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Co-Assembly of a Multicomponent Network of Nanofiber-
Wrapped Nanotubes.

McKensie L. Mason,”® Tao Lin,"? Jenae J. Linville,® and Jon R. Parquette®*

Strategies to create organized multicomponent nanostructures composed of discrete, self-sorted domains are important for
developing materials that mimic the complexity and multifunctionality found in biological systems. These structures can be
challenging to achieve due to the required balance of molecular self-recognition and supramolecular attraction needed
between the components. Herein, we report a strategy to construct a two-component nanostructure via a hierarchical
assembly process whereby two monomeric building blocks undergo self-sorting assembly at the molecular level followed by
a supramolecular association to form a nanofiber-wrapped nanotube. The two molecules self-sorted into respective
nanofiber and nanotube assemblies, yet assembly of the nanofibers in the presence of the nanotube template allowed for
directed integration into a hierarchical multilayer structure via electrostatic interactions. The fiber-wrapped nanotube co-
assembly was characterized using transmission electron microscopy (TEM), atomic force microscopy (AFM) and Forster
resonance energy transfer (FRET) between the components. Strategies to co-assemble multicomponent nanostructures
composed of discrete, spatially sorted domains with controllable higher level interactions will be critical for the development

of novel, functionally competent nanomaterials.

Introduction.

Despite the tremendous sophistication of materials created by
the supramolecular self-assembly of a single component, these
systems do not replicate, or even approach, the full functionality
of natural systems.! Many complex processes in Nature emerge
from the action of complex, hierarchal structures formed by the
precise interaction of multiple, discrete components.> For
example, the interaction and coordination of actin filaments,
microtubules, and intermediate filaments in the cytoskeleton
mediate cellular motility and wound healing.? Although each of
these components arise from the self-assembly of specific
proteins, their functional properties emerge from the higher level
organization of these assemblies. The functional competence of
self-assembled materials also depends on the precise positioning
of the components within the higher order structures. Thus, an
important challenge in supramolecular materials is to create
multicomponent systems by the co-assembly of discrete,
spatially sorted domains of components, such as peptides, and to
control their higher-level interactions.

Depending on the ability of the molecules to distinguish
between self and non-self, a multicomponent system either
partitions into sorted, single-component nanostructures*? or co-
assembles into structures with both types of monomers.!0-14 It is
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important to be able to control which outcome emerges from a
multicomponent assembly process because each possibility
provides distinct interactions between the components, and thus
offers different value prospects for specific applications.!>!¢
Strategies have been developed to induce self/self interactions at
the monomer level to create self-sorted, multicomponent
systems.!722 However, stimulating higher order interactions
between separate, self-sorted domains within a single
nanostructure is exceptionally challenging to achieve because
the sorted domains must engage in self/non-self interactions that
were not present at the first level of monomer assembly.?3-2> The
use of heteroseeds to induce the co-assembly of a second
monomer has been exploited to create hierarchical,?%?7 and
blocky,?3-33 multicomponent nanostructures. Recently, Hamachi
and co-workers developed a strategy to control the network-level
self-sorting of two nanofibers by controlling the assembly of a
peptide-based hydrogelator in the presence of assembled lipid-
type nanofibers.!” By controlling the kinetics of seed formation
using dynamic oxime formation, the co-assembly could be
directed toward either an interpenetrated or parallel network of
nanofibers. Herein, we describe the assembly of a
multicomponent nanostructure comprised of two self-sorted,
self-assembled components that interact electrostatically at the
supramolecular scale, producing a nanofiber-wrapped nanotube.

We have previously developed hierarchical multilayer
nanotube composites via the interaction of self-assembled
nanotubes with either covalent polymers or single- walled carbon
nanotubes.3*37 This approach relied on a preformed nanotube to
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interact strongly with the polymer, avoiding potential
interactions among the components at the monomer level of
assembly. In this work, we extend this strategy to the co-
assembly of two noncovalent components into a nanofiber-
wrapped nanotube, composed of discrete layers of self-sorted

components (Scheme 1).

RESULTS AND DISCUSSION.

The two components of the co-assembly, EFEK(DAC), 1, and
Fmoc-EK(MC), 2, were designed to be oppositely charged and
sufficiently structurally distinct to ensure that self-sorting would
predominate at the molecular level, and to be capable of
electrostatic integration at the supramolecular level (Scheme 1).
Additionally, molecules 1 and 2 also featured coumarin
chromophores, 7-(V, N-diethylamino)-3-coumarin (DAC) and 7-
methoxy-3-coumarin (MC), respectively. Significant spectral
overlap between the emission of 2 and the absorbance of 1
allowed them to serve as a FRET pair to report the interaction of
the two components at the supramolecular level (Fig. 1d).38
Based on our previous work, the first peptide, EFEK(DAC) 1,
exhibited a pH dependent, self-assembly process that produced
positively charged, rigid nanotubes, at pH values below 5 and
negatively charged, helical nanoribbons in the pH range of 6-8
(Figs. 1a,b).?® The nanotubes exhibited diameters of 41+ 5 nm
by TEM, and AFM cross-sectional heights of 10 + 2 nm,
reflecting twice the wall dimensions (5 nm) due to compression
by the AFM tip. The nanotube walls were composed of two
stacked, [P-sheet aggregates of 1, which positioned the
hydrophobic coumarin and phenylalanine sidechains toward the
interior (Scheme 1).

The second component, 2, which contained a negatively
charged, glutamic acid sidechain (pKa 3.22, Fig. S4), assembled
over 1-2 weeks at 1 mM into thin, flexible nanofibers with
average widths of 10 + 2 nm by TEM (Figs. lc, S1).
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Figure 1. (a,c) TEM image of EFEK(DAC) (1) at 1 mM pH 4.0 in water, and Fmoc-EK(MC)
(2) at 1 mM pH 7.0 in water after aging for 24 h; (b) zeta potential measurements of 1
and 2 after aging for 24 h at 1 mM in water at each pH (pH adjusted with 1 M HCl or
NaOH) then diluted to 0.25 mM prior to measurement; (d) normalized absorbance and
emission spectra of 1 and 2. Samples aged at 1 mM were diluted to 0.25 mM ina 1 mm
cuvette for absorbance measurements and at 1 mM in a triangle quartz cuvette for
fluorescence measurements. Emission of 1 was collected after excitation at 420 nm and
emission of 2 was collected after excitation at 350 nm. Samples were prepared for TEM
analysis by dropping the solution onto carbon-coated copper grids for 1 min. After
removal of excess solution, the sample grid was negatively stained with 2% (w/w) uranyl
acetate solution for 30's.

Circular dichroism (CD) and TEM analysis indicated that self-
assembly was not efficient at lower concentrations than 1 mM in
water (Figs. S7,S9). However, the assembled nanofibers at | mM
were stable over a pH range of 2-8 (Fig. S8) and displayed
increasingly negative zeta potentials as the pH was increased
(Fig. 1b). AFM cross-sectional analysis revealed a bimodal
distribution of heights, reflecting the presence of both fibrils (6.4
+ 1.3 nm) and nanofibers (14 + 1.2 nm) (Fig. S2). Therefore, the
helically twisted nanofibers were likely formed by the
intertwining of two smaller fibrils. Deconvolution of the FT-IR
spectrum of 2, pre-assembled in D,O, revealed characteristic
peaks at 1635 and 1653 cm’!, indicating the presence of B-sheet
(75%) and o-helix/random coil (25%) structure, respectively
(Fig. S6).40 Accordingly, the fibrils were formed by the B-sheet
assembly of two molecules of 2 (2.4 x 2.5 nm) (Fig. S3),
arranged in a bilayer structure, as shown in Scheme 1.

We reasoned that the comparatively smaller and flexible
nanofibers of 2 could form an integrated, multicomponent
architecture by helically wrapping around the larger, more rigid
nanotubes of 1 (diameter: 41 £ 5 nm), provided an attractive
electrostatic interaction between the components were present,
which did not divert the monomer-level, self-sorting process.
Comparing zeta potential values of assembled 1 and 2 at different
pH values, shown in Figure 1b, revealed an ideal pH window in
the range of pH 3.5-5, in which the assemblies of 1 and 2 would
possess complementary surface charges to enable an attractive
electrostatic interaction. In this pH range, 1 and 2 display
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Figure 2. (a) UV-vis absorbance and (b) circular dichroism (CD) spectra of a mixture of 1,
pre-assembled into nanotubes in water (1 mM, pH 4.0, 24 h aging) in a 1:1 molar ratio
with 2 added as a monomeric solid (prepared by dissolving in TFE to disassemble any
aggregates then freeze-drying), with selected time points over a timescale of 3 weeks.
Samples were diluted to 250 uM 1 prior to measurement using a 1 mm path length
cuvette.

positively and negatively charged ionization states, respectively,
and efficiently assemble.

The propensity of the monomers to undergo self-sorting
and/or co-assembly depends critically on the nature of their
intermolecular interactions at each level of assembly. Prior
studies have indicated that the ability of a system to undergo a
self-sorting process requires structurally distinct building blocks
that assemble via distinct driving forces.*> The capability of both
peptide monomers, 1 and 2, to assemble via a [-sheet
mechanism, along with their electrostatic complementarity,
could potentially divert the system from a self-sorting process
toward a non-sorted, co-assembled structure. To probe these
possibilities, we initiated the co-assembly of 1 and 2 at both the
monomeric stage and as pre-assembled nanostructures, and
evaluated the processes via UV-vis absorbance, circular
dichroism (CD), and TEM imaging (Figs. S10-11). The self-
assembly of 1 into nanotubes was indicated by the emergence of
a split absorbance peak corresponding to an excitonic couplet of
the DAC chromophore in the range of ~400-450 nm (A, 414
nm);3° whereas, the nanofibers formed by 2 featured an MC
absorption from ~315-395 nm (Ay.x 350 nm) (Fig. S5a). The CD
spectrum of 1 at pH 3.80 displayed a positive peak at 405 nm and
a negative peak at 453 nm, while 2 displayed a positive peak at
356 nm with an additional shoulder peak at about 370 nm (Fig.
S5b). To initiate the assembly process as monomers, a mixture
of 1 and 2 (1:1) was dissolved in 2,2,2-trifluorocthanol (TFE), a
solvent in which neither molecule assembled, prior to
lyophilization and resuspension in water at pH 4.0 to initiate co-
assembly. Although the UV-vis spectrum of the mixture
resembled that of the assembled states of 1 and 2, the intensity
of CD signals remained low in both the MC and DAC absorption
regions over two weeks, indicating the presence of a disordered
aggregate (Figs. S10a-b). Analysis of the TEM images
confirmed the formation of disordered, fibrous structures which
slowly transitioned to sorted, noninteracting nanofiber and
nanotube structures over time (Fig. S10c-d). Under these
conditions, the mutual electrostatic interaction between the
monomers hampered their respective assembly pathways into
self-sorted nanostructures. To facilitate orthogonal interactions
at the supramolecular level, the pre-assembled nanostructures of
1 and 2 were combined under conditions with a lower potential
for monomer level interactions to impede the co-assembly
process. Thus, 1 and 2 were pre-assembled into nanotubes (1

This journal is © The Royal Society of Chemistry 20xx
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mM, aged 24 h, pH 3.8) and nanofibers (1 mM, diluted from a 5
mM sample that was aged for 2 weeks at pH 7.0), respectively,
and then combined in equimolar quantities at pH 4 (Fig. S11).
After initially mixing the pre-assembled components together,
and after 24 h, the UV-vis and CD spectra reflected a sorted
mixture of the separately assembled forms of 1 and 2, showing
no perceptible shifts or additional peaks, consistent with a
mixture of self-sorted nanostructures and no detectable
molecular exchange. TEM images of the mixture after 24 h
showed some instances of fibers coiling around the nanotubes,
which were discernible as thin, wavy fibers (5-10 nm widths) on
top of the linear nanotube structures, but most nanofibers and
nanotubes were not integrated. These two experiments
confirmed the capability of 1 and 2 to undergo an orthogonal
assembly process and the potential for higher order interactions,
but neither condition provided homogeneous, nanofiber-
wrapped nanotube structures.

The structure and sequence of co-assemblies can often be
controlled by the addition of less reactive monomers to existing
pre-assembled components, which serve as “seeds” to kinetically
accelerate an assembly process.!4293041-48 We reasoned that slow
assembly of the monomers of 2 in the presence of fully formed
nanotubes would allow the assembling nanofibers of 2 to
nucleate from the pre-assembled nanotubes of 1 and elongate
along the length of the structure. Due to the presence of an N-
terminal Fmoc group, 2 exhibited lower aqueous solubility in the
monomeric state compared to 1 at a concentration of 1 mM or
higher, requiring several days to fully dissolve without vigorous
stirring. It is notable that 2 exhibited significantly improved
solubility in the nanofiber state. Therefore, a solid sample of
monomeric 2, prepared by first dissolving in TFE to disassemble
any aggregates and then drying, was added to a 1 mM solution
of pre-assembled nanotubes in a 1:1 ratio at a pH of 4.0. In this
mixture, 2 was initially present as an insoluble, white solid that
slowly dissolved over a timescale of 1-2 weeks without any
vigorous stirring, which could be measured by an increase in the
MC absorption peak at ~350 nm (Fig. 2a) over time. Zeta
potential measurements of the 1:1 mixture indicated an initial
value of 274 + 2.84 mV, as expected for a mixture of
predominantly positively charged nanotubes, at pH 3.8.3° After
3 weeks, the zeta potential of the sample converged on a value
of -1.92 + 0.376 at a pH of 4.0, which indicated a near
neutralization of charge using a 1:1 ratio of the two components.
Circular dichroic spectra taken over this timescale also showed
peaks emerging from both the MC and DAC chromophores, with
the MC peak increasing in intensity slightly while the DAC
peaks decreased (Fig. 2b). The formation of a mixture of self-
sorted assemblies was indicated by the absorption and CD
spectra, which reflected an approximate superposition of the
spectra of each individual component. The CD peaks for the MC
and DAC chromophores emanated from the close packing
interactions of the chromophores within the co-assembly.*® The
slight deviation in the CD spectra from that of a perfect
superposition, such as the decrease in the DAC peak at ~405 nm,
likely indicated a difference in chromophore packing due to

Nanoscale., 2021, 00, 1-3 | 3
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Figure 3. Representative TEM images of pre-assembled nanotubes of 1, pre-assembled for 24 h in water (1 mM, pH 4.0), then added to solid monomeric 2 (prepared

by first dissolving in TFE to disassemble any aggregates then freeze-drying) in a 1:1 molar ratio over time. (a) TEM images after initial mixing, 3 days, and 1 week. Red

arrows indicate instances where fibers were visible wrapping around nanotube structures. After 1 week, the majority of nanotubes were wrapped by the nanofibers.

(b) Representative zoomed-in images of individual nanotubes wrapped by fibers over time, starting from initial mixing on the left to after 3 weeks on the right. (c)
TEM image after 3 weeks. Samples were prepared by dropping the mixture (1 mM, pH 4.0) onto carbon-coated copper grids for 1 min. After removal of excess
solution, the sample grid was negatively stained with 2% (w/w) uranyl acetate solution for 30 s.

slight unwinding of the nanotubes caused by the interaction
between the two components.

Monitoring the temporal evolution of the co-assembly
process by TEM and AFM imaging revealed that immediately
after mixing, only rare instances of nanofibers that were helically
wrapped over the nanotubes via one or two helical turns were
present (Figs. 3a-b, S15, and S20). The nanofibers continued to
elongate along the length of the nanotube, progressively
increasing in coverage density over the course of one week until
all nanotubes were wrapped by at least one nanofiber, and no
isolated, noninteracting nanofibers were apparent. However,
after 2-3 weeks, a few isolated nanofibers emerged as the surface
of the nanotubes gradually became saturated with the nanofibers
(Figs. 3b-c, S12 and S15). As suggested by the near zero zeta
potential at a 1:1 (1:2) ratio, increasing the proportion of 1 or 2
in the co-assembly process produced more isolated, non-
interacting nanotubes or nanofibers, respectively, observed in the
TEM images (Fig. S21).

Although most nanotubes remained fully intact as part of the
co-assembled structure, there were a few, rare occurrences in
which the tubes partially unwound into helical ribbons (Fig.
S13). This was evident in regions of the nanofiber-wrapped
nanotubes in which the walls of the nanotubes were not visible,
suggesting a partial uncoiling of the nanotube template. In prior

4 | Nanoscale, 2021, 00, 1-3

assembly studies of 1, the CD signal at ~405 nm was attributed
to a negative excitonic couplet centered at ~415 nm, which
emanated from 7w-7* transitions among adjacent, close packed
coumarin rings within the nanotube.?® The negative couplet
indicated that the coumarins were packed with an M-type helical
twist-sense within the nanotubes. This CD signal inverted to a
positive couplet upon conversion of the nanotubes into
nanoribbons as the surface charge transitioned from positive to
negative with a pH increase. Accordingly, the partially unwound
regions of the nanotube were the likely source of the decreased
amplitude of the CD signal at ~405 nm of the co-assembly,
compared with the spectra of the isolated nanotubes (Fig. 2b).
The partial unwinding of the co-assembly likely emerged from
the lowering of the zeta potential as the nanotubes and nanofibers
combined to form a charge-neutralized species.’® It is
noteworthy that the nanotube to ribbon transition for isolated
nanotubes of 1 started at the isoelectric pH, where the zeta
potential was zero. Thus, the interaction of the nanotubes and
nanofibers could be expected to produce a similar electrostatic
environment at the interface, causing a local relaxation or
reorganization of the components. However, these partially
unwound regions were quite rare in the images and did not
increase over time. For example, TEM imaging of the co-

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 7

assembly after 9 months showed fully intact nanofiber-wrapped
nanotubes without any additional unwound regions (Fig. S19).
Performing the co-assembly process at a lower concentration
(0.5 mM, Fig. S14) or at slightly elevated temperatures (30°C for
4 h, Fig. S16) reduced the time required to fully introduce
monomeric 2 into the solution from weeks to 1 day or 4 h,
respectively. As evidenced by TEM imaging, both conditions
were similarly successful in producing the fiber-wrapped
that the
concentration mixture also produced more instances of non-

nanotubes within timeframe. However, lower
integrated fibers and nanotubes, and the heated sample appeared
to slightly disassemble the nanotubes after 4 h, as evidenced by
the appearance of small fibrous aggregates around the tubes.
the

concentration (1.5 mM, Fig. S18) produced a viscous mixture,

Conversely, combining two components at higher
which hindered the co-assembly process, due to slower
dissolution of 2 and inhomogeneous mixing of the components.
Thus, fewer fiber-wrapped nanotubes were observed after 3
days, compared to the same time-point at 1 mM.

Inspection of the co-assembled sample at 1 mM, after three
weeks, by AFM imaging showed a mixture of a few individual
fibers and the coated nanotubes, with the nanofibers appearing
as parallel lines covering the nanotubes, which indicated a
single-handed, helical wrapping sense (Figs. 4a, S15). In
contrast, the wrapping helicity appeared as a cross-hatched
pattern by TEM imaging due to the transmission of electrons
through the sample, whereas AFM only probed the surface of the
nanofiber-wrapped nanotubes. Cross-sectional analysis of the
fiber-wrapped nanotubes provided heights of 15-20 nm (Fig. 4b),
indicating an increase in height of ~5-10 nm, compared with the
10 nm AFM height of the isolated nanotubes (Fig. 4c), reflecting
a compressed nanotube with a height of twice the wall
thickness.?® These dimensions indicated that the nanotubes were
wrapped by single fibrils of 2 (5 nm) rather than the fully formed
nanofibers comprised of two intertwined fibrils (10 nm).

To further probe the utility of the fibers binding to the
nanotube surface, energy transfer between the two components
was studied. As shown in Scheme 1, molecules 1 and 2 each
contained coumarin chromophores, which had sufficient spectral
overlap for Forster resonance energy transfer (FRET) to occur.
FRET involves energy transfer through non-radiative, dipole-
dipole coupling where the donor fluorophore acts as an oscillator
that exchanges energy through space with an acceptor that has a
Since the MC and DAC
chromophores of 1 and 2 contained the prerequisite spectral

similar resonance frequency.’!

overlap, close proximity of the two should lead to energy
transfer. This would be evident if excitation of the MC donor led
to a decrease in the intensity of the donor emission and an
increase in intensity of the acceptor emission.’? Accordingly,
fluorescence spectra of mixtures of 1 and 2 were compared under
different conditions (Fig. 5). In each case, samples were excited
at 330 nm, which predominantly excited the MC donor. Figure 5
shows the emission of individual samples of 1 and 2 compared
to mixtures of (a) fiber-wrapped nanotubes, (b) pre-assembled
mixtures of fibers and nanotubes at pH 4.0, (c) pre-assembled
mixtures of fibers and nanotubes at pH 6.0, and (d) mixtures of

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) AFM image of nanotubes of 1, preassembled at 1mM (pH 4.0) for 24 h,
added to solid monomeric 2 (prepared by first dissolving in TFE to disassemble any
aggregates then freeze-drying) in a 1:1 molar ratio and aged for 3 weeks, Inset: notional
representation of fiber-wrapped nanotube. Sample imaged using a high resolution super
sharp silicon AFM tip (1 nm radius, nitride lever); (b,c) Cross-sectional height profiles
measured from AFM image in b, with colors corresponding to the dotted lines on the
AFM image.
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Figure 5. Fluorescence spectra comparing EFEK(DAC) (1), Fmoc-EK(MC) (2), and 1:1
mixtures of 1 and 2 in different conditions: (a) 1 mM fiber-wrapped nanotube sample
prepared as previously described (monomer 2 dissolved slowly over 3 weeks in water (1
mM, pH 4) containing pre-assembled nanotubes of 1 (1 mM). (b) Pre-assembled 1 (24 h,
1 mM) and pre-assembled 2 (24 h, 1 mM) mixed at pH 4.0, (c) 1 mM pre-assembled 1
and pre-assembled 2, as for (b), mixed at pH 6.0, and (d) 0.05 mM mixture of 1 and 2
initially in monomeric state. Samples were excited at 330 nm, using a triangle quartz
cuvette for 1 mM samples or 3 mm path length quartz cuvette for 0.05 mM samples. The
spectra of 1 and 2 individually were taken at the same concentration and pH as the
mixtures for comparison. FRET efficiencies (shown as a percent) were calculated at 415
nm, taking an average intensity value from 3 measurements per sample.

monomers at low concentrations. The mixture of monomers (d)
showed no evidence of energy transfer, as the emission of the
mixture equaled a summation of the emission intensities of the

Nanoscale., 2021, 00, 1-3 | 5
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individual components. FRET efficiencies were calculated for
each mixture and displayed in Figure 5 (SI, eqn. 1), revealing the
highest efficiency of 93.3% for the fiber-wrapped nanotubes,
followed by 76.7% for pre-assembled mixtures at pH 4.0, and
70.3% for pre-assembled mixtures at pH 6.0. As expected from
TEM imaging, the strategy of assembling the fibers onto the
nanotube template provided the best conditions for bringing the
chromophores into close proximity, while mixtures of pre-
assembled fibers and nanotubes provided some instances of
bundling and wrapping to facilitate energy transfer but to a lesser
degree. Although no electrostatic interactions were expected
between 1 and 2 at pH 6.0, the energy transfer observed could be
due to random overlap of the nanostructures at sufficiently high
concentrations, of
narcissistically self-sorted fibrillar networks.’?> Subsequent

as has been observed in systems
dilution of the pH 6.0 mixture of 1 and 2 to lower concentrations
resulted in a decrease in the percentage of energy transfer (Fig.
S17). The homogeneity and control obtained by forming fiber-
wrapped nanotubes offered an optimal environment for energy
transfer and has potential utility as

architecture for future optoelectronic applications and light-

a multicomponent

harvesting devices.?3-54

Conclusions

In conclusion, a strategy to co-assemble a multicomponent
nanostructure comprised of two discrete, building blocks was
described. Co-assembly proceeded via a hierarchical process
initiated by self-sorted assembly at the molecular level followed
by supramolecular association into a multilayered nanotube
structure. Optimal co-assembly required the slow self-assembly
of the nanofibers of 2 in the presence of the pre-assembled
nanotube template of 1. Under these conditions, the nanofibers
progressively assembled along the nanotube template over time,
leading to homogeneous,
Although the structures of the building blocks were sufficiently

nanofiber-wrapped nanotubes.

distinct to promote self-sorting, the slow assembly of 2
encouraged nucleation of the nanofibers along the nanotubes to
produce an integrated, composite nanostructure with higher
FRET efficiency. The use of molecules that formed into
nanofibers and nanotubes was ideal because the nanotube
structure acted as a rigid scaffold for the more flexible nanofibers
to wrap around the outside. The ability to predictably co-
assemble sorted components into multicomponent structures will
be important for the development of new, functional materials
with optimal performance.
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