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ABSTRACT Oxygenation in tissue scaffolds continues to be a
limiting factor in regenerative medicine despite efforts to induce
neovascularization or to use oxygen-generating materials. Unfortu-
nately, many established methods to measure oxygen concentra-

tion, such as using electrodes, require mechanical disturbance of the
tissue structure. To address the need for scaffold-based oxygen

. . . . CROSS-SECTION
concentration monitoring, a single-component, self-referenced oxy-

gen sensor was made into nanofibers. Electrospinning process parameters were tuned to produce a biomaterial scaffold with specific morphological
features. The ratio of an oxygen sensitive phosphorescence signal to an oxygen insensitive fluorescence signal was calculated at each image pixel to
determine an oxygenation value. A single component boron dye—polymer conjugate was chosen for additional investigation due to improved
resistance to degradation in aqueous media compared to a boron dye polymer blend. Standardization curves show that in fully supplemented media,
the fibers are responsive to dissolved oxygen concentrations less than 15 ppm. Spatial (millimeters) and temporal (minutes) ratiometric gradients
were observed in vitro radiating outward from the center of a dense adherent cell grouping on scaffolds. Sensor activation in ischemia and cell
transplant models in vivo show oxygenation decreases on the scale of minutes. The nanofiber construct offers a robust approach to biomaterial
scaffold oxygen sensing.
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patial oxygen gradients drive many

cellular functions including cell mi-

gration,' signaling,>™* and differen-
tiation.> Sustained low oxygen tensions in
tissue can impair the regenerative capacity
and survival of tissue engineered grafts.5”
Therefore, the measurement of local oxy-
gen concentration within a three-dimensional
cell adherent scaffold is valuable in studying
and tuning the dynamics of engineered graft
success and integration. In this study, dual
emissive boron dyes were used as ratiometric
oxygen sensors to enable understanding of
the dynamic aspects of oxygen gradient re-
sponses in a noninvasive manner. While
other oxygen sensing dyes have been utilized
for real-time cell imaging, many require
separate fluorophore standards that can
be subject to differential degradation and
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photobleaching®® which may compromise

their longevity and dynamic precision in vivo.
The boron dyes used in the current study emit
an oxygen-sensitive phosphorescence signal
and an oxygen-independent fluorescence
signal.’®~"? The ratio of the phosphorescence
to the fluorescence (P/F ratio) produces an
internally standardized ratiometric detection
of molecular oxygen.

Several oxygen sensors have been blended
with polyurethane,” polystyrene,'*~"7 and
polycaprolactone (PCL),'® to make micro-
and nanoscale biomaterials. The current study
compares polymer blended and polymer-
conjugated forms of the oxygen sensitive
single component boron-dye in electro-
spun nanofibers. The small diameter and
large surface to volume ratio of nano-
fibers provides a small distance for oxygen
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diffusion within the polymer matrix to reach an em-
bedded molecular sensor. Furthermore, the nanofiber
structure of the biomaterial provides the advantage of
extracellular matrix (ECM) mimetic morphology'® over
previous boron dye formulations in nanoparticle
form.""'2 Electrospinning is an ideal method for
synthetic tissue engineering scaffold production be-
cause it allows tuning of the process parameters
to create scaffolds of controlled morphology that
are beneficial for the culture and control of many cell
types such as Schwann cells,2*?! oligodendrocytes,?
neural progenitors,>>** neurites,®> cardiomyocytes,?®
osteoblasts,?” human skin fibroblasts,?® smooth mus-
cle cells or endothelial cells,*® hepatocytes,*® mesench-
ymal stem cells,*'* embryonic stem cells**~3’ and
induced pluripotent stem cells.3”#

This study explores the nanofabrication and material
properties of blended®® and conjugated'® formula-
tions of the boron dye electrospun into nanofibers
for their application in biological research. Tissue en-
gineering scaffolds must function in aqueous environ-
ments for periods of time from hours to weeks
depending on the application. Spectrophotometric
characterization of the dye and poly(lactic-co-glycolic
acid) (PLAGA) blend nanofiber scaffolds in this and
other®® studies revealed low phosphorescence signal
before and after exposure to aqueous media. This
study then explores a poly(lactic acid) (i.e., polylactide)
conjugated form of the boron dye as a method to
improve performance of the tissue engineering scaf-
fold. The polymer conjugated form of the dye was
validated by calibration against various levels of
hypoxia. Then the dye-polymer conjugate nanofiber
scaffold was utilized to detect oxygen variation in vitro
and using hypoxia models in vivo. This material pre-
sents a useful tool in the real-time detection of loca-
lized oxygen gradients that could provide valuable
information in the context of tissue engineering
applications.

RESULTS AND DISCUSSION

PLAGA and Boron Dye Blend Nanofibers. While biode-
gradable electrospun polymer nanofibers have been
characterized in the literature,*® the performance of
the boron dye when blended with PLAGA or conju-
gated to a polymer in a nanofiber scaffold had not
been investigated. The oxygen sensitive dye (BF,dbm
(I)OH) was first blended with the aqueous degradable
50:50 PLAGA (lactic/glycolic subunits) polymer to make
electrospun nanofibers. Oxygen sensing capability was
assessed after incubation in phosphate buffered saline
(PBS) filled microtubes at 37 °Cin a shaking water bath,
by comparing phosphorescence and fluorescence sig-
nals (peaks at 525 and 450 nm, respectively). The 50:50
PLAGA dye blend nanofiber scaffold exhibited a re-
duced oxygen sensing ability after a week which could
be a result of polymer degradation (Figure 1a).*
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Figure 1. Boron-dye polymer blend sensor spectral re-
sponse to low oxygen after incubation in aqueous media
for polymer blend nanofibers of 50:50 PLAGA at 0, 7, 14, and
21 days ((a) samples were lyophilized after indicated time in
aqueous media and read in a nitrogen purged environment).
Fiber morphology of the 85:15 PLAGA dye blend nanofibers
was maintained over a 14 day degradation study (b). Sensor
spectral response to low oxygen environment (85:15 PLAGA
dye blend at 0, 7, and 14 days) (c).

To address this issue, we hypothesized that replacing
the 50:50 PLAGA with the slower degrading 85:15
PLAGA would protect the oxygen sensing ability of
the dye in the electrospun blend nanofiber scaffold
over time.*' Gel-permeation chromatography was con-
ducted after 1, 2, or 3 weeks of incubation in PBS by
lyophilizing the sample which could then be dissolved
in an organic solvent. In comparison to the 50:50 ratio,
the 85:15 ratio indeed degraded more slowly and the
addition of BF,dbm(l)OH dye had little effect on poly-
mer chain shortening (Supporting Information Table
S1). The microstructure of the 85:15 scaffolds was
maintained following incubation in aqueous media
for 14 days (Figure 1b and Supporting Information
Figure S2). Shifts in the room temperature phosphor-
escence peak suggest changes in the dye microenvir-
onment. We observed the phosphorescence peak blue-
shifted twice as much in the 50:50 copolymer ratio
compared to the 85:15 copolymer ratio (Supporting
Information Table S2 and Figure S1), suggesting better
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Figure 2. Nanofiber diameter for the three materials ((a) mean + standard deviation). The water contact angle measurements
of the three materials ((b) n = 3 for each group, mean =+ standard error, *p < 0.05 compared to PHBV and PCL fibers), images ((c)
PHBV and PCL fibers; (d) PHBV and PCL boron dye-polymer conjugate dual layer scaffold; (e) boron dye PLA Fibers, mean +
standard deviation). Confocal microscopy shows the boron dye-polymer conjugate layer (light green) over the PHBV and PCL
layer (deep red) (f). Young's modulus (g) and ultimate tensile strength (h) suggest the boron dye-polymer conjugate layer
attaches to the PHBV and PCL layer (n = 3 for each group, mean =+ standard error, *p < 0.05).

preservation of dye microenvironment with the slower
degrading polymer. Despite the slower degradation
properties of 85:15 PLAGA, the scaffold phosphores-
cence peak was weak in comparison to the fluores-
cence peak after fabrication (Day 0) and after weeks of
in vitro aqueous exposure (Figure 1c), which reduces
the utility of the scaffold for ratiometric imaging in
tissue engineering applications. Therefore, the boron
dye polymer blend nanofiber scaffolds were not in-
vestigated further in this study.

Dual Layer Scaffold Construction for Tissue Engineering. In
the blended PLAGA and dye nanofibers, diffusion of
the dye in the polymer matrix**> and enhanced dye
degradation by hydrolysis may contribute to the loss of
scaffold oxygen sensing function over time in aque-
ous media. To reduce diffusional loss of oxygen sensor
to the surrounding aqueous media and to preserve
sensor function, a form of the dye that is chemically
conjugated to a poly(lactic acid) (PLA) polymer'® re-
placed the physical mixture of dye and polymer for
scaffold fabrication. The PLA-conjugated boron dye
(BF,dbm(l)PLA) selected for this study, which had been
synthesized previously,'® has a relatively low molecular
weight for electrospinning (13 kDa) requiring extra
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parameter adjustment to produce fibers of consistent
morphology. Optimization of the electrospinning pro-
cess yielded final parameters of 30% (w/v) dye—
polymer conjugate in 10% (v/v) pyridinium formate,
20% (v/v) ethanol, in dichloromethane at a 25 kV
applied voltage, 14.5 cm working distance, and
1 mL/h solution flow rate applied to the 13 kDa PLA alone
and the boron dye—polymer conjugate (Supporting In-
formation Figure S3).

The dye—polymer conjugate (BF,dbm(l))PLA)
nanofiber mat was fragile in handling for experiments.
It was therefore necessary to reinforce the mat with a
structural support layer. Blended poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) and polycaprolactone
(PHBV and PCL) nanofibers were employed (Supporting
Information Figure S3) as the structural layer to create a
dual layer tissue engineering scaffold. The dye-polymer
conjugate nanofibers were electrospun onto the dry
PHBV and PCL nanofibers attached to the grounded
collector plate (Supporting Information Figure S3), allow-
ing for the simultaneous removal and handling of the
supporting and sensing nanofiber layers.

The dual layer scaffold had an intermediate nano-
fiber diameter between the mean diameter of the
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Figure 3. Ratiometric imaging of the dual layer scaffold with the support layer opposite the dye-polymer conjugate layer
from the microscope objective (a), and with the support layer between the objective and the dye layer (b) was found to be
similar. Submersion in PBS with the dye layer closest to the microscope objective (c) demonstrates that the dye-polymer
conjugate nanofibers are still functional in a buffered media (n = 5, standard error of the mean shown, *p < 0.05, two-tailed

independent means t test).

support layer or the dye-polymer conjugate layer alone
(Figure 2a). The water contact angle of the dye layer
was significantly lower than the support layer and the
dual layer scaffold had an intermediate value between
either individual layer (Figure 2b—e). Fluorescence
confocal microscopy of the surface of the dual layer
scaffold demonstrate both layers have surface expo-
sure as evidenced by only partial surface coverage of
green (dye-polymer conjugate) over the red (PHBV and
PCL) fluorescence (Figure 2f). Therefore, cells growing
on the scaffold are expected to experience the material
properties of both layers.

The Young's Modulus of the nanofiber substrate
can affect the phenotype of cells cultured on the
material.** > To test the tensile properties of the
dye-polymer conjugate nanofiber mat, we compared
the dual layer scaffold to the PHBV and PCL support
layer alone. The Young's Modulus of the dual layer
scaffold was greater than the support layer alone
(Figure 2g). Cells that are grown on the dual layer
scaffold are therefore expected to experience two
different values of stiffness. Tissue engineering appli-
cations exert various forces on scaffolds including
tensile loads. The addition of the dye-polymer conju-
gate layer caused the ultimate tensile strength to
be slightly greater than the PHBV and PCL scaffold
alone (Figure 2h). The inability to handle the dye fibers
alone then may result from the thin nature of the layer
and perhaps bending forces applied during peeling
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rather than a lack of strength of the material. Being
attached to a thicker, lower Young's Modulus layer
endows the ability to handle the dye scaffold and gives
two cell substrates to the scaffold.

To test whether the dual layer dye-polymer con-
jugate nanofiber scaffold can register changes in oxy-
gen levels in different environments, ratiometric imag-
ing was conducted in dry atmosphere (Figure 3a,b)
or PBS (Figure 3c). The scaffold was exposed to an
oxygen rich or oxygen poor environment with the dye
side imaged directly (Figure 3a,c) or through the sup-
port layer (Figure 3b). The increase from an oxygen rich
P/F ratio to an oxygen poor P/F ratio was still detected
when imaging through the dual layer scaffold, con-
firming that the scaffold can be used in either orienta-
tion if the changes in ratio are all that is desired.
Further, similar ratios were measured when the scaf-
fold was submersed in PBS (Figure 3c), confirming
signal generation in a hydrated environment. Fiber
morphology is obscured when imaging through the
support layer; therefore, in the validation experiments
the dye side is imaged directly to ensure that the best
possible spatial resolution was obtained.

Performance Stability of Boron Dye Conjugate Nanofibers.
To understand the effects of long-term exposure to
aqueous media which is critical to cell culture and
in vivo applications, the spectral response of the
dye-polymer conjugate dual layer scaffold was mea-
sured after 0, 7, 14, and 21 days of incubation in PBS at
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Figure 4. Boron-dye sensor spectral response to low oxygen in dye—polymer conjugate nanofibers after incubation in aqueous
media (a) (n = 6 per time point) for 0, 7, 14, and 21 days (dual layer scaffold samples were lyophilized after indicated time in
aqueous media and read in a nitrogen purged environment). Regression calculated exponential decay of polymer conjugate
scaffold sensor maximum ratio after aqueous incubation for 7, 14, and 21 days (b). Under scanning electron microscopy, the dye-
polymer conjugate sensor layer swelled with time in aqueous media (c—f) while the support fibers maintained their structure

(g—j). Scale bar 500 um.

physiological temperature. The intensity of the phos-
phorescence peak of the dye-polymer conjugate dual
layer scaffold decreased with increasing aqueous med-
ia exposure time when normalized to the fluorescence
peak (Figure 4a) following an exponential decay
(Figure 4b). The phosphorescence peak (525 nm) of
the dye-polymer conjugate fibers was distinct com-
pared to the dye (BF,dbm(l)OH) polymer blend 85:15
PLAGA nanofibers (Figure 1c) after aqueous media
exposure and did not see the same decrease during
the first 7 days as the 50:50 PLAGA blend fibers
(Figure 1a). This trend is expected based on known
dye loading effects; gradual dye degradation in aqu-
eous environments corresponds to lower dye to poly-
mer loading and a decreased P/F ratio.*® Scanning
electron microscopy imaging showed that the slowly
degrading support layer of the dual layer scaffold
maintained consistent morphology over the 3 weeks
and that the dye-polymer conjugate fibers swelled
with time in aqueous media (Figure 4c—j). Unlike the
blended dye polymer fibers, the phosphorescence
peak of the dye-polymer conjugate fibers was more
distinct from the low wavelength fluorescence signal
(450 nm). Partial dye and polymer degradation did
occur during the 21 day aqueous incubation; however,
the peaks were still detectable in the dye-conjugate
system (Figure 4a). To correct for reductions in phos-
phorescence intensity due to degradation of the fibers
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in aqueous environments, a time-dependent scaling
factor was applied to all data collected after day 0. The
scaling factors were empirically defined from the
degradation of the spectral signal after incubation of
the dye-polymer conjugate nanofiber dual layer scaf-
fold in aqueous media for given durations of time
(Figure 4a,b).

Controlled low oxygen conditions help sensitive
cells, such as stem cells, maintain their native pheno-
type longer in culture*”*® or enhance differentiation
in vitro.***° To utilize the boron dye dual layer scaffold
to detect hypoxia, the dependence of the P/F ratio on
the oxygen tension was explored. The ability to mea-
sure oxygen, rather than simply sense a low oxygen
condition, is desired since different cell types initiate
hypoxic signaling at differing levels of oxygen.”'?
Standard curves that relate the measured P/F ratio to
known oxygen concentrations were constructed in dry
and aqueous environments for the dye-polymer con-
jugate dual layer scaffold. The shape of the standard
curves was similar regardless of whether data collec-
tion was performed directly at the sensor layer,
through the support layer or in PBS (Figure 5a,b).
Ratiometric readings were shifted in standard cell
culture media (Dulbecco's Modified Eagle Medium,
DMEM) compared to PBS (Figure 5¢) likely due to the
presence of phenol red, which has broad spectrum
absorption, or may also be attributed in part to
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Figure 5. Calibration of the boron dye-polymer conjugate fibers is not affected by imaging through the support layer (a).
Standard curves in the presence of aqueous media including PBS (b), DMEM (c), or DMEM + FBS (d) demonstrate function in
physiological media. Oxygen concentration measured by percent for dry gas and parts per million (ppm) for aqueous conditions.

solvatochromism from the additional inorganic com-
ponents that are not in PBS. The addition of fetal
bovine serum (FBS) (Figure 5d) to DMEM demonstrates
that biological entities (proteins, growth factors, etc.)
do not change the curve shape, suggesting that the
enhanced sensitivity below 10 ppm may be similar
across tissue types and is attributable to the scaffold
sensor material properties. Therefore, the hypoxia
sensing scaffold signal would behave the same regard-
less of the tissue, since the physiological conditions
(salinity, pH) are similar across tissue types while
differing protein content does not affect the signal.

Spatiotemporal Oxygen Variations in Cell Culture. To en-
sure that the dye-polymer conjugated nanofiber sen-
sor response is rapid enough in living systems, a
moving stream of low oxygen gas was passed over
dry fibers. The fibers in the nitrogen stream both
activated (increased P/F ratio) and returned to baseline
very quickly suggesting that the fibers could measure
dynamic changes in local oxygen (Supporting Informa-
tion Video 1). Biocompatibility of the nanofiber con-
structs was tested by culturing adherent NIH3T3 cells
on the dye nanofiber layer. Tests showed no evidence
of cytotoxicity as the majority of cells stained viable by
fluorescein diacetate (FDA) (Figure 6a,c) and were not
stained by propidium iodide (PI) (Figure 6b,c).

In vitro validation was conducted by seeding mem-
brane stained D1 cells (adherent mouse bone marrow
stem cell line) onto the scaffold. High-density layers of
cells in culture are expected to consume oxygen in
their local environment and therefore should create a
scaffold level oxygen gradient. A corresponding spatial
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Figure 6. NIH3T3 cells were viable on the boron dye-
polymer conjugate fibers ((a) viable fluorescein diacetate
(FDA); (b) nonviable propidium iodide (PI); (c) overlay). The
mean P/F ratio of 5 radial traces (d) from the center of
the cell mass (1 um resolution) indicate the ability of the
dye-polymer conjugate nanofibers to detect a gradient
from the cell-containing to the cell-devoid regions and the
change in signal with time after the chamber is closed to
environmental oxygen (e and f). ((e) colors indicate the
scaffold area where the measured P/F ratio was greater
than 0.5; (f) average of the 5 traces at indicated time point.)

change in the P/F reading of the boron dye-polymer
conjugate nanofiber scaffold with increased time in a
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Figure 7. Oxygenation varied with time (b and c) following implant of the dorsal skinfold window chamber ((a) standard error
of the mean shown, n = 8, asterisk (*) indicates p < 0.05 by Student's t test versus days 0 through 2). Dye-polymer conjugate
nanofibers show temporal variation in oxygen tension in transient in vivo ischemia ((d and e) experiment conducted at
2 weeks window chamber implant duration with a large thin dye-polymer conjugate layer only scaffold, n = 3).
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Figure 8. Pancreatic islets were placed on top of dye-polymer conjugate nanofibers in a gel in the dorsal skinfold window
chamber ((a) cross-sectional schematic). A slightly reduced oxygen tension at steady state when islets were present in the gel
was observed compared to the cell devoid gels ((b) n = 3 for each group, conducted on different days with correction to
account for differing dye performance, p > 0.05). Representative ratiometric images (higher ratio indicates lower oxygen) of
mice from each group are shown (c). Hypoxia developed quickly following replacement of glass coverslip.

closed environment would be expected. A cellular oxygen) grew outward from the center of the adherent
membrane stain was used to visualize the area of the cells (Figure 6d—f). Nonuniform cell distribution upon

nanofiber mat covered by cells (Figure 6d). The dual the scaffold produces substantial variation in measure-
layer nanofiber scaffold with cells attached was ments, and therefore, measurements were binned by
mounted on a glass slide and sealed from the environ- radial distance intervals of 50 um to make comparisons

ment with a coverslip immediately prior to imaging to between time and distance from the center of the cell-
provide a barrier to diffusion of oxygen from the covered region (Supporting Information Figure S4a).
atmosphere. In the absence of this diffusion barrier, Oxygen depletion is significant at 5 and 15 min from 50
the P/F ratio did not change over time (data not to 300 um. These data provide a biological proof of
shown). At time O, lower P/F ratio (greater scaffold concept with spatial and temporal scaffold level varia-
oxygen level) was detected farthest away from the tions observed.

central cell mass (Figure 6f, blue line), and the P/F ratio Reoxygenation of Tissue after Injury. The dorsal skinfold
increased (oxygen level decreased) over time in the window chamber (Figure 7a) was selected for in vivo
areas adjacent to the cells. As time increased from 0 to validation as it provides a planar tissue surface that

15 min, the area experiencing higher P/F ratio (lower lends itself to intravital microscopy. The dye-polymer
_ A A N //\‘
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conjugate dual layer scaffold was implanted and
monitored in the window chamber for 14 days.
The measured oxygen tension increased up to day 7
as the tissue recovered from the surgical procedure
(Figure 7b,c) and oxygen gradients could be sensed in
proximity to blood vessels (Supporting Information
Figure S4b,c). Tissue oxygenation following ischemia
initiated at t = 0 min initially decreased and then
remained reduced (Figure 7d,e), showing the scaffold
is tuned to a relevant range of dissolved oxygen in vivo.
Oxygenation of Islet Implants. Pancreatic islets are
known to suffer from hypoxia due to their avascular
multicellular spheroid shape.>® > To test the ability of
the boron dye-conjugate nanofibers to detect acute
changes in oxygenation of implanted islets, syngeneic
pancreatic islets were isolated and directly transferred
in a type 1 collagen gel onto the dual layer scaffold in
the window chamber (Figure 8a). The P/F ratio demon-
strates that the lowest oxygen level developed
between 7 and 10 min following the delivery of the
islets (Figure 8b,¢). As in the in vitro cell experiments,
the use of glass to seal the tissue compartment from
contact with the open air was critical to see the effect of
islet oxygen consumption to the end of the experi-
ment. In both cases the islet containing gel was slightly
more hypoxic than the acellular collagen gel. On the
basis of these results, it is concluded that the
dye—polymer conjugated fibers are well suited to a
range of oxygen concentrations that arise in cell
culture and in vivo models where hypoxia occurs.

METHODS

Electrospinning of Dye-Blend Nanofibers. The luminescent di-
fluoroboron iodo-dibenzoylmethane dye (BF,dbm(l)OH) was
synthesized by the Fraser laboratory following previously pub-
lished pro’(ocols.10 Nanofiber meshes containing BF,dbm(l)(OH)
(referred to as dye and only used in the blend fibers) were
fabricated by blending with polylactide-coglycolide (PLAGA,
Lakeshore Biomaterials in two co-polymer ratios: 50/50 PLAGA
(M,, = 65 kDa, PDI = 1.6) and 85/15 PLAGA (M,, = 109 kDa, PDI =
1.5)) and electrospinning. PLAGA (20% (w/V)), with the addition
of 5% (w/w) of the dye, was dissolved in equal parts of
tetrahydrofuran (THF) and dimethylformamide (DMF) (Fisher
Scientific). This solution was loaded into a syringe, mounted into
a programmable syringe pump (Aladdin-1000, World Precision
Instruments, Sarasota, FL), and dispensed at a flow rate of
1 mL/h. A driving voltage of 15 kV was supplied to an 18G
needle by a high voltage power source (Gamma High Voltage
Research, Ormond Beach, FL) across a 15 cm collecting distance
to a grounded aluminum collector plate. For imaging purposes,
some fibers were collected on plasma-treated glass coverslips.
Control PLAGA fibers were fabricated by the same methods,
with an additional 5% (w/w) PLAGA to take the place of the dye
in solution.

Electrospinning  PHBV/PCL  Fibers. Poly(hydroxylbutyrate-co-
valerate) (PHBV, PHB 95/PHV 5; Carbomer, part no. 80181-31-3,
lot no.11-SD658) and poly(caprolactone) (PCL; Sigma) were
dissolved in equivalent amounts in 1:3 methanol/chloroform
(Fisher Scientific) to yield an 18% weight-to-volume solution.
The solution was loaded into a syringe mounted in a syringe
pump (1 mL/h) suspended above an aluminum foil collecting

BOWERS ET AL.

CONCLUSION

Tissue engineering techniques have the potential
to stimulate regeneration of damaged or diseased
tissues; however, a major challenge is preventing cell
death within thick constructs due to low oxygen ten-
sion. Although it is possible to study oxygen gradients
in constructs or tissues using insertion of probes,’” this
disturbs the organization of growing cells and impedes
the goal of monitoring scaffold cell interactions.>®
Scaffold based oxygen sensing is investigated here
with boron dyes that emit a phosphorescence and
fluorescence signal whose ratio changes with oxygen
concentration, to overcome this drawback for con-
struct study. Importantly, the nanofiber morphology
of the dye-polymer conjugate scaffolds, obtained with
careful parameter adjustments for the low molecular
weight polymer, is an excellent substrate for cell
attachment and growth. Cells attached to the dual
layer scaffold in vitro cause spatial increases in the
sensor output, suggesting oxygen tension variation
on the millimeter scale as time increases. The first
2 to 3 weeks after a tissue engineering scaffold is
implanted are crucial for successful implant integra-
tion, including vascularization. We showed increases in
oxygenation as the tissue healed following dorsal
skinfold chamber placement, with measurements out
to 14 days. In conclusion, we have shown that this
oxygen sensing scaffold is a platform for scientific
investigation of changes in oxygenation within regen-
erative tissue engineering scaffolds.

plate in a sealed case. The metal blunt ended syringe tip was
charged to 19 kV relative to ground and placed 14 cm above the
collecting plate. The fibers were dried in a lyophilizer (Labconco,
Kansas City, MO).

Electrospinning Dye-Polymer Conjugate (BF,dbm(I)PLA). BF,dbm(l)PLA
(synthesized according to a previously published technique,’
13 kDa PLA) was dissolved in a solution of 10% pyridinium formate
(PF; equimolar amounts of formic acid and pyridine), 20% ethanol,
and 70% methylene chloride (Fisher Scientific, Waltham, MA)
to yield a 30% weight-to-volume solution. The aluminum
foil with dried PHBV/PCL fibers was used as the collecting
plate for fabricating the dual-layer fibers, while a clean alumi-
num foil sheet was used to collect only BF,dbm(l)PLA fibers.
The BF,dbm(I)PLA polymer solution was loaded into a syringe
as described above and displaced at 1 mL/h. The metal syringe
tip was charged to 25 kV relative to ground and placed 14.5 cm
above the collecting plate. The fibers were dried in a
lyophilizer.

Diameter Characterization. To image fibers, samples were
mounted on 0.5 cm-diameter aluminum mounts. Mounted
samples were gold-coated with a BAL-TEC SCD 005 Sputter
Coater (BAL-TEC AG, Liechtenstein) for 210 s and observed
under a scanning electron microscope (JEOL JSM-6400 SEM;
Advanced Microscopy Facility, University of Virginia) at an
accelerating voltage of 15 kV and magnification of 2000x.
SEM images were acquired using ORION software to assess
nanofiber morphology.

The diameters of the fibers were measured using ImageJ
software (http://rsbweb.nih.gov/ij/). SEM images from each
group were opened in ImageJ and a line was drawn across
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the center of the image. 50 diameter measurements were taken
from nanofibers intercepting the line.

Hydrophobicity Characterization. Hydrophobicity of each nano-
fiber condition was quantified through contact angle measure-
ments. A drop of deionized water was placed on top of the
nanofibers for each condition. A goniometer (Rame-Hart Stan-
dard Contact Angle Goniometer, Model 200; Rame-Hart Instru-
ment Co., Succasunna, NJ) and DROPimage Standard software
were used to measure the contact angle between the fiber and
the liquid. Contact angle measurements were repeated three
times for each type of nanofiber.

Strength Characterization. To characterize nanofiber strength,
three samples from each nanofiber condition (except BF,dbm-
()PLA) were subjected to tensile strength testing using an
Instron materials testing instrument (Instron Model 5543; In-
stron Worldwide Headquarters, Norwood, MA). The BlueHill2
Program Software (version 2.14) was used to obtain force—
displacement graphs for each sample. Dimensions of each
sample (length, width, thickness) were measured prior to test-
ing. The force—displacement curve data was used to calculate
engineering stress and strain; stress (MPa) was calculated by
dividing load (N) by cross-sectional area (width x thickness; mm?)
of the sample at each time point. Strain was calculated by
evaluating the percent extension, or extension (mm) divided by
length (mm), at each time point. Stress—strain curves were
plotted for each sample. Ultimate Tensile Strength (UTS) was
determined by the highest point on the stress—strain curve.
Young's Modulus (E) was determined by regression fitting the
linear region on the stress—strain curve and evaluating the slope.
Values for E and UTS were averaged across samples for each
condition. An independent means t test was conducted to
assess the strength differences between the two conditions.
BF,dbm(l)PLA fibers were not subjected to strength testing due
to the inability to remove fibers from collecting foil.

Ratiometric Imaging. To test the oxygen-sensing capabilities of
the dual-layer fibers (BF,dbm(l)PLA fibers on PHBV/PCL fibers), a
section of the fibers was cut from collecting foil. The dual-layer
fibers were then peeled from the foil after soaking in EtOH and air-
dried. Then, the dual-layer section was taped to the bottom of a
plastic, nontissue-culture Petri dish. To image the BF,dbm(l)PLA
fiber layer, the dual-layer fibers were exposed to UV light
(395—415 nm) from a fluorescence lamp (X-Cite 120Q; Lumen
Dynamics Group, Inc., Ontario, Canada). Then, the fluorescence
and phosphorescence modes of emission were collected with a
Beta-Lactamase Filter 1 (440—480 nm) and Beta-Lactamase Filter 2
(485—515 nm) (Chroma Technology Corp; Bellows Falls, VT),
respectively, for the same area at a constant exposure time (4.5
or 25 ms for boron dye side facing objective or support layer facing
objective respectively) and lamp intensity level (lowest setting).
Images were taken at 10x magpnification on an inverted micro-
scope (Microscope Axio Observer.A1; Carl Zeiss, Bulgaria) with an
AxioCam HSM camera (Carl Zeiss). Once an area was imaged while
air-exposed, nitrogen was blown into the Petri dish through a pipet
tip for 5 min before imaging the same area. Then, a new area was
chosen and the Petri dish was exposed to only air for 5 min before
being imaged. This was repeated for five different areas.

To generate the ratiometric images, the separate fluorescence
and phosphorescence intensity images for a single area were
loaded into MATLAB. The phosphorescence-to-fluorescence
intensity ratio was calculated at each pixel (pixels with zero
fluorescence intensity were skipped in all calculations). To
quantify the phosphorescence-to-fluorescence ratio for an
entire condition (air-exposed vs nitrogen-exposed), all five sets
of fluorescence and phosphorescence images were loaded into
MATLAB. The average intensity was calculated for each image,
and then the phosphorescence-to-fluorescence ratio was cal-
culated by dividing average phosphorescence by average
fluorescence intensities for each field of view imaged. Finally,
the five phosphorescence-to-fluorescence ratios were averaged
and compared between conditions.

Standard Curves. A section of the dual-layer fibers were cut,
removed from the foil, and taped to the bottom of a Petri dish.
Two holes were cut into opposite sides of the dish and one hole
was cut into the cover. The Petri dish was placed onto the stage
of an inverted microscope and gas inlet and outlet hoses were
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attached to the holes on the side of the dish. The probe of
an oxygen sensor (Oxygen Analyzer Model 600; Engineered
Systems & Designs, Inc., Newark, DE) was placed over the hole in
the top of the Petri dish. The gas inlet hose was connected to a
mixing chamber, which was connected to an oxygen tank and a
nitrogen tank. The gas outlet was connected to a flask open to
the atmosphere. The entire setup is depicted in Supporting
Information Figure S5. The outputs of the oxygen and nitrogen
tanks were adjusted such that the reading on the oxygen sensor
was stable at the following oxygen concentrations: 1.0, 2.0, 4.0,
8.0, 12.0, 16.0, 20.0, 25.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, and
90.0%. When the oxygen concentration was stable, fluores-
cence and phosphorescence images were taken for five differ-
ent spots. The imaging procedure was the same for the various
conditions except that the exposure time for direct imaging
of the BF,dbm(l)PLA side was 31.8 ms and for indirect imaging
was 68.8 ms. The images were then loaded into MATLAB. For
each oxygen concentration and spot imaged, the average
phosphorescence intensity was divided by the average fluores-
cence intensity to obtain the phosphorescence-to-fluorescence
ratio. Then, the five ratios were averaged for each oxygen
concentration.

Oxygen Tension of Adherent Cells. D1 cells (obtained from a
colleague at UVA, also deposited at ATCC, CRL-12424) were
cultured in DMEM (Invitrogen, Grand Island, NY) supplemented
with fetal bovine serum, penicillin, and streptomycin. Sections
(1 cm x 1 cm) of dual-layer dye-polymer conjugate fibers were
cut and removed from the collecting foil and placed in multiwell
nontissue culture plates (BD, Franklin Lakes, NJ). Cells were
stained with DiD and were placed on the center of the fiber
section in a 10-uL droplet (5 x 10° cells). The well-plates were
placed in the incubator for 1 h to allow the cells to adhere to
the fibers, followed by flooding with media and being placed
back in the incubator. Next fiber sections were placed on
glass slides and covered and sealed with a glass coverslip,
which not only accelerated the time required for the cells to
consume a measurable amount of the oxygen available to
them, but also flattened the nanofibers so that reasonably
focused images could be obtained. One spot was chosen for
each section and imaged at 0, 5, 10, and 15 min after sealing.
DiD, oxygen sensor fluorescence, and oxygen sensor phosphor-
escence images were captured at 4x magnification with a Cy5
filter, Beta-Lactamase Filter 1, and Beta-Lactamase Filter 2,
respectively.

The phosphorescence-to-fluorescence ratio was calculated
for each pixel. Ratio measurements along radial traces were
captured using ImagelJ. Five lines were drawn which radiated
from the lower right corner of the images at 0, 5, 10, and 15 min.
Data was then averaged from these 5 traces and displayed in
50 um length bins with standard deviation to indicate the
spatial variability. A two way ANOVA was used to test for
significance.

Degradation Study. Sections (1 cm x 1 cm) of dual-layer dye-
polymer conjugate fibers were cut and removed from the
collecting foil and placed in PBS in polycarbonate vials. The
vials were incubated at 37 °C in a water bath with circular
agitation for 0, 7, 14, or 21 days. After removal of the fibers from
the water bath and PBS, the fibers were dried in a lyophilizer.
Then, six samples from each time point were placed and sealed
in glass scintillation vials with Teflon lids under nitrogen in a
glovebox. The emission spectrum (400—700 nm) of each sam-
ple was obtained using a UV—vis spectrophotometer (Hewlett-
Packard 8452A diode-array). All emission spectra were normal-
ized to the fluorescence peak and the six spectra from each time
point were averaged together.

Gel Permeation Chromatography. Samples were dissolved in
HPLC-grade tetrahydrofuran (THF), filtered through a 0.2 um
filter, and loaded into vials with a septum for gel permeation
chromatography analysis (GPC). Molecular weight was mea-
sured by GPC (THF, 20 °C, 1.0 mL/min) against polystyrene
standards on a Hewlett-Packard instrument (series 1100 HPLC)
equipped with Polymer Laboratories 5 um mixed-C columns
and connected to a refractive index (Viscotek LR 40) detector.
Data were processed with the OmniSEC software (version 4.2,
Viscotek Corp).
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Pancreatic Islet Isolation. Pancreatic islets were isolated from
C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME) that were
sacrificed immediately prior to the procedure. After confirma-
tion of euthanasia, a lateral incision exposed the peritoneal
cavity and two lobes of the liver were placed onto sterile gauze
over the animal's ribcage. The common bile duct was occluded
by tying off with suture at the entrance to the intestine and was
cannulated with a 30G needle for injection of 2—3 mL of 1.4
mg/mL collagenase P (Roche) dissolved in Hank's Balanced Salt
Solution (HBSS, Thermo Scientific) supplemented with 10 g/L
heat treated bovine serum albumin and 0.35g/L sodium bicar-
bonate (supplemented HBSS). The pancreas was carefully re-
moved from the animal after distension and placed in 1 mL of
supplemented HBSS on ice to which 4 mL of enzyme solution
was added in individual 15 mL centrifuge tubes for each mouse.
Incubation in a 37 °C water bath (15 min was selected with this
batch of enzyme) was followed by vigorous shaking by hand to
disrupt tissue structure. Next the tubes were placed immedi-
ately on ice and the balance of the 15 mL was filled with
supplemented HBSS. Two washes in supplemented HBSS were
followed by a filtering through a steel mesh and density
separation with Histopaque 1077 (Sigma #10771). Two more
washes and a wash in fully supplemented culture media
(RPMI1640 + 10% FBS, 2% penicillin streptomycin + 2.5% 1x
HEPES) completed the isolation. The islets were placed onto ice
in 50 mL tubes containing 10 mL of media and transported to
another building for the in vivo experiment 4 h after isolation
completion.

Dorsal Skinfold Window Chamber Experiments. All surgeries were
performed according to a protocol approved by the Institu-
tional Animal Care Committee at the University of Virginia.
Eighteen C57BL/6 mice (Jackson Laboratories, Bar Harbor, ME)
were used. Anesthesia was induced with isoflurane gas (2—3%)
and the surgical plane was maintained throughout the proce-
dure with a nose cone (1—2%) equipped with a scavenging
apparatus. Briefly, dorsal skin was attached to a corkboard with
26 gauge needles and the top layer of skin corresponding with
the window portion of the chamber (10 mm diameter) was
removed to expose the cutaneous microcirculation of the
panniculus carnosus. Ringers solution was added throughout
the process to keep the area hydrated. The top titanium
chamber was secured with sutures and the screws were tight-
ened to hold the chamber together. Ringers solution was used
to fill the cavity before implanting two 6 mm diameter dye-
polymer conjugate dual layer nanofiber scaffold hemispheres
and applying the glass coverslip. Postoperative bupronex was
administered to the animals every 12 h for 48 h.

Microscopy color CCD images (Nikon, Melville, NY) were
taken on Days 0, 1, 2, 7, and 14 after surgery using unfiltered
brightfield light or UV excitation with a color CCD camera
mounted on a stereomicroscope. Excitation was from a hand-
held UV lamp.

For the 2 weeks following implants, the entire window
chamber was imaged and the implant area was manually
cropped and quantified to produce a mean value for each of
eight mice, bars show standard error of the mean. Cold type
1 rat tail collagen (Becton-Dickinson), with or without islets, was
placed on the exposed tissue and nanofibers at t = 0 min. At
2 weeks, a transient ischemia in 3 separate mice was created by
placing clamps on the skin which is tented up outside the two
pieces of the dorsal skinfold window chamber at t = 0 min.
These mice had fibers collected on the coverslip that closes the
window chamber rather than the dual layer fiber scaffold.
Exposure time was 1 ms for the color images.

In Vivo Image Analysis. Because no filters were used during the
in vivo experiments, the two sensor emissions were distin-
guished solely on the basis of the green (phosphorescence)
and blue (fluorescence) channels of color images. The basic
image reading and ratio calculations that were used for the
in vitro experiments were used for the in vivo experiments, with
the exception being that it was channels of a single color image
rather than two separate grayscale images as the inputs. For
quantification, areas of the images that did not include sensor
nanofibers were excluded from the analysis. Pixels that had an
undefined ratio (due to a lack of fluorescence) were also

excluded from the analysis. To correct for reductions in phos-
phorescence intensity due to degradation of the fibers in
aqueous environments, a time-dependent scaling factor
was applied to all data collected after day 0. Scaling factor
was determined based on the change in the max intensity
phosphorescence signal over time from the in vitro degrada-
tion and spectral analysis (Figure 4b). Curve fitting to the
degradation data provides scaling factors specific to each
time point.

In addition, a correction factor was applied to all images
where the glass was present during imaging (1.56 for all time
points with glass coverslip applied). The glass correction factor
was determined by imaging unused fibers, laying a glass cover-
slip over the fibers and immediately imaging a second time.
When the glass covered image average was multiplied by the
glass correction factor of 1.56 (SD 0.06, n = 4), the measured ratio
was increased back to that found without the glass covering the
area. In this way, all in vivo ratio values were scaled to be
comparable to Day 0 values without the glass coverslip over the
window chamber.

Statistics. The Student's t test or two way ANOVA are used for
determining significance at a p < 0.05.
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