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raction of chlorophylls with
sodium caseinate in aqueous nanometre-scale
dispersion: color stability, spectroscopic,
electrostatic, and morphological properties

Siyu He, Nan Zhang and Pu Jing*

Chlorophylls are themajor pigments present in photosynthetic plants but their application in foods is limited

due to their lack of solubility in aqueous media and their susceptibility to degradation during processing and

storage. These problems might be overcome by the addition of sodium caseinate (NaCas) whose

hydrophobic and hydrophilic groups may result in electrostatic and steric stabilization. In the present

work, 1% and 3% (w/w) chlorophylls in NaCas dispersion or in ethanol (control) were prepared and their

color stability under light treatment for 5 h and light-shed storage for 10 days was studied along with

their interaction mechanism, using electrostatic, spectroscopic and morphological methodologies.

Chlorophylls remained 58.72% and 53.84% in NaCas dispersions compared with the control (41.29% and

45.93%) after light treatment for low- and high-dose treatment, respectively, suggesting that NaCas

improved the solubility and stability of the pigments. Additionally, 1% and 3% (w/w) chlorophylls in NaCas

dispersion remained stable at 60.49% and 57.62% compared with the control (44.81% and 48.17%) for the

10 day storage during which the zeta-potential of the dispersions changed from �31.7 to �52.2 mV and

from �36.7 to �56.2 mV with a well-defined diameter (�221–245 nm). The data obtained from electron

microscopy, together with the results of fluorescence spectroscopy, suggests that chlorophylls were

entrapped in NaCas dispersions mainly via hydrogen bonds.
1. Introduction

Chlorophylls are a class of naturally occurring pigments exist-
ing in all photosynthetic plants, and also in some bacteria and
algae. They are present in greater abundance than any other
organic pigments produced in nature.1,2 Chlorophylls can be
used as potential alternatives to green colorants due to their
naturally brilliant green color. However, when chlorophylls are
extracted from plants they are highly susceptible to degradation
due to heat, light, oxygen, acid, and enzymes.3,4 Moreover,
chlorophylls are known to possess a wide range of pharmaco-
logical properties, such as anti-oxidant, anti-bacterial, anti-
inammatory, anti-proliferative activities, deodorizing, and
wound healing activities.5–7 Despite all these health benets,
there are limitations to the commercial-scale application of
chlorophylls as natural colorants because they are highly
susceptible to degradation during storage and processing,
resulting in color changes in food.7 Although sodium copper
chlorophyllin has been used, as a food colorant, in China and
on, Key Lab of Urban Agriculture (South),

ol of Agriculture & Biology, Shanghai Jiao

E-mail: pjing@sjtu.edu.cn; Tel: +86 21
Europe as an excellent commercial alternative to chlorophylls
because of its better solubility and stability, it is not approved in
the US due to safety issues.8,9 Therefore, a safer form of soluble
chlorophylls is currently required for the food industry. Several
techniques have been reported to increase the aqueous solu-
bility and stability of chlorophylls. Dissolving chlorophylls in
lipids could decrease their light degradation since lipids
compete for single oxygen with chlorophylls.10 Interacting
chlorophylls with water-soluble proteins can improve the water
solubility of chlorophylls as previously reported.11 Encapsu-
lating chlorophylls in different proportions of gum arabic and
maltodextrin by spray-drying has been shown to improve the
storage stability of chlorophylls.7 Despite these great develop-
ments, much work is still needed in the preparation of disper-
sions to improve the aqueous solubility and stability of
chlorophylls for food applications. Chlorophylls could be
encapsulated by naturally occurring food biopolymers, which
are generally recognized as safe ingredients.

Sodium caseinate (NaCas), a commercially available casein-
rich ingredient, has been reported as a food-grade stabilizer
in food and beverage industries.12 It is a naturally occurring
amphiphilic block copolymer commonly utilized to stabilize
hydrophobic bioactive compounds.13,14 This property makes it
a good stabilizer with its hydrophobic and hydrophilic groups
This journal is © The Royal Society of Chemistry 2019
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for contact with hydrophobic small molecules in aqueous
systems.14,15

The current work was focused on evaluating the color
stability, electrostatic, spectroscopic, and morphological prop-
erties of NaCas-chlorophylls dispersions using ultraviolet-
visible spectroscopy (UV-vis), transmission electron micros-
copy (TEM), scanning electron microscopy (SEM), atomic force
microscopy (AFM), uorescence spectroscopy, and Zeta Sizer.
Based on the results obtained, the schematic mechanism of
interaction between NaCas and chlorophylls was also proposed.
2. Experimental section
2.1 Chemicals and reagents

NaCas was purchased from Shanghai Titan Polytron Technol-
ogies Inc (RG). Chlorophylls (0.5%, w/w) were purchased from
Sam Chemical Technology (Shanghai) Co., Ltd. Ethanol (purity
> 99.8%) was purchased from Sigma-Aldrich. All the other
chemicals used were of analytical grade. All of the solutions
were prepared with deionized water.
2.2 Preparation of NaCas-chlorophylls dispersions

The anti-solvent technique was used to fabricate the NaCas-
chlorophylls dispersion.16 Briey, 0.1 g and 0.3 g of chloro-
phylls were dissolved in 3.5 mL of ethanol, followed by ultra-
sonic vibration (200 w, 5 min) and ltration through a 0.22 mm
Millipore microporous lter to obtain alcoholic solutions of the
chlorophylls. 0.2 g of NaCas was dissolved in 6.5 mL of deion-
ized water. The NaCas solution was stirred using a magnetic
stirrer at room temperature (�25 �C) for �12 h and then
centrifuged at 13 010 g for 15min at 4 �C to obtain a transparent
supernatant. 3.5 mL of chlorophylls alcoholic solution was
added to 6.5 mL of NaCas solution and the solution was mixed
well under continuous magnetic stirring (100 r min�1) for
10 min. The nal concentration of the chlorophylls in the
mixture was 0%, 1%, and 3% (w/w) with 2% (w/w) NaCas.
Additionally, 3.5 mL of the chlorophylls alcoholic solution was
mixed with 6.5 mL of deionized water control under the same
conditions and the nal chlorophylls concentration was 1% and
3% (w/w). All the samples and controls were freeze-dried using
a vacuum freeze dryer (Ningbo Xinzhi Biological Polytron
Technologies, Inc.) to remove the solvent, and then dispersed in
water to visually observe the dispersibility.
2.3 Storage stability of NaCas-chlorophylls dispersions

Freeze-dried samples were dissolved in deionized water in 5 mL
clear glass vials and kept in a sterile operation room to reduce
microbial spoilage. The particle size and zeta-potential of the
dispersions were tested using a Zeta Sizer Nano (Malvern
Instrument, ZS 90, UK) every day during the storage (30 �C) for
ten days. Parameter settings: protein concentration, 5 mgmL�1;
light source, 4 mW He–Ne laser; scattering angle, 90�; sample
cell, 10 mmpath length quartz cuvette and temperature, 25 �C.17
This journal is © The Royal Society of Chemistry 2019
2.4 Photostability testing

The effect of light on the physicochemical stability of the
dispersions and chlorophylls was studied using a uorescent
lamp (9000 lx) for 0, 0.5, 1, 2, 4, and 5 h at 25 �C in a BSG-250
incubator (BoXun, China). The light was a much higher inten-
sity than normal sunlight. Freeze-dried samples were dissolved
in transparent glass vials. The vials were placed at a distance of
40 cm away from the lamp. Aer exposure to light, the samples
were kept in the dark at 25 �C for further testing.

2.5 UV spectroscopy

An L5S UV-vis spectrophotometer (Yidian, Shanghai, China)
was used to measure the absorbance of the chlorophylls. The
samples, aer light or storage treatment, were freeze-dried and
then dissolved in 2 mL of ethanol. All the solutions were kept in
the dark for 2 h and ultrasonically treated using an XO-SM200
instrument (Nanjing Xian’ou, China) at 1200 W for 15 min at
25 �C under condensate circulation. The absorbance values of
the solutions were measured at wavelengths of 646 and 662 nm
at room temperature (25 �C). Chlorophyll a and b were the
major components of the chlorophylls and were found to be
present at an approximate ratio of 3 : 1, the content of which
was calculated using the following formulae:7,18

Chlorophyll a (g L�1) ¼ 11.24 � A662 � 2.04 � A646 (1)

Chlorophyll b (g L�1) ¼ 20.13 � A646 � 4.19 � A662 (2)

Retention rate (%) ¼ (chl a + chl b)T/(chl a + chl b)0 (3)

where A662/A646 is the absorbance value at 662/646 nm (chl a +
chl b)T is the amount of the chlorophylls aer treatment and
(chl a + chl b)0 is the initial amount of the chlorophylls.

2.6 Fluorescence spectroscopy

The intrinsic uorescence of the chlorophylls in the dispersions
was evaluated using a spectrophotometer (SpectraMax M2e,
Sunnyvale, CA, USA) at various temperatures 25, 35, and 45 �C,
as previously reported.19 The NaCas-chlorophylls samples were
diluted with deionized water to an overall solute concentration
of 0.2% (w/w) to reach the range of instrument sensitivity. The
samples were illuminated at an excitation wavelength of 280 nm
and the resulting emission spectra were recorded from 290 to
450 nm using 5 nm slit widths.20 All the samples were evaluated
in triplicate.

2.7 Atomic force microscopy (AFM)

The surface morphology of NaCas with or without chlorophylls
was tested using an AFM (Multimode NanoscopeIIIa, Bruker).
Briey, NaCas, NaCas with 1% (w/w) chlorophylls (L-NaCas) and
NaCas with 3% (w/w) chlorophylls (H-NaCas) were diluted to
solute concentration of 0.002% (w/w) NaCas. Ten microliters of
the diluted samples were spread evenly on a 1.8 cm2 freshly-
cleaved mica sheet and dried in a fume hood at ambient
temperature (25 �C) overnight.21 The microscope was operated
in the tapping mode for all samples at a frequency of 50 to 100
RSC Adv., 2019, 9, 4530–4538 | 4531
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kHz. The images were processed and analysed using Nanoscope
Analysis, version 1.80.

2.8 Transmission electron microscopy (TEM)

The size and morphology of the particles in the dispersions
were measured using a 120 kV Biology TEM (Tecnai G2 spirit
Biotwin, USA). Ten microliters of the solutions containing
0.02% (w/w) NaCas were spread uniformly on a 200-mesh
carbon coated copper grid and ten microliters of phospho-
tungstic acid were added onto the samples of the carbon coated
copper grid to colour the samples.22 Subsequently, the excess
liquid was removed using lter paper.23 Aerwards, the samples
were put in a fume hood and dried at ambient temperature (25
�C) overnight (�12 h). Images were acquired at various magni-
cations under 120 kV.

2.9 Scanning electron microscopy (SEM)

Scanning electron micrographs of powdered samples contain-
ing chlorophylls and NaCas were obtained with an FEI Sirion
200 SEM instrument (FEI, USA). Briey, fresh dispersion
samples were lyophilized using a freeze dryer (Ningbo Xinzhi
Biological Polytron Technologies, Inc., Ningbo, China) for 48 h
and a small amount of powder was spread evenly on a 5� 5 mm
piece of silicon wafer, the wafer was then adhered to a conduc-
tive carbon tape and sputter coated with a gold layer (<10 nm)
using a magnetron sputtering device (HITACHI-E1045, Japan).
Samples were then observed at 5 kV utilizing an operating Zeiss
Auriga microscope.

2.10 Data analysis

All the experiments were carried out in triplicate. The standard
error and mean of the data were calculated for all the data
processed. Analysis of variance (ANOVA) followed by the least
signicant difference (LSD) test was carried out to determine
Fig. 1 The appearance of the control samples and NaCas dispersions
with different concentrations of chlorophylls. The samples were stored
in the dark at 30 �C. Numbers (2–1, 2–3) on the body of bottles
represent their batch. Solution control: freeze-dried chlorophylls re-
dissolved in deionized water; processed NaCas on the first (fifth) day:
NaCas with or without chlorophylls on the first (fifth) day of storage.

4532 | RSC Adv., 2019, 9, 4530–4538
any signicant difference with p set at 0.05 between treatments
using SPSS version 16.0 soware (SPSS Inc, IL, USA).
3. Results and discussion
3.1 Storage stability of the dispersions

The appearance, on the rst and h day of storage, of the
NaCas dispersions with 1 and 3% (w/w) chlorophylls are pre-
sented in Fig. 1. All the dispersions had a uniform green
appearance and the nanoparticles were dispersed in the
aqueous systems in a homogeneous manner except for H-
NaCas. Phase separation was observed for H-NaCas on the
third day which could be a result of overloading of the chloro-
phylls in H-NaCas.

The storage stability of the dispersions was evaluated by
measuring the retention rate, hydrodynamic diameter (Dh), and
zeta-potential of the chlorophylls (Fig. 2). The retention rate of
Fig. 2 Retention rate (A), particle size (B), and zeta-potential (C) of
chlorophylls and dispersions during storage. The different letters
above the bars indicate significant differences (p < 0.05). L-NaCas:
NaCas with 1% (w/w) chlorophylls; H-NaCas: NaCas with 3% (w/w)
chlorophylls; L-ethanol: 1% (w/w) chlorophylls in ethanol; H-ethanol:
3% (w/w) chlorophylls in ethanol.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Retention rate (A), particle size (B), and zeta-potential (C) of
chlorophylls and dispersions after light exposure. Samples were placed
40 cm away from the lamp (9000 lx). Mean values in a row with
different letters are significantly different (p < 0.05). L-NaCas: NaCas
with 1% (w/w) chlorophylls; H-NaCas: NaCas with 3% (w/w) chloro-
phylls; L-ethanol: 1% (w/w) chlorophylls in ethanol; H-ethanol: 3% (w/
w) chlorophylls in ethanol.

Fig. 4 TEM images of NaCas (A), L-NaCas (B), and H-NaCas (C). The
images were taken at 12 000 � magnification (scale bar ¼ 100 nm). L-
NaCas: NaCas with 1% (w/w) chlorophylls; H-NaCas: NaCas with 3%
(w/w) chlorophylls.
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the chlorophylls in the dispersions was signicantly higher
than that of the chlorophylls in ethanol (p < 0.05) in which the
chlorophylls retention rates for L-NaCas and H-NaCas were
60.49 � 0.81% and 57.62 � 0.98%, respectively, and the corre-
sponding rates for the control were 44.81 � 0.79 and 48.17 �
1.03% ( Fig. 2A). A similar phenomenon has been reported for
NaCas which has been shown to decrease the degradation of
some liposoluble pigments.24,25 Dh of NaCas was �220 nm in
accordance with the previous literature.26 The mean Dh were in
the range of 221–245 nm. Dh increased signicantly with the
chlorophylls content, which may be attributed to the higher
concentration of chlorophylls (p < 0.05), and eventually led to
a larger particle diameter.27 However, the mean particle size for
each treatment decreased slightly with the storage time. As
shown in Fig. 2C, the range of the zeta-potential value of NaCas,
L-NaCas, and H-NaCas was �31.1 to �50.7 mV, �31.7 to
This journal is © The Royal Society of Chemistry 2019
�52.2 mV, and �36.7 to �56.2 mV, respectively, as the storage
time increased, suggesting that the electrostatic repulsion in
the dispersions became more effective at preventing particles
from occulating and coming together.12
3.2 Photostability of the dispersions

Chlorophylls have a brilliant color and many bioactivities.
However, the instability of chlorophylls, caused by light, oxygen,
heat, acid, and enzymes, especially the effect of light, mean that
they are not favored for application as natural colorants in
foods.7 The photostability of chlorophylls was evaluated by
measuring their retention rate, particle size, and zeta-potential,
as shown in Fig. 3. The retention rate of the chlorophylls was
shown to decrease nonlinearly with the continuous visible light
(Fig. 3A).

The retention rates of chlorophylls for L-NaCas and H-NaCas
were 58.72 � 0.43% and 53.84 � 1.36%, respectively, and the
RSC Adv., 2019, 9, 4530–4538 | 4533
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Fig. 5 AFM topographic images and phase diagrams of NaCas (A), L-NaCas (B), and H-NaCas (C). Plots next to images show the height of
particles along the dashed line. L-NaCas: NaCas with 1% (w/w) chlorophylls; H-NaCas: NaCas with 3% (w/w) chlorophylls.
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corresponding rates for the control were 41.29 � 0.78% and
45.93 � 0.82%, aer 5 h of light treatment. The chlorophylls
retention rate for L-NaCas was higher than that for H-NaCas due
to the higher concentration of chlorophylls, as discussed
previously. During 5 h radiation, no signicant changes were
found in Dh, and the zeta-potential dimension increased with
the light time. The results show that L-NaCas treatment gives
the highest retention rate of chlorophylls indicating that NaCas
protected the chlorophylls.
3.3 Morphology properties of NaCas-chlorophylls
dispersions

The morphological properties of NaCas, L-NaCas, and H-NaCas
(fresh samples and powdered samples) were analyzed by TEM,
AFM, and SEM. TEM was used to record the morphology of the
nanoparticles and dispersions. AFM and SEM were utilized to
characterize the topographic images and the mean particle
height, and surface morphology of the powdered samples,
respectively.

3.3.1 TEM analysis. The TEM images show the interior
morphology of the nanoparticles and dispersions. TEM images
4534 | RSC Adv., 2019, 9, 4530–4538
of freshly prepared NaCas with or without chlorophylls
are presented in Fig. 4. Particles of dispersions without chlo-
rophylls were spherical and regular, which is in accordance with
the previously published ndings that all NaCas have a spher-
ical structure.28 Larger sized particles were observed with
increasing concentration of the chlorophylls, which was
consistent with the trend observed in Fig. 2B for Dh. Addition-
ally, the particles were more discrete and less spherical as the
content of the chlorophylls increased, this may be because of
the dissociation and assembly of NaCas.29 The absence of
aggregation suggested that these particles could be dispersed
well in the aqueous phase.

3.3.2 AFM analysis. The nanoscale structures of the disper-
sions were studied at pH 6.8 using AFM (Fig. 5), to analyze their
mean particle size and height. The distribution of the particle size
in different treatments (Fig. 5A–C) qualitatively agreed with the
light scattering data shown in Fig. 2. Although the mean particle
height followed the same trend with particle size. The particle
height was much smaller than the particle size with the mean
particle height of NaCas, L-NaCas, and H-NaCas being 10.2, 29.4,
and 33.5 nm, respectively (Fig. 5). The particle distribution of
NaCas, which is mostly spherical in shape, was relatively narrow,
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 SEM images of NaCas (A), L-NaCas (B), and H-NaCas (C) under magnifications of 500, 1000, and 5000� . L-NaCas: NaCas with 1% (w/w)
chlorophylls; H-NaCas: NaCas with 3% (w/w) chlorophylls.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
/2

02
5 

8:
13

:3
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
125 to 218 nm. In comparison, the nanoparticles in L-NaCas and
H-NaCas, which are less regular in shape, had a wider particle size
distribution from 107 to 278 nm and from 98 to 303 nm, respec-
tively. The assembly ability of caseins may be the cause of the
discrepancies in the AFM images.30 A similar phenomenon was
found for the morphology of nanoparticles containing liposoluble
compound, these were less spherical and the particles had a wider
particle size distribution.12,29 The mean particle size of NaCas, L-
NaCas, and H-NaCas were 145, 163, and 184 nm, respectively,
indicating that the particle diameter increased with an increase in
the chlorophylls concentration, this can be attributed to the de-
ciency in NaCas.12

3.3.3 SEM analysis. The morphology of lyophilized powder
of NaCas with different concentrations of chlorophylls was
investigated by SEM (Fig. 6). The morphology of NaCas pre-
sented as porous honeycomb structures (Fig. 6A) as a result of
the porous network of spherical casein particle.31 The outer
surface was much smoother and was less porous with an
increasing chlorophylls concentration on the width of 50 mm
due to assembly of NaCas and chlorophylls (Fig. 6B and C).32

This phenomenon has also been reported by others that outer
surface of NaCas was smooth aer loading liposoluble
compound.24 Dispersions of NaCas with or without chlorophylls
showed considerable difference on morphology based on TEM,
SEM, and AFM results. Chlorophylls might be the component
This journal is © The Royal Society of Chemistry 2019
causing the difference in the morphology since the same
amount of ethanol was treated to the dispersions, which indi-
cated that the addition of chlorophylls promoted NaCas disso-
ciated and self-assembly to cause differences in morphology.
Additionally, the Mg2+ in chlorophylls was also an important
element for morphology differences, which was reported that it
can increase the solution ionic strength to affect dissociation
and re-association of NaCas.31

The change in morphology aer adding chlorophylls was
possibly caused by the interaction between the chlorophylls and
NaCas. The interaction between NaCas and the chlorophylls
was further conrmed through uorescence spectroscopy.
3.4 Fluorescence quenching of NaCas by chlorophylls:
molecular interaction perspective

Fluorescence spectroscopy was used to study the interactions
between chlorophylls and caseins. Fluorescence is typically
observed when the uorophore of a molecule is fully or partially
blocked.7 NaCas-chlorophylls showed an intense emission band
concentrated around 341.6 nm as a result of uorescence emission
of tryptophan (Trp) and tyrosine (Tyr) residues upon excitation at
280 nm.33 The intensity of the uorescence emission of caseins at
341.6 nm gradually decreased with the increase in chlorophylls
concentration (Fig. 7A–C), suggesting an interaction between the
RSC Adv., 2019, 9, 4530–4538 | 4535
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Fig. 7 Fluorescence intensity of NaCas with 1% or 3%(w/w) chlorophylls in water at temperatures of 25 �C (A), 35 �C (B), and 45 �C (C). The Stern–
Volmer plots (D) and the double-logarithm plot (E) show the quenching effect of chlorophylls on NaCas at 25, 35, and 45 �C. The Van’t Hoff plot
(F) of ln K as a function of 1/T (�C) was calculated to reveal the interaction of NaCas and the chlorophylls molecules.
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NaCas molecules and the chromophore groups of the chloro-
phylls. Chlorophylls binding to NaCas can be classied as dynamic
or static quenching and may involve diffusion and collision
Table 1 Stern–Volmer quenching constants (KSV) and molecular
quenching constants (Kq) for the interaction of chlorophyll with NaCas
at 25, 35, and 45 �C

T (�C) Ksv (10
5 M�1) Kq (1013 M�1 s�1) R2

25 2.26 2.26 0.9970
35 2.03 2.03 0.9975
45 1.64 1.64 0.9983

4536 | RSC Adv., 2019, 9, 4530–4538
encounters.34 The quenching data were analyzed according to the
Stern–Volmer equation:35

F0/F ¼ 1 + Kq s0 [Q] (4)

where F and F0 are the uorescence intensities with or without
a quencher, respectively. Kq is the quenching rate constant of
the biological macromolecule, [Q] is the concentration of the
quencher, and s0 (10�8 s) is the average lifetime of the uo-
rophore in the absence of the quencher.

The quenching parameters calculated from the modied
Stern–Volmer plots are recorded in Table 1. The good linearity
This journal is © The Royal Society of Chemistry 2019
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Table 2 The binding constant (Ka) and number of binding sites of chlorophylls with the fluorophore of NaCas at temperature of 25, 35, and 45 �C.
The enthalpy (DH), entropy (DS), and free energy (DG) change based on the van’t Hoff equation

T (K) Ka (10
5 M�1) n R2 DG (kJ mol�1) DH (kJ mol�1) DS (J mol�1 K�1)

298 8.99 1.0807 0.9990 �14.75
308 7.04 1.0722 0.9985 �14.97 �6.31 �0.03
318 6.21 1.0766 0.9995 �15.32

Fig. 8 Schematic mechanism of the structural changes of sodium
caseinate (NaCas) and chlorophylls.
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of the Stern–Volmer plots, with all coefficients more than
0.9970, suggests that a single quenching mechanism existed
in the binding (Fig. 7D). The value of Ksv decreased with the
rising temperatures, which indicates a reduced affinity of the
chlorophylls with NaCas at higher temperatures. The Kq

values were far higher than the maximal dynamic quenching
constant (2.0 � 1010 M�1 s�1), which indicates that the
interaction between NaCas and the chlorophylls was domi-
nated by a static quenching mechanism. For the static
quenching, the binding constant (Ka) of the uorophore with
the quencher is given by the following equation:36

log((F0 – F)/F) ¼ log Ka + n log[Q] (5)

where n is the number of binding sites. The value of the
apparent binding constant Ka can be obtained from the
intercept of the plot of log[(F0 � F)/F] versus log[Q] in Fig. 7E
whereas the binding sites n was the slope from eqn (5). The
binding sites n and binding constant Ka are presented in Table
2. The value of Ka decreased with a rise in the temperature, as
can be seen from the data presented in Table 2. The value of
the binding sites n was � 1, which signies that only a single
binding site of the chlorophylls was involved in the binding
process. Moreover, the correlation coefficients of 0.9990,
0.9985 and 0.9995 which were obtained with the increasing
temperatures, conrmed that the interaction between NaCas
and the chlorophylls were in accordance with the site-binding
model outlined in eqn (5).

Four major noncovalent interaction forces, including
hydrophobic and electrostatic interactions, hydrogen bonding,
and van der Waals forces, are considered to exist between
proteins and small molecules. Thermodynamic parameters
(DH, DG, and DS) for protein reactions are the main factors
contributing to protein stability. Noncovalent interaction forces
and magnitudes of thermodynamic parameters can be
modelled by the Van’t Hoff plot:37

ln Ka ¼ �DH/(RT) + DS/R (6)

DG ¼ DH � TDS (7)

where R is the gas constant 8.314 J mol�1 K�1, T (K) is the
experimental temperature. DH, DG and DS represent the
enthalpy change, free energy change, and the entropy change,
respectively. Ka is the binding constant at a corresponding
temperature. The primary interaction can be determined as Van
der Waal forces and/or hydrogen bonds (if DH < 0 and DS < 0),
This journal is © The Royal Society of Chemistry 2019
hydrophobic forces (if DH > 0 and DS > 0), or electrostatic
interactions (if DH < 0 and DS > 0).36

The negative DH, DS, and DG suggest that the main
interaction forces were van der Waals forces and hydrogen
bonds and the binding process of chlorophylls to NaCas
was spontaneous and exothermic at all experimental
temperatures.38
3.5 Proposed mechanism of interaction of NaCas and
chlorophylls

The hypothesized mechanism of the structural changes in
the study is presented in Fig. 8. The morphology of NaCas
without chlorophylls was still spherical and regular as was
the morphology of native NaCas while the particles were
more discrete and less spherical as the content of the chlo-
rophylls increased.39 The particle diameter increased as
thechlorophylls concentration increased, which is in accor-
dance with the AFM observations. For H-NaCas, some chlo-
rophylls are not entrapped in the NaCas dispersion, which is
consistent with the storage test results (Fig. 1). Compared
with the L-NaCas, additional chlorophylls in H-NaCas might
attract free NaCas to the particle, resulting in increased
particle size, as shown in Fig. 8. Similar results were observed
by AFM. The dissociation of NaCas increased the availability
of hydrophilic sites of caseins for contact with the chloro-
phylls during mixing, along with the uorescence spectros-
copy results this suggests that the chlorophylls were
entrapped in the NaCas dispersion via hydrogen bonds and
van der Waals forces.
RSC Adv., 2019, 9, 4530–4538 | 4537
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4. Conclusion

In conclusion, chlorophylls dispersions containing sodium
caseinate were prepared, this reduced the storage decomposition
and light degradation of the chlorophylls in aqueous dispersion
due to protection of the chlorophylls by NaCas. The self-assembly
of NaCas with chlorophylls nanoparticles via van der Waals forces
and hydrogen bonds by a spontaneous exothermic model was
demonstrated by uorescence quenching analyses. The topog-
raphy observation using AFM further revealed that the size of the
nanoparticles increase with an increase in the concentration of the
chlorophylls, which is in line with the DLS determination. The
steric hindrance and repulsive electrostatic interactions provided
by hydrophilic NaCas prevents aggregation of colloidal particles of
NaCas-chlorophylls. The data obtained from AFM and TEM,
together with uorescence spectroscopy results, suggests that the
chlorophylls were entrapped in the NaCas dispersion via hydrogen
bonds and van der Waals forces. The study showed that NaCas
improved the stability of chlorophylls in the aqueous system
and partially revealed the interaction of the chlorophylls and
NaCas, this could potentially broaden the eld of application of
chlorophylls.
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