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Abstract: Herein, we report the rich morphological and
conformational versatility of a biologically active peptide
(PEP-1), which follows diverse self-assembly pathways to
form up to six distinct nanostructures and up to four different
secondary structures through subtle modulation in pH, con-
centration and temperature. PEP-1 forms twisted [3-sheet
secondary structures and nanofibers at pH 7.4, which trans-
form into fractal-like structures with strong (-sheet conforma-
tions at pH 13.0 or short disorganized elliptical aggregates at
pH 5.5. Upon dilution at pH 7.4, the nanofibers with twisted f3-
sheet secondary structural elements convert into nanoparticles
with random coil conformations. Interestingly, these two self-
assembled states at pH 7.4 and room temperature are kineti-
cally controlled and undergo a further transformation into
thermodynamically stable states upon thermal annealing:
whereas the twisted [-sheet structures and corresponding
nanofibers transform into 2D sheets with well-defined [-sheet
domains, the nanoparticles with random coil structures convert
into short nanorods with a-helix conformations. Notably,
PEP-1 also showed high biocompatibility, low hemolytic
activity and marked antibacterial activity, rendering our system
a promising candidate for multiple bio-applications.

Introduction

Spontaneous self-assembly of (macro)molecular entities is
omnipresent in living systems, which not only plays a critical
role in corporal functions but also regulates the formation of
a wide variety of dynamic supramolecular structures over
different length scales."! In this regard, peptides represent
prime candidates because of their versatile self-assembly
behaviour and multifaceted applications as advanced materi-
als in fields such as drug-delivery, tissue engineering, anti-
microbial coating and bioinspired nanotechnology (hybrid
materials for optoelectronics, nanocatalysis, biosensing etc.)

among others.”) Additionally, peptides exhibit various ad-
vantageous facets such as high biocompatibility, biodegrada-
bility, adaptable biofunctionalization, inherent biological
origin, structural tunability, ease of synthesis in cost-effective
methods and high sensitivity towards environmental condi-
tions.’) The unique self-assembly behavior of peptides along
with their structural variety of nanoarchitectures (such as
micelles, vesicles, fibrils, nanosheets, ribbons or nanotubes)
and secondary structures (such as [3-sheets, a-helices or coiled
coils) make them privileged building blocks in supramolec-
ular chemistry. The subtle interplay between intermolecular
non-covalent interactions, including -7 stacking, hydrogen
bonding (H-bonding), hydrophobic, van der Waals and
electrostatic interactions,”! as well as environmental condi-
tions (such as pH, temperature, concentration, ionic strength
etc.) play an important role in controlling the morphology and
dimensions of peptide self-assembled nanostructures.’! Un-
derstanding such programmable self-assembly is key to tune
not only the materials properties but also the effective
communication of nanomaterials with biological systems.”’
Peptide building blocks have been widely investigated
with regards to their secondary structures and nanoscale
morphologies, which can be typically controlled by external
stimuli and/or changing the environmental conditions.!! Much
less attention, however, has been devoted to understand the
kinetic vs. thermodynamic aspects of peptide self-assembly,
particularly in the context of pathway complexity.®! In this
regard, a handful of recent reports have shown that certain
peptides can form kinetically vs. thermodynamically con-
trolled secondary structural elements (i.e. f-sheet/random
coil) depending on careful selection of the experimental
conditions, typically resulting in one-dimensional assemblies
of different length.”’! However, despite their exceptional self-
assembly versatility, examples of peptides that can form
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multiple nanostructures as well as secondary structural
elements in a controlled fashion are rare.

In this article, we demonstrate the unique nanostructural
and conformational versatility of a biologically active peptide,
which is able to self-assemble into up to six distinct aggregate
morphologies and form up to four different secondary
structures in a controlled fashion depending on pH, concen-
tration and temperature. To this end, we have designed an
amphiphilic octapeptide, PEP-1 (Scheme S1; Figures S1 and
S2) that contains hydrophobic (Phe, Ala, Leu) as well as
hydrophilic, pH sensitive (Asn, Lys, Asp) amino acids. PEP-
1is indeed a modified version (double mutant) of a naturally
occurring B-strand peptide fragment (residue: 30-37) of a 3-
sheet lectin protein, Galectin-1, which is available in bovine
spleen.'”! The peptide sequence has slightly been mutated to
make this naturally occurring peptide more amphiphilic in
nature.'! Both the Leu (residue no. 34) and the Gly (residue
no. 35) motifs have been replaced by Ala in order to achieve
a suitable hydrophobic/hydrophilic balance.

PEP-1 self-assembles into pH-responsive hydrogels and
undergoes various pathway-dependent nano- as well as
secondary- structural transformations depending on the pH,
concentration and temperature (Scheme 1). Furthermore,
PEP-1 also exhibits excellent biocompatibility, low hemolytic
activity and notable antimicrobial activity towards both
Gram-positive and Gram-negative bacteria, rendering our
system a promising candidate for various bio-applications.!?!

Research Articles

An dte

Chemie

Internatic

Results and Discussion
pH-Dependent Self-Assembly Behaviour

The presence of pH-sensitive amino acid residues makes
PEP-1 a plausible candidate to create pH-responsive assem-
blies in aqueous media. At sufficiently high concentrations
(C=5x10"M), PEP-1 forms stable transparent hydrogels
in phosphate buffer saline (PBS) at pH 7.4 (Figure S3),
whereas no hydrogelation occurs at acidic or basic pH. The
investigation of the mechanical properties of the PEP-
1 hydrogel at pH 7.4 by rheometry revealed a higher value
for storage modulus (G") compared to the loss modulus (G”),
confirming the gel-phase. The crossover point (i.e., yield
stress) of the hydrogel was estimated to be 4.0 Pa indicating
a weak gelation (Figure S4). Furthermore, the gel-to-sol
transition (7,) was examined by differential scanning
calorimetry (DSC) experiments, which disclosed an endo-
thermic peak at ~64°C with AH=1.9Jg ' suggesting the
disruption of the gel phase (Figure S5).

Subsequently, we investigated the pH-dependent self-
assembly behavior of PEP-1 under more diluted conditions
through combined UV/Vis, fluorescence, FT-IR and CD
experiments. Note that no contribution from linear dichroism
was observed in any of the CD studies (vide infra). Initial UV/
Vis and emission studies at 5x10~*M under neutral pH
suggest that synergistic aromatic interactions between the
phenylalanine residues (Figure S6a,b)>*%*! and intermolecu-
lar H-bonding interactions between the peptide groups
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Scheme 1. Molecular structure of PEP-1 and schematic representation of its morphological and secondary structural transformations.

Angew. Chem. Int. Ed. 2022, 61, e202113403 (2 of 8)

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~—

a) 10

CD/mdeg —

200 220 240 260 gl

rlnm ———

1632 1620

Research Articles

Angewandte

intemationaldition’y) Chemie

4
3
2
1
0.
-1

Height / nm ——

100 200 300 400 ..«
Width / nm—

0.2

0.0
1700 1680 1660 1640 1620 1600

viem'—-=

Figure 1. pH-dependent CD (a) and FT-IR spectra (b) of PEP-1; c) AFM image of entangled nanofibers (left); isolated fibers with height profile in
the inset (right) at pH 7.4; d) energy-minimized structure of PEP-1 (MM2 calculations using Chem3D 20.1) (top) and schematic representation of
the formation of anti-parallel B-sheet conformations (bottom); AFM images at pH 13.0 (e) and 5.5 (f). [C=5x10"* M].

(Figure S6c) contribute to stabilize the assemblies of PEP-1.
Complementary CD experiments under identical conditions
disclose a strong negative band at around 230 nm (Figure 1a)
that is a characteristic signature of twisted antiparallel B-sheet
rich structures.'”) This secondary structure is further support-
ed by FT-IR studies: two intense peaks at 1632 and 1674 cm™'
are observed in the amide-I region, indicating intermolecular
antiparallel B-sheet arrangement (Figure 1b).*4 Additional
proof of the existence of B-sheet structures is provided by
Thioflavin T (ThT) fluorescence assay, where the emission
intensity of the mixture PEP-1/ThT is considerably higher
than that of the free ThT (Figure 7). To gain insights into
the aggregate morphology formed by PEP-1 at neutral pH,
atomic force microscopy (AFM) studies on mica were
conducted. As shown in Figure 1c¢, entangled nanofibrillar
structures with a regular height of 3.2 + 0.2 nm and lengths of
several micrometers are observed. In some regions, isolated,
well-defined fibers can be identified (Figure 1c¢ right). The
height of the single nanofibers matches the molecular length
(3.1 nm) determined from the energy-minimized structure of
PEP-1 (Figure 1d top), which allowed us to propose a plau-
sible molecular orientation during the self-assembly process
(Figure 1d bottom and Figure S8). The prevalence of such
elongated nanostructures (nanofibers) in solution was further
demonstrated by angular-dependent dynamic light scattering
(AD-DLS), revealing an anisotropic distribution (Figure S9).

Notably, increasing the pH of the system to 13.0 leads to
an almost identical CD spectrum to that obtained at pH 7.4,
albeit with a slightly lower intensity (Figure 1a). These results
indicate that the -sheet rich secondary structures formed at
pH 7.4 are preserved upon increasing the pH to 13.0. The
formation of anti-parallel (-sheet structures was further
proven by the characteristic peaks at 1620 and 1674 cm ™' in
FT-IR spectroscopy (Figure 1b). Interestingly, AFM imaging
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of PEP-1 at pH 13.0 demonstrates the formation of fractal-
like structures (Figure 1e and Figure S10) with heights
around 4.5+0.2 nm and widths of ~200-300 nm, demon-
strating that PEP-1 forms distinct nanostructures at pH 7.4
and 13.0, although the secondary structure is similar. Possibly,
lateral association of 3-sheet elements along with substrate
and dewetting effects facilitate the formation of the fractal-
like morphologies on mica. On the other hand, decreasing the
pH value to 5.5 leads to the disruption of the [(-sheet
structures, as evident by the depletion of the CD signal under
these conditions (Figure 1a). AFM reveals small elliptical or
nanorod-like structures (Figure 1f) that are in good agree-
ment with the destabilization of the PEP-1 assembly at pH 5.5
(Figure 1a). These results can be explained by the decreased
solubility of PEP-1 at pH 5.5 due to electrostatic repulsions
among positively charged ammonium ions (from Lys*), which
hamper not only the molecular orientations during self-

assembly, but also long-range supramolecular polymeriza-
tion.[oed-14]

Concentration-Dependent Self-Assembly Behaviour

In addition to the pH dependency, we also examined
whether PEP-1 would undergo changes in the morphology
and secondary structure upon varying concentration. As
shown in the previous section, PEP-1 forms twisted antipar-
allel pB-sheet rich secondary structures at pH 7.4 and 5 x
10~* M. Interestingly, decreasing the concentration to 5 x
107°M leads to a reduction of the negative CD signal at
230 nm and a concomitant emergence of another, weaker
negative CD signal at ca. 205 nm (Figure 2a). These findings
indicate the reduction of (3-sheet content in the secondary
structures upon dilution. Note that the observed variations in

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Concentration-dependent CD (a) and FT-IR studies (b) of PEP-1 at pH 7.4 in PBS and room temperature. c) AFM image of PEP-1 at
pH 7.4 in PBS (C=5x10"° M); d) graphical representation of nanoparticles and corresponding random coil secondary structures at low

concentration.

the CD pattern upon dilution can be explained by the
dynamic equilibration between two conformational struc-
tures. The reduction of B-sheet content on dilution can be
further verified by concentration-dependent ThT fluores-
cence assay, where the emission intensity at 490 nm decreases
upon decreasing concentration, even though the concentra-
tion of ThT remains the same (Figure S11). Interestingly, the
new negative CD band between 200 to 205 nm that appears
upon dilution points to the presence of random coil secondary
structures (Figure 2a),l"”! as also suggested by the character-
istic amide-I band at 1646 cm ' in FTIR experiments (Fig-
ure 2b).'1 To further understand the influence of the
secondary structures on the nanostructure morphology, we
have investigated AFM under diluted conditions (5 x 10~ M).
The images display irregular nanoparticles with sizes between
60 and 225 nm (Figure 2c). The formation of spherical objects
was further supported by AD-DLS, which revealed isotropic
distribution of nanostructures in solution (Figure S12). This
concentration-dependent transition from nanofibers to nano-
particles might be explained by the subtle interplay between
intermolecular interactions. At high concentrations, the
possibility of peptide molecules to come into closer contact
and engage in strong intermolecular H-bonding is more likely,
thus facilitating the f-sheet rich secondary structures. Dilu-
tion decreases the population of molecules and, consequently,
their ability to form organized H-bonds ultimately leading to
irregular spherical nanoparticles of different sizes.*! We
attempted to unravel whether interconversion between both
states (twisted P-sheet and random coil) is possible at room
temperature and at a given concentration over time. How-
ever, as shown by time-dependent CD experiments, no
significant changes in the secondary structures are observed
even after 24 hours, revealing the high stability of both states
at room temperature (Figure S13).

Unravelling the Influence of Temperature on Morphological and
Secondary Structural Transitions

In recent years, thermal treatment protocols have been
developed as a highly efficient method to isolate kinetically
controlled states or to trigger the transformation of a kineti-
cally controlled assembly into the thermodynamic state.'"”! In
this regard, we envisaged that interconversion between the

Angew. Chem. Int. Ed. 2022, 61, 202113403 (4 of 8)

previously generated self-assembled structures (twisted (-
sheet and random coil) might be facilitated upon raising
temperature. To our surprise, thermal annealing not only fails
to initiate interconversion, but it rather enables the formation
of new minima in the energy landscape. For instance, thermal
treatment of the nanofibrillar structures formed at C =5 x
10~*M and pH 7.4 induces a concomitant two-fold enhance-
ment and a shift in the CD band from 230 nm at 278 K to
225 nm at 363 K (Figure 3a). These findings suggest that the
nanofibrillar structures with twisted f-sheet rich domains
formed at room temperature represent a kinetically con-
trolled state, which evolves into a thermodynamically con-
trolled state (strong and well-defined -sheet structures) at
elevated temperatures. This effect may be rationalized by
increased hydrophobic interactions upon thermal anneal-
ing,"¥ which allow molecules to come into closer contact and
establish strong intermolecular H-bonding and m-rt interac-
tions into stable conformations. This hypothesis can be
verified further by combined temperature-dependent FT-IR
and emission studies. In FT-IR, the amide-I band shifts to
lower frequencies (from 1632cm™' to 1628 cm™') upon
heating to 363 K (Figure 3 f and Figure S14), implying strong
intermolecular H-bonding interactions. On the other hand,
emission studies disclose a progressive reduction of the
emission intensity during thermal annealing, which is in line
with increased intermolecular -7 interactions between the
phenylalanine motifs upon heating (Figure S15). It has to be
noted that the increased solubility and dynamic behavior of
the system at high temperatures may also facilitate a molec-
ular reorganization. To gain insights into possible morpho-
logical transformations upon raising the temperature, we have
recorded AFM images of aggregate solutions of PEP-1 at
363 K and 5x10~* M, spin-coated onto mica. Interestingly,
thermodynamically controlled 2D sheet-like nanostructures
with branching points are observed (Figure 3b), which
significantly differ from the kinetically controlled nanofibers
observed at room temperature. Upon careful analysis, we
found the co-existence of nanofibers and 2D nanosheets in
some areas (Figure 3¢ inset and Figure S16). These results
suggest that the nanofibers formed at room temperature
possibly further assemble laterally at high temperature via
stronger H-bonding and hydrophobic interactions, causing
more organized [-sheet arrangements. This phenomenon is
further evidenced by AD-DLS, where a more pronounced

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Temperature-dependent CD spectra of PEP-1 in PBS at C=5x10"*M (a) and C=5x10" M (e); b) AFM image (height) of PEP-1 at
363 K (C=5x10"* M); c) corresponding phase image of (b) and enlarged area where nanofibers are highlighted by white arrows (inset);

d) schematic representation of 2D sheet-like structures and corresponding well-defined -sheet conformations; f) FT-IR spectra of PEP-1 in PBS
for both concentrations (C=5x10"*M and 5x107° M) at 363 K; g) AFM image of PEP-1 at 363 K (C=5x10"° M); h) graphical illustration of

short nanofibers along with a-helix as secondary structures at 363 K.

anisotropy is noticed in solution (Figure S17) compared to the
fiber-like nanostructures obtained at room temperature. We
also questioned whether similar temperature-dependent
secondary and nanostructural transitions may occur at low
concentration (5x107°M). Remarkably, CD experiments
reveal two negative bands at 222 and 209 nm during thermal
annealing (Figure 3e) that are characteristic of an a-helical
conformation.! On the basis of these results, we conclude
that the random coil conformation observed at 5x 1075 M is
kinetically controlled and converts into a thermodynamically
stable a-helical conformation upon heating. The character-
istic amide-I band at 1654 cm ' observed in the FT-IR spectra
upon heating further supports the formation of an a-helix
(Figure 31). AFM studies were employed to ascertain
whether this secondary structural transformation is also
accompanied by a change in nanoscale morphology. Remark-
ably, thermodynamically controlled short nanorods are
formed when the kinetically stable nanoparticles are heated
to 363 K (Figure 3g and Figure S18). The transformation of
isotropic (nanoparticles at room temperature) to anisotropic
nanostructures (nanorods at 363 K) is further proven by AD-
DLS (Figure S19).

Additional proof for the establishment of stronger
intermolecular m-; interactions upon heating was provided
by temperature-dependent emission spectra, revealing a pro-
gressive emission quenching upon annealing (Figure S20).
The combined experimental findings suggest that PEP-
1 undergoes an entropy-controlled molecular reorganization
upon thermal treatment in order to maximize the non-
covalent interactions involved (H-bonding and m-7t interac-
tions).'"”* Given the strong aggregation tendency of PEP-
1 and the fact that we were unable to identify the monomer

Angew. Chem. Int. Ed. 2022, 61, 202113403 (5 of 8)

species in any of the experiments, we hypothesize that the
conformational and nanostructural transformations upon
heating are consecutive processes,*™ as also proposed for
various peptide assemblies.”) Albeit a handful of reports
describing the transitions from a-helix to f-sheet (or vice
versa)'”! or o-helix to random coil® are known in the
literature, peptide building blocks exhibiting such a vast
variety of both morphologies and secondary structures
remain, to the best of our knowledge, elusive.[

Considering the overall experimental evidence, and based
on recent reports on peptide amphiphiles,”® we conclude that
the aggregated states at room temperature for both high and
low concentrations represent local minima in the energy
landscape that evolve upon thermal energy input into the
respective thermodynamic states. For better understanding,
the different assembly pathways of PEP-1 have been
illustrated by a qualitative energy profile diagram (Figure 4).
Note that due to the impossibility to extract thermodynamic
parameters for the corresponding assemblies, the tentative
energy diagram is only meant to give a comparative overview
of the different assemblies and secondary structures depend-
ing on the temperature and concentration.

Biocompatibility and Antimicrobial Activity

The pH-responsive behavior of the hydrogel prompted us
to investigate the biocompatibility of PEP-1, as pH-respon-
sive hydrogels have been widely used as drug delivery
vehicles, especially in cancer therapy.”!! For that purpose,
we have investigated the cell viability of PEP-1 by performing
MTT assay with HeLa (Figure 5a) and HEK-293 cell lines

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. a) MTT assay of PEP-1 with HeLa cell line; b) hemolysis
assay; FESEM images of E. coli before (c) and after treatment with
PEP-1 (d); FESEM images of S. aureus before (e) and after treatment
with PEP-1 (f) [5x 107 M].

(Figure S21). Notably, around 85-95% cell viability was
determined even at very high concentration of 2.0 mgmL~!
after 48 h of incubation at 37°C (Figure 5a). Additionally, we
have also performed hemolysis assays of PEP-1 with human
blood, which showed low hemolytic activity (< 10 %) even at
high concentration (2.0 mgmL ', Figure 5b). These results
indicate a very low capability of PEP-1 to destruct red blood

Angew. Chem. Int. Ed. 2022, 61, €202113403 (6 of 8)

cells. As PEP-1 contains a cationic amino acid (Lys), we were
curious about the inherent antimicrobial properties of the
peptide.’?) Notably, PEP-1 exhibited anti-microbial activity
against two different clinically relevant bacterial strains,
Gram-negative E. coli and Gram-positive S. aureus. The
antibacterial activity was expressed in terms of minimum
inhibitory concentration (MIC), which revealed that the
PEP-1 hydrogel is lethal for both Gram-negative and Gram-
positive bacteria with the MIC concentration 0.31-0.62 mM
(Table S1). We assume that electrostatic interactions between
cationic heads of Lys moieties and the anionic bacterial
membranes facilitated the entrapment of bacteria in the
hydrogel, resulting in the physical destruction of the bacterial
membrane and leading to cell death.>>?! This hypothesis
was probed by scanning electron microscopy (Figure 5 c—f; for
details see SI). After treatment with the PEP-1 hydrogel, the
cell morphologies of both E.coli and S. aureus became
irregular (Figure 5d and f), in sharp contrast with the smooth
and regular morphology of the untreated live bacteria
(Figure 5c and e). The overall biological studies demonstrate
that PEP-1 can become a potential candidate for applications
in the field of biomedicine. The modifications of peptide-
based nanomaterials by modulating the sequences of amino
acids in peptide molecules for various effective biological
activities are presently underway in our laboratory.

Conclusion

In summary, we have designed an amphiphilic peptide
(PEP-1) that exhibits a rich structural variety of conforma-
tions and morphologies under controlled conditions of pH,
concentration and temperature. At neutral pH (7.4), PEP-
1 self-assembles into twisted [3-sheet rich secondary structures
and forms entangled nanofibers and hydrogels. Upon altering
the pH to 13.0, strong PB-sheet structures with fractal-like
nanostructures are found while disruption of the assembly
and secondary structures occurs at pH 5.5. The stability of the
hydrogels at neutral pH but not at pH 5.5 makes PEP-
1 a promising candidate for drug transport and delivery.?!
Concentration-dependent studies at pH 7.4 and room temper-
ature also revealed a rich variety of secondary conformations
as well as nano-structures. The fibers with twisted B-sheet

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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conformations at pH 7.4 convert into ill-defined spherical
nanoparticles upon dilution, where the peptides adopt
a random coil conformation. Thus, at constant temperature
(rt) and pH (7.4), PEP-1 forms two different aggregate
morphologies with distinct secondary structures (fibers with
twisted [-sheet at higher concentration vs. nanoparticles with
random coil conformation at lower concentration). Interest-
ingly, upon thermal annealing, both states evolve into new
thermodynamically controlled states with distinct secondary
structures: the fibers with twisted [-sheet conformation
convert into 2D sheets with strong and well-defined [-sheet
conformation, whereas the spherical nanoparticles with
random coil conformation develop into nanorods with a-
helix conformation. Thermal treatment allows the peptide
units to come into closer contact, possibly influenced by
changes in solvation/desolvation in aqueous media, which
ultimately favors a more efficient aromatic and H-bonding
interactions. The appropriate balance of hydrophobic and
polar, pH-responsive peptide residues enables PEP-1 to
optimally respond to multiple external parameters (pH,
concentration and temperature). Careful control of these
variables has allowed us to produce up to six distinct
aggregate morphologies and four different secondary struc-
tures from a single building block. Notably, PEP-1 exhibits
very high cell viability (85-95%), negligible hemolytic
activity and marked antimicrobial activity towards both
Gram-positive and Gram-negative bacteria. The inherent
biocompatibility and the unique supramolecular properties of
our system, which in some ways resemble the complexity of
some natural counterparts, may represent a new route
towards multi-stimuli responsive materials for wide range of
applications in biomedicine.
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