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ABSTRACT: In nature, individual cells are compartmentalized by
a membrane that protects the cellular elements from the
surrounding environment while simultaneously equipped with an
antioxidant defense system to alleviate the oxidative stress resulting
from light, oxygen, moisture, and temperature. However, this
mechanism has not been realized in cellular mimics to eﬀectively
encapsulate and retain highly reactive antioxidants. Here, we report
cell-inspired hydrogel microcapsules with an interstitial oil layer
prepared by utilizing triple emulsion drops as templates to achieve
enhanced retention of antioxidants. We employ ionic gelation for
the hydrogel shell to prevent exposure of the encapsulated
antioxidants to free radicals typically generated during photopolymerization. The interstitial oil layer in the microcapsule serves
as an stimulus-responsive diﬀusion barrier, enabling eﬃcient encapsulation and retention of antioxidants by providing an adequate
pH microenvironment until osmotic pressure is applied to release the cargo on-demand. Moreover, addition of a lipophilic reducing
agent in the oil layer induces a complementary reaction with the antioxidant, similar to the nonenzymatic antioxidant defense system
in cells, leading to enhanced retention of the antioxidant activity. Furthermore, we show the complete recovery and even further
enhancement in antioxidant activity by lowering the storage temperature, which decreases the oxidation rate while retaining the
complementary reaction with the lipophilic reducing agent.
KEYWORDS: droplet microﬂuidics, cell-inspired microcapsule, encapsulation, triple emulsion, reactive antioxidants

■

INTRODUCTION
Living cells orchestrate various biochemical reactions to
increase their vitality. These cells typically consist of an
aqueous interior surrounded by a cell membrane that separates
the cellular elements from the surrounding environment. The
cellular membrane is semipermeable and stimulus-responsive,
protecting the cells from the toxins in the local environment
while regulating the composition of the interior to eﬀectively
coordinate a series of intracellular reactions within the
subcellular compartments and perform central functions.1
For instance, organelles in cells often generate reactive oxygen
species (ROS) during respiration or photosynthesis, which can
cause severe damage to proteins, lipids, carbohydrates, and
DNA, resulting in oxidative stress of cellular components.2 To
counteract the oxidative stress, cells are inherently equipped
with an antioxidant defense system in which nonenzymatic low
molecular weight metabolites, such as ascorbate, glutathione,
and α-tocopherol, functionally interplay in the cellular
protective mechanism.3 Translation of these synergistic
complementary reactions occurring in actual cells into cellular
mimics can potentially lead to the design of advanced
microcarriers that enable long-term retention and eﬀective
© 2022 American Chemical Society

delivery of reactive and thus sensitive antioxidants; however, a
similar conceptual idea has not been presented.
Recent advances in experimental techniques have led to
preparation of synthetic cellular models that incorporate the
imperative aspects of living cells.4−8 In particular, droplet
microﬂuidics allow precision control over ﬂuids for preparation
of monodisperse multiphase emulsions, which serve as ideal
templates to create polymersomes,9−11 liposomes,12,13 microgels,14,15 and core−shell type microcapsules.16−18 As microﬂuidics allow high throughput production of microparticles
with tunable composition and structure, considerable attention
and eﬀort have been devoted to exploit the ability to
encapsulate and retain various cargoes in these multicompartmental microcarriers with high encapsulation eﬃciency.19,20 For instance, double emulsions, drops that contain
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Figure 1. Microﬂuidic production of cell-inspired hydrogel microcapsules. (A) Schematic showing a nonenzymatic cellular antioxidant defense
system; (B) schematic showing a glass capillary microﬂuidic device for the production of water-in-oil-in-water-in-oil (W/O/W/O) triple emulsion
drops, which transform into hydrogel microcapsules via ionic gelation. The resulting hydrogel microcapsules are directly collected in water without
extra washing step. (C) Schematics showing the detailed sequential procedures for the preparation of ionic gelation-based hydrogel microcapsules.
(D) Bright-ﬁeld micrograph and (E) corresponding size distribution plot showing the collected monodisperse hydrogel microcapsules in water. We
carried out a quantitative analysis for size distribution using an entire population of 100 particles. (F) Phase diagram showing microcapsule
formation as a function of acetic acid (Cacetic acid) and Ca-EDTA (CCa‑EDTA) concentration; maximum solubility of acetic acid in mineral oil is
around 2%. The bright-ﬁeld micrographs show the complete gelation (solid circle), partial gelation (open triangle), and no gelation (cross),
respectively. Scale bars represent 100 μm.

microﬂuidic technologies in the delivery of antioxidants due to
low eﬃcacy. Moreover, the photopolymerization process most
widely used to prepare the solidiﬁed shell in microcapsules
often generates free radicals, which facilitate the oxidation and
further decrease the eﬃcacy. Therefore, there remains a need
for a microcapsule design that simultaneously allows long-term
retention of antioxidants as well as triggered release via diverse
stimuli.
In this study, we present a new hydrogel microcapsule
design to achieve long-term retention of highly reactive
antioxidant cargoes, inspired by the cellular protective
mechanism. We use triple emulsion drops with a thin
interstitial oil layer that separates the aqueous core containing
reactive antioxidants from the hydrogel prepolymer phase,
resulting in monodisperse alginate hydrogel shelled microcapsules via ionic gelation; this prevents exposure of the
encapsulated antioxidants to free radicals typically generated
during photopolymerization. In addition, we show that the
interstitial oil layer in the microcapsule serves as a versatile
compartment in which the antioxidant can be eﬃciently and
stable stored in the aqueous core until osmotic pressure is
imposed to destabilize the oil layer and release the cargo ondemand. Moreover, by incorporating a lipophilic reducing
agent within this oil compartment, we induce a synergistic and
complementary reaction with the encapsulated antioxidant
across the water/oil interface to yield long-term retention of
the antioxidant activity, similar to the nonenzymatic antioxidant defense system in cells. Furthermore, we demonstrate
the facile recovery and even further enhancement in the
antioxidant activity upon lowering of the storage temperature,
which reduces the oxidation rate while retaining the
complementary reaction with the lipophilic reducing agent.

an additional smaller drop inside, have been used as templates
for production of various types of stimulus-responsive
microcapsules,21,22 enabling encapsulation and externally
triggered release of hydrophilic and hydrophobic cargoes
embedded in each compartment, depending on their solubility
(i.e., polarity).23−25 However, the variability in the selection of
materials as well as compartments that can be modulated for
double emulsions limits the simultaneous fulﬁllment of all the
sophisticated demands such as biocompatibility, long-term
retention, and stimulus-responsiveness. Such double emulsions
have been used to induce self-assembly of either synthetic
polymers or phospholipids into a bilayer structure to result in
polymersomes and liposomes.26,27 While these vesicles
resemble the cells’ membrane structure and have been widely
utilized for eﬃcient delivery of therapeutics and active
ingredients as well as for mimicking the complex biochemical
reactions occurring inside cells,28,29 they are both inherently
less stable compared to microcapsules commonly prepared by
solidiﬁcation of the middle phase via the photopolymerization
process as they are driven by relatively weak hydrophobic
interactions. Alternatively, triple emulsion drops with an
additional compartment have recently been proposed to
prepare microcapsules with an interstitial layer that separates
the innermost drop containing the cargo of interest from the
capsule shell, enabling successful encapsulation and retention
of various cargoes as well as smart release of these cargoes,
triggered via diverse stimuli.30−33 While the presence of an
interstitial oil layer in a triple emulsion drop allows eﬀective
isolation of the cargo containing innermost aqueous drop from
the surrounding environment until external stimuli are applied,
it is still diﬃcult to achieve long-term retention of reactive
cargoes such as antioxidants, as they are vulnerable to an
oxidizing environment including light, oxygen, moisture, and
temperature.34 This precludes the broader applicability of
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RESULTS AND DISCUSSION
To realize the nonenzymatic antioxidant defense system of
actual cells in a cellular mimic, we prepare hydrogel
microcapsules with an interstitial oil layer that separates the
innermost aqueous drop containing the model antioxidant, Lascorbic acid (L-AA), from the capsule shell. While the
presence of the interstitial oil layer allows eﬀective isolation of
L-AA from the surrounding environment, the incorporation of
α-tocopherol (α-T) in the oil layer additionally protects the
encapsulated L-AA from oxidation by external factors (e.g.,
oxygen, pH, and temperature), similar to the α-T embedded
within the hydrophobic domain of the cellular membrane in
actual cells, as schematically illustrated in Figure 1A. In cells,
the cellular membrane not only serves as a physical barrier but
also provides a compartment for the hydrophobic α-T to
interact in a complementary fashion with the L -AA
encapsulated in the aqueous core to retain its activity. While
bilayer structured vesicles, including polymersomes and
liposomes, better mimic the cells’ membrane structure, we
instead focus on analogous hydrogel microcapsules to replace
the hydrophobic domain with an oil layer while enhancing the
overall stability of the microcarrier.
To produce these microcapsules, we utilize a triple
emulsion-based microﬂuidic approach as shown in Figure 1B.
Triple emulsion drops serve as templates to produce hydrogel
microcapsules with an interstitial oil layer and are prepared
using a glass capillary microﬂuidic device; the device
fabrication procedure is detailed in the Supporting Information. After device fabrication, an aqueous solution (innermost
aqueous phase, QIA) containing L-AA and a redox indicator,
erioglaucine disodium salt (blue), is supplied through a small
tapered capillary. To ensure the initial stability of the L-AA, the
pH of the innermost aqueous core is kept at 335 and a redox
indicator is used to probe the oxidation state of L-AA; blue
color (no color change) implies successful retention of the LAA activity, while color loss (transparent) indicates their
oxidation. We choose sunﬂower oil, which inherently contains
0.05% α-T36 as the inner oil phase (QIO), and it is supplied
through the injection capillary along with the innermost
aqueous phase (QIA) to form a periodic stream of large
aqueous blobs in the oil phase due to the preferential wetting
of the oil phase onto the wall of the hydrophobically treated
injection capillary. This surface treatment facilitates the
formation of a thin lubrication oil layer between the innermost
aqueous blobs and the wall of the injection capillary. Next, 2%
alginate solution (middle phase, QM) containing calcium
disodium EDTA (Ca-EDTA) is supplied through the
interstices between the injection capillary and the square
capillary, from the same direction. The triphasic coaxial ﬂows
are emulsiﬁed near the entrance of the collection capillary by
shearing of the outer oil phase (2% Span80 in mineral oil, QO),
forming highly uniform triple emulsion drops with a thin oil
layer. These emulsion drops ﬂow through an additional square
capillary where the outer oil phase containing acetic acid is
supplied to induce ionic gelation. The acetic acid dissolved in
the mineral oil phase diﬀuses into the alginate solution phase
(QM) and is followed by release of calcium ions (Ca2+) by
dissociation of Ca-EDTA to form an alginate hydrogel shell,37
as shown in Figure 1C. Then, the resulting microcapsules in
the oil phase are transferred into an aqueous buﬀer solution;
the oil phase is readily separated from the microcapsules due to
its lower density and to the preferential wetting of the hydrogel

shell with the aqueous buﬀer solution (estimated production
yield of the microcapsules is approximately 300 capsules/s). By
tuning the inner oil phase ﬂow rate (QIO) and the innermost
aqueous phase ﬂow rate (QIA), monodisperse microcapsules
can be prepared in dripping regime, as evidenced by the
micrograph and the size distribution plot of Figure 1D,E and
the phase diagram of Figure S1. Microcapsules with the same
size but with diﬀerent core−shell ratios can also be prepared by
controlling the ﬂow rates of the innermost aqueous phase ﬂow
rate while keeping the overall inner phase ﬂow rate as well as
the outer phase ﬂow rate constant (Figure S2). In addition, we
observe negligible color variance within the innermost core of
the microcapsules, indicating that L-AA is successfully
encapsulated without oxidation during the fabrication process.
Furthermore, as the stable formation of an alginate-based
hydrogel shell in microcapsules relies on the concentration of
acetic acid (Cacetic acid) and Ca-EDTA (CCa‑EDTA), we monitor
the ionic gelation behavior in the capillary device and prepare a
phase diagram as shown in Figure 1F; the sold circles, open
triangles, and crosses in the diagram each refer to complete
gelation, partial gelation, and no gelation, respectively. For low
CCa‑EDTA and Cacetic acid, gelation does not occur due to
depletion of Ca2+ ions (crosses), while partial gelation and
thus incomplete capsule formation appear for slightly higher
CCa‑EDTA (over 5 mM) with excess Cacetic acid (1−2%, open
triangles). As CCa‑EDTA is further increased, the Ca2+ ion
concentration becomes suﬃcient to induce complete gelation,
resulting in stable formation of the hydrogel microcapsules
(solid circles). By contrast, preparation of analogous microcapsules with a poly(ethylene glycol) (PEG) hydrogel shell via
UV-induced free radical polymerization clearly reveals that the
ionic gelation process is required as L-AA within the PEG
microcapsule is readily oxidized to an ascorbyl radical due to
generation of free radicals during the polymerization process.
Visual comparison between the two sets of PEG microcapsules
with and without L-AA shows that the free radicals reduce the
redox indicator, as evidenced by the dramatic diﬀerence in the
colorimetric response shown in the sets of micrographs in
Figure S3; if all the conditions are not satisﬁed (e.g., in the
absence of the L-AA), the color originating from the redox
indicator does not change. Overall, these results show that the
most commonly used photopolymerization approach to
produce hydrogel microcapsules is incompatible due to
generation of free radicals and that ionic gelation is more
suitable to eﬀectively encapsulate antioxidants within the
hydrogel microcapsules.
To quantitatively assess the eﬀective retention of L-AA in the
hydrogel microcapsules with a thin oil layer, we prepare
microcapsules and store them in 14% sucrose solution (430
mOsmolkg−1) whose osmolarity is matched with that of the
innermost aqueous phase containing 1% L-AA at room
temperature (20 °C) (Figure 2A). As the presence of an
interstitial oil layer within the hydrogel microcapsule allows
isolation of the innermost aqueous phase from the surrounding
environment until osmotic pressure is imposed to destabilize
the oil layer, the activity of the encapsulated L-AA can be
evaluated at diﬀerent time intervals. The alginate hydrogel shell
in the microcapsules has an estimated mesh size of 5 nm,38
which is thus larger than the hydrodynamic diameter of L-AA,
which is approximately 0.3 nm.39 This enables determination
of the L-AA activity upon destabilization of the thin oil layer via
transfer into deionized (DI) water, which induces osmotic
stress. Collection of the released L-AA in separate vials
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(solid circle) is retained for a month and even exceeds the
original value as shown in the L-AA activity plot of Figure 2B.
By contrast, microcapsules without α-T (open circle) exhibit
slight reduction in L-AA activity to 94.6 ± 4.25% after a month,
indicating that L-AA oxidation cannot be completely prevented
without the presence of α-T and that the interplay of α-T and
L-AA is essential for eﬃcient retention of L-AA in the
microcapsules. Further comparison of the L-AA activity with
bulk conditions (both with and without α-T) clearly reveals
that L-AA readily oxidizes upon exposure to oxygen. Moreover,
this microencapsulation strategy not only reduces the exposure
of L-AA to the external oxidizing environment but also
facilitates the interfacial interaction with α-T due to a higher
surface-to-volume ratio as compared to bulk.
To further investigate how the molar ratio of α-T and L-AA
aﬀects the L-AA activity, we prepare sets of microcapsules
incorporating the same amount of L-AA but with variation in
the α-T concentration of the oil layer as shown in Figure 2C;
the molar ratios of α-T to L-AA range from 1:1 and 1:10 to
1:100, respectively. We observe the highest value of L-AA
activity at a 1:1 molar ratio, consistent with the reported
reaction stoichiometry of 1:1 between α-T and L-AA. The
stoichiometrically matched condition allows the optimal
interaction between α-T and L-AA across the water/oil
interface, leading to exceptionally high L-AA activity over
extended periods of time. In addition, we also observe zigzag
trends in the activity value under all conditions tested,
implying the consistent interplay between the two antioxidants,
as reported by others in bulk emulsiﬁcation.43 For simplicity,
we denote the L-AA-encapsulated hydrogel microcapsules with
a thin oil layer comprising dodecane as microcapsules, and
when α-T is included in the oil layer, the molar ratio of α-T to
L-AA is set to 1:1 hereafter unless speciﬁed.
To clearly verify the origin of this pronounced increase in LAA activity observed in microcapsules with α-T, we prepare a
separate set of experiments in which microcapsules with and
without α-T are exposed to elevated temperature of 30 °C.
Monitoring the L-AA activity over time reveals that increasing
the storage temperature leads to rapid oxidation of the L-AA in
both microcapsules regardless of the existence of α-T, as
shown in Figure 2D. This is possibly due to higher oxidation
kinetics of both antioxidants at 30 °C, as reported previously;44
the oxidation rate of L-AA is much faster than the reduction
given by the α-T. However, when the storage temperature is
reduced to 10 °C, microcapsules with the α-T exhibit a
dramatic increase in the L-AA activity compared to the α-T
deﬁcient analogue. This result indicates that the L-AA
reduction by interaction with α-T overcomes the oxidation
rate at lower temperature, increasing the L-AA activity. Overall,
our proposed cell-inspired microcapsule design not only allows
eﬀective encapsulation of antioxidants but also regenerates
them through the synergistic interplay between two antioxidants, L-AA and α-T, respectively.
To more completely assess the long-term retention of L-AA
activity in the proposed microcapsules, we employ the cellular
oxidative stress model induced by hydrogen peroxide (H2O2)
in human epithelial Caco-2 as well as ﬁbroblast NIH-3 T3
cells; we note that both cell lines have been extensively studied
as common major cell types to investigate the physiological
functions of epithelial cells and ﬁbroblasts. For this purpose,
we additionally prepare two sets of L-AA-encapsulated
microcapsules with and without α-T and compare their L-AA
activity at the cellular level with the bulk experiment (without

Figure 2. Quantitative analysis of retention capability of antioxidants
in microcapsules. (A) Schematics showing a sequential procedure to
probe the L-AA activity by extracting samples from the microcapsules
with varying storage periods. (B) Plot showing retention capability of
L-AA kept under varying storge conditions; microcapsules with (solid
circle) or without α-T (open circle) and bulk with (solid square) or
without α-T (open square). (C) Plot showing retention capability of
L-AA in microcapsules with diﬀerent molar ratios between L-AA and
α-T (α-T/L-AA). (D) Plot showing the regeneration capability of LAA with variation in the storage temperature from 30 to 10 °C. We
carried out quantitative analysis for retention capability through a
total of ﬁve batches; consistent results were obtained in the
experiment repeated three times.

followed by addition of a mixed reagent containing Fe3+ and
1,10-phenanthroline allows measurement of the L-AA activity
as shown in the schematics of Figure 2A; L-AA reduces Fe3+ to
Fe2+, which subsequently forms a reddish-orange colored
complex with 1,10-phenanthroline for detection via UV−vis
spectroscopy (λabs ∼ 510 nm).40
While we initially anticipated that utilizing sunﬂower oil in
the microcapsule could potentially prevent oxidation of L-AA
by the α-T inherently present in sunﬂower oil, we instead ﬁnd
that the L-AA encapsulated within these microcapsules is
readily oxidized in a short period, as evidenced by the rapid
decay in L-AA activity with respect to storage time shown in
the plot of Figure S4. This is presumably due to oxidation of αT in the sunﬂower oil prior to usage, as an aliquot amount of
fresh α-T addition in the sunﬂower oil layer signiﬁcantly
suppresses the reduction of L-AA activity. Therefore, to avoid
such confusion originating from the uncertain contribution of
α-T in the sunﬂower oil layer, we instead use hydrocarbon oil
such as dodecane for the thin oil layer to clearly verify the
interaction between α-T and L-AA and their eﬀect on L-AA
activity.
To achieve this, we prepare two sets of hydrogel microcapsules with and without α-T in the oil layer comprising
dodecane and compare their L-AA activity with the analogous
bulk experiment results.41,42 In the bulk test, L-AA solution is
kept in two separate amber glass vials each with an oil layer on
top but with only one containing the same concentration of αT in the oil layer. Surprisingly, we ﬁnd that the L-AA activity of
the microcapsules with the α-T-containing dodecane layer
2600
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Figure 3. Investigation of antioxidant retention capability using cellular oxidative stress models. Plots showing the level of ROS production in (A)
Caco-2 and (B) NIH-3 T3 cells treated with L-AA-encapsulated microcapsules with and without α-T prior to H2O2 exposure for 4 h are shown.
Data represent mean ± S.E. n = 4. *p ≤ 0.01 vs control. #p ≤ 0.05 vs H2O2 alone. RFU, relative ﬂuorescence units. ROS production (green) at 4
weeks in (C) Caco-2 and (D) NIH-3 T3 cells was visualized by confocal microscopy. Scale bars represent 100 μm (original magniﬁcation × 100). n
= 4.

an upper oil layer); the L-AA released from the microcapsules
and the ones kept in the amber glass vials (bulk) are collected
from each sample condition and evaluated every week for 1
month. We measure the level of ROS 30 min after addition of
100 μM H2O2 by using a cellular ROS indicator, a
chloromethyl derivative of H2DCFDA (CM-H2DCFDA), in
the spectroﬂuorometer and separately monitor the retention of
trapped ROS inside the cell via ﬂuorescence microscopy. We
ﬁnd that the production of ROS provoked by H2O2 in the
Caco-2 (Figure 3A) and NIH-3 T3 cells (Figure 3B) is
eﬀectively suppressed in all conditions tested for 1 week. After
2 weeks, however, the bulk L-AA fails to scavenge the ROS due
to oxidative stress imposed by the external environments. By
contrast, microcapsules with α-T exhibit sustainable antioxidative eﬀect with small variance in the ROS level for more
than 3 weeks. Also, microcapsules without α-T cannot prevent
L-AA oxidation and do not show noticeable inhibitory eﬀect on
ROS production after 3 weeks, conﬁrming that the presence of
α-T in the microcapsule is indeed critical for securing longterm retention of L-AA activity.
The potential of these microcapsules with α-T is further
veriﬁed by the direct visualization of the corresponding cell
behavior. Both Caco-2 cells and NIH-3 T3 cells are stained
with a ﬂuorescent CM-H2DCFDA, which passively diﬀuses
into cells, where its acetate groups are removed by intracellular
esterases and oxidation occurs within the cell to yield a
ﬂuorescent adduct. We observe that only microcapsules with
α-T exhibit negligible green ﬂuorescence signal intensity,
implying that the ROS is eﬀectively suppressed by the large
portion of the active L-AA remaining that is successfully
enclosed for extended periods of time as shown in Figure 3.
These results are consistent with the results shown in Figure 2
and further conﬁrm the eﬃcacy of the cell-inspired micro-

capsule with a thin oil layer for enhanced retention of
antioxidants.

■

CONCLUSIONS
In summary, cell-inspired hydrogel microcapsules with an
interstitial oil layer containing lipophilic reducing agents are
prepared using triple emulsion drop-based microﬂuidics.
Unlike the conventional photopolymerization method, which
generates free radicals, ionic gelation of the hydrogel shell in
microcapsules allows successful encapsulation of antioxidants
without loss of activity. In addition, the interstitial oil layer in
the microcapsule acts as an eﬀective diﬀusion barrier, allowing
eﬃcient encapsulation of small antioxidants within the porous
hydrogel shell and providing an adequate pH microenvironment to retain their activity. Moreover, by incorporating the
lipophilic reducing agent (α-tocopherol) within the thin oil
layer, we show that enhanced retention of antioxidant activity
can be achieved by the complementary reaction of αtocopherol with the antioxidant at the water/oil interface,
similar to the nonenzymatic antioxidant defense system in
cells. Furthermore, we demonstrate that the loss of antioxidant
activity can be fully recovered and even further enhanced by
simply lowering the storage temperature via reduction in the
rate of oxidation. We envision that these microcapsules will
establish a new pathway in long-term storage and programmable release of highly reactive and sensitive cargoes, which
has increasing demand in various ﬁelds, including cosmetics,
foods, and pharmaceutics.

■

EXPERIMENTAL SECTION

Materials. L-Ascorbic acid (99%), (±)-α-tocopherol (synthetic,
≥96% (HPLC)), hydrochloric acid solution (1.0 N, BioReagent,
suitable for cell culture), erioglaucine disodium salt (redox indicator),
alginic acid sodium salt, calcium chloride, ethylenediaminetetraacetic
2601
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acid disodium salt dihydrate (ACS reagent, 99.0−101.0%), poly(vinyl
alcohol) (PVA, Mw 13,000−23,000, 87−89% hydrolyzed), synperonic F108 (poly(ethylene glycol)-block-poly(propylene glycol)-blockpoly(ethylene glycol), nonionic surfactant, Mw 14,600), mineral oil,
n-dodecane, span 80 (Sorbitan monooleate, viscosity 1000−2000
mPa.s (20 °C)), sucrose, polyethylene glycol diacrylate (PEGDA,
average Mn 700), 2-hydroxy-2-methylpropiophenone (97%, photoinitiator), 1,10-phenanthroline monohydrate, ammonium iron(III)
sulfate dodecahydrate, and trichloro(octadecyl) silane were purchased
from Sigma-Aldrich. 2-[Methoxy(polyethyleneoxy)propyl]trimethoxyl
silane was purchased from Gelest. DI water (EXL 18.2 MΩ·cm at 28
°C) was used for all aqueous solutions. Square glass capillaries with an
inner diameter of 1.05 mm were purchased from Atlantic International Technology (A.I.T.), and cylindrical glass capillaries with an
inner diameter of 0.58 mm and outer diameter of 1.00 mm were
purchased from World Precision Instruments Inc. (W.P.I.); 5 min
epoxy (Devcon) was used for assembling the glass capillary
microﬂuidic devices. A microscope slide (3 × 1 in, DURAN) and
cover glass (Deckglaser) were used to fabricate a custom-made
chamber for micropipette aspiration.
Methods. Fabrication of a Glass Capillary Microﬂuidic Device
and Its Operation. We prepare an injection capillary by tapering a
580 μm inner diameter circular (cross-section) glass capillary to a 100
μm inner diameter; to make the inner wall hydrophobic, we dip the
capillary to trichloro(octadecyl) silane for 10 min and subsequently
wash it with ethanol. We insert the injection capillary into a square
capillary whose inner width (1.05 mm) is slightly larger than that of
the outer diameter of the injection capillary (1 mm). Next, we prepare
a small tapered glass capillary (20 μm outer diameter) by pulling a
cylindrical capillary; this capillary is inserted into the injection
capillary for coinjection of two immiscible ﬂuids (innermost and inner
phases). Finally, a collection capillary tapered (inner diameter of
oriﬁce: 350 μm) is inserted into the square capillary from the other
end; we also treat this collection capillary with trichloro(octadecyl)
silane to make the capillary wall hydrophobic. During drop
generation, the volumetric ﬂow rate is precisely controlled with
syringe pumps (Legato100, KD Scientiﬁc) and the production of
emulsion drops is observed using an inverted ﬂuorescence microscope
(Eclipse Ti2, Nikon) equipped with a high-speed camera (MINI UX
50).
Characterization of Hydrogel Microcapsules. An inverted
ﬂuorescence microscope (Eclipse Ti2, Nikon) equipped with a
CCD camera (sCMOS Zyla, Andor) was used to observe the resulting
hydrogel microcapsules, and image analysis of the particles was
performed using the ImageJ (National Institute of Health) and NISElements (Nikon) software programs. The time-dependent release
patterns upon applying external stimuli was observed and
characterized by confocal microscopy (SP-5, Leica). Osmolarity of
all aqueous solutions is measured using a freeze point osmometer
(Osmomet 3000, Gonotec) before use.
Sample Preparation for Quantitative Analysis of L-AA Activity.
To prepare each capsule sample consistently, we collected the same
aliquot of capsule suspension (in mineral oil, 0.5 mL) for 3 min to
retain the same average number (approximately 54,000 capsules) of
the microcapsules in a vial containing DI water; the microcapsules
were dispersed in the water due to the higher density of the
microcapsule than water, while we thoroughly removed the mineral
oil with a pipette.
Intracellular Reactive Oxygen Species (ROS) Detection. To
quantify the intracellular ROS levels, the cells treated with 10 mM
CM-H2DCFDA (Thermo Fisher Scientiﬁc, Waltham, MA, USA) were
rinsed twice with ice-cold phosphate-buﬀered saline (PBS) and then
scraped. A 100 μL cell suspension was loaded into a 96-well plate and
examined by using a luminometer ﬂuorescent microplate reader
(SPARK, Seestrasse, Männedorf, Switzerland) at excitation and
emission wavelengths of 485 and 535 nm, respectively.
Cell Culture. Human intestinal epithelial Caco-2 cells and mouse
embryonic ﬁbroblast NIH-3 T3 cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and
were grown at 37 °C in 5% CO2 in Dulbecco’s Modiﬁed Eagle

Medium (DMEM, Thermo Fisher Scientiﬁc, Waltham, MA, USA)
complemented with 10% FBS and antibiotics (10 units/mL penicillin
G and 10 μg/mL streptomycin). For the experiments, cells were
seeded on a culture plate at 1 × 105 cells/cm2 and maintained until
conﬂuent. Following incubation, the cells were washed twice with PBS
and then maintained in serum-free DMEM at least 24 h, including all
supplements and indicated agents.
Statistical Analysis. Data are represented as mean value ±
standard errors (S.E.). Statistical signiﬁcance was analyzed by oneway analysis of variance (ANOVA) in SPSS 16 software (IBM Corp,
Armonk, NY, USA). p < 0.05 is considered signiﬁcant.
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Effect of Storage on the Content of Polyphenols, Vitamin C and the
Antioxidant Activity of Orange Juices. J. Food Compos. Anal. 2007, 20,
313−322.

Research Article

Recommended by ACS
A Nano-In-Micro System for Enhanced Stem Cell
Therapy of Ischemic Diseases
Hai Wang, Xiaoming He, et al.
JULY 19, 2017
ACS CENTRAL SCIENCE

READ

Bioinspired Antioxidant Defense System Constructed
by Antioxidants-Eluting Electrospun F127-Based Fibers
Haozheng Wang, Jinghua Yin, et al.
OCTOBER 17, 2017
ACS APPLIED MATERIALS & INTERFACES

READ

Copper Metal Organic Polyhedron (Cu-MOP) Hydrogel
as Responsive Cytoprotective Shell for Living Cell
Encapsulation
Yu Qin, Qiue Cao, et al.
APRIL 09, 2020
ACS APPLIED BIO MATERIALS

READ

A Layer-by-Layer Single-Cell Coating Technique To
Produce Injectable Beating Mini Heart Tissues via
Microfluidics
Luis P. B. Guerzoni, Laura De Laporte, et al.
AUGUST 21, 2019
BIOMACROMOLECULES

READ

Get More Suggestions >

2604

https://doi.org/10.1021/acsami.1c20748
ACS Appl. Mater. Interfaces 2022, 14, 2597−2604

