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This paper presents a highly sensitive oxygen sensor that comprises an optical fiber coated at one end
with platinum(II) meso-tetrakis(pentafluorophenyl)porphyrin (PtTFPP) and PtTFPP entrapped core–shell
silica nanoparticles embedded in an n-octyltriethoxysilane (Octyl-triEOS)/tetraethylorthosilane (TEOS)
composite xerogel. The sensitivity of the optical oxygen sensor is quantified in terms of the ratio I0/I100,
where I0 and I100 represent the detected fluorescence intensities in pure nitrogen and pure oxygen envi-
ronments, respectively. The experimental results show that the oxygen sensor has a sensitivity (I0/I100)
ptical fiber oxygen sensor
t(II) complex
ore–shell
ol–gel process

of 166. The response time was 1.3 s when switching from pure nitrogen to pure oxygen, and 18.6 s when
switching in the reverse direction. The experimental results show that compared to oxygen sensors based
on PtTFPP, PtOEP, or Ru(dpp)3

2+ dyes, the proposed optical fiber oxygen sensor has the highest sensitivity.
In addition to the increased surface area per unit mass of the sensing surface, the dye entrapped in the
core of silica nanoparticles also increases the sensitivity because a substantial number of aerial oxygen
molecules penetrate the porous silica shell. The dye entrapped core–shell nanoparticles is more prone to
oxygen quenching.
. Introduction

Oxygen plays an essential role as either a reactant or a prod-
ct in many chemical and biochemical reactions. Consequently,
esearchers have expended considerable effort in developing reli-
ble techniques for the high-precision measurement of oxygen
oncentrations. One of the earliest oxygen sensors was the Clark
lectrode, designed to measure the oxygen pressure in arterial
lood samples [1]. Although this sensor provides reasonably accu-
ate measurement results, it has a number of drawbacks which
imit its general applicability, most notably high oxygen consump-
ion, a slow response time, poor reliability, and questionable safety
2]. Optical oxygen sensors effectively remove many of these lim-
tations and have therefore found widespread use in chemical
3–8], clinical [9,10], and environmental [11] fields. Such sensors
etect the oxygen concentration by monitoring the reduction in
he fluorescence intensity of an excited fluorescent indicator as
result of the quenching effect induced by the oxygen environ-

ent. Optical oxygen sensors presented in the literature invariably

mbed the fluorescent indicator in either a polymer [12–15]
r a sol–gel matrix [16–22]. Many researchers have reported
hat sol–gel derived glass is an ideal matrix material for oxy-
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gen sensing applications since it is highly permeable to oxygen
and has favorable mechanical properties, excellent chemical sta-
bility, and superior optical clarity [23–25]. Furthermore, it has
been shown that organically modified silicate (ORMOSIL) matrixes
[16–22] improve the response and sensitivity of ruthenium-(II)-
complex-based [17–19] and platinum-(II)-complex-based oxygen
sensors [20–22] due to their porous structure, which enhances
their ability to accommodate and disperse analyte-sensitive
dyes.

Ruthenium(II) complexes have a number of advantages for
optical oxygen sensing applications, including long excitation life-
times (5.3 �s), good fluorescence quantum yields, and good oxygen
quenching efficiency [26]. Compared to ruthenium(II) complexes,
platinum phosphorescent porphyrins such as platinum tetrakis
pentrafluoropheny porphine (PtTFPP) have many favorable charac-
teristics, including a higher sensitivity to oxygen quenching, longer
excitation and emission wavelengths, a more rapid response, a
larger Stokes’ shift (100–170 nm), and a higher photochemical sta-
bility [20–22]. Consequently, these platinum(II) complexes have
been extensively used for oxygen sensor applications in recent
years [20–22].
Although considerable progress has been made in the optical
chemical sensing field in recent years, the development of ultra-
sensitive detection techniques still remains a major challenge. It
is known that the sensitivity of sensors which detect the ana-
lyte of interest via its interaction with dye molecules embedded
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n the sensing surface increases with increasing surface area per
nit mass. Accordingly, various designs for chemical sensors with
nlarged sensing surfaces have been proposed [27]. However, these
ensors invariably involve sophisticated synthesis routes or require
umbersome fabrication processes. Therefore, a requirement for
imple, low-cost approaches for the fabrication of ultra-sensitive
etection systems still exists.

Recent studies have demonstrated the use of surface-modified
ore–shell nanoparticles in bio-analysis applications. Typically, the
iomarkers constructed using this approach feature thin sensing
hells incorporating core–shell silica nanoparticles for biological
pplications [28–30]. The core–shell silica nanoparticles can be syn-
hesized using a simple process in which a silica precursor is used.
hells with a size in the range of a few nanometers [28] to hun-
reds of nanometers [31] can be synthesized. The core–shell silica
article membranes have a higher surface area than that of contin-
ous thin films. This large available surface area has the potential
o provide unusually high sensitivity in sensing applications. In a
ecent study, Han et al. [32] demonstrated an oxygen sensor based
n a phosphorescent dye adsorbed in the pores of mesoporous
ilica nanoparticles deposited with sub-monolayer coverage on a
ayer-by-layer self-assembled film. Because of the high surface-to-
olume ratio, a monolayer of micrometer-sized mesoporous silica
anoparticles can adsorb sufficient dye to produce a strong photo-

uminescence (PL) signal, and at the same time provide rapid access
o oxygen molecules.

Dye entrapped core–shell silica nanoparticles are often used as
ioimaging labels for living cells [33]. In the present study, an opti-
al fiber oxygen sensor with the dye entrapped in the core of silica
anoparticles inside silica gels to enhance sensitivity is developed.
he oxygen sensor is fabricated by coating one end of an optical
ber with a PtTFPP complex and dye entrapped core–shell silica
anoparticles embedded in an Octyl-triEOS/TEOS sol–gel matrix.

n addition to the increased surface area per unit mass of the
ensing surface, the dye entrapped in the core of silica nanopar-
icles also increases sensitivity. Silica nanoparticles without dye
ntrapped with PtTFPP embedded in an Octyl-triEOS/TEOS sol–gel
atrix were fabricated for comparison.

. Theory

Although luminophore quenching depends on several factors,
n the simplest scenario of a luminophore in a homogeneous

icroenvironment, the quenching effect can be described by the
tern-Volmer equation [34]:

I0
I

= 1 + KSV [O2] (1)

here I0 and I represent the steady-state fluorescence intensities
n the absence and presence, respectively, of the quencher (O2 in
he current case); KSV is the Stern-Volmer quenching constant; [O2]
s the oxygen concentration In the ideal case, a plot of I0/I against
O2] is linear with a slope equal to KSV and an intercept of unity,
llowing the application of a simple single-point sensor calibration
cheme.

Eq. (1) describes the idealized behavior of a luminophore with
single excited-state lifetime in a homogeneous environment

ndergoing dynamic quenching. The Stern-Volmer plot of fluores-
ence quenching of the sensors is nonlinear due to the presence of
oth static and dynamic quenching. Demas et al. reported a multi-

ite model for a sensing film with various oxygen-accessible sites
8,35,36]. In this model, the oxygen molecule can exist at various
ites, each with its own characteristic quenching constant. Since
he observed fluorescence intensity is the sum of emissions from all
xygen-accessible sites, the Stern-Volmer relationship is modified
 (2010) 1044–1051 1045

as [8,35,36]:

I0
I

=
[

n∑
1

fn
1 + KSVn[O2]

]−1

(2)

where fn denotes the fractional contribution to the total emission
from domain/site n and KSVn is the Stern-Volmer quenching con-
stant associated with domain/site n. The best fit in this situation
using above equation for n = 2.

3. Experimental

3.1. Fabrication of two optical fiber oxygen sensors

The optical oxygen sensor developed in this study was
fabricated using a platinum(II) complex (PtTFPP) and PtTFPP
entrapped core–shell silica nanoparticles embedded in an n-
octyltriethoxysilane (Octyl-triEOS)/tetraethylorthosilane (TEOS)
composite xerogel. For comparison, silica nanoparticles (without a
core–shell structure) with PtTFPP complex embedded in an Octyl-
triEOS/TEOS composite xerogel were also fabricated for an optical
oxygen sensor. The basic steps of these two fabrication proce-
dures are described in the sub-sections below and are illustrated
schematically in Figs. 1 and 2, respectively.

3.2. Synthesis of PtTFPP entrapped core–shell silica nanoparticles

The PtTFPP entrapped core–shell silica nanoparticles were pre-
pared using a modified form of the Stöber method [37]. Briefly,
PtTFPP/EtOH (1 mM, 1 mL) solution was dissolved in 1 mL of TEOS
and the resulting solution was stirred for 10 min. Ammonium
hydroxide (1 M, 0.78 mL) was then added to the PtTFPP/EtOH/TEOS
solution, which was subsequently stirred for 1 h to obtain a com-
pletely homogeneous solution (designated as solution “A” in Fig. 1).
A second solution (designated as solution “B” in Fig. 1) was prepared
by adding 0.15 mL of TEOS to 7.5 mL of ethanol and then stirring
for 10 min. Solution A was then slowly added to solution B and
the resulting solution (solution “C”) was stirred for 10 min. Ammo-
nium hydroxide (0.185 mL) and water (0.785 mL) were added to
solution C and the resulting solution was stirred for a further 3 h.
TEOS (1.8 mL) and more ammonium hydroxide (1.17 mL) were
then added to the solution, which was subsequently stirred for
15 h. Finally, the solution was centrifuged and the resulting pre-
cipitate was washed with acetone until a clear supernatant was
obtained. Note that in preparing the PtTFPP entrapped core–shell
silica nanoparticles using the process described above, all of the
synthesis steps were performed at room temperature using a tech-
nique similar to that described by Ethiraj et al. [30].

3.3. Synthesis of silica nanoparticles

The silica nanoparticles were prepared using a simple method
[38]. Briefly, the absolute ethanol (4.6 mL) solution was dissolved in
1 mL of ammonium hydroxide (13.7 M) and the resulting solution
was stirred for 10 min (designated as solution “A” in Fig. 2). A sec-
ond solution (designated as solution “B” in Fig. 2) was prepared by
adding 0.1 mL of TEOS to 0.4 mL of absolute ethanol and then stir-
ring for 10 min. Solution B was then quickly added to solution A and
the resulting solution (solution “C”) was stirred for 2 h. Finally, the
solution was centrifuged and the resulting precipitate was washed
with acetone until a clear supernatant was obtained.
3.4. Sol–gel, mixing, and dipping processes

The Octyl-triEOS/TEOS composite sol used as the matrix mate-
rial in the proposed oxygen sensor was prepared by mixing
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Fig. 1. Flow chart showing the basic synthesis procedure of fabricating composite xer

Fig. 2. Flow chart showing basic synthesis procedure of fabricating composite xero-
gel with embedded dye solution and silica nanoparticles.
ogel with embedded PtTFPP and dye entrapped core–shell silica nanoparticles.

Octyl-triEOS (0.2 mL) and TEOS (4 mL) to form a precursor solu-
tion. Adopting an approach similar to that employed by Yeh et al.
[21], EtOH (1.25 mL) and HCl (0.1 M, 0.4 mL) were then added to
the sol solution to catalyze the ORMOSIL reaction. The resulting
solution was capped and stirred magnetically for 1 h at room tem-
perature. During the mixing process, Triton-X-100 (0.1 mL) was
added to the solution to improve the homogeneity of the silica
sol, resulting in a crack-free monolith. The oxygen-sensitive dye
solution was prepared by dissolving 2 mg of PtTFPP into 10 mL of
EtOH. The resulting solution (1 mL) was then added to the PtTFPP
entrapped core–shell silica nanoparticles or the silica nanoparti-
cles and stirred for 10 min. The solution was then added to the
composite sol solution. Finally, the solution was capped and stirred
magnetically for another 10 min. The various sensor cocktails were
prepared using a similar procedure; the compositions are given in
Table 1.

The sensor fabrication process was commenced by soaking a

multimode optical fiber in NaOH for 24 h. The fiber was then rinsed
with copious amounts of de-ionized water and EtOH and then dried
at room temperature for 10 min. The composite xerogel with the
dye entrapped core–shell silica nanoparticles or the silica nanopar-

Table 1
Compositions of cocktails used as O2-sensing materials.

Abbreviation Dye in bulk
matrix

Dye in core–shell
beads

Silica
nanoparticles

S-1 + + −
S-2 + − +
S-3 − + −
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ig. 3. TEM image showing a PtTFPP entrapped core–shell silica nanoparticle at a
esolution of 200 nm.

icles was then deposited on one end of the fiber in a dip-coating
peration performed at a velocity of 0.25 mm/s. Finally, the coated
ber was dried at room temperature and left to stabilize under
mbient conditions for 1 week. A flow chart showing the basic syn-
hesis procedure of fabricating composite xerogel with embedded
tTFPP and dye entrapped core–shell silica nanoparticles is illus-
rated in Fig. 1. A flow chart showing basic synthesis procedure
f fabricating composite xerogel with embedded dye solution and
ilica nanoparticles is illustrated in Fig. 2.

.5. Characteristics of silica nanoparticles and PtTFPP entrapped
ore–shell silica nanoparticles

Fig. 3 shows a TEM image of a PtTFPP entrapped core–shell sil-
ca nanoparticle synthesized using the processing steps described
bove. It can be seen that the PtTFPP entrapped core–shell silica
anoparticles are spherical with a diameter of around 170 nm. The
ore–shell structure can be observed clearly due to the different
lectron penetrabilities for the core and shell. The core is a black
phere with an average size of 145 nm (in diameter), and the shell
s gray with an average thickness of 12.5 nm. These results are con-
istent with those of Wang et al. [39].

Fig. 4 shows a TEM image of silica nanoparticles. The silica
anoparticles are spherical with a diameter of around 400 nm. The

EM samples were prepared by dropping 5 �L of ethanol solution
ith nanoparticles on ultrathin 400 mesh copper grids. The cop-
er grids were dried in an oven for 2 h at 110 ◦C and ready for TEM
nalyses after the copper grids were cooled to room temperature.

Fig. 4. TEM image showing silica nanoparticles at a resolution of 1 �m.
Fig. 5. FTIR spectra of (1) PtTFPP and (2) PtTFPP/SiO2.

From Figs. 3 and 4, it is expected that this large available surface
area will provide unusually high sensitivity in sensing applications.

Fig. 5 shows the FTIR spectra of the dye and the dye entrapped
core–shell silica nanoparticles. The characteristic absorptions of
PtTFPP (curve 1) were observed at 1680 cm−1 and 2490 cm−1. For
PtTFPP/SiO2 core–shell nanoparticles (curve 2), the sharp band at
1090 cm−1 corresponds to Si–O–Si antisymmetric stretching vibra-
tions, indicating the existence of SiO2 in the nanoparticles. In the
spectrum of PtTFPP/SiO2 core–shell nanoparticles (curve 2), this
suggests that PtTFPP is doped in the silica core of the compos-
ite core–shell nanoparticles. These results are consistent with of
Chang et al. [40]. Additionally, the photophysical characteristics
of core–shell fluorescent silica nanoparticles have been reported
by the Refs. [29,30,39]. For example, Ow et al. [29] showed the
core–shell nanoparticles are monodisperse in solution, 20 times
brighter, and more photostable than their fluorophore and are
amenable to specific labeling of biological macromolecules for
biomaging experiments. On the other hand, Ethiraj et al. [30] pre-
sented the photoluminescent core–shell particles of organic dye in
silica. The photoluminescence investigations showed that highly
luminescent and photostable core–shell particles are formed and
the core–shell particles can be easily suspended in water and would
be useful for a variety of applications. Based on the photophysi-
cal characteristics, we hypothesized the dye entrapped core–shell
particles in the optical oxygen sensor could result in the high
surface-to-volume ratio to enhance the sensitivity of these opti-
cal fiber oxygen sensors. In addition to the increased surface area
per unit mass in the sensing surface, the dye entrapped in the core
of silica particles also play a role in the increased sensitivity because
of the penetration of substantial amount aerial oxygen molecules
through the porous silica shell [32].

3.6. Instrumentation

Fig. 6 shows a schematic illustration of the experimental
arrangement used to characterize the performance of the optical
fiber oxygen sensor. In the sensing experiments, the fluorescence
excitation was provided by an LED (LED405E, Thorlabs) with a
central wavelength of 405 nm driven by an arbitrary waveform gen-
erator (TGA1240, Thurlby Thandar Instruments (TTI) Ltd.) at 10 kHz.

The oxygen sensing system consisted of a coated multimode silica
glass fiber (1000/1035 �m) and a bifurcated optical fiber (BIF-600-
UV-VIS, Ocean Optics). The emission measurements were acquired
at a pressure of 101.3 kPa using a USB 2000 spectrometer (Ocean
Optics).
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f1 = 0.9957 for Fig. 8(a); KSV1 = 1.6965%−1, f1 = 0.9963 for Fig. 9(a)
(dynamic quenching site)) and the other is less accessible to oxy-
gen (KSV2 = 0.0005%−1, f2 = 0.0043 for Fig. 8(a); KSV2 = 0.00004%−1,
f2 = 0.0037 for Fig. 9(a) (static quenching site)). KSV2 has a very low
value and makes a small contribution compared to that of KSV1,
Fig. 6. Schematic diagram showing experimen

. Results and discussion

.1. Optical properties of PtTFPP-doped sensor

Fig. 7 shows the absorption spectrum of the proposed PtTFPP-
oped oxygen sensor. As shown, the spectrum has a Soret band at
92 nm and two Q bands at 508 nm and 541 nm, respectively. The
xperimental results confirm that the LED with a central wave-
ength of 405 nm is a suitable excitation source for the proposed
ensor.

.2. Oxygen sensing properties of PtTFPP-doped sensors

Figs. 8 and 9 show the variation of I0/I with oxygen con-
entration for two PtTFPP-doped oxygen sensors, respectively.
igs. 8(a) and 9(a) reveal that the sensors exhibit a nonlin-

ar response at high oxygen concentrations. It can be seen that
he two PtTFPP-doped oxygen sensors have overall sensitivities
f 166 (S-1) and 106 (S-2), respectively. The sensitivity of the
ptical oxygen sensor is quantified in terms of the ratio I0/I100,
here I0 and I100 represent the detected fluorescence intensities

Fig. 7. Absorption spectrum of PtTFPP-doped oxygen sensor.
angement used for characterization purposes.

in pure nitrogen and pure oxygen environments, respectively. In
Figs. 8(a) and 9(a), the solid line is the best-fit curve obtained using
Eq. (2) (n = 2). There are two types of oxygen-accessible site in the
sensing film; one is readily accessible to oxygen (KSV1 = 5.1154%−1,
Fig. 8. Stern-Volmer plot of PtTFPP-doped dye entrapped core–shell silica particle
oxygen sensor (S-1) for oxygen concentrations in ranges of (a) 0–100% and (b) 0–20%.
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4.3. Response time of PtTFPP-doped sensors

Fig. 12(a) and (b) shows the dynamic response of the PtTFPP-
doped dye entrapped core–shell silica particle and PtTFPP-doped
ig. 9. Stern-Volmer plot of PtTFPP-doped silica particle oxygen sensor (S-2) for
xygen concentrations in ranges of (a) 0–100% and (b) 0–20%.

ndicating that the oxygen-accessible site is a dynamic quenching
ite of the PtTFPP sensing film. The static quenching site is probably
ue to the core–shell nanoparticles.

The optical fiber oxygen sensors in the system are based on the
ollisional quenching of the dye molecule embedded in a porous
upport matrix with oxygen. The quenching process of the opti-
al fiber oxygen sensors at low oxygen concentration, shown in
igs. 8(b) and 9(b), can be described by the Stern-Volmer equation
Eq. (1)). The figures demonstrate that the two PtTFPP-doped oxy-
en sensors have good linear responses with overall sensitivities of
0 and 30, respectively, in oxygen concentrations ranging from 0 to
0% and consequently showed the KSV = 3.6361%−1 and 0.8246%−1

or Figs. 8(b) and 9(b), respectively.
The sensor (S-3) properties of the sol–gel matrix incorporating

tTFPP-doped core–shell nanoparticles without dye solution were
ested at various oxygen concentrations; the results are shown in
ig. 10. In the figure, the data indicate that the material responses
o oxygen. The solid line in Fig. 10 is the best-fit curve obtained
sing Eq. (2) (n = 2). When O2-sensitive PtTFPP is encapsulated

nside the silica core and incorporated with a sol–gel matrix, flu-
rescence quenching and sensitivity can be observed. This is due
o O2 having a large membrane permeability constant, allowing
ubstantial transport across the bilayer via simple diffusion [41].
antra et al. [42] described a fluorescence lifetime-based approach
or determining the core–shell nanostructure of FITC-(fluorescein
sothiocyanate, isomer I) doped fluorescent silica nanonanoparti-
les (FSNPs). Their optical approach not only reveals the core–shell
anostructure of FSNPs but can also be used to evaluate the photo-

leaching of FSNPs in both solvated and non-solvated (dry) states.
n the dry state, the dye doped fluorescence silica nanonanoparti-
les showed photobleaching, which was explained by a substantial
umber of aerial oxygen molecules penetrating the porous silica
Fig. 10. Stern-Volmer plot of PtTFPP-doped silica particle oxygen sensor (S-3) with-
out dye solution for oxygen concentrations in the range of 0–100%.

shell [43]. Microporous silica spheres were synthesized by Vacassy
et al. using the same Stöber method. The nanoparticles were micro-
porous and the specific surface area of the nanoparticles was very
high [43]. Again, due to the porosity, the oxygen molecules pene-
trated into the microporous silica spheres.

In the present study, the adsorption average pore width (4 V/A
by BET) of core–shell nanoparticles is 15.4 nm. Therefore, the
Branouer, Emmet, and Teller (BET) specific surface area of the
core–shell nanoparticles is 0.69 m2/g. The pore width and specific
surface area show that the dye entrapped core–shell nanoparticles
are porous. As a result, the oxygen molecules can penetrate into the
dye entrapped core–shell nanoparticles. The Stern-Volmer plot is
shown in Fig. 10.

Fig. 11 shows the effects of aging time on the O2 sen-
sors’ response stability. Initially, the PtTFPP-doped dye entrapped
core–shell silica particle oxygen sensor (S-1) has the greatest
sensitivity (I0/I100); however, as the sensor ages, the sensitivity
decreases by almost 25% (I0/I100 = 166 at 1 week and I0/I100 = 125 at
8 weeks). Thus, the PtTFPP-doped dye entrapped core–shell silica
particle oxygen sensor (S-1) loses sensitivity with time. The PtTFPP-
doped silica particle oxygen sensor (S-2) has better stability. This is
due to a substantial number of aerial oxygen molecules penetrating
the porous silica shell, causing dye photobleaching [42].
Fig. 11. Effects of aging on the average response stability for (�) PtTFPP-doped dye
entrapped core–shell silica particle (�) PtTFPP-doped silica particle oxygen sensors.
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Table 2
Comparison of performance characteristics of the proposed oxygen sensor with those of existing optical oxygen sensors.

Oxygen-sensitive dye Support matrix Response time IN2 /IO2 Refs.

Ru(dpp)3
2+ TEOS 0% O2 to 100% O2: 3.5 s 100% O2 to 0% O2: 30 s 12 [17]

Ru(dpp)3
2+ Octyl-triEOS/TEOS None 16.5 [18]

Ru(dpp)3
2+ n-Propyl-TriMOS/TFP-TriMOS Sensors response times were <5 s 35 [19]

PtTFPP Octyl-triEOS/TEOS 0% O2 to 100% O2: 0.6 s 100% O2 to 0% O2: 5 s 22 [21]
0%
0%
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PtTFPP n-Propyl-TriMOS/TFP-TriMOS
PtTFPP and dye entrapped core–shell

nanoparticles (S-1)
Octyl-triEOS/TEOS

PtTFPP and silica nanoparticles (S-2) Octyl-triEOS/TEOS

ilica particle oxygen sensors when switching between fully oxy-
enated and fully deoxygenated environments, respectively. Note
hat in order to capture the true dynamic behavior of the sen-
or, the integration time for the CCD spectrometer was set to
0 ms. In general, the response time of optical oxygen sen-
ors is defined as 95% of the response (or recovery) time when
witching alternately between 100% oxygen and 100% nitrogen
nvironments, respectively. The sensor doped with dye entrapped
ore–shell nanoparticles has a response time of 1.3 s when switch-
ng from nitrogen to oxygen and 18.6 s when switching from
xygen to nitrogen. The response time of the sensor doped
ith silica nanoparticles is 6.5 s when switching from nitrogen

o oxygen and 31.6 s when switching from oxygen to nitrogen.
ig. 12(a) and (b) shows that the sensors produce a stable and
eproducible fluorescence intensity signal as the sensing envi-

onment alternates between the two gaseous atmospheres. The
ensors are thus suitable for practical measurement applications
n which a reliable indication of the oxygen concentration is
equired.

ig. 12. Response characteristics of (a) PtTFPP-doped dye entrapped core–shell sil-
ca particle and (b) PtTFPP-doped silica particle sensors when switching alternately
etween 100% nitrogen and 100% oxygen.
O2 to 100% O2: 3.7 s 100% O2 to 0% O2: 5.3 s 68.7 [22]
O2 to 100% O2: 1.3 s100% O2 to 0% O2: 18.6 s 166 Present study

O2 to 100% O2: 6.8 s100% O2 to 0% O2: 41.4 s 106 Present study

4.4. Comparisons with existing O2 sensors

Table 2 compares the performance characteristics of the pro-
posed PtTFPP-doped oxygen sensors with those of representative
quenchometric O2 sensors presented in the literature comprising
PtTFPP, PtOEP, or Ru(dpp)3

2+ dyes embedded in various support
matrices. Comparing the performance of the various sensors, it is
apparent that sensors that use a platinum(II) complex as the sens-
ing dye [19–21] have a significantly higher sensitivity than those
using Ru(dpp)3

2+ dye [16–18]. The proposed PtTFPP-doped dye
entrapped core–shell silica particle oxygen sensor has the high-
est sensitivity (166) but its response time is slow. The improved
sensitivity of the proposed sensor is due to the high surface-to-
volume ratio of the dye entrapped core–shell silica nanoparticles,
which improves the accessibility of the oxygen to the dye molecules
and therefore enhances the quenching effect. The dye entrapped
core–shell silica nanoparticles also increase the sensitivity of the
oxygen sensor because a substantial number of aerial oxygen
molecules penetrate the porous silica shell. The PtTFPP entrapped
core–shell nanoparticles mixed with dye solution embedded in
sol–gel matrix have a high surface-to-volume ratio and a high oxy-
gen quenching efficiency, and thus enhanced sensitivity. Therefore,
the core (PtTFPP)–shell (SiO2) architecture plays an important role
in this process.

5. Conclusions

This paper presented a highly sensitive optical fiber oxygen sen-
sor based on platinum(II) complex (PtTFPP) and PtTFPP entrapped
core–shell silica nanoparticles embedded in a sol–gel matrix. The
experimental results show that the oxygen sensor has a linear
response for oxygen concentrations in the range 0–20% and has
a sensitivity of approximately 166 in the range 0–100%, which is
considerably higher than those of typical optical oxygen sensors.
The PtTFPP-doped dye entrapped core–shell silica particle sensor
has a response time of 1.3 s when switching from pure nitrogen
to pure oxygen environments and 18.6 s when switching in the
reverse direction.

Dye entrapped core–shell nanoparticles are often used as
bioimaging labels for living cells. Dye entrapped core–shell
nanoparticles and fluorescent dye embedded in a sol–gel matrix
were here used to enhance the sensitivity of an optical fiber oxygen
sensor. The core–shell nanoparticles not only increase the surface
area per unit mass in the sensing surface but also increase sen-
sitivity because a substantial number of aerial oxygen molecules
penetrate the porous silica shell. The localization of the dye is more
prone to oxygen quenching. Thus, the proposed sensor can be used
for highly sensitive applications.
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