pH of the apparent pKa, 7, the decay time was
70 �s. Interestingly, europium decay times around 600 �s are
ound most often in the literature for aqueous solutions [46,47].
ence, the environment for the complex entrapped inside the

ol–gel should mimic aqueous conditions.
Finally, the data obtained from the fluorescence lifetime inter-

ogator (A; Fig. 4) and from the Varian fluorometer (B; Fig. 5)
ere compared, namely, by the slopes of the obtained linear
ts. The slope values are −68.54 and −68.10 for A and B,
espectively. The estimated deviation between the two values is
inimal, about 0.6%. We can, therefore, conclude that the two

nstruments gave comparable data and the pH lifetime sensor
erformance was reproduced.

.3. Comparison with known developed optical
ifetime-based pH sensors

The established Eu3+-complex/BTB sol–gel doped lifetime-
ased sensor represents a promising new device that displays
pecific advantages over other reported sensors based on the
pecific luminophore pH dependent decay emission. Table 1
ives a comparison between the developed lifetime-based pH
ensors and ours with respect to various parameters, such as
ndicator used, polymer matrix, operating pH range, pKa and

ecay time.

Hydrophilic D4TMI-PEG-J and hydrogel polymers were
sed to incorporate Ru- and Re-complexes [7,10–14], while
ol–gel and its PVA copolymer, hydrogel and nafion matrixes

s
[
s
a

able 1
igures of merit for optical lifetime-based pH sensors

eference Indicator Poly

1] Texas Red Hydrazide + BTBb Sol–
2] Resorufin Sol–
7] DaPye Hyd
9] Acridine Nafi
10] Ru(Ph2-phen)2DCbpyg D4T
11] Re-complexi (probe) + Re-complexj (reference) D4T
11] Re-complexk (probe) + Re-complexl (reference) D4T
12] Ru(dph-bpy)m + BTBb Hyd
14] Ru(didipy)n + N9o Hyd
r] Eu-complexp + BTBb Sol–

r]: our sensor.
a Approximate lifetime at pKa.
b Bromthymolblue.
c Not defined data. Texas Red Hydrazide belongs to a Rhodamine class of fluoroph
d Polyvinylalcohol.
e Diethylaminomethyl pyrene.
f Polyurethane.
g [Ru(Ph2-phen)2DCbpy]2+; (Ph2-phen) = 4,7-diphenyl-1,10-phenanthroline, (DCb
h D4TMI-PEG-Jeffamine polymer—see [10] for synthesis.
i Re(CO)3(t-but2bpy)(py-3-OH)ClO4; (t-but2bpy) = 4,4′-bis(tert-butyl)-2,2′-bipyri
j Re(CO)3(φ2phen)(ppp)ClO4; (φ2phen) = 4,7-diphenyl-1,10-phenanthroline, (ppp
k Re(CO)3(φ2phen)(py-3-OH)ClO4; (φ2phen) = see footnote j, (py-3-OH) = see foo
l Re(CO)3(t-but2bpy)Cl; (t-but2bpy) = see footnote i.

m Ru-tris-4,4′-diphenyl-2,2′-bipyridyl.
n Ru-tris(diphenyl-dipyridyl)perchlorate.
o N9—Merck pH indicator.
p Eu-4-trifluoromethylcarbostyril derivative of diethylenetriaminepentaacetic acid.
tors B 131 (2008) 247–253 251

ere used to incorporate various other fluorophore systems,
uch as TRH/BTB [1], Resorufin [2], DaPy [7] and Acridine [9].

hile hydrogel [1,14] and D47MI-PEG-J [10] are noted to cause
ndicator leaching, the sol–gel matrix for Eu3+-complex/BTB
ensor provides a stable membrane, where no component leach-
ng was observed at all.

The approximate lifetime values at pKa range for short-lived
uorophores [1,2,7,9] from 0.003 up to 0.160 �s, whereas for
u- and Re-based indicators [10–14] the decay time is about
�s. The latter is by about 500-fold shorter than the Eu3+-
omplex/BTB system displays it. Such long decay times of
anthanide complexes are especially useful in time-resolved
uminescence technique, where the discrimination of interfering
uorescence is of key importance.

Looking at the operating ranges in Table 1, it can be seen
hat sensors mostly operate in the range over 2–3 pH values,
xcept the one based on hydrogel doped diethylaminomethyl
yrene sensor [7], spanning 4 pH values and our sensor, spanning
.5 pH values. The wide working range of Eu3+-complex/BTB
s corroborated by the advantage of having the pKa value
t a neutral pH 7. This is a useful sensor property, which
nables the determination of pH in some certain biological
amples (human blood for instance), where little deviations
round pH 7 might cause irreparable consequences. Neutral
nd near-neutral pKa values are also exhibited by the TRH/BTB

ystem [1], Resorufin [2], Re-complex [11] and Ru(didipy)/N9
14], whereas the diethylaminomethyl pyrene derivative sen-
ors [7], have the pKa moved to pH 7.7, the Acridine pKa is
t 9 [9] and Re- and Ru-complexes may have pKa values at

mer Operating pH range pKa τa (�s)

gel 6–8 7 n.d.c

gel/PVAd 5.8–8 ∼6.5 0.003
rogel (PU)f 6–10 7.7 0.160
on 8–10 ∼9 0.019
MI-PEG-Jh 2–5 ∼3.5 0.850
MI-PEG-Jh 6–9 ∼7.4 1.3
MI-PEG-Jh 6.5–9 ∼7.9 1.2
rogel (PU)f 6.5–9 ∼8 1.2
rogel (PU)f 6.5–9 7.4 1.1
gel 4–9.5 7.0 570

ores, the sensor lifetime is, therefore, supposed to be in nanosecond range [20].

py) = −4,4′-dicarboxy-2,2′-bipyridine]2+.

dine, (py-3-OH) = 3-hydroxypyridine.
) = 4-(3-phenylpropyl)pyridine.
tnote i.
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round 8 [11,12]. The Ru(Ph2-phen)2DCbpy D4TMI-PEG-J
oped sensor was described for working in acidic conditions
10].

. Conclusions

We have described a new lifetime-based sensor using a
ong-lived Eu3+-complex. Together with a non-fluorescent pH
ndicator BTB, it was co-immobilized in a sol–gel matrix. The
ensor layer’s resistance against leaching and photostability
ere excellent. The sol–gel polymer showed good mechanical

tability of sensor layers, adequate ion permeability and excel-
ent optical transparency. The long decay time of the europium
omplex (several hundreds of microseconds) is advantageous,
ecause it enables us to discriminate all the background, short-
ived fluorescence, by simple temporal gating, so that only
hanges the europium lifetime are observed. The complex has
he strongest peak emission at 615 nm. The technique is insen-
itive to inconveniences such as optical misalignment or sample
urbidity, which are usual obstacles in intensity-based schemes
41]. Since many published luminescent sensors require high
V excitation frequencies and, consequently, more expensive

ight sources [10], the utilization of the blue LED in our case,
laces the pH sensor among cheaper devices. The presented
llumination arrangement for interrogation of short fluorescence
ifetime improves the signal-to-noise ratio because the sol–gel
oating is illuminated directly with a filtered UV-LED source,
ather than via an optical fibre probe. Ru- or Re-complex-based
ifetime-based pH sensors display shorter decay times [20] than
ur Eu3+-complex, may have pKa values moved to acidic pHs
21] or narrow sensor operating range [11]. In contrast, our
ol–gel doped Eu3+-complex luminescent pH sensor is privi-
eged because it displays much larger “aqueous type” lifetimes
570 �s at pH 7), wider working range (linearity spans between
H 4 and 9.5) and a neutral pKa value (7). Such physiological
H range is the most interesting to be observed, therefore, the
ensor seems to be suitable for applications where near-neutral
onditions have to be controlled. Nevertheless, the main negative
spect of the presented sensor is that it shows high dependence
n the ionic strength, which might possibly limit its utilization.
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