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A B S T R A C T

Novel treatment methods for obesity are urgently needed due to the increasing global severity of the problem.
Gastrointestinal hormones, such as GLP-1 and PYY, are secreted by the enteroendocrine cells, playing a critical
role in regulating food intake. Digested nutrients trigger the secretion of these hormones, which have a very
short half-life. α-Linolenic acid (αLA) has been shown to stimulate GLP-1 secretion, however, chemical in-
stability and fast uptake in the small intestine hinder its use in body weight management. We developed a novel
delivery system based on inorganic mesoporous particles for αLA to increase secretion of gastrointestinal pep-
tides. αLA was loaded to thermally hydrocarbonized porous silicon particles (THCPSi). 47.9 ± 3.84% and
30.7 ± 2.86% of αLA was released during 6 h from 3.0% and 9.2% loading degree (w/w) samples in vitro,
respectively. Native αLA (50 µM) significantly increased GLP-1 secretion from enteroendocrine STC-1 and
GLUTag cell lines. αLA loaded THCPSi significantly and dose dependently stimulated GLP-1 secretion from STC-
1 cells, whereas empty particles did not. We demonstrated in vitro that THCPSi particles have the potential to be
used as a controlled delivery system for nutrients such as αLA, increasing GLP-1 secretion. Our results justify
further in vivo investigations.

1. Introduction

The increase of overweight and obesity has been a serious problem
for our societies for last three decades worldwide. According to the
World Health Organization (WHO), obesity has nearly tripled since
1975, and 39% of the over 18 years old were overweight, and 13% were
obese in 2016 [1]. Increase of food intake and decrease of physical
activity are considered to be the causing factors to this pandemic, which
affects the health of the individuals and the economic burden of the
societies.

Nutrients induce secretion of several gastrointestinal hormones,
such as Glucagon-like peptide-1 (GLP-1), peptide YY (PYY), and cho-
lecystokinin (CCK), which play an important role in regulation of ap-
petite, blood glucose level, and insulin secretion [2–3]. Although gas-
trointestinal hormones work as efficient appetite regulators, they have
very short half-lives: GLP-1 and CCK; 1–2min, and gastric inhibitory
peptide (GIP) and PYY; 8–10min [4–6]. Currently, the pharmaceutical
industry is focusing on developing different agonists of these peptides
to increase the stability and prolong their duration of action [7].

Another approach is to endogenously stimulate the enteroendocrine
system by utilizing a delivery system which carry nutritional com-
pounds specifically to the receptors of enteroendocrine cells (e.g., L-
cells) without a significant addition of the caloric load. This might be an
alternative and a more feasible approach to release the peptides en-
dogenously in a sustained manner. These cells, secreting GLP-1 and
PYY, are mainly located in the distal part of the gastrointestinal tract,
while most nutrients are absorbed in proximal intestine before reaching
the required site of action. Therefore, we aimed in this study to load
nutritional compounds into a carrier system to stimulate enteroendo-
crine signals in sustained manner. Porous silicon (PSi) was selected as
carrier material for the nutrient due to its ability to carry high payloads
and protect sensitive compounds from degradation [8]. Previously, the
potential of PSi particles has been studied for different biomedical ap-
plications, tissue engineering and as well as for controlled drug delivery
[9–11]. The pore size and surface chemistry can be modified to be
suitable for the payload molecules, and PSi has been widely tested for
its safety in vitro and in vivo [12–13], thus it is considered as a safe
material. In fact, silicon is an important micronutrient, playing a role in
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bone and skin well-being [14]. PSi particles are degraded into silicic
acid in aqueous conditions and the biodegradation rate is strongly af-
fected by the surface modification [15] and pH of the environment.

The unmodified PSi surface is chemically unstable and requires
stabilization. PSi particles with different surface modifications, such as
thermally oxidized PSi (TOPSi), thermally hydrocarbonized PSi
(THCPSi), and undercyclenic acid treated thermally hydrocarbonized
PSi (UnTHCPSi) have different interactions with the payload based on
their surface charge and hydrophilicity [15–17]. These properties affect
adsorption as well as desorption of the cargo compounds [18]. THCPSi
particles have a hydrophobic surface due to the hydrocarbon covered
surface, and the wettability of these particles are low [19]. This makes
the particles suitable for loading and delaying the release of hydro-
phobic molecules, such as fatty acids. Therefore, this PSi type was se-
lected to be investigated with the selected model nutrient.

α-Linolenic acid (αLA), an omega-3 Long Chain Fatty Acid (LCFA),
was selected as a model nutrient. It is an essential fatty acid and widely
present in vegetable oils like canola, soy, and flaxseed oils. Importantly,
LCFAs, including αLA, stimulate secretion of several gut hormones,
such as GLP-1 and PYY [20–21]. Furthermore, it has been shown that
GPR120 receptors, expressed in endocrine L-cells, are specific for LCFAs
stimulating GLP-1 release [20,22]. Hence, we aim to load αLA into PSi
particles and evaluate the effects of αLA loaded PSi particles on GLP-1
secretion in vitro, using two enteroendocrine cell lines: STC-1 cell line,
which was originally established from murine enteroendocrine tumor
cells, and GLUTag cell line, which was derived from colonic tumors of
transgenic mouse expressing large T antigen under the control of the
proglucagon promoter [23–24]. Both cell lines are commonly used for
studying the effects of compounds on secretion of gastrointestinal
hormones [20,25–27].

2. Materials and methods

2.1. Materials

Silicon wafers (p+ type, 0.01–0.02Ω cm) were donated by Okmetic
Ltd. (Vantaa, Finland). Ethanol (EtOH) (99.5%) used in the etching
solution was purchased from Altia Oyj (Rajamäki, Finland). The acet-
ylene (99.6%) and nitrogen (99.999%) gases for surface modification of
porous silicon were obtained from AGA (Espoo, Finland). α-Linolenic
Acid (Cat. #: L2376), Dulbecco’s phosphate buffered saline (Cat. #:
D1408), Hydrofluoric acid (HF) (38–40%) and Dulbecco’s modified
Eagle medium (Cat. #: F0435) were acquired from Merck (Darmstadt,
Germany). Fetal Bovine Serum (Cat. #: 10270106), penicillin-strepto-
mycin (Cat. #: 15140-122), glutamine (Cat. #: 25030-024), horse
serum (Cat. #: 16050-122), cell culture inserts (Cat. #: 140656), and
Pierce LDH Cytotoxicity Assay kit (Cat. #: 88953) were obtained from
Thermo Fisher Scientific Inc. (Roskilde, Denmark). GLP-1 (Active)
ELISA kit (Cat. #: EGLP-35K) was bought from Millipore Co.
(Burlington , MA, USA).

2.2. Fabrication of PSi particles

Porous silicon was made by electrochemically etching a silicon
wafer in 1:1 EtOH: HF mixture with current density of 40mA/cm2 for
2400 s. High current pulses were applied at the end of the etching to
remove the porous film from the wafer. The films were dried for 2 h at
65 °C. The films were milled with a planetary ball mill and sieved into
10 – 25 µm size fraction.

Before the stabilization of the surface, the microparticles were im-
mersed in the 1:1 EtOH: HF mixture for one minute, filtered out from
the solution and dried for 2 h at 65 °C. Thermally hydrocarbonized
porous silicon particles were prepared by first placing the HF-treated
particles into a quartz tube under nitrogen flow (1 l/min) for 30min.
Then, acetylene gas flown (1 l/min) into the tube first at room tem-
perature for 15min and then at 500 °C for 15min. The particles were

cooled down to room temperature under the nitrogen flow [28]. Two
similar batches of THCPSi particles were prepared for the experiments.

2.3. Loading αLA to THCPSi particles

α-Linolenic acid was loaded in the THCPSi particles with the im-
pregnation method [29]. Briefly, αLA was dissolved in methanol with
the concentration of 12mg/ml. PSi particles were weighted into a glass
tube. αLA/methanol solution was added to the tube and incubated for
1 h under mild stirring condition. The volume of αLA/methanol solu-
tion used was calculated based on targeted loading degrees of 5% and
10% (w/w), assuming all αLA would be adsorbed onto PSi surface.
After incubation, remaining methanol solution was evaporated com-
pletely by nitrogen flow for 1 h. The loading degree was analyzed with
thermogravimetry (TG).

2.4. Thermogravimetric analysis

Thermogravimetric measurements were carried out with a TA Q50
instrument under nitrogen environment with flow rate of 200ml/min.
The samples were placed on a platinum pan and the temperature was
raised to 40 °C. The sample was kept 30min at this temperature in order
to remove adsorbed moisture. Subsequently the measurement was
carried out up to 700 °C with a heating ramp of 20 °C/min.

2.5. Nitrogen sorption analysis

Prior the nitrogen sorption measurements, the samples were de-
gassed for 2 h at 65 °C. The measurements were performed using a
Micromeritics Tristar 3020 II instrument at the liquid nitrogen tem-
perature. The surface area was calculated using the Brunauer Emmett
Teller theory, pore size distribution (from desorption branch) using the
Barrett Joyner Halenda theory and pore volume using a single point in
the isotherm at relative pressure of 0.95.

2.6. Fourier transform infrared spectroscopy analysis (FTIR)

Fourier transform infrared spectroscopy measurements were per-
formed with a Thermo Scientific Nicolet iS50 spectrometer using the
Smart Performer ATR stage. The measurements were performed at
spectral range of 500–5000 cm−1 with resolution of 4 cm−1.

2.7. Scanning electron microscopy analysis

Scanning electron microscopy imaging was performed with Zeiss
Sigma HD VP instrument using acceleration voltage of 3.72 kV.
Secondary electron detector was used for imaging overall morphology
of the particles with lower magnification and InLens detector for ima-
ging porous structure of the surface of the particles with higher mag-
nification.

2.8. In vitro release of αLA from PSi particles

1mg of THCPSi ± αLA particles were weighted into a tube and
dispersed in 1.0 ml PBS buffer (pH of 1.2, 4.5, 6.8 or 7.4). The buffer pH
was selected to mimic the conditions in the gastrointestinal tracts of
human and mouse [30–31]. αLA (250 µg/ml) and PBS buffer were used
as control. The tubes were placed in a water bath with orbital shaking at
frequency of 120 S/min at 37 °C. At predetermined time points (0.5, 1,
2, 3, 6, 9 and 12 h), the tubes were centrifuged, and supernatants were
collected for analysis of αLA concentration by High Performance Liquid
Chromatography (HPLC). After collecting the supernatants at the final
time point, the particles were washed with 250 µl hexane for 4 times to
extract the unreleased αLA from the particles. Hexane solution was
collected into a 1.5 ml tube and evaporated in under vacuum conditions
overnight. The samples were analyzed by HPLC (Beckman System Gold,
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Programmable Solvent Module 126, Programmable Detector Module
166, Beckman Coulter, CA, USA) with C18 column (Vydac 218PT, 5 µm,
300 Å, 4.6× 250mm, Alltech Associates Inc., Illinois, USA) with acet-
onitrile (ACN) and water in the ratio 87: 13 at a flow rate of 1ml/min
and αLA was detected at λ=208 nm. The samples were diluted with
87% ACN, and αLA concentration was calculated according to the
standard curve, which was made by measuring αLA with known con-
centration at each measurement. In order to evaluate the release ki-
netics of αLA from the particles, the diffusion equations which is known
as Korsmeyer-Peppas equation (Mt/M∞=ktn+ b, Eq. (2)) was applied,
where Mt/M∞ is the fraction of drug released in time t, k is the kinetic
constant, and n is release exponent [32]. The n value represents the
release mechanism from polymeric films, that n= 0.5 means a diffu-
sional square root of time release, 0.5 < n < 1 indicates the non-
Fickian transport, n=1.0 shows zero order release.

2.9. GLP-1 secretion from STC-1 and GLUTag cell line

GLUTag cells were a gift from Dr. D. J. Drucker, University of
Toronto, Canada. Before evaluating the effects of THCPSi± αLA on
GLP-1 secretion, 0 to 50 µM αLA were tested on the STC-1 [25] and
GLUTag cell lines for its ability to induce GLP-1 secretion. αLA was
dissolved in ethanol and 0 to 50 µM αLA solutions were prepared with
Krebs-Ringer Bicarbonate Buffer (KREBS; 118mM NaCl, 4.7mM KCl,
25 mM NaHCO3, 1.25mM CaCl2, 1.2 mM MgSO4, and 1.2 mM KH2PO4)
at pH 7.4. The final concentration of ethanol was 0.1%. In addition,
0.25% DPP-4 inhibitor (Cat #. DPP4-010, Millipore Co., MA, USA) was
added for prevent degradation of GLP-1. STC-1 and GLUTag cells were
seeded into the 24-well plates and incubated for 72 h. The cells were
washed twice with KREBS buffer, and incubated 1 h with KREBS buffer
for acclimatization. Next, the samples were added to the cells, and in-
cubated with STC-1 and GLUTag cells for 1 and 2 h, respectively. The
supernatants were collected, and their GLP-1 concentrations were
measured by ELISA kit (Millipore Co., Butlington, MA, USA) according
the manufacturer’s instructions. The intra-assay variation was 7.4%,
and inter-assay variation was 8.0%.

GLP-1 secretion was studied with pure αLA and αLA loaded THCPSi
particles. THCPSi± αLA were weighted into the cell culture inserts
(Cat. #: 140656, Thermo Fisher Scientific, Roskilde, Denmark). The
inserts were used for collecting sample solution without particles, to
avoid physical contact of particles and cultured cells, which may cause
cell detachment [33]. The inserts were inserted to the host plate, 500 µl
of KREBS buffer was added to insert wells and 800 µl to host plate wells.
KREBS buffer and 50 µM αLA were used as controls. All the samples
contained 0.1% ethanol to aid dissolving αLA into the aqueous buffer.
The plates were incubated for 3 h in a water bath with orbital shaking at
frequency of 120 S/min at 37 °C. After 3 h incubation, buffer from the
host plate well were collected. Collected sample solution were tested
with STC-1 cell lines for 1 h, and GLP-1 level was measured.

2.10. Cytotoxicity test

Lactate dehydrogenase (LDH) release from incubation of STC-1 cells
with loaded THCPSi particles were examined. Shortly, 1× 104 STC-1
cells/well were seeded into a 96-well plate and incubated for overnight.
10 µl of sample solution from the loaded THCPSi particles from the
GLP-1 secretion study and the appropriate controls (50 µM αLA, Empty
THCPSi, and buffer) were added to the cells and incubated for 1 h. The
spontaneous LDH release and maximum (after lysis buffer) LDH re-
leases were studied with distilled water and 10X Lysis buffer respec-
tively. After 1 h incubation, 50 µl of each sample was transferred to a
96-well plate, and measured LDH level according the manufacturer’s
instructions.

2.11. Statistical analysis

Data are represented as means± standard errors of means (SEM).
Multi group comparisons were conducted by one-way ANOVA followed
by Tukey′s multiple comparisons test and two-way ANOVA followed by
Dunnett’s multiple comparisons test (Graph-Pad Prism 7, Graph Pad
Software Inc., CA). Values of p < 0.05 were considered statistically
significant.

3. Results

3.1. Particle characterization

The surface chemistry of the THCPSi particles was characterized
with FTIR, the spectra showed Si-C and C-Hx vibration bands. Batches
were named THCPSi-1 and THCPSi-2 (Supplementary Fig. 1). Existence
of CeHx vibrations proved the successful thermal carbonization that
makes the particles hydrophobic and suitable to αLA loading. The
porous structure was characterized by nitrogen sorption. The average
pore diameters of the batches were approximately 15 nm and the spe-
cific pore volumes between 1.2 and 1.4 cm3/g, which provides good
capacity for cargo loading. The pore size distributions are shown in
Fig. 1 and the results of two batches are summarized in Table 1, de-
monstrating similar properties of the two THCPSi batches.

Morphology of fabricated PSi particles was characterized with
scanning electron microscopy (Fig. 2), demonstrating the irregular
shape of fabricated PSi particles. Openings of the parallel pores can be
seen on the surface of the particles in higher magnification image
(Fig. 2B).

3.2. Loading αLA in THCPSi particles

αLA was loaded in THCPSi particles by impregnation method with
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Fig. 1. Pore size distributions of the unloaded porous silicon particles.
Particles from different batches are named as THCPSi-1 and THCPSi-2.

Table 1
Porous properties of the PSi particles.

Sample A [m2/g]a V [cm3/g]b D [nm]c

THCPSi −1 334 ± 4 1.39 ± 0.01 15.9 ± 0.1
THCPSi −2 337 ± 1 1.19 ± 0.01 14.7 ± 0.1

a BET surface area.
b Single point pore volume.
c Pore diameter based on the average of the pore size distribution calculated

from the desorption isotherm using the BJH theory.
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two different targeted loading degrees of 5% and 10%, which were
calculated by assuming complete adsorption of the αLA to particles.
The actual loading degrees were measured by TG analysis. αLA was
successfully loaded into THCPSi particles with 3.0 and 10.2% loading
degrees (Table 2).

3.3. In vitro release of αLA from THCPSi particles

The released αLA (%) from PSi particles at pH 1.2, 4.5, 6.8 and 7.4
are presented in Supplementary Fig. 2A and B. The different buffer pH
did not affect the release profile of αLA from carrier particles, but the
detectable amounts of αLA decreased depending on incubation time

and buffer acidity. Therefore, the incubation was set for PSi± αLA in
pH 7.4 PBS buffer up to 6 h. PSi+ αLA particles with two loading de-
grees (3.0% and 9.2%) were used for the experiments, and 250 µg/ml
αLA and PBS buffer were used as controls. The percentage of released
αLA from PSi particles are shown in Fig. 3A. The loaded αLA was
gradually released into the buffer throughout the incubation time from
both samples. From 3.0% αLA loading degree particles, a total of
47.9 ± 3.84% of αLA was released from particles at 6 h, and release
mechanism followed Fickian diffusion (n=0.299 ± 0.058, n=3).
Similarly, from 9.2% loading degree sample, 30.7 ± 2.86% of αLA was
released into the buffer in 6 h, following Fickian diffusion
(n= 0.377 ± 0.053, n= 3). The amount of unreleased αLA was
49.9 ± 6.29% and 25.7 ± 1.53% (n=3) in THCPSi particles with
loading degree 3.0% and 9.2%, respectively (Fig. 3B). The detected αLA
amount from the positive control (250 µg/ml αLA) is shown in Fig. 3C.
After 6 h incubation, the detected αLA levels from positive controls
were significantly decreased compared to their 1 h values.

Fig. 2. Scanning electron microscopy images. (A) THCPSi microparticles and (B) the porous surface of it after fabrication.

Table 2
Loading degree of αLA measured with TG.

Loading degree (measured with TG) Target loading degree

3.0% 5%
10.2% 10%

Fig. 3. In vitro release of αLA from
THCPSi. (A) In vitro release of αLA from
THCPSi particles with loading degree 3.0%
and 9.2%. The graph presents released αLA
(%) from THCPSi particles in PBS buffer (pH
7.4) after 0.5, 1, 2, 3, and 6 h incubation.
Each value represents the mean±SEM for
n=3. (B) The unreleased αLA% from
THCPSi particles after 6 h incubation. Each
value represents the mean± SEM for n= 3.
(C) 250 µg/ml αLA incubated in PBS (pH
7.4) up to 6 h. Each value represents the
mean±SEM for n= 3. Value with * is sig-
nificantly different at P < 0.01 for com-
pared to 1 h value by one-way ANOVA fol-
lowed by Dunnett’s multiple comparisons
test.
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3.4. Effect of αLA loaded THCPSi particles on GLP-1 secretion in vitro

Before evaluating the effect of αLA loaded THCPSi particles on GLP-
1 secretion from enteroendocrine cell lines, 0–50 µM of αLA was tested
with STC-1 and GLUTag cell line, to confirm its effect on GLP-1 secre-
tion and select the best cell line for further experiments. 25 µM of αLA
significantly increased GLP-1 secretion from both cell lines, however
the secreted amount of GLP-1 from STC-1 cells was 4 times higher than
that from GLUTag cell line (Fig. 4A and B). Since expression of LCFA
receptors are crucial for the physiological response of these en-
terocendocrine cells, we investigated the expression level of GPR120 in
both cell lines, and found that STC-1 cells expressed higher GPR120
protein levels than GLUTag cells (data not shown). Therefore, we se-
lected STC-1 cell line for our further investigation on the effect of αLA
loaded THCPSi particles. The results demonstrated that THCPSi+ αLA
increased GLP-1 secretion from STC-1 cell line significantly, approxi-
mately 1.5 times, when compared with the buffer (Fig. 4C). The empty
THCPSi did not stimulate GLP-1 secretion, whereas 50 µM αLA sig-
nificantly increased GLP-1 secretion to similar level than
THCPSi+ αLA compared to buffer group. In addition, the GLP-1 se-
cretion levels were dose dependently increased by THCPSi+ αLA
amounts (Fig. 4D). There was not significant difference of in LDH re-
lease among buffer and particles loaded incubations from the en-
teroendocrine cells (Supplementary Fig. 3).

4. Discussion

In the present study we demonstrate the successful loading of αLA
into THCPSi particles with good loading degrees (Table 2). The loaded
αLA was gradually released from the carrier particles during the in-
cubation time (Fig. 3A), protecting αLA from degradation. The release
of αLA was controlled by diffusion, which is in line with our previous
results [17]. Interestingly, detectable amount of αLA by HPLC de-
creased along with increasing incubation time and acidity of the buffer
(Fig. 3C and Supplementary Fig. 2B). The decreasing trend was most
likely due to the oxidation of αLA that is accelerated at low pH [34].
The time period that αLA stays in the stomach after ingestion depends
on meal constancy, which in case of liquids would be app. 30min.
Within 2–4 h the meal will reach the distal small bowel. The pH in the
stomach varies from pH 1–2.5 in the fasted phase to pH 5 after a meal
[30,35]. Therefore, the chosen pH and incubation times are well within
the physiological range of the gastrointestinal tract [36–37]. Pure αLA
significantly increased GLP-1 secretion in both cell lines, however, STC-
1 cells were more responsive to αLA than GLUTag cells (Fig. 4A and B).
αLA has a higher affinity with GPR120 [19,38], which were more ex-
pressed in the STC-1 than GLUTag cells (data not shown). Hence, we
selected STC-1 cell line for the further experiment. PSi± αLA sig-
nificantly increased GLP-1 secretion from STC-1 cells, whereas empty
PSi particles did not increase GLP-1 secretion (Fig. 4C). The secreted
amount of GLP-1 by pure αLA differs between Fig. 4A and C, because of

Fig. 4. Effect of αLA and αLA released from THCPSi particles on GLP-1 secretion. Effect of αLA (0–50 µM) on GLP-1 secretion from STC-1 cells (A), and GLUTag
cells (B). Each value represents the mean± SEM for n= 6. (C) The effect of αLA released from THCPSi particles on GLP-1 secretion from STC-1 cells. Each value
represents the mean± SEM for n=5 (Buffer, aLA 50 µM, and αLA_THCPSi) and n=4 (Empty_THCPSi). (D) The dose-response effect of THCPSi + αLA on GLP-1
secretion from STC-1cells. Each value represents the mean±SEM for n= 5. Values not sharing a common letter are significantly different at P < 0.05 by Tukey-
Kramer multiple comparisons test.
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the oxidation of αLA during incubation 3 h-pre-incubation in Fig. 3C.
Several studies have been utilizing αLA for treatment of overweight

or obesity [39]. However poor stability, shown also in our results
(Fig. 3C), bitter taste, uncomfortable smell and early reabsorption in the
proximal gastrointestinal tract have prevented utilization of αLA in
pharmaceutical formulation. The location of enteroendocrine cells in
the distal part of gastrointestinal tract has been an essential problem for
targeting those by drugs or nutritional compounds. Gut targeted de-
livery systems have been focusing more on improving the colonic drug
administration to treat colonic bowel disease or enhancing the ab-
sorption of certain drugs from the colon. Most studies have reported
only the use of nutritional compounds without any specific formulation,
despite existing technologies for colonic drug delivery [40,41]. Our
inorganic particles could solve these practical problems as novel de-
livery system using αLA as a model compound. Our particles could
travel through the gastrointestinal tract to colon, which is the optimal
site for stimulating peptide release from the enteroendocrine cells in
humans [13]. L-cells are existing through the gastrointestinal tract from
duodenum to colon, however, they are more localized in the distal
colon in humans and mice, while in rats they are more highly dis-
tributed in the ileum [42,43]. The loading process of αLA to PSi particle
is easy and fast, and does not require the use of high temperature which
would affect the chemical structure or stability of αLA. Furthermore,
the PSi particles chemical surface can be further modified to optimize
the release and adhesion, e.g., to the mucus layer [44].

In conclusion, αLA was successfully loaded for the first time into a
mesoporous carrier, thermally hydrocarbonized porous silicon. Native
αLA stimulated GLP-1 secretion from both STC-1 and GLUTag cells,
with the STC-1 cells more sensitive to αLA than GLUTag cells. αLA was
gradually released from THCPSi and significantly increased GLP-1 se-
cretion from STC-1 cell line. Thus, αLA loaded PSi particles have the
potential to be used as controlled delivery system for decreasing food
intake via increasing GLP-1 secretion by gradually releasing loaded
nutrients. The present study is a proof of concept in vitro study, and our
results justify further in vivo investigations.

Acknowledgements

The financial support from Biocenter of Oulu (RK), and Academy of
Finland (#287625) (MK) are acknowledged.

Declaration of Competing Interest

The authors declared that there is no conflict of interest.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejpb.2019.09.009.

References

[1] http://www.who.int/mediacentre/factsheets/fs311/en/.
[2] L.J. Karhunen, K.R. Juvonen, A. Huotari, A.K. Purhonen, K.H. Herzig, Effect of

protein, fat, carbohydrate and fibre on gastrointestinal peptide release in humans,
Regul. Pept. 149 (2008) 70–78.

[3] D.J. Drucker, Minireview: The glucagon-like peptides, Endocrinology 142 (2001)
521–527.

[4] J.J. Meier, M.A. Nauck, D. Kranz, J.J. Holst, C.F. Deacon, D. Gaeckler,
W.E. Schmidt, B. Gallwitz, Secretion, degradation, and elimination of glucagon-like
peptide 1 and gastric inhibitory polypeptide in patients with chronic renal in-
sufficiency and healthy control subjects, Diabetes 53 (2004) 654–662.

[5] A. De Silva, S.R. Bloom, Gut hormones and appetite control: a focus on PYY and
GLP-1 as therapeutic targets in obesity, Gut Liver 6 (2012) 10–20.

[6] D. Koulischer, L. Moroder, M. Deschodt-Lanckman, Degradation of cholecystokinin
octapeptide, related fragments and analogs by human and rat plasma in vitro,
Regul. Pept. 4 (1982) 127–139.

[7] K.H. Herzig, Peptides combined – physiology revisited!, Peptides 110 (2018)
A1–A2.

[8] M. Kovalainen, J. Mönkäre, J. Riikonen, U. Pesonen, M. Vlasova, J. Salonen,

V.P. Lehto, K. Järvinen, K.H. Herzig, Novel delivery systems for improving the
clinical use of peptides, Pharmacol. Rev. 67 (2015) 541–561.

[9] M. Xue, X. Zhong, Z. Shaposhnik, Y. Qu, F. Tamanoi, X. Duan, J. Zink, pH-operated
mechanized porous silicon nanoparticles, J. Am. Chem. Soc. 133 (2011)
8798–8801.

[10] S.J. McInnes, E.J. Szili, S.A. Al-Bataineh, J. Xu, M.E. Alf, K.K. Gleason, R.D. Short,
N.H. Voelcker, Combination of iCVD and porous silicon for the development of a
controlled drug delivery system, ACS Appl. Mater. Interf. 4 (2012) 3566–3574.

[11] O. Tabasi, C. Falamaki, Z. Khalaj, Functionalized mesoporous silicon for targeted-
drug-delivery, Colloids Surf. B: Biointerf. 98 (2012) 18–25.

[12] H. Jaganathan, B. Godin, Biocompatibility assessment of Si-based nano- and micro-
particles, Adv. Drug Deliv. Rev. 64 (2012) 1800–1819.

[13] L.M. Bimbo, M. Sarparanta, H.A. Santos, A.J. Airaksinen, E. Mäkilä, T. Laaksonen,
L. Peltonen, V.P. Lehto, J. Hirvonen, J. Salonen, Biocompatibility of thermally
hydrocarbonized porous silicon nanoparticles and their biodistribution in rats, ACS
Nano 4 (2010) 3023–3032.

[14] R. Jugdaohsingh, Silicon and bone health, J. Nutr. Health Aging 11 (2007) 99–110.
[15] M. Kovalainen, R. Kamakura, J. Riikonen, M. Finnilä, T. Nissinen, J. Rantanen,

M. Niemelä, P. Perämäki, M. Mäkinen, K.H. Herzig, V.P. Lehto, Biodegradation of
inorganic drug delivery systems in subcutaneous conditions, Eur. J. Pharm.
Biopharm. 122 (2018) 113–125.

[16] M. Kilpeläinen, J. Riikonen, M.A. Vlasova, A. Huotari, V.P. Lehto, J. Salonen,
K.H. Herzig, K. Järvinen, In vivo delivery of a peptide, ghrelin antagonist, with
mesoporous silicon microparticles, J. Control. Release 137 (2009) 166–170.

[17] M. Kilpeläinen, J. Mönkäre, M.A. Vlasova, J. Riikonen, V.P. Lehto, J. Salonen,
K. Järvinen, K.H. Herzig, Nanostructured porous silicon microparticles enable
sustained peptide (Melanotan Ⅱ) delivery, Eur. J. Pharm. Biopharm. 77 (2011)
20–25.

[18] J. Salonen, L. Laitinen, A.M. Kaukonen, J. Tuura, M. Björkqvist, T. Heikkilä,
K. Vähä-Heikkilä, J. Hirvonen, V.P. Lehto, Mesoporous silicon microparticles for
oral drug delivery: loading and release of five model drugs, J. Control. Release 108
(2005) 362–374.

[19] T. Limnell, J. Riikonen, J. Salonen, A.M. Kaukonen, L. Laitinen, L. Hirvonen,
V.P. Lehto, Surface chemistry and pore size affect carrier properties of mesoporous
silicon microparticles, Int. J. Pharm. 343 (2007) 141–147.

[20] A. Hirasawa, K. Tsumaya, T. Awaji, S. Katsuma, T. Adachi, M. Yamada,
Y. Sugimoto, S. Miyazaki, G. Tsujimoto, Free fatty acids regulate gut incretin glu-
cagon-like peptide-1 secretion through GPR120, Nat. Med. 11 (2005) 90–94.

[21] T. Tanaka, T. Yano, T. Adachi, T.A. Koshimizu, A. Hirasawa, G. Tsujimoto, Cloning
and characterization of the rat free fatty acid receptor GPR120: in vivo effect of the
natural ligand on GLP-1 secretion and proliferation of pancreatic beta cells,
Naunyn-Schmie. Arch. Pharmacol. 377 (2008) 515–522.

[22] S.J. Paulsen, L.K. Larsen, G. Hansen, S. Chelur, P.J. Larsen, N. Vrang, Expression of
the fatty acid receptor GPR120 in the gut of diet-induced-obese rats and its role in
GLP-1 secretion, PLoS ONE 9 (2014) e88227, https://doi.org/10.1371/journal.
pone.0088227.

[23] G. Rindi, S.G. Grant, Y. Yiangou, M.A. Ghatei, S.R. Bloom, V.L. Bautch, E. Solcia,
J.M. Polak, Development of neuroendocrine tumors in the gastrointestinal tract of
transgenic mice. Heterogeneity of hormone expression, Am. J. Pathol. 136 (1990)
1349–1363.

[24] D.J. Drucker, T. Jin, S.L. Asa, T.A. Young, P.L. Brubaker, Activation of proglucagon
gene transcription by protein kinase-a in a novel mouse enteroendocrine cell line,
Mol. Endocrinol. 8 (1994) 1646–1655.

[25] G. Glassmeier, K.H. Herzig, M. Höpfner, K. Lammer, A. Jansen, H. Scherubl,
Expression of functional GABAA receptors in cholecystokinin-secreting gut neu-
roendocrine murine STC-1 cells, J. Physiol. 510 (1998) 805–814.

[26] G. Flemström, K. Mäkelä, A.K. Purhonen, M. Sjöblom, G. Jedstedt, J. Walkowiak,
K.H. Herzig, Apelin stimulation of duodenal bicarbonate secretion: feeding-depen-
dent and mediated via apelin-induced release of enteric cholecystokinin, Acta
Physiol. 201 (2011) 141–150.

[27] K.H. Herzig, C. Wilgus, I. Schön, K. Tatemoto, U.R. Fölsch, Regulation of the action
of the novel cholecystokinin-releasing peptide diazepam binding inhibitor by in-
hibitory hormones and taurocholate, Regul. Pept. 74 (1998) 193–198.

[28] J. Salonen, M. Björkqvist, E. Laine, L. Niinistö, Stabilization of porous silicon sur-
face by thermal decomposition of acetylene, Appl. Surf. Sci. 225 (2004) 389–394.

[29] C. Charnay, S. Bégu, C. Tourné-Péteilh, L. Nicole, D.A. Lerner, J.M. Devoisselle,
Inclusion of ibuprofen in mesoporous templated silica: drug loading and release
property, Eur. J. Pharm. Biopharm. 57 (2004) 533–540.

[30] V.V. Khutoryanskiy, Supramolecular materials: longer and safer gastric residence,
Nat. Mater. 14 (2015) 963–964.

[31] E.L. McConnell, A.W. Basit, S. Murdan, Measurements of rat and mouse gastro-
intestinal pH, fluid and lymphoid tissue, and implications for in-vivo experiments,
J. Pharm. Pharmacol. 60 (2008) 63–70.

[32] P. Costa, J.M. Sousa Lobo, Modeling and comparison of dissolution profiles, Eur. J.
Pharma. Sci. 13 (2001) 123–133.

[33] M.A. Cichon, D.C. Radisky, Separation anxiety: detachment from the extracellular
matrix induces metabolic changes that can stimulate tumorigenesis, J. Mol. Cell.
Biol. 2 (2010) 113–115.

[34] J.A. Nettleton, Omega-3 fatty acids: comparison of plant and seafood sources in
human nutrition, J. Am. Diet. Assoc. 91 (1991) 331–337.

[35] W.N. Charman, C.J. Porter, S. Mithani, J.B. Dressman, Physiochemical and phy-
siological mechanisms for the effects of food on drug absorption: the role of lipids
and pH, J. Pharm. Sci. 86 (1997) 269–282.

[36] M. Camilleri, L.J. Colemont, S.F. Phillips, M.L. Brown, G.M. Thomforde,
N. Chapman, A.R. Zinsmeister, Human gastric emptying and colonic filling of solids
characterized by a new method, Am. J. Physiol. 257 (1989) 284–290.

R. Kamakura, et al. European Journal of Pharmaceutics and Biopharmaceutics 144 (2019) 132–138

137

https://doi.org/10.1016/j.ejpb.2019.09.009
https://doi.org/10.1016/j.ejpb.2019.09.009
http://www.who.int/mediacentre/factsheets/fs311/en/
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0010
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0010
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0010
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0015
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0015
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0020
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0020
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0020
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0020
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0025
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0025
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0030
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0030
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0030
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0035
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0035
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0040
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0040
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0040
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0045
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0045
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0045
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0050
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0050
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0050
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0055
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0055
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0060
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0060
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0065
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0065
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0065
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0065
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0070
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0075
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0075
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0075
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0075
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0080
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0080
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0080
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0085
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0085
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0085
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0085
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0090
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0090
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0090
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0090
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0095
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0095
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0095
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0100
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0100
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0100
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0105
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0105
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0105
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0105
https://doi.org/10.1371/journal.pone.0088227
https://doi.org/10.1371/journal.pone.0088227
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0115
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0115
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0115
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0115
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0120
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0120
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0120
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0125
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0125
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0125
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0130
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0130
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0130
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0130
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0135
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0135
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0135
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0140
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0140
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0145
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0145
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0145
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0150
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0150
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0155
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0155
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0155
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0160
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0160
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0165
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0165
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0165
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0170
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0170
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0175
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0175
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0175
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0180
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0180
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0180


[37] L.P. Degen, S.F. Phillips, Variability of gastrointestinal transit in healthy women
and men, Gut 39 (1996) 299–305.

[38] S. Offermanns, Free fatty acid (FFA) and hydroxy carboxylic acid (HCA) receptors,
Annu. Rev. Pharmacol. Toxicol. 54 (2014) 407–434.

[39] M. Kato, T. Miura, M. Nakao, I. Naoki, T. Ishida, K. Tanigawa, Effect of alpha-
linolenic acid on blood glucose, insulin and GLUT4 protein content of type 2 dia-
betic mice, J. Health Sci. 46 (2000) 489–492.

[40] E.S. Chambers, A. Viardot, A. Psichas, D.J. Morrison, K.G. Murphy, S.E. Zac-
Varghese, K. MacDougall, T. Preston, C. Tedford, G.S. Finlayson, J.E. Blundell,
J.D. Bell, E.L. Thomas, S. Mt-Isa, D. Ashby, G.R. Gibson, S. Kolida, W.S. Dhillo,
S.R. Bloom, W. Morley, S. Clegg, G. Frost, Effects of targeted delivery of propionate
to the human colon on appetite regulation, body weight maintenance and adiposity
in overweight adults, Gut 64 (2015) 1744–1754.

[41] J.R. Greenfield, I.S. Faroogi, J.M. Keogh, E. Henning, A.M. Habib, A. Blackwood,
F. Reimann, J.J. Holst, F.M. Gribble, Oral glutamine increases circulating glucagon-
like peptide 1, glucagon and insulin concentrations in lean, obese, and type 2
diabetic subjects, Am. J. Clin. Nutr. 89 (2009) 106–113.

[42] N.J. Wewer Albrechtsen, R.E. Kuhre, S. Toräng, J.J. Holst, The intestinal distribu-
tion pattern of appetite- and glucose regulatory peptides in mice, rats and pigs, BMC
Res, Notes (2016), https://doi.org/10.1186/s13104-016-1872-2.

[43] A.R. Gunawardene, B.M. Corfe, C.A. Staton, Classification and functions of en-
teroendocrine cells of the lower gastrointestinal tract, Int. J. Exp. Pathol. 92 (2011)
219–231.

[44] S. Amidon, J.E. Brown, V.S. Dave, Colon-targeted oral drug delivery systems: design
trends and approaches, AAPS PharmSciTech. 16 (2015) 731–741.

R. Kamakura, et al. European Journal of Pharmaceutics and Biopharmaceutics 144 (2019) 132–138

138

http://refhub.elsevier.com/S0939-6411(19)30557-0/h0185
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0185
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0190
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0190
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0195
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0195
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0195
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0200
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0200
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0200
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0200
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0200
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0200
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0205
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0205
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0205
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0205
https://doi.org/10.1186/s13104-016-1872-2
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0215
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0215
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0215
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0220
http://refhub.elsevier.com/S0939-6411(19)30557-0/h0220

	Inorganic mesoporous particles for controlled α-linolenic acid delivery to stimulate GLP-1 secretion in vitro
	Introduction
	Materials and methods
	Materials
	Fabrication of PSi particles
	Loading αLA to THCPSi particles
	Thermogravimetric analysis
	Nitrogen sorption analysis
	Fourier transform infrared spectroscopy analysis (FTIR)
	Scanning electron microscopy analysis
	In vitro release of αLA from PSi particles
	GLP-1 secretion from STC-1 and GLUTag cell line
	Cytotoxicity test
	Statistical analysis

	Results
	Particle characterization
	Loading αLA in THCPSi particles
	In vitro release of αLA from THCPSi particles
	Effect of αLA loaded THCPSi particles on GLP-1 secretion in vitro

	Discussion
	Acknowledgements
	mk:H1_22
	Declaration of Competing Interest
	mk:H1_24
	Supplementary material
	References




