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Abstract
Though rice proteins have been applied to improve the stability of phenolic compounds, the effects of
rice proteins on the digestibility and bioavailability of phenolic acid have not been clear. This study
devoted to understanding the effects of protein interaction with ferulic acid on the digestion and
absorption of ferulic acid in gastrointestinal environment. Ferulic acid were formed complexes with rice
proteins with and without the presence of laccase at room temperature. It was found that rice protein
could protect ferulic acid from degradation in simulated oral �uid and remain stable in gastrointestinal
�uids. With the hydrolysis of pepsin and pancreatin, rice protein-ferulic acid complexes degraded and
released ferulic acid in gastrointestinal environment. The DPPH scavenging activity digested rice protein-
ferulic acid complexed was maintained while that of digested ferulic acid was signi�cantly decreased.
Moreover, the permeability coe�cient of ferulic acid was not affected by rice peptides. Thus, rice protein
is a promising food matrix to protect ferulic acid in digestion tract and maintain the antioxidant functions
of ferulic acid.

1 Introduction
Ferulic acid (4-hydroxy, 3-methoxy cinnamic acid) is a monophenolic compound, which is widely present
in plant-based food, such as grain bran, banana, eggplant, beer and coffee. There are intensive research
work focusing on the bioactivity and health bene�ts of ferulic acid, such as antioxidant, anticancer, anti-
in�ammatory, antimicrobial, would healing, cholesterol lowering, blood sugar control. [1] Ferulic acid
exists in free form and covalently bound to hemicellulosic polysaccharides or hydroxy acids. The
antioxidant property of ferulic acid is mainly attributed to the phenolic nucleus and its unsaturated side
chain conjugation, which readily forms a resonance stabilized phenoxy radical. [2] Thus, ferulic acid
possesses ability to terminate free radical chain reactions. Ferulic acid has potential to be used in
pharmaceutical, biomedical and food industries for photoprotection and lipid oxidation inhibition.
However, the low water solubility, instability and low bioavailability hindered the application of ferulic
acid. [3] An approach to improve these physicochemical properties of ferulic acid is encapsulating ferulic
acid in biopolymers, such as proteins. [3–5]

Rice proteins have been a research interest in recent years due to its nutritive value, health bene�ts and
hypoallergenic nature. Rice proteins have been intensively applied in gluten-free food products. Rice
proteins can be extracted from broken or debris rice and rice brans which are abundant and affordable. [6,
7] According to the Osborne solubility-based classi�cation, rice proteins can be categorized into four
fractions: water-soluble albumin (5–10%), salt solution-soluble globulin (7–17%), alkali/acid-soluble
glutelin (75–81%) and alcohol-soluble prolamin (3–6%). [8] It was reported that glutelin acidic subunits
(34–37 kDa) and globulin (26 kDa) were the major rice proteins that interacted with ferulic acid. [9]

Phenolic compounds, including ferulic acid, can bind to proteins and form complex through covalent and
non-covalent interaction, such as hydrogen bonds and hydrophobic interaction. Moreover, protein can
interact with phenolic compound covalently with the assistant of Laccase. Laccase is a copper-
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containing oxidase that oxidize substrates by a one-electron removal mechanism leading to the
formation of free-radicals which can further induce reactions leading to polymerization, hydration and
fragmentation. Laccase has capacity to oxidize a wide variety of phenolic compounds and further
contributed to the phenolic compounds and protein interactions. [10, 11] The interaction between ferulic
acid and rice protein with the assistant of Laccase has not been reported yet.

Some efforts have been made to improve the solubility, bioavailability and stability of phenolic
compounds using protein as encapsulating materials and delivery carriers. [4, 5, 9, 12] Shi et al. (2017)
found that binding tea catechins to rice bran protein isolate could protect catechins from pH shift and
enzyme digestion through gastrointestinal tract and signi�cantly increase the catechins recovery after in
vitro intestinal digestion.[13] Our previous work has demonstrated that ferulic acid can interact with rice
proteins through hydrophobic interactions and covalent binding. The ferulic acid-rice proteins complex
had high DPPH and ABTS scavenging ability. Moreover, the emulsion prepared by ferulic acid-rice protein
complex effectively restrained fat oxidative degradation. [9] However, the effects of rice protein-ferulic
acid interaction on the digestibility and bioavailability of ferulic acid are not su�ciently studies.

Thus, this study aimed to investigate the effects of rice protein-ferulic acid interaction on the
antioxidative activity, digestibility and absorption of ferulic acid. The rice protein-ferulic acid complexes
were formed with and without the assistant of Laccase. The binding effects of rice protein and ferulic
acid were evaluated in terms of free ferulic acid. The DPPH and ABTS radical scavenging capacities of
ferulic acid and ferulic acid-rice protein complexes were measured. The cytotoxicity and transportation of
ferulic acid and digested ferulic acid-rice protein complexes were analysis through Caco-2 cell model.

2 Materials And Methods

2.1 Materials
Feruli scid was purchased from Yuanchenggongchuang Technology CO., Ltd. (Wuhan, Hubei, China). Rice
was mixed varieties purchased from a local market (Nanning, Guangxi, China). Laccase, pepsin and
pancreatin and Hank’s balanced salt solution (HBSS) were from Sigma-Aldrich Co. (St. Louis, Missouri,
US). Dulbecco’s Modi�ed Eagle’s Medium (DMEM), Fetal bovine serum (FBS), nonessential amino acids
(NEAA), L-glutamine, trypsin-EDTA and phosphate-buffered saline and 12-well Transwell plates were
purchased from Corning (Shanghai, China). Human colorectal adenocarcinoma cell line Caco-2 was
purchased from the National Collection of Authenticated Cell Cultures (Shanghai, China). All other
chemicals used in this work were reagent grade and used without further puri�cation.

2.2 Rice protein isolation
The rice protein was isolated according to the method described by Xia et al. [6] with slight modi�cation.
Defatted rice was mix with water to a ratio of 1:10 (w/w) and soaked for 12 h before blending. The pH of
mixture was adjusted to 10 with NaOH and stirred for 2h at room temperature (25°). Then, the
supernatant was collected after centrifugation at 4,000g for 20 min. The pH of the supernatant was
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adjusted 4.8 with 2 mol/L HCl. Protein was precipitated overnight before centrifuge at 4,000g for 20 min.
The precipitate was washed three times with water and redispersed at pH 7. The protein was dialyzed
against deionized water at 4°C for 24 h before freeze-drying.

2.3 Preparation of rice protein/ferulic acid complex with
and without Laccase
Rice protein solution was mixed with ferulic acid solution at a ratio of 1:1 (v/v) and stirred for 4h. [9] For
the rice protein/ferulic acid complex formed with Laccase, Laccase powder was added to ferulic acid
solution to reach Laccase/ferulic acid = 0.9/1 (w/w) before mixing with rice protein. In the mixtures, the
rice protein concentration was 10 mg/ml and the ferulic acid concentrations were 0.05, 0.1, 0.2 and 0.5
mg/ml, respectively. The rice protein/ferulic acid complexes were prepared before used. The rice protein-
ferulic acid complexes without and with Laccase were coded as RF and RFL, respectively. The ferulic acid
sample without rice protein was noted as FA. The concentration of ferulic acid added to each sample was
added as su�x. For example, the rice protein-ferulic acid formed with Laccase at a ferulic acid
concentration of 0.05 mg/ml was named as RFL-0.05.

2.4 Determination of ferulic acid
The contents of free ferulic acid in the samples were determined by reverse phase - high pressure liquid
chromatography (RP-HPLC, waters 2695, Waters, US) equipped with Zorbax SB-C18 (4.6 × 250 mm, 5
µm). 0.1 ml sample was mixed with 0.9 ml methanol. The solvent A and B were 0.4% acetic acid solution
and acetonitrile, respectively. The linear gradient extended from 25–70% solvent B with a runtime of 13
min at a �ow rate of 1 mg/ml. Following each run, the percentage of solvent B decreased to 25% in 1 min
and equilibrated with 3 min. Elution of ferulic acid was monitored at 320 nm. [14]

2.5 In vitro gastrointestinal (GI) digestion
The in vitro gastrointestinal digestion experiment was performed according to the methods described
previously with slight modi�cation. [15] The GI digestion was split into three stages: salivary, gastric and
duodenal digestion. For the salivary digestion, 20 ml sample was mixed with 6 ml of stimulated saliva
solution. The stimulated saliva included KCl (89.6 g/l), KSCN (20 g/l), NaH2PO4 (88.8 g/l), Na2SO4 (57.0
g/l), NaCl (175.3 g/l), NaHCO3 (84.7 g/l), urea (25.0 g/l), and 290 mg α-amylase. The salivary digestion
was performed at 37°C for 3 min with constant shaking. For the gastric digestion, pepsin (0.5g, 14,8000U)
dissolved in 0.1 mol/l HCl was added to the mixture. The pH of the mixture was adjusted to 2 with 6 mol/l
HCl before incubated at 37°C for 2 h with constant shaking. Following gastric digestion, the pancreatic
digestion was simulated by adjusting the pH to 7 (10 mol/l NaOH) and adding pancreatin (8 mg/ml) and
Bile salts (50mg/ml) solution. The pancreatic digestion was performed at 37°C for 2 h. The digestion was
terminated by added 4-benzenesulfonyl �uoride hydrochloride (AEBSF). The collected samples were
centrifuged at 10,000g for 5 min. 0.1 ml of supernatant was injected to HPLC to analyze the amount of
ferulic acid. The relative ferulic acid content was calculated by the following equation:
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Where Ai is the peak area of ferulic acid in digested sample and A0 is the peak area of ferulic acid in
sample before digestion. The digested samples were coded with a su�x D. The digested ferulic acid, RF
and RFL was named as F-D, RF-D and RFL-D, respectively.

2.6 Measurement of antioxidative activity

2.6.1 Measurement of DPPH radical scavenging activity
The DPPH radical scavenging activity was determined according to the method described by Wu et al.
(2015) with slightly modi�cation. [16] Brie�y, digested samples collected as described in section 2.5 was
centrifuged at 10,000g for 5 min at 4°C. 2 ml of supernatant was added to 2 ml DPPH• solution (0.2
mmol/l). The mixture was incubated in dark for 30 min at room temperature. The absorbance of the
sample mixture was measured at 517 nm (Ai). Ascorbic acid was used as reference. DPPH• solution was
replaced by ethanol as blank. For control, sample was replaced by same volume of ethanol. The DPPH
scavenging activity was calculated by the following equation:

Where Ai is the absorbance of sample and A0 is the absorbance of control.

2.6.2 Measurement of ABTS+• radical scavenging activity
The ABTS assay was performed following the method described by Wu et al. [16] ABTS free radicals
stock solution was prepared by mixing 10 ml of 7 mmol/l ABTS + solution with 178 µl of 140 mmol/l
potassium persulfate (K2S2O8) in dark at room temperature for 13 h. The ABTS stock solution was
diluted by PBS buffer (pH 7.4) to an absorbance of 0.7 ± at 734 nm before use. An aliquot of 0.5 ml of
sample was mixed with 3.5 ml of diluted ABTS and incubated in dark at room temperature for 6 min
before recording the absorbance at 734 nm. ABTS solution was replaced by PBS as blank. Ascorbic acid
was used as reference. For control group, sample was replaced by same volume of PBS. The ABTS
scavenging activity was calculated by the following equation:

Where Ai is the absorbance of sample and A0 is the absorbance of control.

2.7 Stability of ferulic acid
A series concentration of ferulic acid (0.05 mg/ml 0.1 mg/ml and 0.2 mg/ml) were stored in incubator
(37°C, 5%CO2 and 95% humidity) for 0, 30, 60, 90 and 120 mins. The ferulic acid content was measured

Relativeferulicacidcontent (%) = × 100
Ai

A0

DPPHscavengingactivity (%) = ( ) × 100
A0 − Ai

A0

ABTSfreeradicalscavengingactivity (%) = ( ) × 100
A0 − Ai

A0
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by HPLC following the method mentioned in section 2.4.

2.8 In vitro cytotoxicity of ferulic acid
Caco-2 cells were grown in �asks at 37°C in a humidi�ed atmosphere of 5% CO2. The cells were cultured
in DMEM supplemented with 10% FBS (v/v), 1% NEAA, 1% L-glutamine and 1% antibiotic-antimycotic.
The medium was changed every other day until the cells reached 80% con�uence when the cells were
removed by 1 ml trypsin in 1 mM EDTA solution for 5 min and subcultured at a ratio of 1:3 with fresh
medium.

The cytotoxicity of ferulic acid was determined by MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltertrazolium bromide) assay following the method described by Yang et al. with slight
modi�cation. [17] Caco-2 cells were transferred to 96-well plates with a cell density of 10,000 cells per
well with 200 µl fresh medium. Cells were allowed to grow until the cell con�uence reach 100%. Various
concentrations of ferulic acid were added in culture medium and incubated with cells for 2h. After
incubation, 20 µl MTT solution (5 mg/ml) and incubated for another 4h. Then the supernatant was
removed, and the formazan crystals were dissolved in 150 µl DMSO. The absorbance was recorded at
490 nm using a microplate reader (UV-1601, Shimadzu, Japan). The viability was expressed by the
percentage of living cells with respect to the control cells (without addition of ferulic acid).

2.9 Transport e�ciency study
The transport e�ciency of ferulic acid and rice protein-ferulic complexes were determined using Caco-2
cell monolayer. [18] Caco-2 cells were seeded onto a Transwell® support membrane with a density of 2.5
× 105 cells per insert. The cell culture medium was changed every two days. The cells were allowed to
grow and differentiate for 21 days. On the day of experiment, four groups of samples were prepared:
ferulic acid, ferulic acid digesta, RF digesta and RFL digesta. For each group of samples, four levels of
ferulic acid (0.05, 0.1, 0.2 and 0.5 mg/ml) were prepared, respectively. Before experiment, the apical and
basolateral sides of the Transwell® membrane were washed by HBSS for 3 times. The cells were
incubated in HBSS for 30 mins in incubator. After removing the HBSS, 0.5 ml of sample was added to the
apical side, and 1.5 ml of HBSS buffer was added to the basolateral chamber. The plate was incubated in
the incubator. 0.5 ml of samples was taken from the basolateral chamber at 0, 30, 60, 90 and 120 min
respectively to measure the ferulic acid content by HPLC following the method mentioned in section 2.4.
Same volume of HBSS was added back to the basolateral chamber after sampling. The accumulated
ferulic acid transport amount was calculated by the following equation:

Where 0.5 is the sample volume (ml) and 1.5 is the volume of the buffer in basolateral chamber. 
represents the concentration of ferulic acid (µg/ml) in basolateral chamber at time point i.

The apparent permeability (Papp) values were calculated according to the following equation:

Qr = 0.5 × (Ct1 + Ct2 + ⋯ + Cti−1) + 1.5 × Cti

Cti
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Where dQ/dt is the permeability rate (mg/s), C0 is the initial concentration of ferulic acid in the apical

chamber, and A is the surface area of the Transwell® membrane (1.12 cm2).

2.10 Statistical analysis
Experiments were performed in at least three independent batches. Data were represented as the mean ± 
standard deviation. Duncans multiple range test was employed in multiple comparisons (three or more
groups). Statistical differences between samples were performed with a level of signi�cance as p < 0.05.

3 Results And Discussion

3.1 Effects of rice proteins and laccase on the relative
content of ferulic acid
HPLC was employed to determine the relative content of free ferulic acid before and after forming
complexes with rice proteins. As shown in Fig. 1, for 0.05 to 0.5 mg/ml ferulic acid concentration, the
relative contents of ferulic acid were about 100% without the addition of rice protein and laccase. After
adding rice proteins, the relative contents of ferulic acid reduced to 81.8, 63.2, 71.2 and 82.6% for ferulic
acid concentrations of 0.05, 0.1, 0.2 and 0.5 mg/ml respectively. This result indicated that ferulic acid and
rice proteins interacted and formed complexes spontaneously, which was agreed with the previous
studies that ferulic acid could bind to rice proteins through hydrophobic interactions and covalent bonds.
[9, 19] The amounts of ferulic acid participated in the formation of RF complexes increased from 0.037 to
0.085 mg/ml as the ferulic acid concentration increased from 0.1 to 0.5 mg/ml, demonstrating that
higher the spontaneous binding between ferulic acid and rice protein was not saturated even when the
concentration of ferulic acid increased to 0.5 mg/ml. Ferulic acid may impact rice proteins conformation
and allow rice proteins to expose more binding areas. [9]

Moreover, the relative contents of ferulic acid signi�cantly decreased after adding laccase. The relative
contents of ferulic acid decreased from about 41% to less than 5% when ferulic acid concentration
increased from 0.05 to 0.5 mg/ml. Laccase can e�ciently induce the oxidation and polymerization of
ferulic acid. The ferulic acid oxidative derivates can interact with proteins. [10, 11] As the concentrations
of ferulic acid and laccase increased, the RFL complexes presented a yellow-orange color (supplementary
Fig. 2) which was caused by laccase-mediated ferulic acid oxidative derivatives.

3.2 Effects of rice proteins and laccase on the digestibility
of ferulic acid

Papp = ( ) × ×
dQ

dt

1

C0

1

A
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3.2.1 In vitro digestibility of ferulic acid, RF and RFL
complexes in simulated oral �uid
The relative contents of ferulic acid after simulated oral digestion were shown in Fig. 2. As compared with
Fig. 1, the relative contents of ferulic acid reduced from 100% to 93.5, 82.4, 86.1 and 91.4% for samples
with ferulic acid concentration of 0.05, 0.1, 0.2 and 0.5 mg/ml respectively. Ferulic acid was not stable in
the simulated saliva �uid. From 0.1 to 0.5 mg/ml, the higher ferulic acid concentration, the less amount
of ferulic acid degraded during oral digestion.

Oppositely, as compared to the undigested samples, the relative contents of ferulic acid increased to 94.1,
71.1 and 86.4% for RF-0.05, RF-0.1 and RF-0.2, respectively, after oral digestion. This result indicated that
the formation of rice protein-ferulic acid complexes partially protect ferulic acid from degradation in
simulated saliva �uids. Moreover, rice protein-ferulic acid interactions were disrupted at pH 2. When the
oral digestion was terminated by adjusting to pH 2, ferulic acid was partially released from RF complexes.
The relative contents of ferulic acid in RF complexes with ferulic acid concentration of 0.5 mg/ml had no
signi�cant changes.

The relative contents of ferulic acid were signi�cantly increased to 52.0, 27.8, 27.6 and 5.0% for RFL
complexes with ferulic acid concentration of 0.05, 0.1, 0.2 and 0.5 mg/ml, respectively, after oral
digestion. This result demonstrated that RFL complexes were not stable and release ferulic acid and/or
its oxidative derivates under acid condition.

3.2.2 In vitro digestibility of ferulic acid, RF and RFL in
simulated gastric �uid
As shown in Fig. 3, after incubating in simulated gastric �uid for 2 hours, the relative contents of ferulic
acid had no signi�cant changes in samples FA-0.1 to FA-0.5 as compared to those after oral digestion.
Though ferulic acid was partially degraded when the oral digestion was terminated, the ferulic acid was
relatively stable in simulated gastric �uid. The enzymes and salts in simulated gastric �uid had no
signi�cant impact on ferulic acid.

For RF complexes, the relative contents of ferulic acid signi�cantly increased to 76.3, 90.1 and 88.6% for
samples RF-0.1, RF-0.2 and RF-0.5, respectively, after gastric digestion. This result demonstrated that the
RF complexes were not stable in gastric environment. Rice proteins were hydrolyzed by pepsin and the
interaction of rice protein and ferulic acid may be interrupted at the low pH. Thus, the bonded ferulic acids
were released to the simulated gastric �uid and be detected by HPLC. Previous study had also reported
that phenols linked to biomacromolecules, such as proteins and carbohydrates, might be released by
enzymatic hydrolysis, resulting in a signi�cant increase in concentration after gastric digestion. [20]

For RFL complexes, the relative contents of ferulic acid have a slight increase to 53.6, 28.0, 29.8 and 5.2%
for samples with ferulic acid concentration of 0.1, 0.2 and 0.5 mg/ml respectively. As compared to RF,
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RFL complexes were relative more stable in gastric condition. The increase of relative contents of ferulic
acid for RFL complexes was not as signi�cant as in RF.

3.2.3 In vitro digestibility of ferulic acid, RF and RFL in
simulated small intestinal �uid
By comparing Figs. 3 and 4, after intestinal digestion for 2 hours, the relative contents of ferulic acid had
no signi�cant changes in samples FA with ferulic acid concentration of 0.1, 0.2 and 0.5 mg/ml,
respectively. This result indicated that ferulic acid was stable in simulated intestinal �uid. The neutral pH,
pancreatin and bile salts in simulated small intestinal �uid did not show negative impact on the stability
of ferulic acid. Overall, FA had about 10% degradation after the whole in vitro gastrointestinal digestion.

For RF complexes, the relative contents of ferulic acid were 96.3, 76.3, 99.9 and 87.7% for samples with
ferulic acid concentration of 0.1, 0.2 and 0.5 mg/ml respectively. Except for RF-0.2, the other three RF
complexes had no signi�cant changes after intestinal digestion, indicating that RF complexes were
resistant to the pancreatin hydrolysis and stable in simulated intestinal �uid. The digestion by pancreatin
did not further destroy the interaction between ferulic acid and rice proteins. It has been reported that
ferulic acid inhibited the activities of trypsin, which prevented rice protein from further degradation. [21]

For RFL complexes, the relative contents of ferulic acid were 52.1, 28.1, 30.9 and 5.2% for samples with
ferulic acid concentration of 0.1, 0.2 and 0.5 mg/ml respectively. The changes were not signi�cant
between gastric and intestinal �uids, though the free ferulic acid content in RFL complexes samples were
much lower than those of FA and RF. There might be two reasons. Firstly, the interactions between rice
proteins and ferulic acid with the assistant of laccase were stable to pH shifting and proteases digestion.
Secondly, after GI digestion, ferulic acid was released in the form of its oxidative derivates rather than free
ferulic acid. Thus, the amounts of ferulic acid oxidative derivates in the RFL samples before and after GI
digestion were determined. As shown in Fig. 5, the amounts of ferulic acid oxidative derivates
signi�cantly increase after oral and gastric digestion, indicating that the simulated oral and gastric �uids
had destructive effects on the RFL structure and released the oxidized ferulic acid. However, after
intestinal digestion, there was no signi�cant increase of ferulic acid oxidative derivates, indicating that
the RFL complexes were stable to the hydrolysis of pancreatin and neutral pH. Thus, both RF and RFL
complexes had no signi�cant increase of ferulic acid after intestinal digestion.

In summary, ferulic acid signi�cantly decrease after oral digestion but it is relatively stable in both gastric
and intestinal condition. On the other hand, RF and RFL protected ferulic acid from degradation in oral
digestion and gradually released ferulic acid and/or ferulic acid oxidative derivates during oral and
gastric digestion. Both RF and RFL were stable in intestinal digestion with no further increase of free
ferulic acid. Moreover, this study showed that ferulic acid inhibited the activity of trypsin while pepsin was
still active in the presence of ferulic acid.

3.3 Effects of rice proteins and laccase on the antioxidant
activity of ferulic acid
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Ferulic acid derives most of its antioxidant activity potentially from its radical scavenging ability.[2] DPPH
and ABTS are two kinds of stable radicals that are used independently to evaluate the antioxidant activity
of plant extract.[16] Thus, this study determined the antioxidant activities of ferulic acid, RF and RFL
complexes by using both DPPH and ABTS radical scavenging assay. As mentioned above, the relative
contents of ferulic acid in RF and RFL changed after digestion. Thus, the antioxidant activity of RF and
RFL complexes after gastrointestinal digestion were also evaluated.

3.3.1 DPPH scavenging activity
The DPPH scavenging activities of FA, RF and RFL were showed in Table 1. For the FA samples, the DPPH
scavenging activities increased as the ferulic acid concentration increased. The DPPH scavenging
activities of FA were 38.0, 46.8, 48.1 and 94.6 with the ferulic acid concentration of 0.05, 0.1, 0.2 and
0.5mg/ml, respectively. The highest DPPH scavenging activities reached 95% at FA concentration of 0.5,
which was the similar to that of the reference ascorbic acid (0.5 mg/ml, 96%). The DPPH scavenging
activities of RF-0.05, RF-0.1, RF-0.2 and RF-0.5 were 43, 51, 54 and 55%, respectively. When the ferulic
acid concentrations were from 0.05 to 0.2 mg/ml, the DPPH scavenging activities of RF complexes were
higher than those of FA alone, though the relative ferulic acid content in RF complexes were lower than
those of FA. This result demonstrated that both rice proteins and ferulic acid contributed to the DPPH
scavenging activities of RF complexes by donating a hydrogen radical or an electron to DPPH free
radicals and converting them into more stable molecules. In contrast, RFL had the lowest DPPH
scavenging activities under all ferulic acid concentrations. The DPPH activities of RFL-0.05, RFL-0.1, RFL-
0.2 and RFL-0.5 were 17, 18, 26 and 27%, respectively. The binding of ferulic acid to protein with the
assistant of laccase resulted in the loss of antioxidative activities.
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Table 1
DPPH radical scavenging activity of FA, RF and RFL before digestion

Ferulic acid (mg/mL) DPPH scavenging activity (%)

FA RF RFL  

0 11.11 ± 1.30*Aa 12.37 ± 0.86**Aa 12.37 ± 0.86**Aa  

0.05 37.97 ± 1.94Ba 42.68 ± 0.82Bb 17.06 ± 0.77Bc  

0.1 46.80 ± 1.24Ca 50.87 ± 0.44Cb 18.25 ± 0.62Bc  

0.2 48.10 ± 0.98Ca 53.85 ± 0.97Db 26.41 ± 1.57Cc  

0.5 94.56 ± 0.65Da 55.45 ± 1.60Db 27.02 ± 1.88Cc  

*Control

**Rice protein only

Lower-case letters (expressed as a, b and c) showed signi�cant differences (p < 0.05) among different
samples at the same ferulic acid concentration. Upper-case letters (expressed as A, B, C and D)
showed signi�cant differences (p < 0.05) among the same type of sample with different ferulic acid
concentrations.

It has been intensively studied that the antioxidative activities of nutraceutical compounds may be
damaged by some external factors, such as pH, oxygen, temperature, and lights. However, the effects of
digestion process on the antioxidant activity have not been su�ciently investigated.[22] Thus, current
study devoted to evaluating the antioxidant activity of ferulic acid and its rice protein complexes after in
vitro gastrointestinal digestion. As illustrated in Table 2, the simulated gastrointestinal �uid without
ferulic acid had a DPPH scavenging activity of about 65%. The DPPH scavenging activity of FA after
digestion was not changed as the ferulic acid concentration increased. The DPPH scavenging activity of
F-D-0.5 decreased to 64% after digestion as compared to 94% before digestion. This result demonstrated
that the antioxidative activity of ferulic acid was damaged by digestion. The decreasing antioxidant
activity after intestinal digestion might be caused by the fact that ferulic acid may be transformed into
different structural forms with chemical properties due to its sensitivity to GI digestion �uids. [20]
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Table 2
DPPH radical scavenging activity of FA, RF and RFL after intestinal digestion

Ferulic acid (mg/mL) DPPH scavenging activity (%)

F-D RF-D RFL-D  

0 64.87 ± 4.11*Aa 62.75 ± 1.79**Aa 62.75 ± 1.79**Aa  

0.05 65.41 ± 1.52Aa 69.58 ± 0.93Bb 71.77 ± 1.91Bb  

0.1 64.39 ± 1.52Aa 67.18 ± 1.16Bb 72.58 ± 1.22Bc  

0.2 62.69 ± 2.02Aa 68.72 ± 4.58Bb 68.22 ± 0.30Cb  

0.5 63.87 ± 2.21Aa 71.15 ± 0.65Bb 72.38 ± 1.60Bb  

*Control

**Rice protein only

Lower-case letters (expressed as a, b and c) showed signi�cant differences (p < 0.05) among different
samples at the same ferulic acid concentration. Upper-case letters (expressed as A, B, C and D)
showed signi�cant differences (p < 0.05) among the same type of sample with different ferulic acid
concentrations.

Moreover, though it has been reported that peptides derived from rice proteins possessed high antioxidant
activity[23], current study found that the DPPH scavenging activity of digested rice protein (63%) had no
signi�cant different from the simulated gastrointestinal �uid. The DPPH scavenging activities of RF and
RFL after digestion were higher than that of digested rice proteins, simulated gastrointestinal �uids and
FA samples. As mentioned above, ferulic acid was released from RF and RFL complexes during gastric
digestion and was stable after intestinal digestion. The released ferulic acid participated in the DPPH
scavenging activity, leading to a conclusion that rice proteins had protective effects on the antioxidant
activity of ferulic acid. Aceituno-Medina et al. (2015) [22] had reported that encapsulation within food-
grade electrospun �bers could maintain the antioxidant capacity of ferulic acid during intestinal
digestion. Therefore, this study innovatively elaborated that rice proteins could act as a protective matrix
to maintain the oxidative activity of ferulic acid through the digestion systems.

3.3.1 ABTS scavenging activity
Besides DPPH scavenging assay, the ABTS assay is another widely used colorimetric assay for the
assessment of the antioxidant capacities of natural products based on quenching of stable radicals
(ABTS•+). Table 3 showed that the rice protein possessed a ABTS scavenging activity of 22%, indicating
that rice protein had the ability to neutralized ABTS free radical, which agreed with previous study. [24]
The ABTS scavenging activities of FA-0.05 and RF-0.05 were 59 and 68%, respectively. Ferulic acid was
well know for its free radical scavenging activity, which is attributed to its antioxidant activity. Though RF-
0.05 had lower ferulic acid than FA-0.05, both rice protein and ferulic acid participated in the ABTS
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scavenging activity of RF. Therefore, RF-0.05 had higher ABTS scavenging activity than FA-0.05, which
was similar to DPPH scavenging activity. In contrast, RFL-0.05 had lowest ABTS scavenging activity of
36%, which was caused by its low ferulic acid content (40%) as compared to RF-0.05 and FA-0.05. When
the ferulic acid concentration increased to 0.2, FA and RF could convert almost all the ABTS free radicals
into stable molecules. For RFL, the ABTS scavenging activity increased as the ferulic acid concentration
increased. However, RFL-0.5 had the lowest ABTS scavenging activity of 40%, since ferulic acid was
oxidized by laccase and lost antioxidant activity.

Table 3
ABTS radical scavenging activity of FA, RF and RFL before digestion

Ferulic acid (mg/ml) ABTS scavenging activity (%)  

FA RF RFL

0 7.31 ± 0.81*Aa 22.45 ± 0.33**Ab 22.45 ± 0.33**Ab

0.05 58.63 ± 0.68Ba 67.50 ± 0.62Bb 36.01 ± 1.17Bc

0.1 88.91 ± 0.41Ca 89.30 ± 0.82Ca 37.24 ± 1.03Bb

0.2 99.60 ± 0.21Da 99.79 ± 0.22Da 42.05 ± 0.70Cb

0.5 99.77 ± 0.04Da 99.75 ± 0.31Da 40.43 ± 0.82Db

*Control

**Rice protein only

Lower-case letters (expressed as a, b and c) showed signi�cant differences (p < 0.05) among different
samples at the same ferulic acid concentration. Upper-case letters (expressed as A, B, C and D)
showed signi�cant differences (p < 0.05) among the same type of sample with different ferulic acid
concentrations.

As shown in Table 4, the simulated gastrointestinal �uid had high ABTS scavenging activity of 83%.
Digested rice protein had signi�cantly high ABTS scavenging activity of 86%, indicating that rice peptide
had antioxidant activity. [23, 24] F-D-0.05 has a ABTS scavenging activity of 92%. This result
demonstrated that ferulic acid still had ABTS scavenging activity after intestinal digestion, which were
different from DPPH scavenging activity. RF-D and RFL-D also possessed high ABTS scavenging
activities. RF-D-0.1 and RFL-D-0.2 reached 100% ATS scavenging activity.
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Table 4
ABTS radical scavenging activity of FA, RF and RFL after intestinal digestion

Ferulic acid (mg/ml) ABTS scavenging activity (%)  

F-D RF-D RFL-D

0 82.67 ± 0.27*Aa 85.88 ± 0.34**Ab 85.88 ± 0.34**Ab

0.05 92.40 ± 0.46Ba 94.43 ± 0.19Bb 90.59 ± 0.26Bc

0.1 99.44 ± 0.12Cac 99.20 ± 0.10Ca 94.40 ± 0.43Cb

0.2 99.98 ± 0.07Da 99.86 ± 0.03Db 99.93 ± 0.07Dab

0.5 99.71 ± 0.24CDa 99.76 ± 0.06Da 99.90 ± 0.04Da

*Control

**Rice protein only

Lower-case letters (expressed as a, b and c) showed signi�cant differences (p < 0.05) among different
samples at the same ferulic acid concentration. Upper-case letters (expressed as A, B, C and D)
showed signi�cant differences (p < 0.05) among the same type of sample with different ferulic acid
concentrations.

3.4 Effects of rice proteins and laccase on bioavailability of
ferulic acid

3.4.1 Cytotoxicity of ferulic acid
Ferulic acid is a common polyphenolic compound found in many foods, beverages and plants, which
generally considered as safe. However, it has been reported that ferulic acid had some inhibitory effects
on essential enzymes in the biosynthetic reactions at doses of 0.1–1.1 mM. [25] Thus, this study
investigated the cytotoxicity of ferulic acid on Caco-2 cell line under a wide range of concentration. As
showed in Table 5, the viability of Caco-2 cells was more than 100% when the ferulic acid concentration
ranged from 0.025 to 2 mg/ml. The ferulic acid concentration used in this study (0.05 to 0.5 mg/ml) have
almost no cytotoxic activity to Caco-2 cells. However, when the ferulic acid concentration increased to 5
mg/ml, it caused damage to Caco-2 cells.
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Table 5
Effects of FA on Caco-2 viability (n = 6)

Ferulic acid (µg/mL) Viability (%) Ferulic acid (µg/mL) Viability (%)

25 114.18 ± 9.88ab 500 150.83 ± 26.76c

50 119.43 ± 21.27ab 1000 136.55 ± 17.04bc

100 129.39 ± 11.25bc 2000 105.61 ± 21.36a

200 132.59 ± 8.46bc 5000 66.30 ± 9.59d

Lower-case letters (expressed as a, b and c) showed signi�cant differences (p < 0.05) among different
samples.

3.4.2 In vitro cell evaluation
Intestinal epithelium is one of the barriers for oral nutraceutical delivery, thus many nutraceuticals suffer
from low intestinal permeability and consequently low bioavailability.[26] Thus, the permeabilities of
ferulic acid in RF and RFL through intestinal barrier were evaluated by the Caco-2 cell monolayer as an in
vitro model of the small intestinal epithelium, and compared with pure ferulic acid. Both the time
dependent transport amounts (Fig. 6) and the apparent permeabilities (Table 6) of FA, F-D RF-D and RFL-
D had been measured.

Table 6
Apparent permeability coe�cient (Papp) of FA F-D RF-D and RFL-D

Ferulic acid (mg/mL) Papp×10− 5 (cm/s)

FA F-D RF-D RFL-D

0.05 25.58 ± 0.44Aa 24.92 ± 0.21Ab 25.52 ± 0.14Aa 24.09 ± 0.00Ac

0.1 15.79 ± 0.24Ba 15.78 ± 0.11Ba 16.30 ± 0.48Ba 14.59 ± 0.00Bb

0.2 9.04 ± 0.18Ca 9.98 ± 0.40Cb 9.50 ± 0.28Cab 9.14 ± 0.20Ca

0.5 5.10 ± 0.17Da 4.95 ± 0.32Da 4.82 ± 0.14Da 3.15 ± 0.00Db

Lower-case letters (expressed as a, b and c) showed signi�cant differences (p < 0.05) among different
samples at the same ferulic acid concentration. Upper-case letters (expressed as A, B, C and D)
showed signi�cant differences (p < 0.05) among the same type of sample with different ferulic acid
concentrations.

Supplementary Information

As showed in Fig. 6A, the transport of ferulic acid was rapid and linear up to 2 hrs for all the tested
concentration. The accumulated transport amounts did not signi�cantly increase when the ferulic acid
concentration increased from 0.05 to 0.2 mg/ml; however, the cumulative transport amount signi�cantly
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grew when the ferulic acid concentration reached 0.5 mg/ml. This result indicated that ferulic acid was
permeable through the intestinal epithelium as the free form. The transport was linear over time within
two hours and was not saturated at 0.5 mg/ml, which was similar to the results reported previously
through a Caco-2/HT29-MTX cells cocultures model. [27]

The intestinal digested ferulic acid samples (F-D) showed similar time dependent transport pro�le. At 30
min, the transport amounts of ferulic acid in F-D at all concentrations were similar to FA; nevertheless, the
accumulated transport amounts of F-D were signi�cantly higher than those of FA at 90 and 120 min.
Although the relative ferulic acid in F-D-0.5 was less than free ferulic acid, Qt of F-D-0.5 was
approximately 5 µg more than that of FA at 120 min. This result suggested that the gastrointestinal �uids
facilitated the transport of ferulic acid.

As showed in Fig. 6C, the transport amounts of digested RF (RF-D) were closed to those of F-D at all
ferulic acid concentration. The transport of RF-D was also time-dependent and concentration dependent.
Though the relative contents of ferulic acid in RF-D were lower than F-D, the transport amounts of RF-D
were similar to those of F-D. In contrast, the transport amounts of digested RFL (RFL-D) were signi�cantly
lower than those of RF-D and F-D, which was caused by the lower content of ferulic acid in RFL-D
samples. The transport of ferulic acid in RFL-D was time-dependent, but not concentration dependency.

Table 6 showed the apparent permeability of FA, F-D, RF-D and RFL-D. For all these four samples, the Papp

decreased as the initial ferulic acid concentration increased. The permeability coe�cients were higher
than 1× 10− 6 cm/second; thus, ferulic acid could be considered as well-absorbed compounds as de�ned
by Yee [28]. FA, F-D and RF-D showed similar Papp while that of RFL-D was slightly lower. Firstly, this result
indicated that the digested rice protein, the rice peptides, did not obstacle the transport of ferulic acid.
Secondly, the laccase or the oxidative derivatives acted antagonistically to the permeability of ferulic
acid. This result indicated that digested RFL complexes or the oxidation of ferulic acid might obstacle the
transport of ferulic acid. As the concentration of ferulic acid increased, the permeability coe�cients of
four samples decreased, suggesting that the transport of ferulic acid was concentration dependent and
saturable. This result was in agreement with the �nding of Konishi et al. (2003) that ferulic acid would be
transported across Caco-2 cells monolayer with the assistant of monocarboxylic acid transporters
(MCTs).[29, 30]

In summary, the in vitro evaluation through Caco-2 cells showed that ferulic acid had no signi�cant
cytotoxicity to Caco-2 cell viability. Moreover, ferulic acid, digested ferulic acid and digested RF had
similar permeability coe�cients which was concentration dependent. The digested RFL had slightly lower
Papp. Rice peptides had no negative impact on ferulic acid bioavailability. The transport of ferulic acid
involved transporters.

4 Conclusions
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In this study, rice protein-ferulic acid complexes with and without the facilitation of laccase had been
prepared. Laccase could e�ciently induce the oxidation and polymerization of ferulic acid and promote
the interactions with rice proteins. Ferulic acid was partially degraded in simulated oral �uid, but it was
relatively stable in gastrointestinal �uids. On the other hand, RF and RFL had protection effects on ferulic
acid in oral condition and release the ferulic acid in the gastrointestinal environment. Moreover, this study
had found that the digestion in GI �uid had profoundly negative impacts on the DPPH scavenging activity
of ferulic acid. The DPPH scavenging activity of FA-0.5 decreased from 94–64% after digestion. Forming
complexes with rice proteins with or without laccase can maintain the antioxidative activity of ferulic
acid. In contrast, the ABTS scavenging activity of ferulic acid was not affected by in vitro digestion. Both
rice peptide and digested ferulic acid possessed strong ABTS scavenging activity.

The cytotoxicity and permeability of ferulic acid on intestinal cells were evaluated through in vitro Caco-2
cell line. Ferulic acid did not have signi�cant cytotoxicity on Caco-2 cells in the concentration ranging
from 0.025 to 2 mg/ml. This study also found that ferulic acid, digested ferulic acid (F-D) and the
digested RF complex (RF-D) showed similar time-dependent transport pro�le and apparent permeability
while those of RFL-D were slightly lower. FA, F-D, RF-D and RFL-D were considered as well-absorbed
materials. This result demonstrated that rice peptides did not in�uence the transport of ferulic acid.

This study showed the protective effects of rice proteins on the antioxidant activities of phenolic acids
through gastrointestinal environment. The knowledge generated by this study can be used to guide
industry to develop functional food with natural phenolic acid for improved antioxidant activities.
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Figures

Figure 1

The relative contents of ferulic acid before digestion
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Figure 2

The relative contents of ferulic acid after oral digestion

Figure 3

The relative content of ferulic acid after gastric digestion
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Figure 4

The relative content of ferulic acid after intestinal digestion

Figure 5

Peak area of ferulic acid oxidative derives during in vitro digestion
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Figure 6

The time development of accumulated ferulic acid transport amount Qt of FA F-D RF-D and RFL-D
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