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Droplet-based microfluidics and digital polymerase chain reaction (PCR) hold significant promise for

accurately detecting and quantifying pathogens. However, existing droplet-based digital PCR (ddPCR)

applications have been relying exclusively on single emulsion droplets. Single emulsion droplets may not

be suitable for applications such as identifying the source and pathways of water contamination where

the templates must be protected against harsh environmental conditions. In this study, we developed a

core–shell particle to serve as a protective framework for DNAs, with potential applications in digital PCR.

We employed a high-throughput and facile flow-focusing microfluidic device to generate liquid beads,

core–shell particles with liquid cores, which provided precise control over process parameters and con-

sequently particle characteristics. Notably, the interfacial interaction between the core and shell liquids

could be adjusted without adding surfactants to either phase. As maintaining stability is essential for

ensuring the accuracy of digital PCR (dPCR), we investigated parameters that affect the stability of core–

shell droplets, including surfactants in the continuous phase and core density. As a proof of concept, we

encapsulated a series of human faecal DNA samples in the core–shell droplets and the subsequent liquid

beads. The core–shell particles ensure contamination-free encapsulation of DNA in the core. The volume

of the core droplets containing the PCR mixture is only 0.12 nL. Our experimental results indicate that the

liquid beads formulated using our technique can amplify the encapsulated DNA and be used for digital

PCR without interfering with the fluorescence signal. We successfully demonstrated the ability to detect

and quantify DNA under varying concentrations. These findings provide new insights and a step change in

digital PCR that could benefit various applications, including the detection and tracking of environmental

pollution.

Introduction

Human and animal faecal pollution remarkably impacts
environmental water quality and represents a direct threat to
the health of humans and livestock. Faecal pollution can sig-
nificantly affect marine harvesting or recreational activities
such as swimming.1 Human and warm-blooded animal faeces
contain pathogens that are the main sources of waterborne
diseases. Most waterborne pathogens can reside in both
human and animal feces.2 Identifying the source of contami-
nation is crucial for efficient resource management, remedia-
tion, and potential environmental risk assessment.
Conventional culturing methods for the detection of patho-
gens are costly, time-consuming, laborious, and inappropriate
for prompt prevention of major epidemic outbreaks due to the

requirement of long hours of culture.3 Recently, culture-inde-
pendent approaches such as surface plasmonic resonance
(SPR), DNA microarray, enzyme-linked immunosorbent assay
(ELISA), real-time quantitative polymerase chain reaction
(qPCR) and digital (dPCR) polymerase chain reaction have
been developed to assess waterborne pathogens.3 Among these
techniques, polymerase chain reaction (PCR) is most promis-
ing due to its speed, particular sensitivity, and ability to quan-
tify pathogen-specific genes. This technique is based on the
enumeration of faecal indicator pathogens such as Escherichia
coli (E. coli) and bacteroidales.4,5

Most recently, digital PCR has attracted increasing attention
because of its ability of sensitive detection6 and absolute
quantification of pathogens with high selectivity.7 Digital PCR
is based on the division of dilute target template samples into
separate low-volume PCR partitions, in which the average tem-
plate concentration is either at least one or no target mole-
cule.8 The template quantities are estimated from the number
of partitions, indicating a positive signal on the basis of
Poisson statistics. Unlike qPCR, digital PCR enables the absol-

Queensland Micro- and Nanotechnology Centre, Griffith University, 170 Kessels

Road, Nathan, Queensland 4111, Australia.

E-mail: nam-trung.nguyen@griffith.edu.au

4064 | Analyst, 2023, 148, 4064–4071 This journal is © The Royal Society of Chemistry 2023

http://rsc.li/analyst
http://orcid.org/0000-0003-4095-1751
http://orcid.org/0000-0003-3626-5361
http://crossmark.crossref.org/dialog/?doi=10.1039/d3an00868a&domain=pdf&date_stamp=2023-08-17


ute quantification of the target template without the need for
standard quantification curves. Imperfect amplification
efficiencies can impact the cycle threshold (CT) values of the
standard curve and consequently reduces the quantification
accuracy.3,9 Compared to qPCR, digital PCR is also more sensi-
tive and precise, when only a limited number of target tem-
plates exist in a sample.3 Droplet digital PCR (ddPCR) is a new
generation of digital PCR, where droplets generated using a
microfluidic device are used as a reaction chamber for the
PCR. Microfluidic technology can address the problem of
serial dilution by automatically partitioning genetic targets
into a large number of picolitre reaction volumes. Digital PCR
platforms based on microfluidics can overcome the drawbacks
of sample reagent waste and human errors.10 A microfluidic
device can generate thousands to millions of droplets of picoli-
tre volumes with a formation rate up to several kilohertz.
ddPCR demonstrates notable advantages in terms of time
saving, cost effectiveness,11 and high throughput, while main-
taining exceptional sensitivity12 and mitigating the risk of
cross-contamination.13

ddPCR has been widely utilized in diverse fields such as
medical diagnosis,14 molecular diagnosis,15 gene sequen-
cing,16 environmental engineering,3 and food and feed ana-
lysis.17 However, all these applications have been relying on
water-in-oil single-emulsion droplets. For example, Malic
et al.18 and Zhao et al.19 employed single droplet digital PCR
to quantify epigenetic-based white blood cell differentials and
the gene fragment of the epidermal growth factor receptor,
respectively. Single emulsion droplets are not suitable for
applications where the target DNA needs to be protected from
harsh external conditions. For instance, when tracing the
source or studying migration patterns of pollutants in water,
soil, and atmosphere,20,21 DNA tracers must be shielded from
physical, mechanical and chemical degradation due to high
temperature,22 radicals and UV irradiation,23,24 high shear
forces,25 oxidative stress,26 enzymatic degradation,21 ionizing
radiation, extreme pH,27,28 and strong microorganism
activity.20 The best approach to tackle this issue is the encapsu-
lation and condensation of DNA tracers within a protective
shell framework.29 The shell can enhance DNA tracer stability
in interactions with external factors, leading to high recovery
rates and stronger detection signals. Pang et al. encapsulated
synthetic DNA tracers in particles to monitor polluted surface
water, groundwater, and soils. The encapsulation process
offered protection against various potential risks, including
environmental stressors and negative charges. This protective
measure significantly enhanced the stability and effectiveness
of the DNA tracers, enabling accurate and reliable monitoring
under diverse environmental conditions.30 DNA tags have
gained significant attention in recent years for ensuring food
safety and product authenticity. Among various methods,
encapsulating DNA tags in particles is considered the most
effective approach for tracing food products like milk, yogurt,
and cheese. The encapsulation approach provides essential
protection for the DNA tags. Moreover, the encapsulated DNA
tags can be directly identified using digital PCR, eliminating

the requirement of extraction from particles, and offering a
rapid and precise method of verification.31

On the other hand, droplet microfluidics enables the gene-
ration of multilayer particles, in which molecules can be selec-
tively and separately encapsulated. Droplet microfluidics
demonstrates considerable advantages over conventional
techniques for encapsulating DNA. This technology can over-
come the bottlenecks of conventional DNA encapsulation
approaches such as photopolymerization,32 interfacial reac-
tion,33 and layer-by-layer (LBL) assembly.23 All conventional
bulk approaches are commonly associated with reproducibil-
ity limitations, limited control of quality and characteristics
such as particle size,34 dispersity, and structures, and high
materials consumption.35 The LBL technique is the most
widely used technique and usually results in the incorpor-
ation of DNA into multiple layers of matrices during their
deposition.36,37 Liquid beads form when the shell of core–
shell droplets is hardened through polymerisation and serve
as robust microscale capsules. Liquid beads generated using
microfluidics have the potential to be used for digital PCR.
DNA encapsulated into liquid beads could be identified
effectively by dPCR analysis, without being released from
the shell. dPCR can allow for the identification of DNA
tracers at a minimum concentration.

Nevertheless, there are some drawbacks associated with the
microfluidics technique. The main challenge encountered is
developing a stable microfluidic device with reliable hydro-
phobic and hydrophilic sections.38 Another barrier to imple-
menting droplet microfluidics is the instability and tendency
of the droplets to coalesce during their generation.39

Consequently, the usage of surfactants for stabilizing the
droplets is inevitable. However, most surfactants are environ-
mentally unfriendly, carcinogenic,40 and highly toxic to
humans.41 Furthermore, droplet microfluidics requires a
high level of microfluidic hardware and skill, because of its
multidisciplinary nature and complexity. These problems
further hinder the rapid commercialization of droplet-based
microfluidics.42,43

Our present study aims to develop a microfluidic liquid
bead platform as a DNA compartmentalisation framework
for digital PCR toward applications in water pollution moni-
toring. We used a PDMS flow-focusing microfluidic system
to generate stable core–shell microparticles. We demon-
strated that the interaction between phases can be adjusted
without adding any surfactants to the core and the shell
phases. We further demonstrated that stabilizing droplets
can easily be modulated by varying the surfactant concen-
tration in the continuous phase. We also investigated the
effect of the density of the core phase on the stability of the
core–shell droplets. Finally, we validated the application of
the digital PCR based on liquid beads formed from the
core–shell droplets for assessing pathogen contamination of
water by encapsulating faecal DNA and performing a PCR
assay. The developed assay was examined against different
concentrations of standard DNA extracted from bacteria,
using an AllBac general faecal DNA marker.
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Materials and methods
Fabrication of the microfluidic device

A silicon wafer mould was fabricated by photolithography and
hard baking of the thick photoresists SU8. The polydimethyl-
siloxane (PDMS) microfluidic device was fabricated using the
soft lithography technique.44 The PDMS base and curing agent
were mixed in a ratio of 10 : 1. After degassing in a desiccator,
the mixture was poured into the master mould and cured at
75 °C in an oven for 2 h. The PDMS slab was then peeled off
from the master mould. The inlets and outlet were sub-
sequently created using a biopsy punch. Finally, the cleaned
PDMS slab was bonded to a glass slide following an oxygen
plasma treatment step (PDC-32G-2, Harrick Plasma) for 120 s
at 1.2 mbar.

A partial hydrophilic surface modification of the micro-
channels was accomplished by manually introducing a polyvi-
nyl acetate (PVA) solution of 1 wt% immediately after the
device assembly. For partial hydrophilic surface treatment, the
PVA coating of hydrophobic channels was prevented by simul-
taneous injection of air into the hydrophobic channels using a
syringe pump at a flow rate of 400 µL min−1. After blowing out
the PVA solution with a strong airflow for 15 minutes, the
device was annealed at approximately 100 °C for 15 minutes.
The process was repeated three times to achieve adequate
hydrophilicity. Subsequently, the water repellent agent
Aquapel was manually introduced through the hydrophobic
channels for 5 min. The channels that should remain hydro-
philic were blocked by injecting air using a syringe pump at a
flow rate of 800 µL min−1. Finally, Aquapel was entirely
removed by blowing air.

Preparation of core–shell particles

Fig. 1 illustrates the flow-focusing geometries used for the
generation of core–shell droplets.45 The device consists of
three flow-focusing junctions, a dispersed phase inlet (inlet 1),

a shell phase inlet (inlet 2), two continuous phase inlets (inlet
3 and 4), a spacer phase inlet (inlet 5), and an outlet. The
widths of the first channel constriction, spiral channel, and all
other channels are 30 µm, 400 µm, and 100 µm, respectively.
All channels have a uniform depth of 120 µm. The first inlet
introduced the core phase that intersected the shell phase
flowing through the second inlet at the first junction. The gen-
erated core droplets then encountered the second junction to
be encapsulated by the shell phase. At the second junction,
the shell phase was dispersed using the continuous phase
entering from the third and fourth inlets. The generated core–
shell droplets then moved to the third junction. At this junc-
tion, the droplets were dispersed further by the spacer phase
to prevent accidental coalescence. Downstream of the third
junction is followed by a spiral channel and the outlet. The
core–shell particles were collected in a Petri dish. The collected
core–shell particles were subsequently exposed to blue light
(450–490 nm, 110–240 V, 24 W) for 20 minutes for complete
polymerisation. The choice of blue light for curing specifically
aimed at minimizing potential DNA damage that may be
caused by UV radiation. Polymerization and subsequent solidi-
fication of the shell prevented the coalescence of sample dro-
plets during the subsequent PCR process and ensured their
long-term stability.46,47

In the present study, we utilised several liquid systems to
study the impact of material properties on the position of the
core in the shell droplet. We first studied the surfactant con-
centration in the continuous phases introduced from inlets 3
and 4 as the spacer fluid, while deionized water was used as
the core phase. The continuous phase solutions were prepared
by dissolving 50% v/v glycerol and Tween 20 at concentrations
of 10−3 mol l−1 and 10−4 mol l−1 in deionised water. Adding
glycerol (dynamic viscosity of glycerol is ηglycerol = 6 cP) to water
increases the viscosity of the fluid and consequently the shear
stress at the second junction, and enhances the detachment of
the shell. Tween 20 was chosen as a surfactant because of its
non-ionic properties and biocompatibility. This surfactant
decreases the shell/continuous phase interfacial tension and
stabilises the core–shell droplets. Tween 20 also has a high
Hydrophilic Lipophilic Balance (HLB) value of 16.7, promoting
shell formation in aqueous emulsion. In the next experiment,
50% v/v glycerol with 10−3 mol l−1 Tween 20 was used as the
continuous phase, and a number of aqueous solutions, includ-
ing deionised water and glycerol/water mixtures (25% v/v and
50% v/v), were chosen as the core phase, respectively. We uti-
lised TMPTMA as the shell phase in all experiments. TMPTMA
is slightly transparent, thermally stable,48 non-toxic, and bio-
compatible49 and has a high-crosslinking capacity.50 The
surface tensions of all phases were measured using a tensi-
ometer through the pendent drop technique (Theta Flex from
Biolin Scientific, Gothenburg, Sweden).

All fluids were separately injected using a syringe pump
(NEM-B101-03 A, CETONI GmbH, Germany) at a controlled
flow rate. For each set of experiments, the flow rates of the
core, shell, continuous, and spacer phases were 30 µL h−1,
120 µL h−1, 400 µL h−1, and 400 µL h−1, respectively. An

Fig. 1 Five-inlet microfluidic device for the generation of core–shell
droplets and liquid beads. Inlet 1: aqueous core fluid; inlet 2: TMPTMA;
inlets 3, 4, and 5: aqueous solution containing 50% v/v glycerol and
Tween 20.
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inverted microscope (Nikon, Eclipse Ti) equipped with a high-
speed camera (Phantom Miro3, Vision Research) was used to
monitor the generation of droplets in the device. We then
investigated video frames captured from the droplet gener-
ations using ImageJ. A fluorescence microscope (Eclipse Ti2,
Nikon) was used to visualise the overall morphology of the
core–shell particles after collection. The 3D morphology of
core–shell particles was characterised using scanning electron
microscopy (SEM) (JSM-6510LV, JEOL) at an accelerating
voltage of 10 kV and a filament current of 65 μA.

Preparation of a mixture for dPCR

Detection of Bacteroidales 16S rRNA genes from DNA extracts
was performed using AllBac primers. DNA was extracted from
a faecal sample of a healthy individual using a QIAamp DNA
stool mini kit (Qiagen). Three independent serial dilutions of
DNA were tested to determine the sensitivities of the analyses.
A 20 µl PCR mixture contained 15 pmol of the primers
AllBac296F and AllBac467R, 10 µl of SYBR Green Supermix
mix, and 2 µl of DNA at concentrations of 37.88 ng μL−1, 18.94
ng μL−1, 9.47 ng µl−1, and 0.947 ng µl−1 as well as 4 µl of
DNase-free water to bring to the required volume. All com-
ponents were mixed exactly before encapsulation.

RT-qPCR

A total mixture volume of 20 μL consisted of 10 μL of
Supermix, 2 μL of forward and reverse primers, 2 μL of tem-
plate DNA (9.47 ng μL−1), and 4 μL of nuclease-free water. RT-
qPCR analysis was performed using SYBR Green Supermix
PCR under thermal cycle conditions: a PCR initial activation
step for 10 min at 95 °C and 3 step-cycling: denaturation for 30
s at 95 °C, annealing for 60 s at 53 °C, and extension for 60 s
at 60 °C, for 40 cycles. We used a standard curve consisting of
eight serial dilutions of DNA from 13 980 000 copies per reac-
tion to 1.398 copies per reaction. The negative control included
the reaction mixture in the absence of DNA. All reactions were
performed in triplicate.

dPCR

To encapsulate the PCR mixture, we introduced the mixture as
a core phase from the first inlet using a syringe pump. We
used TMPTMA and the mixture of 50% v/v glycerol and 10−3

mol l−1 Tween 20 as the shell phase and the continuous and
spacer phases, respectively. The flow rates of the core, shell,
continuous, and spacer phases were 10 µL h−1, 100 µL h−1,
200 µL h−1, and 200 µL h−1, respectively. The outlet liquid
beads were collected in PCR tubes. The collected samples were
subsequently moved to a thermocycler for thermal cycling.
PCR cycling conditions were 95 °C for 10 min, followed by 40
cycles at 95 °C for 30 s, 53 °C for 60 s, and 60 °C for 60 s per-
formed in a conventional thermocycler (Bio-Rad CFX Connect,
NSW, Australia). After the completion of thermal cycling, the
liquid beads were transferred to a Petri dish which was pre-
filled with water. The Petri dish was gently held in an angle to
allow a uniform monolayer of beads to form for imaging.
Bright field and fluorescence microscopy images of particles

were then taken with an ECLIPSE Ti2 inverted microscope.
The images were analysed using the ImageJ software and
Python (v3.9.5) was used to count the number of positive and
negative beads. Subsequently, the concentration of the target
DNA was calculated according to the Poisson distribution
principle:

C ¼ �lnð1� ðP=GÞÞ=V ; ð1Þ
where P is the number of positive particles, G is the number of
total particles, and V is the volume of the core droplets.

Results and discussion
Stability of core–shell droplets

Surfactant-free water/oil/water double-emulsions are intrinsi-
cally thermodynamically unstable against phase inversion or
coalescence. Thus, the use of surfactants in the generation of
water/oil/water double-emulsions is inevitable to prolong the
lifetime of droplets.51 In a previous study, we utilised cetyltri-
methylammonium bromide (CTAB) as a surfactant in the con-
tinuous phase to generate liquid beads. However, we observed
that some of these liquid beads suffered from a lack of concen-
tricity inside the shell and partial stability. In addition, some
droplets lost their core while passing through the outlet
tubing. Furthermore, we found that the eccentric liquid beads
released the core contents under heating and the load from
the thinner part of the shell earlier than expected. As a result,
we need to overcome the destabilization of droplets to produce
robust liquid beads suitable for digital PCR. This is critical
because the loss of the core and rupturing of the shell during
amplification under thermocycling have an adverse effect on
the accuracy and sensitivity of dPCR. In the current study, we
investigated the effect of Tween 20 as a surfactant in the con-
tinuous phase on the concentricity and stability of core–shell
droplets. Before adding Tween 20 to the aqueous glycerol solu-
tion (surface tension γ = 66.6 mN m−1), all core–shell droplets
lost their core to the continuous phase immediately after the
formation. At a low Tween 20 concentration (10−4 mol l−1) (γ =
52.73 mN m−1), rapid coalescence of the core–shell droplets
occurred, and most core droplets were released while passing
through the microchannels or in the outlet. By increasing the
concentration of Tween 20 to 10−3 mol l−1 (γ = 40.013 mN
m−1), coalescence between droplets occurred less frequently,
and the core–shell droplets remained entirely stable, Fig. 2.
This phenomenon was attributed to the decrease in the inter-
facial tension between the shell and continuous phase
γshell-Con. by aligning at the interface of the continuous shell
phase.

Absorption of surfactants can also develop a physical
barrier against merging of the core droplet to the continuous
phase. Double-emulsion droplets are thermodynamically
stable if the spreading parameter of the shell phase Sshell =
γcore-Con. − (γshell–core + γshell-Con.) > 0. However, the Sshell of the
water/oil/water droplets is inherently negative because the
tension of the core and continuous phase interface γcore-Con. is
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less than either the tension of the shell and core phase inter-
face γshell–core or the tension of the shell and continuous phase
interface γshell-Con.. If the core–shell droplets are formed, the
shell dewets the core and the droplets eventually transform
into oil/water droplets to minimise the interfacial energy.52

Adding Tween 20 to the continuous phase reduced γshell-Con.,
increasing Sshell. Therefore, the shell phase engulfs more ade-
quately the core phase and prevents the core droplet and con-
tinuous phases from meeting each other. In addition, the
results indicate that Tween 20 leads to better droplet stability
than CTAB. This can be justified based on the surfactants’
hydrophilic–lipophilic balance (HLB). Tween 20 with more
hydrophilicity (HLB = 16.7) contributes more efficiently to sta-
bilising the external interface than CTAB with less hydrophobi-
city (HLB = 1).

We also investigated the impact of core phase density on the
stabilisation of core–shell droplets. As the PCR mixture has a
different density from water, it may affect the stability of the dro-
plets, causing shell droplets to lose the core while passing
through the microchannels or at the outlet (Fig. 3(a, b, c and d)).
The instability of the droplets may be caused by the increasing
density through glycerol. It is clear from the results that increas-
ing the core density results in faster destabilisation and coalesc-
ence of the core droplet to the continuous phase. This phenom-
enon can be described with the Archimedes number:

Ar ¼ gdcore3ρcoreðρcore � ρshellÞ=μshell2;

where g, dcore, μshell, ρcore, and ρshell are the acceleration of gravity,
core diameter, viscosity of the shell, and core and shell densities,
respectively. The Ar number represents the relative effect of gravi-
tational force on viscous force.53,54 A greater Ar value indicates
the more dominant impact of core density and density difference
on expediting core droplet movement. Adding glycerol increases
Ar by increasing the difference between the core and shell den-
sities. As a result, gravitational forces driven by the density differ-
ence accelerate the motion of the core droplet towards the shell
interface.

PCR

Initially, we performed RT-qPCR with a dilution of 9.47 ng
µL−1 to assess the PCR mixture and compare the results to
dPCR results. The RT-qPCR predicted a number of 1677.1
copies per microlitre (µL) reaction. In the next step, we utilised
an optimised formulation to generate core–shell particles
loaded with DNA for dPCR application. Microfluidics techno-
logy enabled the encapsulation of DNA into thousands of
monodisperse core–shell particles, effectively shielding the
DNA from the external environment. These particles acted as
reaction chambers for PCR, allowing precise and controlled
amplification of DNA samples. During the post-PCR analysis,
particles containing DNA emitted fluorescence, while those
without DNA remained faint, facilitating the absolute detec-
tion and quantification of DNA copies. Due to the high con-
centration of extracted DNA of 94.7 ng µL−1, there was a possi-
bility of all beads emitting fluorescence, which could lead to
an unreliable analysis. Thus, we initiated the process with a
2.5-fold dilution of DNA in the reaction mixture. To demon-
strate the sensitive and accurate quantitative measurement of
digital PCR using our core–shell particles, we tested several
dilutions of DNA solutions ranging from 37.88 ngμL−1 to 0.947
ng μL−1. We verified the specificity of the dPCR by utilising
liquid beads without a DNA template as a negative control. For
each experimental run, we randomly selected hundreds of
core–shell particles and captured their fluorescence images for
enumeration analysis. As there might be more than one DNA
molecule encapsulated in each particle, we calculated the
number of DNA copies using mathematical correction of
Poisson statistics. We then estimated the concentration of
DNA based on the core droplet volume, which is approximately
0.12 nL. Fig. 4(a) illustrates a set of fluorescence images of

Fig. 2 Bright-field and fluorescence images of the outlet and collected
core–shell droplets (a and d) before adding Tween 20; (b and e) at a low
Tween 20 concentration (10−4 mol l−1); and (c and f) a high Tween 20
concentration (10−3 mol l−1), respectively. Scale bar represents 100 μm.

Fig. 3 Bright-field and fluorescence images of outlet and collected
core–shell droplets at the concentrations of 25% v/v (a and c) and 50%
v/v (b and d), respectively. Scale bar represents 100 μm.
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thermocycled microfluidic particles containing DNA with
varying concentrations.

The negative control particles remained dim during ampli-
fication, while increasing the DNA template concentrations in
the PCR mixture proportionally enhanced the fraction of posi-
tive particles. The images indicated that the microfluidic
digital PCR based on liquid beads succeeded without inter-
ference in the fluorescence signal by the shell layer. The non-
uniformity of the fluorescence signal in the images can likely
be attributed to two factors: the non-uniform shape of the core
within the shell and the varying positions of the core droplets
within the shell. Firstly, the irregular shape of the core can
introduce variations in the signal intensity across the shell.
Additionally, the lack of centricity of the core within the shell
may further impact the fluorescence signals. We employed a
customised image processing algorithm to take all these
factors into consideration and to achieve robust
evaluation.46,47 The results also demonstrated that all DNA
molecules were encapsulated into the core without contami-
nating the shell. Fig. 4(b) illustrates the comparison between
the measured concentrations of DNAs and the expected con-
centrations. The measured concentrations for each DNA
exhibited a high degree of correlation with the expected con-
centrations. More importantly, the concentration measured

with digital PCR (dPCR) at 9.47 ng μL−1 was found to be in
close agreement with the concentration obtained by RT-qPCR.
These findings underscore the potential of the digital PCR
system based on liquid beads for detecting pathogenic bacteria
and accurately quantifying gene targets. Our observations indi-
cated that the particles remained stable and retained their
morphology and structure during the entire process, including
generation, thermal cycling, and analysis. Notably, the par-
ticles maintained their stability even after prolonged storage in
a freezer (Fig. 5), suggesting their potential suitability for
applications that require long-term preservation of genetic
materials or further analysis.

Conclusion

We demonstrated the generation of stable liquid beads, core–
shell particles having a liquid core, without adding any surfac-
tants to the core and shell phases using a microfluidic flow-
focusing configuration. We demonstrated that the stabilization
of core–shell droplets significantly depends on the hydro-
philic–lipophilic balance and concentration of the surfactant
in the continuous phase. A surfactant with a greater HLB
resulted in better core–shell droplets with aqueous core stabi-
lity. We further demonstrated that the denser core phase led to
faster destabilizing and merging of the core droplet to the con-
tinuous phase. Subsequently, we applied the optimised core–
shell particles for digital PCR for the purpose of monitoring
faecal contamination in environmental water. We efficiently
encapsulated a series of DNA dilutions into the core of the
liquid beads. DNA molecules were efficiently amplified in the
beads, enabling the accurate detection and quantification of
DNA molecules. We observed no interference in the fluo-
rescence signal by the shell layer during post-PCR analysis.
The usage of the liquid bead to encapsulate DNA overcomes
the problem of droplet evaporation during thermal cycling.
Based on our previous studies, the shell layer has the potential
to protect DNA against physical and mechanical degradation.
Comparison of the results obtained from dPCR and RT-qPCR
indicated agreement for liquid bead assay efficiency and
quantification. The results of this study offer a foundation for
expanding the application of dPCR beyond its traditional func-
tion of detecting and quantifying genetic targets. Our techno-

Fig. 4 PCR results of liquid beads: (a) fluorescence microscopy images
of core–shell particles without DNA and containing serial dilutions of
the DNA template at 0.947, 9.47, 18.94, and 37.88 ng μL−1. Scale bars
are 100 μm. (b) Relationship between the measured and expected DNA
concentration values in logarithmic scale.

Fig. 5 Scanning electron microscopy images of particles before and
after freezing. Scale bars are 500 μm.
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logy can now be applied to situations where genetic cargoes
need protection, such as tracing of the environmental pol-
lution and products.
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