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Abstract

Water-in-oil-in-water (W/O/W) double emulsion droplets are a typical colloidal system applied in
various practical fields. However, certain high-specification applications necessitate exact
geometric homogeneity in terms of both shell diameter and thickness. Despite achieving uniformity
in shell diameter, on-chip microfluidic emulsification always leads to an eccentric phenomenon due
to innate density differences of the droplet solution. At the same time, the current regulation methods
have multiple limitations, including their applicability, regulatory scope, and objective restrictions.
Herein, we propose an off-chip osmosis-induced hydrodynamic method to accurately regulate the
eccentricity of W/O/W double emulsion droplets. The rational selection of hypertonic osmosis can
energize the droplets and induce inward transmembrane water flux. This flow helps to reposition
the droplet core to align concentrically with the shell, regardless of the initial dimension and
eccentricity of the droplets. As the osmotic induction reduces due to the dilution of the inner solute
molar concentration, the optimal droplet configuration can be achieved when osmosis-induced
hydrodynamic regulation sufficiently counteracts the adverse effects of droplet solution density
difference. The microcapsules can thus be produced by instant UV polymerization of the regulated
double emulsion droplets, and the silica microspheres with fine geometric homogeneity can be
prepared through further heat treatment, which is expected to meet the stringent morphological

requirements in practical applications.
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1. Introduction

Water-in-oil-in-water (W/O/W) double-emulsion droplets are a commonly occurring form of
double-emulsion colloidal systems. In this configuration, the dispersed oil globule houses dispersed
aqueous compartments and concurrently acts as a protective layer to separate the inner droplets from
the continuous aqueous phase [1-3]. To date, W/O/W double emulsion droplets have found
promising use in a myriad of practical applications, including pharmaceuticals [4, 5], cosmetics [6,
7], food industry [8, 9], chemical/biomedical analysis [10, 11], material preparation [12, 13], etc.,
particularly advantageous as microcapsules to encapsulate a variety of hydrophilic active
ingredients inside the inner droplets with an extended shelf life [ 14, 15]. In contrast to conventional
microcapsules prepared by spray-drying or single emulsion droplets with interfacial synthetic shells,
W/O/W double emulsion droplets possess well-defined shell morphology and dimension, which
offers additional benefits to flexibly regulate the release kinetics of the encapsulated substances [16].

However, in order to achieve massive, synchronous controlled release of microcapsules at the



appropriate timing and location, more stringent morphological requirements should be met as a
prerequisite. This involves improving the geometric homogeneity of W/O/W double emulsion
droplets in terms of both shell diameter and wall thickness. Simultaneously, the use of W/O/W
double emulsion droplets also presents similar high-end demands in some specific scenarios related
to the preparation of solid microspheres and nanoparticles, such as inertial confinement fusion, high-
energy-density physics experiments, high-specification filler manufacturing, and so forth [17-19].
Under these circumstances, meeting the strict standards presents considerable challenges for
conventional production methods such as two-stage stirring emulsification and membrane
emulsification, particularly when striving to achieve a high level of droplet uniformity [20-22]. In
addition, the coaxial electrospray technology can produce submicron-scale droplets through the
formation of the Taylor cone. The produced droplets have a relatively fine monodispersity compared
to the conventional methods, but the CV value is still insufficient. Furthermore, this technology has
a finite selection of available liquid combinations due to limitations in the physical properties of the
liquids in light of specific electrical conductivity and viscosity [23]. In recent years, microfluidics
has matured and burgeoned into a versatile technical platform to precisely manipulate small volumes
of fluids with exquisite composition and morphology [24-28]. The W/O/W double emulsion
droplets can be easily prepared by microfluidic emulsification with tailored dimensions, which shall
serve as an optimal scheme in terms of droplet size uniformity [29-31]. Nevertheless, the intrinsic
density difference between the innermost and outermost globule solutions shall spontaneously
induce the shell thickness variation, simultaneously forming thin and thick shell regions on opposite
sides, thereby compromising the shell homogeneity. Although numerous investigations have been
conducted on the topic of double emulsion droplets [32-35], there are fewer scholars focusing on
this eccentricity regulation issue. To circumvent this deficiency, A. Vian [36] prepared W/O/W
double emulsion droplets with an ultrathin shell thickness of 800 nm and thus exploited the
lubricating effects to inhibit the fluid flow inside the thin shell to obtain better concentricity, but the
specialized thin shell condition lacks generality. R. L. Garrell [37] reported an electric field-induced
centering method to optimize the shell thickness uniformity. Apart from some basic requirements
regarding the electrical properties of the droplets, the density difference of all liquids must be within
a tiny range of 0.1%, which can hardly meet the needs of practical applications. Enlightened by the
floating phenomenon of long journal bearing, Liang [38] presented a real-time hydrodynamic
method to adjust the core-shell double emulsion droplets with fine concentricity by increasing the
outer phase flow rate. However, it should be noted that the velocity growth range is relatively finite
under the premise of stable droplet generation, and the independent regulation of droplets cannot be

realized because the dimension and concentricity are all coupled with the flow rate variation. In



addition, this on-chip dynamic regulation method cannot satisfy the need for off-chip post-
processing, since the density difference between the droplet solutions will again dominate and make
the droplets eccentric when they are removed from this dynamic generation environment. Osmosis
is a thermodynamic behavior in which solvent molecules spontancously diffuse through a
selectively permeable membrane to equalize the solute concentration on both sides, thereby
inducing directional fluid motion. [39-43]. As an effective control measure, it has been adopted in
various applications, including controlled release [44, 45], acoustic imaging [46, 47], small
molecule detection [48, 49], photonic crystal regulation [50, 51], etc. In the case of W/O/W double
emulsion droplets, osmosis can energize the droplets and create a hydrodynamic environment
through the induced transmembrane water flux. This phenomenon can cause the droplets to either
increase or decrease in size, which has been reported to induce controlled coalescence or release in
multicore double emulsion droplets [52, 53]. However, there is still a lack of attention given to the
eccentricity regulation during the morphological variation of W/O/W double emulsion droplets.
This off-chip osmotic regulation can serve as a beneficial addition to on-chip droplet generation,
which is expected not only to separate the on-chip simultaneous regulation of droplet dimension and
eccentricity by outer phase flow rate adjustment but also to offer ample scope for potential post-
processing during the osmotic regulation procedure.

Herein, we reported an osmosis-induced hydrodynamic regulation method to prepare quasi-
concentric W/O/W double emulsion droplets. With adequate osmosis induction, the eccentricity of
the stably generated double emulsion droplets with the maximum outer phase flow rate could be
optimized even further. While the droplets with a relatively higher degree of eccentricity could also
benefit from greater osmosis-induced improvement. During the regulation process, the regulatory
effect gradually diminished as the inward water flux rate decreased and the density difference
gradually became the primary factor causing the droplet to become eccentric once again. Thus, the
optimal configuration of the microcapsule could be achieved and locked by UV polymerization of
the shell solution during the regulation process, which could be transformed into quasi-concentric

silica microspheres through further heat treatment.

2. Experimental Section
2.1. Materials

Surface modification agent trimethoxy(octadecyl)silane (OTS, average Mw=374.67, technical
grade), photoinitiator 2-hydroxy-2-methylpropiophenone (HMPP, average Mw=164.20),
photosensitive monomer ethoxylate trimethylolpropane triacrylate (ETPTA, average Mw=428),
surfactant poly (vinyl alcohol) (PVA, 87~89% hydrolyzed, average Mw=13000-23000), were

purchased from Sigma-Aldrich. The silica nanoparticle-loaded xylene solution was provided by



Jingcai Chemical Co. The fluorescent dye Nile red and the organic solvent toluene were supplied
by Aladdin. Sodium chloride as the solute to regulate the osmosis magnitude of the inner and outer
phase solutions was bought from Tianli Chemical Reagent Co. Ltd. All water used was deionized
water prepared with the Millipore Milli-Q system to obtain a resistivity of 18.2 MQ cm'. The
aqueous inner and outer phase solutions were deionized water stabilized with poly (vinyl alcohol),
which accounted for 10% by mass. In addition, several combinations of sodium chloride at different
molar concentrations were added to the aqueous inner and outer phase solutions to create osmosis
gradients. The oily middle phase solution was the mixture of silica nanoparticle-loaded xylene
solution and photosensitive monomer trimethylolpropane ethoxylate triacrylate in a volume ratio of
55:45, in addition to 5% (v/v) photoinitiator 2-hydroxy-2-methylpropiophenone and 1% (v/v)
fluorescent pigment particles Nile red, which were uniformly mixed with a magnetic stirrer. The
surface modification agent was prepared by dissolving the trimethoxy(octadecyl)silane in the
toluene solution in a mass ratio of 1:19. For more information, please refer to our previous report

[54].

2.2. Preparation of the glass capillary microfluidic device

As shown in Figure 1a, the W1/0/W2 double emulsion droplets were generated using a delicate
microfluidic device consisting of two cylindrical glass capillary tubes (1B100-6, World Precision
Instruments, Inc., outer diameter 1.03 mm) and one square glass tube (810-9917, AIT Glass, Inc.,
inner diameter 1.05 mm). The specific fabrication process of the microfluidic device could be
divided into two steps, including the pretreatment of the glass capillary tubes and the subsequent

sequential assembly as listed below.
2.2.1 Pretreatment of glass capillary tubes

The pretreatment of glass capillary tubes mainly consisted of two aspects: first, the preparation
of the tube tip and the corresponding dimensional adjustment. Second, wettability control by surface
chemical modification. In the first step, the cylindrical glass capillary tube was first fixed on a
micropipette puller (P-97, Sutter Instrument, Inc.), and then the middle part of the tube was subjected
to simultaneous heating and bidirectional pulling motion, where the tube broke into two cylindrical
glass tubes with identical sharp closed conical tips at one end. The newly formed cylindrical glass
capillary tubes were then transferred to a microforge (MF-900, Narishige, Tritech Research, Inc.) to
adjust the aperture size to 45 um and 250 pum, respectively. This was accomplished by first selecting
the appropriate location in the horizon of an optical microscope, followed by flash heating to fuse
and break the glass at the prescribed location. Finally, the openings of the cylindrical glass capillary

tubes were smoothed with sandpaper and cleaned for further processing.



To ensure the stable flow of the oily middle phase solution, its flow path, including the outer
wall of the cylindrical glass tube with the smaller aperture and the inner wall of the square glass
tube on the same side, inside the microfluidic device had to be chemically treated to be hydrophobic.
Among them, the treatment method for the outer wall of the cylindrical glass capillary tube was
realized by first immersing the internally ventilated cylindrical glass capillary tube in the prepared
surface modification agent for thirty seconds, and then transferring the glass tube to a hot plate for
baking to evaporate the toluene, thus coating the precipitated solute trimethoxy(octadecyl)silane on
the outer wall surface. Similarly, the inner wall of the square glass tube was treated by controlling
the injection pressure of a syringe so that the surface modification agent infiltrated the designated
area for 30 seconds, followed by an analogous heating and baking process. As a result, the

transparency of the treated glass surfaces was obviously reduced.
2.2.2 Assembly of glass capillary tubes.

The assembly of glass capillary tubes started with fixing the square glass tube on a rectangular
glass slide with epoxy adhesive while making sure that the edge of the square glass tube was parallel
to that of the glass slide. Then, the glass slide was fixed with tapes on an optical microscope and the
subsequent manipulation was observed through the lens to improve the assembly accuracy to the
micrometer level. The two cylindrical capillary glass tubes were then inserted from the two opposite
ends of the square glass tube, manually aligned coaxially, and fixed to ensure a distance of 220 pum.
The co-axiality of the two cylindrical glass capillary tubes was confirmed by checking whether the
image clarity of the two cylindrical capillary glass tubes in the microscopic view changed
simultaneously when the focal length of the microscope was continuously adjusted. Thus, the
microfluidic device adopted a flow-focusing configuration in which the inner and middle phase
solutions flowed individually through the cylindrical tube and the assembled space between the
cylindrical and square tubes on the left side, while the outer phase solution and the as-prepared
W1/0/W2 double emulsion droplets were arranged on the right side, as shown in Figure la. The
newly assembled microfluidic device should be left overnight to allow the adhesive to dry, followed
by repeated rinses with alcohol and deionized water to remove any dust and contaminants before

use. More details can be found in our previous reports [55].

2.3. Experimental setup and manipulation

The preparation of W1/O/W2 double emulsion droplets was performed in a homemade
microfluidic device, in which each phase solution was first loaded into glass syringes (Hamilton)
and then mounted on three syringe pumps (Harvard Apparatus). Teflon tubes were used to connect

the glass syringes loaded with different solutions to the corresponding inlets of the microfluidic



device. This allowed the flow rate of each phase solution to be digitally controlled with high
precision. During the manipulation process, the syringe pump loaded with the outer phase solution
was first activated with an initial flow rate of 10 ml/h. Until the outer phase solution filled the whole
microfluidic device, the second syringe pump loaded with the middle phase solution started working
and was gradually adjusted to form stable oil-in-water single emulsion droplets (Here, the ultimate
flow rate of the middle phase solution during the experiment was 1 ml/h). Then, the last syringe
pump was started, and the corresponding flow rate of the inner phase solution was continuously
adjusted to make the three-phase solutions encountered at the gap between the two cylindrical
capillary glass tubes and underwent one-step successful emulsification in a dripping regime to
obtain the final core-shell structure (Here, the ultimate flow rate of the inner phase solution during
the experiment was 2 ml/h). Finally, W1/0/W2 double emulsion droplets with different dimensions
and eccentricities were obtained by constantly adjusting the flow rate of the outer phase solution
while keeping the flow rates of the other two-phase solutions constant. The corresponding as-
prepared double emulsion droplets were then collected in vials for observation and further

processing.
2.4. Characterization

The optical and corresponding fluorescent images of the W1/O/W2 double emulsion droplets
were monitored with an optical microscope system (BX53, Olympus) equipped with a high-speed
digital CCD camera (DP27, Olympus). The SEM images of the quasi-concentric microcapsule and
the derived silica microspheres were taken with a scanning electron microscope (SU8010, Hitachi),
in which some silica microspheres were intentionally damaged to reveal the wall thickness within
the fracture area. In addition, the EDS elemental analysis result of the quasi-concentric microsphere
was analyzed by the energy dispersive spectrometer attached to the scanning electron microscope.
The thermogravimetric profile of the polymer microcapsule was characterized by a simultaneous
thermal analyzer (STA449F3, NETZSCH) at a ramp rate of 10 °C min™! from ambient temperature
to 800 °C. During the heat treatment experiments, an electric furnace (QSH-1700-2020T, Quanshuo

Electric Furnace Co. Ltd.) was used to perform the debinding and sintering process in the air

3. Results and discussion

3.1 Microfluidic fabrication and characterization of W1/O/W2 double emulsion droplets

As shown in Figure 1a, the W1/0O/W2 double emulsion droplets were prepared through a direct one-
step microfluidic emulsification process with an appropriate combination of three-phase flow rates.
To investigate the effect of solution density difference on the morphology transition of double

emulsion droplets in a static environment, a control group was created by allowing the same batch



of as-prepared droplets to stand freely for a certain period of time, as illustrated in Figures 1b and
1c. For quantitative statistical analysis, the eccentricity (¢) of double emulsion droplets was defined
as the ratio of the deviation between two centers to the deviation in radii of the innermost and
outermost globules. The comparison results revealed that the double emulsion droplets exhibited
well monodispersity with a small range distribution in the shell diameter. Nonetheless, the
eccentricity of double emulsion droplets changed from a wide scope distribution with a concentrated
range between 0.1 to 0.5 to completely eccentric, where all droplets possessed an eccentricity greater
than 0.6. This demonstrated that the solution density difference could indeed act as an adverse
dominant factor, which spontaneously led to the eccentricity phenomenon and jeopardized the shell
thickness homogeneity of double emulsion droplets. Furthermore, to analyze the effect of solution
density difference on the morphological variation of double emulsion droplets in the on-chip
hydrodynamic environment, a series of double emulsion droplets were generated with gradients of
outer phase flow rate as depicted in Figure 2. It could be derived that a stable dripping regime was
maintained in the droplet generation process, resulting in double emulsion droplets that displayed
fine monodispersity when the outer phase flow rate was 25 ml/h or lower. Moreover, the shell
diameter and eccentricity of double emulsion droplets varied synchronously and showed an inverse
relationship with respect to the increment of the outer phase flow rate, where the minimum value of
the droplet eccentricity could reach around 0.15. Simultaneously, the negative impact of the solution
density difference gradually decreased, which was compensated by the ongoing improvement in
hydrodynamic regulation performance. When the outer phase flow rate was further increased to 30
ml/h, the droplet generation process shifted from dripping to jetting mode, in which the liquid jets
were dragged further and eventually broke up due to the Rayleigh instability [56, 57]. This led to
the formation of polydispersed droplets with multiple shell diameters as shown in Figure 2f.
Therefore, the regulation range of this on-chip hydrodynamic method by altering the outer phase
flow rate was limited and there was still room for further improvement in terms of the eccentricity

of double emulsion droplets.

3.2 Osmosis-induced hydrodynamic regulation of W1/O/W2 double emulsion droplets

To overcome the limitations of the on-chip hydrodynamic regulation technique, we employed
hypertonic osmosis to energize the droplet. This was accomplished by adding a higher molar
concentration of sodium chloride to the aqueous inner phase solution (W1). Consequently, a
dynamic inward flux of water was induced even in the off-chip environment. Firstly, it was
imperative to investigate whether osmosis-induced hydrodynamic regulation could further optimize
the eccentricity of double emulsion droplets, even those generated with the previously maximum

outer phase flow rate of 25 ml/h. Additionally, it was necessary to clarify the influence of osmosis



magnitude as well. Therefore, four combinations of osmotic gradients were prepared by varying the
molar concentration of sodium chloride in the W2 solutions (ranging from 0.1 mol/L to 0.8 mol/L),
while the W1 solution was kept constant at 0.8 mol/L. Then, the prepared samples were incubated
for further analysis and the results were exhibited in Figure 3. It was found that three batches of
double emulsion droplets with a higher osmotic magnitude of the W1 solution showed an increase
in shell diameter. This resulted from the inward transmembrane water transport process, which was
positively correlated with the difference in solute molar concentration. While the shell diameter of
the isotonic double emulsion droplets decreased slightly due to the evaporation of volatiles such as
xylene in the shell solution. Since the evaporation volume was limited, as indicated by the finite
reduction of the droplet shell diameter, its effect on the variation of droplet eccentricity was
anticipated to be disregarded. Furthermore, there was a notable correlation between the degree of
osmosis and the variation in eccentricity of double emulsion droplets. Despite all droplets ultimately
becoming eccentric, the osmosis-induced hydrodynamic regulation played a crucial role in the early
stages, with its performance in regulation being proportional to the deviation in solute molar
concentration, and the maximum osmotic difference could further reduce the eccentricity of double
emulsion droplets produced with the maximum outer phase flow rate to below 0.1, as indicated by
the pink triangle in Figure 3b. While the other two hypertonic double emulsion droplets can barely
refine the droplet eccentricity as the comparatively weaker osmosis-induced hydrodynamic
regulation could only partially counteract the negative effects derived from the droplet solution
density difference, and afterward became eccentric as the isotonic droplets did. In addition, it was
worth noting that although the osmosis-induced hydrodynamic regulation attenuated over time in
all hypertonic double emulsion droplets, the slope of their corresponding eccentricity curve varied
significantly, with the smallest hypertonic double emulsion droplets, denoted by the red circle,
exhibited a similar slope in the eccentricity curve to that of the isotonic droplet, indicating that the
influence of the difference in solution density of the droplets outweighed the effect of the small
osmotic regulation, rendering it negligible in a later time. In the case of double emulsion droplets
with a relatively larger hypertonic difference, the effect of osmosis-induced hydrodynamic
regulation could persist for a longer period, culminating in a reduced eccentricity slope. Hence, the
osmosis-induced hydrodynamic regulation process could be divided into two stages, as shown in
Figure 3c. In the first stage, greater osmotic induction chemically led to larger inward water flux,
and the effect of osmosis-induced hydrodynamic regulation dominated over the negative effect
derived from the droplet solution density difference. Due to the physical eccentricity of the droplet,
water discharge was much higher in the thin-walled region, as it had a shorter transportation distance.

Conversely, the thick-walled region reduced the water transportation efficiency, resulting in a slower



flow rate for water transmembrane movement. This velocity difference in water transportation could
thus induce directional water movement within the droplet core in accordance with the reduction
gradient of water transport velocity, which further enabled the droplet core to reposition and align
concentrically with the shell. In the second stage, the osmosis-induced hydrodynamic regulation
performance decreased as the osmosis magnitude declined along with the dilution of the solute
molar concentration, causing a decrease in the inward water flux rate. Due to a shift in the dominant
factor to the droplet solution density difference, the droplet gradually became eccentric. Thus, the
optimal configuration of double emulsion droplets having a fine concentricity could be achieved at
the end of the first stage and the beginning of the second stage of this off-chip osmotic regulation

process.

Subsequently, to further confirm the feasibility of this method, we increased the sodium chloride
molar concentration of the W1 solution to 2 mol/L and created a stronger hypertonic environment.
This was done to verify the effect of osmosis-induced hydrodynamic regulation on larger droplets
with a higher initial eccentricity. Figure 4(a-f) displayed optical and fluorescent images of double
emulsion droplets captured at different time points during the osmosis-induced hydrodynamic
regulation process from the beginning to the occurrence of ultimate droplet rupture. This rupture
phenomenon should be attributed to the interfacial instability caused by the volatile evaporation and
the droplet solution density difference. The corresponding statistical results of the droplets' shell
diameter and eccentricity were presented in Figures 4g and 4h and the variation trend was found to
be similar to the previous observation for the hypertonic droplet with the largest osmotic magnitude
in Figure 3b. Nevertheless, some discrepancies remained. The droplet shell diameter and
eccentricity underwent significant changes resulting from a stronger osmotic induction. The
variation rate for both droplet shell diameter and eccentricity increased concurrently. In this
osmosis-induced hydrodynamic regulation process, the minimum value of droplet eccentricity was
reduced to less than 0.1. Although the rate of variation near the minimum value was smaller
compared to both ends, it was still substantially larger than the smaller osmotic induction group's
counterpart as shown in Figure 3. This could be ascribed to the strengthening interaction between
the osmotic induction and the droplet solution density difference. Increasing solute concentration
was a double-edged sword, not only enhancing the performance of osmotic induction but also
expanding the droplet solution density difference. Therefore, if the droplet eccentricity was
regulated by a much higher osmotic induction, it was critical to secure the optimal configuration as
soon as possible because the quasi-concentric droplet could quickly become eccentric when the

much higher droplet solution density difference dominated the interaction process.

3.3 Quasi-concentric microcapsule/microsphere fabrication based on osmosis-induced



hydrodynamic regulation of W1/O/W2 double emulsion droplets

In order to attain fine geometric homogeneity in microcapsules and microspheres suitable for high-
specification standards necessary for practical applications, an ingenious technical process was
proposed as shown in Figure 5a. Firstly, the microfluidic generated W1/0O/W2 double emulsion
droplets served as the soft templates and thus were incubated for osmosis-induced hydrodynamic
regulation to search for the best concentric configuration. Secondly, the optimal configuration of
W1/0/W2 double emulsion droplets was locked through instant UV polymerization of the
photosensitive monomer ETPTA in the shell solution. This process also led to the formation of the
polymer microcapsules as shown in the inset SEM image, which corresponded to the optimal droplet
configuration marked by the pink triangle in Figure 3b. Meanwhile, the cross-linked ETPTA
polymer network encapsulated the silica nanoparticles originally dissolved in the xylene solution.
Thirdly, a heat treatment process was implemented, which further transformed the polymer
microcapsules into quasi-concentric silica microspheres. In the third step, the heat treatment
parameters were predetermined based on the results of the thermogravimetric analysis of the
solidified shell solution. Figure 5b showed a significant mass loss between approximately 250°C to
500°C. Therefore, the first main stage of debinding in the heat treatment process was set from 200°C
to 550°C with a slow ramping velocity of 2 °C/min, followed by a 2-hour preservation time to fully
eliminate the organic substances. As shown in Figure 5c, the second main stage of sintering in the
heat treatment process continued to ramp up to 1200°C and was maintained for 2 hours to transform
discrete nanoparticles into smooth thin walls. The morphology of a large number of thin-walled
microspheres could be clearly identified in Figures 5d and 5e. They inherited the fine shell diameter
homogeneity from the microfluidics. From the results of the EDS elemental analysis in Figure 5f,
the Si and O elements were evenly dispersed, which verified the feasibility of this technical route.
In addition, it was worth noting that quasi-concentric ceramic microspheres could be prepared with
other materials by simply replacing the input particles. For example, uranium dioxide powder could
be used for the preparation of kernel particle in high-temperature gas-cooled fission reactors while
granular borosilicate can be utilized for the fabrication of high-quality syntactic foam fillers, thus
demonstrating the versatility of this technique. Finally, the eccentricity of the silica microspheres
before and after osmosis-induced hydrodynamic regulation, which corresponded to the pink triangle
in Figure 3b, was confirmed by observing the artificially crushed microspheres as shown in Figures
5g and 5h, respectively. The wall thickness of osmotically regulated microspheres was uniformly
similar at the crack depicted in Figure 5g. In contrast, those that lack regulation displayed notable
thickness discrepancies, with the thicker portion being roughly four times the thinner counterpart,

as indicated by the white size markings in Figure 5h. As a result, this study validated that combining



on-chip microfluidic generation of W/O/W double emulsion droplets with off-chip osmosis-induced
hydrodynamic regulation was a promising and effective approach to fabricating
microcapsules/microspheres with better geometric homogeneity in both shell diameter and wall
thickness. The prepared microcapsules/microspheres were then expected to fulfill the geometric
requirements of specific applications that demanded strict geometric specifications.

3. Conclusion

In this study, we proposed an off-chip osmosis-induced hydrodynamic method for accurately
regulating the eccentricity of W/O/W double emulsion droplets produced by on-chip microfluidic
emulsification. The regulation process revealed that osmotic induction was not only appropriate for
regulating droplets of varying dimensions and eccentricities but could also further break through the
limitations of the on-chip hydrodynamic regulation method. During incubation, the osmotic
induction magnitude reduced as the inner solute molar concentration was diluted. Consequently, the
optimal droplet configuration was attained when osmosis-induced hydrodynamic regulation was
just enough to counteract the adverse effects of droplet solution density difference. Furthermore, it
was crucial to solidify the droplet's optimal configuration as soon as possible when a potent osmotic
induction was applied because the droplet could quickly become eccentric due to the dominant effect
of the much higher droplet solution density difference. The regulated droplets could then function
as soft templates for producing microcapsules or microspheres through instant UV polymerization
and subsequent heat treatment. The high geometric homogeneity of the resulting silica microspheres
was validated by SEM analysis, which was expected to meet the stringent morphological

requirements in practical applications.
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Fig. 1. Microfluidic generation of W1/0O/W2 double emulsion droplets with their
morphology transition from nonconcentric to fully eccentric during incubation. (a)
Schematic illustration of the microfluidic generation process of W1/0O/W2 double
emulsion droplets using a capillary microfluidic device. (b) The optical and
fluorescent images of the as-prepared W1/O/W2 double emulsion droplets, the
scale bars are 200 pm. (c) The optical and fluorescent images of the same batch of
W1/0/W2 double emulsion droplets after incubation, the scale bars are 200 pm.
(d) Statistical analysis of the eccentricity of the as-prepared W1/O/W2 double
emulsion droplets. (e) Statistical analysis of the shell diameter of the W1/O/W2
double emulsion droplets. (f) Statistical analysis of the eccentricity of the
W1/0/W2 double emulsion droplets according to (c).
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Fig. 2. Real-time hydrodynamic centering of W1/O/W2 double emulsion droplets
by regulating the outer phase flow rate during the microfluidic generation process,
while the flow rates of the inner and middle phases are fixed at Qw1l= 2 ml/h, and
Qo= 1 ml/h, respectively. (a) The optical and fluorescent images of the as-prepared
monodispersed W1/0O/W2 double emulsion droplets with the outer phase flow rate
set to Qw2=5 ml/h. (b) The optical and fluorescent images of the as-prepared
monodispersed W1/0O/W2 double emulsion droplets with the outer phase flow rate
set to Qw2= 10 ml/h. (c) The optical and fluorescent images of the as-prepared
monodispersed W1/0O/W2 double emulsion droplets with the outer phase flow rate
set to Qw2= 15 ml/h. (d) The optical and fluorescent images of the as-prepared
monodispersed W1/O/W2 double emulsion droplets with the outer phase flow rate
set to Qw2= 20 ml/h. (e) The optical and fluorescent images of the as-prepared
monodispersed W1/O/W2 double emulsion droplets with the outer phase flow rate
set to Qw2= 25 ml/h. (f) The optical and fluorescent images of the as-prepared
polydispersed W1/O/W2 double emulsion droplets with the outer phase flow rate
set to Qw2= 30 ml/h. (g) Relationships between the shell diameter, and the ec-
centricity of the W1/0O/W2 double emulsion droplets with respect to the varying
outer phase flow rates. The scale bars are 200 pm.
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Fig. 3. Further hydrodynamic regulation of W1/0O/W2 double emulsion droplets,
generated by three-phase flow rates of Qwl= 2 ml/h, Qo= 1 ml/h, and Qw2= 25
ml/h, by osmotic gradient induced transmembrane water transport. (a) Shell
diameter variation of the W1/O/W2 double emulsion droplets during the gradient
osmosis-induced hydrodynamic regulation process. (b) Eccentricity variation of
the W1/O/W2 double emulsion droplets during the gradient osmosisinduced
hydrodynamic regulation process. (¢) Schematic illustration of the osmosis-
induced hydrodynamic regulation process.
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Fig. 4. Higher osmosis-induced hydrodynamic regulation process of nonconcentric
W1/0O/W2 double emulsion droplets generated by three-phase flow rates of Qwl=
2 ml/h, Qo= 1 ml/h, and Qw2= 10 ml/h. (a-f) The optical and fluorescent images of
W1/0/W2 double emulsion droplets at different time nodes during the osmosis-
induced hydrodynamic regulation process. (g) Shell diameter variation of the
W1/0O/W2 double emulsion droplets during the osmosis-induced hydrodynamic
regulation process. (h) Eccentricity variation of the W1/O/W2 double emulsion
droplets during the osmosis-induced hydrodynamic regulation process. The scale
bars are 200 pm.
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Fig. 5. Preparation of quasi-concentric polymer microcapsules and the derived
ceramic microspheres. (a) Schematic illustration of the fabrication process of the
quasi-concentric microcapsules based on the instant UV polymerization of the
W1/O/W2 double emulsion droplets. (b) Thermogravimetric profile of the
quasiconcentric polymer microcapsule. (¢) One-step heat treatment curve of the
polymer microcapsule including debinding and sintering in air. (d-e¢) SEM images
of the as-prepared ceramic microspheres. (f) EDS elemental analysis result of the
ceramic microspheres placed on the copper substrate. (g) SEM image of damaged
quasi-concentric silica microspheres after osmosis-induced hydrodynamic
regulation corresponding to the optimal configuration of droplets as marked by
the pink triangle in Fig. 3b. (h) SEM image of damaged silica microspheres without
osmosis-induced hydrodynamic regulation corresponding to the pink triangle
group in Fig. 3b.



