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ABSTRACT
A major challenge for cell and tissue transplantation is providing a sustaining environment for newly transplanted cells and tis-
sues. They require a temporary oxygen source since newly transplanted cells and tissues are not yet connected to the recipient's 
vascular system. Here we report on core-sheath fiber membranes formed using the coaxial electrospinning process that contain 
calcium peroxide (CPO) embedded in the fiber core to provide a source of oxygen by diffusion from the fibers over a period of 
multiple days. Embedding the enzyme catalase in the fiber sheath as a catalyst is found to significantly reduce the production 
of cytotoxic hydrogen peroxide (H2O2) by ~59% and to increase the overall amount of oxygen released up to ~28% after 4 days 
of release. CPO-containing PCL/PVP-PEO core-sheath fiber membranes produced enhanced cell viability of > 90% at Day 5 for 
metabolically active pancreatic beta cell spheroids in a hypoxic environment, while non-CPO control cases resulted in no surviv-
ing cells at Day 5. Preliminary investigations with the incorporation of lysozyme as a model protein in the fiber core for eventual 
growth factor incorporation have yielded promising sustained release of lysozyme up to 10 days.

1   |   Introduction

Oxygen availability is a critical parameter for cellular metab-
olism and viability [1, 2]. In particular, during cell transplan-
tation, insufficient oxygen supply without vascularization 
significantly limits successful outcomes [3, 4]. Consequently, 
strategies that enable localized, sustained, and controllable ox-
ygen delivery have emerged to maintain cellular functions after 
transplantation until they are properly vascularized in a recipi-
ent tissue [5, 6].

Electrospinning is a fiber microfabrication process that is 
economical, versatile, and adaptable to high throughput 

manufacturing [7]. Electrospun fibrous membranes have char-
acteristics similar to those of the extracellular matrix in tissues, 
with the micro- and nano-scale structures of the fibers having a 
profound effect on cell growth, enhancing cell adhesion, prolif-
eration, migration, and differentiation [8, 9]. Electrospun mem-
branes can provide enhanced cytocompatibility by supporting 
cell attachment and proliferation by easily adjusting their com-
position, fiber structure, surface properties, and incorporated 
functional molecules [10, 11].

Homogenous fibers can be formed from a single spinneret 
nozzle, or core-sheath fibers can be formed using a coaxial 
nozzle, with the outer polymer enveloping the inner polymer, 
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as seen in Figure S1. Coaxial electrospinning of complex fiber 
membranes has been successfully applied to many bio/med-
ical conditions, including coaxial fibers for local delivery of 
antitumor immunosuppressant (MPA) for brain tumors and 
coaxial fibers made up of a PVP/BSA/rhTGF-β1 core and PCL 
sheath to support bone marrow-derived stem cell adhesion 
and proliferation [12, 13]. Current electrospinning strategies 
to effectively deliver oxygen include electrospinning oxygen-
generating nanofiber scaffolds which incorporate calcium 
peroxide (CPO–CaO2) as an oxygen source to promote healthy 
tissue integration or supporting the health of aquatic organ-
isms in hypoxic environmental waters [14–19]. Other strat-
egies include nanofibers loaded with sodium percarbonate 
as an oxygen source to address wound healing, or support 
stem-cells in cell-based skin-tissue engineering and bone re-
generation [20–22]. Zhang et al. used electrospun core-sheath 
chitosan fibers loaded with perfluorotributylamine (PFTBA) 
to deliver oxygen in a hypoxic environment for the repair of 
intervertebral discs in rats [23]. Ma et al. utilized core-sheath 
polycaprolactone (PCL) fibers to deliver oxygen for nerve re-
generation [24]. In this study, we report on a delivery system 
using coaxially electrospun multifunctional bioagents to ad-
dress oxygen and vascular needs in cell and tissue transplan-
tation. To date multifunctional coaxial fibers have yet to be 
developed as a potential therapy for cell transplantation to 
induce angiogenesis while simultaneously meeting the initial 
oxygen demand of the newly grafted cells.

Materials utilized in biomedical applications to deliver oxy-
gen in a hypoxic environment [25] include calcium peroxide 
(CPO—CaO2), sodium percarbonate (SPC—2 Na2CO3⋯3 
H2O2), and perfluorotributylamine (PFTBA—N(CF2CF2C
F2CF3)3). CPO has a higher water solubility and releases more 
oxygen compared to SPC. CPO has two pathways to produce 
oxygen, with release kinetics dependent on pH and tempera-
ture [26]. CPO can react with water to form oxygen directly 
without the intermediate formation of hydrogen peroxide 
following pseudo-first-order kinetics (Equation  1), with the 
reaction rate decreasing as CaO2 is consumed. The second re-
action follows pseudo-zero-order kinetics, where the reaction 
rate is an artifact of the conditions under which the reaction 
is carried out. Reactions (1) and (2) form a parallel reaction 
system and compete with each other. Increasing pH at a given 
temperature increases the O2 yield while decreasing the H2O2 
yield [26].

Since hydrogen peroxide can cause cell cytotoxicity, it is imper-
ative to increase the rate of conversion of generated hydrogen 
peroxide into oxygen [27] The catalase enzyme is a naturally 
occurring enzyme found in the body, which is responsible 
for decomposing reactive-oxygen species (ROS) into water 
and oxygen via the following reaction: 2H2O2 → 2H2O + O2. 
Therefore, the catalase not only protects cells from the damage 
caused by ROS but also provides more oxygen from hydrated 

CaO2. The other by-product of the reaction, calcium hydroxide 
[Ca(OH)2], is a strong base (pH ~12–13) that can negatively 
affect cells. To reduce possible cytotoxic effects of calcium hy-
droxide, one can incorporate buffering salts or polymers, such 
as alginate and sodium citrate, into the electrospinning solu-
tion that would provide eventual buffering capability against 
calcium hydroxide.

The oxygen generation mechanism in our core-sheath electro-
spun membrane is based on the hydrolysis of CaO2 incorpo-
rated within the core layer. The process starts with gradual 
dissolution of the PEO sheath in core-sheath fibers. Upon 
exposure to the aqueous environment, CaO2 particles in the 
core react with water to generate oxygen (O2), hydrogen per-
oxide (H2O2), and calcium hydroxide (Ca(OH)2). The gener-
ated oxygen then diffuses through the polymer matrix and 
the interconnected pores formed as the hydrophilic PVP/PEO 
components hydrate and dissolve. The controlled water pene-
tration and controlled oxygen diffusion combine to minimize 
burst release and enable sustained oxygen release over an ex-
tended period.

A critical restricting factor in cell and tissue transplantation is 
lack of oxygenation, which occurs due to the absence of blood 
vessels to the newly transplanted cells [28, 29]. Angiogenesis, 
the process in which new blood vessels are formed, is required 
to establish a stable oxygen supply and typically occurs in 
7–10 days [30, 31] Here, we report that the combined release of 
CPO/catalase/lysozyme provides a sustainable oxygen supply 
for more than 15 days, and the potential for the long-term release 
of growth factors using a model protein.

2   |   Experimental

2.1   |   Fabrication of Oxygen-Releasing Fibers

The polymers poly(ε-caprolactone) (PCL), polyvinylpyrroli-
done (PVP), and polyethylene oxide (PEO) were selected due 
to their combined excellent biocompatibility, suitable electro-
spinnability, and complementary degradation characteristics. 
PEO was incorporated to enhance the degradation rate of the 
sheath layer. The core contained mainly PCL to provide struc-
tural stability and regulate the oxygen release from CaO2. PVP 
was also introduced into the core to accelerate the oxygen 
release.

PCL (CH3(C6H10O2)nCH3, Mn = 80 kDa), PVP ((C6H9NO)n, 
Mw = 1.3 MDa), and PEO ((–CH2CH2O–)n, Mw = 100 kDa) were 
purchased from Sigma-Aldrich (St. Louis, MO). Calcium peroxide 
(75%, 200 mesh), catalase (from bovine liver, 2000–5000 U/mg), 
and fluorescein 5(6) isothiocyanate were also purchased from 
Sigma-Aldrich. Solvents such as 2,2,2-trifluoroethanol (TFE, 
99.8%, CF3CH2OH, extra pure) were purchased from Fisher 
Scientific (Waltham, MA).

For preparation of the core solution, CPO was first dispersed in 
TFE at a concentration of 25 mg/mL and sonicated for 15 min to 
obtain a homogeneous suspension. Subsequently, 9% (w/v) PCL 
and 3% (w/v) PVP were added to the suspension. For preparation 

(1)
Pseudo − first − order kinetics: CaO2 +H2O→ Ca(OH)2 + 1∕2O2

(2)
Pseudo − zero − order kinetics: CaO2 + 2H2O→ Ca(OH)2 +H2O2
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of the sheath solution, catalase was dissolved in TFE at a concen-
tration of 0.5 mg/mL and sonicated for 15 min. After complete 
dispersion, 10% (w/v) PEO was added to the solution. Finally, 
both the core and sheath solutions were placed on a rotator and 
mixed overnight at room temperature to ensure complete poly-
mer dissolution and homogeneous distribution of all compo-
nents before electrospinning.

The electrospinning operation utilized a NE-1000 syringe 
pump (New Era Pump System) to control the flow of poly-
mer solutions. A coaxial 22-gauge inner needle (0.711 mm 
OD, 0.406 mm ID) with an 18-gauge outer needle (1.24 mm 
OD, 0.84 mm ID) was used for core-sheath fiber formation. 
The nozzle apex-to-collector distance of 22 cm was generally 
used in a standard electrospinning configuration, as shown 
in Figure S1. Taylor cone formation and liquid jet extraction 
were achieved by applying a DC voltage (Glassman Series 
EL) of typically 15 kV. Table 1 lists the sample materials (host 
polymer, solvent, and embedded component) and respective 
concentrations. The core solution was prepared by dissolv-
ing PCL/PVP and lysozyme and dispersing CPO in TFE. The 
sheath solution was also prepared by dissolving PEO and cata-
lase in TFE. The solution flow rates were 1.0 and 0.2 mL/h for 
core and sheath solutions, respectively. The prepared mem-
brane showed a uniform appearance and was mechanically 
robust to handle. The thickness of electrospun membranes 
was typically ~100 μm and membrane area ranged from 25 cm2 
for small membranes to 500 cm2 for larger sizes.

2.2   |   Characterization

2.2.1   |   Fiber Morphology

Samples were Au-sputtered for 60s using a Desk V sputter sys-
tem (Denton Vacuum) prior to imaging using electron micros-
copy. SEM images were acquired using the FEI Aereo LoVac 
SEM (ThermoFisher) at various magnifications using a voltage 
of 10 kV and a current of 0.10 nA. The TEM sample was pre-
pared by electrospinning the membrane directly onto the cop-
per TEM grid. TEM images were acquired using the Talos F200i 
(ThermoFisher) with an acceleration voltage of 200 kV.

2.2.2   |   Measurement of Oxygen Release Kinetics

For measurement of oxygen and protein release kinetics, sam-
ples with 7 × 7 mm2 area and 100 μm thickness were sectioned 
out of the fabricated membrane using a straight-edge razor. 
Oxygen concentration was measured using a fiber-optic micro-
sensor (Pyroscience OXROBSC model). Samples were placed 
inside a 2 mL glass vial with a sealed cap. The sample vials 
were filled with 1.5 mL of Dulbecco's phosphate buffered saline 
(DPBS) solution with pH of 7.23 at ~21°C. Oxygen concentration 
was measured at 21°C every 24 h by opening the container cap, 
inserting the probe inside the solution, taking the measurement, 
and then closing the container. This measurement process takes 
approximately 10 min. Five independent experiments were per-
formed in parallel for each case (n = 5), and the data reports the 
average value and standard deviation (SD). Although brief expo-
sure to air during daily measurements may have allowed limited 
oxygen exchange with the atmosphere, all groups were mea-
sured under identical conditions. Therefore, the current setup 
provided a consistent platform for comparing oxygen release, 
although it does not fully replicate the in vivo environment. For 
the future, we plan to use a closed vial measurement configura-
tion using remote sensing of the oxygen concentration.

2.2.3   |   Measurement of Hydrogen Peroxide Release 
Kinetics of Oxygen-Releasing Fibers

Hydrogen peroxide concentrations were determined using 
Amplex Red Hydrogen Peroxide Assay Kit (Invitrogen) and 
BioTek Synergy H1 plate reader (Agilent Technologies) with 
excitation at 517 nm and emission at 585 nm. Ten microliter of 
sample solution was taken from the sample vials and used ac-
cording to the manufacturer's instructions for hydrogen perox-
ide concentration assessment in sample solutions.

2.2.4   |   Measurement of Protein Release Kinetics 
of Oxygen-Releasing Fibers

Lysozyme is a small, single-chain protein (~14 kDa). It was 
selected as a model protein, for the eventual incorporation of 

TABLE 1    |    List of samples and coaxial electrospinning parameters.

Core Sheath

Voltage
(kV)

Core/
sheath 

flow rate 
(mL/h) Sample name

Polymers 
and conc. 
(%)

CPO 
(mg/mL)

Protein 
(mg/mL) Solvent

Polymers 
and conc. 

(%)
Catalase 
(mg/mL) Solvent

PCL/PVP 
(75:25) [12%]

— — TFE PEO [10%] — TFE 15 1.0/0.2 Control

PCL/PVP 
(75:25) [12%]

25a — TFE PEO [10%] — TFE 15 1.0/0.2 CPO

PCL/PVP 
(75:25) [12%]

25 — TFE PEO [10%] 0.5 TFE 15 1.0/0.2 CPO + Catalase

PCL/PVP 
(75:25) [12%]

25 0.3 TFE PEO [10%] 0.5 TFE 15 1.0/0.2 CPO + Catalase + ​
Protein

Note: Concentrations given are for starting solutions.
aEquivalent to 2.5 w/v%.
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growth factor proteins (such as VEGF with a similar size of 
18–20 kDa/monomer) for enhancing vascularization. Lysozyme 
was labeled with FITC (Sigma Aldrich) according to standard 
procedure (Supporting Information). After a day of incubation 
(described in the Section  2.2.2), 0.5 μL of solution from sam-
ple vials were transferred to the 96-well plate. The amount 
of protein released from the fiber membrane was measured 
using a plate reader (BioTek Synergy H1 plate reader; Agilent 
Technologies) with excitation peak at 495 nm and emission 
peak at 519 nm.

To evaluate the effect of CPO release and hydrolyzation in pH 
that may affect protein and/or cells present, pH measurements 
of DI water and DPBS solutions containing various membranes 
(CPO, CPO + catalase, control) were performed over multiple 
days as shown in Figure  S2. The pH remained stable in the 
7.04–7.07 range, indicating that the incorporation and release of 
CPO and catalase in membranes did not appreciably alter the pH 
of the surrounding medium.

2.3   |   Cell Culture Studies With 
Oxygen-Releasing Fibers

2.3.1   |   Production of Three-Dimensional (3D) Spheroids

A rat beta cell line (INS-1 832/3 Rat Insulinoma Cells, Sigma 
Aldrich) was used to produce 3D spheroidal cell structures. 
Cells were expanded in a 2D tissue culture-treated flask with 
RPMI1640 media (500 mL, ATCC, San Diego, CA) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS, 
Gibco), 20 μL of 1 M 2-mercatoethanol (Sigma Aldrich), and 1% 
antibiotics (Gibco). Trypsinized single cells were seeded onto a 
35 mm microwell plate (EZSPHERE 900SP; 500 μm microwell 
diameter; Nacalai USA, San Diego, CA) at a seeding density of 
1.25 × 106 cells/well. The microwell plate was incubated at 5% 
CO2 and 37°C for 72 h to form the spheroids in ~100–150 μm di-
ameter. Spheroids were then collected for subsequent hypoxic 
experiments described in Section 2.3.3.

2.3.2   |   Morphology of Spheroids

AnaSP and ReViSP opensource software programs (originally 
scripted in MATLAB) were used to determine spheroid mor-
phological metrics including circularity, solidity, and sphericity. 
Through segmentation, AnaSP creates a binary mask based on 
the brightfield image of a spheroid; from the resulting mask, 
AnaSP calculates several spheroid parameters while ReViSP 
creates a 3D rendering of the spheroid.

2.3.3   |   Preparation of Hypoxic Environment

A modular hypoxic incubator chamber (Embrient Inc., San 
Diego, CA) was used to induce a hypoxic environment surround-
ing the spheroids. The chamber was purged using a certified-
pure hypoxic gas mixture (Wright Brothers, Cincinnati, OH) 
composed of 1% oxygen, 5% carbon dioxide, and 94% nitrogen. 
Oxygen levels inside the incubator were verified using the F-950 
3-gas analyzer (Felix Instruments, Camas, WA) via a 3D-printed 

rubber septum stopper. To maintain humidity within the hy-
poxic chamber, a Petri dish containing sterile gauze saturated 
with sterile water was placed in the lower section of the hypoxic 
chamber.

2.3.4   |   Effectiveness of Membrane Assessment in 
Hypoxic Condition

For cell-based measurements 6 × 6 mm membrane pieces were 
sectioned and placed in the bottom of a Costa ultra-low attach-
ment 96-well plate to determine the feasibility and effective-
ness of the oxygen-releasing membrane. A 20-min UV-C cycle 
(Philips Hue UV Light Sanitizer Box) was utilized to sterilize 
the fiber membranes prior to spheroid seeding. Spheroids were 
seeded on top of membranes in each well with a seeding density 
of 50 spheroids/well and 200 μL of RPMI media, as follows: illus-
trated in Figure S3. The well plate was placed into the hypoxic 
chamber, and the chamber lid was fastened using a spring-loaded 
O-ring clamp. The chamber was then purged with hypoxic gas 
for 3 h using a flow meter set at 1.5 SCFH (708 sccm). Prior to 
sealing the gas inlet and outlet tubes, the oxygen and carbon di-
oxide content inside the chamber was verified using the three-
gas analyzer. Once verified, the modular hypoxic chamber was 
placed inside the incubator at 37°C under 5% CO2 environment. 
Figure 1 illustrates the hypoxic experimental process.

2.3.5   |   Viability Assessment of Spheroids Using 
Image Analysis

Live/dead staining of the spheroids was used to assess cell via-
bility after 1, 3, and 5 days of incubation in a hypoxic chamber. 
First, spheroids were collected via pipette from the well-plate. 
Second, the spheroids were incubated for 5 min in a dark en-
vironment in 400 μL Dulbecco's phosphate-buffered saline 
(DPBS) containing 4 μL of fluorescein diacetate (FDA, 5 mg/mL) 
and 4 μL of propidium iodide (PI, 1 mg/mL). All materials were 
purchased from Sigma Aldrich (St. Louis, MO). After incuba-
tion, spheroids were washed with DPBS and then transferred to 
an ultra-low attachment 24-well plate to capture the fluorescent 
images using a Leica DMi8 widefield fluorescent microscope. A 
total of 20 spheroids from each group were analyzed. Spheroids 
smaller than 100 μm and larger than 200 μm were excluded from 
analysis. ImageJ was used to define the total area of the spher-
oid, the PI-stained necrotic areas (red), and the FDA-stained live 
areas (green). Viability of individual spheroids was calculated 
using a two-dimensional area-based analysis according to the 
following equation:

Overall viability for each experimental group was calculated as 
the mean viability of the 20 analyzed spheroids.

2.4   |   Statistical Analysis

All statistical data were presented as mean ± standard devi-
ation (SD). Number of samples were noted in each data set 

Viability (%) = 100×FDA−positive area∕

(FDA−positive area+PI−positive area).
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and figure. Especially for Figure 8, spheroid necrosis (%) was 
quantified from confocal fluorescence images and analyzed 
using two-way ANOVA (n = 20) with treatment and time as 
independent parameters, followed by Tukey's multiple com-
parisons test.

3   |   Results and Discussion

3.1   |   Fiber Morphology

PCL/PVP core and PEO sheath fiber membranes were pro-
duced with CPO/catalase in core and lysozyme in sheath, as 
shown in Figure 2. For comparison, control membranes were 
produced containing only polymers. The fiber morphology, 
diameter, and structure of the electrospun core-sheath fiber 
membranes were observed using SEM and TEM. SEM images 
in Figure  2 show the presence of randomly oriented fibers 
with varying diameters (average diameter of ~1.08 μm and SD 
of ~0.38 μm), with no beads being formed during the electro-
spinning process (Figure 2a). Some CPO particles embedded 
in the fibers can be seen on the fiber surface, indicated by 
the yellow box (Figure 2b). A secondary jet was occasionally 
emitted from the Taylor cone during electrospinning, yield-
ing fibers with a substantially smaller diameter (Figure 2b–d). 
TEM images confirm the presence of core-sheath fibers in 
Figure  2e,f presenting a ~50 nm fiber core surrounded by a 
60–70 nm thick sheath leading to a total fiber diameter of 
~175 nm.

3.2   |   Release Kinetics: Oxygen and Hydrogen 
Peroxide

As indicated in Section  2.2.2 the oxygen concentration was 
measured daily for the three membrane types (control, CPO, 
CPO/catalase) as well as for the plain DPBS solution (no mem-
brane). The net daily O2 concentration in solution (1.5 mL) for 
all four cases is shown in Figure 3a over a period of 2 weeks. 
At the start of the measurements, the O2 concentration for 
DPBS solution is ~7.5 μg/mL, which is in the ~7–8 μg/mL 
range to be found in DPBS solutions near room temperature 
[32]. The control membrane, which contains no CPO, yields a 
similar background O2 concentration of ~8.4 μg/mL on Day 0. 
In Figure 3, the measured O2 concentration in DPBS solution 
(“background”) was subtracted for all measured O2 concentra-
tions from membrane samples to evaluate the oxygen released 
from the membranes.

The daily O2 release amounts (μg) by the 7 × 7 mm2 membrane 
samples and corresponding O2 release amount/per membrane 
unit area (μg/cm2) are shown in Figure 3b. The size of membrane 
samples was dictated by the available space for implantation in 
mice. The actual amount of oxygen released needs to be consis-
tent with the number of islets to be implanted. At Day 0, the CPO 
and CPO/catalase membranes produce a significantly higher O2 
concentration of ~21.2 and ~26.1 μg, respectively, compared to 
~1.7 μg for control membranes. The corresponding O2 release per 
membrane unit area for the CPO and CPO/catalase cases are 43.3 
and 53.3 μg/cm2, respectively. After this initial “fast release”, the 

FIGURE 1    |    Spheroid hypoxic experimental procedure. FDA, fluorescein diacetate, live cell indicator; PI, propidium iodide, dead cell indicator 
dye. Membrane size—6 × 6 mm2. (1) Sample preparation, (2) hypoxic incubation, and (3) viability assay.
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CPO-containing membranes exhibit a reduced but consistent O2 
release, which is higher than that of the control membranes. After 
the fast release on Day 0, there is a “bump” release covering the 
first 5 days after which the net additional release is fairly low and 
relatively constant. This initial bump release is very important 
since this initial period is the most critical time demanding high 
oxygen supply to newly transplanted cells.

A clearer comparison between the membrane types is obtained 
by examining the cumulative O2 amount released into solution 
over the 2-week period. As shown in Figure 3c, the total amount 
of O2 released increases with time for all cases. The CPO/cata-
lase membranes display a uniformly higher O2 release over time 
than the CPO-only membrane, indicating the functionality of 
the catalase-driven conversion of H2O2 to O2.

To highlight the effect of the CPO embedded into the fiber 
membranes, we evaluate the amount of oxygen released con-
sidering the number of islets that can be properly provided 
with oxygen during the first couple of weeks after being trans-
planted. On Day 0 the CPO-only and the CPO/catalase mem-
branes with 7 × 7 mm2 area and 0.1 mm thickness released a 
net O2 amount of ~21.2 and 26.1 μg, respectively. Over the first 
5 days the corresponding cumulative O2 released is ~54 and 
75 μg, respectively. The daily oxygen release rates from CPO-
only and CPO/Catalase membranes averaged over 14 days are 
~8.9 and ~11.1 μg/day. For comparison, the cumulative amount 
of oxygen required by 50 and 100 islets based on consumption 
of 1 pmol/min per islet [33] is equivalent to ~2.5 and 5 μg per 
day, respectively. Clearly, both CPO-containing membranes 
provide a sufficient amount of oxygen, with the CPO + catalase 
membrane being able to support ~220 islets (25%–30% more 
than the CPO-only membrane).

Next, the effect of incorporation of catalase in the CPO-
containing membranes on the production of hydrogen peroxide 
and oxygen is considered. The cumulative H2O2 amount released 
in solution over a period of 14 days is shown in Figure 4a and 
the corresponding O2 release is shown in Figure 4b. Embedding 
catalase into the CPO membranes results in marked reduction 
(~58.5%) in the released amount of H2O2 and an accompanying 
increase (~28%) in O2 release. This confirms that the catalase 
incorporated into the electrospun fiber membranes performs 
the catalytic reaction of converting H2O2 to O2, increasing ox-
ygen production. This also provides the useful side effect of 
protecting cells from the damage caused by ROS. Interestingly, 
even though catalase dissolved in TFE was reported [34] to be 
denatured during the electrospraying process in this case using 
electrospinning the catalase appears to have maintained its en-
zymatic effect (Figure 4).

The increased oxygen and reduced hydrogen peroxide levels are 
consistent with catalase-mediated decomposition of hydrogen 
peroxide. While our results shown in Figure 4 support a catalase-
mediated mechanism, other possible variables such as pH and 
temperature may contribute to the increased oxygen level [26]. 
Future studies using direct catalase activity measurements will 
be conducted to confirm this mechanism conclusively.

3.3   |   Release Kinetics: Protein Membrane

As indicated previously (Section 2.2.4), lysozyme was selected as a 
model protein for the eventual incorporation of growth factor pro-
teins for enhancing vascularization. Lysozyme labeled with FITC 
fluorescent dye for evaluating the release kinetics was incorpo-
rated into the core of the fibers along with CPO and catalase. The 

FIGURE 2    |    Morphology and dimensions of coaxially electrospun core-sheath fibers—SEM images of (a) control membrane at ×3k; (b) membrane 
with embedded CPO particle visible; (c) CPO/catalase membrane; (d) CPO/catalase/protein membrane. TEM images of thin fiber of control mem-
brane at (e) ×58k; (f) ×245k.
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cumulative release of lysozyme into DPBS solution over a 2-week 
period is shown in Figure  5. The 7 × 7 mm2 protein-only mem-
brane released at a sustained rate of ~100 ng/day, reaching a total 
of ~1.5 μg over the 14-day period. Interestingly, the membranes 
that also contained CPO and catalase in addition to the protein 
released at a higher rate of ~0.5 μg/day for the first 10 days. After 
that point, these membranes released very little additional protein, 
saturating at ~5 μg total released amount. Assuming VEGF has 
similar release kinetics, replacing lysozyme with VEGF in future 
experiments, this concentration would be more than sufficient to 
reach the effective VEGF concentration (1–10 ng/mL) reported [35] 
for maximum endothelial cell growth activity.

Protein (lysozyme) release was statistically analyzed using 
Welch's t-test between two groups, which showed a significant 
difference (p < 0.0001) in protein release between the CPO + cat-
alase group versus the protein-only group. The release kinetics 
of the protein from the fiber core are possibly affected by the 
chemical reaction of CPO also present in the fiber core. While 
oxygen is being produced and released, the host polymer fibers 
are mechanically weakened and chemically altered, allowing for 
a faster protein release than the protein-only membrane case. 
Additionally, increased ionic concentration in DPBS by released 
CPO and catalase may accelerate the release of proteins in fi-
bers. Clearly, both membranes can provide consistent release of 
the model protein, lysozyme, over 14 days. Additional optimiza-
tion of release rates and amounts will follow using animal mod-
els if necessary.

FIGURE 3    |    Oxygen release from several types of 2.5% CPO fiber 
membranes with 7 × 7 mm2 area (with subtraction of no-membrane 
case): (a) daily O2 concentration in solution (μg/mL); (b) daily amount 
released (μg, μg/cm2); (c) cumulative O2 released (μg). n = 5 for all sam-
ple groups.

FIGURE 4    |    Effect of catalase (shown as the dashed arrow curves) 
on release kinetics of hydrogen peroxide and oxygen from 2.5% CPO 
fiber membranes (7 × 7 mm2): (a) cumulative amount of hydrogen per-
oxide release (μg); (b) cumulative amount of oxygen release (μg). n = 5 
for each sample group.

FIGURE 5    |    Cumulative release of protein from fiber mem-
branes (7 × 7 mm2) placed in 1.5 mL of DPBS within sealed container. 
CPO + Catalase + Protein membranes contain 2.5% CPO, 0.5 mg/mL 
catalase, 0.3 mg/mL lysozyme (FITC). Protein membranes only con-
tain lysozyme. Control membranes are unloaded. n = 4 for each sample 
group.
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Our findings demonstrate the ability of the nanofiber platform 
to encapsulate and release the model protein lysozyme and 
suggest its potential for growth-factor delivery for enhanced 
vascularization. Future work will directly evaluate VEGF 
encapsulation, release, and bioactivity followed by in  vivo 
evaluation.

3.4   |   Cellular Assessment

3D spheroids are emerging as a promising cell transplantation 
format because their pre-existing cell–cell contacts better pre-
serve tissue-like architecture compared with single-cell trans-
plantation, which eventually improves functional engraftment. 
Pancreatic islet transplantation exemplifies this strategy, uti-
lizing intact spheroidal islets from cadaveric donors as well 
as stem cell-derived cell aggregates that form spheroid struc-
tures [36–39]. Native pancreatic islets reside in a highly oxygen-
ated microenvironment in the pancreas [40]. Although islets 
account for only approximately 2% of the pancreatic volume, 
they receive nearly 10% of the total pancreatic blood supply [41].

Importantly, 3D spheroids inherently develop steep oxygen gra-
dients toward their core due to diffusion limitations. Spheroids 

with an average diameter greater than 100 μm, comparable in 
size to pancreatic islets, are particularly vulnerable to hypoxia 
[28, 29]. In this study, we employed rat insulinoma (INS-1) cell 
spheroids as a model of oxygen-demanding 3D tissues relevant 
to transplantation.

3.4.1   |   Spheroid Characterization

The formation of spheroids of INS-1 cells is described in 
Section 2.3.1. Collected spheroids show an average diameter of 
~115 μm as seen in Figure  6a. Optical microscopy (Figure  6b) 
shows a collection of INS-1 spheroids consisting of uniform 
spheres. Figure  6c shows the AnaSP parameters generated 
from the spheroid mask and ReViSP 3D rendering. Cell aggre-
gates analyzed using ImageJ software (National Institutes of 
Health, Bethesda, MD) yielded the following average parame-
ters: circularity (CIR) of 0.93, sphericity index (SI) of 0.91, and 
solidity of 0.95. These values indicate [42] that the aggregates 
formed rounded shapes (CIR > 0.9), with high solidity (≥ 0.95) 
and spherical shape (SI ≥ 0.90). Confocal images with live/dead 
stained spheroids show uniform, dense spheres with minimal 
cell death and no necrotic core prior to the start of the hypoxic 
study (Figure 6d).

FIGURE 6    |    INS-1 cell spheroids: (a) spheroid size distribution; (b) optical brightfield image of clustered spheroids at ×4; (c) ANAsp-calculated 
spheroid parameters and ReViSP 3D render in microns; (d) confocal image of live (green, FDA)/dead (red, PI) stained spheroids at ×40.
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3.4.2   |   Cell Viability in Hypoxic Environment

The effect of CPO-embedded membranes has been evaluated for 
viability of spheroids in hypoxic conditions. Figure 7 illustrates 
the live/dead cell distribution in individual spheroids based 
on different membranes over several days. Figure  8 provides 
statistical analysis over 20 spheroids in each group. Spheroids 
seeded in media without a fiber membrane (“no membrane”) 
showed significant cell death after 1 day of hypoxic incuba-
tion, with 38% of the spheroids (19 of 50) exhibiting necrotic 
features. Cell death originating from the center of the spheroid 
can be seen reaching the perimeter of the spheroid on the first 
day (Figure 7a1). Spheroids seeded onto the control membrane 
showed a 27.5% necrotic core of the spheroid (Figure 7b1). The 
CPO and CPO + catalase membrane show significantly reduced 
cell death after Day 1 hypoxia with only ~5.2% and ~1.2% cell 
death, respectively (Figure 7c1,d1). After 3 days of hypoxia expo-
sure, the spheroids seeded without membranes showed ~93.3% 
cell death over the entire spheroid (Figure 7a2). Similarly, spher-
oids seeded onto the control membrane (no CPO) show 84% cell 
death with small patches of live cells throughout the cellular 
structure (Figure 7b2). However, spheroids seeded onto the CPO 
containing membranes exhibit a much reduced ~6.8% cell death, 
with the majority of the spheroid maintaining viable INS-1 cells 
(Figure  7c2). Spheroids seeded onto the CPO + catalase mem-
brane show a similar result with ~8.9% cell death after 3 days 
of hypoxia exposure. After 5 days of hypoxia exposure both 

the spheroids in media-only and the spheroids seeded onto the 
native membrane showed complete cell death (Figure 7a3,b3). 
Many spheroids began to lose their circular shape and density 
due to the death of most INS-1 cells, as seen in Figure 7b3. In 
contrast, spheroids seeded onto the CPO and CPO + catalase 
membrane still show strong cell viability with only 10.3% and 
11.4% cell death evenly distributed throughout the spheroid 
(Figure 7c3,d3).

FIGURE 7    |    Live/dead stained spheroids captured at ×10 magnification after 1-, 3-, and 5-day (columns 1, 2 and 3, respectively) incubation in a 
hypoxic environment: (a) spheroids freely seeded in media (without membrane); (b) spheroids seeded onto native (control) membrane; (c) spheroids 
seeded onto CPO membrane; (d) spheroids seeded onto CPO/catalase membrane.

FIGURE 8    |    Spheroid necrotic core percentage showing the effect 
of CPO membranes over several days. Statistical analysis using Welch's 
t-test between two groups (n = 20, spheroids are randomly selected 
for evaluation). ns p > 0.05, not significant; **p ≤ 0.01, very significant; 
****p ≤ 0.0001, extremely significant.
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The necrotic core data for each case is shown in Figure 8 after 
Days 1, 3, and 5. A few qualitative observations are obtained: 
(a) necrotic core increases with the number of days for no mem-
brane and control membrane cases, (b) the difference between 
No/Control membrane and CPO-containing membranes sig-
nificantly increases with time. The statistical analysis was 
performed using Welch's t-test between two groups. The com-
parison between the Control and No membrane cases indicated 
statistical differences with p values ranging from 0.03 to 0.06. 
The comparison of Control membrane and CPO-containing 
membranes showed p-values < 0.0001, indicating extremely sig-
nificant differences for all days. The presence of catalase in the 
membrane did play a role in the size of necrotic core only on 
Day 1 (p < 0.01). This is consistent with the effect of catalase on 
reducing H2O2 in the first 1–2 days (Figure 4a). From Day 3, the 
addition of catalase does not show a marked increase in spheroid 
viability in a hypoxic environment because the CPO membrane 
provides sufficient oxygen for present spheroids. However, we 
can expect that the CPO/catalase membrane will support a 
higher number of spheroids than that of the CPO membrane, 
considering the release kinetics discussed in Figure 3.

4   |   Conclusions and Future Work

A multifunctional fiber membrane is demonstrated to be ca-
pable of simultaneous release of oxygen and proteins from co-
axial fibers by incorporating CPO, catalase, and model protein 
into electrospun core sheath (PCL/PVP—PEO) fibers, which 
provide the oxygen for initial health of transplanted cells. 
Membranes with area of ~50 mm2 and volume of ~5 mm3 av-
eraged over 14 days an oxygen release of 8.9 and ~11.1 μg/day 
from CPO-only and CPO/catalase membranes, respectively, 
with minimal amounts of cytotoxic reactive oxygen species 
(H2O2). These membranes effectively maintained spheroid via-
bility in a hypoxic environment for 5 days without forming the 
necrotic core, demonstrating the potential to provide oxygen 
support to newly transplanted 3D cellular structures, such as 
pancreatic beta cells, until the vascularization around trans-
planted cells is established.

The configuration of our coaxial fibers produced a substantial 
initial release of oxygen followed by a tapered release, with 
spheroid data supporting that this release pattern effectively 
sustains INS-1 spheroids' viability. Suggested future work in-
cludes an inverted coaxial fiber design (a hydrophobic sheath, 
rather than a hydrophilic one) to evaluate if a more sustained 
release of oxygen further enhances INS-1 spheroid viability. 
Increasing CPO concentrations in fibers can provide sufficient 
oxygen levels in fiber membranes using a hydrophobic sheath. 
Additionally, further work is recommended to optimize simul-
taneous release of protein from coaxial fibers. While a model 
protein was used as proof of concept in this study, the next step 
is embedding VEGF into the fibers and evaluating effectiveness 
in promoting vascularization on transplanted spheroids/islets.
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Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Coaxial fiber electrospin-
ning for formation of core-sheath fibers. Figure S2: pH measurements 
were performed using a SevenMulti pH meter (Mettler-Toledo AG, 
Switzerland). Figure S3: Culture setup of INS-1 spheroids seeded on 
the nanofiber membrane. 
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SUPPLEMENTARY INFORMATION 
 
Fig. S1 – Coaxial fiber electrospinning for formation of core-sheath fibers. Core: PCL/PVP 
polymer incorporating CPO and lysozyme; Sheath: PEO polymer incorporating catalase. 
Created with Biorender. 
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Fig. S2 - pH measurements were performed using a SevenMulti pH meter (Mettler-Toledo 
AG, Switzerland). Because the pH probe required a minimum solution volume of 14 mL for 
accurate measurements, the membrane size was proportionally increased to 18.5 × 18.5 mm 
to maintain the same membrane-to-solution ratio used in the main study (49 mm² membrane 
per 2 mL of solution). Each membrane was immersed in 14 mL of either DPBS and deionized 
water. Three experimental groups (Control, CPO, and CPO + Catalase) were evaluated in 
triplicate (n = 3), and pH was monitored for 9 days at room temperature. 
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Fig. S3 - Culture setup of INS-1 spheroids seeded on the nanofiber membrane. 
(a) Overview of the culture configuration. A 6 × 6 mm nanofiber membrane was placed at the 
bottom of a 96-well plate, and pre-formed INS-1 spheroids were seeded directly onto the 
membrane (left). A schematic cross-section illustrates the position of the spheroids on the 
upper surface of the nanofiber membrane during culture (right).  
(b) Representative top-view micrographs of spheroids on the nanofiber membrane acquired 
using an Olympus IX51 microscope (Olympus, Tokyo, Japan). Fluorescence images of FDA-
stained spheroids and bright-field images of the nanofiber membrane were acquired from the 
same field and merged to visualize the spatial relationship between the spheroids and 
membrane (left). An enlarged view demonstrates the close association between the spheroid 
and underlying nanofibers (right). Scale bars = 100 µm. 
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