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A B S T R A C T   

Mesoporous silica particles (MSPs) are emerging as an interesting option to reduce calorific uptake as a treatment 
for obesity and other metabolic conditions. However, their further development under the pharmaceutical 
regulatory framework is hindered by poor understanding of the mechanisms by which they exert their effects. In 
the current study the interaction of MSPs with the lipid digestion process is investigated, specifically interactions 
with lipase enzymes and lipid digestion products as a key contributing factor to lipid absorption and calorific 
intake. The impact of exposing lipase to MSPs on the enzyme activity was assessed directly using the tributyrin 
digestion test. The extent of interaction of digestion products with MSPs was studied using selectively radio-
labeled bile components and lipids, while the impact on in vivo absorption of lipids was studied by incorporation 
of radiolabelled lipid (triolein) into milk and administration with and without particles. The studies showed that 
particles that inhibited lipase activity also tended to interact more extensively with lipid digestion products. In 
vitro X-ray scattering studies revealed the interaction of some MSPs with lipid digestion products through 
changes in lipid self-assembly during digestion. The MSPs led to reduced lipid absorption in vivo compared to the 
control particles and MSP-free milk. While the specific properties of the MSPs that drive the differences between 
the behavior of MSPs during lipid digestion remain elusive, the studies highlight that interactions with the lipid 
digestion and absorption pathways are a likely mechanism for reducing calorific uptake.   

1. Introduction 

Obesity is the most common preventable disease with the World 
Health Organisation estimating that 39% of adults worldwide are either 
overweight or obese [1]. As the major cause of obesity is a poorly 
managed diet, the most common treatments include reducing the 
number of calories an individual consumes either through dieting or 
with pharmaceutical products and supplements. There are limited 
pharmaceutical options that have been scientifically validated for the 
treatment of obesity. One example is tetrahydrolipstatin (Orlistat) which 
acts as a lipase inhibitor to reduce the calories absorbed into the body. 
However, Orlistat induces side effects that make the product less 
desirable. There is a growing need for products that are scientifically 
valid with a known mechanism of action but with minimal adverse 

effects. Materials that bind either the enzymes or lipid digestion prod-
ucts to prevent digestion and/or absorption from occurring are an 
alternative approach to molecular therapies [2]. Nanocellulose is one 
such material receiving recent attention for fat and bile salt adsorbing to 
the fibres reducing lipolytic activity [3]. Highly porous particles such as 
mesoporous silica particles also have potential to provide this outcome 
however the mechanisms by which they function are not fully under-
stood, which currently limits their translation through the pharmaceu-
tical regulatory framework. 

Mesoporous silica particles (MSPs) have been previously examined 
for their ability to reduce the fat uptake and consequential weight gain 
by co-administration with a fatty diet to obese mice [4]. Two MSPs 
which possessed the same 2D hexagonal pore structure and a similar 
particle agglomerate size but differed in both pore diameter and particle 
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geometry were investigated. Rod-shaped particles with a pore diameter 
of 11.0 nm reduced the weight gain of the mice while spherical particles 
with a pore diameter of 2.0 nm had no significant effect on their weight 
gain. It was hypothesized that the presence of the rod-shaped particles 
interfered with the digestion process possibly by interacting with the 
molecular components involved in digestion. 

Lipolysis is one of the main processes of digestion, the primary 
purpose being to enzymatically break down dietary triglycerides into 
their absorbable components, fatty acids and monoglycerides through 
the action of lipase enzymes. Lipases are present throughout the 
gastrointestinal tract but 70–90% of digestion occurs through the action 
of pancreatic lipase located in the small intestine [5]. Adsorption of 
lipase at an oil–water interface causes a conformational change of the 
enzyme which opens the lid domain and exposes the active site of the 
enzyme to the surrounding triglycerides, enabling lipid digestion [6]. 
The fatty acids and monoglycerides that are produced from the lipolysis 
of triglycerides will remain at the interface, displacing the lipase and 
hindering further digestion unless removed [7]. Bile salt and phospho-
lipids are excreted into the small intestine where they form mixed mi-
celles and aid in solubilizing the fatty acids and monoglycerides, 
removing them from the interface. The lipase is able to re-engage with 
the interface and thereafter digestion continues [8–9]. The process of 
lipid digestion is highly efficient and has evolved to extract maximum 
calorific value from ingested food. However, if an excess of calories that 
are not used as energy are absorbed then they are stored as fat and 
contribute to weight gain. 

Interaction of digestive enzymes and lipids with MSPs has also been 
previously investigated. The encapsulation of various enzymes [10–13] 
including lipase [10,14–15] into the pores of MSPs has been extensively 
examined. The influence of the dimensions of the pores on the encap-
sulation of porcine pancreatic lipase was studied [14] and an optimal 
pore diameter of 9.0 nm, which is larger than the lipase structure (4–5 
nm), was proposed. If the pores of the particles were too large, the lipase 
would be less likely to come into contact with the walls inside the pores 
and may not adsorb. If the pores were smaller than the lipase, the lipase 
would be unable to enter the pore and therefore not reach most of the 
surface area located within the pores. The authors also concluded that 
small pores, found in similar MSP had lower lipase loading capacity than 
larger pores [10]. The adsorption of lipid molecules onto the MSPs was 
also able to influence the resulting lipolytic activity [16]. Similarly, the 
interactive forces between silica and phospholipid have also been 
measured [17]. So, while some studies have focused on particular in-
teractions between lipids or enzymes and MSPs, there are no holistic 
studies that attempt to link MSP structure and lipid adsorption right 
through to lipolysis and lipid absorption in vivo. 

Based on the aforementioned literature and the state of knowledge 
from recent reviews it is apparent that mechanistically the mode of ac-
tion of MSPs is unclear. We hypothesise that not only molecular but also 
colloidal interactions with MSPs are responsible for subsequent impact 
on lipid digestion and absorption. This study therefore aimed to better 
understand the effect of MSPs on the digestion and absorption of lipids 
as summarised schematically in Fig. 1. A range of mesoporous silica 

particles were initially investigated for the propensity of molecular 
components of the digestion process (bile salts, phospholipid, fatty 
acids) to adsorb to the MSPs both in solution/dispersion alone, and 
when combined in the form of mixed bile salt micelles. The adsorption of 
lipase to MSPs and effect of exposure on lipase activity was also inves-
tigated. To add complexity, milk was then used as a model calorific lipid- 
based meal. When full-cream milk undergoes in vitro lipolysis, small 
angle X-ray scattering (SAXS) has been used to show that the lipids self- 
assemble to form ordered structures that depend critically on the extent 
of digestion and composition. As the composition changes during the 
digestion, the fat droplets undergo a number of phase transitions that are 
very sensitive to lipid species present in the droplet [18]. Consequently 
full-cream milk was chosen for this study to represent a model meal as its 
characteristic phase transitions can be used as a diagnostic for interac-
tion of lipids with MSPs. Milk was also used as a carrier for radioactive 
lipid tracers to probe the effect of MSPs on the in vivo absorption of 
lipids, using cellulose particles as a non-mesoporous control additive. 

2. Experimental 

2.1. Materials 

Mesoporous silica particles and crystalline cellulose were provided 
by Sigrid Therapeutics AB. Theproperties of the MSPs are detailed below 
in Table 1. Methods of characterization of the MSPs are provided in the 
Electronic Supplementary Information. Trizma maleate (reagent grade, 
99.5%), Bradford reagent (Coomassie Brilliant Blue G-250), taurocholic 
acid (TC, 98% purity), orlistat (≥98% purity), methanol (HPLC grade) 
and gel loading buffer were purchased from Sigma-Aldrich (St. Louis, 
Missouri, USA). Hydrochloric acid (32%) and absolute ethanol (reagent 
grade) were purchased from Univar (Seven Hills, New South Wales, 
Australia). Sodium chloride (analytical reagent, 99.7%) and sodium 
phosphate monobasic (NaH2PO4, analytical reagent, 98%) were pur-
chased from Chem Supply (Gillman, South Australia, Australia). Potas-
sium sodium tartrate tetrahydrate (KNaC4H4O6⋅4H2O (99% purity)) was 
purchased from Fluka (St. Louis Missouri, USA). Calcium chloride 
dihydrate (CaCl2⋅2H2O, analytical reagent, 99%) was purchased from 

Fig. 1. Schematic of major aspects of the study into effects of mesoporous silica particles (MSPs) on aspects of lipid digestion.  

Table 1 
Properties of mesoporous silica particles used during the study.  

Sample Pore 
diameter 
(nm) 

Brunauer, Emmett and 
Teller (BET) surface 
area (m2/g) 

Pore 
volume* 
(cm3/g) 

Particle 
morphology 

SM1  25.0 611  1.05 Spherical 
SM2  3.3 777  0.53 Spherical 
SM3  10.6 568  0.79 Rod 
SM4  10.1 756  0.87 Rod 
SM5  9.6 684  0.88 Rod 
SM6  11.2 793  1.20 Rod 
SM7  9.2 486  0.91 Spherical 
SM8  10.7 651  0.99 Rod 

* at p/p0 = 0.99. 
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Ajax Finechem (Seven Hills, New South Wales, Australia). Sodium hy-
droxide (NaOH, Ph Eur grade) pellets, chloroform (Ph Eur) and aceto-
nitrile (LC grade) were purchased from Merck KGaA (Darmstadt, 
Germany). Porcine pancreatic extract (USP grade) was purchased from 
Southern Biologicals (Nunawading, Victoria, Australia) and was used as 
the source of lipase and is referred to as such throughout the study. 
Tributyrin (98% purity), triolein (80% purity) and oleic acid (99% pu-
rity) were purchased from TCI Company Ltd. (Kawaguchi City, Saitama, 
Japan). 1,2-Dipalmitoyl-3-sn-glycero-3-phosphocholine (DPPC, ≥99% 
purity) was purchased from Avanti Polar Lipids (Alabaster, Alabama, 
USA). 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, ≥98% purity) 
was purchased from Cayman Chemicals (Ann Arbor, Michigan USA). QC 
Colloidal Coomassie Stain, 4–15% Mini-PROTEAN® TGX™ Precast 
Protein Gels, 10x Tris/Glycine/SDS, and Precision Plus Protein™ Dual 
Xtra Prestained Protein Standards were purchased from Bio-Rad (Her-
cules, California, USA). 

Radiolabeled lipids 3H-oleic acid (60000 mCi/mmol), 3H-DPPC 
(60000 mCi/mmol), 14C-sodium taurocholate (60 mCi/mmol), and 14C- 
triolein (60 mCi/mmol) were purchased from American Radiolabeled 
Chemicals (St. Louis, Missouri, USA). Ultima Gold scintillation cocktail 
and 6 mL polypropylene vials used for scintillation counting were pur-
chased from Perkin Elmer (Boston, Massachusetts, USA). Full-cream 
milk (3.4% fat content) was purchased from the local grocery store 
(Coles, Donvale, Victoria, Australia). Sodium heparin (35,000 interna-
tional units per 35 mL) was purchased from Hospira (Victoria, Australia) 
and water was obtained from a Millipore MilliQ water purification 
system (Billerica, USA). 

2.2. In vitro adsorption of lipase onto MSPs and the effect on lipase 
activity 

Lipase extract was prepared by dispersing porcine pancreatic extract 
(4.00 g) in 50 mM Tris–maleate buffer (5 mL) [50 mM Trizma maleate, 
150 mM NaCl, and 5 mM CaCl2⋅2H2O] at pH 6.5. The dispersion was 
centrifuged for 15 min at 1600 g at 4 ◦C and the supernatant was 
collected and stored at 4 ◦C until use. Freshly prepared lipase extract at 
the desired concentration (1.1 mL) was added to MSPs (9.1 mg) and the 
samples were agitated and incubated at room temperature for 5 min. 
The samples were centrifuged at 12,470 g for 5 min to remove the MSPs 
as a solid pellet and the supernatant containing the lipase pre-exposed to 
MSPs was collected for analysis. 

The activity of lipase was determined by the TBU method. Tributyrin 
(5.8 mL) was dispersed in 50 mM Tris–maleate buffer (9.0 mL), stirred 
for 5 min and the pH of the mixture was adjusted to 6.500 ± 0.003. 
Lipase extract (1.0 mL) was added to initiate the digestion and NaOH 
(0.6 M) was titrated into the digestion vessel to maintain the pH at 6.500 
throughout the digestion. The amount of titratable liberated butyric acid 
was calculated from the volume of NaOH solution added. The concen-
tration of fatty acids (µmol) was plotted against time (min) to obtain a 
titration curve. The slope of the initial linear region of the curve rep-
resents the activity in tributyrin units (TBU) where 1 TBU is the amount 
of enzyme solution that would liberate 1 µmol of titratable butyric acid 
per minute under the assay conditions. 

2.2.1. Determination of the concentration of residual protein not adsorbed 
to MSPs using the Bradford assay 

The total protein concentration of the supernatant of each enzyme 
sample was determined using the Bradford assay [19]. A standard curve 
was first established using known masses of bovine serum albumin as a 
general protein material for total protein content using the same treat-
ment as the samples. The samples (10 µL) and Bradford reagent (250 µL) 
were added to a 96-well plate. The plate was mixed on a shaker (500 
RPM for 30 s), incubated at room temperature for 10 min and the 
absorbance measured at 595 nm. 

2.2.2. Separating and determining the concentration of protein adsorbed to 
MSPs with SDS-PAGE 

The lipase extract that was pre-exposed to the MSPs in the TBU assay 
(50 µL) was first diluted in 50 mM Tris–maleate buffer (450 µL). Gel 
loading buffer (10 µL) was added to an aliquot of the diluted lipase 
extract (100 µL). For the experiments conducted with a high level of 
MSPs compared to lipase, the pancreatic extract (100 µL) was added to 
50 mM Tris–maleate buffer (900 µL) prior to incubation with the MSPs. 
Afterwards the pre-exposed lipase (100 µL) was added to the gel loading 
buffer (10 µL). Precision protein plus (5 µL) and the prepared samples 
(20 µL) were carefully pipetted into the wells of a pre-cast gel which was 
mounted into an electrophoresis tank (Bio-Rad PowerPac HC) and set to 
100 V for 75 min. The gels were removed from the casing, rinsed with 
water and placed in fixing solution (40% ethanol, 10% acetic acid) with 
gentle agitation for 15 min. The gels were rinsed with water and suffi-
cient colloidal Coomassie stain was added to cover the gel. The gels were 
covered with cling wrap and incubated at 37 ◦C with gentle agitation for 
16 h. After the staining was complete, the stain was decanted and suf-
ficient water was added to cover the gel and gently agitated to de-stain 
the gel. The water was decanted and replaced with fresh water three 
times during the 3-hour incubation. Photos of the gels were taken and 
the intensity of each band was analyzed using ImageJ software and 
compared to a standard curve ranging from 20 to 2000 µg protein/well. 

2.3. In vitro adsorption of bile salts and lipids to MSPs using radioisotope 
tracers 

Stock solutions of radiolabeled bile salts, phospholipids, fatty acids, 
bile salt/phospholipid mixed micelles and mixed micelles containing 
fatty acids (500 μL, preparation described below) were independently 
added to MSPs (4.0 mg) in an Eppendorf tube and mixed on a roller for 4 
h at ambient temperature. The samples were centrifuged at 4500 g for 5 
min and the supernatant was collected for radioactivity measurements. 
An aliquot (200 μL) of the supernatant was added to Ultima Gold scin-
tillation cocktail (2 mL). The remaining pellet was transferred to scin-
tillation cocktail (2 mL) and the residue in the Eppendorf tube was 
rinsed with water (100 μL). Both samples were measured for radioac-
tivity with a liquid scintillation counter immediately following 
preparation. 

2.3.1. Preparation of samples 
Non-radiolabelled bile salt/phospholipid (TC/DPPC) mixed micelles 

were produced as previously reported [20]. The concentrations of TC 
and DPPC were varied depending on the system and are given in Table 2. 
Briefly, DPPC was dissolved in chloroform in a round bottom flask. The 
chloroform was removed in vacuo to leave a phospholipid film. TC and 
50 mM Tris–maleate buffer were added to the flask and the mixture was 
sonicated for 45 min to produce mixed micelles. Oleic acid is a digestion 

Table 2 
The composition of the various radiolabeled samples used in adsorption 
experiments.  

System 
component 

Concentration 
(mM/mg MSPs) 

Media (50 mM Tris 
maleate unless 
otherwise stated) 

Radioactivity 
(DPM/ μL) 

3H-oleic acid in 
buffer  

2.65 Tris maleate buffer 
only 

20 

3H-oleic acid in 
micelles  

2.65 5 mM TC + 1.25 mM 
DPPC 

20 

14C-taurocholate 
in buffer  

0.65 Tris maleate buffer 
only 

10 

14C-taurocholate 
in micelles  

0.65 6.7 μM TC + 1.7 μM 
DPPC 

10 

3H-DPPC in 
buffer  

1.8 Tris maleate buffer 
only 

10 

3H-DPPC in 
micelles  

1.8 6.7 μM TC + 1.7 μM 
DPPC 

10  

K.L. May et al.                                                                                                                                                                                                                                  



European Journal of Pharmaceutics and Biopharmaceutics 173 (2022) 1–11

4

product of triolein, a major triglyceride found in full-cream milk, and 
therefore oleic acid was used as a model fatty acid. Non-radiolabeled 
oleic acid (5.3 mM) was emulsified in either 50 mM Tris–maleate 
buffer to form an oleic acid emulsion or TC/DPPC mixed micelles to 
incorporate the oleic acid into the micelles. Both formulations were 
ultra-sonicated for 60 min continuously using a sonicator bath. The 
solutions were left on a roller to equilibrate for 12 h at ambient tem-
perature. To incorporate the radioisotopes a small quantity of radio-
labeled material (either 3H-oleic acid, 14C-TC, or 3H-DPPC) in the as 
supplied solvent was added to a clean glass vial and the solvent evap-
orated off under ambient conditions overnight. The corresponding 
formulation was added to the remaining radiolabeled material and left 
to equilibrate on a roller in ambient conditions for 12 h. 

2.4. Effect of MSPs on in vitro digestion and structure formation during 
the digestion of milk 

2.4.1. In vitro digestion of full-cream milk in the presence of MSPs 
In vitro lipolysis of full-cream milk was performed using the well- 

established pH-stat method [18]. Briefly, full-cream milk (7.5 mL) and 
MSPs (4% w/w of silica to fat content) were added to 50 mM Tris ma-
leate digestion buffer (9.0 mL containing 50 mM Trizma maleate, 5 mM 
CaCl2⋅2H2O and 150 mM NaCl at pH 6.5). Fresh pancreatic lipase (1.5 
mL) with an activity of approximately 700 TBU/mL of the digest was 
added to initiate the digestion. The digestion was performed in a 
temperature-controlled vessel at 37 ◦C and the digestion mixture was 
titrated with 0.2 M sodium hydroxide (NaOH) to maintain the pH at 
6.500. The amount of fatty acids liberated was calculated from the 
volume of NaOH titrated using equation (1). As only ionised fatty acids 
will cause the pH shift and therefore cause the addition of NaOH, a back- 
titration needs to be completed. The back-titration adds NaOH to in-
crease the pH to 9 to determine the amount of unionized fatty acids. The 
rate was determined as the linear slope of the initial 10 min of digestion.   

An aliquot (200 µL) of the digesta was taken at 29 min (prior to the 
back-titration) for determination of mesophase structure as described 
below. To arrest the digestion at this time point, a 2 mg.mL− 1 solution of 
orlistat in methanol (2 µL) was added to the aliquots taken from the 
digesta and the mixed samples were vortexed. The samples were stored 
at 4 ◦C until analysed. 

2.4.2. Determination of mesophases present using small angle X-ray 
scattering 

Small angle X-ray scattering measurements were performed on the 
SAXS/WAXS beamline at the Australian Synchrotron, part of ANSTO 
[21–22]. For determination of the mesophases present during digestion, 
the samples taken from the in vitro digestion vessel at the end of diges-
tion were loaded into glass capillaries (1.5 mm diameter) and measured 
using a wavelength λ = 0.954 Å (13 keV). The sample to detector dis-
tance was 1.6 m providing a q-range of 0.0105 < q (Å− 1) < 0.994. A 
Pilatus 1 M detector (pixel size of 172 μm and active area 169 × 179 
mm2) was used with a 5 s acquisition time. The in-house designed 
program Scatterbrain, was used to reduce the 2D scattering images to 
plots of scattered X-ray intensity [I(q)] versus q. The liquid crystalline 
phases formed during digestion were identified from the relative posi-
tion of the observed diffraction peaks [23]. 

2.5. Pharmacokinetic studies to determine effect of MSPs on lipid 
absorption 

2.5.1. Formulation preparation for in vivo studies 
Samples for digestion were made by initially preparing a radio-

labeled triolein emulsion and then mixing the emulsion with commer-
cial milk. DOPC (10 mg), triolein (90 mg) and 14C-triolein (8 μCi) were 
dissolved in chloroform and the solvent was evaporated under ambient 
conditions to form a lipid film. Water (1.5 mL) was added and the 
emulsion was sonicated using a focused ultrasonicator (Covaris Inc. 
Massachusetts USA) with the following properties: 99.0 peak power, 
25.2 duty factor, 399 cycles/burst, 5-second delay, and 200 repeats to 
form 14C-triolein labelled emulsion. The emulsion was added to full- 
cream milk (6.4 mL) and mixed via magnetic stirring for 24 h at 4 ◦C 
to incorporate the triolein into the fat droplets of the milk. The 14C-tri-
olein labelled milk (1.5 mL) was then added to the MSPs (60 mg, 4% w/ 
w of silica to fat content) and mixed by vortexing to disperse the silica 
uniformly in the full-cream milk. 

2.5.2. Pharmacokinetic studies 
All animal studies were approved by the Monash Institute of Phar-

maceutical Sciences Animal Ethics Committee. Male Sprague Dawley 
rats weighing between 250 and 300 g were used in all studies. Sprague 
Dawley rats have been extensively used in the literature as an animal 
model for human conditions. Recently, Steingoetter et al. have proven 
that Sprague Dawley rats are a viable and relevant model for lipid 
digestion [24]. Treatments were divided into two groups, with each 
cohort containing four rats. Radiolabelled milk in the absence of addi-
tives was dosed in the control group, and the test group was dosed with 
milk in the presence of additives. Prior to the study, rats were accli-
matized for a minimum of three days. Rats were anaesthetized via 
inhalation of isoflurane (5 % v/v for induction, 2.5% v/v for mainte-
nance) for the duration of the surgery. Polyethylene tubing with a 

diameter of 0.80 × 0.50 mm (o.d. × i.d.) was inserted into the right 
carotid artery and the loose end was tunneled through to the back of the 
rat to allow for serial sampling. The rats were placed in individual 
metabolic cages attached to a swivel system overnight. All rats were 
fasted 12 h prior to dose administration and 8 h after dose administra-
tion, with water provided ad libitum. 

On the following day, the rats were briefly anaesthetized to enable 
weighing and dosing via oral gavage. Serial blood samples (200 µL) were 
taken prior to dosage and at 30, 60, 90, 120, 180, 240, 360, 480 min and 
24 h after administration. The cannulas were flushed with 10 I.U. hep-
arin in saline solution after taking a blood sample to maintain patency. 
Each blood sample was dispensed into 1.5 mL Eppendorf tubes pre-filled 
with 10 I.U. heparin and centrifuged for 5 min at 6700 g to separate the 
plasma. An aliquot of plasma (100 μL) was added to scintillation cocktail 
(2 mL) in a 6 mL polypropylene scintillation vial and vortexed. The 
samples were stored overnight at 4 ◦C before being analysed for radio-
activity on a Packard Tri-Carb 2800CA liquid scintillation analyser 
(Meriden, CT, USA). 

2.6. Statistical analysis 

All results are expressed as mean ± standard deviation and were 
replicated at least three times and analysed using the IBM SPSS Statistics 
26 and applying a one-way analysis of variance test (ANOVA) with 
Tukey post hoc analysis. P-values are represented in graphs by * (p ≤

Extent of digestion
(

%
)

=
Ionised fatty acid (mol) + unionised fatty acid (mol)

Theoretical total fatty acid in milk (mol)
× 100 (1)   
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0.05), ** (p ≤ 0.01), and *** (p ≤ 0.001) when compared to the samples 
containing no silica. Results that were not significally different to the 
relevant control measurement (p > 0.05) are unmarked. 

3. Results 

3.1. The presence of specific mesoporous silica particles alters the 
enzymatic activity of lipase solutions without direct protein adsorption 

The effect of exposure of lipase to MSPs on the activity of lipase 
solutions was determined by the TBU method and is shown in Fig. 2 
(blue bars). When lipase was pre-exposed to SM4 and SM5 the apparent 
activity of the lipase was reduced from approximately 700 TBU mL− 1, 
down to 264 ± 117 and 439 ± 26 TBU mL− 1 respectively. The activities 
of the lipase was unchanged on exposure to other particles. To attempt 
to understand whether lipase was irreversibly adsorbed to the particles 
or deactivated, the total protein content of the pre-exposed pancreatic 
extract was also determined using the Bradford assay. There was no 
significant difference between any of the samples, with all samples 
containing approximately 0.74 mg mL− 1 BSA equivalent of protein 
(Fig. 2, orange striped bars). Pre-exposing the pancreatic extract to 
specific MSPs therefore reduced the activity but did not reduce the total 
protein content of the supernatant; however, it was not known what 
proportion of protein was actually lipase in the extract so further ex-
periments were performed to attempt to elucidate any specific adsorp-
tion or interaction. 

3.2. Quantification of proteins in pancreatin supernatant using SDS- 
PAGE 

SDS-PAGE was used to separate the proteins in pancreatic extract to 
attempt to isolate pancreatic lipase from other proteinaceous material in 
the pancreatin extract which could confound the ability of the Bradford 
assay to determine whether lipase was specifically interacting with the 
MSPs. Both a low and high ratio of MSPs to pancreatin extract were 
assessed – the low ratio was identical to the level used in the adsorption- 
activity measurements in Fig. 2 (48.2 mg extract/mg MSP), while the 

high level, used to exaggerate any effect of adsorption to the MSPs 
contained 10-fold greater MSP content, i.e, 4.82 mg extract/mg MSP. 
The gel showing the separation of proteins in the extract at increasing 
concentration is shown in Fig. 3 A. The standard curve produced by 
loading known concentrations of pancreatic extract onto the gel is 
shown in Fig. 3 B. The results of separation are shown in Fig. 3 C and D, 
where the main bands prevalent in the extract were quantified after 
exposure to different MSPs at two different levels of protein to MSP. 

The band at 37 kDa was considered most likely to represent the lipase 
and was used for quantification (Panel 3C). Lipase has been reported to 
have a molecular weight around 50 kDa. However, although no band 
appeared in line with the 50 kDa marker, the mixture has very clear avid 
lipase activity. A pure lipase reference was not used because isolated 
porcine pancreatic lipase could not be sourced. Trypsin has a molecular 
weight of 24 kDa, however the bands at the 20 and 25 kDa markers were 
not well separated and could not be differentiated so the intensity of 
both bands was added together to obtain the data in Panel D. 

Pre-exposing the pancreatic extract to a low amount of MSPs did not 
significantly influence the intensity of the bands. However, pre-exposing 
the pancreatic extract to the higher level of SM7 significantly reduced 
the intensity of the band at 37 kDa (Fig. 3C) but the bands at 20 and 25 
kDa were unaffected. When the pancreatic extract was pre-exposed to 
high levels of SM8 and SM4 the band at 37 kDa also appeared to slightly 
decrease in intensity but had p-values of 0.08 and 0.12 respectively. The 
other MSPs did not influence the intensity of the bands. 

3.3. The differential adsorption of dietary lipids onto MSPs depends on 
the properties of the MSPs 

The adsorption of representative compounds expected to be present 
at the end of digestion (bile salts, phospholipids and fatty acids) to MSPs 
was investigated initially in isolated (non-micellar) solutions/disper-
sions at two levels of MSPs. The first MSP:lipid ratio studied (4% w/w, 
0.02 mg MSP/mg extract) was identical to that used in the enzymatic 
activity assay. The components investigated did not adsorb to the MSPs 
significantly as the amount remaining in the supernatant was identical 
to the amount added (data not shown). The pellet was not analyzed in 

Fig. 2. Blue solid bars are the lipase activity 
of the pancreatic extract pre-exposed to 
MSPs measured with the tributyrin units test. 
Results are stated as tributyrin units mL− 1. 
Orange striped bars are the total protein 
content (expressed as BSA equivalent) of pre- 
incubated pancreatic lipase measured using 
the Bradford assay. Both sets of results are 
presented as mean ± s.d, n = 3 (* indicates p 
< 0.05; ***indicates p < 0.001 compared to 
No Silica control). (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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these samples as the dispersions were too turbid to confidently distin-
guish the particles from the supernatant. As such, a second ratio of MSPs: 
lipid was investigated with a greater amount of MSPs compared to the 
lipid present. This was achieved by lowering the concentration of lipid 
while maintaining the amount of MSPs present. The ratio was decided by 
approximating the amount of the lipid component expected to form a 
monolayer on the total available surface area of the MSPs at the con-
centrations used. 

When MSPs were mixed with phospholipid (3H-DPPC) in isolation, 
likely in the form of liposomes, there was no significant adsorption to the 
MSPs (Fig. 4 B) but there was depletion from the supernatant in some 
samples. Particles SM3, SM4, and SM5 showed significant depletion of 
3H-DPPC from the supernatant but also exhibited low recovery with 
60% of added material being accounted for. The suspensions of DPPC 
were unstable and tended to phase separate and remain suspended in the 
buffer. In samples containing 3H-oleic acid (Fig. 4 A), there was no 
significant depletion from the supernatant but samples containing MSPs 
SM1, SM2, SM6, and SM8 displayed significant adsorption with a p- 
value<0.001 compared to the no silica control. There was no significant 
adsorption of 14C-taurocholate when MSPs were mixed with a solution 
containing taurocholate (Fig. 4 C). 

3.4. Adsorption of lipids pre-solubilized in biliary mixed micelles onto 
MSPs 

Bile salt/phospholipid mixed micelles aid in the lipolysis process by 

removing digestion products from the surface of digesting fat droplets, 
regenerating the triglyceride/aqueous interface. The complexity of the 
system was therefore increased by inclusion of mixed micelles con-
taining TC, DPPC and oleic acid (OA) combined to better reflect the 
composition of intestinal fluids after digestion. The fraction adsorption 
of each component to MSPs compared to the control with no silica (set 
equal to 1) when introduced as mixed micelles is presented individually 
in Fig. 5. 

When mixed micelles comprising of TC and DPPC were used as a 
colloidal carrier for oleic acid (Fig. 5 A), 3H-oleic acid adsorbed onto the 
MSPs to a greater extent than in the buffer (Fig. 4 A). The type of silica 
particle influenced the quantity adsorbed, with SM2 adsorbing the 
smallest quantity (0.09 ± 0.11 relative to the concentration of 3H-oleic 
acid added), whilst SM5 and SM8 adsorbed the highest quantities (0.31 
± 0.11 and 0.30 ± 0.11 relative concentrations respectively). 

For the phospholipid component, 3H-DPPC (Fig. 5 B) adsorbed in a 
greater quantity onto the MSPs than the 14C-taurocholate bile salt (Fig. 5 
C). For example for SM5 particles, the fraction of phospholipid adsorbed 
was 0.81 ± 0.13 while a lower fraction of the taurocholate (0.10 ± 0.02) 
adsorbed to the same particles. The 3H-DPPC adsorbed to all of the MSPs 
regardless of their pore size or morphology however, the amount 
adsorbed did not correlate directly with the surface area, pore volume or 
pore size of the particles (see correlation plots in Electronic Supporting 
Information, Figure S1). 

Fig. 3. A: SDS-PAGE with increasing amounts of protein loaded onto the gel to build a standard curve to quantify protein in pancreatin extract; B: The standard curve 
for key molecular weight bands from SDS-PAGE; C: Intensity of 37 kDa band in SDS-PAGE and D: Intensity of 20 and 25 kDa bands combined both at low and high 
ratios of MSP:lipase; NS indicates no MSPs were added. (* indicates p < 0.05 compared to No Silica control). 
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3.5. Effect of additives on the in vitro digestion of full cream milk as a 
model food matrix 

The impact of inclusion of MSPs and cellulose particles as a non- 
mesoporous particle on lipid digestion was investigated using milk as 
a model food matrix. The inclusion of MSPs did not alter the kinetic 
titration profiles obtained for in vitro digestion of full-cream milk 
(Fig. 6A). The extent and rate of the digestion remained unchanged 
compared to in the absence of particles. The X-ray scattering profiles 
obtained for the matrix at the end-point of the digestion of milk in the 
absence of MSPs showed prominent peaks representing two different 
phases. The first was a lamellar phase (Lα, broad peak at q = 0.138 Å− 1), 
previously reported in the literature [25] and is known to arise from the 
formation of calcium soaps by the calcium present in the milk/buffer 
and the fatty acids liberated during digestion of the triglyceride. The 
second phase is a bicontinuous cubic phase (Im3m, signified by three 
peaks with the first peak appearing at q = 0.054 Å− 1), as seen previously 
as a final self-assembled structure present at the end of in vitro digestion 
of full-cream milk at pH 6.5. Addition of SM5 MSPs resulted in addi-
tional diffraction peaks in the scattering patterns obtained at the end of 
digestion, representing two additional structures. The first additional 
phase was an inverse hexagonal phase (H2, first peak appearing at q =
0.108 Å− 1) representing the transient hexagonal phase that occurs 
during the digestion of full-cream milk (labelled 3 in Fig. 6B). The sec-
ond structure was another hexagonal phase (first peak appearing at q =
0.067 Å− 1) arising from the highly ordered silica particles (labelled ‘4′ in 

Fig. 6B). 

3.6. Effect of additives on the absorption of lipids in vivo 

Formulations containing 14C-triolein were administered by oral 
gavage to fasted rats and the uptake of radiolabelled oleic acid was 
monitored by determining the radiolabelled content in plasma samples 
(Fig. 7). Pharmacokinetic parameters derived from the plasma concen-
tration vs. time profiles are in Table 3. In the absence of additives, the 
Cmax observed was 38.1 ± 7.3 nM at a Tmax of 90 ± 23 min. When SM5 
was added to the formulations, the Cmax decreased to 30.49 ± 7.9 nM 
which occurred later at 143 ± 33 min. When the ‘control’ silica, SM2, 
was added the maximum concentration was higher at 41.3 ± 9.7 nM 
which also occurred later at 113 ± 43 min. In the presence of crystalline 
cellulose, the maximum concentration increased to 50.3 ± 2.8 nM 
which occurred later than the control at 130 ± 10 min. 

The area under the curve (AUC) was calculated to determine the total 
exposure to oleic acid. The profile in the absence of additives and in the 
presence of crystalline cellulose had similar AUCs at 17.1 ± 1.8 and 19.7 
± 1.2 μM.min, respectively. When SM5 was added the AUC decreased to 
11.4 ± 0.8 μM.min; however when SM2 was added the AUC was similar 
to control and cellulose at 20.2 ± 1.2 μM.min. This indicates that the 
SM5 particles are reducing the total amount of oleic acid absorbed into 
the bloodstream. 

Fig. 4. Adsorption of 3H-oleic acid (A), 3H-DPPC (B) 
and 14C-sodium taurocholate (C) dispersed in 50 
mM Trizma buffer to various mesoporous silica 
particles. Solid orange indicates the label bound to 
the MSPs and the striped green indicates the amount 
of free label in the supernatant. All results are 
expressed as mean ± standard deviation, n = 3 (* 
indicates p < 0.05; ***indicates p < 0.001 
compared to No Silica control). (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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4. Discussion 

This study set out to address two main questions – what aspects of 
lipid digestion and absorption are impacted by the presence of MSPs and 

do the physical characteristics of the particles have a specific effect. 
Resolving these questions is expected to result in guidelines for the se-
lection of optimal MSPs to reduce calorie uptake when co-administered 
with food, and develop the operable mechanistic detail required for 

Fig. 5. Adsorption of 3H oleic acid (A), 3H-DPPC (B) 
or 14C-taurocholate (C) to various mesoporous silica 
particles when solubilized in TC/DPPC mixed mi-
celles. Solid orange indicates the material bound to 
the MSPs and the striped green indicates the free 
component in the supernatant. All results are 
expressed as mean ± standard deviation, n = 3 (* 
indicates p < 0.05; ** indicates p < 0.01; ***in-
dicates p < 0.001 compared to No Silica control). 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   

Fig. 6. A: The generation of titratable fatty acids during the in vitro digestion of full-cream milk in the presence of SM5 MSPs (blue triangles), SM2 particles (red 
circles), cellulose as a non-silica particle (green inverted triangles), or no additive (black squares) over 30 min. B: The scattering profiles obtained at the end point of 
in vitro digestion. The red numbers indicate the first peak of each phase where 1 represents lamellar, 2 represents the cubic phase and 3 represents the hexagonal 
phase that formed during in vitro digestion of full-cream milk. 4 represents the hexagonal phase due to the presence of the SM5 particles. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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progression of mesoporous silica materials as pharmaceutically- 
approved therapies for obesity. 

With respect to the impact of MSPs on lipase activity, two of the 
MSPs tested (SM4 and SM5) caused a significant reduction in the 
enzymatic activity of lipase when the lipase solution was incubated with 
the particles, compared to unexposed pancreatic extract (Fig. 2, blue 
solid bars). A reduction in the enzymatic activity would be expected to 
cause fewer fatty acids to be liberated from triglycerides and subse-
quently reduce absorption. SM4 and SM5 have the same rod-shaped 

particle geometry and similar pore diameters of 10.1 nm and 9.6 nm 
respectively. It has been previously suggested that rod-shaped particles 
have a higher adsorption capacity compared to spherical particles when 
all other parameters remain the same.15 Spherical particles have longer 
pore channels which may result in the lipase becoming immobilized 
before reaching the end of the channel. If the lipase shares a similar 
diameter to the pore channels, then crowding and steric hindrance could 
impact on lipase entry, whereas, with much larger pores present, lipase 
may move relatively freely into and out of the structure. Rod-shaped 
particles not only have shorter pores compared to spherical particles, 
but contain more pore openings which increases the likelihood of the 
enzyme entering the structure. It is also possible that the pore openings 
may be constricted introducing a further material-specific limitation to 
lipase depletion from the bulk. However, as other particles shared 
similar pore diameters and particle geometry and did not induce any 
change to the enzymatic activity, the pore size and particle geometry 
cannot in isolation be attributed to influencing the interaction of en-
zymes with MSPs. Additionally, there was no numerical correlation 
between pore size, specific surface area or pore volume on the lipase 
activity (Fig. 8). 

Fig. 7. Pharmacokinetic profiles of 14C-triolein incorporated into milk incubated with either no additive (black squares), SM2 particles (red circles), SM5 particles 
(blue triangles), or crystalline cellulose (green inverse triangles). All data are expressed as mean ± SEM where n = 4. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Pharmacokinetic properties of 14C-triolein incorporated into milk. All data are 
expressed as mean ± SEM where n = 4. Asterisks indicate significance compared 
to ‘Milk & SM5′.   

AUC (0–24) (μM.min) Tmax (min) Cmax (nM) 

Milk 16.99 ± 1.76 90 ± 23 38.10 ± 7.30 
Milk & SM2 20.17 ± 1.24 113 ± 43 41.32 ± 9.71 
Milk & SM5 11.35 ± 0.76 143 ± 33 30.49 ± 7.90 
Milk & Cellulose 19.64 ± 1.22* 130 ± 10 50.33 ± 2.76  

Fig. 8. No correlation was evident between the physical properties of MSPs (from Table 1) and lipase activity after exposure of lipase solution to MSPs (from Fig. 2). 
Correlation coefficients are indicated for linear regression lines on each plot. 
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To attempt to determine whether the lipase was physically removed 
from the solution with the MSPs leading to the reduction in activity, or 
whether a change in specific activity of the lipase in solution may be 
responsible for the difference in activity in Fig. 2, the depletion of lipase 
from the supernatant was initially measured using the Bradford assay 
(Fig. 2, orange striped bars). However, there was no significant reduc-
tion of protein content from the supernatant for the pre-exposed sam-
ples. There are multiple proteins important to the mechanism of lipase 
digestion, including co-lipase and trypsin. These proteins may be present 
as a small proportion of the overall protein content in the pancreatic 
extract and therefore any depletion of these specific proteins may be 
masked by the abundance of other proteins. Hence, the proteins in the 
supernatant were separated by gel electrophoresis (Fig. 3A) to attempt 
to isolate the effect on lipase. It was difficult to identify which band 
represents lipase as there was no band correlating exactly to the reported 
molecular weight of lipase and it was not possible to acquire the anti-
body stain to uniquely identify the lipase. In the absence of a significant 
reduction in the intensity of any of the bands in the SDS-PAGE (Fig. 3C 
and D) compared with the sample containing no silica at either con-
centration of lipase used, it is tentatively concluded that the enzymes 
may still be present in the supernatant but have been deactivated due to 
the presence of the MSPs. Coomassie Brilliant Blue G-250 dye used to 
visualize the bands will not discriminate active from denatured enzyme, 
so if interaction with specific MSPs led to a denaturing of the enzyme it 
could still be measured as being present in solution by the Bradford 
assay and SDS-PAGE methods. Further studies conducting a full analysis 
of the structure of the pancreatic lipase pre-exposed to MSPs may help to 
clarify this point. 

The colloidal structuring of lipids in milk during digestion is highly 
sensitive to lipid composition and the extent of digestion [18] and 
hence, milk makes a useful model food to study the influence of MSPs on 
the digestion process. Two particles differing in their effect on lipase 
activity were chosen to investigate their influence on the in vitro lipolysis 
of full-cream milk: SM2 which showed no inhibition of enzymatic ac-
tivity, and SM5 which displayed significant inhibition (Fig. 2). The 
titration of liberated fatty acids during digestion was not significantly 
impacted by the presence of SM2 and SM5. However the transient self- 
assembled hexagonal phase that has been reported to transform to a 
bicontinuous cubic phase in the absence of MSPs during the digestion of 
milk was still present at the conclusion of digestion in the presence of 
SM5. The titration profile did not differ from that in the absence of MSPs, 
indicating a different lipid composition giving rise to the difference in 
structure. Interestingly SM2 did not exert any effect on the colloidal 
structures formed during digestion of the milk lipids. The results ob-
tained for adsorption of lipids in the presence of mixed micelles in Fig. 5 
may provide some clue to the mechanism behind the shift in lipid 
composition exerted by SM5 but not SM2. The SM2 particles are 
spherical with a pore diameter of 3.3 nm compared to the 9.6 nm pores 
of the rod-shaped SM5 particles. The fatty acids that are formed during 
digestion are amphiphilic and will incorporate into the mixed bile salt 
micelles present, potentially modifying the lipid self-assembly. In Fig. 5, 
oleic acid when exposed to MSPs in mixed TC/DPPC micelles was more 
associated with SM5 than with SM2 (P < 0.05). If the mixed micelles act 
as a means of drawing OA into the particles they will be unavailable for 
participation in lipid self-assembly and the absorption of OA may also be 
hindered. It should also be noted that negligible levels of TC were 
adsorbed to the MSPs after deposition of OA and DPPC at the surface of 
the particles [26] indicating TC could leave the MSPs during the sepa-
ration of particles from the supernatant, which possibly indicates why 
there was no impact on the titration profiles in Fig. 6 Panel A. 

The absorption of lipids in vivo is a large determinant in calorific 
uptake and consequently partly responsible for metabolic diseases such 
as obesity. Strategies to prevent lipid absorption pharmacologically 
through reducing bile salt production and lipase inhibition lead to un-
desirable gastrointestinal side effects. The use of materials that intervene 
in the digestion and absorption process without causing these side 

effects are therefore highly sought after and MSPs are emerging as one 
useful material that impacts weight gain and obesity [4]. To determine 
whether the differences between the interactions of lipids with SM2 and 
SM5 in vitro impact the absorption of fatty acids in vivo, a pharmacoki-
netic study was conducted with milk as a lipid ‘meal’. Milk was fortified 
with radiolabeled triolein and co-administered with SM5 (hypothesized 
to have an effect based on in vitro studies) and compared to ‘inactive’ 
SM2 and cellulose as a non-MSP particulate additive and the presence of 
radiolabeled oleic acid in plasma was measured over time after 
administration. The total exposure (AUC) of oleic acid absorbed from 
milk co-administered with SM5 was lower compared to the amount 
absorbed when co-administered with SM2 (p = 0.008). The presence of 
SM2 had no effect compared to the cellulose particles and no-particle 
control, indicating that the specific properties of SM5 impacted on ab-
sorption. There is a double peak present in all formulations except for 
the cellulose formulation, which is particularly prominent for SM2. This 
is hypothesised to be due to the phase transitions that occur during the 
digestion of milk [18]. The Cmax was also lower after co-administration 
with SM5 MSPs. It is proposed that the diffusion of lipids into the pores 
of MSPs in the form of bile salt mixed micelles that was apparent from 
the in vitro studies could potentially inhibit lipid from being absorbed in 
vivo. The specific surface area of SM2 particles is similar or slightly 
higher than SM5 which indicates a greater tendency to interact with 
lipids if adsorption was the primary consideration, but the small pore 
size and pore volume (presumably balanced by more pores being pre-
sent) leads to an exclusion phenomenon where the mixed TC/DPPC/OA 
micelles are more effectively excluded from the smaller 3.3 nm pores of 
SM2 but can readily enter the 9.6 nm pores of SM5 MSPs [27]. The SM5 
particles have also been shown to decrease the apparent enzymatic ac-
tivity of pancreatic lipase (Fig. 2) so it is also possible that there is a 
combined effect of reduced fatty acid production (although this was not 
apparent in the in vitro digestion profiles) and specific interaction with 
SM5 particles over SM2 particles may both contribute to a reduction in 
the amount of lipid absorbed into the bloodstream. 

5. Conclusion 

Pre-exposing pancreatic extract to specific MSPs significantly 
reduced the apparent enzymatic activity of pancreatic lipase without the 
lipase adsorbing irreversibly to the particles. Two particles (SM4 and 
SM5) significantly reduced the activity; these particles are rod-shaped 
particles with similar pore diameters around 10 nm. Phospholipid 
(DPPC) and oleic acid were adsorbed to the MSPs while the bile salt (TC) 
remained in the supernatant. When the components were added in the 
form of mixed micelles they adsorbed in higher quantities, indicating 
that the mixed micelles were facilitating ‘delivery’ to the MSP structure. 
While a direct correlation between the properties of the MSPs and their 
effect on activity or lipid adsorption could not be made, SM5 appeared to 
be active in both assays. Consistent with their interactions with lipids, 
SM5 MSPs also altered the self-assembled lipid structures present at the 
end of an in vitro digestion of full-cream milk whereas no effect was 
observed when digested in the presence of SM2 MSPs. The same trend 
was evident in vivo, where lipid absorption after co-administration of 
MSPs with milk was hindered by the presence of SM5 particles, but not 
by SM2 particles or non-mesoporous cellulose particles. While it is not 
yet clear which specific structural factors of MSPs impact lipid digestion 
and absorption, there are clear and consistent differences between 
different MSP materials, which can in part explain the impact of some 
MSP materials on calorific uptake and weight reduction in past rodent 
studies. 
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