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1 | INTRODUCTION

| Jinxing Chen?

| Jiajie Sui’ | Dana Dabiri’ | Guozhong Cao’®

Abstract

We utilized a seeded growth method to synthesize SiO,@Ag NPs with tunable
plasmonic resonance peak to investigate the effect of spectral overlap between
the SiO,@Ag plasmonic resonance spectrum and the PtTFPP-based oxygen
sensors’ absorbance spectra on luminescence enhancement and performance
optimization. An organic silicate was used as the matrix. Oxygen-sensors were
produced by directly casting the mixture of NPs and dyes with silicate gels onto
glass slides. Oxygen-induced spectral response of the PtTFPP was obtained as the
analytical signal. Our results show that when the plasmonic resonance spectrum
of SiO, @Ag has a maximum wavelength overlap with the absorbance spectra of
dyes, the Stern-Volmer slopes were enhanced by almost an order of magnitude.
At 21% O,, the Stern-Volmer plot achieved a maximum seven-fold increase
over the oxygen sensor without the metal-enhanced luminescence. Our results
also show that 10% wt NPs is the optimal amount for the PtTFPP-SiO,@Ag
based oxygen sensors that can eliminate self-quenching and the NRET process.
These data confirm that the spectral overlap between the dyes and noble metal
NPs and how to eliminate self-quenching and the NRET process are vital to
high-sensitive oxygen sensors. We have also shown that our fabrication process

of these oxygen sensors is repeatable.
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luminescence enhancement, overlap, oxygen sensors, sensitivity, tunable plasmonic resonance
peak

end, over the past several decades, oxygen sensors have
been developed in the past several decades, owing to their

Oxygen is closely involved with almost all living organism
and is therefore one of the most important chemical
species on earth. In this regard, precise measurements
of its concentration are thus crucial.'*! Towards this

much-needed applications in a wide number of fields
including biology, life sciences, aerospace, agricultural
industry, oceanography, and environmental sciences.!* !
In general, oxygen sensors can be divided into three types
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based on different measurement mechanisms: pressure,
electrochemistry and luminescence quenching.”'°1 The
most common systems for oxygen sensing are based on
either electrochemical devices such as the Clark electrode
[7] or optical oxygen sensors.!®! The operation of Clark
electrodes is based on the electrical current change in
response to the O, reduction reaction. While one of the
disadvantages for Clark electrodes is that they consume
O, and are limited to a point analysis of samples during
measurements; they are also unable to map out the O,
distribution as well as not being suitable for small volumes
for single cell study.!'°! Luminescence-based oxygen
sensors, on the other hand, have growth rapidly and are
replacing the Clark electrode as they are easily minia-
turized, disposable, non-invasive, and simple to process.
Unlike electrode-based sensors, optical oxygen sensors
are based on luminescence quenching, where excited-
state luminophores transfer energy to surrounding O,
molecules, thereby preventing luminescence.l'! Although
considerable progress has been made recently in the
optical sensing field, the development of ultra-sensitive O,
detection techniques using luminescence oxygen sensors
are still limited by their interaction with the binders they
within which they are embedded.["]

Metal enhanced fluorescence (MEF) has previously
been used to increase luminescence intensity and dye
sensitivity for oxygen measurements.!'>"*] The utiliza-
tion of MEF in oxygen sensors can therefore be an effi-
cient method to improve the luminescence intensity and
sensitivity of oxygen sensors. The higher sensitivity and
enhancement of fluorescence intensity of MEF-based oxy-
gen sensors can be mainly attributed to the augmenta-
tion of emission due to local field enhancement effects
and the increased emission rate by surface plasmon cou-
pled emission, which can increase both the quantum yield
and the fluorescence intensity.!">7! The local surface plas-
mon resonance (LSPR) coupled fluorescence enhance-
ment is a complicated process and impacted by a variety of
parameters, including sizes and morphologies of the metal
nanoparticles (NPs) and dyes,!'®**] distance between the
metal surface and the dye,!"”2°] maximum spectral over-
lap of the metal LSPR with the excitation spectra and no
overlap with emission spectra of the dye.[?!! As previous
reported by Ozturk,'] when the absorbance spectra of
noble metal NPs overlap with the emission spectra of dyes,
the light emitted by the dyes can be re-absorbed by the
noble metal NPs, a process called the inner filter effect,
resulting in decreased luminescence density. Therefore,
controlling and tuning the LSPR of metal NPs to achieve
maximum overlap with the excitation spectra of the dye
and minimum overlap with the emission spectra of the dye
is a key to higher sensitivity and fluorescence intensity of
MEF-based oxygen sensors.

The concept of MEF can also be extended to metal
enhanced phosphorescence (MEP).’*8] Phosphores-
cence is a phenomenon similar to fluorescence. The
molecule can undergo intersystem crossing from the sin-
glet excited state to the triplet excited state. The emission
of a photon when the molecule relaxes from the lowest
excited triplet state to the singlet ground state gives rise
to phosphorescence.[*’] In the presence of noble metals,
nonradiative energy-transfer is thought to occur from
the excited state to the surface plasmon, which in turn
radiates the emission efficiently to give rise to MEP.I**!
While, there are few reports about MEP in oxygen sensors.
In our effort to develop an ultra-sensitive oxygen sensor,
we focused on investigating the influence of the overlap
between LSPR and the excitation spectra of phosphores-
cent dyes on the response to the variation of oxygen. For
the oxygen sensor test, we use platinumtetra (pentaflu-
orophyenyl) porphine (PtTFPP), which is a commercial
phosphorescent dye that has excellent photostability
and good quantum yields "2l and organically modified
silicate matrix, also called the sol-gel matrix, synthesized
in-house.l*”! Chu et al.l'?l have reported that SiO,@Ag
core-shell NPs embedded in silicate gel as an optical oxy-
gen sensor has a higher sensitivity. Based on their results,
we also choose SiO, @Ag sample to tune the absorbance
peak over a wide spectral and investigate the influence
of the spectra overlap between LSPR and the excitation
spectra of dyes on the performance of the oxygen sensors.
In order to finely tune the plasmonic resonance, we
first deposit different amounts of THPC-Au seeds and
then implement the seeded growth procedure.[*#!] The
subsequent growth not only decreases the interparticle
separation gradually but also enhances the plasmonic
coupling, leading to the formation of Ag particles with
large absorption cross-section, which can maximize the
absorption of incident visible and near-IR illuminations.
Then we further take advantage of the tunable plasmonic
resonance of the samples and demonstrate its application
in oxygen sensors to optimize the sensitivity and intensity
of the phosphorescent optical oxygen sensors.

2 | RESULTS AND DISCUSSION

2.1 | Structure of SiO,@Ag

In this work, we use the seeded growth recipe to pre-
pare SiO,@Ag nanospheres.|*>**] To facilitate the growth
of continuous and uniform Ag nanoshells on the sil-
ica surface, 300 nm SiO, NPs are firstly modified with
polyethylenimine (PEI) [?] and then attached with THPC-
Au seeds for the seeded growth of Ag nanoshells.|*]
In order to precisely tuning the plasmonic peak of
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UV-Vis spectra of SiO, @Ag synthesized through loading different amounts of THPC-Au seeds on SiO, nanospheres (A)

5mL Au; (B) 30 mL Au; (C) 120 mL Au. In each figure, each line is the UV-vis spectrum of SiO, @Ag prepared by the reaction of SiO, @Au

with 0(S-0), 50(S-50), 100(S-100), and 200(S-200) uL 0.1 M AgNO;

SiO, @Ag NPs, we mixed the PEI modified SiO, (0.1 g) with
different amount of THPC-Au (5 mL, 30 mL, 120 mL). As
shown in Figure 1A-C, there is no absorbance peak of SiO,
attached with 5 mL THPC-Au seeds (1S-0).A small peak
around 530 nm appeared and increased with an increas-
ing amount of THPC-Au seeds (2S-0 and 3S-0), which was
attributed to the coupling or aggregating of a large quantity
of Au seeds.!**! Once the reduction of Ag* was initiated,
the absorbance peak of Ag appeared and became boarder
as the volume of AgNOj; solution increased. The seeded
growth gradually increased the Ag particles size and short-
ened the interparticle distance, enhancing the plasmonic
coupling, finally leading to the wide absorption of incident
visible wavelengths. With less THPC-Au seeds attaching to
the silica surface, the absorbance peak of SiO, @Ag (1S-50
and 1S-100) localized at 450 nm. As the volume of AgNO;
solution increased to 200 uL (1S-200), the absorbance
increased while still centered at 450 nm. The main reason
for this was that there were so fewer Au seeds on the silica
surface that the interparticle distance was too far to cou-
ple with each other. Therefore, the resulting absorbance
peak corresponds to absorbance of separated Ag NPs on
the SiO, surface.l*>*] With more Au seeds loaded onto
the silica surface, another peak at 530 nm appeared, as
illustrated by the black line (2S-0 and 3S-0), which corre-
sponds to the absorbance of Au caused by the aggregating
of THPC-Au seeds; adding more AgNOs, the peak of Ag at
450 nm appeared and increased. Sample 2S-100 (Figure 1B)

has a strong absorbance between 400 and 600 nm. Mix-
ing with 120 mL THPC-Au seeds, the sample 3S-200 (Fig-
ure 1C) exhibited a wide absorption spectrum in the visi-
ble light, indicating that Ag shell on the surfaces of silica
nanospheres created hot-spot structures on the SiO, @Ag
NPs. The diversity in the size of Ag particles and strong
coupling of Ag particles on the silica surface produce the
continuous spectrum of resonant multimode.!*’! Through
varying the loading amount of Au seeds and the volume
of silver nitrate solution, we can tune the size and inter-
particle distance of silver NPs on the surface of SiO,, and
in this manner, we are able to control the plasmonic cou-
pling of silver NPs. By this method, SiO,@Ag with differ-
ent absorbance peak in the visible lights can be synthe-
sized.

In this work, the diameter of SiO, nanospheres pre-
pared was about 300 nm (Figure 2A). After attaching 5 mL
Au seeds on the surface and seeded growth with 100 L
AgNOs;, as shown in Figure 2B, there are few small Ag par-
ticles (~10 nm) on the surface, where the distance between
the seeded NPs is larger than 30 nm (this distance can also
be seen in Figure 2A and is also calculated using FDTD
as shown in Figure 5A). For this sample, this is a large dis-
tance for the Ag plasmonic coupling to occur, which is well
matched with the UV-Vis absorbance of separated Ag NPs.
With the increment of the loading amount of Au seeds and
volume of AgNOs, as shown in Figure 2C-D, the size of the
Ag particles is about 10 and 25 nm, respectively. It can be
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FIGURE 2

clearly seen that the density and size of Ag NPs increased
with an increasing amount of Au seeds and AgNO;, while
the nano-spacing between the Ag seed NPs on the sur-
face of SiO, nanospheres decreased. As illustrated in Fig-
ure 2, from left to right, the number and size of the Ag
NPs can be varied through this method. The SiO, can be
sparsely coated with small Ag NPs (Figure 2B), or uniform
and densely coated Ag NPs (Figure 2D).

2.2 | Performance of PtTFPP-SiO,@Ag
oxygen Sensors

The absorption spectrum of the PtTFPP, a phospho-
rescent dye, has a Soret band (S, to S, transition) at
392 nm and two Q bands (S, to S; transition) at 508 and
541 nm, respectively.[*!] The emission spectrum of PtTFPP
has a center peak at 650 nm.!'?] PtTFPP-based oxygen
sensors presented in the literature have embedded the
PtTFPP indicator in either a polymerl***°l or a sol-gel
matrix.°0-%] Studies have also reported that the sol-gel
matrix is an ideal matrix, since it can improve the response
and sensitivity of PtTFPP-based oxygen sensors due to
their porous structure.l'] Therefore, in our work, we pre-
pared the Pt-based oxygen sensors with the sol-gel matrix.
For comparison, we also prepared Pt-based oxygen sen-
sors without the sol-gel matrix. Our results for the sol-gel
matrix samples are shown in Figure 3. As shown in Fig-
ure 3A, the emission intensity of Pt-based oxygen sensors
with the sol-gel matrix is about three-fold higher than that
of the sensors without the sol-gel matrix at 0% O,, while,
at 21% O,, the intensities are almost same. For the oxygen
sensors mixed with the SiO,@Ag NPs (3S-100), it can be
seen that the intensity of the PtTFPP-NPs oxygen sensors
without the matrix is about four-fold higher than that of
PtTFPP-based oxygen sensors without the matrix through-
out the 0-21% O, range. In the sol-gel matrix, the intensity
for PtTFPP-NPs oxygen sensors is four-fold higher than
that of PtTFPP-oxygen sensors at 0% O, and almost the
same at 21% O,. It can therefore be seen that the enhance-

TEM images of (A) SiO,, (B) 1S-100, (C) 2S-100, (D) 3S-200 SiO, @Ag

ment of the emission intensity of Pt-based oxygen sensors
with NPs is different with and without the sol-gel matrix.

In the simplest scenario of a luminophore in a homoge-
neous environment, the quenching effect can be described
by the Stern-Volmer equation!?!:

Io/I =1+ Ksy [02], @®

where Io and I represent the steady-state luminescence
intensities in the absence and presence, respectively, of the
quencher (O, in the current case), Ky is the Stern-Volmer
quenching constant, and [O,] is the oxygen concentration.
The slope of the Stern-Volmer plot, Kgy, is a measure of
the sensitivity of the oxygen sensors.|?! Figure 3B shows
the corresponding Stern-Volmer plots for PtTFPP-based
oxygen sensors with and without SiO,@Ag NPs and sol-
gel matrix (in this work, Io is the intensity of sensors at
0% oxygen concentration). The slope of the PtTFPP-NPs
oxygen sensors without the matrix is the same as that of
PtTFPP-based oxygen sensors without matrix even though
the slope of PtTFPP-NPs oxygen sensors in sol-gel matrix
is four-fold higher than that of PtTFPP-oxygen sensors in
sol-gel matrix. This demonstrates that the matrix greatly
effects the intensity enhancement of the oxygen sensors.
The reason may be attributed to that the diffusion of oxy-
gen and dyes adsorbed by the NPs surface are affected
in the sol-gel matrix, which can result in the different
enhancement factor of oxygen sensors at different oxygen
concentrations. This will be one of the topics of our future
research.

Based on the theory that the intensity of luminescence
is highly dependent on the spectral overlap between the
metal LSPR and the excitation spectra of the dye, we com-
pare and test the emission spectra of PtTFPP-based oxygen
sensors mixed with the 1S-100, 2S-100, and 3S-200; these
emission spectra are shown in Figure S1. The relative
phosphorescence intensities spectrum of the PtTFPP-
based oxygen sensors is also compared. For the fabrication
of all the PtTFPP-based oxygen sensors with and with-
out NPs, we use the same method. The spectra data in
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plots for PtTFPP-based oxygen sensors mixed with SiO,@Ag NPs in silica sol-gel matrix for different oxygen concentration (0-21%)

Figure 3C illustrate that the relative phosphorescence
intensities of oxygen sensors decrease as the oxygen
concentration increases. In addition, at 21% O,, the inten-
sities of PtTFPP-based oxygen sensors and PtTFPP-based
oxygen sensors with 1S-100 sample are almost the same;
while at 0% O,, they are 3150 and 22,000, respectively; the
0O,-quenching sensitivity of the oxygen sensor with 1S-100

sample is ~7-fold higher than that of the PtTFPP-based
oxygen sensors. At 21% O, the phosphorescence intensity
profiles of the 2S-100, and 3S-200 based oxygen sensors
(Figure 3D), are also almost the same as that of PtTFPP-
based oxygen sensors with 1S-100; when the oxygen
concentration is reduced to 0%, the phosphorescence
intensities of the 2S-100, and 3S-200 based oxygen sensors
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0% oxygen concentration

are 12,500 and 10,500, respectively. The corresponding
sensitivities are 3.9- and 3.3-fold higher than that of the
PtTFPP-based oxygen sensors, respectively. When the
concentration of O, is less than 5%, the phosphorescence
intensities of PtTFPP-SiO,@Ag based oxygen sensors are
much higher than that of PtTFPP-based oxygen sensors,
which can also be seen in the emission spectra in Figure S1.
The PtTFPP-SiO, @Ag based oxygen sensors not only have
good sensitivities at a low concentration of oxygen but also
exhibit bright emission, which can be utilized to measure
the variation of oxygen at extreme low concentration of
oxygen. The slope of the PtTFPP-based oxygen sensor is
Kg = 0.56 (0-21% oxygen concentration), which is almost
the same as Chu’s results.!® The slopes of the Stern-Volmer
plots for the PtTFPP-based oxygen sensors with 1S-100,
2S-100 and 3S-200 are 4.3, 2.2, and 1.8, respectively. It can
also be seen that among these different SiO, @Ag samples,
the 1S-100 mixed with PtTFPP dyes in the sol-gel matrix
exhibits the highest sensitivity for oxygen sensing. As a
contrast, we also compared the PtTFPP-based oxygen sen-
sors mixed with SiO, nanospheres. Both the intensity and
slope of this sample are lower than that of PtTFPP-based
oxygen sensors, which indicates that the enhancement is
due to the metal-enhanced luminescence (MEL) of Ag.
The different sensitivities of these samples can be mainly
attributed to the absorbance peak of different SiO,@Ag

A, Emission intensity and (B) Maximum Emission intensity of PtTFPP mixed with different volume of SiO, @Ag(S-100) at

NPs, namely, the spectra overlap between the dyes and
LSPR of SiO,@Ag NPs. As mentioned above, the main
absorbance of PtTFPP is localized at 392 nm. Compared
with the UV-Vis spectra of these SiO, @Ag samples, the
1S-100 sample has the maximum overlap, resulting in the
highest sensitivity (Figure S2). These data provide sup-
portive experimental evidence that the phosphorescence
intensity of dyes enhanced with the SiO,@Ag strongly
relies on the overlap between the LSPR of the NP with
excitation spectra properties of the dye. Considering the
inner filter effect proposed by Li et al.,l*! the less overlap
between the LSPR of 1S-100 and the emission spectra of
PtTFPP is also a key to the highest sensitivity. Our results
further confirmed that controlling and tuning the LSPR
of metal NPs to make sure a maximum overlap with the
excitation spectra of the dye and minimum overlap with
the emission spectra of the dye is an efficient method
to higher sensitivity and enhancement of luminescence
intensity of MEP-based oxygen sensor.

In order to maximize the response performance of MEP-
enhanced PtTFPP-based oxygen sensors, we further inves-
tigate the phosphorescence intensity of oxygen sensors
with different amount of S-100 at 0% O,concentration. As
illustrated in Figure 4A, the phosphorescence intensity of
PtTFPP-based oxygen sensors (fixed volume of 0.2 mg mL™*
PtTFPP at 0.2 mL) at 0% O,concentration is about 3000.
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FIGURE 5 A, Schematic illustration of
the model considered in FDTD simulation. B,
Simulated extinction profile of two AgNPs
with different gap. C, Near electromagnetic
field of two AgNPs with different gap excited
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After mixing S-100 NPs in the PtTFPP-based oxygen sen-
sors, the phosphorescence intensity is greatly enhanced.
With an addition of 5% and 10% wt S-100 solution, the
intensities are as high as 9000 and 21,000, respectively.
When the amount of S-100 solution further increased to
15% and 20% wt, the phosphorescence intensity decreased
to 19,000 and 16,000, respectively. The trend can be clearly
seen in the maximum phosphorescence intensity of Fig-
ure 4B. The data show that the intensity of PtTFPP-MEL
based oxygen sensors is highly related to the amount of
SiO,@Ag NPs. One possible explanation for this effect
can be ascribed to the self-quenching of phosphorescence
and non-radiative energy transfer (NRET) to the NPs. Self-
quenching of luminescence is due to the resonance energy
transfer between dyes (homo RET). In the case of fluores-
cein, the Forster distances for homo RET is about 42 16\[59];
RET is expected to occur when a macromolecule contains
more than a single dye. When the molecular distance is
too close, the luminescence emitted will self-quench and
lead to a weaker emission intensity. In MEL systems, when
the dye is closer to the noble metal NPs, there will be
non-radiative energy transfer from the excited state of dyes
to the NPs, which will lead to luminescence quenching.
When this distance is sufficiently large, the energy trans-
fer can be eliminated, and at the same time, the emission
under the effect of the electromagnetic field of NPs will
be greatly enhanced (see discussion in Section 2.3). In this

case, when the number of NPs is 5% wt, the amount of NPs
is not enough to enhance the luminescence of all of the
dye. The luminescence of segments of the dye that are not
enhanced can lead to more self-quenching and less MEL.
As the number of NPs increases to 10% wt, most of the dye
is impacted by the MEL of the NPs, leading to greater lumi-
nescence. When the number of NPs is further increased to
15% and 20% wt, the NRET is dominated by the NPs, result-
ing in the decrease of intensity. In this case, 10% wt NPs is
the optimal amount for the PtTFPP-SiO, @Ag based oxy-
gen sensors. Therefore, optimizing the inter-NP distance
by varying the number of NPs eliminates self-quenching
and the NRET process, thereby making this vital to devel-
oping highly luminescence and ultra-sensitive oxygen
Sensors.

2.3 | Finite-difference time-domain
method (FDTD)

To further investigate the plasmonic coupling’s influence
in MEL-based oxygen sensors, we use two AgNPs as a
simplified model to simulate the coupling via different
interparticle distances through finite-difference time-
domain method.!*’! As schematically shown in Figure 5A,
the diameter of AgNPs and interparticle distance are set
at 20 and 25-40 nm, respectively. Figure 5B shows the
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extinction spectra of two AgNPs via interparticle distance.
When the interparticle distance is set at 40 nm, the
extinction spectra of AgNPs exhibits a sharp peak at about
400 nm; the extinction spectra red-shifts once the inter-
particle distance shorten; when the interparticle distance
is 25 nm, the extinction peak of AgNPs red-shifts to around
430 nm. These data indicate that as the interparticle gap
decreases, the plasmonic coupling becomes strong and the
plasmonic peak red-shifts. The interparticle plasmonic
coupling can also be visualized in the FDTD solution by
using a two-dimensional frequency-domain field profile.
As shown in Figure 5C, when the incident light with wave-
length of 400 nm irradiates the AgNPs along the X-axis,
the near electromagnetic field shows great enhancement
at the 25 nm gap; while at the 40 nm, there is no coupling.
These data show that the plasmonic coupling can enhance
the electromagnetic field, while shifting the peak away
from 400 nm. Given that the laser beam excitation is at
400 nm, plasmonic coupling leads to the extinction peak
shift far from the excitation laser’s wavelength and also
the maximum absorption peak of PtTFPP dyes, thereby
resulting in less enhancement of luminescence. Therefore,
the sample with a maximum absorption around 400 nm
will exhibit the largest luminescence enhancement, which
is consistence with our experiment data: our results with
the S-100 sample with smaller AgNPs (~10 nm) and larger
interparticle distance (>30 nm) exhibits the best perfor-
mance in MEP-enhanced oxygen sensors. The simulation
data also suggest that fine tuning the interparticle distance
of silver NPs on silica nanospheres can maximize the
loading amount of Ag NPs to increase the enhancement
factor and at the same time prevent the excessive density
of Ag NPs’ distribution on the surface of SiO, that will
lead to the interparticle coupling, which is unfavorable
in this system. In order to confirm the repeatability for
the preparation of oxygen sensors, we use the same recipe
for the preparation of PtTFPP-1S-100 SiO,@Ag oxygen
sensors and then test their emission intensity through the
0-21% O, range. The intensities of 1-5# oxygen sensors in
Figure S3 are almost the same as that shown in Figure 3A.
The data further show that our method to fabricate oxygen
sensors with high sensitivity is repeatable.

3 | CONCLUSION

We have demonstrated that the sensitivity of PtTFPP-
NPs-based oxygen sensor is highly dependent on the
spectral overlap between the absorption spectra of the
dyes and plasmonic resonance spectrum of the noble
metal NPs. When these spectra have maximum overlap,
the Stern-Volmer O,-quenching sensitivity at 0% O, (I,/I)
is seven-fold higher than that of the PtTFPP-based oxygen

sensor sensitivity, which is the highest reported in this
study. In addition, we optimized the number of NPs to
eliminate self-quenching and the NRET process. The MEP-
enhanced PtTFPP-based oxygen sensor using SiO, @Ag
NPs demonstrates very high sensitivities through the O,
range studied. This increased sensitivity, which is almost
an order of magnitude, will result in more accurate mea-
surements, thereby demonstrating that combining MEP
with the PtTFPP-based oxygen sensor is a viable approach
to enhancing the performance of oxygen sensors and that
MEP-oxygen sensors hold a promising future in the field of
oxygen sensors. In conclusion, we have also demonstrated
that the spectral overlap between the dyes and noble metal
NPs and how to eliminate self-quenching and the non-
radiative energy transfer (NRET) process affects the sen-
sitivity of these oxygen sensors, thereby providing us with
a guide for the design of MEP-oxygen sensors for different
applications.

4 | EXPERIMENTAL SECTION

4.1 | Synthesis of SiO, nanospheres
Colloidal silica nanospheres were prepared through a
modified Stober method.[*?! In a typical synthesis for
~300 nm particles, 4.5 mL TEOS was mixed with 45.5 mL
ethanol, and then added into a mixture solution contain-
ing 28 mL ethanol, 15 mL water, and 7 mL aqueous solu-
tion of ammonia (28% wt). After stirring for 2 hours at
room temperature, the silica particles were collected by
centrifugation, washed with ethanol and water, and then
re-dispersed in 20 mL water. As the TEM image shows in
Figure 2A, the silica NPs are spherical with a diameter
about 300 nm.

4.2 | Synthesis of SiO,@Ag

Disperse 0.6 g SiO, in 60 mL PEI (1% wt.) solution and stir
for 4 hours.[**] Then the SiO, nanospheres were washed
with water for three times and dissolved in 6 mL water
(0.1 g mL!). After that, 1 mL sample was pipetted to 5-
120 mL THPC-Au seed solution under sonication for 1 hour
and stirring overnight. Then, the solution was centrifuged
and dispersed in water. The THPC-Au seed was synthe-
sized using Baiker’s method: A mixture of 1.35 mL NaOH
(0.2 M), 41 mL water, 0.90 mL tetrakis-(hydroxymethyl)
phosphonium chloride (THPC) aqueous solution (1.2 mM)
was prepared and stirred for 10 minutes, to which 1.80 mL
aqueous solution of chloroauric acid (25 mM) was added
quickly.[*?! The final solution was aged at 4°C for at least
2 weeks before use.
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For synthesis of SiO,@Ag, a solution of 10 mL H,O,
10 mL Trisodium citrate (0.1 M), 10 mL acetonitrile, 2 mL
ascorbic acid (0.1 M), and 1 mL SiO,@Au seed (30 mg
mL"') was sonicated for 5 minutes, then 0.25-2.00 mL
AgNO;(0.1 M) was added under sonication for 10 minutes.
Finally, the sample was centrifuged and washed with water
for three times.

4.3 | Fabrication of MEL-enhanced
oxygen sensor using SiO, @Ag with sol-gel
matrix

We chose the Octyl-triEOS/TEOS composite sol-gel as
the matrix material and prepared by mixing Octyl-triEOS
(0.20 mL) and TEOS (4.00 mL) to form a precursor
solution according to Chu’s method.['?! EtOH (1.25 mL)
and HCI (0.1 M, 0.40 mL) were then added to the sol-gel
solution to catalyze the ORMOSIL reaction. The resulting
solution was stirred magnetically for 1 hour at room
temperature. Then 0.10 mL Triton-X-100 was added to
improve the homogeneity of the silica sol. 20 mg SiO, @Ag
was added to 0.20 mL PtTFPP/EtOH (0.2 mg mL?')
solution and stirred for 12 hours. Then 0.50 mL composite
sol-gel solution was added to the dye solution. Finally, the
solution was capped and stirred magnetically for another
12 hours. Before the test, 200 pL sol-gel solution was
dropped onto glass slide (2 x 2 cm?) and left to stabilize
under ambient conditions for 24 hours.
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