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Abstract

A new oxygen sensor, compound 2, was synthesized through a chemical modification of a popularly
used oxygen sensor of platinum(ll)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-porphyrin
(PtTFPP). The new sensor compound 2 possesses four crosslinkable methacrylate functional
moieties, enabling it to be polymerized and crosslinked with other monomers for polymer sensing
film (also called membrane) preparation. Using this characteristic, compound 2 was covalently
bonded to hydrophilic poly(2-hydroxyethyl methacrylate)-co-polyacrylamide (referred to as
PHEMA to simplify) and hydrophobic polystyrene (PS) films. To better understand the advantages
and disadvantages of chemical crosslinking approaches and the influence of polymer matrices on
sensing performance, PtTFPP was physically incorporated into the same PHEMA and PS matrices
to compare. Response to dissolved oxygen (DO), leaching of the sensor molecules from their
matrices, photostability of the sensors, and response time to DO changes were studied. It was
concluded that the chemical crosslinking of the sensor compound 2 in polymer matrices: (i) alleviated
the leaching problem of sensor molecules which usually occurred in the physically doped sensing
systems and (ii) significantly improved sensors’ photostability. The PHEMA matrix was
demonstrated to be more suitable for oxygen sensing than PS, because for the same sensor molecule,
the oxygen sensitivity in PHEMA film was higher than that in PS and response time to DO change
in the PHEMA film was faster than that in PS. It was the first time oxygen sensing films were
successfully prepared using biocompatible hydrophilic PHEMA as a matrix, which does not allow
leaching of the sensor molecules from the polymer matrix, has a faster response to DO changes than
that of PS, and does not present cytotoxicity to human lung adenocarcinoma epithelial cells (A549).
Itis expected that the new sensor compound 2 and its similar compounds with chemically crosslinking
characteristics can be widely applied to generate many interesting oxygen sensing materials for
studying biological phenomena.

1. Introduction

Measurement of dissolved oxygen (DO) has attracted great attention because DO is highly
related to water quality, food freshness, medication, scientific understanding of cell respiration
and metabolism, and other physiological and biological applications.1 Various types of oxygen
sensors have been developed based on mechanisms such as pressure, electrochemistry, and
fluorescence quenching (an optical approach).1 Because sensors based on emission quenching
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are non-invasive or minimally invasive, disposable, easily miniaturized (down to sub-
micrometer), and simple to process (as a coating or solid layer on optical fibers or surfaces for
remote measurement of chemical and biochemical parameters), the optical approachlb to DO
measurement most interested us among the various mechanisms being used. We are using the
optical oxygen sensors integrated with lab-on-a-chip devices for single cell metabolism studies.
1j, 1k

Ruthenium(11) polypyridyl complexes2, platinum (I1) and palladium (11) porphyrins3, and
cyclometalated complexes of platinum (I1) and iridium (111)4 are typical chemical materials
acting as fluorescence-based oxygen sensors because of their long triplet state lifetime in the
ranges of a few to tens of microseconds and sufficient triplet-triplet energy transfer from these
compounds to oxygen molecules. This results in a decrease of the oxygen sensors’ emission
intensities and a shortening of their lifetimes by oxygen. Among the many oxygen sensors,
platinum(l1)-5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-porphyrin (PtTFPP) is
believed to be an excellent sensor due to its good response to oxygen concentrations and high
photostability as compared with others.5 In order to realize the measurement of DO in liquids,
oxygen sensing molecules were usually physically incorporated and dispersed in various
hydrophobic matrices with good oxygen permeability2~4 including silicon rubbers, silica gels,
organosilicas, polystyrene, cellulose derivatives, and polyurethane-type hydrogels.

Biocompatible polymers, such as collagen, poly(2-hydroxyethyl methacrylate) (PHEMA), and
poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA) have been well applied as hydrogels
and scaffolds to study cell growth, proliferation, differentiation, and also in studying cell
function in 3D environments.8 However, there is almost no report about using these
biocompatible hydrogels as matrices for optical sensing studies because of the concern of
significant leaching of the physically dispersed sensor molecules from these hydrophilic
matrices. The leaching is undesired for applications for DO measurements because it may result
in problems of signal instability, inaccuracy of measurements, decreased long-term
applicability, and toxicity for cells. Successful preparation of optical oxygen sensors using the
biocompatible gels as matrices with good oxygen sensitivity, photostability, reasonable
response time, non-cytotoxicity and non-leaching of the sensors from their matrices is highly
expected for bioapplications.

Herein, we developed a new oxygen sensor 2 shown in Scheme 1, which is a modified PtTFPP
possessing four methacrylate moieties which can be easily mixed with hydrogel precursors
(e.g. amixture of 2-hydroxyethyl methacrylate (HEMA) and acrylamide) in a solvent (e.g. N,N
"-dimethylformamide (DMF)) and polymerized/crosslinked to generate polymer hydrogels
(e.g, PHEMA hydrogel) with chemically bonded sensors. Using about 20-wt% of acrylamide
as a co-monomer with HEMA is for improving the matrix’s ion permeability for a further
integration of the sensing film with other sensors such as pH, K*, Ca2*, and Na* ion sensors
for simultaneous measurement of multi-parameters. The polymers can be prepared with
controlled thickness as thin films or membranes. For a demonstration of excellent
characteristics of the covalently bonded sensors in the PHEMA films, we also: (1) chemically
immobilized sensor monomer 2 to the popularly used hydrophobic polystyrene (PS) matrix to
study the influence of matrices on sensing performance and (2) physically dispersed PtTFPP,
the precursor for compound 2, in the PS and PHEMA matrices to compare the covalently
bonded and physically incorporated sensors on sensors’ photostability and leaching.
Interferences by ions, pH values, media, and temperatures on the PHEMA sensing films with
covalently linked sensor compound 2 were studied. Toxicity of the new sensor film with
covalently bonded sensor molecules to human lung cancer A549 cells was also evaluated.

Chem Mater. Author manuscript; available in PMC 2011 March 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tian et al. Page 3

2. Results and discussion

Synthesis of the new sensor 2

As outlined in Scheme 1, PtTFPP was first chemically modified using anhydrous ethylene
glycol at a basic condition to generate compound 1. The fluoride at para position of the meso-
pentafluorophenyl group has a much higher chemical reactivity than other fluorides at the
phenyl rings. This characteristic has been used to modify 5,10,15,20-tetrakis-(2,3,4,5,6-
pentafluorophenyl)-porphyrin (TFPP) and platinum (11)-5,10,15,20-tetrakis-(2,3,4,5,6-
pentafluorophenyl)-porphyrin (PtTFPP).” After purification through column chromatography,
1 was then used to react with methacryloyl chloride to generate monomer 2 possessing four
methacrylate moieties.

Sensing film (membrane) preparation
A schematic procedure for the membrane preparation was given in Figure 1.

To achieve a stable polymer membrane on a substrate for optical characterization, a quartz
substrate was modified with an acrylate-containing silane, trimethylsilylpropyl acrylate
(TMPSA), using a vapor deposition approach.® The silane groups were anchored on the quartz
surface with active hydroxyl groups generated by oxygen plasma treatments. The acrylate
moiety can be further polymerized with other monomers to chemically graft the sensing
membranes on the quart surface. Contact angle of the quartz surface after the TMPSA
modification was measured to be 60°, whereas the contact angle of oxygen plasma-treated
quartz before the vapor deposition was approximately 10°. This difference indicated the
successful surface modification of the quartz surface using TMPSA. In order to provide the
polymer films with a good mechanical stability, ethyloxylate trimethylolpropane triacrylate
(SR454) was used as a crosslinker. The membranes (films F1 to F8, Table 1) were prepared
through a solution polymerization of the monomers of 2, S or HEMA/acrylamide, and SR454
in DMF via a variation of sensors, matrices and sensor concentrations. Thermal polymerization
initiated by azobisisobutyronitrile (AIBN) under nitrogen was used to cure the monomers for
polymer immabilization on the quartz substrate. Thermal polymerization was used for polymer
thin film generation not the popularly used photopolymerization approach in order to avoid
the potential photo-bleaching problem for sensors® under short wavelength (usually 365 nm
or 254 nm) photo-excitation. For a faster reaction, the polymerization was performed at 80°C.
It was found that under such conditions, uniform polymer membranes grafted on quartz
surfaces were obtained after polymerization for 1.5 hours under nitrogen. Typical pictures of
a thin film with and without excitation by 365 nm were given in supporting information (S-
Figure 1). The film thickness distribution was also given in S-Figure 1. Increasing the
polymerization time was not found to improve the film stability or vary the sensing
performance. For our sensing studies, the thickness of the sensor membranes was controlled
to approximately 25 pum.

Optical properties of the sensing films

Concentration dependent excitation and emission spectra of sensor monomer 2 covalently
bonded into poly(2-hydroxyethyl methacrylate)-co-polyacrylamide (referred to as PHEMA to
simplify) (F1, F2 and F3 in Table 1) and PS (F5, F6 and F7 in Table 1) matrices were
investigated in Britton-Robinson (B-R) pH 7.0 buffer. Typical spectra of F1, F2 and F3 were
givenin Figure 2. Three peaks at ~390 nm, 508 nm, and 540 nm were observed in the excitation
spectra corresponding to the Soret band and Q bands of platinum porphyrins.1% Red emission
was observed with a peak at 649 nm. The PtTFPP physically dispersed in the PHEMA hydrogel
also exhibits similar photophysical properties (Table 1). Detailed studies about the structures
influence on the photophysical properties of PtTFPP, compound 1 and compound 2 in solutions
and films were given in supporting information, S-Figure 2 and S-Figure 3. The fluorescence
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intensities did not have a linear dependence on the sensors’ concentrations, showing a
possibility of self-absorption!! of the sensor molecules in the films. This may result in the self-
quenching of the sensors, especially at higher concentration, such as 10 mg/g (sensor/gel),
where the Soret-band around 390 nm became broad.

Typical oxygen sensing (film F2) for dissolved oxygen

A mixture of oxygen and nitrogen gas was used to saturate aqueous solutions to tune dissolved
oxygen concentrations by bubbling. Figure 3A shows typical DO response using chemically
bonded 2 in PHEMA hydrogel F2. Fluorescence intensity of the oxygen sensor decreased with
an increase in the dissolved oxygen concentration, showing the good oxygen diffusion to the
sensing membrane in aqueous solutions. Because the PHEMA hydrogel swells significantly
in water!2, the dissolved oxygen can interact efficiently with the sensor molecules to quench
sensor’s emissions. It has been well known the PHEMA hydrogel is an excellent material
exhibiting good oxygen permeability for contact lenses.3

Intensity ratios (lg/1) of the F2 (Figure 3B) followed the Stern-Volmer equation with a
correlation coefficient (R2) exceeding 0.997 as given in equation 1.

Iy
ook
71K 0] (1)

where Kgy is the Stern-Volmer quenching constant. lg and | are the steady-state luminescence
signals at 650 nm measured in deoxygenated and oxygen-containing solutions, respectively.
Strictly speaking, the sensing membrane responds to DO ([O,]). However, since the actual
oxygen concentration diffused into the polymer membrane was unknown, the partial pressure
(pO,) of oxygen in the gas used to saturate the buffer was applied in the above equation. The
utilization of the oxygen partial pressure rather than the dissolved oxygen concentration in
solutions has been widely accepted and used by other scientists'? 9 14, since the DO is
proportional to the oxygen partial pressure. Standard atmosphere pressure of 101.3 kPa
corresponds to an oxygen partial pressure of 21.3 kPa, and DO in air-saturated water at 20 °C
under the standard pressure is 9.23 mg/L or 9.23 ppm.1®

Excitation wavelengths had a slight effect on the Stern-Volmer quenching constants (Table 1).
Besides the two wavelengths of the absorbance maxima at the Soret-band (394 nm) and the Q-
band (508 nm), two widely applied laser excitation wavelengths (405 and 514 nm) in confocal
fluorescence microscopy were chosen for comparison. Only slightly smaller quenching
constants were observed when the excitation wavelengths were longer.

Concentration dependent Stern-VVolmer quenching constants were also given in Table 1. It was
found that the Kg\ had some differences at different concentrations. Especially, at a high
concentration of 10 mg/g (sensor/gel), the quenching constant was much smaller, probably due
to the self-aggregations of the sensor molecules in the membranes. Based on these results, the
ratio of sensors to matrices of 1 mg/g for sensing performance investigation was usually chosen
in order to achieve a good signal-to-noise ratio.

Effects of chemically bonded approach, physically doped method, and the matrices on
oxygen sensing

All of the sensor films from F1 to F8 (Table 1) showed linear Stern-Volmer responses to DO.
However, sensitivity to DO was related to the film preparation approaches and matrices. The
influence was reflected in the Kgy quenching constants. A larger Kgy indicated a higher
sensitivity to DO. Typical plots using films F2 (chemically crosslinked 2 in PHEMA), F4
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(physically incorporated PtTFPP in PHEMA), F6 (chemically bonded 2 in PS) and F8
(physically doped PtTFPP in PS) with the same sensor concentration (1 mg sensor in 1 g matrix)
and the same excitation wavelength (405 nm) were given in Figure 3B, and more detailed data
were given in Table 1.

Under a same condition, Kgy of F4 is larger than F2. Similarly, Kgy of F8 is larger than F6.
These results showed that the chemical crosslinking of the sensor molecules 2 in the PHEMA
and PS matrices made the films less sensitive to oxygen than the sensor molecules PtTFPP
dispersed physically in the same matrices. The chemical crosslinking of the sensor molecules
in the matrices probably restricted the molecule movements inside the matrix and slightly
prohibited the interactions with oxygen molecules, resulting in a smaller quenching constant.

For the same sensor using same film preparation method, the Kgy in PHEMA is almost twice
of the Kgy in PS (F2 vs. F6 or F4 vs. F8), showing a significant influence of the polymer
matrices on the oxygen sensing and suggesting the PHEMA hydrogel is a much better matrix
for DO sensing than the hydrophobic PS. One reason is that the oxygen diffusion coefficient
of PS (1.1 x 1078 t0 2.3 x 1077 cm?/s) 16 is much smaller than that of the swollen PHEMA (8
x 1077 ~ 2.2 x 1076 cm?/s) 12 in aqueous solutions.

Leaching study of the sensing membranes

The membranes with chemically bonded and physically trapped sensors were immersed in pH
7 B-R buffer and methanol, respectively, at room temperature to study the leaching of sensor
molecules from polymer matrices. If the sensors molecules leach out of the sensing membranes
and disperse in the polar solvents such as water and methanol, the total emission intensity of
the sensing membranes and media will decrease as the emission of the oxygen sensor molecules
will be quenched significantly by polar solvents. Significant emission decays, 15% for F4 in
B-R buffer over 48 hours and 67% for F8 in methanol over only 16 hours, were observed.
Meanwhile, relatively weak PtTFPP emission was observed in B-R buffer and methanol,
indicating that PtTFPP molecules leached out from their matrices. These results clearly showed
the instability of sensing films made through the physical trapping approach when used for
dissolved oxygen study, whereas sensing films with covalently bonded sensors alleviated the
leaching problem. For the sensor films F2 and F6, there was no observed emission intensity
difference before and after 48 hours of soaking in buffer or methanol.

Response time studies using F2 and F6

Figure 4 shows the response time and operational stability of the sensing films F2 (2 crosslinked
in PHEMA) and F6 (2 crosslinked in PS) in pH 7.0 B-R buffer, which was conducted by
measuring the intensity signal during alternated saturation of the solution with oxygen and
nitrogen.

For F2, the response times, tgs (i.e. the time for 95% of the total change in fluorescence intensity
to occur) and tgg (i.€. the time for 99% of the total change in fluorescence intensity to occur),
were 50 seconds and 70 seconds from the deoxygenated buffer to 100% oxygenated solution
(Figure 4A), respectively. Recovery times from the oxygenated solution to deoxygenated
solution were slower with a tgg of 240 seconds and tgg of 285 seconds. For F6, the response
time tgs was 84 s and tgg was 182 s. The recovery times were much slower with a tgs of 420 s
and tgg of 540 s (Figure 4B). Slow response times of sensors in PS for DO were previously
reported in the range of 2 to 5 minutes?®: 172 although the same sensors can respond much
more rapidly to oxygen gas in the range of 2 to 5 seconds. Some silica gel sensing films were
reported to have slow DO response time of about 2 minutes.2®: 17 Another type of sensing
film using Nafilon22 17¢ as the matrix was also reported to have a response time of 1-2 minutes
to DO. Therefore, the PHEMA hydrogel-based optical sensing film exhibits good response
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time (50 s for tgs) to DO, enabling a new avenue for dissolved oxygen sensing. The response
time can be even faster through a decrease in film thickness, an increase in the nitrogen/oxygen
bubbling velocity of our setting up (see experimental section for details), or a use of
microspheres of the PHEMA gel dispersed in aqueous solution. For example, Borisov et al
18 recently reported a fast DO response optical sensor (about 4 second) using polystyrene-
block-polyvinylpyrrolidione beads with physically incorporated PtTFPP suspended in liquids.

Photostability of the sensing membranes (F2 vs. F4) in aqueous solutions

Short term photostability was studied in pH 7.0 B-R buffer using F2 and F4 at ambient air
condition. The films were continuously exposed by excitation light at 405 nm (0.2 mW/cm?)
over a period of 5 h with 150 measurements. It was observed that F2 (Figure 5A) was quite
stable under our experimental conditions with a less than 1% total intensity decrease, which
corresponded to a variation of less than 0.0067% per measurement. A dramatically different
result was observed for F4 under the same experimental conditions, where 16% of total
emission decay (Figure 5B) was observed corresponding to a decay of 0.11% per measurement.

The photostability study strongly indicated that chemical bonding of the sensors with their
matrix could improve the sensors’ photostability. It was pointed out by Lee et al.® that molecular
movement in the sensor film is a important factor affecting the sensors’ photostability. We
believe the crosslinking of the sensors within the polymer matrices restricts the sensor
molecules’ movement and results in the sensors being less reactive toward photo-oxidation
and reduction to increase their photostability as compared to the physically incorporated
PtTFPP in the same matrices.

Interference tests for F2 film

As stated above, we successfully prepared the chemically bonded sensing films using the
PHEMA hydrogel as the matrix and demonstrated that these new sensing films exhibited
reasonable oxygen response, excellent photostability, non-leaching character and good
response time. The interference by ions, pH values, mediums, and temperature was further
studied using the film F2.

Interference by ions, pH values, and amino acids in media often occur when the sensors are
applied in various liquid environments. Interference is generally significantly reduced, but not
always removed completely, upon the immobilization of sensor molecules in various polymer
matrices. 1 mM NaCl, KCI, and CaCl, in the B-R pH 7 buffers, as well as varied pH values
from 2 to 9, have no obvious influence on the emission intensity (with a emission variation of
less than 1%) as compound 2 is neutral and has no pH, sodium, potassium, or calcium ion-
sensitive groups or ligands. On the contrary, Dulbecco’s Modified Eagle’s Medium (DMEM)
and Lysogeny Broth medium (LB) have significant influence on the emission intensity. 30%
fluorescence intensity decay in DMEM and 60% decay in LB medium were observed as
compared to that in B-R buffer (Figure 6A), showing that combinations of salts, amino acids,
vitamins, sugars, proteins and extract of yeast present in the media likely interact with the
sensors. Similar influences of LB medium in decreasing emission intensities of PtTFPP sensors

dispersed in the polystyrene-block-polyvinylpyrrolidone beads were reported by Borisov et al.
18

Media not only decreased the emission intensities as compared to that in B-R buffer, but also
affected the oxygen responses. Figure 6A shows the emission intensities of the F2 film and
Figure 6B gives Stern-Volmer fittings of the film in the three different aqueous solutions at
the same oxygen partial pressures. It was found that the sensing film had the highest Stern-
Volmer quenching effect in the B-R buffer and the lowest quenching effectin DMEM medium.
Table 2 gives the detailed Kgy values. On the other hand, high temperature decreased the
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sensor’s fluorescence intensity (Figure 6C) but increased the oxygen quenching effect (Figure
6D), which is a common phenomenon for many oxygen sensors in thin films14b, 14c, most
likely due to an enhanced interaction of the sensing moieties with oxygen molecules at high
temperature. This indicates that when used for practical DO detection, careful calibration in
the specific environment is necessary and the temperature should be controlled precisely to
eliminate experimental error.

Toxicity to cells

Toxicity to A549 cancer cells was investigated using F2 films evaluated by a 3-(4,5-
dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide (MTT) viability assay. The MTT
assay is based on intracellular reduction of a tetrazolium dye to a formazan product measured
spectrophotometrically, and is used for high-throughput screening.1® No inhibition for cell
proliferation or cytotoxicity was observed after 24 hours of incubation of the cancer cells in
the presence of the sensing membranes (Figure 7). The non-toxicity demonstrated a good
biocompatibility of the new sensing membranes. Although the oxygen sensor contains the
heavy metal platinum atom, it is chemically linked with the polymer matrix to prevent its
leaching into the medium, which endows the sensing membranes to be nontoxic.

Storage stability

Validation

All of the sensing films can be stored in the dark at room temperature for at least 6 months.
Because of the non-leaching character of the chemically conjugated sensing membranes, the
films of 2 in PHEMA and PS matrices can be stored in aqueous solution for at least 3 months
without alteration of their sensing performances.

The oxygen response functions were tested in pH 7.5 buffers equilibrated with oxygen and
nitrogen gas mixtures with 5, 8, 20, and 27% of oxygen corresponding to pO, of 5.1, 8.1, 20.2
and 27.4 kPa using F2 film. Experiments were performed at room temperature. The tested
results are given in Table 3. The numbers in the parentheses in the table are the differences
from the measured values and the adjusted values of the tested solutions. It can be seen that
the sensing films gave good DO determinations not exceeding £7.4% of the set values.

3. Conclusion

A new oxygen sensor was successfully prepared through a simple chemical modification of a
popularly used oxygen sensor PtTFPP. Using the reactivity of methacrylate active groups, the
new sensor was able to be chemically embedded into hydrophilic PHEMA and hydrophobic
PS for dissolved oxygen sensing studies. Physically incorporated PtTFPP, which is the
precursor of the new sensor, in the same PHEMA and PS was also evaluated as a counterpart
for a demonstration of the advantages of the chemically conjugated approach. Results showed
that the chemically bonded sensors (i) alleviated the leaching problem of the sensors from their
matrices and (ii) improved sensors’ photostability. It was also demonstrated that the
biocompatible PHEMA gel is a good matrix for oxygen sensing, because the ability for
dissolved oxygen to diffuse in the PHEMA matrix is significantly larger than that in the PS
matrix, resulting in faster response time and higher oxygen sensitivity for dissolved oxygen in
the PHEMA matrix than in the hydrophobic PS matrix. pH values did not interfere with the
sensors. However, the media (LB and DMEM) had influences on the emission intensity and
response to oxygen, suggesting that the components in the media (protein, amino acids, sugar,
and/or yeast extract) likely interact with the sensor molecules. Temperature is critical in
affecting the quenching velocity. Higher temperature results in a faster quenching velocity
although the emission intensity decreases.
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Thus, we have studied new hydrophilic PHEMA hydrogel-based oxygen sensing films in detail.
We have also demonstrated the advantages of the chemically crosslinked oxygen sensor films.
It is expected that using the crosslinking method to chemically conjugate oxygen sensor
molecules to the biocompatible hydrophilic matrix will provide a new avenue to broaden the
oxygen sensor’s applications in biological fields. Using the sensing film, which is
biocompatible and suitable as a 3D scaffold for tissue engineering, for more understanding of
cell growth, proliferation and metabolism is expected and in progress.

4. Experimental section

4.1 Materials and reagents

All chemicals and solvents were of analytical grade and were used without further purifications.
Anhydrous ethylene glycol, sodium hydride (NaH), methacryloyl chloride, N,N’-dimethyl
formamide (DMF), trimethylsilylpropyl acrylate (TMSPA), styrene, HEMA,
azobisisobutyronitrile (AIBN), and acrylamide were commercially available from Aldrich and
used without further purification. Ethyloxylate trimethylolpropane triacrylate (SR454®) was
acommercial product of Sartomer Company (Exton, PA). PtTFPP was commercially available
from Frontier Scientific Inc. (Logan, UT). Doubly distilled water was used for the preparation
of the buffer solutions. The pH values were determined with a digital pH meter (Thermo
Electron Corporation, Beverly, MA) calibrated at room temperature (23 £ 2 °C) with standard
buffers of pH 10.01, 7.00, and 4.01. Britton-Robinson (B-R) buffers composed of acetic acid,
boric acid, phosphoric acid, and sodium hydroxide were used for tuning pH values. Calibration
gases (nitrogen and oxygen, each of 99.999% purity) were purchased from AIR Liquide
America, LP (Houston, TX). Exact gas percentage was controlled using a home-made gas
manipulator. All measurements of sensing behaviors were carried out at atmospheric pressure
(760 mmHg, or 101 kPa) at room temperature (23 £ 2°C) unless specified. Quartz glass from
University Wafer (South Boston, MA) was cut into squares of 1.31 cm x 1.31 cm and 0.36 cm
x 0.36 cm using a dicer (Microautomation, Billerica, MA) for fluorescence measurement.
DMEM was purchased from Invitrogen (Carlsbad, California). LB medium was made of 10 g
tryptone, 5 g yeast extract and 10 g NaCl in 1 L distilled water.

4.2 Instruments

Varian liquid-state NMR operated at 400 MHz for 1H NMR, 100 MHz for 13C NMR, and 376
MH?z for 1°F NMR were used for spectra measurements. Matrix Assisted Laser Desorption/
lonization Time-of-Flight (MALDI-TOF) Mass Spectrometry was performed by the ASU
Mass Spectrometry Laboratory. An oxygen plasma cleaner (Harrick Plasma, Ithaca, NY) was
used for quartz glass surface activation. Shimadzu RF-5301 spectrofluorophotometer
(Shimadzu Scientific Instruments, Columbia, MD) was used for fluorescence measurements.
For an easy measurement of the films in liquid solutions, the quartz glass was cut with a dicer
into squares of 1.31 cm x 1.31 cm, which can fit diagonally into quartz fluorescence cuvettes
to enable the sensing membrane be positioned at an angle of 45° to the excitation light. Contact
angle measurements were made using an FTA 1000C instrument (NanoDispense Inc, Fremont,
CA). Temperature was adjusted from 20 to 37 °C using a Fisher Scientific Isotemp 202S water
bath with a temperature variation accuracy of + 0.5°C.

4.3 Quartz substrate modification using TMSPA

In order to achieve stable polymer membranes on the quartz glasses, the quartz surface was
modified with TMSPA. Detergent and acetone-cleaned quartz glass was treated with oxygen
plasma for ~ 30 minutes to generate active hydroxyl groups. Immediately following plasma
treatment, the quartz glass was placed in a vacuum chamber to graft a thin layer of TMSPA on
its surface under vacuum for 20 h using a known vapor deposition approach.8
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4.4 Preparation of PHEMA polymer membranes

0.1 mg, 1 mg, or 10 mg of the sensor monomer 2 or PtTFPP, HEMA (800 mg), acylamide (150
mg), SR454 (50 mg), and AIBN (10 mg) were dissolved in 1 mL DMF as stock solutions. 10
uL of the stock solution were added onto the surface of the TMSPA-modified quartz glass and
covered with a clean but untreated cover slip to make a sandwich structure. The thickness was
controlled using 25-um Kapton tape (DuPont, Wilmington, DE). The sandwich set-up was
placed into a vacuum oven, which was evacuated and refilled with nitrogen three times.
Polymerization was carried out under nitrogen at 80°C for 1.5 hours in the oven. The quartz
glasses with polymer membranes were removed from the oven, with Kapton tape and non-
surface modified glass being removed from the polymerized membrane surface. The uniform
polymer membranes on the quartz glasses were washed three times using methanol to remove
any remaining non-polymerized monomers and residual DMF. The films were dried and stored
in the dark at room temperature.

4.5 Preparation of PS polymer membranes

The preparation of the PS polymer membranes was similar to that of PHEMA, however, styrene
was used instead of HEMA and acrylamide.

4.6 Release study

The sensor membranes were immersed in the B-R pH 7.5 buffer and methanol for a certain
time. Spectra were taken under the same optical set-up as before. For test whether there is any
sensors’ emission in the buffer or methanol, the sensing film was taken out from the cuvette
and the emission of the liquids were measured.

4.7 Photostability study

The sensing membranes in pH 7.0 B-R buffer were continuously exposed by excitation light
at 405 nm (0.2 mW/cm?) over a period of 5 h. The membrane fluorescence intensity was
recorded with an interval of 2 min.

4.8 Response time study

Sensing films were placed diagonally into a quartz cuvette with approximately 2 mL of B-R
buffer (pH 7). Emission measurements were taken every four seconds at the sensor’s peak
emission at 650 nm excited at 405 nm. To vary the concentration of dissolved oxygen in the
buffers, a gas manifold was used to control gas flow through a tube and needle to bubble the
buffer. Holes were installed in the cuvette cap to allow the needle into the cuvette and gas flow
out. The needle was positioned so the bubbling would occur in the buffer just above the sensor
film to decrease the possible interference by the gas bubbles, which may affect the fluorescence
measurements. Oxygen and nitrogen flow rates were set at 66 standard cubic centimeters per
minute. In all trials, the buffer was first saturated with oxygen before beginning the
measurements. Measurements began with the change from 100% oxygen flow into the buffer
to 100% nitrogen, and then continued as the gas flow composition was switched between
oxygen and nitrogen. The intervals of gas flow depended on the type of film. For the PHEMA
films, 360 seconds was the interval for nitrogen and oxygen bubbling; for the PS films, 660
seconds was used as the interval.

4.9 MTT assay for cytotoxicity study

The assay was performed by an in vitro MTT-based toxicology assay kit (Sigma). A549 cancer
cells (American Type Culture Collection (ATCC), Manassas, VA) were cultured in DMEM
supplemented with 10% fetal bovine serum, 5% penicillin, 2 mM L-glutamine (Sigma), and
incubated at 37 °C in a 5% CO, atmosphere. The cells were seeded onto 96-well plates at
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10,000 cells per well, and incubated for 1 day. The sensing membranes (0.36 cm x 0.36 cm)
on the quartz glasses were immersed into the DMEM growth medium and the cells with the
sensing membranes were incubated in the 96-well plates. 24 Hours later, the membranes were
removed from the 96-well plates. The medium in the wells were removed and the cells were
washed with PBS buffer and then incubated in fresh DMEM medium (100 pL) and 10 uL of
MTT solution (5 mg/mL) in 5% CO, at 37°C for another 3 h. 60 pl of the culture medium was
removed and 50 ul of DMSO was added to each well to dissolve the internalized purple
formazan crystals by gentle pipetting up and down. The absorbance was measured at a
wavelength of 490 nm using SpectraMax 190 from Molecular Devices (Downingtown, PA,
USA). Each experiment was conducted twice in triplicate. The result was expressed as a
percentage of the absorbance of the blank control.

4.10 Synthesis of compound 1

180 mg of 40% NaH oil (3 mmol) was added to a solution of 2.2 g of ethylene glycol (35.48
mmol) in 30 mL dry THF. The mixture was stirred at room temperature for 30 minutes, and
then PtTFPP (720 mg, 0.63 mmol) was added in one portion. The mixture was stirred at room
temperature for 24 hours to complete the reaction. After THF was removed, the residue was
poured into sodium chloride solutions. The product was extracted into ethyl acetate, dried over
Na,SOy, and purified using column chromatography with chloroform/methanol (10:1 by
volume) to get 600 mg of compound 1. Yield: 71%. 1H-NMR: (400 MHz, CD3COCD3, 5 ppm)
9.21 (s, 8H), 4.68 (t, 8H), 4.23 (m, 4H), 4.08 (t, 8H). 13C NMR (100 MHz, CD3COCD3, & in
ppm): 150.53, 148.10, 145.35, 144.30, 142.89, 142.75, 134.29, 115.29, 115.09, 114.90, 109.88,
79.62, 63.80. 19F-NMR (376 MHz, CD3COCD3, § in ppm, CF3COOH =—76.55 ppm): —136.96
(8F, dd, Jp.F = 14 Hz, Jp.r = 28 Hz), —153.29 (8F, dd, Jr.F = 14 Hz, Jg.F = 28 Hz). MALDI-
TOF-Mass: CsyH29N4OgF16Pt: calc: 1335.85; Measured: 1335.16.

4.11 Synthesis of compound 2

Compound 1 (50 mg, 0.037 mmol) and 300 mg triethylamine (2.97 mmaol) were dissolved in
5mL DMF and cooled to 0°C. To this solution, 100 uL (~108 mg, 1.0 mmol) of methacryloyl
chloride in 500 uL of THF were added slowly. The mixture was stirred at room temperature
overnight. Thin layer chromatography (TLC) was used to verify that the reaction was
completed. The mixture was poured into water. Organic product was extracted into ethyl
acetate, dried over Nay;SQO4. After the ethyl acetate was removed, the residue was washed with
hot methanol twice and filtered to yield 40 mg sensor 2 with a yield of 64%. IH-NMR (400
MHz, DMSO-dg, 6 ppm): 9.22 (s, 8H), 6.16 (s, 4H), 5.79 (s, 4H), 4.82 (t, 8H), 4.60 (t, 8H),
1.96 (s, 12H). 13C NMR (100 MHz, DMSO-dg, & in ppm): 166.93, 147.66, 145.28, 142.78,
141.49, 140.29, 138.77, 136.20, 132.56, 126.65, 112.73, 112.53, 107.09, 73.59, 64.10,
18.40. 1%F-NMR (376 MHz, DMSO-dg, & in ppm, CF3COOH =—76.55 ppm): —141.11 (8F, d,
Jr.F = 18 Hz), —156.91 (8F, d, Jp.F = 18 Hz).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic illustration of the preparation of sensing membranes. a) oxygen plasma treatment
to generate active hydroxyl groups; b) vapor deposition of thin TMPSA layer; ¢) 25-um tape
used to control membrane thickness; d) sensor solution dispensed onto modified quartz surface;
e) solution covered with a cover glass and polymerized at 80°C for 1.5 hours; f) cover glass
and tape removed; film rinsed using methanol and double-distilled water; and g) sensing
membrane on quartz substrate immersed into liquid in cuvette for fluorescence measurements.
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Figure 2.

750

Concentration dependent excitation (A) and emission spectra (B) of the sensors 2 covalently
crosslinked on PHEMA matrix (films F1, F2 and F3). The units mg/g in the figures are weight
ratios of the sensor in milligrams to polymer matrix in gram scale. For F1: 0.1 mg/g; F2: 1.0

mg/g; F3:10.0 mg/g.
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Figure 3.

Typical response to DO using F2 (covalently crosslinked 2 in PHEMA) in B-R pH 7.0 buffer
(A) and the Stern-Volmer fittings (B) for F2, F4 (physically doped PtTFPP in PHEMA), F6
(covalently crosslinked 2 in PS) and F8 (physically doped PtTFPP in PS) excited at 405 nm.
Ig is the emission intensity in the deoxygenated buffer by flushing with nitrogen. I is the
emission intensity of oxygen-containing solutions equilibrated with different oxygen partial
pressures.
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Response time of the film F2 with covalently crosslinked 2 in PHEMA (A) and F6 with
covalently crosslinked 2 in PS (B) to deoxygenated solution using nitrogen gas and oxygenated
solution using oxygen gas.
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Figure 5.

Photostability of covalently crosslinked 2 in PHEMA (F2, A) and physically doped PtTFPP
in PHEMA (F4, B) in pH 7.0 B-R buffer with 5 hours of continuous exposure at 405 nm (0.2
mW/cm?).
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Figure 6.

Medium influence (A and B) on the oxygen sensing at room temperature (22°C) and
temperature effect (C and D) on the oxygen sensing in LB medium. F2 film was used for this
study. The fluorescence intensities at 652 nm were given in the left y-axis. Ratios of Ip/l were
given in the right y-axis. lg is the emission intensity in the deoxygenated buffer by flushing
with nitrogen. 1 is the emission intensity of oxygen-containing solutions equilibrated at
different oxygen partial pressures. Fitting of the Stern-Volmer plots (B and D) is performed
using equation 1.
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Figure 7.
Viability (MTT) of A549 cells incubated in the presence of the sensing membrane F2 in DMEM
for 24 hours.
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Stern-Volmer quenching constants (Ksy in kPa1) of the sensing film F2 in B-R buffer, DEME and LB medium

Table 2

at 4, 22 and 37 °C.

DMEM LB medium B-R buffer (pH 7.5)
37°C 0.091 (0.971) 0.10 (0.984) 0.13 (0.975)
22°C 0.061 (0.998) 0.066 (0.997) 0.088 (0.997)
4°C 0.029 (0.990) 0.029 (0.989) 0.038 (0.964)

*
values in parentheses are the correlation coefficients (Rz) of the Stern-Volmer fitting.

Chem Mater. Author manuscript; available in PMC 2011 March 23.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Tian et al.

Table 3

DO (pO, in kPa)2 determination using film F2 in B-R pH 7.5 buffer?

Set value Determined value® Difference in %
5.1 5.2 (+0.1) +2.0
8.1 7.5 (-0.6) -74
202 20.6 (+0.4) +2.0
27.4 28.8 (+1.4) +5.1

a . .
pO2 represents the oxygen partial pressure in kPa;

b .
experiment performed at atmosphere pressure;

c ) .
values in the parentheses were the differences between the measured and set values.
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