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triggered formation and evolution of highly ordered nanostructures in milk is demonstrated. Reported is
also the crucial role of the mucus layer on top of the cell layer, protecting the cells from degradation by
digestive juice components such as lipase. The novel model can open unique possibilities for the dynamic
investigation of colloidal structure formation during lipid digestion and their effect on the uptake of

bioactive molecules by the cells.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

There is a growing interest to understand, control, and manipu-
late the process of lipid digestion within the gastrointestinal tract
(GIT) with functional food materials, particularly in regards to the
development of emulsion-based systems for the delivery of
hydrophobic and amphiphilic bioactive compounds [1-4]. How-
ever, the conduct of human or animal feeding studies to assess
the impact of the wide range of food matrix components and their
colloidal structures is unrealistic, not only due to ethical concerns
but also for economical and practical reasons [5,6]. Further, a com-
prehensive understanding of the food-digestion interactions that
ultimately allows the rational design of functional food materials
requires a fundamental knowledge of the effect of individual diges-
tion parameters such as bile salt concentration, pH, lipases, and
interactions with mucus layer and cells, on the process. This is only
possible with suitable in vitro models that offer the flexibility to
modify selected parameters, within and even beyond the physio-
logically relevant range. To address this, numerous in vitro diges-
tion models have been introduced over the last two decades,
designed to mimic the in vivo situation of the GIT [6,7]. Most of
the dynamic in vitro models were not successful in recreating the
physiological conditions as the interaction and absorption of water,
nutrients and metabolites could not be routinely simulated [6].

To date, the majority of published studies focused on the
changes in the chemical composition during digestion using in vi-
tro models that mimic gastric and small intestinal digestion con-
secutively, or in vitro cell culture models that evaluate epithelial
permeability. The analysis of the digestion components and their
interactions with epithelial cells was mostly carried out separately,
by first performing the digestion ex situ in a bioreactor and subse-
quently introducing the digestion mixture to an in vitro intestinal
cell model and/or porcine tissue grafts [8-11]. A predictive diges-
tion model for real time evaluation of lipid digestions under phys-
iologically relevant conditions in the presence of intestinal cells
has only been recently described [12]. Contrary to the analytical
chemistry aspects, the colloidal aspects of the digestion processes,
such as self-assembled structure formation of food emulsions and
amphiphilic digestion components from the micrometer down to
the nanometer range, are mostly unstudied. These colloidal pro-
cesses, that may play a crucial role in the digestion process, were
first discovered during the in vitro digestion of olive oil emulsions
using light microscopy [13]. The structures and their transforma-
tions inside a digesting triolein-in-water emulsion droplets were
later demonstrated using an invitro digestion model, without
intestinal cells, that was coupled with in situ flow-through small
angle X-ray scattering (SAXS) and further confirmed with cryo-
genic transmission electron microscopy [14]. The lipid digestion
products, monoacylglycerols and free fatty acids (FFAs), self-
assemble inside the oil droplet to form geometrically ordered lyo-
tropic liquid crystalline structures. The type of formed nanostruc-
ture depends largely on the ratio between fatty acid |
monoglyceride | diglyceride | triglyceride inside the emulsion dro-
plets and this ratio is gradually changing during the course of
digestion. The observed structures and their transformations in

these self-assembled systems agree with predictions from the crit-
ical packing parameter (CPP) model (see the SI for definition)
[15,16]. Bile salts, which are also part of the digestive juice, have
been shown to actively participate in this self-assembly process
through composition-dependent modification of the nanostruc-
tures [14,17]. Recently, lyotropic liquid crystalline structures
together with vesicles and micelles were also detected during the
invitro digestion of bovine and human breast milk, and the
triglyceride-based food product mayonnaise in a digestion model
simulating the small intestine in absence of cells that was coupled
with in situ SAXS [18-20].

The formation of nanostructured lipid emulsions during diges-
tion has been recently discussed to influence the delivery of lipid
nutrients, enzymatic lipolysis, and interactions of the digestion
products with the mucus and epithelial cells in the small intestine
[21]. Lipolysis is a process which occurs at the lipid water interface
and, as a consequence, the large new lipid water interfaces gener-
ated during the digestion of emulsions can play a crucial role in
this process and deserve to be analysed in in vitro digestion models
[22]. Considering this knowledge gap, the studies of digestion pro-
cesses could benefit from more sophisticated in vitro digestion
models coupled with flow-through time-resolved online SAXS for
the determination of nanostructures in real-time. Together with
in vitro cell culture models that mimic the intestinal epithelium,
such models would allow a systematic study of interactions
between the digestion structures and components with the epithe-
lium. These advanced models combining biophysical approaches
with relevant cell culture models will eventually pave the way
for a more detailed understanding of the digestion process that is
necessary for the rational design of functional food- and drug
delivery materials.

Overall, the challenge in simulating the lipid digestion lies in
the complexity of the diverse processes occurring in vivo. The first
step of any digestion in humans is the mouth, where the lipid dro-
plets interact with the saliva, tongue, and oral cavity [5]. The mix-
ture of the food matrix with saliva is then passed through the
stomach where the emulsion droplets are further fragmented
under the exposure to low pH conditions (typically around 2-3),
salts, enzymes, and mechanical forces [5,14,23]. Upon leaving the
gastric compartment and entering the intestine, the pH is
increased to around 6-8, and enzymes such as pancreatic lipase
and biologic surfactants such as bile salts and phospholipids are
introduced [5,24]. These components are then responsible for the
lipid digestion and absorption that occurs mainly in the small
intestine [25]. Bile salts and phospholipids further help stabilize
the emulsion droplets and optimize their surface for the adsorption
of the surface active pancreatic lipase-colipase complex [26-30].
After adsorption, the pancreatic lipase stereospecifically hydroly-
ses the two outer ester bonds of the triglyceride oils (sn-1 and s-
3) inside the emulsion droplet, resulting in the generation of the
sn-2 monoglyceride and the corresponding FFAs [31]. These
amphiphilic digestion products then form a range of self-
assembled nanostructures, which may target interaction with the
brush border of the intestinal epithelia cells where they are ulti-
mately absorbed [26]. From there, the epithelia cells release the
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long-chain lipids in the form of packed lipoproteins, also known as
chylomicrons to the basolateral side, where they are transported
via the lymphatic system to other tissues [32,33].

One of the most widely used experimental models to charac-
terise the lipid digestion in the small intestine under simulated
conditions is the pH-stat method [34-36]. In this cell-free and
‘closed’ method, the pH is kept constant by titrating the pH change
that is caused by the release of FFAs during the hydrolysis of
triglycerides with NaOH. The quantity of the released FFAs can
then be estimated by the moles of NaOH required to maintain a
constant pH [5,37]. However, this ‘closed’ model ignores the
removal of the digestion products through absorption by the
epithelial cells in the small intestine, along with all its conse-
quences for the digestion reaction.

To the best of our knowledge, the nanostructure formation in
food emulsions during their digestion has not yet been demon-
strated in presence of in vitro intestinal cell models that closely
mimic the invivo situation in the small intestine, including the
absorption and removal of digestion products. Such a model can
lead to a more comprehensive understanding of the digestion-
triggered nanostructure formation during lipid digestion, and the
resulting implications on nutrient uptake and transport by the
cells. It requires the integration of physiologically relevant cell cul-
ture models into the current pH-stat model that is then coupled
with flow-through online SAXS. Here, the cell culture models
should resemble the structure of the intestinal epithelium more
closely than current Caco-2 models that lack the mucus, for
instance with co-culture of Caco-2 and mucus secreting cells
[38-41].

In this study a novel platform for the online investigation of col-
loidal structure formation during digestion in the presence of an
invitro co-culture Transwell® model containing a mucus layer
was developed. This platform allows the simultaneous monitoring
of nanostructures on both sides of the co-culture cell layer. Firstly,
the viability of in vitro intestinal cell layer models in the presence
of pancreatin extract and milk were studied. Secondly, the opti-
mized cell culture model was coupled to a flow-through digestion
model with the pH-stat and synchrotron SAXS to discover the
effect of mucus, cells and product absorption on the in situ nanos-
tructure formation during the digestion of nature’s own emulsion,
milk. Simultaneously, the other side of the cell layer is monitored
for potential nanostructure formation by digestion products that
were transported through the mucus layer and the cell layer.

2. Materials and methods
2.1. Materials

Pancreatin from porcine pancreas (8 x United States Pharma-
copeia (USP) grade pancreatin activity) was purchased from Sigma
Aldrich (St. Louis, MO, USA). It is a mixture of digestive enzymes
produced by the exocrine cells of the porcine pancreas and con-
tains enzymes such as pancreatic lipase, amylase, trypsin, ribonu-
clease, and protease. Acetic acid (purity > 99.7%), Alcian Blue 8GX
(dye content > 45-65%), Chloroform (purity > 99.8%), Crystal Vio-
let (dye content > 90%), hydrochloric acid (HCl, concentration = 3
7%), maleic acid (purity > 98.0%), Nuclear Fast Red (for micro-
scopy), paraformaldehyde (PFA, 95-100%), phosphate-buffered sal-
ine (PBS, sterile-filtered; pH = 7.4), sodium dodecyl sulphate
solution (SDS, BioUltra, for molecular biology, 20% in H,0), Thia-
zolyl blue tetrazolium bromide (MTT, purity = 98%), Tris Base/ Tris
(hydroxymethyl) aminomethane (for fish-farming, pH 8.3; 93367),
sodium chloride (NaCl) (>99.5%) were purchased from Sigma
Aldrich (Buchs, Switzerland). Calcium chloride (CaCl,, p.a. grade,
EMSURE®) was purchased from Merck (Darmstadt, Germany) and

ethanol (EtOH, purity > 99.8%) from Honeywell (Bucharest,
Romania).

Standardized unskimmed milk with 3.5% milk fat was bought
from a local shop (Switzerland). 0.2 M sodium hydroxide (NaOH,
practical grade) and 0.2 M HCI from Sigma Aldrich (St. Louis, MO,
USA) were used for pH adjustment. Ultra-pure water (R > 18
MQ) was used for the preparation of all samples. The digestion
buffer (pH 6.5) contained 50 mM maleic acid, 50 mM Tris Base,
5 mM CaCl, and 150 mM NacCl.

2.2. Cell culture

The human colorectal adenocarcinoma cell line Caco-2 was
obtained from the German collection of microorganisms and cell
cultures (DSMZ, Braunschweig, Germany). Cells were maintained
in Minimum Essential Medium (MEM, Sigma, M2279) at a physio-
logical pH of 7.4, supplemented with 10% fetal calf serum (FCS;
F9665), 2 mM i-glutamine (G7513), 1% (v/v) penicillin, strepto-
mycin, neomycin (P4083) (all from Sigma Aldrich, Buchs Switzer-
land), and 1% (v/v) non-essential amino acids (PAN, Aidenbach,
Germany; P08-32100) (hereafter called “complete MEM”) at
37 °C, 5% CO,, and 95% humidity, hereafter called “standard growth
conditions”. Caco-2 cells were grown in 75 cm? cell culture flasks
(TPP, Trasadingen, Switzerland) until reaching 80% confluence
and subcultured using trypsin-ethylenediaminetetraacetic acid
(EDTA) (Sigma Aldrich, T3924).

The human colon cell line HT29-MTX-E12 (hereafter called “HT-
29") was obtained from the European Collection of Authenticated
Cell Cultures (ECACC, England). Cells were maintained in Dul-
becco’s Modified Eagle Medium (DMEM, obtained from Sigma,
D5796) at pH 7.4, supplemented with 10% fetal calf serum (FCS),
2 mM r-glutamine, 1% (v/v) penicillin, streptomycin, neomycin
(all from Sigma Aldrich, Buchs Switzerland), and 1% (v/v) non-
essential amino acids (PAN, Aidenbach, Germany) (hereafter called
"complete DMEM”) at standard growth conditions. HT-29 cells
were grown in 75 cm? cell culture flasks (TPP) until reaching 80%
confluence and subcultured using trypsin-EDTA (Sigma).

2.3. Caco-2 monocultures

Caco-2 cells were initially used as an in vitro digestion model for
the digestions experiments. To obtain a differentiated Caco-2
monolayer, cells were seeded at a concentration of 2 x 10% cells/
mm? into the apical compartment of microporous polyester (PET)
membrane inserts (Corning® high throughput screening (HTS)
Transwell®-96 Tissue Culture Systems (pore size: 1 um) (Corning,
Kaiserslautern, Germany) or ThinCert™ Tissue Culture Inserts 6
Well Greiner Bio-One (pore size: 3 pm) (Greiner Bio-One, St.
Gallen, Switzerland)). The basolateral compartment was filled with
complete MEM and cells were allowed to differentiate under stan-
dard growth conditions for 18 days for the cell viability assessment
and for 16 and 18 days for the SAXS experiments. Medium was
changed every 48 h. All monoculture experiments, were conducted
on Caco-2 cells in differentiated state.

2.4. Caco-2/HT-29 co-cultures

Intestinal co-cultures were based on the co-culturing of Caco-2
and HT-29 cells with a predefined seeding ratio of 75:25 to achieve
a confluent mucus layer. An overall cell seeding concentration of
2x10* cellsy/mm? for the apical compartment of microporous
membrane inserts (Corning® HTS Transwell®-96 Tissue Culture
Systems (pore size: 3 pm) or Corning® 75 mm Transwell®
Permeable Supports, (pore size: 3 um)) was maintained (Corning,
Kaiserslautern, Germany). The basolateral compartment was filled
with complete DMEM and cells were allowed to differentiate under
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standard growth conditions for 18 days for the cell viability assess-
ment and for 16-18 days for the SAXS experiments. Medium was
changed every 48 h. All co-culture experiments were conducted
on differentiated Caco-2/HT-29 co-cultures.

2.5. Pancreatin extract preparation

For each experiment, 2 g of the porcine pancreatin were diluted
in 5 ml of digestion buffer (50 mM maleic acid, 50 mM Tris Base,
5 mM CaCl, and 150 mM Nacl) and stirred for 20 min at 4 °C.
The enzyme suspension was centrifuged at 4 °C at 4000 rpm for
15 min. The supernatant was recovered and kept on ice until fur-
ther use in the viability or in vitro digestion studies. For the further
dilutions for the toxicity experiments, the pH was adjusted to 6.5.
For the milk digestion experiments, 1 ml of this pancreatin extract
was added to 20 ml of 50% digestion buffer 50% milk suspension for
the final concentration of 0.019 g/ml.

2.6. Cell viability (MTT assay)

The culture medium was removed from differentiated Caco-2
monocultures or differentiated Caco-2/HT-29 co-cultures in HTS
96-well inserts and Caco-2 monocultures were treated with
concentrations of 0, 0.005, 0.01, 0.02, 0.04, 0.06 and 0.1 g/ml pan-
creatin extract and co-cultures with 0, 0.005 g/ml, 0.02 g/ml,
0.04 g/ml pancreatin extract for 30 min and 2 h on the apical side.
The basolateral compartment was filled with complete cell culture
medium made from phenol red free medium (Gibco). All samples
without pancreatin extract received an equivalent volume of diges-
tion buffer and milk and served as solvent control. The untreated
sample received 100% complete cell culture medium and, to under-
stand the impact of milk or digestion buffer on cell viability, addi-
tional controls were included with 100% milk or 100% digestion
buffer. The MTT stock solution (5 mg/ml in PBS) was diluted freshly
for every experiment in complete cell culture medium made from
phenol red free medium. At 30 min and 2 h post-exposure, the
wells were washed 2 times with warm PBS before 0.5 mg/ml
MTT, in complete cell culture medium made from phenol red free
medium, was added. On the apical side a volume of 75 pl/well was
added and on the basolateral side it was 235 ul. The cells were
incubated for 1.5 h at standard growth conditions. Afterwards,
37.5 ul of 10% SDS in 0.01 M HCl was added apically while the basal
compartment was exchanged to an empty one. After efficient lysis
of the cell layer the lysis solution was replaced into a new plate to
measure the absorbance with a multi-well plate reader (Mithras2
LB943, Berthold Technologies) at 590 nm. Data shown represent
the mean and corresponding standard deviations of two indepen-
dent experiments with six technical replicates for the monoculture
experiments and the co-culture experiments show three indepen-
dent experiments with four technical replicates each.

Statistical analysis was conducted with GraphPad Prism 6
software using a one-way analysis of variance (ANOVA; 95%
confidence interval) followed by the Dunnett‘'s multiple compar-
isons test.

2.7. Measurement of transepithelial electrical resistance (TEER)

The differentiation process of the Caco-2 monolayers grown in
6-well inserts and the co-cultures grown in the 75 mm Transwell®
inserts was controlled by TEER measurements after 7, 14, and
18 days using an Epithelia Voltohmmeter (EVOM) with sterilised
STX2 electrodes (World precision, Instruments, Sarasota Florida,
US). Only Caco-2 cell monolayers with TEER values higher than
750 @ cm?® and co-cultures with TEER values higher than
2800 © cm? were used for experiments.

2.8. Stainings

2.8.1. Crystal violet

For the 6-well inserts containing the Caco-2 monoculture, the
apical treatment volumes were 4 ml/well and the cells were trea-
ted on the basal side in complete cell culture medium made from
phenol red free medium.

After the experiment, the 6-well Transwell® inserts were fixed
with 4% PFA for 1 h to preserve the cell layer. For long-term storage
the cells were immersed in 50% EtOH and kept at 4 °C. The crystal
violet staining was conducted after a protocol described by May
et al. [42]. In brief, the samples were additionally fixed in 20% ice
cold methanol (MeOH) for 5 min and stained with 0.5% crystal vio-
let in 20% MeOH for 10 min, before they were washed and dried.

2.8.2. Alcian blue

For the investigation of the mucus layer, an alcian staining has
been conducted. The 6-well Transwell® inserts were fixed for 2 h
with modified Carnoy solution (60% EtOH, 30% chloroform; 10%
acetic acid) to preserve the mucin layer. For long-term storage,
the cells were immersed in 50% EtOH and kept at 4 °C. More
detailed information can be found in the published staining proto-
col [43]. In brief, the samples were stained with alcian blue for
30 min before they were dehydrated and mounted.

2.9. Coupling synchrotron small angle X-ray scattering and pH-stat
with the in vitro cell culture model

The nanostructure formation during the digestion of milk in a
digestion model that couples the pH-stat method with an in vitro
cell culture model was studied in situ using flow-through SAXS
(Fig. 1). The digestion reaction was conducted in a large Transwell®
insert with surface area of 75 cm? that was seeded with co-
cultured Caco-2 and HT-29 cells at 37 °C. 20 ml of 1/1 vol/vol mix-
ture of milk and digestion buffer was filled onto the apical side of
the plate, onto the cell layer. The basolateral side of the Transwell®
inserts received 60 ml complete cell culture medium, DMEM. The
pH on the apical side was recorded with a LL Biotrode pH meter
(Metrohm AG, Herisau, Switzerland) on a Titrando 906 titrator
(pH-stat, Metrohm AG, Herisau, Switzerland). The pH-stat titrated
the digestion mixture on the apical side with 0.5 M NaOH solution
(Titrosol, Merck KGaA, Darmstadt, Germany) to maintain pH at
defined values during the digestion reaction. The pH electrode
and titrator tube were attached to a shaker plate (Heidolph Titra-
max 101, Schwabach, Germany), to gently stir the digestion mix-
ture on top of the Transwell® insert at 300 rpm. The basolateral
side of the Transwell® was mixed with a magnetic stirrer. To
improve cell viability and mimic body temperature, the whole cell
set up was placed in a 37 °C water bath.

For the in situ SAXS study of structure formation on both, the
apical and basolateral site of the Transwell® insert, two flow-
through borosilicate capillaries (1.5 mm thick, Hilgenberg GmbH,
Malsfeld, Germany) were fixed on a movable sample stage in front
of the synchrotron X-ray source. The digestion mixture and culture
media from the apical and basolateral side of the cell monolayer,
respectively, were circulated in separate tubing connected to sep-
arate capillaries. Polytetrafluoroethylene tubing (0.5 mm inner
diameter, BOLA, Bohlender GmbH, Griinsfeld, Germany) and a peri-
staltic pump (Alitea MIDI-D U1, Alitea AB, Stockholm, Sweden)
connected the two sides of the Transwell® and the flow-through
capillaries. The flow rate was approximately 10 ml/min, to avoid
beam damage. The digestion reaction was started with a syringe
pump (neMesys, centoni GmbH, KorbuBen, Germany) for remotely
adding 1 ml of the prepared pancreatin extract with a speed of
approximately 0.2 ml/s to the buffer/milk mixture on the apical
side of the Transwell®.
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Fig. 1. Experimental setup used for the in situ study of the digestion of milk in the
presence of a Caco-2/HT-29 co-culture. Nanostructure formation was simultane-
ously monitored with online SAXS on the apical and basolateral side of the cell
layer.

Online SAXS patterns of the two capillaries were collected dur-
ing the lipolysis by frequently moving the capillaries in and out of
the X-ray beam by using the sample stage. The measurements
were performed on the cSAXS beamline at the Swiss Light Source,
Paul Scherrer Institute (PSI, Villigen, Switzerland) with an X-ray
beam having a wavelength of 1.0 A at X-ray energy of 12.4 keV.
With the sample-to-detector distance of 2157.7 mm, the scattering
vector magnitude, g, covered the range of 0.06-5.0 nm™~! (q = 4xn/
A sin0, where / is the wavelength and 20 is the scattering angle).
Beamsize was 100 x 100 um? The in situ SAXS patterns were
acquired over at least 70 min of digestion with an exposure time
of 1 s and a 9 s delay between the frames, using a Pliatus 2 M
detector (in-house prototype) with an active area of
254 x 289 mm? and a pixel size of 172 x 172 um?. The two-
dimensional (2D) scattering frames were radially integrated into
1D curves and plotted as a function of scattering intensity I(q)
vs q. Afterwards, the scattering from PBS was subtracted as back-
ground. For clarity, only one frame every minute of digestion is
presented. Bragg peaks in the scattering curves were fitted by Lor-
entzian distributions to estimate their g-positions. The lattice
parameters of inverse cubic (@jm3m) and inverse hexagonal (ay,),
as well as the d-spacing of lamellar phase were calculated from
the g-values of the respective Bragg reflections as described below:

an, =" _\J1? 4 hk 4 K (1)
IE]

a 27
Im3m — ———
Anki

h + I+ P (2)

_ 2mh

d=2""
dn

3)
where qpy is the g-value of the Bragg peak corresponding to the
reflection with the h, k, and [ Miller indices, and g, is the g-value
of the h-th order Bragg peak of the lamellar phase.

3. Results and discussion
3.1. Design and optimisation of the in vitro cell culture model

The most widely used intestinal in vitro cell culture model is dif-
ferentiated Caco-2 monolayers which represents the main epithe-
lial cell type of the intestinal barrier [44,45]. When cultivated on
Transwell® inserts, these cells become highly polarized and
express an extensive microvilli brush border similar to the physio-
logical situation making them more resistant to toxicity from
nanomaterials [45-47] However, differentiated Caco-2 monolayers
do not express a mucus layer, an additional protective physical-
chemical barrier of the intestine [45]. Treatment of Caco-2 cell
monolayers on 6-well Transwell® inserts with 50% milk/ 50%
digestion buffer or 100% digestion buffer for 2 h did not show
any considerable cell death as visualized by the presence of an
almost intact monolayer (Fig. 2A and B). However, incubation with
0.04 g/ml pancreatin extract in 100% digestion buffer and 50%
milk/ 50% digestion buffer mixture resulted in the loss of large
parts of the cell layer (Fig. 2C, D), where in the latter case the diges-
tion mixture required for emulsion digestion experiments resulted
in the loss of approximately 45-50% of coverage. In this context,
the intestinal digestion of milk takes at least 30 min [18] and mice
experiments have shown that the invivo uptake of FFAs takes
between 30 and 60 min [48].

Therefore, a cell layer that survives at least 30 min in presence
of the pancreatin extract would be desirable to investigate colloidal
structures during milk digestion and the impact of the presence of
the cell culture on the structure formation. Whereas the presence
of digestion buffer and milk does not impact on the Caco-2 cells
viability in the first 30 min (Fig. 2E), the presence of pancreatin
extract led to significant cell death (Fig. 2F). Even at lower pancre-
atin concentrations of 0.02 g/ml, less than 75% of the Caco-2 cells
were viable after 30 min (Fig. 2F). It appeared that the pancreatin
extract resulted in the digestion of the differentiated Caco-2 mono-
layer after 30 min at 37 °C.

To prevent digestion of the enterocyte cell layer and ensure an
adequate lipid uptake, a more sophisticated co-culture model with
enterocyte (Caco-2) and mucus-producing goblet cells (HT-29-
MTX) was investigated. The co-cultivation of Caco-2 and HT-29
cells provides adequate mucus coverage for the cell monolayer as
previously reported in the literature [39,49-54]. Staining of the
co-culture used in this study with alcian blue confirmed the forma-
tion of a mucus layer (Fig. S1A). Cell viability of the co-culture after
30 min and 2 h of incubation with pancreatin extract was deter-
mined using the MTT assay. Incubation of the co-culture in cell cul-
ture medium, 50% milk/ 50% digestion buffer, 100% milk or 100%
digestion buffer induced no considerable changes in cell viability
up to the 2 h of cultivation (Fig. 3A, B). After 30 min as well as
2 h incubation, the viability after treatment with pancreatin
extract (0-0.1 g/ml) remained above 80% compared to the solvent
control, except for the highest pancreatin extract concentration
(0.1 g/ml) at 2 h of cultivation (Fig. 3C). The improved viability of
Caco-2/HT-29 co-cultures compared to Caco-2 monocultures indi-
cates that the mucus layer formed a protective barrier against the
digestive activity of the pancreatin extract components. The high
standard deviation between the different experiments at both time
points could be due to differences in the thickness of the mucus
layer produced by individual cultures. A thinner mucus layer could
be less efficient in preventing digestion of the cells. The alcian blue
staining showed that the height of the mucus layer in vitro (few
tens of micrometers) was not comparable to the 123 pum high
mucus layer found in the rat jejunum [55,56]. Nevertheless, the
in vitro formed mucus layer was sufficient to protect cells for at
least 2 h from the cytotoxic effects of the pancreatin extract and
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Fig. 3. Assessment of the cell viability of Caco-2/HT-29 co-cultures. Cell viability was assessed by MTT assay after (A) 0.5 h or (B) 2 h of cultivation in different buffers and in
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untreated control samples (A, B) or the solvent controls (C) are indicated by a dashed orange line in each graph. Grey dotted lines (A-C) correspond to 80% viability.

thus, Caco-2/HT-29 co-cultures could be used for digestion
experiments.

The group of Lv et al. [11] did overcome lipase digestion of the
cell layer by performing the digestion reaction separate from the
in vitro intestinal model and sequentially transferring the digestive
residues to the cell surface after a heat inactivation step. However,
this has the disadvantage that a potential impact of the cells on the
formation and evolution of structures during digestion could not
be investigated. Keemink and Bergstrom [57] worked with immo-
bilized lipase form Candida antarctica to prevent the Caco-2 cell
layer from getting in contact with the lipase and suffer digestion.
However, the use of lipase immobilized on surfaces limits the

contact of the enzyme with the emulsion droplets, thereby com-
promising the reaction [58]. In contrast, our newly developed
digestion platform allows for the direct investigation of milk diges-
tion in the presence of a viable intestinal co-culture model simulat-
ing the human intestine by the usage of pancreatin extract, which
includes a complex mixture of digestive enzymes [5]. Additional
refinements of the digestion platform could be achieved by further
optimizing the digestion buffer to also include biological surfactant
(e.g. bile salts and phospholipids) or mimic physiological osmolar-
ity [5]. Since in vivo relevant values of bile salts and osmolarity can
be cytotoxic to intestinal cells in vitro [59], similar cell compatibil-
ity assays as performed in this study would be needed.
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McClements and Li proposed, based on data by des Rieux et al.
[60], that lipid droplets may be trapped by the mucins of the
mucus layer [5]. To verify that the mucus layer does not act as a
barrier in preventing the lipid transport by the intestinal co-
cultures, a lipid uptake assay with a fluorescent model fatty acid
analog was performed. Sufficient transport across the mucus and
subsequent cellular uptake of the lipid by the cell layer was
observed within 1 h, as seen from the fluorescence measurements
presented in Fig. S1B. The observed permeability of the mucus
layer to the fatty acid molecules further confirms the suitability
of the co-culture for the investigation of in situ digestion studies
with this model.

3.2. Nanostructure formation during milk digestion in the presence of
Caco-2/HT-29 cell co-cultures

Fig. 4A shows the evolution of the SAXS patterns collected dur-
ing the lipolysis of the 50% milk/ 50% digestion buffer mixture on
the apical side of the Caco-2/HT-29 co-culture. Prior to the addition
of the pancreatin extract on the apical side, the milk mixture dis-
played a SAXS curve with a low-q upturn in intensity (~g™ depen-
dence of I(q) in the low-q range, see Fig. S2) characteristic of
scattering from particles with dimensions larger than the resolu-
tion of the SAXS setup, such as large emulsion droplets. Two broad
correlation peaks at g~ 0.7 and 1.5 nm~! were observed in the
same curve (Fig. 5), indicating presence of coexisting smaller
nano-objects. The addition of the pancreatin extract containing
lipase was immediately followed by NaOH titration (Fig. S3).
Within 4 min of addition, a broad correlation peak with a maxi-
mum around q = 1.36 nm~! was observed, indicating the formation
of inverse micellar (L,) phase inside the emulsion droplets (emul-
sified microemulsions, EME) (Fig. 5). Additionally, two weaker cor-
relation peaks were also observed at around g ~ 2.7 nm~! and
4.1 nm~'. Together with the peak at g = 1.36 nm™!, these three
equidistant reflections correspond to the scattering from lamellar
phase with the interlamellar distance, d, of 4.6 nm. The intensity
of these reflections increased over the course of the lipolysis,
whereas no discernible change in peak positions was detected
(Fig. 5). About 7 min after the start of lipolysis, Bragg reflections
with relative spacing of 1: /3 : V4 were observed, indicating the
formation of inverse hexagonal (H,) phase inside the milk emul-
sion droplets (Fig. 4A). The H, phase peaks reached the highest
intensity after around 10 min of digestion and were no longer pre-
sent after 18 min of digestion (Fig. 5). The calculated lattice param-
eter ay, gradually increased from 6.2 to 6.4 nm (7 to 17 min) as the
digestion progressed after the addition of lipase. Additionally,
Bragg reflections with relative spacing of v2:v4:v6 were
detected in the scattering curves 11 to 46 min after the addition
of lipase, indicating the formation of a coexisting inverse bicontin-
uous cubic phase with Im3m symmetry inside the oil droplets
(Fig. 5). The calculated aj,3, was observed to gradually increase
from 17.8 to 22.6 nm. The evolution of the lattice parameters
throughout the in vitro digestion is summarized in Fig. S4. After
47 min and until the end of the in vitro digestion, the SAXS curve
showed only the 3 equidistant peaks (Fig. 5) and a q~> dependence
of I(q) in the low-q range (Fig. S2), indicating the presence of
mostly dispersed lamellar structures i.e. in the form of single-
and multilamellar vesicles. It is worth highlighting that similar col-
loidal transformations, leading to hierarchically organised disper-
sions that may function as carriers for poorly water-soluble
bioactive molecules, were previously reported during the digestion
of dairy and human breast milk in absence of cells [18,19]. The pH
on the apical side of the cell monolayer was observed to gradually
increase above 6.5 after around 37 min of digestion (Fig. S4). Even

though no NaOH was titrated after 37 min of digestion (Fig. S3), the
pH reached 6.8 after 70 min of digestion. The increase in the pH of
the digestion mixture in the apical compartment could potentially
be caused by two factors: the response of the cell layer, or compro-
mised agitation of the milk buffer mixture causing over-titration
with NaOH in certain regions of the digestion mixture.

The SAXS curves of the complete culture medium on the baso-
lateral side of the cell layer during milk lipolysis are presented in
Fig. 4B. The shape of the scattering curves with significant scatter-
ing intensity below g of around 1.0 nm~! is most likely attributed
to the proteins and protein aggregates in the complete culture
medium. The SAXS curves don’t appear to change throughout the
duration of the in vitro lipolysis experiment (see Fig. 4B). However,
transport and release of digestion products to the basolateral com-
partment in the form of packed lipoproteins (in the size range
between tens and hundreds of nanometres [61]) cannot be
excluded as the scattering of these structures would overlap with
that of our culture medium. Hence, an optimized cell culture med-
ium with reduced background scattering, and the integration of
in situ light scattering methods into the basolateral side of the
digestion model would be recommended for future experiments
to further investigate these systems. In addition, the absence of
scattering from lamellar or non-lamellar liquid crystalline struc-
tures indicates that no mixing occurred between the solutions on
either side of the cell layer. This result confirms that the cell layer
remained intact throughout the experiment and agrees with our
previous viability measurements which did not show considerable
cell death during the digestion.

The SAXS curves collected for the control lipolysis experiment
at pH 6.5 without the presence of the in vitro cell culture model,
are presented in Fig. 6. Before the addition of pancreatin extract,
milk displayed a scattering pattern similar to the one in the pres-
ence of the cells (Fig. S5). Notably, the observed broad correlation
peaks at g ~ 0.7 and 1.5 nm~! were less pronounced in the absence
of cells, potentially due to absence of mucus or other cell secre-
tions. Upon the introduction of pancreatin extract, the correlation
peak of the emulsified L, phase and the Bragg reflections of the
lamellar phase were observed within 2 min (Fig. 6B). The calcu-
lated interlamellar distance was 4.6 nm throughout the experi-
ment, similar to the invitro digestion in the presence of cells.
Already 5 min after pancreatin addition, Bragg reflections corre-
sponding to the dispersed H, phase withay, = 6.2 nm were
observed. Growing in intensity and reaching maximum after
6 min (Fig. 6B), the H, phase Bragg peaks were observed to also
shift to lower q values over time, indicating an increase in ay, to
6.4 nm after 7 min of lipolysis, but were no longer detected after
8 mins. Similar to the digestion experiment in the presence of cells,
the Bragg peaks of the dispersed Im3m phase were also observed in
the control digestion experiment without cells. Initially appearing
6 min after lipase addition, the intensity of the Im3m Bragg peaks
was steadily increasing over the course of lipolysis (Fig. 6A). Start-
ing with ayn3,» = 18.1 nm after 6 min, the dispersed Im3m phase was
initially observed to gradually swell up to amsm = 21.1 nm at
15 min of digestion. After 15 min, the cubic structure was observed
to gradually shrink as the digestion progressed, reaching
Aym3m = 17.4 nm after 105 min of digestion. Furthermore, about
55 min after the digestion process began, the Bragg peaks of the
dispersed H, phase were once again observed and continued to
grow in intensity (Fig. 6B). The calculated ay, slightly decreased
from 6.7 nm at 55 min to 6.6 nm at 105 min. The nanostructural
changes over the course of lipolysis in the control experiment
without cells at pH 6.5 are summarized in Fig. S6. The majority
of the lipolysis (>70%) occurred in the first 8 min of the reaction,
as evident from the amount of NaOH titrated (Fig. S3) and the tem-
porary decrease in the pH of the dispersion to 6.3 (Fig. S6) due to
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Fig. 4. Online SAXS measurements of milk digestion in the new digestion setup in the presence of Caco-2/HT-29 co-cultures at pH = 6.5. SAXS curves collected from the (A)
apical and (B) basolateral side of the Caco-2/HT-29 co-cultures during in vitro digestion. Pancreatin extract containing the lipase was added to a 50% milk / 50% digestion
buffer mixture on the apical side of the cell layer, while the basolateral side contained complete cell culture medium.

the rapid release of FFAs. It should also be noted that the nanos-
tructural changes in the first 5-10 min of the digestion, including
the appearance of H, phase, may also be impacted by this pH
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Fig. 5. SAXS curves collected from the milk mixture on the apical side of the Caco-
2[HT-29 co-culture. The SAXS curves before addition of pancreatin extract, and at
selected time points after the addition are shown, highlighting the assignment of
self-assembled nanostructures. The first three peaks of the Im3m, H,, and L, phases
are marked with red, green, and black arrows, respectively, and indexed with their
corresponding Miller indices. Blue and black asterisks indicate the broad correlation
peaks corresponding to coexisting nanoobjects and L, phase, respectively.

decrease. After 6 min equilibration, the pH was maintained at 6.5
as the digestion mixture could be more efficiently stirred in the
absence of cells.

To evaluate the effect of pH on the self-assembled nanostruc-
tures during milk digestion, a control experiment without cells
was also performed at the elevated pH of 7.0 (Fig. 7). Similar to
the previous observations for this reaction at pH 6.5, the SAXS
curves for the digestion performed at pH 7.0 demonstrated the
presence of large emulsion droplets coexisting with nanosized
objects (i.e. proteins) before the addition of pancreatin extract
and indicated nanostructural transitions to the emulsified L, and
lamellar phases within just 2 min after addition of the pancreatin
extract. Bragg peaks indicative for the dispersed H, phase are
briefly observed after 3-5 min of digestion, with the calculated
ay, slightly increasing from 6.3 to 6.4 nm over the duration. The
formation of the H, phase inside the milk emulsion droplet may
be influenced by the temporary fluctuations in the measured pH
within the first 6 min of this digestion experiment (Fig. S7), within
which period the majority (>60%) of FFAs were cleaved from the
triglycerides (Fig. S3). Only the Bragg reflections of the lamellar
phase were observed after the 6 min of lipolysis at pH 7.0. It should
be noted that the rate of digestion was similar at both pH 6.5 and
7.0 (Fig. S3). The formation of predominantly flat lipid-water inter-
faces of the lamellar phase during milk digestion at pH 7.0 and
presence of inverse-type non-lamellar phases such as H, and
Im3m when digestion occurred at pH 6.5, was most likely attribu-
ted to the differences in the protonation state of the FFAs at differ-
ent pH [62-64]. The SAXS curve observed after 55 min of digestion
in the absence of cells at pH 7.0 is similar to the scattering pattern
observed at the same time point in the digestion experiment in the
presence of Caco-2/HT-29 cells (Fig. S5). Both SAXS patterns are
characteristic for lamellar structures, as discussed above. However,
the scattering intensities are lower for the system in the presence
of the cells, most probably due to absorption of digestion products
(Fig. S5).

The formation of the emulsified L,, lamellar and dispersed H,
phases within the first minutes of digestion was observed in all
the experiments of this study. The dispersed Im3m structure was
also observed in presence and absence of cells in the digestions
at pH 6.5. These findings highlight that dispersed non-lamellar liq-
uid crystalline structures are generated during the digestion of
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Fig. 6. SAXS curves for the digestion of milk solution with pancreatin extract at pH
6.5 in the absence of cells. Selected SAXS curves highlighting the self-assembled
nanostructure assignment are presented in (B), with the first three peaks of the
Im3m, H,, and L, phases marked with red, green, and black arrows, respectively, and
indexed with their Miller indices. Blue and black asterisks indicate the broad
correlation peaks corresponding to coexisting nano-objects and L, phase,
respectively.

milk in the presence of a mucus layer and cells that continuously
absorb the digestion products. These structures may necessarily
function as carriers for poorly-water soluble molecules, tailor the
delivery of bioactive molecules and steer the interactions with
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Fig. 7. SAXS curves for the digestion of milk mixture with pancreatin extract at pH
7.0 in the absence of cells.

the enzymes and eventually the mucus and cells in the small
intestine.

It should be noted that the structure formation and phase trans-
formation over the time of digestion was delayed by several min-
utes in the presence of the cell culture compared to the control
experiment in absence of cells. Further, after 50 min of digestion,
only lamellar structures such as vesicles were discovered in pres-
ence of cells at pH around 6.5. Contrary to that, dispersed non-
lamellar structures were still coexisting with lamellar structures
up to to more than 100 min of digestion in the absence of cells
at the same pH value, in agreement with previous results on milk
digestion [18]. This difference is most probably caused by the mod-
ified composition from absorption of digestion products into the
cells. Further, a gradually lower scattering intensity was observed
during digestion in the presence of the cells, relative to that in their
absence (see Fig. S5). Over the course of digestion, this difference
became more and more significant, which can be particularly
noticed when looking at the first order reflections of the lamellar
phase at q around 1.4 nm~! in Fig. S5. The gradual removal of
digestion products from the scattering volume by the cells may
be the major reason for this. However, secondary effects such as
slight variations in the solution pH or modified concentration of
calcium ions in the presence of cells could also play a role. The
presence of calcium ions has been reported to influence lipid diges-
tion, and calcium is required for proper pancreatic lipase function
[5,65-67]. It was also suggested by McClements and Li [5] that
other natural components of the GIT, like mucins from the mucus
or specific proteins, could be able to trap calcium ions, which could
have influenced the lipase activity. It has been shown that in the
presences of food, some components are able to bind calcium, like
EDTA or alginate, and drastically reduce the lipase activity as a
result [37]. Further investigations with optimized pH control and
extended digestion duration are needed to gain a more precise
understanding of the role that intestinal cells play in the colloidal
transformations during the lipid digestion processes.

4. Conclusion and outlook

To the best of our knowledge, this is the first demonstration of a
digestion platform with an integrated co-culture model for online
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in situ investigation of lipid digestion and transport with syn-
chrotron SAXS. Our findings further demonstrate that differenti-
ated Caco-2 monolayers, commonly used for invitro digestion
studies, are not a suitable model for the in situ study of lipid diges-
tion as these cells were found not to survive in presence of pancre-
atin extract. Instead, a co-culture model of Caco-2/HT-29-MTX
cells [38,39,49,51], that additionally forms a protective mucus
layer on top of the cells, has been employed and demonstrated to
retain cell viability for more than 1 h of simulated digestion. The
new platform was successfully applied to study the digestion of
bovine milk. The formation and transformation of highly geometri-
cally organized nanostructures in the lipid phase of the milk emul-
sion droplets during their digestion was observed for the first time
in the presence of the co-culture with mucus and cell layer. These
structures may tailor the digestion process and act as carriers for
poorly water-soluble milk components. The results from the new
co-culture model reveal differences in the evolution of lipid nanos-
tructures throughout the digestion experiments in the presence or
in the absence of cells. Our results indicate that this was caused by
the modified composition in the digestive fluid through absorption
of digestion products into the cells. For future studies, additional
analytical methods to monitor the composition and the transport
of lipids and co-administered nutrients simultaneously with
nanostructure formation can be integrated on the apical and baso-
lateral side of the cell layer in this digestion model. The new model
from this study may ultimately allow the simultaneous research of
the molecular as well as the colloidal length scale changes together
with the biological functions in situ during the digestion in future
studies. This fundamental knowledge can then guide the rational
design of functional food products and delivery systems for
hydrophobic and amphiphilic bioactive molecules including nutri-
ents and drugs [68-70].
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