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Abstract: Pumpkin (Cucurbita pepo) seed protein hydrolysate (PSPH) was
obtained by enzymatic hydrolysis of pumpkin seed protein isolate using pepsin.
Influence of pH (3, 5 and 8) and ionic strength, I, (0—1 mol dm™), on the
adsorption kinetics of PSPH (diffusion rate constant, k4;¢, and adsorption rate
constant, k,q ), interfacial pressure (z) and interfacial dilatational properties
(dilatational elasticity, E', and viscosity, E") of the 0il-PSPH solution inter-
faces was investigated at different PSPH concentrations (c = 0.0014-14 g dm).
It was found that PSPH adsorbs to the interface at ¢ > 0.0014 g dm3, regardless
of pH and ionic strength, as evidenced by the increase in interfacial pressure.
The kg and k,4s value were found to be the highest at pH 3 and the lowest at
pH 5 at the corresponding concentrations. The dilatational properties of the inter-
faces, which were investigated at different oscillation frequencies, v, 0.01-0.2
Hz, showed that the E’ of the 0il-PSPH solution interfaces is much higher than
its E". Moreover, E' increases with increasing PSPH concentration at pH 5 and
8, and with increasing /., regardless of the pH, while £” changes only minimally.

Keywords: natural surfactants; enzymatic hydrolysis; oil-water interface; inter-
facial dilatational rheology; dilatational elasticity.
INTRODUCTION

Many food products are emulsion based-systems the preparation of which
requires the use of surfactants to stabilize their large interfacial area.l-2 Surf-
actants adsorb to the interface, thereby reducing the interfacial tension and affect
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the mechanical properties of the interface, i.e. they change the way the interface
responds against deformation. Since these systems are in most practical cases
subjected to dynamic conditions, the dynamic interfacial tension and interfacial
rheology are relevant in many technical applications, such as mass transfer,
foaming, emulsification, oil recovery or high-speed coating.!-34

Proteins are of particular interest in terms of their surface activity, due to
their amphiphilic nature and interfacial film-forming properties.5-¢ Namely,
unlike small molecular weight surfactants that diffuse rapidly to the interface and
have excellent emulsion forming properties, proteins tend to be bulkier and dif-
fuse at a much slower rate, but, once at the interface, they develop strong vis-
coelastic films that resist mechanical stresses, and provide steric stabilization in
addition to electrostatic stabilization of the droplet.2->7 The interfacial behavior
of proteins (adsorption, structure, mechanical properties, efc.) depends on their
physical, chemical, and conformational properties (size, shape, amino acid com-
position and sequence, charge and charge distribution, efc.), which are affected
by environmental factors such as pH and ionic strength.8:° In particular, the
functionality of proteins is limited at their isoelectric point (p/) and at increased
ionic strength (I.),* which is most often at pH =5 and /:>0.5 mol dm=3, condit-
ions typical for food formulations.8 One way to increase protein functionality
under these particular conditions is the utilization of enzymatic hydrolysis. The
enzymatic modification of protein molecular structure yields polypeptide mix-
tures with lower molecular weight and less secondary and tertiary structures in
comparison to the native protein. Accordingly, the functionality of hydrolyzed
proteins could be enhanced over a wide range of pH and other processing con-
ditions, i.e., hydrolyzates could stabilize a larger interfacial area, their diffusional
transport and affinity for adsorption to the interface is accelerated and the form-
ation of more robust adsorption films at the oil-water interface is enabled.45-1011
In addition, protein hydrolysis improves nutritional and bioactive properties, such
as digestibility, antioxidant properties and reduces allergenic properties.!2:13

Therefore, enzymatic hydrolyzates are of special interest nowadays, especi-
ally those of plant origin since they can be a good replacement for animal-based
proteins, they increase food safety and sustainability, they have greater con-
sumer/market acceptability and they can be obtained from cheap and renewable
resources.-8-10.14 One of such hydrolyzates is pumpkin (Cucurbita pepo) seed
protein hydrolysate (PSPH), which can be obtained from an oil cake, a by-pro-
duct of the oil industry with a high protein content (up to 65 %).15 Hitherto,
PSPH were reported on their bioactivity in terms of antioxidant and antiradical
activity and blood pressure-lowering (ACE inhibitory) effects,!5-17 whereas
investigations on their functional properties focused mainly on their solubility. In
this regard, the solubility of PSPH was found to be significantly improved in
comparison to the solubility of PSPI over a wide range of pH and ionic strength
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values, especially when pH = p/ of PSPI, i.e., pH 5, where an up to four-fold
increase in solubility was observed.!8 Moreover, enzymatic hydrolysis was found
to improve foaming and emulsifying properties of pumpkin seed proteins but
proper understanding of its behavior at the interface under dynamic conditions is
still lacking.16.18 In fact, supporting data on interfacial film forming properties of
protein hydrolyzates in general are scarce, while their interfacial film forming
properties under different conditions of pH and ionic strength have not hitherto
been investigated.

The aim of this study was to investigate influence of pH (3, 5 and 8) and
ionic strength (0—1 mol dm3) on the adsorption kinetics, dynamic interfacial
pressure and interfacial dilatational properties at oil-PSPH solution interfaces,
where PSPH was obtained by enzymatic hydrolysis of pumpkin (Cucurbita pepo)
seed protein isolate.

EXPERIMENTAL
Materials

Pumpkin (Cucurbita pepo) seed oil cake was obtained from “Agrojapra”, Bosnia and
Hercegovina. It was stored at the temperature of 4 °C and ground in a coffee grinder before
use. Caprylic/capric triglyceride oil was obtained from “Centrohem d.o.0.”, Serbia. Ultrapure
MilliQ water was used as a solvent. Pepsin (0.7 FIP-U mg!) and all other chemicals were
obtained from Sigma—Aldrich Co. and were of at least extra pure quality. Buffer solutions
were prepared by mixing 0.2 mol dm™ di-sodium hydrogenphosphate and 0.1 mol dm™ citric
acid in proportions defined for each pH value.

Enzymatic hydrolysis

Enzymatic hydrolysis was realized on pumpkin seed protein isolate (PSPI) using pepsin.
PSPI was obtained according to a procedure described in Bu¢ko et al.'® A PSPI suspension
(10 g dm3) was prepared by suspending the required amount of PSPI in an aqueous solution
of pH 3, where the pH was set and controlled by the addition of 1 mol dm™ HCI. The enzym-
atic hydrolysis was performed in a batch reactor at 37 °C and an enzyme to substrate ratio of
0.02 g g'!. The reaction conditions were set so that the degree of hydrolysis was 19+1 % at the
end of the reaction. The enzymatic hydrolysis was completed after 90 min. The degree of hyd-
rolysis and the conditions of the enzymatic hydrolysis, which were selected as optimal, were
based on previous experiments on functional properties of enzymatically hydrolyzed cucur-
bitin, the main protein fraction of PSPI.16 The hydrolyzed suspension was then vacuum fil-
tered and the filtrate was dried on a “Biichi 190” spray drier at an inlet temperature of 120 °C
and outlet temperature of 70 °C to obtain pumpkin seed protein hydrolysate (PSPH). Mole-
cular weight of the thus obtained hydrolysate is below 20 kDa and zeta potential are 20.5+0.5,
0.72+0.4 and —3.41+1.7 mV at pH 3, 5 and 8, respectively.!® PSPH is composed of
92.13£1.70 % proteins, 5.78+0.00 % moisture and 2.13+0.04 % ash.!®

Determination of the degree of hydrolysis (DH)

The degree of hydrolysis (DH) was determined according to a slightly modified method
of Tsumura et al.'° Namely, the same volumes of hydrolyzated suspension and trichloracetic
acid (0.44 mol dm) were mixed and incubated at 4 °C, for 30 min. Thereafter, the mixture
was centrifuged (Eppendorf mini Spin Plus, 14500 rpm, 10 min). Obtained 0.22 mol dm
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trichloroacetic acid soluble protein fraction and the hydrolysate mixture without addition of
trichloroacetic acid were each analyzed to determine the protein content by the Lowry ef al.
method?? using bovine serum albumin as the standard protein. DH was calculated as the ratio
of 0.22 mol dm™ trichloroacetic acid soluble proteins to total proteins in the hydrolysate,
expressed as a percentage.

PSPH dissolution

PSPH suspensions were prepared by suspending the required amount of PSPH powder in
a buffer solution of different pH (3, 5 or 8) and ionic strength, I, (0—1 mol dm?3), in order to
obtain a PSPH solution of 14 g dm3, according to previously determined PSPH solubility pro-
files by Bucko et al.!8 (Table I). The ionic strength was manipulated by the addition of the
required amount NaCl.

TABLE . Influence of pH and /. on PSPH solubility!8

pH I,/ mol dm Solubility, %
3 0.0 127
0.1 126
0.5 121
1.0 104
5 0.0 106
0.1 100
0.5 100
1.0 73
8 0.0 91
0.1 91
0.5 94
1.0 102

The suspensions were agitated at room temperature (25 °C) during 40 min, in order to
allow dissolution. The soluble hydrolyzates were separated from the undissolved particles by
centrifugation (Eppendorf centrifuge 5415C) at 10000 rpm for 20 min to obtain a PSPH sol-
ution. The PSPH solutions were diluted with buffer to the required concentrations, ¢, in
range 0.0014-14 g dm.

Measurement of interfacial pressure and interfacial dilatational properties

Measurement of the interfacial tension of an 0il-PSPH solution was realized using a drop
profile analysis tensiometer PAT1 (SINTERFACE Technologies, Germany). A pendant drop-
let of oil was formed at the tip of a stainless steel capillary that was surrounded by a PSPH
solution. After formation of a fresh droplet at the capillary tip, the interfacial tension was
monitored as a function of time, during 60 min at room temperature (24+1 °C). The basic
principle of the method is to fit the theoretical drop profile given by the Laplace equation of
capillarity to the experimental drop profile, where the surface tension is generated as the fit-
ting parameter. Other parameters, such as contact angle (when sessile drops are used), drop
volume, surface area, and three-phase contact angle, can also be obtained.

The measured interfacial tensions of oil-PSPH solutions were used to calculate the cor-
responding interfacial pressures:

T=09—0 @9

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



OIL-PUMPKIN SEED PROTEIN HYDROLYSATE INTERFACES 85 1

where o, and o are the interfacial tension of the oil-buffer solution and the oil-PSPH solution,
respectively, measured 60 min after drop formation.

Sixty minutes after the oil drop had formed in a protein solution, a sinusoidal perturb-
ation was induced at the interface by injecting and extracting liquid into and out of the droplet,
respectively. The oscillations were performed under the conditions of a constant amplitude of
10 % at five different frequencies, 0.01, 0.02, 0.04, 0.1 and 0.2 Hz, with a resting period of
100 s between each frequency change. The surface area perturbations lead to a respective har-
monic surface tension response. Subsequently, Fourier transformation was performed on the
experimental data to obtain the dilatational parameters of the interfacial layer. The surface
dilatational modulus is a complex term, first derived by Gibbs, as the change in interfacial ten-
sion (dilatational stress) induced by a small change in surface area, 4 (dilatational strain). The
Gibbs dilatational modulus exhibits two contributions: an elastic component, accounting for
the recoverable energy stored in the interface (storage modulus or dilatational elasticity, E’),
and the dissipative component, accounting for energy lost through relaxation processes (loss
modulus or dilatational viscosity, £”). By using a complex notation, a quantity, the complex
dilatational modulus E£*, can be introduced. E* is composed of a real and an imaginary part,
related to the elastic and viscous component, respectively:%!1

E*=F'+iE"= Ao coSO +i Ag sind )
A4/ 4 A4/ 4
where 4 is the unperturbed interfacial area of the drop, Ao and A4 are the measured changes
in stress and strain amplitude, respectively, and ¢ is the phase angle between stress and strain.
For an ideal elastic material, stress and strain are in phase, 6 = 0°, and the imaginary term is
zero. In the case of ideal viscous material J = 90° and the real part is zero. The measurements
were performed in triplicate and average data are presented.

Adsorption kinetics data analysis

The rate of protein adsorption to the interface can be modeled via diffusion, penetration,
and rearrangement mechanisms. During the first step, at relatively low surface pressures when
diffusion is the rate-determining step, a simplified form of the Ward and Tordai equation was
used to correlate the change in the surface pressure with time:?-2!

7= 2cky T(Dt/3.14)12 3)

where D is the diffusion coefficient, 4, is the Boltzmann constant, T is the absolute tempera-
ture, and 7 is time. Linear dependence in the plot of 7 against /2 indicates that the kinetics of
adsorption process is controlled by the rate of protein diffusion to the interface. The linear
slope in this plot was used to obtain the diffusion rate constant.®%2! At longer adsorption
times, the rate of adsorption decreases indicating that a protein molecule has to pay an addi-
tional energy penalty in order to adsorb to the interface containing previously adsorbed pro-
tein molecules. The adsorption kinetics is now controlled by rate of protein penetration to the
interface, their unfolding, and rearrangement at the interface, which could be described by
applying a first-order phenomenological equation:

In((73600~7,)/(3600~7400)) = —kit “)
where w3400, 7, and w4 are the interfacial pressures after 3600 s, at any time ¢, and at the
initial time, respectively, and £; is the first-order rate constant. The plot of the equation usually

gives two or more linear regions. The first linear region is associated with the process of pene-
tration and unfolding, while the second liner region is associated with molecular rearrange-
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ment at the interface.3:%2! In this work the first linear region was used to obtain the adsorption
rate constant, k,qs, which corresponds to the rate of protein penetration and their unfolding at
the interface. However, no attempt was made to discuss the experimental data for the second
rearrangements step of previously adsorbed protein molecules because protein adsorption at
fluid interfaces is a very time consuming process.

RESULTS AND DISCUSSION

The influence of pH (3, 5 and 8) and ionic strength (0—1 mol dm3) on the
interfacial properties of PSPH solutions at different concentration (0.0014-14 g
dm3) were investigated. The influence of time on the interfacial pressure, 7, of
representative oil-PSPH solutions (¢ = 0.14 g dm=3, I, = 0 mol dm3) at three
different pH is illustrated in Fig. 1.

—=—pH3 —e—pH5 —A—pHS

n/mNm

2 T T T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

t/s

Fig. 1. The influence of time on the interfacial pressure, x, of representative oil-PSPH
solutions (¢ = 0.14 g dm3, I, = 0 mol dm3) at three different pH.

PSPH adsorbs at the interface at each pH, as indicated by the increase in
interfacial pressure. The value of 7 increased throughout the measurements, reg-
ardless of the solution pH. Initially, 7 increased sharply due to the population of
the bare interface by PSPH molecules, while as time preceded, the increase in z
becomes more gradual.%-21-23

The influence of the concentration of the PSPH solution on the value of 7 for
an adsorption time of 3000 s at three different pH values is shown in Fig. 2. It
can be seen that z strongly depends on the PSPH solution concentration as evi-
denced by its continuous increase as PSPH concentration increased. At the lowest
concentration, ¢ = 0.0014 g dm3, the PSPH solutions at pH 5 and 8 had a mini-
mal influence on the value of x, which remained <1 mN m™!, whereas at pH 3,
increased by 5 mN m~1. However, further increase in PSPH concentration
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brought about more steep increase in 7 at pH 5 and 8 in comparison to the inc-
rease in  at pH 3. Namely, at pH 5 and 8, 7 increased by >10 mN m~! when ¢
was increased from 0.0014 to 14 g dm3, while at pH 3, the increase was ~5 mN
m~!. Such influences of the pH of the PSPH solution on the interfacial pressure
could be attributed to the differences in the solubility of PSPH and the zeta pot-
ential at different pH values. Namely, PSPH is most soluble at pH 3, which
allows its molecules to diffuse readily to the interface and therefore, the inter-
facial pressure decreases even at low solution concentrations. However, at pH 5
and 8, the PSPH molecules are more aggregated because of their lower solubility,
which could account for lower ability of PSPH to increase the surface pressure at
the lowest concentration.*8:%:18 On increasing the concentration of the PSPH sol-
ution, the interface becomes more and more populated with PSPH molecules, and
further adsorption is governed by charge effects from the adsorbed and adsorbing
PSPH molecules.# The zeta potential of PSPH at pH 3 is 20.5 mV, while at pH 5
and 8, they are close to zero.!8 Therefore, charge repulsion between the adsorb-
ing and adsorbed PSPH molecules at pH 3 limits further adsorption when PSPH
concentration in solution is increased, which consequently results in only a
modest increase in 7 on increasing ¢. As opposed to this, minimal zeta potential
at pH 5 and 8 results in the absence of charge repulsion.

——pH?3 —&—pH S —&—pH 8

12

10

7/mNm

clg dm’

Fig. 2. Influence of the concentration of the PSPH solution on =, after 3000 s of adsorption at
three different pH.

PSPH diffusion from the bulk phase to the subsurface and subsequent ads-
orption to the interface could be described in more detail by the diffusion rate
constant, kgifr, and the adsorption rate constant, k,4qs. The results of the deter-
mination of kgjfr and kyqg of representative PSPH solutions at each pH value are
presented in Fig. 3a and b, respectively, where kqifr was determined as the slope

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



854

BUCKO et al.

of the linear plot of 7 against 10-5 (Fig. 3a) and k,qs as the first linear region in the
plot of In[(3600-7/) (w3600~7400) '] against time (Fig. 3b).8.%:21

a) 10 5

—{+—pH3 —O—pHS

7/ mN m

b)

1
3600_7[t) (75500_”400) )

In ((x

-4.0

T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500
tls

Fig. 3. Graphical determination of a) kg;¢r and b) k4, of representative oil-PSPH solutions at
different pH values; c=0.14 g dm™.

The diffusion rate constants, kgifr, and the adsorption rate constants, kuqs,
obtained for PSPH solutions of different concentrations (0.0014-14 g dm=3) at
three different pH values (3, 5 and 8) are presented in Table II.

The kgiff increases as the concentration of the PSPH solution increases,
regardless of the pH, whereby, at the two highest concentrations (1.4 and 14 g
dm3), the diffusion rate was too fast to allow kg;fr determination by the method
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used in this study. The kgifr was also found to be affected by the pH of the
solution. The highest kg;ifr was obtained for PSPH solutions at pH 3, when com-
pared to the PSPH solutions at pH 5 and pH 8 at the corresponding concentra-
tions, while the lowest kgifr of 0.01 mN m! s0-5 was exhibited by PSPH sol-
utions at the lowest concentration at both, pH 5 and pH 8. This is in agreement
with the trends of increasing 7 on increasing ¢ (Fig. 2). The diffusion phase is
followed by the adsorption phase — a phase where the adsorption is limited by the
rate of the protein adsorption to the interface, rather than by the rate of diffusion,
which arises as a result of the energy barrier increasing as the interface becomes
more populated by the molecules.?22 The k,qs decreases as PSPH concentration
increases, with the exception for the lowest concentrations, at all three pH values
investigated. Among the pH values studied, k45 was the highest at pH 3 and the
lowest at pH 5 at corresponding concentrations (Table II). These results are in
agreement with the influence of pH and the hydrolysate concentration on kgjsr and
ka4s obtained for enzymatic hydrolyzates of soy glycinin and -conglycinin.3.

TABLE II. Diffusion rate constants, ky;s, and the adsorption rate constants, k,q, obtained for
PSPH solution of different concentrations (0.0014—14 g dm3) at three different pH values (3,
5 and 8); I, = 0 mol dm"

pH c/gdm3 kgige/ mN m1 §0-5 kags/ 10471
3 14 - -
1.4 — 5.9+0.4
0.14 0.82+0.2 7.5+1.3
0.014 0.22+0.0 9.7+0.1
0.0014 0.26+0.0 6.0+0.1
5 14 - -
1.4 - 3.840.4
0.14 0.55+0.1 4.2+0.3
0.014 0.06+0.0 5.4+0.3
0.0014 0.01£0.0 1.5+£0.3
8 14 - -
1.4 - 5.3+0.3
0.14 0.69+0.1 5.5+0.5
0.014 0.08+0.0 6.5+0.3
0.0014 0.01£0.0 4.2+0.4

The dilatational properties of the 0il-PSPH solution interfaces were charac-
terized by measuring the response of the interface to introduced sinusoidal per-
turbations at different frequencies, 0.01, 0.02, 0.04, 0.1 and 0.2 Hz, and sub-
sequent calculation of the dilatational parameters of the interface, i.e., dilatational
elasticity, E', and dilatational viscosity, £”. The influence of the oscillation
frequency, v, on the £’ and E" values of representative PSPH solutions (¢ = 0.14
g dm3; I, = 0 mol dm3) at pH 3, 5 and 8 are presented in Fig. 4.
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—O——=—pH3 —C——@—pH 5

—A——A—pHS
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25 4 P
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— —
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0.00 0.05 0.10 0.15 0.20
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Fig. 4. The influence of the oscillation frequency on the dilatational elasticity, £, and the
dilatational viscosity, E", of representative PSPH solutions. £ closed symbols;
E": open symbols; ¢ = 0.14 g dm3; I, = 0 mol dm™.

It was found that £ increases with increasing oscillation frequency and tends
to a plateau value at higher frequencies, regardless of the solution pH. The higher
is the PSPH solution concentration, the more frequency independent £’ becomes
(data not shown). The influence of the oscillation frequency on £ is more com-
plex. Nevertheless, the obtained £” values were a few times lower than £’ at all
tested frequencies, which is a characteristic that PSPH shares with protein hydro-
lyzates of soy proteins and S-lactoglobulin.11.24.25

The influence of PSPH solution concentration on the dilatational elasticity,
E', and dilatational viscosity, E”, of the o0il-PSPH solution interfaces at three
different pH values (3, 5 and 8) and v =0.02 Hz is illustrated in Fig. 5.

Increasing the PSPH concentration at pH 3 affected dilatational elasticity
only slightly, while at pH 5 and 8, increasing the PSPH concentration increased
E' significantly, Fig. 5. At the lowest concentration, the highest £’ value was
obtained for the interface of the 0il-PSPH solution at pH 3, while at any other
concentration, the £’ at pH 5 takes preponderance. The lower £’ at ¢ = 0.0014 g
dm=3 at pH 35, as well as at pH 8, than at pH 3 could be ascribed to the lower
drive of PSPH molecules towards the interface, as evidenced by the lower kgjgr
and k,qs at pH 5 and 8 in comparison to the kgjfr and kpqs at pH 3 (Table II). The
E" values remained <4 mN m~!, which are much lower than the E’ values, reg-
ardless of pH and PSPH concentration, indicating that the interfacial relaxations,
which are manifest in £”, seem to be reduced due to the simple internal structure
of the PSPH molecules, and/or they may be occurring more rapidly than the
measurement timeframe .24
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O —m—pH3 ———e—pHS

30

25

20

15 4

E'and E”/mNm”

10 H

c/gdrri3

Fig. 5. The influence of PSPH solution concentration on the dilatational elasticity, £, and
dilatational viscosity, E£", of 0il-PSPH solution interface at three different pH (3, 5 and 8).
E" closed symbols; E": open symbols; I, = 0 mol dm=; v=0.02 Hz.

Influence of ionic strength

Influence of the ionic strength, I, (0—1.0 mol dm3), on the interfacial pres-
sure of the 0il-PSPH solution interface at different pH values is shown in Fig. 6.

14 -
—8—pH3 —e—pH5 —A—pHS

12 4

10 4

7/ mN m

T T T T T T T T T T T
0.0 02 0.4 0.6 0.8 1.0

I_/mol dm™
Fig. 6. The influence of ionic strength on the interfacial pressure, 7, of PSPH after 3000 s at
different pH values; ¢ = 0.14 g dm3.

An increase in I, to 0.1 mol dm= slightly increased 7 at all pH values, while
further addition of NaCl brought about a decrease in 7 at pH 3 and 5. At pH 8§, =
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remained almost constant at all tested /. values. The negative influence of the
increased /. is in accordance with the influence of /. on solubility. Namely, at pH
3 and 5, the solubility decreased while at pH 8, the solubility increased upon
increasing ionic strength, indicating that aggregation retards the diffusion of
PSPH molecules at pH 3 and 5 and, consequently, impairs the interfacial activity
PSPH.

The influence of ionic strength on kgifr and k,4s values of PSPH solutions at
different pH values are presented in Table III.

TABLE III. The influence of ionic strength on kg and k,qs of PSPH solutions at different pH
values, c = 0.14 g dm?

pH Ic / mol dm‘3 kdiff/ mN m! SO'5 kads / 10_4 S'1
3 0.0 0.82+0.2 7.5+1.3
0.1 0.76+0.1 8.9+0.2
0.5 0.34+0.0 8.7+£0.2
1.0 0.11£0.0 6.5+0.2
5 0.0 0.55+0.1 4.2+0.3
0.1 0.48+0.1 6.9+0.3
0.5 0.23+0.0 6.6+0.1
1.0 0.26+0.0 6.5+0.1
8 0.0 0.69+0.1 5.5+0.5
0.1 0.64+0.2 4.6£0.4
0.5 0.53+0.1 6.1+0.3
1.0 0.26+0.1 9.1£0.5

The addition of NaCl resulted in a decrease in kgiff, regardless of the pH. The
kqifr decreased by more than twice its value at pH 3 and 5 as the ionic strength
was increased from 0 to 0.5 mol dm3, as opposed to the much lower decrease at
pH 8, which implies increased aggregation of the PSPH molecules with inc-
reasing /.. The k,gs value at pH 3 and 5 first increased at /; = 0.1 mol dm3,
whereas further increases in the ionic strength resulted in its decrease. On the
contrary, at pH 8 the k,45 was found to decrease on increasing the /. to 0.1 mol
dm3, while further addition of NaCl brought about an increase in kygs.

The influence of the ionic strength on the £ and £” of the 0il-PSPH solution
interfaces at different pH at v = 0.02 Hz is illustrated in Fig. 7.

Increasing the ionic strength only slightly affected the dilatational viscosity
of 0il-PSPH solution interfaces. At the same time, the dilatational elasticity was
found to increase upon NaCl addition, suggesting that the formation of the inter-
molecular interactions was enhanced by the reduction in electrostatic repulsion.
The most prominent increase in £’ was at pH 3, the pH at which PSPH charge
was the highest (20.5 mV).!8 E” remained much lower than the £’ at all the tested
pH values.
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Fig. 7. The influence of the ionic strength on the dilatational elasticity, £, and dilatational
viscosity, E", of 0il-PSPH solutions at different pH values. E": closed symbols; £”: open
symbols; ¢ = 0.14 g dm3; v=0.02 Hz.

CONCLUSIONS

The influence of pH (3, 5 and 8) and ionic strength, I, (0—1 mol dm—3) on
the adsorption and dilatational properties of caprylic/capric triglyceride oil-PSPH
solution interface was investigated at different PSPH concentrations (0.0014-14
g dm=3). PSPH was found to adsorb to the interface at all the tested pH values as
evidenced by the increase in interfacial pressure at PSPH solution concentrations
higher than 0.0014 g dm3. The diffusion rate constant, kqjff, and adsorption rate
constant, k,qs, were found to be affected by the pH of the solution. The highest
values of both kgifr and k45 were obtained at pH 3, while the lowest values were
obtained at pH 5. The dilatational properties of the oil-PSPH solution interfaces
were described by the dilatational elasticity, E£’, and dilatational viscosity, E".
The value of £’ was found to be dependent on the pH and PSPH solution concen-
tration while the aforementioned conditions had little effect on the value of £".
Nevertheless, the obtained values for £’ were found to be a few times higher than
values of E” at all the tested pH values and PSPH solution concentrations. Inc-
reasing the ionic strength up to 1 mol dm=3 resulted in a decrease in kgjfr, regard-
less of pH, and a decrease in 7z, especially at pH 3 and 5. On the other hand, it
induced an overall increase in the dilatational elasticity of the oil-PSPH solution
interfaces at all three pH values.
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U3BOJ
HUCIIUTHUBAILE YTUIIAJA pH U JOHCKE JAUUHE HA AICOPIIIINWIY U TUJIATALIMOHE
OCOBUHE NPOTEMHCKUX ®UJIMOBA HA TPAHUIIU ®A3A YIBE-PACTBOP
IMPOTEMHCKOTI XUIOPOJIU3ATA CEMEHA THUKBE (Cucurbita pepo)

CAHJIPA B. BYUKO', JAPOCJIAB M. KATOHA', TMUJA B. IETPOBUER’, JEIEHA P. MUJIMHKOBHR',
JAIIPAHKA JI. ®PAJ', JBLJbAHA M. CITACOJEBUR' 1 REINHARD MILLER?

1YHueep3umem y Hosom Cagy, Texnonowxu paxyniteii Hosu Cag, byn. yapa Jlazapa 1, 21000 Hosu Cag u
“Max Planck Institute of Colloids and Interfaces, Am Miihlenberg 1, 14476 Potsdam-Golm, Germany

EH3UMCKOM XHUAPOTHU30M MPOTEMHCKOT U3o/aTa ceMeHa THkBe (Cucurbita pepo) merncu-
HOM [I00HjeH je MpOTeWHCKH Xuaponusar cemeHa Tukee, PSPH. Ocodune PSPH kao uto cy
KMHETHKa afcopnuuje Ha rpaHuly (asa ys/be—pacTBOp XHOpojau3aTa (KOHCTaHTa Op3uHe
mudysuje, ki, 1 KOHCTaHTa Op3WHe aficopIuuje, kyqs), MeH)YTOBPIIMHCKH MPUTHUCAK, 77, KA0 U
peostolike 0COOMHE NPOTEMHCKUX afiCOPNUMOHNX HUIMOBA (IUIATallMOHHU eJlacTULUTET, E', 1
OWIATAllMOHK BUCKO3UTeT, E”) MCIHUTHBaHe NTPH Pa3IUYUTHM yCJIOBHMa cpenuHe, pH Bpen-
HocTH (3, 5 u 8) u joHcke jaumne, I. (0—1 mol dm™3), u pasmuunuToj KoHUEHTpanmju PSPH
(0,0014-14 g dm™3). PSPH ce ancopdyje Ha rpanuily casa npu koHuesTpanuju >0,0014 g dm3
0e3 obsupa Ha pH BpemHocT cpenvHe, cynehu no nosehamwy MOBPUIMHCKOT MPUTHCKA. YTBD-
heno je ma kgifr U kpqs ©Majy HaBuIile BpenHOCTH HAa PH 3 JOK Cy HajHWKe BpeoHOCTH 3ade-
nexene Ha pH 5, Ha oprosapajyhum konuentpanujama PSPH. Iunatauuone ocoduHe mpo-
TEMHCKUX afCOPNLUUOHUX (PUIMOBA, KOjeé Cy MCIMTHBAHE IIPH Pa3lMYUTUM (peKkBeHLHjama
ocumwioBama, v, 0,01-0,2 Hz, yka3yjy Ha TO Ia je OWIATAllMOHH €TaCTULHTET MPOTEHHCKUX
¢unmosa Ha rpaHuLH yibe—PSPH pacTBOp MHOro U3pa’keHHjH Off JU/IaTallMOHOT BUCKO3UTETA.
IMopen Tora, E’ ce nosehaBa ca nmosehaweM PSPH koHuenTpauuje Ha pH 5 u 8, kao u ca
nosehameM I, He3aBUCHO of pH, umnnuuupajyhu edpukacHvje GopMUpame UHTEPMOJIEKY-
napHUX UHTepakuyja usmehy PSPH mMonexyna ancopdoBaHUX Ha rpaHULM (asa.

(ITpummeno 20. Hoemdpa 2017, pesunupano 17. anpuna, npuxsaheno 18. anpuna 2018)

REFERENCES

F. Ravera, G. Loglio, V. I. Kovalchuk, Curr. Opin. Colloid Interface Sci. 15 (2010) 217
2. L. M. C. Sagis, E. Scholten, Trends Food Sci. Technol. 37 (2014) 59
3. R. Miller, J. K. Ferri, A. Javadi, J. Kriagel, N. Mucic, R. Wiistneck, Colloid. Polym. Sci.
288 (2010) 937
A. M. Ghribi, I. M. Gafsi, A. Sila, C. Blecker, S. Danthine, H. Attia, A. Bougatef, S.
Besbes, Food Chem. 187 (2015) 322
R. S. H. Lam, M. T. Nickerson, Food Chem. 141 (2013) 975
B. Ozturk, D. J. McClements, Curr. Opin. Food Sci. 7 (2016) 1
B. S. Murray, Curr. Opin. Colloid Interface Sci. 16 (2011) 27
V. P. Ruiz-Henestrosa, C. C. Sanchez, J. J. Pedroche, F. Millan, J. M. R. Patino, Food
Hydrocolloids 23 (2009) 377
9. V. P. Ruiz-Henestrosa, C. C. Sanchez, M. M. Yust, J. J. Pedroche, F. Millan, J. M. R.
Patino, J. Agric. Food Chem. 55 (2007) 1536
10. J. M. Conde, J. M. R. Patino, Food Hydrocolloids 21 (2007) 212
11. F. Tamm, S. Drusch, Food Hydrocolloids 63 (2017) 8
12. O. L. Tavano, J. Mol. Catal., B: Enzym. 90 (2013) 1
13. X. D. Sun, Int. J. Food Sci. Technol. 46 (2011) 2447
14. N. A. Avramenko, N. H. Low, M. T. Nickerson, Food Res. Int. 51 (2013) 162
15. Z. Vastag, Lj. Popovi¢, S. Popovi¢, V. Krimer, D. Peri¢in, Food Chem. 124 (2011) 1316

—

&>

PN W

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

OIL-PUMPKIN SEED PROTEIN HYDROLYSATE INTERFACES 86 1

Lj. Popovié, D. Pericin, Z. Vastag, S. Popovi¢, V. Krimer, A. Torbica, J. Am. Oil Chem.
Soc. 90 (2013) 1157

7. Vastag, Lj. Popovi¢, S. Popovié, D. Peri¢in, V. Krimer, Food Bioprod. Process. 88
(2010) 277

S. Bucko, J. Katona, Lj. Popovi¢, L. Petrovi¢, J. Milinkovi¢, Food Hydrocolloids 60
(2016) 271

K. Tsumura, W. Kugimiya, N. Bando, M. Hiemori, T. Ogawa, Food Sci. Technol. Res. 5
(1999) 171

O. H. Lowry, N. J. Rosenbrough, A. L. Fair, R. J. Randall, J. Biol. Chem. 193 (1951) 265
J. M. R. Patino, J. M. Conde, H. M. Linares, J. J. P. Jimenez, C. C. Sanchez, V. Pizones,
F. M. Rodriguez, Food Hydrocolloids 21 (2007) 782

J. Maldonado-Valderrama, V. B. Fainerman, E. Aksenenko, M. J. Galvez-Ruiza, M. A.
Cabrerizo-Vilcheza, R. Miller, Colloids Surfaces, A 261 (2005) 85

B. Yuan, J. Ren, M. Zhao, D. Luo, L. Gu, LWT Food Sci. Technol. 46 (2012) 453

K. D. Martinez, C. C. Sanchez, J. M. R. Patino, A. M. R. Pilosof, Food Hydrocolloids 23
(2009) 2149

J. P. Davis, D. Doucet, E. A. Foegeding, J. Colloid Interface Sci. 288 (2005) 412.

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




