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A B S T R A C T   

The poor water solubility, bioavailability and stability of bioactive compounds have become the bottleneck 
restricting their wide application, thus developing a functional carrier to realize the efficient encapsulation and 
activity improvement of active hydrophobic substances has become a research hotspot. In this work, a functional 
glycosylated fish gelatin (called FG-COS conjugates) carrier based on fish gelatin (FG) and chitooligosaccharide 
(COS) via Maillard reaction was developed. The functional carrier exhibited good antioxidant activity and high 
encapsulation of curcumin (Cur). Enhanced antioxidant effect of Cur loaded in FG-COS conjugates (called 
FG–COS–Cur nanoparticles) was achieved, showing remarkable UV protection on Cur and enhanced intracellular 
antioxidant activity of FG–COS–Cur nanoparticles. Remarkably, FG–COS–Cur nanoparticles increased the cell 
viability of H2O2-induced oxidative damage Caco-2 cells, drastically reduced the levels of reactive oxygen species 
(ROS) and lactate dehydrogenase (LDH), and significantly increased intracellular antioxidant enzyme activities, 
which all exhibited a dose-response relationship. These findings suggested that the FG-COS conjugates with 
intrinsic antioxidant activity could effectively encapsulate Cur and improved bioavailability for hydrophobic 
active molecules in functional food field.   

1. Introduction 

Many bioactive components are used in food as functional in-
gredients. However, a good number of bioactive compounds have poor 
water solubility and bioavailability, and are easily degraded. In order to 
improve their stability and bioavailability, numerous carriers are 
developed (Bao et al., 2019). The covalent complexes formed by Mail-
lard reaction are one of the effective carriers (Wang et al., 2021). These 
reactions do not require the addition of chemical reagents, instead, 
proceed spontaneously only by simple heating to obtain Maillard reac-
tion products (MRPs). The glycoconjugates formed during the reaction 
significantly improve the emulsification performance, foaming proper-
ties, antioxidant capacity and stability of proteins, so glycoconjugates 
are also suitable for use as an encapsulation carrier (Jia et al., 2020; 
Sheng et al., 2020; Zhong et al., 2019). 

Fish gelatin (FG) is mostly obtained from fish products waste such as 
fish skin, bones, scales, and gills (Hu et al., 2021). It is considered to be 
the ideal and most potential substitute for mammalian gelatin (Lv et al., 
2019). Nevertheless, due to inferior surface-active properties and poor 

antioxidant, using natural active substances to modify gelatin has been 
considered to improve these performance (Huang et al., 2020). Chitosan 
is a polysaccharide made up of glucosamine and N-acetyl glucosamine, 
but the application of chitosan is limited by its poor water solubility (Yu 
et al., 2019). Compared with chitosan, chitooligosaccharide (COS) has 
better water solubility, biocompatibility and owns a wide range of bio-
logical functions, such as antioxidant activity, anti-inflammatory, 
immunomodulation (Cao et al., 2018; Yuan et al., 2019) and so on. 
However, there are few reports on modification of FG by COS 
glycosylation. 

Curcumin (Cur) is a natural polyphenol compound that can be 
extracted easily from turmeric (Li et al., 2021). It has been reported to 
possess antioxidant (Fan et al., 2018), antibacterial (Zhang et al., 
2021b), antitumor (Jordan et al., 2016), anti-inflammatory (Bernardo 
et al., 2021), which have great development prospects. However, its 
shortcomings such as low water solubility and low bioavailability have 
always severely limit its wide application (Rauf et al., 2018). To solve 
these problems, researchers create Cur delivery nanocarriers, such as 
biomacromolecule particles (Wu et al., 2017) liposomes (Cheng et al., 
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2017) and emulsions (Jiang et al., 2020). These new delivery strategies 
can be used to enhance the bioavailability of Cur and have broad 
application prospect in the field of functional foods. 

Hence, the purpose of this study was to fabricate functional carriers 
for efficient encapsulation of Cur with enhanced antioxidant activity. 
Firstly, we used FG and COS to prepare functional carrier (FG-COS 
conjugates) through Maillard reaction, then optimized the preparation 
process. Micromorphology, FTIR and XRD, emulsification, surface hy-
drophobicity and antioxidant activity of FG-COS conjugates were 
characterized. Simultaneously, we fabricated FG–COS–Cur nano-
particles based on FG-COS conjugates high hydrophobicity, then the 
encapsulation efficiency, stability, antioxidant activity, cellular uptake 
and oxidation resistance on Caco-2 cells were also be characterized. 

2. Materials and methods 

2.1. Materials 

Fish gelatin (FG), 2,2-diphenyl-1-picrylhydrazyl (DPPH) were pur-
chased from Sigma-Aldrich Chemical Inc. (St Louis, MO, USA). Chitoo-
ligosaccharide (COS) was obtained from Hai De Bei Marine Biological 
Engineering Co., Ltd. (Shandong, China). Curcumin (Cur), 8-aniline-1- 
naphthalenesulfonic acid (ANS), urea, tris, glycine, ethylene diamine 
tetraacetic acid (EDTA), 5,5′-Dithiobis (DTNB), 3-(4,5)-dimethylth-
iahiazo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) were purchased 
from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). 
K3(Fe(CN)6), Trichloroacetic acid (TCA) and FeCl3 were obtained from 
Aladdin Industrial Co., Ltd. (Shanghai, China). Sodium dodecyl sulfate 
(SDS), anhydrous ethanol and hydrogen peroxide were bought from 
Xilong Scientific Co., Ltd. (Shantou, China). Caco-2 cells were obtained 
from BeNa Culture Collection (Kunshan, China). Dimethyl sulfoxide 
(DMSO) was purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). Reactive oxygen species (ROS) assay kit was pur-
chased from Biyuntian Biotechnology Co., Ltd. (Shanghai, China), 
lactate dehydrogenase (LDH), Superoxide dismutase (SOD), Catalase 
(CAT) and protein content assay kit was purchased from Jiancheng 
Institute of Biological Engineering Co., Ltd. (Nanjing, China). 

2.2. Preparation of fish gelatin-chitooligosaccharide conjugates (FG-COS 
conjugates) 

The DPPH radical scavenging rate, A294 nm and A420 nm were used as 
indicators to explore the effect of reaction times (1, 2, 3, 4, 5, 6 h), re-
action temperatures (70, 80, 90, 100 ◦C), different glycoprotein ratios 
(1:3, 1:2, 1:1, 2:1, 3:1), different total concentrations (30, 50, 70, 90 mg/ 
mL) and different initial pH (4, 5, 6, 7, 8) on FG/COS Maillard reaction. 

Each sample obtained by Maillard reaction was diluted to 5 mg/mL, 
corresponding to the UV spectrophotometer to detect and calculate the 
value of A294 nm, A420 nm and DPPH radical scavenging rate. 

According to the above-mentioned optimal conditions, the final 
conditions of the Maillard reaction were determined and the preparation 
of FG-COS conjugates was carried out. The obtained FG-COS conjugates 
were cooled, freeze-dried, stored at − 20 ◦C and could be dispersed and 
dissolved in water by stirring at room temperature. 

2.2.1. The monitoring of FG/COS Maillard reaction products 
During the Maillard reaction, intermediate active products such as 

ketones and aldehydes were produced. These substances had ultraviolet 
absorption at a wavelength of 294 nm. Therefore, the level of A294 nm 
indicated that many of intermediate products generated in the Maillard 
reaction. And the degree of browning of the Maillard process and the 
degree of production of the end products were determined by the 
absorbance at 420 nm (Ajandouz et al., 2001). The values of A294 nm and 
A420 nm measured by UV spectrophotometer (Genesys 10s, Thermo 
Fisher Scientific Inc) could monitor the Maillard reaction degree of FG 
and COS under different reaction conditions. 

2.2.2. DPPH radical scavenging rate of FG/COS Maillard reaction products 
DPPH radical scavenging rate was referred to Dai et al. (2017) with 

slight modifications. In short, 0.1 mM DPPH solution was prepared with 
absolute ethanol in the dark. 1 mL of the sample solution and an equal 
volume of DPPH solution were mixing thoroughly, and the solution was 
placed for 30 min in an environment without light. The absorbance of 
the sample solution was then measured using a UV–visible spectrometer 
at 517 nm. The DPPH radical scavenging rate was calculated using the 
following equation:  

DPPH radical scavenging rate (%) = [1-(Ai-Aj)/A0] × 100%                  (1) 

where A0 represented the absorbance of the blank group, Ai represented 
the absorbance of the sample group, and Aj represented the absorbance 
of the reference group. 

2.3. Characterization of FG-COS conjugates 

2.3.1. Atomic force microscopy (AFM) 
The surface morphology of FG-COS conjugates was investigated 

using an AFM (5500AFM, Agilent Instrument Inc). With deionized 
water, the FG-COS conjugates was diluted to 0.1 mg/mL, and 2 μL was 
taken and applied onto the freshly peeled mica sheet’s surface. Before 
testing, all of the samples were allowed to dry at room temperature 
overnight. Images were scanned in tapping mode. The Digital Nano-
scope program was used to examine and calculate the collected spectra. 

2.3.2. Scanning electron microscope (SEM) 
The FG-COS conjugates was diluted to 0.1 mg/mL with deionized 

water, and 2 μL of the diluted sample was dropped onto the alcohol- 
washed silicon wafer and air-dried overnight. The microscopic 
morphology of the FG-COS conjugates were observed with a dual-beam 
field emission SEM (Nova NanoSEM 230, Czech Republic Inc). 

2.3.3. Fourier transform infrared spectroscopy analysis 
The powders of FG, COS, and FG-COS conjugates were combined 

with potassium bromide and grounded into a homogeneous powder 
using an agate mortar. Then samples were surveyed on a FTIR spec-
trometer (Avatar 360, Thermo Nicolet Inc). The scanning range applied 
was 400–4000 cm− 1 with 64 scans at 4 cm− 1 resolution. 

2.3.4. X-ray diffraction analysis 
FG, COS, and FG-COS conjugates powder were added to a flat XRD 

glass slide using molds to make a rectangle, and then placed on the 
operation board for X-ray diffractometer (Xpert3, CEM Inc) testing. The 
operating conditions were 40 kV and 40 mA, and all samples were 
recorded in the scattering angle range from 3◦ to 90◦. 

2.3.5. Emulsification performance of FG/FG-COS conjugates 
PBS buffer (0.2 M, pH 7.0) was used to dilute the FG and FG-COS 

conjugates to 10 mg/mL. 3 mL soybean oil and 9 mL sample solution 
were put into a centrifuge tube. After high-speed homogenization at 
12000 rpm for 60 s, 50 μL emulsion from the bottom of the centrifuge 
tube was sucked at 0 and 10 min and mixed with 5 mL SDS (1 mg/mL). 
The solution was quickly shaken and mixed with a vortex oscillator (MX- 
S Mixers, Scilogex), and then the absorbance value was measured at 500 
nm with an UV spectrophotometer, which was recorded as A0 and A10, 
respectively. The following formulas were used to determine the emul-
sification activity index (EAI) and emulsification stability index (ESI):  

EAI (m2/g) = 2TA0 × dilution factor/10000cφL                                   (2)  

ESI (min) = 10A0/A0-A10                                                                 (3) 

In the formula, T was the constant 2.303, the dilution factor was 100, 
c was the sample concentration (g/mL), φ was the oil volumetric fraction 
(0.25), and L was 1. 
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2.3.6. Foaming performance of FG/FG-COS conjugates 
PBS buffer (10 mM, pH 7.0) was used to dilute the FG and FG-COS 

conjugates to 10 mg/mL and 20 mL sample solution was taken into a 
50 mL centrifuge tube. After homogenizing at a high speed of 20000 rpm 
for 60 s, the foam volume at 1 min and 5 min was measured and 
recorded as V1 and V5, respectively. The foaming activity index (FA) and 
foaming stability index (FS) were calculated by the following formulas:  

FA (%) = V1/20 × 100%                                                                  (4)  

FS (%) = V5/V1 × 100%                                                                  (5)  

2.3.7. Determination of surface hydrophobicity of FG/FG-COS conjugates 
The hydrophobicity (H0) of FG and FG-COS conjugates were 

measured by the ANS probe method (Haskard et al., 1998). From the 
prepared 1 mg/mL FG and FG-COS conjugates solution, 0.16–0.96 mL 
was taken into the centrifuge tube, and then PBS buffer (10 mM, pH 7.0) 
was added to a total volume of 4 mL. The final concentration of the two 
samples were 0.04–0.24 mg/mL 20 μL ANS solution was immediately 
added and mixed. The fluorescence intensity was measured with a 
fluorescence spectrophotometer (Fluoromax-4C-L, Horiba Instrument 
Inc) after 5 min of reaction in the dark. The conditions were set as fol-
lows: excitation wavelength was 390 nm, emission wavelength was 470 
nm and slit width was 5 nm. The ordinate was the fluorescence intensity 
(CPS), the abscissa was the sample concentration (mg/mL), and the 
slope of the fitting curve was the surface hydrophobicity H0. 

2.3.8. Determination of sulfhydryl content of FG/FG-COS conjugates 
The determination of sulfhydryl content referred to the method of 

Chen et al. (2019b) with a little adjustment. In short, 25 mg/mL FG and 
FG-COS conjugates were prepared, and then diluted with reagent A 
(containing 8 M urea, 0.09 M glycine, 0.086 M Tris, 0.004 M EDTA, pH 
adjusted to 8.0) to 3 mg/mL as the sample solution. 5 mL of the two 
samples solution and 50 μL of reagent B (4 mg/mL DTNB, dissolved in 
reagent A) were mixed vigorously for a few seconds, and then reacted for 
1 h at room temperature under dark conditions. Ultraviolet spectro-
photometer was used to measure the absorbance of the samples at a 
wavelength of 412 nm to determine the extinction coefficient. The 
sulfhydryl content was calculated by formula as follows:  

SH (μmol/g) = 73.53 μM × A412 × D/C                                             (6) 

Where 73.53 μM = 106 μ/(L•cm)/13600 M− 1cm− 1, D was the dilution 
factor of the sample solution, and C was the sample solution’s concen-
tration. For the blank group, deionized water was used to replace the 
initial sample solution. 

2.3.9. DPPH radical scavenging rate of FG/FG-COS conjugates 
The specific experiment was the same as described in section 2.2.2, 

and the solution was diluted to 0.5–2.5 mg/mL respectively. According 
to the linear relationship between sample concentration and DPPH 
radical scavenging rate, the EC50 value was obtained. 

2.3.10. The reducing power of FG/FG-COS conjugates 
The reducing power of FG, COS, FG-COS conjugates were evaluated 

by the method of Mohammadian et al. (2021). Took 1 mL of samples of 
different concentrations, dissolved in 2.5 mL of phosphate buffer (0.2 M, 
pH 6.6), and 2.5 mL of 1% K3[Fe(CN)6]. Incubated in a 50 ◦C water bath 
for 20 min before being quickly immersed in cold water to cool. Then, 
added 2.5 mL of 10% TCA and mixed well. 10 min centrifuged at 3000 
rpm. 2.5 mL of supernatant was combined with 2.5 mL of distilled water 
and 0.5 mL of 0.1% FeCl3 solution. After standing still for 10 min, the 
absorbance was measured at 700 nm and recorded as A. 1 mL deionized 
water instead of sample solution was used and set as blank group, and 
the absorbance value was measured and recorded as A0. The reducing 

power and the absorbance value were positively correlated, and finally 
the absorbance value A-A0 represented the reducing power. 

2.4. Fabrication of curcumin-loaded FG-COS conjugates (FG–COS–Cur) 

Refer to the method reported by Cai et al. (2021) with a sightly 
modification. Cur of different concentrations dissolved in absolute 
ethanol was added dropwise to the FG-COS conjugates solution (1 
mg/mL in the centrifuge tubes) under vortexed with a Vortex mixer for 
2 min in the dark to form FG–COS–Cur nanoparticles (adjust pH to 6). To 
remove the absolute ethanol, left them open overnight in the dark. The 
free Cur was then isolated using centrifugation (10,000 rpm, 10 min) 
and redissolved in the same volume of ethanol. An UV spectrophotom-
eter was used to measure the concentration of free Cur using a standard 
curve of absorbance at 426 nm. The following formulas were used to 
compute the Cur encapsulation efficiency (EE) and loading amount (LA):  

EE (%) = (Loaded amount of Cur/Total amount of Cur) × 100%            (7)  

LA (%) = (Loaded amount of Cur/Total amount of FG–COS–Cur) × 100%(8)  

2.5. Characterization of FG–COS–Cur 

2.5.1. Particle size and PDI 
A Malvern particle size analyzer (Nano-2, Malvern Instruments) was 

used to determine the FG–COS–Cur nanoparticles particle size, PDI and 
size distribution peaks. Particle size was read in terms of z-average and 
size distribution was read in terms of intensity. All measurements were 
done at 25 ◦C, and each report’s results were the average of the three 
groups of testing. 

2.5.2. Curcumin degradation in the presence of UV irradiation 
Free Cur and FG–COS–Cur nanoparticles with Cur concentrations of 

20 μg/mL were irradiated with ultraviolet light for 8 h. The absorbance 
of the remaining Cur in the solution was measured in real time at 
different time intervals using an ultraviolet spectrophotometer, and real- 
time Cur absorbance value was divided by the original solution Cur 
absorbance to calculate retention rate. 

2.5.3. Placement stability 
Preparation and determination of FG–COS–Cur nanoparticles with 

different Cur concentrations according to the above method (section 
2.5.1), then continued to measure the particle size, PDI and size distri-
bution peaks of the sample after standing for 24 h in the room temper-
ature. Particle size was read in terms of z-average and size distribution 
was read in terms of intensity. 

2.5.4. Scanning electron microscope (SEM) 
Prepared FG–COS–Cur nanoparticles with the Cur concentration of 

20 μg/mL and diluted it 10 times, then according to section 2.3.2 and 
using a scanning electron microscope with ultra-high resolution field 
emission (Verios G4, Thermo Fisher Scientific Inc) to observe the 
morphology. 

2.5.5. Intrinsic fluorescence spectra 
The interaction between FG-COS conjugates and Cur was evaluated 

by protein intrinsic fluorescence spectroscopy (Zhu et al., 2017). The 
determination of Intrinsic fluorescence spectra referred to the method of 
Liu et al. (2018) with a little adjustment. The initial Cur solution (2 
mg/mL) was prepared in ethanol absolute, and then added dropwise to 
the FG-COS conjugates until the nanoparticles reached the desired Cur 
concentrations from 0 to 20 μg/mL. The FG–COS–Cur solution was 
further vortexed for 2 min to ensure complete formation of the nano-
particles. The emission spectra from 380 to 500 nm were recorded at an 
excitation wavelength of 280 nm. The excitation and emission slits 
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widths were set to 3.6 nm and appropriate blank corresponding to the 
free Cur and ultrapure water was subtracted as background. 

The Stern-Volmer equation was used to further investigate the 
quenching of protein intrinsic fluorescence:  

F0/ F = 1+Ksv[Q] = 1+kqτ0 [Q]                                                       (9) 

In the formula, F0 and F were the fluorescence intensities without or 
with a Cur, respectively. [Q] was the Cur concentration (μM), kq was the 
quenching rate constant, τ0 was the fluorescence lifetime of the fluo-
rescent substance, which equal to 10− 8 s, Ksv was the quenching constant 
of the Stern-Volmer equation. 

2.5.6. Fourier transform infrared spectroscopy 
The sample of FG–COS–Cur, FG-COS conjugates and Cur were pre-

pared and the next steps refer to section 2.3.3. 

2.5.7. X-ray diffraction 
Refer the method in section 2.3.4, the crystal states of the powder 

samples (FG–COS–Cur, FG-COS conjugates and Cur) were analyzed by 
Xpert3. Continuously scan the sample from 4◦ to 70◦ at a speed of 4◦/ 
min. 

2.5.8. DPPH radical scavenging rate of free Cur and FG–COS–Cur 
The specific experiment method was the same as that in section 

2.2.2. 

2.5.9. ABTS radical scavenging ability of free Cur and FG–COS–Cur 
The ABTS radical scavenging ability of all samples were estimated 

according to the method of Wang et al. (2012) with a sightly modifi-
cation. Prepared ABTS stock solution (7 mM) and K2S2O8 solution (2.45 
mM), mixed them in a ratio of 1:1 and placed in the dark for 16 h. The 
ABTS radical solution was diluted to an absorbance of 0.70 ± 0.02 at 
734 nm in phosphate buffer (5 mM, pH 7.4). The ABTS free radical so-
lution was mixed with different concentrations of samples at the ratio of 
10:1. After reacting for 10 min, the absorbance was measured at 734 nm. 
The ABTS radical scavenging activity of the sample was determined as 
follows:  

ABTS radical scavenging ability (%) = [(Acontrol-Asample) / Acontrol] × 100%   
(10)  

2.5.10. Reducing power of free Cur and FG-MPRs-Cur 
Different concentrations of Cur and FG–COS–Cur nanoparticles were 

prepared, and then refer the method in section 2.3.10 to determine the 
reducing power. 

2.6. Evaluating the antioxidant capacity of FG–COS–Cur on Caco-2 cells 

2.6.1. Cytotoxicity 
The viability of Caco-2 cells were measured by MTT assay. Caco-2 

cells were seeded in 96-well plate in DMEM containing 20% FBS, 1% 
penicillin-streptomycin mixture and 1% non-essential amino acid solu-
tion with a plating density of 5 × 104 cells/well, then placed the plate in 
a 37 ◦C, 5% CO2 incubator for 24 h. Prepare the Cur stock solution 
(dissolved in DMSO) and add dropwise to PBS (free Cur) and FG-COS 
conjugates (FG–COS–Cur) to achieve the desired Cur concentration. 
Then cells were incubated with different concentrations of Cur, FG-COS 
conjugates and FG–COS–Cur nanoparticles. After 24 h of incubation, the 
20 μL of MTT solution (5 mg/mL in PBS) was added, and continued to 
incubate for 4 h. Then, discarding the supernatant carefully and adding 
150 μL of DMSO to each well. After 600 rpm microplate shaker for 10 
min, the absorbance was determined at 570 nm wavelength with 
multifunctional microplate reader (SpectraMax iD3, Molecular Devices 
Inc) and the viability of the cells was determined using the following 

equation:  

Cell viability (%) = (A sample / A control) × 100%                                (11)  

2.6.2. Cellular uptake study of FG–COS–Cur nanoparticles on Caco-2 cells 
Caco-2 cells were seeded in 6 well plates at a seeding density of 2 ×

105 placed in incubator. Changed the medium every day and cultured 
for 3 days. At this point, the cells cover the entire well plate. Then, co- 
incubation with cells by adding different concentrations of Cur and 
FG–COS–Cur. After incubated for 6 h in an incubator, the supernatant 
was carefully discarded, and the cells were washed twice in PBS solution 
to remove any unabsorbed Cur. Then added 1% Triton solution (200 μL 
per well) and allowed it to stand for 3 min to fully lyse the cells. Then, 
using a microplate reader to measure the fluorescence under the con-
ditions of excitation and emission wavelengths of 425 nm and 528 nm, 
respectively. 

2.6.3. Establishment of H2O2-induced oxidative damage model of Caco-2 
cells 

In order to choose the optimal concentration of H2O2 for inducing 
oxidative damage of Caco-2 cells, referring the method reported by Yang 
et al. (2019) and with slight modifications. The experiment included the 
control group and the H2O2 oxidative damage model group. In the H2O2 
oxidative damage model group, each well was added with DMEM 
growth medium containing different concentrations of H2O2 (final 
concentrations of H2O2 were 100, 200, 400, 650, 1000, 1500 and 2000 
μM respectively), while the control group was replaced by PBS. The 
treated cells were cultured for 4 h, removed H2O2-containing medium 
and the cell viability was detected by the MTT method. 

2.6.4. Determination of cell viability of H2O2-induced oxidative damage in 
Caco-2 cells 

Refer to the method reported by Liang et al. (2019) to analyze the 
protective effects of Cur and FG–COS–Cur nanoparticles on the oxidative 
damage caused by H2O2 in Caco-2. The experiment included blank 
group, control group and sample treatment antioxidant group. The 
oxidative damage model of Caco-2 cells induced by H2O2 was estab-
lished according to section 2.6.3. Subsequently, the antioxidant group 
cells were cultured in the presence of different final concentrations of 
free Cur and FG–COS–Cur nanoparticles (5, 10, and 20 μg/mL of Cur, 
respectively) for 24 h while the blank group and the control group were 
replaced with PBS. After the incubation, cell viability was tested by MTT 
assay. 

2.6.5. Determination of ROS content of H2O2-induced oxidative damage in 
Caco-2 cells 

Caco-2 cells were seeded on a 6-well plate and H2O2-induced 
oxidative damage of Caco-2 cells model was established. The experiment 
was divided into a blank control group (PBS) and a sample protection 
group (FG–COS–Cur nanoparticles at final Cur concentrations of 2.5, 5, 
10, 20 μg/mL). After 24 h of incubation in the incubator, followed ROS 
detection kit manual operation steps to determine the fluorescence in-
tensity of each well. 

2.6.6. Determination of extracellular lactate dehydrogenase content of 
H2O2-induced oxidative damage in Caco-2 cells 

Using the method in section 2.6.3 to inoculate Caco-2 cells into a 6- 
well plate and induced oxidative damage model. After adding samples 
and incubating for 24 h, centrifuged at 2000 rpm for 15 min to collect 
the supernatant. Then determined the absorbance value of each well to 
measure the LDH activity using a commercial kit and following the 
manufacturer’s instructions. 
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2.6.7. Determination of intracellular superoxide dismutase and catalase 
content of H2O2-induced oxidative damage in Caco-2 cells 

Using the method in section 2.6.3 to inoculate Caco-2 cells into a 6- 
well plate and induced oxidative damage model. After adding samples 
and incubating for 24 h, cells were gathered and lysed by ultrasonic cell 
crusher. Then measured the SOD, CAT activity and protein content using 
a commercial kit (Jiancheng, Nanjing, China). 

2.7. Data analysis 

The statistical analysis was performed by SPSS Statistics 26 software 
to analyze the variance. All data was presented as means standard de-
viations. One-way analysis of variance with Duncan’s multiple range 
tests was used to establish statistical significance, with a result of p <
0.05 being statistically significant. Different lowercase letters repre-
sented as significant difference at p < 0.05. *p < 0.05 significant change; 
**p < 0.01; ***p < 0.001. 

3. Results and discussion 

3.1. Screening of Maillard reaction of FG and COS 

The formation of intermediate products were indicated by the A294 

nm during the Maillard reaction, whereas the formation of end products 
were shown by the A420 nm. The increase in absorbance at 294 nm and 
browning coincided with an increase in antioxidative activity (Benjakul 
et al., 2005). Therefore, A294 nm, A420 nm and DPPH radical scavenging 
rate were usually used as the main indicators to determine the Maillard 
reaction conditions. The Maillard reaction of FG and COS was carried 
out by the moist heat method. The DPPH radical scavenging rate, A294 

nm and A420 nm were used as monitoring and optimization indicators 
(Fig. 1). With the increased of reaction times, the values of A294 nm and 
A420 nm increased gradually, indicating that the degree of the Maillard 
reaction and the reaction products increased. The DPPH free radical 
scavenging rate reached a maximum when the reaction time was at 4 h 
and then leveled off (Fig. 1A). With the increased of temperature, the 
DPPH free radical scavenging rate increased initially and then stabilize. 

Fig. 1. The effect of (A) Reaction time (B) Temperature (C) Glycoprotein ratio (D) Concentration (E) Initial pH on the Maillard reaction of FG/COS.  
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At 90 ◦C, the DPPH free radical scavenging rate reached a maximum 
(Fig. 1B). As for glycoprotein ratio and concentration, the DPPH free 
radical scavenging rate reached a higher level when glycoprotein ratio 
and concentration were 1:1 and 50 mg/mL. Increasing the ratio of COS 
and concentration did not significantly alter the DPPH free radical 
scavenging rate (Fig. 1C–D). It was worth noting that there were some 
differences in the rate between A294 nm and A420 nm. The increasing rate 
of A294 nm was greater than A420 nm, which was linearly reaction time, 
temperature, glycoprotein ratio and concentration-dependent 
(Fig. 1A–D). When the pH changed from acidic to neutral, it was 
found that the values of A294 nm and A420 nm increased, while the pH was 
from neutral to alkaline, the values of A294 nm and A420 nm decreased 
(Fig. 1E). Meanwhile, at the pH 6, the DPPH free radical scavenging rate 
was the highest, which suggested that it had better antioxidant prop-
erties (Fig. 1E). According to the above results, the reaction time, tem-
perature, glycoprotein ratio, concentration and pH were determined to 
be 4 h, 90 ◦C, 1:1, 50 mg/mL and pH 6, respectively. 

3.2. Characterization of FG-COS conjugates 

3.2.1. Micromorphology of FG-COS conjugates 
AFM was an ideal mean to effectively observe the microstructure and 

surface morphology of nanocomplexes. AFM scans of FG-COS conjugates 
revealed irregular three-dimensional structures or roughly spherical 
forms (Fig. 2A–B). But compared with the spherical aggregated and 
irregular aggregated of FG (Sow et al., 2019), it could be judged that the 
structure of FG had undergone further curled and folded change after 
Maillard reaction to form smaller particles. The SEM image showed that 
the microscopic morphology of FG-COS conjugates were round and 
nearly spherical shape, but varies of different sizes (Fig. 2C). Combined 
with the AFM and SEM image, the microscopic morphology of FG-COS 
conjugates were almost spherical. 

3.2.2. Fourier transform infrared spectroscopy 
For studying the structural features of protein/polysaccharides 

complexes, FTIR spectroscopy was an effective technique (Han et al., 
2017). During the Maillard reaction, free amino groups in protein 
molecules could form covalent bonds with the carbonyl groups of car-
bohydrate, which led to change in the infrared spectrum. The FTIR 
spectra of FG, COS and FG-COS conjugates were shown in Fig. 3A. The 
characteristic absorption bands of O–H and C–H groups of COS were 
3200–3400 cm− 1 and 3000-2800 cm− 1, respectively (Wang et al., 2014). 
The absorption bands at approximately 1400 cm− 1 and 1600 cm− 1 were 
attributed to the symmetric and asymmetric COO- groups stretching 
vibrations, which confirmed the existence of COS. Compared to FG, 
FG-COS conjugates had stronger absorption in the region of 1180–1000 
cm− 1. The absorption in this region was caused by the bending vibration 
of C–O–H in COS and the extensional vibration of C–C and C–O (Guer-
rero et al., 2013), usually called the “sugar” band, was the strongest 
band in the mid-infrared spectrum, and these absorptions were weak in 
the spectrum of most proteins (Oliver et al., 2009). The region of 
1630–1660 cm− 1 in the FG-COS conjugates spectrum showed strong 
C–N stretching vibration, which was caused by the Maillard reaction (Su 
et al., 2010; Wang et al., 2014; Yang et al., 2015). The Maillard reaction 
between FG and COS was accompanied by chemical reactions, which 
affected infrared spectrum. This phenomenon possibly due to the con-
sumption of some functional groups and the emergence of others, which 
indicated that COS was attached to FG and changed the chemical 
structure of FG (Zhang et al., 2017). 

3.2.3. X-ray diffraction analysis (XRD) 
XRD was used to evaluate structural modification and molecular 

conformation changed caused by the Maillard reaction (Kchaou et al., 
2019). The XRD spectra of FG-COS conjugates, COS and FG were shown 
in Fig. 3B. Compared with FG, the peaks of FG-COS conjugates were 
flatter and wider, which meant FG and COS had good compatibility, 

indicating that the original crystalline domain of FG was progressively 
destroyed by COS. Similar results on protein/carbohydrate complexes 
were found (Yang et al., 2015). In the COS spectrum, the diffraction 
peaks at 13◦ and 21◦ were observed, while in FG-COS conjugates, the 
diffraction peaks of COS disappeared, indicating that the structure of 
COS and FG was destroyed and an interaction occurred to form a new 

Fig. 2. Micromorphology of FG-COS conjugates. (A, B) Atomic force micro-
scope image of FG-COS conjugates (C) Scanning electron micrograph image of 
FG-COS conjugates (Scale bar:3 μm). 
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substance (Luo et al., 2013). Heat treatment could alter the structural 
and functional properties of proteins, resulting in denaturation due to 
the disruption of forces that stabilized the native conformation, such as 
hydrogen bonds, electrostatic force and hydrophobic bonds (Pirestani 
et al., 2018). 

3.2.4. Emulsifying and foaming properties of FG/FG-COS conjugates 
From Table 1, it could be seen that the EAI and ESI of FG-COS con-

jugates were significantly improved after the Maillard reaction, which 
were 8.34 ± 0.96 m2/g and 20.83 ± 0.30 min, respectively. Glycosy-
lated fish gelatin could delay the flocculation of emulsion droplets 
during storage, one possible reason was that polysaccharides might 
improve the protein emulsion characteristics by reducing aggregation 
and coalescence (Zhu et al., 2010). And because of the better emulsifi-
cation properties of glycosylated fish gelatin, it could be used in coffee 

applications instead of milk as a novel coffee whitener (Huang et al., 
2020). After glycosylation, foaming activity (FA) and foaming stability 
(FS) were significantly reduced (Table 1). Gharbi and Labbafi (2019) 
showed that glycosylation led to unfolding of some proteins and 
increased solubility, which could improve foaming performance, but 
excessive glycosylation of proteins would increase the steric hindrance 
between complex’s molecular chains, resulting in reducing foaming 
performance. 

3.2.5. Surface hydrophobicity and sulfhydryl content of FG/FG-COS 
conjugates 

The H0 index revealed the number of hydrophobic groups on the 
protein surface in contact with the surrounding environment, which was 
directly related to emulsifying capabilities of protein (Zhang et al., 
2013). As shown in Table 2, after the Maillard reaction, the surface 
hydrophobicity increased from 3.96 × 105 to 318.83 × 105, and the 
sulfhydryl content increased from 3.06 μmol/g to 104.53 μmol/g. 
FG-COS conjugates subjected to Maillard reaction displayed markedly 
higher surface hydrophobicity than FG, probably due to aggregate 
dissociation or protein unfolding (Chen et al., 2019a). High temperature 
conditions promoted the exposure of the hydrophobic groups of FG that 
were located inside the molecule in their native form (Spotti et al., 
2019). After the Maillard reaction between protein and carbohydrate, 
sulfhydryl groups were exposed, and the exposed sulfhydryl groups 
could scavenge free radicals, thereby enhancing antioxidant activity 
(Wu et al., 2018). Sun et al. (2022) reported that Maillard process was 
able to unfold the SPI structure, probably because the tryptophan group 
encapsulated inside the protein structure was exposed, thereby 
increasing its surface hydrophobicity (Stanciuc et al., 2015). 

3.2.6. Evaluation of antioxidant activity of FG/FG-COS conjugates 
MRPs had strong antioxidant properties and could protect food 

functional factors from oxidative degradation (Shi et al., 2019). The 
antioxidant property of FG-COS conjugates mainly came from COS and 
MRPs. The precise radical scavenging mechanism of COS was inferred 
that the unstable free radicals might react with amino or hydroxyl 
groups in pyranose rings, and formed stable macromolecule radicals 
(Kim et al., 2005). The DPPH radical scavenging rate of FG-COS con-
jugates, COS and FG at different concentrations were illustrated in 
Fig. 4A. The FG-COS conjugates and COS showed a higher DPPH scav-
enging rate than FG. The DPPH scavenging activity of FG-COS conju-
gates were 74.39% and COS was 69.33%, which was higher than of FG 
(12.90%) when the concentration was 2 mg/mL. According to the 
equation calculated from the linear function relationship, the EC50 value 
of COS was 1.436 mg/mL and the EC50 value of FG-COS conjugates were 
1.292 mg/mL. Moreover, the mass ratio of COS and FG reaction in 
FG-COS conjugate was 1:1, which meant that under the same quality, 
the COS in FG-COS conjugates was half less compared with pure COS. 
However, FG-COS conjugate was stronger than COS in antioxidant ca-
pacity, which indicating that half of the amount of COS through the 
Maillard reaction can achieve the antioxidant capacity of pure COS 
(without participating in the Maillard reaction). That was to say, Mail-
lard reaction improved the antioxidant properties of COS and FG in 
vitro. Similar results were found that the DPPH radical scavenging ac-
tivity of COS–Gly–MRPs increased after the Maillard reaction (Yan et al., 
2018). 

The reducing power was proportional to the absorbance. From 
Fig. 4B, in the concentration range of 4–12 mg/mL, the FG-COS 

Fig. 3. Interaction between FG and COS. (A) Fourier transform infrared spec-
troscopy of FG-COS conjugates, COS and FG (B) X-ray diffraction analysis of FG- 
COS conjugates, COS and FG. 

Table 1 
Emulsification ability and foaming ability of FG/FG-COS conjugates.   

EAI (m2/g) ESI (min) FA (%) FS (%) 

FG 4.80 ± 0.50 14.38 ± 0.80 120.00 ± 5.00 61.12 ± 1.27 
FG- 

COS 
8.34 ±
0.96*** 

20.83 ±
0.30*** 

55.00 ±
8.66*** 

46.15 ±
6.66* 

Note: *p < 0.05 significant change; **p < 0.01; ***p < 0.001. 

Table 2 
Surface hydrophobicity and sulfhydryl group content of FG/FG-COS conjugates.   

H0 index ( × 105) SH μmol/g 

FG 3.96 ± 0.04 3.06 ± 0.41 
FG-COS 318.83 ± 7.07*** 104.53 ± 0.74*** 

Note: *p < 0.05 significant change; **p < 0.01; ***p < 0.001. 
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conjugates and COS showed a higher reducing power than FG, similarly. 
The reducing power absorbance of FG-COS conjugates at 4 mg/mL was 
1.04- and 4.41-fold that of COS and FG at the same concentration, 
respectively. Owing to FG-COS conjugate was prepared by mixing FG 
and COS in equal ratio, which meant that under the same mass, the COS 
content of FG-COS was only half of that of pure COS. However, the re-
sults showed that half the amount of COS through Maillard reaction 
could achieve better antioxidant capacity than pure COS. This might be 
because of the amadori degradation products produced by Maillard re-
action, heterocyclic compounds and the hydroxyl groups of pyridone in 
melanoidin, which could provide electrons to block free radical- 
mediated chain reactions (Yoshimura et al., 1997). Either in-
termediates or the final products could act as hydrogen donors during 
Maillard reaction, which gave FG-COS conjugates high radical scav-
enging activity (Eric et al., 2013). 

3.3. Characterization of FG–COS–Cur 

3.3.1. The formation and stability of FG–COS–Cur nanoparticles 
Based on the significantly improved hydrophobicity, we tried to 

encapsulate the hydrophobic functional molecule Cur into FG-COS 
conjugates. The FG–COS–Cur nanoparticles were fabricated by anti- 
solvent coprecipitation method which was the most common and sim-
ple ways to encapsulate Cur. The Cur EE and LA of FG-COS conjugates 

were above 89% and 2.5% respectively, when the Cur concentration was 
20 μg/mL (Fig. 5A). Besides, the EE and LA will decrease when the 
concentration of Cur above 20 μg/mL. The stability of colloidal particles 
in solution was closely related to the size of colloidal particles. Results of 
Fig. 5B showed that the particle size stayed nearly unchanged when the 
Cur concentration increased up to 10 μg/mL, then reduced at 20–30 μg/ 
mL, but increased at 40 μg/mL. While the PDI value steadily declined as 
Cur concentration increased up to 30 μg/mL, it drastically increased at 
40 μg/mL. It can be inferred that Cur molecules most likely formed 
smaller homogeneous aggregates with FG-COS conjugates at 20–30 μg/ 
mL, and excessive surface adsorption of Cur occurred at 40 μg/mL. The 
sizes distribution of the different concentration of Cur in FG-COS con-
jugates, as determined by Malvern analyzer, were shown in Fig. S1. The 
particle size of FG–COS–Cur nanoparticles presented a single peak in the 
range of concentration of Cur was 8 μg/mL-30 μg/mL. With the 
continued increased of the concentrations of Cur, aggregates started to 
appear and presented multiple peaks. 

The loss of hydrogen atoms from a highly activated carbon atom in 
keto form caused free Cur to be light-sensitive (Yi et al., 2021). Cur 
retention rate in FG–COS–Cur nanoparticles and free Cur under UV light 
were shown in Fig. 5C. Although the retention rate of Cur and 
FG–COS–Cur nanoparticles gradually decreased under ultraviolet light, 
the rate of FG–COS–Cur nanoparticles were always higher than free Cur. 
Especially under 8 h ultraviolet radiation, the retention rate of Cur in 
FG–COS–Cur nanoparticles were remain above 80%. A similar situation 
was also observed in previous researches (Zhang et al., 2022). The 
improved photostability of Cur might be due to the antioxidant effect of 
FG-COS conjugates, which prevented the UV-induced loss of hydrogen 
protons of Cur (Cai et al., 2021). 

The FG–COS–Cur nanoparticles were placed at room temperature for 
24 h in the dark. The particle sizes changed were used as the evaluation 
index to investigate the storage stability of different concentrations of 
Cur in FG–COS–Cur nanoparticles (Fig. 5D). Under different Cur con-
centrations, the particle sizes of FG–COS–Cur nanoparticles increased 
after being placed for 24 h. When the concentrations of Cur below 20 μg/ 
mL, adding Cur could reduce the particles size increased, which prob-
ably because the molecules may be inside of FG-COS conjugates and 
remained compact. However, when the concentrations of Cur more than 
20 μg/mL, the particle size increased significantly faster after 24 h 
placement. The high increase in size at 40 μg/mL was most likely owing 
to the complexes being readily stretched over time because of increased 
surface adsorbed Cur molecules. It is worth noting that the FG–COS–Cur 
particle size distribution after 24 h was most similar to the original 
distribution (Cur concentration was 20 μg/mL) (Fig. S2), and the overall 
particle size increase was the smallest (Fig. 5B). Therefore, the ideal 
loading concentrations of Cur on FG-COS conjugates should be 20 μg/ 
mL. Finally, FG–COS–Cur nanoparticles morphology with 20 μg/mL of 
Cur was examined by using SEM. FG–COS–Cur granules mostly showed 
spherical shapes with a diameter of approximately 150 nm but some 
were irregular (Fig. 5E–F). Incorporation of Cur did not greatly modify 
the shape of the FG-COS conjugates, but the particle size and poly-
dispersity had decreased (Fig. 5B). 

3.3.2. Fluorescence measurement 
Protein endogenous fluorescence was mostly caused by amino acid 

residues like tryptophan, tyrosine, and phenylalanine (Dezhampanah 
et al., 2022). The fluorescence quenching of Cur on protein could be 
analyzed by fluorescence spectroscopy. The fluorescence gradually 
decreased with the addition of increasing the concentrations of Cur, 
indicating the interaction between Cur and FG-COS conjugates (Fig. 6A) 
(Yue et al., 2008). This might due to the fact that Cur could cause 
fluorescence quenching of amino acids. 

The quenching mechanism could be static (complex formation) or 
dynamic (molecular collision) (Wang et al., 2018) and the Stern-Volmer 
equation could be used to analyze the quenching procedure (Chung 
et al., 2016). Studies had shown that the maximum dynamic quenching 

Fig. 4. Antioxidative capacity of FG-COS conjugates, COS and FG. (A) DPPH 
radical scavenging rate (B) reducing power. 
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constant of various endogenous fluorescence quenchers for biological 
macromolecules was 2.0 × 1010 M− 1 S− 1 and the kq value of the inter-
action between Cur and FG-COS conjugates (3.7898 × 1012 M− 1 S− 1 

from Table 3) was much greater than the maximum dynamic quenching 
constant, which indicated that the fluorescence quenching of FG-COS 
conjugates by Cur was static quenching. 

The binding capacity could be calculated from the following 
equation:  

log[(F0–F)/F] = logKa + nlog[Q]                                                     (12) 

Where Ka was the binding constant and n was the number of binding 
sites. 

As shown in Table 3, the curves of binding affinity showed the good 
linear relationships (R2 > 0.99). The conjugation of FG-COS conjugates 
with Cur was characterized as moderate binding (Ka ranging from 105 to 
106 M− 1) in comparison to complexes with significant affinity ranging 
from 106 to 108 M− 1 (Belatik et al., 2012; Zhu et al., 2017). The number 
of binding sites was almost equivalent to one, indicating that during the 
interaction, there was approximately one binding site in FG-COS con-
jugates for Cur binding. These results were similar to our previous re-
ports (Weng et al., 2019). 

3.3.3. Fourier infrared spectroscopy measurement 
The FT-IR spectra of FG–COS–Cur, FG-COS conjugates and Cur were 

Fig. 5. Characterization of curcumin-loaded nanoparticle (FG–COS–Cur nanoparticle). (A) The encapsulation efficiency and loading amount of FG–COS–Cur 
nanoparticle (B) The particles properties of FG–COS–Cur nanoparticle with different concentrations of Cur. (C) Retention rate of Cur in FG–COS–Cur nanoparticle and 
free Cur under UV irradiation. (D) The 24 h placement stability of FG–COS–Cur nanoparticle with different Cur concentrations. (E, F) Scanning electron micrograph 
image of FG–COS–Cur nanoparticle (Scale bar: 3 μm and 1 μm, respectively). 
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displayed in Fig. 6B. The characteristic absorption peak of Cur at 3507 
cm− 1 was the stretching vibration of phenolic hydroxyl-OH. The ab-
sorption band at 1602 cm− 1 were C––C stretching vibration and C––O 
stretching vibration, and at 1508 cm− 1 was C–C–C in-plane bending 
vibration (Bourbon et al., 2016). In the FG–COS–Cur, the characteristic 
peaks of Cur at wave numbers 3507 cm− 1, 1602 cm− 1, 1508 cm− 1, 1428 
cm− 1, 1282 cm− 1 and 1027 cm− 1 disappeared, indicating that Cur 
effectively bound to FG-COS conjugates through covalent bonds. Addi-
tionally, the peak position of the hydrogen bond in FG-COS conjugates 
and FG–COS–Cur spectra red-shifted from 3334 cm− 1 to 3346 cm− 1, 
which indicating that the hydrogen bond interaction was also involved 
in the formation of the complex (Zhang et al., 2021a). Besides, charac-
teristic peaks of Cur were not observed, suggesting that Cur was 
entrapped inside the FG-COS conjugates. This phenomenon was 
consistent with Feng et al. (2016). 

3.3.4. X-ray diffraction (XRD) 
To further confirm the physical state change of Cur after encapsu-

lation in FG-COS conjugates, X-ray diffraction was employed to deter-
mine the crystal alterations of Cur. The XRD patterns of Cur, FG-COS 
conjugates and FG–COS–Cur were illustrated in Fig. 6C. Cur exhibited 
plenty of sharp peaks in the XRD spectra, indicating that the crystal 
structure of Cur was highly crystalline. However, FG–COS–Cur nano-
particles were no such sharp peaks, which showed that it could inhibit 
the formation of Cur crystals, and then formed an amorphous and non- 
crystalline complex, which was consistent with previous research 
(Ghobadi et al., 2021). 

3.3.5. Evaluation of antioxidant activity of FG–COS–Cur nanoparticles/ 
Cur 

Cur was insoluble in water, acidic and neutral buffers, which might 
cause large errors in experiments. In this experiment, Cur dissolved by 
absolute ethanol was used as a control (Huang et al., 2016). We fixed the 
concentration of FG-COS conjugates (1 mg/mL) and investigated the 
antioxidant capacity of free Cur and FG–COS–Cur nanoparticles at 
different Cur concentrations. The DPPH free radical scavenging rate of 
FG–COS–Cur nanoparticles and Cur were compared in Fig. 7A. Cur 
solubilized in absolute ethanol had poorer scavenging capacity followed 
by FG–COS–Cur nanoparticles, especially at low concentrations of Cur. 
The DPPH free radical scavenging rate of FG-COS conjugates (1 mg/mL) 
was 42.28 ± 0.71%, which showed in Fig. 4A. When the Cur concen-
tration was 8 μg/mL, the DPPH free radical scavenging rate of 
FG–COS–Cur and Cur were 68.29 ± 1.69% and 24.44 ± 0.93%, 
respectively. In addition, the FG–COS–Cur nanoparticles had stronger 
DPPH free radical scavenging rate than the pure Cur at all concentra-
tions, indicating that the nanocompositions with FG-COS conjugates 
positively influenced the DPPH free radical scavenging rate of free Cur. 
This was probably because FG-COS shell had excellent antioxidant ac-
tivity and Cur entered the hydrophobic core of FG-COS conjugates 
maintained its original antioxidant activity well (O’Toole et al., 2016). 

The ABTS free radical scavenging rate of FG–COS–Cur nanoparticles 
and Cur solubilized in ethanol were also compared in Fig. 7B. The 
scavenging rate of ABTS free radicals was similar to that of DPPH free 
radical scavenging activity as we mentioned above. Both the Cur 
encapsulated in FG-COS conjugates and Cur showed increased scav-
enging activity on ABTS radicals with the increase of Cur concentrations, 
but the ABTS radical scavenging of FG–COS–Cur nanoparticles were 
higher than that of pure Cur. This result suggested that the ABTS free 
radical scavenging rate of Cur was not affected after the interaction with 
FG-COS and could be used to form a kind of nanoparticle with higher 

Fig. 6. Interaction between FG-COS conjugates and Cur. (A) Fluorescence 
spectra of FG-COS conjugates with different concentrations of Cur (Inside: The 
Stern-Volmer Equation) (B) Fourier transform infrared spectroscopy of 
FG–COS–Cur, FG-COS conjugates and Cur (C) X-ray diffraction pattern of 
FG–COS–Cur, FG-COS conjugates and Cur. 

Table 3 
The parameters of Cur interaction with proteins in the Stern-Volmer Equation.  

Ksv (M− 1) Kq ( × 1012 M− 1S− 1) R2 Ka (M− 1) n R2 

37898 3.7898 0.9987 184331.6879 1.1628 0.9991  
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ABTS free radical scavenging rate. The ABTS assay findings endorsed our 
DPPH free radical scavenging activity results. 

Research on reducing power was presented in Fig. 7C. As the con-
centrations of Cur increased, reducing power gradually increased. It was 
worth noting that Cur had a lower reducing ability, while the 
FG–COS–Cur nanoparticles had a higher reducing power. FG-COS con-
jugates manifested amazing reducing power as we mentioned previously 
(Fig. 4B), after encapsulation of Cur, the reducing power was signifi-
cantly higher than that of pure Cur. The reducing power of FG-COS 
conjugates (1 mg/mL) was 0.069 ± 0.003 (data not shown) and the 
FG–COS–Cur and Cur were 0.214 ± 0.008 and 0.078 ± 0.005, respec-
tively (Cur concentration was 20 μg/mL). This results showed that Cur in 
nanoparticle form had no negative effect on the antioxidant activity of 
Cur, instead, FG–COS–Cur exhibited additive reducing power of Cur and 

FG-COS conjugates. That was in a good accordance with previous re-
searches (Mohammadian et al., 2019). 

3.4. Evaluating the antioxidant capacity of FG–COS–Cur on Caco-2 cells 

3.4.1. Cytotoxicity and cellular uptake studies of FG–COS–Cur in Caco-2 
cells 

MTT (Mosmann, 1983) was one of the most used assays for evalu-
ating cytotoxicity. Viability of Caco-2 cells were measured by MTT assay 
and the results were presented in Fig. 8A–B. The cell studies demon-
strated that FG-COS conjugates were almost non-toxic on Caco-2 cells, 
with cell viability greater than 90% (Fig. 8A). After FG-COS conjugates 
encapsulated Cur, the cytotoxicity to Caco-2 cell was better than free 
Cur, especially the concentration of Cur reached 10 μg/mL or 20 μg/mL 
(Fig. 8B). Besides, cell viability was greater than 80% at all concentra-
tions, which indicated that a good biocompatibility of FG-COS conju-
gates and Cur with the Caco-2 cell model. According to the above results, 
several concentrations of Cur (2.5, 5, 10 and 20 μg/mL) were chosen for 
further experiments. 

To study the cellular uptake of FG–COS–Cur nanoparticles and free 
Cur on Caco-2 cells by measuring the specific fluorescence intensity of 
Cur in the cells. Both Cur and FG–COS–Cur nanoparticles could be 
absorbed by Caco-2 cells, which was concentrations-dependent 
(Fig. 8C). Comparing the intake of Cur and FG-MRP-Cur nanoparticles 
at the same Cur concentration, it was found that FG–COS–Cur nano-
particles could further enhance the specific fluorescence intensity of 
Cur, which meant that more Cur was absorbed by Caco-2 cells. When the 
concentration of Cur increased, the different cellular uptake between 
FG–COS–Cur nanoparticles and Cur was more obvious, which indicating 
that FG-COS conjugates could better improve the cellular uptake of Cur 
by Caco-2 cells. The enhanced uptake behavior of various Cur carrier 
had been observed previously in many experiments (Song et al., 2018). 
In short, under the same incubation duration and Cur concentration, Cur 
in the form of FG–COS–Cur nanoparticles had a better cellular absorp-
tion efficiency. This could be owing to Cur’s higher solubility after being 
loaded into the nanostructure. 

3.4.2. Establishment of a model of H2O2-induced oxidative damage in 
Caco-2 cells 

Oxidative stress referred to a state in which oxidation and antioxi-
dant effects were unbalanced in the body, and ROS were produced and 
accumulated in large quantities in cells. Excessive productions and ac-
cumulations of ROS could destroy intracellular biomolecules. During the 
experiment, intracellular oxidation of cells could be induced by 
hydrogen peroxide (Elisia et al., 2008). Thus, H2O2 was chosen to induce 
oxidative stress in Caco-2 cells. 

The results of H2O2-induced oxidative damage model of Caco-2 cells 
were displayed in Fig. 9A. Compared with control group, various doses 
of H2O2 had significant effects on the viability of Caco-2 cells (P < 0.05) 
after 4 h of treatment. The cell viability was significantly decreased, 
indicating that could effectively induce oxidative damage of Caco-2 cells 
in a concentrations-dependent manner under the different concentra-
tions of H2O2 conditions (final concentrations were 100–2000 μM). 
When the concentration of H2O2 in the cell medium was 650 μM, the 
inhibition rate of Caco-2 cell viability was close to 50%. Therefore, to 
establish oxidative damage in Caco-2 cells, we choose H2O2 final con-
centration of 650 μM to act on cells for 4 h as the induction condition for 
subsequent experiments. 

3.4.3. Protective effect of FG–COS–Cur/Cur on H2O2-induced oxidative 
damage in Caco-2 cells 

The protective effect of FG–COS–Cur nanoparticles and Cur on H2O2- 
induced oxidative damage of Caco-2 cells were measuring in Fig. 9B. 
Compared with control group, the viability of Caco-2 cells in the positive 
group (H2O2-induced oxidative damage group) was significantly 
reduced, which was about 60%. With the increase of Cur concentrations, 

Fig. 7. Antioxidative capacity of FG–COS–Cur and Cur. (A) DPPH radical 
scavenging rate (B) ABTS radical scavenging rate (C) Reducing power. 

S. Lin et al.                                                                                                                                                                                                                                       



Current Research in Food Science 5 (2022) 1625–1639

1636

the viability of Caco-2 cells in the sample protection group increased 
significantly when treated with different concentrations of FG–COS–Cur 
nanoparticles and Cur (5, 10, 20 μg/mL of Cur). Notably, when the 
concentration of Cur was 20 μg/mL, the viability of Caco-2 cells rose by 
24% and 11%, respectively, when compared to the positive group. 
Moreover, the effect of FG-MRP-Cur nanoparticles were significantly 
higher than that of pure Cur, especially at high concentrations. This 
might be due to the shell of FG–COS–Cur nanoparticles possessed effi-
cient encapsulation to improve solubility and outstanding antioxidation 
to superimpose antioxidant ability as we previously mentioned. Thus, a 
pretreatment with FG–COS–Cur nanoparticles and Cur inhibited cell 
death, indicating the ability of decreasing intracellular oxidation 
(Samaranayaka et al., 2011). 

3.4.4. Effects of FG–COS–Cur on ROS levels in Caco-2 cells induced by 
H2O2 

ROS influenced numerous biological functions, including cell 
growth, adhesion, and apoptosis (Hossen et al., 2020). However, too 
much ROS could disturb normal physiological processes by affecting the 
concentrations of many enzymes and other associated molecules in the 
gut (Piechota-Polanczyk et al., 2014). Thus, we determined the effect of 
FG–COS–Cur nanoparticles on ROS levels in Caco-2 cells induced by 
H2O2 (Fig. 9C). As shown, H2O2 treatment significantly increased the 
intracellular ROS level in Caco-2 cells, while the intracellular ROS level 
was significantly reduced and presented a dose relationship after 
treatment with different concentrations of FG–COS–Cur nanoparticles. 
When the concentration of Cur was 20 μg/mL, the intracellular ROS 
level of Caco-2 decreased to the lowest level, and exhibited no statisti-
cally significant change as compared to the control group. The reduction 
of ROS levels employing FG–COS–Cur nanoparticles, accompanied by 
the high DPPH and ABTS radical scavenging capacity and the reducing 
power (Fig. 7A–C), suggested that free radical sequestration or 
neutralization was a plausible mechanism of action in the FG–COS–Cur 
nanoparticles (Gomez et al., 2019). The above results revealed that 
FG–COS–Cur nanoparticles could effectively reduce the ROS level of 
Caco-2 cells induced by H2O2, thereby alleviating oxidative damage and 
protecting cells. 

3.4.5. Effects of FG–COS–Cur on extracellular lactate dehydrogenase levels 
in Caco-2 cells induced by H2O2 

LDH was an important indicator of cell membrane integrity (He 
et al., 2018). During the process of oxidative damage, cells would release 
intracellular LDH into the culture medium, so the activity of LDH in the 
culture supernatant could reflect the degree of cell damage. To deter-
mine the effect of FG–COS–Cur nanoparticles treatment on H2O2-in-
duced Caco-2 cells further, we checked the LDH level (Fig. 9D). This 
results showed that in the positive group of H2O2-induced oxidative 
damage, LDH was significantly increased, indicating that H2O2-induced 
oxidative damage to the cell membrane structure, resulting in weakened 
antioxidant function. Compared with positive group, the LDH level of 
the FG–COS–Cur nanoparticles treatment group was significantly 
decreased, indicating that FG–COS–Cur nanoparticles had obvious 
antioxidant biological activity. This dose-dependent decreased might be 
attributable to the scavenging of exogenous free radicals in cells by the 
FG–COS–Cur nanoparticles, which reduced LDH level increasing (Fan 
et al., 2013). 

3.4.6. Effects of FG–COS–Cur on intracellular antioxidant enzyme 
activities in Caco-2 cells induced by H2O2 

These preliminary findings motivated us to investigate the antioxi-
dant properties of FG–COS–Cur nanoparticles at the cellular level 
further. To understand the antioxidative effect of FG–COS–Cur nano-
particles further, we evaluated the activity of intracellular antioxidant 
enzymes in FG–COS–Cur nanoparticles treated cells under oxidative 
stress. FG–COS–Cur groups exhibited significantly increased SOD 
(Fig. 9E) and CAT (Fig. 9F) enzyme activity compared with both positive 

Fig. 8. The effect of FG–COS–Cur nanoparticles and Cur on Caco-2 cells. 
Different lowercase letters represented as significant difference at P < 0.05. (A) 
Cell viability after treatment with FG-COS conjugates. (B) Cell viability after 
treatment with FG–COS–Cur and Cur. (C) Cellular uptake of FG–COS–Cur 
and Cur. 
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control groups (P < 0.05), which exhibited a dose-response relationship 
in the range of measured concentrations. In addition, the low- and 
middle-dose groups exhibited significantly higher SOD and CAT enzyme 
activity levels than the positive control group (P < 0.05), which 
exhibited excellent antioxidant capacity to reduce H2O2-induced 
oxidative damage in Caco-2 cells. In this study, FG–COS–Cur nano-
particles had a protective effect on H2O2-induced oxidative damage in 
Caco-2 cells, which might be related to the enhanced antioxidant ca-
pacity of Cur loaded in FG-COS conjugates. 

4. Conclusions 

In summary, a funtional carrier (FG-COS conjugates) was easily 
fabricated via the Maillard reaction and utilized to improve the stability, 
antioxidation and bioavailability of Cur. The FG-COS conjugates could 
significantly improve surface hydrophobicity and possess superb anti-
oxidant capacity than FG. Further, Cur was encapsulated by FG-COS 
conjugates with high encapsulation efficiency and good UV stability. 
The fluorescence spectrometry, FTIR and XRD indicated that the Cur 
was embedded. The DPPH, ABTS radical scavenging ability and 

Fig. 9. Study of FG–COS–Cur nanoparticles on 
H2O2-induced oxidative damage of Caco-2 cells. 
Different lowercase letters represented as signifi-
cant difference at P < 0.05. (A) Effect of different 
concentrations of H2O2 on the viability of Caco-2 
cells. (B) Protective effect of FG–COS–Cur and Cur 
on H2O2-induced oxidative damage in Caco-2 cells. 
(C) Effect of FG–COS–Cur on ROS levels in Caco-2 
cells induced by H2O2. (D) Effect of FG–COS–Cur on 
LDH levels in Caco-2 cells induced by H2O2. (E) 
Effect of FG–COS–Cur on SOD levels in Caco-2 cells 
induced by H2O2. (F) Effect of FG–COS–Cur on CAT 
levels in Caco-2 cells induced by H2O2.   
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reducing power of FG–COS–Cur nanoparticles showing a superimposed 
antioxidant capacity between Cur and FG-COS conjugates. Cur, a poorly 
absorbed hydrophobic bioactive molecule, had a considerable increased 
in cellular absorption efficiency after being loaded into FG-COS conju-
gates. FG–COS–Cur nanoparticles well protected H2O2-induced oxida-
tive damage in Caco-2 cells by reducing ROS generation, LDH enzyme 
activity and increasing SOD, CAT enzyme activity, possessing significant 
difference with control at lower Cur concentrations. It could be 
concluded that the encapsulation of Cur in FG-COS conjugates was a 
promising approach to improve the antioxidation and bioavailability for 
Cur and had the potential to become a nano-delivery system for small 
molecule active substances. 
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