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A B S T R A C T

The behaviour of lactoferrin (Lf) – glycomacropeptide (GMP) nanohydrogels with and without a chitosan coating
was evaluated during gastrointestinal digestion. The application of a chitosan coating allowed to reduce the
protein degradation from 86% to 76% for Lf and from 71% to 53% for GMP.

Protein bioaccessibility results showed that in nanohydrogels with chitosan coating 23% of Lf and 40% of
GMP remained intact until absorption. Based on these results, the bioaccessibility of two different bioactive
compounds encapsulated in Lf-GMP nanohydrogels with chitosan coating was evaluated during gastrointestinal
digestion. Curcumin was used as lipophilic model compound and caffeine as a hydrophilic model compound.
Bioaccessibility of curcumin in coated nanohydrogels was 72% while the corresponding value for curcumin in
free form only reached 66%. It was also observed that under simulated gastric and intestinal conditions, free
curcumin lost around 68% of its antioxidant activity while when incorporated into nanohydrogels only 30% of
this activity was lost. Results also showed that the bioaccessibility of caffeine encapsulated in coated nanohy-
drogels was 63% while caffeine in free form only reached 59%.

1. Introduction

The growing awareness of the relevance of food in health main-
tenance and the difficulties of changing eating habits, calls for an en-
richment of foods with bioactive compounds. One of the challenges of
food enrichment with such bioactive compounds is related to the poor
solubility, in the case of hydrophobic compounds, in food matrices and
their instability during digestion and consequent poor bioavailability.
These challenges are promoting research efforts to find more effective
delivery systems based on natural biopolymers (Livney, 2012). Protein
nanohydrogels are promising systems to be used as carriers of bioactive
compounds in food products (Martins et al., 2015). The high nutritional
value, non-toxicity and ability of proteins to bind to hydrophobic and
hydrophilic bioactive compounds make them a useful vehicle to help to
incorporate such bioactives in foods (Wong, Camirand, Pavlath, Parris,
& Friedman, 1996). However, during the gastric digestion step, proteins
are denatured by environmental conditions (low pH and high ionic
force) and hydrolyzed by enzymes (pepsin) (Yvon, Beucher, Scanff,
Thirouin, & Pelissier, 1992). One of the strategies to improve the pro-
tein nanohydrogels stability during enzymatic digestion and the con-
trolled release of active ingredients during gastric and intestinal

digestion is the addition of a polysaccharide coating (Liu, Gao, & Yuan,
2014).

In our previous work, nanohydrogels composed by lactoferrin (Lf)
and glycomacropeptide (GMP) were coated with a chitosan layer
(Bourbon, Pinheiro, Cerqueira, & Vicente, 2016) and the stability of
protein nanohydrogels with chitosan coating and the release properties
of caffeine were studied during gastric digestion. The addition of a
chitosan coating on Lf-GMP nanohydrogels had a positive effect on the
stability of Lf-GMP nanohydrogels during gastric digestion, once the
presence of nanohydrogels coated with chitosan was stable for longer
periods of time. During the gastric digestion, the hydrolysis of proteins
was slower in nanohydrogels coated with chitosan than in nanohy-
drogels alone. It was also observed that the release of caffeine was
governed by Fick's diffusion and by relaxation of the matrix, for na-
nohydrogels with and without chitosan coating. However in nanohy-
drogels with the presence of a chitosan coating, the mass of caffeine
released was lower, showing that the chitosan coating can be used to
control the initial “burst release” of nanohydrogels without coating.
Despite all these findings, more information is needed to understand the
protein-based nanostructures digestion process and its impact on the
release and uptake of encapsulated bioactive compounds under specific
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gastrointestinal conditions. In vitro digestion models have recently
gained much attention as a tool for understanding the basic physio-
chemical processes that occur during the digestion and the release of
encapsulated compounds (Ahmed, Li, McClements, & Xiao, 2012). To
exert a health benefit, bioactive compounds need to withstand food
processing, be released from the food matrix after ingestion and be
bioaccessible in the gastrointestinal tract, undergo metabolism and
reach the target tissue of action (Rein et al., 2013). Due to the com-
plexity of gastric and intestinal digestion and the many factors affecting
their transition during digestion (e.g. pH, ionic strength, enzymes),
unravelling the factors affecting the bioaccessibility of bioactive com-
pounds is still a challenge. In fact, the assessment of the bioaccessibility
of a health bioactive compounds is important for the understanding of
the relationship between food and nutrition (Rein et al., 2013).

In the present study, a dynamic in vitro digestion model was used to
evaluate the stability and bioaccessibility of protein-based nanohy-
drogels coated with a chitosan layer and to evaluate the bioaccessibility
of two bioactive compounds when loaded in these coated nanohy-
drogels. Curcumin, as a lipophilic model compound and caffeine as a
hydrophilic model compound were encapsulated in Lf-GMP nanohy-
drogels coated with a chitosan layer and their bioaccessibility, was
evaluated during in vitro digestion and compared with free solutions of
curcumin and caffeine. The digestion process was carried out in a dy-
namic model that mimics the environmental (temperature, pH, ionic
strength) and physical conditions (peristaltic and intestinal movements)
of the gastrointestinal tract. The knowledge obtained from this study
will be relevant to better design our future foods, containing new de-
livery systems for enhancing the bioaccessibility of health-promoting
compounds.

2. Materials and methods

2.1. Materials

Purified lactoferrin (Lf) powder was obtained from DMV
International (USA) and it is composed by 96% protein, 0.5% ash, 3.5%
moisture and an iron content is around 120 ppm (composition ex-
pressed as a dry weight percentage). Commercial glycomacropeptide
(GMP) was kindly offered by Davisco Food International, INC. (Le
Sueur, USA) and its reported composition is: 82.5% protein, 1% fat, 7%
ash and 7% moisture. Chitosan of low molecular weight (molecular
weight ranging between 50 and 100 kDa and with a deacetylation de-
gree≥ 95%) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Lactic acid (90%) was obtained from Acros Organics (Geel, Belgium).
Curcumin was purchased from Sigma-Aldrich (St. Louis) and caffeine
was purchased from VWR (USA). All the samples were dissolved in
deionized water purified to a resistance of 15MΩ (Millipore, France).

2.2. Encapsulation of bioactive compounds in Lf-GMP nanohydrogels
coated with chitosan layer

Lf-GMP nanohydrogels were prepared as described in Bourbon et al.
(2016). Briefly, 0.02% (w/w) of Lf and 0.02% (w/w) of GMP were
dissolved separately, in deionized water purified at 25 °C. The pH va-
lues of biopolymer solutions were separately adjusted to 5.0, with
0.1 mol.L−1 of hydrochloric acid. Lf aqueous solution was added
dropwise into GMP aqueous solution with gentle stirring until the final
molar ratio of volume (MR) 1:7 of Lf to GMP. At this stage, bioactive
compounds were added to the mixture.

A maximum encapsulation efficiency of 95.12 ± 1.4 and
90.02 ± 2.1% was obtained when 0.082mgmL−1 of curcumin and
0.03mgmL−1 of caffeine was encapsulated in Lf-GMP nanohydrogels
(Sanguansri & Augustin, 2006). Briefly, curcumin solution (0.082mgmL−1)
or caffeine solution (0.03mgmL−1) was added to the mixture solution of Lf
(0.02% (w/w), pH 5.0) and GMP (0.02% (w/w), pH 5.0) with a molar ratio
of 1:7 of Lf to GMP at 25 °C. After gentle stirring for 30min, the mixture of

Lf-GMP with bioactive compounds was subsequently heated at 80 °C for
20min in a water bath (closed system) to obtain a homogeneously dis-
persed nanohydrogel solution. The chitosan was assembled on the Lf-GMP
nanohydrogels by the layer-by-layer (LbL) deposition technique. Nanohy-
drogels with bioactive compounds encapsulated were added to a chitosan
solution (1mgmL−1, pH 3, dissolved in 1% of lactic acid) at volume ratios
(VR) of 0.1 of Lf-GMP nanohydrogels to chitosan, with constant stirring of
200 rpm during 15min, creating the nanohydrogels with a coating
(Bourbon et al., 2016).

2.3. In vitro digestion

2.3.1. Gastrointestinal model
A dynamic gastrointestinal model system was used in the in vitro

digestion experiments. This model simulates the main events that occur
during digestion and consists of four compartments simulating the
stomach, duodenum, jejunum and ileum. Each compartment consists in
two connected glass reactors with a flexible wall inside and water is
pumped around the flexible walls to maintain the temperature at 37 °C
and to enable the simulation of the peristaltic movements (by the al-
ternate compression and relaxation of the flexible walls). The changes
in water pressure are achieved by peristaltic pumps which alter the flow
direction according to the time-controlling devices connected to them.
The compartments are connected by silicone tubes and, at a predefined
time, a constant volume of chyme is transferred. All compartments are
equipped with pH electrodes and pH values are controlled by the se-
cretion of HCl (1 mol.L−1) into the stomach and NaHCO3 (1mol.L−1)
into the intestinal compartments. The gastric and intestinal secretions
are added via syringe pumps at pre-set flow rates. The jejunum and
ileum compartments are connected with hollow-fibre devices
(SpectrumLabs Minikros®, M20S-100-01P, USA) to absorb digestion
products and water from the chyme and to modify electrolyte and bile
salts concentration of the chyme (Reis et al., 2008).

2.3.2. Experimental conditions
In vitro digestion was performed as described by other authors (Reis

et al., 2008) with some modifications. A volume of 60mL of nanohy-
drogels with chitosan coating (with and without bioactive compounds
encapsulated) was introduced into the dynamic gastrointestinal system
(gastric compartment) and the experiment was run for a total of 5 h,
simulating average physiological conditions of GI tract by the con-
tinuous addition of gastric, duodenum, jejunal and ileal secretions. The
gastric secretion consisted of pepsin and lipase in a gastric electrolyte
solution (NaCl 4.8 g.L−1, KCl 2.2 g.L−1, CaCl2 0.22 g.L−1 and NaHCO3

1.5 g.L−1), secreted at a flow rate of 0.33mLmin−1. The pH was con-
trolled to follow a predetermined curve (from 4.8 at t=0 to
1.7 at t=120min) by secreting HCl (1 mol.L−1).

The duodenal secretion consisted of a mixture of 4% (w/v) porcine
bile extract, 7% (w/v) pancreatin solution and small intestinal elec-
trolyte solution (SIES) (NaCl 5 g.L−1, KCl 0.6 g.L−1, CaCl2 0.25 g.L−1)
secreted at a flow rate of 0.66mLmin−1. The jejunal secretion fluid
consisted of SIES containing 10% (v/v) porcine bile extract solution at a
flow rate of 2.13mLmin−1. The ileal secretion fluid consisted of SIES at
a flow rate of 2.0 mLmin−1. The pH of the different parts of small in-
testine was controlled by the addition of 1mol.L−1 NaHCO3 solution to
set-points of 6.5, 6.8 and 7.2 for simulated duodenum, jejunum and
ileum, respectively. During in vitro digestion, samples were collected
directly from the lumen of the different compartments, from the jejunal
and ileal filtrates and from the ileal delivery. The jejunal and ileal fil-
trates were used to determine the bioavailable fraction of bioactive
compounds. The samples were tested in the dynamic gastrointestinal
model at least in triplicate.

2.4. Size distribution

Nanohydrogels with and without chitosan coating were characterized in
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terms of size distribution (by intensity) using a Dynamic Light Scattering
(DLS) apparatus (Zetasizer Nano ZS, Malvern Instruments, UK) during their
passage through the gastrointestinal system. A sample from each compart-
ment (stomach, duodenum, jejunal filtrate, ileal filtrate and ileal delivery)
was analyzed. All measurements were performed at 25 °C. The results are
given as the average ± standard deviation of nine measurements.

The size distribution was evaluated based on the speed at which the
particles are diffusing due to Brownian motion. This is done by mea-
suring the rate at which the intensity of the scattered light fluctuates
when detected using a suitable optical arrangement. Particle size is
calculated based on the Stokes-Einstein equation (Equation (1)):

=d H KT
πD

( )
3 (1)

Where d(H) is the hydrodynamic diameter of particles, K is the Boltz-
mann constant, T is the temperature in Kelvin (K), D is the translational
diffusion coefficient and η is the medium viscosity (Su & Zhong, 2016).

2.5. Quantitative analysis of Lf and GMP

The concentration of Lf and GMP during gastrointestinal digestion
was evaluated using high-performance liquid chromatography (HPLC).
Protein concentrations were assayed by reversed-phase HPLC
on an ACE 5 C18 column (250× 4.6mm, 5 μm, 300 Å, Advanced
Chromatography Technologies, Scotland) with an ACE 5 C18 guard
cartridge (Advanced Chromatography Technologies, Scotland) at room
temperature. The RP-HPLC analysis was performed using an Agilent
1220 HPLC system (Agilent Technologies, Germany). Data acquisition
was performed through the Agilent ChemStation software (revision
A.10.02) (Agilent Technologies, Palo Alto, CA, USA) and absorbance
was measured at the wavelength of 220 nm. A constant flow rate of
0.7 mLmin−1 was used and the injection volume was 20 μL. Regarding
solvents, solvent A was 0.1% (v/v) trifluoroacetic (TFA) in Milli-Q
water, and solvent B was 0.1% (v/v) TFA in 100% (v/v) acetonitrile.

Elution was performed as follows: 100% A for 5min, linear gradient
of 0–50% B for 50min, from 50 to 100% B over the next 2.5min and
then maintained at 100% B for 2.5 min. Finally, solvent A was increased
to 100% in 5min and the column was re-equilibrated for 5min more.

2.6. Transmission electron microscopy

The digestion process was monitored using transmission electron
microscopy (TEM). TEM micrographs were conducted on a Zeiss EM
902A (Thornwood, N.Y., U.S.A.) microscope at accelerating voltages of
50 kV and 80 kV. The samples were prepared by dropping the solutions
onto copper grids coated with carbon film and followed by natural
drying.

2.7. Quantitative analysis of curcumin and caffeine

Curcumin was determined using an HPLC apparatus comprising a
Varian 9002 pump, a Marathon Basic autosampler with a 50 μL loop, a
Jasco FP-920 Fluorescence detector (λex= 420 nm; λem=540 nm) and
a Galaxie chromatography data system. The analytical column was a
C18 reversed phase YMC-Pack ODS-AQ (250×4.6mm; 5 μm) fitted
with a pre-column of the same stationary phase. The mobile phase was
a mixture of acetonitrile/acetic acid (2% (v/v)) (53:47) that was fil-
tered and degassed with a 0.2 μm membrane filter. The flow rate was
set to 1mLmin−1, and the column temperature was 25 °C.

The identification and quantification of caffeine were also per-
formed by HPLC, with a C18 reversed phase (250×4.6mm; 5 μm). The
mobile phase consisted of acetonitrile and water (20:80 v/v) at a flow
rate of 1mLmin−1, and the column temperature was 25 °C. Caffeine
was detected using a UV detector set at 276 nm. A standard curve with
pure caffeine was used to determine the concentration of caffeine
compound.

All the samples from gastric and intestinal digestion were subjected
to a centrifugation at 10000g during 5min and a filtration through a
0.45 μm membrane. After this, the collected samples were analyzed in
HPLC.

2.8. Antioxidant activity of curcumin

The free-radical scavenging of curcumin was analyzed using 1,1-
diphenyl-2-picrylhydrazyl (DPPH) test according to the method of Blois
(1958), with some modifications. BHT and BHA were used as positive
controls. Briefly, 0.2mL of ethanol and 0.3 mL of the sample dissolved
in ethanol (concentrations ranging from 0.025 to 1.0mgmL−1) were
mixed in a 10mL test tube. DPPH (2.5mL of 75 μmol.L−1 in ethanol)
were then added to achieve a final volume of 3.0 mL The solution was
kept at room temperature for 30min and the absorbance was measured
at 517 nm (Blois, 1958):

=
− −

×DPPH Radical Scavenging A A A
A

(%) ( ) 100b0

0 (2)

where A0 is the absorbance at 517 nm of DPPH without a sample, A is
the absorbance of the sample and DPPH at 517 nm and Ab is the ab-
sorbance of the sample without DPPH at 517 nm. The absorbance
measurements were performed in Elisa Biotech Synergy HT (Biotek,
USA).

In order to evaluate the antioxidant effect of curcumin without the
interference of Lf-GMP nanohydrogel with chitosan coating and
without the interference of gastric and intestinal solution, the effects of
these solutions were subtracted from samples.

2.9. Statistical analyses

The statistical analyses of the data were performed using Analysis of
Variance (ANOVA), Tukey means comparison test (p < 0.05) and re-
gression analysis (EXCEL 2007 and SigmaStat, trial version, 2003,
USA).

3. Results and discussion

3.1. Effect of chitosan coating on bioaccessibility of proteins

One of the challenges of using protein structures in food products is
their behaviour during the gastrointestinal digestion. Milk proteins
have been reported to have numerous functional properties, however
ensuring that their structure, form and activity remain intact until they
reach the delivery target is still a concern for food developers and the
food industry in general. We have observed in a previous work that a
chitosan coating improves the stability of Lf-GMP nanohydrogels and
decreases the proteins’ hydrolysis during gastrointestinal digestion
(Bourbon et al., 2016). In order to evaluate the effect of chitosan
coating on bioaccessibility of proteins, a gastrointestinal digestion was
performed in an in vitro dynamic system. Distribution of protein
available (Lf and GMP) in the different compartments of the dynamic
gastrointestinal system is presented in Fig. 1.

Fig. 1A shows that the Lf digested was significantly (p< 0.05)
higher in nanohydrogels without chitosan coating. At the end of 5 h of
simulated gastrointestinal digestion, 76.0 ± 2.1% of Lf present in
coated nanohydrogels was hydrolyzed while in nanohydrogels without
coating 86.1 ± 3.2% of Lf has been hydrolyzed. This result revealed
that 24.2 ± 2.1% of Lf in coated nanohydrogels was intact at the end
of gastrointestinal digestion. Moreover, 18.1 ± 1.2% was recovered in
the jejunal filtrate, suggesting that this part of small intestine is the
main site of absorption of the intact Lf, whereas 5.2 ± 0.8% of Lf was
recovered in the ileal filtrate. Comparing nanohydrogels with and
without chitosan coating, it is possible to observe a difference of less
than 5% of intact Lf absorbed in the ileal filtrate (Fig. 1A). It is during
the gastric digestion (stomach compartment) that a higher amount of Lf
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is digested: 45.1 ± 0.4% and 35.2 ± 1.2% for nanohydrogels without
and with chitosan coating, respectively. According to Yvon et al.
(1992), it is in the stomach that almost all the protein is hydrolyzed by
enzymatic effect (pepsin), being the low pH values and high ionic force
parameters that have a high impact in denaturation of proteins during
the gastric digestion (Yvon et al., 1992). Different authors observed that
almost 60% of Lf is digested during gastrointestinal tract, majority after
the passage through the stomach (Bokkhim, Bansal, Grøndahl, &
Bhandari, 2016; Troost, Steijns, Saris, & Brummer, 2001). Also,
Inglingstad et al. (2010) observed that Lf was highly degraded by
human gastrointestinal enzymes during its passage through the gas-
trointestinal tract (Inglingstad et al., 2010).

Results showed that 29.1 ± 1.2% and 47.2 ± 0.9% of GMP was
intact at the end of digestion in nanohydrogels without and with chit-
osan coating, respectively (Fig. 1B). Whereby, 15.3 ± 0.2% and
22.1 ± 0.4% of intact GMP was present in the jejunal filtrate and
13.1 ± 0.1% and 18.2 ± 0.1% was present in the ileal filtrate for
nanohydrogels without and with chitosan coating, respectively. Com-
paring with Lf is possible to observe that GMP is more resistant to
gastrointestinal conditions. These results are in concordance with
findings obtained by other authors, which reported that GMP was more
resistant to pepsin than other milk proteins (e.g. immunoglobulin G and
β-lactoglobulin) (Bokkhim et al., 2016; Inglingstad et al., 2010; Yvon
et al., 1992). Nabil, Gauthier, Drouin, Poubelle, and Pouliot (2011)
observed that during the digestion of bovine whey protein extracts,
GMP was one of the proteins undigested at the end of 1 h of gastric
digestion (Nabil et al., 2011).

Fig. 1 also shows that the application of the chitosan coating on
protein-based nanohydrogels led to higher intact amounts of Lf and

GMP during the gastrointestinal digestion, which was thus available to
be absorbed in jejunum and ileum compartments. In a previous work, it
was observed that the chemical interactions established between chit-
osan and nanohydrogels led to a decrease of protein (Lf and GMP)
degradation during gastric digestion. Moreover, it was observed that
the presence of chitosan coating improved the stability of nanohy-
drogels for longer periods during gastric digestion. This can be due to
the fact that chitosan in contact with gastric juice forms a hydrogel,
protecting the protein system (Anal, Bhopatkar, Tokura, Tamura, &
Stevens, 2003). In intestinal digestion conditions, chitosan can be used
to retard the adsorption of bile salts and/or lipase, restricting the access
of the enzyme to the substrate and reducing the ability of the system to
solubilize digestion products (Liu et al., 2014).

Particle size distribution and TEM images of nanohydrogels with
and without chitosan coating in different compartments of the dynamic
gastrointestinal system during digestion are presented in Fig. 2 and
Fig. 3, respectively.

Fig. 2 shows that nanohydrogels coated with chitosan layer
(Fig. 2A) present a single peak still in the stomach compartment, sug-
gesting that nanohydrogels are stable in solution and do not present
particle aggregation. In a previous work, it was observed by native
electrophoresis that Lf-GMP nanohydrogels with a chitosan coating are
intact until 90min in a gastric solution (Bourbon et al., 2016). Fig. 3A,
in the stomach compartment, shows that nanohydrogels coated with
chitosan did not display significant morphological differences com-
pared with the initial sample, which is in concordance with the size
distribution. Observing the digestion of nanohydrogels without chit-
osan coating (Figs. 2B and 3B) it is possible to verify that these nano-
hydrogels are more unstable. The presence of a bimodal particle size

Fig. 1. – Undigested percentage of Lf (A) and GMP (B) in
the different compartments of the dynamic gastro-
intestinal system during digestion of nanohydrogels ( )
and nanohydrogels coated with a chitosan layer ( ) (data
are presented as mean ± 95% confidence interval; va-
lues followed by different superscript letters are sig-
nificantly different (p< 0.05)).
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distribution (Fig. 2B) in the stomach compartment suggests that in this
stage protein nanohydrogels are being degraded faster than in nano-
hydrogels with chitosan coating. It is also possible to observe that in
this stage, proteins agglomerates are formed.

In the duodenum, the size distributions of nanohydrogels coated
and uncoated with chitosan layer present three peaks, indicating the
presence of small and large particles in solution (Fig. 3A and B). In fact,
for the duodenum compartment shows the presence of larger particles

Fig. 2. - Particle size distributions of nanohydrogels with (A) and without (B) chitosan coating in different compartments of the dynamic digestive model during
gastrointestinal digestion.
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with micelle-like appearance. These micelles are called mixed micelles
and are formed by bile salts and bile acids which are surfactants with an
important role in the digestion of fats and fat-soluble nutrients (Verde &
Frenkel, 2010). The small particles also detected by size distributions
can be explained by the degradation of the protein-based nanohy-
drogels. These results are in concordance with TEM images of the
duodenum samples of Lf-GMP nanohydrogels. It is also possible to ob-
serve that nanohydrogels without chitosan coating are more hetero-
geneous, displaying particles with different sizes (Fig. 3B, in the duo-
denum compartment).

In the jejunal filtrate, it is possible to observe that the size of par-
ticles decreases and a second peak appears, indicating the presence of
smaller particles. Fig. 3A, in the jejunal filtrate, also shows the presence

of greater numbers smaller particles. In this step of digestion, samples
pass through a hollow-fibre membrane, simulating the absorption that
occurs in the small intestine where the larger particles are retained. In
the ileum compartment, it is possible to observe the presence of large
particles, due to aggregation of particles and enzymes, forming mi-
celles. This is visible by the presence of two peaks with larger sizes
(Fig. 2A, ileal delivery) and corroborated by TEM images (Fig. 3A, ileal
delivery). In the ileal filtrate, all the small particles (Figs. 2A and 3A
corresponding to the ileal filtrate) pass through the hollow-fibre
membrane, again simulating the absorption in this part of the intestine.
Fig. 2B shows that in the jejunal filtrate the particles with small sizes
are present in higher numbers for nanohydrogels without chitosan
coating than for nanohydrogels with chitosan coating at the same

Fig. 3. - TEM micrographs of gastric and intestinal digestion of nanohydrogels with (A) and without (B) chitosan coating in the different compartments of a dynamic
gastrointestinal system.
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conditions (Fig. 2B in the jejunum compartment). This can be due to the
presence of hydrolyzed proteins, indicating that nanohydrogels without
chitosan coating more digested leading to the formation of smaller
particles. A similar behaviour was observed for the ileal filtrate com-
partment, as can be seen in the corresponding graph and TEM micro-
graph of Figs. 2B and 3B.

In the ileal delivery, the size distribution shows two peaks of small
particles with low intensity and one peak with particles with larger
particles with high intensity (Fig. 2B, ileal delivery). This behaviour
was already expected once the larger particles are delivered in this
compartment. TEM images of ileal delivery (Fig. 3B) are in concordance
with these results.

3.2. In vitro digestion of a model lipophilic compound

Nanohydrogels revealed a high ability to encapsulate and deliver
lipophilic and hydrophilic bioactive compounds (Sanguansri and
Augustin et al., 2006). However, their bioaccessibility after the passage
by the gastrointestinal tract is unexplored, being extremely relevant to
understand the behaviour of active compounds after ingestion.

Fig. 4 shows the amount of curcumin in the different compartments
of the dynamic gastrointestinal system during in vitro digestion for free
curcumin and curcumin encapsulated in coated nanohydrogels.

During gastric digestion, a decrease (p < 0.05) of free curcumin
was observed while encapsulated curcumin did not show significant
differences (p > 0.05). This can be explained by the fact that during
gastric conditions, the pH of the stomach is around 2 and free curcumin
has a very low aqueous solubility at acidic pH (Qian & McClements,
2011; Yildirim, Oztop, & Soyer, 2017). In nanohydrogels, curcumin is
more stable and no phase separation was observed (results not shown).

In the duodenum an increase of curcumin solubility in the free form
was observed, that can be due to the presence of digestion products
such as mixed micelles that are capable to solubilize the lipophilic
components (Pinheiro, Coimbra, & Vicente, 2016). In the jejunal fil-
trate, it is possible to observe that the curcumin in free form is more
available that in encapsulated form. This can be due to the fact, that at
this stage the free curcumin has a lower size and a high solubility
promoting a higher passage by a membrane.

During in vitro digestion, about 10.2 ± 0.2% of the free curcumin
was degraded whereas in the encapsulated form (in the nanohydrogel)
this percentage was 8.1 ± 0.1%. Moreover, only 57.2 ± 0.4% of the
free curcumin was absorbed (amount of curcumin present in the jejunal
and ileal filtrates) while 72 ± 1.2% of encapsulated curcumin was
absorbed. Chen, Li, and Tang (2015) observed similar behaviour for in

vitro digestion of curcumin in soy protein isolate, indicating that the
bioaccessibility of curcumin in the nanocomplexes was around 60%,
while in free form was of only 20% (Chen et al., 2015).

Fig. 5 shows the antioxidant activity of free curcumin and curcumin
encapsulated in coated nanohydrogels.

DPPH is a free radical compound that has been used to evaluate the
free-radical scavenging ability of samples. This method allows de-
termining the anti-radical activity of an antioxidant by measuring the
decrease in absorbance of DPPH radical caused by the scavenging of the
hydroxyl radical concentration through hydrogen donation (Souza
et al., 2012).

Fig. 5 shows that during gastric digestion, in the stomach com-
partment, a decrease of antioxidant activity of curcumin in both cases
(curcumin in free form and curcumin encapsulated in nanohydrogels)
was registered, when compared with the initial values. This can be
related to the decrease of curcumin solubility in an acidic medium.
During gastric digestion it was also observed that encapsulated cur-
cumin showed a higher antioxidant activity (p < 0.05) when com-
pared with curcumin in the free form, indicating that encapsulation
protected its activity.

In duodenum, jejunum and ileum compartments a decrease of an-
tioxidant activity of free curcumin was observed, which can be related
to the hydrolytic degradation of curcumin in alkaline media (Walker,
Gumus, Decker, & McClements, 2017). When compared with en-
capsulated curcumin a significant decrease of antioxidant activity
(p > 0.05) was observed, revealing that encapsulation is an effective
means of maintaining the antioxidant activity of curcumin in alkaline
solutions and digestion conditions.

Under simulated gastric and intestinal conditions, free curcumin lost
around 68 ± 0.1% of its antioxidant activity while when encapsulated
in nanohydrogels only 30.2 ± 0.1% of its activity was lost. These re-
sults are in agreement to the results reported by Blanco-Padilla, López-
Rubio, Loarca-Piña, Gómez-Mascaraque, and Mendoza (2015) who
observed that curcumin entrapped within fibres had a loss of anti-
oxidant activity around 28% while free curcumin lost 72% during
gastrointestinal digestion (Blanco-Padilla et al., 2015).

3.3. In vitro digestion of a model hydrophilic compound

Caffeine was used as a hydrophilic model compound, and its
bioaccessibility as a free compound or encapsulated in coated nano-
hydrogels during gastrointestinal digestion was evaluated (Fig. 6).

During gastrointestinal digestion, it was observed that 18 ± 1.2%
of the encapsulated caffeine were degraded while in its free form the

Fig. 4. – Undigested percentage of curcumin in the dif-
ferent compartments of the dynamic gastrointestinal
system during in vitro digestion for free bioactive com-
pound ( ) and bioactive compound encapsulated in
coated nanohydrogels ( ) (data are presented as
mean ± 95% confidence interval; values followed by
different superscript letters are significantly different
(p< 0.05)).
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degradation was of 23 ± 1.5%. Moreover, the bioaccessibility of caf-
feine in coated nanohydrogels was 63.1 ± 0.2% while in free form this
value decreases to 59.2 ± 2.1%.

Stomach and duodenum solutions revealed that the amount of caf-
feine detected was not significantly different when comparing free and
encapsulated forms. This is an indication that until this step of gastro-
intestinal digestion, caffeine stability, in both free and encapsulated
forms, was not affected by the different gastrointestinal conditions to
which it was submitted. However, in the jejunal filtrate solution, the
amount of caffeine in free form was higher (p < 0.05) than that of
encapsulated caffeine. The small size of caffeine and the high solubility
of this bioactive compound in the gastrointestinal solutions promote its
presence its passage to the filtrate more easily when in its free form. In
the ileum compartment, a not significant difference (p > 0.05) be-
tween the amount of caffeine in free form and encapsulated form was
observed. One of the major concerns of caffeine is the high absorption
to human organism, and caffeine encapsulated can be a useful tool to
promote a control release of this compound during gastro intestinal

digestion. Guo, Harris, Kaur, Pastrana, & Jauregi, 2017 observed that
caffeine molecules were bound to the β-lactoglobulin after the gastro
digestion indicating that the binding of caffeine to protein was not
dependent on the microstructure but on the protein interaction (Guo
et al., 2017).

4. Conclusions

A chitosan layer can be used to coat protein-based nanohydrogels
and to improve the stability and the bioaccessibility of proteins and
hydrophobic compounds eventually encapsulated in the nanohydrogels.
This chitosan coating was able to decrease the degradation of lipophilic
model compound (curcumin) during in vitro digestion and improve its
bioaccessibility. In the case of a hydrophilic compound, it was observed
that no significant differences were observed for bioaccessibility. These
results have important implications for the design of effective protein-
based delivery systems for bioactive compounds.

Fig. 5. – DPPH free radical scavenging activity of free
curcumin ( ) and curcumin encapsulated in nanohy-
drogels with chitosan coating ( ) during gastrointestinal
digestion (data are presented as mean ± 95% confidence
interval; values followed by different superscript letters
are significantly different (p< 0.05)).

Fig. 6. Undigested percentage of caffeine in the different
compartments of a dynamic gastrointestinal system
during digestion of free caffeine ( ) and caffeine en-
capsulated in coated nanohydrogels ( ) (data are pre-
sented as mean ± 95% confidence interval; values fol-
lowed by different superscript letters are significantly
different (p< 0.05)).
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