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ABSTRACT
We demonstrate a method to create surfactant-free core–shell microcapsules in a hydrophilic polydimethylsiloxane microfluidic device. An
ultraviolet light curable polymer was used to encapsulate an oil core. These microcapsules ensure contamination-free compartmentation of
the core material without any surfactant, while maintaining the monodispersed generation at a rate of 100 microcapsules per second. The
device fabrication process is greatly simplified without the alignment of microchannels and hydrophobic/hydrophilic surface treatment. After
drying, physically shaking the collection chamber can crack the capsule to release the liquid core material. Such solid microcapsules with a
liquid core are ideal for the storage and delivery of oil-based materials in skincare products or reagents for biochemical assays.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0004736., s

I. INTRODUCTION

Core–shell microcapsules play a significant role in research and
commercial products. These microcapsules serve as miniature con-
tainers for the storage and delivery of substances.1,2 The current pro-
duction methods include emulsion-based,3,4 liquid marble-based,5,6

and microfluidic7,8 approaches. Emulsion-based methods generate
double emulsions through homogenization or ultrasonification of
two liquid phases. Surfactants are accordingly needed to ensure
interfacial stability by reducing interfacial tension between the dif-
ferent liquid layers.9 However, surfactants may affect chemical pro-
cesses, such as enzymatic activities in the droplet.10 This makes them
unsuitable for certain enzyme-related research. Liquid marbles, a
liquid droplet coated with hydrophobic powder, are also constrained
by their relatively large size.5,6 On the contrary, smaller microcap-
sules can be obtained through electro-spraying with a strong elec-
tric field.11 These methods, however, require the use of additional
equipment for electric field generation.12

Microfluidics has been a viable option for generating micro-
capsules. However, the challenges for this approach are with the
breaking and misalignment of glass capillary devices7,14 and dual
hydrophobic/hydrophilic surface treatment of polydimethylsilox-
ane (PDMS) devices.13 The dual surface treatment is required for
the complete wetting of the microchannels to ensure a steady and
reliable liquid flow within each microchannel. The applied treat-
ment accordingly depends on the interfacial tension of the bulk
liquid flowing through each microchannel. In general, hydropho-
bic treatment is employed when oil-based liquids are used to wet
the microchannel.18 Hydrophilic treatment is used for the water-
based counterpart.16 Reducing the amount of surface treatments in a
microfluidic device significantly simplifies the fabrication process of
the devices. Furthermore, the shell material of the existing solutions
has been often limited to alginate, a salt of alginic acid and sodium or
calcium. Addressing all these bottlenecks, we present here a method
for generating surfactant-free, ultraviolet (UV) light curable core–
shell microcapsules in a fully hydrophilic PDMS microfluidic device.
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FIG. 1. Surfactant-free formation of core–shell microcapsules. (a) The experimen-
tal setup. (b) Image of the device design with the introduction of liquids at various
positions. The windows indicate the three cross junctions corresponding to [(c)–
(e)]. (c) The first junction for the formation of core droplets. (d) The second junction
for the formation of core–shell droplets. (e) The third junction for separating the
core–shell droplets. (f) Schematic diagram showing side view of spherical droplets
within microchannels for the calculation of volume VS. (g) Schematic diagram
showing the side view of discoid droplets within microchannels for the calculation
of volume VD. Scale bars represent 100 μm.

Using a UV-curable polymer instead of an oil-based liquid, we avoid
the need for dual surface treatment. Figures 1(a) and 1(b) show the
experimental setup and the device design. The microfluidic device
consists of three cross junctions. The first junction generates the
core droplet [Fig. 1(c)]. The second junction forms the core–shell
droplet [Fig. 1(d)]. The final junction introduces a spacer liquid to
prevent accidental coalescence [Fig. 1(e)]. Upon collection, the core–
shell droplets are cured under UV light to form solid microcapsules.
The microcapsules are subsequently dried and collected in air. For
retrieving the core material, the microcapsules are immersed in a
water container and stirred to break the shells.

II. MATERIALS AND METHODS
The polydimethylsiloxane (PDMS) device was fabricated using

standard photo and soft lithography methods.12 Flow focusing

configuration was used for all junctions in the device design.15 After
air plasma treatment, the patterned PDMS substrate was bonded to
a glass slide. The microchannels with a height of H = 100 μm were
immediately flooded with deionized (DI) water to maintain the pris-
tine hydrophilicity.16 The device was placed on an inverted micro-
scope (Eclipse Ti, Nikon Instruments) with a camera (Phantom
Miro3, Vision Research) for real-time image acquisition and video
recording [Fig. 1(a)]. The camera was connected to a computer,
which was also used for controlling the flow rates of the syringe
pumps (neMESYS, Centoni GmbH). All captured videos were ana-
lyzed using the automated droplet measurement (ADM)17 software
to obtain the respective droplet areas. Similarly, other variables like
droplet separation distance, major axis length, and frequencies were
also obtained. The major axis length refers to the longest droplet
dimension that is used for calculating the droplet area in the ADM
software [Figs. 1(f) and 1(g)]. The equivalent diameter of a droplet
DEQ is calculated from the droplet area A using DEQ =

√

4A/π. The
droplet volume for subsequent theoretical evaluation is determined
for a spherical droplet [DEQ < H; Fig. 1(f)] as

VS =
4π
3
(
DEQ

2
)

3
, (1)

and for a discoid shaped droplet [DEQ > H, Fig. 1(g)]18 as

VD =
π
12
[2D3

EQ − (DEQ −H)2
(2DEQ + H)]. (2)

We used (1) for the core droplets as they retain the spherical shape
after formation. Equation (2) was accordingly used for core–shell
droplets as the droplet is squeezed into a discoid shape by the chan-
nel walls with DEQ >H. In the following, the “droplet size” is referred
to as the droplet area.

As the core liquid, we used HFE7500 fluorinated oil (Novec,
3M) with a viscosity of μCO = 1.31 mPa s, a surface tension of σCO
= 15.52 mN/m, and a density of ρCO = 1.63 g/ml.19 The shell poly-
mer (μSH = 42 mPa s, σSH = 32.5 mN/m, and ρSH = 1.07 g/ml)20 was
prepared by mixing 0.05 g camphorquinone (Merck), 0.06 g ethyl-
4(dimethylamino)benzoate (Merck), and 10 g of trimethylolpropane
trimethacrylate (TMPTMA, Merck) using a magnetic stirrer at 600
rpm for 30 min. The second and third junctions were supplied with
50% glycerol solution21 (Chemsupply, μCN = 6 mPa s, σCN = 67
mN/m, and ρCN = 1.12 g/ml) into the side channels.

III. RESULTS AND DISCUSSION
We first optimized the flow rates used for the liquids to achieve

consistent generation of thin shell droplets. Due to the high viscos-
ity of the polymer, adjusting the shell flow rate resulted in a slow
response time of approximately 30 min. Therefore, we fixed the shell
flow rate at QSH = 150 μl/hr, which allowed us to produce core–
shell droplets of around 10 000 μm2. This flow rate also enables us
to accommodate the subsequent high flow rates of the spacer liquid
at the third junction, which was adjusted up to 2000 μl/h. We pro-
ceeded to experimentally optimize the formation process by increas-
ing the flow rates of the core liquid (oil) and the suspension liquid
(glycerol solution).

Figure 2(a) shows the typical results of the formation pro-
cess upon adjusting QCR, where the glycerol flow rates at the
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FIG. 2. Optimization of the oil flow rate. (a) Effects of the oil flow rate on the sepa-
ration distance between core droplets and the final size of the core–shell droplets.
(b) Consistent core–shell production with an oil flow rate of 40 μl/h. Insets show
the definitions of droplet separation, major axis length, and generation frequencies
at the first junction f 1 and the second junction f 2 for different flow rates. Scale bars
are 100 μm. (c) Representative images of core–shell droplets at the outlet.

second junction QCN and at the third junction QSP are 400 μl/h and
800 μl/h, respectively. As QCR increased from 40 μl/h to 120 μl/h,
the core droplet area remained unchanged at around 4000 μm2.
Correspondingly, the generation frequency of the core droplets f 1
increased from 73 drops/s to 130 drops/s. The correlation between
the frequency and the droplet volume is

QCR = f1VS. (3)

With QCN = 400 μl/h at the second junction, the genera-
tion frequency of the droplets f 2 increased from approximately 75
drops/s to 90 drops/s. This was also accurately reflected through a
modification of (3) into

QCR + QSH = f2VD. (4)

Evaluating the frequencies in the inset of Fig. 2(b) revealed that
consistent core–shell formation occurs when f 1 ≈ f 2. When f 1 >

f 2, irregular splitting of core droplets was observed. This causes the
inconsistent formation of core–shell droplets [Fig. 2(c)], as the core
droplets were too closely packed after the first junction [insets of
Fig. 2(a)]. Further investigation also revealed that the separation dis-
tance between cores needs to be greater than the major axis length
of the core–shell droplet for consistent formation [Fig. 2(b)].

Next, we observed the influence of varying QCN from 400 μl/h
to 1200 μl/h. Fixing QCR at 40 μl/h led to consistent core size and
separation distance as shown in Figs. 3(a) and 3(b). Increasing QCN
decreased the size of the core–shell droplet as given in Fig. 3(a).
This simultaneously increases f 2 according to (4). However, the
core droplet generation frequency f 1 only slightly increased from 75
drops/s at 400 μl/h to 83 drops/s at 1200 μl/h [inset of Fig. 3(b)]. We
also observed that the major axis length of the droplet is much less
than the core separation distance. This proved that the generation
frequency played a greater role than the major axis length in the con-
sistent production of core–shell droplets. The microscope images of
the outlets at different flow rates are given in Fig. 3(c).

At the third junction, the glycerol flow rate QSP has a negli-
gible influence on the droplet size and the generation frequency.
This behavior can be explained by the difference between the
upstream and downstream pressures at the junctions. The expan-
sion chamber downstream has a lower fluidic resistance than the
upstream microchannel. Thus, the spacer liquid only flows down-
stream, increasing the separation between the core–shell droplets.
This effectively prevents accidental coalescence of the core–shell
droplets before collection.

We subsequently optimized the oil and glycerol flow rates to
achieve thin-shell microcapsules [Figs. 4(a)–4(d)]. The optimized
flow rates were QCR = 100 μl/h, QSH = 150 μl/h, QCN = 800 μl/h,
and QSP = 1600 μl/h. These values lead to a core area of 4700 μm2

and a total microcapsule area of 9500 μm2. The optimized gener-
ation frequencies were approximately f 1 ≈ f 2 ≈ 100 drops/s. The
core–shell droplets were guided into a collection chamber [Fig. 4(a)]
and exposed to ultraviolet (UV) light at 36 W for 5 min [Fig. 4(b)].
Individual droplets formed solidified microcapsules due to the UV-
curing process of the TMPTMA polymer. Subsequently, the col-
lection chamber was dried overnight on a hotplate at 90 ○C. The
dimensions of the droplets after drying were measured using scan-
ning electron microscopy (SEM) and were consistent with those
before drying as observed under the microscope [Fig. 4(c)]. This
fact indicated that there was no evaporation or shrinkage during
the drying process. The solidified capsules also did not rupture upon
heating, proving their robustness for use as storage and delivery in
pharmaceutical and beauty products.

Another application for microcapsules would be polymerase
chain reaction (PCR).22 Each microcapsule can serve a single
microreactor, eliminating the need for well plates. This reduces
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FIG. 3. Optimization of the glycerol flow rate. (a) Effects of the glycerol flow rate
at the second junction on the separation distance and the final size of core–shell
droplets. (b) Consistent production of core–shell droplets with a glycerol flow rate
of 400 μl/h. Insets show the definitions of droplet separation, major axis length,
and generation frequencies at the first junction f 1 and the second junction f 2 for
different flow rates. Scale bars are 100 μm. (c) Representative images of core–
shell droplets at the outlet.

the need for plastic consumables in laboratories, while lower-
ing experimental costs by using less reagents. As PCR mixtures
are predominantly water-based, we hypothesize that replacing the
hydrophilic surface treatment with hydrophobic surface treatment

FIG. 4. Results of the formation process. (a) Core–shell droplets in the collection
chamber. (b) Microcapsules after UV curing and left to dry overnight at 90 ○C. (c)
Scanning electron microscopy (SEM) image of fully enclosed microcapsules. (d)
SEM image of a broken microcapsule with shell revealing the hollow core. Scale
bars depict 100 μm.

using Aquapel12 would enable the stable production of water-based
core–shell microcapsules.

We demonstrate a simplified production method of core–shell
microcapsules in a PDMS microfluidic device. Our method provides
multiple advantages over the existing state-of-the-art approaches
with no surfactant, no additional equipment, and no dual surface
treatment. In addition, the biocompatible shell polymer23 makes our
microcapsules suitable for applications, such as polymerase chain
reaction (PCR).22 The solid shells hermetically isolate the core liquid,
reducing contamination and evaporation. This feature makes the
microcapsules reported here a highly practical and extremely attrac-
tive option for the storage and delivery of pharmaceutical products.
Our current proof-of-concept experiments can produce 100 micro-
capsules per second at low flow rates, which is predicted to increase
with higher flow rates. We are also able to easily obtain the core liq-
uid from the microcapsules by manually shaking the chamber by
hand.
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