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320-fold luminescence enhancement of [Ru(dpp)sICl>
dispersed on PMMA opal photonic crystals and highly
improved oxygen sensing performance

Pingwei Zhou', Donglei Zhou', Li Tao', Yongsheng Zhu'?, Wen Xu', Sai Xu!, Shaobo Cui'?, Lin Xu!

and Hongwei Song'

Ru complexes ([Ru(dpp)sICl.) were spin coated on poly(methyl methacrylate) (PMMA) opal photonic crystals (PhCs), and a ~320-fold
luminescence enhancement was observed compared to that on glass, which is the largest luminescence enhancement of dye molecules
by the modulation of three-dimensional (3D) PhCs reported until now. The enhancement mechanism was carefully examined and it was
shown that the luminescence of [Ru(dpp)3]Cl, depended on the molecule concentration and temperature. It can be concluded that the
suppressed non-radiative relaxation among the molecules and the field enhancement both contribute significantly to the luminescence
enhancement. The PMMA PhC/Ru complex composites were then tested for their intracellular oxygen sensing and cell imaging
properties; these composites effectively improved the limit of detection (LOD) and the brightness of the cell images.
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INTRODUCTION

Luminescence sensing and imaging is currently one of the most widely
used techniques for environmental monitoring, disease diagnosis and
genomic/proteomic research.' In most cases, the practical application
requires that the luminescence sensing is performed with a weaker
pumping light; therefore, luminescence enhancement has profound
significance for obtaining higher sensitivity and a lower limit of detec-
tion (LOD). Until now, various methods have been explored to
enhance the luminescence intensity during luminescence sensing,
including optical fiber sensing, surface-plasmon-induced lumin-
escence enhancement and the modulation of photonic crystals
(PhCs).>™* Among the various techniques related to luminescence
enhancement, the modulation of PhCs has attracted considerable
interest and has yielded a wide variety of applications.” " PhCs
can largely enhance the luminescence of dyes/quantum dots, and
through theoretical simulation, the excitation field can be largely
enhanced.'*"> In particular, not only can three-dimensional (3D) opal
or inverse opal PhCs largely enhance the luminescence of dyes but they
also have the advantage of easier preparation. As reported by Song’s
group,'®'” a 40-fold enhancement in luminescence was observed
using 3D PhCs for optical storage, and a 162-fold enhancement was
obtained by modulating dual stopband PhCs. As reported by Li’s
group,'® a 71-fold enhancement was also observed using 3D PhCs.
In most of these cases, luminescence enhancement was attributed to
the excitation field enhancement effect. Although the excitation field
can be enhanced by 3D PhCs through theoretical simulation,'® the
practical process of luminescence enhancement is more complex, and

the essential mechanism should be further discussed to obtain more
significant enhancement.

In this work, a ~320-fold enhancement was observed based on the
coupling of [Ru(dpp);]Cl, with 3D poly(methyl methacrylate)
(PMMA) opal PhCs, which is the largest enhancement using 3D
PhCs until now. The enhancement mechanism was determined based
on the emissions of [Ru(dpp);]Cl, on dye concentration dispersed on
the PMMA PhCs and temperature. The PMMA PhC/Ru complex
composites were also used for assistant intracellular oxygen sensing
and cell imaging, which effectively improved the LOD and the bright-
ness of the cell images.

MATERIALS AND METHODS

Preparation of PMMA PhCs

The PMMA spheres were synthesized following the steps below.*
First, methyl methacrylate (MMA) was washed with NaOH solution
(0.01 gmL™") to remove the polymerization inhibitor.?! Second,
3-mL MMA solution and 40-mL deionized water were placed into a
three-necked bottle. Polymerization was performed by oil bath heat-
ing at 90 C for 1.5 h with magnetic stirring and 18-mg of potassium
persulfate as an initiator. Finally, the milk white solution with sus-
pended PMMA spheres was obtained. By changing the amount of
MMA solution in the above recipe, the diameter of PMMA spheres
could be perfectly tuned. By varying the MMA solution amount from
2.7-mL to 3.4-mL in 0.1-mL steps, spheres of different sizes were
obtained.
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PMMA PhCs were synthesized through the vertical deposition
method by growing the PMMA spheres onto the glass substrate.”*
First, 60-mL deionized water and 3-mL of the precursor solution were
prepared before being placed into a 100-mL plastic beaker. Second, a
hydrophilic glass substrate was vertically inserted into the plastic bea-
ker. The solution was naturally evaporated in a drying oven at 32 °C for
24 h, and the PMMA spheres self-assembled on the glass substrate
through hydrophilic interactions. Finally, the PhCs were placed into
the drying oven at 120 C for 40 min to improve their physical
stability. Additionally, the stopband of the PhCs was finely controlled
via the diameter of the PMMA spheres, which ranged from 390 to
625 nm in diameter.

Luminescence measurement

The [Ru(dpp);]Cl, (Sigma-Aldrich Corporation, Saint Louis, MO,
USA) was dissolved in ethanol solution with a concentration of
0.4 mg mL™". Then, 6-pL of the solution was spin-coated onto the
PhCs and the glass (1500 r.p.m., 20 s). The spectra of [Ru(dpp);]Cl,
were measured using a confocal laser scanning microscope with an
excitation light at 455 nm.

Cytotoxicity

The cytotoxicity of the PMMA PhCs was determined by the following
experiments. Human breast cancer cells (MCF-7, suspended) were
cultured in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum at 37 “C in a 5%-CQO, incubator. PMMA PhCs
on the glass substrate (2 cm* piece ') were preplaced at the bottom of
a 12-well plate through ultraviolet irradiation. Then, 1-mL of an MCE-
7 cell suspension (1.6X 10° cells mL™ ') was seeded per well and
exposed to PMMA PhCs, and the cells were incubated for additional
periods ranging from 2 to 24 h. Untreated cells were used as a control
(100% viability). At the end of the exposure, 20-mL of the cell sus-
pension was removed and mixed with the same volume of 0.4%-
trypan-blue solution. Following cell staining for 2 min, an aliquot
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(10 pL) of the stained cell suspension was pipetted onto a hemocytometer
and counted for the cell number. Finally, the obtained cell viability was
expressed relative to the control.

Oxygen sensing of the MCF-7 cells

[Ru(dpp)5]Cl, at a concentration of 20 pg mL ™! was incubated
together with MCF-7 cells in chamber slides at 37 ‘C for 12 h under
5%-CO, gas. The glass with PMMA PhCs and pure glass were placed
into the confocal dish. Then, 0.05-mL of the MCF-7 cell suspension
was added to the PMMA PhC and glass surfaces. Gas with different
oxygen concentrations was piped into the confocal dish, and a sealing
film was used to create an independent environment. The MCEF-7 cells
were viewed in vitro with a confocal laser scanning microscope under
continuous pumping of a 455-nm laser.

RESULTS AND DISCUSSION

Structural features

PhCs possess spatial periodicity in their dielectric constants on the
length scale of the optical wavelength. Consequently, PhCs respond
to electromagnetic waves in a similar way to how atomic crystals
respond to electrons. Because an electronic band gap is created by
the periodic arrangement of atoms in a semiconductor, the periodic
electromagnetic modulation created by the PhCs can yield a PSB
(photonic stopband), a band of frequency for which light propagation
in the PhCs is forbidden. The PhCs prepared with different sizes of
PMMA spheres can exhibit different spatial periodicities in their
dielectric constants and vyield different PSBs. Figure la shows the
transmission spectra of the PhCs with different stopbands, and the
inset of Figure la shows the relationship between the PSB and the
diameter of PMMA spheres. The PSB positions were well described
by the Bragg diffraction®” equation using the PMMA sphere diameters
measured by SEM (scanning electron microscope). Figure 1b and 1c
shows the SEM image and side-view image of a PhC with a PSB at
455 nm. The PMMA spheres yielded a long-ranged ordered structure,

800

Figure 1 (a) Transmission spectra of the PhCs with different stopbands. Inset: the relationship between the PSB and the PMMA sphere diameter. (b) SEM image of a
PhC with a PSB at 455 nm. (c) Side-view image of a PhC with a PSB at 455 nm. PhC, photonic crystal; PMMA, poly(methyl methacrylate); PSB, photonic stopband;

SEM, scanning electron microscope.
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suggesting the formation of well-organized PhCs. As presented in
Figure lc, the PhC thickness was approximately 10 um, and the
PhC structure was composed of approximately 40 layers of PMMA
spheres.

The relative amount of [Ru(dpp);]Cl, molecules on the PhC/

glass samples

To ensure the same density of the [Ru(dpp);]Cl, molecules on the
PhC and the glass, the same 6-UL solution of [Ru(dpp);]Cl, molecules
(0.4 mg mL™") was taken and spin-coated onto the PhC and the glass.
Because the amount of solution was small and the rotation speed of the
spin coater was slower, after spin-coating, the thin film of
[Ru(dpp);]Cl, molecules was distributed within a circle area, and
no solution was spin-coated outside the samples. The areas of the
PhC sample and the glass sample were determined to be 1.33 cm®
and 1.54 cm?, respectively. To verify the homogeneity of the two
samples, five points were randomly chosen from the circles
(Supplementary Fig. S1) of the two samples, and the luminescence
intensity of each point was measured. The luminescence intensity
rarely changed, indicating that the [Ru(dpp);]Cl, molecules were dis-
tributed uniformly. The areas of the circles on the PhC and the glass
were nearly the same, indicating that the number of [Ru(dpp);]Cl,
molecules at each point was similar. To further determine the number
of [Ru(dpp)s]Cl, molecules, the absorption spectra of [Ru(dpp);]Cl,
on the glass and on the PhCs were measured and compared, as shown
in Figure 2. The red line shows the absorption spectrum of the PhC
with a PSB at 410 nm, and the black line shows the absorption spec-
trum of the same PhC coated with [Ru(dpp);]Cl, molecules. To dis-
tinguish the absorption coefficient of [Ru(dpp);]Cl,, the PSB of the
PhC was chosen far from the absorption of [Ru(dpp)s;]Cl,. The
absorption of the PhC ranging from 450 to 500 nm improved after
being coating with [Ru(dpp);]Cl, molecules, which suggests that the
[Ru(dpp);]Cl, molecules successfully adhered to the PhC surface. The
absorption coefficient of [Ru(dpp);]Cl, on the PhC was determined
by subtracting the red line from the black line and is presented in the
Figure 2 inset (red dots). The black dots display the absorption spec-
trum of [Ru(dpp);]Cl, on glass. As indicated in the Figure 2 inset, the
absorption strength of [Ru(dpp);]Cl, on the PhC was very close to
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Figure 2 Absorption spectra of the blank PhC (red) and the PhC coated with
[Ru(dpp)3ICls (black). Inset: a comparison of the absorption spectra of
[Ru(dpp)3]Cl, coated on the glass (black) and on the PhC (red). PhC, photonic
crystal.
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that on the glass, indicating that the number of [Ru(dpp);]Cl, mole-
cules on the PhC was nearly identical to that on the glass.

Notably, in the present PMMA PhC/[Ru(dpp);]Cl, composites, the
distribution of [Ru(dpp);]Cl, molecules in the PMMA PhCs was not
homogeneous. To determine the distribution of the molecules, the
depth-dependent luminescence intensity was measured using confo-
cal laser scanning microscopy (Supplementary Fig. S2). It can be con-
cluded that the molecule density gradually decreased with the depth of
the PMMA PhCs. This suggests that most of the dye molecules dis-
tributed on the PMMA PhC surface.

320-fold luminescence enhancement and its mechanism

The emission spectra of [Ru(dpp);]Cl, on the PhC and on the glass
were measured by confocal laser scanning microscopy under an excita-
tionlight at 455 nm. As shown in Figure 3a, the luminescence intensity
of [Ru(dpp);]Cl, coated on the PMMA PhCs was much stronger than
that coated on the glass; even the luminescence of [Ru(dpp);]Cl, was
enhanced 100 times. The luminescence enhancement factor, which is
defined as the ratio of the luminescence intensity of [Ru(dpp);]Cl,
coated on the PMMA PhCs to that on the glass, was determined to be
as high as ~320-fold. The inset of Figure 3a displays the digital pho-
tograph of the empty glass (right), [Ru(dpp);]Cl, coated on the glass
(middle) and [Ru(dpp)s]Cl, coated on the PhC (left) under xenon
lamp exposure, which further indicates the highly improved red emis-
sions of [Ru(dpp);]Cl, on the PhC.

To reveal the mechanism of luminescent enhancement, the original
solution was diluted with absolute ethyl alcohol with different con-
centrations. Figure 3b and 3¢ shows the dependence of the enhance-
ment factor and decay time constant on the concentration of
[Ru(dpp);]Cl, molecules. Interestingly, the enhancement factor
increased gradually with the increased concentration from more than
100 times to 320 times. Notably, when the concentration was lower
than 30 ug mL ™", the change was rapid and when the concentration
was higher than this value, the change was not obvious. The decay time
constant of [Ru(dpp);]Cl, on the glass rapidly decreased with the
increased [Ru(dpp);]Cl, concentration, ranging from 8 to
30 ug mL ™" and nearly reserved as a constant as the concentration
increased further. The decrease in the decay time constant on the
molecule concentration was attributed to the energy transfer (ET)
among the different molecules. When the molecule concentration
was lower, the molecules distributed freely on the glass, and the ET
among different molecules was difficult. As the molecule concentra-
tion increased, the ET among different molecules increased due to the
decreased average distance of the nearby molecules, and the decay time
constant decreased with the increased molecule concentration. As the
concentration of molecules was high enough, the molecules on the
glass were clustered together, and the ET among different molecules
was the same, leading to the steady decay time constants. By contrast,
the decay time constant of [Ru(dpp);]Cl, on the PhC was approxi-
mately 4.1 ps and rarely changed with the concentration, indicating
that the PhC structure efficiently restrained the ET among different
molecules. Owing to the huge surface area, the PhC could effectively
disperse the [Ru(dpp)s]Cl, molecules, preventing the ET among the
dye molecules. Additionally, the decay time constant of [Ru(dpp);]Cl,
on the PhC increased to approximately 2—4 times that on the glass,
depending on the concentration of [Ru(dpp);]Cl,. This finding may
be mainly attributed to modulation of the effective refractive index on
the radiative decay rate and the existence of a solid skeleton on the
non-radiative relaxation rate of [Ru(dpp);]Cl, on the PhC. In most of
the previous publications related to quantum dots or dye molecules
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Figure 3 (a) Spectra of [Ru(dpp)3]Cl, on the PhC (black) and on the glass (red). Inset: digital photograph of [Ru(dpp)3]Cl, on the PhC (left), [Ru(dpp)sICl, on the glass
(middle), and the glass (right). (b) The enhancement factor. (¢) Decay time of [Ru(dpp)3]Cl, on the PhC (black) and on the glass (red), with different concentrations.

PhC, photonic crystal.

inserted into 3D PhCs, an obvious change in the decay time constant
was observed.”®

To verify the universality of the PMMA PhC modulation of the dye
molecules, the luminescence enhancements for different dyes dis-
persed on the PMMA PhCs were studied and are presented in
Figure 4. When the molecule concentration was fixed at
0.1 mg mL ™%, an 84-fold luminescent enhancement was observed
for FITC, whereas a 230-fold enhancement was observed for R6G. It
was also obvious that for the same dye, the enhancement factor at a
higher concentration (0.1 mg mL™") was much higher compared
with that at a lower concentration (2 pg mL ™ 1). Because the surface
area of the PhC is much larger than that of the glass, the molecules can
be well dispersed and the ET between dye molecules can be largely
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Figure 4 The enhancement factor of FITC, R6G and [Ru(dpp)s]Cl, at a lower/
higher concentration.
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restrained. The enhancement of excitation field should not vary sig-
nificantly when different dye molecules are coated on the PhCs when
measured at the same conditions. However, a different enhancement
factor was obtained for different dye molecules. This finding demon-
strates that the luminescence enhancement was obtained for various
dye molecules and that the enhancement factor depended on not only
the enhanced excitation field, but also the type of dye molecules. This
result may be attributed to the changed vibration bonds, the varied ET
rate and the variant polarity of the dye molecules. Indeed, as the
polarity of the dye molecules changes, the dye—molecule interaction
with the PhC skeleton would also change, which would most likely
influence the luminescent quantum yield.

Notably, the highly enhanced luminescence of the dye molecules
can be obtained not only by the modulation of 3D PhCs, but also by
the scattering of some particles. Previously, some scattering particles,
such as TiO,,** were added to sensor films to make the excitation light
hit more emitters and the emission light scatter back to the detector.*®
This is also an effective strategy to improve the excitation of the oxy-
gen-sensitive probe and enhance the signals.

To verify the PhC effect, the PhC samples with different PSBs (390,
455, 550 and 625 nm) and a film sample without a PSB (comprising
PMMA spheres with different sizes) were prepared. Figure 5a shows
the spectra of [Ru(dpp;)]Cl, on different samples, and Figure 5b
shows the luminescent enhancement factor of different samples. The
luminescence intensity of [Ru(dpps)]Cl, on the glass was relatively
low, and with different structures composed of PMMA spheres, the
luminescence intensity of [Ru(dpp;)]Cl, was enhanced at different
levels. When using the film without PSB or the PhCs with a PSB far
from the excitation light (455 nm), the enhancement factor varied
from 120 to 164 (Figure 5, right). In these situations, the excitation
light was scattered by PMMA spheres and hit more [Ru(dpp;)]Cl,
molecules. When using the PhC with a PSB right coupled with the
excitation light, the enhancement factor was improved to 320-fold

doi:10.1038/Isa.2014.90
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Figure 5 The spectra (left) and enhancement factor (right) of [Ru(dpp)sICl, on PhCs with different stopbands and on the PMMA film without a stopband were
compared to that on glass. PhC, photonic crystal; PMMA, poly(methyl methacrylate).

(Figure 5, right). In this situation, the excitation light coupled with the
PhC structure and the scattering was further improved due to the
modulation through the periodic dielectric constant. This shows that
the existence of a PSB leads to an extra luminescence enhancement

of ~2 times. We stimulated the integrated electric field distribution on

the depth of the PMMA PhCs by the FDTD (finite difference time
domain) method, and the result showed that on the surface of the
PhC, the integrated electric field improved by approximately two
times in comparison with the position without PSB modulation
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(Supplementary Fig. S3). As mentioned above, in the recent sample,
most of the dye molecules distributed on the surface of the PMMA
crystals; therefore, the experimental luminescence enhancement is in
accordance with the theoretical stimulation.

Temperature-dependent luminescence and dynamics

Temperature-dependent luminescence and dynamics is critical for
determining the radiative and non-radiative transition processes.
Figure 6a shows the total luminescence intensity of [Ru(dpp);]Cl,

Figure 6 Luminescence intensity (a), reciprocal of the decay time and the fitting line (red) (b) and the non-radiative rate of [Ru(dpp)sICl, on PhC (black) and
[Ru(dpp)s]Cls on glass (blue) (¢) with different temperatures. PhC, photonic crystal.
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Figure 7 (a) Emission spectra of [Ru(dpp)s]Cl, on the PhC with different oxygen concentrations. (b) (/o//—1) of [Ru(dpp)s]Cl, on the PhC (black dots), glass (blue
dots) and fitting line (red line). (¢, d) Luminescence intensity of [Ru(dpp)sICl, with different oxygen concentrations on the PhC and on the glass. PhC, photonic crystal.

on the PhC and on the glass as a function of temperature under 455-
nm excitation. It is obvious that the luminescence intensity of
[Ru(dpp);]Cl, on the glass decreased rapidly with the increased tem-
perature, but on the PhC, the luminescence intensity rarely changed
with the temperature. This indicates that the temperature quenching
of [Ru(dpp)s]Cl, can be suppressed considerably on the PhC. As is
well established, the non-radiative transition of dye molecules stems
from molecule vibration, which increases quickly with elevated tem-
perature, inducing temperature quenching of the luminescence.
Because the dye molecules were dispersed into the gaps of the
PMMA PhCs, the molecule vibration could be effectively limited
due to the framework of the PMMA solid. To further determine the
radiative and non-radiative relaxation rates in different samples, the
temperature dependence of the reverse of the decay time constant of
[Ru(dpp)s]Cl, on the PhC and on the glass are presented in Figure 6b.

Light: Science & Applications

As is well known, the non-radiative relaxation rate improves greatly
with increased temperature due to highly improved molecule vibration.
Compared with the non-radiative relaxation rate, the change of radi-
ative transition rate for the emitters is not obvious. Based on the
multi-phonon-relaxation theory, the total [Ru(dpp);]Cl, decay rate
(the reverse of the decay time, designated as Wr,,) can be written as
follows:*®

—AE/ho
Wt = Wi+ Wyg (0) (1 ¢/ (1)

where Wy is the radiative transition rate and Wyg(0) is the non-radi-
ative relaxation rate at 0 K. Through the calculation, Wy was deter-
mined to be 122.35 ms™" on the glass and 92.3 ms™' on the PhC.
Wir(0) was determined to be 383.7 ms™' on the glass and

doi:10.1038/Isa.2014.90



20.6 ms~ ' on the PhC. According to the theory of the virtual-cavity
model, the radiative transition rate can be written as follows:>’

Y5(nepr® +2)] et

Wi s(ep) AU @

where f(ED) is the electric dipole strength and #n.g is the effective
refractive index of the medium. The n.g of the PhC sample and the
glass sample are 1.15 and 1.27, respectively. Through Equation (2), Wy
on the glass is approximately 1.38 times that on the PhC, which is in
accordance with the experimental data. It is obvious that the Wyr(0)
of [Ru(dpp);]Cl, was restrained largely with the assistance of PMMA
PhC in contrast with that on the glass, and the dependence of the non-
radiative rate of [Ru(dpp);]Cl, on temperature was calculated by
Equation (1) and is presented in Figure 6c.

Using the Wi and Wygr values calculated above, the internal
quantum efficiency of [Ru(dpp);]Cl, on the PhC (#ppc) and on the
glass (141a5s) as a function of temperature was determined. At room
temperature, 7ppc=68.6% and #gj,ss=12.8%. It is surprising that the
internal quantum efficiency improves 5.36-fold due to largely
restrained non-radiative relaxation. Because of the introduction of
the PhC solid skeleton, the non-radiative relaxation can be largely
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. 128,29 o .
restrained and a similar phenomenon was also observed in rare

earth ions inserted in inverse opal PhCs.>° Additionally, the influence
of photobleaching was also considered and can be ignored due to the
short measurement time (Supplementary Fig. S4).

Overall, a 320-fold enhancement was observed based on the coup-
ling of [Ru(dpp);]Cl, with 3D PMMA PhCs. In addition to the excita-
tion field modulation, the suppression of ET between [Ru(dpp);]Cl,
and non-radiative transition of the dye molecules dispersed on the
PMMC PhCs also played an important role in the luminescence
enhancement.

Highly improved oxygen sensing properties

Based on this 320-fold enhancement, the gaseous oxygen sensing,
intracellular oxygen sensing and cell imaging properties of
[Ru(dpp);]Cl, were studied with the assistance of PMMA opal
PhCs. In traditional gaseous oxygen sensing, the luminescence spectra
of the dye with different oxygen concentrations are displayed in
Figure 7a. According to the spectra, the luminescence intensity of
[Ru(dpp);]Cl, on PhC gradually decreased with the increased oxygen
concentration. This oxygen optical sensing scheme is based on the
quenching of [Ru(dpp);]Cl, by molecular oxygen, so the lumin-
escence intensity can be described by the Stern—Volmer expression.
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Figure 8 Confocal image of the MCF-7 cells on the PhC (a) and on the glass (b), respectively. (c) (/o//—1) of [Ru(dpp)3]Cl, on the PhC (black dots), glass (blue dots)
and fitting line (red line). (d) The luminescence intensity of [Ru(dpp)s1Cl, in MCF-7 cells with different oxygen concentrations on the PhC (black dots) and on the glass

(blue dots), respectively. PhC, photonic crystal.
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Figure 7b shows the highly linear relationship between (Io/I—1) and
the oxygen concentration. The sensitivity (Iy/I,y) was determined to be
3.8 for the PhC sample and 3.3 for the glass sample. The non-radiative
relaxation can be largely restrained due to the introduction of PhC
solid skeleton, and more electrons in the triplet excitation state can be
quenched by oxygen, so the sensitivity of the PhC sample is higher
than that of glass sample. It should be highlighted that compared with
the other study on oxygen sensing using Ru(dpp)s, the sensitivity of
the PhC sample is not outstanding, but the quantum efficiency of the
PhC sample is the highest one (68.6%). According to Wang’s review,*
at a low oxygen concentration, the signal change is maximal and
almost linear. Figure 6¢ and 6d shows the luminescence intensity of
[Ru(dpp);]Cl, on the PhC and on the glass, respectively and it was
almost linear when the oxygen concentration ranged from 0% to 3%.
Through the calculation, the LOD (3S/N: S, standard deviation; N,
slope)*! for oxygen on the PhC and on the glass are 5 ppm and 497 ppm,
respectively. Interestingly, the samples of the [Ru(dpp);]Cl, on the PhC
demonstrate a much lower LOD of oxygen than that on the glass.

Figure 8a and 8b displays the luminescence images of MCF-7 cells in
air with and without the assistance of PMMA PhC, respectively. It is
obvious that with the assistance of PMMA PhC, the luminescence
image of MCF-7 cells became more distinct and bright compared with
those without the assistance of PMMA PhC. Because the
[Ru(dpp);]Cl, molecules are dispersed in the cytoplasm and the size
of MCEF-7 cells is approximately several microns, [Ru(dpp);]Cl, and
PMMA PhC have far-field interactions. In this situation, PMMA PhC
acted as a reflect substrate and only a 1.7-fold enhancement was
obtained. Figure 8c shows the highly linear relationship between (Iy/
I—1) and the oxygen concentration. The sensitivity (Iy/I,,) was deter-
mined to be 3.4 for the PhC sample and 3.5 for the glass sample. The
sensitivity was almost the same because the interaction between the
oxygen and [Ru(dpp);]Cl, molecules was similar (both in the cyto-
plasm). Figure 8d displays the luminescence intensity of [Ru(dpp);]Cl,
in MCEF-7 cells with different oxygen concentrations on the PhC
(black dots) and on the glass (blue dots), respectively. Through the
calculation, the LOD for oxygen in MCF-7 cells is 6 ppm with the
assistance of PhC, which is lower than that without the assistance of
PhC (11 ppm). In addition, the cytotoxicity test was conducted to
verify the biocompatibility of the PMMA PhCs. Figure 9 shows the cell
viability of PMMA PhCs on MCEF-7 cells at various hours. It is evident
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Figure 9 Cell viability of PMMA PhCs on MCF-7 cells at different hours. PMMA,
poly(methyl methacrylate). PhC, photonic crystal.
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that the cell viability is over 90% after 24 h, indicating that the toxicity
of the PMMA PhCs is minimal.

In a study”” using polystyrene nanoparticles loaded with modified
Ru(dpp)s as optical oxygen sensing probe, the sensing and imaging of
intracellular oxygen following two-photon excitation were successfully
achieved. The background absorption and luminescence of the biomat-
ter became weaker through near-infrared excitation. In the present work,
we focused more on employing the PhC structure for oxygen sensing
and imaging. Using unmodified [Ru(dpp);]Cl, as the probe, through
the assistance of PhC structure, a 1.7-fold enhancement was achieved for
the cell imaging brightness, and intracellular oxygen sensing at an oxygen
concentration from 0% to 20% was obtained. Additionally, the LOD
was improved through the assistance of the PhC structure.

CONCLUSIONS

In summary, a 320-fold enhancement was observed as [Ru(dpp);]Cl,
was spin-coated onto PMMA PhCs, which is the largest enhancement
using 3D PhCs until now. Its origin was mainly attributed to the
suppression of ET between [Ru(dpp);]Cl, molecules and non-radi-
ative transition and the enhancement of the excitation field. The
PMMA PhCs/Ru composites were also used for traditional gas sens-
ing, facilitated intracellular oxygen sensing and cell imaging, which
exhibited a highly improved performance.
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