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In the tissue engineering field, the supply of oxygen to three-dimensional (3D) tissues is an important aspect
to avoid necrosis due to hypoxia. Although oxygen-releasing bulk materials containing calcium peroxide
(CaO,, CP) have attracted much attention, micrometer-sized oxygen-releasing soft materials would be
advantageous because of their highly controllable structures, which can be applied for cell scaffolds,
injectable materials, and bioink components in 3D bioprinting. In this study, oxygen-releasing microgels
were fabricated via a droplet-based microfluidic system. Homogeneous, monodisperse and stable
oxygen-releasing microgels
biocompatible dextran modified with methacrylate groups and CP nanoparticles as an oxygen source.
We also used our microfluidic system for the in situ amorphous calcium carbonate (CaCOsz, ACC)
formation on the surface of CP nanoparticles to achieve the controlled release of oxygen from the

were obtained by photo-crosslinking of droplets composed of

microgel. Oxygen release from an ACC-CP microgel in a neutral cell culture medium was suppressed
because incorporation of CP in the ACC suppressed the reaction with water. Strikingly, stimuli to dissolve
ACC such as a weak acidic conditions triggered the oxygen release from microgels loaded with ACC—
CP, as the dissolution of CaCOs allows CP to react. Taken together, applications of this new class of
biomaterials for tissue engineering are greatly anticipated. In addition, the developed microfluidic system
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rsc.li/rsc-advances can be used for a variety of oxygen-releasing microgels by changing the substrates of the hydrogel network.
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1. Introduction

In tissue engineering and regenerative medicine, construction
and transplantation of thick 3D tissues are still major chal-
lenges because limited diffusion of oxygen inside these tissues
can cause cell death."* To address this problem, oxygen-
releasing materials have attracted much attention in recent
years.*” Although perfluorocarbons®® and heme proteins such
as hemoglobin'>'* are some of the most common oxygen
sources for these types of materials, the low payload of oxygen is
an issue.” To overcome this limitation, calcium peroxide (CaO,,
CP) is often used for oxygen-releasing materials because it can
carry a higher oxygen payload than perfluorocarbons and heme
proteins.” Since CP is an inorganic solid which generates
oxygen, hydrogen peroxide and calcium hydroxide (Ca(OH),) in
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its reaction with water, many researchers have reported the
production of oxygen-releasing hydrogels by mixing CP into the
hydrogels.#***¢ In addition, some researchers have incorpo-
rated CP in microparticles composed of hydrophobic synthetic
polymers such as polycaprolactone'”*® for the sustained oxygen
release from CP by suppressing the reaction with water.
However, a downside of using these synthetic polymers is their
hydrophobic properties that are not suitable for direct contact
with cells compared to water rich hydrogels.' Therefore, these
hydrophobic oxygen-releasing microparticles were finally
incorporated in bulk hydrogels for tissue engineering
applications.”'

Recently, micrometer-sized hydrogels, microgels, have also
attracted much attention in the tissue engineering field because
microgel assemblies can be used for cell scaffolds, injectable
materials, and 3D bioprinting.**** Scaffold properties such as
stiffness, microporosity and degradability are controllable at
the micro-scale by modulating individual microgels. Unlike the
3D cell culture in bulk hydrogels, 3D cell culture in microgel
assembly improves cell infiltration and nutrient diffusion via its
tunable microporous structure, which improves long term cell
survival, tissue repair and regeneration.”* Furthermore, micro-
gels are preferable to hydrophobic polymer microparticles
because their hydrophilicity is suitable for cells. By taking
advantage of oxygen-releasing materials and microgels, oxygen-
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releasing microgels are expected to be very useful biomaterials
for tissue engineering applications. However, to the best of our
knowledge, no one has yet reported oxygen-releasing microgels
using CP as an oxygen source.

In this study, we report the fabrication of oxygen-releasing
microgels using a droplet-based microfluidic system. A micro-
fluidic system is suitable for the reproducible and controlled
fabrication of uniform microgels based on its highly tuned
channel in the micrometer range.”**® Herein, a water-in-oil
emulsion with two aqueous phases and one oil phase was
used for microgel fabrication (Fig. 1). In one of the aqueous
phases, dextran methacrylate (Dex-MA) was used for the poly-
mer network of the microgel.** Since dextran is a biocompatible
and biodegradable natural polysaccharide, dextran-based
materials are suitable for tissue engineering applications.**?*®
In addition, synthesized CP nanoparticles were dispersed in the
Dex-MA aqueous phase as an oxygen source. The Dex-MA
aqueous phase containing CP nanoparticles was mixed with
another aqueous phase containing a photoinitiator at the
junction point and then droplets were formed by the contin-
uous phase. After the photo-crosslinking of droplets, homoge-
neous, monodisperse and stable oxygen-releasing microgels
were successfully obtained. Furthermore, we also applied our
microfluidic system for the controlled release of oxygen from
the microgel. Herein, in situ amorphous calcium carbonate
(ACC) formation was also performed to incorporate CP nano-
particles in ACC in the microgel (Fig. 1). Recently, we have re-
ported controlled release of oxygen from CP microparticles in
a weak acidic condition by stabilized ACC coating for
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biomedical applications.”” It is now commonly considered that
calcium carbonate (CaCOj) crystals are produced via dissolu-
tion-reprecipitation process of a kinetically stabilized ACC.>*3*
On the other hand, stabilization of ACC by additives such as
Mg*** and phosphates®*>* has also been reported in recent
years, which suppresses the dissolution-reprecipitation process
of ACC. Therefore, stabilized ACC was produced on CP micro-
particle by the reaction between calcium and carbonate ions in
the presence of phosphate ions.”” Based on the chemistry of
CaCO;, sodium hydrogen carbonate (NaHCO;) and sodium
dihydrogen phosphate (NaH,PO,) were used for the aqueous
phase including a photoinitiator in this microfluidic system.
Since Ca(OH), is already released from CP nanoparticles in the
Dex-MA aqueous phase, stabilized ACC formation by mixing
these two aqueous phases is expected as shown in Fig. 1.
Although the microgel containing CP released oxygen quickly in
a neutral cell culture medium, oxygen release from the ACC-CP
microgel was suppressed because incorporation of CP in ACC
suppressed the reaction between CP and water. On the other
hand, oxygen release from the ACC-CP microgel was observed
in the weak acidic acetate buffer because the dissolution of ACC
due to lower pH and the lack of calcium and carbonate ions
triggered the CP reaction.* It is well known that the environ-
ment in ischemic tissue is weakly acidic.*® Thus, this controlled
oxygen release property of an ACC-CP microgel based on CaCO;
chemistry is expected to provide selective oxygen supply in
hypoxic environments. The developed oxygen releasing micro-
gels by microfluidic system therefore show great potential for
solving the oxygen shortage problem in tissue engineering field.
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Fig. 1 Schematic illustration of oxygen-releasing microgel synthesis and in situ ACC formation via a droplet-based microfluidic system.
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2. Experimental section

2.1. Materials

Glycidyl methacrylate, dimethyl sulfoxide, 4-dimethylamino-
pyridine, lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP), catalase from bovine liver and calcium peroxide (CP)
(particle size <200 mesh (74 pm)) were purchased from Sigma-
Aldrich. Dextran 150 kDa and pure HPLC water were
purchased from VWR International. Sodium hydrogen
carbonate (NaHCO;) and Dulbecco's modified Eagle's
medium (DMEM) (transparent; 08489-45, cell culture; 08458-
16) were purchased from Nacalai Tesque. Sodium dihydrogen
phosphate (NaH,PO,) and sodium acetate were purchased
from FUJIFILM Wako Pure Chemical Corporation. Sodium
hydroxide (NaOH) and aluminum oxide were purchased from
Honeywell International Inc. Aquapel was purchased from
PWG Auto Glass, LLC. FluoSurf was purchased from Emulseo.
Novec oil (Novec 7500) was purchased from 3M. Hexane was
purchased from Fisher Scientific International, Inc. Acetic
acid was purchased from Kishida Chemical Co., Ltd. Calcium
chloride (CaCl,) was purchased from Sigma-Aldrich and
Nacalai Tesque. Ammonium hydroxide solution (28-30%) was
purchased from Sigma-Aldrich and Kishida Chemical Co., Ltd.
Poly(ethylene glycol)-average mol wt 200 (PEG200) was
purchased from Sigma-Aldrich and FUJIFILM Wako Pure
Chemical Corporation. Hydrogen peroxide was purchased
from Carl Roth and Kishida Chemical Co., Ltd. Normal
human dermal fibroblasts (NHDF, CC-2509) was purchased
from LONZA (Basel, Switzerland). Fetal bovine serum (FBS)
and antibiotics were purchased from Thermo Fisher Scientific
(MA, USA).

2.2. Synthesis of CP nanoparticles

CP nanoparticles were synthesized using a previously reported
method with slight modifications.** 3 mL of 0.9 M Cacl, solu-
tion, 12 mL of PEG200 and 100 pL of ammonium hydroxide
solution were mixed at room temperature. Then, 1.5 mL of
hydrogen peroxide (30%) was added at a speed of 1 drop per 5 s
while stirring the solution. After 2 h stirring, 0.1 M NaOH was
added until the pH value of the solution reached 11.5. The ob-
tained white suspension was centrifuged for 5 min at 14
000 rpm, and sequentially washed with NaOH (0.1 M), water,
and ethanol. Then, obtained CP nanoparticles were dispersed
in ethanol. After 3 h incubation, CP nanoparticles dispersed in
supernatants were collected. Collected CP nanoparticles were
kept in ethanol until use. CP nanoparticle concentration in
ethanol was calculated by measuring the dry mass of CP
nanoparticle suspension. Scanning electron microscope (SEM)
images of dried CP nanoparticles were taken using an Ultra-
high Resolution Scanning Electron Microscope SU9000
(Hitachi-High Technologies). For the SEM, samples were
sputter coated with carbon (Leica EM ACE600 sputter coater).
The crystal structure of dried CP nanoparticles was measured by
X-ray powder diffraction using a Nano-inXider SW/L Xenocs
diffractometer equipped with two PILATUS3 hybrid detector
arrays.
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2.3. Synthesis of Dex-MA

The Dex-MA was synthesized according to a previously reported
method.”®*>* In brief, glycidyl methacrylate was passed
through glass wool (Carl Roth) containing aluminum oxide for
the activation. Under an inert atmosphere, dextran (10.01 g,
0.062 mol glucose unit, 1 eq.) was dissolved in dimethyl sulf-
oxide (70 mL) and then 4-dimethylaminopyridine (2.00 g,
0.016 mol, 0.3 eq.) was added. The reaction was initiated by
adding glycidyl methacrylate (10 mL, 10.7 g, 0.075 mol, 1.2 eq.).
The solution was stirred at room temperature for 48 h. The
reaction solution was dialyzed for 5 days at 4 °C. The product
was obtained through lyophilization and yielded a white
powder. "H-NMR spectra of dextran and the modified dextran
were recorded with a Bruker DPX-400 FT-NMR spectrometer at
a frequency of 400 MHz. All measurements were conducted in
D,O as a solvent. The data analysis was carried out by Mes-
tReNova software. The compositions of dextran and modified
dextran were characterized by an FTIR machine Spectrum 3
from PerkinElmer with a GladiATR accessory.

2.4. Fabrication of the microfluidic device

A master mold for the microfluidic device was fabricated via
photolithography as previously reported.*** The master mold
was then used to fabricate microfluidic devices as previously
reported.> In brief, a two-component system of siloxane and
a cross-linker/curing agent Sylgard 184 Elastomer Kit was
mixed. The master molds filled with the polydimethylsiloxane
(PDMS)/cross-linker mixture was then placed in an oven at 60 °C
overnight. The hardened PDMS device was removed from the
master mold and inlets and outlets for the connection of tubes
were generated with a biopsy puncher (0.75 mm). The PDMS
device and a glass slide were then washed three times with
isopropyl alcohol and water and then placed into an oven at
60 °C for drying. After treating the PDMS chip and glass slide
with oxygen plasma (PVA TePla 100 plasma system), they were
adhered by pressing together. Finally, Aquapel solution was
filled into the channels and flushed out with air.

2.5. Microfluidic synthesis of oxygen-releasing microgels

Microfluidic experiments were conducted on a microfluidic
station consisting of three syringe pumps (Harvard Apparatus,
Holliston, MA, USA), to control the flow rates of the different
phases. The microfluidic synthesis was observed using
a microscope (Motic AE2000, TED PELLA, INC., Redding, CA)
equipped with a camera (Flea3, Point Grey, Richmond, CA). The
PDMS microfluidic device was connected to the syringe con-
taining aqueous phases and a continuous phase (fluorinated oil
with 2% surfactant) using fine bore polyethylene tubing. The
microchannels had a rectangular cross-junction with a uniform
height of 80 um. The CP nanoparticle suspension of ethanol was
centrifuged at 14 000 rpm for 5 min and then dispersed in
15 wt% Dex-MA in deionized water so that the final concen-
trations of CP nanoparticles were 0, 10 and 20 mg mL™". For
monodisperse droplet formation, one aqueous phase contain-
ing Dex-MA and CP nanoparticles was injected into the inlet of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the PDMS device at a flow rate of 150 pL h™'. Another aqueous
phase containing 20 mg mL™" LAP in deionized water was also
injected at a same flow rate. For in situ ACC formation, one
aqueous phase containing 15 wt% Dex-MA and 20 mg mL ™' CP
nanoparticles in deionized water and another aqueous phase
containing 20 mg mL™~* LAP in 88 mM NaHCO; solution with
0.2 mg mL ™' NaH,PO, were injected in the same way. The
continuous phase containing a fluorinated oil with surfactant
(FluoSurf) was injected into the third inlet at a flow rate of
600 pL h™'. Two aqueous phases were mixed at the joint point
initially, then an immiscible continuous phase provided water-
in-oil droplets (Fig. S17). Droplets were collected from the outlet
connected to the sample tube using fine bore polyethylene
tubing. Collected droplets were exposed to UV light (365 nm) for
1 min to initiate cross-linking of the precursor solution and
yielded monodisperse microgels. The obtained microgels were
washed by Novec oil and hexane and their sizes were deter-
mined with Image] (average diameter of 50 microgels). Purified
microgels were freeze-dried for storage. Morphology of purified
and freeze-dried microgels were observed in deionized water by
microscopy. Surface morphology of freeze-dried microgels was
investigated by SEM (Hitachi-High Technologies) after sputter
coated with carbon. Crystal structures of microgels were eval-
uated by XRD (AERIS, Malvern Panalytical, Malvern, U.K.). To
clarify the structure of CP nanoparticles and ACC-CP in the
microgels, microgels were crashed by a spatula. Microgels were
sputter-coated with osmium using an HPC-30 Plasma Coater
(Vacuum Device, Ibaraki, Japan) and then SEM and energy
dispersive X-ray spectrometry (EDX) measurements were per-
formed by Phenom ProX Desktop SEM (Thermo Fisher Scien-
tific, MA) for the morphology and elemental analysis. CP
nanoparticles leakage from microgels was also evaluated by
SEM-EDX after sputter-coating with osmium. 5 mg of microgel
containing 10 mg mL~' CP nanoparticles was dispersed in
500 pL of ethanol 3 times. After freeze drying samples,
elemental analysis of microgels before and after dispersing in
ethanol was performed.

2.6. Oxygen release behaviors of microgels

Oxygen release behaviors of microgels were evaluated by
measuring the dissolved oxygen amount in a solution contain-
ing microgels under a hypoxic condition as previously re-
ported.* An SDRSensor Dish Reader (SDRSensor Dish Reader,
PreSens, Regensburg, Germany) was placed in a hypoxia
cell culture airtight bag (6-8669-03, As one, Osaka, Japan).
15 mg mL~" microgels were dispersed in DMEM containing
100 U mL " catalase and then 500 pL of microgel suspension
was added into a 24-well sensor dish. As a control, a DMEM
solution containing 100 U mL ™" catalase was also added into
a 24-well sensor dish. Soon after the sample preparation, the
24-well sensor dish was placed on the Sensor Dish Reader. To
create a hypoxic condition, three AnaeroPack O, absorbers
(MITSUBISHI GAS CHEMICAL COMPANY INC., Tokyo, Japan)
were placed in the bag and it was then completely sealed using
parafilm. In this system, the oxygen concentration in the air
went down below 1% at around 2 h. The dissolved oxygen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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amount in DMEM was then monitored at 37 °C. For the ACC-CP
microgel, 15 mg mL™' ACC-CP microgel was dispersed in
DMEM and 100 mM acetate buffer (pH 5.0) containing
100 U mL ™" catalase. Then, the dissolved oxygen amount in the
solution including microgels was measured under a hypoxic
condition as mentioned above. For the morphology changes of
the ACC-CP microgel, 1 mg mL™ ' ACC-CP microgel was
dispersed in DMEM and 100 mM acetate buffer (pH 5.0). After
1 h incubation at 37 °C, phase contrast images of microgels
were taken with a microscope. 100 mM acetate buffer (pH 5.0)
was prepared by mixing 100 mM acetic acid solution and
100 mM sodium acetate solution so that the final pH was 5.0.
For the evaluation of stability of ACC-CP microgel in DMEM
model solution, ACC-CP microgels were dispersed in 44 mM
NaHCO; solution containing 0.1 mg mL~' NaH,PO,, which is
the buffer component of DMEM. Morphology of microgels were
observed by microscopy.

Oxygen release behaviors of CP nanoparticles and ACC-CP
were evaluated in the same way. Briefly, ACC-CP was fabricated
by immersing 0.5 mg CP nanoparticles in 50 puL of 44 mM
NaHCO; including 0.1 mg mL~! NaH,PO, for 1 hour. After
collecting ACC-CP by centrifugation, obtained ACC-CP and
0.5 mg CP nanoparticles were dispersed in 500 pL of DMEM
containing 100 U mL™" catalase. Dissolved oxygen concentra-
tion in DMEM was measured under hypoxic condition as
mentioned above. SEM images of prepared ACC-CP and CP
nanoparticles immersed in DMEM for 1 hour at a concentration
of 1 mg mL ™" were observed by Phenom ProX Desktop SEM
after sputter-coated with osmium.

2.7. Hydrogen peroxide release from microgels

Hydrogen peroxide release from microgels was evaluated in
a DMEM model solution (44 mM NaHCOj; solution containing
0.1 mg mL ™' NaH,PO,) and 100 mM acetate buffer (pH 5.0).
1.5 mg mL ™" microgels were dispersed in solution. After 60 min
incubation at room temperature, the hydrogen peroxide
concentration in each solution was measured using an Oxiselect
Hydrogen Peroxide/Peroxidase Assay Kit (Fluorometric) (STA-
344, Cell Biolabs Inc., San Diego, USA) as previously reported.*
Due to the limitation of the detection range for this assay kit,
sample solutions of microgels containing 5 and 10 mg mL~" CP
nanoparticles were diluted 10 times.

2.8. Cytocompatibility test of oxygen releasing microgels
and pH changes of cell culture medium containing microgel

Cell proliferation in the presence of oxygen releasing microgel
containing 10 mg mL~' CP nanoparticles was evaluated by
WST-8 (CCK-8) kit assay. Briefly, 1 x 10* cells of NHDF were
seeded on a 96-well plate (3860-096, IWAKI, Shizuoka, Japan)
using 100 pL of DMEM containing 10% FBS and 1% antibiotics.
After 1 day incubation at 37 °C in a 5% CO, incubator, 2 mg of
microgels containing 10 mg mL™' CP nanoparticles was
dispersed in 50 uL of DMEM containing 1000 U mL ™" catalase,
10% FBS and 1% antibiotics. The 96-well plate inserts (E-plate
Insert 16, Agilent, CA, USA) containing microgel suspension
was placed in the 96-well plate with cells and then 150 uL of
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DMEM containing 1000 U mL ™" catalase, 10% FBS and 1%
antibiotics was added. The 96-well plate was incubated in a gas
barrier box (AnaeroPack Rectangular Jar, MITSUBISHI GAS
CHEMICAL COMPANY INC., Tokyo, Japan) with one Anaero-
Pack O, absorbers at 37 °C to create a hypoxic condition. As
a control, a cell culture without microgels was also prepared and
cultured under hypoxic and normoxic conditions (5% CO,
incubator). After 1 day incubation, pH in DMEM containing
microgel was measured using LAQUAtwin-pH-22B (HORIBA,
Kyoto, Japan). WST assay reagent was prepared by mixing
DMEM and cell count reagent SF (Nacalai Tesque, Kyoto, Japan)
at a ratio of 9: 1. Cells were washed by 200 pL of PBS and then
100 pL of WST assay reagent was added. The cells were incu-
bated in a 5% CO, incubator for 30 min at 37 °C. Then, 80 uL of
WST solutions from each well were collected in a 96-well plate
and absorbance at 450 nm was measured using a microplate
reader (SYNERGY/HTX multi-mode reader, BioTek Instruments,
Winooski, USA). The mitochondrial activity of each sample was
standardized from the relative values of absorbance at 450 nm
as compared to 100% for that of a cell culture without microgel
at normoxic condition.

2.9. Weight loss and pH change of CP after the dispersion in
water

10 mg of commercially available CP microparticles were
dispersed in 1 mL of ultrapure water (Milli-Q, Merck, Darm-
stadt, Germany). After 1 hour incubation, the pH value of
solution was measured using pH meter (F-72, HORIBA, Kyoto,
Japan) and then CP was collected by centrifugation at 14
000 rpm for 5 min. Obtained CP was dried under reduced
pressure and then weight loss of CP was measured.

3. Results and discussion

3.1. Synthesis of CP nanoparticles and Dex-MA

As commercially available CP microparticles (size < 74 um) are
too large for the microfluidic system, leading to clogging of the
channels, CP nanoparticles with smaller sizes were synthesized
using a previously reported method with slight modifications.*
Synthesized CP nanoparticles were analyzed by X-ray diffraction
(XRD) for crystal structure and SEM for the morphology. Fig. 2a
shows the XRD spectrum of synthesized CP nanoparticles. The
peaks at 30, 36, 48, and 53° were observed, which were assigned
to the (002), (110), (112) and (103) reflections of CP.*”** SEM
images showed aggregates composed of nanoparticles with
a size around tens of nm (Fig. 2b). These aggregates were
formed probably during drying of aqueous dispersion on the
microscopy grid.

Dex-MA was synthesized by coupling glycidyl methacrylate to
dextran (M,, = 150 kDa) in dimethylsulfoxide.?**>** The grafting
degree of the methacrylate group was 48 mol% according to the
integration of relevant protons in the 'H-NMR analysis
(Fig. S2t). The chemical composition of Dex-MA was also eval-
uated by Fourier transform infrared spectroscopy (FT-IR)
measurement (Fig. S31). Dex-MA showed bands derived from
C=C stretching vibration (blue line) at around 1630 cm™ ' and
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Fig. 2 (a) XRD spectrum and (b) SEM image of synthesized CP
nanoparticles.

C=0 stretching vibration (red line) at around 1710 cm ™', sug-
gesting the successful coupling of glycidyl methacrylate to
dextran.

3.2. Microfluidic synthesis of Dex-MA microgel containing
CP nanoparticles

Microgels were fabricated by free radical cross-linking reaction
of droplets containing Dex-MA, CP nanoparticles and a photo-
initiator (LAP) initiated through UV-light exposure after the
microfluidic production of uniform aqueous droplets. LAP is
known as a biocompatible photoinitiator and is often used for
the fabrication of hydrogels in the tissue engineering field.”>*
Fig. 3a shows microfluidic synthesis of Dex-MA microgels con-
taining 0, 5 and 10 mg mL ™" CP nanoparticles at the junction
point. An aqueous phase containing 15 wt% Dex-MA and 0, 10
and 20 mg mL ™" CP nanoparticles was mixed with an aqueous
phase containing 20 mg mL™' LAP. Subsequently, mono-
disperse droplets were fabricated in a continuous phase con-
sisting of the inert fluorinated oil “FluoSurf’. A flow rate of
150 uL h™* was used for both of the aqueous phases and
600 pL h™* was used for the continuous phase to generate
monodisperse droplets. As shown in Fig. 3b, homogeneous
droplets of black suspension were obtained using CP nano-
particles while transparent droplets were obtained without CP.
This result suggests the encapsulation of CP nanoparticles in
the droplets in this system. After the droplet formation,
collected droplets were exposed to UV light for 1 min and
subsequently purified and redispersed in water (Fig. 3c). In all
conditions, homogeneous and monodisperse microgels with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Bright field images of microfluidic synthesis of Dex-MA microgels containing 0, 5 and 10 mg mL~! CP nanoparticles at (a) junction point
and (b) outlet. (c) Bright field images of a purified Dex-MA microgel containing 0, 5 and 10 mg mL~! CP nanoparticles. SEM images of a freeze-
dried Dex-MA microgel containing 0, 5 and 10 mg mL™ CP nanoparticles at (d) lower and (e) higher magnification.

a size of 114.2 + 4.1 um for 0 mg mL~' CP, 111.4 & 4.1 um for
5 mg mL~ " CP and 110.5 & 5.3 pm for 10 mg mL ' CP were
obtained. The amount of CP nanoparticles in the microgel
derived from 5 mg mL~" CP was much smaller than that before
UV crosslinking. This is probably because many CP nano-
particles were decomposed by UV irradiation.”® In the case of
10 mg mL~ "' CP, CP remained in the microgel even after UV
crosslinking. According to these results, fabrication of the Dex-
MA microgel containing CP nanoparticles was confirmed
especially for the higher concentration of CP nanoparticles.
For the storage of oxygen-releasing microgels, the obtained
microgels were freeze-dried. Fig. 3d and e shows SEM images of
a freeze-dried Dex-MA microgel containing 0, 5 and 10 mg mL ™"
CP nanoparticles taken at lower and higher magnifications.
Freeze-dried microgels without CP showed a smooth surface

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

structure, suggesting that the crosslinking degree of the poly-
mer network is high. On the other hand, the freeze-dried
microgel containing 5 mg mL™' CP nanoparticles showed
a porous structure compared to the case without CP. This is
probably because oxygen and hydrogen peroxide released from
CP interfered with the free radical cross-linking reaction in the
droplet, which provided the microgel with a lower crosslinking
degree. Furthermore, the freeze-dried microgel containing
10 mg mL ™" CP nanoparticles showed a larger porous structure
compared to the case of 5 mg mL " CP nanoparticles. This is
probably because higher concentrations of CP released a greater
amount of oxygen and hydrogen peroxide, which interfered
more greatly with the radical cross-linking reaction.

To investigate the leakage of CP nanoparticle from micro-
gels, elemental analysis of microgels was performed after
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dispersing them in ethanol 3 times. The ethanol was selected as
a solvent since CP nanoparticles in microgels react with water
and then dissolve over time. The EDX spectra of microgels
before and after dispersion in ethanol showed the peak derived
from calcium, suggesting that CP nanoparticles didn't diffuse
out after dispersing the microgels in solution (Fig. S47).

3.3. Stability of freeze-dried oxygen-releasing microgels

To evaluate the stability of the freeze-dried microgels, they were
dispersed in water. As shown in Fig. 4a, all freeze-dried micro-
gels retained their spherical morphology in water. Furthermore,
after 7 days incubation in water, none of the freeze-dried
microgels changed their spherical morphologies compared to
soon after the dispersion in water, suggesting that microgels
were not decomposed by hydrogen peroxide and oxygen
released from CP (Fig. 4b). These results suggested that oxygen-
releasing microgels were stable even after freeze-drying.
Therefore, these freeze-dried microgels are storable in a dry
state until their use.

3.4. Oxygen release behaviors of microgels

Oxygen release behaviors of freeze-dried microgels in a cell
culture medium (DMEM) containing 100 U mL ™" catalase were
evaluated by measuring dissolved oxygen concentration in the
solution after the dispersion of microgels under a hypoxic
condition as previously reported (Fig. 5a).* Catalase is an
enzyme which decomposes hydrogen peroxide into oxygen.>
Thus, larger amounts of oxygen release from microgels con-
taining CP nanoparticles can be observed since CP releases not
only oxygen but also hydrogen peroxide.** Herein, 100% indi-
cates equilibrium with oxygen in the atmosphere. Without
microgels, dissolved oxygen concentration decreased rapidly
because of the hypoxic condition (black line). On the other
hand, dissolved oxygen concentration in the solution contain-
ing a microgel with 5 mg mL™" CP nanoparticles increased to
108% and showed a higher value until 200 min compared to
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Fig. 5 (a) Dissolved oxygen concentration changes in 500 uL DMEM
containing 100 U mL™? catalase and 15 mg mL™ Dex-MA microgel
encapsulating 5 and 10 mg mL™! CP nanoparticles under a hypoxic
condition. (b) Hydrogen peroxide concentration in a DMEM model
solution (44 mM NaHCOjs solution containing 0.1 mg mL~* NaH,PO,)
after the dispersion of 1.5 mg mL™ microgels containing 0, 5 and
10 mg mL~t CP nanoparticles for 60 min. Data presented as mean +
SD, n=3.

without a microgel (yellow line). Furthermore, dissolved oxygen
concentration in the solution containing a microgel with
10 mg mL " CP nanoparticles increased over 250% (detection
limit of the oxygen measuring machine) and showed a higher
value until 300 min compared to without a microgel (red line).
These results confirm oxygen release from microgels containing
CP nanoparticles. We also evaluated hydrogen peroxide release
from microgels. Since the components of DMEM such as
methionine decompose hydrogen peroxide,*** 44 mM NaHCO;
solution including 0.1 mg mL ™" NaH,PO, was used as a model
solution for DMEM to evaluate the detailed hydrogen peroxide
release behavior. As expected, the microgel without CP nano-
particles did not release hydrogen peroxide (below 1 uM), as
shown in Fig. 5b. The microgel containing 5 mg mL™" CP
nanoparticles released 33.9 & 1.2 pM hydrogen peroxide while
the microgel containing 10 mg mL ™" CP nanoparticles released

3
. F N
R O
@ 2 &

Fig. 4 Bright field images of freeze-dried Dex-MA microgels containing 0, 5 and 10 mg mL™ CP nanoparticles after (a) the dispersion in water

and (b) 7 days incubation in water.
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213.2 £ 3.3 pM hydrogen peroxide in a DMEM model solution
for 60 min. The value of oxygen and hydrogen peroxide release
from the microgel containing 5 mg mL ™" CP nanoparticles was
much smaller than that of 10 mg mL ™' CP nanoparticles. As
explained earlier, this is probably because many CP nano-
particles decomposed in the microgel containing 5 mg mL ™" CP
nanoparticles during the radical cross-linking reaction. Thus,
when enough CP nanoparticles were contained in the microgel,
larger amounts of oxygen and hydrogen peroxide release can be
seen. Since CP release basic calcium hydroxide as a byproduct,
PH changes of DMEM containing microgels were evaluated. The
pH value in DMEM didn't change after dispersing 10 mg mL "
microgel containing 10 mg mL™" CP nanoparticles (pH 7.4),
suggesting that 44 mM NaHCO; in DMEM suppressed pH
changes in this condition. Cytocompatibility of oxygen releasing
microgel was also evaluated since microgel release not only
oxygen but also toxic hydrogen peroxide (Fig. S5t). Mitochon-
dria activities of cells didn't change in the presence of
10 mg mL ™" microgel containing 10 mg mL~" CP nanoparticles
using catalase under hypoxic condition compared to the cells
without microgels under normoxic and hypoxic conditions.
These results suggested that oxygen releasing microgels are
biocompatible in the presence of catalase.

3.5. Microfluidic synthesis of a Dex-MA microgel containing
ACC-CP by in situ ACC formation

For the in situ ACC formation in the microfluidic system, an
aqueous phase containing 15 wt% Dex-MA and 20 mg mL ™' CP
nanoparticles was mixed with another aqueous phase contain-
ing 20 mg mL~' LAP, 88 mM NaHCO; and 0.2 mg mL "
NaH,PO,. The concentrations of NaHCO; and NaH,PO, were
derived from our previous report about ACC coating on CP
microparticles.”” As shown in Fig. 6a, aggregates were formed at
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the interfaces of two aqueous phases probably because of ACC
formation by the reaction between Ca(OH), derived from CP
nanoparticles in the Dex-MA aqueous phase and NaHCO; con-
taining NaH,PO, in the other aqueous phase. After the droplet
formation (Fig. 6b), collected droplets were exposed to UV light
for 1 min and subsequently purified and redispersed in water
(Fig. 6c). Interestingly, purified microgels showed aggregates
inside, suggesting the formation of ACC in the microgel. As with
the microgel containing CP nanoparticles, SEM images of the
freeze-dried ACC-CP microgel showed a porous structure
(Fig. 6d). In addition, the freeze-dried ACC-CP microgel was
stable even after dispersion in water and 7 days incubation in
water (Fig. 6e and f).

For the elemental analysis on the microgels, SEM-EDX
measurements were performed. To clarify the structure of CP
nanoparticles and ACC-CP in the microgels, microgels were
crashed by a spatula before sputter-coating with osmium. The
elemental mapping of microgels containing 10 mg mL™' CP
nanoparticles showed calcium throughout the cross section of
microgels, suggesting that CP nanoparticles were distributed
homogeneously in the microgel (Fig. S6a and bt). From a high
magnification SEM image, CP nanoparticles with a size below
1 pum were observed (Fig. S6¢ct). On the other hand, the
elemental mapping of microgels containing ACC-CP showed
calcium locally, suggesting the formation of aggregates
composed of CP and ACC (Fig. Séd and ef). This result is
consistent with the observation of aggregates in Fig. 6. High
magnification SEM image of these aggregates showed small
particles of around 1 pm in size (Fig. S6ft). To clarify the crystal
structure of inorganic compound in microgels, XRD measure-
ments was performed. Microgel containing 10 mg mL~" CP
nanoparticles showed small peaks at 30 and 36°, which were
assigned to the (002) and (110) reflections of CP (Fig. S7at). On

Fig. 6 Bright field images of microfluidic synthesis of an ACC—CP microgel at (a) junction point and (b) outlet. (c) Bright field image of a purified
ACC-CP microgel. (d) SEM images of a freeze-dried ACC—CP microgel. Bright field images of a freeze-dried ACC—-CP microgel after (e) the

dispersion in water and (f) 7 days incubation in water.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the other hand, ACC-CP microgel showed peaks at 30, 36, 40,
43, 48 and 49°, which were assigned to the (104), (110), (113),
(202), (024), and (116) reflections of calcite, one of the crystal
structures of calcium carbonate (Fig. S7b¥). Due to the overlap
of peaks, the peaks derived from CP could not be identified at
ACC-CP microgel. XRD results suggested the existence of calcite
at the aggregates in ACC-CP microgel. It is well known that
typical calcite shows cubic structure.?”**3*3%37 However, cubic
structure was not clearly observed in ACC-CP microgel in the
SEM image (Fig. S6ft). Therefore, it was suggested that most of
the aggregates in microgels were ACC.

3.6. Controlled release of oxygen and hydrogen peroxide
from an ACC-CP microgel

In our previous study, CP microparticles coated with ACC did
not release oxygen in a neutral cell culture medium because
ACC suppressed the reaction between CP and water. On the
other hand, ACC-CP released oxygen in a weak acidic condition
because dissolution of ACC started the CP reaction.”” To eval-
uate such a controlled release of oxygen derived from the
dissolution of ACC, the oxygen release behavior of the ACC-CP
microgel was measured in neutral DMEM and acetate buffer
(pH 5.0) containing 100 U mL™" catalase under a hypoxic
condition. Fig. 7a and S81 show dissolved oxygen concentration
in DMEM after the addition of the ACC-CP microgel. Unlike the
microgels containing CP nanoparticles (Fig. S91), the time
dependent changes of dissolved oxygen concentration in
DMEM containing the ACC-CP microgel showed a similar trend
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to the case without a microgel, suggesting that oxygen release
from the ACC-CP microgel was suppressed. On the other hand,
dissolved oxygen concentration in a weakly acidic acetate buffer
(pH 5.0) containing the ACC-CP microgel increased until
150 min compared to the case without a microgel, suggesting
oxygen release from the ACC-CP microgel (Fig. 7b). Compared
to the microgel containing 10 mg mL~' CP nanoparticles
(Fig. 5a), the increase value of dissolved oxygen concentration
was much smaller for the ACC-CP microgel. It has been re-
ported that CP is stable in a basic condition while it dissolves
quickly in acidic and neutral conditions. For the fabrication
process of a microgel containing CP nanoparticles, the pH in
water used for aqueous phases increased because basic Ca(OH),
was released from CP. Thus, it is considered that further CP
reaction was suppressed in this basic aqueous phase. For
10 mg mL~"' CP microparticles in water, the pH value in water
reached 12.0 after 1 hour incubation. As a result, the weight loss
of CP was below 1% as expected. On the other hand, in the
fabrication process of the ACC-CP microgel, NaHCO; solution
was used for one aqueous phase. Since NaHCO; has a buffering
effect, the pH change in the aqueous phase was suppressed
compared to water. Therefore, it is considered that many CP
nanoparticles were consumed during the in situ ACC formation
process. We also evaluated hydrogen peroxide release from the
ACC-CP microgel in a DMEM model solution (44 mM NaHCO;
and 0.1 mg mL ™" NaH,PO,) and acetate buffer (pH 5.0). In our
previous study, we reported that the buffer component of
DMEM (44 mM NaHCOj; and 0.1 mg mL~ " NaH,PO,) played an
important role in the stabilization of ACC.*” As shown in Fig. 7c,

(a) DMEM (b) Acetate buffer (pH5.0) (c)
100 0 16
s 60 Enlarged view = 60 Enlarged view 14
;\T; 80 é 50 — w/o gel ;\; 80 g 50 — w/o gel 12
= % 40 — ACC-CP = 2 40 — ACC-CP
5 3 = 3 $10
2 60 230 2 60 g 30 =
8 2 5 3 > 8
° 220 ° 220 Q,
g 40 0% . i 40 a s £ 6
[ 0 50 100 2 50 4
@ = . @ ) .
g 20 | Time (min) 8 20 Time (min) 5
L : . - ' 0 * " * ’ 0 DMEM  Acetate
0 50 100 150 200 50 100 150 200 Buffer
Time (min) Time (min)

Fig. 7 Variation of the dissolved oxygen concentration with time in 500 uL (a) DMEM and (b) 100 mM acetate buffer (pH 5.0) containing
100 U mL™! catalase and 15 mg mL™* ACC—CP microgel under a hypoxic condition. (c) Hydrogen peroxide concentration in a DMEM model
solution (44 mM NaHCOs solution containing 0.1 mg mL™ NaH,PO,) and 100 mM acetate buffer (pH 5.0) after the dispersion of 1.5 mg mL™?
ACC-CP microgel for 60 min. Data presented as mean + SD, n = 3. Phase contrast images of a freeze-dried ACC—CP microgel dispersed in (d)
DMEM and (e) 100 mM acetate buffer (pH 5.0) for 60 min.
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the ACC-CP microgel released around a 7-times higher
concentration of hydrogen peroxide in a weakly acidic acetate
buffer (pH 5.0) compared to the DMEM model solution. To
understand these oxygen and hydrogen peroxide release
behaviors of the ACC-CP microgel, the microgel morphologies
were observed after immersing in DMEM and a weakly acidic
acetate buffer (pH 5.0). In DMEM, the aggregates derived from
ACC were observed inside the microgels (Fig. 7d), suggesting
that incorporation of CP nanoparticles in ACC suppressed the
reaction with water. On the other hand, in the weakly acidic
acetate buffer (pH 5.0), aggregates inside the microgel had
disappeared (Fig. 7e). These results suggest that the dissolution
of ACC triggered the CP reaction with water, which started
oxygen and hydrogen peroxide release from the ACC-CP
microgel. In addition, aggregates inside the ACC-CP microgels
were observed in DMEM model solution for 7 days, suggesting
the long-term stability of aggregates composed of CP nano-
particles and ACC (Fig. S107).

To investigate the effect of encapsulating oxygen sources in
microgels, oxygen release behaviors of ACC-CP and CP nano-
particles were evaluated in DMEM (Fig. S11at). Unlike ACC-CP
microgel (Fig. 7a), ACC-CP released oxygen in DMEM. To
understand these differences, SEM image of ACC-CP was
observed (Fig. S11bt). ACC-CP showed some cubic calcite,
suggesting that crystallization of ACC to calcite triggered oxygen
release from ACC-CP. On the other hand, cubic calcite was not
observed in ACC-CP microgel as shown in Fig. S6.T Thus, it is
suggested that polymer network of microgel suppressed the
crystallization of ACC, which prevented oxygen release from
ACC-CP microgel in DMEM. ACC-CP released higher amount
of oxygen than CP nanoparticle in DMEM while some CP was
already consumed during the preparation process of ACC-CP.
Unlike ACC-CP, SEM image of CP nanoparticles immersed in
DMEM didn't show cubic calcite (Fig. S11ct). In the measure-
ment of oxygen release behavior, 1 mg mL~" CP nanoparticles
were dispersed in DMEM. Since DMEM includes 44 mM
NaHCO; and 0.1 mg mL ™" NaH,PO,, ACC formation on CP
nanoparticle is expected based on our previous study,*” which
suppressed the CP reaction. On the other hand, 10 mg mL™"' CP
nanoparticles were dispersed in 44 mM NaHCO; solution
including 0.1 mg mL~" NaH,PO, for the preparation of ACC-CP
in this study. Thus, it is suggested that the difference of CP
concentration in carbonate solution affected ACC formation.
Since some crystallization was observed for ACC-CP, ACC-CP
released higher amount of oxygen than CP nanoparticle in
DMEM. Compared to CP nanoparticles, microgel containing CP
nanoparticles showed burst release of oxygen in DMEM
(Fig. 5a). This is probably because incorporation of CP in poly-
mer network prevented the ACC formation on CP.

4. Conclusions

In this study, we reported the fabrication of oxygen-releasing
microgels using a droplet-based microfluidic system. Homoge-
neous and monodisperse microgels containing CP nano-
particles as an oxygen source were obtained by photo-
crosslinking of Dex-MA in aqueous droplets. Under optimized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesis conditions, we were able to vary the loading of CP
nanoparticles into microgels. Obtained oxygen-releasing
microgels were stable even after freeze drying, suggesting that
they are storable in a dry condition. Since oxygen release from
the microgel containing CP nanoparticles was observed, appli-
cation of this new class of biomaterials for tissue engineering is
highly expected. Furthermore, in situ ACC formation in the
microfluidic system was also performed for the controlled
release of oxygen from the microgel. The obtained ACC-CP
microgel did not release oxygen in neutral DMEM because
incorporation of CP in ACC suppressed the reaction with water.
However, the ACC-CP microgel released oxygen in a weakly
acidic acetate buffer because the dissolution of ACC started the
reaction between CP and water. Since the environment in
ischemic tissue is weakly acidic*® and the solubility of ACC
increases in an acidic condition,* this controlled oxygen release
property of the ACC-CP microgel based on CaCO; chemistry
would be an attractive function. We believe that application of
this new class of biomaterials for tissue engineering are greatly
anticipated. In addition, oxygen releasing materials using CP
are used not only for tissue engineering but also for cancer
therapies® and water and soil treatments.*® Thus, application of
oxygen-releasing microgels to these research fields are also
expected.
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