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1. Introduction

Impact of mucin protein corona on the
gastrointestinal behavior and antioxidant activity
of food carbon dots extracted from bread crust+

Shichao Mi,? Zimo Liu,® Mingcheng Wang,® David Julian McClements, (=
Chongjiang Cao, 2 Xiao Xu {2 ** and Biao Yuan (2 *@

Bread products are widely consumed around the globe as they are a staple food in many countries.
Recent studies have shown that the elevated temperatures and prolonged times used during bread baking
can lead to the formation of appreciable amounts of carbon dots, which may have adverse effects on
human health. Consequently, it is important to elucidate the potential fate of these carbon dots within
the gastrointestinal tract. In this study, we characterized the properties of bread-derived carbon dots
(BDCDs) and then investigated their interactions with mucin. The average diameter of the individual
BDCDs was 5.81 nm but they tended to exist as clusters (around 91 nm) in aqueous environments. The
BDCDs mainly consisted of carbon (70.9%), oxygen (27.6%), and nitrogen (1.5%). Like other types of
carbon dots, the BDCDs were found to exhibit natural fluorescence. In simulated saliva, the carbon dots
interacted with mucin to form BDCD-mucin complexes. These interactions caused the zeta potential of
the BDCDs to change from —5.97 to —11.07 mV and their hydrodynamic diameters to increase from 91.3
to 122.4 nm. Moreover, these interactions caused changes in the conformation of the mucin.
Furthermore, in vitro simulated digestion studies showed that the BDCDs induced conformational
changes in pepsin, reducing its enzymatic activity by around 20.8%. However, this effect was mitigated
when BDCD-mucin complexes were used instead of BDCDs, highlighting the important role that mucin
plays in mediating carbon dot—enzyme interactions. Moreover, the BDCD—-mucin complexes were better
at attenuating reactive oxygen species generation in Caco-2 cells than BDCDs, which led to higher cell
viability. This study provides new insights into the role of mucin coronas in modulating the gastrointestinal
behavior of carbon dots, highlighting their potential impact on human health.

to form during the thermal processing of some foods,
especially those that are held at high temperatures for pro-

Carbon dots are a class of carbon-based nanoparticles, ranging
in size from 4 to 30 nm, that are widely used in many fields
due to their high fluorescence, photostability, and solubility.">
The preparation of carbon dots for various applications has
been a prominent research area for many years. Recently,
however, particular attention has been paid to the presence of
carbon dots in different food sources, especially regarding
their potential health risks.> Carbon dots have been reported
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longed times, which is the case for products such as bread,
hot beverages, and roasted meats.*® The high temperatures
(175-190 °C) and extended times (20-60 min) used during
baking provide optimal conditions for the formation of carbon
dots in bread crust, particularly darker colored ones. The
carbon dots in bread crust may therefore be readily ingested as
part of the daily human diet. Given the widespread presence of
carbon dots in bread crust, their potential effects in vivo are
non-negligible. Previous studies have shown that carbon dots
derived from roasted squid can accumulate in various organs
of mice in a time-dependent manner after ingestion, including
crossing the blood-brain barrier and entering the brain.”
Furthermore, research has shown that these carbon dots can
induce cell membrane damage, cell cycle arrest, mitochondrial
dysfunction, and ROS production in cells.® Consequently, it is
important to better understand the potential gastrointestinal
fate of carbon dots from bread.
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Mucin is a highly glycosylated protein that forms a porous
gel-like coating around the walls of the gastrointestinal tract, and
is present in the gastrointestinal fluids.’ It is secreted by goblet
cells to form a protective mucus layer, serving as a barrier that
protects intestinal epithelial cells from mechanical and physical
damage while allowing nutrient absorption.’® Previous studies
have shown that mucin can also adsorb onto the surfaces of
nanoparticles to form a coating around them, which is often
referred to as the ‘protein corona’ (even though it also contains
other constituents), which alters their gastrointestinal fate.""
Zhou et al. reported that the formation of a mucin corona
around TiO, nanoparticles in simulated salivary fluids impacted
the dispersion state of TiO, nanoparticles.”” This change in the
oral dispersion state influences their subsequent behavior in the
lower regions of the gastrointestinal tract. Other researchers
reported that the formation of a mucin corona around transfer-
rin-modified nanoparticles enhanced their endocytosis and
transcellular transport.® In our previous study, we showed that
the formation of a whey protein corona around TiO, nano-
particles altered their aggregation state and surface charge under
simulated gastrointestinal conditions.'*'> Despite these studies,
there is still a relatively poor understanding of the impact of
corona formation on the gastrointestinal fate of different kinds
of nanoparticles.® In this study, we therefore examined the
impact of mucin corona formation on the behavior of carbon
dots under simulated gastrointestinal conditions."”'

Previously, it has been shown that nanoparticles can inter-
act with digestive enzymes in the gastrointestinal tract, which
may impact their activity. For instance, Song et al. reported
that food-derived carbon dots could interact with pepsin to
form protein coronas, which decreased the activity of pepsin
in simulated gastric fluids.” These alterations in digestive
enzyme activity after interacting with the nanoparticles may be
due to changes in the secondary structure of the enzymes after
they adsorb onto the particle surfaces.'® Carbon dots with
different functional groups have been reported to affect diges-
tive enzyme activity to varying degrees due to the structural
modifications induced by these functional groups.>°
Interestingly, some researchers have found that interactions
between nanoparticles and digestive enzymes actually enhance
their activities.>® For instance, the formation of a protein
corona consisting of a-amylase and amylopsin around querce-
tin-protein nanoparticles increased the enzyme activity in
simulated salivary and intestinal fluids, respectively, which
was attributed to alterations in the secondary structure of
these digestive enzymes.>* In contrast, it has been reported
that the formation of a pepsin corona around chitin nanowhis-
kers caused little change in the activity of pepsin, despite vari-
ations in its secondary structure.’®> Nevertheless, previous
studies have overlooked the presence of mucin in the gastroin-
testinal tract, which may impact the effects of carbon dots on
digestive enzymes.

In the present study, bread-derived carbon dots (BDCDs)
were first characterized, and then their interactions with
mucin were investigated. The impact of the BDCD-mucin
interactions on the secondary structure and optical properties
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of the mucin was also studied. An in vitro simulated digestion
model was then used to explore the impact of the mucin
corona on the behavior of the BDCDs in the gastrointestinal
tract. The impact of BDCDs and BDCD-mucin complexes on
the activity of digestive enzymes, particularly pepsin, was also
determined, so as to elucidate the role of the mucin. The anti-
oxidant activity of the BDCD-mucin complexes during simu-
lated digestion was studied using radical scavenging assays, as
well as a reducing power assay. Furthermore, the effects of the
BDCD-mucin complexes on cell viability and reactive oxygen
species levels were evaluated using a cell culture model.
Overall, our findings reveal that mucin in the gastrointestinal
tract modulates the behavior and antioxidant activity of
BDCDs through the formation of a corona around them,
thereby providing a novel perspective for assessing their safety
and functionality.

2. Materials and methods

2.1. Materials

The bread crust used in this study was obtained from commer-
cially available toast bread, whose primary ingredients
included wheat flour, white granulated sugar, vegetable oil,
egg pulp, and milk powder (Shenyang Taoli Bread Co., Ltd,
Taoli, Shenyang, China). Dialysis bags with a molecular weight
cut-off of 3500 Da and 500 Da were obtained from Viskase
(Chicago, USA). Mucin (>95%), a-amylase (>95%, from
Bacillus licheniformis, exhibits catalytic activity comparable to
human salivary a-amylase, albeit with physiologically relevant
limitations), pepsin (EC 3.4.23.1, >95%, from porcine gastric
mucosa), trypsin (EC 3.4.21.4, >95%, from porcine pancreas),
and iron(u) sulfate heptahydrate (FeSO,-7H,0, >99.7%) were
obtained from Shanghai Macklin Biochemical Technology Co.,
Ltd (Shanghai, China). Bile salt (>95%), benzoyl-L-arginine
ethyl ester (Ci5H,,N,05-HCl, 98%), potassium persulfate
(K2S,0g, >99.5%), and potassium ferrocyanide trihydrate
(K4FeCgNg-3H,0, 98%) were purchased from Aladdin Chemical
Reagent Co., Ltd (Shanghai, China). Methanol (CH,0, >99.7%)
and salicylic acid (C,HeOs3, >99.7%) was purchased from
General Reagent Co., Ltd (Shanghai, China). 3-(4,5-Dimethyl-2-
thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT, 98%)
and a ROS assay kit were purchased from Beyotime
Biotechnology (Shanghai, China). Bovine hemoglobin (>95%)
and ABTS (C;5H,4N¢O6S,, 98%) were purchased from Yuanye
Biotechnology Co., Ltd (Shanghai, China). Trichloroacetic acid
(CoHCl130,, >99.7%) and ferric chloride (FeClz-6H,0, >99.7%)
were purchased from Shanghai Hushi Laboratory Equipment
Co., Ltd (Shanghai, China). Hydrogen peroxide (H,O,, 30%)
was purchased from Nanjing Chemical Reagent Co., Ltd
(Nanjing, China). All other chemicals used in this study were
of analytical grade.

2.2. Isolation of BDCDs

The BDCDs were extracted using a method described in a pre-
vious study, with slight modifications.>* Briefly, the bread
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crust (530 g, wet weight) was first dried in an oven at 60 °C for
2 h, and then the toasted crust edges were collected and
ground into a powder (142 g). Next, the bread crust powder
was mixed with methanol in a 1:20 ratio and sonicated at 40
kHz for 1 h. The mixture was then centrifuged at 5000g for
30 min, and the resulting supernatant was concentrated to 1/
20 of its original volume using vacuum rotary evaporation.
After concentration, the concentrated solution was incubated
at 4 °C to allow any insoluble matter to sediment, and then
the supernatant was collected for further use. The supernatant
was dialyzed in a 3500 Da dialysis bag for 48 h, and the outer
dialysis solution was collected for further concentration. To
remove small water-soluble molecules, the concentrated outer
dialysis solution was dialyzed in a 500 Da dialysis bag for 24 h
and then filtered through a 0.22 pm filter. The filtrate was
freeze-dried to afford 266 mg of BDCDs (yield was calculated
based on the wet weight of bread crust). The obtained BDCDs
were then stored in a glass desiccator to prevent moisture
absorption for further study.

2.3. Characterization of BDCDs

The characterization of the BDCDs was performed based on
the methods described in detail in a previous study.” Briefly,
the morphology of the BDCDs was characterized using trans-
mission electron microscopy (TEM) (Thermo Fisher Scientific,
Waltham, USA). The chemical composition of the BDCDs was
characterized using an X-ray photoelectron spectrometer (XPS)
(K-Alpha, Thermo Fisher Scientific, Waltham, USA). Their crys-
talline structure was recorded using an X-ray diffraction (XRD)
instrument (D8 Advanced, Bruker, Karlsruhe, Germany). The
fluorescence spectra were determined using a spectrofluorom-
eter (F-7000, Hitachi, Tokyo, Japan). The ultraviolet-visible
spectra of BDCD suspensions were recorded using a UV-visible
spectrophotometer (Multiskan GO, Thermo Fisher Scientific,
Waltham, USA).

2.4. BDCD-mucin protein corona formation

BDCD-mucin complexes were prepared according to a method
described previously.>® Briefly, BDCDs and mucin were first
mixed together in equal volumes, each at the same concen-
tration, and then the resulting mixture was incubated over-
night at 37 °C.

2.5. Scanning electron microscopy

A scanning electron microscope was used to characterize the
morphology of the BDCDs, mucin, and BDCD-mucin com-
plexes.*® These experiments were conducted using a field emis-
sion scanning electron microscope (Sigma 360, Zeiss,
Oberkochen, Germany). The freeze-dried samples were loaded
on conductive tapes and gold-coated prior to SEM observation.

2.6. Zeta potential and particle size analysis

The zeta potentials and particle size distributions of the
BDCDs, mucin, and BDCD-mucin complexes were measured
using a combined particle electrophoresis/dynamic light scat-
tering instrument (Zetasizer Nano, Malvern Instruments,
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Malvern, Worcestershire, UK).>® All the samples were vortex-
dispersed evenly before analysis.

2.7. Fourier transform infrared spectroscopy

Freeze-dried BDCDs, mucin, and BDCD-mucin complexes
were ground into fine powders. Air was used as a background.
The Fourier transform infrared spectra were obtained using a
FTIR spectrometer (Nicolet iS50, Thermo Fisher Scientific,
Waltham, USA) in the frequency range of 4000 to 400 cm~*.%°

2.8. Circular dichroism spectroscopy

The circular dichroism spectra of mucin and BDCD-mucin
complexes were measured using a CD spectropolarimeter
(JASCO J-810, JASCO Corporation, Tokyo, Japan), as previously
described.”” The samples were prepared by mixing 0.5 mg
mL™" mucin with concentrations of BDCDs ranging from 0.5
to 2.5 mg mL™", and then the resulting mixtures were incu-
bated for 24 h. The Beta Structure Selection method was used
to calculate the secondary structure of the mucin from the
spectra.”®

2.9. Ultraviolet-visible spectroscopy

The ultraviolet-visible spectra of BDCDs, mucin, and BDCD-
mucin complexes were measured using a UV-visible spectro-
photometer (Multiskan GO, Thermo Fisher Scientific,
Waltham, USA).>° The concentrations of samples used in this
experiment were 0.1 mg mL™",

2.10. Fluorescence spectroscopy

A spectrofluorometer (F-7000, Hitachi, Tokyo, Japan) and
microplate reader (SpectraMax M2, Molecular Devices,
Sunnyvale, USA) were used to analyze the interactions between
BDCDs and mucin, and between BDCD-mucin complexes and
digestive enzymes, respectively. To test the interactions
between BDCDs and mucin, an excitation wavelength of
280 nm, an emission wavelength range of 300-500 nm, exci-
tation and emission slit widths of 5 nm, and a scanning rate
of 1200 nm min~" were used. To test the interaction between
the BDCD-mucin complexes and digestive enzymes, the
experiments were conducted by keeping pepsin (2000 U mL™")
and trypsin (100 U mL™") concentrations constant, while
increasing the sample concentrations from 0.5 to 2.5 mg
mL™". The excitation wavelength was set to 280 nm, with an
emission wavelength range of 360-500 nm.*° For the detection
of three-dimensional fluorescence spectroscopy, the ranges of
excitation wavelength and emission wavelength were
210-390 nm and 250-550 nm, respectively. The test was con-
ducted at room temperature.

2.11. Invitro simulated digestion

Simulated digestion was performed as previously described.?!
All experiments were conducted at 37 °C to simulate the con-
ditions in the gastrointestinal tract. The samples subjected to
in vitro simulated digestion were isolated carbon dots of bread
crust (BDCDs), not the bread crust. Four sample groups were
prepared: control, BDCDs (10 mg mL™"), mucin (10 mg mL™%),
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and BDCD-mucin complexes (10 mg mL ™). Specifically, simu-
lated salivary fluid (15 mL) containing 150 U mL ™" a-amylase
was mixed with 15 mL of the sample and then incubated for
2 min at pH 7. The concentration of BDCDs in the simulated
salivary stage was derived from physiological modeling of oral
processing for bread crust, accounting for salivary secretion
rates and established extraction yields. Subsequently, the
resulting mixture (15 mL) was combined with 15 mL of simu-
lated gastric fluid containing 4000 U mL™" pepsin and incu-
bated for 2 hours at pH 3, with the pH being monitored and
adjusted every 30 min to maintain stability.

The mixture (15 mL) was then added to 15 mL of simulated
intestinal fluid containing 200 U mL™" trypsin and incubated
for 2 hours at pH 7, with the pH monitored and adjusted every
30 min to ensure consistency. After digestion, the digestive
enzymes were inactivated by placing the samples in a water
bath at 100 °C for 10 min. Simulated digestive fluids without
enzymes were used as a negative control.

2.12. Pepsin activity assay

The pepsin activity was quantified as described previously,
with slight modifications.*” Initially, a 0.1 mL aliquot of simu-
lated gastric fluid was added into 0.5 mL of 2% (w/v) bovine
hemoglobin solution (pH 2) and incubated at 37 °C for
30 min. Then, the mixture was combined with 1 mL of 5%
(w/v) trichloroacetic acid and centrifuged at 12 000g for 10 min
at 4 °C using a centrifuge (FC5515R, Ohaus, New Jersey, USA).
The absorbance of the supernatant at 280 nm was measured.

2.13. Trypsin activity assay

The trypsin activity assay was performed as previously
described, with slight modifications.*® The simulated intesti-
nal fluid was diluted 10-fold and then added to the benzoyl-r-
arginine ethyl ester solution (3.1 mL, 0.25 mM). The absor-
bance of the mixture at 253 nm was then recorded every
minute for a duration of 5 min.

2.14. ABTS radical scavenging assay

The ABTS stock solution was prepared by mixing 10 mL of
7 mM ABTS solution with potassium persulfate solution
(178 pL, 140 mM) and incubating in the dark overnight."* The
stock solution was then diluted with dH,O to achieve an absor-
bance of 0.7 at 734 nm for further use. The absorbance was
measured at 734 nm after incubating the ABTS reaction solu-
tion and digestive fluids at room temperature for 1 h.

2.15. Hydroxyl radical scavenging assay

The hydroxyl radical scavenging assay was conducted as pre-
viously described, with a slight modification.'* Equal volumes
(0.5 mL each) of digestive fluids, 6 mM FeSO,, 6 mM H,0,,
and 6 mM salicylic acid-ethanol solution were mixed and incu-
bated at 37 °C for 1 h in the dark. The absorbance was
measured at 510 nm. Additionally, the volume of digestive
fluid was optimized based on its hydroxyl radical scavenging
activity.
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2.16. Total reducibility assay

The total reducibility assay was performed as described pre-
viously."* Briefly, 200 pL of digestive fluids, 200 uL of phos-
phate buffer solution (200 mM, pH 6.6), and 200 pL of 1%
(w/v) potassium ferricyanide were mixed and then incubated at
55 °C for 20 min. Then, 200 pL of 10% (w/v) trichloroacetic
acid was added, and the mixture was centrifuged at 1000g for
15 min. Next, the supernatant (500 pL) was mixed with 500 pL
of dH,0 and 100 pL of 0.17% (w/v) ferric chloride, and incu-
bated at room temperature for 10 min. The absorbance was

then measured at 700 nm using a UV-visible
spectrophotometer.
2.17. Cell viability assay

Cell viability was assessed using the MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.>* Briefly,
Caco-2 cells in a 96-well plate were treated with 200 pL of
serum-free medium containing various concentrations (from
6.25 to 1600 pg mL™') of BDCDs, mucin, and BDCD-mucin
complexes for 24 h. After treatment, cells were incubated with
MTT for 4 h, and the formazan crystals were dissolved in
DMSO. The absorbance at 570 nm was measured using a
microplate reader (Thermo Fisher Scientific, Waltham, USA).

2.18. Reactive oxygen species measurement

The measurement of reactive oxygen species (ROS) was carried
out as previously described.>® Caco-2 cells were seeded in a
12-well plate and treated with BDCDs, mucin, and BDCD-
mucin complexes at concentrations of 100 and 400 pg mL ™"
for 24 h. The concentration of BDCDs used in this experiment
was calculated based on the mass of bread crust consumed
and the total volume of digestive fluids secreted. Then, the
cells were incubated with DCFH-DA for 20 min, and images of
cells with high ROS levels were captured using a fluorescence
microscope (DMi8, Leica, Wetzlar, Germany).

2.19. Statistical analysis

Statistical analysis was conducted by one-way analysis of var-
iance (ANOVA) using OriginPro 2024b software. Results are
expressed as mean + SD. Significance analysis was performed
using the Tukey test and Student’s ¢-test, with p < 0.05 con-
sidered statistically significant.

3. Results and discussion

3.1. Characterization of BDCDs

Previous studies have demonstrated that carbon dots are
formed during bread baking and exhibit cytotoxicity toward
human mesenchymal stem cells in vitro.>® Additionally, it has
been reported that nanoparticles can adsorb biomacro-
molecules from bodily fluids, forming “protein” coronas that
play a crucial role in influencing their biological effects.*®
Furthermore, the mucus barrier, which is primarily composed
of mucin proteins, serves as the first line of defense in the gas-
trointestinal tract, protecting the intestinal epithelium from

This journal is © The Royal Society of Chemistry 2025
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external damage. Once carbon dots enter the gastrointestinal
tract, they therefore interact with mucin in the intestinal
mucosa. Therefore, we investigated the impact of mucin
corona formation on the gastrointestinal fate of BDCDs.

Initially, the carbon dots were extracted from burnt bread
crust and then characterized (Fig. 1A). Fig. 1B shows the
photographs of BDCD solutions (1 mg mL™") when exposed to
either visible light or ultraviolet light (365 nm). The BDCD
solutions were clear yellowish liquids under visible light but
emitted blue fluorescence upon ultraviolet light, indicating
that they were fluorescent carbon dots with good water solubi-
lity. The morphology of the BDCDs was investigated using
transmission electron microscopy (Fig. 1C-E). The regular
TEM images showed that the BDCDs consisted of small spher-
oidal particles with an average diameter of around 5.81 nm,
which assembled into clumps of around 100 nm. The high-
resolution TEM images showed that the interplane distances
within the carbon dots were 0.246 and 0.422 nm. Previous
researchers have extracted carbon dots with an average dia-
meter of 2.67 nm from breadcrumbs fried at 180 °C.?” Thus,
the dimensions of the BDCDs extracted from bread crust
baked at a similar temperature were on the same order of mag-
nitude as these.

XRD analysis was used to determine the physical state of
the BDCDs. The XRD patterns revealed the presence of a single
peak at 26 = 20.7°, which suggested that the BDCDs were amor-
phous (rather than crystalline) (Fig. 1F). According to the XPS
analysis, the surface chemical composition of the BDCDs con-
tained C, N, and O constituents, which accounted for 70.9%,
1.5%, and 27.6%, respectively (Fig. 1G and H). Previous
studies have reported that nitrogen can increase the quantum
yield and enhance the fluorescence of carbon dots,***° which
might explain the blue fluorescence of the BDCDs observed in
our study. The detailed XPS spectra of C 1s, N 1s, and O 1s
were measured to identify the surface functional groups of the
BDCDs (Fig. 1I-K). The characteristic peaks at 284.80, 286.39,
and 288.29 eV in the C 1s spectra corresponded to C=C/C-C,
C-0, and C=O0 bonds, respectively. In the N 1s spectra, the
peaks observed at 399.61, 399.93, and 401.70 eV correspond to
pyridinic N, pyrrolic N, and N-H groups, respectively. In the
O1s spectra, the peaks observed at 532.12, 532.60, and 534.86
eV correspond to O=C-O, C-O, and O=C-O* functional
groups, respectively.*®*!

Furthermore, the optical properties of the BDCDs were
investigated using both fluorescence and UV-visible spectro-
photometry. The fluorescence emission spectra of the BDCDs
were measured at different excitation wavelengths, revealing a
maximum excitation/emission wavelength of 344/437 nm.
BDCDs exhibited a quantum yield of 1.03% when excited at
344 nm, along with a decay time of 5.75 ns (Fig. S1f).
Additionally, the emission wavelength exhibited a redshift as
the excitation wavelength increased, a phenomenon commonly
observed in carbon dots (Fig. 1L). Mechanistically, the for-
mation of complex surface states in BDCDs during the bread-
baking process may result in this bathochromic emission
phenomenon.” Moreover, the fluorescence intensity of BDCDs
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excited by the excitation wavelength of 344 nm decreased with
decreasing BDCD concentration (Fig. 1M). However, compared
to the fluorescence intensity of BDCDs at 500 pg mL™", the
intensity at 1000 pg mL ™" was lower, which could be due to the
agglomeration of BDCDs at higher concentrations (as seen in
the TEM images), leading to the masking of the fluorophores.
The UV-visible spectra of BDCDs had an absorption peak at
276 nm, and the absorbance decreased with decreasing con-
centration of BDCDs (Fig. 1N). The absorption peak may result
from the n-n* conjugation of C=C double bonds in the
surface functional groups of BDCDs.”

3.2. Interactions between BDCDs and mucin

The interactions between the carbon dots derived from bread
crust and mucin were characterized using a variety of analyti-
cal methods.

3.2.1. Scanning electron microscopy. To assess whether
BDCDs could interact with mucin to form a “protein” corona,
mixtures of BDCDs and mucin were prepared and character-
ized. First, the morphological characteristics of BDCDs,
mucin, and the BDCD-mucin complexes were observed by
SEM (Fig. 2A). The BDCDs consisted of numerous irregularly
shaped particles with dimensions of a few hundred nano-
meters that were dispersed throughout the samples.
Presumably, these particles were the clusters of individual
BDCD nanoparticles observed in the TEM images (Fig. 1).
Previous researchers have reported that similarly sized clusters
of carbon dots are formed when fish (small yellow croaker) is
roasted for prolonged durations.”” The images of the mucin
alone suggested that it existed as large clumps with relatively
smooth surfaces. The images of the BDCD and mucin mixtures
showed that the clusters of carbon dots were embedded within
the mucin, indicating the formation of BDCD-mucin
complexes.

3.2.2. Zeta potential and particle size analysis. The electri-
cal and size characteristics of the BDCDs, mucin, and BDCD-
mucin complexes were measured to provide further insights
into the BDCD-mucin complex formation (Fig. 2B and C). All
three systems had small to moderate negative surface poten-
tials (=5 to —11 mV). Notably, however, the zeta potential of
the BDCD-mucin complexes was much closer to that of the
mucin than to that of the BDCDs. This result was consistent
with the carbon dot clusters being embedded within the
BDCD-mucin complexes, so that the overall surface charge
was dominated by the presence of the mucin. Other research-
ers have also reported that the formation of a protein corona
can significantly alter the surface charge of nanoparticles. For
instance, after coating with glutenin, the zeta potential of TiO,
nanoparticles increased from —18.7 mV to +22.6 mV, which
was attributed to the fact that the nanoparticles were nega-
tively charged while the proteins were positive charged.*

The hydrodynamic diameters of the BDCDs, mucin, and
BDCD-mucin complexes were measured by dynamic light scat-
tering. The BDCDs had an average diameter of around
91.28 nm, which was consistent with the dimensions of the
particles observed in the TEM images discussed earlier. This

Food Funct, 2025, 16, 5105-5122 | 5109


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00088b

Paper

View Article Online

Food & Function

Ground to Lyophilization o 0
powder —_— > oo.p
Small molecules
Bread crust BDCDs
] 24
5
o S
| 0.246 nm g‘
=
3 :8, e ERE]
o = 53
g 8_ 0:422 fim E
& c 2 o 10
S 2 £
— Q >
© ™ gs
]
SIS
= 0
S 2 6
— -g Size (nm)
= F G H
S % 400 PN C (%) [N (%) IO (%)
% 5 ols 100
= 20.7°
Cls
S E wd 7
c O — 80 1
g% : -
= 1 —_~
oz = 5 g w
& § E 200 ? =
S = S % e
« O = g H
N - = £ S 40
100 = Nis
> 3 -
55 20
5 3 0
-8 5 20 40 60 80 1000 800 600 400 200 0 [
_5 S 20/Degrees Binding energy (eV) BDCDs
= 0
0 .=
23 I J K
. g Raw
¢ e ——284.80 c=cic-C ) Raw
T ® 399.61 ; —— 53212
= » 286.39 399.93 Pyrrolic N 53 2.60 co
£ 2 —288.29 .
< £ - — 534386
@ = ~ Background = —— Background = i} ackground
= = =
8 & & Pyridinic N &
z z z
< £ £ £
g £ £ £
=3 = = = 0=C-0*
O
=
e 295 290 285 280 405 400 395 540 535 530 525
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
3000 3000
. ——334nm 437 nm —15.625 pg/mL —15.625 pg/mL|
—344nm i —31.25 L 1.5 —31..
2500 ——354nm 25004 — 625 plé/gr/nni, - 6;;1;%’:[‘}
= —— 364 nm = —— 125 pg/mL —— 125 pg/mL
3 2000 ——374nm 3 2000+ ——250 pg/mL 3 ——250 pg/mL
& K —— 500 pg/mL g 1.04 —— 500 pg/mL
21500 2 1500 —— 1000 pg/mL £ ——1000 pg/mL
= e °
s £ 1000 2
e K] J
= 1000 = <
5004
500
0
01+ T T T T T T T T
400 450 500 550 600 650 400 450 500 550 600 200 250 300 350 400 450 500
Wavelength (nm) Wavelength (nm) Wavelength (nm)
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size was considerably larger than the size of the individual
BDCDs, which again highlights the fact that they tended to
exist as clusters in solution. The mucin had an average dia-
meter of around 78.82 nm, which was again consistent with
the TEM images, and suggests that the mucin molecules
existed as clumps in solution. The average diameter of the
BDCD-mucin complexes (122.40 nm) was larger than either
the BDCDs or the mucin. This effect may have been because
the incorporation of the BDCDs into the clumps of mucin led
to an increase in their average size, which was consistent with
the SEM images. Other researchers have also reported that the
formation of protein—nanoparticle complexes leads to an

This journal is © The Royal Society of Chemistry 2025

increase in diameter.>”

Interestingly, however, it has been
reported that the formation of a mucin corona can alter the
agglomeration state of TiO,, while only leads to minimal
changes in the particle size measured by light scattering.'?
This result suggests that the impact of mucin depends on the
nature of the nanoparticles involved.

3.2.3. Fourier transform infrared spectroscopy analysis. To
further characterize the interactions between the BDCDs and
mucin, changes in the surface functional groups of the BDCDs,
mucin, and BDCD-mucin complexes were determined by
Fourier Transform Infrared (FTIR) spectroscopy (Fig. 2D). The
BDCDs, mucin, and BDCD-mucin complexes all displayed a
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similar absorption peak at 3275 cm™', corresponding to the
-NH, and -OH stretching vibration peak.>” The peaks found at
2919 and 2851 cm™' were ascribed to the C-H stretching
vibrations.** The peak at 1628 cm™" corresponded to the stretch-
ing vibrations of ~COOH, while the peak at 1537 cm™ was
ascribed to the C=C group.** Meanwhile, the peaks at 1220 and
1059 cm ™" corresponded to the C-C stretching vibrations and
aromatic alkoxy bonds, respectively.> Compared to mucin and
the BDCD-mucin complexes, the BDCDs exhibited only small or
no peaks at 2919, 2851, 1628, 1537, and 1220 cm™". After the for-
mation of the BDCD-mucin complexes, a redshift of the -NH,
and -OH stretching vibration peaks of mucin was observed,
suggesting hydrogen bonding and hydrophobic interactions
between the BDCDs and mucin.** Moreover, compared to the
mucin group, the peak at 1059 cm™' in the BDCD-mucin
complex group exhibited a significant blueshift, suggesting that
the BDCDs altered the conformation of mucin. It is worth
noting the similarity in the FTIR spectra of mucin and BDCD-
mucin complexes, which suggested that mucin dominated the
spectra of the complexes. Previous researchers have reported
that the presence of a strong amide group peak in the FTIR
spectra of nanoparticles was consistent with the adsorption of
proteins onto their surfaces.*’

3.2.4. Circular dichroism spectroscopy analysis.
Information about the effects of the BDCDs on the secondary
structure of the proteins in the mucin was obtained by circular
dichroism (CD) spectroscopy analysis, which is a well-estab-
lished method for determining the secondary structure of pro-
teins after their interactions with nanoparticles (Fig. 2E).>” A
strong negative band was observed around 200 nm in the CD
spectrum of mucin, which indicates a significant amount of
B-sheet conformation. Additionally, quantitative analysis of the
secondary structure revealed that the f-sheet and random coil
contents in mucin were 42.0% and 34.3%, respectively
(Table 1).*° After the formation of the BDCD-mucin com-
plexes, changes in the CD spectra and a redshift in the peak
position were observed. Specifically, the mucin peak intensity
decreased at a BDCD concentration of 0.5 mg mL™" but then
increased when the BDCD concentration exceeded 0.5 mg
mL~". The p-sheet content decreased from 42.0% to 38.2%, the
f-turn content increased from 23.7% to 25.7%, and the
random coil content increased from 34.3% to 36.7%, indicat-
ing an increase in the proportion of disordered regions in
mucin after interaction with the BDCDs.” Furthermore, as the
concentration of BDCDs increased, the secondary structure of
mucin underwent various changes, with the random -coil

Table 1 Changes in the secondary structure content of mucin

System B-Sheet (%) p-Turn (%) Random coil (%)
Mucin 42.0 23.7 34.3
BDCDs:mucin=1:1 38.2 25.7 36.1
BDCDs: mucin=2:1  43.7 21.9 34.3
BDCDs: mucin =3:1 39.7 23.2 37.1
BDCDs:mucin=4:1 44.4 239 31.7
BDCDs: mucin=5:1  41.8 22.1 36.1
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content increasing in nearly all BDCD-mucin complex groups,
suggesting significant effects of BDCDs on the secondary struc-
ture of the mucin.

3.2.5. Ultraviolet-visible spectroscopy analysis. To further
investigate the interaction between the mucin and BDCDs, as
well as the structural changes in mucin, the UV-visible spectra
of the BDCD-mucin complexes were measured (Fig. 3A). The
pure mucin exhibited one peak at 260 nm corresponding to
the n-n transition of aromatic amino acid residues.*® The
intensity of the peak increased and showed a redshift to
261 nm after interacting with the BDCDs, suggesting that the
microenvironment of the amino acid residues of mucin was
changed. Previous researchers have reported that the inter-
action between gold nanoparticles and mucin enhances the
absorption intensity of mucin at 260 nm in the UV-visible
spectrum, suggesting the formation of a protein corona,
despite the observed blueshift in the peak.*®

3.2.6. Fluorescence spectroscopy analysis. Fluorescence
spectroscopy is often used to provide information about
changes in the structure of proteins. The fluorescence of pro-
teins is mainly generated by tryptophan residues when they
are excited at a wavelength of 280 nm. The maximum emission
wavelength of tryptophan is considered to be an indicator of
its microenvironment: with a maximum emission wavelength
greater than 330 nm corresponding to a “polar” microenvi-
ronment, and a maximum emission wavelength below 330 nm
corresponding to a “non-polar” microenvironment.*”

The samples were therefore excited using an excitation
wavelength of 280 nm and the resulting maximum emission
peak around 330 nm was recorded. Compared to mucin alone,
there was a red shift of the maximum emission peak of mucin
after interacting with BDCDs, which indicated that the pres-
ence of the nanoparticles enhanced the polarity of the trypto-
phan residues in the mucin, suggesting that they altered their
microenvironment. Previously, it has been reported that an
increase in the polarity of the microenvironment surrounding
the aromatic amino acids in the proteins of curcumin-myofi-
brillar protein complexes led to a red shift in their maximum
fluorescence intensity during in vitro digestion.’® Moreover,
the fluorescence intensity of the BDCD-mucin complexes was
lower than mucin alone, further suggesting the structural
changes in the mucin (Fig. 3B). It is important to note that
these changes in the microenvironment of the amino acid resi-
dues in mucin may disrupt its normal physiological function.
For instance, the interaction between black carbon nano-
particles and mucin has been reported to alter the selective
permeability of mucin, increasing the translocation of cationic
molecules across the mucin barrier.*’

3.2.7. Three-dimensional fluorescence spectroscopy ana-
lysis. Three-dimensional fluorescence contour maps were also
used to investigate the spatial conformation of the proteins in
the mucin. The fluorescence peak of the BDCDs observed at
approximately Aex/Aem = 350/440 nm was consistent with our
previous fluorescence measurements (Fig. 1F). More impor-
tantly, the maximum emission wavelength shifted to longer
wavelengths as the excitation wavelength increased, which was

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo00088b

Open Access Article. Published on 07 May 2025. Downloaded on 3/16/2026 1:03:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Food & Function

30 4 BDCDs
Mucin
BDCDs-Mucin Corona
2.5 4
2.0 4
3
<
g
2 1.5 4
e
2
=
< 1.0 4
0.5 4
0
T T T T T
200 250 300 350 400 450 500
Wavelength [nm]

w oW
22
s g
w
3
2

w
2
S
o
2
3

320 320

[ R
2 2
s g

Excitation Wavelength (nm)
W w
g g

Excitation Wavelength (nm)

Emission Wavelength (nm)

Emission Wavelength (nm)

View Article Online

Paper

BDCDs
~— Mucin

2500 BDCDs-Mucin Corona

u.)

3 2000 -

1500

Intensity (a

1000

500

\\

0 T T T
350 400 450 500

Wavelength [nm]

BDCDs-Mucin Corona
7 11 14 18 21

Excitation Wavelength (nm)

Emission Wavelength (nm)
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consistent with the bathochromic emission phenomenon com-
monly observed in carbon dots (Fig. 3C). For mucin, the fluo-
rescence peak at dey/Aem = 230/320 nm was primarily attributed
to the polypeptide backbone, while the peak at Aey/Aem = 280/
340 nm was attributed to the tryptophan and tyrosine aromatic
groups (Fig. 3D).”>

In the presence of BDCDs, the fluorescence intensity of the
mucin at excitation wavelengths of 230 nm and 280 nm
decreased, which indicated that both the polypeptide skeleton
structure and the tryptophan and tyrosine residues of mucin
were involved in its interaction with BDCDs.’® Moreover, the
increased fluorescence intensity observed at an excitation
wavelength of 350 nm in the BDCD-mucin complexes also
suggests that the BDCDs altered the structure of the proteins
in the mucin following their interaction (Fig. 3E). Overall,
these results demonstrated that the presence of BDCDs
induced a conformational change in the mucin.

3.3. Interactions between BDCD-mucin complexes and
digestive enzymes during in vitro digestion

In this series of experiments, an in vitro digestion model was
used to investigate the interactions between the BDCD-mucin

This journal is © The Royal Society of Chemistry 2025

complexes and digestive enzymes (Fig. 4A). In general, these
in vitro simulated digestion models provide a rapid and highly
reproducible means of studying the gastrointestinal behavior
of foods.”

3.3.1. Digestive enzyme activity. Initially, the impact of
BDCDs, mucin, and BDCD-mucin complexes on the activity of
the digestive enzymes (pepsin and trypsin) was assessed
(Fig. 4B and C). The results showed that the activity of pepsin
decreased significantly after being treated with BDCDs, while
it increased in the mucin group. Interestingly, compared to the
BDCD group, the treatment with the BDCD-mucin corona
reversed the negative effect of BDCDs on pepsin activity
(Fig. 4B). Lei et al. have reported that carbon dots with
different functional groups can reduce the activity of pepsin to
varying degrees, suggesting that the formation of the BDCD-
mucin complexes masked the functional groups on the BDCDs
that normally interact with pepsin, thereby decreasing its
activity in simulated gastric fluids.>® In general, the physico-
chemical properties and gastrointestinal behavior of nano-
particles are strongly influenced by the nature of the materials
adsorbed to their surfaces, which could explain the differing
effects of the BDCDs and BDCD-mucin complexes on enzyme
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Fig. 4 Effect of BDCDs on digestive enzymes during in vitro digestion. (A) The process of in vitro simulated digestion. (B and C) The relative activity
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and the BDCD-mucin corona (F). (G-I) The fluorescence spectra of trypsin interacting with BDCDs (G), mucin (H), and the BDCD—mucin corona (I).
Bars assigned with different lowercase letters were significantly different (n = 3, p < 0.05, ANOVA, Tukey's test).

activity."* The TEM images discussed earlier showed that the
BDCDs were embedded within clumps of mucin (Fig. 1),
which may account for the observed decrease in their ability to
suppress pepsin activity (Fig. S21). It has also been reported

514 | Food Funct, 2025, 16, 5105-5122

that carbon dots can interact with pepsin to form a protein
corona, which induces a conformational change in the pepsin
structure and decreases its activity.>”> Interestingly, the
BDCDs had much less effect on the activity of trypsin, with no

This journal is © The Royal Society of Chemistry 2025
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significant difference compared to the control (Fig. 4C).
However, both mucin and the BDCD-mucin complexes caused
a slight increase in the activity of the trypsin compared to the
control. These results suggest that the impact of the BDCDs
and mucin on the activity of digestive enzymes was highly
dependent on enzyme type. This effect may have been because
of the differences in the interactions of the BDCDs with the
enzyme surfaces, as well as due to the differences in the nature
of the structural changes in the enzymes, which may have
affected the active sites differently.

In summary, these results suggest that mucin may help
protect the gastrointestinal digestive function from being
impaired by carbon dots in foods.

3.3.2. Fluorescence spectroscopy analysis of digestive
enzymes. Further insights into the impact of mucin on carbon
dot-mucin interactions were obtained by measuring the fluo-
rescence spectra of the digestive enzymes after interacting with
BDCDs, mucin, and BDCD-mucin complexes. The fluo-
rescence intensity of the pepsin gradually decreased as the
concentrations of BDCDs and BDCD-mucin complexes
increased (Fig. 4D-F). In contrast, the fluorescence intensity of
pepsin increased after interaction with 0.5 pg mL™" mucin but
decreased progressively as the mucin concentration was
increased further. These results indicated that the interactions
between our samples and pepsin induced structural changes
in the pepsin, although they had different effects on its
activity. Moreover, the peak of pepsin showed a redshift,
suggesting that the polarity of its amino acid residues
increased after interacting with BDCDs, mucin, and the
BDCD-mucin complexes. Li et al observed a significant
decrease in the fluorescence emission intensity of digestive
enzymes with increasing nanoparticle concentration, which
suggested their interaction and subsequent fluorescence
quenching.”® Interestingly, the redshift of pepsin was most
pronounced in the BDCD-mucin complex group, followed by
the BDCD and mucin groups. In addition, the fluorescence
spectra of the BDCDs and BDCD-mucin complex groups had
two peaks, which were attributed to the presence of the
BDCDs. Notably, our previous fluorescence spectroscopy
results of BDCDs, mucin, and BDCD-mucin complexes
showed no fluorescence peak at 450 nm when excited at
280 nm (Fig. 3B). This suggested that the interaction between
BDCDs and pepsin resulted in the emergence of a new fluo-
rescence peak upon excitation at 280 nm. A previous study
reported that cobalt oxyhydroxide catalytically oxidized
o-phenylenediamine, resulting in the formation of a new fluo-
rescence peak at 556 nm and a decrease in the fluorescence
intensity of silicon nanoparticles at 443 nm within a fluo-
rescent nanoprobe, thereby generating a double-peak fluo-
rescence spectrum.54 However, compared to the BDCD group,
the interaction between the BDCD-mucin corona and pepsin
reduced the intensity of the fluorescence peak at 450 nm,
which may explain the restored activity of pepsin in the
BDCD-mucin complex group. A previous report found that a
different amino-modified starch nanoparticle did not affect
pepsin activity, despite significant interaction with pepsin.*®

This journal is © The Royal Society of Chemistry 2025
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The fluorescence intensity of trypsin displayed a trend
similar to that of pepsin after interacting with BDCDs, mucin,
and the BDCD-mucin complexes (Fig. 4G-I). However, the key
difference was the absence of a fluorescence peak at 450 nm.
These results suggest that the presence of our samples altered
the structure of trypsin, although they had little effect on its
activity. Wang et al. reported that epigallocatechin gallate-
resistant starch nanoparticles altered the conformation and
microenvironment of trypsin, while leaving its activity
unaffected.’® Again, the above results suggest that BDCDs have
little effect on the active site of trypsin, while the presence of
mucin or BDCD-mucin complexes may even activate trypsin.
Furthermore, the redshift of the trypsin peak was slightly
smaller than that of pepsin when treated with BDCDs, mucin,
and the BDCD-mucin complexes, which may correspond to
the smaller changes in trypsin activity observed for these
treatments.

The quenching mechanisms of pepsin and trypsin were
investigated using the Stern-Volmer equation (Fig. S37).
According to the Fy/F curve, a linear correlation was observed
with BDCDs, mucin, and BDCD-mucin complexes at concen-
trations ranging from 0.5 to 2.5 pg mL ™", which suggests that
the Stern-Volmer equation was appropriate for interpreting
the data. Furthermore, the slight upward curvature observed in
the Fo/F curve suggests the coexistence of static and dynamic
quenching. These energy results suggest that BDCDs, mucin,
and BDCD-mucin complexes could interact with pepsin and
trypsin to form non-fluorescent complexes, accompanied by a
charge or transfer between them.’*® Compared to BDCDs
alone, the BDCD-mucin complexes exhibited a weaker linear
relationship with pepsin and trypsin, suggesting that reduced
non-fluorescent complexes formed between the complexes and
these enzymes.

3.4. Changes in the antioxidant activity of BDCD-mucin
complexes induced by in vitro digestion

It has been reported that free radicals are generated during
aerobic metabolism and can influence the physiological func-
tions and metabolism of the human body.>® Studies have
shown that mucins can protect DNA from hydroxyl radical
damage and that sialic acid in mucin is an essential com-
ponent of its antioxidant activity.®® Therefore, the antioxidant
activity of BDCDs, mucin, and BDCD-mucin complexes during
in vitro simulated digestion was measured using three assays:
the ABTS radical scavenging, hydroxyl radical scavenging, and
total reducibility assays. The results of the ABTS radical scaven-
ging assay indicated that the formation of the BDCD-mucin
complexes increased the ability of the BDCDs to scavenge
ABTS radicals during the simulated salivary and intestinal
stages (Fig. 5A-D). Notably, the mucin itself had a relatively
low ABTS radical scavenging ability during the simulated
gastric stage. After exposure to simulated gastric conditions,
the ABTS radical scavenging ability of the BDCD-mucin com-
plexes was lower than that of the BDCDs, which may be
because the carbon dots were trapped inside mucin clumps.
Furthermore, the ABTS radical scavenging ability of BDCDs,
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Fig. 5 The antioxidant activity of BDCDs, mucin, and the BDCD—-mucin corona during in vitro digestion. (A—D) ABTS radical scavenging ability of
BDCDs, mucin, and the BDCD-mucin corona in simulated salivary fluid, simulated gastric fluid, and simulated intestinal fluid (E and F) The OH~
radical scavenging ability of BDCDs, mucin, and the BDCD—-mucin corona in simulated salivary fluid, simulated gastric fluid, and simulated intestinal
fluid. (I-L) The total reducibility of BDCDs, mucin, and the BDCD-mucin corona in simulated salivary fluid, simulated gastric fluid, and simulated
intestinal fluid. The digestive juice without digestive enzymes was used as a control. Bars assigned with different lowercase letters were significantly

different (n = 3, p < 0.05, ANOVA, Tukey's test).

mucin, and BDCD-mucin complexes remained stable, with
only a slight decline at each stage of digestion, indicating their
relative resistance to digestive processes

Typically, an increase in the antioxidant activity of proteins
during simulated digestion occurs due to the generation of
antioxidant peptides after hydrolysis by proteases. Previous
studies have shown that mucin is relatively resistant to diges-
tion by digestive enzymes in the gastrointestinal tract, which is
consistent with the stable ABTS radical scavenging activity of
mucin and the BDCD-mucin complexes when exposed to
different digestion regions.®*

Interestingly, the results of the hydroxyl radical scavenging
assay were similar to those of the ABTS radical scavenging
assay (Fig. 5E-H). The hydroxyl radical scavenging ability of
mucin remained high during the simulated gastric phase.
Moreover, the hydroxyl radical scavenging ability of the BDCDs
significantly decreased during the simulated gastric and intes-
tinal phases as digestion progressed, suggesting that digestive
enzymes may interact with BDCDs to form protein coronas,

5116 | Food Funct., 2025, 16, 5105-5122

thereby masking the reducing groups on their surfaces.’
in simulated gastric fluids, the hydroxyl radical
scavenging ability of the BDCD-mucin complexes remained
unchanged, suggesting that the formation of the mucin
protein corona prevented further interaction between the
BDCDs and digestive enzymes. It should be noted that the
hydroxyl radical scavenging activity of the BDCD-mucin com-
plexes decreased significantly during the simulated intestinal
phase, although it remained higher than that of the BDCDs at
the end of digestion. One possible explanation is that the
structure changes of the BDCD-mucin complexes during the
simulated intestinal phase resulted in masking of the reducing
groups on their surfaces.

In the total reducibility assay, mucin exhibited a low redu-
cing ability throughout the in vitro simulated digestion,
whereas the BDCDs retained a relatively high reducing ability.
As shown in Fig. 5]-L, it is clear that the formation of the
BDCD-mucin complexes enhanced the reducing ability of the
BDCDs during simulated digestion. Previous studies have

However,

This journal is © The Royal Society of Chemistry 2025
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reported that the formation of a whey protein corona around
TiO, nanoparticles enhanced their antioxidant properties.
However, TiO, nanoparticles may also reduce the antioxidant
activity of whey by adsorbing some of the proteins and pep-
tides onto their surfaces."* Furthermore, the reducing ability
of the BDCDs, mucin, and BDCD-mucin complexes decreased
slightly after each stage of digestion, which was consistent
with the results of the ABTS radical scavenging assay. These
results suggest that the BDCD-mucin complexes remain rela-
tively stable in the gastrointestinal tract. It should be noted,
however, that compared to the antioxidant activity of simu-
lated digestive fluid without digestive enzymes, the presence of
digestive enzymes enhanced the antioxidant activity of the
digestive fluids (Fig. 5).

Based on the antioxidant activity results, it can be specu-
lated that the BDCD-mucin complexes remained relatively
stable during simulated digestion, which may allow them to
play a role in the colon.

Interestingly, although the antioxidant activity of the
BDCDs, mucin, and BDCD-mucin complexes exhibited some
fluctuations during in vitro simulated digestion, the BDCD-
mucin complexes demonstrated higher antioxidant activity
than the BDCDs but lower than the mucin at the end of the
digestion process, particularly for the ABTS and hydroxyl
radical scavenging capacities. A plausible explanation for this
effect is that the reductive peptides of mucin were adsorbed
onto the surface of BDCDs, resulting in a reduced radical
scavenging activity compared to that of free mucin.'
Additionally, the presence of BDCDs may modulate the diver-
sity and abundance of peptides generated during simulated
digestion.®® In comparison with BDCDs alone, the enhanced
antioxidant activity of the BDCD-mucin complexes could be
attributed to the surface chemistry modification of the BDCDs
by mucin, which may further shield BDCDs from interactions
with other gastrointestinal components, such as digestive
enzymes, thereby maintaining a relatively high antioxidant
activity.

Additional information about the stability of the BDCD-
mucin complexes during the digestion process was obtained
by measuring changes in their fluorescence and UV-visible
absorption spectra after being exposed to different pH con-
ditions, which were designed to simulate the gastrointestinal
environment (Fig. S47). These results showed that there were
some modest changes in the fluorescence and UV-visible
absorption spectra after exposure of the BDCD-mucin com-
plexes to simulated gastrointestinal conditions, which suggests
that there were some alterations in protein conformation and/
or the aggregation state of the complexes when exposed to
different digestion conditions. These alterations may account
for the changes in the antioxidant properties of the complexes
in different gastrointestinal regions discussed earlier.

3.5. Biological effects of the BDCD-mucin complexes on
intestinal epithelial cells

Finally, the potential biological effects of the carbon dot-
mucin complexes were determined by measuring their impact

This journal is © The Royal Society of Chemistry 2025
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on the viability and oxidation state of model intestinal epi-
thelial cells.

3.5.1. Cell viability. Studies have shown that carbon dots
extracted from foods inhibit cell growth, an effect that can be
mitigated by the formation of a protein corona.>® Therefore,
an MTT assay was conducted to assess the viability of intesti-
nal epithelial cells treated with BDCDs and BDCD-mucin com-
plexes. Caco-2 cells were used as an in vitro model of the intes-
tinal epithelium in our study because they mimic many of the
features of human gastrointestinal cells.®® Our results demon-
strated that BDCDs reduced Caco-2 cell viability in a concen-
tration-dependent manner, indicating their detrimental effects
on intestinal epithelial cells (Fig. 6A). Previously, it has been
reported that carbon dots extracted from roasted chicken
breasts (300 °C) decrease the cell viability of Caco-2 cells by
approximately 60% when applied at a concentration of 1 mg
mL™" for 3 hours.®* In contrast, BDCDs exhibited a relatively
lower level of cytotoxicity, with about a 20% reduction in cell
viability at concentrations ranging from 400 to 1600 pg mL ™.
These findings suggest that carbon dots generated in foods at
higher temperatures may pose greater risks to human health.
Interestingly, the presence of mucin did not decrease the cell
viability of the Caco-2 at concentrations lower than 1600 pg
mL™", and even increased cell viability at 400 pg mL™*
(Fig. 6B). It is worth noting that the formation of a mucin
corona enhanced the viability of Caco-2 cells compared to the
BDCDs group, particularly at concentrations ranging from 50
to 400 pg mL™", suggesting a toxicity alleviation effect of the
mucin corona (Fig. 6C and D). Our previous studies also
demonstrated that the formation of a glutenin protein corona
protected Caco-2 cells from injury induced by TiO, nano-
particles, which is consistent with the findings of the present
study.>® However, it has been reported that two-dimensional
graphene oxide nanosheets with low serum protein binding
exhibit lower cell viability in J774 cells compared to graphene
oxide nanosheets alone.®® All these findings indicate that the
effect of a protein corona on cell viability depends on the pro-
teins present in the corona layer, the nature of the nano-
materials used, and the origin of the protein-nanomaterial
interactions.'®

3.5.2. ROS level. As oxidative damage is a key toxic effect of
nanoparticles, we investigated the impact of mucin corona for-
mation on the ROS levels induced by BDCDs in Caco-2 cells.”®
Our results showed that the BDCD-mucin complexes signifi-
cantly increased the viability of Caco-2 cells at concentrations
ranging from 50 to 400 pg mL~". Therefore, we selected con-
centrations of 100 and 400 pg mL™" for the ROS study. As
shown in Fig. 6E, compared to the control group, treatment
with BDCDs increased the ROS levels in a dose-dependent
manner. Additionally, mucin slightly increased the ROS levels
in the Caco-2 cells, but no further increase was observed with
higher concentrations of mucin, which was consistent with the
results of the MTT assay. As expected, the BDCD-mucin com-
plexes significantly decreased the ROS levels in the Caco-2
cells, suggesting that the formation of a mucin corona could
scavenge ROS generation induced by BDCDs. A previous study
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Fig. 6 Biological effects of BDCDs, mucin, and the BDCD—-mucin corona on Caco-2 cells. (A—D) Cell viability of Caco-2 cells treated with BDCDs,
mucin, and the BDCD—-mucin corona for 24 h. (E) ROS levels detected in Caco-2 cells after incubation with BDCDs, mucin, and the BDCD-mucin
corona for 24 h. *p < 0.05 vs. the BDCD group (n = 6, Student’s t-test). Bars assigned with different lowercase letters were significantly different (n =

6, p < 0.05, ANOVA, Tukey's test).

reported that a mucin corona around polystyrene-benzopyrene
nanoparticles reduced ROS production in A549 cells by alter-
ing the cellular uptake and intracellular trafficking of the
nanoparticles.®® This suggests that the decreased ROS levels in
the Caco-2 cells may be due to changes in the cellular uptake
and transport of the BDCDs following the formation of BDCD-
mucin complexes. Previous researchers have also reported that
a mucin protein corona can modulate the uptake and translo-
cation of nanoparticles in and across intestinal epithelial
cells.'®®” However, the mechanism by which mucin coronas

5M8 | Food Funct, 2025, 16, 5105-5122

alleviate BDCD-induced cellular injury and elevated ROS levels
still remains unclear.

4. Conclusion

In summary, this study characterized the carbon dots isolated
from bread crust and then investigated their interactions with
mucin. The bread-derived carbon dots (BDCDs) were found to
interact with mucin and form BDCD-mucin complexes, where

This journal is © The Royal Society of Chemistry 2025
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clusters of carbon dots were embedded within mucin clumps.
The formation of these complexes led to changes in zeta
potential and particle size of the BDCDs, as well as alterations
in the secondary structure of the mucin. In vitro simulated
digestion showed that BDCDs reduced pepsin activity by alter-
ing its conformation, as evidenced by changes in the fluo-
rescence spectrum. Furthermore, the presence of mucin
reduced the ability of the BDCDs to inactivate pepsin, and
actually increased the activity of trypsin. The antioxidant
activity of BDCDs during simulated digestion was found to be
enhanced by the formation of the carbon dot-mucin clusters.
Additionally, compared to the BDCDs, the BDCD-mucin com-
plexes enhanced the viability of Caco-2 cells by reducing cellu-
lar ROS levels. Our results highlight the impact of mucin on
the gastrointestinal behavior of food-derived carbon dots,
which may be important in understanding their potential
adverse effects on the healthiness of foods.
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