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Abstract

Molecular oxygen has profound effects on cell and tissue viability. Relevant sensor forms that can
rapidly determine dissolved oxygen levels under biologically relevant conditions provide critical
metabolic information. Using 0.5 um diameter electrospun polycaprolactone (PCL) fiber
containing an oxygen-sensitive probe, tris (4,7-diphenyl-1,10-phenanthroline) ruthenium(ll)
dichloride, we observed a response time of 0.9+0.12 seconds — 4-10 times faster than previous
reports — while the tgs for the corresponding film was more than two orders of magnitude greater.
Interestingly, the response and recovery times of slightly larger diameter PCL fibers were
1.79+0.23 s and 2.29+0.13 s, respectively, while the recovery time was not statistically different
likely due to the more limited interactions of nitrogen with the polymer matrix. A more than 10-
fold increase in PCL fiber diameter reduces oxygen sensitivity while having minor effects on
response time; conversely, decreases in fiber diameter to less than 0.5 um would likely decrease
response times even further. In addition, a 50°C heat treatment of the electrospun fiber resulted in
both increased Stern-Volmer slope and linearity likely due to secondary recrystallization that
further homogenized the probe microenvironment. At exposure times up to 3600 s in length,
photobleaching was observed but was largely eliminated by the use of either polyethersulfone
(PES) or a PES-PCL core-shell composition. However, this resulted in 2- and 3-fold slower
response times. Finally, even the non-core shell compositions containing the Ru oxygen probe
result in no apparent cytotoxicity in representative glioblastoma cell populations.

Keywords
nanofiber; co-axial; cytotoxicity; oxygen probes; bleaching

1. Introduction

Molecular oxygen, a species essential to the function of the human body, has profound
effects on cell and tissue behavior and viability.[1] ENREF_1 Although air enters the lungs
at atmospheric oxygen partial pressures of 21%, oxygen levels in arterial blood are only
about 12%.[2] Cells in vivo see relatively constant O, levels ranging from approximately 2%
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(mesenchymal stem cells) to 5% (cardiomyocytes) depending on the region and proximity to
a capillary. As a critical condition in engineered tissue growth, oxygen diffusion limits the
spatial distribution and migration of cells by poorly understood mechanisms governing cell
response to oxygen gradients.[3]

Sensors that can determine dissolved oxygen levels under biological conditions provide
critical metabolic information. Traditional electrode-based sensors suffer from the
invasiveness of the measurement, an inability to be used in studies of individual cells, and
oxygen consumption by the electrochemical reduction itself.[4] Such sensors are also
limited to single-point measurements and cannot reveal either 2D or 3D oxygen distributions
in heterogeneous systems. Optical sensors based on the quenching of a luminophore have
attracted attention due their potential to be non-invasive, more easily miniaturized,
integrated with cell culture devices, lack of oxygen consumption and freedom from
electrical interference.[5] Oxygen sensitive ruthenium complexes such as tris (4,7-
diphenyl-1,10-phenanthroline) ruthenium(11) ([Ru(dpp)3]%*) have been used due to their
quantum yield, oxygen sensitivity, large Stokes shifts and thermal stability at physiological
temperatures.[6] These probes are usually immobilized in a matrix to prevent optical
interference, reduce toxicity and provide mechanical strength. The ideal matrix should have
acceptable optical properties, excellent oxygen permeability and be a good solvent for the
luminophore.[5] Various materials have been explored as thin film matrices: polystyrene,
polyvinyl chloride, polymethyl methacrylate, organically modified silicate, sol-gel and
silicones.[7-13] For sensors directed toward biological applications, additional properties
such as non-toxicity and good biocompatibility are desirable. In this context,
polycaprolactone was chosen for this work as a candidate matrix material. It provides
excellent biocompatibility as well as satisfactory oxygen permeability. Another polymer,
polyethersulfone, was also investigated due to its thermal and chemical stability and good
optical properties.[14] In addition, given that these nanofibers are targeted for use with
cancer cell populations we tested the cytotoxicity of probe-containing PCL nanofibers
utilizing glioblastoma cell populations that have been previously cultured successfully on
PCL nanofibers.[15]

In contrast to film formation, electrospinning is a versatile technique producing nano-scale
fiber scaffolds that already see a wide variety of applications in regenerative medicine.[16]
For example, previous studies from our group successfully utilized these electrospun fibers
to establish a physiologically relevant model of glioma cell migration and to develop
screening assays for anti-invasive compounds[15, 17] Here, we combine this fiber-based
platform with an oxygen-sensitive ruthenium compound to develop a nano-fiber based
optical oxygen sensor. The sensor is capable of responding rapidly to changes in the oxygen
content of the surrounding gaseous/aqueous environment. More importantly, this platform
could easily be applied to a variety of matrices and probes and can be readily integrated to
tissue culture plates or bioreactors, providing an alternative to the standard optical oxygen
sensor family. In addition, a core-shell configuration explored as a nanofiber sensor provides
additional benefits as will be discussed.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2014 June 24.
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2. Materials and methods

2.1. Materials

Polycaprolactone (M,=70,000-90,000) and dichloromethane were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and polyethersulfone was obtained from Goodfellow
(Huntingdon, England). Tris (4,7-diphenyl-1,10-phenanthroline) ruthenium(ll) dichloride
was acquired from Alfa Aesar (Ward Hill, MA, USA). 1,1,1,3,3,3-hexafluoro-2-propanol
(HFP) was obtained from Oakwood Products Inc. (West Columbia, SC, USA).

2.2. Preparation of oxygen sensitive fibers

The oxygen sensitive probe, [Ru(dpp)s]?*, was dissolved into HFP; this orange-colored
solution was stirred at room temperature for 20 minutes to fully dissolve the probe. The
electrospinning solution was prepared by continuously stirring either 5wt% PCL or 8wt%
PES polymer pellets into this solution at 55°C until polymer dissolution was complete. The
weight ratio of the oxygen probe and carrier polymer was held constant at 1:1000. After
cooling to room temperature, the uniformly mixed solution was electrospun according to
procedures used previously.[18, 19] The large diameter PCL fibers were fabricated by using
dichloromethane (DCM) as the solvent. The typical sample thickness (approximately 100
um) for sensing applications was held constant by fixing the deposition time at 400 seconds.
The as-spun fiber sheet was then placed in a vacuum overnight to ensure removal of residual
solvent.[20]

In addition, a “shell” containing no luminophore was added to these oxygen sensitive fibers
by simultaneous co-axial electrospinning of two polymer solutions through two concentric
blunt needles. 5 wt% Ru probe-containing PES solution (Ru:PES = 1:1000 ratio by weight)
was electrospun as the “core” while 5 wt% PCL solution was electrospun as the “shell.” The
flow rates for PES and PCL solutions were both 4 mil/h and the applied voltage 25 kV. For
the sake of comparison, conventional film-based sensors were also prepared using the same
polymer and probe solutions by casting onto a glass slide. All samples were stored within
completely dark containers prior to characterization or testing.

2.3. Microscopy and image analysis

Scanning electron microscopy (SEM; XL30 ESEM, FEI Company, Hillsboro, OR, USA)
was used to examine the morphology of the probe-containing fibers following the
application of a 100 angstrom-thick gold coating by a sputter coater (Pelco, Clovis, CA,
USA). The luminescent properties of the fibers were studied by capturing fluorescent images
on a fluorescence microscope (Eclipse, Nikon Inc. Melville, NY, USA) with a filter set for
red fluorescence (EX: 530-560 nm, DM: 570 nm, BA: 590-650 nm). The exposure time for
each image was 400 ms and the fluorescence intensity of the red channel in the images was
measured in randomly selected areas using NIH ImageJ.

2.4. Optical spectroscopy

The fluorescence spectrum measurements of the fibers and the continuous monitoring of the
emission peak were conducted by a fluorescence spectrometer (JAZ, Ocean Optics Inc.,
Dunedin, FL, USA). Blue LED light at 470 nm used as the excitation wavelength was
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guided through 600 um VIS-NIR fibers. The optic fiber probe was positioned perpendicular
to the electrospun mats and the collected signal delivered to the spectrometer to either
display the resulting spectrum or to conduct time-based measurements at a particular
wavelength.

2.5. Measurements of gaseous oxygen

Sensing performance was first examined by monitoring atmospheric oxygen. Electrospun
fiber mats were glued to the inner wall of fixed cuvettes with the probe of the spectrometer
oriented perpendicularly to the sample. A glass tube connected to a gas mixer (Omega
Engineering, USA) was inserted and placed at the bottom of the cuvette. The oxygen gas
concentration was controlled by adjusting the relative flow rates of oxygen and nitrogen gas.
As oxygen flow rates increased from 0 to 100% at 10% increments the emission spectra was
recorded. To examine reversibility and response time, the cuvette was first filled with pure
oxygen and was then alternated with pure nitrogen at 20 s intervals. High gas flow rates
(1450 cc/min) were used to rapidly alter the atmosphere around the sample and minimize
measurement error. The intensity of the emission peak was measured continuously as
function of time.

2.6. Measurements of dissolved oxygen

Oxygen sensitivity tests of the fibers in more relevant aqueous solutions were then
conducted in a transparent chamber containing a 1x1 cm sample of oxygen sensing fiber.
The desired oxygen concentrations were controlled by sparging defined ratios of mixed
gases into the water within the chamber. Oxygen and nitrogen gases were merged to a tube
inserted in the chamber and flow rates maintained by a proportioner for 30 minutes prior to
measurement to ensure equilibrium. Real-time dissolved oxygen concentration was
monitored using a commercial oxygen meter (Hach Company, Loveland, Colorado, USA) to
provide calibration. The position of the gas outlet is ~2 cm away from both the oxygen
meter probe and the sample to reduce interference effects potentially generated by the gas
flow. The change in fluorescence intensity was monitored by the fluorescence spectrometer
at the emission peak. For tests of reversibility, water was simply bubbled and saturated with
either pure nitrogen or pure oxygen. The fluorescence intensity change was determined by
measuring the images taken by the fluorescence microscope.

2.7. Cell culture experiments

To establish whether these oxygen-sensing fibers were cytotoxic to cells representative of
the intended application, cell culture experiments were performed with the glioblastoma cell
lines U251MG and CNS1. U251MG cells were cultured in Dulbecco’s modified Eagle’s
medium (containing 4.5 g/L glucose) while CNS1 cells were cultured in RPMI-1640
medium (containing 2 mM L-glutamine). In both cases, the medium was supplemented with
10% fetal bovine serum, 50 Ul/ml penicillin and 50 pg/ml streptomycin. Cells were gently
dissociated when they reached 80% confluence and seeded at an average density of 10,000
cells/well in 24-well plates with PCL alone or probe-containing PCL (Ru-PCL) nanofiber-
coated plates. Cells were cultured for 48 hours and subsequently stained with Calcein-AM
(1 pg/mL, Invitrogen) and propidium iodide (0.5 ug/mL, Invitrogen), following standard
protocols. Cells were analyzed by fluorescence microscopy to identify live (calcein-positive,
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green fluorescence) and dead (PI-positive, red fluorescence) cells. Image analysis and
quantification were performed using ImageJ (v.1.47) software.

and discussion

3.1. Morphology and dimensions of Ru probe-containing fibers

3.2. Oxygen

The Ru probe was very soluble in HFP and a uniformly orange-colored solution was formed
when the Ru probe and polymer pellets were fully dissolved. Electrospinning created nano-
and micro-scaled fibers (Table 1) containing this oxygen sensitive probe in a single-step
process. Fibers could be formed either as a randomly oriented structure (Figure 1a, b) or in
an aligned format (Figure 1c) depending on the set-up employed for the electrospinning
process. Probe-containing fiber diameters can be adjusted by varying polymer
concentrations.[21] The morphology of these oxygen-sensitive fibers is indistinguishable
from that of probe-free fibers. SEM images (Figure 1a, b) show the typical high porosity
associated with electrospun fiber mats. The PES fibers display slightly larger interfiber
spacing likely reflective of their relatively higher initial modulus (even when solvent is still
present) preventing closer fiber approach as the fiber falls. These increased surface-to-
volume ratios (compared to traditional film-based sensors) should dramatically reduce
barriers to efficient oxygen diffusion as the fiber diameter provides a relatively small barrier.
Such 3D structure is also important for application in reporting localized oxygen levels near
individual cells as these nanofibrous structures simulate the extracellular matrix (ECM)
topography to allow for close interaction of cells with the matrix and the incorporated
oxygen-sensitive probes.

sensing in gaseous environments

The dynamic spectral response of these PCL and PES fibers to gaseous oxygen is shown in
Figures 2(a) and (b). The saturated peak visible at 470 nm originates from the excitation
light source. Ruthenium probe incorporated in the polymer fibers was efficiently excited by
the excitation light and emitted the observed red fluorescence (Figure 1d) wavelengths. The
emission peak of the Ru probe dissolved in ethanol is located at 613 nm; when the
fluorescent behavior of the probe was evaluated in these polymer matrices we observed
shifts in the emission peak. PCL as a matrix resulted in an emission peak at 626 nm; the PES
matrix, 604 nm. The illumination-triggered fluorescence of the ruthenium probe is attributed
to a metal-to-ligand charge transfer (MLCT) process in which an electron from a metal d
orbital is promoted to a ligand n* orbital.[22] The associated emission peak is gradually
quenched as the oxygen concentration increases from 0 to 100%. The ruthenium compounds
have a relatively long triplet state lifetime and display sufficient triplet-triplet energy
transfer to oxygen molecules diffusing through the polymer matrix. The decreased emission
intensity versus increased oxygen concentration is caused by the growing number of oxygen
molecules available for energy transfer/quenching.[23] Based on Figure 2, the total degree
of quenching observed during the transition from pure nitrogen to pure oxygen (lg/l1gg) for
PCL fibers is slighter larger than that of the PES fibers. This quenching response (lp/l1gg) is
closely related to the gas permeability of the polymer matrix. The quenched percentage
obtained here is less than those of highly gas permeable polymer such as silicones and some
fluoropolymers.[24] However, the selected PCL matrix has comparable oxygen permeability
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with the commonly used polystyrene matrix but greater bio-affinity in both in vitro and in
vivo applications.[25]

The quenching responses of PCL and PES sensors were further tested over a range of
oxygen concentrations. The relative intensity change as function of oxygen concentration
follows the Stern-Volmer equation [6]:

In/I=14+K, [Os] [Equation 1]

where Ip and | are the measured intensity in the absence of oxygen and presence of different
oxygen concentrations, Kgy is the Stern—VVolmer quenching constant and [O5] the oxygen
concentration. The Stern-Volmer plot for PCL fibers in various gaseous oxygen
concentrations (Figure 3) yields a fitting coefficient R? = 0.9966. Excellent linearity helps
avoid the use of more complex modified Stern-Volmer equations and enables easy
calibration. Interestingly, after the probe-containing PCL fibers were heated to 50°C for 12
hours, both the sensitivity and linearity noticeably were improved (Figure 3). The Iy/l value
at 100% oxygen concentration for the sintered PCL fibers increased by 19.9% and R?
increased to 0.9992. This change in sensing efficiency is attributed to an increase in the
degree of crystallinity for this relatively low-melting polymer following this exposure. As a
larger fraction of the polymer chains assume a more regular, closely packed structure, any
embedded Ru probe molecules would see this more uniform structure/site. Alternatively, the
elevated temperature exposure could increase crystallization to reject probe molecules into
the surrounding amorphous phase. This could both decrease what little multi-site occupancy
exists and improve sensitivity by concentrating the probe molecules in the amorphous
regions more easily permeated by oxygen. The excellent linearity of the Stern-Volmer plot
for the fiber-based sensors facilitates accurate calibration of the sensors prior to application
in cell culture. A downward slope in the Stern-Volmer plot at high O, levels (absent in our
plots) is often attributed to the different quenching behavior of the luminophores on different
sites.[26]

3.3. Response time

Response time is determined based on reversibility. The intensity of the emission peak for
each sensor was continuously monitored and plotted in Figure 4 for (a) PCL and (b) PES as
the environment alternated from 0 to 100% O,. No hysteresis was observed during these
oxygen/nitrogen cycles in the gaseous state. Both the response and recovery times are
defined as time required for a 95% change in intensity.[27] This tgs time is 0.9+0.12 s (mean
+ standard deviation) for PCL fibers and 2.17+0.28 s for PES following the switch from
100% N, to 100% O,. These values compare favorably to those observed using Cu- or Eu-
based flurophores that had 4-10 times greater response times [3 paper refs]. Conversely, the
recovery time from oxygen to nitrogen is 1.98+0.37 s and 2.43+0.18 s, respectively, likely
reflecting the greater permeability of the polymer matrix for O,. These response and
recovery time measurements also include the time required to exchange gases with the
surrounding environment. Again, the net changes in peak intensities incurred during the
transition from N to O, are similar for PCL and PES. For comparison’s sake, we also
fabricated and measured the response of Ru probe-containing PCL matrix films to oxygen
conditions. Matrix film reversibility is markedly different. We observed that tgs for this film

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2014 June 24.
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was at least two orders of magnitude greater than that of the electrospun fiber matrices. The
effective area of a dense film for oxygen to diffuse into is equivalent only to the net surface
area of the film. In contrast, the specific surface area of electrospun nanofibers is orders of
the magnitude larger than their 2D film counterparts. The small diameter and porous nature
of the electrospun fibers tends to provide a faster response time compared to 2D film
sensors. Diffusion limitations preventing easy access to the probe are significantly
minimized as the necessary depth of penetration of oxygen into the matrix is greatly
reduced. Fast response times are critical to real-time monitoring of oxygen concentrations in
targeted biological applications.

3.4. Response to changes in dissolved oxygen

Fiber response to changes in dissolved oxygen in aqueous solution was tested by altering the
aqueous environment of the samples between nitrogen-saturated and oxygen-saturated
water. To attain complete saturation, ~30 minutes of continuous bubbling of each gas in the
chamber was used to ensure equilibrium prior to measurement. For each sample, the
fluorescence images were taken each time the aqueous condition was changed (in either the
oxygenated or deoxygenated conditions) and the measured image intensity normalized
relative to the initial intensity. Similar to the gaseous environments, the fluorescence
intensity of Ru probe in the fibers decreased as the nitrogen-saturated solution was flushed
with oxygen. All samples showed good reversibility as the intensity of the sample repeatedly
changed from the initial value to a specific quenched value dependent upon on polymer
identity when switching between deoxygenated and oxygenated water. About 44% of the
intensity is quenched for PCL sample after full equilibrium with the bubbled oxygen was
reached; for PES this value is much smaller, around 18% (Figure 5a).

Both PCL and PES sensors display a good linear fit to the Stern-Volmer equation (Figure
5b) over the full range of the experiment (0-20 mg/L) with fitting coefficients (R2) of
0.9973 and 0.9879, respectively. The Stern—Volmer constant calculated from the fitted plot
is 2.2x1072 (mg/L)~1 for PCL and 1.1x1072 (mg/L)~! for PES fibers. The excellent linear fit
of the data facilitates the accurate calibration of the sensor to real dissolved oxygen contents.
The linear relationship covers the entire range of oxygen concentrations expected in cell
culture (0-9.1 ppm).[28] The good linearity of the Stern-Volmer plot indicates that the
quenching compound, oxygen in this case, is readily and equally available to luminophores
embedded in the matrix.[28] Electrospun sensors produce a clearly linear dependence due to
their small diameters and lack of multiple luminophore sites. SEM images reveal these small
diameters and the porous nature of the overall assembly allowing easy diffusive access.
Therefore oxygen molecules, in either the gaseous state or dissolved in aqueous solution,
can freely diffuse into the electrospun mats and reach the embedded luminophores by
penetrating the polymer fiber through radii of only 260-360 nm. The pathway lengths
allowing access in these fibers are relatively short compared to conventional film sensors.
The easy accessibility of oxygen to the probe molecules results in quick responses as well as
excellent Stern-Volmer linearity.

In addition to easy accessibility, this linear relationship also provides proof of uniform probe
distribution within the polymer matrix. Heterogeneity involving three different scales is

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2014 June 24.
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thought to be the main contributor to non-linear Stern-Volmer plots [29]: a)
macroheterogeneity due to unsatisfactory fabrication b) microheterogeneity due to either
matrix crystallization, cracking or phase separation of the polymer and c¢) nanoheterogeneity
due to molecular scale orientation or structure differences that could alter local oxygen
diffusion. Under electrospinning fabrication conditions such heterogeneities are clearly
absent. Before electrospinning, Ru probe molecules are uniformly dispersed in polymer/
solvent solution. Luminophores in liquid solvents are exposed to identical environments on
average time scales and exhibit linear Stern-Volmer plots.[30] During electrospinning, a
high electrostatic voltage is applied to the precursor solution. The high repulsive force
within the charged solution stretches the solution to form a jet and the solvent rapidly
evaporates before the jet deposits on the grounded metal collector.[31] This process happens
over such a short time scale that polymer chain rearrangement is restricted and probe
molecules are likely “frozen” into place within the polymer matrix. Therefore, we could
assume the uniformity of the environment surrounding the probe molecules in the resulting
fibers is similar to that in the liquid especially when compared to literature reports of multi-
site occupancy in thin polymer film matrices.[32]

3.5. Effects of fiber diameter

The diameters of the oxygen sensitive fibers were measured from the SEM images. The
diameters of 50 randomly selected fibers were measured for each polymer matrix. HFP-spun
PCL fibers averaged 0.53+0.32 um; PES 0.72+0.43 um. To investigate the effects of fiber
diameters on sensing performance, a PCL/Ru probe solution was fabricated using
dichloromethane (DCM)[33] instead of HFP while maintaining the same PCL/Ru ratio and
electrospun under the same conditions. DCM as an electrospinning solution produces PCL
fibers with much larger diameters (7.01+£1.37 um) and pore sizes allowing easy cell
infiltration.[34] The oxygen sensitivity of Ru-containing DCM fibers was tested using the
same atmospheric oxygen/nitrogen mixtures as before to determine quenching behavior and
response time. The total magnitude of the quenched emission peak for DCM fibers cycled
from N to Oy (Ig/l100g) is 4.0+1.7% smaller than that of the smaller diameter HFP fibers.
The response time and recovery times for these DCM fibers are 1.79+0.23 s and 2.29+0.13
s, respectively. These values are 0.89 s and 0.31 s slower, respectively, than those of the
smaller diameter HFP-fabricated fibers. An order of magnitude increase in PCL fiber
diameter evidently reduces the sensitivity and increases the necessary response time;
conversely, decreases in fiber diameter to less than 0.5 um would likely decrease response
times even further if needed. An increase in diameter imposes easily detected limits on
oxygen diffusion through the polymer matrix. Therefore, smaller electrospun fiber diameters
are clearly preferable in applications where rapid oxygen-sensing performance is desired.

3.6. PES-PCL core shell fiber

A core-shell configuration of the electrospun oxygen-sensitive fibers was explored with the
probe containing PES serving as the ‘core’ and pure (i.e., not probe-containing) PCL acting
as the ‘shell.” Similar structure was created (e. g., in a spherical format) in other works to
either reduce probe molecule photobleaching or to add other functions to the sensors.[35,
36] The core-shell fiber being investigated improves sensor performance in several respects:
(1) the PES provides greater mechanical support for the sensor; (2) the PES core better
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protects the probe from photobleaching; (3) the PCL shell improves biocompatibility versus
PES alone; (4) the addition of a probe-free shell structure could potentially slow probe
leaching within the polymer matrix. The morphology typical of electrospun fiber is retained
and the core-shell fibers have diameters of 0.96 + 0.32 um. To prove that the desired core-
shell structure was achieved, a bright field microscope image and a corresponding red
fluorescence image were obtained and merged (Figure 6a). The green portion of the image
of the fibers represents the autofluorescence of the PCL shell under brightfield illumination
and the orange region represents the probe embedded in the PES core. The core-shell
structure shows defined boundaries between the fluorescent core and the PCL shell. In terms
of sensing performance — as shown in Figure 6(b) — the fiber exhibits good fluorescence
intensity reversibility when cycled between N, and O, gas. However, the response time is
slightly reduced (by ~15% from 2.17+0.28 s to 2.91+ 0.33 s) compared to PES fibers alone
possibly due to the presence of a polymer-polymer interface. Although the core-shell fibers
provide relatively low sensitivity, this technique could potentially be applied to sensor
production involving any two polymers that can be electrospun to ideally combine the
preferred properties of each polymer to both biologically and mechanically tailor overall
sensor behavior.

Oxygen sensors in different forms have been found applications in cell culture devices or
even inside cells. Sinkala et al. developed oxygen sensitive microwells by embossing
polystyrene and platinum(Il) octaethylporphyrin ketone thin films and used this system to
monitor oxygen tensions around kidney cells.[37] Work conducted by Wang and coworkers
recently fabricated biocompatible fluorescent nanoparticles capable of reporting oxygen
ratiometrically and applied the nanoparticles inside living human hepatocellular liver
carcinoma (HepG2) cells.[38] Compared to such sensors, nanofiber based oxygen sensors
are promising for their excellent biocompatibility and the possibility that they can be easily
integrated into standard cell or tissue culture device. Electrospun fibers have a wide range of
applications in tissue engineering for their controllable nano-scaled dimensions and features.
[39] Core-shell structure platform could maintain the biological advantages of the shell
while including other functional ingredient inside the core. We have previously been
successfully producing aligned electrospun fiber based cell culture plates for the study of
tumor cell migration.[15] If these fibers could be rendered oxygen sensitive, this model
could potentially measure local oxygen gradients while cells are migrating.

3.7. Photobleaching

An underreported problem in this area is photobleaching, or the photochemical destruction
of a fluorophore by the same light exposure needed to stimulate fluorescence. Under
continuous excitation using the blue LED, the intensity of the emission peak for each sensor
was monitored to examine photostability. During 3600s of intensive illumination, PCL
fibers exhibit obvious signal decay (Figure 6c). However, for PES fibers no noticeable
photobleaching is observed throughout the duration of the test. PES is a heat-resistant,
transparent, tough and rigid polymer with higher glass transition temperature that likely
better limits the migration and aggregation of probe molecules. The high thermal and
chemical stability make PES a better matrix material for sensors having steady output and
resistance to harsh conditions. A similar polymer, polysulfone, has been shown to function
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as an appropriate matrix polymer that could withstand autoclaving at 135°C for 60 min
without any major changes in sensing abilities.[40] The 3600 s exposure tests in our work
show that PES efficiently protects the embedded Ru probe and avoids significant
photobleaching. Similarly, PES-PCL core-shell fibers show satisfactory photostability and
only slight intensity losses during the same 3600 s exposure (Figure 6c).

3.8. Oxygen-sensing nanofiber cytotoxicity

To investigate cytotoxicity potentially caused by the presence of the Ru probes within these
nanofiber sensors, both electrospun PCL without any probe molecules and the Ru probe-
containing PCL nanofiber sensors were investigated using adherent cultures of glioblastoma
cells. In Figure 7a, the observed cell morphologies and association of the cells on the
different types of fibers are essentially identical. As shown in Figure 7b, cell attachment
(cells/mm?2) and viability (% dead/total cells) on Ru probe-containing nanofibers are not
statistically different from probe-free PCL nanofibers, indicating that the fluorophore did not
cause any significant toxicity on cultured cells

4. Conclusions

In this study, we have demonstrated that these nanofiber-based sensor systems can achieve a
highly linear range of net fluorescence emission versus oxygen content. The apparently
small number of sites upon which the probe sits in this system relative to film-based systems
allows for minimal deviations from Stern-Volmer linearity that contrasts sharply with film-
based polymer carriers. Further improvements in accuracy/linearity can apparently be
achieved by thermal exposure. Larger fiber diameters provide enough of a diffusion barrier
to decrease sensitivity while having relatively little effect on recovery time likely due to the
more limited interactions of Ny with the polymer matrix. Comparing PES to PCL shows that
composition has stronger effects on both response and recovery time than PCL diameter.
PES more efficiently protects the probe from photobleaching. The combination of a PCL
shell with a PES core allows utilization of PES’s advantages in protecting the probe while
providing a more biocompatible surface. The use of electrospun core-shell fibers as oxygen
sensors has practical advantages over monolithic fibers while both exhibit substantial
advantages over thin films. Finally, even the non-core shell compaositions containing the Ru
oxygen probe result in no apparent cytotoxicity in adherent glioblastoma cell populations.
Future work will focus on other polymer and probe combinations to improve the sensitivity
and the use of cell culture plates with built-in nanofiber sensors that monitor local oxygen
contents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The project described was supported by Grant Number 1033991 from the National Science Foundation Chemical,
Bioengineering, Environmental, and Transport Systems Division. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the National Science Foundation. R.X. and J.J.L are
both full-time employees of the Ohio State University. The authors thank Professor Patricia Morris for the use of
her fluorescence microscope in this work.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2014 June 24.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Xue et al.

Page 11

Abbreviations

PCL polycaprolactone
PES polyethersulfone
[Ru(dpp)s]?* tris (4,7-diphenyl-1,10-phenanthroline) ruthenium(Il)
HFP 1,1,1,3,3,3-hexafluoro-2-propanol
DCM dichloromethane
SEM scanning electron microscopy
ECM extracellular matrix
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200 ym

Figure 1.
SEM images of fibers containing the Ru probe (a) PCL (b) PES (c) PCL aligned and (d) the

fluorescence emitted by random PES fibers in oxygen-free conditions
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(a) Reversibility of the PES ( ®) and PCL ( ®) fibers in oxygen or nitrogen saturated water
(b) Stern—Volmer plots derived from dissolved oxygen exposure of the PES ( ™) and PCL

(@) fibers.
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Figure 6.
PES-PCL core-shell fibers as characterized by (a) wide-field, merged fluorescent images, (b)

response to cyclic N,-O, gas exposures and comparison of various fibers in terms of (c)
photobleaching [PES ( ====) PCL (¢ * ) and PES-PCL core-shell ( = = =],
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Figure 7.
(a) Representative images of CNS1 glioblastoma cells cultured on polycaprolactone (PCL)

or Ru probe containing PCL (Ru-PCL) nanofiber scaffolds (bar = 100 um) (b) Cell density
(cells’mm?2) and percentage of dead cells were quantified for two different glioblastoma cell
lines cultured on nanofiber scaffolds for 48h.
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