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Abstract B-lactoglobulin (-lg) was covalently bonded
with fucoidan through Maillard reaction at 60 °C for 96 h
under 79% RH condition. The molecular characters of the
conjugate were investigated using fourier transform infra-
red spectroscopy (FT-IR), atomic force microscopy
(AFM), and circular dichroism (CD) spectroscopy. And, its
thermal properties, surface activity, and zeta-potential were
compared with intact B-lg, B-lg-fucoidan mixture, and
fucoidan under different pH conditions. AFM indicated
that the conjugate was nano-structured, regular spherical-
shaped and generally large sized compared to B-lg-fu-
coidan mixture. CD spectra and FT-IR showed that tertiary
structure of B-lg slightly unfolded, but little change in
secondary structure occurred. This explained that glycation
under Maillard condition resulted in a molten globule state
of B-lg. Differential scanning calorimetry (DSC) data
exhibited that fucoidan shifted the temperature of phase
transition and improved thermal stability of B-lg molecule.
In addition, the conjugate prominently decreased the sur-
face tension with pH-dependency.
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Introduction

For decades, the glycoconjugates formed through the
Maillard reaction between widely various proteins and
physiologically active hydrocolloids have been investi-
gated [1]. In this reaction, the aminocarbonyl bonding
forms a Schiff base, and then the loss of water from the
labile Schiff base releases Amadori product [2]. This
molecular modification under a mild condition without
introducing major structural changes of biopolymers has to
enhance the functional properties physicochemically and
physiologically [3].

Fucoidan is the anionically charged and sulfated fucans
extracted from brown seaweed. Fucoidan derived from
Undaria pinnatifida has complex structures, which are
differently proportioned with sugar linkages (1,3-linked
fucose, and 1,3-, 1,4-, and 1,6-linked galactose) substituted
with sulfates such as 2- or 4-positioned fucosyl residues
and 3- or 6-positioned galactosyl residues [4]. Based on
their biologically unique structures, significant interests in
synthesizing glycoconjugates formulated from fucoidan
and proteins have been focused for further studies as fol-
lows: the enhanced emulsifying properties [5—7] and anti-
complementary activity in the classical pathway [8].

B-lactoglobulin (B-1g) is a small globular protein which
consists of 162 amino acid residues (Mw ~ 18,300 g/mol).
This protein has a sensitively but reversibly interchange
between monomer and dimer depending on pH conditions,
ionic strength, protein concentrations, and temperature [9].
Due to the molecular sensitivity of B-lg, glycation with
mono- and disaccharides has been elaborated to increase the
molecular stability of B-lg and to improve solubility and
emulsifying capacity [10, 11].

However, less studied Maillard reaction using B-lg with
high-molecular weight polysaccharide has been focused.
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Accordingly, the objectives of this study are to formulate
the conjugate between [B-lg and fucoidan via Maillard
reaction under a mild dry condition, and to investigate its
molecular characteristics in various ways.

Materials and methods
Materials

B-lactoglobulin (B-lg) was obtained from McGill Univer-
sity (Montreal, Quebec, Canada) and then used without a
further purification after checking SDS-patterns and protein
quantification. A dried powder of fucoidan extracted from
the cultured Korean U. pinnatifida sporophylls (Miyeok-
kwi) was purchased from Haerim Fucoidan Co., Ltd.
(Wando, Korea). All the other chemicals used were of
analytical grade.

Conjugation condition

Maillard reaction was carried out according to Kim and
Shin [6, 12] without a modification. Briefly, each B-lg and
fucoidan was completely dissolved in distilled water at 1%
(w/v) with stirring at room temperature. In sequence, each
solution was mixed at weight ratio 1:3 (approximately,
1:2.77 molar ratio) with homogeneous stirring for 1 h and
then freeze dried (B-lg-fucoidan mixture). In order to pre-
pare the conjugate between two polymers, the individually
lyophilized samples were placed in a desiccator, where the
temperature and the relative humidity was controlled with
saturated KBr, and then incubated at 60 °C for 96 h.
Heated B-lg and heated fucoidan were prepared by incu-
bating native B-lg and native fucoidan individually under
the same conditions as B-lg-fucoidan conjugate.

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE was performed with 4-10 and 4-12.5% poly-
acrylamide gradient. The samples heated at 90 °C for
10 min in a 0.125 M Tris-HCI sample buffer (pH 6.8) with
4% SDS, 20% glycerol, and 10% 2-mercaptoethanol. After
electrophoresis, a Coomassie brilliant blue G-250 and
Schiff staining was performed for protein and carbohy-
drate, respectively. The protein and carbohydrate bands
were identified by using Xpert Prestained Protein Marker
(GenDEPOT, Barker, TX, USA).

Atomic force microscopy

The morphology of B-lg (native and heated), B-1g-fucoidan
mixture and B-lg-fucoidan conjugate was imaged using a
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5500 AFM instrument with PicoView (software ver. 1.6.4)
(Agilent Tech., Santa Clara, CA, USA). Each sample was
diluted to 10 ppm using distilled and deionized water, and
2 pL of each sample was placed on a freshly cleaved mica
substrate (MTI Korea, Seoul, Korea) and dried in fume
hood at least 2 h prior to imaging.

Circular dichroism spectroscopy

Circular dichroism (CD) spectra were profiled using a
Chirascan plus (Applied Photophysics, Leatherhead, UK)
at 25 °C. Samples were prepared to 1 mg/mL of protein
concentration, and the distilled water was scanned as a
control. CD spectra were collected in the far-UV region
(180-260 nm), and the data was expressed as mean residue
ellipticity in deg cm*dmol and analyzed by Neural Net-
works method using CDNN secondary structure analysis
software version 2.1 (Applied Photophysics, Leatherhead,
Surrey, UK) to calculate the o-helix, B-sheet, B-turn, and
random coil proportions in each sample.

Fourier transform infrared spectroscopy

The IR spectra were obtained using a Nicolet iS50 FT-IR
spectrometer equipped with Omnic software (version 9.2)
and attenuated total reflectance (ATR) ZnSe crystal
(Thermo Fisher Scientific, Madison, WI, USA). Each
spectrum is the average of 64 scans at 4 cm™ ' resolution.
Measurements were recorded between 1750 and
1450 cm ™.

Differential scanning calorimetry

Thermal property was analyzed using a DSC7 instrument
(Perkin Elmer Inc., Wellesley, MA, USA). The samples
were weighed 10 mg accurately into stainless steel pans
and 30 pL of deionized water was added to each pan. The
pans were hermetically sealed and left to stand for 2 h for
hydration. After hydration, the sample pans were heated
from 30 to 120 °C at a scan rate of 10 °C/min under a
constant nitrogen purge. Reference pan was prepared with
only 30 pL of deionized water. The onset (To), peak (Tp),
conclusion (Tc) temperature and enthalpy change (AH)
were calculated from the thermograms using Pyris™
software.

Surface tension

The surface tension on the water surface was measured
using a Sigma 703D tensiometer (KSV Instruments Ltd.,
Helsinki, Finland) with a duNoily ring (ring radius:
9.545 mm) at ambient temperature. The protein stock
solution was prepared in distilled and deionized water and
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then diluted to the desire concentration (0—1 mg/mL of
protein) at pH 3.0, 5.0, and 7.0 adjusted with phosphate
buffer. Prior to the measurement, the apparatus was cali-
brated with distilled water to get a baseline.

Zeta-potential measurements

The charge distribution of B-lg and fucoidan-conjugated -
lg was measured by electrophoretic light scattering method
using a Zetasizer Nano ZS90 (Malvern Instruments Ltd.,
Worcestershire, UK). Each sample was dissolved in dis-
tilled and deionized water, and its charge distribution in
different pH conditions was measured in triplicates.

Statistical analysis

The collected data were subjected to one-way ANOVA
(p < 0.05) using SPSS software version 21 (SPSS Inc.
Chicago, IL, USA). Significant differences were deter-
mined using Duncan comparison procedure at p < 0.05.

Results and discussion
SDS-PAGE of p-lg-fucoidan conjugates

SDS-PAGE patterns can confirm whether proteins were
conjugated with polysaccharides through the reactions.
Figure 1 showed that the band of native B-lg appeared at
approximately 17 and 35 kDa as monomer and dimer,
repectively. Meanwhile, only B-lg and fucoidan showed no
band in the Schiff stained gel and protein stained gel,
respectively. Otherwise, the fucoidan-conjugated f-lg
exhibited a week protein band, but no band was observed in
B-lg-fucoidan mixture. In the Schiff stained gel, the mix-
ture showed a weakly stained band at high molecule
region, but conjugate showed stain at 43-56 kDa [Fig. 1A].
Figure 1B exhibited conjugate has more smeared and
stained at high molecular weight bands than the mixture
and fucoidan. The combined presence of the polydispersed
protein and carbohydrate band, near the top of the running
gels, provided further evidence for covalent bonding
between the free amino groups at the position of lysine
residues on B-lg and the reducing ends of fucoidan.

Morphology of p-lg-fucoidan conjugates particle

The morphology of the conjugates was observed by atomic
force microscopy images as shown in Fig. 2. Native B-lg
was mostly observed to small globules of uniform size, and
heated B-lg showed that the numbers of particles decrease
but the size of particles increased. Meanwhile, particles of
B-1g-fucoidan mixture have irregular shapes and sizes, but

the conjugated molecules were regular spherical in shape
and the particles were larger than molecular mixture. This
result might be because the interaction between B-lg and
fucoidan was weaker in mixture than in conjugate, result-
ing in polydispersed distribution.

Likely, whey protein isolate and maltodextrin glycated
at high temperature showed increased particle size [13].
Zhang et al. [14] reported that [B-conglycinin-dextran
conjugate has larger size than heated B-conglycinin and
mixture, and Jones et al. [15] reported that B-1g with pectin,
after heat treatment, exhibited large particles. Kim and
Shin [12] reported an increase in size for mixture and
conjugate, compared to native protein, conjugate having
the biggest particle size. This indicates that conjugate is a
higher molecular weight polymer.

Structural characteristic of B-lg-fucoidan conjugates

Figure 3A showed the CD spectra of secondary structure in
the far-UV region (180-260 nm). CD is an excellent
method for rapidly evaluating the secondary structure,
folding and binding properties of proteins, absorbing
unequal light such as left-handed and right-handed circu-
larly polarized light [16]. The far-UV CD signal occurred
from absorption of peptide bonds and this indicated the
protein had secondary structure, which can be obtained by
dividing the concentration (mass terms, mg/mL) by the
mean residue weight [17]. Native B-lg had a negative
maximum at 216 nm since -1g was rich in B-sheet. In this
study, native B-1g has 13% of a-helix and 38.8% of B-sheet
structure, which is similar to a-helix but slightly different
from f-sheet reported by Chevalier et al. [18].

Compared with native B-1g, heated B-lg and conjugate
exhibited slightly increased (-sheet and slightly decreased
random coil, respectively. It could be caused by the
exposed internal sites of tertiary protein structure. Heat
treatment of B-Ig under a mild condition induced its partial
unfolding and more B-lg hydrophobic residues could be
exposed leading to changing the surface charges and
hydrophobicity. Ngarize et al. [19] reported that B-lg
heated at 90 °C for 30 min showed increased B-sheet, but
our finding was that mild heating of B-1g at 60 °C induced
no change in secondary structure.

In sequence, the protein-carbohydrate interaction after
Maillard reaction was measured using FT-IR spectroscopy,
which has been well-known as a particularly useful tech-
nique to detect molecular vibration for the study of protein-
carbohydrate systems [20, 21], providing information about
the molecular structures and chemical composition [22].
The amide I band depends on protein secondary structure,
caused primarily by the stretching of the C=0O bonds, and
amide II caused by the deformation of N-H bonds and C-N
bonds stretching [22]. The amide I and amide II regions
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Fig. 1 SDS-PAGE patterns of
native B-1g (B), heated B-1g (H-
B), fucoidan (F), B-lg-fucoidan
mixture (mix) and B-lg-fucoidan
conjugate (C) in the weight ratio
1:3 incubated at 60 °C for 96 h.
(A) was 4-10% polyacrylamide
gradient and (B) was 4-12.5%
polyacrylamide gradient

ranged from 1700 to 1600 cm™' and from 1600 to
1500 cm™ ", respectively [23]. Figure 3B exhibited FT-IR
spectra of the native B-lg, heated B-lg, B-lg-fucoidan
mixture, and B-lg-fucoidan conjugate in the infrared amide
I and II region (1750-1450 cm_l). After heating, the
intensities of the peaks at amide I and II increased in heated
B-lg and B-lg-fucoidan conjugate more than native B-1g and
B-lg-fucoidan mixture, respectively. And the shift of the
peaks from 1629 to 1628 cm_l, and from 1514 to 1519 and
1525 cm_l, were observed in B-lg. In the mixture and
conjugate, the amide I peak at 1631 cm ™' did not shift, but
the amide II peak shifted from 1538 to 1542 cm™'. Liu
et al. [21] observed an increase in the peaks of amide I and
II during the heating. The changes in FT-IR spectra indi-
cate the exposure of the secondary structure of B-lg after
heating.

@ Springer

Compare to CD spectra, no change or increase in the
secondary structure was observed, otherwise the tertiary
structure of B-lg was slightly unfolded, exposing an inter-
nal part of its secondary structure under mild heating
condition at 60 °C and 79% relative humidity. Therefore, it
was conferred that B-lg was transformed into molten
globule state during the Maillard reaction.

Thermal analysis of p-lg-fucoidan conjugates

DSC is widely used to investigate the changes in protein
conformation occurring during heat treatment. In DSC
thermogram, protein unfolding is an endothermic reaction,
whereas aggregation and precipitation indicate an
exothermic reaction. The changes in endothermic heat flow
and thermodynamic parameter of each polymer (e.g. native
B-lg, heated B-lg, two polymer’s mixture, two polymer’s
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Fig. 2 Atomic force
microscopy image

(1.0 x 1.0 um) of native B-lg,
heated B-lg, B-lg-fucoidan
mixture, and B-lg-fucoidan
conjugate
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Fig. 3 Circular dichroism spectra (A) and Infrared spectra (B) of
native B-lg, heated B-lg, B-lg-fucoidan mixture, and B-lg-fucoidan
conjugate

conjugate, native fucoidan, and heated fucoidan) are pre-
sented in Table 1.

Native B-lg exhibited a single endothermic transition at
the peak temperature (Tp) of 75.93 £ 0.58 °C. This is in a
good agreement with Boye and Alli [25] reporting a single
peak transition of B-lg. Heated B-lg absorbed the heat the
most at 77.75 £ 0.01 °C which is thermal transition point
as endothermic peak (Tp). This means the transition peak

was similar to that of the native B-lg, indicating no sig-
nificant difference in the peak temperature, onset temper-
ature (To), and conclusion temperature (Tc), whereas the
enthalpy value (AH) for the heated B-lg was lower than
native PB-lg. Kim et al. [6] reported the thermodynamic
parameter of Tp and AH directly related to thermal stability
of the protein, and consequently the content of the ordered
structure of the protein has high thermal transition tem-
perature and the amount of energy absorption. Thus, the
changes in molecular integrity of protein have an impact on
the state of protein conformations [26].

Taken together, the data on thermal transition suggest
that heated P-lg exists in molten globule state, corre-
sponding to the results of CD and FT-IR analyses. The
partial denaturation process has been widely investigated in
BSA [27], apomyoglobin [28] and a-lactalbumin [29].

Unlike protein, native fucoidan had the lowest peak
temperature (Tp) and AH value of 56.68 + 3.18 °C and
0.16 £ 0.00 J/g, respectively. On the other hand, Kim and
Shin [12] reported that fucoidan has a single peak with high
temperature at 97.54 °C. After the heating, they were
increased to Tp of 89.43 £ 4.33 °C and 0.50 £ 0.39 J/g,
respectively. Yoshimura et al. [30] reported that xyloglu-
can did not have a peak but when mixed with corn starch it
showed Tp at 66-68 °C. The observed temperatures of
onset, peak, and conclusion were shifted to higher tem-
perature for B-lg-fucoidan mixture or B-lg-fucoidan con-
jugate. Generally, a high Tp value is associated with higher
thermal stability; therefore, the B-lg with fucoidan obtains
an increased thermal stability and subsequently becomes
highly resistant to denaturation. Jones et al. [31] reported
the mixture of B-lg with hydrocolloids shifted the Tp, and
this is in good agreement with the thermal profiles of
fucoidan-complexed B-lg in our study. However, interest-
ingly, the conjugate had a lower AH value than the mixture.
Ibanoglu [32] explained that since the partial denaturation
of the protein surrounded or shielded with highly charged
hydrocolloids occurred prior to the heat treatment, less
energy was required for protein denaturation. Liu [24]

Table 1 Thermal properties of

native B-lg, heated B-lg, p-lg- Sample Temperature (°C) AH (J/g)

fucoidan mixture, B-1g-fucoidan To Tp Tc

conjugate, native fucoidan, and

heated fucoidan by DSC Native B-Ig 69.81 =+ 0.60° 75.93 + 0.58° 83.44 + 0.79° 9.42 + 1.35°
Heated p-lg 70.35 £ 0.15° 77.75 + 0.01° 84.22 4 0.18° 5.03 & 0.58"
B-lg-fucoidan mixture 85.24 + 0.17° 89.59 + 0.00 94.16 + 0.19° 2.73 £ 0.10°
B-lg-fucoidan conjugate 81.74 + 2.20° 90.81 + 1.92° 100.57 £ 0.68* 1.26 + 0.24¢
Native fucoidan 54.57 + 1.82¢ 56.68 + 3.18° 57.99 + 4.459 0.16 £ 0.00¢
Heated fuciodan 86.45 + 2.97° 89.43 + 4.33° 91.87 + 1.84° 0.50 £ 0.39¢
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Different superscript letters within rows represent a significant difference (p < 0.05) by Duncan compar-
ison procedure (n = 3)
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suggested that the change in AH might be due to the nature —m—Native f-Lg
of the protein covalently linked with polysaccharides. (A)757 :E:?E%E{ .ch
—®— Native Fucoidan
Surface tension of B-lg-fucoidan conjugates 708t A\QQ;WH%M e
»é\ 1]
The effects of various concentrations (from 0 to 1 mg/mL E 65 \Q
of protein) of native B-lg, heated B-lg, B-lg-fucoidan mix- £ 2
ture, B-lg-fucoidan conjugate, native fucoidan, and heated § 60 \%\
fucoidan at distilled water and pH 3.0, 5.0, and 7.0 on % gsg
surface properties are presented in Fig. 4. The results “ 55 o
showed that surface tension depended on the protein con-
centration and pH environment. Native B-lg decreased the 50 . . . . .
surface tension from 69 to 57 mN/m with increasing pro- %0 o2 C(:)':mmram:a(mg/ml) e "
tein concentration at pH 3. Sakurai et al. [33] reported that
most of protein molecules are in their “close” state at pH et
-1 . . (B) 75+ —A— Mixture
3.0. The ability of a protein to reduce surface tension A Conjugate
depends on conformational changes that occur as the pro- O hative fucoidan
tein is adsorbed. Heated B-lg was in a partially denatured _ ;Q)@><;>e
state, i.e. molten globule-like state, which provides a more § S
flexible conformation that can be easily adsorbed to the § —_— —
surface [34]. On the other hand, surface tension values of é E\
B-lg-fucoidan mixture were little higher than those of § z:\\n
protein under acidic condition. At pHS5, native and heated E a3
B-lg did not lower the surface tension (Fig. 4), suggesting %7
low solubility or partial aggregation of protein in near pl
solution (p/ = 5.18). However, since anion-charged fucoi- o - o A A "
dan redeemed the surface charges of -lg, the mixture and Concentration (mg/ml)
the conjugate could lower the surface tension at pH 5.
Interestingly, partially denatured B-lg (heat-treated) low- a Naneiis
ered the surface tension than the native, suggesting the (C) 75+ T eedple
changes in the surface charge distribution through a partial o Conjugte
conformational change. At a neutral pH, both native and —— o~ Heued Fucoid)
heated B-lg decreased the surface tension with increasing 2 - =
protein concentration and B-1g-fucoidan conjugate lowered %
the surface tension most. This can be explained by the g
dominant anionic action of fucoidan molecules to the sur- £ ixﬁ
face charge distribution. However, little change in the & /5
surface tension was shown in both the native and heated - o5 [ —
fucoidan under different pH circumstances, confirmed that
the anionic fucoidan contribute the charge effects but no © . . . . .
surface-active properties at any concentration and pH. In 00 02 04 06 08 10

addition, the protein-polysaccharide conjugate was more
surface-active than was the polysaccharide itself.

Zeta-potential of p-lg-fucoidan conjugates

All the sample solutions had negative zeta-potential
value (Table 2). Heat treatment caused an increase in the
negative zeta-potential of the proteins unfolded and
aggregated [35]. Native p-lg had a charge of
— 19.38 £ 1.71 mV but heating decreased the potential
into — 29.34 + 4.22 mV, suggesting that a partial denat-
uration caused the conformational change and then this

Concentration (mg/ml)

Fig. 4 Changes in surface tension in response to native B-lg (filled
square), heated B-lg (open square), B-lg-fucoidan mixture (filled
trinangle), B-lg-fucoidan conjugate (open triangle), native fucoidan
(filled circle), and heated fucoidan (open circle) as a function of
protein concentration (0, 0.005, 0.01, 0.05, 0.1, 0.5, and 1 mg/mL) at
pH 3 (A), pH 5 (B), and pH 7 (C)

affected the surface charge distribution. The conjugate
revealed the lowered zeta-potential of the native [-lg
(= 19.38 £ 1.71 to — 23.17 £ 1.28 mV), but there was
no significant difference in the mixture. And, addition of
fucoidan into the protein (both the mixture and the
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Table 2 Z-potential and pH value of native B-1g, heated B-1g, B-lg-
fucoidan mixture, B-lg-fucoidan conjugate, native fucoidan, and
heated fucoidan

Sample Z-potential (mV) pH

Native B-1g —19.38 + 1.71° 6.92 £+ 0.01*
Heated B-lg —29.34 £ 4.22¢ 6.80 + 0.01°
B-lg-fucoidan mixture — 2227 +081° 5.94 £+ 0.02°
B-lg-fucoidan conjugate —23.17 £ 1.28° 5.82 & 0.04¢
Native fucoidan —23.04 +0.93° 4.64 + 0.00°
Heated fuciodan — 18.74 £+ 1.30* 451 4+ 0.01°

Different superscript letters within rows represent a significant dif-
ference (p < 0.05) by Duncan comparison procedure (Zeta-potential,
n=9;pH,n=3)

conjugate) slightly lowered the solution pH to the acidic
environment.
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