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ABSTRACT: A combination of microfluidic technique and laser-triggered reaction has been
developed to fabricate functional gas-filled capsules (GFCs) on-demand with applications such
as a pressure sensor. This method involves: i) the generation of monodispersed alginate
microcapsules containing ammonium bicarbonate (AB) as gas resource and gold nanorods as
heating resource, in a microfluidic device; and ii) the near-infrared light-triggered generation of
gases from the AB-containing microcapsules and simultaneous encapsulation of the gases in
alginate shell to produce GFCs. Various functional substances such as dyes, quantum dots, and
magnetic nanoparticles can be introduced into the shell of the GFCs to impart the system with
multifunctionality. We further demonstrated the use of the GFCs as pressure sensors capable of

sensing the variation in the pressure of environment.

Keywords: Gas-filled capsules (GFCs); alginate; ammonium bicarbonate; gold nanorods;
pressure sensor.
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INTRODUCTION

Gas bubbles are inherently unstable, as a result of the continuous dissolution of gas in
surrounding liquid media.! Coating gas bubbles with a protective shell of polymers or
biomolecules can effectively improve the stability of bubbles.?® These gas-filled capsules (GFCs)
show diverse applications in such as ultrasound imaging, drug delivery, and sensors.”** Various
methods for the fabrication of GFCs have been developed, including sonication® *°, high shear
emulsification®’, inject printing'® and droplet microfluidics'®?. In these approaches, GFCs are
often generated and stored for future applications. However, encapsulated gas tends to escape
from the GFCs because of the Laplace pressure across the air-water interface.*?> The stability of
GFCs is strongly dependent on the property of protective materials. For instance, while bubbles
coated with denatured albumin can be stored for up to years,® lipids stabilized gas bubbles can
only be stored for less than one week.?” The long-term instability of GFCs severely limits their
potential applications. One promising strategy to solve the problem is to generate GFCs in a
controlled manner immediately before their usage. Ammonium bicarbonate (AB) is usually used
as a source of CO;gas in the food industry, as it decomposes into ammonia, carbon dioxide and
water vapor in an endothermic process from 36 to 60 °C.?* 2° We, therefore, hypothesize that the
gases stored as a form of AB can be used to generate GFCs on-demand.

Herein, we developed a facile and robust approach to fabricate multifunctional GFCs
with tunable size on-demand by combining microfluidic droplet generation and photothermal
heating-triggered reaction. This method involves two steps: i) the microfluidic generation of
monodispersed alginate microcapsules containing AB as gas resource and gold nanorods
(AuNRs) which can convert light to heat; and ii) the near-infrared (NIR) light-triggered
generation of gases from the AB-containing microcapsules and simultaneous encapsulation of
the gases in alginate shell to produce GFCs. The GFCs generated are relatively uniform, and the
size of GFCs can be readily tuned by controlling the initial droplet size and the concentration of
calcium ions. Moreover, various functional substances such as fluorescence dyes, quantum dots
(QDs), and magnetic nanoparticles (NPs) can be introduced into the shell of the GFCs to impart
the system with multifunctionality. Finally, we further demonstrated that GFCs can be used as

miniaturized pressure sensors for sensing pressure.
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EXPERIMENTAL SECTION

Materials: AgNO3, CTAB, sodium oleate, HCI, ascorbic acid, HAuCls, NaBH,4, (NH4)HCOs,
Cal,, alginate. NH3-H,0O, FeCl,-4H,0, FeCls-6H,0O, CdSe/zZnS, poly(vinyl alcohol) (PVA,
Mw=13,000~23,000, 87-89% hydrolyzed) and fluorescein were all purchased from Sigma-

Aldrich US and utilized as received. All the aqueous solution was prepared using ultrapure water.

Characterizations: Optical and fluorescence images of the microfluidic device, droplets, and
gas-filled capsules were obtained by using a Nikon Eclipse Ti-S fluorescence microscope
equipped with a high-speed camera (exposition time 1 ps). The morphologies of nanoparticles
were imaged using a Hitachi SU-70 Schottky field emission gun Scanning Electron Microscope
(FEG-SEM) and a JEOL FEG Transmission Electron Microscope (FEG-TEM). Samples for
SEM were prepared by casting a layer of the GFCs on silicon wafers, and dried at room
temperature. TEM samples were prepared from the casting on 300 mesh copper grids covered

with carbon film, and dried at room temperature.

Fabrication of microfluidic devices: Monodisperse emulsion droplets were prepared through a
co-flow microcapillary device.”> ** 3! Briefly, one round glass capillary (World Precision
Instruments) with outer and inner diameters of 1.0 mm and 580 pm, respectively, was firstly
tapered to achieve an orifice of ~ 40-80 um by using a micropipette puller (Narishige PC-10) and
a microforge (Narishige MF-900), as is shown in Figure SI1. The tapered round capillary was
used for the injection of inner fluid. The tapered round capillary and another non-tapered round
capillary (as a collection tube) were then assembled into the square capillary with an inner
dimension of 1.0 mm. The tip of the tapered round capillary was inserted into the collection tube
and both tubes should keep a suitable distance to make the external oil phase flow in the
collection tube. Subsequently, a transparent epoxy resin was used to seal the tubes where needed.
To ensure the stable generation of monodisperse emulsion droplets, the collection tube is treated
with TPFS to render hydrophobic surface property.

Synthesis of gold nanorods: AuNRs were synthesized according to a previously reported
literature with some modifications®*>*. The synthesis can be separated into two steps, the seeding

process and the growing process. In brief, the seeds were prepared by injecting 600 pL of 0.01M
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NaBH, into a 10 mL solution of 0.1 M CTAB and 2.5x10”* M HAUCI, under rapid stirring,
followed by keeping in a 30 °C water bath for ~ 30 min before use. The growing step is
described as following. 4.20 g of CTAB and 0.7404 g of sodium oleate were dissolved in 150
mL water (solution 1) in a 500 mL Erlenmeyer flask under heating. After solution 1 was cooled
down to room temperature, it was set in a water bath of 30 °C while adding 10.8 mL of 3 mM
AgNOs solution. 15 minutes later, another 150 mL agueous solution containing 0.0591 g HAuCl,
was quickly added to solution 1 with stirring at 700 rpm. After 90 minutes, 950 pL HCI (37%)
was injected into the solution under stirring at 400 rpm. Wait for another 15 minutes, 240 pL
seed solution and 750 pL of 0.064 M ascorbic acid were added to the solution. The solution was
taken off the stir-plate and placed in a 30 °C water bath overnight. The product was purified and

concentrated by two cycles of centrifugation with 5000 rpm for future use.

Synthesis of Fe;O4: Fe;04 nanoparticles were synthesized according to the previous reports with
few modifications.® * Briefly, 0.994 g FeCl,-4H,0 and 5.406 g FeCls-6H,0 were dissolved in a
flask with 500 mL H,O. Then the above solution was set in a water bath of 30 °C. 6 mL of 28 %
(wt %) NH3-H,O was added into the solution with strong stirring. After the color of the solution
changed from yellow to dark brown, the reaction was kept on for 25 min more. Then, the sample
was washed several times using pure water until the pH value is 7.0. The product was

redispersed in water for future use.

RESULTS AND DISCUSSION

Generation of gas-filled capsules (GFCs)

Page 4 of 15
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Scheme 1.The microfluidic generation of monodisperse droplets containing AuNRs, alginate and
NH4HCO; (top) and NIR-light triggered preparation of GFCs as a result of photothermal effect
of AuNRs (bottom).

The fabrication of GFCs involves the generation of AB-containing microcapsules in
microfluidics and subsequent light-triggered formation of GFCs with polymer shells (Scheme 1).
Monodisperse aqueous droplets were first generated continuously in a single-emulsion
microfluidic device. An aqueous solution containing PVA, AuNRs (~0.5 mg/mL), saturated AB
and sodium alginate was used as the dispersed phase. A solution of calcium ions (Caly) in
undecanol was used as the continuous phase. When the two immiscible fluids were forced
through a microfluidic capillary, monodisperse droplets were produced due to the interfacial
tension and strong shearing force of external flow (Figure 1a). The diffusion of calcium ions
from oil to droplet phase crosslinked alginate polymers to generate microcapsules®’, when the
droplets were flowing in the downstream channel (Figure 1b). The microcapsules were
subsequently transferred and stored in oil (e.g., undecanol, soybean oil) without calcium ions.
The size of the microcapsules was controlled in the range of 300 to 1000 um by tuning the flow
rates of fluids, (Figure S13). The shell thickness of the capsules can be controlled by varying the
concentration of calcium ions and the residence time of the droplets in the solution with
crosslinker. The microcapsules containing AuUNRs and AB are very stable and can be stored for

months at room temperature.
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AUNRs are known to exhibit strong photothermal effect, that is, the conversion of light to
heat.® 3 In this work, AuNRs with an aspect ratio of ~4.0 (21.3 + 2.4 nm in diameter and 80.2 +
3.7 nm in length) were used to trigger the thermal decomposition of encapsulated AB (Figure
SlI2a). UV-visible spectrum of the AuNRs shows a strong absorption peak centered at ~800 nm
and a weak absorption peak located at ~520 nm corresponding to the longitudinal and transverse
mode of plasmonic bands of AuNRs, respectively (Figure SI2b). To initiate the GFC generation,
microcapsules containing AuNRs and saturated AB were dispersed in a solution of calcium ions
in undecanol (or water). The generation of GFCs from microcapsules was triggered by NIR light
with a wavelength of 808 nm (power of 1 ~ 6 W/cm? and exposure time < 100 s). Upon the

irradiation of NIR light, AB decomposes to release gases, following the reaction equation:

(NH4)HCO3; — CO; 1+ NH3 1+ H,0

The gas bubbles kept growing within the aqueous phase of the microcapsules when heat
was continuously produced internally from the microcapsules. At certain stage, they emerged out
and attached on the surface of the microcapsule (shown in Figure 1c). The relatively small
bubbles gradually grew and tend to merge into big bubbles. When the bubbles reached a
threshold of diameter, they detached from their mother body of microcapsules (Figure 1d, also
see video in supporting information). It is surprising that the surface of the bubbles is coated with
a thin layer of alginate polymers. This is confirmed by the following facts: i) The GFCs can be
successfully transferred to water phase (Figure le, f and Figure SI4) and maintained their
dimensions for days, while it is known that both CO, and NH3 bubbles will rapidly dissolve in
water; ii) The GFCs burst and collapse upon mechanical punch, and imaging of the residual
indicates that there was a film on the surface of water (Figure 1g and Figure Si5a). We presume
that the continuous production of gas causes the increase in the internal pressure, forcing gas to
be emulsified through pores of crosslinked networks of alginate in the capsule membrane. The
crosslinking of the thin layer of alginate solution on the surface of gas bubbles led to the

formation of stable GFCs.
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Figure 1. (a-f) Optical microscope images of the formation of droplets in the microchannel (a),
products of microdroplets in undecanol (b), bubbles attached to the microcapsules at the initial
stage of laser exposure in undecanol (c), bubbles attached to and separated from the
microcapsule after laser exposure in undecanol (d), collected GFCs in water (e), a single GFC in
water (f). (g) Scanning electron microscope (SEM) image of a broken GFC. Scale bars are 400
pm in (b) and (c), 100 pum in (d) and (e), 25 um in (f) and (g).
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Figure 2. (a-d) Optical microscope images of the merging process of bubbles on the surface of

microcapsules upon the irradiation of NIR light. (e) The onset time required for producing
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bubbles as a function of laser power. (f) The time required for producing stable bubble released

from the main capsule as a function of laser power. Scale bars in (a-d) are 120 um.

The formation of stable GFCs involves a dynamic emerging of small unstable bubbles
(Figure 2a-d). At the initial stage, the membrane of small bubbles was not stable enough,
probably due to the short crosslinking time. Hence, the small bubbles tend to merge into bigger
ones when they are still exposed to laser, until they reach stable status. It is noted that the
membrane of the GFCs is stable enough to avoid them from merging after they are released from

the mother body.

We further investigated the kinetics of the NIR light-triggered generation of GFCs by
monitoring the onset time for producing the first bubbles. Figure 2e shows that the onset time
required for producing bubbles decreases with the increase in the power of NIR laser. This can
be explained by the faster decomposition of AB at a higher temperature resulted from more rapid
conversion of light to heat. For instance, the time for the first bubble emergence was about 84s
with the laser power of 1 W but decreased down to less than 10 s with the laser power of 6W.
Similarly, the time required for producing and releasing a stable bubble from the main capsule
also decreased with the increase of laser power (Figure 2f). At low power (~1 W), the bubbles
cannot be released from the main capsule, largely due to the low internal pressure to force gas
through small pores of crosslinked alginate networks. At the power of ~3 W, the first bubble can
be released from the main capsule at around 545s, while the release time decreases down to

about 58s at a power of 5W.

0.30

d
E
= |
e
(0 80}
a
\ 0.20 |

1 1 1 i 0.15 1 1 1 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

Concentration of crosslinker (%) Concentration of crosslinker (%)

o
N
[

DGFc/DLFC

13
=]
=

_'ZH
4

Page 8 of 15



Page 9 of 15

Journal of Materials Chemistry C

Figure 3. (a) The diameter of GFCs (Dgrc) and (b) the diameter ratio of GFCs to mother
capsules (Derc/DLrc) as a function of the concentration of crosslinker (Ca**) during the
formation of microcapsules. The curves in (a) and (b) correspond to initial droplets with a
diameter of 492.3, 338.7, 243.9, and 237.6 pum (from top to bottom).

The diameter of GFCs (Dgrc) is strongly dependent on the diameter of liquid-filled
microcapsule (Dirc) and thickness of capsule membranes which is determined by the
concentration of calcium ions (crosslinker) in undecanol. Figure 3a shows that Dgrc decreases
with the increase in the concentration of crosslinker. This can be explained by the fact that gas
bubbles become difficult to be escaped from the capsule membrane — which is thick and has
high crosslinking density — of the mother body. Similarly, the diameter ratio of GFCs to mother
capsules (Dcerc/Drrc) decreased with the increase in crosslinker concentration (Figure 3b). We
presume that the pores of the crosslinked alginate networks in the capsule membranes serve as
channels for the emulsification of the gases. The higher the crosslinking density of the membrane

of main capsules is, the smaller the gas bubbles will be generated from the main body.

Generation of multifunctional GFCs

a ®

Figure 4. (a,b) Optical and fluorescence microscope image of functional GFCs loaded with iron
oxide (a) and QDs (b) in the membrane of the capsules. Insets are high magnification images of
functional GFCs. (c,d) TEM images of GFC membrane embedded with iron oxide (c) and QDs
(d). Scale bars are 120 um in (a, b), 200 nm in (c), 50 nm in (d), and 40 um in inset images.
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To demonstrate the multifunctionality of GFCs, various functional substances such as
Rhodamine B (RhB), CdSe/ZnS QDs (with a diameter of 20.3 = 3.1 nm, Zen = 590 nm, Aap
ranging from 450 to 570 nm), and Fe3O4 magnetic NPs (with a diameter of 17.5+ 2.7 nm), have
been introduced into the GFCs. When both iron oxide NPs and AuNRs were encapsulated in the
aqueous core of the microcapsules, the irradiation of the capsules with NIR laser led to the
generation of GFCs functionalized with iron oxide NPs in the shell (Figure 4a). The iron oxide
NPs can be clearly observed in the membrane of GFCs under transmission electron microscopy
(TEM) (Figure 4c). The presence of iron oxide particles was also confirmed by the directional
motion of GFCs under magnetic field (Figure S17,8). It is interesting that no AuNRs can be
found in the membrane of GFCs under TEM. We presume that AuNRs (~21.3 nm in diameter
and 80.2 nm in length) are too large to be forced through alginate networks of the capsule
membrane. QDs can also be embedded into the shell of gas bubbles using the same method, as
indicated by the fluorescence emission of the GFCs under fluorescence microscope (Figure 4b
and Figure SI9). The clear crystalline structures of QDs in Figure 4d further confirmed the
loading of quantum dots in the membrane. Moreover, Dyes and drug-model molecules can also
be embedded inside the GFC membranes (Figure SI110), which may provide another perspective

for drug delivery.

Pressure response of GFCs

We further demonstrated the use of the GFCs as a pressure sensor based on the compressibility
of the GFCs (Figure 5a-a’). The ideal gas law indicates pV=nRT, where, p is the outside pressure,
V is the volume of gas, n is the molar value, R is the Boltzmann constant, and T is the
temperature. A relationship between p and r (the diameter of bubbles) can be deduced as
r o« p™3. Figure 5¢ shows that the diameter of GFC decreases from 163.7 um to 95.1 um with the
increase of applied pressure in the range of 0.1 to 0.55 kPa, following the abovementioned
equation. This GFC sensor is reversible, i.e., when the pressure is removed, the size of the GFC
goes back from 95.1 um to the original size of 163.7 um. The GF-based pressure sensors may

find applications in such as internal pressure sensors of tumors or blood vessels.***?
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Figure 5. (a-a") Microscopy images of GFCs at different pressures: 0.150 kPa (a), 0.550 kPa (b),

and 0.150 kPa (a"). (c) The diameter of GFCs as a function of surrounding pressure. The plot is

fitted with an equation of r o« p™*. The scale bar is 100 pm.

Conclusions

We presented a novel strategy for the generation of GFCs on demand by combining
continuous microfluidic generation of microcapsules and photothermal triggered chemical
reaction. AuNRs were utilized as the heat source to trigger the reaction of gas production, as a
result of their photothermal effect upon the irradiation of NIR light. Thermal decomposition of
encapsulated ammonium bicarbonate was used to generate CO, gases for the formation of GFCs.
The resulting CO2 bubbles are coated with a thin membrane of crosslinked alginate. The GFCs
can be readily functionalized with inorganic NPs in the alginate membranes. The functional

GFCs may find applications in such as bioimaging, drug delivery, and sensors.
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Graphical Abstract:
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This Communication describes a novel strategy for the generation of gas-filled capsules (GFCs)
on demand by combining microfluidic generation of microcapsules and photothermal triggered
thermal decomposition of ammonium bicarbonate. The functional GFCs with inorganic
nanoparticles in the membrane may find applications in bioimaging, drug delivery, and pressure
Sensors.



