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ABSTRACT

We present a microfluidic device and associated heating/cooling setup for the generation of droplets stabilized by a lipid-crystalline

shell. A conventional flow-focusing microfluidic droplet generator with 31 um feature size was equipped with an on-chip resistive
heater and placed on a microscope stage Peltier cooler in order to generate and isolate oil-in-water droplets enveloped by
a crystalline shell of glycerol monostearate (GMS). A proof-of-concept protocol was developed for droplet generation over a
temperature range between 60°C and 6°C, and GMS-coated droplets with a size between 13 and 49 pm were collected.

Practical application: Stabilized oil droplets of controlled size with a long shelf life and high thermal stability are of importance
in various food applications. Improved emulsion stabilization prolongs retention of food quality. The GMS shell can efficiently
preserve and protect sensitive cargo, such as flavors and nutrients. Reinforced droplets can also act as fat mimetics in low-fat or
vegan formulations, help tailor mouthfeel, and enhance creaminess as well as spreadability. Given the size range of the particles

produced, applications as microreactors for enzymatic reactions, which could enable new textures or flavors via micro-scale

processing, are conceivable.

1 | Introduction

The aim of this study was to design a microfluidic device which
would allow the study of the formation mechanism and the
stability of lipid-crystalline shell-coated oil droplets. This droplet
microstructure is commonly referred to as core-shell droplets,
with applications ranging from the encapsulation of actives for
targeted release upon breaking down the shell at the intended
site of delivery to taste masking of hydrophobic bioactives in food
applications [1]. We focused on generating, processing, and stabi-
lizing emulsion droplets, enabled by the addition of a crystallizing
surface-active lipid to the emulsion oil phase and the application
of appropriate temperature profiles in the droplet break-up and

droplet stabilization phase. Lipid crystallization at interfaces in
emulsified systems has been extensively reviewed by Douaire
etal. [2] who provided details on mechanisms and key parameters
as well as applications, among them droplet stabilization in
Pickering emulsions and crystalline shells. For brevity, the core—
shell droplets are termed particles in the following. Glycerol
monostearate (GMS) was selected as crystallizing surface-active
lipid, as it has convenient thermal properties for this approach;
pure GMS melts at 60-70°C and crystallizes in the temperature
range of 57-65°C. Above its melting temperature, GMS can be
processed by various emulsification methods, such as mechanical
homogenization, pressure-based membrane emulsification, or
using microfluidic device technology [3]. GMS is an organic ester

Abbreviations: DC, direct current; GMS, glycerol monostearate; MCT, medium-chain triglyceride; PDMS, poly(dimethyl siloxane); PEB, post-exposure bake; PET, polyethylene terephthalate; PVD,

physical vapor deposition; QDR, quick drain rinse.
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of glycerol and stearic acid [4] and thus oil soluble. Known as
additive E471, it is considered to be of no particular health concern
by the EFSA Panel on Food Additives and Nutrient Sources added
to Food. GMS is used for the stabilization of margarine, to provide
body to baked products, and to add texture to ice cream and
whipped cream. It is also applied in edible films, and it is of
interest to the pharmaceutical industries [5-7].

Droplet generation in a microfluidic device [8-10] has the advan-
tage of producing emulsions with uniform droplet sizes, which
is beneficial in view of understanding the impact of formulation
parameters such as the choice and concentration of the crystal-
lizing surface-active lipid, the choice of the oil phase, and the
interactions between these two materials on droplet size and
stability. However, the thermal transition of the droplet interface
from liquid to crystalline involving interfacially adsorbed GMS
poses a challenge for a microfluidic droplet generator. Over the
relatively small distance of 0.5-1.5 cm, a temperature gradient
from >60°C to <6°C has to be established and maintained,
such that droplets can be formed within the device above the
crystallization temperature of GMS, and a crystalline shell can
immediately be formed during travel of the droplet from the flow
focusing junction to the collection well. In order to achieve this
gradient, we combined an on-chip resistive heating structure with
a stage cooler on which the distance between heater and cooling
surface can be adjusted. Droplet generation by means of a T-
junction [11] or flow focusing [12, 13] is an established means of
producing emulsions within a chip device in a well-controlled
manner, mostly utilized for oil-in-water and water-in-oil droplet
generation for encapsulation in the context of diagnostics [14]
and biological cell manipulation [15-17]. Although it is relatively
straightforward to place a chip device into an environmental
enclosure for bulk temperature control, the establishment of
a gradient requires local temperature manipulation. Resistive
microheaters [18, 19] and IR-B laser radiation supplied through
an optical fiber [20] or microscope objective [21] are established
and easily implemented means of generating spots of elevated
temperature locally. Local cooling is more challenging [22], and
a compromise had to be found that balanced the effort of
chip microfabrication and space constraints under an optical
research microscope with sufficient performance to reach the
desired temperature gradient. Therefore, a microfabricated on-
chip heater was combined with a Peltier-type microscope cooling
stage, which was designed to reach a temperature well below
the melting temperature of the crystalline GMS. An additional
element is an off-stage hotplate to pre-heat the oil cargo with
GMS additive. A multichannel pressure protocol was developed
to drive the droplets from the flow-focusing junction all the way
into the collection container.

In the context of Pickering emulsions, microfluidic concepts to
decorate droplets with solid materials exist [23], but temperature
manipulation on microfluidic devices to affect shell compounds
with melting points above room temperature has not been
reported yet. Such compounds, including GMS, are particularly
important for food applications, because obtaining a solid shell
does not require chemical processes or specific interactions,
such as charge-based attraction. It was intended to show in
this technical study that the microfluidic approach, which is—
due to the small structure size—affected by rapid temperature
equilibration over short distances of um-to-mm length, is indeed

capable of generating core-shell particles by a simultaneous
heating/cooling process. Proof-of-concept was established with
an appropriately designed setup compatible with an inverted
research microscope, and droplets were successfully produced,
collected, and characterized. The presented method is a reliable
source of particles, which are readily available for further material
property investigations and optimizations.

2 | Materials and Methods
2.1 | Materials

Medium-chain triglyceride (MCT) oil (C8, 99% pure) was pur-
chased from Ketosource (London, UK). GMS was acquired from
BLDpharm (Kaiserslautern, Germany). Nile red technical grade
was obtained from Sigma-Aldrich (Solna, Sweden). It was diluted
with MCT oil to obtain a 1000 ppm solution and filtered through
a13 mm X 0.45 um filter (SupelCo) before use. De-ionized water
(Milli-Q, 18.2 M Q) was used as the continuous phase.

2.2 | Oil-Phase Preparation

10 wt % of GMS and 1 wt % of Nile red-oil mixture were added to
89 wt % of MCT oil. The mixture was heated for 1 h at 100°C while
being mixed with a magnetic stirrer. The oil phase was then kept
in a liquid state at a temperature above 40°C, which is the on-set
crystallization temperature of the mixture, before it entered the
chip.

2.3 | Microheater Fabrication

The microheater with 375 um strip width was fabricated on a
glass cover slide substrate [24, 25] by means of a photolithogra-
phy/physical vapor deposition (PVD) procedure at the cleanroom
facility MC2, Chalmers University of Technology, Sweden. The
glass plate (75 mm X 25 mm X 1 mm) was sonicated in an
acetone bath for 5 min, quick drain rinse (QDR)-treated, air-
dried, and baked at 130°C for 5 min. After cooling down on a
metal plate, hexamethyl disilazane (Stangl, Germany) vapor was
applied for 1 min at 100°C to the cleaned surface. Microposit
S1813 positive photoresist (Shipley, USA) was deposited onto
the entire surface of the cover slide and then spin-coated for
60 s (4500 rpm/acc 2000), according to the manufacturer-
recommended process, to get ~1.3 um film thickness, followed by
a soft baking step (110°C for 2 min) on a hotplate. Exposure was
performed using a laser writer (MLA150, Heidelberg), wavelength
375 nm, dose 230 mJ/cm?, and laser defocus level 2. The S1813
was developed in Microposit MF-CD 26 developer (Microresist
Technology, Germany) for 1 min, and the cover slip was rinsed
in water for 1 min and blow-dried. Subsequently, a plasma ash
was performed at 50 W 10 sccm O, for 30 s (BatchTop m/95,
Plasmatherm) to remove residual resist. Thereafter, 5 nm of
titanium followed by 100 nm of aluminum were evaporated onto
the cover slip (PVD 225 e-beam evaporator, Lesker) at a base
pressure of 5 X 1077 torr. Lift-off was performed in remover REM
400 (Microresist Technology, Germany) overnight. Finally, the
cover slip was washed with isopropyl alcohol (IPA), QDR-treated,
blow-dried, and packaged. The electrical resistance of the heater
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was determined as R = 210 Q; at V' = 8V, the electrical power is
p=031W.

2.4 | Master Fabrication

The droplet generator chip master was fabricated on a single-side
polished 2” silicon wafer by means of soft photolithography [26,
27] combined with a lamination process [28, 29] at the cleanroom
facility MC2, Chalmers University of Technology, Sweden. The
wafer was sonicated in acetone for 3 min, QDR-treated, and
blow-dried. Thereafter, the wafer was placed into buffered oxide
etch (BOE) solution (ammonium fluoride/hydrofluoric acid, 7:1)
for 5 s to remove the native silicon dioxide layer, QDR-treated,
and blow-dried, followed by baking at 130°C for 5 min and
cooling down on a metal plate. SUEX dry film photoresist
(Microresist Technology, Germany) of 40 um was selected for
the desired channel height. The commercial dry film consisted
of three layers: two protective polyethylene terephthalate (PET)
coversheets around the dry photoresist film. According to the
manufacturer specification, first the glossy PET coversheet was
removed from the SUEX dry film. Thereafter, the film was
laminated onto the cleaned wafer, using a commercial laminator
(PRO SERIES 3600, GBC) at a temperature of 65°C and a
sheet transport speed of 5 mm/s. The hazy PET coversheet
was removed before the subsequent exposure step. Exposure
was performed with a laser writer (MLA150, Heidelberg), at
A = 375 nm, dose 9000-10000 mJ/cm?, and laser defocus level
4, appropriate for the low sensitivity negative epoxy resin. Post-
exposure bake (PEB) was performed using a benchtop hotplate.
The wafer was placed onto the hotplate under a thermos-
isolating cover and heated from room temperature to 95°C,
followed by turning off the hotplate to slowly cool down the
wafer for 60 min until reaching room temperature. The dry
film was developed in mr-Dev 600 developer for ~5 min,
QDR-treated, and blow-dried. Subsequently, the wafer was
anti-adhesion-treated with C,-perfluoro silane (Sigma-Aldrich)
by exposing the surfaces to the vapors in a desiccator for
30 min.

2.5 | Chip Layout

The droplet generator layout [30, 31] was designed in Autodesk
AutoCAD 2023 as a conventional flow-focusing junction (cf.
Figure SI). Channel dimensions were selected according to the
desired droplet size of ~30 um. The width of the water supply
channel was 100 um, and 40 um for the 0il/GMS/dye mixture
channels. The height of all channels was 40 um. The orifice width
and length at the junction were 40 and 170 pm, respectively.

2.6 | Device Fabrication

The chip device was produced by a soft lithography/replica
molding process in poly(dimethyl siloxane) (PDMS) elastomer.
PDMS pre-polymer (Sylgard 184, AB Lindberg, Sweden) mixture
was divided into two parts; the first aliquot was used to cast
the chip body of ~1 cm height, and the second was spin-coated
at 500 rpm/70 s, followed by 2000 rpm/1 min onto the cleaned
microheater cover slip to obtain a ~10 ym thin PDMS membrane,

which was then cured for 10 min in a convection oven at 95°C.
Note: (1) The areas over the heater contact pads, ~9 mm? in
size, were covered with cleanroom blue tape to prevent coating.
(2) 1t was advisable to not plasma-treat the glass surface before
spin deposition, which allowed for the later removal of the
PDMS structure and re-use of the heater. The PDMS slab was
similarly oven cured, but at 95°C for 45 min. Supply channels were
punched into the PDMS body with a @ 1 mm biopsy puncher;
thereafter, the microheater substrate with PDMS membrane
and the PDMS slab were oxygen plasma treated for 1.5 min
in an Atto plasma chamber (Diener Electronic, Germany) at
250 mbar, 100 W, and 10 sccm O,. Thereafter, the PDMS chip and
microheater were manually aligned under a stereomicroscope,
using a water film in between the surfaces. The thus assembled
chip (cf. Figure S2) was subsequently baked in a convection
oven for 10 min at 95°C. Note: If a heated microscope stage is
available, the bonding of the aligned chip can be conveniently
done without the need to move it. Subsequently, @ 0.25 mm
silver wire ends of 10 cm length were glued onto the microheater
contact pads by acrylic silver glue (Delta Technologies LLC,
USA).

2.7 | Microscopy

A Leica DM-IRB2 inverted microscope in a wide-field laser-
induced fluorescence setup with 4Xx (numerical aperture
[NA] = 0.1) and 10x (NA = 0.4) objectives was used for imaging.
The Nile red dye tracer [32] was excited at 1., = 514 nm with
a diode laser (240 mW, Cobolt 06-MLD, Hubner Photonics,
Germany); the emitted light was imaged using a Prosilica GX
digital camera (Allied Vision Technologies, Germany).

2.8 | Device Operation

The droplet generator chip was connected via flexible polymer
tubing to the pressure source, and its heater was wired to a
generic external direct current (DC) power supply with a 1 A
current rating before placing it onto the cooling stage (Figure 1).
The 0il/GMS/dye mixture was too viscous to be pumped directly
through the chip. Therefore, the reservoir containing the mixture
was placed onto an external hotplate and pre-heated to 60°C.
The warm fluid was slowly pumped through the tubing until
it reached the outlet and quickly connected to the chip via
a hollow needle, such that the enclosed air dead volume was
as small as possible. The operation sequence listed in Table 1
was applied to generate the droplets and then collect the
particles.

The volumetric flow rate of the droplets was calculated as
Q ~2.6 107" m3/s, using the designed channel cross section and
motion parameters derived from video recordings (cf. Video S1).

A multichannel pneumatic air pump (Aeolus 500, www.
fluidicworks.com) was used to generate the three supply pres-
sures: water and o0il/GMS/dye drive pressures p, and p,, and
collection vacuum V (cf. Figure 2). Particles were collected over a
time period of 50 min into a 1.5 mL glass vial placed on the cooling
plate.
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FIGURE 1 | Schematic experimental setup for the generation of GMS crystal-enveloped oil-in-water droplets: (A) arrangement and connectivity of

the main components (not to scale); (B) micrograph inset of the resistive microheater structure present on the microfluidic chip substrate surface. GMS,

glycerol monostearate; PDMS, poly(dimethyl siloxane).

TABLE 1 | Operation sequence for the heater-cooler setup.

Pressure
Channel on On-chip Droplet Cooling p;/mbar p,/mbar V/mbar
Sequence cooling plate heater generation plate Oil hotplate (water) (oil) (vacuum)
1 (fil) NO OFF NO ON ON 140 100 190
2 (setup) YES ON YES ON ON 140 120 190
3 (droplet YES ON YES ON ON 140 180 190
generation)

2.9 | Droplet Images

A particle suspension of 70 uL. drawn from the collection vial was
dispensed onto a 24 mm X 60 mm rectangular #1 cover slide using
an automatic micropipette.

2.10 | Image Processing

Images were analyzed with the Image]/Fiji software package
(National Institutes of Health, USA). Raw micrographs and
videos were adjusted for the figures for brightness and contrast.
3 | Results and Discussion

3.1 | Droplet Generator Setup

The challenge of implementing a close-space temperature gradi-

ent on a microfluidic chip was met by a combination of on-chip
resistive heating and an in-house-made Peltier cooling stage

fitted to an inverted research microscope. The setup provided
a temperature gradient from 60°C to 6°C over a distance of
~5 mm. The resistive heater was fabricated on a transparent
glass slide, which allowed for observation of the channel junction
during the droplet generation process and adjustment of the
flow rates. Low magnification objectives with a working distance
exceeding 1 mm were used for imaging; therefore, the slide
thickness was appropriate. #1 cover slips can be used if higher
magnification is desired, but due to their fragility, fabrication
and handling of the chip are less convenient. Three individual
pressure sources were applied, p; and p, to drive the fluids, and
an additional base vacuum V to support the transport of particles
into the collection container. Differential pressure sources have
been used in earlier microfluidics applications in order to achieve
desired flow configurations [33]. Figure 2A shows schematically
the layout of the device with the applied pressures. A start-
up sequence was established (Table 1), which ensured that the
channel does not become clogged by large deposits of semi-solid
0il/GMS plugs while establishing droplet formation. To avoid
gas bubble generation by overheating the junction, the resistive
heater was adjusted to not exceed 80°C, a temperature at which
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FIGURE 2 | (A)Schematic drawing of the droplet generator chip layout (not to scale). p; drives the water phase, p, the 0il/GMS/dye mixture, and
vacuum V increases the overall flow rate for the transport of droplets into the collection container. (B) Brightfield/fluorescence overlay micrograph at
4x magnification of the droplet generation regime at the flow focusing junction. The dark rectangular shadows arise from the surface-printed heating
structures, aligned to the channels to keep the junction visible. (C) Micrograph of the same junction during droplet generation. The droplet appears as
a plug in the images and is overly elongated due to the low frame rate of the camera. (D) Micrograph of the exit well region at 4x magnification, where
the cooling of the droplets was limited to the well region, such that flattened particles were produced. (E and F) Micrographs at 10x magnification of
a sample after collection, formed when cooling the entire length of the formation channel. The images were taken 50 min after commencing droplet

formation. Note that the surface-printed structures over the collection well are only half as wide as those over the junction.

the oil mixture was just sufficiently fluid to be processed in
the chip. Before generating droplets on the microscope stage,
the chip was placed on the external hotplate, and Step 1 of
the start-up procedure was performed, such that oil filled the
dead volume and reached the junction. Note that this step can
alternatively be performed on-stage by using a second heater
placed across the outlet well of the chip (cf. Figure S2). Thereafter,
the chip was immediately placed on the cooling stage such that
the distance between heating and cooling regions was >1.5 cm,
followed by increasing the flow rate of the oil mixture (Step 2
in Table 1). Once the droplet formation had stabilized, the chip
was translocated such that the distance between heating and
cooling regions was reduced to ~5 mm, followed by increasing the
pressure of 0il/GMS/dye mixture (Step 3 in Table 1). Figure 2B,C
displays brightfield/fluorescence overlay micrographs showing
the flow focusing junction with the oil mixture enveloped by the
perpendicular water streams (B) and the shearing off of a droplet.
Due to the limited frame rate of the camera, the droplet appears
as an overly elongated plug in (C). Figure 2D is a micrograph of
the particles that formed when the chip was not properly primed
according to the start-up sequence. Although the particles were

of good size homogeneity, they appeared flattened and adhered
to the surface of the collection well. This resulted when the
transition from fluid droplets to particles occurred in the region
of the collection well rather than in the channel connecting the
channel junction. When the channel was appropriately placed
over the cooling surface of the stage in Step 3 of the sequence,
individual spherical particles formed consistently and could be
collected (Figure 2E,F).

3.2 | Particle Size Characterization

Aliquots of the particle suspension, collected in a 1.5 mL glass
vial (Sample 1, cf. Video S2) and rested in a refrigerator (4°C)
for 5 days (Sample 2, cf. Video S3), were subjected to size
analysis (Figure 3, cf. Figure S3). The center fraction of Sample
1 consisted of 31 um spherical particles; the population was
unevenly distributed over a range from 13 to 49 um. In a second
sample, analyzed after a period of 5 days, the fractions of larger
particles had decreased in number. After resting, the particles in
this sample were considerably less clustered, and the observed
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FIGURE 3 | (A) Particle size distribution bar graph for Sample 1. The total number of particles is 111. (B) Bar graph for Sample 2 consisting of 80
particles. Both samples were generated at p; = 140 mbar, p, = 180 mbar, and V = 190 mbar. Sample 1 was analyzed immediately after collection, and

Sample 2 after 5 days of resting time.

decrease was related to sampling; that is, the small amount (~3%
in Sample 1) of very large particles was not represented in Sample
2. Independent from the time of analysis, the size distribution was
comparatively wide compared to the visibly narrower distribution
of the flattened particles seen in Figure 2D. Size distribution in a
T-junction device has recently been investigated carefully, using
an oil/water system. Distributions with a coefficient of variation
between 5.5% and 11% were determined [34], which represents
particle output much narrower in size distribution than what we
achieved.

In our system, a fraction of particles smaller than expected for the
channel size was present. We do not attribute this discrepancy
to random merging of particles of smaller size after generation
but rather to undesired instabilities in the droplet generation
regime. This is very likely linked to the short temperature
gradient, given the more homogeneous particle size around a
value expected from the device design when the temperature
gradient is established over a distance larger by an order of
magnitude (cf. Figure 2D) [35]. One possible explanation is
the limited accuracy of the temperature setting at the channel
junction. The resistive heater is operated in a constant voltage
mode; it is not controlled through a feedback loop [18] and
therefore prone to fluctuations, particularly when confronted
with a nearby active heat sink. This possibly leads to viscosity
and interfacial tension variations in the fluids, which are quite
significant in magnitude even for small temperature fluctuations
[36]. More elaborate image recording with a high frame rate
camera could be utilized to investigate this further, and a feedback
loop would be of advantage, requiring only an additional surface-
printed temperature sensor to be placed within the heater
structure [37].

4 | Conclusions

The study at hand represents proof of concept of a microfluidic
droplet generator implementing closed-space heating-cooling
to establish a short-distance temperature gradient, spanning
~60°C over 5 mm. Selecting GMS as the oil-soluble surface-

active crystallizing lipid, it was demonstrated that this device is
capable of producing an aqueous suspension of lipid-crystallized
shell liquid-core particles from oil-in-water droplets contain-
ing the crystallizing stabilizer in the oil phase. The setup is
moderate in its requirements: A resistive heater was micro-
fabricated on the chip substrate, replica molding was utilized
for chip generation, and off-the-shelf instrumentation was
used to supply the device. An operation procedure was devel-
oped that allows for continuous production and collection of
droplets. The device is, due to the volume flow limitation of
microfluidic devices, not directly scalable for large-scale pro-
duction, but has potential for parallelization. We have shown
that the length of the temperature gradient is essential for
consistent droplet generation over long periods of time. The
determined size distribution of the collected particles is rela-
tively wide in comparison to conventional constant tempera-
ture droplet generators, an issue likely linked to temperature
instabilities, which will be subject to further analysis and
optimization.
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