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Abstract

Quantifying the impact of environmental physicochemical changes on the micro-structure

of lipid delivery systems is challenging. We have therefore developed a methodology to quan-

tify the coalescence of oil-in-water emulsion droplets during lipid digestion in situ on a single

droplet level. This technique involves a custom-made glass microfluidic platform, in which oil

droplets can be trapped as single droplets, or several droplets per trap, the physicochemical en-

vironment can be controlled, and droplet digestion, as well as coalescence, can be visualized.
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We show that the exchange of the physicochemical conditions in the entire reaction cham-

ber can be reached in under 30 s. Microparticle image velocimetry allowed mapping of the

flow profile and demonstrated the tuneability of the shear profile in the device. The extraction

of quantitative information regarding the physical characteristics of droplets during digestion

was performed using automated image analysis throughout the digestion process. Therefore,

we were able to show that oil-in-water emulsions stabilized by proteins coalesced under hu-

man gastric conditions. This coalescence delayed the overall lipid digestion kinetics. Droplets

that coalesced during digestion were hydrolized 1.4 times slower than individually trapped

droplets. Thus, the micro-structural evolution of lipid delivery systems is a crucial factor in

lipid digestion kinetics. This novel technique allows the simultaneous quantification of the

impact that the physicochemical environment has on both lipid droplet micro-structure and on

lipid release patterns.

Keywords: lipid digestion, lipid-based delivery systems, microfluidics, emulsion instabilities,

kinetics, coalescence, droplet micro-structure.

Introduction
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The study of fat digestion mechanisms is important to understand the release of poorly water-

soluble drugs and functional food ingredients that are dispersed in lipids. During human digestion, 

emulsified lipids undergo various physicochemical changes that affect their microstructure, as has 

been discussed by various authors for bulk emulsion systems.1–5 For example, they may flocculate 

or coalesce. Concurrently, lipolytic enzymes (lipases) adsorb to oil/water interfaces and hydrol-yse 

lipids to aid lipid absorption into the body. This digestion of lipid emulsion droplets, which causes 

an overall decrease in droplet size, and the transformation of emulsion microstructure dur-ing 

digestion, which can cause an increase in droplet size, occur simultaneously and influence each 

other.6,7 Data obtained from conventional analytical techniques such as the pH-stat technique or 

gas chromatography8 are therefore a superposition of those mechanisms. Thus, quantifying emul-

sion microstructure during digestion is challenging and has only recently been addressed using
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This microfluidic platform allows the visualization and analysis of emulsion structure while
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controlling the physicochemical conditions of the environment. Microfluidic technologies are de-

signed to allow fluid manipulation on the micrometer scale and have been developed for a variety

of different applications such as chemical synthesis,10 single cell analysis11 and artificial mem-

branes.12 An important subsection of the field are droplet microfluidic devices, where pico- to

nanoliter volume droplets of one fluid (normally aqueous) can be created in another continuous

fluid (normally oil).13 Microfluidic platforms have previously been used to study the coalescence 

of emulsion droplets,14–17 the stability of double emulsions18, and the lipid digestion of single 

droplets,19 but a platform, such as the one proposed here, for the study of lipid digestion (lipoly-

sis) and coalescence under different gastric conditions, is completely novel.

Experimental section

Two separate microfluidic devices were used in each experiment: One solely to produce the emul-

sion droplets and another to trap the droplets and study the influence of physicochemical properties 

on emulsion structure and digestion. An overview on the experimental setup is given in Figure S1.
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confocal microscopy on the level of individual droplets.9 However, controlling the surrounding

aqueous phase was not performed in these studies. Here we have developed a methodology to 

quantify coalescence of emulsion droplets during digestion in situ on a single droplet level using a 

glass microfluidic platform. Lipid oil droplets formed using medium-chain triglycerides (MCT) as 

a model system were initially created in an aqueous buffer containing a stabilising agent, β -

lactoglobulin (β -lg) as a model for a protein based emulsifier commonly used by the food or 

pharmaceutical industry. After droplet generation, the aqueous phase was exchanged for an aque-

ous phase that represents a simplified composition of the human gastrointestinal environment. The 

influence of pepsin was not studied because gastric lipase is particularly prone to proteolysis at the 

low pH values where pepsin is usually active. Bile salts were omitted for the sake of fluid stability.
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Microfluidic droplet trapping device fabrication
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Schott B270 glass blank wafers (3 mm thick) and wafers pre-coated with low reflective chromium 

and photoresist (1.15 mm thick) were obtained from Telic (California, USA). The coated wafers 

were micro-patterned with traps designed in AutoCAD (Autodesk, USA) using UV photolithog-

raphy. The glass was wet-etched to the desired depth (37 µm) using buffered HN03/HF solution. 

After etching, access holes were drilled in the 3 mm blank layers using a CNC machine (Da-

tron, Milton Keynes, UK). The wafer surfaces were then degreased with acetone followed by iso-

propanol, and immersed in heated piranha solution for one hour. Clean wafers were subsequently 

washed with deionized water. The structured wafers were then aligned with the blank wafers con-

taining the access holes and thermally bonded together by applying slight pressure and heating to 

585◦C for 10 hours in air. After bonding, chopped off Luer tips of polypropylene syringes were 

glued into the access holes using Al-Fix Gel (Novatio, Switzerland) to provide an access interface. 

The layout of the microfluidic droplet trapping device, a microscopy image of the array of droplet 

traps, and the theoretical shape of a trap before and after etching are shown in Figure 1.

Droplet formation and trapping

Droplets were created using a T-junction geometry on a glass microfluidic device purchased from 

Micronit (FC_TSDG.C, The Netherlands). To produce droplets with sizes between 35 and 40 µm 

in diameter, the flow rate of the dispersed phase was 0.2 µL/min and that of the continuous phase 

was between 34 and 37 µL/min. The final volume fraction of the dispersed oil droplet was 

approximately 0.6 vt%. The emulsion was feet into the microfluidic trapping platform so that 

either individual or several droplets were captured by the traps. Droplets remaining between the 

traps were flashed away after filling the microfluidic trapping platform. The dispersed phase 

consisted of MCT oil (BASF, Germany) with 12.5 µg/mL Nile red (Sigma Aldrich, Germany) and 

the continuous phase consisted of 2.5% β -lactoglobulin (β -lg) and 10 mM PBS - phosphate buffer 

solution at pH 7. Flow rates were controlled using two syringe pumps (Harvard Pump Apparatus, 

USA) with 0.5 or 1 mL glass gastight syringes (Hamilton, Switzerland). The continuous and
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Figure 1: Design of the microfluidic droplet trapping device. The glass microfluidic device con-

tained 2 sections, each with 14 rows of between 8 and 9 traps each (238 traps in total). The device 
was isotropically etched to a depth of 37 µm. (A) Scale drawing of the device, showing the two 
sections of traps (top and bottom) within the large diamond-shaped reaction chamber. The access 
holes to the device have a diameter of 4.1 mm and the device has an overall footprint of 17x38 
mm. (B) Light microscopy image of a section of the microfluidic device showing the etched traps.

(C) Scale drawings of the trap design before and after etching. The line shown between the upper 
and lower section of the etched trap denotes a weir with a targeted height of approximately 24 µm.
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dispersed phases were filtered prior to use using a 0.45 µm cellulose acetate filter and a 0.2 µm

PTFE filter (VWR International, Switzerland), respectively. The emulsion was collected in a vial

and stored at 4◦C overnight to allow complete establishment of the interfacial protein layer built

by β -lg.20

Droplets were then inserted into the glass microfluidic droplet trapping device. The entire

set-up is provided in Figure S1. At the start of each experiment, the microfluidic device was

flushed with MilliQ water, then with a 1 % solution of Caraform Universal (Dr. Weigert GmbH

& Co, Switzerland) to throughly clean the device and allow uniform wetting and easy removal

of air bubbles. Subsequently, the microfluidic device was flushed with at least 5 ml of MilliQ

water, put inside a custom-made stainless steel chamber to allow optimal heat transfer, placed on

a heating stage (PE 94, Linkam, Japan) and connected via tubing (polytetrafluoroethylene, PTFE,

inner diameter = 250 µm, 1/16 inch outer diameter Polyflon Technology Limited, UK) to a

valve (V-100L, Ercatech, Switzerland). This valve was used to seamlessly switch the fluid injected

into the device without disconnecting the syringes. A glass syringe was filled with the protein

stabilized droplets created in the Micronit device and the microfluidic droplet trapping device was

gently filled with the emulsion. Once the traps were full, droplets outside of the traps and the bulk

aqueous phase were removed by flushing the microfluidic device with 200 µL of MilliQ water at

a flow rate of 50 µL/min. Figure 2 shows a light microscopy image and a fluorescence image of a

microfluidic device filled with droplets in such a way.

Page 6 of 27

Droplet digestion

After filling the microfluidic trapping device with droplets, the heating stage was set to 38.5◦C to 

reach 37◦C inside the chamber. This was measured inside the chamber using a type K thermo-

couple (Thermocontrol GmbH, Switzerland). Digestive fluids, designed to mimic either gastric or

pancreatic lipolysis were then injected into the device. The flow rate was initially set at 50 µL/min

for 100 s to ensure exchange of the entire bulk phase and then at 1 µL/min for the duration of 

the experiment. Fluids mimicking gastric lipolysis consisted of 50 mM citric acid buffer at pH 5
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100 �m100 �m

BA

Figure 2: Microfluidic traps filled with MCT oil droplets. (A) Light microscopy image and (B)

laser induced fluorescent image of the microfluidic device filled with MCT oil droplets dosed Nile

red and stabilized by β -lg.

and 0.5 mg/mL recombinant dog gastric lipase (rDGL). rDGL had an activity of 183 ± 24 U/mg

when using a standard gastric lipase assay. Fluids mimicking pancreatic lipolysis consisted of 70

mM PBS buffer at pH 7 and 17 mg/mL porcine pancreatic lipase (PL, pancreatin, Sigma-Aldrich,

Switzerland) to reach an activity of 2000 U/mL. Pancreatic lipase activity was measured using the

pH-stat technique under the conditions proposed in Minekus et al. (2014).21 PL was dissolved in

the buffer by vortexing for 15 s and was then centrifuged at 13.5 g for 5 min to remove solid parti-

cles. High buffer strengths were chosen to ensure that pH was constant throughout the experiment,

since lipase activity is pH-dependant, and an ionic strength of 150 mM is required to reproduce

physiological conditions. Flow rates during lipolysis were set to 1 µL/min to create gentle exper-

imental conditions for digestion and reduce the effect of interfacial shear forces. At higher flow

rates (5 - 10 mL/min) droplets escaped the traps.
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Imaging and image analysis

An inverted microscope (Leica DM-IRB, Switzerland) with an 10x objective (NA0.3, air immer-

sion, Leica, Switzerland) was used to acquire light microscopy images of MCT oil droplets stained

with Nile red, fluorescent particles (1 µm, Fluoromax, Switzerland), and of the aqueous phase

stained with Rhodamine 6G (Fluka, Switzerland). To generate fluorescent images, a Nd:YAG laser

supplying monochrome light with a wavelength of 1.064 nm was used. This laser beam was passed

through polarization filters generating a wavelength of 532 nm pulsed at the desired frequency.

These pulses passed through an epifluorescent prism assembly (Y3 filter, Leica, Switzerland) be-

fore the fluorescent signal was transferred to the camera. The double pulsed laser was only used

for microparticle image velocimetry (µPIV) experiments, which were used to map and visualize

the flow within the microfluidic droplet trapping device. The solution of fluorescent particles was

extensively diluted (100-1000 times depending on flow rate and maginfication) in MilliQ water to

imitate the fluid dynamics of a dilute aqueous system. The local vectors of particle dislocations

were determined by cross-correlating frames originating from double-pulsed laser images using

image processing software (DynamicStudio, version 3.41). Rhodamine 6G was used to visualize

the phase exchange in the microfluidic device.

MCT oil droplets were stained with Nile red to be able to perform image analysis during the

digestion experiments. The images taken of these fluorescent droplets were then processed using

automated image analysis software (Cellprofiler, version 2.1.1) to measure droplet diameter. Fig-

ure 3 shows an example of the processed image data superimposed on the original images using

Cellprofiler.

Droplet volume V , and surface area A, of droplets with diameter d larger than 37 µm, and thus

of a size larger than the height hc of the microfluidic device were calculated separately using the

formula developed by Binks22 for round disk-like particles:

V =
4

3
πh3

c

[

3(d/hc −1)2

2
+

3π(d/hc −1)

4
+1

]

(1)
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Time

100 µm

Figure 3: Images of fluorescent MCT oil droplets trapped in the microfluidic device during lipid

digestion, showing how coalescence and digestion occur over time. The images are superimposed

with the result (outlined in green) of automated image analysis using Cellprofiler.

A = 2πh2
c

[

(

d

hc
−1

)2

+π

(

d

hc
−1

)

+2

]

(2)

The solubilized volume of MCT oil, Vsol , over time was then calculated from the apparent total

volume of all droplets, Vtot,app (measured using Cellprofiler from experimental images), and the

initial total volume of all droplets, Vtot,in as follows:

Vsol =

(

1−
Vtot,app

Vtot,in

)

×100 (3)

Vsol represents the amount MCT oil, which solubilized during lipid digestion and is a measure

of lipid digestion kinetics.

9
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Results and discussion

Device characterization

The internal flow field of the microfluidic device was mapped using µPIV. Figure 4A shows local

vectors of the flow profile at various flow rates. Two major flow regions were identified. High

shear flow regions occur between the rows of traps (in the direction of flow), and low shear flow

regions occur inside the traps and between the columns of traps (perpendicular to the direction of

flow). The shear rates were proportional to the flow rate and thus could be adapted to create the

desired shear profile. When the device was filled with droplets, particles still flowed inside the

traps and between the droplets (Figure 4B).

However, more dead zones appeared, in which the displacement of the particles and thus the

shear rates were lower. These observations are approximate since the particle size (1 µm) is much

larger than the lipase molecules that cause droplet digestion. We can assume that lipase molecules

will be more evenly distributed throughout the device and should therefore be able to access all

droplets for digestion. To confirm this assumption regarding the distribution of lipase molecules,

the time required to exchange the entirety of the aqueous phase within the microfluidic device was

investigated using Rhodamine 6G fluorescent dye. The aqueous solution was injected at a constant

flow rate of 50 µL/min and the fluorescent signal was recorded as a function of time (Figure S2).

Figure S2 shows the fluorescent dye appearing within the microfluidic device in under 10 s, the

intensity of the dye increased for another 10 s, and no change in intensity was detected between

20 and 30 s. Thus, the entire solution in the device was fully exchanged after less than 30 s, that is

after 30 µL of fluid had been inserted into the device. To ensure complete phase exchange during

the experiments, the device was first flushed with 80 µL of the desired lipase solution at a flow rate

of 50 µL/min before the flow rate was adjusted to 1 µL/min for the rest of the experiment.

10
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Interdependence of emulsion microstructure and lipid digestion

Here we show representative examples of how emulsion microstructure and lipid digestion can

be investigated simultaneously. Microscopy images of trapped fluorescent MCT oil droplets were

taken during gastric digestion (0.5 mg/mL rDGL, 50 mM citric buffer, pH 5) followed by pancre-

atic lipolysis (17 mg/mL pancreatic lipase, 70 mM PBS, pH 7). Figure 5 shows images of traps in

the microfluidic device containing several (number of droplets, nd = 5) and single (nd = 1) droplets 

stabilized by β -lg during lipolysis.

0 min 3 min 60 min 82 min80 minA

B 0 min 60 min 81 min 82 min 82.2 min

50 µm

Time

gastric 

lipolysis

gastric 

lipolysis

pancreatic 

lipolysis

pancreatic

lipolysis

Figure 5: Representative images of MCT oil droplets stabilized by β -lg during gastric lipolysis (0

to 60 min; 0.5 mg/mL rDGL, 50 mM citric buffer, pH 5) followed by pancreatic lipolysis (60 min

to end; 17 mg/mL pancreatic lipase, 70 mM PBS, pH 7) over time for (A) several (nd = 5) droplets

and (B) a single (nd = 1) droplet per trap. The scale bar applies to all images.

Traps containing several (nd = 5) droplets showed partial coalescence of the droplets during the

gastric and pancreatic phases before the MCT oil was fully digested. Experiments with a single

(nd = 1) droplet per trap, which could not undergo coalescence, showed that single droplets were

digested faster. The decrease in MCT oil droplet size during lipolysis can be attributed to the partial

solubilization of lipolytic products from the MCT oil during lipolysis. Therefore, a reduction in

droplet size is visible even in the absence of bile salts, which are known to micellize lipolytic

products.23
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Image analysis was performed to extract quantitative information from the droplet images ac-

quired during digestion to investigate the impact of emulsion microstructure on lipolysis kinetics.

Figures 6A and 6B show representative data for the mean droplet diameter and the solubilized

MCT oil volume of droplets trapped individually or with several droplets per trap as a function

of digestion time when using rDGL for gastric lipolysis. Gastric lipolysis is often omitted in in

vitro digestion experiments since gastric lipases are not commercially available and therefore their

relevance is often underestimated.

Whereas the mean droplet diameter increased during coalescence, it decreased with MCT oil

hydrolysis (lipolysis). Therefore, the size of single trapped droplets decreased linearly during the

gastric phase and faster during the pancreatic phase. An acceleration of this diameter decrease

was observed within the last 50 - 100 s before the complete solubilization of all lipolytic products

occurred (Figure 6A). These kinetics correlated to the solubilized MCT oil volume, which is shown

Page 13 of 27

as a function of time in Figure 6B. Within one hour, 22 % of the total MCT oil volume was 

solubilized by rDGL, and the remaining MCT oil volume was solubilized almost 10 times faster 

during pancreatic lipolysis. These data for digestion time and lipid release patterns are similar to 

those typically found in vivo.24

For nd = 5 trapped droplets, two primary coalescence periods were identified, one at the start of 

the gastric lipolysis phase and the other towards the end of the pancreatic lipolysis phase. There-

fore, mean droplet sizes increased during these periods. Whereas during the initial gastric phase 

coalescence occurred due to changing environmental conditions, coalescence during the pancreatic 

phase may have been induced due to the accumulation of high amounts of lipolytic products inside 

the MCT oil droplets. Fatty acids might be directly solubilized during lipolysis, whereas diglyc-

erides might accumulate inside the droplet and at the oil/water interface since they are themselves 

surface active.25,26 These diglycerides may dominate interfacial dynamics and cause concentration 

gradients and inhomogeneity within the interfacial layer (Marangoni effects27), which can lead to 

emulsion instabilities. Control experiments (see Figure S3) show that the lack of pancreatic lipase 

does not affect either the droplet size or the digested oil volume.
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To distinguish between the role of rDGL and the role of the physicochemical conditions present

in the gastric environment on emulsion microstructure, the same experiment described above was 

performed without rDGL. Figures 6C and 6D show the evolution of droplet size and volume of 

solubilized MCT oil for single and nd = 5 droplets as a function of time. No change in volume 

content occurred under gastric conditions (pH 5, 50 mM citric acid buffer). However, coalescence 

occurred during the entire gastric phase. pH 5 is the optimum pH for human gastric lipolysis,29 but 

it is also the isoelectric point of β -lg. This causes a decrease in electrostatic repulsion between β -

lg covered droplets and therefore they are likely to coalesce. Moreover, the interfacial film formed 

by β -lg increases in viscoelasticity at pH 5,30,31 which indicates that β -lg agglomerates on the 

droplet interface and thus defects in the membrane covering the droplet are more likely to occur.

In contrast to experiments performed with rDGL, during control experiments without rDGL

coalescence was observed during the entire gastric phase. Thus, lipolytic products produced from

rDGL might stabilize a gastric emulsion. However, changing the on-chip conditions to those that

mimic pancreatic lipolysis shows clearly the impact of emulsion microstructure on the lipid sol-

ubilization rate during pancreatic lipolysis, since, again single droplets were solubilized around

1.4 times faster than coalesced droplets. Comparing these results to Figures 6A and 6B shows that

even without rDGL the droplets were solubilized slightly earlier (t = 91.8 min for experiments with

15
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Furthermore, β -lg might be digested by proteolytic enzymes present in the pancreatin used and 

therefore droplets might be further destabilized.28 Additionally, Laplace pressure increases with 

decreasing droplet size. Therefore, small droplets either solubilize or coalesce into bigger droplets. 

After coalescence during pancreatic lipolysis, droplets were solubilized rapidly within 200 s. In 

between these coalescence periods droplet sizes decreased constantly during gastric lipolysis and 

faster during pancreatic lipolysis. However, emulsion microstructure influenced the lipolysis rate 

significantly, since it correlates with the specific surface area of the droplet. The influence of 

microstructure on the solubilization of MCT oil is shown in Figure 6. During both gastric and 

pancreatic lipolysis, the MCT oil solubilization rate was about 1.4 times larger for single (nd = 1) 

droplets compared to nd = 5 trapped droplets.
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rDGL and t = 89.6 min for experiments without rDGL). This effect can be attributed to a lower

initial droplet size and therefore higher specific interfacial area.32 Thus the specific interfacial area

has a greater effect on the total MCT oil solubilization time than gastric lipolysis.
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Droplet diameter (µm)

Figure 7: Complete MCT oil solubilization time, Ts, as a function of droplet diameter, d. Data were 
empirically fitted using a power law equation. Data shown in this figure were collected from three 
individual experiments, demonstrating the robustness of the technique.

Therefore, the impact of the droplet diameter, d, of single trapped droplets, which directly

correlates with the specific interfacial droplet area, on the complete solubilization time, Ts, caused 

by pancreatic lipolysis was assessed. As shown in Figure 7, the specific interfacial area available 

for lipolysis and thus the droplet diameter, greatly influenced the MCT oil solubilization time.

Data were fitted using the following power law equation for the solubilization time Ts = 1.34 · 

d0.755. This shows not only that smaller droplets are digested much faster, but that the importance

of droplet size increases with decreasing droplet size. Extrapolation of this fit emphasizes that 

micron-sized droplets are solubilized within minutes, which is within the same time frame as seen 

for the solubilisation of unstructured, diluted emulsions measured in bulk. Thus, analyzing single 

droplets using microfluidic technologies might represent a diluted emulsion system, in which the 

bulk phase and droplet density are of minor importance. However, coalesced droplets always lead
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to decreased specific interfacial area and therefore have a major impact on lipolysis.

Conclusions

The microfluidic platform developed herein allows the quantification of emulsion microstructure

and lipid digestion simultaneously. Furthermore, the physicochemical environment can be con-

trolled and exchanged within less than 30 s. This not only guarantees an efficient exchange of the

bulk phase, but continuous renewal of digestive juices and removal of digested products through-

out the experiment. Therefore we are able to analyse specific droplets under different conditions

over time, allowing the acquisition of size-dependant digestion information, as well as bulk data.

Emulsion coalescence mainly occurred during the gastric phase. This had a major influence

on pancreatic lipolysis, since the related droplet diameter increase correlates with the specific area

of the droplet. Individually (nd = 1) trapped droplets were therefore digested 1.4 times faster than 

nd = 5 trapped droplets. Droplet size was the main contributor to total MCT oil solubilization

during pancreatic lipolysis. Even though gastric lipolysis contributed to around 20% of the overall 

digestion, it had a minor effect on MCT oil solubilization time during pancreatic lipolysis since the 

solubilization rate during pancreatic lipolysis was almost 10 times faster. Thus, the microstructure 

generated in human gastric environments contributes crucially to lipid digestion and should not be 

omitted in in vitro experiments to improve in vitro-in vivo correlations.

To conclude, emulsion microstructure determines lipolysis kinetics and is therefore a crucial

parameter when designing lipid delivery systems. The potential of this method not only lies in the

quantification of instabilities of lipid delivery systems, but in the in situ visualization of lipase ad-

sorption, displacement processes, and lipid release by combining the technique, for example, with

confocal microscopy. Our future experiments focus on the influence of different physicochemical

conditions (lipid phase, emulsifier type) on emulsion microstructure during in vitro lipolysis.
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