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Abstract: The anionic iota carrageenan polysaccharide is
enriched with Fe" and Fe"" by ion exchange against FeSO, and
FeCl;. With divalent iron, portions of polymer chains undergo
a secondary structure transition from random coils to single
helices. The single-chain macromolecular conformations can
be manipulated by an external magnetic field: upon exposure
to 1.1 T, the helical portions exhibit 1.5-fold stiffening and 1.1-
fold stretching, whereas the coil conformations respond much
less as a result of lower contents of condensed iron ions. Along
with the coil-helix transition, the trivalent iron triggers the
formation of superstructures. The applicability of iron-
enriched iota carrageenan as functional ingredient for food
fortification is tested by free Fe’* and Fe’" contents, respec-
tively, with the most promising iota-Fe'" yielding 53 % of
bound iron, which is due to the superstructures, where the ferric
ions are chelated by the supramolecularly self-assembled
polymer host.

Carrageenans are naturally occurring sulfated linear gal-
actan polysaccharides, which constitute the cell walls of red
seaweeds.!! The three major types—kappa, iota, and
lambda—find application in food, cosmetic, and pharmaceut-
ical product formulations, where they serve as gelling agents,
thickeners, and excipients.!] Polyelectrolytes, such as the
anionic carrageenans, change their molecular conformation
depending on chemical traits of the polymer as well as
properties of their ionic environments.’! Various studies of
carrageenans in varying ionic conditions and temperature,
revealed order—disorder conformational transitions,” and
self-association!!! leading to gelation.’! Alkali and alkaline
earth metal cations such as Li* P45 Na* Ba-eefdsabel
K+,[3a,b,d,4c,5a—e] CS+,[4b‘5a’CJ Rb+,[3b'5a] and Ca2+[4c,5b—e] were studied
intensively, whereas the effects of transition metals such as
iron®® have remained largely unexplored.

Iron compounds are ubiquitous in industrial applications,
have vital functions in biological processes, and are essential
in the human diet.”” If the human body lacks sufficient
amounts, iron deficiency and anemia develop, which are
prevailing global health issues.* To overcome this problem,
iron supplementation and food fortification strategies are
being actively pursued.®! The application of carrageenan as
food-grade functional polymer hosts for complexation of iron
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ions into supramolecular structures could be an alternative
strategy of immediate practical significance.

Herein, we have developed a method to transform
commercial iota carrageenan into the iron form by ion
exchange against FeSO, and FeCl;. Flame atomic absorption
spectrophotometry (A AS) confirms the transformation to the
iron form, whereas all other ionic species remain at very low
concentrations (Supporting Information, Table S1). Using
this procedure, iron contents of 101 and 119 mgg ' with
respect to dry weight of purified iota-Fe" and iota-Fe™,
respectively, are obtained. The molecular conformations of
the purified iota carrageenans are visualized by atomic force
microscopy (AFM; Figure 1), in direct analogy with our
earlier work on the secondary structure formation of carra-
geenans exposed to NaCl, KCI, and CaCl,.**** AFM imaging
of iota-Fe" reveals a coexistence of two distinct polymer
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Figure 1. AFM height images of a) iota-Fe" and b) iota-Fe"" as obtained

after ion exchange with FeSO, and FeCl;, respectively, with c,d) corres-
ponding height histograms of averaged heights (h) of number of
chains n. in random coil and helical conformation. e) Magnification of
the blue rectangle in (a) and f) height profile of the polymer indicated
in (). Scale bar of 100 nm and color bar correspond to all AFM
images.
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populations (Figure 1a). Mean average chain heights of
0.28£0.04 and 0.51 £0.05 nm, corresponding to random
coils and single helices, respectively,’*! are estimated by
statistical analysis on over 100 polymer traces for each
conformational state (Figure 1c). The appearance of partial
helical conformations after the purification we observed as
welll*! by ion exchange against CaCl, and is a result of the
enhanced screening of divalent counterions, which enable the
conformational transition at room temperature already upon
ion exchange.

The AFM surface topographies of iota-Fe™ also reveal
coexisting random coils and single helices with mean average
chain heights of 0.27 £0.03 and 0.59 +0.06 nm, respectively
(Figure 1b,d). Moreover, the single helices self-associate in
supramolecular clusters of a rich polymorphism (Figure 2;

Figure 2. AFM height images of iota-Fe'" superstructures as obtained
after ion exchange with FeCl;. Scale and color bars correspond to all
images.

Supporting Information, Figure S1), with superstructures
consisting of an amorphous dense core (Supporting Informa-
tion, Figure S2) and a brush region of single helices. The
morphologies resemble packing of DNA in presence of
condensing agents of predominantly higher valence.”) The
trivalent iron therefore enables supramolecular cluster for-
mation, which is potentially due to multiple interaction sites
of counterions with multiple carrageenan chains.

The successful implementation of iron-enriched carra-
geenans for food fortification requires the assessment of the
free iron content, that is, the quantity of iron that is not bound
tightly and therefore might be released into the food matrix
where undesirable color changes and off-flavors can result.[%!
As test reagents, ferrozine!'”’ and ammonium thiocyanate!'!)
were used, which form intensely colored complexes with Fe?"
and Fe’", respectively. Iota-Fe"" exhibits an intense change in
color in presence of ferrozine, signifying a high quantity of
free iron. Iota-Fe', on the other hand, yields only a slight
color change in presence of ammonium thiocyanate, suggest-
ing a rather high fraction of bound iron (Supporting
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Information, Figure S3), in agreement with the previously
reported!"” chelation of Fe’* in acidic conditions. Spectro-
photometric determination (Supporting Information, Fig-
ure S4) quantifies a total of 53% bound iron in iota-Fe™
(Supporting Information, Table S2), suggesting a good bind-
ing which may be suitable for food fortification. Instead, iota-
Fe" with only 6% bound iron (Supporting Information,
Table S2), does not compete with its trivalent counterpart.
The divergent performance of iota-Fe" and iota-Fe', respec-
tively, may result from the capability of the latter to induce
self-association into condensed superstructures which effi-
ciently chelate trivalent iron ions with the higher charge-to-
radius ratio, thus the higher affinity to complex with hard
oxygen ligands such as sulfates™ (Figure2; Supporting
Information, Figure S1).

The presence of iron condensed on carrageenans opens
the way for unprecedented functionalities well beyond food
fortification. For example, iron nanoparticle-carrageenan
nanohybrids were reported to feature catalytic activity.'¥
The magnetic susceptibility of iron furthermore allows the
noninvasive manipulation of soft matter by using magnetic
fields.'”! Previous strategies have focused on in situ synthe-
sis*1! or incorporation"**"l of inorganic magnetic nano-
particles to address the low magnetic susceptibility of organic
matter; thereby, carrageenan gels with magnetically tunable
elasticity!'™ and superparamagnetic property'® were ach-
ieved. Magnetic manipulation of single polymer chains doped
with iron ions, has, however, not yet been reported to the best
of our knowledge, which motivated the investigation of the
magnetic susceptibility of Fe"-enriched iota carrageenan and
their response to magnetic fields. This is assessed by deposit-
ing iota-Fe" supramolecular complexes onto a (3-amino-
propyl)triethoxysilane (APTES)-modified mica substrate
while applying a moderate external magnetic field of 1.1 T
oriented parallel to the substrate plane using a Halbach
magnet (Figure 3a). AFM imaging of the sample deposited in
presence (magnet) and absence (control) of the magnetic
field displays homogeneously distributed polymers with
coexisting random coil and helical conformations (Figure 3b;
see the Supporting Information, Figure S5 for full images).
The single helices appear less flexible and more stretched and

Figure 3. a) Setup of the magnetic susceptibility experiment with

a magnetic field of 1.1 T applied in the plane of the substrate during
sample preparation. b) Representative AFM height images of iota-Fe"
prepared in presence (magnet) and absence (control) of the magnet.
c) Magnification of frames in (b) highlighting more stretched and
stiffer chains due to the magnetic field. Scale bar of 100 nm and color
bar correspond to all AFM images.
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extended when the magnet is applied. Instead, no change is
noticeable for the random coils, suggesting the preservation of
the macromolecular conformation irrespective of the mag-
netic field. To quantify this effect, over 500 polymers in
random coil and helical conformation, respectively, were
traced by applying the open-source FiberApp tracking
routine'™® on the AFM images. From the contours of the
fibers, the persistence length L, reflecting the stiffness of the
polymers, is calculated using the two-dimensional wormlike
chain (WLC) model" following (R?)=4L, (L—2L(1—
exp(—L/2L,))), where (R®) is the average 2D mean square
end-to-end distance and L the internal contour length
between two points on the polymer for which (R*) is
calculated (Figure 4a; see the Supporting Information, Fig-
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Figure 4. Statistical analysis of helical and random coil polymer traces
extracted from AFM images obtained in presence and absence of

a magnetic field. a) Measured mean square end-to-end distance (R?)
vs internal contour length L quantifying a stiffening of helical chains
owing to the magnetic field (left), while random coils remain fairly
unchanged (right). The 2D WLC fits are colored in black. b) Probability
histograms with relative frequencies RF of radii of gyration R,
normalized by L of helical (left) and random coil (right) polymer
portions indicate a stretching of the helical chains.

ure S6 for height and length distributions). In the presence of
the magnetic field, the helical polymers, with L,=37.1+
0.1 nm, are stiffer compared to 25.4+0.1 nm in the control
sample without the magnet, indicating a 1.5-fold stiffening of
the chains. The random coils, in contrast, stiffen to a much
weaker extent from 22.34+0.1 to 25.1+0.1 nm. Chain por-
tions with ion-induced helical conformation therefore
respond significantly to the magnetic field, whereas random
coils stiffen only marginally. This is consistent with the
expectation of higher ion fractions in helical chain portions,
that is, high enough to induce a coil-helix transition, whereas
chain portions with less condensed ions, that is, the random
coils, do not possess significant magnetic susceptibility to
respond to the magnetic field. Polymer stiffness was previ-
ously altered by ionic environment® or solvent polarity,””!
but coupled secondary structure formation and magnetic
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tuning of polymer chains by condensed iron ions is reported
here for the first time.

To quantify whether the polymer stiffening is paired by
a stretching, we furthermore extracted by statistical analysis
the two-dimensional radius of gyration, R,, of the polymers.
Probability histograms of R, normalized by the polymer
contour length L indicate a slight increase of the arithmetical
means of the distributions for the helical conformations from
0.25 £ 0.04 to 0.27 + 0.03 when the magnet is applied, whereas
the random coils again remain essentially constant (Fig-
ure 4b; see the Supporting Information, Figure S7 for the
corresponding count histograms). The iota-Fe" in helical
conformation therefore not only exhibit enhanced intrinsic
stiffening but also global stretching that is due to the magnetic
field, thereby offering new possibilities to stretch single
polymer chains beyond manipulation by flow,*¥ optical
tweezers,*® or electrophoresis.”'! The stiffening and stretch-
ing of the chains is expected to arise from the presence of
a magnetic field gradient changing from 0 to 1.1 T during the
sample deposition, and/or by the inhomogeneous distribution
of condensed ions along the polymer chains, as revealed by
the coexistence of random coils and single helices. We
anticipate that by engineering the external magnetic field,
for example, by introducing strong gradients, an even more
pronounced magnetic response of the helical iota-Fe" chains
may result.

In summary, supramolecular complexation of the anionic
food polysaccharide iota carrageenan with ferrous and ferric
ions was achieved by dialysis and ion exchange against FeSO,
and FeCl;, respectively. With the divalent counterion, parts of
the polymer undergo a transition from a random coil to
a single helical conformation. Besides the ion-induced coil-
helix transition, the trivalent counterions furthermore trigger
superstructure formation by sequestering the ferric ions more
efficiently compared to the ferrous ions, which is reflected in
the higher content of bound iron in the iota-Fe™ complex.
Although further tests are needed to evaluate in vivo
bioavailability and sensory changes in real food matrices,
the present results indicate a potential role of carrageenan—
iron complexes as functional ingredients for iron food
fortification. By statistical analysis of polymer contours
extracted from AFM images, we uncovered a magnetically
triggered local stiffening and global stretching of the helical
iota-Fe'' chains. The magnetic response of the ferrous ion-
enriched polysaccharide is promising as the application of an
external magnetic field allows a noninvasive, facile and cost-
effective manipulation of biomacromolecules. This offers an
alternative strategy for the magnetic manipulation of indi-
vidual biopolymer chains, which does not require introducing
inorganic magnetic nanoparticles.
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