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Phenolic Acid Nanoparticle Formation in
Iron-Containing Aqueous Solutions
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This paper presents results which show that the interaction between two phenolic acids, p-coumaric
and caffeic acid, with iron results in the formation of meta-stable colloidal nano particles. The particles
are characterized with dynamic light scattering and cryo-transmission electron microscopy. The results
show that the nanoparticle formation is an important feature of phenolic acids which is likely to have
a large impact on the behavior of these substances as well as their functionality as antioxidants.
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INTRODUCTION

In recent years, polyphenols and phenolic acids have attracted
an increasing amount of attention. These compounds have the
ability to inhibit oxidative reactions by chelating potential pro-
oxidative metal ions such as iron (/), by scavenging radicals
formed as a result of oxidation (2), or by quenching reactive
species such as the singlet oxygen (3). Phenolic acids such as
caffeic acid (3,4-dihydroxycinnamic acid) and p-coumaric acid
(3-hydroxycinnamic acid) occur in a wide range of plants and
foods. The chemical structures of these two phenolic acids are
shown in Figure 1. Whether phenolic acids are absorbed and
metabolized from the diet has been the subject of much debate.
However, at present it has been shown that these substances
are absorbed in the intestine and thereby potentially providing
systemic antioxidative effects in vivo. Absorption has been
shown from a variety of foods that include wine, beer, apple
cider, and coffee (4—7).

The ability of polyphenols and phenolic acids to act as
antioxidants has been studied to quite some extent and still raises
large interest, particularly as antioxidants in emulsions. One
reason for the wealth of studies is the complex nature of the
substances. They may, for instance, act as both anti- and pro-
oxidants, depending on conditions (8, 9). Furthermore, their role
and activity in vivo are not yet fully understood. The majority
of studies available in the literature deal with the nutritional,
biochemical, or chemical structure aspects of polyphenols and
phenolic acids (10, 1I), whereas few studies address the
physicochemical properties (/2).

In emulsions it has been observed that very thick surfactant
layers reduce lipid oxidation in comparison to thinner layers
(13) and that introduction of cationic charges may repel pro-
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oxidants and, hence, have a protective effect (/4). The most
general observation is that hydrophobic antioxidants seem to
preferably stabilize water continuous emulsions, whereas hy-
drophilic antioxidants stabilize oil continuous systems, com-
monly referred to as the “polar paradox” (/5). Systematic
discussions have assumed a partitioning between the oil phase,
the aqueous phase, and also possibly an interfacial pseudophase
(16).

In a recent study we had difficulties in characterizing any
affinity of typical polyphenols and phenolic acids to the
interfacial layers. Instead, we observed irregular solution proper-
ties resulting in the formation of a nanoprecipitate (9). Thus, it
seems clear that the solution properties are essential when the
complex antioxidant properties of phenolic antioxidants are to
be characterized.

In this paper the aim is to study the aqueous solution behavior
of caffeic and p-coumaric acid in the presence of iron with cryo-
transmission electron microscopy (cryo-TEM) and dynamic light
scattering (DLS). The choice of including iron in this study is
based on the fact that iron is commonly present in foods and is
a common cause of oxidation. In numerous model studies of
oxidation and antioxidant activity iron has also been added as
a pro-oxidant.

MATERIALS AND METHODS

Caffeic acid and p-coumaric acid were purchased from Sigma
(Sigma-Aldrich, St. Louis, MO), whereas iron(II)sulfate and imidazole
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Figure 1. Chemical structure of the two phenolic acids investigated in
this paper: p-coumaric acid (R = H) and caffeic acid (R = OH).
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were purchased from Merck (Darmstadt, Germany). The phenolic acids,
caffeic and p-coumaric acid, were dissolved in pure water, and the pH
was adjusted to 6.0. Iron(II)sulfate was dissolved in aqueous imidazole
buffer solution (5§ mmol/L, pH 6.0). All solutions were transparent and
appeared as true solutions.

The precipitation was initiated by mixing appropriate amounts of
each solution to obtain the desired concentration (0.6—2 mmol/L
phenolic acid and 0.1—0.3 mmol/L Fe*"). The tube was rapidly mixed
and left to stand at room temperature for 24 h, after which a droplet
was placed on a lacy carbon film supported by a copper grid and gently
blotted with filter paper to obtain a thin liquid film. The grid was
quenched in liquid ethane (—180 °C) and transferred to liquid nitrogen
(—196 °C). The samples were transferred to the TEM (Philips CM 120
BioTWIN Cryo) equipped with an energy filter imaging system (Gatan
GIF 100) and an Oxford CT 3500 cryoholder and transfer system. The
acceleration voltage was 120 kV and the working temperature, —180
°C.

The samples for the DLS experiments was prepared in the same
manner as described above for the cryo-TEM experiments. The setup
for the DLS measurements is an ALV/DLS/SLS-5000F, CGF-8F based
compact goniometer system (ALV-GmbH, Langen, Germany). The light
source is a CW diode-pumped Nd:YAG solid-state Compass-DPSS laser
with a symmetrizer (Coherent, Santa Clara, CA). The laser operates at
532 nm with a fixed output power of 400 mW, varied using an
attenuator from Newport Inc. The cylindrical glass cuvette is immersed
into a cylindrical quartz container, containing refractive index matching
liquid (decalin). The detection system includes a near monomodal
optical fiber and two matched photomultipliers, put in a pseudocross
geometry.

Analysis of the DLS data was performed by fitting the normalized
experimentally measured time correlation function of the scattering
intensity, g®(¢). The model used in the fitting procedures is expressed
with respect to the normalized time correlation function of the electric
field, g'V(r), which is related to g®(r) by Siegert’s relationship

g7 —1=pg"0r (1
where 7 is the lag time and f is the coherence factor (<1) that takes
deviations from the ideal correlation and the experimental geometry
into account. g(r) can either be a single exponential function, with
one corresponding relaxation time (), or a multiexponential decay,
depending on the system investigated. For a system that exhibits a
distribution of relaxation times, g'"(r) is described by a continuous
function of the relaxation time using the Laplace transform

V= fO“’A(r) exp(—1/t) dv = j_”; TA(7) exp(—1/t)dIn T
(2)

where 7 =T"" and I is the relaxation or frequency rate. By regularized
inverse Laplace transformation (RILT), the relaxation time distribution
TA(7) can be obtained of the measured intensity correlation function
¢@(t). The REPES algorithm (incorporated in the GENDIST analysis
package program) was used to analyze the data (/7). In all analyses
the “probability-to-reject term” was chosen to 0.5 as a standard. In
this work we present the relaxation time distribution as TA(7) versus
log 7, which is also normalized with the maximum peak height. The
translational diffusion coefficient, D, is related to the relaxation rate
T, obtained in the RILT analysis, by

D=lim(£) 3)
g0 q2

where ¢ is the absolute value of the scattering vector [g = 47ng sin(6/
2)/A, where ny is the refractive index of the solvent, A is the incident
wavelength, and 0 is the scattering angle]. Knowing the translational
diffusion coefficient D, the apparent hydrodynamic radius can be
calculated by using the Stokes—Einstein equation (/8)

_ kT
Happ ™ 677D

where k is the Boltzmann constant, 7 is the absolute temperature, and
1o is the viscosity of the solvent
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Figure 2. Cryo-TEM micrographs of iron—coumaric acid particles 24 h
after the addition of iron to the coumaric acid solution. The iron and
coumaric acid concentrations are 0.3 and 2 mmol/L, respectively.

RESULTS

Particles formed from solutions of iron (100—300 gmol/L)
and caffeic or coumaric acid (600—2000 #mol/L) were studied
with cryo-TEM and DLS. The results of the cryo-TEM
experiments are shown as representative micrographs in Figures
2 and 3. From these figures it can be seen that the particles
formed are in the nanometer range with diameters of ap-
proximately 20—50 nm for coumaric acid (Figure 2) and
10—150 nm for caffeic acid (Figure 3). Furthermore, the
particles seem to be somewhat aggregated. This applies in
particular for the iron—caffeic acid particles.

Figure 4 displays the size distribution for caffeic acid, 2
weeks after mixing. The distribution is obtained from an inverse
Laplace transformation of the intensity correlation function from
DLS measurements. The direct transformation from relaxation
time distribution to size distribution is valid under the assump-
tion that we are investigating small particles that do not possess
any angular dependence and, hence, the contribution from the
scattered light is related only to the translational diffusion
processes of the particles. Measurements were also performed
at additional angles, and the relaxation times were plotted as
function of ¢2, which is displayed in Figure 5. The figure shows
a function that is perfectly linear and passes through the origin.
This is an indication that the scattering contribution is purely
related to the translational diffusion, which justifies our as-
sumption previously discussed. The distribution peak in Figure
4 is narrow, indicating rather monodisperse particles. Ry app Of
the particles is estimated to 20 nm. The transformation to Ry app
is valid under the assumption that we are investigating small
particles that scatter only once, so that the contribution is purely
related to diffusion processes. The relaxation time distribution
was gained from an inverse Laplace transformation of the
autocorrelation function. Measurements were also performed
earlier, immediately after mixing and 24 h after mixing. The
sample measured immediately after mixing did not scatter and,
thus, no particles were present. After 24 h, a peak in the same
time regimen as in Figure 4 was observed. However, this result
has a large uncertainty as the intensity was low. The intensity
increased 10 times between 24 h and 2 weeks. The results show


http://pubs.acs.org/action/showImage?doi=10.1021/jf8025925&iName=master.img-001.jpg&w=148&h=237

Phenolic Acid Nanoparticle Formation

Figure 3. Cryo-TEM micrograph of iron—caffeic acid particles 24 h after
the addition of iron to the caffeic acid solution. The iron and caffeic acid
concentrations are 0.1 and 0.6 mmol/L, respectively (a), and 0.3 and 1.7
mmol/L, respectively (b, c).
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Figure 4. Relaxation rate (T') for the iron-caffeic acid mode as a function
of the square of the magnitude of the scattering vector (¢?).

that the kinetics governing the formation of the particles is slow.
Measurements were performed at additional angles, and the
relaxation times were plotted as function of ¢. The function
passed through the origin and showed perfect linear behavior,
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Figure 5. Size distribution recalculated from the relaxation time distribution
obtained from inverse Laplace transformation of the intensity correlation
function from DLS for iron-caffeic acid particles.
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Figure 6. Size distributions recalculated from the relaxation time
distributions obtained from inverse Laplace transformation of the intensity
correlation function from DLS for iron-coumaric acid particles, directly after
mixing (bottom) and 24 h after mixing (top).

which indicates that the modes are due to a translational
diffusion process and also justify our assumption previously
mentioned.

In Figure 6 two size distribution functions are displayed. The
bottom distribution function is attributed to a measurement
performed directly after mixing, whereas the top function
represents the same sample but 24 h after mixing. The
distributions were obtained in the same way as described above
for caffeic acid. Figure 6 shows that, immediately after mixing,
large particles are formed, which grow with time until they
sediment. The hydrodynamic radius of the particles can be
estimated to 100 nm immediately after mixing and 160 nm 24 h
later. The intensity increased between the two measurements,
and it can be seen that the distribution has shifted to the right,
indicating an increase in size of the particles between the
measurements. After 1 week, all of the particles were found as
a sediment layer at the bottom of the measuring cell.

DISCUSSION

The results show that particles in the nanometer range are
formed when iron, Fe>", in the range of 100—300 umol/L is
added to solutions of caffeic or coumaric acid. This is confirmed
with both DLS and cryo-TEM. Furthermore, iron—caffeic acid
particles appear to be rather monodisperse (Figure 4) and remain
stable in size for at least 2 weeks. For these particles there is a
good agreement between results obtained by DLS and those
obtained from cryo-TEM. The particles consisting of iron—coumaric
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acid have a wider distribution in sizes (Figure 6), which is less
reflected in the cryo-TEM micrographs (Figure 2). Also, the
estimated Ry opp for iron—coumaric acid particles (Figure 6) is
higher than radii observed in the cryo-TEM micrographs. This
may be due to an overestimation of Ry 4y, caused by the presence
of low amounts of large particles.

An interesting aspect of the results is the rather large
difference in behavior between the two phenolic acids. Caffeic
acid seems to form meta-stable large particles, whereas the
particles formed from p-coumaric acid grow more rapidly.
Although the chemical structure of the two substances is quite
similar, the interaction with iron is apparently different. The
dissociation constants for the carboxyl group in the two
substances are quite similar, 4.36—4.41 for caffeic acid (19—21)
and 4.43 for coumaric acid (27), which is natural considering
the similarity in chemical structure. It has been shown that the
presence of the catechol moiety gives rise to a higher antioxidant
activity in lipid systems (22) and, thus, caffeic acid is considered
to be a more efficient antioxidant than p-coumaric acid.
Furthermore, the catechol moiety also enhances the chelation
of iron (/). From this it is, however, impossible to be conclusive
on the difference in the results obtained for the two substances
in the present paper.

The formation of metastable colloidal dispersions in the
nanosize range makes observations regarding solubility very
difficult. Thus, it is easy to understand that this phase separation
previously has been overlooked and attracted only limited
attention. However, when the possibility of equilibrium parti-
tioning of phenolic acids between oil and water phases is
discussed, this is, of course, essential.

Partitioning between water and oil phase has previously been
proposed (/6). This comes back to the issue of solubility.
Partitioning between the phases can be described if an equilib-
rium can be defined where the activities in the respective phases
are equal.

a a

polyphenol/ag-phase = polyphenol/oil-phase (5)

For a poorly soluble substance, such as a polyphenol in water

or a polyphenol in oil, we may assume a Henry’s law type
behavior

_C
apolyphenol - E (6)

where c is the solubility of the polyphenol and c* is the solubility
in equilibrium with the solid phase. The partitioning constant
is defined as

k _ Cpolyphenol/aq—phase _ c

w/o c

*
olyphenol/ag-phase
polyp q-p (7)

. *
polyphenol/oil-phase Cpolyphenol/oil-phase

where c is defined in the respective phase. If the concentration
is below the solubility limit, the partitioning constant appears
as a constant and equals the ratio between the solubility limits
in respective phases according to eq 7.

However, if the present polyphenol concentration is above
the solubility limit, the partitioning according to eq 7 is still
valid, although only if the insoluble fraction is separated from
the aqueous soluble and oil soluble fractions. If the insoluble
material is present as macroscopic particles, this condition may
appear obvious for an experimentalist. Furthermore, if the solid
material appears as nanosized particles, as observed in this paper,
they are difficult to observe as their contribution to the turbidity
is small and no precipitate is visible. To separate the particles
from an aqueous solution, extensive centrifugation is needed,
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and they are virtually impossible to separate from an emulsion
system. On the basis of the results of this study as well as
previous observations of precipitation in polyphenol systems
(23), we may conclude that many determinations of partitioning
constants may depend on the concentration applied and how
the insoluble material is distributed.

The observed precipitation also has a critical influence on
the mechanisms for the antioxidant activity. It seems clear that
the formation of the precipitate should inhibit the pro-oxidant
activity of the present iron. The observations in this study have
been made using 100—300 umol of Fe** equal to about 5—15
mg of Fe/L. These levels are high compared to typical impurity
levels of ordinary foods but low compared to iron-containing
foods. Most likely, the precipitation also indicates that chelating
and complexation occur in solution also at concentration below
which nanoparticles are formed. Thus, the observations in this
study suggest that the complexing activity against common pro-
oxidants is an important mechanism when antioxidant activity
of phenolic acids is discussed.

A common feature in antioxidant studies is that the results
vary, in an almost unpredictable manner, between studies. The
experimental results in the current paper, showing slow pre-
cipitation kinetics, suggest a possible explanation for this
variation.
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