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Optical oxygen sensors move
towards colorimetric determination

Xu-dong Wang, Hai-xu Chen, Yun Zhao, Xi Chen, Xiao-ru Wang

Optical oxygen sensors (OOSs) have extensive applications and have attracted
significant attention in recent years. We summarize recent developments
involving OOSs, including exploring new oxygen probes, discovery of new
supporting materials and novel determination assays. We also provide a
development blueprint for oxygen sensing.

© 2010 Elsevier Ltd. All rights reserved.

Keywords: Assay; Colorimetry; Determination; Fluorescence intensity; Fluorescence
lifetime; Optical oxygen sensor; Organic dye; Oxygen sensing; Polarization; Supporting
material

1. Introduction
Xu-dong Wang,

Hai\;i‘:‘ §::: Oxygen sensors have extensive

Xi Chen* applications in oceanography, meteorol-

Xiao-ru Wang ogy, biology, and environmental and life
Department of Chemistry, sciences, and their design and develop-
College of Chemistry and ment present chemists with many chal-

Chemical Engineering, Xiamen

feal Engine lenges.
University, Xiamen 361005,

Because of the deficiencies in the con-

China
ventional approach to oxygen determina-
Xi Chen tion, (e.g., Winkler titration [1]),
State Key Laboratory of Marine electrochemical oxygen sensors have been

Environmental Science, Xiamen
University, Xiamen 361005,
China

developed rapidly and extensively ex-
plored. Various determination methods
have emerged and been applied in manu-
facture, clinical monitoring, medical
applications [2—4] and biology [5]. Among
electrochemical oxygen sensors, the Clark
oxygen electrode [6—8] has been in the
mainstream. Currently, Clark oxygen
sensors are being miniaturized [2,9] and
incorporated into intelligent devices,
giving them advantages (e.g., portability,
time saving and on-line determination).
Although  electrochemical  oxygen
sensors have extensive applications, they
have drawbacks (e.g., short lifetime due to
the frequency of purging and changing
the electrolyte). The electrolyte needs to be
renewed periodically, and that has a neg-
ative effect on accuracy and response time.
Furthermore, loss of oxygen during the
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Due to these defects in the electro-
chemical oxygen sensor, a new class of
oxygen sensor based on luminescence
quenching was constructed and has at-
tracted more attention in recent years.
Optical oxygen sensors (OOSs) are ex-
pected to be inexpensive, easily miniatur-
ized and simple to wuse, to have
extraordinary sensitivity and reversibility,
and not to suffer from electrical interfer-
ence or oxygen consumption.

The use of OOSs depends on three
factors: optical sensing probes; supporting
materials; and, determination methods.
We review recent developments in OOSs,
including exploring new oxygen probes,
measurement improvements using dual or
multiple probes, discovery of new sup-
porting materials and novel assays for
determination.

2. Optical sensing probes

2.1. Organic dyes

For 0OO0OSs, an important mechanism is
based on the luminescence quenching of
the luminophore in the presence of
oxygen, since oxygen is a powerful
quencher of the electronically excited state
of the luminescent dye molecule. The ex-
cited-state lifetime or emission intensity of
the luminophore varies with changes in
oxygen concentration. Probes available
as oxygen sensors are generally classified
as luminescent and oxygen-quenchable
organic luminescent complexes and
luminescent nanomaterials.

2.1.1. Organic luminescent probes. Pyrene
and its derivatives have relatively long
excited-state lifetimes and are efficiently
quenched by oxygen, so they have been
selected as fluorescence probes for oxygen
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sensors. Pyrene presents certain advantages as an active
luminophore for pressure-sensitive paint (PSP) owing to
its pressure sensitivity and low temperature coefficient at
ambient temperature [10], but pyrene-based PSPs often
lack stability due to the loss of pyrene from the silicon
polymer [11].

Replacement of pyrene by pyrene derivatives with
lower molecular mobility was therefore considered. Basu
et al. (2005) synthesized a new pyrene derivative, 1-
decyl-4-(1-pyrenyl) butanoate, which has high oxygen-
quenching sensitivity and lower diffusion coefficient in a
silicon polymer matrix. Response time, recovery time
and film stability were improved [12]. Although pyrene
and its derivatives have been successfully used as PSPs in
aircraft and wind tunnels, these fluorophores are not
viable oxygen probes. They have several disadvantages
[e.g., short-wave excitation (330nm), which causes most
biomaterials and polymers to display strong background
luminescence, and sensitivity is not satisfactory].

Wollbeis et al [13] used decacyclene in a dual sensor
for oxygen and halothane, as the probe could be excited
with a blue LED and could successfully overcome the
problems caused by pyrene and its derivatives. Deca-
cyclene has been used for years in commercial oxygen
sensors and biosensors. It has the advantage of not
producing singlet oxygen when quenched.

Besides pyrene and its derivatives, erythrosin B had
also been selected as an oxygen indicator. It shows
favorable phosphorescence-quenching characteristics
related to changes in oxygen concentration [14-16].
Lam et al. [17] reported that the phosphorescence
quantum yield of erythrosin B was 2%, and the phos-
phorescence lifetime was about 0.28 ms [14], which
make it quite suitable for oxygen sensing.

Although there have been some applications of these
organic luminescent probes in oxygen sensing, the dis-
advantages (including poor photostability and small
Stokes shifts) limit their application.

2.1.2. Metal-complex organic dyes. Metal-complex or-
ganic dyes have been explored for gas sensing for many
years. Due to their strong luminescent intensity and long
lifetime, these compounds are widely used as probes for
00Ss. Metal-complex organic dyes are classified into two
categories:

e the transition metals [e.g., ruthenium (Ru), rhenium
(Re), osmium (Os), iridium (Ir), rhodium (Rh) and lan-
thanide] complexes; and,

e the metalloporphyrins [e.g., platinum (Pt) and palla-
dium (Pd) porphyrin complexes].

Among the luminescent transition-metal complexes,
Ru(Il) polypyridyl complexes have been used most
frequently. The fluorescence of Ru(Il) polypyridyl com-
plexes is dominated by the metal-to-ligand charge-
transfer process, involving raising an electron from a
metal d orbit to a ligand " orbit. Several derivatives of
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the ruthenium complex {e.g., tris(2,2’-bipyridine) Ru(II)
([Ru(bpy)s]**), tris(1,10’-phenanthroline) Ru(Il) ([Ru
(phen);]**), and tris(4,7-diphenyl-1,10-phenanthroline)
Ru(Il) ([Ru(dpp);]**)} have been studied [18-22].
Among the Ru(Il) polypyridyl complexes, [Ru(dpp);]**
shows the best response to oxygen, has a fluorescence
lifetime of up to 5.3 ps and a quantum yield of about 0.3
[23]. The response to oxygen using [Ru(dpp);]** in a sol-
gel matrix has been investigated.

Chen et al. [18] fabricated an oxygen sensor using an
organically modified silicate (ormosil) film doped with
[Ru(dpp);]**, which exhibited a good linear relationship,
fast response, long-term stability and enhanced sensi-
tivity to dissolved oxygen.

Recently, McGee et al. [24] designed a nanoporous
luminophore [Ru(phen)s](tfpb),] with a void space in
the crystalline lattice where molecular oxygen could
freely diffuse in and out. The emission intensity and
lifetime quenching of [Ru(phen)s](tfpb), displayed
strictly linear Stern-Volmer behavior, and a single
exponential was observed for the emission-intensity
decay for all oxygen concentrations, and that makes
the nanoporous luminophore a good oxygen-sensing
candidate.

Although Ru(Il) polypyridyl complexes have been
widely used in oxygen sensing, the sensitivity of Ru(II)
complex-based oxygen sensors is still not high enough
due to their relatively short lifetimes and the generation
of singlet oxygen, which is harmful to organisms that
have been quenched, so these drawbacks limit their
applications in extremely low-oxygen conditions, espe-
cially space exploration.

Luminescent transition metals [e.g., Ru(II), Os(II),
Re(I), Rh(IIT), and Ir(IlT)] complexes show highly desir-
able features of long lifetime (100 ns ~ 100 ps) and high
quantum yield, so they show great potential for oxygen
sensing [25]. Most transition-metal polypyridine com-
plexes are ionic dyes, and insoluble in organic polymer
films, but Ir(IIT) polypyridine complexes are soluble in
those films and display remarkably strong green lumi-
nescence with high quantum yield and long lifetime (z <
2.0 ps). Ir(IlIT) complexes are therefore viewed as novel
00S materials.

Amao et al. [26] developed a highly sensitive OOS
based on the luminescence-intensity changes of tris(2-
phenylpyridine anion) Ir(Ill) complex ([Ir(ppy)s]*™)
immobilized in a fluoropolymer.

Recently, Medina-Castillo et al. [27] synthesized a
novel phosphorescent Ir(Ill) complex, [Ir(2-phenylpyri-
dine),  (4,4'-bis(2-(4-N,N’-methylhexylaminophenyl)-
ethyl)-2-29-bipyridine)Cl] (N-948), as an oxygen probe.
N-948 presents a quantum yield greater than 0.50 and a
long phosphorescence lifetime (102 ms), which makes
this Ir(IIT) complex a perfect indicator for high-sensitivity
oxygen sensing using phosphorescence as the basis for
determination.
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Mak et al. [28] substituted the ppy ligands of
[Ir(ppy)s]** by ppy-NPh, and obtained Ir (ppy-NPh,);.
The compound exhibits very good solubility in organic
solvents and polymers, high phosphorescence quantum
yield (70%), long luminescence decay time in the us
range, which enables easy time-resolved imaging, large
Stokes shift that could be excited with a low-cost blue
LED and emission easily separated from excitation light.

Ir(ppy-NPh,); presents favorable sensing properties for
oxygen and could be used for high air-pressure sensing
(at least up to 1500 mbar). It should be mentioned that
the photostability of iridium complexes is not good en-
ough.

Re(I) complexes, another commonly considered oxy-
gen indicator, generally lack significant absorption be-
yond 400 nm and their molar extinction values are less
than 4000 mol/L/cm around 370-380 nm. By contrast,
the typical molar extinctions of Ru(Il) complexes are
about 15000 mol/L/cm around 450 nm.

Recently, Shen et al. [29] synthesized highly-emissive
Re(I) complexes, hydrophobic cis-Re(CO),(c-dppene)-
(dpphen) and water-soluble cis-Re(CO),(c-dppene)(SO5-
dpphen) with a negative charge, where c-dppene is
cis-(bis(diphenylphosphino)ethylene, dpphen is 4,7-di-
phenyl-1,10-phenanthroline, and SOs-dpphen is its
disulfonate derivative. Compared with their tricarbonyl
Re(I) counterparts, these Re(I) complexes show signifi-
cantly higher molar absorption in the range 350-490
nm, which are similar to those of the Ru(Il) polypyridyl
complexes. The luminescence lifetimes of these Re(I)
complexes are up to 10 us in oxygen-free solutions.

Os(IT) complexes can be excited by low-cost, high-
intensity, red diode lasers and applied in the detection of
oxygen in living organisms due to their intense red
absorption. Amao [30] reviewed the applications of
Os(I) complexes in oxygen sensing.

The Rh(III) porphyrin complex and lanthanide com-
plexes [31] have also found application in oxygen sens-
ing [32].

Terbium (III) and europium (III) complexes display
markedly strong luminescence with high quantum yield
and long lifetime, so OOSs have been developed using
them [33-35]. However, the sensitivity of these sensors
is relatively low (Io/I < 3).

2.1.3. Metal porphyrins. Among all oxygen probes, Pt
and Pd porphyrin complexes are the most efficient
luminophores, since they present strong luminescence at
room temperature, absorb visible light and show large
Stokes shifts about 200 nm [36]. Their long excited-state
lifetime makes them good candidates for OOS probes
[37]. In most cases, the visible absorption of metal por-
phyrins is caused by m — n" transition and the large
porphyrin ring. The central metal (e.g., Pt and Pd)
facilitates intersystem crossing to the triplet state, which
has a significantly longer 7y and enhances oxygen
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quenching. Meanwhile, Pt and Pd enhance spin-orbit
coupling, so that triplet state 7, is not so long as to be
totally quenched by environmental interactions or trace
quenchers. As a result, many high-performance OOSs
have been developed.

Amao et al. [38] doped PtOEP (OEP is 2,3,7,8,12,13,
17,18-octaethyl-21H,23H-porphine) and PdOEP in
fluoropolymers and fabricated oxygen sensors. For the
PdOEP based sensor, a large Iy/I1oo (Ip: fluorescence
intensity at 100% nitrogen; I;oo: fluorescence intensity
at 100% oxygen) value greater than 188.7 was ob-
tained.

Chu et al. [36] developed two high-performance
quenchometric Pt complexes for optical-fiber oxygen
sensors, and the Iy/I1oo of the [meso-tetrakis(pentaflu-
orophenyl)porphyrin] Pt(II) (PtTFPP)-doped and PtOEP-
doped oxygen sensors were 68.7 and 82.5, respectively.
Furthermore, both sensors yielded linear Stern-Volmer
plots.

Huo et al. [39] assembled protonated Pt porphyrins
([Pt-8Cn-TPPH]®*) with mesoporous silica MCM-48.
The oxygen sensor with [Pt-8Cn-TPPHg]**/MCM-48 had
very high sensitivity (Io/I199 > 5000) and rapid response
(0.04 s) to the change of oxygen concentration, so as to
make a high-performance oxygen sensor. In addition,
metalloporphyrin complexes [e.g., platinum meso-tetra-
kis (4-N-methylpyridyl) porphyrin (PtTMPyP**), plati-
num meso-tetrakis (4-N-pyridyl) porphyrin (PtTPyP),
palladium 5-(4-undecancarboxylpyridyl)-10,15,20-tri-
tolylporphyrin (PdPC;3COOH) and tetrakis(4-carboxy-
phenyl)porphyrin (TCPP) metal complex (PtTCPP,
PATCPP)] have also been developed for stable, highly
sensitive OOSs [40,41].

Due to their large Stokes shift, extinction coefficient,
quantum yields, long lifetime, excellent photostability
and high luminescence, metal-porphyrin complexes
have great potential for high-sensitivity oxygen sensing.
Their large Stokes shift could effectively reduce the
influence of excitation light. The long lifetime, high
quantum yield and extinction coefficient make metal
porphyrins perfect oxygen indicators. Thus, oxygen
sensors based on metal porphyrins, especially Pt and Pd
porphyrin complexes, always possess extraordinary
sensitivity and have great potential for applications in
extremely low oxygen circumstances.

2.1.4. Dual emitters. In general, ratiometric measure-
ment is preferred to the alternative, luminescence mea-
surement, in optical sensors due to, e.g., its proved
insensitivity to ambient or scattered light, and instru-
mental fluctuations. A number of studies have focused
on the development of the ratio-based oxygen sensor
using dual-emitting dyes that display two largely differ-
ent emission bands. The first emission possesses a decay
time in the ns range, which is insensitive to oxygen
pressure (as a ‘‘reference’’ signal); the second emission is
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a long-lived highly-sensitive oxygen-quenchable emis-
sion.

Kostov et al. [42] first utilized one optical filter and
frequency selection of the emission from a new oxygen-
sensitive  dye  [(dppe)Pt{S,C,(CH,CH,-N-2-pyridini-
um)}][BPhy] for oxygen-sensing measurement.

More recently, Hochreiner et al. [43] selected metal
chelate Al-ferron synthesized by 8-hydroxy-7-iodo-5-
quinolinesulphonic acid (ferron) and aluminum as a
dual-emission luminescence dye for water-dissolved
oxygen sensing, but Al-ferron has the problem of easily
bleaching.

Recently, a new type of colorimetric oxygen sensor
using a dual emitter was developed. Katoh et al. [44]
reported a commercial porphyrin derivative, 5,10,15,
20-tetraphenyl-21H, 23H-porphine tetrasulfonic acid, as
a sensing probe for colorimetric measurement. In their
study, red luminescence was observed under the oxygen-
free condition, and the color changed to blue at 5%
oxygen. The obvious advantages were that no optical
detection system and no data processing were required
to make this colorimetric sensor versatile for various
rapid, semi-quantitative oxygen measurements.

2.1.5. Fullerenes. Fullerene is one of the candidate
indicators as an oxygen sensor, and its luminescent
characteristics and applications in oxygen sensing have
been reviewed [30]. Recently, Nagl et al. [45] introduced
an OOS especially suited for sensing oxygen down to the
ng/mL range and at elevated temperatures. The method
applies E-type delayed fluorescence of the fullerene C;q in
appropriate polymers and can optically sense and image
ng/mlL levels of oxygen at atmospheric pressure. Table 1
summarizes the luminescent dyes used for oxygen
Sensors.

2.2. Luminescent nanomaterials

Although organic metal-complex dyes have been widely
used as sensing probes, some intrinsic disadvantages still
exist, including narrow excitation-wavelength range,
broad emission profiles, photobleaching, limited Stokes
shift, high cost and poor biocompatibility. In the sensing
application, fluorescence probes play a key role in
understanding the intracellular milieu. Unfortunately,
organic dyes cannot be directly used in these situations
due to their poor chemical stability, poor photostability,
cytotoxicity, and perturbation of the host system. In
addition, dispersion of organic dyes throughout the cell
results in high backgrounds and low spatial resolution
[46].

Several attempts have been made to overcome the
above limitations based mostly on encapsulation or
immobilization of organic dyes into small, biocompatible
sensors. Rosenzweig et al. [47] brought a new approach
to chemical sensing. They encapsulated an oxygen-sen-
sitive probe, Ru(phen)?, in nm-sized liposomes rather
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than immobilize the probe into a solid support matrix.
The liposomes prepared showed high stability at room
temperature and high photostability when they were
exposed to excitation light. Individual Ru(phen)s-
encapsulated liposomes were capable of monitoring an
enzymatic reaction with an excellent signal-to-noise ra-
tio (S/N). Their prepared oxygen-sensitive liposomes
were used for non-invasive oxygen analysis in tissues
and single biological cells.

Kopelman et al. [23] prepared sol-gel probes
encapsulated by a biologically localized embedding
(PEBBLE) nanosensor through the modified Stéber
method. In this approach, Ru(dpp)§+ and Oregon
Green 488-dextran, which acts as a fluorescence-
intensity reference, were co-immobilized in nanoparti-
cles with diameters of 100-600 nm. The photostable
nanosensor presented a reversible response to oxygen
for a long period of usage (in excess of 30,000
measurement times). The prepared ratiometric sol-gel
PEBBLEs were injected into rat C6 glioma cells, and
they responded to different oxygen concentrations.
The results demonstrated that this approach is feasible
and can be extended to provide valuable information
about intracellular oxygen.

In the same year, Rosenzweig et al. [48] developed
um-sized oxygen-sensitive fluorescent lipobeads for
intracellular oxygen measurement. In their research, a
high-sensitivity oxygen probe, Ru(bpy-pyr)(bpy),]Cl,
(bpy-pyr = 4-(1"-pyrenyl)-2,2’-bipyridine), was immo-
bilized in a phospholipid membrane coated with poly-
styrene microparticles. The prepared luminescent
lipobeads showed effective quenching behavior to
molecular oxygen and prevented direct interaction be-
tween probe and cellular macromolecules.

Aspinwall et al. [46] used chemically and environ-
mentally stabilized phospholipid vesicles encapsulating
[Ru(phen);]*" to construct nanosized, biocompatible
oxygen sensors, which showed enhanced stability, wide
linear response range, less biofouling and reversible re-
sponse.

McNeill et al. [49] employed conjugated polymer
nanoparticles doped with PtOEP to construct nanosized
oxygen sensors for biological imaging. The conjugated
polymer nanoparticles possessed an extraordinary light-
harvesting ability that could be an excellent energy
donor for fluorescence resonance energy transfer (FRET)-
based oxygen determinations. Their results revealed that
there is highly efficient energy transfer from the
conjugated polymer to the metalloporphyrin acceptors,
thus resulting in bright phosphorescence, which is very
sensitive to oxygen concentration. Single-particle phos-
phorescence-imaging investigation indicated that the
signal from a single particle was sensitive towards partial
pressure of oxygen, which generated a great potential for
quantitative mapping of local oxygen levels in living cells
and tissues.
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Table 1. Summary of luminescent dyes used for oxygen sensors

Probe Structure habs, max  Mex, max (NM) hem, max Lifetime (s)  Quantum Response time (s) 1o/l100 Support matrix Ref.
(nm) (nm) yield —
N,—0O, 0,-N,
DPB 0 345 300-380 475, 626 10 40 Silicon coatings [12]
(HoC)3=C-0O—(CHyyg-CHs
Erythrosin B 532 570, 680 6.5x 1077 2% <1 100 Sol-gel silica [14]
Decacyclene 385 510 15-20 Silicone rubber [13]
[Ru(bpy)s] 2* . 469 603 6.5x1077  10% 200 300 2.49 Silica-Ni-P [21,92]

composite coating

(continued on next page)
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Table 1 (continued)

Probe Structure habs, max Lex, max (NM)  Aem max Lifetime (s)  Quantum Response time (s) lo/ligo  Support matrix Ref.
(nm) (nm) yield
N,—O0, 0,—-N,
[Ru(phen);]** 480 610 9.4x107  1.4% Poly(ethylene [20,92]
glycol)
hydrogel
[Ru(dpp);1** 467 592 53%x10°°  30% 30 100 15 DiMe-DMOS [18,23]
Ormosil film
[Ru(phen)s](tfpb), 6.4x1077 3.43 [24]
(N2)
1.9%x1077
(O2)
Ir(ppy)s 376 376 512 1.5x107%  90% 4.4 7.3 15.3 Fluoropolymer  [26]
I\ X (N,) film
2.5x107°
P
N (O,)
r3+
N
z
X

spuai]
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Ir (ppy-NPhy);

N-948

cis-Re(CO),(c-
dppene)(dpphen)

285-290, 380

405

494

524 43%x107%  70%
(N2)
2.5%x1078
(Oy)

665 1.02x107" 58% 10-90 vol% 90 to 10
pO2 <2s vol% pO2
<4s

610 75%x107%  0.3-1.4%
-9.3x107°

[28]

Polystyrene film  [27]

[29]

(continued on next page)
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Table 1 (continued)

Probe Structure Kabs, max hex, max  Mem, max Lifetime (s) Quantum  Response time (s) lo/1100 Support matrix Ref.
(nm) (nm) (nm) yield —
N,—>0,; O3;—-N,
cis- 285-290, 380 610 7.9%10°° 0.3-1.1% [29]
Re(CO)s(c- -1.05x 107>
dppene)
(SOs-
dpphen)
[Tb(acac)s 228, 268 490, 546, 7.3 70 2.66 (490 nm)  Adsorption [33]
(phen)] 590, 620 2.68 (546 nm) film onto
2.67 (590 nm)  alumina plate
2.66 (620 nm)
Eu(tta)sphen 268, 342 342 612 6.7 7.0 2.40 Poly-(styrene-co- [35]
7 p N TFEM) film
s |
(0] NFA
Eu3+
0 NN
F3C |
3 =
CHs
PtOEP H,C H,C—CHs 384, 500, 646 1.0x10™*  50% 3.7 5.9 82.5 n-Propyl-TiMOS/  [36,116]
HsC, 535 TFP-
H,C C!“z TriMOS film
CHs
H3C\
H,C CI;HZ
CH
_CH _CH, '3
H, G~ 2 HaC” 2

spuai]
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PdOEP Hy 394, 512, 546 664
HzC HZC- CH3
HaC,
H,C CH,
CH;,
HsC,
HC CH,
CH
.CH LCH, '™
HyC™~ 2 Hye” ™ 2
PtTFPP 392, 508, 541 650
[Pt-8Cn- 404, 510, 540 660
TPPHgI**

o

&

Q

(o)

9.9%x107*

6.0x107°
(CH,Cly)

20%

8.8%
(CH,Cl,)

9-11%

3.7

0.04

143

5.3

682.5 poly-Sty;-co- [38,116]
TFEM, 50 film

68.7 n-Propyl-TriMOS/ [36,117]
TFP-TriMOS film

5041.2 Mesoporous silica [40]

(continued on next page)
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Table 1 (continued)
Probe Structure Mabs, max hex, max  Mem, max Lifetime Quantum Response time (s) lo/ligo  Support matrix Ref.
(nm) (nm) (nm) (s yield U —
N,—0,; 0O,-N,
PtTMPyP** CH 404, 512, 546 645 <0.5 <30 >50 Mesoporous [40]
N 3 silica
HsC'N N-CH;
N
CH,
PtTPyP 640 <0.75 <221 >7 Mesoporous [41]
silica
_l
@
=
=%
w
=
>
PdPC,,COOH CH 418, 530, 556 708 26 131 18.3 Alumina plate [41] g
’ =
O
=8
@
>
®
— 3.
HsC O 7\ ,N—(CHy)1qCOOH* Br’ é
s S
@ 2
©
CH; g
a
N
2
o
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PtTCPP

COOH

PdTCPP COOH 415, 522

[(dppe)P{S,Co(CH,CH,-N-5-

pyridinium)}] [BPhy] ~S *)
(dppe)P] |
=~s N BPh, ©
Al-Ferron
N
%) N
‘0—S
1l
(6]
3
5,10,1 5,20—-tetrapheny|—2‘1 H, - HO,S SOzH
23H-porphinetetrasulfonic acid Q

'2H2804 N 4H20

o < O

HO5S SOzH

400, 509, 538 399, 507,

538

416, 523

440

395

665

701

570
680

470
580

490,650

8.6 50 16.5

36 148 17.7

3.0x10°%  0.2% (singlet)
(singlet) 1% (triplet)
2.88x107°

(triplet)

6.14x1077
(470 nm)
6.96x 107*
(580 nm)

8.0x107°
(N2)

Alumina plate

Alumina plate

Plastic film

Sol-gel support

Porous alumina
film

[41]

[41]

[42,92]

[43,98]

[44]
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The synthesis of luminescent nanocrystals is another
way to overcome the above drawbacks of organic dyes.
Luminescent nanocrystals, especially quantum dots
(QDs), have attracted great attention based on their
intensive brightness and good photostability compared
with organic dyes. The most intriguing feature of QDs is
that their narrow, symmetrical emissions are associated
with broad excitations due to quantum confinement. So
far, various luminescent nanocrystals have been syn-
thesized [50]. However, only a few of them have
reversible responses towards oxygen. Xia et al. [51]
report that cadmium telluride (CdTe) QDs capped with
1-cysteine have a size-dependent reversible fluorescence-
quenching response towards oxygen. For a QD-based
sensor, a distinct and stable emission color change,
which is induced by the amount of oxygen and pH of the
reaction system, could be obtained by analyte-induced
size-dependent quenching of QDs. The results suggested
that, based on their unique optical characteristics, QDs
would be ideal oxygen probes.

2.3. Dual-probe or multiple-probe sensing

Ordinarily, the fluorescence intensity of conventional
organic dyes is influenced by the excitation intensity of
the light source and ambient temperature, which cause
inaccurate fluorescence intensity. A reference signal is
helpful to overcome and to correct these effects.

Jorge et al. [52,53] explored an application of semi-
conductor nanocrystals for an OOS. Due to the great
stability of QDs towards photobleaching, they provided a
stable reference signal. QDs combined with a ruthenium
complex were used to obtain a self-referenced, intensity-
based, luminescent oxygen sensor.

The results clearly showed that fluctuation of excita-
tion intensity can be effectively corrected. The oxygen
sensor was independent of excitation-intensity fluctua-
tion [52]. Since the emission spectra of QDs can be tai-
lored by composition and size, a suitable reference light
can be easily chosen to avoid any spectral overlay.
Further more, the luminescence of QDs is temperature
dependent, the intensity of QDs correlated with the
ruthenium-complex intensity, which could be used to
correct the temperature effect of the ruthenium complex
while measuring the oxygen concentration.

Besides the temperature-effect correction, dual-probe
sensing could also be defined as dual-parameter sensing.
Wolfbeis et al. [54] co-immobilized a temperature-
sensitive dye ([Ru(phen);]*") and an oxygen probe
(fluorinated Pd(II) tetraphenylporphyrin) into poly(sty-
rene-co-acrylonitrile) microparticles for oxygen sensing
or poly(acrylonitrile), which is virtually impermeable to
oxygen, for temperature sensing. They successfully
separated the luminescence of both dyes using either
spectrum difference or luminescence-decay time, and
achieved simultaneous imaging of oxygen and temper-
ature. The material prepared could be used for contact-
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less imaging of pressure and temperature in wind
tunnels and would be suitable for biomedical applica-
tions due to its biocompatibility.

In general, it is difficult to select suitable multiple or-
ganic dyes for multi-analyte sensing due to their fixed
excitation wavelengths, which make the synchronous
excitation of the dyes difficult. Wolfbeis et al. [55]
creatively constructed a dual sensor for simultaneous
sensing of temperature and oxygen using a europium
(IIT) B-diketonate complex as the temperature probe and
a Pd-porphyrin complex as the oxygen indicator. The
main point of their study was that both dyes could be
excited by a 405-nm LED and possessed strong bright-
ness. After selection of an appropriate optical filter, two
emission signals corresponding to temperature and
oxygen concentration could be separated and analyzed.
This sensing scheme presents potential applications in
medical and biological areas (e.g., high-resolution
oxygen profiling and simultaneous imaging of air pressure
and temperature in wind tunnels).

Recently, the same group [56] constructed a sensor
that could simultaneously determine three parameters
(pH, oxygen and temperature). They used a rapid life-
time-determination method and band-pass filters to
separate signals from three different indicators and suc-
ceeded in avoiding the influence of spectrum overlap.
Integrated with a selective material for gas and indirect
oxygen determination, the triple sensor could be modi-
fied easily into an acidic/basic gas sensor and enzyme-
based biosensor, and the temperature sensor would
simultaneously correct for effects of temperature.

2.4. Prospects

Exploring new fluorescence probes with longer fluores-
cence lifetime and greater sensitivity towards a variety of
oxygen concentrations is the main direction of develop-
ment for oxygen sensors. With the development of wet
chemistry, fluorescent nanoparticles with controllable,
unique luminescent properties are becoming a hot spot
in this research field. Another mainstream area of re-
search is to apply dual or multiple probes, where the
fluorescence probes work together to diminish any
negative impacts on sensor performance and to achieve
multi-analyte sensing. This kind of research will
encourage the development of optical oxygen sensing
towards miniature, multi-parameter analysis.

3. Supporting materials

Supporting materials play an important role in the fab-
rication of oxygen sensors. Generally, a good supporting
material for probe immobilization should have the fol-
lowing characteristics:
1) preparation procedures should be convenient and
simple;
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2) dyes should be firmly encapsulated and difficult to
purge from the materials;

3) dyes immobilized in the supporting material should
keep their photochemical and photophysical prop-
erties well; and,

4) supporting material should possess a brilliant opti-
cal property and decent permeability to oxygen.

Current methods for probe immobilization are classi-
fied into three types: absorption; covalent attachment;
and, embedding technology. Comparatively, absorption
is the easiest method that could be implemented to
immobilize diverse reagents.

Amao et al. [57,19] absorbed Pt and Pd porphyrins
onto the surface of alumina and obtained a favorable
outcome for detecting oxygen in the air and in
aqueous solutions. Nevertheless, poor strength be-
tween the reagents and the substrates and severe
shelling of absorptive reagent restrict its application.
The covalent attachment method provides a longer
shelf-life than the absorption method. In addition, this
approach can avoid aggregation of dyes that have
poor solubility in the host matrix, especially when the
polarity of dyes is incompatible with the supporting
materials.

Winnik and Yam et al. [58,59] immobilized Ru com-
plexes into synthesized polythionylphosphazenes and
silicon-dioxide film using the covalent method. Although
their sensors exhibited gratifying characteristics, the
complicated and time-consuming procedures and the
changes in chemical properties caused by the covalent
bond decreased the sensing signals.

Compared with the above-mentioned methods,
embedding technology for probe immobilization is
becoming more attractive due to its excellent charac-
teristics (e.g., versatility, excellent optical properties and
less dye leakage). The commonly utilized materials are
generally organic or macromolecule substrates [e.g.,
polyvinylchloride (PVC), polystyrene or Nafion]. Inor-
ganic materials were scarcely involved in probe
immobilization until Avnir et al. introduced the sol-gel
method [60] to immobilize rhodomine 6G into an or-
ganic ceramic. From then on, the sol-gel method gained
widespread application in preparing sensing films.
Subsequently, the development of hybrid sol-gel mate-
rials broadened the domain of sol-gel to play a crucial
role in probe immobilization. We summarize below the
development and the current applications of organic
polymers, sol-gels and ormosil.

3.1. Organic polymers

In the past few decades, the application of organic
polymers as supporting materials has attracted much
interest and developed well in preparing oxygen-sensing
films due to their diversity, outstanding characteristics
and ease of fabrication [54,61,62]. Amao et al. [30]
reviewed these developments.
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Generally, a sensing probe is intermingled with a
macromolecular organic solution. The mixture is then
daubed onto a solid support through a spin-coating
process and subsequently forms a thin sensing film, in
which the probe maintains a desirable state of unifor-
mity.

Hartmann et al. [63] worked on an Ru(Il) complex
immobilized in a polystyrene probe and studied its
luminescence-quenching behavior. They proposed a
reasonable illustration of the non-linear relationship of
the Stern-Volmer equation. This non-linearity was
attributed to the spatial disorder in the polymer structure
that obviously affected the excitation-state property of
the probe. In the past few years, diverse organic poly-
mers {e.g., polyethylene, poly(methylmethacrylate),
poly(vinylchloride), and typically, fluoropolymer [64]},
have attracted much attention and interest in oxygen-
sensor research due to their unique oxygen permeability.

Amao et al. [26] immobilized Ir(ppy)?r in fluoropoly-
mer films prepared from poly(styrene-co-TFEM). The
sensing film showed a more desirable response to oxygen
than the conventional polystyrene film, due to the
strong, high polarity of the carbon-fluorine bond [65].

There have been many reports on oxygen-sensing
research based on fluoropolymers and their derivatives
[e.g., fluorinated poly(aryl ether ketone)] [66]. Fluoro-
polymer films have many brilliant properties that make
them suitable for preparing oxygen sensors:

1) the whole film has low polarity and strong hydro-
phobicity, thus permitting oxygen to diffuse readily
in and out;

2) their high thermal and oxidative stability avoid oxi-
dation and bleaching under sunlight; and,

3) their low light absorption eliminates disruption in
measurements.

There is no doubt that organic polymers play a crucial
role in preparing oxygen sensors, but there are still some
drawbacks (e.g., toxicity in preparation, probe leakage
and non-biocompatibility). Furthermore, organic polymer
films always form with a catenarian structure, which has
a negative effect on holding the dyes in the matrix.

3.2. Inorganic polymers

Compared with organic polymers, inorganic polymers
prepared using the sol-gel method possess many unique
advantages:

1) sensing films can be fabricated at room tempera-
ture, so it is possible to control the composition
and most dyes keep their chemical and physical
properties;

2) their three-dimensional structure is efficient in trap-
ping dyes in the porous substrate and allows the
dyes to have more free space to avoid aggregation
and collision;

3) the ultimate film products are totally inorganic
materials, which are environmentally friendly; and,
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4) it is convenient to obtain desirable products
through manipulating preparation parameters
(e.g., precursor types and proportion, catalyst, tem-
perature and pH).

Looking back on the history of sol-gel technology for
immobilizing a reagent so as to detect a target, the car-
rier, a ceramic consisting of inorganic oxide, in 1984,
Avnir et al. [60] initially generated and used it to embed
rhodamine 6G. Apart from being a decent film with
optical stability, it was dye stable in the pore, and per-
formed high concentration dye immobilization with
admirable dispersive properties and uniformity.

Subsequently, in 1990, Zusman et al. [67] applied the
sol-gel technique to preparing a pH sensor and gained
ideal results. They compared the pH-sensing dye char-
acteristics in sol-gel and solution, and found that the sol-
gel material was a benign carrier to encapsulate the pH
dye.

Sol-gel materials had extensive applications in oxygen
sensors but, by virtue of the high polarity of the film
prepared, many researchers found them to be unsuitable
for oxygen diffusion because they resulted in lower
quenching sensitivity and the films were fragile and apt
to crack, especially in the determination of dissolved
oxygen. Naturally, researchers commenced hunting for
solutions to this problem [18,68,69].

3.3. Hybrid sensing films

Organic polymer films have little resistance to high
temperature, even though they have flexibility and
favorable gas permeability. On the contrary, sol-gel films
resist sunlight and high temperatures but they lack
flexibility and crack easily. Hybrid films integrate the
advantages of both, and present many special properties
[68-70], which broaden the horizons in terms of film
preparation for oxygen sensors. The hybrid film applied
in oxygen sensing is referred to as an organic-inorganic
hybrid film, [18,71,72] and can be classified into two
groups — van der Waals force or covalent bond -
according to the force between organic and inorganic
molecules [73].

The van der Waals force film is the main organic
polymer simply with inorganic particles {e.g., silicon
oxide, zirconium oxide (ZrO,), and aluminum oxide
(Al,03) [74-79]}. However, these inorganic particles are
not suitable for preparing O0OSs based on fluorescence
quenching, since most of the metal-oxide matrices are
not transparent, except for the silicon-oxide matrix
provided by the sol-gel technique [80].

In order to explore more diverse OOSs, more trans-
parent nanostructured metal-oxide matrixes have been
investigated and developed. The preparation of highly-
dispersed metal oxides (e.g., Al,O3, ZrO,, Fe;03, Sb,053)
on the surface of cellulose and its derivatives have found
numerous applications in recent years [74,76,81]. Based
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on numerous references, cellulose is a particularly good

polymer to prepare hybrid materials, since it can be

molded into different forms (e.g., membranes, spheres
and fibers). In addition, novel nanostructured materials

(e.g., aluminum oxide), embedded into polyvinylalcohol

(PVA) were investigated as potential matrix to incorpo-

rate organometallic compounds (OMCs) for the devel-

opment of O0Ss [80,82]. Generally, as Winnik et al.

[82,83] stated, addition of the inorganic particles serves

three separate functions in the sensing film:

e the inorganic particles are thought to be bound to the
particle surface or captured inside porous structures,
and then serve as carriers for dye molecules when
dyes are poorly soluble in the polymer;

e the inorganic particles serve as a “filler”” to reinforce
the polymer film and improve its mechanical proper-
ties; and, finally,

e the volume fraction of the filler is large enough to hin-
der coherence of the polymer phase, and yield more
void space to increase the surface area and improve
the optical properties.

Inorganic hybrid films have received more attention
due to their advantages, but the complications resulting
from the presence of the inorganic particles in the
polymer films have blocked the advanced development of
inorganic particle hybrid films.

The covalent-bond film is mainly involved, since a
strong covalent bond links inorganic and organic mol-
ecules, and this generates coherent, compatible films.
Ormosil is such a material in which organic fragments
are built into silicon-oxide networks and employed well
in preparation and design of oxygen sensors.

Co-hydrolysis results in a mixture of tetraalkoxysilane
and alkyl-substituted silicon alkoxides. Due to the non-
hydrolyzing alkyl groups structurally acting as a net-
work, many desirable properties have been achieved by
these new hybrids for a range of applications.

Schmidt et al. [84] initially produced a series of non-
crystal solids comprising organic-modified alkoxysilane
and called them ormosil. McDonagh et al. [85] obtained
an oxygen-sensor film utilizing methyltriethoxysilane
(MTEOS) and ethyltriethoxysilane (ETEOS) or tetraeth-
oxysilane as co-precursors. Klimant et al. [86] had deep
insight into the study of ormosil. They prepared pum-
oxygen-sensing optodes through the sol-gel process
using ormosil as the matrix, in which phenyltrimeth-
oxysilane was selected as organic modifier. By compari-
son, they found that ormosil provided:

e a more desirable environment for the oxygen-sensing
dye immobilized in the matrix;

e better oxygen permeability than obtained using
MTEOS or ETEOS as organic modifier;

e faster response;

e higher sensitivity; and,

e Dbetter linearity of the Stern-Volmer plot.
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The utilization of fluorinated ormosil [87,36] was re-
cently developed. Carturan et al. [88] made a detailed
study of the fabrication of silicon-oxyfluoride materials
with high fluorine contents through the direct hydrolysis
of fluoroalkoxide precursors and evaluated the silicon-
fluorine bonds within the silicon network. Atkins and co-
workers [89] studied the optical properties of highly
fluorinated and photosensitive ormosil-derived films for
potential use as waveguides.

Subsequently, Pagliaro et al. [87] made an intensive
study of [Ru(dpp);]*" immobilization in the fluorinated
xerogels. In their studies, they tailored a sensor plat-
form from a hybrid xerogel-based oxygen sensor
comprising n-propyltrimethoxysilicane and 3,3,3-tri-
fluoropropylmethoxysilane doped with [Ru(dpp);]*™,
and they found extremely high sensitivity for oxygen.
Due to the high hydrophobicity and consequently
lower surface tension at the solid/liquid interface
during the drying of the intermediate alcogel, crack-
free formation was achieved without any added sur-
factant in preparing the ormosil. The composite
ormosil films are smooth and homogeneous. Based on
their study results, oxygen sensors fabricated by fluo-
rinated ormosil are more sensitive and stable, and
supply rapid detection and a facile approach due to
their unique properties.

The desirable advantages of the fluorinated ormosil
suggest a prosperous future for their application in
oxygen Sensors.

3.4. Prospects

As mentioned above, the appearance of various new
supporting materials improves or removes many
drawbacks with conventional OOSs (e.g., dye leakage
and being prone to aging). Due to their applications in
environmental protection and monitoring, it would be
desirable to explore and to utilize advanced supporting
materials. Exploring new supporting materials that
possess new characteristics would induce future
development in such fields. The next generation of
supporting materials should have extraordinary
advantages, e.g.:

1) enhanced selectivity toward oxygen; preventing
other substances (e.g., ions and other gases) from
entering the film and permitting oxygen only, en-
hanced selectivity could improve determination
accuracy [56];

2) in order to attract favorable commercial applica-
tions, prolonged shelf-life of supporting materials
should be given more attention;

3) low or non toxic and environmental-friendly
film-preparation methods should be developed;
and,

4) smooth, transparent, easily miniaturized and inte-
grated sensing films should be explored.

Trends

4. Methods of determination

There are four basic ways for the optical monitoring of

oxygen:

e intensity measurement;

e lifetime measurement, including pulsed luminescence
and phase-modulation lifetime methods;

e polarization assay; and,

e colorimetric oxygen determination.

The optical determination of oxygen is always based
on the quenching behavior of the sensing probes that
obey the rules of the Stern-Volmer equation, which
quantitatively relates lifetime and luminescence intensity
to oxygen concentration:

I() To
V-0 14K,]0 1
7= = 11TKa[0] (1)

where: K, is the Stern-Volmer quenching constant;
and 1 are quenched and unquenched fluorescence life-
times, respectively; and, I and I, are quenched and un-
quenched fluorescence intensities, respectively. The
response of an ideal sensor based on Stern-Volmer
quenching kinetics has a linear relationship with oxygen
concentration. From the Stern-Volmer equation, it is
easily observed that quantitative measurement of oxy-
gen can be based on fluorescence intensity or lifetime.

4.1. Fluorescence intensity

The determination of oxygen based on fluorescence
intensity is the simplest method, and is still a very
common in fluorometry, by which oxygen concentration
is calculated according to the Stern-Volmer equation.
The advantages of fluorescence-intensity-based oxygen
determination include simplicity and low cost. The major
disadvantage is that the emission intensity is strongly
affected by the stability of the light source, variations in
the efficiency of the transmission optics, detector
sensitivity, photodecomposition of probes and inhomo-
geneous dye distribution [90]. Light-source and trans-
mission-intensity fluctuations could be corrected using a
double-beam assay [91], dual emitter [92,42] or refer-
ence scatterer. Photodecomposition is an unpredictable
factor of signal loss; it could be avoided effectively by
using photochemically-stable probes and reducing light
exposure by decreasing the intensity or the duty cycle. In
order to overcome these practical drawbacks, ratiometric
measurement was developed [92,93].

4.2. Fluorescence lifetime

Fluorescence lifetime is an intrinsically important
parameter of a fluorophore, since it determines the time
available for the fluorophore to interact with or diffuse
in its environment. The fluorescence lifetime reflects
information about the ambient conditions of the fluo-
rophore. Since fluorescence lifetime is independent of
the perturbation of excitation intensity, detector sensi-
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tivity and drift, geometry changes, photodecomposition
[94] and, most importantly, indicator concentration, its
measurement could effectively avoid the influence of
external factors and obtain accurate, irreplaceable data
that could not be obtained by fluorescence-intensity-
based determination. However, fluorescence-lifetime
measurement needs sophisticated, expensive instru-
ments and is unsuitable for practical applications.
However, with the advent of luminophores whose life-
times range from hundreds of ns to hundreds of s,
lifetime sensing was no longer restricted to ultra-short
lifetimes [95].

So far, there are two common methods of measuring
the fluorescence lifetime: time domain (always referred
to as pulse fluorometry); and, frequency domain (phase-
modulation fluorometry).

4.2.1. Pulse fluorometry. In pulsed-lifetime measure-
ments, a pulse of light, which is made as short as possible
and is preferably much shorter than decay time t of a
sample, is needed to excite the sample. Single-exponen-
tial decay is ideal and favored in pulsed-lifetime mea-
surements, but multi-exponential decays, which increase
data-processing complications severely, are always ob-
tained. The rapid lifetime-determination method is a
good option to deal with single-exponential and double-
exponential decays [96] and can handle even multi-
exponential decays. However, this method could not deal
with short-lived fluorescence-based determination. To
overcome this drawback, Klimant et al. [97] introduced
the time-domain dual-lifetime reference (td-DLR) meth-
od. They employed two luminophores with different
lifetimes, with at least one lifetime in the ps range. The
short-lived indicator and the long-lived inert reference
dye are simultaneously excited and measured in two
time gates. The first (A.) is in the excitation period in
which the light source is on and the signal obtained
comprises short-lived fluorescence and long-lived lumi-
nescence. The second gate (A.,,) is opened in the emis-
sion period in which the intensity exclusively comprises
the reference luminescence. The rise and the decay of the
short-lived indicator fluorescence is excluded from the
measurement using a delay. Ratioing both images re-
sults in an intrinsically-referenced signal that is not af-
fected by the usual optical interferences. This enables the
measurement of short-lived lifetime-based optical sens-
ing using simple devices.

Fluorescence-lifetime standards are extremely useful
in testing and calibration of metal complexes with long-
lived excited-state-sensing systems, but there is a prac-
tical need for standards that are applicable over a wide
range of temperatures and oxygen pressures.

Morris et al. [94] developed a method to achieve
rapid, efficient determination of excited lifetimes, which
depends on the temperature and the oxygen concen-
tration in a variety of systems. The method was used to
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characterize two systems, [Ru(dpp);]Cl, and [Ru(b-
py)3]Cl,, in different solvents, and each system can be
used as a lifetime standard. This approach permits
laboratory and extensive field calibration of instruments
and enhanced precision of time-domain lifetime mea-
surements.

4.2.2. Phase modulation. For fluorescence probes with
a long lifetime, the phase-modulation method is
preferred because the long decay time loses significant
fractions of the total emission. This loss becomes
critical in the presence of a quencher and leads to
relatively low S/Ns. Moreover, pulsed-lifetime mea-
surements involve very expensive, complex instru-
mentation when the fluorescence lifetimes are in the
ns range or below.

Compared with pulsed fluorometry, the phase-modu-
lation method offers several advantages:

1) S/N can be significantly increased simply by choos-
ing a specific frequency;

2) the corresponding lifetime can be calculated
through phase shift or amplitude changes; and,

3) there are fewer effects from scattered or background
light than in pulsed fluorometry [98].

Generally, the phase-modulation method applies a
sinusoidally-modulated excitation-light source rather
than a pulsed source. There is a phase shift, ¢, between
excitation and emission, which is given by:

¢ = arctan(wty); © = 2nf (2)
where f is the modulation frequency. Phase shifts are
easy to measure precisely, and the equipment can be
inexpensive. The primary disadvantage of phase-shift
instruments is that they generally provide only a single
phase shift at one frequency, and lifetime still needs to be
calculated [94].

Ogurtsov et al. [99] considered that instrument noise
depends on the modulation frequency of excitation,
especially in practical sensing devices. They systemati-
cally investigated the contribution of noise characteris-
tics using model experiments with an oxygen-sensing
film immobilizing Pt(II) porphyrin-ketone complex and
polystyrene. They found that the optimal working fre-
quency may significantly differ from the theoretical fre-
quency. With the optimal working frequency, the
performance of practical OOSs improved and accurate
results could be obtained.

Trettnak et al. [100] constructed a cheap, simple
oxygen-determination system based on phase-shift life-
time measurement, in which a Pt(II) porphyrin-ketone
complex was employed as the oxygen-sensing probe. The
decay time was indirectly obtained by measuring the
phase shift between a square-wave excitation and a
square-wave in the detector at a single frequency. The
frequency proved suitable for oxygen measurement in
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both gases and liquids. This system did not need to
modulate the high frequency so that it simplified
tremendously the phase-modulation-determination
method.

Rao et al. made important steps towards the ratio-
metric oxygen-sensing approach by effectively reducing
the influence of light-source fluctuation using the phase-
modulation method [92,42,98,101]. Fluorescent dye
dppe-Pt2P was employed for oxygen detection based on
modulating the fluorescence at two different frequencies.
The output signal, which was independent of frequency
fluctuation, was obtained by choosing frequencies in the
modulation plateaus. More accurate determination of
modulation amplitudes and increased S/N could be
achieved by using lock-in techniques [42]. Different
determination methods (e.g., wavelength ratiometry,
lifetime discrimination and polarization detection) were
compared. The sensor responses showed significant non-
linearity when wavelength ratiometry and polarization
methods were applied. A linear Stern-Volmer plot could
be obtained, using the frequency discrimination of the
lifetime of a dual emitter, which showed particular
advantages compared with other assays [92].

Campo et al. [98] introduced a ‘‘ratiometric dual
phase-shift” method and employed dual-emitter Al-Fer-
ron, which presented oxygen-dependent phosphorescent
emission and oxygen-independent fluorescent emission,
to test this method. Their method can be employed for
chemical sensing, even when both lifetimes of the
luminescent emissions (reference and indicator) change
in the presence of the analyte. Only a different lifetime is
necessary in the sensing application. The analytical
performance, linear range and limits of detection (LODs)
improved remarkably.

The same group compared the frequency-domain-
ratiometric method and the wavelength-ratiometric
method for optical luminescence sensing. They found
that the choice of methodology depended mainly on the
spectral and the dynamic response of the indicator used.
The frequency-domain-ratiometric method adapted to
active phases comprising luminophores that exhibit dual
emissions with different lifetimes. However, the wave-
length-ratiometric method is more suitable for fluores-
cence-intensity sensors [102].

4.3. Polarization

Although fluorescence-intensity and fluorescence-life-
time methods have been well explored, the theory of
these assays is based on a dilute solution, and they
cannot be used in concentrated solutions or solutions
with high viscosity. Anisotropy-based determination
can successfully deal with systems with high viscosity
(e.g., cell sap containing large numbers of organelles)
and can provide information on the size and the shape
of proteins or the rigidity of various molecular envi-
ronments [103].
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The polarization method is simple and accurate, and
does not require sophisticated instruments or profes-
sional operators.

Anisotropy is another fundamental property of fluo-
rescence emission. Its measurement is based on the
photoselective excitation of fluorophores by polarized
light. Only those fluorophore molecules whose absorp-
tion-transition dipole is parallel to the electric vector of
the excitation can be selectively excited. Measured
anisotropy r obeys the Perrin equation:

ro/r=1+1/0 (3)

where ry is the initial anisotropy in the absence of
rotation, r is the measured anisotropy, t is the fluo-
rescence lifetime, and 6 is the rotational correlation
time.

Fluorescence anisotropy r is measured from the fluo-
rescence intensities observed through polarizers oriented
parallel (Ij) and perpendicular (I,) to the polarization of
the excitation light, which is quite complicated. Rao
et al. [104] investigated the fluorescence polarization of
a dual emitter with largely different lifetimes and made a
simple approach to anisotropy measurement.

e k. (4)
I+ 21,
I, 1,
r= ri + r 5
L+L "L+ ° (5)

Theoretically, if two emitting species present different
steady-state intensities I; and I,, observed anisotropy r
could be calculated from Equation (5), where r; and r,
are the anisotropies.

I, I
r = r, + Is
I+ I I+ 1
r
ﬂ:1+ﬂ7 when 1, > 0, 1, ~ 0
rL 0 (6)
Tos _ 1+E, when 13 < 0, rg & rgg
I's 0

13 1 1 ( IL)
r= Yo = re = re (n=—=
L+ Ly1® npy1’ I

Assume a fluorophore with two emissions of signifi-
cantly different lifetimes: 7, is significantly shorter than
0 and 7t;, is significantly longer. Equation (6) can be
derived from the Perrin equation and Equation (5),
from which it can be found that any change of the
intensity of the long lifetime will result in the change of
observed anisotropy r.

I
ﬂ =1 —+ kSV[OZ] (7)
I
I's
r= w7 (8)
1+k5:/)[02] +1

In the investigation of Rao et al. [92], the long-lifetime
intensity depended only on the oxygen concentration,
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which obeys the rule of Stern-Volmer Equation (7).
Combination of Equations (6) and (7) gives Equation (8),
which means that the oxygen concentration could be
obtained from measuring anisotropy r, where ng is the
ratio of the long-lifetime and short-lifetime intensities in
the absence of O,.

Based on the above principle, Rao et al. [104] con-
structed a novel oxygen-polarization sensor using a
dual-emitter molecule that changed the observed
anisotropy of its emission as the oxygen concentration
varied. It was an important approach to probing in vis-
cous media (i.e. cell protoplasm) and developing polari-
zation-based sensors.

4.4. Colorimetry

So far, many oxygen sensors based on pressure, elec-
trochemistry and photochemistry have been made for
accurate quantitative determinations [29,105-109], but
these require large scientific instruments with compli-
cated data-collecting and processing systems, so in-
creased costs and the requirement for a professional
operator severely limit their usage.

Since Evans et al. [110-112] first reported a novel
luminescence-based colorimetric oxygen sensor with a
“traffic light” response, a new approach has become
available for colorimetric oxygen determination without
any assisting instruments. They employed dual (or triple)
fluorophores with different oxygen sensitivities and
successfully changed emission color. Due to complete or
partial fluorescence quenching of one or all of the sens-
ing elements in the sensor, the color change was found
to be from red to green at different oxygen concentra-
tions. The sensor did not present well one-to-one
apparent-color corresponding to various concentrations
of oxygen, since all the fluorophores employed had
quenching behavior towards oxygen. The color response
of colorimetric luminescent oxygen sensors was there-
fore described in terms of Commission Internationale de
1’Eclairage (CIE) x, y color coordinates. Since then, there
have been few, if any, attempts to fabricate a colori-
metric oxygen sensor [113].

Although these research groups made important steps
towards the colorimetric oxygen determination, several
disadvantages still exist (e.g., low resolution, high cost,
lack of simultaneous excitation at a single wavelength,
and, failure fully to achieve different color changes for
different uses).

In order to achieve colorimetric oxygen determination
with precise, distinct and tunable color, Wang et al.
[114] constructed an OOS strip based on CdTe QDs and
[meso-tetrakis(pentafluorophenyl)  porphyrinato]Pt(II)
(PtTFPP). In their sensor strip:

e the QDs are stable to oxygen due to the passive shell;

e the selected fluorescence quenching probe, PtTFPP,
presents a good linear response towards oxygen con-
centration; and,

336 http://www elsevier.com/locate/trac

Trends in Analytical Chemistry, Vol. 29, No. 4, 2010

e PtTFPP provides a one-to-one corresponding relation-
ship between apparent color and oxygen concentra-
tion.

After this configuration, accurate oxygen concentra-
tion can be simply measured by apparent color, and no
data processing is necessary. Based on the principle
that they have described, various types of gas, tem-
perature, pH, or ion sensor could be developed by
simply replacing the oxygen-sensing probe with other
sensing elements.

It is very important that the apparent color can easily
be tuned for different uses, especially in multi-analyte
determination using the array method. Because of the
size-tunable emission character of QDs, the reference
color can be changed easily by tuning the size of the
nanoparticles. This allows different analyte-sensing units
to have distinct colors and generates potential
applications for high-throughput analysis. In addition,
the use of QDs as the reference signal can efficiently re-
duce the effect of light-source fluctuation, and allow
calibration of the temperature effect [115]. However, the
potential cytotoxicity of QDs should be taken into
consideration.

4.5. Prospects

Colorimetric oxygen determination has received much
attention in recent years due to its simplicity and con-
venience, and it should become widely used. With
improvements in the resolution and the LOD of the col-
orimetric method, a simplified, accurate, high-resolution
method for oxygen determination will enter the main-
stream.
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