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The design of new composite materials using extreme biomimetics is of
crucial importance for bioinspired materials science. Further progress in
research and application of these new materials is impossible without
understanding the mechanisms of formation, as well as structural features
at the molecular and nano-level. It presents a challenge to obtain a holistic
understanding of the mechanisms underlying the interaction of organic and
inorganic phases under conditions of harsh chemical reactions for biopoly-
mers. Yet, an understanding of these mechanisms can lead to the develop-
ment of unusual—but functional—hybrid materials. In this work, a key way
of designing centimeter-scale macroporous 3D composites, using renewable
marine biopolymer spongin and a model industrial solution that simulates
the highly toxic copper-containing waste generated in the production of
printed circuit boards worldwide, is proposed. A new spongin—atacamite
composite material is developed and its structure is confirmed using neutron
diffraction, X-ray diffraction, high-resolution transmission electron micro-
scopy/selected-area electron diffraction, X-ray photoelectron spectroscopy,
near-edge X-ray absorption fine structure spectroscopy, and electron para-
magnetic resonance spectroscopy. The formation mechanism for this mate-
rial is also proposed. This study provides experimental evidence suggesting
multifunctional applicability of the designed composite in the development of
3D constructed sensors, catalysts, and antibacterial filter systems.

1. Introduction

Biomimetics aims at scientifically
grounded imitation of mnatural phe-
nomena, processes, and fascinating archi-
tectural principles of natural materials
using a whole arsenal of modern tools
and ultrahigh-speed computing. The
fundamental difference between natural
engineering processes and biomimetic
engineering lies in their ultimate goals.
The biological reason for the biomaterials
creation is strictly subordinated to any
organism’s task of survival benefits due
to skeletal structures optimized via evo-
lutionary selection and functionalization.
Man, peeping at nature, pursues his tech-
nical, technological, and economic goals.
Extreme biomimetics in materials sci-
ence can be defined as the search for
natural biomaterial sources outside the
human comfort zone (temperature, tox-
icity, pH, salinity, pressure, etc.) for engi-
neering inspiration to create inorganic—
organic hybrid composites resembling
their unique properties.ll Although these
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biomaterials’ main components are still the common structural
polysaccharides (cellulose, chitin) or structural proteins (colla-
gens, spongin), only a limited number of them, which can be
useful in extreme biomimetics, have been found in nature.??l
For practical applications, special priority is given to renewable
biopolymers, which exclude the deliberate depletion of corre-
sponding natural resources.

Marine keratosan (or bath) sponges, through marine
farming, have established themselves as a global renewable
source of the unique naturally 3D prefabricated biomaterial
spongin, which can reach the size of up to 70 cm in dia-
meter.!) This microfibrous structural biocomposite possesses
complex chemistry from a biomaterials science view. Their
skeletal structural motifs match well with artificially designed
bio-based porous organic materials (i.e., collagen, silk, chi-
tosan, cellulose)* ' as well as with trends recognized for

www.advmat.de

porous scaffolds design.!''?l Previously, spongin-based tem-
plates have been used to produce 3D porous hydroxyapatite
ceramics!™™ including a calcination approach at remarkable
750 °C.15l

The exact composition of spongin is unknown; it has a col-
lagen-based main structural motif of the proteinaceous origin
but contains a significant amount of cysteine and halogenated
(I, Br, Cl) amino acid residues. It also has been found to con-
tain xylosel'® and even calcium and silica in picomolar concen-
trations.!"718] Together, its unique composition is responsible
for both mechanical robustness and the exceptional resistance
to a wide variety of proteolytic enzymes and acids.”) As a nat-
ural elastomer, spongin is thermally stable up to 300 °C, which
motivated researchers to apply spongin as an organic matrix in
diverse hydrothermal synthesis reactions using extreme bio-
mimetics routes.®! Nowadays, this strategy made it possible
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Figure 1. Biological material meets alkaline, toxic Cu-based waste. a—d) A spongin-based porous microfibrous scaffold of Hippospongia communis bath
sponge with the original 3D architecture, when placed in a model ammoniacal CuCl, solution (a,b), is covered with a dense layer of green crystalline
material (c,d), which has been identified in this study as atacamite. e) The crystalline phase remains firmly attached to the spongin fibers even after
72 hours of ultrasonic treatment at 37 °C (see also Figure S1, Supporting Information). f~h) The 3D distribution of copper in the spongin—atacamite
composite, which was measured with a confocal 3D-uXRF setup in sample dimensions of 1.5 x 0.5 X 0.5 mm?® 3D perspective (f), top view (g), side

view (h) and the highlighted typical spongin structure unit (yellow marking).

to obtain new hybrid materials based on fibrous spongin and
metal oxides such as TiO,! and MnO,.?>2! Spongin 3D scaf-
folds can be carbonized at high temperatures in oxygen-free
conditions. Moreover, as reported recently,!l the preservation
of morphological details of spongin scaffolds in the formed
graphite has been evidently confirmed even after its carboni-
zation at 1200 °C, which marks a ground-breaking possibility
in extreme biomimetics and bioinspired materials science
forward.

Adv. Mater. 2021, 33, 2101682 2101682 (3 of 14)

One of the strategic directions of extreme biomimetics is to
study the possibility of using chemically resistant renewable
biomaterials for the disposal of highly toxic waste, including
metal-containing industrial waste.? We focus on the use of
spongin and its existing naturally pre-designed 3D architecture
that can, in turn, be used in technological processes.

In this work, we have initially created a model industrial
solution under laboratory conditions that simulates the highly
toxic copper-containing waste generated in the production

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. a—d) SEM imaging of the crystalline phase, which remains tightly bound to spongin (see Figure 1e). d) The crystals cover the surface of the
microfibers with a 1+ 0.1 um thick, dense layer (c, arrows) that contains agglomerated nano- and microcrystalline phases. e) SEM images of residual
matter obtained after alkali treatment of 3D spongin—-atacamite composite show structural changes. f) Crystalline phase has been identified in this

study as CuO (see Figures S2-S6, Supporting Information).

of printed circuit boards using the so-called printing pro-
cess. Here, up to 70% of the applied copper is removed using
an etching solution (ammoniacal CuCl, solution). During
leaching, Cu?" oxidizes the elemental copper on the circuit
board to Cu*, and when copper (II) concentration is getting
low for effective leaching, the etching solution is exchanged.!*!
In the study, we show for the first time that the insertion of
ready to use 3D spongin scaffolds into this solution (Figure 1)
leads to a chemical reaction between the organic template and
inorganic ions with the corresponding formation of a new
composite material, which contains spongin as organic, and
crystalline atacamite (Cu,Cl(OH);) as the main inorganic
phases. This reaction preserves the macroporous spongin
matrix’s integrity and obtains a multifunctional macroscopic
construct that can be easily regenerated with real prospects for
its application for practical purposes at a large scale (Figure S1,
Supporting Information).

Atacamite is a rare mineral. Its formation in nature requires
saline water,?¥l including a reduced environment of hydro-
thermal sediments in the Red Sea hot brine-filled deeps®! as

Adv. Mater. 2021, 33, 2101682 2101682 (4 of 14)

well as corrosion of bronze alloys exposed to the marine envi-
ronment.[?%l The only known case of the bio-atacamite identi-
fied within animal jaws has been reported for marine Glycera
worm.[?’] To our best knowledge, the application of copper-chlo-
rides-containing industrial wastewaters as sources for the syn-
thesis of atacamite remains unknown.

2. Results and Discussion

Copper—-ammonia waste contains copper in the form of a
complex compound—copper (1I) tetraamine chloride.?3] Tra-
ditionally, for the destruction of this complex compound, for
example, hydrochloric acid is needed. However, in our case,
the complex collapsed on contact with proteinaceous spongin,
followed by the formation of a mineral phase with charac-
teristic crystalline properties (Figures le and 2). The crys-
tals remain so firmly attached to the spongin substrate that
they do not detach even after 72 hours of sonication at 37 °C
(Figures 2b and 4).

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Phase analysis of the spongin—atacamite composite specimen. a) XRD patterns (from bottom to top) of spongin, spongin—atacamite com-
posite, pure natural atacamite reference, and CuO formed after treatment of spongin—atacamite with NaOH are represented in the figure. The open
dots represent measured data; the solid represents the results of the Rietveld refinement of the data. The identification of atacamite has also been
tested against clinoatacamite having a very similar crystal structure. b) Neutron diffraction data confirmed the presence of atacamite as the main
crystalline phase but also ammineite and paratacamite. c—e) TEM bright-field image of the selected spongin—atacamite particle conglomerate with the
colored marking of individual nanoparticles (c), as well as areas for HRTEM (d) and SAED (e) analysis. Also, these data unambiguously confirmed the

formation of atacamite within the investigated composite material.

Thus, the chemical reaction proceeding at pH 9.1 in the
system “reaction solution + spongin” is represented as follows:

[ Cu(NH;,), ]ClL, —»CuCl, +4NH, )

4CuCl, +6NH; +6H,0— 2Cu, (OH), Cl+6NH,Cl 2

According to our ICP-AES measurements, the obtained ata-
camite-containing composite powder contains =30 + 4 wt% of
Copper.

The phenomenon of spongin solubility in alkaline solutions
is well known.[”"8] Therefore, we placed a spongin scaffold
coated with atacamite (see Figures le and 2a,b) in a 10% NaOH
solution and kept it there for 48 hours at a temperature of 37 °C.
Finally, we observed the collapse of the 3D spongin-atacamite

Adv. Mater. 2021, 33, 2101682 2101682 (5 of 14)

scaffold and the appearance of agglomerated black-colored
microcrystals. SEM images of this material (Figure 3a,b) show
that the agglomerates of micro- and nanocrystals identified
by us as tenorite (CuO) (see Figure 3a and Figures S6 and S8,
Supporting Information) are still bonded together despite the
absence of visible microfibers of spongin. Thus, we suggest
the obtaining of spongin—tenorite composite for the first time.
However, this material lost 3D architecture that remains to be
present in the case of the spongin-atacamite composite. We
accept this phenomenon as a disadvantage for practical appli-
cation at a large-scale level in contrast to robust 3D constructs
made of spongin-atacamite material (see Figure 1e,f).

Figure 3a shows the X-ray diffraction (XRD) patterns of
individual samples under study. The diffraction pattern of the
spongin reference is similar to those, which have been reported
earlier.!! The formation of crystalline atacamite (Cu,Cl(OH);)

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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on the spongin scaffold being in contact with a CuCl, solution
was confirmed by XRD phase analysis and subsequent Riet-
veld refinement.l?®! Atacamite crystallizes in the orthorhombic
space group Pnma with the lattice parameters a = 6.035 A,
b=06.872 A, and ¢ = 9.126 A (ICDD PDF-4+ database, card no.
01-080-9252).°1 Within the experimental error, the refined lat-
tice parameters (a = (6.033 + 0.002) A, b = (6.867 + 0.004) A,
¢ = (9.127 £ 0.002) A) agree with the lattice parameters from
the above reference. As can be seen in Figure 3a, the sample
does not contain other phases since all observed peaks belong
to the atacamite phase. However, we cannot exclude the traces
of other atacamite-related phases, such as clinoatacamite (para-
tacamite)% and botallackite,* which at low concentrations
cannot be detected by XRD.

The size of atacamite crystallites grown on spongin is
=20 nm. A very high microstrain in the atacamite phase
(=8.5 x 1073 indicates a large number of microstructure
defects. Within the frame of this work, the kind of microstruc-
ture defects must remain unspecified. The small crystallite size
is one of the reasons for the large broadening of the XRD lines.
Another factor that contributes to the XRD line broadening
is the presence of crystal structure imperfections, which are
caused by the growth of atacamite at a low temperature. The
effect of the crystal structure defects in the atacamite detected
within the spongin-atacamite composite is illustrated by the
differences in the XRD patterns of the sample under study and
a reference sample of atacamite mineral. The XRD analysis
of this reference sample revealed the lattice parameters a =
(6.032+0.002) A, b= (6.868 +0.001) A, and ¢ = (9.121+0.003) A,
which are in agreement with the database entry and with the
refined lattice parameters of atacamite found on spongin. How-
ever, the XRD lines are much narrower, as the atacamite in the
reference sample has much fewer crystal structure defects.

Treatment of the spongin-atacamite composite in a 10%
NaOH solution (Figure 2d,e) leads to the transformation of
Cu,Cl(OH); to CuO. CuO crystallizes in the monoclinic space
group C2/c with the lattice parameters a = 4.685 A, b = 3.426 A,
¢=5130 A, and 8= 99.55° (ICDD PDF-4+ database, card no.
00-045-0937). The lattice parameters determined using Rietveld
refinement were a = (4.683 + 0.001) A, b = (3.430 + 0.002) A,
¢=(5.132 £ 0.001) A, and = (99.27 + 0.03)°. The approximate
crystallite size is 25 nm. A microstrain parameter of the order
of 1.5 x 1073, which is a high value but also somewhat lower
than for atacamite, indicates a high concentration of defects in
the crystal structure of CuO. However, their detailed investiga-
tion is beyond the scope of this report. Secondary phases have
not been observed in this sample using XRD.

Additionally, for phase identification in the TEM, the charac-
teristic areas on the TEM grid with samples were selected and
analyzed using a combination of high-resolution TEM and dif-
fraction. Figure 3c represents a selected fragment of spongin—
atacamite composite with Cu,Cl(OH); particles, which have a
size of 20-30 nm and form a conglomerate. The size of the indi-
vidual particles can be seen from the colored highlighting. The
high-resolution transmission electron microscopy (HRTEM)
image shows, however, that these particles consist of several
nanocrystallites with a crystallite size of 5-7 nm (Figure 3d).
The calculated FFT (inset) of HRTEM image consists of almost
complete circles, which reflects the fine crystallinity of the parti-
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cles. The analysis of the circle radius shows that these particles
can be assigned to the atacamite phase (space group Pnma).
This is also confirmed by the analysis of selected-area electron
diffraction (SAED) pattern (Figure 3e), which was recorded
from a larger area of the sample. The diffraction rings are com-
pletely closed and broadened as a result of the statistically dis-
tributed orientations of crystallite or small crystallite size.

The analysis of the composite obtained after the reaction
with NaOH shows the great changes in the microstructure. The
individual particles have the shape of plates with fine fibers on
the edges (Figure 2f and Figure S6a, Supporting Information).
The phase analysis of these plates (Figures S6b,c, Supporting
Information) confirms the results of the XRD, namely the for-
mation of monoclinic CuO phase (space group C2/c). It can be
clearly seen from both HRTEM/FFT and SAED images that
these plates are single crystalline. Their size varies considerably
and reaches a few micrometers.

The analytical methods (EDX and electron energy loss spec-
troscopy (EELS)) (see Figure S7, Supporting Information) also
confirm the formation of the CuO phase. The comparison of
the EDX spectra recorded from corresponding regions of the
sample (see Figure 3c and Figure S6a, Supporting Informa-
tion) before (Figure S7a, Supporting Information) and after
(Figure S7d, Supporting Information) the reaction with NaOH
clearly shows the disappearance of the Cl K, peak in the
spongin-CuO composite. The analysis of the energy-loss near-
edge structure (ELNES) of O K edge also shows great changes
after the chemical reaction. While the three characteristic
peaksl®233in the energy range 530-550 eV are observed in CuO
(Figure S7e, Supporting Information), the intensity shifts in the
area of peaks 2 and 3 in the atacamite (Figure S7b, Supporting
Information) can be clearly seen. In contrast, the changes in
ELNES of Cu L,; edge are minimal and mainly affect the L,
white line (Figure S7cf, Supporting Information). The small
plateau to the right of the L, peak (Figure S7f, Supporting Infor-
mation) can be regarded as a sign of the presence of a certain
portion of Cu(l) in the sample.[3233]

Furthermore, we have used neutron diffraction as a method
that is much more sensitive than XRD to the differences
between various polymorphs of atacamite, mainly due to the
sensitivity to hydrogen positions and non-decaying form factor.
The obtained neutron diffraction pattern of the spongin-ata-
camite composite is represented in Figure 3b. In the sample
under study, atacamite dominates at =82%, while the rest
is the mineral ammineite, Cu(NH;),Cl,.>¥ The only differ-
ence between copper-ammonia [Cu(NH3),Cl,] and ammineite
[Cu(NH;),Cl,] is the number of ammonia groups. We suggest
that it may represent an intermediate phase in the reduction of
Cu(NH3),Cl, to ammonia-free Cu,Cl(OH);. The third phase in
this sample is paratacamite with negligible 4%.

Additional experiments confirm the presence of an ata-
camite-spongin composite on the nanoscopic level. As observed
in the overview images of the ultramicrotomy (Figure 4), the
scaffold possesses a central helically twisted spongin-fibril
serving as the main skeleton for the spongin shape (Figure 4a,b,
yellow arrows). At the spongin surface, the mineralization
process occurs, giving rise to =1 um down to nanosized com-
posite aggregates (Figure 4a,b, red arrows) forming the outer
shell. Further enlargement reveals the nanofibrous structure

© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Ultrastructural features of the spongin—atacamite composite. a,b) Overview through the cross-section of the spongin-atacamite microfrag-
ments (red arrow). The mineral layer (yellow arrow) fell off the splinter partially from the organic phase when cutting the sample with the microtome.
However, selected nanocrystals remain to be localized on the spongin fiber (see zoom (c) into the spongin—atacamite composite). d) FFT of red
marked area A in (c) showing (011) and (1-10) reflections of the atacamite lattice indicating [100] zone.*’] e) Fourier filtered image of the enlarged area
in the region of interest of rectangle A. Crystal lattice is appearing in the bright areas visible as fine white/black stripes reproducing spongin shape
with microfibril-like fine structure with a diameter of =4.5 nm (yellow arrows) corresponding to the diameter of collagen fibril in a bundle. f) Another
Fourier filtered area of A indicates massive crystallization at the bottom (bright area). g) The filtered area is marked as region B in image (c). Typical
for spongin triple-helical fibrils of collagen diameter of =1.5 nm["*l are well visible (see yellow arrows). h) Same area Fourier filtered image displaying
crystal lattice also reflecting spongin structure: Fourier (using Bragg reflections of atacamite) filtering was applied indicating the crystal lattice occur-

rence at the bright areas (g).

of spongin mineralized by atacamite. In order to reveal the
composite structure at the nanoscale, Fourier filtering was per-
formed on region A in (c). Figure 4e,f show filtered images of
different regions within A. The spongin fibril pattern is super-
imposed by the atacamite crystal lattice observed as fine bright/
dark stripes.

We Dbelieve that, by analogy with biominerals, the organic
phase should be preserved inside the crystals of atacamite.
This suggestion has been confirmed using FTIR and Raman
spectroscopy (see Figures S5 and S8, respectively, Supporting
Information).

Soft X-ray spectroscopy techniques are particularly well
suited to monitor electronic and chemical states of matter with
the elemental site-specificity and chemical sensitivity that is
required to test and improve our fundamental understanding
of interfacial chemistry in complex systems. Figure 5a shows a
comparison between survey spectra of the spongin reference,
atacamite reference, the spongin—atacamite composite as well
as the spongin—tenorite composite measured with a photon
energy of 1486.68 eV (Al K,). These wide energy spectra reflect
all elements present at the sample surface and allow subse-
quent acquisition of X-ray photoelectron spectroscopy (XPS)
fingerprints of the elements, as discussed in detail below.

As expected, the spongin reference sample spectrum is
dominated by core-level excitations originating from carbon,
nitrogen, oxygen, and calcium. Additionally, at lower binding
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energies, two peaks that can be attributed to Si (Si 2p and Si
2s) can be observed. The observation of contributions from cal-
cium and silicon at the picomolar level has also been reported
previously.l The core-level photoemission peaks dominate the
survey spectrum of the atacamite reference sample originate
from copper (e.g., Cu 3p at 82 eV, Cu 3s at 124 eV, and Cu 2p
at 934.6 eV) as well as the corresponding Auger peaks in the
570-725 eV range. Interestingly, the elemental composition of
the spongin-atacamite composite is very similar to the survey
spectra of the atacamite reference sample (especially chlorine
can be found in both spectra) that confirms the formation of
atacamite crystals at the surface of the spongin skeleton after
the treatment with the Cu-based waste (Figure 1). Moreover, the
handling with sodium hydroxide in the case of the spongin—
tenorite composite is reflected by the observation of the Na 1s
core-level signal. No core-level peaks related to chlorine and
silicon can be found after the NaOH treatment.

To obtain a more detailed picture of the oxidation state of
copper, we focused on the high-resolution spectra of the Cu-
derived core-level signals. Figure 5b shows a comparison
between the Cu 2p excitations for the atacamite reference,
spongin-atacamite composite, and spongin—tenorite composite.
The signal of all three samples is characterized by the typical
two spin-orbit components (Cu 2p;;, and Cu 2p;;), separated
in energy by 20 eV. The overall shape of the observed spectra
is similar to results published in the literature for related
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Figure 5. a) Survey XPS spectra of the spongin reference (black line), atacamite reference (blue line), spongin-atacamite composite (red line), and
spongin—tenorite composite (green line). b) Comparison between the high-resolution Cu 2p core-level spectra of the atacamite reference (blue),
spongin—atacamite composite (red), and spongin—-CuO composite. ¢) NEXAFS spectra at Cu L, 3-edge for the spongin-CuO, spongin-atacamite
biocomposite, and atacamite standard. The narrow peak at =931 eV indicates the presence of 3d° character in the ground state. Therefore, NEXAFS at
Cu L, 3-edge confirms the Cu?* oxidation state for all the samples. d,e) EPR spectra at room temperature of the spongin—atacamite composite powder
(d) and the atacamite standard powder (e).
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compounds.l’-3% Moreover, the Cu 2p signal is also character-

ized by intense shake-up satellites (Figure 5b), which can be
seen as direct evidence that Cu(II) compounds are the majority
constituents at the surface of the samples®*!l and confirms
the XRD results described above. However, in the case of the
atacamite reference sample as well as the spongin-atacamite
composite, we observe a double peak structure for the Cu 2p,,
core-level, which can be explained by a mixture of Cu(I) and
Cu(Il) components. Further on, by comparing the spectra of
the spongin which was placed in the CuCl, solution (Figure 5b,
red curve) with the Cu 2p spectrum of the atacamite reference
sample (Figure 5b, blue curve) no fundamental differences in
shape, as well as energy position of the peaks, can be observed.
This finding confirms the hypothesis that atacamite crystals
are grown on the surface of the spongin template. After the
treatment of the spongin—atacamite composite with NaOH we
observe a small shift of the Cu 2p,;, XPS line to higher binding
energies, the disappearance of the double peak as well as a nar-
rowing of the core-level features. This can be explained by the
collapse of the spongin—atacamite scaffold and the transforma-
tion to CuO. Furthermore, the formation of Cu(lI) carbonate
dihydroxides could also be a reason for the observed changes
in the spectrum. This is supported by characteristic features for
metal carbonates and metal hydroxides in the O 1s core-level
spectrum (not shown).

It is well recognized that near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy allows gaining further
insight into the chemical state of copper.*? In Figure 5c we
show the NEXAFS spectra taken from the studied composites
together with the reference object atacamite. The narrow peak
seen at =931 eV is a clear indication of the Cu 3d° configuration
in the ground state. Thus, the NEXAFS spectrum taken at Cu
L, ;-edge unambiguously confirms the Cu®* oxidation state for
all samples. Obviously, the NEXAFS spectra (Figure 5¢) from
spongin—atacamite composite and atacamite standard fit nicely
to each other, while there is a well-seen shift of 0.5 eV between
the Cu Ls-spectral lines for two biocomposites: spongin—-CuO
(tenorite) and spongin-atacamite. This is linked with the dif-
ferent crystal field stabilization or hybridization in the ground
state.?] It is worth noting that the peaks’ spectral shape and
positions are in good agreement with the reference data
obtained by van der Laan et al. in 1992 for the variety of copper
minerals.[*!

Electron paramagnetic resonance (EPR) spectroscopy is a
powerful technique to receive information about paramagnetic
species (unpaired electrons) in materials. The EPR spectrum of
the spongin—atacamite composite powder shows an intensive
peak with a g factor of 2.071 (Figure 5d). This EPR signal cor-
responds to Cu(Il) ions in a tetragonally distorted environment
in an octahedral complex in comparison to the literature.[*
Also, a small hyperfine splitting of Cu(II) (nuclear spin: 3/2)
is allusively shown at lower magnetic fields (275-300 mT). The
atacamite did not induce the EPR signal because its EPR spec-
trum looks quite different (Figure 5e). In these crystals, Cu(Il)
is arranged in a distorted thombic environment.3] The EPR
signal of the spongin-atacamite composite indicates a type-1
copper—protein complex.*>#*! The reduced hyperfine cou-
pling (Figure 5d) could be a sign of covalent Cu—S bonds in
the composite material./l Moreover, the structural refinement
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of neutron diffraction data of the spongin-atacamite com-
posite from this study indicates the existence of further crys-
talline phases, especially ammineite (CuCl,(NHj3);) (see also
Figure 3b).3¥ The EPR signal could also be caused by this
mineral or other copper ammonia complexes. The existence
of Cu(Il) ions might also be the reason for the antibacterial
behavior of the spongin-atacamite composite in the antibac-
terial filtrate experiments (see Figures S12-S18, Supporting
Information).

What about the possible mechanism of spongin-atacamite
composite formation under harsh for biopolymers reaction
conditions approved in our study? Previous literature reports
have shown that spongin fibers contain various amino acid
sequences, including cysteine, tyrosine, histidine, or lysine.[”18l
The presence of the latter makes the surface of the spongin
endowed with structurally distinct functional groups (e.g., SH,
OH, NH,, COOH) that are well-known to efficiently bind to
transition metal ions such as Cu(Il).8#] Such an amino acid-
directed ligation process to metal ion usually results in the sta-
bilization of specific peptide structures and overall supramo-
lecular assembly. These phenomena may also explain the gen-
eration of highly robust spongin—atacamite composite material
wherein multiple coordination interactions between available
ligands localized, among others, at the external surface of the
spongin and copper ions cause high stability of this assembly
even after elongated sonication at elevated temperature. The
composition of this material, as well as the oxidation state of
the copper ions, have been determined by us using qualitative
XRD and neutron diffraction as well as XPS and EPR spectros-
copies, which confirmed the dominating role of the atacamite
phase (=82%) and copper oxidation state, respectively (see
above). Furthermore, the reduced hyperfine coupling observed
in the EPR spectra (see Figure 5d) was assigned to the covalent
Cu—S bonds, thus confirming the stabilizing role of the amino
acid side chains (cysteine) of the spongin. The structural fea-
tures and composition of spongin—atacamite composite mate-
rial are changed significantly under alkaline conditions (pH =
9) in which thiol groups of the cysteines are converted into thi-
olate anions (RS-), which, in the presence of cupric ions (play
oxidative catalytic role) formed initially Cys—Cu(I) complex fol-
lowed by its oxidation to cystine (as a result, the collapse of 3D
spongin-atacamite scaffold is observed as confirmed by XPS
analysis).

To be sure that SH groups in spongin remain crucial in
forming the spongin—-atacamite composite, we carried out com-
parative experiments under the same reaction conditions with
fibrous collagen and cellulose. As represented in Figure S9,
Supporting Information, any kind of atacamite crystal forma-
tion has been observed on these substrates, which originally
lack SH groups. As an outcome of this experiment, it can be
hypothesized here that keratin can probably be used as an
industrial waste substrate for the development of similar ata-
camite-based composites. However, there are no 3D porous
constructs in size (70+ cm) and shape similar to ready-to-use
naturally pre-designed spongin scaffolds of marine sponges
origin to our best knowledge.

Perspectives of practical applications of 3D functional
composite materials, especially at a large scale, remain chal-
lenging topics in modern bioinspired materials science and
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biomimetics.P% In this study, we deal with the unique situation
when both structure and physicochemical features of renew-
able, naturally prestructured 3D macroscaffolds of biological
origin open the key to creating new composite materials by
effective utilization of toxic industrial copper-containing wastes.
Below, we represent experimentally approved examples (i.e.,
sensors, catalysts, and filters with antibacterial properties) with
respect to outlook how and where designed in this study com-
posite material could be used.

The development of reliable, fast, and cheap enzyme-free
biosensing platforms for the detection of glucose is of consider-
able importance. Recently, there is a great amount of interest
in designing enzyme-less electrochemical sensing assays based
on various biocompatible metal nanostructures and their oxides
as catalysts for the electro-oxidation of glucose. Non-enzymatic
glucose sensors overcome the drawbacks of enzymatic glu-
cose sensors like poor stability/reproducibility, degradation of
enzyme activity, complicated immobilization process, and high
cost.>152]

Herein, for the first time, a new enzyme-free sensor for the
direct sensing of glucose based on using of spongin—atacamite
composite (A-Sp) as a biocompatible catalyst was fabricated and
electrochemically characterized. In order to compare the per-
formance of modified carbon paste electrode (CPE) with A-Sp
composite, a bare CPE and a CPE modified with standard ata-
camite (A-St) powder were fabricated. Figure 6a presents the
cyclic voltammograms (CVs) of different electrodes in 0.1 M
NaOH solution in the absence and presence of 0.4 X 107 m
glucose. As seen, there is no obvious signal response in the
absence of glucose for all of the prepared electrodes. The addi-
tion of glucose has no influence on the bare CPE, but A-Sp/
CPE and A-St/CPE exhibited a remarkably improved current
response for glucose oxidation. The enhanced electrocatalytic
performance of A-Sp/CPE compared to that of A-St/CPE may
be attributed to the 3D spongin—atacamite scaffold, which pro-
vides a large surface area and good crystalline structure, thus
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helping the fast diffusion of glucose molecules in the 3D net-
work and fast electron transfer between glucose and atacamite.
Figure 6b displays the electrocatalytic response of A-Sp/CPE for
a successive addition of glucose in 0.1 M NaOH. It can be seen
that the oxidation peak current was linearly increased over the
wide concentration range of 0.1 x 107 M to 10.8 x 107 m with a
slope of 12.46 LA mm ™ (sensitivity) and a correlation coefficient
of 0.9974. The detection limit of the electrode was found to be
23 x 10° M at a signal-to-noise ratio of 3. The modified elec-
trode shows high stability in detection of glucose and preserves
95% of its initial current after 50 cycles in a certain concentra-
tion of glucose.

What about spongin—atacamite composite as a catalyst?

Due to its thermal stability of over 300 °C, the composite
is an interesting alternative to conventional catalysts. Copper
catalysts already have a wide range of industry and research
applications (e.g., methanol production and oxidation). In most
cases, it is copper oxide on solid supports, which is reduced to
elemental copper shortly before the reaction. The elemental
copper is then the active center for catalysis. A similar proce-
dure is conceivable with the 3D spongin—atacamite composite
(see Figure S10, Supporting Information). By reduction in
nitrogen and/or hydrogen stream, the copper species con-
tained are reduced to elemental copper, generating elemental
copper as the active species. However, copper(II) oxide (CuO)
can also be used for heterogeneous catalysis. One example is
the partial catalytic oxidation of methanol to formaldehyde.
The metal oxide deposited on a porous support material with
a high specific surface area should improve the activity of the
catalyst and thus the yield of formaldehyde. Since the combina-
tion of sponge fibers and atacamite is a promising precursor
for the preparation of a supported CuO catalyst, the applica-
tion of thermally pre-treated spongin—atacamite composite for
the production of formaldehyde was investigated for the first
time. The use of this material in a fixed bed reactor demon-
strated that it could catalyze the partial oxidation of methanol
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Figure 6. a) CV of CPE, A.Sp./CPE, and A.St./CPE in N,-saturated 0.1 M NaOH solution in the absence and presence of 4.8 X 1073 m glucose at a
scan rate of 0.1V s7'. b) The CV of A.Sp./CPE in N,-saturated 0.1 x 107> M NaOH solution containing various glucose concentrations from ato | (0 to
10.8 x 1073 M) at a scan rate of 0.1V s7\. Insert: Corresponding calibration between glucose concentration and current density.
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to formaldehyde. In a temperature range of 285-300 °C, the
formaldehyde yield in the first laboratory tests reached 4-6%
(Figure S10, Supporting Information). Although this is still far
from a technically relevant yield (>80%), it shows that the mate-
rial is catalytically active and represents a promising starting
material for heterogeneous catalysis.

In a few cases, copper salts are used as catalysts, too. For
example, CuCl, is applied as a co-catalyst in the Wacker-process
or for the oxidation of phenols. In this case, it is a homoge-
neous catalyst. Associated with this are the problems that the
catalyst cannot be recovered at all or only with great effort and
can thus be reused. In addition, this is associated with complex
wastewater treatment, which significantly increases the process
costs. Therefore, alternatives are being sought which make it
possible to convert the homogeneous catalyst into a heteroge-
neous one. The spongin—atacamite composite is a promising
alternative, which allows for combining Cu(Il)-species with
a solid carrier. Exploratory experiments have been promising
here. We could show that is possible to use the spongin—ata-
camite composite for the production of furfural from xylose
as well as the oxidation of lignin (see Figure S11, Supporting
Information). As these are two important processes in the con-
text of biorefineries, this opens up a field of application that will
play a decisive role in the future in the area of defossilization of
the economy.

We suggest that spongin—atacamite composite in the form
of centimeter-large scaffolds (see Figure S1, Supporting Infor-
mation) could be used as antibacterial filter systems. It is well
known that copper-ammonium in solutions that range between
1453 and 3000 ppm®* is enough to eliminate 100% of bacteria
such as Escherichia coli that is a strong indicator of sewage or
animal waste contamination in water. Similar results have also
been obtained in our experiments with E. coli ATCC 25 922
strain, where the growth of this bacteria has been completely
inhibited due to the application of filtrates from spongin—ata-
camite composite with a copper content of =4 ppm (ICP-AES
data).

With regard to the usage of spongin in a recycling process,
it was important to prove the renewability of the spongin scaf-
folds after immersion in a copper-ammonium waste solu-
tion. Corresponding experiments have been carried out by us
(see Figure S15 and Table S1, Supporting Information). With
the aim to obtain mineral-free spongin, selected fragments of
spongin-atacamite composite have been treated with 2 wt%
nitric acid in an ultrasonic bath for 2 min, cleaned with high
purity water, and dried at 80 °C for 2 h. The purified spongin
scaffolds have been used again in the reaction, which leads to
the formation of atacamite as described above. Now, the way
to optimize this procedure as well as to approve the limits of
spongin renewability is open.

What about 3D printing of spongin, which can potentially
enhance the absorption capacity of this biopolymer due to a sur-
face area increase? Although proteins are particularly appealing
to formulate inks for 3D printing,I**! spongin remains to be an
exceptional case. In contrast to collagen,>**7 silk,%#>% or ker-
atin,!%l 3D printing of spongin at this moment is only hypothet-
ical. The main change in this development is the non-homoge-
nous chemical composition of spongin, which does not rely on
an individual, chemically pure, structural protein. We believe
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that the development of an appropriate spongin formulation
seems to be a difficult but very intriguing task for independent,
future research.

3. Conclusion

Extreme biomimetics is the search for natural sources of engi-
neering inspiration well outside the human comfort zone (tem-
perature, toxicity, pH, salinity, pressure, etc.). Our strategy for
generating new spongin-based composites, using an extreme
biomimetic approach, aims at developing high-performance 3D
structural composites with enhanced multifunctional capabili-
ties. The goal is to achieve essential improvements in integrity,
performance, testability, robustness, reliability, and cost-effec-
tiveness, allowing further applications. Here, we have devel-
oped an atacamite-containing composite in the form of already
existing macroporous bioarchitecture. The resulting material
resembles the size and shape of a cultivated marine sponge.
The use of natural polymers to substitute those of artificial
origin offers a strategic and viable method to produce 3D mate-
rial scaffolds. For example, as we have shown, the biopolymer
spongin has specific physicochemical properties enabling the
fabrication of atacamite-bearing composite using highly toxic
copper-rich industrial waste. Moreover, the ability of such a
biomaterial to regenerate after chemical removal of the min-
eral phase is extremely attractive for industrial purposes. Thus,
the aim is to design a bridge between extreme biomimetics
and bioinspired materials science, where the basic principle is
to exploit chemically and thermally stable, renewable biopoly-
mers for the development of the next generation of biologically
inspired composite materials. Many of these materials have
never been reported or even suggested before and have proper-
ties to allow their large-scale application at the extreme condi-
tions of modern industrial processes.

4. Experimental Section

Materials: Copper (1) chloride dihydrate, ammonium carbonate,
ammonium chloride and 25% ammonia solution were purchased
from Riedel-de Haén AG, Th. Geyer GmbH & Co. KG and abcr GmbH,
Germany, in analytical grade quality. All reagents were used as received
without further purification. A model copper-ammonia etching solution
([Cu(NH;)4Cl, solution; 60 wt% Cu) was prepared as described
previously.®! Purified spongin scaffolds of H. communis marine
demospoge, porcine collagen standard and cellulose standard from
Luffa aegiptica plant have been purchased from INTIB GmbH (Freiberg,
Germany). The atacamite mineral standard was found in 1910 in
Chuquicamata district, Chile. This unique sample was kindly provided by
the Mineralogical Collection of the TU Bergakademie Freiberg, Germany.

Preparation of Model Copper-Ammonia Waste: 110 g of ammonium
chloride, 70 g copper (Il) chloride dihydrate, 22 g of ammonium
carbonate, and 220 mL of ammonia were dissolved in distilled water
in a 1L measuring flask. 30 g of Cu chips had been etched using this
solution for 4 hours. The etching process was carried out at pH 9.1 and
a constant stirring rate of 240 rpm and 50 °C using a magnetic stirrer
with a heating function. After 4 hours, copper chips were dissolved. The
resulting solution was cooled down to room temperature and used for
further experiments. Analysis of the model copper-ammonium waste
(copper concentration determination) was carried out by employing
optical emission spectrometry using inductively coupled plasma-optical
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emission spectrometer ICP-OES OPTIMA 4300 DV of Perkin Elmer Inc.
(USA).

Preparation of Spongin—Atacamite Composite: The purified samples of
spongin scaffolds were immersed in a model copper-ammonium waste
solution and in distilled water (control sample). Both samples were
fixed with the tooling made of surgical steel. The incubation time was
48 hours. The samples were then extracted from the solutions, rinsed
in dist. water, and dried in an oven at 80 °C, and, on request, ground in
liquid nitrogen using mortar with pestle.

Analytical Techniques: ICP-AES Analysis: iCAP 6000 spectrometer
(Thermo Fisher Scientific Inc.); rf power: 1200 W, axial viewing plasma
mode (Cu 223.008 nm; Cu 224.700 nm; Cu 327.396 nm; coolant gas flow:
14 L min~"; auxiliary gas flow: 0.6 L min~' nebulizer gas flow: 0.6 L min™).

Tubes were ultrasonic pre cleaned with 2% nitric acid and high purity
water. The used nitric acid was sub-boiled and the high purity water was
purified to 0.055 uS at 20 °C. The copper content of the composite was
determined by eight measurements (3 with 1-2 mg composite powder
and 5 with =5 mg) plus three blank measurements. The copper content
of the leaching solution was determined by triple determination plus one
blank.

EPR Spectroscopy: The EPR analyses were performed on a MiniScope
MS 5000 EPR spectrometer (Freiberg Instruments, Germany). The
powder samples were measured with 30.0 mW microwave power in
borosilicate tubes. A magnetic field range from 250.0 to 400.0 mT, a
modulation of 0.9 mT and a sweep time of 60 s were used. The software
ESRStudio 1.21.8 was taken for measurement and determination of
the g factor.

Microscopy: The samples were observed and analyzed with the use of
an advanced imaging and measurement system consisting of a VHX-
6000 (Keyence, Osaka, Japan) digital optical microscope and VH-Z20R
swing-head zoom lenses (magnification up to 200x).

SEM/EDX: SEM images were observed using a Hitachi S-4700 I
equipped with a cold field-emission gun. The energy-dispersive X-ray
spectroscopy (EDS) was carried out at 20 kV on a JEOL scanning
electron microscope JSM-6610LV (LaBg filament) at a working distance
of 10.0 mm with an Bruker XFlash 6|10 silicon drift detector (SDD,
detector area of 10 mm?) with an energy resolution of 123.8 eV at Mn-K-
alpha and the detector window AP3.3.

HR-TEM/SAED: The microstructure characterization of the
composites on a microscopic level was carried out using TEM JEM-
2200FS. The morphology of the samples was analyzed using imaging,
spectroscopic and diffraction methods. The phase composition was
mainly determined with the analysis of SAED and fast Fourier transforms
(FFTs) of local areas of the HRTEM images. The analytical methods
of TEM, namely EDS and EELS, were used for the chemical analysis.
HRTEM and SAED images as well as the EELS spectra were recorded
using a highly sensitive 2k x 2k CCD camera from Gatan. The EDX
spectra were recorded with the help of JED-2300 detector from Jeol with
an energy resolution of 130 eV and evaluated with the “Analysis Station”
software package. EELS spectra were recorded with an energy resolution
of 1 eV using a CCD camera. The DigitalMicrograph program from
Gatan was used to analyze the ELNES. TEM samples were prepared
by sedimentation of the powder particles of the composite on the TEM
gold grid.

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

XPS: XPS analyses were performed using an ESCALAB 250Xi
spectrometer from ThermoFisher Scientific. The system is equipped
with a monochromatic Al K, X-ray source (hv = 1486.68 eV), operating
at a high voltage of 15 kV and focused to a spot size of 500 pm. The
base pressure of the analysis chamber was in the mid 107 mbar range.
Survey spectra were recorded with a pass energy of 100 eV, whereas the
high-resolution core-level spectra were obtained using a pass energy of
20 eV. A flood electron gun was used for charge compensation.
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NEXAFS: These measurements were performed at the Russian—
German dipole beamline (RGBL-dipole) of the synchrotron light source
BESSY Il (Helmholtz-Zentrum, Berlin). NEXAFS spectra were recorded
in total-electron yield mode. All measurements were performed at room
temperature.

XRD: The identification of crystalline phases and the refinement of the
lattice parameters were done using XRD in conjunction with the Rietveld
full profile analysis.?8l XRD patterns were recorded with a Seifert/FPM
RD7 diffractometer equipped with a sealed X-ray tube with Cu anode. The
experiment was performed in symmetrical Bragg—Brentano diffraction
geometry. The powder sample was put on a zero-background holder
(Si, <510> cut). The diffracted beam passed a set of slits and a graphite
monochromator before being detected by a proportional counter.

Neutron Diffraction: Neutron powder diffraction data were collected
on the high-resolution powder diffractometerl®? at the OPAL research
reactor, ANSTO, Australia. Polycrystalline samples were loaded into
9 mm diameter cylindrical vanadium cans and the measurements were
carried out at room temperature using neutrons of the wavelength A =
2.4395 A. The data were analyzed using the FullProf Suite.[®’]

3D-uXRF: The 3D-uXRF analysis was performed on a modified
M4 TORNADO uXRF spectrometer (Bruker Nano GmbH, Berlin,
Germany).l*l The spectrometer was equipped with a 30 W Rh-Tube
(metal-ceramic micro focus tube), operated at high-voltage of 50 kV
and an anode current of 600 HA. The commercial UXRF setup was
equipped with a polycapillary lens with a spot size <20 um (Mo K,,) for
X-ray focusing and a 30 mm? SDD. Due to the modification a second
polycapillary lens was installed perpendicular to the first one in front
of a 60 mm? SDD. The composite sample was analyzed by measuring
51 xy-mappings inside a volume of 1.5 X 0.5 x 0.5 mm?>. Each mapping
was measured with a spot distance of 10 um, a spot measuring time
of 20 ms and five measuring cycles resulting in a total measuring
time of 28 min. In view of the integrity of the sample and the analysis
of elements with a high fluorescence radiation energy no vacuum was
applied to the sample chamber.

The produced 2D datasets consisting of three dimensions, location
coordinates x, y, and the signal intensity, were exported and converted
into RGB color coded images via Spyder Software. The stacking of the
individual elemental distribution images was carried out with an image
editing program (Image)). With the plugin Volume Viewer the 2D
information of the stacking was converted into a 3D image. The Volume
Viewer plugin was used with an image sampling number of 5.0, a
tricubric smooth interpolation for visualization and the RGB color space.

Additional data on analytical techniques (FTIR, Raman, fluorescence),
preparation of sensors, catalysts as well antibacterial tests are to be
found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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