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A B S T R A C T   

Oxygen sensing attracts high research interest because it is applicable to early diagnosis and health monitoring. 
Herein, based on photonic crystals (PCs), a novel fluorescence enhancement effect (FEE) was explored to achieve 
highly sensitive and accurate oxygen detection. A flexible oxygen sensor was fabricated from heterogeneous 
polydimethylsiloxane (PDMS) and polystyrene (PS) PCs embedded with platinum(II) octaethylporphyrin (PtOEP) 
oxygen-sensitive dye. Two different fluorophore incorporation (PtOEP-in and PtOEP-out) PCs were compared in 
terms of their FEE and oxygen-sensing performance. Simultaneously, photoluminescence enhancement was 
experimentally and theoretically examined and was determined to be the main factor in improving the perfor
mance of the oxygen sensor. In particular, the optimized PC oxygen sensor showed a 12-fold higher PL intensity 
than PS microspheres (control group). Moreover, the optimized sensor demonstrated high sensitivity to oxygen, 
with excellent accuracy, photostability and flexibility. This work is expected to provide a universal route to 
design flexible PC sensors for health monitoring through fluorescent ultratrace detection.   

1. Introduction 

Oxygen is closely related to the metabolism of all living creatures. 
With the rapid development of early medical diagnosis, numerous dis
eases, such as cancer [1], tumor [2] and burns [3], can be monitored by 
oxygen sensing. Compared with Clark electrodes [4], optical oxygen 
sensors based on “phosphorescence quenching” have no oxygen con
sumption and are reversible and noninvasive;[5] however, their sensi
tivity, signal-to-noise ratio [6] and stability are seriously limited because 
of the interference of photobleaching and fluorescence signals from the 
background. Most importantly, mechanical flexibility [7] is urgently 
needed to validate the sensor’s applicability as a flexible oxygen sensor 
[8], considering that the sensor platforms are most likely to be attached 
on curved surfaces, or stretched by human skin during operation [9]. To 
meet these demands, flexible photonic crystals (PCs) have been intro
duced into oxygen sensors to create a highly sensitive and flexible ox
ygen sensor based on the FEE principle. 

An optical oxygen sensor is mainly based on dynamic quenching of 
an oxygen-sensitive probe (OSP) in the excited state [10]. Therefore, 

oxygen sensing mainly depends on the OSP and matrix materials [11] 
that act as dispersion or support materials in oxygen sensors. In the 
literature, Wang et al [12]. and Borisov et al [13]. synthesized supra
molecular polymer nanoprobes and new dual-emission complexes to 
improve the performance of oxygen sensors in live-cell imaging. Among 
the studied OSPs, platinum(II) octaethylporphyrin (PtOEP), with a high 
quantum yield and a long phosphorescent lifetime, is a promising 
candidate for OSPs. In addition, many researchers have found that the 
sensitivity of oxygen sensors can be effectively improved by developing 
gas diffusion of the support materials. For example, Park et al [14]. and 
Tian et al [15]. prepared a porous thin film to improve oxygen sensi
tivity via to the higher gas accessibility provided by porous channels. 
However, the nonuniform microenvironment of porous thin films usu
ally leads to leakage of the OSP. Therefore, the high sensitivity of oxygen 
sensors provided by porous structures cannot be guaranteed for a long 
time. In addition, enhancing the PL intensity of the OSP is an alternative 
method used to increase the sensitivity of oxygen sensors. Cai et al [16]. 
and Park et al [17]. developed a highly sensitive oxygen sensor with 
TiO2 nanoparticle doping, which substantially enhanced the PL intensity 
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of OSP because of the light scattering effect of nanoparticles [18]. 
PCs with highly ordered structures [19] can be conveniently fabri

cated by bottom-up self-assembly of monodisperse microspheres, such 
as polystyrene (PS) [20], polymethyl methacrylate (PMMA) [21], and 
silica (SiO2) [22]. The periodically modulated refractive index opens up 
a photonic bandgap in PCs [23,24], and brilliant structural colour with 
anti-photobleaching is realized. Additionally, in view of the angle- and 
crystal lattice-dependent photonic bandgaps [25], many efforts have 
been made to apply PCs in the fields of anti-counterfeiting [26], 
patterning [27], and sensing [28]. In particular, PCs show strong FEE 
when the photonic bandgap of PCs partially overlaps with the emission 
peak of dyes [29,30]. PC-facilitated FEE has been used for a variety of 
dyes, such as cyanine [31], rhodamine [32], and quantum dots [33]. 
Moreover, light trapping in PCs has been employed to explain the FEE 
[34], through which dyes in PCs can be repeatedly excited. Recently, 
FEE has been widely utilized to monitor DNA [35], cocaine [36], metal 
ions [37], chlorobenzene [38], nucleic acids [39] and other substances 
[40]. Compared with traditional fluorescence analysis technology, 
PC-based methods have higher sensitivity and a lower detection limit 
[41]. However, no highly sensitive PC oxygen sensor with FEE has been 
reported thus far. 

Herein, to improve the flexibility, sensitivity, signal-to-noise ratio, 
and stability in oxygen sensing, we introduced PCs into an oxygen 
sensor, and a three-layer heterogeneous flexible PC structure was 
developed. In the trilayer structure, the top and bottom layers are pol
ydimethylsiloxane (PDMS), which is a hydrophobic polymer with 
excellent mechanical properties that effectively prevents OSP leakage. 
The middle layer is the key layer, for which monolithic PCs composed of 
PS microspheres and PtOEP were prepared. Furthermore, PtOEP-in and 
PtOEP-out flexible oxygen sensors, which differ based on the position of 
PtOEP loaded inside PCs (gap or body), were comparatively studied in 
terms of their FEE and oxygen sensing. Finally, excellent flexibility and 
oxygen sensing stability were proved by 100 continuous stretches. Thus, 
the oxygen sensor developed in this study demonstrated high sensitivity, 
satisfactory stability and excellent flexibility. 

2. Experimental section 

2.1. Materials 

Platinum octaethylporphyrin (PtOEP) was obtained from J&K 
Chemical Company Limited. Tetrahydrofuran (THF) was purchased 
from Xilong Chemical Co. Styrene and fluorescein isothiocyanate (FITC) 
were purchased from Sigma-Aldrich, Inc., and polydimethylsiloxane 
(PDMS) SYLGARD-184 was purchased from Dow Corning, Inc. Ultrapure 
water (18.2 MΩ⋅cm− 1) was used directly from a Millipore System 
(Marlborough, France). All chemicals were used as received without 
further purification. 

2.2. Preparation of two different fluorophore incorporation PCs 

PS colloidal suspensions were prepared via a soap-free method [42]. 

Two different fluorophore incorporation approaches were then used to 
introduce PtOEP into the PC structure in this study: infiltration 
(PtOEP-out) and swelling (PtOEP-in). 

PtOEP-out: Monolithic PCs were formed from 10 ml of PS micro
spheres (0.2 wt%) using the evaporation-induced vertical deposition 
method [43], and then, 20 μl of PtOEP/C2H5OH (10− 3 mol/l) solution 
was obliquely infiltrated into the PS PCs. These samples were denoted as 
PtOEP-out PCs. 

PtOEP-in: In detail, a certain amount of PtOEP/THF (10− 3 mol/l) 
solution was added to a 10 ml PS microsphere suspension. After a period 
of mixing ranging from 1 h to 2 h, the PtOEP swelling process reached 
equilibrium. Then, PtOEP-in PCs were prepared by the evaporation- 
induced vertical deposition method [43]. 

2.3. Fabrication of a flexible PDMS/PS/PDMS PC oxygen sensor 

To obtain a hydrophilic surface, quartz was consecutively cleaned by 
ultrasonication in ultrapure water, ethanol, and ultrapure water again 
for 15 min, followed by plasma treatment for 20 min. As shown in  
Scheme 1, first, a 10:1 (v/v) mixture of PDMS prepolymer and curing 
agent was deposited dropwise on a quartz substrate, and then, PDMS 
was also cured by vacuum drying at 60 ◦C for more than 10 h. PDMS was 
also hydrophilized using plasma. Monolithic PS PCs were assembled via 
the evaporation-induced vertical deposition method [43]. After another 
thin PDMS film was cured on the PS PCs, a flexible PDMS/PS/PDMS PC 
oxygen sensor was obtained. 

2.4. Characterization 

The distribution of PtOEP in PS microspheres was observed by 
transmission electron microscopy (FEI TALOS F200X, America). The 
surface morphology of PS PC oxygen-sensing films was characterized via 
field-emission scanning electron microscopy (FE-SEM, SUPRA 55 SAP
PHIRE, Carl Zeiss, Germany). Reflection spectra were measured by an 
optical fibre spectrometer (Ocean Optics Maya 2000 Pro), where both 
incident and reflected angles were perpendicular to the surface of the 
sample. The strain cycles were tested using a microcomputer plug force 
testing machine (MEIKO, Dongwan Guangzhou, China), and the reflec
tion spectra of oxygen-sensing thin films during strain cycles were also 
obtained using an optical fibre spectrometer. The structural colour in 
optical images was captured with a phone camera. 

Oxygen-sensing properties were measured by a fluorescence spec
trometer (LS55, Perkin Elmer, America), which was equipped with a 
self-regulating nitrogen/oxygen mixture device [44]. Different oxygen 
contents were controlled by the flow rates of N2 or O2 during the testing 
of oxygen sensing. 

3. Results and discussion 

3.1. Design, preparation, and characterization of the PC FEE oxygen 
sensor 

To evaluate the effect of particle size of PC on fluorescence 
enhancement in PC-based sensors, the PC with 241 nm and 250 nm PS 
microspheres were compared on stopband positions (Fig. S1). Then, a 
three-layer heterogeneous PC structure was designed for the flexible 
oxygen sensor (see the Experimental Section). As illustrated in Scheme 
1, three main procedures were used to prepare the oxygen-sensing thin 
film. (i) Monodisperse PS microspheres were assembled into monolithic 
PCs by an evaporation-induced vertical deposition method [43], which 
is the most feasible and controllable method for bottom-up self-
assembly. (ii) The OSP was embedded into PS PCs at two different po
sitions (PtOEP-out by infiltration and PtOEP-in by swelling). (iii) Two 
thin PDMS films were combined with the above monolithic PS PCs for 
transfer of the oxygen-sensing thin film. To obtain the FEE, the diameter 
of PS microspheres forming the PCs was calculated by Bragg’s diffrac
tion law (Equation S1). 

Field-emission scanning electron microscopy (FE-SEM), high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM), and energy-dispersive X-ray spectroscopy (EDS) were 
used to characterize the prepared PS PCs with various PtOEP in
corporations. Since PS microspheres change to a loosened structure after 
swelling, the PS microspheres gradually become a regular hexagon 
under the influence of squeezing during self-assembly (Fig. S2a-e). 
However, all PS microspheres still have monodisperses with slightly 
changed sizes (Fig. S3a-f); the reflection peak of the PS PCs is redshifted, 
and the corresponding reflectivity of the PS PCs decreases (Fig. S4a and 
b) because PS fills the air gaps of the PCs. Notably, the thickness of PS 
PCs is 6.95 µm (Fig. 1a), and an integral circle made of PtOEP is formed 
at the “under the skin coating” of PS microspheres (Fig. 1b). HAADF- 
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Scheme 1. Schematic for the preparation of PC oxygen sensors by the self-assembly method: (a) PtOEP-out oxygen sensor; (b) PtOEP-in oxygen sensor.  

Fig. 1. (a) SEM image of PS PCs with a microsphere diameter of 250 nm; the inset shows a SEM image of the classic PC thickness; (b) TEM image of swelling 
microspheres; (c) HAADF-STEM image of a microsphere, and EDS image of Pt and C; (d-e) mapping of Pt and C. 
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STEM and EDS images show that a brighter circle appears inside the PS 
microspheres. The amount of Pt that exists at the edges is presumed to be 
more than that inside, which is because PtOEP molecules are primarily 
physically bound to the PS surface through the entanglement of the 
polymer chains in the process of swelling (Fig. 1c). Additionally, the 
mapping of C and Pt shows a complete circle (Fig. 1d and e), demon
strating that PtOEP is evenly distributed inside the PS microspheres. 

Two flexible PC FEE oxygen sensors with PtOEP-in and PtOEP-out 
PCs were prepared by self-assembly, as illustrated in Scheme 1. The 
reflection spectra of PS/air (PS PCs with air filled in the gap) and PS/ 
PDMS (PS PCs with PDMS filled in the gap), as well as the emission peak 
of PtOEP, were obtained (Fig. 2a), showing that the emission peak of 
PtOEP partially overlaps with the PS photonic bandgap, which enhances 
the PL of PtOEP [45]. Notably, the PL intensity of PtOEP-in PCs is better 
than that of PtOEP-out PCs due to the well-dispersed dye in the spheres 
and weak self-quenching [46] of the dye in PtOEP-in PCs (Fig. 2b). 

In addition, the theoretical analysis of the PL enhancement of PtOEP 
in PCs is discussed. To illuminate the underlying physics of PL 
enhancement, our theoretical explanation starts from the photon local 
density of states (LDOS), which is one of the cruxes of luminescence 
efficiency. For instance, the capacity of the optical modes provided by 
artificial photonic engineering structures such as PCs could manipulate 
the electromagnetic field in space and thus intensify the LDOS, which is 
beneficial for faster spontaneous emission processes and higher PL 
enhancement. As described in Fig. 3a and c, the field distribution (an 
indicator of LDOS) at the junction between PtOEP-in PS microspheres 
increases significantly at resonance frequency, resulting in a decreased 
radiation recombination lifetime and thus enhanced PL. However, due 
to the lower index difference between PS spheres and surroundings 
(Fig. 3b and d), the near field is scattered in the structures, and the LDOS 
is weaker. Therefore, the different localization of photons in PtOEP-in 
PCs provides the reason for greater luminescence in PtOEP-in PCs 
than in PtOEP-out PCs (Fig. 2b). Here, the lattice constants of the unit 
cell in Fig. 3(a, b) in the X direction are 250 nm and 250

̅̅̅
3

√
nm in the Y 

direction. The refractive indices of the PS spheres and PtOEP simulated 
in this work were retrieved from previous experimental data [47,48]. 
The light source for the field distribution is plane waves from 600 nm to 
700 nm. 

On another level, however, for the PtOEP-out PCs, the radiation is 
random in space, and the coherence is poor. The high index difference of 
PtOEP-in PCs gives an approach for radiating toward a particular 
pattern. The Purcell effect can also explain this phenomenon. As illus
trated in Fig. 4, we calculated the Purcell factors with different dipole 
positions for both the PtOEP-in PCs and PtOEP-out PCs using FDTD 
numerical simulation. It was found that the Purcell effect depends 

heavily on the dipole positions. At the junction between PS spheres, the 
Purcell factor of PtOEP-in PCs can be up to 18 times larger than that of 
PtOEP-out PCs. When the dipole is positioned far from the exact junc
tion, the enhancement Purcell factor decreases severalfold because there 
is a low LDOS. The difference in the optical properties comes from the 
coherence and localization of the optical field. For PtOEP-in PCs, the 
high index difference contributes to a stronger localization of photons 
with high radiation toward a particular pattern, which exhibits greater 
luminescence. For the PtOEP-out PCs, however, the radiation is random 
in space, and the optical coherence is poor due to the low index differ
ence between PS spheres and PtOEP surroundings. In other words, 
PtOEP-in PC behaves as a light-trapping optical material with high 
luminescence efficiency, whereas for PtOEP-out PC, light is almost 
uniformly distributed in the composite material exhibiting a low photon 
density of states and divergent field. 

A 12-fold enhancement of PtOEP-in PCs was obtained compared with 
the control group (disorderly PS microspheres) (Fig. 5), while a 4-fold 

Fig. 2. (a) Reflection spectrum of PS/air PCs (black line) and PS/PDMS PCs (blue line); luminescence emission spectrum of PtOEP (red dotted line); (b) luminescence 
spectrum of PtOEP-out and PtOEP-in PCs as well as the control group of PtOEP in PS microspheres. 

Fig. 3. (a, c) E field profiles at the XOY and XOZ planes of PtOEP-in PCs at 
resonance; (b, d) E field profiles at the XOY and XOZ planes of PtOEP-out PCs 
at resonance. 
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enhancement of PtOEP-out PCs was achieved when the PtOEP emission 
light overlapped with the stopband of PCs (Fig. S5). The FL enhancement 
behaviour observed here is almost consistent with the FDTD numerical 
simulations for PtOEP-in PCs and PtOEP-out PCs. 

3.2. Oxygen-sensing performance of PC FEE-based sensors 

To quantify the relation between the luminescence signal I and ox
ygen content [O2], the Stern-Volmer equation is employed as follows: 

I0

I
= 1 + Ksv[O2] (1)  

where I0 and I are the luminescence intensities measured in deoxygen
ated and different oxygenated conditions, respectively. I0/I is the 
quenching ratio. Ksv is the quenching constant, which indicates the 
quenching efficiency between oxygen and the OSP. [O2] is the different 
oxygen contents in the system. Moreover, the oxygen-sensing sensitivity 
can be evaluated by Ksv and the maximum quenching ratio (I0/I100), 
where I0 and I100 are the steady-state PL signals measured in 100% 
nitrogen (N2) or 100% oxygen (O2). The accuracy of the oxygen sensor is 
illustrated by the linear correlation (R2). 

The typical oxygen sensing of the control group and PC FEE oxygen 
sensors with PtOEP-in and PtOEP-out PCs was tested. For the control 
group, there was a low PL intensity of PtOEP with wide luminescence 
fluctuation; thus, the R2 was much lower (Fig. S6). In contrast, owing to 
the FEE of PCs, the luminescence intensity of PtOEP significantly 
changed with decreasing O2 (Fig. S7), which showed distinguished 
resolution and a high signal-to-noise ratio. In detail, the Stern-Volmer 
equation of the FEE oxygen sensor was fitted during 0%− 21% O2 and 
21%− 100% O2. Both PtOEP-in and PtOEP-out PC oxygen sensors had 
R2 values greater than 0.99 (Fig. 6), demonstrating excellent accuracy 
compared with earlier studies [49,50]. In particular, the accuracy of the 
PtOEP-in oxygen sensor was better during 0%− 100% O2 since a uni
form microenvironment was created, preventing self-quenching of 
PtOEP by the independent PS microspheres. Therefore, the linear rela
tionship (R2) of the PtOEP-in FEE oxygen sensor was effectively main
tained with varying luminescence intensity. The Ksv of the PtOEP-in 
oxygen sensor increased from 8.79 to 10.66 (Figs. 6a) and 16.13 
(Fig. 6b). 

In addition, the difference in oxygen sensing was still influenced by 
the incorporation of PtOEP [32]. The Ksv of the PtOEP-out oxygen sensor 
was increased from 8.79 to 14.22 (Figs. 6c) and 16.18 (Fig. 6d), where 
there was a shorter O2 diffusion channel in the PtOEP-out PC oxygen 
sensor. Therefore, PtOEP was effectively quenched in the PtOEP-out PC 
oxygen sensor because PtOEP was outside the PS microspheres. 

To facilitate comparison, the improvement in the sensitivity is rep
resented as the relative change in Ksv, which is calculated by[14]. 

Δ =
Ksv-Ksvps

Ksv
× 100% =

ΔKsv
Ksvps × 100% (2)  

where Δ is the Ksv enhancement efficiency and Ksv
ps is the Stern-Volmer 

constant of the control group. The sensitivity enhancement of the 
PtOEP-in and PtOEP-out oxygen sensors was analysed in dissolved and 
gaseous oxygen (Table 1). The sensitivity enhancement of the PtOEP-in 
FEE oxygen sensor was 21.31% and 83.57% and effectively increased 
with increasing PL intensity since there was a more uniform microen
vironment. For the PtOEP-out FEE oxygen sensor, there was strong self- 
quenching [51], resulting in restrained sensitivity and lower stability. 

Notably, considering the extremely high luminescence signal of 
PtOEP in the hypoxic environment, a 1% filter was used in the experi
ment. Consequently, the lowest resolution was presumed to lead to 
inevitable errors for the control group (Fig. S6). Simultaneously, the 
improvement in oxygen sensing was likely underestimated compared to 
the performance of PC FEE oxygen sensors in previous studies [52]. 

Fig. 4. (a) Schematic of the radiation damping system, where a dipole is placed somewhere between two PS microspheres; (b) Dependence of Purcell enhancement 
on the dipole position shown in (a) at resonance. 

Fig. 5. Enhancement factor of PtOEP-in PCs with different PtOEP volumes.  
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3.3. Optimization of the prepared oxygen sensor 

According to previous studies, the embedding rate of PtOEP mainly 
depends on the THF:H2O ratio;[53] therefore, the performance of the 
oxygen sensor is directly affected by the amount of PtOEP/THF. With 
increasing PtOEP, Ksv first increases and then decreases (Fig. 7). When 
20 μl of PtOEP was added to the PC FEE oxygen sensor, the optimal 
oxygen-sensing performance was obtained, which led to the highest 
sensitivity. 

The photostability curves of PtOEP embedded in a different system 
were tested (Fig. 8). The oxygen sensor with PtOEP-in PCs had the 
highest luminescence retention rate of 99.11%, which suggests 
outstanding stability of the FEE oxygen sensor in the long term. Dynamic 
oxygen sensing was also tested, indicating that the phosphorescence 
quenching of PtOEP is completely reversible, and the quenching time 

and recovery time were 76 s and 435 s, respectively (Fig. S8). Thus, a 
real-time oxygen sensor with high sensitivity and stability was provided, 
which is promising for gas [54], pH [55], temperature [56], and ion [37] 
detection based on fluorescent probes. 

The relatively bright structural colour of PCs indicated that there is 
significant potential of PC FEE oxygen sensors for ratiometric oxygen 
sensing [13]. To show this potential application, fluorescein isothiocy
anate (FITC) with emission at 520 nm was introduced as a reference into 
the above PtOEP-in PC oxygen sensor. Both green and red PL intensities 
were observed in our PC FEE oxygen sensor (Fig. S9a), indicating that 
the two dyes FITC and PtOEP swelled into the PS microspheres. The 
green emission channel (FITC) was assigned as the reference that was 
insensitive to oxygen. In contrast, the PL signal of the red channel 
(PtOEP) dynamically responded, varying with different O2 conditions 
(Fig. S9b). The xy colour space response of RG sensors was shown over 
the range of 0%− 100% O2 (Fig. S10). When the O2 concentration was 
increased, the RG sensor colour shifted from orange to green, leading to 
a high range of the colour space response of the oxygen sensor. 

3.4. Flexibility behaviour test of the prepared film 

With the development of wearable biosensors for healthcare moni
toring [57], flexible oxygen sensor is increasingly required by those with 
severe asthma or newborns [9], in which researchers are intending to 
suit the needs of wearers via expanding the functionality of the device 
[58] or developing high-performance functional materials [59]. 

Fig. 6. Typical oxygen sensing of the FEE oxygen sensor in the range of 0%− 100% O2, PtOEP-in oxygen sensor (a) dissolved oxygen; (b) gaseous oxygen, PtOEP-out 
oxygen sensor (c) dissolved oxygen; (d) gaseous oxygen. 

Table 1 
Ksv improvement of the PtOEP-in and PtOEP-out oxygen sensors in 0%− 100% 
O2.  

Sample Dissolved oxygen Gaseous oxygen  

Ksv ΔKsv
Ksvps × 100%  Ksv ΔKsv

Ksvps × 100%  

Control group  8.7880 –  8.7880 – 
PtOEP-in  10.6605 21.31%  16.1322 83.57% 
PtOEP-out  14.2240 61.86%  16.1792 84.11%  
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Therefore, PDMS was introduced into our PC FEE oxygen sensor to 
improve the flexibility in this work. Then, the PC FEE oxygen-sensing 
thin film was tested by bending and stretching, displaying an un
changed distinct structural colour (Fig. 9a). Moreover, the 
oxygen-sensing thin film can be stretched more than 3 times in length by 
artificial pulling (Fig. 9b). To further study the flexibility of this oxygen 
sensor, it was continuously stretched and compressed using a stretching 
machine (movie S1), and the reflectance of the oxygen-sensing thin film 
slightly decreased after 100 strain cycles (Fig. S11). In addition, the local 
microstructure of the middle PCs was characterized by optical micro
scopy (Fig. S12). Although some microcracks appeared in the sensor 
platforms, the locally integral microstructure of the PCs was maintained. 
Therefore, the composite PC FEE oxygen sensor with superior mechan
ical stability and flexibility is promising for wearable health monitoring. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.addma.2020.101681. 

Oxygen sensing before and after stretching was also tested (Fig. S13) 
to validate the sensor’s applicability in wearable health monitoring. The 
R2 of the oxygen sensor slightly changed from 0.9973 to 0.9943, and Ksv 
was maintained at 82.68%, illuminating the outstanding mechanical 
tolerance and high sensitivity of the FEE oxygen sensor in this work. 

4. Conclusion 

A flexible oxygen sensor based on the PC FEE was prepared, and high 
sensitivity, accuracy, and stability in oxygen sensing were achieved due 
to the enhanced PL intensity of PtOEP. The flexible oxygen sensor was 
mainly composed of two layers of thin PDMS and a layer of monolithic 
PS PCs embedded in PtOEP. Two different oxygen sensors with PtOEP-in 
or PtOEP-out PCs were studied in terms of FEE and oxygen sensing, 
showing that the enhancement factor was more than 12-fold compared 
to the control group (disorderly PS microspheres). Simultaneously, the 
sensitivity of the PtOEP-in (Ksv=16.13) and PtOEP-out (Ksv=16.18) 
sensors was significantly improved because of the FEE when the pho
tonic bandgap of the PCs partially overlapped with the emission peak of 
PtOEP. The increased LDOS around the PC gaps was responsible for the 
enhanced PL. Interestingly, there was a more uniform and independent 
microenvironment in the PtOEP-in oxygen sensor, which led to higher 
stability and accuracy in oxygen sensing. Moreover, satisfactory anti
photobleaching (luminescence retention rate>99%) was exhibited, 
illustrating that PtOEP leakage was effectively prevented by combining 
PS microspheres with PDMS as a matrix material. Finally, excellent 
flexibility and stability were revealed by bending and stretching, dis
playing slight changes in reflectance and microstructure. Therefore, a 
high-sensitivity oxygen sensor is provided using the FEE of PCs in wound 
sensing and wearable health monitoring. 
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