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Abstract  1 

The aim of the study was to implement a physiologically relevant gastric digestion step using recombinant 2 

human gastric lipase (rHGL) in an in vitro pediatric gastro-intestinal digestion model. A commercial infant 3 

formula (NAN Comfort stage 1 (NAN1)) with 3.4% lipid and an in-lab prepared oil-in-water emulsion, 4 

emulsified with soy phosphatidylcholine (SPCemul), with 3.5% lipid (oil-blend containing Akonino NS, MEG-3 5 

and ARASCO oils) were subjected to in vitro gastro-intestinal digestion. To achieve a physiologically relevant 6 

level of gastric digestion, 50 min of in vitro gastric digestion, using either 0, 3.75 or 7.5 TBU/mL rHGL, was 7 

followed by 90 min of in vitro intestinal digestion, using either 0 or 26.5 TBU/mL pancreatic triglyceride lipase 8 

(PTL) from porcine pancreatin. The digestion of the substrates was assessed using titration-based 9 

quantification supported by HPLC-ELSD analysis. In vitro gastric digestion of NAN1 and SPCemul with either 10 

3.75 or 7.5 TBU/mL rHGL contributed with 10-30% of the total gastro-intestinal digestion, corresponding to 11 

the reported contribution in human infants. At the end of the gastro-intestinal digestion (t=140 min), the 12 

combined lipolytic effect of rHGL and PTL was additive during digestion of SPCemul, but not for the digestion 13 

of NAN1, as all lipase activity combinations resulted in a similar degree of NAN1 digestion. A gastric digestion 14 

step using 3.75 TBU/mL rHGL, simulating the physiologically relevant contribution of HGL to digestion in 15 

infants, was successfully implemented into an in vitro pediatric gastro-intestinal digestion model. The effect 16 

of gastric digestion with rHGL on total digestion appeared to be substrate dependent.  17 

 18 

  19 
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Introduction  1 

Lipids constitute 45-55% of infants’ energy intake the first six months after birth.1 Lipid digestion is initiated 2 

in the stomach by human gastric lipase (HGL), responsible for 10-30% of the total lipid digestion.2,3 Digestion 3 

of mother’s milk with HGL has been shown to be crucial for initiating the lipolytic activity of pancreatic 4 

triglyceride lipase (PTL).4 Furthermore, it has been suggested that HGL disrupts the milk fat globule 5 

membrane (MFGM) surrounding the lipid droplets in mother’s milk, thereby generating free fatty acids (FFAs) 6 

important for facilitating the connection of PTL with the triacylglycerols (TAGs) located in the core of the lipid 7 

droplets.4,5 Among others, the lipolytic efficiency of HGL and PTL relies on the specific catalytic activity 8 

towards a given substrate, the anchoring ability at the lipid/water interface, and the presence of a co-lipase 9 

in the case of PTL.4,6-11 10 

During recent years, several recommendations for designing in vitro models simulating digestion in infants 11 

have been published.12-15 Furthermore, the importance of gastric lipolysis by HGL in infants has been 12 

acknowledged and stressed in both research and review publications.4,5,12-20 Bernbäck et al. (1989) and 13 

Gargouri et al. (1986) investigated the influence of HGL digestion on PTL activity during in vitro digestion of 14 

mother’s milk and TAGs emulsified with egg lecithin, respectively.4,21 Both found no lipolytic effect of PTL on 15 

TAGs without prior incubation with HGL, and therefore, concluded that HGL is key in human digestion of 16 

dietary lipid.4,21 HGL is, however, not (yet) commercially available, and except from a recent study by Sassene 17 

et al. (2016), past in vitro studies were conducted using human gastric secretions as a source of HGL, rabbit 18 

gastric lipase (RGL) or a microbial lipase such as Rhizopus Oryzae lipase (ROL) as a HGL surrogate.16,19-21 19 

Sassene et al. (2016) evaluated three lipases; ROL, RGL, and a recombinant HGL (rHGL) as surrogates for HGL, 20 

during in vitro gastro-intestinal digestion of infant formula (IF).20 The results presented by Sassene et al. show 21 

that the enzymatic profile and lipolytic activity of these enzymes are substrate -, and pH dependent.20 When 22 

comparing the in vitro IF digestion profiles by ROL, RGL and rHGL to in vivo IF digestion in preterm infants, 23 

measured as the extend of lipolysis in gastric aspirates, as studied by Hamosh et al. (1989), rHGL produced 24 
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the most similar profile. Thus rHGL was found to be the most relevant surrogate of HGL, when studying in 1 

vitro digestion of IF.20,22 2 

When studying lipid digestion in vitro, the extent of digestion can be quantified indirectly by titration of the 3 

released FFA or directly via e.g. high performance liquid chromatography (HPLC).23,24 Depending on the pH 4 

and pKa of the FFAs released during digestion, FFAs are present in their protonated or deprotonated form. 5 

Deprotonation of one mole of FFAs causes a drop in pH due to the release of protons, which can be balanced 6 

out by titration of one mole of sodium hydroxide (NaOH). By continuously recording the rate of NaOH 7 

titration needed to keep the pH constant during in vitro digestion, the rate of lipid digestion over time can 8 

be indirectly quantified. After the digestion experiment, a rapid increase of pH to 9, a so-called backtitration 9 

(BT), ensures that all FFAs are deprotonated, and hence, that all protons are titrated by NaOH.25,26 The sum 10 

of NaOH titrated during in vitro digestion and BT provides an estimate of the total amount of lipid digestion. 11 

While titrimetric quantification with NaOH is an accepted and frequently used method to evaluate 12 

continuous lipid digestion, it serves exclusively as indirect quantification.16,20,25 Direct quantification of 13 

glycerolipids can be performed via HPLC coupled with refractive index (RI) detection, and is recommended 14 

by the international union of pure and applied chemistry’s (IUPAC), but RI detection requires isocratic elution 15 

leading to extended run times.23 Evaporative light scattering detection (ELSD) provides good baseline 16 

stability, high sensitivity and detection of non-chromophoric substances, and thus provides a good 17 

alternative for lipid analysis in combination with HPLC.27 18 

The aim of the present study was two-fold: i) to evaluate titration as an indirect means of in vitro digestion 19 

quantification by comparison with direct quantification by HPLC-ELSD, ii) to implement a physiologically 20 

relevant gastric digestion step using rHGL in an in vitro pediatric gastro-intestinal digestion model, by testing 21 

the lipolytic effects of rHGL during in vitro digestion of IF and a soy phosphatidylcholine (SPC) emulsion.  22 

 23 

 24 

 25 
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Materials and Methods 1 

Chemicals 2 

Maleic acid, taurocholic acid sodium salt hydrate, calcium chloride anhydrate (CaCl2), acetic acid (AcOH) 3 

(≥99.8%), pepsin from porcine gastric mucosa, pancreatin from porcine pancreas, glyceryl tripalmitate (99%), 4 

and palmitic acid (99%) was purchased from Sigma Aldrich (St. Louis, MO, USA). Glyceryl dipalmitate (>99%) 5 

was purchased from Larodan (Solna, Sweden). Phospholipids (soy phosphatidylcholine (SPC)) was purchased 6 

from Lipoid (Köln, Germany). Chloroform (CHCl3), methanol (MeOH), dichloromethane (DCM), and 7 

acetonitrile (ACN), all HPLC grade, as well as sodium chloride (NaCl) was purchased from VWR chemicals 8 

(Darmstadt, Germany). Tris buffer was purchased from ICN Biomedicals (Santa Ana, CA, USA).  Pure Akonino 9 

NS oil was purchased from AAK (Karlshamn, Sweden), while Arasco oil and MEG-3 oil were purchased from 10 

DSM (Mulgrave, Canada). Concentrate of rHGL (in solution) produced in HEK cells was generously provided 11 

by Bioneer A/S (Hoersholm, Denmark). NAN Comfort stage 1 (Nestlé, Rhodes, NSW, Australia) (NAN1) was 12 

purchased at Coles Supermarket in Australia. All water used for this study was of ultra pure (UP) quality (18 13 

MΩ) from an SG Ultra Clear 2002 system (Evoqua, Pittsburgh, PA, USA) or equivalent. 14 

Preparation of NAN1 and SPC emulsion 15 

NAN1 was freshly prepared, on each day of the experiment, by mixing NAN Comfort stage 1 powder in UP 16 

water (4.3 g per 30 mL water as instructed on the packaging), resulting in a lipid content of 3.4% (w/v % 17 

ready-to-drink IF).  18 

For the in-lab prepared oil-in-water emulsion (SPCemul), an oil-blend was prepared by mixing 98.52% 19 

Akonino NS, 0.97% MEG-3, and 0.51% Arasco oil (w/w/w %). The resulting oil-blend contained 0.26% 20 

docosahexaenoic acid (DHA) and 0.24% arachidonic acid (AA) (mol/mol %), thereby achieving a fatty acid 21 

composition comparable to that of commercial IFs and current DHA and AA requirements.28,29 The final 22 

emulsion (SPCemul) was made by emulsifying the oil mix with SPC in a salt solution, containing 11.5 mM CaCl2 23 
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and 8.5 mM NaCl, to achieve an emulsion with calcium and sodium levels comparable to those in NAN1. The 1 

salt solution, oil-blend, and emulsifier (96.5%, 3.5%, and 0.35% (w/w/w %)), where homogenized at room 2 

temperature in two steps: First, using a PT-2000 Polytron (Kinematica, Luzern, Switzerland) with a 20S 3 

sawtooth rotor aggregate until visually homogenous. Second, by running the pre-homogenate three times 4 

through a 75 µm ceramic chamber in an M-110L Microfluidizer (Microfluidics, Newton, Massachusetts, USA) 5 

at 7-8000 PSI. SPCemul was prepared once and stored for a maximum of five days at 4 °C before use. 6 

Characterization of NAN1 and SPCemul 7 

NAN1 and SPCemul were characterized in terms of lipid composition, buffer capacity, droplet size 8 

distribution, and morphology. The lipid composition of NAN1 and SPCemul was determined since the amount 9 

of substrate available for digestion depends on the type of glycerolipids present (TAGs, DAGs or MAGs). The 10 

lipid composition was evaluated using HPLC-ELSD after extraction of the lipids (see below). NAN1 (ready-to-11 

drink IF) contains 1.4% (w/v) proteins, which has a buffering effect. The buffer capacity was defined as the 12 

amount of strong base needed to cause a one pH-unit shift in one liter of buffer. In practice, the buffer 13 

capacity was evaluated titrimetrically, at 37 °C on a Titrando pH STAT (Metrohm, Herisau, Switzerland), by 14 

increasing the pH of 10 mL of NAN1 or SPCemul, from pH 8 to pH 9 by addition of 0.2 M NaOH. The droplet 15 

size distributions, in undigested NAN1 and SPCemul, were determined using a Mastersizer 2000 (Malvern 16 

Panalytical, Naerum, Denmark) and a refractive index of 1.46, corresponding to the refractive index of 17 

vegetable oil.30 The droplet size distributions, for both NAN1 and SPCemul, were measured in triplicates on 18 

the day of preparation. For SPCemul, the droplet size distribution was furthermore measured in triplicates 19 

on the days of the in vitro digestion experiments, taking place on day 3-5 after production, as a shift in the 20 

droplet size distribution of SPCemul was typically observed within 24 hrs of production.  21 

Cryo scanning electron microscopy (cryo-SEM) was used to visualize the morphology of NAN1 and SPCemul. 22 

Due to the low lipid content in both NAN1 and SPCemul, gentle centrifugation (1500 × g for 4 min at 8°C) was 23 

applied to obtain a cream layer. Following centrifugation, a small drop of cream from NAN1 and SPCemul 24 
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was sandwiched in 2×100 µm planchettes and cryopreserved by high pressure freezing (HPM100, Leica, 1 

Broenshoej, Denmark). The sandwiched planchettes were mounted in a planchette holder under liquid 2 

nitrogen and transferred to a vitreous cryo transfer shuttle (VCT100, Leica, Broenshoej, Denmark). The 3 

samples were cracked and sputter coated with Carbon/Platinum (approximate layer thickness 6 nm), using a 4 

Leica MED020 unit (Broenshoej, Denmark). The coated specimen in the remaining planchette was examined 5 

with a FEI Quanta 3D scanning electron microscope (FEI, Hillsboro, OR, USA) operated at an accelerating 6 

voltage of 2 kV. 7 

Preparation of enzyme solutions and digestion media for in vitro digestion studies 8 

Media for the gastric and intestinal step of digestion were prepared by dissolving the components listed in 9 

Table 1A in UP water and adjusting the pH to 6.4 ± 0.1 and 6.5 ± 0.1, respectively. The concentrations 10 

presented in Table 1A are based on the composition used by Klitgaard et al. (2017).16 Instead of using the 11 

ROL in the gastric digestion step, as was done by Klitgaard et al., rHGL was used. Porcine pancreatin was used 12 

as a source of PTL. For each digestion assay, the digestion medium was added 0, 3.75, or 7.5 TBU/mL rHGL 13 

along with 126 U/mL pepsin in the gastric step and 0 or 26.5 TBU/mL pancreatin in the intestinal step, 14 

resulting in five lipase combinations for the digestion of NAN1 and SPCemul, see Table 1B.  15 

To prepare a pepsin stock solution, 9172.8 U pepsin was mixed with 1.4 mL gastric medium (Table 1A) and 16 

centrifuged for 7 min at 9600 x g, after which the supernatant was collected. The gastric enzyme mix was 17 

prepared by gently mixing 200 µL of the pepsin stock solution supernatant, containing 1310.4 U (10.4 mL×126 18 

U) pepsin, with either 0, 39 TBU (10.4 mL×3.75 TBU/mL), or 78 TBU (10.4 mL×7.5 TBU/mL) of rHGL 19 

concentrate, immediately before use, to achieve the working enzyme activities shown in Table 1B. The rHGL 20 

concentrate consisted of rHGL in 20 mM sodium-acetate, 150 mM NaCl, and 10% (v/v %) isopropanol. The 21 

pepsin activity was selected based on recommendations in literature.31,32 To prepare the intestinal enzyme 22 

mix, 485 TBU pancreatin was mixed with 1.1 mL intestinal medium (Table 1A) and centrifuged for 7 min at 23 

9600 x g. 1.0 mL of the resulting supernatants, containing 441 TBU pancreatin, or 1.0 mL pure intestinal 24 
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medium for the assays without pancreatin, was used in each assay to achieve the working enzyme activities 1 

shown in Table 1B.  2 

Table 1 – A) Gastric and intestinal media and assay concentrations used in the in vitro pediatric gastro-intestinal digestion of NAN1 3 
and SPCemul. The final gastric assay concentrations were achieved by diluting the medium with 9.5 mL test meal and the final 4 
intestinal assay concentrations were achieved by a 1.7 fold dilution of the gastric digest with intestinal medium. B) Digestion 5 
treatment abbreviations and enzyme activities.  6 

A. 
 
Compounds 

 
Gastric step concentrations 

 
Intestinal step concentrations 

Medium [mM] Final assay [mM] Medium [mM] Final assay [mM] 

Sodium Chloride 34.33 3.00 110.9 47.4 
TRIS 23.11 2.00 2.00 2.00 
Maleic Acid 23.11 2.00 2.00 2.00 
Taurocholic Acid Sodium Salt Hydrate - - 2.43 1.00 
Phospholipid - - 0.51 0.21 

B. 
 

 
Gastric step enzyme activity 

 
Intestinal Step enzyme activity 

Digestion treatment abbreviations Pepsin [U/mL] rHGL [TBU/mL] Pancreatin [TBU/mL] 

G 126 3.75 0 
2G 126 7.5 0 
I 126 0 26.5 
GI 126 3.75 26.5 
2GI 126 7.5 26.5 

 7 

The in vitro pediatric gastro-intestinal digestion model 8 

The presently used in vitro pediatric gastro-intestinal digestion model, simulating digestion in 0-3 months-9 

old infants is illustrated in Figure 1 and was developed based on a review by Kamstrup et al. (2016), and the 10 

immediate transfer in vitro digestion model presented by Klitgaard et al. (2017).12,16 To minimize the use of 11 

digestion enzymes, the starting volume of the gastric digestion step was scaled down to 10.4 mL, compared 12 

to 49.9 mL used in Klitgaard et al. 2017.16  13 

Digestion was performed in a thermostated digestion vessel at 37 °C, with constant overhead stirring (using 14 

a propeller). pH of the digestion media was kept stable using a Titrando pH-STAT (Metrohm, Herisau, 15 

Switzerland), titrating with 0.2 M NaOH. For the gastric step, 9.5 mL of either SPCemul or NAN1 was 16 

transferred to the digestion vessel, 0.7 mL gastric medium (Table 1A) was added and the pH adjusted to 6.4. 17 

The gastric digestion was initiated at t=0 min by adding the gastric enzyme mix. After 50 min, a 100 s waiting 18 

period allowed for a 1.7 fold dilution of the gastric digest, with intestinal medium, and an increase of the pH 19 

from 6.4 to 6.5, thereby simulating the transfer from the gastric compartment to the duodenum as 20 
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recommended by Carriére et al. (2000).33 Subsequently, the intestinal digestion was initiated by adding 1.0 1 

mL of intestinal enzyme mix to the gastric digest, and continued for 90 min, after which, the pH was rapidly 2 

back titrated to pH 9 (BT), to ensure complete ionization of all FFAs.  3 

For direct quantification of lipid digestion by HPLC-ELSD, 310 µL digest samples were collected for Sour 4 

Folch’s lipid extraction, at selected time points during digestion: Immediate after addition of the gastric 5 

enzyme mix (t=0 min), at the end of the gastric digestion (t=50 min), and at the end of the intestinal digestion 6 

(t=140 min).  To minimize further digestion and damage to the lipids before chromatographic quantification, 7 

the 310 µL digest samples, collected during the digestion steps, as well as 310 µL samples of undigested NAN1 8 

and SPCemul, were mixed with ice-cold methanol in the ratio 1:5 (sample:MeOH) (v/v) and stored at -20 °C 9 

until lipid extraction.  10 

Details on digestion assays done without the addition of enzymes (blank assay) are provided in the 11 

supplementary information, section SI1. 12 

  13 
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 1 

 2 

Sour Folch’s lipid extraction 3 

The lipids in the digest samples were extracted using sour Folch’s extraction with modifications.34 CHCl3 and 4 

MeOH followed by 1 M HCl was added to achieve the ratio CHCl3: MeOH:H20 (8:4:3 (v/v/v)), where the H20 5 

covers the 310 µL sample and HCl. As an internal standard, arachidic acid (C20:0) dissolved in CHCl3:MeOH 6 

(in the ratio 2:1 (v/v)), was added as part of the CHCl3 and MeOH addition (0.4 mg per 310 µL sample). After 7 

phase separation by centrifugation (15 min at 3200 x g) in a Megafuge 1.0 (Heraeus, Hanau, Germany) the 8 

lower phase, containing the lipids, was evaporated under N2 (g) to dryness, re-dissolved in 100 µL 9 

CHCl3:MeOH (v/v 2:1) and stored at -20 °C until chromatographic quantification. Immediately before 10 

quantification on HPLC-ELSD, the extracted lipids were diluted 1:1 (v/v) in DCM:ACN (4:1 (v/v)), and filtered 11 

through an RC membrane, 0.2 µm 4 mm syringe filter (Phenomenex Phenex, Vaerloese, Denmark).  12 

  13 

Figure 1 – Schematic overview of the in vitro pediatric gastro-intestinal digestion model simulating lipid digestion in infants. Based 

on the immediate transfer in vitro digestion model presented by Klitgaard et al. (2017).16 rHGL: recombinant human gastric lipase, 

HPLC: high performance liquid chromatography. 
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High performance liquid chromatography analysis of NAN1, SPCemul and digest samples 1 

An HPLC-ELSD based method was developed for the separation and quantification of glycerolipids and FFAs 2 

in NAN1, SPCemul and the digest samples. The HPLC system consisted of a DGU20-A5 in-line degasser, a LC-3 

20 CE pump with quaternary low-pressure solvent mixing, an SIL20A-HT autosampler, a CTO 10 Column oven, 4 

an SPD-20A UV detector, and an LT-II low temperature ELSD, all from Shimadzu (Kyoto, Japan). Lipid 5 

separation was performed on an MZ-Aqua Perfect C18 3 µm, 150×3.0 mm column (MZ-Analysentechnik, 6 

Mainz, Germany) using a column oven temperature of 40 °C. A gradient elution was used with ACN as eluent 7 

A and DCM as eluent B, both added 0.05% (v/v) AcOH. The gradient was run at 0.4 mL/min over 45 min and 8 

consisted of 0% B (start conditions), 0% B (3.0 min), 27% B (9.0 min), 29% B (26.0 min), 90% B (34.0 min), 90% 9 

B (37.0 min), 0% B (37.5 min). The ELSD was operated at 50 °C with a nitrogen gas pressure held at 350 kPa 10 

and gain set to three. 11 

The 15 µL filtrated extracted lipid was injected into the HPLC-ELSD, after a needle wash performed with 12 

isopropanol to avoid carry over. The quantification of the extracted lipid classes was carried out in two steps. 13 

First, via calibration curves constructed from DCM:ACN (4:1 (v/v)) solutions of glyceryl tripalmitate (C16:0), 14 

dipalmitin (C16:0) and palmitic acid (C16:0) as calibrants for TAG, DAG and MAG/FFA. Second, by 15 

normalization according to the internal standard to account for variability in lipid extraction and injection. 16 

The choice of palmitic acid for representing the MAG/FFA group used for the calibration curve was made due 17 

to FFA being the primary final digestion product during digestion of TAGs. 18 

Statistics and data processing 19 

LabSolutions software (ver. 5.42, Shimadzu corporation, Kyoto, Japan) and GraphPad Prism version 8 for 20 

Windows (GraphPad Software, La Jolla, California, USA, www.graphpad.com) was used for recording, 21 

processing and analysis of HPLC-ELSD data. The statistical analyses were done using GraphPad Prism. 22 

Comparisons were done using un-paired t-tests and one-way anovas with a Tukey’s post hoc test, while 23 
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correlations were evaluated using linear regressions. All statistical analyses were done with a 95% confidence 1 

interval. All numerical data is presented as the mean ± SD. 2 

Results and discussion 3 

NAN1 and SPCemul were digested in an in vitro pediatric gastro-intestinal digestion model, simulating 4 

digestion in 0-3 months-old infants, using different levels of rHGL and pancreatin. The digestibility of the 5 

NAN1 and SPCemul by rHGL and pancreatin was assessed by continuous titration and HPLC-ELSD. Each 6 

digestion experiment can be divided into three periods, and will be referred to as such: gastric digestion (0-7 

50 min), intestinal digestion (50-140 min), and gastro-intestinal digestion (0-140 min).  8 

Characterization of NAN1 and SPCemul 9 

The characterization of undigested NAN1 and SPCemul in terms of neutral lipid distribution, buffer capacity 10 

and droplet size distribution is provided in Figure 2, and the droplet morphology assessed by Cryo-SEM is 11 

provided in Figure 3.  12 

Similar neutral lipid distribution in undigested NAN1 and SPCemul was found (Figure 2A). TAGs, DAGs, and 13 

FFAs/MAGs accounted for 76 ± 5%, 22 ± 3% and 1.8 ± 1.5% in NAN1 and 80 ± 6%, 20 ± 5%, and 0% in SPCemul. 14 

Figure 2B shows the buffer capacity of NAN1 and SPCemul. A buffer capacity of 3.2 ± 0.05 mmol NaOH/L was 15 

observed in NAN1, while almost no buffer capacity was observed in SPCemul (0.05 ± 0.01 mmol NaOH/L).  16 

The droplet size distributions of the undigested NAN1 and SPCemul are presented as the volume weighted 17 

mean (D[4,3]), and is provided in Figure 2C. Details on the droplet size distribution is provided in SI2. The 18 

droplet size of NAN1 showed a bimodal distribution with an average D[4,3] particle size of 4.7 ± 1.2 µm, while 19 

SPCemul showed a bimodal distribution with a slightly larger average droplet size of 5.3 ± 1.8 µm (day 3-5).  20 

The cryo-SEM micrographs depicted in Figure 3 show that both NAN1 and SPCemul contain a mixture of small 21 

and large lipid droplets, characterized by a generally spherical shape. These observations support the 22 

assumption of sphericity used to estimate the mean droplet size, as well as the bimodal droplet size 23 
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distribution shown in Figure 2C.35 Small lipid droplets of 0.5-1 µm in diameter in NAN1 and SPCemul are 1 

depicted in Figure 3A and 3C using a high magnification. Intact large lipids droplets of 10-20 µm in diameter 2 

are illustrated in Figure 3B and 3D using a lower magnification. The surface of the large lipid droplets in NAN1 3 

(Figure 3B) appear rougher compared to SPCemul (Figure 3D) with many small structures (diameter less than 4 

1 µm) attached, most of which are assumed to be protein aggregates from NAN1, as they are not spherical. 5 

It is possible; however, that the smallest of the structures may be very small lipid droplets bound to the 6 

surface (indicated by the black arrow in Figure 3B), likely via protein-protein or protein-phospholipid 7 

interaction. As can be seen in Figure 3D, the large droplets in SPCemul generally have a smooth surface; most 8 

likely because pure SPC was used to emulsify the oil with no proteins present. However, there are still some 9 

small particles attached on the surface of the large SPCemul lipid droplets (indicated by arrow in Figure 3D) 10 

assumed to be small lipid droplets or perhaps vesicles as they are spherical.  11 

 12 

 13 

  14 

Figure 2 – Characterization of undigested NAN1 and SPCemul. A) Distribution of TAGs (white), DAGs (checkered), and FFAs/MAGs 

(solid) quantified by HPLC-ELSD. Data presented as part of whole [%], mean ± STD (n=3). B) Buffer capacity in NAN1:  and 

SPCemul: , measured as mmol NaOH needed to increase the pH from 8 to 9 in 1 L test meal, mean ± SD (n=3). C) Droplet size 

distribution on the production day of production in NAN1 (day 1):  (n=3) and SPCemul (day 1):  (n=3), and in SPCemul on the 

days of in vitro digestion (day 3-5):  (n=15), mean ± SD. 
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 1 

 2 

Quantification of in vitro digestion: Titration versus HPLC-ELSD  3 

The in vitro digestion over time was determined by indirect titrimetric quantification for all digestion 4 

treatments (G, 2G, I, GI and 2GI) and as a control by direct quantification of the FFAs /MAGs formed in digest 5 

samples of selected digestion treatments (G, I and GI) using HPLC-ELSD.  6 

Titrimetric quantification during the in vitro gastro-intestinal lipid digestion of NAN1 and SPCemul only 7 

accounts for deprotonated FFAs. However, during the BT, all protonated FFAs are deprotonated and will 8 

therefore be titrated. The BT data from the in vitro digestion study is provided in SI3. In summary, BT 9 

supported the data observed during the continuous titration of FFAs during the individual digestion steps in 10 

Figure 3 – Micrographs from Cryo-SEM of undigested NAN1 (A and B) and SPCemul, (C and D). The arrow in B is pointing at 
assumed protein aggregate on surface and the arrow in D is pointing at an assumed small oil droplet or liposome. 
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this study and will therefore not be discussed further. The evaluation of the HPLC-ELSD method development 1 

is described in SI4A.  2 

The digestion over time shown as the continuous titration of FFAs during digestion of NAN1 and SPCemul is 3 

shown in Figure 4A and B, while the FFAs/MAGs detected by HPLC-ELSD in the NAN1 and SPCemul digest 4 

samples collected at t=0, t=50 and t=140 min are shown in Figure 4C and D, respectively. The digestion curves 5 

in Figure 4A and B compared Figure 4C and D show the same overall digestion pattern regardless of 6 

quantification method. This observation was verified statistically by a linear regression (Figure 5), which 7 

shows a linear correlation between the FFAs titrated and the amount of FFAs/MAGs detected by HPLC-ELSD 8 

for both NAN1 (r2=0.990, y=74.66x-301) and SPCemul (r2=0.978, y=68.98x-89.24). Thus, it can be concluded 9 

that the continuous titration is reliable quantitative method for the determination of the digestion in the In 10 

vitro pediatric gastro-intestinal digestion and will hence be applied in the following sections. Presentation 11 

and evaluation of the HPLC-ELSD data from the in vitro digestion study is provided in SI4B. 12 

 13 
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 1 

 2 

 3 

4 

Figure 4 – Digestion curves from in vitro pediatric gastro-intestinal digestion of NAN1 and SPCemul. A) Titration of FFAs with NaOH 

during in vitro gastric (0-50 min) and intestinal (50-140 min) digestion of NAN1. G: , 2G: , I: , GI: , 2GI: , mean ± SD (n=3). 

B) Titration of FFAs with NaOH during in vitro gastric (0-50 min) and intestinal (50-140 min) digestion of SPCemul. G: , 2G: , I: 

, GI: , 2GI: , mean ± SD (n=3). C) Chromatographic quantification FFA & MAG produced during in vitro digestion of NAN 1. 

G: , I:  and GI:  at time point 0, 50 and 140 min, mean ± SD (n=3 D) Chromatographic quantification FFA & MAG produced 

during in vitro digestion of SPCemul. G: , I:  and GI:  at time point 0, 50 and 140 min mean ± SD (n=3). 
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 1 

  2 

In vitro pediatric gastro-intestinal digestion with rHGL and PTL 3 

At the end of the gastric digestion (t=50 min), digestion of NAN1 with 3.75 rHGL resulted in the release of 25 4 

± 2 µmol FFAs (average of G and GI), while 7.50 TBU/mL rHGL resulted in the release of 39 ± 2 µmol FFAs 5 

(average of 2G and 2GI) (Figure 4A). Gastric digestion of SPCemul with 3.75 TBU/mL rHGL resulted in release 6 

of 14 ± 4 µmol FFAs (average of G and GI), while 7.5 TBU/mL rHGL lead to release of 32 ± 2 µmol FFAs (average 7 

of 2G and 2GI)) (Figure 4B). The gastric digestibility of NAN1 was on average 1.7 ± 0.8 times higher when 8 

compared to SPCemul (average of G, 2G, GI and 2GI at t=50 min). At the end of the gastro-intestinal digestion 9 

(t=140 min), digestion of NAN1 with 0, 3.75, and 7.5 TBU/mL rHGL followed by 26.5 TBU/mL pancreatin 10 

resulted in 208 ± 3, 219 ± 3, and 215 ± 6 µmol FFAs (I, GI and 2GI, respectively (Figure 4A) and was not found 11 

to be significant different (p=0.0728). In the case of SPCemul, digestion with 0, 3.75, and 7.5 TBU/mL rHGL 12 

followed by 26.5 TBU/mL pancreatin resulted in 87 ± 11, 123 ± 5 and 116 ± 3 µmol FFAs (I, GI, and 2GI, 13 

respectively) at t=140 min. While no statistical difference was observed between SPCemul-GI and 2GI 14 

(p=0.6246) at t=140, significantly less digestion was observed in SPCemul-I compared with both SPCemul-GI 15 

(p=0.0066) and SPCemul-2GI (p=0.0184) (corrected p values) (Figure 4B).  16 

Figure 5 – Linear regression of FFAs quantified by titration 

against FFAs and MAGs quantified by HPLC-ELSD at time point 

t=0, t=50 and t=140 min for NAN1:  and SPCemul:  (mean 

shown). FFA: Free fatty acid, MAG: Monoacylglycerol, HPLC-

ELSD: High performance liquid chromatography with 

evaporative light scattering detection. 
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To sum up, NAN1 was a better substrate for both rHGL and PTL and resulted in a higher extend of digestion 1 

in all enzyme combinations. Furthermore, in vitro gastric digestion with rHGL prior to intestinal digestion with 2 

PTL had no significant beneficial effect on the total extent of digestion of NAN1, while in vitro gastric digestion 3 

with 3.75 TBU/mL rHGL prior to intestinal digestion with 26.5 TBU/mL pancreatin had an additive effect on 4 

SPCemul. However, increasing the amount of rHGL during gastric digestion beyond 3.75 TBU/mL had no 5 

significant beneficial effect on the total extend of digestion of SPCemul. As the titration in the blank assays 6 

(see SI1) was subtracted from the titration observed during the digestion assays, the observed buffer capacity 7 

difference is not believed to have influenced the titration results.  8 

The additive effect of rHGL and PTL during digestion of SPCemul is supported by the observations by Bernbäck 9 

et al. (1989), and Gargouri et al. (1986), who both found that full catalytic capacity of PTL required pre-10 

digestion with HGL. Since the study by Bernbäck et al. was carried out using mother’s milk and the study by 11 

Gargouri et al. was carried out using TAG emulsified with lecithin, it is feasible that the same mechanism is 12 

responsible for the observations in SPCemul.4,21 However, this does not explain why an additive effect of 13 

rHGL and PTL was observed only observed for SPCemul, and not for NAN1. Given that NAN1 is a much better 14 

substrate for the lipases than SPCemul, It is possible that the digestion rate in the beginning of the intestinal 15 

digestion of NAN1 is sufficient to erase the differences observed at the end of the gastric digestion. 16 

In addition, long-chain TAGs emulsified with phospholipid cannot be readily digested by PTL even in the 17 

presence of co-lipase, as co-lipase requires low amounts of FFAs present at the interface to facilitate binding 18 

at the interface.36 Since small amounts of FFAs/MAGs were present inherently in NAN1, but not SPCemul 19 

(Figure 2A), it is possible, that NAN1 was therefore a better substrate than SPCemul for PTL without prior 20 

digestion with rHGL (I) (Figure 4A and B). 21 

 22 

Implications of using rHGL in the gastric digestion step  23 

Carrying out in vitro digestion assays both in the presence and absence of rHGL and pancreatin allowed for 24 

evaluation of the effects of including gastric digestion with rHGL in the in vitro digestion model. When 3.75 25 

Page 18 of 33Food & Function



19 
 

TBU/mL rHGL was used, the gastric contribution to the total gastro-intestinal digestion (FFAs released at t=50 1 

min relative to t=140 min) was 11 ± 0.4% for NAN1 (GI) and 10.5 ± 0.7% for SPCemul (GI). Changing the rHGL 2 

activity from 3.75 to 7.5 TBU/mL markedly increased the gastric contribution to the total gastro-intestinal 3 

digestion of both NAN1 and SPCemul to 18 ± 0.1% (2GI) and 27 ± 1% (2GI), respectively (Figure 4A and B). 4 

Both rHGL activities used in this study (3.75 and 7.5 TBU/mL) were lower than the fed stage average HGL 5 

activity in the infant (and adult) human stomach of 17 TBU/mL reported in the literature.12 Still, the gastric 6 

contribution to the gastro-intestinal digestion was 11-27% and were therefore within the physiologically 7 

relevant range of 10-30%.2,3 However, the pancreatin activity used in the digestion studies, was also lower 8 

than the PTL activity of 50 TBU/mL in infants’ gut recommended for in vitro pediatric digestion by Kamstrup 9 

et al. (2016), based on the study by Frederikzon and Olivecrona (1978).12,37 The pancreatin activity of 26.5 10 

TBU/mL was selected based on a desire to avoid complete digestion within the time frame of the digestion 11 

assay (140 min), making it easier to differentiate the digestibility. Using 3.75 TBU/mL rHGL in combination 12 

with 26.5 TBU/mL pancreatin in the presented model, is therefore believed to provide a good representation 13 

of lipid digestion in infants, based on the known contribution of HGL to total digestion in infants and the time 14 

frame of the study.12,13 15 

Digestion by rHGL under intestinal digestion conditions is also important for this study. While rHGL was the 16 

only lipase active during gastric digestion, both rHGL and lipases from the pancreatin (predominantly PTL) 17 

are active during intestinal digestion. Since PTL and rHGL has similar regioselectivity, this allows for lipase 18 

competition at the lipid-water interface.15,38 Since no PTL was added to samples G and 2G during the intestinal 19 

step, it was possible to evaluate the rHGL activity under intestinal digestion conditions. For samples G and 20 

2G for both NAN1 and SPCemul, the digestion rates were reduced in the intestinal step compared with the 21 

gastric step (Figure 4A and B). This is likely caused by dilution of the assay volume with intestinal digestion 22 

medium and the shift in pH (from 6.4 to 6.5), and possibly by inhibition of rHGL by the bile salts.22  23 

When looking at the in vitro intestinal digestion with and without addition of pancreatin, the ratio of G 24 

relative to GI and 2GI respectively was 14.2 ± 0.1% and 16.1 ± 0.4% for NAN1 and 6.6 ± 0.3 and 12.4 ± 0.2% 25 

Page 19 of 33 Food & Function



20 
 

for SPCemul (Figure 4A and B). Although the majority of the intestinal digestion was due to PTL, some appears 1 

to be due to rHGL. These results are in accordance with the findings in a clinical study by Carrière et al. (1993), 2 

who found that approximately 7.5% of the digestion taking place in the duodenum was by HGL, when the 3 

liquid test meal “Shak Iso“ from Sopharga Laboratories was digested by healthy human volunteers.39  4 

 5 

Influence of emulsion stability on digestibility  6 

The gastro-intestinal digestibility of NAN1 was on average 2 ± 1 times higher than SPCemul (Figure 4A and B) 7 

(average of G, 2G, I, GI and 2GI at t=140 min). The difference in digestibility between NAN1 and SPCemul is 8 

likely a combination of difference in substrate availability during digestion, stability, and complexity of NAN1 9 

and SPCemul.  10 

The structural differences observed in the Cryo-SEM micrographs in Figure 3, caused by the different 11 

surfactants present, might affect digestibility since the lipid droplet surface composition is known to affect 12 

the anchoring ability of lipases at the lipid-water interface.36  Also, the smaller droplet size in NAN1 compared 13 

to SPCemul (Figure 4C) caused a larger surface area, which presumably led to better accessibility to the lipids 14 

by the lipases and hence higher digestibility, as shown by Armand et al. (1999).8  Another likely cause of the 15 

difference in digestibility is differences in physical stability. While NAN1 remained stable throughout the in 16 

vitro digestion, an increasing degree of coalescence was observed in SPCemul, starting towards the end of 17 

the gastric digestion and lasting throughout the study. The coalescence severely reduced the lipid surface 18 

area in SPCemul, which likely limited the accessibility to the TAGs by the lipases. The underlying cause was 19 

not further investigated. However, since SPCemul was a simple oil-in-water emulsion emulsified with SPC 20 

and contained no protein and carbohydrate, as was the case with NAN1, this could be the cause of the 21 

observed poor physical stability under the digestion conditions. It is possible that the coalescence was 22 

aggravated by phospholipase A2 present in pancreatin, which digests the SPC at the lipid-water interface, 23 

thereby destabilizing the lipid droplets.36   24 
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Conclusion 1 

Titration and HPLC-ELSD based quantification was linearly correlated and thus titration was able to provide 2 

reliable quantification of in vitro gastro-intestinal digestion with rHGL and pancreatin. While NAN1 was in 3 

general a better substrate for rHGL and pancreatin compared with SPCemul, the combinatory effect of rHGL 4 

and pancreatin appeared substrate dependent with additive effect observed for SPCemul, but not for NAN1 5 

and was likely caused by differences in substrate complexity and composition, affecting lipid availability, 6 

physical stability during digestion and droplet morphology. A physiologically relevant contribution of rHGL to 7 

total lipid digestion in infants (11-27%) was achieved for both NAN1 and SPCemul, using 3.75 TBU/mL rHGL 8 

in combination with 26.5 TBU/mL pancreatin. Therefore, a gastric digestion step using rHGL was successfully 9 

implemented in the in vitro pediatric gastro-intestinal digestion model simulating lipid digestion in infants.  10 
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Supplementary information 1 

SI1 Negative control of In vitro digestion assays 2 

To ensure that all drops in pH, leading to NaOH titration, were caused by release of FFAs through 3 

enzymatic reactions, negative control assays were performed, in which no enzyme was added. The 4 

negative controls were performed as single determination for each assay type. Any background titration 5 

observed during the negative control assays was later subtracted from the enzyme assays. As a negative 6 

control for pepsin and pancreatin, the pepsin and pancreatin supernatants were substituted with the 7 

equivalent volume pure gastric or intestinal medium, respectively. The rHGL extract was substituted with 8 

an equivalent volume of the solvent in which the rHGL concentrate was dissolved (20 mM sodium-acetate, 9 

150 mM NaCl, and 10% isopropanol). 10 

SI2 Droplet size distributions of undigested NAN1 and SPCemul 11 

The droplet size of NAN1 showed a bimodal distribution with approximately 76% of the lipid found in 12 

small droplets with a diameter of ≈ 0.2 µm, and 24% found in larger droplets with a diameter of ≈ 15 µm, 13 

resulting in an average D[4,3] particle size of 4.7 ± 1.2 µm. On the day of production (day 1), SPCemul 14 

showed a unimodal distribution with an average droplet diameter of 0.83 ± 0.00 µm. At day 3, the droplet 15 

size distribution had settled into a bimodal distribution with approximately 27% of the lipid found in small 16 

droplets with a diameter of ≈ 1 µm and 73% found in large droplets with a diameter of ≈ 5.8 µm, resulting 17 

in an average D[4,3] droplet size of 5.3 ± 1.8 µm. A small portion of the lipid also appeared to have 18 

coalesced into larger lipid droplets with a size of approximately 50 µm. As no noteworthy change in the 19 

droplet size distribution was observed from day 3 to 5 after production, which was when the in vitro 20 

digestions were carried out, only the average of the SPCemul (day 3-5) measurements is shown in Figure 21 

2C. 22 
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SI3 Back titration  1 

The in vitro gastro-intestinal lipid digestion of NAN1 and SPCemul was determined titrimetrically 2 

through continuous titration of FFAs released during digestion. Only deprotonated FFAs lead to titration 3 

with NaOH. Any FFAs not deprotonated during the gastric and intestinal digestion, became 4 

deprotonated and hence titratable during the BT. The distribution between the FFAs titrated during 5 

gastric digestion, intestinal digestion and the BT of in vitro digestion of NAN1 and SPCemul is provided in 6 

Figure SI1A and B. Approximately 43% of the FFAs released during digestion of NAN1 (Figure S1A) and 7 

60% of SPCemul (Figure SI1B) were deprotonated at pH ≤ 6.5 and hence titrated during the gastro-8 

intestinal digestion, while the remaining FFAs became deprotonated during the BT. One explanation, for 9 

the difference in the degree of deprotonation, could be that the FFAs released during digestion of NAN1 10 

has higher pKa values than those released from SPCemul, indicating that the FFA composition was 11 

different in NAN1 and SPCemul. Since the FFA composition in the un-digested NAN1 and SPCemul was 12 

not determined in this study, this could not be confirmed. Despite the difference in the buffer capacity 13 

of NAN1 and SPCemul (Figure 2B), the buffer capacity was not believed to be the cause of the difference 14 

in deprotonation, as blank assays were used to adjust for background titration caused by differences in 15 

buffer capacity.  16 

The relationship between the FFAs titrated during gastro-intestinal digestion and during the BT is provided 17 

in Figure SI1C and shows a good linear regression for both NAN1 (r2=0.999) and SPCemul (r2=0.993), which 18 

shows that the continuous titration of FFAs during the individual digestion steps in this study can be used 19 

to represent both FFAs in the protonated and deprotonated state.  20 

 21 
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 2 

SI4A HPLC-ELSD method development and limit of quantification 3 

The elution times for TAGs, DAGs, MAGs and FFAs were based on the elution times of representative 4 

standard sets of the individual lipid species (Figure SI2A).  5 

MAGs and FFAs could not be sufficiently separated, for which reason MAGs and FFAs in the digestion 6 

samples were integrated and quantified together. This tendency was also observed in a study by Carvalho 7 

et al. (2012) where a similar approach was used.1 The calibration curves used for quantification of the lipid 8 

species in the digestion sample, shown in Figure SI2B, revealed the usual non-linear detector response vs. 9 

concentration provided by the ELSD. The data was linearized using a double logarithmic plot before linear 10 

regression (log-log scale; y=ax+b) weighted by 1/(log area)2 resulting in good fits with r2 values between 11 

0.972 and 0.995.  12 

The limits of quantification were determined by the analysis of calibration samples of low concentrations 13 

(injection volumes of 15 µL) to establish the minimum level at which the analyte could be reliably 14 

detected. According to Carr et al. the value of the LOQ can be estimated to 3 times the LOD value.2 The 15 

corresponding LOD and LOQ can be seen in Table SI1.  16 

Figure SI1 – Summary of the in vitro pediatric gastro-intestinal digestion of NAN1 and SPCemul. A) FFA titrated during the gastric 

step (0-50 min): solid, during the intestinal step (50-140 min): striped, and during BT to pH 9: checkered of NAN1, mean ± SD (n=3). 

B) FFA titrated during the gastric step (0-50 min): solid, during the intestinal step (50-140 min): striped, and during BT to pH 9: 

checkered of SPCemul, mean ± SD (n=3). C) Linear regression of all FFAs titrated during the gastric and intestinal step (t=0-140 min) 

against FFA titrated during BT to pH 9 for NAN1:  and SPCemul:  (mean shown). 
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 3 

Table SI1 – HPLC-ELSD method development: Limit of detection (LOD)  and limit of quantification (LOQ) for each lipid class by 4 
HPLC-ELSD. TAG: glyceryl tripalmitate (16:0), DAG: dipalmitin (16:0) and FFA: palmitic acid (C16:0). 5 

Compound LOD [mg/L] LOQ [mg/L] 

FFA 40.0 mg/L (0.60 µg on column) 120 
DAG 15.0 mg/L (0.23 µg on column) 45.0 
TAG 3.00 mg/L (0.045 µg on column) 9.00 

 6 

SI4B HPLC-ELSD quantification of in vitro digestion  7 

The digestibility of the NAN1 and SPCemul by rHGL and pancreatin was assessed by indirect quantification 8 

by titration and by direct quantification by HPLC-ELSD, intended as control. Unless otherwise stated, all 9 

results presented in this section are based on the HPLC-ELSD analyses and are presented as mean ± SD. 10 

At the end of the gastric digestion (t=50 min), digestion with 3.75 rHGL resulted in a release of 1630 ± 241 11 

mg/L FFA/MAG for NAN1 and 361 ± 110 mg/L FFA/MAG for SPCemul, (average of G and GI) (Figure 4C and 12 

D). At the end of the gastro-intestinal digestion (t=140 min), digestion of NAN1 with no rHGL and 3.75 13 

TBU/mL rHGL followed by 26.5 TBU/mL pancreatin resulted in 14,666 ± 1913 mg/L FFAs/MAGs (I) and 14 

Figure SI2 – HPLC-ELSD method development: Detecting and quantifying neutral lipids. A) Grouping of the lipid classes based on 

representative standard sets of TAG, DAG, MAG and FFA mixtures. The groups were FFA:  (0-8.1 min), MAG:  (0-8.1 min), DAG: 

 (10.4-25.4 min), TAG:  (26.7-37.1 min). Arachidic acid (C20:0) was added to the FFA group to show the retention time of the 

internal standard (IS). B) Calibration curves used for chromatographic quantification of lipid classes. Palmitic acid (C16:0):  was 

used for FFA/MAG (R2=0.978), dipalmitin (C16:0):  was used for DAG (R2=0.972), and glyceryl tripalmitate (C16:0):  was used 
for TAG (R2=0.985).  
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14,972 ± 1118 mg/L FFAs/MAGs for (GI) (Figure 4C). Digestion of SPCemul resulted in 5543 ± 498 mg/L 1 

FFAs/MAGs (I) and 9527 ± 2514 mg/L FFAs/MAGs (GI) (Figure 4D).  2 

As was observed with titration, this difference between the mean values for I and GI at t=140 min were 3 

larger for SPCemul than for NAN1. However, due to variation in sampling homogeneity for SPCemul, the 4 

difference was not statistically significant (p=0.0993). The general observed trend; however, still supports 5 

the titration data (Figure 4D). 6 

The ratio of the gastric contribution to the gastro-intestinal digestion (FFAs released at t=50 min relative 7 

to t=140 min) for NAN1 (GI) was the same when quantified using titration (11 ± 0.4%) and HPLC-ELSD (11 8 

± 2%). For SPCemul (GI) the ratio was higher when the digestion was quantified using titration (10.5 ± 9 

0.7%) compared with HPLC-ELSD (4 ± 0.8%), as only low amounts of FFAs/MAGs were detected by HPLC-10 

ELSD at 50 min, see Figure 4C and D. The underlying cause was not believed to be due to an analytical 11 

error, but could be caused by SPCemul coalescence that would hamper strict homogeneous sampling of 12 

SPCemul compared with NAN1, which appeared to be a stable, as no coalescence was observed.  13 

To conclude, direct quantification of in vitro gastro-intestinal digestion of NAN1 and SPCemul was found 14 

to generally support the observations from the indirect quantification by titration. 15 

 16 
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