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a b s t r a c t

Core-shell capsules are excellent carriers, showing good performances in cargo protection and controlled

release. However, the controlled encapsulation of solid particles in capsules remains a great challenge,

severely limiting their widespread applications. Here, a millifluidic system assisted by periodic vibra-

tions is developed to precisely control the preparation of particle-loaded capsules. A high-frequency low-

amplitude vibration is applied to prevent the jamming of solid particles by shaking and a low-frequency

high-amplitude vibration is applied to synchronize the feeding of solid particles and the emulsification

of capsules by generating a periodic flow pulse. The phase diagrams of particle-loaded capsules are sys-

tematically investigated with respect to various experimental parameters to provide guidances for the

controlled preparation process. The developed millifluidic system offers a versatile platform to precisely

prepare core-shell capsules loaded with different sizes, types and numbers of particles. The prepared

particle-loaded capsules possess good biocompatibility, monodispersity, mechanical strength, storage sta-

bility and controlled release, paving the way for their widespread applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Core-shell capsules are widely used in various fields, including

food [1–3], pharmaceutic [4–8] and cosmetic industries [9–12], ow-

ing to their capability of cargo protection and controlled release.

Recently, the encapsulation of solid particles, such as drug crystal

granules [13], insulin-loaded polymer particles [14], metal cataly-

sis particles [15] and enzyme-loaded silica particles [16], in core-

shell capsules have attracted a lot of interest, as capsules are ex-

cellent carriers for diverse cargos. When encapsulated in core-shell

capsules, solid particles are protected from ambient environments,

thus increasing their storage time. In addition, solid particles could

be released in a desired manner by designing their shell property.

However, the encapsulation of solid particles in core-shell capsules

is challenging and very different from making multiple emulsions,

as solid particles are not fluid and the control of solid particles

is difficult [17]. For example, oil-in-water-in-oil double emulsions

could be prepared by two-step emulsifications [18,19]. However,
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the controlled encapsulation of solid particles in capsules, such

as controlled number of solid particles, could barely be achieved

in the emulsion process by stirring, as solid particles may settle

and aggregate in the inner phase due to density mismatch [20],

which will result in either empty capsules or capsules with irregu-

lar numbers of solid particles. Therefore, to achieve the controlled

encapsulation of solid particles in capsules, it is essential to con-

trol the feeding of solid particles during the emulsification process

[21].

Microfluidic technology, which can precisely control the fluid

flows at micron scale [22,23], has shown the capability to con-

trol the feeding of fluids and their emulsification into emulsions

[24,25]. So far, diverse emulsions, including droplets, core-shell

capsules, triple emulsions and so on, have been designed and suc-

cessfully prepared by microfluidics [26–28]. In addition, the con-

trolled encapsulation of hydrogel particles in droplets, such as one

hydrogel particle in each droplet, has also been demonstrated [29].

In the microfluidic device, the channel dimension is comparable to

the hydrogel particle diameter and thus hydrogel particles line in a

row, ensuring that the feeding of hydrogel particles with a desired

number synchronizes with the emulsification of droplets [30].

https://doi.org/10.1016/j.cclet.2025.111749
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Fig. 1. Controlled preparation of monodisperse particle-loaded capsules by a millifluidic system and assisted by periodic vibrations. (a) Experimental setup showing the

emulsification of monodisperse capsules with one solid particle. (b) Gelation of particle-loaded capsules upon cooling and solidification after drying. Size distribution of (c)

wet and (d) dry capsules. If not specified, Qin =800μL/min, Qmid =600μL/min, Qout =15mL/min, fin_vibration =1Hz, Ain_vibration =1.5mm and Dsolid =1.5mm.

Despite of the advancements, the controlled encapsulation of

solid particles in capsules remains challenging and is barely re-

ported yet [31]. Solid particles are different from hydrogel parti-

cles, and they often suffer from sedimentation and jamming, due

to density mismatch. In addition, solid particles cannot flow like a

fluid, making it very difficult to control their feeding during the

emulsification process [32]. Therefore, an advanced microfluidic

system for the precise encapsulation of solid particles in capsules

remains unavailable [33] and there is a high demand to develop a

microfluidic platform to control the feeding of solid particles and

the emulsification of capsules simultaneously [34].

In this study, a millifluidic system assisted by periodic vibra-

tions is designed to precisely control the production of core-shell

capsules loaded with a desired number of solid particles. A high-

frequency low-amplitude vibration is applied to the solid particle

container to shake the solid particles dispersed in the inner oil

phase and prevent their jamming. A low-frequency high-amplitude

vibration is applied to the inner tube to generate a periodic flow

pulse, which synchronizes the feeding of solid particles and the

emulsification of capsules, thus forming core-shell capsules loaded

with solid particles. The controlled preparation of particle-loaded

capsules is systematically explored in terms of vibration frequency,

amplitude, inner, middle and outer phase flow rates. The prepared

capsules possess good biocompatibility, monodispersity, mechani-

cal strength, storage stability and controlled release. Different sizes,

types and numbers of particles could controllably be encapsu-

lated in the capsules and then released by mechanical crushing

or shell dissolution, showing widespread applications in diverse

areas.

To prepare monodisperse particle-loaded capsules, a milliflu-

idic system assisted by periodic vibrations is developed, as shown

in Fig. 1a. The photographs of the 3D-printed millifluidic de-

vice and the experimental setup are shown in Figs. S1 and S2

(Supporting information), respectively. Flaxseed oil carrying solid

particles, such as glass beads (D=1.5mm), is used as the inner

phase. 25 wt% gelatin and 8 wt% glycerol in water is used as

the middle phase. The outer continuous phase is mineral oil. To

encapsule solid particles in the capsules, a low-frequency high-

amplitude vibration (frequency=1Hz and amplitude=1.5mm) is

applied to the inner tube, which causes a periodic flow pulse

of 13μL, thus feeding solid particles with a desired number into

each capsule. Meanwhile, to prevent the jamming of solid parti-

cles, a high-frequency low-amplitude vibration (frequency=200Hz

and amplitude=1mm) is applied to the solid- particle con-

tainer, which shakes the solid particles and facilitates their move-

ment in the inner oil phase without causing any flow pulses.

To avoid the gelation of the gelatin solution at room temper-

ature, the middle tube is wrapped by a belt heater and the

middle gelatin phase is heated up to 65 °C. At the orifice of

the 3D printed microfluidic device, the inner and middle phases

are emulsified by the shearing force of the outer continuous

oil phase to form core-shell capsules with solid particles. If not
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Fig. 2. Formation of particle-loaded capsules in different flow regions. (a) Real-time

images showing the formation of capsules loaded with one solid particle. (b) Snap-

shots of particle-loaded capsules without and with one, two and three solid parti-

cles. (c) Phase diagram of particle-loaded capsules as a function of Camid and Wein.

Particle-loaded capsules are mainly prepared in the dripping region.

specified, Qin =800μL/min, Qmid =600μL/min, Qout =15mL/min,

fin_vibration =1Hz, Ain_vibration =1.5mm and Dsolid =1.5mm.

After emulsification, particle-loaded capsules are cooled from

65 °C to 2 °C, causing the gelatin shell to gel, as shown in Fig. 1b.

In the gelation state, gelatin molecules self-assemble into a triple-

helix structure and form a cross-linked network. The gelatin shell

is then dried for 24h to form solidified capsules. Before drying,

wet capsules have an average size of D=3.36±0.13mm, as shown

in Fig. 1c. After drying, solidified capsules have an average size of

D=3.13±0.08mm, as shown in Fig. 1d. The good monodispersity

of prepared capsules is attributed to the precise control of fluid

flows and emulsification process by millifluidics.

To investigate the formation of core-shell capsules loaded with

different numbers of solid particles, the capsule formation pro-

cess is monitored by a camera. When the emulsification of each

capsule is synchronized with the feeding of one solid particle,

one-particle capsules are obtained, as shown in Fig. 2a. By tun-

ing the experimental parameters, such as the flow rates of the

inner and middle phases, core-shell capsules without and with

one, two and three solid particles could be achieved, as shown

in Fig. 2b.

To systematically investigate the preparation of particle-loaded

capsules in different flow states, the phase diagram is plotted as

a function of dimensionless numbers, i.e., Weber number, Wein,

and capillary number, Camid, as shown in Fig. 2c. Wein denotes

the competition between inertial force and interfacial tension, and

Wein =ρU2L/γ , where ρ , U, L and γ are the inner-phase density,

inner-phase flow velocity, inner-nozzle diameter and inner/middle

interfacial tension, respectively. Camid denotes the competition be-

tween viscous drag and interfacial tension, Camid = μU/γ , where μ,

U and γ are the middle-phase viscosity, middle-phase flow ve-

locity, and inner/middle interfacial tension, respectively. Both Wein

and Camid influence the emulsification of particle-loaded capsules.

When Wein or Camid is too large, the flow state will transition from

the dripping to jetting regimes.

Overall, core-shell capsules loaded with solid particles are pre-

pared only in the dripping regime (light blue region), while no

capsules are formed in the jetting regime (light green region).

The synchronization of capsule emulsification and core feeding is

crucial for the controlled preparation of particle-loaded capsules.

When Camid is kept constant, the number of solid particles in-

creases, as Wein increases and more inner oil and solid particles

are encapsulated in each capsule, as shown in the left column of

Fig. 2c. When Wein is kept constant, the number of solid particles

gradually decreases, as Camid increases and less inner oil and solid

particles are emulsified in each capsule, as shown in the right col-

umn of Fig. 2c.

Besides the flow rates, many other experimental parameters

could affect the formation of particle-loaded capsules, such as vi-

bration applied to the middle phase, vibration applied to the inner

phase, vibration frequency and vibration amplitude. Therefore, the

phase diagrams of particle-loaded capsules under different condi-

tions are investigated as a function of the flow rates of the in-

ner and middle phases, i.e., Qin and Qmid. When there is no vi-

bration, the region of particle-loaded capsules in the phase dia-

gram is small, as shown in Fig. 3a. When a low-frequency high-

amplitude vibration is applied to the middle phase, capsules are

formed in a large region but with a small one-particle region, sug-

gesting that fmid_vibration is beneficial for capsule formation but not

for solid particle encapsulation, as shown in Fig. 3b. In contrast,

when the low-frequency high-amplitude vibration is applied to the

inner phase, one-particle capsules could be prepared in a large re-

gion, as fin_vibration could synchronize capsule emulsification and

core feeding, as shown in Fig. 3c.

When fin_vibration increases from 1Hz to 4Hz, the number of

solid particles in each capsule increases under constant inner and

middle flow rates, as shown in Fig. 3d. Large regions of one-

particle and two-particle capsules are observed, suggesting that

higher fin_vibration leads to higher particle feeding rate. When the

vibration amplitude, Ain_vibration, increases from 1.5mm to 2mm,

more solid particles are fed into the capsules, but without syn-

chronizing with the capsule emulsification process, thus leading

to the irregular formation of one-particle, two-particle and three-

particle capsules, as shown in Fig. 3e. When the core feeding rate

is kept constant and Qout decreases from 15mL/min to 5mL/min,

the shearing force and thus the capsule emulsification rate de-

creases, leading to the formation of capsules with more cores, as

shown in Fig. 3f. Two-particle capsules could be achieved in a large

region.

The size of particle-loaded capsules could be adjusted by tuning

the experimental parameters, such as fin_vibration, Ain_vibration, Qin,

Qmid and Qout. Since the capsule emulsification rate is mainly de-

termined by fin_vibration, the production rate increases proportion-

ally as fin_vibration increases, as shown in Fig. 4a. Meanwhile, the

capsule diameter, Dcapsule, and the core diameter, Dcore decrease

as the feeding rates of the inner and middle phases remain un-

changed, as shown in Fig. 4b. When fin_vibration is kept constant

at 1Hz, the increase of Ain_vibration will cause the feeding of more

solid particles into each capsule, thus leading to the increases of

Dcapsule and Dcore, as shown in Fig. 4c. When Qin increases, Dcapsule

and Dcore gradually increase, as the feeding rate of the inner oil

phase increases, as shown in Fig. 4d. Interestingly, Dcapsule only

slightly increases and Dcore remains unchanged, when Qmid in-

creases, as shown in Fig. 4e. This is because that the production

rate is synchronized with fin_vibration and the increase of the mid-

dle phase only slightly contributes to the increase of the capsule

size. When Qout increases, Dcapsule and Dcore gradually decrease,

as shown in Fig. 4f. The inner and middle phases are emulsified
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Fig. 3. Phase diagrams of particle-loaded capsules under different conditions. Phase diagrams of particle-loaded capsules (a) without vibration, (b) with fmid_vibration =1Hz,

(c) fin_vibration =1Hz and (d) fin_vibration =4Hz. Phase diagrams of particle-loaded capsules with (e) Ain_vibration =2mm and (f) Qout =5mL/min.

Fig. 4. Optimization of particle-loaded capsules by experimental parameters. (a) Dependence of production rate on fin_vibration. Dependences of capsule and core diameters

on (b) fin_vibration, (c) Ain_vibration, (d) Qin, (e) Qmid and (f) Qout. Data are presented as mean ± standard deviation (SD) (n=20).

into smaller capsules, as the shearing force of the outer continu-

ous phase becomes stronger.

Dried particle-loaded capsules possess a good mechanical

strength, which increases as the shell thickness increases, as shown

in Fig. 5a. The good mechanical strength is attributed to the cross-

linked triple-helix structure of gelatin molecules in the shell. In ad-

dition, the presence of glycerol as plasticizer could also improve

the mechanical strength. The encapsulation rate of one particle in

each capsule is higher than 80% and could reach up to 96% un-

der optimized conditions, as shown in Fig. 5b. There is no change

observed in dried particle-loaded capsules over 40 days at room

temperature, suggesting a good storage stability, as shown in Fig.

5c.

Core-shell capsules are versatile carriers. Cargos with differ-

ent sizes, e.g., semen vaccariae (∼1.5mm) and curcumin particles

(∼1.8mm), different constituents, e.g., probiotics-loaded hydrogel

particles (∼1.6mm), and different numbers of particles, e.g., one

particle, two particles and three particles, could controllably be en-

capsuled in the capsules, as shown in Figs. 5d–f. Since all materials

used are Food and Drug Administration (FDA)-approved, the gelatin

capsules have a good biocompatibility. Encapsulated cargos could

be released by mechanical rupture, such as chewing. Alternatively,

encapsulated cargos could be released by shell dissolution, such as

oral administration in 37 °C water, making the capsules suitable for

controlled release, as shown in Fig. 5g. The capsules also show pH-

dependent release behaviors at physiological temperature (37 °C),
as shown in Fig. S3 (Supporting information). The particle-loaded

capsules are dissolved faster in acidic solution (pH 3) than in alka-

line solution (pH 8). The dependence of capsule release on pH is

attributed to the gelatin’s isoelectric point at pI ≈ 5.

A millifluidic system assisted by vibrations is designed to

prepare core-shell capsules loaded with a desired number of

solid particles. A high-frequency low-amplitude vibration is in-

dispensable to prevent the jamming of solid particles by shak-

ing and a low-frequency high-amplitude vibration is essential

to synchronize the feeding of solid particles and the emulsifi-

cation of capsules by generating a periodic flow pulse. The ef-

fects of experimental parameters on capsule properties are sys-

tematically studied for the controlled preparation. The millifluidic

system assisted by periodic vibrations provides a versatile plat-

form to encapsulate different sizes, types and numbers of par-

ticles in core-shell capsules. The prepared particle-loaded cap-

sules demonstrate good biocompatibility, monodispersity, mechan-

ical strength, storage stability and controlled release, making them

ideal carriers. The vibration-assisted millifluidic system plays a

pivotal role in enabling the controlled encapsulation of cargos

in capsules and shows great promises for advancing the appli-

cations of capsules. Future developments of the millifluidic sys-
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Fig. 5. Encapsulation of different solid particles in core-shell capsules. (a) Mechanical strength of particle-loaded capsules with different shell thicknesses. Data are presented

as mean ± SD (n=20). (b) Encapsulation rate of one-particle capsules prepared at different Qin and Qmid. Data are presented as mean ± SD (n=120). (c) Storage stability

of capsules over time. Photograph and optical microscope images of core-shell capsules encapsulating (d) semen vaccariae (D=1.5mm), (e) curcumin particles (D=1.8mm)

and (f) hydrogel particles loaded with probiotics (D=1.6mm). (g) Controlled release of curcumin particle-loaded capsules in water at 37 °C.

tem with the capability of high-throughput production will further

address the scalability challenges to meet the growing industrial

demands.
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