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Development of rapid hypoxia-detectable artificial
oxygen carriers with a core—shell structure and
erythrocyte mimetic shapef
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Human red blood cells (RBCs) play a crucial role in delivering oxygen to tissues, and this function is
closely linked to the fate of these cells, including their growth, differentiation, and survival. Inspired by
RBCs, we propose a concave-shaped deformable perfluorocarbon-based oxygen carrier (cDFC) with a
hypoxia-detectable function, based on a novel (PDMS) thermoplastic elastomer (PDMS-TPE), called a
bifunctional cDFC, with a morphology similar to that of human RBCs. We prepared (PFOB)/PDMS-TPE
cDFCs via Shirasu porous glass membrane emulsification (SPG ME), while adding tris(4,7-diphenyl-1,10-
(Ru(dpp)), (PtOEP),
octaethylporphine (PtTFPP) to the dispersed phase to be immobilized in the PDMS-TPE shell as oxygen
sensors. Among the three oxygen probes, PtOEP-loaded PFOB/PDMS-TPE exhibited the highest
sensitivity to the dissolved oxygen concentration, with a K, value of 14. The bifunctional cDFCs also
exhibited high biocompatibility in vitro, high stability, and negligible leaching of probe molecules in cell
culture. Bifunctional cDFCs have potential for precise oxygenation in biomedical applications. Moreover,

phenanthroline)ruthenium(i) platinum(i)  octaethylporphine and platinum(i)

the illuminance response of cDFCs to a sudden drop of dissolved oxygen was fast, which was supported
by numerical predictions using a diffusion equation model. The bifunctional cDFCs showed both rapid
oxygen release and absorption and prompt detection of the oxygen concentration based on
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Introduction

Oxygen is essential for human survival. Consequently, human
red blood cells (RBCs) serve as ‘“‘oxygen carriers,” encapsulating
hemoglobin as they flow through the bloodstream within blood
vessels." The local oxygen concentration, or the partial pressure
of oxygen in tissues or blood, reflects the fate of local cells,
including their growth, differentiation, and death.” Increased
cellular oxygen levels are associated with tissue damage,
inflammation, and cancer.®> Thus, the degree of hemoglobin
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experiments and mathematical modeling.

desaturation (decrease in oxygen content) is intimately tied to
tissue oxygen demand.” To manage a patient’s blood oxygen
concentration in the clinic, the absorbance differences between
oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb) in both red
light (at 660 nm) and near-infrared light (NIR) (at 940 nm) in
the blood are utilized for an oxygen pulse meter, which can
monitor the patient’s blood oxygen content in real time.>°
Thus, RBCs function as both oxygen carriers and sensors.

In tissue engineering, artificial oxygen carriers (AOCs), which
are alternatives to red blood cells, have been studied to achieve
sufficient oxygen supply in a perfusion culture system for the
oxygenation of regenerated tissues. However, precise control of
the oxygen supply remains a challenge and is urgently required
in various tissue engineering fields, such as the heart.”® Per-
fluorocarbon (PFC)-based oxygen carriers (PFOCs) are a major
type of AOC that feature high oxygen capacity and chemical
inertness owing to the highly nonpolar chemical structure of
PFC. Recently, micro-sized PFOCs have attracted attention owing
to their core-shell structure, which favors the sustainable release
of oxygen and long-term circulation. With the encapsulation of
PFC into polymeric or lipid shells, these oxygen carriers exhibit
excellent deformability and biocompatibility.” >
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We previously developed monodispersed PFC microdroplets'?
and Hb microcapsules' as oxygen carriers using the Shirasu
porous glass membrane emulsification (SPG ME) technique,
which is an effective approach for preparing monodispersed
core-shell microdroplets.'> We then developed concave-shaped
deformable perfluorocarbon-based oxygen carriers (cDFCs) that
mimic RBC morphology and size using a thermoplastic elastomer
(TPE) PLC as the shell.’

Subsequently, we developed new cDFCs using thermoplastic
PDMS, which does not require curing for chemical crosslinking.'®
This resulted in new cDFCs and PFOB/PDMS TPE core-shell
AOCs, which exhibited higher deformability and a spontaneous
concave shape.'” However, although precise oxygen concentration
management is important, to the best of our knowledge, oxygen
concentration-detectable micro-sized PFOCs have not yet been
reported. Inspired by the multiple functions of RBCs, we designed
new cDFCs with sustainable oxygen supplementation and real-
time oxygen concentration analyses.

Because the phosphorescence or photoexcited state of some
metal complex molecules is reversibly quenched by oxygen,
they can dynamically and ratiometrically reflect the dissolved
oxygen (DO) value of their circumstance.'®*?° As potential
oxygen molecular probes polypyridyl complexes, such as
tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(u) dichloride
(Ru(dpp)), and metalloporphyrin indicator molecules, such as
platinum(u) octaethylporphine (PtOEP) and platinum(n)
octaethylporphyrin (PtTFPP), are commonly used as DO indi-
cators for biosensing."® Ruthenium complexes were first
applied as oxygen indicators in the early 1960s, whereas plati-
num complexes were investigated later and have become
popular in recent years because of their higher sensitivity,
quicker response, larger Stokes shift, and higher photochemi-
cal stability.”™>* They have been adopted in various biomedical
devices®® for clinical noninvasive real-time monitoring,>**
imaging of oxygen distribution in live cells and tissues,
and ratiometric sensing of oxygen levels in biological
systems.?*° These oxygen probes are typically immobilized
on a polymeric matrix because of their poor solubility and
dispersibility in aqueous media. Among the matrix polymers,
PDMS has been widely used as a substrate for oxygen probes
owing to its high transparency and stability.*!

In this study, Ru(dpp), PtOEP, and PtTFPP were first loaded
onto ¢cDFC and perfluorooctyl bromide (PFOB)/PDMS TPE core-
shell AOCs to achieve RBC-like bifunctions for oxygen delivery
and detection, as shown in Fig. 1. SPG ME, followed by
evaporation-induced phase separation (EIPS), was used to pre-
pare the oxygen-probe-loaded cDFCs (Fig. 1(B)). The three
c¢DFCs were evaluated and compared using confocal laser
scanning microscopy, scanning electron microscopy, two-
dimensional cell culture, and microchannel chips to determine
the optimal bifunctional oxygen carriers in terms of morphol-
ogy, oxygen sensitivity, stability, and biocompatibility, using a
confocal laser scanning microscope (CLSM), scanning electron
microscope, two-dimensional (2D) cell culture, and microchan-
nel chips. Finally, oxygen release kinetics were numerically
simulated based on the mass transport equation model using

26,27
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Fig. 1 Concept and fabrication process of hypoxia-detectable concave
deformable perfluorocarbon-based oxygen carriers (called bifunctional
cDFCs). (A) Schematic illustration of bifunctional cDFCs and RBCs. Hemo-
globin (Hb) inside RBCs binds oxygen reversibly and changes its absorbance
of light. Inspired by RBCs, bifunctional cDFCs enable the rapid measurement
of dissolved oxygen concentrations as well as oxygen delivery owing to the
encapsulated oxygen indicators. (B) Schematic of the preparation of bifunc-
tional cDFCs via Shirasu porous glass membrane emulsification (SPG ME)
and evaporation-induced phase separation (EIPS).

COMSOL®. The boundary condition was imported from the
actual shapes of cDFCs, reconstructed from CLSM images
using Imaris.

Experiments and methods

Materials

The PDMS-TPE (Super-PDMS, XM1700, Fukoku Bussan Co.,
Ltd, Japan) was a gift from Fukoku Bussan Co., Ltd (Tokyo,
Japan). PFOB was gifted by Daikin Industry Co., Ltd (Osaka,
Japan). Polyvinyl alcohol (PVA, M,, = 13 000-23 000 kDa, degree
of saponification = 87-89 mol%) was purchased from Sigma-
Aldrich (St. Louis, USA). Ru(dpp) (EX/Em = 480 nm/590 nm),
PtOEP(Ex/Em = 400 nm/650 nm), and PtTFPP(Ex/Em = 400 nm/
650 nm) were purchased from Frontier Scientific Inc. (Newark,
USA). Dimethyl sulfoxide (DMSO), sodium hydroxide (NaOH),
sodium sulfide (Na,SO;), dichloromethane (DCM), high-
glucose Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), penicillin-streptomycin-amphotericin
B suspension (PSA, penicillin - 10000 IU ml™*, streptomycin
- 10 mg ml~', amphotericin B - 25 pg ml~'), Pt standard
solution (996 mg L"), and phosphate-buffered saline (PBS(—))
were purchased from Wako Pure Chemical Industries, Ltd
(Osaka, Japan). Saline was purchased from Otsuka Pharmaceu-
tical Co. Ltd (Tokyo, Japan). Endothelial cell basal medium-2
with bullet kits (EBM-2) was purchased from Lonza Bioscience
Ltd (Basel, Switzerland). Human umbilical vein endothelial
cells (HUVEC) were purchased from ATCC (Manassas, VA,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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USA). Cell counting kit-8 (CCK-8) was purchased from Dojindo
Laboratories Co., Ltd (Shiga, Japan).

Preparation of cDFCs and bifunctional cDFCs

An SPG internal pressure module (SPG Technology, Miyazaki,
Japan) and hydrophilic SPG membranes (SPG Technology,
Miyazaki, Japan) with pore sizes of 4 pm and a membrane
working area of 6.3 cm* were applied for emulsification. The
dispersed phase was composed of 81 uL of PFOB and 2 mL of
DCM, which dissolved 80 mg of PDMS-TPE. To prepare bifunc-
tional ¢cDFCs, oxygen probes such as Ru(dpp), PtOEP, or PtTFPP
were dissolved in DCM at 0.05 mg mL ™" before adding PFOB
and PDMS-TPE. The membrane was sonicated in a separate
bottle containing a 2 wt% PVA solution for 1 h before emulsi-
fication. The SPG membrane emulsification was performed at
room temperature for 1 h after immersion in 20 mL of a
continuous phase containing 2 wt% PVA in pure water. The
transmembrane pressure was adjusted using an external gas-
flow controller until the inlet N, pressure reached the critical
transmembrane pressure (approximately 8 kPa). At this trans-
membrane pressure, the dispersed phase flux remained con-
stant at 2 mL h™" without fouling. The emulsification was
completed after 1 h. Subsequently, the emulsified suspension
was stirred for another 2 h to ensure the complete evaporation
of DCM. Finally, the resulting suspension was washed sequen-
tially with pure water, ethanol, and water via centrifugation. We
defined the names of the three prepared bifunctional cDFCs as
(i) Ru(dpp)@PFOB/PDMS-TPE, (ii) PtOEP@PFOB/PDMS-TPE,
and (iii) PtTFPP@PFOB/PDMS-TPE, respectively.

Size measurement and shape observation of bifunctional cDFCs

The morphology of the dried particles was observed by scan-
ning electron microscopy (SEM) (S4700, Hitachi, Tokyo, Japan).
The morphology of the particles in the suspension was
observed using a CLSM (FV3000; Olympus, Tokyo, Japan). An
Ar laser (514 nm) was used for excitation when the oxygen
probes were loaded onto the particles during the SPG ME. The
size distribution of the particles in the suspension was mea-
sured using a laser diffraction particle size distribution analy-
zer (LA-950V2; Horiba, Kyoto, Japan).

Phosphoresce intensity measurement

Bifunctional cDFCs were dispersed in water and stirred to form
a suspension. For 0% O,, 1 g of Na,SO; was added to 100 mL of
suspension for complete deoxygenation. At 20% O,, the sus-
pension was saturated with air at room temperature. For 5, 10,
and 15% O,, an N,/O, gas mixer was used to control the
perfusion rate of N, and O, until the DO value was stable in
the DO meter (VisiFerm DO ARC 120; Hamilton, Reno, USA)
readings. Once the DO concentration stabilized to the intended
value, the phosphorescence intensity of the suspension was
measured using a spectrofluorometer (FP-8200; JASCO, Japan).
The excitation wavelength was 400 nm for PtOEP@PFOB/
PDMS-TPE and PtTFPP@PFOB/PDMS-TPE and 500 nm for
Ru(dpp)@PFOB/PDMS-TPE, and the emission wavelength was
recorded in the range of 500-750 nm for all samples. The Stern—

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Volmer constant was determined by linear regression using the
least-squares method, which is a built-in algorithm from
MATLAB 2023a.

Durability evaluation in sterilization processes and long-time
incubation in buffer

PtOEP@PFOB/PDMS-TPE and PtTFPP@PFOB/PDMS-TPE sus-
pensions in PBS were used to test particle stability. For the
evaluation of durability under cell culture conditions, the
particles were suspended in PBS and incubated at 37 °C, 5%
CO, and 20% O, for one week. To evaluate the durability
against acidity, 1 mL of suspension was diluted in 20 mL of
PBS solution adjusted to pH = 4.4 by adding 1 N HCI, and the
resulting suspension was stored for 24 h. For the evaluation of
cryopreservation durability, the diluted particle suspension was
lyophilized using liquid nitrogen and stored at —30 °C for
7 days. To evaluate sterilization durability, the diluted particle
suspension was separately sterilized by autoclaving with ethy-
lene oxide gas (EOG). The particles were washed with PBS after
each treatment to remove potentially leeched dyes. The phos-
phorescence spectrum of each sample was recorded at room
temperature under atmospheric conditions. The extent of the
oxygen probe leaching was determined using the relative phos-
phorescence intensity calculated from the samples before and
after treatment. The influence of the treatments on the particle
morphology was determined by recording SEM images of the
samples after treatment. Five samples were collected for each
group. Swelling and oxygen probe leaching tests were per-
formed using PtOEP@PFOB/PDMS-TPE and PtTFPP@PFOB/
PDMS-TPE suspended in DMEM. The suspension was then
incubated at 37 °C under 5% CO, and 20% O, for one week.
The particle size distribution of the suspension was measured
daily for one week. A sample was taken from the supernatant
and digested in NaOH solution for further analysis of Pt
concentration.

Measurement of PtOEP and PtTFPP concentration

The concentrations of PtOEP and PtTFPP in the solution were
measured using the atomic absorption spectrometry (AAS)
technique. The sample solution was dissolved completely using
a NaOH solution (pH = 14) and then filtrated using a 0.22 pm
filter membrane. The Pt concentrations in the samples were
measured using an atomic absorption spectrometer (ZA3000,
Hitachi, Japan). The Pt standard solution was diluted to 125,
62.5, and 25 ppb to obtain a standard calibration curve. Each
sample was measured three times with 20 pL amount for each
time. The concentrations of the original samples were calcu-
lated using the dilution ratios.

Biocompatibility test in vitro

The hypoxia-responsive HeLa cells (hr-HeLa cells) were pre-
pared according to our previous research®” and cultured in 35-
mm glass-bottom Petri dishes with high-glucose DMEM sup-
plemented with 10% FBS and 1% PSA at a seeding density of
0.5 x 10° cells per mL. The bifunctional ¢cDFCs were washed
with pure water to remove PVA surfactants before being applied

Mater. Adv., 2024, 5, 5687-5697 | 5689
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in vitro or in vivo. To demonstrate the biocompatibility and
phosphorescence response of the bifunctional ¢DFCs, PtTFPP
and PtOEP were dispersed in dishes containing h-HeLa cells at a
ratio of 1: 1. The dishes containing hr-HeLa cells and bifunctional
¢DFCs were further cultured together in the incubators with 1% O,
and 20% O, separately. Confocal microscopy images of the cells
cultured under hypoxic and normoxic conditions were acquired
after 48 h. Two lasers (ex = 488 nm and ex = 561 nm) were used to
observe hr-HeLa and bifunctional cDFCs, respectively.

To evaluate the cytotoxicity of bifunctional cDFCs, HUVEC
were seeded in three 24-well plates with EGM-2 working med-
ium at an initial density of 3.0 x 10" cells per mL and incubated
for 24 h under 20% O, and 5% CO,. Subsequently, the bifunc-
tional ¢DFCs, PtOEP@PFOB/PDMS-TPE, and PtTFPP@PFOB/
PDMS-TPE were added to the plates at a concentration of 5%
by volume, and equivalent amounts of PtOEP and PtTFPP
dissolved in DMSO were added at a concentration of 0.5%
by volume as negative controls. Each plate contained blank,
control, PtOEP@PFOB/PDMS-TPE, PtTFPP@PFOB/PDMS-TPE,
PtTFPP, or PtTFPP (n = 4). Three replicate plates were prepared
for the measurements at 24, 48, and 72 h. The cell viability of
each well was measured using a microplate reader (ARVO™X3,
PerkinElmer, USA) after staining with the CCK-8 reagent follow-
ing the standard protocol.

Numerical simulation of oxygen release and absorption

The oxygen profiles inside the core-shell particles and micro-
channel perfusion culture were simulated by the diffusion
equation model using the following equation:

oC(¥, 1)
ot

— DVC(7,1) 1)

The reconstructed CLSM images using Imaris (Imaris version
9.6.0, Bitplane) were used to determine the boundary conditions.
The numerical solution was obtained by the finite element
method using COMSOL (COMSOL Multiphysics® ver 6.0 soft-
ware). Initially, one oxygen-saturated PFOB/PDMS-TPE micropar-
ticle was immersed in the cell media under hypoxia. Parameters
such as oxygen solubility and diffusivity were obtained from the
literature.>*** All the parameters used in the simulation are
summarized in Table S1, ESL.§ The MATLAB 2023a software was
used to plot the simulation results and other experimental data.

Oxygen sensing of PtOEP@PFOB/PDMS-TPE phosphoresce
response to DO change

An aqueous suspension (50 mL) of 1 vol% PtOEP@PFOB/
PDMS-TPE was prepared and stirred. The suspension was
irradiated with portable UV light (UVGL-58; Analytik Jena, Jena,
Germany) at 365 nm in long-wavelength radiation mode.
Na,SO; (0.5 g) was then added to the suspension to decrease
the DO via the following chemical reaction:

2Na,SO; + O, —2Na,S0O,

The video was recorded under UV light irradiation for 2 min
after the addition of Na,SO;.

5690 | Mater. Adv, 2024, 5, 5687-5697
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Statistical analysis

Statistical tests were performed for cell viability using one-way
analysis of variance (ANOVA). Differences were considered
statistically significant at p < 0.05.

Results and discussion

The effect of oxygen probe loading on the size and shape of
¢DFCs

As discussed in our previous studies, SPG ME is an efficient
technology for producing uniform core-shell microparticles
with three phases (organic, aqueous, and PFC)."” Monodisperse
PFOB/PDMS-TPE core-shell microparticles as cDFCs were pre-
pared using the SPG-ME method, followed by EIPS (Fig. 2(A)).
PDMS-TPE has excellent oxygen permeability and light trans-
mittance, which are optimal for both the oxygen carrier shell
and the oxygen sensor substrate. Therefore, oxygen probes were
incorporated into the latest cDFC and PFOB/PDMS-TPE micro-
capsules. With the addition of Ru(dpp), PtOEP, and PtTFPP to the
dispersed phase, the resulting bifunctional ¢cDFCs formed the
same concave shape as normal ¢cDFCs (Fig. 2(A)). The sponta-
neous concave shape is an important feature of the PDMS-TPE-
based c¢DFCs found in our previous study.'” This is probably
because the addition of the oxygen probe was considerably low
and the particle morphology was unaffected. Compared to the size
distributions of bifunctional and normal c¢cDFCs, which are co-
plotted in Fig. 2(B), the monodispersities of the particles were not
affected by the loading of oxygen probe molecules. The average
sizes of PFOB/PDMS-TPE, Ru(dpp)@PFOB/PDMS-TPE, PtOEP@P-
FOB/PDMS-TPE and PtTFPP@PFOB/PDMS-TPE were all close to
the typical diameter of human RBCs (approximately 8 pm).*®

Difference of the loading amount of three oxygen probes
to cDFCs

Confocal microscopy images of different metalloporphyrin-
loaded PFOB/PDMS-TPE suspensions under hypoxia (5% O,)
were obtained to confirm the presence and functionality of the
oxygen probes. The three core-shell microparticles exhibited
red phosphorescence in their shells: Ru(dpp) @PFOB/PDMS-
TPE, PtTFPP@PFOB/PDMS-TPE, and PtOEP@PFOB/PDMS-TPE
(Fig. 2(C)).

Metalloporphyrin oxygen probes are hydrophilic, hence they
were encapsulated by PDMS-TPE owing to EIPS and ‘like-
dissolve-like’ principle.***” However, Ru(dpp) is a chloride salt
that undergoes hydrolysis in the continuous phase during
emulsification, decreasing its encapsulation ratio.*® Moreover,
the agglomeration caused by the poor solubility of Ru (dpp) in
PDMS-TPE and the net charge of the Ru(dpp)s;>" ions might
have led to a higher photobleaching rate,* further contributing
to the weakest phosphorescence intensity observed in the
confocal microscopic images. Because of the similar physical
and chemical properties of PtTFPP and PtOEP, the PtTFPP-
encapsulated samples showed relatively low phosphorescence
in confocal microscopy images under hypoxia, likely owing to
their relatively low quantum yields.*” In addition, the lowest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of bifunctional cDFCs and normal cDFCs PFOB/PDMS-TPE. (A) SEM images; scale bar = 10 um. (B) Size distribution, diameter of
PFOB/PDMS-TPE, Ru(dpp)@PFOB/PDMS-TPE, PtOEP@PFOB/PDMS-TPE and PtTFPP@QPFOB/PDMS-TPE are 8.4 + 2.6, 85 + 3.0, 9.9 + 2.6, and 8.3 +
2.3 um, respectively. (C) Confocal microscopic images under 5% O,; red channel: ex = 561 nm; scale bar = 10 pm.

possible amount of oxygen probe was added to the dispersed
phase to prevent the aggregation of the unencapsulated oxygen
probes on the particle surface. Otherwise, the additional
charges induced by the complex on the particle surface caused
aggregation in the PBS solution.

Furthermore, the different hydrophobicities of the three
oxygen probes caused discrepancies in the resulting encapsula-
tion ratios of the PDMS-TPE shell. Initially, 2 mL of a dispersed
phase contained 0.1 mg of PtOEP or PtTFPP, which was
equivalent to 26.8 and 16.7 ng, respectively. After the particles
were digested using NaOH and diluted 1000 times, the Pt
concentrations in PPOEP@PFOB/PDMS-TPE and PtTFPP@PFOB/
PDMS-TPE were measured as 3.61 and 3.26 ppb using the AAS
analysis, respectively. The calculated encapsulation efficiencies
of the emulsified bifunctional cDFCs are 26.9% and 39.0% for
PtOEP and PtTFPP, respectively. These values are equal to or
greater than those reported in other studies using a polymer
matrix to encapsulate PtOEP or PtTFPP in the form of micro-
particles or nanoparticles.**?**"*> Comparing the chemical
structures of PtOEP and PtTFPP, the presence of four extra
substituted phenyl groups rendered PtTFPP more hydrophobic
(lipophilic) than PtOEP, contributing to its higher compatibility
with PDMS-TPE. A relatively high loading efficiency was also
achieved because TPE was used without the need for an

© 2024 The Author(s). Published by the Royal Society of Chemistry

additional crosslinking process, as several studies have reported
that the high temperature of the curing process affects the
loading efficiency of oxygen probes.**™*

Phosphorescence sensitivity and response of ¢cDFCs to
dissolved oxygen

The three bifunctional cDFCs exhibited different phosphores-
cence intensities in response to the same oxygen concentration
(Fig. 2(C)). However, to evaluate their sensing abilities, it
is important to determine their sensitivity to different oxygen
concentrations.

Considering that the oxygen concentration varies from 21%
as inhaled air enters the lungs to approximately 5% in venous
blood and even 1% in some tissues,” a range of 0% to 20%
oxygen was selected as the test range for bifunctional ¢cDFCs to
examine their performance and sensitivity.

Ru(dpp)@PFOB/PDMS did not exhibit strong intensity
peaks, and a clear separation of peaks between normoxia and
hypoxia was observed in the phosphorescence intensity map
(Fig. S1, ESIY). Consistent with the poor performance observed
in the confocal microscopy images, PDMS-TPE did not appear
to be a good matrix for Ru(dpp) encapsulation.

Phosphorescence maps of PtOEP@PFOB/PDMS-TPE are
shown in Fig. 3(A) and (B). Both were excited by the emission

Mater. Adv,, 2024, 5, 5687-5697 | 5691
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peaks at approximately 650 nm. This emission wavelength was
close to the literature values for pure PtOEP and PtTFPP,*®
implying that no apparent Stokes shift was observed owing to
encapsulation. In contrast, PPtTFPP@PDMS-TPE exhibits lower
absolute intensities than PtOEP@PDMS-TPE at all wavelengths.
Because the phosphorescence mechanism is an intramolecular
deactivation process, the Stern-Volmer relationship (eqn (2))*’
was used to describe the phosphorescence quenching kinetics
of the oxygen probes. The Stern-Volmer constant, or the overall
quenching constant, Ksy represents the sensitivity of a sensor.
Fig. 3(C) shows the intensity data transformed from Fig. 3(A)
and (B) with their linear correlation. Both bifunctional ¢cDFCs
fit Stern-Volmer kinetics well, with R* values close to 1. The
slopes of the plots, Ksy, were obtained for PtOEP and PtTFPP.

I
70:1+KSV'[02]

(2)
Because of the low quantum yield of PtTFPP, both the overall
phosphorescence intensity and Ksy of the PtTFPP-loaded sample
were lower than those of the PtOEP-loaded sample. In addition,
the cost of PtTFPP is generally higher than that of PtOEP owing
to its complex synthesis.'® Therefore, regarding bifunctional
oxygen carriers, PtOEP is considered the most suitable oxygen
probe among the three candidates, and PtTFPP could be a
potential alternative. In contrast, Ru(dpp) was not considered a
suitable oxygen probe for the PFOB/PDMS-TPE oxygen carriers
because it could not determine the exact DO concentration
based on its phosphorescence intensity after encapsulation.

Durability and sterilization of the bifunctional ¢cDFCs

The stability tests mainly focused on the protectivity offered by
the PDMS-TPE shell under certain probable treatments. The
results shown in Fig. 4(A) demonstrate the ability of bifunc-
tional ¢DFCs to withstand different environments and treat-
ments. First, both PDMS and PDMS dispersed in PBS at 37 °C
show negligible degradation in their phosphorescence intensity
after 2 weeks. Owing to the chemical stability of the PDMS-
based shell, no significant change in their size and shape is
observed after immersion in an acidic solution at pH = 4.4
(Fig. S2, ESI}), indicating that the bifunctional cDFCs can

5692 | Mater. Adv,, 2024, 5, 5687-5697

withstand even the extremely acidic conditions in inflammatory
tissues. A certain degree of reduction in luminescence was
observed after freezing. Among the two sterilization methods,
autoclaving of the particles led to the partial melting and break-
ing of the PDMS-TPE shell, as shown in Fig. 4(A) and Fig. S2
(ESIt), owing to the high temperature and pressure. Thus, the
phosphorescence intensities of both bifunctional ¢cDFCs were
significantly reduced by the leaching of PtOEP and PtTFPP. In
comparison, the EOG method is milder; therefore, the morphol-
ogy of the sterilized particles is not altered, thereby maintaining
the phosphorescence intensity after treatment. Hence, except for
autoclave treatment, bifunctional ¢cDFCs can withstand low-
temperature, acidic, and normal environments without breaking
the shell, owing to the stability of PDMS-TPE.

Stable loading of oxygen probes in the bifunctional ¢cDFCs

Oxygen-probing molecules are released from their matrices
either because of the destruction of the matrices or passive
diffusion. Leaching of oxygen probes causes the loss of bifunc-
tional ¢cDFCs and toxicity to the surrounding organisms. There-
fore, understanding the leaching mechanisms of bifunctional
c¢DFCs is necessary to ensure their long-term use.

The mass ratio of the oxygen probes to PDMS-TPE in the
original dispersed phase was controlled at 1:800, which is a
typical value for loading metalloporphyrins onto polymeric sub-
strates at the microscale.”®*>*® As discussed in the previous
section, the encapsulation efficiencies of PtOEP and PtTFPP were
~30%. The percentage of PtOEP or PtTFPP released was deter-
mined by measuring the Pt concentration in the supernatant at
different times. Fig. 4(C) shows the cumulative percentages of
PtOEP and PtTFPP released from the bifunctional cDFCs incu-
bated in DMEM over time based on the AAS results. The leaching
of both PtOEP and PtTFPP from the PDMS-TPE matrix was
insignificant (as low as approximately 1%). Moreover, no obvious
increase in the leaching rates of either oxygen probe was observed
during the one-week incubation period. We believe that leaching
of the loaded probe from the bifunctional cDFCs was minimized.

In addition, the results of the stability, swelling, and release
tests showed that the PDMS-TPE shell was stable during
incubation in DMEM. Depending on the strong hydrophobic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nature of the organic metal complexes, the release of PtOEP
and PtTFPP is expected to be considerably slower by simple
molecular diffusion. From the particle size data for each day,
shown in Fig. 4(B), both PtOEP@PFOB/PDMS-TPE and
PtTFPP@PFOB/PDMS-TPE exhibited negligible swelling beha-
vior in terms of diameter. The size distribution error was
maintained at approximately 30%, which is typical of SPG
ME.** These results indicated that the PDMS-TPE shell did
not swell in the cell culture media for a long time. Moreover,
the impermeability of water to the PDMS-TPE shell prevented
the quenching of the dyes by hydroxyl vibrations.>

The bifunctional ¢cDFCs exhibited resistance to several treat-
ments and long-term incubation, demonstrating their potential
to function for a long time in cell cultures and bioreactors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Biocompatibility of the bifunctional cDFCs

Ideal substrate matrices for AOCs and oxygen sensors have several
advantages such as oxygen permeability, biocompatibility, chemical
inertness, and good dispersity in the culture medium. Thus, two
cell lines were used to quantitatively and visually examine the
biocompatibility of the bifunctional ¢cDFCs. As an indicator of a
cellular hypoxic environment in our previous studies,”’ hr-HeLa
cells showed low oxygen concentrations based on the expression of
green fluorescence.’” In addition, the bifunctional cDFCs emitted
red phosphorescence. Both luminescence intensities were inversely
proportional to the DO concentration (Fig. 3). As the emission
wavelengths of both PtTFPP and PtOEP were considerably different
from those of hr-HeLa cells, neither cells nor particles were dual-
labelled with green and red colors (Fig. 5(A)). PPOEP@PFOB/PDMS-
TPE and PtTFPP@PFOB/PDMS-TPE microparticles were attached
to h-HeLa cells without damaging them. Furthermore, because
confocal microscopy images were captured at the same z-position,
none of the particles indicated by red phosphorescence overlapped
with the hr-HeLa cells. This demonstrated that the micro-sized
¢DFCs were not taken up by the hr-HeLa cells.

In contrast, under normoxic conditions, both bifunctional
¢DFCs and hr-HeLa cells exhibited considerably weaker fluores-
cence than under hypoxic conditions (as depicted in the
merged channel images in Fig. S3, ESIt). This indicated that
both hr-HeLa cells and bifunctional ¢cDFCs were able to reflect
the actual local hypoxic area in vitro.

Phosphorescent dyes, such as PtOEP and PtTFPP, can generate
highly reactive singlet oxygen species and thus usually have a
certain degree of phototoxicity.”*>® Therefore, encapsulation of
these dyes into a biocompatible matrix is important for eliminating
dye damage. We tested our bifunctional cDFCs with HUVEC, which
have a relatively low oxygen consumption rate,”” to minimize the
effect of oxygen delivery from bifunctional cDFCs on cell viability.

As shown in Fig. 5(C), the PtOEP@PFOB/PDMS-TPE-and
PtTFPP@PFOB/PDMS-TPE-dispersed wells exhibited high cell via-
bility compared to the control groups on each day. In contrast, the
pure PtOEP- and PtTFPP-added wells were cytotoxic to HUVEC,
indicating the toxicity of the Pt complex in the cell culture medium.
Although 0.5% DMSO was found to be the maximum concen-
tration tolerated by some cell lines, the cytotoxicity could®®* still be
partially attributed to organic solvent effects. However, PtOEP and
PtTFPP did not disperse in the cell culture medium, making them
unsuitable for use alone. In contrast, bifunctional cDFCs were
evenly dispersed around HUVEC without DMSO (Fig. 5(B)), without
damage to the cells or cell internalization. Therefore, it is desirable
to encapsulate oxygen probes into biocompatible substrate
matrices such as PDMS-TPE. With the protection of the PDMS-
TPE shell, photobleaching and light attenuation effects caused by
the interaction of oxygen-sensing probes with biological samples
under a microscope should be avoided.*

3D Numerical prediction of oxygen transport of cDFCs based
on their measured shape

To achieve real-time sensitivity of bifunctional cDFCs, we need
to clarify how fast the oxygen in the particle reaches equilibrium
with its environment and whether the oxygen transfer process is
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the rate-limiting step. Thus, we studied the transport of oxygen
inside a core-shell PFOB/PDMS-TPE interacting with the oxygen
change outside. We started with a spherical geometry with a core—
shell structure (Fig. S4A, ESIT). With a particle diameter of 8 um
equivalent to the human RBC, the profile of the change of oxygen
inside the particle was simulated as it was put in the bulk with
hypoxia. As illustrated in the time course of the 2D oxygen map
(Fig. S4B, ESIt), the spherical core-shell PFOB/PDMS-TPE micro-
particles release oxygen in an axis-symmetrical pattern, which
varies only according to the r-axis.

As shown in Fig. 6(A), the microparticles immediately
released oxygen from their PFOB core through the PDMS-TPE
shell to the surrounding region until the internal and external
oxygen concentrations were balanced. This simulation process
was rapid because of the high oxygen permeability of the
PDMS-TPE material. The oxygen concentration inside the

5694 | Mater. Adv., 2024, 5, 5687-5697

View Article Online

Materials Advances

particle pore decreased from 5 mM to 0.5 mM within 10 ms,
indicating that the major oxygen releasing period was consid-
erably short. The typical oxygen diffusion time through an RBC
cell was approximately 10 ms in a previous study.®® The diffu-
sion time of the spherical PFOB/PDMS-TPE microparticles,
calculated according to the characteristic time of diffusion®'
shown in eqn (3), was approximately 8.5 ms, which was
approximately equal to or even shorter than that of the RBC.
In other words, the core-shell PFOB/PDMS-TPE microspheres
quickly responded to local oxygen concentration changes, and
their high permeability allowed them to detect and deliver
oxygen to the cells without any lag.

R2
=7 3)

However, compared with spherical particles, cDFCs have a
unique concave shape with a core-shell structure, as shown in
Fig. 2(A). To better understand the oxygen distribution through
the cDFCs, we captured the geometric features of the RBC-like
shapes in our single-particle oxygen transfer model. A series of
images were captured using confocal laser scanning micro-
scopy for a typical ¢cDFC stained with Nile red. As shown in Fig.
S5, ESL, T the z-stack of confocal microscopic images of a typical
concave PFOB/PDMS-TPE microparticle is then reconstructed
to visualize the 3D structure of the ¢DFC using an image-
stacking software, IMARIS. We then obtained the cross-section
of the cDFC at the x-z or y-z planes by cutting the stacked three-
dimensional (3D) confocal image. By importing 2D cross-
sectional images of the ¢cDFC particles into COMSOL and revol-
ving the 2D contour on its central axis, we successfully built a 3D
geometric model of our cDFC based on axial symmetry. Conse-
quently, a 3D concave PFOB/PDMS-TPE core-shell microparticle
model was established, as shown in Fig. 6(B).

Finally, we successfully simulated the oxygen concentration
inside a microsized PFOC with a concave shape (Fig. 6(B)). Using
methods similar to the 3D spherical model, we plotted the time
course of the oxygen profile variation in both 2D and 3D images.
The release of oxygen from the cDFC core occurred rapidly
across the shell (Fig. 6(C)). Because the material properties and
boundary conditions of the cDFC model were almost identical to
those of the previous spherical model, we investigated the effect
of AOC geometry by comparing the simulated oxygen transfer
time courses of the spherical and concave morphologies (Fig. S4,
ESIt and Fig. 6). Compared with the spherical PFOB/PDMS-TPE
model, cDFCs released oxygen slightly faster than DFC, as
indicated by the saturation curve shown in Fig. 6(D), owing to
the higher surface area of cDFCs than that of DFCs. The effect of
inner convection,® which has been reported for RBCs, was not
considered in this study. Thus, its performance is better than
that of this calculation. We expect the ¢cDFCs and bifunctional
¢DFCs to be efficient for oxygen delivery and sensing.

In situ detection of hypoxia by the phosphorescence change of
bifunctional cDFCs

Owing to the excellent transparency of the PDMS-TPE cells and
the high quantum yield of PtOEP, the change in DO can be

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01135f

Open Access Article. Published on 26 March 2024. Downloaded on 3/14/2026 7:00:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

A B

——t=0s
——t=1x10%s
“t=2x10%s
t=3x10%s
t=4x10%s
t=5x10%s
t=6x10%s
t=7x10%s
—e—t=8x10%s
——t=9x10%s
S\ —t=10x10%s

o

-~

w

o

Il
\
,

Oyxgen concentration [mM]

o
[ )ra——
J S

1 2 3 4
Radius position [pm]

nme 0s Surface: (uM)

[~ ]

T\me 0.002 5 Surface: (uM)

Time=0.001s _ Surface: (uM)
pm

Time=0.003 s Surface: (uM)
pm

EBobudinbbbibornwsna
— —
5 & o ow
& & & g
g8 & 8 8

— e —
NN W W W ww s
B8 LEEES
£§38838888

003 LS inb RO N WS N0

°
|
3

o

300

5 0 5

|
3
«

Stacked cDFC
cross-section

View Article Online

Paper

Simulated oxygen profile

5 t=1ms A 983
S ><103[UM]
ol
o 0495
s 0.9
o 0.85
T 0.8
3D model of cDFC o e
:: 0.7
sl 0.65
S_lllllllllllo‘6
um-lo 8 6 -4 -2 0 2 4 6 8 10 0.55
0.5
¥ 552
x10% D 100 .
. h --c - Spherical
Z:s < 8 B --o- cDFC
S 80
08 = Q
0.75 § \
g 608
0.65 5 g
0.6 b 1
0.55 3 40 g
0.5 s E
g B
x B
& 20 “%%%
]
0 2 4 6 8 10

Release time [ms]

Fig. 6 Simulation results of oxygen release from PFOB/PDMS-TPE spherical microparticles and concave microparticles, cDFCs: (A) average oxygen
concentration distributed along the radius of spherical PFOB/PDMS-TPE microparticles at different times; (B) 3D model of cDFC and simulated 3D
oxygen distribution; (C) cross-sections of the simulated 3D oxygen diffusion profile of cDFC at different time points; (D) comparison of oxygen release

rate of spherical PFOB/PDMS-TPE and cDFC.

visualized under UV radiation, as observed by the strong
phosphorescence emitted by the bifunctional cDFCs under
hypoxia produced by chemical oxygen consumption. After add-
ing Na,SO; to the suspension of PtOEP@PFOB/PDMS-TPE, the
time course of the color change in the suspension was observed
(Fig. 7 and Fig. S6, ESIt). Because of the high oxygen perme-
ability of PDMS-TPE, the PFOB/PDMS-TPE microparticles dyna-
mically released oxygen, which reacted with Na,SO;. Based on
the mathematical simulation of the oxygen transfer of single-
core-shell PFOB/PDMS-TPE microparticles, we showed the
quick response of the oxygen profile inside the oxygen carrier
to a sudden oxygen change in the surroundings. Hence, the
bifunctional ¢cDFCs immediately achieved equilibrium with DO
in the bulk phase by releasing oxygen from their cores, which
did not cause any lag in the oxygen quenching of the oxygen
probes embedded in the particle shell. The time interval of the
phosphorescence augmentation can then be attributed to the
reaction of Na,SO; and the response time of the bifunctional
cDFCs. Because excessive Na,SO; allowed the solution to
remain without DO for some time after the initial DO had
reacted completely, we were able to estimate the lifetime of our
bifunctional cDFCs based on phosphorescence decay. Fig. 7(B)
shows that the phosphorescence lasted for at least 70 s without
any decay, which is a rough reference for the lifetime of
PtOEP@PFOB/PDMS-TPE.

The bifunctional ¢cDFCs had a considerably high oxygen
capacity and oxygen diffusivity owing to the presence of PFOB

© 2024 The Author(s). Published by the Royal Society of Chemistry

in the core and efficiently exchanged oxygen once DO was
consumed by the cells. Because the oxygen solubility in both
PDMS-TPE and PFOB is linearly dependent on the local oxygen
concentration and obeys Henry’s law,*® bifunctional cDFCs
could serve as excellent ratiometric DO sensors without
the need for complex calibration. Bifunctional c¢cDFCs can
monitor and reflect the oxygen content without disturbing
the culture environment. This capability could prove invaluable
for maintaining optimal oxygen concentrations during the
expansion and perfusion cultures of cells in tissue engineering
in the future.

Conclusions

Inspired by RBCs, we developed a new bifunctional artificial
oxygen carrier, bifunctional ¢cDFCs, by loading Ru(dpp), PtOEP,
and PtTFPP into PFOB/PDMS-TPE core-shell microparticles
without affecting the size, morphology, and monodispersity
of the oxygen carriers. The resulting concave microsized oxygen
carriers ratiometrically indicated the surrounding oxygen
levels. Among the three oxygen probes, PtOEP was considered
the most appropriate for PFOB/PDMS-TPE because of its excel-
lent sensitivity, phosphorescence intensity, biocompatibility,
and stability. Both experimental visualization and numerical
simulation indicated the quick response and long lifetime
of bifunctional cDFCs to local hypoxia. Hence, these

Mater. Adv., 2024, 5, 5687-5697 | 5695
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the oxygen consumption of the chemical reaction: 2Na,SOz + O, —
2NaySO4. (A) No phosphorescence was observed without UV irradiation
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erythrocyte-mimetic bifunctional cDFCs represent a potentially
controlled oxygenation approach for various tissue-engineering
applications.
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