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Abstract: Marine sponges of the subclass Keratosa originated on our planet about 900 million years
ago and represent evolutionarily ancient and hierarchically structured biological materials. One of
them, proteinaceous spongin, is responsible for the formation of 3D structured fibrous skeletons
and remains enigmatic with complex chemistry. The objective of this study was to investigate the
interaction of spongin with iron ions in a marine environment due to biocorrosion, leading to the
occurrence of lepidocrocite. For this purpose, a biomimetic approach for the development of a new
lepidocrocite-containing 3D spongin scaffold under laboratory conditions at 24 °C using artificial
seawater and iron is described for the first time. This method helps to obtain a new composite as
“Iron-Spongin”, which was characterized by infrared spectroscopy and thermogravimetry. Further-
more, sophisticated techniques such as X-ray fluorescence, microscope technique, and X-Ray dif-
fraction were used to determine the structure. This research proposed a corresponding mechanism
of lepidocrocite formation, which may be connected with the spongin amino acids functional
groups. Moreover, the potential application of the biocomposite as an electrochemical dopamine
sensor is proposed. The conducted research not only shows the mechanism or sensor properties of
“Iron-spongin” but also opens the door to other applications of these multifunctional materials.
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1. Introduction

Marine sponges are a resourceful provider of a large diversity of biologically active
compounds and biological materials, including chitin and spongin [1,2]. Proteinaceous
spongin in the form of 3D porous network-like scaffolds is recognized as a renewable
marine biomaterial due to its ability of selected demosponges (mostly bath sponges) to
grow under marine ranching conditions [3]. It consists mainly of protein-derived collagen
of still unknown type [4], a significant amount of sulfur (up to 5%) similar to keratins,
unique halogenated amino acids, xylose, as well as traces of calcium carbonates and silica
[5-8]. This biopolymer is characterized by a complex hierarchical structure based on in-
terconnected nano- and micro-fibers [9-12]. Such a composition gives this marine bio-
material special resistance to a wide range of acids and enzymes as well as specific struc-
tural and mechanical features [13]. Consequently, there are numerous fields of spongin’s
applications in the form of ready-to-use scaffolds, including tissue engineering and bio-
medicine [14], as well as bioinspired material science [15-18].

In addition, spongin’s range of applications in extreme biomimetics [19] is enhanced
due to its thermal stability of up to 300 °C [6]. Three-dimensional spongin scaffolds can
also be carbonized at high temperatures under anaerobic conditions. Carbonization at
1200 °C confirms the preservation of spongin scaffold morphology in the formed graphite
[20]. All these features mark a breakthrough opportunity in modern materials science with
respect to spongin-based scaffolding strategies [20-31].

Biomimetics is the science-driven imitation of the natural phenomena, processes, and
fascinating architectural principles of natural materials using a wide range of modern
tools [22]. It is an interdisciplinary direction in the creation of new materials with unique
properties for broad practical applications, where special priority is given to renewable
biopolymers such as spongin, which precludes the deliberate depletion of natural re-
sources. By combining inorganic compounds (e.g., iron (III) chloride [20], titanium (IV)
oxide [24], manganese (IV) oxide [23], and copper (II) tetraamine chloride [19,22]) and
spongin using a nature-inspired biomimetic approach, it can provide highly attractive so-
lutions to current technological challenges and lead to the development of new advanced,
sustainable, and biodegradable composite materials [32].

Intriguingly, the skeletons of selected species of spongin-based bath sponges repre-
sent examples of naturally occurring iron-containing 3D composites formed due to the
corrosion of artificial iron constructs found in marine environments (Figure 1). The bio-
corrosion of metal structures in seawater is the cause of elevated iron ion concentrations
in water [33]. Consequently, iron ions are involved in biomineralization, which results, as
an example, in the formation of a unique iron-based mineral phase, lepidocrocite, on the
organic part of the three-dimensional skeleton of the marine sponge—sponging (see for an
overview [5]) (Figure 1). Crystalline lepidocrocite (y-FeOOH) is an iron oxide-hydroxide
mineral with magnetic properties [34]. It is red to reddish-brown in color and has a sub-
metallic luster. Lepidocrocite is commonly found on rusted metal structures underwater,
in soils, and in iron ore deposits [35,36]. It is stable over a wide range of temperatures (10-
60 °C) and pH (4.0-8.0) [37]. Previously, lepidocrocite as a mineral was applied as a sensor,
catalyst [38—40], and adsorbent of diverse pollutants [37,41] and pigments [42].



Mar. Drugs 2023, 21, 460

3 of 25

Figure 1. Corrosion of artificial iron-based tools after contact with seawater: (A) remains to be the
main source of iron ions in the aquatic environment surrounding the bath sponges. This leads to the
development of a well-visible rusty coloration (B) due to the presence of the lepidocrocite mineral
phase tightly attached to the organic spongin. A natural skeleton isolated from the marine
demosponge Hippospongia communis growing with the absence of iron ions (C) is yellowish in color.
This kind of iron-based biomineralization is also detectable deep within the sponge skeleton (D,
arrows).

Diverse methods for the synthesis of lepidocrocite without the presence of organic
matrices were proposed previously. For example, this mineral phase can be obtained by
the oxidation of FeCl: with NaClOs under slow heating of a common solution from 20 to
75 °C [43]. The “Process for the preparation of synthetic lepidocrocite” where this com-
pound “can be produced by reacting an aqueous iron (II) chloride solution with aqueous
alkali metal hydroxides with simultaneous oxidation with atmospheric oxygen” has been
patented [44].

In this study, inspired by the previously reported phenomenon of natural biominer-
alization of iron into lepidocrocite in demosponges [45-47], a biomimetic method for the
development of lepidocrocite on spongin scaffolds using artificial seawater under labora-
tory conditions, is proposed. The reaction in an artificial seawater environment between
a spongin template and iron ions is presented, which leads to the formation of a new 3D
composite material called “Iron-Spongin” that resembles the size and shape of the original
sponge skeleton. The corresponding mechanism for the possible formation of crystalline
lepidocrocite on spongin is discussed. This simple biomimetic approach has led to obtain-
ing a specific multifunctional material that can be readily fabricated with realistic pro-
spects for large-scale application within the framework of the marine bioeconomy of
sponges [2]. Moreover, for the first time, a potential application of this unique lepido-
crocite-spongin composite as a sensor for dopamine (DA) detection is proposed.
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2. Results
2.1. Confocal Micro X-ray Fluorescence (CMXRF)

Preliminary experiments with the aim to obtain knowledge of the chemistry of natu-
rally occurring rusty sponges were carried out using CMXRF techniques. Thus, corre-
sponding measurements were performed for the samples of spongin scaffold with natu-
rally formed lepidocrocite (“Spongin Fe-natural”) and the control sample of the spongin
scaffold (“Spongin pure”) (Table 1) with identical measurement parameters.

Table 1. CMXRF measurements (maximum voxel counts) for the elements identified in the samples.

Sample/Signal Count Rates Fe-Ka  Br-Ka Ca-Ka S-Ka I-Lf Si-Ka
Spongin Fe-natural 243.0 39.0 31.0 27.0 15.0 -
Spongin pure (control) 18.0 19.0 19.0 18.0 19.0 12.0

From the fluorescence spectra of sample ‘Spongin Fe-natural’ five main elements are
identified: sulfur, calcium, iron, bromine, and iodine. All five elements are assigned to the
spongin structure (Figure 2A). Due to the relatively high count rates for iron (Table 1), a
representative 3D distribution image for this element could be generated, which is in very
good structural agreement with the video image (view on the top) provided by the spec-
trometer camera (Figure 2A).

(B)

Figure 2. 3D distribution images of the elements S (Ka), Ca (Ka), Fe (Kat), Br (Ka), and I (L) within
an analysis volume of 500 um x 500 um x 500 um of the (A) spongin with naturally formed lepido-
crocite and (B) pure spongin (control).
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For all the other four observed elements, far more diffuse elemental distribution im-
ages are obtained, caused by the overall lower signal count rates (Table 1). Nevertheless,
the quality of the 3D reconstructions still allows assigning these elements to the spongin
structure (Figure 2A). Even the distribution of S shows some correlation with the distri-
bution of the other elements, especially when measured at high sample densities (e.g., at
conjunctions of the sponge strings). This result was rather unexpected since S with a rela-
tively low Z number exhibits the lowest lateral resolution of the 5 elements detected in
this sample (diameter of probing volume approx. 69.0 um) together with a low fluores-
cence yield due to the high liability for absorption effects.

The same five elements and, additionally, silicon are identified from the fluorescence
spectra of the control sample ‘Spongin pure’. Only four of them (sulfur, calcium, iodine,
and bromine) can be assigned to the spongin structure. Hereby, in contrast to the ‘Spongin
Fe-natural’ sample, the most representative reconstruction of the spongin structure pro-
vides a 3D distribution image of bromine (Figure 2B, green). This is due to the relatively
high fluorescence energy of bromine (Br Kot: 11.902 keV) and the coherent smaller excita-
tion volume. The iron distribution (Figure 2B, red) for the control sample can also be as-
signed to the sponge structure, but it does not show a homogenous distribution through-
out the sample and is distributed rather pointwise, and the absolute signal count rate for
Fe in the control sample (compared to the ‘Spongin Fe-natural” sample) is also much lower
(Table 1). However, for all the observed elements, diffuse elemental distribution images
(Figure 2B) were obtained. In particular, intensified silicon fluorescence radiation can be
detected from a certain spot in the sample (Figure 2B, cyan). By matching it with the bro-
mine distribution pattern, it seems to be located within the spongin structure and is prob-
ably a grain of sand (quartz) incorporated into the spongin structure (see example [48]).

2.2. Digital Microscopy

In the images obtained with a digital microscope (Figure 3), a significant difference
was observed in the appearance of the control sample and the “Iron-Spongin” sample
after the ultrasound treatment. After 30 days of initiated corrosion, the spongin acquired
a consistent rusty color, indicating the transformation of iron powder into an iron oxide
form that was tightly bound to the organic matter.

M

\
50 pm

Figure 3. Digital microscopy imagery of two different samples of spongin from lower to higher
magnifications (see the scale bars). (A—C) Control sample of spongin isolated from H. communis
demosponge growing in a Fe-free environment remain to be yellowish in color. This biomaterial
known as commercial, or bath sponge, found broad applications in human life. However, the same
sponge material after induced corrosion of iron powder in artificial seawater for 30 days (D-F) be-
comes a rusty color that is still stable even after 2 h of ultrasonic treatment at 24 °C.
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2.3. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Analysis (EDX)

The SEM images in Figure 4 show the control sample and “Iron-Spongin” after ultra-
sonic treatment. In Figures 4A,B, a network of spongin microfibers is observed, which
forms complex porous formations. An analysis of the SEM images confirmed that uniform
deposition of iron oxide crystals occurred during the initiated corrosion. The SEM images
in Figure 4C,D show spongin fibers densely covered with iron oxide clusters. In the ap-
proximation in Figure 4E,F, crystal-like structures can be clearly observed. The high qual-
ity of the inorganic coating may be due to the corrosion-initiated synthesis procedure,
which took 30 days. Importantly, the unique porous structure with numerous iron oxide
clusters was preserved even after ultrasonic treatment for 2 h.

Figure 4. SEM images of iron-free spongin fibers with both lower (A) and higher (B) magnifications
(scale bars represent 200 um and 50 pum, respectively) (see also Figure 2A-C) drastically differ from
that obtained after “Iron-Spongin” 3D composite, where the formation of crystalline phase (C-F)
(scale bars represent 200 pm, 50 um, 20 um, and 4 um, respectively) remains to be well visible even
after ultrasonic treatment. (F) Arrows show needle-like crystals.

EDX analysis performed on an “Iron-Spongin after ultrasound treatment” material
in the area with visible crystal-like structures showed a very high iron content (34.4 at%).
In a control sample of spongin in seawater, the iron content was detected to be very low
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(0.2 at%). This confirmed the formation of crystals during the initiated corrosion, consist-
ing mainly of iron (Figure 5) (for details, see also Supplementary Materials, Figures S1-
S8). The distribution of elements within the spongin fibers is shown in Figures 6 and 7.
The results of the biomineralization are well visible both in the longitudinal (Figure 6A)
and in the cross-section (Figures 6B and 7) of the fiber as two different (inner and outer)
layers. The differences in the content of Fe and O in these layers are also noticeable (Figure
7).

9‘301 _Iron_Spongin_nat_60um_: 1M

MAG: 3500x HV:10 kV WD: §8mm

Figure 5. EDX Analysis (elemental mapping) of a single fiber of an “Iron-Spongin after ultrasound
treatment” sample. Clearly visible is the presence of Fe and S on the surface of the scaffold strain
(A). Fe is predominantly deposited in the crust-like structure (B), whereas sulfur is more or less
equally distributed over the surface (C). C is present on the whole sample due to the organic com-
pounds of the sample and of carbon coating used for SEM (D).

Figure 6. Block face images of a single spongin fiber: longitudinal section (A) and cross-section (B).
In both images, two different layers are distinguishable. According to the high contrast given in
these layers, the presence of elements with higher atomic numbers—combined with elements origin
from biological tissue —is most likely. Bars represent 10 pum.
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[sc [

9301_lron_Spong_BL-Kontr_EDX_

9301_iron_Spong_BL-Kontr_EDX_2
MAG: 6000x HV:15kV WD: 9.8 mm Px:17 nm

Bl 8

18
9301_iron_Spong_BL-Kontr_EDX_ 9301_iron_Spong_BL-Kontr_EDX_2
MAG: 6000x HV: 15kV WD: 9.8 mm Px: 17 nm

9301_Iron_Spong_BL-Kontr_EDX_sp .
MAG: 15,0kx HV: 15 kV _WD: 9.8 mm__Px: 7 nm

(E) (F)

Figure 7. EDX analysis (elemental mapping) of a block face image cross-section of a single “Iron-
Spongin after ultrasound treatment” fiber, whereby the element contents are colored in red for iron,
blue for oxygen, and green for sulfur (in the case of red and green overlapping, a bright yellow color
is observed). The presence of Fe and O in the two layers (A,B,E,F) is clearly visible. Sulfur seems
more or less equally distributed over the cross-section (C,D). The inner layer seems to be higher in
Fe and O combined with the outer layer (B,E,F).

9301_iron_Spong_BL-Kontr_EDX_ “

.
MAG: 1500x HV: 15 kV:- WD: 9.8 mm  Px: 66 nm

2.4. High-Resolution Transmission Electron Microscopy (HR-TEM)

HR-TEM analysis was used to confirm the presence of crystalline phase as lepido-
crocite in the “Iron-Spongin after ultrasound treatment” sample. Figure 8A shows a cross-
section of a selected section of the composite fiber with lath-like Fe-containing nanoparti-
cles forming conglomerates inside the outer shell of the spongin fiber. This indicates the
effective binding of the iron-containing phase to spongin during biomimetic-initiated cor-
rosion under laboratory conditions. The HR-TEM image shows that the particles consist
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of several nanocrystallites with crystallite sizes of 3-5 nm (Figure 8B). The calculated FFT
of the HR-TEM image of the “Iron-Spongin after ultrasound treatment” sample consists
of discrete diffraction spots of randomly oriented nanocrystals, reflecting the fine crystal-
linity of the particles (Figure 8C). An analysis of the reflections indicates that the majority
of the particles can be attributed to the orthorhombic lepidocrocite phase (Amam space
group [36] or Cmcm [49]). There are also interplane separations of 1.55 A, 264 A, and 2.66
A consistent with the (110) and (100) planes of hexagonal feroxyhyte [50]. It is an unstable
aqueous iron oxide that transforms spontaneously into goethite and is usually formed
under high-pressure conditions on the ocean grounds [51]. For example, according to
Vacelet and co-workers, lepidocrocite and a small amount of goethite are minerals that
occur in the natural iron-rich skeletons of spongin-based Spongia officinalis marine
demosponges [46].

(C) FFT

(B) HRTEM

o T4 2 2
nano crystals [ % ek
- v
& 3-5 nm y

1.55A
(110)

66 A '
© foop
@

Lepidocrocite y-FeO(OH)

Figure 8. TEM overview (A) and high-resolution TEM (B) of Fe-containing nanoparticles on a se-
lected nanofiber of “Iron-Spongin” composite investigated after ultrasound treatment. Calculated
fast Fourier transform (FFT) with measurement of interplane separations indicating the occurrence
of lepidocrocite and possible minor phase of feroxyhyte (C).

2.5. Fourier-Transform Infrared Spectroscopy

In an attempt to identify the ferrous layer formed on the spongin scaffold under
study, FTIR spectroscopy of the materials was performed to examine the presence of char-
acteristic functional groups. Detailed studies were carried out for spongin control samples
in seawater as well as “Iron-spongin”, before and after ultrasound treatment (Figure 9A).
Additional measurements were made for iron powder after 30 days in the seawater with
and without the presence of the spongin scaffold (Figure 9B) (details of the bands present
in the spectra, with their wave numbers and band assignments, are given in Supplemen-
tary Material, Table S1).
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Figure 9. FTIR spectra of the samples: (A) spongin control sample and “Iron-Spongin after ultra-
sound treatment” along with an approximation in the range of 2000-420 cm™; (B) iron powder after
30 days insertion into seawater with and without the presence of spongin scaffold.

Most of the bands in the FTIR spectra of “Iron-Spongin” and “Iron-Spongin after ul-
trasound treatment” correspond to the bands in the spectrum of the control sample of
spongin in seawater. The bands that occur only in the samples in the presence of corroded
iron powder are 570, 740, 1021, and 1150 cm™ (Figure 9A). The band at 570 cm™ is charac-
teristic of Fe-O vibrations in iron oxides [52,53]. The most intense band at 1021 cm-! in the
FT-IR spectra is associated with lepidocrocite (y-FeOOH) [54]. The bands at 1150 cm™ and
740 cm™ can also be assigned to OH deformation and bending in y-FeOOH [55]. The high-
intensity bands at 1021 cm™ and 740 cm™ may suggest that a well-crystallized lepido-
crocite phase is strongly present.

The effect of spongin scaffold on iron corrosion in seawater was also investigated
(Figure 9B). The band characteristic of iron oxides (570 cm™) and lepidocrocite (740, 1021,
1150 cm™') were observed only in the FTIR spectrum of the corroded iron powder after 30
days in seawater in the presence of the spongin scaffold.

2.6. X-ray Diffraction

The X-ray diffraction pattern of spongin under study is similar to that reported pre-
viously [15,22,24]. The treatment of spongin samples with iron powder using artificial
seawater (see Section 4) causes the appearance of reflection characteristics for that of
lepidocrocite [56], which confirms that this mineral phase is formed during the prepara-
tion of the “Iron-Spongin” composite. Further data analysis confirms the formation of
lepidocrocite on both the “Iron-Spongin” sample and on “Iron-Spongin after ultrasound
treatment”. This is indicated by the peaks present in the XRD graphs of these samples at
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~14°,~27°,~38°,~47°, ~53°,~ 61°, and ~68°, which correspond to the (020), (120), (111), (020),
(151), (231), and (251) crystal planes, respectively (Figure 10). These peaks correspond to
polymorphs of the iron oxyhydroxide lepidocrocite (y-FeOOH) [57]. For comparison, a
diffractogram of iron powder (Figure 10E) obtained after 30 days in seawater in the pres-
ence of spongin with lepidocrocite-characteristic reflections is included.

Intensity (a.u.)

1
0 10 20 30 40 50 60 70 80 90 100
2 Theta (degree)

Figure 10. XRD patterns of (A) spongin, (B) spongin control sample after placement into seawater,
(C) “Iron-Spongin”, (D) “Iron-Spongin after ultrasound treatment”, and (E) iron powder after place-
ment in the seawater in the presence of spongin.

2.7. Thermogravimetric Analysis

The thermal degradation of a control spongin sample in seawater and “Iron-Spongin
after ultrasound treatment” was studied. Two weight losses occur during the thermal deg-
radation of both samples (Figure 11). The first, a weight loss of about 5-8% in the 70-150
°C range, is related to the evaporation of physically adsorbed and hydrogen-bonded wa-
ter from the spongin scaffold [12]. The second weight loss in the temperature range of
230450 °C is about 63.2% for the control sample and about 44.8% for “Iron-Spongin after
ultrasound treatment”. This may be related to the decomposition of the protein matrix:
the disintegration of the peptide bonds [25,12], and thermal degradation of disulfide
bonds [12,58] and hydrogen bonds [12]. In the “Iron-Spongin after ultrasound treatment”
material, the thermal stability is higher than that of the control spongin sample. The dif-
ference in thermal stability can be attributed to the formation of bonds between spongin
and iron and electrostatic interactions formed between the hydroxyl groups of spongin
and lepidocrocite [29].
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Figure 11. Thermogravimetric (TG) curves of spongin control sample in seawater and the “Iron-
Spongin after ultrasound treatment”.

2.8. Magnetic Properties

The “Iron-Spongin after ultrasound treatment” is attracted by a neodymium magnet
with a pull force of 192 N (see Supplementary Materials, Figure S9). It is well known that
lepidocrocite is paramagnetic at room temperature with low field magnetic susceptibility
[34,59,60]. Paramagnetism is the phenomenon whereby a material magnetizes in an exter-
nal magnetic field in a direction consistent with the direction of the external field. This
phenomenon occurs in all atoms and molecules with unpaired electrons, e.g., free atoms,
free radicals, and transition metal compounds that contain ions with unfilled electron
shells [61]. Paramagnetic materials have a relative magnetic permeability slightly greater
than 1 (i.e., low positive magnetic susceptibility), and are therefore attracted to magnetic
fields [62]. In contrast to the “Iron-Spongin after ultrasound treatment” represented here,
all 35 naturally occurring rusty sponges (see Figures 1B,D and 15), which are approved
for their magnetic features under the same experimental conditions, show no attachment
to the neodymium magnet.

2.9. Dopamine Detection

The application of spongin-based sensors remains to be in trend. In this study, we
used the developed composite for the detection of DA. This compound is a vital catechol-
amine neurotransmitter found in mammals’ central and peripheral nervous systems. It
regulates a wide variety of neuronal functions, including emotion, behavior, cognition,
learning, memory, and movement. In living systems, DA controls the transmission of sig-
nal messages to various domains of the brain and other parts of the body. In addition, DA
receptors are vital targets for neuropsychiatric illnesses such as depression, Parkinson’s,
schizophrenia, and Huntington’s [63,64]. Therefore, the quantitative detection of DA in
biological and chemical systems is critical. Various analytical methods are used for the
detection of DA, but each of them has some disadvantages. Among them, electrochemical
methods have proven to be the most effective for the determination of DA in the presence
of other biological molecules [65-68]. However, developing a simple, cost-effective, and
compatible composite material as an electrode material for the selective detection of DA
at low concentrations without interfering with other biologicals is challenging.

Herein, for the first time, a novel, low-cost, sensitive, and selective electrochemical
sensor for the detection of DA based on carbon paste electrodes (CPE) modified with nat-
urally occurring iron-spongin and biomimetic “Iron-Spongin after ultrasound treatment”
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is developed. The electrodes are denoted as N-Iron-Sp/CPE and B-Iron-Sp/CPE, respec-
tively. The amperometric responses of N-Iron-Sp/CPE and B-Iron-Sp/CPE for the succes-
sive addition of different concentrations of DA in 0.1 M phosphate buffer pH 6.5 are given
in Figure 12A. The oxidation reaction at each electrode was fast in reaching the dynamic
equilibrium, producing a steady-state current within almost 10 s. To calculate the sensi-
tivity of the electrodes, calibration curves were plotted (Figure 12B), which recorded the
increase in the current with each subsequent addition of DA. The linear regression equa-
tion of DA oxidation for each of N-Iron-Sp/CPE and B-Iron-Sp/CPE was obtained between
5 uM to 1.3 mM with an equation of I (uA) =28.104 CDA (mM) + 0.7336 (R? =0.998) and I
(HA) = 17.527 CDA (mM) + 0.4549 (R? = 0.9981), respectively. The sensitivity of N-Iron-
Sp/CPE and B-Iron-Sp/CPE was found to be 0.22 uA mM~' cm and 0.14 uA mM cm??,
respectively. The remarkable electrochemical behavior of each electrode toward DA sens-
ing is ascribed to the excellent electrocatalytic performance of crystalline Fe-oxide tightly
bound to the 3D spongin scaffold. The high electrocatalytic activity, low response time of
2 s, and high sensitivity of “Iron-Spongin” are attributed to its high concentration of active
sites and facile charge transfer characteristics.

The specificity of the B-Iron-Sp/CPE sensor was evaluated in the presence of possible
coexisting species (sucrose, glucose, sodium chloride (NaCl), and UA). The obtained re-
sults showed that the fabricated sensor diminished the influence of possible interfering
species and exhibited excellent selectivity toward DA detection. The detection of DA in
human urine has received interest in medical diagnostics due to the impacts of abnormal
concentrations of DA in regulating blood pressure, lipolysis, Huntington’s disease, and
Parkinson’s disease. The detection of DA in human urine samples was performed using
B-Iron-Sp/CPE to assess the practical applicability of the constructed DA sensor. A recov-
ery of 93-115% was obtained for the studied sample, indicating the accuracy and reliabil-
ity of the constructed sensor, which guaranteed its on-site applications.
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Figure 12. (A) Amperograms recorded in 0.1 M phosphate buffer pH 6.5 with the successive addi-
tion of DA (5 uM to 1.3 mM) at (a) N-Iron-Sp/CPE, and (b) B-Iron-Sp/CPE. (B) Calibration curve for
the linear response of current vs. DA concentration.

3. Discussion

Lepidocrocite, as a biomineral, has been known since its discovery in the teeth of
Chiton mollusc (Lowenstamm, 1967) [69]. Also, a microbial scenario of its formation, in-
cluding the so-called forced biomineralization [70], is well documented in the literature.
Bacterial biomineralization of lepidocrocite has been reported for diverse nitrate-reducing
Fe(I)-oxidizing bacteria [71], as well as in denitrifying As(III)-oxidizing bacterium [72]
under anaerobic conditions. Also, it was observed that iron oxyhydroxide crystallization
could be directed during the cultivation of Leptothrix sp. bacterium [73]. The formation of
strongly magnetic nanoscale particles due to lepidocrocite bioreduction by the iron-reduc-
ing bacterium Shewanella putrefaciens ATCC 8071 is described in [74]. In lithotrophic iron-
oxidizing bacteria, such as Gallionella ferruginea or Mariprofundus ferrooxydans, up to 100
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nm large lepidocrocite crystals nucleate on the surface of organic extracellular twisted
ribbon-like stalks [75]. Maybe this phenomenon is based on the templating activity of bac-
terial exopolysaccharides, which are known as stabilizers of lepidocrocite. For example,
iron oxyhydroxide—polysaccharide hybrid colloids with unusual pH stability of up to pH
13 are reported [76].

To the best of our knowledge, there are only two publications concerning the in vitro
development of lepidocrocite-based composites using biopolymers as templates. For ex-
ample, highly crystalline layers of lepidocrocite up to 125 nm large are obtained due to
biomimetic mineralization of protein microtubules (MTs) with a diameter of 25 nm. It is
suggested that MTs “can be used as scaffolds for the in situ production of high-aspect-
ratio inorganic nanowires” [77]. In another paper, fibrillary collagen was used as a generic
mineralization template for lepidocrocite [78]. The mineral phase was obtained both on
and within the collagen fibrils after mixing them with Fe(OH)2 and the addition of poly
(aspartic acid) to promote the crystallization of lepidocrocite.

Based on the previous literature data [45-47,79] on the interactions between marine
demosponges and iron, it was possible to design a nature-inspired biomimetic method for
the mineralization of iron on spongin fibers. As early as 1968 [45], the existence of crystal-
line iron mineralization in the spongin fibers of Ircinia fasciculate, Spongia graminea, and S.
officinalis marine sponges was first discovered. Then, it was proven that the reddish-
brown microgranules are formed of very fine crystallites of poorly organized lepido-
crocite (Figure 13). It was also found that selected marine sponges grow only in the pres-
ence of iron ions [80], which are supplied to waters mainly from atmospheric sediments
[81], hydrothermal vents [82], marginal sediments [83], artificial fertilization [84], ground-
water discharges [85], and biocorrosion of artificial metal structures and shipwrecks
[5,33,86]. The source of iron ions due to the biocorrosion of corresponding metallic con-
structs in seawater is crucial, especially when sponges use them as the substrate for at-
tachment and growth [87]. Nevertheless, the mechanism of iron biomineralization on
spongin fibers in nature, as well as under the laboratory conditions used in this study, is
still not fully understood.

The possible mechanism of lepidocrocite formation on spongin fibers may be associ-
ated with spongin amino acid sequences, including cysteine, histidine, lysine, or tyrosine
[7,8]. Functional groups derived from amino acids (e.g., -SH, -OH, -NH:, and -COOH)
[22] and the presence of electron donor atoms (O, N, S) result in the ability to form com-
plexes with iron ions [88]. A large group of Fe-S clusters of proteins is known; in most
cases, the terminal ligands attached to iron are derived from thiol groups from cysteinyl
residues [89-92]. Therefore, it is possible that cysteine/cysteine sulfur is involved in the
formation of an iron-based crystalline mineral phase in spongins. Iron is a transition metal
with well-known redox and ligand-binding properties [93]. It is capable of accepting and
donating electrons, transitioning between the ferric (Fe*) and ferrous (Fe?*) forms [94]. In
seawater at pH 8.1, the Fe? form is rapidly oxidized to the Fe3 form, so it exists mainly in
the form of iron(Ill) oxyhydroxide, which has a very low solubility and a thermodynami-
cally stable oxidation state [95-98]. Cornell and Schneider [99] demonstrated that in the
presence of cysteine at pH 8.0, a fast transformation of non-crystalline iron(IlI) hydroxide
into mainly crystalline lepidocrocite with a small amount of goethite occurs. Alkaline sea-
water conditions affect the surface chemistry of spongin—cysteine-derived thiol groups
(SH-), which are converted to thiolate anions (RS-) [100]. Then, the interaction between
cysteine and non-crystalline iron(IIl) hydroxide involves the oxidative dehydration of cys-
teine, which can form disulfide bonds (5-S) to produce cysteine [101,102]. There is also a
concomitant reduction in some interfacial ferric sites, transforming the solid iron phase
into a compound with mixed-valence Fe?*/Fe*. This compound dissolves more readily
than the starting material, and the dissolution/precipitation mechanism then leads to more
thermodynamically stable iron mineral phases, such as lepidocrocite (Figure 14) [103-
105].
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Figure 13. Rusty bath sponges represent a potential source of naturally occurring iron oxide-based
3D constructs, which can be useful in bioinspired material science and biomimetics. Well-defined
lepidocrocite-containing locations within the sponge skeletons are marked in yellow.
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Figure 14. Schematic representation of the possible mechanism of lepidocrocite formation on spon-
gin fibers.

Learning about the mechanism of iron mineralization in spongin fibers is essential to
understanding the nature of the exceptional composite “Iron-Spongin”. It is easy and sim-
ple to prepare, and it consists of a biodegradable and renewable source —spongin. By
combining both components, lepidocrocite (magneticity, stability over a wide range of
temperatures (10-60 °C), pH (4.0-8.0), and spongin (3D porous structure, high thermal
stability, resistance to a wide range of acids and enzymes), a nature-inspired biomaterial
with many remarkable features, are created.

In this study, it was shown that such a 3D composite can be used as a sensor for
neurotransmitter detection. Many methods for quantifying neurotransmitters, such as
DA, are available, but most of them have their limitations [106-109]. Recently, there has
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been increased attention on the use of electrochemical methods for neurotransmitter anal-
ysis due to their advantages, such as high sensitivity, simplicity of analysis, fast time re-
sponse, and low cost of material consumption [110]. The electroanalysis method relies on
an enzymatic or enzyme-free method for detecting neurotransmitters such as DA. The
main disadvantage of enzymatic biosensors is the insufficient stability of the enzymes
used to develop these sensors. Their shortcomings create a real need for the development
of non-enzymatic sensors. Non-enzymatic sensors generally detect chemical or biological
substances through their redox activity. Electrochemical sensors based on metal oxides,
such as iron, are ideal for the electroanalysis of neurotransmitters because of their sim-
plicity, low cost, fast response, and good portability [111,112]. In their application, the
electrochemical detection of specific analytes is enabled by the behavior of semiconduc-
tors, while the separation of analytes is achieved by magnetic properties. Lepidocrocite,
which has magnetic properties combined with spongin, provides a large surface area and
a well-developed 3D structure that seems to possess the potential for use as a DA sensor.
Various magnetic iron oxide nanoparticles [113-115] have been proven to be excellent
non-enzymatic materials for DA sensing. Previous electrochemical studies of lepido-
crocite have shown its high sensitivity and selectivity in detecting DA [116]. In our study,
the “Iron-Spongin” composite as a non-enzymatic electrode showed high sensitivity to-
ward DA detection, which was attributed to the excellent electrocatalytic performance of
Fe-oxide adsorbed on the unique 3D spongin scaffold. The development of “Iron-Spon-
gin” 3D constructs in this study will stimulate experiments on their application for so-
dium-ion batteries, or for photocatalytic hydrogen production, where heterostructured
lepidocrocite titanate-carbon nanostructures have already been used recently [117,118].
Also, such composites as potential magnetic scaffolds [119] should be investigated in the
future.

4. Materials and Methods
4.1. Materials

Purified, acellular, and mineral-free spongin scaffolds of Hippospongia communis (La-
marck, 1814) marine demosponges were purchased from INTIB GmbH (Freiberg, Ger-
many). InstantOcean®SeaSalt acquired from Spectrum Brands (Blacksburg, VA, USA) was
used to prepare artificial seawater. Sodium hydroxide (analytical grade) purchased from
EuroChem BGD (Tarnéw, Poland) was used to prepare a 1 M (mol/L) NaOH solution.
Iron powder 99.99% (with a particle size in the range of 25-100 pm) was acquired from
Chempur (Piekary Slaskie, Poland). To prepare the artificial seawater, 18 g of sea salt was
placed in a glass bottle and dissolved in 500 mL of distilled water. The pH of the solution
was brought to pH 8.1 (the value present in natural seawater [120]) with 1 M NaOH solu-
tion. Dopamine (DA), paraffin oil, and sodium phosphate (NazHPO4 and NaH2PO4) were
purchased from Sigma-Aldrich (Burlington, MA, USA). Phosphate-buffered solution
(PBS, 0.1 M, pH 6.5) was prepared using a mixture of stock solutions (NaH2POs and
Na:HPOs) and employed as an electrolyte solution for amperometric measurements.
Graphite powder was obtained from Merck (Darmstadt, Germany).

4.2. Samples Preparation
Preparation of the “Iron-Spongin” Material

A fragment of spongin scaffold weighing 1.1 g and measuring 3 cm x 6 cm x 3 cm
was placed in a 500 mL bottle of artificial seawater, and 3.5 g of iron powder was added.
The whole content was shaken vigorously for one minute until the entire spongin scaffold
was covered with iron powder. Then, it was stored in the lab for 30 days at room temper-
ature. Similarly, a control sample without iron powder and a control sample of iron pow-
der alone in seawater without the presence of the spongin scaffold were prepared. After
this, the obtained “Iron-Spongin” material with rusty color was placed in an ultrasonic
bath (Bandelin, Berlin, Germany) for 2 h at room temperature to remove excess iron
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powder that did not bond to the spongin scaffold (Figure 15). The dry mass of the “Iron-
Spongin” samples was measured to be 1.967 + 0.035 g prior to and 0.708 + 0.040 g after
ultrasonic treatment.

The “Iron-Spongin” material, spongin control sample, iron from seawater alone, and
iron from seawater and the presence of the sponge scaffold were then air-dried for further
analysis.

ARTIFICIAL SEA

WATER (pH 8.1) l
+ A g lpp
IRON POWDER .

2h, RT

30 days of initiated ultrasound bath

corrosion

Figure 15. Schematic overview of the preparation of “Iron-Spongin” material using iron powder in
artificial seawater with pH 8.1 at 24 °C.

4.3. Characterisation Techniques
4.3.1. Digital Microscopy

A control sample of spongin in seawater and iron-spongin after ultrasonic treatment
was observed and analyzed using an advanced imaging system consisting of a VHX-6000
digital optical microscope (Keyence, Osaka, Japan) and VH-Z20R zoom lenses (magnifi-
cation up to 200x), as well as a VHX-7000 digital optical microscope (Keyence, Osaka, Ja-
pan) and VHX-E20 (magnification up to 100x) and VHX-E100 (magnification up to 500x)
zoom lenses.

4.3.2. Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray
Analysis (EDX)

For block-face analysis, the regions of interest (ROI) of TEM samples in resin blocks
were trimmed using the Leica EM Trim 2 (Leica Microsystems, Wetzlar, Germany). In
order to obtain a flat surface, the samples were cut with a Leica UC7 ultramicrotome using
a diamond knife (Diatome, Nidau, Switzerland).

The samples were mounted on a heavy metal-free Al-SEM-carrier (co. PLANO, Wetz-
lar, Germany) with adhesive conductive carbon tape (Spectro Tabs, TED PELLA INC,
Redding, CA, USA) and coated with carbon (5.0 nm thickness) under vacuum (CCU 010
HV-Coating Unit, Co. Safematic GmbH, Zizers, Switzerland).

The samples were analyzed using a field emission scanning electron microscope
(SEM, MERLIN® VP Compact, Co. Zeiss, Oberkochen, Germany) equipped with an en-
ergy-dispersive X-ray (EDX) detector (XFlash 6/30, Co. Bruker, Berlin, Germany). Repre-
sentative areas or defined lines of the samples were analyzed and mapped for elemental
distribution based on the EDX-spectra data using QUANTAX ESPRIT Microanalysis soft-
ware (version 2.0, Berlin, Germany) SEM images were taken from selected regions (the
conditions are shown in the figures).

Comparative SEM-EDX analyses of the control sample and iron-spongin after ultra-
sound treatment were carried out using a scanning electron microscope (Quanta 250 FEG;
FEI Ltd., Brno, Czech Republic) correlated with an energy-dispersive X-ray spectrometer
(EDX Team Software) to determine the elemental composition and surface morphology
of the samples studied.

Moreover, SEM and supplementary EDX measurements were carried out using a
low-vacuum scanning electron microscope, JEOL JSM-6610LV, with a LaB6 cathode,
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which was also equipped with an energy-dispersive X-ray spectrometer (10 mm? Silicon
Drift Detector (SDD) X-Flash 6110, Bruker Co., Berlin, Germany).

4.3.3. High-Resolution Transmission Electron Microscopy (HR-TEM)

Conventional TEM analysis was carried out using the FEI Tecnai F30-G2 with Super-
Twin lens (FEI) with a field emission gun at an acceleration voltage of 300 kV. The point
resolution amounted to 2.0 A, and the information limit was about 1.2 A. The microscope
was equipped with a wide-angle slow-scan CCD camera (MultiScan, 2k x 2k pixels; Gatan
Inc., Pleasanton, CA, USA).

4.3.4. Transmission Electron Microscopy (TEM)

Selected fragments of “Iron-Spongin after ultrasonic treatment” were placed in dis-
tilled H2O for one night at room temperature (RT). Then, they were dehydrated in an eth-
anol series from 30% to 100% at RT and embedded in Araldite (Sigma-Aldrich, Burlington,
MA, USA) epoxy embedding media according to the manufacturer's instructions. Ultra-
thin sections (60-70 nm) were cut with an Ultramicrotome PowerTome XL (Boeckeler In-
struments, Inc., Tucson, AZ, USA) equipped with a Druker International b.V (Amsterdam,
the Netherlands) 45 diamond knife, double-stained with UranyLess (EMS), lead citrate,
and lead citrate. Ultrathin sections were studied under Tecnai G2 20 TWIN (FEI Company,
Alhambra, CA, USA) transmission electron microscope with an acceleration voltage of
200 kV.

4.3.5. Fourier-Transform Infrared Spectroscopy

FTIR spectra of the control and obtained samples were recorded using a Nicolet iS50
spectrometer (Thermo Fisher Scientific Co., Hillsboro, OR, USA). Each measurement was
performed using a built-in attenuated total reflectance (ATR) accessory. The analysis was
carried out in the wavelength range of 4000-400 cm™.

4.3.6. X-ray Diffraction

The X-ray studies of the examined materials were performed using a powder diffrac-
tometer (SmartLab Rigaku, Tokyo, Japan) with a Cu K-alpha X-ray tube, in the range of
3-80 (2 theta), scan step 0.01, and scan speed 4°/min.

4.3.7. Thermogravimetric Analysis

Thermogravimetric analysis (TG/DTG) was performed on a TGA/DSCI1 Star System-
analyzer (Mettler Toledo, Columbus, OH, USA) Measurements were carried out at a heat-
ing rate of 10 °C/min under nitrogen flow conditions (60 mL/min) in the temperature
range of 30-700 °C.

4.3.8. Confocal Micro X-ray Fluorescence (CMXRF)

CMXRF measurements were performed with a modified commercial MXRF spec-
trometer (M4 TORNADO) by Bruker Nano GmbH, Berlin, Germany, which was equipped
with a 30 W Rh-microfocus X-ray tube (50 kV, 600 pA), a polycapillary full lens in the
excitation channel for X-ray focusing, and a 30 mm? silicon drift detector (SDD). Due to
the modification, a polycapillary half lens was installed in the detection channel before a
60 mm? SDD. The confocal arrangement of both lenses resulted in a defined probing vol-
ume, providing three-dimensional resolved element analysis by lateral movement of the
sample with an xyz-motorized sample stage. The calibration of the optics alignment was
realized by the precise movement of the second lens by piezo actuators and tracking the
signal intensity of a 2 um thick Cu foil.

The CMXRF measurements were performed within a total sample volume of 500 »
500 x 500 um? and a global step size of 5 um. A spot measurement time of 10 ms was
utilized with five measurement cycles, resulting in a measurement time of 50 ms for each
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point and an overall measurement time of approximately 63 h. Additionally, with respect
to the presence of light elements in the spongin samples, a vacuum of 20 mbar was applied
for all the measurements.

For the first data evaluation of the 101 generated xy area mappings at varying z po-
sitions, the spectrometer corresponding software was utilized, providing the impulse
count values for the element signals Si-Ka (1.740 keV), S-Ka (2.307 keV), Ca-Ka (3.691
keV), I-L{3 (4.239 keV), Fe-Ka (6.397 keV), and Br-Ka (11.902 keV). Due to the physical
properties of the lenses used, quite different probing volume sizes need to be considered
for the different fluorescence energies of the element lines. For the utilized setup, the prob-
ing volume sizes were calculated as a function of the energy by calibrating the character-
istics of the spectrometer parameters [121]. Hereby, the following probing volume z-sizes
can be expected in approximation: Si-Ka (77.2 pm), S-Ka (69.0 um), Ca-Ko (55.6 pm), I-
LB (51.8 pm), Fe-Ka (42.0 um) and Br-Ka (31.4 um).

The exported measurement datasets (containing information about the location co-
ordinates x and y and the signal count values) were then further processed using in-house
software (applied in references [122,123]), providing tools like the normalization of the xy
mappings to a global signal maximum, generating RGB color-coded images and signal
noise correction. The final stacking of the two-dimensional distribution datasets was car-
ried out with the Python application Mayavi, achieving three-dimensional distribution
images. For the three-dimensional reconstruction of the element distributions (Si (cyan),
S (yellow), Ca (blue), I (magenta), Fe (red), and Br (green)) a volume module was used in
combination with light and shade calculations for better visibility of the three-dimensional
structure. Due to the small size of the sponge structure (~30 um) compared to the probing
volume sizes (231.4 pm), weak signal values were excluded from the volume rendering
by setting the RGB alpha value to zero.

Due to the properties of natural samples (varying density, elemental composition,
and absorption due to the 3D structure) and different physical behaviors of the observed
elements (fluorescence yield, sensitivity, and concentration), different alpha values were
utilized for the volume reconstruction of each element and sample. Hereby, data points
within the range of 1 to 10% of the global maximum count value were excluded, aiming
for a less cluttered representation of the 3D elemental distributions. Therefore, the volume
reconstructions depict only a qualitative approximation of the 3D elemental distribution.
Further data processing is needed for the correction of the influences of probing volume
size and absorption effects. Since these samples exhibit a quite complex three-dimensional
structure and composition, the feasibility of these complex reconstruction tasks (both
qualitatively and quantitatively) needs to be addressed in future work.

4.3.9. Magnetic Properties

The magnetic properties of the obtained “Iron-Spongin” material were tested using
a neodymium magnet with a pull force of 192 N, purchased from Mistral, Jaworzno, Po-
land.

4.4. Dopamine Detection

For the sensor preparation, modified carbon paste electrodes (CPE) were fabricated
by grinding graphite, paraffin oil as a binder, and a modifier in a mortar with a ratio of
65:15:20 (w/w/w) and a grinding time of 40 min. The components were homogenized to
form a paste, which was then pressed into a holder with an inner diameter of 4 mm.

Amperometric measurements were carried out using a PalmSens 4 electrochemical
analyzer with the software PSTrace 5.8 (PalmSens BV, Houten, the Netherlands) and a
three-electrode setup including modified CPE as the working electrode, Ag/AgCl (3 M
KClI) electrode as the reference, and a platinum wire as the counter electrode. The am-
perometric response of the different modified CPEs for the successive addition of DA in
0.1 M phosphate buffer pH 6.5 was recorded at a potential of 0.25 V.
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5. Conclusions

This study focused on a better understanding of the interaction between biomaterial
spongin and iron ions in marine environments due to biocorrosion, which led to the oc-
currence of the biomineral lepidocrocite. For this purpose, a biomimetic approach for the
creation of a new lepidocrocite-containing 3D spongin scaffold using artificial seawater
and iron powder under laboratory conditions at 24 °C is described for the first time. This
simple method allowed obtaining a new composite called “Iron-Spongin”. The limiting
factors such as the concentration of iron ions, pH, and temperature should be studied in
the future with the aim of finding optimal parameters for the development of functional
lepidocrocite-based 3D composites on a large scale.

The discovery of rusty bath sponges in the industrial production of marine sponges,
from both open ocean colonies and those grown in marine culture, is not uncommon. On
the contrary, rusty sponges are found in mass quantities (Figure 13) and are rejected by
the respective companies due to a lack of demand or use for traditional cosmetic purposes.

However, our work shows the possibility of further application of such rusty sponges
in biomimetics and materials science. Consequently, the strategy for the use of these spe-
cific sponges must be changed drastically. This opens a way for the sustainable and correct
use of sponges without the presence of substandard biomaterials. Intriguingly, technolo-
gies have been developed to grow sponges under marine ranching conditions on rein-
forced iron pins or plates to create iron-containing composites as functional materials.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/md21090460/s1, Figure S1: EDX measurements of pure
spongin scaffold isolated from Hippospongia communis demosponge (control sample); Figure S2:
SEM image of lepidocrocite nanoparticles formed on the surface of natural spongin scaffold of H.
communis, described as rusty sponge; Figure S3: SEM image with spots of EDX measurements of the
rusty natural spongin scaffold of H. communis (for measurements data see Figure S4); Figure S4:
EDX measurements for the natural rusty spongin scaffold of H. communis (for spot locations, see
Figure S3) and EDX measurements for the natural rusty spongin scaffold of H. communis (for spot
locations, see Figure S3); Figure S5: SEM images of the “Iron-Spongin” scaffold with well-defined
crystals of lepidocrocite. See also Figure S6; Figure S6: SEM image with spots of EDX measurements
carried out on “Iron-Spongin” sample (for measurements data, see Figure S57).; Figure S7: EDX meas-
urements for the “Iron-Spongin” scaffold (for spot locations, see Figure S6); Figure S8: Quantitative
EDX analysis (line scan) of a block face image cross-section of a single “Iron-Spongin after ultra-
sound treatment” fiber; Table S1: Wavenumbers of the bands present in the spectra of the studied
samples and their assignment; Figure S9. Magnetic properties of biomimetically created “Iron-Spon-
gin after ultrasound treatment” sample; Video S1: 3D distribution of Fe on the natural spongin scaf-
fold of H. communis, described as a rusty sponge.

Author Contributions: Conceptualization and project administration, H.E., A.S., and M.P.-S.; meth-
odology, A.C,, Y], HE, P.R, AS, AR, and C.V,; investigation and formal analysis A.K., M.K,,
B.L,SF,PS, MF, KH,, AV, AE, and E.L; resources, HE., M.P.-S,, Y.J., and C.V.; writing—
original draft preparation, H.E., AK,, AV, KH,, SF,, and TJ.; writing—review and editing, H.E.,
AV, AK, and M.P.-S,; visualization, AK,, KH., SF., AV, and A.E,; supervision, H.E.,, M.P.-S.,
PR, CV, AS,A.C,Y], and T]J. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the National Science Centre (Poland) within the framework
of the projects Maestro 12 (2020/38/A/ST5/00151) and OPUS 19 (2020/37/B/ST5/01909). A.V. was
founded by VW Foundation (Funding for Refugee Scholars and Scientists from Ukraine, Personal
Ref. No. 05020407B, TU Bergakademie Freiberg, Germany).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Agnieszka Martyta for her assistance in inter-
preting the XRD results and Daria Tokina and Morphology Service of IMBE, Marseille, France, for
technical support in specimen preparation for TEM. The electron microscopy studies were provided



Mar. Drugs 2023, 21, 460 21 of 25

using the equipment of the Microscopy Core Facility of IMM, Marseille, France. Special thanks to
Jean Vacelet for the discussions and motivation of our study.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script; or in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

Maslin, M.; Gaertner-Mazouni, N.; Debitus, C.; Joy, N.; Ho, R. Marine sponge aquaculture towards drug development: An
ongoing history of technical, ecological, chemical considerations and challenges. Aquac. Rep. 2021, 21, 100813.
https://doi.org/10.1016/j.aqrep.2021.100813.

Binnewerg, B.; Schubert, M.; Voronkina, A.; Muzychka, L.; Wysokowski, M.; Petrenko, I.; Djurovi¢, M.; Kovalchuk, V.; Tsurkan,
M.; Martinovic, R.; et al. Marine Biomaterials: Biomimetic and Pharmacological Potential of Cultivated Aplysina aerophoba Ma-
rine Demosponge. Mater. Sci. Eng. C 2020, 109, 110566.

Ehrlich, H. Marine Biological Materials of Invertebrate Origin; Springer International Publishing: Cham, Switzerland, 2019; Volume
13.

Ehrlich, H. Chitin and collagen as universal and alternative templates in biomineralization. Int. Geol. Rev. 2010, 52, 661-699.
https://doi.org/10.1080/00206811003679521.

Kubiak, A.; Kotula, M.; Le$niewski, B.; Pajewska-Szmyt, M. Iron-Sponges Interrelations: From Biocorrosion to Nanostructured
Biocomposites. Lett. Appl. Nanobiosci. 2022, 12, 64.

Petrenko, I; Summers, A.P.; Simon, P.; Zéttowska-Aksamitowska, S.; Motylenko, M.; Schimpf, C.; Rafaja, D.; Roth, F.; Kummer,
K.; Brendler, E.; et al. Extreme biomimetics: Preservation of molecular detail in centimeter-scale samples of biological meshes
laid down by sponges. Sci. Adv. 2019, 5, eaax2805. https://doi.org/10.1126/sciadv.aax2805.

Ehrlich, H.; Wysokowski, M.; Zbttowska-Aksamitowska, S.; Petrenko, L; Jesionowski, T. Collagens of Poriferan Origin. Mar.
Drugs 2018, 16, 79. https://doi.org/10.3390/md16030079.

Jesionowski, T.; Norman, M.; Zéttowska-Aksamitowska, S.; Petrenko, L; Joseph, Y.; Ehrlich, H. Marine Spongin: Naturally Pre-
fabricated 3D Scaffold-Based Biomaterial. Mar. Drugs 2018, 16, 88. https://doi.org/10.3390/md16030088.

Khrunyk, Y.; Lach, S.; Petrenko, I.; Ehrlich, H. Progress in Modern Marine Biomaterials Research. Mar. Drugs 2020, 18, 589.
https://doi.org/10.3390/md18120589.

Ehrlich, H.; Maldonado, M.; Hanke, T.; Meissner, H.; Born, R.; Scharnweber, D.; Worch, H.; Vdi, V.D.I. Spongins: Nanostructural
Investigations and Development of Biomimetic Material Model. VDI Ber. 2003, 1803, 287-292.

Tsurkan, D.; Wysokowski, M.; Petrenko, I.; Voronkina, A.; Khrunyk, Y.; Fursov, A.; Ehrlich, H. Modern scaffolding strategies
based on naturally pre-fabricated 3D biomaterials of poriferan origin. Appl. Phys. A 2020, 126, 382.
https://doi.org/10.1007/s00339-020-03564-9.

Zébttowska, S.; Koltsov, L; Alejski, K.; Ehrlich, H.; Ciatkowski, M.; Jesionowski, T. Thermal decomposition behaviour and nu-
merical fitting for the pyrolysis kinetics of 3D spongin-based scaffolds. The classic approach. Polym. Test. 2021, 97, 107148.
https://doi.org/10.1016/j.polymertesting.2021.107148.

Louden, D.; Inderbitzin, S.; Peng, Z.; de Nys, R. Development of a new protocol for testing bath sponge quality. Aquaculture
2007, 271, 275-285. https://doi.org/10.1016/j.aquaculture.2007.06.010.

Wang, Q.; Chen, J.; Wang, D.; Shen, M.; Ou, H.; Zhao, J.; Chen, M.; Yan, G.; Chen, ]. Rapid Hemostatic Biomaterial from a
Natural Bath Sponge Skeleton. Mar. Drugs 2021, 19, 220. https://doi.org/10.3390/md19040220.

Akbari, M.; Jafari, H.; Rostami, M.; Mahdavinia, G.R.; Sobhani nasab, A.; Tsurkan, D.; Petrenko, I.; Ganjali, M.R.; Rahimi-Nasra-
badi, M.; Ehrlich, H. Adsorption of Cationic Dyes on a Magnetic 3D Spongin Scaffold with Nano-Sized FesO4 Cores. Mar. Drugs
2021, 19, 512.

Falahi, S.; Jaafar, A.; Petrenko, I.; Zarejousheghani, M.; Ehrlich, H.; Rahimi, P.; Joseph, Y. High-Performance Three-Dimensional
Spongin-Atacamite Biocomposite for Electrochemical Nonenzymatic Glucose Sensing. ACS Appl. Bio. Mater. 2022, 5, 873-880.
https://doi.org/10.1021/acsabm.1c01248.

Shahdost-Fard, F.; Faridfar, S.; Keihan, A.H.; Aghaei, M.; Petrenko, I.; Ahmadi, F.; Ehrlich, H.; Rahimi-Nasrabadi, M. Applica-
bility of a Green Nanocomposite Consisted of Spongin Decorated CuzWO4(OH)2 and AgNPs as a High-Performance Ap-
tasensing Platform in Staphylococcus aureus Detection. Biosensors 2023, 13, 271.

Falahi, S.; Falahi, S.; Zarejousheghani, M.; Ehrlich, H.; Joseph, Y.; Rahimi, P. Electrochemical Sensing of Gallic Acid in Beverages
Using a 3D Bio-Nanocomposite Based on Carbon Nanotubes/Spongin-Atacamite. Biosensors 2023, 13, 262.
https://doi.org/10.3390/bios13020262.

Ehrlich, H. Extreme Biomimetics; Springer International Publishing: Cham, Switzerland, 2017.

Szatkowski, T.; Wysokowski, M.; Lota, G.; Peziak, D.; Bazhenov, V.V.; Nowaczyk, G.; Walter, J.; Molodtsov, S.L.; Stocker, H.;
Himcinschi, C.; et al. Novel nanostructured hematite-spongin composite developed using an extreme biomimetic approach.
RSC Adv. 2015, 5, 79031-79040. https://doi.org/10.1039/C5RA09379A.

Ehrlich, H.; Simon, P.; Motylenko, M.; Wysokowski, M.; Bazhenov, V.V.; Galli, R; Stelling, A.L.; Stawski, D.; Ilan, M.; Stocker,
H.; et al. Extreme Biomimetics: Formation of zirconium dioxide nanophase using chitinous scaffolds under hydrothermal con-
ditions. J. Mater. Chem. B 2013, 1, 5092-5099. https://doi.org/10.1039/c3tb20676a.



Mar. Drugs 2023, 21, 460 22 of 25

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.
37.
38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

Tsurkan, D.; Simon, P.; Schimpf, C.; Motylenko, M.; Rafaja, D.; Roth, F.; Inosov, D.S.; Makarova, A.A.; Stepniak, I.; Petrenko, I;
et al. Extreme Biomimetics: Designing of the First Nanostructured 3D Spongin-Atacamite Composite and Its Application. Adv.
Mater 2021, 33, 2101682.

Szatkowski, T.; Kopczynski, K.; Motylenko, M.; Borrmann, H.; Mania, B.; Gras, M.; Lota, G.; Bazhenov, V.V; Rafaja, D.; Roth,
F.; et al. Extreme biomimetics: A carbonized 3D spongin scaffold as a novel support for nanostructured manganese oxide(IV)
and its electrochemical applications. Nano Res. 2018, 11, 4199—4214. https://doi.org/10.1007/s12274-018-2008-x.

Szatkowski, T.; Siwinska-Stefaniska, K.; Wysokowski, M.; Stelling, A.L.; Joseph, Y.; Ehrlich, H.; Jesionowski, T. Immobilization
of Titanium(IV) Oxide onto 3D Spongin Scaffolds of Marine Sponge Origin According to Extreme Biomimetics Principles for
Removal of C.I. Basic Blue 9. Biomimetics 2017, 2, 4. https://doi.org/10.3390/biomimetics2020004.

Norman, M.; Zéttowska-Aksamitowska, S.; Zgota-Grzeskowiak, A.; Ehrlich, H.; Jesionowski, T. Iron(IlI) Phthalocyanine Sup-
ported on a Spongin Scaffold as an Advanced Photocatalyst in a Highly Efficient Removal Process of Halophenols and Bi-
sphenol A. J. Hazard. Mater. 2018, 347, 78-88.

Norman, M.; Bartczak, P.; Zdarta, J.; Ehrlich, H.; Jesionowski, T. Anthocyanin dye conjugated with Hippospongia communis ma-
rine  demosponge  skeleton and its  antiradical  activity. @ Dye. = Pigment. = 2016, 134,  541-552.
https://doi.org/10.1016/j.dyepig.2016.08.019.

Norman, M.; Zdarta, ].; Bartczak, P.; Piasecki, A.; Petrenko, I.; Ehrlich, H.; Jesionowski, T. Marine Sponge Skeleton Photosensi-
tized by Copper Phthalocyanine: A Catalyst for Rhodamine B Degradation. Open Chem. 2016, 14, 243-254.

Norman, M.; Bartczak, P.; Zdarta, J.; Tomala, W.; Zurariska, B.; Dobrowolska, A.; Piasecki, A.; Czaczyk, K.; Ehrlich, H.; Je-
sionowski, T. Sodium Copper Chlorophyllin Immobilization onto Hippospongia communis Marine Demosponge Skeleton and Its
Antibacterial Activity. Int. ]. Mol. Sci. 2016, 17, 1564. https://doi.org/10.3390/ijms17101564.

Norman, M.; Bartczak, P.; Zdarta, J.; Tylus, W.; Szatkowski, T.; Stelling, A.L.; Ehrlich, H.; Jesionowski, T. Adsorption of C.L
Natural Red 4 onto Spongin Skeleton of Marine Demosponge. Materials 2014, 8, 96-116. https://doi.org/10.3390/ma8010096.
Antecka, K.; Zdarta, J.; Zgola-Grzeskowiak, A.; Ehrlich, H.; Jesionowski, T. Degradation of bisphenols using immobilized lac-
case supported onto biopolymer marine sponge scaffolds: Effect of operational parameters on removal efficiency. New Biotech-
nol. 2018, 44, S163. https://doi.org/10.1016/j.nbt.2018.05.1180.

Zdarta, J.; Norman, M.; Smutek, W.; Moszynski, D.; Kaczorek, E.; Stelling, A.L.; Ehrlich, H.; Jesionowski, T. Spongin-Based
Scaffolds from Hippospongia communis Demosponge as an Effective Support for Lipase Immobilization. Catalysts 2017, 7, 147.
https://doi.org/10.3390/catal7050147.

Ehrlich, H.; Wysokowski, M.; Jesionowski, T. The philosophy of extreme biomimetics. Sustain. Mater. Technol. 2022, 32, e00447.
https://doi.org/10.1016/j.susmat.2022.e00447.

Lherbette, M.; Regeard, C.; Marliére, C.; Raspaud, E. Biocorrosion on Nanofilms Induces Rapid Bacterial Motions via Iron Dis-
solution. ACS Central Sci. 2021, 7, 1949-1956. https://doi.org/10.1021/acscentsci.1c01126.

Vlasov, A.Y.; Gornushkina, N.A.; Petrov, M.I. Crystal structure and magnetic properties of lepidocrocite upon thermal trans-
formation to hematite. Sov. Phys. JETP 1972, 15, 698-702. https://doi.org/10.1007/bf00893038.

Cornell, R.M.; Schwertmann, U. The Iron Oxides; Wiley-VCH: Weinheim, Germany, 2003.

Ewing, F.J. The Crystal Structure of Lepidocrocite. ]. Chem. Phys. 1935, 3, 420—424. https://doi.org/10.1063/1.1749692.

Navarro, G.; Acevedo, R.; Soto, A.; Herane, M. Synthesis and characterization of lepidocrocite and its potential applications in
the adsorption of pollutant species. J. Phys. Conf. Ser. 2008, 134, 012023. https://doi.org/10.1088/1742-6596/134/1/012023.

Zhong, D.; Feng, W.; Ma, W,; Liu, X; Ma, ].; Zhou, Z.; Du, X.; He, F. Goethite and Lepidocrocite Catalyzing Different Double-
Oxidant Systems to Degrade Chlorophenol. Environ. Sci. Pollut. Res. 2022, 29, 72764-72776.

Shopska, M.; Paneva, D.; Kolev, H.; Kadinov, G.; Brian¢in, J.; Fabian, M.; Cherkezova-Zheleva, Z.; Mitov, I. Characterization
and catalytic activity in CO oxidation of biogenic lepidocrocite layered on anodic alumina. Catal. Today 2019, 357, 436—441.
https://doi.org/10.1016/j.cattod.2019.07.054.

Qin, M,; Lu, B; Feng, S.; Zhen, Z.; Chen, R.; Liu, H. Role of exposed facets and surface OH groups in the Fenton-like reactivity
of lepidocrocite catalyst. Chemosphere 2019, 230, 286-293. https://doi.org/10.1016/j.chemosphere.2019.05.071.

Farquhar, M.L.; Charnock, ].M.; Livens, F.R.; Vaughan, D.J. Mechanisms of Arsenic Uptake from Aqueous Solution by Inter-
action with Goethite, Lepidocrocite, Mackinawite, and Pyrite: An X-ray Absorption Spectroscopy Study. Environ. Sci. Technol.
2002, 36, 1757-1762.

Pfaff, G. Iron Oxide Pigments. Phys. Sci. Rev. 2021, 6, 535-548.

Engel, G.; Hilsenbek, U. An Efficient Synthesis of Lepidocrocite (y-FeOOH) by Homogeneous Precipitation. Z Naturforsch B
2006, 61, 342-345.

Rudolf, P., Dr. Process for the Preparation of Synthetic Lepidocrocite. European Patent EP0040722A1, 2 December 1981.

Towe, K.M.; Riitzler, K. Lepidocrocite Iron Mineralization in Keratose Sponge Granules. Science 1968, 162, 268-269.
https://doi.org/10.1126/science.162.3850.268.

Vacelet, J.; Verdenal, B.; Perinet, G. The Iron Mineralization of Spongia officinalis L. (Porifera, Dictyoceratida) and Its Relation-
ships with the Collagen Skeleton. Biol. Cell. 1988, 62, 189-198.

Meldrum, F.C.; Heywood, B.R; Dickson, D.P.; Mann, S. Iron Biomineralization in the Poriferan Ircinia oros. |. Mar. Biol. Assoc.
1995, 75, 993-996. https://doi.org/10.1017/s0025315400038327.

Teragawa, C.K. Sponge dermal membrane morphology: Histology of cell-mediated particle transport during skeletal growth.
J. Morphol. 1986, 190, 335-347. https://doi.org/10.1002/jmor.1051900310.



Mar. Drugs 2023, 21, 460 23 of 25

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Oles, A,; Szytuta, A.; Wanic, A. Neutron Diffraction Study of y-FeOOH. Phys. Status Solidi B 1970, 41, 173-177.

Ali, F.M.; Hmadeh, M.; O'Brien, P.G.; Perovic, D.D.; Ozin, G.A. Photocatalytic Properties of All Four Polymorphs of Nanostruc-
tured Iron Oxyhydroxides. Chemnanomat 2016, 2, 1047-1054. https://doi.org/10.1002/cnma.201600251.

Chukhrov, F.; Zvyagin, B.B.; Gorshkov, A.L; Yermilova, L.P.; Korovushkin, V.V.; Rudnitskaya, Y.S.; Yakubovskaya, N.Y. Fer-
oxyhyte, a new modification of FeOOH. Int. Geol. Rev. 1977, 19, 873-890. https://doi.org/10.1080/00206817709471086.

Namduri, H.; Nasrazadani, S. Quantitative analysis of iron oxides using Fourier transform infrared spectrophotometry. Corros.
Sci. 2008, 50, 2493-2497. https://doi.org/10.1016/j.corsci.2008.06.034.

Dong, X.; Li, L.; Zhao, C.; Liu, H.-K.; Guo, Z. Controllable synthesis of RGO/FexOy nanocomposites as high-performance anode
materials for lithium ion batteries. J. Mater. Chem. A Mater. 2014, 2, 9844-9850. https://doi.org/10.1039/c4ta01804d.

Zhao, X.; Yuan, Z.; Wang, S.; Pan, Y.; Chen, N.; Tunc, A.; Cheung, K.; Alparov, A.; Chen, W.; Deevsalar, R.; et al. Iron(Il)-
activated phase transformation of Cd-bearing ferrihydrite: Implications for cadmium mobility and fate under anaerobic condi-
tions. Sci. Total. Environ. 2022, 848, 157719. https://doi.org/10.1016/j.scitotenv.2022.157719.

éwiech, D.; Paluszkiewicz, C.; Piergies, N.; Pieta, E.; Lelek-Borkowska, U.; Kwiatek, W. Identification of Corrosion Products on
Fe and Cu Metals using Spectroscopic Methods. Acta Phys. Pol. A 2018, 133, 286-288. https://doi.org/10.12693/aphyspola.133.286.
Christensen, H.; Christensen, A.N.; Turpeinen, U.; Andresen, A.F.; Smidsred, O.; Pontchour, C.-O.; Phavanantha, P.; Pramatus,
S.; Cyvin, B.N.; Cyvin, S.J. Hydrogen Bonds of Gamma-FeOOH. Acta Chem. Scand. 1978, 32a, 87-88.

Liu, A,; Liu, J.; Pan, B.; Zhang, W. Formation of Lepidocrocite (y-FeOOH) from Oxidation of Nanoscale Zero-Valent Iron (NZVI)
in Oxygenated Water. RSC Adv. 2014, 4, 57377-57382.

Wetzel, R,; Perry, L.J.; A. Baase, W.; Becktel, W.]J. Disulfide bonds and thermal stability in T4 lysozyme. Proc. Natl. Acad. Sci.
USA 1988, 85, 401-405. https://doi.org/10.1073/pnas.85.2.401.

Hirt, A.M.; Lanci, L.; Dobson, J.; Weidler, P.; Gehring, A.U. Low-temperature magnetic properties of lepidocrocite. . Geophys.
Res. Solid Earth 2002, 107, EPM 5-1-EPM 5-9. https://doi.org/10.1029/2001jb000242.

Pope, D.J.; Clark, A.E.; Rosso, KM.; Prange, M.P. Rethinking the magnetic properties of lepidocrocite: A density functional
theory and cluster expansion study. J. Appl. Phys. 2020, 128, 103906. https://doi.org/10.1063/5.0009300.

Spain, E.; Venkatanarayanan, A. Review of Physical Principles of Sensing and Types of Sensing Materials. In Comprehensive
Materials Processing; Elsevier: Amsterdam, The Netherlands, 2014; Volume 13, pp. 5-46. https://doi.org/10.1016/b978-0-08-
096532-1.01302-9.

Richter, C.; van der Pluijm, B.A. Separation of Paramagnetic and Ferrimagnetic Susceptibilities Using Low Temperature Mag-
netic Susceptibilities and Comparison with High Field Methods. Phys. Earth Planet. Inter. 1994, 82, 113-123.

Channer, B.; Matt, S.M.; Nickoloff-Bybel, E.A.; Pappa, V.; Agarwal, Y.; Wickman, J.; Gaskill, P.J. Dopamine, Immunity, and
Disease. Pharmacol. Rev. 2023, 75, 62—158.

Li, M.; Zhou, L.; Sun, X;; Yang, Y.; Zhang, C.; Wang, T.; Fu, F. Dopamine, a co-regulatory component, bridges the central nervous
system and the immune system. Biomed. Pharmacother. 2022, 145, 112458. https://doi.org/10.1016/j.biopha.2021.112458.
Adekunle, A.S.; Agboola, B.O,; Pillay, J.; Ozoemena, K.I. Electrocatalytic detection of dopamine at single-walled carbon nano-
tubes-iron (III) oxide nanoparticles platform. Sens. Actuators B Chem. 2010, 148, 93-102. https://doi.org/10.1016/j.snb.2010.03.088.
Anantha, M.S.; Kumar, S.R.K.; Anarghya, D.; Venkatesh, K.; Santosh, M.S.; Kumar, K.Y.; Muralidhara, H.B. ZnO@MnO: Nano-
composite Modified Carbon Paste Electrode for Electrochemical Detection of Dopamine. Sens. Int. 2021, 2, 100087.

Gnahore, G.T.; Velasco-Torrijos, T.; Colleran, J. The Selective Electrochemical Detection of Dopamine Using a Sulfated 3-Cy-
clodextrin Carbon Paste Electrode. Electrocatalysis 2017, 8, 459-471. https://doi.org/10.1007/s12678-017-0402-x.

Kokulnathan, T.; Anthuvan, A.J.; Chen, S.-M.; Chinnuswamy, V.; Kadirvelu, K. Trace level electrochemical determination of
the neurotransmitter dopamine in biological samples based on iron oxide nanoparticle decorated graphene sheets. Inorg. Chem.
Front. 2018, 5, 705-718. https://doi.org/10.1039/c7qi00716g.

Lowenstam, H.A. Lepidocrocite, an Apatite Mineral, and Magnetite in Teeth of Chitons (Polyplacophora). Science 1967, 156,
1373-1375. https://doi.org/10.1126/science.156.3780.1373.

Ehrlich, H.; Bailey, E.; Wysokowski, M.; Jesionowski, T. Forced Biomineralization: A Review. Biomimetics 2021, 6, 46.
https://doi.org/10.3390/biomimetics6030046.

Larese-Casanova, P.; Haderlein, S.B.; Kappler, A. Biomineralization of lepidocrocite and goethite by nitrate-reducing Fe(II)-
oxidizing bacteria: Effect of pH, bicarbonate, phosphate, and humic acids. Geochim. Cosmochim. Acta 2010, 74, 3721-3734.
https://doi.org/10.1016/j.gca.2010.03.037.

Lopez-Adams, R.; Fairclough, SM.; Lyon, 1.C.; Haigh, S.J.; Zhang, J.; Zhao, F.J.; Moore, K.L.; Lloyd, J.R. Elucidating Hetero-
geneous Iron Biomineralization Patterns in a Denitrifying As(IlI)-Oxidizing Bacterium: Implications for Arsenic Immobiliza-
tion. Environ. Sci. Nano 2022, 9, 1076-1090.

Shopska, M.G.; Paneva, D.G.; Kolev, H.G.; Kadinov, G.B,; llieva, R.; Iliev, M.; Cherkezova-Zheleva, Z.P.; Mitov, L.G. Bioinspired
Synthesis of Lepidocrocite-Containing Material and Its Catalytic Behaviour in CO Oxidation. Helv. Chim. Acta 2017, 100,
€1700172. https://doi.org/10.1002/hlca.201700172.

Till, J.; Guyodo, Y.; Lagroix, F.; Ona-Nguema, G.; Brest, ]. Magnetic comparison of abiogenic and biogenic alteration products
of lepidocrocite. Earth Planet. Sci. Lett. 2014, 395, 149-158. https://doi.org/10.1016/j.epsl.2014.03.051.

Chan, C.S; Fakra, S.C.; Emerson, D.; Fleming, E.J.; Edwards, K.J. Lithotrophic iron-oxidizing bacteria produce organic stalks to
control  mineral  growth: Implications for  biosignature formation. ISME ]J. 2010, 5, 717-727.
https://doi.org/10.1038/ismej.2010.173.



Mar. Drugs 2023, 21, 460 24 of 25

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Jones, F.; Colfen, H.; Antonietti, M. Iron oxyhydroxide colloids stabilized with polysaccharides. Colloid Polym. Sci. 2000, 278,
491-501. https://doi.org/10.1007/s003960050546.

Boal, A K.; Headley, T.J.; Tissot, R.G.; Bunker, B.C. Microtubule-Templated Biomimetic Mineralization of Lepidocrocite. Adv.
Funct. Mater. 2004, 14, 19-24. https://doi.org/10.1002/adfm.200304435.

Oosterlaken, B.M.; Van Rijt, M.M.].; Friedrich, H.; De With, G. Collagen Mineralization with Lepidocrocite via Fe(OH)2 Addi-
tion. CrystEngComm 2022, 24, 1211-1217.

Guan, L.L.; Sera, Y.; Adachi, K,; Nishida, F.; Shizuri, Y. Isolation and Evaluation of Nonsiderophore Cyclic Peptides from Marine
Sponges. Biochem. Biophys. Res. Commun. 2001, 283, 976-981. https://doi.org/10.1006/bbrc.2001.4890.

Le Pennec, G.; Perovic, S.; Ammar, M.S.A.; Grebenjuk, V.A_; Steffen, R.; Briimmer, F.; Miiller, W.E. Cultivation of primmorphs
from the marine sponge Suberites domuncula: Morphogenetic potential of silicon and iron. J. Biotechnol. 2003, 100, 93-108.
https://doi.org/10.1016/s0168-1656(02)00259-6.

Borrione, I.; Aumont, O.; Nielsdottir, M.C.; Schlitzer, R. Sedimentary and atmospheric sources of iron around South Georgia,
Southern Ocean: A modelling perspective. Biogeosciences 2014, 11, 1981-2001. https://doi.org/10.5194/bg-11-1981-2014.

Lough, A.J.M.; Connelly, D.P.; Homoky, W.B.; Hawkes, J.A.; Chavagnac, V.; Castillo, A.; Kazemian, M.; Nakamura, K.-I.; Araki,
T.; Kaulich, B.; et al. Diffuse Hydrothermal Venting: A Hidden Source of Iron to the Oceans. Front. Mar. Sci. 2019, 6, 329.
https://doi.org/10.3389/fmars.2019.00329.

Homoky, W.B.; Conway, T.M.; John, S.G.; Kénig, D.; Deng, F.; Tagliabue, A.; Mills, R.A. Iron colloids dominate sedimentary
supply to the ocean interior. Proc. Natl. Acad. Sci. USA 2021, 118, e2016078118. https://doi.org/10.1073/pnas.2016078118.
Smetacek, V.; Klaas, C.; Strass, V.H.; Assmy, P.; Montresor, M.; Cisewski, B.; Savoye, N.; Webb, A.; D’ovidio, F.; Arrieta, ].M,;
et al. Deep carbon export from a Southern Ocean iron-fertilized diatom bloom. Nature 2012, 487, 313-319.
https://doi.org/10.1038/nature11229.

Longhini, C.M.; Sa, F.; Neto, R.R. Review and synthesis: Iron input, biogeochemistry, and ecological approaches in seawater.
Environ. Rev. 2019, 27, 125-137. https://doi.org/10.1139/er-2018-0020.

Emerson, D. The role of iron-oxidizing bacteria in biocorrosion: A review. Biofouling 2018, 34, 989-1000.
https://doi.org/10.1080/08927014.2018.152628]1.

Salem, D.M.S.A.; Ismail, M.M.; Tadros, H.R.Z. Evaluation of the Antibiofilm Activity of Three Seaweed Species and Their Bio-
synthesized Iron Oxide Nanoparticles (FesOs-NPs). Egypt. |. Aquat. Res. 2020, 46, 333-339.

Zhou, Q.; Albert, O,; Deng, H.; Yu, X.-L.; Cao, Y.; Li, ].-B.; Huang, X. Effect of functional groups on the crystallization of ferric
oxides/oxyhydroxides in suspension environment. Front. Mater. Sci. 2012, 6, 297-303. https://doi.org/10.1007/s11706-012-0178-0.
Ciofi-Baffoni, S.; Nasta, V.; Banci, L. Protein networks in the maturation of human iron-sulfur proteins. Metallomics 2018, 10, 49—
72. https://doi.org/10.1039/c7mt00269f.

Cardenas-Rodriguez, M.; Chatzi, A.; Tokatlidis, K. Iron-sulfur clusters: From metals through mitochondria biogenesis to dis-
ease. J. Biol. Inorg. Chem. 2018, 23, 509-520. https://doi.org/10.1007/s00775-018-1548-6.

Beinert, H.; Holm, R.H.; Miinck, E. Iron-Sulfur Clusters: Nature’s Modular, Multipurpose Structures. Science 1997, 277, 653—-659.
Kontoghiorghes, G.J.; Kontoghiorghe, C.N. Iron and Chelation in Biochemistry and Medicine: New Approaches to Controlling
Iron Metabolism and Treating Related Diseases. Cells 2020, 9, 1456. https://doi.org/10.3390/cells9061456.

Baker, H.M.; Anderson, B.F.; Baker, E.N. Dealing with iron: Common structural principles in proteins that transport iron and
heme. Proc. Natl. Acad. Sci. USA 2003, 100, 3579-3583. https://doi.org/10.1073/pnas.0637295100.

Andrews, N.C. Iron Metabolism: Iron Deficiency and Iron Overload. Annu. Rev. Genom. Hum. Genet. 2003, 1, 75-98.
https://doi.org/10.1146/annurev.genom.1.1.75.

Leigh-Smith, J.; Reichelt-Brushett, A.; Rose, A.L. The characterization of iron (III) in seawater and related toxicity to early life
stages of scleractinian corals. Environ. Toxicol. Chem. 2018, 37, 1104-1114. https://doi.org/10.1002/etc.4043.

Liu, X.; Millero, F.J. The solubility of iron in seawater. Mar. Chem. 2002, 77, 43-54. https://doi.org/10.1016/s0304-4203(01)00074-
3.

Muller, F.L.L. Exploring the Potential Role of Terrestrially Derived Humic Substances in the Marine Biogeochemistry of Iron.
Front. Earth Sci. 2018, 6, 159. https://doi.org/10.3389/feart.2018.00159.

Gunnars, A.; Blomgqvist, S.; Johansson, P.; Andersson, C. Formation of Fe(III) oxyhydroxide colloids in freshwater and brackish
seawater, with incorporation of phosphate and calcium. Geochim. Cosmochim. Acta 2002, 66, 745-758.
https://doi.org/10.1016/s0016-7037(01)00818-3.

Cornell, R.; Schneider, W.; Giovanoli, R. Phase transformations in the ferrihydrite/cysteine system. Polyhedron 1989, 8, 2829—
2836. https://doi.org/10.1016/s0277-5387(00)80544-6.

Poole, L.B. The basics of thiols and cysteines in redox biology and chemistry. Free. Radic. Biol. Med. 2015, 80, 148-157.
https://doi.org/10.1016/j.freeradbiomed.2014.11.013.

Cornell, R.M.; Giovanoli, R.; Schneider, W. Effect of Cysteine and Manganese on the Crystallization of Noncrystalline Iron(III)
Hydroxide at pH 8. Clays Clay Miner. 1990, 38, 21-28.

Li, J; Shi, C; Zeng, W.; Wang, Y.; Hong, Z.; Ma, Y.; Fang, L. Distinct roles of pH and organic ligands in the dissolution of
goethite by cysteine. ]. Environ. Sci. 2022, 113, 260-268. https://doi.org/10.1016/j.jes.2021.06.011.

Caraballo, M.A; Asta, M.P.; Perez, ].P.H.; Hochella, M.F. Past, Present and Future Global Influence and Technological Applica-
tions of Iron-Bearing Metastable Nanominerals. Gondwana Res. 2022, 110, 283-304.



Mar. Drugs 2023, 21, 460 25 of 25

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

O’loughlin, E.J.; Boyanov, M.L; Flynn, T.M.; Gorski, C.A.; Hofmann, S.M.; Mccormick, M.L.; Scherer, M.M.; Kemner, K.M. Ef-
fects of Bound Phosphate on the Bioreduction of Lepidocrocite (yY-FeOOH) and Maghemite (y-Fe20s) and Formation of Second-
ary Minerals. Environ. Sci. Technol. 2013, 47, 9157-9166.

Liu, H,; Li, P.; Zhu, M.; Wei, Y.; Sun, Y. Fe(Il)-induced transformation from ferrihydrite to lepidocrocite and goethite. J. Solid
State Chem. 2007, 180, 2121-2128. https://doi.org/10.1016/j.jssc.2007.03.022.

Khattar, R.; Mathur, P. 1-(Pyridin-2-ylmethyl)-2-(3-(1-(pyridin-2-ylmethyl)benzimidazol-2-yl) propyl) benzimidazole and its
copper(Il) complex as a new fluorescent sensor for dopamine (4-(2-aminoethyl)benzene-1,2-diol). Inorg. Chem. Commun. 2013,
31, 37-43. https://doi.org/10.1016/j.inoche.2013.02.015.

Carrera, V.; Sabater, E.; Vilanova, E.; Sogorb, M.A. A simple and rapid HPLC-MS method for the simultaneous determination
of epinephrine, norepinephrine, dopamine and 5-hydroxytryptamine: Application to the secretion of bovine chromaffin cell
cultures. |. Chromatogr. B Biomed. Appl. 2007, 847, 88-94. https://doi.org/10.1016/j.jchromb.2006.09.032.

Leng, Y.; Xie, K.; Ye, L.; Li, G,; Lu, Z.; He, J. Gold-nanoparticle-based colorimetric array for detection of dopamine in urine and
serum. Talanta 2015, 139, 89-95. https://doi.org/10.1016/j.talanta.2015.02.038.

Shen, J.; Sun, C.; Wu, X. Silver nanoprisms-based Tb(III) fluorescence sensor for highly selective detection of dopamine. Talanta
2017, 165, 369-376. https://doi.org/10.1016/j.talanta.2016.12.073.

Ratnam, K.V,; Manjunatha, H.; Janardan, S.; Naidu, K.C.B.; Ramesh, S. Nonenzymatic electrochemical sensor based on metal
oxide, MO (M= Cu, Ni, Zn, and Fe) nanomaterials for neurotransmitters: An abridged review. Sens. Int. 2020, 1, 100047.
https://doi.org/10.1016/j.sintl.2020.100047.

Campbell, F.W.; Compton, R.G. The use of nanoparticles in electroanalysis: An updated review. Anal. Bioanal. Chem. 2010, 396,
241-259. https://doi.org/10.1007/s00216-009-3063-7.

Jackowska, K.; Krysinski, P. New trends in the electrochemical sensing of dopamine. Anal. Bioanal. Chem. 2013, 405, 3753-3771.
https://doi.org/10.1007/s00216-012-6578-2.

Li, G.;; Zhong, P.; Ye, Y.; Wan, X; Cai, Z,; Yang, S.; Xia, Y.; Li, Q.; Liu, J.; He, Q. A Highly Sensitive and Stable Dopamine Sensor
Using Shuttle-Like a-Fe2Os Nanoparticles/Electro-Reduced Graphene Oxide Composites. J. Electrochem. Soc. 2019, 166, B1552—
B1561.

Liu, X.; Zhu, F.; Wang, W.; Lei, J.; Yin, G. Synthesis of Single-Crystalline Iron Oxide Magnetic Nanorings as Electrochemical
Biosensor for Dopamine Detection. Int. ]. Electrochem. Sci. 2016, 11, 9696-9703. https://doi.org/10.20964/2016.11.62.

Peik-See, T.; Pandikumar, A.; Nay-Ming, H.; Hong-Ngee, L.; Sulaiman, Y. Simultaneous Electrochemical Detection of Dopamine
and Ascorbic Acid Using an Iron Oxide/Reduced Graphene Oxide Modified Glassy Carbon Electrode. Sensors 2014, 14, 15227-
15243. https://doi.org/10.3390/s140815227.

Moolayadukkam, S.; Vishwanathan, S.; Jun, B.; Lee, S.U.; Matte, H.S.S.R. Unveiling the effect of the crystalline phases of iron
oxyhydroxide for highly sensitive and selective detection of dopamine. Dalton Trans. 2021, 50, 13497-13504.
https://doi.org/10.1039/d1dt01672e.

Saito, K.; Inaguma, K.; Ogawa, M.; Ha, P.T.; Akiyama, H.; Yamaguchi, S.; Minokoshi, H.; Ogasawara, M.; Kato, S. Lepidocrocite-
Type Layered Titanate Nanoparticles as Photocatalysts for H2 Production. ACS Appl. Nano. Mater. 2022, 5, 9053-9062.

Barim, G.; Dhall, R.; Arca, E.; Kuykendall, T.R.; Yin, W.; Takeuchi, K.J.; Takeuchi, E.S.; Marschilok, A.C.; Doeff, M.M. Hetero-
structured Lepidocrocite Titanate-Carbon Nanosheets for Electrochemical Applications. ACS Appl. Nano. Mater. 2022, 5, 678
690.

Paltanea, G.; Paltanea, V.M.; Antoniac, I.; Antoniac, A.; Nemoianu, I.V.; Robu, A.; Dura, H. A Review of Biomimetic and Biode-
gradable Magnetic Scaffolds for Bone Tissue Engineering and Oncology. Int. ]. Mol. Sci. 2023, 24, 4312.
https://doi.org/10.3390/ijms24054312.

Halevy, I.; Bachan, A. The geologic history of seawater pH. Science 2017, 355, 1069-1071. https://doi.org/10.1126/science.aal4151.
Forste, F.; Bauer, L.; Heimler, K.; Hansel, B.; Vogt, C.; Kanngiefler, B.; Mantouvalou, I. Quantification Routines for Full 3D
Elemental Distributions of Homogeneous and Layered Samples Obtained with Laboratory Confocal Micro XRF Spectrometers.
J. Anal. Spectrom 2022, 37, 1687-1695.

Kertmen, A.; Petrenko, I; Schimpf, C.; Rafaja, D.; Petrova, O.; Sivkov, V.; Nekipelov, S.; Fursov, A.; Stelling, A.L.; Heimler, K,;
et al. Calcite Nanotuned Chitinous Skeletons of Giant Ianthella basta Marine Demosponge. Int. J. Mol. Sci. 2021, 22, 12588.
https://doi.org/10.3390/ijms222212588.

Voronkina, A.; Romanczuk-Ruszuk, E.; Przekop, R.E.; Lipowicz, P.; Gabriel, E.; Heimler, K.; Rogoll, A.; Vogt, C.; Frydrych, M,;
Wienclaw, P.; et al. Honeycomb Biosilica in Sponges: From Understanding Principles of Unique Hierarchical Organization to
Assessing Biomimetic Potential. Biomimetics 2023, 8, 234. https://doi.org/10.3390/biomimetics8020234.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



