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Curcumin, a natural polyphenol, has various biological functions including antioxidant and antimicrobial
properties, but the functions are limited by its low aqueous solubility. To address this, two proteins,
bovine serum albumin (BSA) and gelatin were used to form curcumin—protein nanocomplexes using
a charge-switch method, by mixing oppositely charged curcumin and proteins. Complexation with BSA
and gelatin increased the curcumin solubility to 391.77 (+15.70) pg mL™! and 143.64 (+2.29) pg mL™?
respectively, and the loading amount (LA) of curcumin to 21.36% and 15.57%, respectively. Moreover,
and antimicrobial

enhanced bioaccessibility, and antioxidant

complexation. After complexation, the minimum inhibitory concentration (MIC) of curcumin decreased

properties were observed after
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1. Introduction

Curcumin is a polyphenol isolated from the rhizome of
turmeric (Curcuma longa).* Commercially, it is used as a spice
and food-coloring agent,” and is reported to provide many
health benefits, including antioxidant, antimicrobial and anti-
inflammatory properties."” Besides its use as a functional
food ingredient, curcumin has also been explored for agri-food
applications (i.e. aquaculture), where it has been reported to
exhibit antimicrobial effects against pathogens responsible for
disease outbreaks.*

The use of curcumin, however, does have its challenges: the
key challenge is its extremely low aqueous solubility (11 ng
mL ') and consequently low bioavailability.® To improve its
bioavailability, lipid-based delivery systems had been devel-
oped, because lipids can be transformed into micelles to solu-
bilize curcumin for enhanced digestion. However, the lipid
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composition and the use of surfactants in such systems may
raise safety concerns, and the toxicity assessments of these have
yet to be sufficiently investigated.® Complexation with proteins,
on the other hand, is a safe, simple and energy-saving method
to improve the aqueous solubility, physicochemical and bio-
logical properties of curcumin.” Previous studies on curcumin-
protein complexation mainly focused on two fabrication tech-
niques: (1) solvent-based method: directly adding curcumin
(dissolved in organic solvents) into an aqueous protein solu-
tion;® and (2) pH-shift method: dissolving both curcumin and
proteins at alkali pH values, and shifting the pH of the binary
solution to neutral to form a curcumin-protein complex.
Compared to the solvent-based method, the pH-shift method is
free of organic solvent, and can further improve the aqueous
solubility of curcumin. However, the main limitation of the pH-
shift method is its low curcumin loading amount (LA), as large
amounts of protein is required during fabrication.*™*

In this work, a charge-switch nanocomplexation method was
developed to promote the solubility, bioaccessibility, antioxi-
dant properties, and anti-microbial properties of curcumin,
while achieving a higher curcumin loading amount. Curcumin
has three pK, values (8.31, 9.88 and 10.51), above which it can
carry net negative charges;' and proteins can carry net positive
charges below their isoelectric points."** By introducing
opposite charges to curcumin and protein, the complexation
process, arising from an electrostatic interaction, can be
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completed in a single mixing step. Two proteins, bovine serum
albumin (BSA) and gelatin were chosen for complexation with
curcumin, because of their non-toxicity, biodegradability, and
previously reported applications in complexation with curcu-
min."*® BSA, in this work, was applied as a model protein for
complexation, and gelatin, which is widely applied in food and
pharmaceutical industries,'® was applied as a more cost-
effective alternative protein. In contrast to previous studies for
curcumin-BSA and curcumin-gelatin complexes,’>'® this
present method is organic solvent free. Additionally, the elec-
trostatic interaction during fabrication was hypothesized to
achieve a high curcumin loading amount. The improved solu-
bility of curcumin after complexation was expected to
contribute to its antimicrobial properties against pathogens
such as Vibrio parahaemolyticus, Vibrio harveyi, Bacillus cereus,
and Streptococcus iniae: when present in food, Vibrio para-
haemolyticus can cause acute gastroenteritis, sepsis, and other
diseases,"” and Bacillus cereus can cause diarrheal and emetic
syndromes;'® Vibrio harveyi and Streptococcus iniae are two
common fish pathogens that can cause various fish diseases
and also affect human health.'?® To overcome these infections,
antibiotics are usually employed but these often comes with
negative impacts, including the emergence of antibiotic-
resistant bacterial strains.? Given the improved antimicrobial
properties of curcumin against these pathogens after
complexation, the nanocomplex could therefore potentially be
used as a non-antibiotic functional additive for human food and
in aquaculture feeds.

2. Experimental
2.1 Chemicals

ABTS was bought from Roche Diagnostics GmbH (Germany).
Acetic acid was purchased from Aladdin Industrial Corporation
(China). Acetonitrile was bought from Tedia (USA). BSA, cipro-
floxacin, curcumin, dimethyl sulfoxide, gelatin from cold water
fish skin, r-ascorbic acid, ox-bile, pancreatin from porcine
pancreas, pepsin from porcine gastric mucosa, phosphate
buffered saline (PBS), sodium acetate and sodium persulfate
were purchased from Sigma Aldrich (USA). Nutrient Broth (NB)
and Wilkins-Chalgren Anaerobe (WCA) media were purchased
from Thermo Fisher Scientific, USA. Sodium chloride was
purchased from Nice Chemicals (India). Sodium hydroxide was
bought from Schedelco (Singapore).

2.2 Methods

2.2.1 Preparation of curcumin-protein complex. Following
the acid and base concentration as reported in the literature,*
curcumin and BSA were dissolved at different concentrations:
curcumin was dissolved in 0.1 M NaOH at 0.25 mg mL™ ", 0.5 mg
mL ', 1.0 mg mL ", and 2.0 mg mL ™", and BSA was dissolved in
0.6% v/v acetic acid at 0 mg mL " (control), 1.0 mg mL ", 2.0 mg
mL~', 3.0 mg mL ', 4.0 mg mL~ ", and 5.0 mg mL~'. Equal
volumes of the two solutions (0.7 mL each) were mixed after
10 min of dissolution, and the resultant curcumin-BSA complex
suspension was centrifuged at 14 000g for 30 min, to separate
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out the insoluble curcumin. Similarly, same concentrations of
curcumin (dissolved in 0.1 M NaOH) were mixed with same
concentrations of gelatin (dissolved in 0.6% v/v acetic acid) and
centrifuged. All the resulting curcumin-protein complexes were
then used to test the solubility, and some groups were used for
subsequent characterizations.

2.2.2 Interactions between curcumin and proteins. FTIR
spectrum analysis was conducted using PerkinElmer Frontier™
(PerkinElmer, USA) with an accumulation of 32 scans, resolu-
tion of 4 cm™* from 4000 to 400 cm ', to confirm the compo-
nents of curcumin-protein complex. The FTIR spectrum of free
curcumin, BSA, gelatin, physical mixture of curcumin and BSA,
and physical mixture of curcumin and gelatin, were obtained in
the meantime as controls for analysis. The curcumin-protein
solutions prepared from 1.0 mg mL ' curcumin (in 0.1 M
NaOH) and 5.0 mg mL ™" proteins (in 0.6% v/v acetic acid) were
filtered (0.22 pm) and freeze dried for Fourier transform
infrared spectroscopy (FTIR) and differential scanning calo-
rimetry (DSC) analysis below.

Fluorescence spectroscopy was performed to investigate
curcumin-protein interactions using an Infinite M200 (TECAN)
microplate reader at room temperature. 0.1 mg mL ™" BSA (or
gelatin) in 0.6% v/v acetic acid was treated with equal volume of
curcumin in 0.1 M NaOH with the concentrations of 0 (control),
2,4, 6, 8, and 10 ug mL™" respectively. Both curcumin-BSA and
curcumin-gelatin samples were illuminated using an excitation
wavelength of 270 nm, and the emission spectra were measured
in the 300-320 nm range.'®

The fluorescence quenching process is described by the
Stern-Volmer equation:

FolF =1 + kqrolQ] = 1 + Ksv[Q] (1)

where F, and F represents the fluorescence intensity with and
without the addition of the quencher, [Q] is the concentration of
the quencher, kg is the biomolecular quenching constant, 1, is
the average lifetime of the fluorophore without addition of
quencher, and Kgy is the Stern-Volmer constant. By generating
a linear plot of Fy/F against [Q], the Ksy can be derived from the
slope value.*

2.2.3 Dynamic light scattering (DLS) and zeta potential.
Dynamic light scattering (DLS) measurements of curcumin-
protein complex were conducted using a Malvern Nanosizer
(Malvern Instruments, U.K.) at room temperature in triplicates.
1.0 mg mL~" curcumin (in 0.1 M NaOH) was mixed with 1.0, 2.0,
3.0, 4.0, and 5.0 mg mL~"' BSA (and gelatin) (in 0.6% v/v acetic
acid) at equal volumes. The samples were filtered (0.22 um),
diluted (1: 100 v/v) with deionized water, and added to cuvettes
with 1 cm optical pathway (Kartell, Italy). The refractive index
and absorption coefficient were fixed at 1.42 and 0.01 respec-
tively.”> Pure water was used as the dispersant (viscosity =
0.8872 cP, refractive index = 1.330). The zeta potential values of
curcumin-BSA complex and curcumin-gelatin complex were
measured with the same Malvern Nanosizer (Malvern Instru-
ments, U.K.). The samples were filtered (0.22 pm) but not
diluted before zeta potential measurement.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.4 Differential scanning calorimetry (DSC). DSC analysis
was performed on a differential scanning calorimeter (DSC Q10;
TA Instruments) and Universal Analysis Software (TA Instru-
ments) to investigate the thermal behavior of the samples.
Around 1.5 mg of the curcumin, BSA, gelatin, and curcumin-
protein nanocomplexes were placed into the sealed aluminum
pans, and the prepared samples were heated from 40 to 220 °C
at the rate of 10 °C min ', under dried nitrogen flow (50
mL min~"). An empty aluminum pan was sealed and used as
reference.

2.2.5 Solubility and loading amount (LA). The curcumin-
protein complexes prepared in Section 2.2.1 were used to
measure the solubility of curcumin. After mixing curcumin and
protein solutions and centrifugation, the supernatant was
collected, filtered (0.22 pm) and mixed with acetonitrile (ACN)
to extract curcumin. Finally, High Performance Liquid Chro-
matography (HPLC) was used to investigate the aqueous solu-
bility of curcumin after complexation with BSA and gelatin at
different concentrations. HPLC was performed using Poroshell
120 EC-C18 column (100 x 4.6 mm, 2.7 pum particle size) at
421 nm (UV detector), with 80% v/v ACN as mobile phase at the
flow rate of 0.7 mL min ", to reproduce curcumin's retention
time at approximately 1.87 min.

The loading amount (LA) of curcumin after complexation
was also determined, as defined in eqn (2):

Loading amount (LA) (%) =
(curcumin complexed in protein)/
(total amount of curcumin and protein) (2)

2.2.6 In vitro digestion. The in vitro digestion study was
performed as reported in literature but with slight modifica-
tions.”®** 1 mL of curcumin-protein complex solutions
prepared from 1.0 mg mL ™" curcumin (in 0.1 M NaOH) and
5.0 mg mL " proteins (in 0.6% v/v acetic acid) was mixed with
40 mL of pH 2.0 HCIL. Then 10 mg of pepsin powder was added
into the mixture for simulated gastric digestion at room
temperature. After 60 min, the mixture was centrifuged at
8000 rpm (Hettich Universal 320, Germany) for 3 min, 200 pL of
the supernatant was withdrawn to evaluate the amount of
released curcumin, and 200 pL of fresh media was added. The
pH of the mixture was immediately adjusted to 7.0 with 0.4 M
NaOH, and the samples were vortexed to redistribute the
particles in the media. 20 mg pancreatin powder and 0.3% w/v
bile salts was added to start intestinal digestion at room

Table 1
respectively
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temperature for 2 h. As control, 0.5 mg free curcumin was
dispersed in deionized water, and the mixture was subjected to
the same digestion process. After the digestion process, the
mixtures were centrifuged at 8000 rpm (Hettich Universal 320,
Germany) for 3 min, and 200 pL of supernatant was withdrawn,
mixed with 800 pL ACN, and filtered for HPLC analysis.

2.2.7 Antioxidant test: ABTS radical scavenging. The anti-
oxidant test was performed by using ABTS radical scavenging as
reported previously:* 58.3 mg of sodium sulfate was dissolved
in 100 mL of 0.01 M PBS solution to yield a sodium sulfate
concentration of 2.45 mM. 384.1 mg ABTS was added into the
solution, and stirred in dark overnight to yield a ABTS
concentration of 7.0 mM. 1 mL of the blue chromophore solu-
tion was taken and then mixed with 50 mL of deionized water to
achieve an initial absorbance of 0.700 £ 0.2 under Infinite M200
(TECAN) microplate reader at 734 nm. 4 mL of the stock solu-
tion was respectively mixed with 1 mL of: (1) 0.5 mg mL "
curcumin (dispersed in water), (2) 2.5 mg mL™" BSA, (3) 2.5 mg
mL ™" gelatin, (4) curcumin-BSA complex (prepared as Section
2.2.5), (5) curcumin-gelatin complex (prepared as Section 2.2.6),
(6) 0.1 mg mL~" vitamin C, and (7) deionized water. (6) and (7)
served as positive and negative control respectively. After mix-
ing with ABTS stock solution, the samples were incubated at
room temperature in dark for exactly 6 min, and were centri-
fuged at 8000 rpm (Hettich Universal 320, Germany) for 3 min.
The supernatants were collected, and their absorbance values at
734 nm were tested using a UV-Vis Spectrophotometer. The
ABTS scavenging activity was calculated using eqn (3):*

ABTS scavenging activity (%) =
(absorbance onirol — absorbancesumpie)/
(absorbanceconirol) x 100 (3)

2.2.8 Antimicrobial tests

2.2.8.1 Growth and preparation of pathogens. The bacterial
strains used in this work were all purchased from American type
culture collection (ATCC). Frozen stock culture of the pathogens
was streaked on respective agar plates and incubated for 24 h,
and single colonies were inoculated into 6 mL fresh broth and
incubated for 24 h, following the growth conditions shown in
Table 1.

2.2.8.2 Agar well diffusion assay. The ability of free curcu-
min, curcumin-BSA complex, and curcumin-gelatin complex to
inhibit the growth of the pathogens was assessed using the agar
well diffusion assay.® A high concentration “stock solution” was

Incubation and growth conditions of the pathogens. “G+" and "G—" denotes the pathogens are Gram-positive and Gram-negative

Pathogens G+/G— Media Incubation temperature (°C)
Vibrio parahaemolyticus ATCC®17802 - Nutrient Agar/Broth (with 3% NacCl) 37
Vibrio harveyi ATCC®14126 - WCA Agar/Broth 30
Bacillus cereus ATCC®11778 + WCA Agar/Broth 30
Streptococcus iniae ATCC 29178 + WCA Agar/Broth 37

© 2025 The Author(s). Published by the Royal Society of Chemistry
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prepared by dissolving curcumin in dimethyl sulfoxide (DMSO)
at 50 mg mL ", and the stock solution was added into respective
broth (Table 1) to yield curcumin concentration of 2 mg mL "
and DMSO concentration of 4%. Curcumin and proteins (BSA/
gelatin) were dissolved in autoclaved 0.1 M NaOH and 0.6% v/
v acetic acid at 4 mg mL ™" and 10 mg mL ™" respectively, and
equal volume of both solutions were mixed to prepare the cur-
cumin-protein complex solutions with curcumin concentration
of 2 mg mL™". 100 pL of each pathogen that was diluted in the
media to 10® CFU mL ™" was spread on an agar plate, and three
6 mm diameter wells were formed in each agar plate. 50 uL of
free curcumin, curcumin-BSA complex, and curcumin-gelatin
complex were added into each well, and the plates were incu-
bated according to the growth conditions shown in Table 1 for
24 h. DMSO (4%), BSA (5 mg mL™") and gelatin (5 mg mL™") at
corresponding concentrations were applied as negative
controls. After incubation, the diameter of the inhibition zones
around the wells were recorded.

2.2.8.3 Determination of minimum inhibitory concentration
(MIC). The susceptibility of the pathogens to curcumin was also
evaluated using MIC assays, and the experiments were all done
for three times independently. To determine the MIC of free
curcumin, 50 mg mL ™' curcumin in DMSO was added into
broth to yield curcumin concentration of 2 mg mL~ ' and DMSO
concentration of 4%. 100 pL of this solution was added to each
well of 96-well plate, and was two-fold serially diluted using the
broth. 50 pL of the bacteria suspension with the working
concentration of 10° CFU mL " was added into each well to
obtain the highest curcumin concentration of 1000 ug mL™* (in
2% DMSO) to lowest curcumin concentration of 7.81 pg mL ™"
(in 0.016% DMSO). A negative control was included in each
plate by adding 100 uL broth only. The 96-well plate was incu-
bated for 18 h, and the curcumin concentration that yielded no
visible bacterial growth (turbidity increase) was determined as
MIC.?®

To measure the MIC of curcumin-protein complex against
the pathogens, curcumin-protein complex solutions prepared
from 4.0 mg mL ™" curcumin (in 0.1 M NaOH) and 10.0 mg mL "
proteins (in 0.6% v/v acetic acid) were mixed with respective
broth prepared at double the intended concentration.”® 100 pL
of this solution (with 1000 pg mL™"' curcumin) was added to
each well of 96-well plate, and was two-fold serially diluted
using the broth. Similarly, 50 pL of pathogens with the working
concentration of 10° CFU mL " was added into each well to
obtain the highest curcumin concentration of 500 pg mL™"* to
lowest curcumin concentration of 3.91 pg mL™'. A negative
control was included in each plate by adding 100 pL broth only.
The 96-well plate was incubated for 18 h. The curcumin
concentration that yielded no visible bacterial growth (turbidity
increase) was determined as MIC.

As control, the same bacteria suspension was added into
same concentrations of DMSO, BSA and gelatin in the broth, to
ensure that the BSA and gelatin did not affect the viability of the
pathogens. 0.1 mg mL ™" penicillin and 0.1 mg mL~ " cipro-
floxacin (dissolved in designated broth) were used for Gram-
positive (Bacillus cereus and Streptococcus iniae) and Gram-
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negative pathogens (Vibrio parahaemolyticus and Vibrio har-
veyi) respectively, as positive control.

2.2.9 Statistical analysis. All the experiments were con-
ducted in triplicates, and results are presented as mean =+
standard deviation (SD). Statistical analysis was conducted
using GraphPad Prism 9. The ¢-tests were applied for compari-
sons between two groups, and differences were considered
statistically significant at p < 0.05.

3. Results and discussion
3.1 Characterizations of curcumin-protein complex

The charge-switch nanocomplexation method utilizes the net
charges of curcumin and protein. When curcumin (dissolved in
0.1 M NaOH) and protein (dissolved in 0.6% v/v acetic acid) are
mixed, neutralization occurs and the attraction of opposite
charges from the two molecules can lead to the formation of the
water-soluble curcumin-protein complex. The FTIR spectrums
of curcumin, BSA, gelatin, curcumin-BSA complex, curcumin-
gelatin complex, physical mixture of curcumin and BSA, and
physical mixture of curcumin and gelatin, are shown in Fig. 14,
and the interpretation of respective adsorption peaks are
summarized in ESI 1.}'*'>'%?” Characteristic peaks of curcumin
and proteins (BSA and gelatin) were both observed in the
spectrum of curcumin-protein complexes, indicating that both
curcumin and proteins existed in the curcumin-protein
complexes. The difference in the spectrum of curcumin-protein
physical mixtures and curcumin-protein complexes indicated
that the stretching and bending vibrations in curcumin mole-
cule were limited after complexation."* Moreover, in the spec-
trum of curcumin, the peak indicating the -OH group at
3510 cm™ ' shifted to lower wavenumbers at 3434 and
3436 cm ™ for the curcumin-protein complexes, demonstrating
the formation of hydrogen bonds between curcumin and the
two proteins.*”

Fluorescence spectroscopy was used to further investigate
the interactions between curcumin and the proteins, and the
fluorescence emission spectra of BSA and gelatin (both at
0.1 mg mL™ ") with the addition of different concentrations of
curcumin are shown in Fig. 1B and C. Curcumin, as a quencher,
interacts with proteins and reduces their fluorescence emission.
Emission spectra of BSA and gelatin were recorded from 300 to
320 nm with an excitation wavelength of 270 nm. For both
curcumin-protein complexes, an intense emission band
centered at 308 nm was observed, which was due to tyrosine
residues.”® With increasing curcumin concentration, the emis-
sion peak did not shift, while the intensity decreased, indicating
that curcumin, as quencher, did not change the molecular
conformation of BSA and gelatin.***

The Stern-Volmer plots for curcumin-BSA and curcumin-
gelatin complexes were generated and shown in Fig. 1D, and the
corresponding parameters are shown in the table inset. It could
be derived from the slopes of the two curves that the Kgy values
of curcumin-BSA and curcumin-gelatin were 3.68 x 10" and
2.71 x 10* L mol ™" respectively. The Stern-Volmer constant
(Ksy) of curcumin-BSA complex was higher than that of curcu-
min-gelatin complex, which indicated that the interaction and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

Interactions between curcumin and protein: FTIR spectrums of curcumin, BSA, gelatin, curcumin—BSA complex, curcumin-gelatin

complex, physical mixture of curcumin and BSA, and physical mixture of curcumin and gelatin (A); quenching of fluorescence intensity of BSA (B)
and gelatin (C) when treated with different concentrations of curcumin (0, 1, 2, 3, 4, and 5 pg mL™Y). Excitation wavelength was 270 nm. The
Stern—Volmer plots for the fluorescence quenching of curcumin—-BSA and curcumin—gelatin (D). The corresponding parameters calculated
from fluorescence quenching results and Stern—Volmer equation are shown in the table inset.

affinity between curcumin-BSA was stronger than curcumin-
gelatin.

Dynamic light scattering (DLS) is an optical technique to
measure the particle size and surface charge. The effect of
curcumin-protein mass ratios on the particle size and zeta
potential is shown in Fig. 2A and B. The size of the curcumin-
BSA complex decreased from 141.57 (£19.28) nm to 67.30
(£6.56) nm as the curcumin-BSA mass ratio decreased from 1:
1 to 1:5, indicating that the nanoparticles became more
compact with increasing BSA concentration."” For curcumin-
gelatin complex, the effect of curcumin-gelatin mass ratio on
particle size was insignificant. While the curcumin-protein
mass ratio decreased from 1:1 to 1:5, the zeta potential of
curcumin-BSA complex decreased from —7.80 (£0.79) mV to
—10.08 (£1.95) mV, and the zeta potential of curcumin-gelatin
complex increased from 1.97 (£0.44) mV to 2.67 (+£0.05) mV.
The isoelectric points of BSA and gelatin are 4.6 and 7.79
respectively,’** and the pH of the solution after neutralization
was measured as 5.99 + 0.01 in this work, which was above the
isoelectric point of BSA but below the isoelectric point of
gelatin. From the negative and positive zeta potentials of cur-
cumin-BSA and curcumin-gelatin complexes respectively, it
could be concluded that the proteins were likely to be on the
surface of the curcumin—-protein complex particles.

The thermal properties of curcumin, BSA, gelatin, curcu-
min-BSA complex, and curcumin-gelatin complex were inves-
tigated using DSC analysis, as shown in Fig. 2C. The smooth
DSC curves of BSA and gelatin indicates their amorphous
structures and thermal stability up to 200 °C, and the endo-
thermic peak at 180 °C in the DSC curve of curcumin was
attributed to the melting of curcumin crystals.”® The peak

© 2025 The Author(s). Published by the Royal Society of Chemistry

disappeared in the curves of both curcumin-BSA complex and
curcumin-gelatin complex, indicating that curcumin was in an
amorphous form after complexation with proteins. The amor-
phous form of hydrophobic bioactives is known to offer higher
bioavailability and better absorption rates than the crystalline
state, because the molecules in amorphous state need less
energy to break down the solid structure; while in the crystalline
state, the strong bonds between the molecules in the lattice will
hinder the dissolution process.*

3.2 Solubility of curcumin after complexation

The solubility images of free curcumin, curcumin-BSA complex,
and curcumin-gelatin complex in water is shown in Fig. 3A, and
the aqueous solubility values of curcumin after complexation
with BSA and gelatin is shown in Fig. 3B and C. The solubility
was determined as the amount of curcumin in the supernatant
after centrifugation and before extraction. Complexation with
BSA and gelatin could increase curcumin solubility up to 391.77
(£15.70) pug mL~" (Fig. 3B) and 143.64 (£2.29) pg mL " (Fig. 3C)
respectively. The maximum solubility of curcumin-BSA
complex was achieved when 2 mg mL " of curcumin was mixed
with 5 mg mL~" BSA, and the maximum solubility of curcumin-
gelatin complex was achieved when 0.5 mg mL ™" curcumin was
mixed with 5 mg mL™" gelatin. Compared to the aqueous
solubility of free curcumin, which was 11 ng mL™",° complex-
ation with BSA and gelatin increased the solubility of curcumin
by over 35000 and 13 000 times. The solubility improvement
could be attributed to the decrease in size and the amorphous
form of curcumin after complexation, as verified in DLS and
DSC results. When protein concentration was 0 (control),
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curcumin—BSA complex, and curcumin—gelatin complex (C).

curcumin could not be solubilized in water; when protein
concentration increased, the solubility of curcumin also
increased accordingly. It could also be concluded that curcumin
can only be significantly solubilized when the mass of proteins
is higher than curcumin. After complexation, the aqueous
solubility of curcumin-BSA complex was generally higher than
that of curcumin-gelatin complex, which was consistent with
the result showed by fluorescence spectroscopy that the inter-
action and affinity between curcumin-BSA was stronger than
curcumin-gelatin. The possible mechanism of curcumin-
protein complex formation using the charge-switch method is
shown in Fig. 3D. BSA has a higher percentage of polar amino
acids than gelatin (44.7% vs. 10.9%).** Among these, the basic

9448 | RSC Adv,, 2025, 15, 9443-9453

amino acids are lysine, arginine, and histidine, with side chain
pPK, of 10.53, 12.48, and 6.04.** These basic amino acids can be
protonated and carry positive charges at low pH. It is postulated
that BSA, with a higher percentage of these amino acids than
gelatin, can provide more cationic sites for interacting electro-
statically with the negatively charged curcumin, which is one
possible reason that curcumin-BSA interaction is stronger than
curcumin-gelatin, and curcumin-BSA is more soluble than
curcumin-gelatin.

In this work, the maximum solubility of curcumin after
complexation with BSA [391.77 (+15.70) pg mL~ '] was achieved
by mixing equal volumes of 2 mg mL ™' curcumin (negatively
charged) with 5 mg mL ™" BSA (positively charged), which was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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one of the highest curcumin solubilities compared to
literature.®™* At this concentration, the loading amount (LA) of
curcumin was 13.55%, which was significantly higher than the
previous studies. Similarly, the maximum solubility of curcu-
min after complexation with gelatin in this work was 143.64
(4+2.29) pg mL ™", which was achieved by mixing equal volumes
of 0.5 mg mL™" curcumin (negatively charged) with 5 mg mL ™"
gelatin (positively charged), and the LA of curcumin at this
concentration was 5.27%. Moreover, curcumin-BSA complex
prepared from 0.5 mg mL ™' curcumin and 1 mg mL ' BSA
showed 135.83 (45.69) pg mL ™" solubility but a much higher LA

© 2025 The Author(s). Published by the Royal Society of Chemistry

at 21.36%, and curcumin-gelatin complex prepared from
0.25 mg mL ™" curcumin and 1 mg mL~" gelatin showed 92.22
(40.63) pg mL~" solubility and a much higher LA at 15.57%. In
summary, complexation with BSA and gelatin could increase
curcumin solubility up to 391.77 (£15.70) pg mL ™" and 143.64
(£2.29) pg mL ", and the curcumin loading amount was up to
21.36% and 15.57%, which was one of the highest reported LA
for water-soluble curcumin-protein complex, compared those
reported in literature, as mentioned above.** There were
mainly two reported methods to make the curcumin-protein
complex, ie. “solvent-based method” and “pH-shift method”.
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Using the “solvent-based method”, the solubility of curcumin
has been improved up to 78.26 g mL~" (curcumin-soy protein
isolate)* and 81.68 ug mL ™" (curcumin-ovalbumin complex).**
Using the “pH-shift method”, the solubility of curcumin has
been increased to 95 g mL ™" (curcumin-ovalbumin complex),’
160.2 ug mL~ ' (curcumin-egg white protein isolate complex),'®
and 319.2 ug mL ™' (curcumin-whey protein isolate complex),"*
but the corresponding loading amount (LA) of curcumin was
only 4.53%, 3.10%, and 1.57%, respectively. In the curcumin
molecule, the hydrophobic phenyl groups contribute to its
hydrophobic interactions, and the phenolic hydroxyl and
methoxy groups can participate in hydrogen-bonding interac-
tions.® In addition to these, the charge-switch method made use
of the electrostatic interactions between negatively charged
curcumin and positively charged proteins, which was one
possible reason of higher curcumin loading.

3.3 Bioaccessibility of curcumin-protein complex

The application of curcumin is significantly limited by its low
aqueous solubility and fast degradation under physiological
conditions.*® Therefore, the in vitro bioaccessibility of free cur-
cumin, curcumin-BSA and curcumin-gelatin complex, were
evaluated under sequential simulated gastric and intestinal
digestion (Fig. 4). “Bioaccessibility” is defined here as the
amount of curcumin present in the aqueous phase of the
digests after simulated gastric and intestinal digestion.” As seen
in Fig. 4, at the end of simulated gastric phase, 2.22 (£+0.45)%,
8.42 (£2.33)%, and 9.43 (£1.14)% of curcumin was released
from free curcumin, curcumin-BSA complex, and curcumin-
gelatin complex respectively. While at the end of the full in vitro
digestion process, the total amount of curcumin released was
13.33 (£1.46)% for free curcumin, 74.11 (+1.01)% for curcu-
min-BSA complex, and 74.48 (£+0.13)% for curcumin-gelatin
complex. For free curcumin, the bioaccessibility after simulated
intestinal digestion was higher than after simulated gastric
digestion, which was attributed to the bile salts that forms

After in vitro gastric digestion
After in vitro intestinal digestion
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Fig. 4 Total curcumin bioaccessibility after simulated gastric and
intestinal digestions.
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micelles to solubilize curcumin.® During gastric digestion, the
curcumin-protein complex has been reported to be resistant to
pepsin,™** which may have contributed to the lower release of
curcumin from the complex, as observed in Fig. 4. However,
upon exposure to intestinal digestion, pancreatin likely facili-
tated the breakdown of the complex, as reported previously.»**
This breakdown released curcumin, which was subsequently
solubilized by bile salts, leading to increased bioaccessibility.*
Overall, the amount of soluble curcumin (i.e., curcumin
potentially available for absorption) from the curcumin-BSA
and curcumin-gelatin complexes after in vitro digestion were
significantly higher than free curcumin (p < 0.05). These results
indicated that complexation with BSA and gelatin both
increased curcumin bioaccessibility, which could be attributed
to the increased aqueous solubility, decreased size, and amor-
phous state of curcumin after complexation.

3.4 Antioxidant properties of curcumin-protein complex

ABTS radical scavenging is an important method to test the
antioxidant property. In ABTS radical scavenging assay, 2,2'-
azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) can
react with oxidizers and generate ABTS cation radicals (ABTS™)
which has a characteristic absorption peak at 734 nm. Antioxi-
dants can suppress the production of ABTS cation radicals and
thereby decrease the absorbance. The ABTS scavenging activity
of all the samples are shown in Fig. 5. When directly dispersed
in water, curcumin showed low radical scavenging activity at
12.85 (£0.20)%, which was attributed to its low solubility in
water. BSA and gelatin also showed mild antioxidant property,
which were 25.90 (+0.80)% and 31.11 (£0.39)% respectively,
and it was because of the presence of cysteine in the two
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Fig. 5 ABTS scavenging activity of curcumin dispersed in water, BSA,
gelatin, curcumin-BSA complex, curcumin—-gelatin complex, and
vitamin C (positive control).
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proteins.* curcumin-BSA complex and curcumin-gelatin
complex both showed high radical scavenging activity (around
100%), similar to the antioxidant vitamin C as positive control,
which showed that complexation with BSA and gelatin both
significantly improved the antioxidant activity of curcumin (p <
0.05). The complexation contributed to both increased aqueous
solubility of curcumin and the antioxidant properties of BSA
and gelatin. The result was similar to previous study that cur-
cumin-mung bean protein complex showed improved aqueous
solubility and therefore higher ABTS radical scavenging
activity.”® With significantly improved antioxidant activity, the
curcumin-BSA complex and the curcumin-gelatin complex
could be used for strengthening the antioxidant status, and
various applications that require antioxidant property.

3.5 Antimicrobial properties of curcumin-protein complex

Agar well diffusion assay was used to evaluate the inhibitory
effect of curcumin-protein complex on Vibrio parahaemolyticus,
Vibrio harveyi, Bacillus cereus, and Streptococcus iniae. Inhibition
zones are clear sites with no visible bacteria growth, and the
antimicrobial activity was evaluated by measuring the diameter
of inhibition zone against tested pathogens,® as shown in Table
2 and Fig. 6. For all the four pathogens studied, larger inhibi-
tion zone was observed for curcumin-protein complex,
compared to free curcumin (p < 0.05). DMSO (4%), BSA (5 mg
mL "), and gelatin (5 mg mL ') at corresponding concentra-
tions, as negative control, did now show inhibition effect on any
of the pathogens. Therefore, it can be concluded that
complexation with proteins improved the antimicrobial effect
of curcumin for certain pathogens, which was attributed to the
improved solubility and decreased size. For all the four patho-
gens investigated, the inhibition zones of curcumin-BSA
complex were larger than that of curcumin-gelatin complex,
which was attributed to higher aqueous solubility of curcumin-
BSA than curcumin-gelatin.

To further evaluate the inhibitory effect of curcumin-protein
complex on Vibrio parahaemolyticus, Vibrio harveyi, Bacillus
cereus, and Streptococcus iniae, minimum inhibitory concen-
tration (MIC) of curcumin (before and after complexation)
against these four pathogens was determined through broth
micro-dilution techniques. For Vibrio parahaemolyticus, the MIC
of free curcumin was 250 pg mL ™', but the MICs of both cur-
cumin-protein complexes decreased to 31.25 pg mL™'. For
Vibrio harveyi, the MIC of free curcumin was not observed in the
range of concentrations studied (1000 to 7.81 ug mL '), but the
MICs of both curcumin-protein complexes decreased to 125 nug
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RSC Advances

Fig. 6 Inhibition zones of free curcumin and curcumin-protein
complex against Vibrio parahaemolyticus (A), Vibrio harveyi (B),
Bacillus cereus (C), and Streptococcus iniae (D). Curcumin concen-
tration was 2 mg mL~* for all the samples.

mL ™. For Bacillus cereus, the MIC of free curcumin was 62.5 g
mL~, while the MICs of both curcumin-protein complexes
decreased to 31.25 pg mL . For Streptococcus iniae, the MIC of
free curcumin was 125 ug mL ™', but the MICs of both curcu-
min-protein complexes decreased to 62.5 pg mL™". As control,
DMSO, BSA and gelatin alone, at corresponding concentrations,
did not inhibit the growth of any of these pathogens.

For all the four pathogens, the MIC of curcumin decreased
after complexation with the proteins (eight times for Vibrio
parahaemolyticus, more than eight times for Vibrio harveyi, two
times for Bacillus cereus, and two times for Streptococcus iniae),
which was attributed to both increased solubility and decreased
size of curcumin after complexation.® Currently, there are only
a few studies on the antimicrobial properties of curcumin-
protein complex, and the antimicrobial properties of curcumin-
protein complex have been found to be equal or better than free
curcumin.® Based on the result of this study, the curcumin-
protein complex, with improved solubility, bioaccessibility,
antioxidant and antimicrobial properties, could effectively
decrease the dosage of curcumin in controlling and preventing
diseases that are relevant to these pathogens.

Table 2 Zone of inhibition of free curcumin and curcumin—protein complex at a concentration of 2 mg mL~t

Diameter of inhibition

Diameter of inhibition zone of
curcumin-gelatin complex (mm)

Diameter of inhibition zone of
curcumin-BSA complex (mm)

Pathogen zone of free curcumin (mm)
Vibrio parahaemolyticus 8.3 £0.2
Vibrio harveyi 7.5+ 0.0
Bacillus cereus 7.5 £ 0.0
Streptococcus iniae 7.7 £0.2

© 2025 The Author(s). Published by the Royal Society of Chemistry

10.3 = 0.6 9.8 & 0.6
10.7 £ 0.2 9.2 £ 0.2

9.7 £ 0.2 9.2 £ 0.2
10.3 £ 0.5 9.7 £ 0.2
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4. Conclusions

The charge-switch nanocomplexation method presented in this
work is an effective strategy to improve the physicochemical and
biological properties of curcumin. The complexation process
can be carried out by introducing opposite net charges to cur-
cumin and protein respectively and simple mixing. The inter-
actions between curcumin and protein were verified by FTIR
and fluorescence quenching studies. Complexation with BSA
and gelatin increased curcumin's aqueous solubility to 391.77
(+15.70) pg mL " and 143.64 (+2.29) ug mL ™" respectively, and
the loading amount (LA) of curcumin was up to 21.36% and
15.57% respectively. While curcumin-BSA complex generally
showed better solubility than curcumin-gelatin complex, the
lower cost of proteins like gelatin can be more suitable for
forming curcumin-protein complexes for food and aquaculture
applications. In vitro digestion showed increased bio-
accessibility of curcumin after complexation as more curcumin
was accessible from curcumin-BSA complex and curcumin-
gelatin complex. The curcumin-protein nanocomplexes devel-
oped in this work also showed improved antioxidant properties
and antimicrobial properties against four food and aquaculture
related pathogens. Therefore, the improved physiochemical
and biological properties of the curcumin-protein nano-
complexes shows its potential as functional food additives in
agri-food applications. Future studies should focus on large
scale production of curcumin-protein complexes, incorpora-
tion into food matrices, and in vivo bioavailability studies of the
curcumin-protein complex to study the possible advantages on
absorption and bioavailability after oral administration.
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