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Abstract
Core–shell microparticles containing an aqueous core have demonstrated their value for microencapsulation and drug deliv-
ery systems. The most important step in generating these uniquely structured microparticles is the formation of droplets 
and double emulsion. The droplet generator must meet the performance and reliability requirements, including accurate 
size control with tunability and monodispersity. Herein, we present a facile technique to generate surfactant-free core–shell 
droplets with an aqueous core in a microfluidic device. We demonstrate that the geometry of the core–shell droplets can be 
precisely adjusted by the flow rates of the droplet components. As the shell is polymerized after the formation of the core–
shell droplets, the resulting solid microparticles ensure the encapsulation of the aqueous core and prevent undesired release. 
We then study experimentally and theoretically the behaviour of resultant microparticles under heating and compression. 
The microparticles demonstrate excellent stability under both thermal and mechanical loads. We show that the rupture force 
can be quantitatively predicted from the shell thickness relative to the outer shell radius. Experimental results and theoretical 
predictions confirm that the rupture force scales directly with the shell thickness.
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1 Introduction

Over the last few years, core–shell microparticles with an 
aqueous core have attracted much attention due to their dis-
tinctive chemical and physical properties, as well as broad 
potential applications. Core–shell microparticles with an 
aqueous core are promising microencapsulation systems 
for isolation, protection, and controlled release of encapsu-
lated agents. Microencapsulation is an important process in 
detergent, food and beverage, water recycling, pharmaceu-
tical, biomedical, and agriculture industries. For instance, 
the aqueous compartments can entrap water-soluble food 
additives or sensitive ingredients so that the core–shell par-
ticles can serve as a delivery vehicle for particular dietary 

purposes (Jeyakumari et al. 2016). Core–shell microparti-
cles containing aqueous core can serve as vehicles to deliver 
water-soluble sex-attractant pheromones to reduce insect 
populations and protect the crop. The shell protects encap-
sulated pheromones from degradation and light during stor-
age before final release (Dubey 2009; Mihou et al. 2007). 
The potential pharmaceutical/ biomedical applications of 
core–shell microparticles with aqueous core include gene 
therapy (Jenjob et al. 2020; Davoodi et al. 2017), immo-
bilization of enzymes (Pinto et al. 2019), targeted delivery 
and controlled release of pharmaceuticals, fabrication of 
biosensors, single-cell study (Kim et al. 2011), and a 3D 
matrix (Galogahi et al. 2020). Core–shell particles with a 
fluorescent aqueous core can be used as indicators in bio-
logical and pharmaceutical applications such as cell imag-
ing, cell sorting (Shinde et al. 2015), and sensing (Aslan 
et al. 2007). The fluorescence intensity of core contents 
can be used to study the enzymatic activity of the encap-
sulated cells or their viability during biological processes 
(Fakhrullin and Minullina 2009). So far, considerable effort 
has been devoted to applying the core–shell microparticles 
for practical applications. However, the wide application of 
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these liquid handling platform is hampered by their broad 
size distribution, lack of control over the structure, content 
release (Galogahi et al. 2021), and difficulty in scaling up 
(Galogahi et al. 2020). Another drawback of this platform 
is the instability and a tendency for coalescence during the 
production process (Bonnet et al. 2009). Hence, most pro-
duction approaches have relied extensively on surfactants 
to prevent the coalescence of droplets. However, surfactants 
have undesirable side effects, especially for pharmaceuti-
cal applications (Hu et al. 2008; Xiong et al. 2008; Xie 
et al. 2009).

Droplet-based microfluidics is promising tool for rapid, 
continuous, and scalable production of core–shell droplets 
with excellent control over their dispersity, size, shape, 
and structures (Bandara et al. 2015; Sivasamy et al. 2011). 
Droplet-based microfluidics can combine different lipophilic 
and hydrophilic layers so that core–shell droplets can simul-
taneously encapsulate a variety of hydrophobic and hydro-
philic ingredients. Flow-focusing is one of the most popular 
droplet-based microfluidic configuration for the production 
of core–shell droplets or double emulsion (Shui et al. 2008; 
Tan et al. 2008). Flow-focusing geometry allows for a wide 
range of droplet sizes, generation rates, and number of shell 
layers (Lashkaripour et al. 2019; Teo et al. 2020). However, 
the relatively large number of effective parameters such as 
device geometry, fluid properties, and operation conditions 
have made designing a microfluidic flow-focusing device 
challenging and has hindered its performance in practical 
applications (Galogahi et al. 2021a). Various aspect ratios 
cause the underlying physics and laws to be specific to each 
study (Lashkaripour et al. 2019). Moreover, droplet-based 
microfluidic applications usually require modified surface 
wettability of the microchannels. Patterning the wettability 
at an acceptable high accuracy and quality has always been 
challenging (Schneider et al. 2010).

The microfluidics-based core–shell droplets could be fur-
ther solidified to form a core–shell microparticle with tailored 
physical and chemical properties for the controlled release of its 
encapsulated contents. The solidification of the shell prevents 
leakage during storage, handling, or service and allows triggered 
release of the encapsulated content through external stimuli, 
such as mechanical, thermal stress and pH change (Galogahi et 
al. 2021b; Jeong et al. 2021). Mechanical stimuli-induced 
release is useful for drug delivery, anticorrosion protection, 
mechanobiology (Skirtach et al. 2011), intracellular transport of 
small peptides (Volodkin et al. 2012). Mechanical stimuli such 
as stretching, shearing, and compression can trigger the release 
of the content of the microparticles (Rajamanickam et al. 2020). 
Robust microparticles resist cracking before delivering cargoes 
to the targeted place, while weak microparticles fail to deliver 
and reduce encapsulation efficiency (Skirtach et al. 2011). The 

thermally induced release is useful for applications, where a 
premature release of contents should be inhibited until reach-
ing targeted temperature. For instance, thermally induced 
release can help to deliver food additives and ingredients under 
control upon shell layer melting (Esser-Kahn et al. 2011). For 
instance, rising soil temperature could trigger the release of 
encapsulated fertiliser in agriculture applications (Friedman 
and Mualem 1994; Drake 1988). Temperature change could 
result in disassembly, decomposition, or melting of polymeric 
microparticles, ultimately triggering the release (Esser-Kahn 
et al. 2011). The mechanical and thermal strengths of the shell 
play a crucial role in rupturing or damaging the microparticles 
during the production process, maintaining long-term stability 
and at the same time the sensitivity to mechanical or thermal 
stress required for the triggered release of core components 
(Rajamanickam et al. 2016). Identifying the key parameters 
impacting the mechanical and thermal resistance is critical for 
the commercialization and practical applications of core–shell 
microparticles developed in the laboratory. Research has shown 
that mechanical and thermal strength of the shell significantly 
depends on the core and shell materials (Galogahi et al. 2021b). 
For instance, organic materials can cause plasticization of the 
polymeric shell and reduce its mechanical strength, especially 
elastic modulus and hardness. Shell thickness and microparti-
cles size can also affect the shell’s elastic modulus (Ahangaran 
et al. 2019; Zhou et al. 2019). Shell thickness and microparticles 
size determine the rupture behaviour of microparticles and their 
resistance against the deformation (Galogahi et al. 2021b). How-
ever, it is still unknown how the material properties and geom-
etry quantitatively affect the mechanical and thermal properties 
of such a complex core–shell structure. Temperature control 
will allow for a complex manipulation protocol from formation 
(Murshed et al. 2009) to sorting (Yap et al. 2009), to rupturing 
the core–shell microparticles.

In this study, we developed surfactant-free core–shell 
microparticles containing water and fluorescence aque-
ous core and polymeric shell using core–shell droplets 
generated as a template in a PDMS-based microfluidic 
flow-focusing device. We demonstrated how varying flow 
conditions affect droplet size, shell thickness. In a previous 
work, we established analytical models for the mechanical 
behaviour of thick-walled liquid core–shell particle under 
compression. We validated our models with experiments 
on core–shell particles with an oil core. However, more 
experimental information on mechanical behaviour of such 
a complex structure is required to validate the models. The 
present study also aims to experimentally and theoreti-
cally investigate the behaviour of core–shell microparticles 
with an aqueous core during compression and heating pro-
cesses. The experimental results are then compared with 
those of the analytical models.
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2  Experiments

2.1  Materials

Silicon wafers were purchased from IBD Technologies 
Ltd. (Wiltshire, UK). The photoresist SU-8 3050 was 
obtained from MicroChem Corp (Westborough, USA). 
PDMS prepolymer and the curing agent (Sylgard 184) 
were purchased from Dow Corning (Midland, MI, USA). 
Poly (vinyl alcohol) (PVA) (87–90% hydrolysed, aver-
age mol wt. 30,000–70,000) was purchased from Sigma-
Aldrich. Trimethylolpropane trimethacrylate (TMPTMA), 
Ethyl- 4(dimethy-lamino) benzoate, and camphorquinone 
were purchased from Sigma-Aldrich. Cetyltrimethylam-
monium bromide (CTAB), glycerol, and fluorescein were 
purchased from Chem-supply. Deionised water (Millipore) 
was used to prepare all aqueous solutions.

2.2  Fabrication of the microfluidic device

The PDMS-based microfluidic device was fabricated 
following the procedure reported in our previous study 
(Galogahi et al. 2021b). Briefly, a mask was designed 
using CleWin (WieWeb Software, The Netherlands) to 
define the patterns and printed on a transparent film. A 
layer of SU-8 3050 (MicroChem) was spin coated on a 
4-inch silicon wafer. This layer was then patterned into 
the mould of the microchannels through photolithogra-
phy and hard baking. The microchannel dimensions are 
30 µm in constriction width, 100 µm in width, 400 µm 
in spiral width, and 120 µm in height. The microfluidic 
device was fabricated with soft lithography approach. A 
degassed mixture of polydimethylsiloxane (PDMS) base 
and the curing agent with a ratio of 10:1 was poured onto 
the SU-8 mould, followed by curing for at least 1 h at 
75 °C. The cured PDMS replica was then peeled off. The 
inlets and outlet were punched using a biopsy puncher. The 
PDMS device was subsequently bonded onto a glass sub-
strate after treating both PDMS and the glass substrate in 
an oxygen plasma cleaner (PDC-32G-2, Harrick Plasma).

Selective surface modification of microchannels, neces-
sary for generating core–shell droplets, was achieved via 
polyvinyl acetate (PVA) deposition. PVA deposition on 
the PDMS surface results in the long-term and most robust 
hydrophilicity. PVA solution was prepared by mixing PVA 
and distilled water using a magnetic stirrer at 100 °C for 
3 h. The beaker containing the solution was then weighed, 
and some water was added to make up for water lost due 
to evaporation. We manually injected PVA (1 wt%) from 
the outlet channel to the second junction to maintain 
the hydrophilicity of this section. Simultaneously, air 

introduced from the first and second inlets to maintain 
a hydrophobic section behind the second junction. Air 
was delivered with a syringe pump at a high flow rate of 
400 µL⁄min for 15 min. PVA was then thoroughly removed 
by blowing air into the channels, and the device was baked 
at 100 °C for 15 min. The process was repeated three times 
to achieve an acceptable level of hydrophilicity. Subse-
quently, we filled the desired channel, which should be 
hydrophobic, with Aquapel. Aquapel was left inside the 
microchannels for 5 min. Simultaneously, the air flowed 
through the hydrophilic channels using a syringe pump at 
a flow rate of 600 µL⁄min. Finally, Aquapel was entirely 
removed by blowing air.

2.3  Preparation of core–shell particles

The flow-focusing microfluidic device consisted of five 
inlets and one outlet, as schematically shown in Fig. 1. 
The inlet fluids were all delivered into the microfluidic 
device using a syringe pump (NEM-B101-03 A, CETONI 
GmbH, Germany) at controlled flow rates. The core and 
shell fluids enter from the first and the second inlets, 
respectively. The third and the fourth inlets introduced the 
continuous phase. The final inlet inserted a spacer fluid 
Qs at a flow rate of 200 µL/h to prevent accidental merg-
ing of core–shell droplets. The flow rates of the core fluid 
QC and the shell fluid Qsh were varied to investigate their 
impact of flow conditions on the formation of core–shell 
droplets. First, the core flow QC was changed from 10 to 
40 µL/h, while the flow rates of the shell fluid Qsh and 
continuous fluid Qco at first and the second cross junctions 
were kept at 120 and 200 and 200 µL/h, respectively. Next, 
the flow rate of the shell fluid Qsh was changed from 80 to 
160 µL/h, while the flow rates of core fluid Qc and contin-
uous fluid QCo at the first and second junctions were kept 
at 20 and 200 and 200 µL/h, respectively. For the genera-
tion of core–shell droplets with an aqueous core, the core 
and the shell phase were composed of distilled water and 
TMPTMA, respectively. The TMPTMA was formulated 
by mixing 0.06 g of ethyl- 4(dimethylamino)benzoate, 
0.05 g of camphorquinone, and 10 g of TMPTMA using 
mechanical stirring at 600 rpm for 1 h. For the generation 
of the fluorescent cores, the core phase consisted of 0.5% 
wt fluorescein. The continuous phase and the spacer fluid 
were the aqueous solution, constituted of 50% v/v glycerol 
and 0.625% wt CTAB. Finally, the generated core–shell 
droplets left the device through the outlet tubing. The 
spiral channel and outlet tubing were exposed to a blue 
light source (110–240 V, 24 W) to partially polymerise 
the shell and to prevent accidental aggregation while the 
droplets are passing inside the channel and tubing. The 
spiral geometry with a relatively large width of 400 µm 
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also prevents the core from escaping the shell layer after 
the formation of the core–shell droplets by decreasing the 
shear stress and increasing the shell curing time. The par-
tially cross-linked particles were subsequently exposed 
further to the blue light for 30 min after collection to 
be fully cross-linked. After the exposure, the generated 
core–shell particles were rinsed with distilled water three 
times to remove glycerol and CTAB. However, past stud-
ies have indicated no severe toxicity problems if CTAB 
concentration is kept at a minimum (Wang et al. 2008; 
Singh et al. 2000). Nevertheless, we used the Raman spec-
troscopic technique to discover the possible presence of 
CTAB residues on the surface of particles. We then left 
the core–shell particles at room temperature for five days 
to be completely dried.

The formation process of core–shell droplets was 
observed in real-time and recorded using a high-speed CCD 
camera (Phantom Miro3, Vision Research) attached to an 
inverted microscope (Nikon, Eclipse Ti). We used ImageJ to 
analyse video frames captured and to measure the size of the 
core–shell droplets. The surface and cross-sectional micro-
structures of core–shell particles were studied using scan-
ning electron microscopy (SEM) operating at an acceleration 
voltage of 1 kV. To obtain the cross-sections of fractured 
particles, they were sliced manually with a scalpel blade. 
The morphology of core–shell particles was characterised 

by optical microscopy using an inverted microscope (Eclipse 
Ti2, Nikon).

2.4  Mechanical behaviour of core–shell 
microparticles

We conducted further experiments to verify the theory of 
compression of fluid-filled elastic shells previously devel-
oped. Figure S2(a) (supporting Information) shows the 
experimental setup designed and built for the compression 
test. A single-axis translation stage with the 150-811ST 
micrometre drive was positioned perpendicular to the pan 
of an analytical balance (Sartorius Entris1241-1S, Sartorius 
Co., Germany). The microparticles were compressed using 
a right-angle mounting adapter mounted on the translation 
stage as it was steered downward. The side view of the com-
pression process was observed and recorded continuously 
using a video camera (XimeaxiQ-USB3 MQ013CG-ON, 
Edmund Optics Co.) with a 0.7–4.5X Zoom Imaging Lens 
(VZM450, Edmund Optics Co.). During all the experiments, 
the forces being imposed on the microparticles were meas-
ured using the analytical balance. Finally, the displacements 
created by applying force due to the compression of the 
microcapsules were measured using ImageJ. Each experi-
ment was repeated three times to achieve the average values.

Fig. 1  Five-inlet microfluidic 
device for the generation of 
core–shell droplets with an 
aqueous core. Inlet 1: Aqueous 
core fluid; Inlet 2: TMPTMA; 
Inlet 3, 4, and 5: Aqueous 
solution containing 50% v/v 
glycerol and 0.625 wt % CTAB. 
Briefly, aqueous core and shell 
(TMPTMA) fluids were injected 
from the first and second inlets, 
resulting in the core droplets. 
The continuous phase was intro-
duced from the third and the 
fourth inlets, resulting in sub-
sequent formation of core–shell 
droplets. The spacer fluid was 
inserted at the third junction to 
prevent accidental merging of 
core–shell droplets. The shells 
were then partially cross-linked 
by exposure to UV while pass-
ing through the spiral channel. 
The core–shell particles were 
collected at the outlet
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2.5  Thermal behaviour of core–shell microparticles

The thermal stability of the core–shell particles was evalu-
ated with a customized setup, Fig. S2(b) (supporting Infor-
mation). Core–shell particles were gently transferred on a 
glass slide which was located on a controlled hot plate. Tem-
perature scans started by holding the particles for 10 min 
at 25 °C followed by heating at a particular increment of 
10 °C until the shell rupture was initiated. The core–shell 
particles were maintained at each temperature for 10 min 
to achieve a good isothermal condition across the particles. 
During the heating process, a video camera (XimeaxiQ-
USB3 MQ013CG-ON) with 0.7–4.5X Lens (VZM450, 
Edmund Optics Co.) placed on top of the sample simultane-
ously recorded the data. Each experiment was repeated three 
times to achieve the average values of the critical rupture 
temperature.

3  Result and discussion

3.1  Effects of fluids flow rates on core–shell 
emulsion

Figure 2 shows the effect of variation in water and fluores-
cent solution flow rate QC on the core RCore and core–shell 
RCore−Shell droplet radius and the shell thickness TShell . Fig-
ure 3(a) indicates that increasing the core flow rates QC 
from 10 to 40 µL/h results in larger water and fluorescent 
core droplets, while the separation distance between the 
droplets decreases. In contrast to the core droplets, the 
radius of shell droplets RCore−Shell is independent of the 
core flow rates and remains at about 59 µm for the differ-
ent core flow rates. Consequently, with the growing size 
of core droplets, the thickness of the shell TShell reduces. 

Fig. 2  Final core–shell droplet with a a water core and b a fluorescent core geometry plotted against the core flow rate Qc ; c Images of the first 
junction showing the formation of water core and fluorescent core droplets at a different core flow rate. Scale bars depict 100 μm
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The droplet formation in flow-focusing geometry relies on 
three main forces: the interfacial force withstanding the 
break-up, the shear force acting on the droplet generation 
by the continuous phase, and hydrostatic pressure. In the 
dripping regime, the interfacial force initially dominates, 
and the interface starts to expand in the radial and axial 
direction towards the channel. Eventually, after blocking 
the channel of the continuous phase and increasing the 
pressure, the shear force overcomes the interfacial tension 
leading to droplet breakup. Increasing the core flow rate 
amplifies the expansion of the interface, resulting in larger 
droplets. Figure 2 also shows that adding fluorescent dye 
to the core has a negligible impact on the core and the 
size of the core–shell droplet, while it significantly affects 
the separation distance between core droplets, resulting in 
larger spacing gap. For example, the addition of fluores-
cent dye dramatically increases the separation distance to 

80% in the flow rate of 10 µL/h. For a higher flow rate, 
this impact decreases to 38%.

Figure 3 compares the core RCore a and core–shell RCore−Shell 
a droplet size and the shell thickness TShell  at increasing shell 
flow rate Qsh while the core QC and continuous QCo and 
spacer fluid Qs flow rates are kept constant at 20, 200, 200 
and 200 µL/h, respectively. Figure 3 illustrates that increasing 
shell flow rate resulted in smaller water and fluorescent core 
droplets. While the radius of core–shell droplets RCore−Shell a 
raised by almost 7% due to a two-fold increase in the shell flow 
rate. Accordingly, a significant increase in the thickness of the 
shell can be observed. Comparing Fig. 3(a, b) indicates that the 
addition of fluorescent dye to core had almost no effect on core 
and core–shell droplets size. However, the addition of fluores-
cent dye increased the separation distance between the core 
droplets. It is also apparent that the increase of shell flow rate 
increases the separation distance between the core droplets.

Fig. 3  Core–shell droplet with a a water core and b a fluorescent core geometry plotted against the shell flow rate Qsh ; c Images of the first junc-
tion showing the formation of water core and fluorescent core droplets at a different shell flow rate. Scale bars depict 100 μm
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Figure 4(a, b), show representative microscopic images of 
these core–shell droplets after collection. The images reveal 
a spherical, smooth, and homogeneous shell encapsulating 
the aqueous core. The morphology and microstructure of 
solid microparticles were characterised by scanning electron 
microscopy (SEM). We found that individual microparticles 
have regular morphology, smooth surface, Fig. 4(c). Almost 
all core–shell microparticles maintained their spherical 
shape after curing and drying.

3.2  Mechanical behaviour of core–shell 
microparticles

This section discusses with the deformation behaviour 
of core–shell particles with water core under compres-
sion. We considered a thick-walled spherical shell of outer 
radius RCore−Shell and thickness TShell in contact with two 
parallel rigid plates, Fig. 5(a, b). During the compression 
process, the initial response of the shell was flattening 
against the plates, followed by sudden rupture. Pauchard 
and Rica (1998) were pioneers in developing the theory of 
compression of elastic shells. The authors experimentally 
deduced the elastic energy stored in the hollow shell due to 
the displacement corresponding to the deformation. In our 
previous work, we investigated whether Pauchard’s model 
could describe the deformation behaviour of the elastic 
shell filled with an incompressible oil during compres-
sion. Herein we explore whether the model is still valid in 
the case of a particle filled with water. Figure 6(a) shows 
the response of microparticles with a water core to the 
application of force predicted using the axisymmetric 
model (Supporting Information, Eq. (3)). The responses 
were then compared with experimentally measured data. 
We evaluated and compared the mechanical properties of 
three different core–shell particles with water core. The 
ratios of the shell thickness to outer radius TShell∕RCore−Shell 
of microparticles under investigation were 0.37, 0.41 and 
0.46, respectively. Data were fitted to Eq. (3) (Supporting 
Information), which generated fitting parameters A = 0.05 

and B = 0.06. In Fig. 6(a), point A in the curve represents 
the start of the microparticles being touched by the top 
plate. Curve A-B corresponds to the compression and 
deformation of microparticles being held between two 
plates. The microparticles were then ruptured at point B 
and the force instantaneously dropped due to the release 
of the water core, represented by point C. The deviation of 
experimental results from the theoretical predictions might 
be due to the lack of concentricity. Figure 6(b) shows the 
critical rupture displacement dmax as a function of shell 
thickness to outer radius TShell∕RCore−Shell obtained by 
equalizing Eqs. (1) and (2) (Supporting Information) with 
a C value of 0.048. The Fig. 6(b) indicates that critical dis-
placement dmax of the particle with higher TShell∕RCore−Shell 
is greater than that with lower TShell∕RCore−Shell , because 
the particle with higher TShell∕RCore−Shell ratio had a much 
thicker shell. The core–shell microparticles burst when 
they were deformed by almost 60%. The generated critical 
displacement dmax data was then used to determine the cor-
responding rupture force using Eq. (3) (Supporting Infor-
mation), Fig. 6(c). Figure 6(c) displays that by increas-
ing the shell thickness to outer radius TShell∕RCore−Shell , 
the resistance of particles to deformation increases, con-
sistent with the experimental results. The rupture force 
of core–shell particles with an TShell∕RCore−Shell ratio of 
0.46 was approximately 30% greater than that with an 
TShell∕RCore−Shell ratio of 0.37.

Fig. 4  Microscopic images of a core–shell droplets with water core after collection and b core–shell droplets with fluorescent core. c SEM 
image of solid core–shell microparticles after curing and drying. d X-ray image of a core–shell particle. Scale bars depict 100 μm

Fig. 5  Schematic figures showing a the initial core–shell particle with 
water core, b after compression between two parallel plates, and c 
after heating up to critical rupture temperature
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3.3  Thermal behaviour of core–shell microparticles

This section investigates the thermal properties of core–shell 
particles with water core. We experimentally studied the 
behaviour of three core–shell particles with the shell thick-
ness to the outer radius TShell∕RCore−Shell ratios of 0.37, 0.41, 
and 0.46. The microcapsules were heated from 25 °C with a 
temperature increment of 10 °C until bursting and releasing 
the core content. The results indicated that the microparti-
cles remained approximately unchanged and stable up to 
the critical rupture temperature. All microparticles burst and 
released the water core at a temperature more than 100 °C, 
beyond the boiling temperature under atmospheric condi-
tion. The average critical rupture temperatures of micropar-
ticles with TShell∕RCore−Shell ratios of 0.37, 0.41, and 0.46 
were 106 °C, 113 °C, and 113 °C, respectively. The broken 
release happened when water pressure inside the micropar-
ticles increased beyond the shell’s yield point under heating 
(Fig. 5(c)). We considered that the pressures build in an iso-
choric process as the internal volume of particles remains 
constant throughout the heating process. In these closed 

systems of constant volume, the isochoric process occurs in 
the undercooled compressed liquid phase. Heating increases 
the temperature and the corresponding pressure. The cor-
responding experimental rupture pressure can be estimated 
as the saturation pressure at the given temperature from the 
saturated water tables, e. g. 1.2714 bar and 1.7682 bar for 
106 °C and 113 °C, respectively (Rajput 2009). The average 
rupture pressure Pi corresponds to the maximum radial nor-
mal stress inside the shell (Eq. 5, Supporting Information). 
In agreement with (5), the experimental results indicated 
that the rupture temperature of the microparticles is inde-
pendent of TShell∕RCore−Shell ratio (Fig. 6(d)). Based on the 
experimental results the rupture temperature is almost unaf-
fected by the proprieties of the shell layer. The perversion 
of microparticle with TShell∕RCore−Shell ratio of 0.37 might 
be due to the asymmetry of the aqueous core in the shell, 
Fig. 4(d). As shown in microscopic (Fig. 4(b)) and x-ray 
images (Fig. 4(d)), the location of cores and the shell shape 
may vary. Some of the cores are located closer to the outer 
surface. The nonuniformity in the shell thickness results in 
nonuniform normal stress to the shell layer. Consequently, 

Fig. 6  a Force versus displacement curve when single microparticle was compressed to the rupture point; b The critical rupture displacement 
dmax versus TShell∕RCore−Shell at the rupture point; c Rupture force versus TShell∕RCore−Shell ; d Critical rupture temperature versus TShell∕RCore−Shell
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the shell begins to buckle from the weak spot under pres-
sure. The shell from the thin-walled part ruptures more eas-
ily than the thicker part and earlier than the average rupture 
temperature (Paulose and Nelson 2013; Datta et al. 2012; 
Zhang et al. 2019).

4  Conclusion

We developed a facile microfluidic approach for producing 
uniform core–shell microparticles with an aqueous core in 
a flow-focusing geometry. The approach involves precise 
and simple control of the hydrophilicity and hydrophobic-
ity of microchannels and without surfactant in both core 
and shell layers. The spiral geometry with the increased 
width of 400 µm in the present work prevents the core to 
escape from the shell layer by decreasing the shear stress 
and increasing the droplet’s curing time. Low toxicity and 
biocompatibility of aqueous core and shell polymer make 
our microparticles highly practical and attractive for encap-
sulating various biologically active components. The further 
advantage of our microparticles is the simultaneous poten-
tial encapsulation of hydrophilic and hydrophobic molecules 
into the core and shell layer, respectively. We subsequently 
studied the mechanical and thermal responses of resultant 
microparticles undergoing compression and heating. The 
results revealed that critical temperature and rupture forces 
depended strongly upon the shell thickness to the outer 
radius. The critical temperature, the force required to rup-
ture microparticles and rupture displacement increased with 
the shell thickness to the outer radius. The predictions of our 
models were in excellent agreement with the experimental 
data across all three geometries. Our study revealed that the 
high mechanical and thermal stability of microparticles with 
water core might have potential for applications requiring 
high temperature and mechanical stability. For instance, 
these core–shell particles could be applied as a bioreactor 
to condense and encapsulate deoxyribonucleic acid (DNA). 
The shell can resist the relatively high temperature of ther-
mal cycling of polymerase chain reaction. The transparency 
of shell material allows for monitoring and evaluating the 
fluorescence intensity of amplified DNA. Our study has also 
shown that the shell has the potential to protect DNA against 
degradation due to high shear forces.
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