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Nanoengineering Hybrid Supramolecular Multilayered
Biomaterials Using Polysaccharides and Self-Assembling

Peptide Amphiphiles

Jodo Borges,* Maria P. Sousa, Goksu Cinar, Sofia G. Caridade, Mustafa O. Guler,

and Jodo F. Mano*

Developing complex supramolecular biomaterials through highly dynamic
and reversible noncovalent interactions has attracted great attention from the
scientific community aiming key biomedical and biotechnological applica-
tions, including tissue engineering, regenerative medicine, or drug delivery.
In this study, the authors report the fabrication of hybrid supramolecular
multilayered biomaterials, comprising high-molecular-weight biopolymers
and oppositely charged low-molecular-weight peptide amphiphiles (PAs),
through combination of self-assembly and electrostatically driven layer-by-
layer (LbL) assembly approach. Alginate, an anionic polysaccharide, is used to
trigger the self-assembling capability of positively charged PA and formation
of 1D nanofiber networks. The LbL technology is further used to fabricate
supramolecular multilayered biomaterials by repeating the alternate deposi-
tion of both molecules. The fabrication process is monitored by quartz crystal
microbalance, revealing that both materials can be successfully combined to
conceive stable supramolecular systems. The morphological properties of the
systems are studied by advanced microscopy techniques, revealing the nano-
structured dimensions and 1D nanofibrous network of the assembly formed
by the two molecules. Enhanced C2C12 cell adhesion, proliferation, and
differentiation are observed on nanostructures having PA as outermost layer.
Such supramolecular biomaterials demonstrate to be innovative matrices for
cell culture and hold great potential to be used in the near future as prom-
ising biomimetic supramolecular nanoplatforms for practical applications.

in Chemistry in 1987, there has been a
growing interest by the scientific commu-
nity in this very active and expanding field
of chemical research. Inspired by such
work, scientists have been focusing on the
design and fabrication of robust, complex,
self-organized and ordered nano-, micro-,
and macrostructured functional supra-
molecular systems, unfeasible by covalent
bonds, to cover multiple applications.

Taking biological systems as an unprec-
edented source of endless inspiration and
making use of the most basic concepts
of supramolecular chemistry, namely
molecular recognition, self-assembly, self-
association, and self-organization, sci-
entists have been challenged toward the
bottom-up fabrication of increasingly com-
plex, yet adaptive and functional supra-
molecular biomaterials, with outstanding
properties, aiming at mimicking natural
systems. [*b:k]

To date, a great focus has been devoted
to the design and development of biologi-
cally derived functional supramolecular
architectures with the main aim of emu-
lating the complex composition, structure,
dynamic, and functional behavior, and
hierarchical organization of the native
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1. Introduction

Since the pioneering work by Pedersen,!! Cram,? and Lehn!?!
on supramolecular chemistry, recognized with the Nobel Prize

extracellular matrix (ECM).5*l Such bioinspired supramo-
lecular systems rely on the spontaneous self-assembly of a set
of molecular building blocks (e.g., proteins, polysaccharides,
peptides, amino acids, or nucleic acids) through an interplay
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of highly dynamic noncovalent intermolecular forces.[3#b:<5b<l
Indeed, they can incorporate the ECM’s key features, including
the chemical, mechanical, and topographical cues, thus being of
paramount importance for diagnostics, therapy, drug delivery,
tissue engineering, and regenerative medicine, or as devices to
advance healthcare.

Among the toolbox of self-assembling building blocks, natu-
rally inspired peptides, especially peptide amphiphiles (PAs),
have aroused particular interest to make supramolecular
ECM-like ensembles of nanostructures due to their easy and
cost-effective synthesis, inherent biocompatibility and biodeg-
radability, low toxicity, chemical versatility, easy functionality,
self-assembling capability in aqueous medium, and customiz-
able bioactivity.l”! The PAs can easily interact with several bio-
logically active molecules, such as polyelectrolytes or proteins,
thus enabling the design of well-defined and hierarchically
ordered self-assembled bioinspired supramolecular structures
exhibiting multifunctionalities. For instance, the fabrication of
hierarchically ordered self-assembled membranes at the inter-
face between two aqueous solutions of oppositely charged mole-
cules, namely positively charged PA and negatively charged
biopolymer or protein molecule, has been recently demon-
strated.®] These hierarchical ordered membranes, which have
demonstrated a high binding affinity for bioactive molecules,
offer a bioinstructive environment for cells to adhere, spread,
proliferate, and even differentiate, thus revealing an immeasur-
able potential for a plethora of biomedical applications.[5>7¢84]
Besides hierarchically structured membranes, other self-assem-
bled supramolecular systems can also be formed making use
of strong electrostatic interactions between small PAs and large
macromolecules or simply oppositely charged PA molecules.
Such self-assembled supramolecular systems include micro-
capsules!'” and nanofiber scaffolds.['!

Although very promising, most of the developed supramo-
lecular architectures still lack control in thickness, composition,
and structure as well as the functional dynamic nature and
structural complexity found in the biological systems, which
limits many biomedical applications.

We foresee that these hurdles can be surpassed by fabri-
cating robust supramolecular multifunctional systems with
precisely controlled structures making use of the simple, inex-
pensive, yet flexible, environmental friendly, and highly versa-
tile bottom-up layer-by-layer (LbL) assembly approach.l'?l This
technique consists on the alternate deposition of an unprec-
edented source of materials with complementary interactions
into multilayers.['3l Moreover, it allows the fabrication of robust
coatings on simple 2D planar platforms'“l as well as complex
3D structures!!® with great potential to address a miscellaneous
range of emerging applications, including biomedical and bio-
technological ' optical 1"} electrical,'® or energy.l'”! The inte-
gration of the sequential assembly technology with the self-
assembly strategy paves the way for engineering more robust,
flexible, and stable supramolecular multifunctional nanostruc-
tures to accommodate the need for device application. Such
supramolecular nanosystems can simultaneously incorporate
various biologically active building blocks and functionalities,
including the ECM components, and a customized number
of layers, thus reinforcing their unique potential to address
several biomedical and healthcare applications. Hence, such
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synergy may provide a great platform to mimic the complexity,
dynamic and structural features, and the functional behavior of
the native cellular microenvironment, thus helping researchers
to extend the supramolecular nanostructures from the research
laboratories to practical applications.

In this work, we designed and engineered novel biomimetic
hybrid supramolecular functional nanostructures comprising
natural origin high-molecular-weight alginate biopolymer (ALG)
and oppositely charged low-molecular-weight self-assembling
synthetic PA (K3PA), through the combination of self-assembly
and electrostatically driven LbL assembly approach. ALG
biopolymer has been selected as the anionic polysaccharide
due to its proven biocompatibility, low- or even noncytotoxicity,
and nonimmunogenic properties. Moreover, it is a widely and
readily available polysaccharide extracted from brown seaweed,
thus turning it a very appealing biomaterial for biomedical and
biotechnological applications. Furthermore, besides the afore-
mentioned advantages of using self-assembling PA molecules,
we have chosen the K;PA material due to its high solubility in
aqueous media and positive charge at the working conditions,
and possibility to integrate several bioactive domains. To the
best of our knowledge, this work is the first one that reports the
combined use of self-assembly and LbL assembly technology,
as well as PAs and biopolymers to successfully buildup stable
hybrid peptide-based supramolecular nanostructured multi-
layered biomaterials, with unique structural and functional
properties, that could recapitulate the functional and structural
aspects of the native cellular environment.

The nanofilm buildup was monitored in situ by quartz
crystal microbalance with dissipation monitoring (QCM-D),
and the morphological and structural properties were examined
by advanced microscopy techniques, including atomic force
microscopy (AFM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). Water contact angle
(WCA) measurements were performed to infer about the wetta-
bility of the supramolecular multilayered assemblies. Moreover,
the in vitro biological performance of the new developed hybrid
supramolecular multilayered nanostructures was also assessed
in order to prove their biocompatibility and, thus, suitability
for addressing biomedical applications, supporting in the near
future practically oriented research.

2. Results and Discussion

2.1. Design, Preparation, and Characterization of
Self-Assembling Peptide Amphiphile and Polysaccharide Molecules

Figure 1a shows the chemical structure of the self-assembling
PA molecule used in this work (K3PA, chemical formula: Lauryl-
VVAGKKK-Am), which consists of three key structural features:
an unbranched hydrophobic lauryl tail (—C;,H,30—), a short
B-sheet forming peptide sequence (-VVAG-) capable of forming
intermolecular hydrogen bonding and nanofiber networks,
and positively charged hydrophilic amino acids (-KKK-) that
enhance its solubility in water. The synthesis of the self-assem-
bling K3PA molecule was carried out according to the standard
Fmoc solid-phase peptide synthesis method. The liquid chroma-
tography-mass spectrometry (LC-MS) result of the synthesized
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Figure 1. Characterization of the individual ALG and K;PA molecules and ALG/K;PA system (1:1 volume ratio). a) Chemical structures of the K;PA
and ALG molecules and schematic representation of the assembly mechanism behind the formation of the ALG/K3;PA supramolecular system.
b,c) Secondary structure analysis of individual ALG and K3PA molecules as well as of the ALG/K3;PA system (1:1 volume ratio) by CD and FTIR
spectroscopy, respectively, showing a f-sheet secondary structure for the ALG/K;PA mixture. d,e) Representative TEM and AFM images of the

ALG/K3PA (1:1, v/v ratio) nanofibrous structure, respectively.

K3PA molecule showed that the purity of the sample was higher
than 90% (Figure S1, Supporting Information).

Following the synthesis and purification of the PA molecule,
its secondary structure and conformation was investigated
using spectroscopic techniques, including circular dichroism
(CD) and attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy. Typically, in CD spectra the B-sheet
formation is assessed by the appearance of a negative min-
imum at 216 nm and a positive maximum at 195 nm.?% As can
be seen from the visualization of Figure 1b, the PA molecule
in solution adopted mostly a random coil configuration at the
slightly acidic working pH of 5.5, with two negative minima at
around 195 and 225 nm. The quantitative analysis of the spec-
trum and the accurate secondary structure prediction was per-
formed according to the literature and confirmed such behavior
(Figure S2, Supporting Information).?!l The CD spectra of the
ALG/K;PA system in solution (1:1 v/v ratio) revealed a nega-
tive peak near 216 nm and a positive peak at =195 nm, features
that are assigned to the typical formation of fB-sheet secondary
structure configurations.?) Moreover, when the aqueous solu-
tion containing the PA molecule was mixed with the solution
of the oppositely charged ALG biopolymer, the formation of
aggregates was clearly observed by naked eye. As expected, the
CD spectra of solely ALG solution did not exhibit any character-
istic signal of a secondary structure organization.

Complementary to the CD analysis, ATR-FTIR meas-
urements were also performed on dry films to examine the
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characteristic bands of individual ALG and K;PA molecules,
as well as of the ALG/K;PA system, and to assess the possible
B-sheet structural organization at pH 5.5 (Figure 1c). The FTIR
spectrum of ALG biopolymer reveals well-defined absorption
bands at 1595 and 1415 cm™, which are assigned to the asym-
metric and symmetric axial deformations of the carboxylate
anion (—COO— stretching vibration). Moreover, it also shows
peaks in the range 950-1200 cm™!, which are due to the skel-
etal vibrations of the saccharide rings (asymmetric C—O—C
stretching vibration).[??l The spectrum of K;PA molecule shows
a strong and sharp band at =1625 cm™ (amide I band), which
indicates a B-sheet secondary structure.’’l The absence of a
band near 1695 cm™! (characteristic of antiparallel -sheet net-
works) suggests that K;PA adopts a fB-sheet secondary structure
with a parallel orientation. In addition, the spectrum also shows
two bands at #1675 and 1540 cm™?, assigned to both lysine side
chains and amide II band (mainly N—H bending but also C—N
stretching), respectively. The spectrum of the ALG/K;PA system
(1:1 v/v ratio) shows the bimodal amide I region between 1600
and 1700 cm™ (composed mainly of —C=0 stretching), which
provides valuable information related with the secondary struc-
tural organization of the peptide assemblies. The deconvolution
of the amide I region reveals one peak position at 1635 cm™
(amide Iy;) as well as a shoulder peak near 1695 cm™ (amide Iy),
which indicates the formation of a hydrogen bonding f-sheet
network with preferentially an antiparallel orientation.[?324
Similar to the K3PA molecule, the spectrum of the mixture
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also shows two bands near 1675 and 1540 cm™. In addition,
the spectrum of the ALG/K;PA system revealed the presence of
peaks that were also identified in the spectrum of the ALG mol-
ecule, including the peaks at 1415 cm™ (—COO— stretching)
and 1020 cm™ (asymmetric C—O—C stretching). Overall, the
ATR-FTIR measurements confirmed the results gathered by
CD spectra, suggesting the formation of f-sheet secondary
structures in the assemblies.

The results presented so far demonstrate the formation of
ALG/K;PA system through the interaction between ALG and
K3PA molecules. However, at this point it was unclear whether
the main driving force leading to the formation of such system
was of electrostatic nature. Hence, the electrical charge and
possible interaction between ALG and K;PA molecules at the
working pH of 5.5 was assessed by measuring the {-potential
of both solutions. The {-potentials of the ALG and K;PA mate-
rials in 0.1 M acetate buffer solution at pH 5.5 were found to be
—31.0£ 2.1 and +22.8 £ 2.9 mV, respectively, thus confirming the
anionic and cationic nature of ALG and K;3PA solutions, respec-
tively at pH 5.5. According to the gathered values, we postulate
that the negatively charged ALG and the positively charged K;PA
molecules could be used to successfully form hybrid self-assem-
bled systems and, possibly, buildup hybrid supramolecular mul-
tilayered assemblies making use of the electrostatic-driven LbL
assembly interactions between the oppositely charged materials.

The morphology of the polysaccharide/peptide amphiphile
supramolecular system, formed by the coassembly of negatively
charged ALG and oppositely charged K;PA molecules, was
assessed by TEM (Figure 1d and Figure S3, Supporting Infor-
mation) and AFM (Figure le and Figure S4, Supporting Infor-
mation), which clearly revealed the nanostructured dimensions
and 1D nanofibrous network of the assembly formed by these
two molecules. The individual fibers were found to be a few
micrometers in length and =6-10 nm in width (see the histo-
gram of the diameter distribution of the nanofibers formed by
the ALG/K;PA supramolecular system in Figure S3f, Supporting
Information). The imaging results are in good agreement with
the CD and FTIR data, as nanofiber networks are typically
formed by B-sheet secondary structures.’? The morphology and
structural features of the individual ALG and K;PA molecules
were also examined by AFM (Figure S4, Sup-
porting Information). As it is clear from the
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the lack of visible interaction when combining both positively
charged materials (no aggregates were formed after combining
the CHT and K;PA solutions that could be seen by naked eye)
indicates that attractive electrostatic interactions are pivotal
for the formation of f-sheet secondary structures and for pro-
moting nanofiber formation.

2.2. Buildup and Characterization of Hybrid ALG/K;PA
Supramolecular Multilayered Assemblies

In the next step, the possible buildup of the hybrid supramo-
lecular multilayered films, through the sequential adsorption of
oppositely charged ALG and K;PA molecules, was assessed in
situ with the QCM-D technique by applying an alternating elec-
tric field across the gold-coated quartz crystal sensor.””! This
technique is more than a mass sensing device as it simultane-
ously allows us to detect minute changes in hydrodynamic mass
(adsorbed material plus coupled water) in the order of nano-
grams per square centimeter, due to changes in the resonance
frequency of the quartz sensor, as well as measure the viscoe-
lastic properties of the adsorbed films making use of the energy
dissipated in the mechanical oscillation of the crystal.[?>26]

Figure 2a depicts the normalized frequency (Af,/n) and
dissipation factor (AD,) changes obtained at the 7th overtone
(n=7; 35 MHz) during the construction of five bilayers of ALG/
K3PA films onto the poly(ethyleneimine) (PEI)-functionalized
gold-plated quartz crystal substrates. The successive decrease
in the Af;/7 as a function of time after the injection of each
building block onto the Au-plated quartz crystal surface not only
corroborates the deposition of the materials and, thus, increase
of adsorbed mass at every stage of the adsorption process but
also indicates a gradual, stable, and successful growth of the
nanostructured multilayered thin film. However, it is noteworthy
that a long adsorption time was needed for the deposition of
K3PA molecule. Furthermore, it is clear that K;PA experienced a
systematically slower attachment when compared with ALG (see
Figure S5, Supporting Information), thus indicating that the
adsorption kinetics of ALG and K3;PA were different.

60
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positively charged K;PA molecule was com-
bined with a same charge molecule, namely
positively charged chitosan (CHT; {-potential =
+22.2+1.2mV at pH 5.5). The morphology of
the CHT/K;PA system was examined by TEM
and did not show any fiber formation (Figure
S3e, Supporting Information). In such case,

Figure 2. Buildup assessment of PEI/(ALG/K3PA)s multilayered thin films onto gold-coated
quartz crystal sensors. a) QCM-D monitoring of the normalized frequency (Af,/n) and dissipa-
tion (AD,) shifts, obtained at the seventh overtone (n = 7; 35 MHz), as a function of time for the
LbL deposition of (ALG/K3PA)s bilayers onto PEl-functionalized gold-coated quartz crystal sen-
sors and intermediate rinsing steps. Numbers refer to the adsorption of PEI (1), ALG (3), K;PA
(5), and rinsing steps (2, 4, and 6). b) Cumulative thickness evolution for the PEI/(ALG/K3PA)s
multilayered film, estimated using the Voigt-based viscoelastic model. The black line represents the
linear regression fit accompanied by the corresponding coefficient of determination (R? = 0.9950).
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On the other hand, the continuous increase in the AD,
reveals the viscoelastic behavior of the adsorbed layers, indi-
cating that the multilayered film is not rigid and shows damping
properties, similarly to most polymeric systems.?>?”] Moreover,
with the increase in the energy dissipation values after each
deposition step, the overtones also became separated (Figure S6,
Supporting Information), which is a characteristic behavior
of a soft and hydrated film. Moreover, such behavior suggests
that the viscoelastic properties of the adsorbed films are not
constant throughout the assembly process.*®! The sequential
decrease of the frequency shift together with the increase of
the energy dissipation implies that at the working pH of 5.5,
the positively charged PA molecule (pH < pK, = 10)1?! adsorbed
onto the underlying negatively charged ALG surface (pH > pK,
=~ 3.38 or 3.65 for mannuronic and guluronic acid residues,
respectively).?¥ Such behavior confirms the effective interac-
tion between the two molecules and the successful and stable
step-by-step growth of supramolecular nanostructured multilay-
ered systems comprising low- and high-molecular-weight mate-
rials making use of electrostatic interactions. Moreover, after
the deposition of each layered material, i.e., ALG and K;PA,
rinsing steps were applied in order to remove weakly adsorbed
molecules. The washing steps led to negligible changes in the
Af;/7 and AD; values, thus indicating the strong association of
both materials onto the PEI-modified Au-coated quartz crystal
sensor, the formation of a stable film, and the irreversible
nature of the adsorption process. Such behavior constitutes a
step forward recent reports which highlighted that small posi-
tively charged model peptides or drugs, including a-melanocyte
stimulating hormone, gentamicin and defensin, could not be
freely embedded into polyelectrolyte multilayered (PEM) films
ended-up with either a positive or negatively charged poly-
electrolyte layer due to their lack of adsorption onto such sur-
faces caused by the fast diffusion of such molecules from the
PEM film during the assembly process.?!l Hence, it has been
claimed that free positively charged low-molecular-weight mol-
ecules, i.e., low-molecular-weight molecules that are not cova-
lently couple to high-molecular-weight polymeric materials,
could not function as stable building blocks in an LbL film.
Furthermore, the absence of strong attractive interactions with
oppositely charged polymeric materials did not lead to a suc-
cessful and stable film growth. Indeed, the fabrication of stable
PEM films incorporating the above-mentioned small molecules
has been only achieved by first covalently binding them to poly-
meric materials, following by their incorporation into the PEM
film.?2

The QCM-D data were also used to estimate the thickness
variations of the multilayered film at each adsorption step using
the Voigt-based viscoelastic model.13l The cumulative thickness
evolution for the PEI/(ALG/K3;PA)s multilayered film is shown
in Figure 2b. It can be seen that the hydrodynamic thickness
increased linearly while increasing the adsorption cycles, which
corroborates the increase in the —Af;/7 and AD; values. After
the buildup of ten ALG/K;PA layers the multilayered film
reached to a final thickness of 115 nm, corresponding to a
thickness of =10-12 nm per each adsorbed layer.

In order to assess the key influence of the electro-
static forces on the successful step-by-step buildup of the
hybrid supramolecular multilayered thin films, another LbL

wileyonlinelibrary.com
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formulation consisting of materials exhibiting the same charge
at pH 5.5 (working conditions), namely CHT biopolymer
and K3;PA, was tested. Figure S7 (Supporting Information)
shows the Af;/7 and AD, curves as a function of the adsorp-
tion time for the buildup of nanostructured multilayered thin
films comprising CHT, K3PA, and ALG multilayers onto the Au-
coated quartz substrate (herein denoted as (CHT/K;PA);/(ALG/
K;3PA)s). In opposition to that found for the buildup of the PEI/
(ALG/K3PA)s supramolecular multilayered films, in which a
successful and stable multilayered growth was discerned, the
lack of adsorption of positively charged K;PA onto positively
charged CHT-modified surfaces at pH 5.5 reveals that the self-
assembling peptide amphiphile per se does not lead to the suc-
cessful and effective growth of multilayered films. Although
not successful, we proceeded with the assembly process by
assessing the fabrication of (ALG/K;PA); multilayers over the
(CHT/K;3PA);-modified Au-plated quartz substrate. In opposi-
tion to that found for the multilayered film comprising solely
(CHT/K3PA); bilayers, the subsequent addition of (ALG/K3PA);
bilayers onto the system led to a successful and stable multi-
layer growth. Therefore, these results demonstrate that attrac-
tive electrostatic interactions between ALG and K;PA molecules
are essential to trigger the self-assembly of PA molecules and
promote the successful and stable multilayered growth.
Overall, the results gathered through QCM-D measure-
ments demonstrate that stable hybrid supramolecular multilay-
ered thin films consisting of ALG and K;3PA molecules can be
successfully conceived at the nanometric-scale using the self-
assembly and electrostatic-driven LbL assembly approaches.
Then, the morphology and structural features of the supramo-
lecular ALG/K;PA nanostructured multilayered thin films after
assembly onto the PEI-functionalized Au-coated substrates were
assessed by imaging techniques, including AFM (Figure 3) and
SEM (Figure 4). Figure 3 displays the AFM topographic images
obtained for the bare Au substrate (Figure 3a), Au substrate-
modified with PEI and ALG monolayers (Figure 3b) as well as
(ALG/K;3PA), (Figure 3c) and (ALG/K3;PA)s (Figure 3d) multilay-
ered films deposited at pH 5.5 over the Au/PEI substrate. The
image for bare Au (Figure 3a) revealed surface scratches and pin-
holes that were filled after the deposition of PEI and ALG layers
(Figure 3b). Moreover, upon the adsorption of a two-bilayer
ALG/K;PA film, the formation of self-assembling PA nanofibers
could be seen in great detail over the polymeric background
(Figure 3c). Interestingly, even at such low number of bilayers,
the individual PA nanofibers tended to associate into nanofiber
bundles. Such behavior could be assigned to the attractive elec-
trostatic forces between the negatively charged ALG biopolymer
and the oppositely charged K;PA, which not only diminished in
great extension the repulsion between the PA molecules, bearing
positive charges at pH 5.5, but also triggered the self-assembly
of the PA via charge neutralization and subsequently led to the
formation of nanofibrous networks. Hence, it seems clear that
oppositely charged molecules play a pivotal role on promoting
the association of individual PA nanofibers and nanofibrous
network formation as well as on stabilizing the supramolec-
ular system. However, it is worth noting that besides attractive
electrostatic interactions, other driving forces, including hydro-
phobic interactions of the PA alkyl tails, hydrogen bonding
interactions among the f-sheet forming peptide segment, and

Adv. Funct. Mater. 2017, 27, 1605122
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Figure 3. Representative AFM topographic images taken in air for a) Au,
b) Au/PEI/ALG, c) Au/PEI/(ALG/K;PA), and d) Au/PEI/(ALG/K;PA)s
films, showing the root-mean-square (RMS) roughness of all surfaces.
The regions displayed were representative of the full samples. The AFM
amplitude images and height profiles have been also extracted in each
case and can be found in Figure S8 (Supporting Information). The images
scan sizes are 5 X 5 um? (main images) and 2 X 2 um? (insets).

electrostatic repulsion between the charged amino acids may
also play an important role on the aggregation of the PA mol-
ecules and nanofibrous network formation.

Figure 4. SEM images taken in high vacuum (20 kV) and secondary elec-
trons mode over different regions of the a) Au substrate modified with
b) PEIJALG, c) PEI/(ALG/K;PA),, and d) PEI/(ALG/KsPA)s multilayers.
The regions displayed were representative of the full samples. The mag-
nification factor was 10 000x (main images) and 50 000x (insets) and the
working distance (WD) 5.1 mm in both cases.
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Moreover, a denser network of nanofibers could be seen
upon increasing the number of layer pairs to five bilayers,
(ALG/K;3PA)s (Figure 3d). Bundles of individual PA nanofibers
interact with repeating large ALG macromolecule to form
nanofibrous bundles. The progressive bundling of PA
nanofibers into high-aspect-ratio nanofibers formed a dense
nanofibrous network, which covered the entire surface. These
networks assemble spontaneously after the coassembly of the
oppositely charged molecules. Indeed, with the increase in the
number of bilayers, there is an increase in the electrostatic
screening of positive charges on the small K;PA molecules
by oppositely charged large ALG macromolecule. Such charge
screening is expected to trigger PA self-assembly capability
and promote further nanofiber bundling, thus being expected
to result in more robust nanofiber networks. However, further
experiments would be needed to undoubtedly make considera-
tions on the robustness of such nanofibrous structures.

Very interestingly, no sign of the polymeric background
was seen, which confirmed the progressive bundling of PA
nanofibers into larger nanofibrous bundles, which could have
implications in several properties, including cell behavior.
These findings were supported by the height profiles extracted
from the AFM images, which revealed an increase in the
height of the nanofibers covering the surface upon increasing
the number of (ALG/K;PA), bilayers (Figure S8, Supporting
Information). Agreeing with that, the root-mean-square (RMS)
surface roughness increased from 3.19 nm, for the films con-
sisting of two ALG/K;3PA layer pairs, to 4.55 nm ((ALG/K;PA)s
bilayers), revealing that the surface became rougher with the
increase in the number of ALG/K;PA bilayers (Figure 3).

The nanostructured assemblies were further inspected by
SEM, as shown in Figure 4. The SEM images corroborated
the AFM findings by showing the formation of nanofibers
after the assembly of two ALG/K;PA layer pairs (Figure 4c).
Moreover, a nanofibrous network with a denser network of
nanofibers could be seen upon increasing the number of ALG/
K;PA bilayers (Figure 4d). Such behavior may be ascribed to
the intensive association/aggregation of PA molecules upon
increasing the number of PA and ALG biopolymer layers.
Hence, the neutralization of the positively charged PA resi-
dues by oppositely charged ALG macromolecules together
with the number of layer pairs are essential for promoting the
efficient aggregation of PA molecules, and further formation
of nanofibrillar functional structures. Moreover, the enlarged
SEM images in Figure 4c,d (see figure insets) clearly show dark
spots at the interstices of nanofibers, which may be assigned
to aggregates of the ALG biopolymer that bind or glue neigh-
boring PA nanofibers together and form a nanofibrous net-
work. A closer inspection of the Figure 4c,d revealed that such
aggregates are increasingly larger and exist in higher number
upon increasing the number of ALG/K;PA bilayers. Such
behavior may be ascribed to the increasing number of ALG
layers that contribute as enhanced junction points to bundle
individual PA nanofibers into a nanofibrous network. It is
worth noting that, although the PA molecule used in this study
does not contain any kind of bioactive moiety, such supramo-
lecular nanofibrous networks resemble the fibrous architecture
and the capacity to signal cells of the native ECM. Hence, such
nanostructures reveal a great promise to support and guide cell
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Figure 5. a) Water contact angle (WCA) of uncoated and coated Au surfaces. Data are presented as mean = standard deviation (n =3, per condition;
statistically significant differences between K;PA and ALG-ending films were noted for (***) p < 0.001; significant differences between all conditions
and uncoated Au surface were found for (###) p < 0.001; significant differences between the sample formulations ended in ALG and Au/PEI/ALG were
obtained for (+++) p < 0.001. b) Representative images of water droplets on uncoated and coated Au surfaces.

behavior in the context of tissue engineering and regenerative
medicine strategies.

To further assess the modification of the surfaces upon
increasing the number of adsorbed layers and the role of the
end layer of the multilayered coatings, their wettability proper-
ties were studied by WCA measurements (Figure 5). Although
both K;PA- and ALG-ending films show a hydrophilic behavior,
regardless of the number of bilayers, the ones ending in ALG
retained a slightly more wettable state. The higher contact angle
values obtained for K;PA-ending films can be assigned to the
hydrophobic alkyl tail and hydrophobic amino acid domains
presented in the peptide structures which turn them slightly
more hydrophobic than the similar films ending in ALG. A
similar behavior has been previously reported for nanostruc-
tured multilayered coatings comprising CHT biopolymer and
elastin-like recombinamers.? At this step, it is worth noting
that such slight differences could be important in instructing
cell behavior, as will be later demonstrated in this paper. The
comparison of all ALG-ending films denotes that a higher con-
tact angle was obtained for the deposition of ALG over the PEI-
modified Au substrate. This behavior can be explained by the
fact that in such film the ALG biopolymer is directly adsorbed
on a single PEI monolayer previously deposited over the hydro-
phobic Au substrate. Hence, there is a great influence of the
underlying Au substrate on the ALG wettability properties.

2.3. In Vitro Biological Performance of Hybrid ALG/K;PA
Supramolecular Multilayered Assemblies

2.3.1. C2C12 Viability and Morphology

Material—cell interactions play an important role on the regu-
lation of cellular events, including adhesion, growth, prolif-
eration, organization, and differentiation. For that, materials
mimicking the ECM may be chosen as a good strategy to pro-
vide a suitable environment for cells to adhere, grow, gain their
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phenotype, and differentiate. Herein, the in vitro biological
performance of the developed polysaccharide/peptide amphi-
phile hybrid supramolecular nanoassemblies ending in K;PA
and ALG was assessed in the presence of C2C12 mouse myo-
blast model cells. Such study enabled us to investigate the role
of the end layer of the multilayered coatings on cell behavior
and ultimately their suitability as matrices for future tissue
engineering strategies. Moreover, these cells were also seeded
on uncoated surfaces, to evaluate the coating effect and prove
its superior performance on cellular viability, metabolic activity,
and morphology. Although other cell types could be explored,
in this work we have chosen C2C12 myoblast cells, which are
normally used as a model system in skeletal muscle regenera-
tion and differentiation studies, to assess the suitability of the
multilayered coatings to support the growth and differentiation
of the cells into myotubes.®® The cellular metabolic activity
was assessed in the different surfaces at three different time
points (1, 3, and 5 d) through a (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(MTS) assay (Figure 6). The results obtained after 1 d reveal
that the cell activity was very similar in all studied surfaces.
However, after 3 d of culture, the two bilayered films ending
in K3PA presented higher cellular metabolic activity than the
ones ending in ALG—Au/PEI/ALG and Au/PEI/(ALG/K;PA),/
ALG films, respectively, which demonstrate the potential of
PAs for biological and biomedical applications. After 5 d, both
PA-ending coatings, ie., Au/PEI/(ALG/K;PA), and Au/PEI/
(ALG/K;3PA)s, showed higher metabolic activity values than the
ones ending with an ALG layer—Au/PEI/ALG, Au/PEI/(ALG/
K3PA),/ALG, and Au/PEI/(ALG/K;PA)s/ALG films. Although
ALG has been extensively reported in literature as a promising
material for biomedical applications, its use alone cannot effec-
tively promote cellular adhesion,*% thus supporting the above-
mentioned results. When ALG macromolecule was chosen as
the end layer, the cells felt this material more than the under-
lying layers which may be assigned as the main reason for the
differences found on the metabolic activity. In which concerns

Adv. Funct. Mater. 2017, 27, 1605122
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Figure 6. Cellular viability through the measurement of the absorbance of the metabolic activity
of C2C12 cells (MTS assay) seeded onto TCPS surfaces, and uncoated and coated Au surfaces
as a function of the culture time (1, 3, and 5 d). Absorbance was read at 490 nm. Significant dif-
ferences between films ending in K3PA and ALG were found for (*) p <0.05 and (***) p <0.001.
Significant differences between different conditions and uncoated Au surfaces were found for
($) p <0.05, ($3) p < 0.01, and ($$9$) p < 0.001; significant differences were also obtained for
(+) p < 0.05 comparing the Au/PEI/ALG films with Au/PEI/(ALG/K3PA)s/ALG films. Significant
differences between different conditions and TCPS surfaces were found for (&&) p < 0.01 and
(&&&) p < 0.001. Data are presented as mean * standard deviation (n =3).

to the number of bilayers, statistically significant differences
were observed after 3 d, with the two bilayered films presenting
higher metabolic activity than the ones consisting of five
bilayers. Nevertheless, no differences were discerned after 5 d
of culture. However, after 5 d of culture, the metabolic activity
and viability of C2C12 cells adhered on K;PA-ending films were
higher than those on bare Au and ALG-ending surfaces, and
similar to those on tissue culture polystyrene surfaces (TCPS;
positive control). Overall, the results reveal that cells were able
to remain viable in all surfaces up to 5 d in culture and that PA-
ending films showed a higher cell viability.

These results agree quite well with previous reports, where
self-assembled nanofibers sustained cell-matrix interactions
at the molecular level resulting in better cellular adhesion,
viability, proliferation, and differentiation.''*3”) Besides the
surface chemistry and morphology, the aforementioned sta-
tistically significant differences in the wettability properties of
the K3PA- and ALG-ending surfaces could have a key role in
guiding cell fate, as hydrophilic coatings were already reported
for their good impact on cell behavior.’® Nevertheless, highly
hydrophilic (wettable) and high charge density surfaces can
have the opposite effect.’>! In addition, the positive charges on
the self-assembling K;PA molecule could also enhance cell-
materials interactions when compared with the high negatively
charged ALG macromolecule, as previously reported.>”!

The cellular adhesion and morphology were also evaluated
by fluorescence microscopy. In a preliminary assessment, the
initial adhesion and morphology of C2C12 cells seeded on the
different surfaces was investigated after 4 h of culture (see
Figure S9, Supporting Information). Even at such low culture
time, the cells adhered to all surfaces and some differences in
the number of cells attached to the different surface formula-
tions could be observed. Initial cellular adhesion seems to be
better for the bare Au when compared with the Au/PEI/ALG
surface. On the other hand, C2C12 cells cultured on K;PA-
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ending multilayered surfaces, i.e., Au/PEl/
(ALG/K;PA), and  Au/PEI/(ALG/K;PA)s,
showed a significant higher attached number
of cells when compared with the Au/PEI/
ALG surface. Furthermore, the K;PA-ending
multilayered films revealed a similar number
of attached cells when compared to the TCPS
surface, thus revealing that C2C12 cells
adhere better to the films containing K;PA as
the outer layer. Moreover, the characteristic
morphology of undifferentiated C2C12 is
presented as star-like shape,*”! and this mor-
phology started to be observed after 4 h of
culture. In general, these results are in good
agreement with previous reports in the litera-
ture which postulate that surface topography
and nanostructured surfaces play an impor-
tant role on cellular adhesion.*!l Besides
the evaluation of the adhesion of myoblasts
on TCPS surface, and uncoated and coated
Au surfaces after 4 h of culture, the cellular
morphology was also investigated for 1, 3,
and 5 d (Figure 7). Since the first day after
seeding, it can be seen that C2C12 adhered
and spread on the TCPS surface, as well as on the surface of
the uncoated and coated Au substrates. At day 1, no differences
were discerned in the morphology of C2C12 cells seeded on
the different surfaces, with cells showing a well-spread mor-
phology. Nevertheless, the cells started to extend their filopodia
and to communicate with each other. At day 3, the increase on
cell density in all sample formulations is clearly noticed. Gen-
erally, C2C12 cells proliferated and migrated all over the dif-
ferent surfaces but some differences were denoted between the
different conditions. For all coated-substrates conditions, the
cells started to fuse with each other. Moreover, the cells seeded
onto K;PA-ending multilayered coatings seem to be more elon-
gated, with filopodia being widespread preferentially on spe-
cific regions, than the ones ending in ALG. Again, at day 5 of
culture, the cell density increased and C2C12 cells seeded on
TCPS surface, and uncoated and coated Au surfaces prolifer-
ated and formed a continuous monolayer of cells. At this time,
cellular density seems to be higher on K;PA-ending films, i.e.,
Au/PEI/(ALG/K3PA), and Au/PEI/(ALG/K;PA)s, corroborating
the MTS assay. Moreover, when K;PA was chosen as the end
layer, similar results to those obtained for TCPS surface were
attained in terms of observed cellular density (Figure S10, Sup-
porting Information). In summary, the obtained results show
that the design and fabrication of nanolayered PA-based mul-
tilayered coatings seem to positively influence the in vitro cel-
lular behavior, including cell adherence, spreading, and prolif-
eration. These cellular events could be modulated by different
surface characteristics as chemistry, wettability and topography.
Although K;PA does not present bioactive domains in its struc-
ture, it assigns to the surface a fiber-like topography where cells
could sense a surface topography similar to native ECM, thus
influencing the cellular behavior.*?) The ECM topography is
composed by nanofibers capable of supporting cells and pro-
viding instructive cues to guide cellular behavior.}l Mimicking
the topography of ECM has been largely exploited on tissue
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Au/PEI/(ALG/K,PA), Au/PEI/(ALG/K;PA), (ALG/K;PA)s films seem to present higher
cellular density and better morphology than
the remaining conditions.

2.3.2. Myogenic Differentiation of C2C12 Cells
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The myogenic differentiation of C2C12
cells was evaluated by immunofluo-
rescence staining for troponin T, a
well-characterized marker for myogenic differ-
entiation of muscle cells. C2C12 cells seeded
on uncoated and coated Au substrates were put
to differentiate for 5 d, using Dulbecco’s
modified Eagle’s medium (DMEM) supple-
mented with 2% of horse serum to support
a mature myogenic process. Figure 8 shows
the immunofluorescence images, which are
representative for each condition. For the dif-
ferent surfaces, C2C12 myoblasts proliferated
............. =] L e IS o started to differentiate into mature and
multinucleated myotubes, which is evident
from the staining for troponin T (green).
Moreover, some differences in terms of myo-
genic differentiation were observed between
the myoblasts cultured on the different sub-
strates. The C2C12 myoblast cells seeded on
bare Au, Au/PEI/(ALG/K;PA),, and Au/PEI/
(ALG/K;3PA)s films differentiated into multi-
nucleated myotubes, revealing a tube-like
morphology. On the other hand, differenti-
ated cells adhered on Au/PEI/ALG surface
do not show a regular tube-like morphology.
We postulate that this behavior could be
related with the absence of a nanofibrous
topography. Interestingly, C2C12 cultured
on Au/PEI/(ALG/K;PA),/ALG and Au/PEI/
(ALG/K3PA)s/ALG films also differentiated
into mature myotubes with a tube-like mor-
phology. We hypothesize that such behavior
may be due to the increasing number of
AuIPEI/(ALGKsPA)zlALG AU/PEI/(ALG/K;PA)s/ALG  pilayers that greatly weakened the effect of
(p) (r) the outermost layer.

To support these results, fusion index, tro-
ponin T-positive area, and myotube length
were also determined with Image] software
(Figure S11, Supporting Information). The
fusion index (Figure S11a, Supporting Infor-
mation) was significantly higher when the
Figure 7. Representative fluorescence microscopy images of C2C12 cells with nuclei stained C2C12 myoblasts were seeded on the Au/
with DAPI (blue) and F-actin filaments in the cytoskeleton with phalloidin (red) at 1, 3, and  PEI/(ALG/K;PA), films rather than on sim-
5 d of culture on uncoated and coated Au surfaces: a,g,m) bare Au, b,h,n) Au/PEI/ALG, ilar films ended in ALG—Au/PEI/(ALG/

¢i,0) Au/PEI/(ALG/KsPA),, d.j,p) Au/PEI/(ALG/KsPA);/ALG, e k) AufPEI/(ALG/KsPA)s, and K pA) IALG. However, no significant dif
fl,r) Au/PEl/(ALG/K3PA)s/ALG. Scale bars represent 200 um (main images) and 50 um (inset
images) in all images.

Day 1

AU/PEI/(ALG/K,PA), AU/PEI/(ALG/K,PA);

Au/PEI/ALG Au/PEI/(ALG/K;PA),/ALG Au/PEI/(ALG/K;PA);/ALG

Au/PEI/(ALG/K;PA), Au/PEI/(ALG/K;PA);

ferences were found when comparing the
fusion index of cells cultured on Au/PEI/
(ALG/K;PA)s and  Au/PEI/(ALG/K;PA)s/
engineering field,[**® as well as the use of the LbL technology =~ ALG films. These results agree quite well with the immuno-
to recreate a variety of cellular microenvironments.*Yl In this  fluorescence images displayed in Figure 8. Furthermore, no
work, we observed that both Au/PEI/(ALG/K;PA), and Au/PEI/  significant differences were found for C2C12 cells cultured on
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Figure 8. Representative immunofluorescence images of C2C12 cells with myotubes stained with troponin T (green) and nuclei with DAPI (blue) at
5 d of culture on uncoated and coated Au surfaces, using differentiation medium (DM): a) bare Au, b) Au/PEI/ALG, c) Au/PEI/(ALG/K;PA),, d) Au/PEI/
(ALG/K3PA),/ALG, €) Au/PEI/(ALG/K3PA)s, and f) Au/PEI/(ALG/K3PA)s/ALG. The scale bar is 50 um in all images.

Au/PEI/(ALG/K;PA), and Au/PEI/(ALG/K;PA)s surfaces, with
the fusion index being slightly higher for the one with less
number of bilayers. Hence, the effect of the upper layer seems
to lose significance while increasing the number of layers, as
already discussed above. Moreover, the number of myotubes
per area (A = 1.55 X 10° um?) was determined for each con-
dition (Figure S11b, Supporting Information). Although not
so evident as for the fusion index, these results show that the
sample conditions ending in K3;PA presented higher number
of myotubes for the same area. Additionally, the average
myotube area (Figure S11c, Supporting Information) and length
(Figure S11d, Supporting Information) were examined for each
condition. No significant differences were observed between
the different sample conditions in terms of myotubes area and
length, revealing that in this study topography had more influ-
ence on fusion index and myotubes number. Overall, the myo-
genic differentiation of C2C12 cells seeded on Au/PEI/(ALG/
K;3PA), surfaces is greater than for the other conditions. Such
behavior agrees with previous reports in the literature which
demonstrate that enhanced cell adhesion and proliferation
can accelerate the myogenic differentiation.*’) As discussed
above, although K;PA does not present bioactive domains in
its structure, it confers important properties to the film. The
surface topography has been largely studied as a determinant
factor to modulate cell differentiation and, concretely, fiber-
like topographies have been reported as adjuvant for myogenic
differentiation.[*°]

3. Conclusion

In summary, we have successfully designed and developed for
the first time stable biomimetic biopolymer/peptide amphi-
phile hybrid supramolecular multilayered biomaterials by com-
bining the self-assembly strategy with the electrostatic-driven
LbL assembly technology, as well as exploiting the synergistic
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interaction and dynamic nature of both building blocks. The
dynamic nature of the assembly process is mainly driven by
the attractive electrostatic interactions between the large nega-
tively charged ALG macromolecule and oppositely charged
self-assembling small K;PA molecule that leads to the forma-
tion of nanofiber bundles, as well as by the intrinsic dynamic
peptide molecular structure. However, other highly dynamic
and reversible noncovalent forces, including hydrogen bonding
and hydrophobic forces, may also play a role on the synergistic
assembly of the dynamic ALG/K;PA supramolecular system.
The sequential deposition of negatively charged high-molecular-
weight ALG biopolymer and oppositely charged self-assembling
low-molecular-weight K;PA was monitored in situ by QCM-D
which revealed the nanostructured dimension and linear
growth regime exhibited by the supramolecular multilay-
ered assemblies. The morphological and structural properties
were further examined by AFM, SEM, and TEM, showing the
nanofibrillar structure of the developed films, thus mimicking
the structural and functional features of the native cellular
environment. The in vitro biological performance of the new
developed supramolecular multilayered nanostructures was
assessed using C2C12 myoblast cells, in an attempt to inves-
tigate their biocompatibility. The supramolecular multilayered
nanostructures ending in K;PA showed enhanced cell adhesion
and activity in comparison with similar films ending with ALG,
thus positively influencing the cell behavior. Furthermore, the
myogenic differentiation studies demonstrated that hybrid
ALG/K;PA supramolecular multilayered nanofilms led C2C12
cells to differentiate into multinucleated myotubes revealing a
tube-like morphology, thus proving their myogenic potential.
This potential seemed to be boosted when cells were cultured
above K;PA-ending nanofilms. Interestingly, such PA does not
contain any bioactive epitopes, i.e., cell-adhesive motifs, in its
structure that could boost and support the superior cell attach-
ment, thus reinforcing their great potential as bioinstructive
matrices for biomedical applications, including cell culture.
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Although, several studies will be critical to infer on the translat-
ability of these supramolecular nanofiber structures, we envi-
sion that the strategy herein presented could be transposed into
more complex devices incorporating various biologically active
building blocks and functionalities, including freestanding
membranes, micro- and nanocapsules, and 3D constructs.
Such devices would have great potential to be applied as supra-
molecular biomaterials for several biomedical and healthcare
applications, including as cell culture platforms, controlled
drug delivery systems, or as bioinstructive structures to support
myoblast cell growth for muscle tissue regeneration. Moreover,
the possibility of combining biopolymers and self-assembling
peptide amphiphile molecules into nanostructured multilay-
ered films could also open new horizons and perspectives in
the design and development of advanced nanostructured func-
tional materials for nonmedical applications, including energy,
catalysis, photonics, electronics, or optics.

4. Experimental Section

Materials: All protected amino acids, [4-[o. -(2',4’-dimethoxyphenyl)
Fmoc-aminomethyl]phenoxy]acetamidonorleucyl-methylbenzhydrylamine
(methylbenzhydrylamine, MBHA) resin (Fmoc-Rink amide MBHA
resin), and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) were purchased from NovaBiochem. Other
chemicals, including dichloromethane (DCM), dimethylformamide (DMF),
acetonitrile, piperidine, acetic anhydride, N,N-diisopropylethylamine,
and trifluoroacetic acid (TFA), were purchased from Fisher, Merck,
Alfa Aesar, or Sigma-Aldrich. CHT of medium molecular weight (M,
= 190-310 kDa, 82% degree of acetylation, viscosity 200-800 cP) was
purchased from Sigma-Aldrich (USA) and purified prior to use by a
series of filtration and precipitation steps in water and ethanol, followed
by freeze drying, as described ref. [47]. Low viscosity sodium ALG
derived from brown algae (M,, = 538 kDa, viscosity =250 cP) and PEI
solution (50% w/v in water, M,, = 750 kDa) was purchased from Sigma-
Aldrich (USA) and used as received. All other chemicals, including acetic
acid (VWR, 100%, CH;COOH) and sodium acetate trihydrate (Sigma-
Aldrich, 299%, CH;COONa-3H,0) were of analytical grade and used
as received. 0.1 m acetate buffer pH 5.5 stock solutions were prepared
using ultrapure water from a Milli-Q Plus water purification system
(resistivity >18.2 MQ cm) from Millipore.

Substrates Pretreatment: Gold-coated 5 MHz AT-cut quartz crystal
substrates (QSX301 Gold, Q-Sense, Sweden) were submitted to UV/
ozone (UV/Ozone ProCleaner 220, BioForce Nanosciences, Inc.)
treatment for 10 min, followed by immersion in an RCA cleaning solution
(5:1:1 ultrapure water:ammonia (25%):hydrogen peroxide (30%), v/v)
in an ultrasound bath at 70 °C for 20 min. Subsequently, the quartz
crystal substrates were thoroughly rinsed with ultrapure water and
ethanol, dried under a soft stream of N,, and resubmitted to UV/ozone
treatment for 10 min. Then, the freshly cleaned quartz crystal substrates
were immediately inserted in the QCM-D chamber for the buildup of the
multilayered coatings. The same cleaning procedure was applied to the
gold-coated glass substrates (IK4-Tekniker, thickness of Au layer: 50 nm;
1 x 1 cm?) used for the fabrication of the nanostructured multilayered
thin films for microscopy analysis, water contact angle measurements,
and in vitro cell culture studies.

Synthesis and Purification of PA: K3PA (Lauryl-Val-Val-Ala-Gly-Lys-Lys-
Lys-Am, M,, = 910.67 Da) molecule was synthesized via Fmoc-solid-
phase peptide synthesis method.[*¥] During the synthesis, rink amide
MBHA resins were used as solid supports. The carboxylate group of
2 mol equivalents of amino acid was activated by 1.95 mol equivalents
of HBTU and 3 mol equivalents of N,N-diisopropylethylamine (DIEA) on
the 1 mol equivalent of the solid support. Fmoc protecting groups were
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removed at each coupling step with 20% (v/v) piperidine/DMF solution
for 25 min. The amino acid coupling time was set to be 2 h at each cycle.
Lauric acid, which served as the source of lauryl group, was reacted
with the amine group and its coupling mechanism was similar to the
amino acid coupling. A 10% (v/v) acetic anhydride/DMF mixture was
used to acetylate the unreacted amine groups after each coupling step.
The cleavage solution prepared as the mixture of 95% TFA, 2.5% water,
and 2.5% triisopropylsilane was used to cleave the side chain protecting
groups and remove the PA molecules form the solid support for 3 h.
After the cleavage step, the resins were washed with DCM to obtain the
synthesized PA molecules in the solution phase. The excess of organic
solvents and TFA was removed using a rotary evaporation system. Then,
cold diethyl ether at —20 °C was added onto the synthesized PAs for
promoting the precipitation and sedimentation overnight. The white
precipitate was collected by centrifugation at 4 °C, dissolved in distilled
water, and the solution was frozen at —80 °C. Afterward, the frozen
sample was freeze dried for 3 d to obtain the PA powder.

LC-MS: The purity of the PA was assessed using an Agilent 6530
Accurate-Mass Quadrupole time-of-flight mass spectrometry (LC-MS)
apparatus with electrospray ionization source connected to reverse-
phase analytical high performance liquid chromatography (HPLC)
system. A total of T mg mL™" K;PA molecule was dissolved in water
and analyzed via LC-MS using an Agilent Zorbax Extend-C18 column
(3.5 um 80A, 100 x 4.6 mm) in an optimized gradient of water (0.1%
formic acid) and acetonitrile (0.1% formic acid). The synthesized peptide
was purified with an Agilent 1200 Series preparative HPLC System.

CD Spectroscopy: Before the analysis of the secondary structure of the
synthesized PA molecule (K3PA), the ALG biopolymer, and the ALG/K3PA
system by CD spectroscopy, 0.3 mg mL™" K;PA, 0.1 mg mL™" ALG, and
ALG/K3PA (1:1, v/v) mixture solutions were freshly prepared in 0.01 m
acetate buffer at pH 5.5. A lower ionic strength was used to decrease
the voltage during the measurements and avoid the background noise
that would have interfered with the measurement. The CD spectra
were recorded at room temperature (25 °C) in a JASCO J-815 circular
dichroism spectrometer from 190 to 300 nm at a scanning speed of
100 nm min~', using a digital integration time of 4 s, a bandwidth of
1 nm, and with a data pitch of 0.1 nm and standard sensitivity.

ATR-FTIR Spectroscopy: A Bruker TENSOR 27 FTIR spectrometer fitted
with a “Golden Gate” ATR module equipped with a diamond crystal
was used to collect the spectra of the dried ALG, K;PA, and ALG/K;PA
(1:1, v/v) films in the absorbance mode. All data were obtained in the
spectral range of 4000400 cm™' by averaging 256 individual scans per
sample at a resolution of 4 cm™. Collected spectra were linear baseline
corrected, normalized, and subsequently deconvoluted by fitting with a
Gaussian function using the “Fourier Self-Deconvolution” tab enclosed
in the OPUS spectroscopy software supplied with the instrument.

Zeta (§)-Potential Measurements: In order to assess the fabrication of
ALG/K3PA system, the electrical charge of the ALG and K3;PA molecules
at the working pH of 5.5 was investigated by measuring their zeta
({)-potential. Prior to the {-potential measurements, 0.3 mg mL™" K;PA
and 0.1 mg mL™" ALG solutions were freshly prepared in 0.1 m acetate
buffer at pH 5.5. The {-potentials of both individual solutions were
determined at 25 °C using a Zetasizer Nano-ZS (Malvern Instruments
Ltd., UK). The measurements were performed in triplicate and averaged
for each sample.

QCM-D: The buildup of the supramolecular multilayered assemblies
comprising peptide amphiphile and polysaccharides onto the gold-
coated 5 MHz AT-cut quartz crystal sensors (QSX301 Gold, Q-Sense,
Sweden) was monitored in situ by quartz crystal microbalance with
dissipation monitoring (QCM-D, Q-Sense E4, Sweden) in a liquid
environment. The freshly cleaned gold-plated quartz crystals substrates
were immediately inserted in the QCM-D chamber, equilibrated in a
0.1 m acetate buffer solution at pH 5.5 until a baseline was reached, and
further modified with a positively charged PEI precursor layer to form
an anchoring layer on the surface and to compensate for small surface
inhomogeneity in the charge density. For this purpose, a 0.5 mg mL™
PEI solution in 0.1 m acetate buffer at pH 5.5 was pumped into the
measuring chamber for =25 min, following by a 10 min rinsing step in
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the aforementioned buffer solution to remove unbounded molecules.
Afterward, the PEl-functionalized Au-plated quartz crystals were
alternately exposed to 0.1 mg mL™" ALG (15 min adsorption time) and
0.3 mg mL™" K;PA (30 min adsorption time) solutions in 0.1 m acetate
buffer at pH 5.5, rendering the surface negatively and positively charged
respectively, to buildup the PEI/(ALG/K3;PA)s multilayered films. A long
adsorption time was chosen for the deposition of the K;PA layer in
order to allow it to reach equilibrium. After each deposition step, the
substrates were rinsed with the aforementioned buffer solution for
10 min to remove weakly adsorbed molecules. The assembly process
was repeated until reaching a (ALG/K3;PA), multilayered film with the
desired number of layers (n). The final multilayered thin films were
dried under a soft stream of N,. The same procedure was followed for
the buildup of the (CHT/K;PA);/(ALG/K;PA); multilayered thin films
as control sample on the gold-plated quartz crystal substrates. All the
experiments were performed at 25 °C and at a constant flow rate of
50 uL min~'. The gold-coated quartz crystal substrates were excited at
multiple overtones (1, 3, 5, 7, 9, 11, and 13 corresponding to 5, 15, 25,
35, 45, 55, and 65 MHz, respectively) and variations in frequency (Af)
and in dissipation (AD) were monitored in real time. The frequency of
each overtone was normalized to the fundamental resonant frequency
of the quartz crystal substrate (Af,/n, in which n denotes the overtone
number). The results herein presented correspond to the frequency and
energy dissipation shifts associated to the 7th overtone (35 MHz), as
they presented the lowest level of noise. Nevertheless, the results were
representative of the other overtones. The thickness of the multilayered
thin films at each deposition cycle was estimated using the Voigt-based
viscoelastic model implemented in the Q-Tools software from Q-Sense,
assuming a fluid density of 1020 kg m~3, a layer density of 1200 kg m=,
and a fluid viscosity of 1 mPa s.

The nanostructured multilayered thin films were similarly deposited
on freshly cleaned Au-coated glass substrates (IK4-Tekniker, Au layer:
50 nm; 1 x 1 cm?) as for the microscopy analysis, water contact angle
measurements, and in vitro cell culture studies. Briefly, the Au-coated
substrates were first immersed in PEI solution (0.5 mg mL™" in acetate
buffer at pH 5.5; 25 min), following by the sequential and repetitive
immersion in ALG (0.1 mg mL™" in acetate buffer at pH 5.5; 15 min) and
K3PA (0.3 mg mL™" in acetate buffer at pH 5.5; 30 min) solutions to build
(ALG/K3PA),, bilayers over the PEI-functionalized Au substrate. Between
the adsorption of each layer, a 10 min rinsing step in 0.1 m acetate buffer
solution at pH 5.5 was applied to remove weakly adsorbed molecules.

WCA Measurements: The wettability of the individual materials as
well as multilayered films-functionalized Au-coated substrates was
determined in air at room temperature through the static sessile drop
method using a contact angle goniometer (OCA 15+, DataPhysics
Instruments, Germany). The WCA measurements were carried out at
room temperature by creating ultrapure water drops of 5 UL at the tip
of the syringe, followed by placing them over the modified Au-plated
substrates. The SCA20 software was used for the analysis of surface-
drop contact angles at each surface. The measurements were repeated
three times per sample and averaged for each nanofilm formulation.

TEM: TEM analysis was performed on a Hitachi H-9000 instrument at
an acceleration voltage of 300 kV. Prior to the TEM analysis, 0.3 mg mL™
K3PA and 0.1 mg mL™" ALG solutions were prepared separately in 0.1 wm
acetate buffer at pH 5.5. In addition, 0.1 mg mL™" ALG and 0.3 mg mL™'
K3PA solutions were mixed at a 1:1 ratio (v/v) in 0.1 m acetate buffer at
pH 5.5. After the preparation of the individual solutions and ALG/K;PA
mixture, 5 UL of each sample solution was drop casted onto carbon film-
coated copper TEM grids (CF400-Cu—carbon film 400 square mesh
copper grid) and incubated for 15 min. Then, the excess of sample was
removed from the surface of the grid by micropipette. Afterward, a 5 uL
drop of 0.5 wt% uranyl acetate solution (freshly prepared, sonicated, and
filtered) was put over the TEM grids consisting of the samples. After
the staining, the grids were air dried in the fume hood under ambient
conditions overnight.

AFM: AFM measurements were performed in air at room
temperature (25 °C) using a Dimension Icon Atomic Force Microscope
(Bruker, France) operated in the ScanAsyst mode. Silicon nitride
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cantilevers (ScanAsyst-Air, Bruker, France) with a resonance frequency
of 70 kHz and a nominal spring constant of 0.4 N m~' were used for
imaging. The surface topography of the dried samples (individual ALG
and K3PA samples, ALG/K3PA mixture (1:1, v/v ratio), and (ALG/K;PA),
multilayered assemblies) was scanned over 5 X 5 and 2 X 2 um? regions
at a fixed scan rate of 1 Hz with a resolution of 512 x 512 pixels. For the
AFM analysis, 10 puL of each individual ALG and K3PA solutions as well as
ALG/K3PA mixture were separately deposited onto freshly cleaned glass
coverslips and allowed to dry in air at room temperature. The substrates
were then gently rinsed with ultrapure water and air dried at room
temperature. In the case of the (ALG/K;PA), multilayered assemblies,
after the fabrication of the coatings onto the freshly cleaned gold-coated
glass substrates, the substrates were also gently rinsed in ultrapure water
and air dried prior to AFM imaging. At least three different samples
and five different areas from each sample formulation were randomly
scanned and representative images were chosen for analysis. Raw AFM
data were processed by flattening and plane fitting and further analyzed
using the NanoScope Analysis 1.50 software (Bruker, France). Statistical
parameters, including the RMS surface roughness, were derived from
the AFM topographical images by software analysis.

SEM: SEM imaging was performed on an ultrahigh-resolution field
emission gun scanning electron microscope (FEI Nova NanoSEM 200,
Eindhoven, the Netherlands) operated in the secondary electrons mode
at accelerating voltages of 5 and 10 kV and working distances between
5.0 and 5.5 mm. Prior to the analysis, the gold-coated glass substrates
containing the adsorbed layers were fixed to the aluminum stubs by
double-sided carbon conductive adhesive tape for electrical contact
purposes.

In Vitro Cell Culture Studies: A mouse model of muscle cells, the
C2C12 cell line (ATCC CRL-1772TM), was cultured using 150 cm? cell
culture flasks containing low glucose DMEM (Sigma-Aldrich, USA)
supplemented with 10% fetal bovine serum (Biochrom AG, Germany)
and 1% penicillin/streptomycin  (Sigma-Aldrich), in a humidified
incubator at 37 °C and 5% CO,. To preserve the myoblast characteristics,
the passage of the cells was performed at cell confluency between
50 and 60%. Prior to cell culture, the Au-coated glass substrates were
exposed to UV light irradiation during 30 min using an UV/Ozone
cleaner equipment (ProCleaner 220, BioForce Nanosciences, Inc.), in
order to sterilize the samples.

The C2C12 cell viability on K;PA- and ALG-ending multilayered
coatings—(ALG/K;PA),, and (ALG/K3PA),/ALG films, respectively—
was assessed at different time points using the MTS assay (Cell Titer
96 Aqueous One, Promega, USA). C2C12 were seeded at a density of
1.5 x 10* cells per sample, dropping a cell suspension of 200 pL directly
above the sample. After 4 h, the cells were nourished with serum-free
growth medium. After 1, 3, and 5 d of standard incubation the C2C12
seeded samples were washed twice with sterile phosphate buffered
saline (PBS, Sigma-Aldrich) and immersed in 500 puL of 4:1 serum-
free DMEM/MTS solution. After 3 h of incubation at 37 °C and 5% of
CO,, the medium of each sample was collected and added to a 96-well
plate in triplicate; the metabolic activity was quantified by measuring
the absorbance at 490 nm, using a microplate reader. Experiments were
carried out with n = 3 and the results were normalized to TCPS surface
area (3D Biomatrix, USA).

Cell morphology studies were also assessed. The same cell density
was used and the culture was maintained under serum-free growth
medium during 1, 3, and 5 d. After these time points, the cells were fixed
with 10% formalin (Sigma-Aldrich)/PBS during 30 min, permeabilized
on 0.2% Triton X-100 (Sigma-Aldrich) for 5 min, and blocked with 3%
(w/v) bovine serum albumin (BSA, Sigma-Aldrich)/PBS for 30 min.
Then, the cells were stained by immersing the samples first with a
solution of 1:200 phalloidin (Sigma-Aldrich) in PBS during 45 min
and then with a solution of 1:1000 4’,6-diamidine-2"-phenylindole
dihydrochloride (DAPI, Sigma-Aldrich) in PBS during 15 min. Between
each step the samples were washed several times with PBS. In the end
of the process, the samples were imaged at 10x and 20x magnifications
using a Transmitted and Reflected Light Microscope with ApoTome
2 (Axio Imager Z1m, Zeiss, Germany).
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For the differentiation studies, the C2C12 cells were cultured on K;PA-
and ALG-ending multilayered coatings—(ALG/K3PA), and (ALG/K3PA),/
ALG films, respectively—at a cell density of 1.0 x 10* cells per sample.
When cells achieved 70-80% confluence, the serum-free growth medium
was replaced with low-glucose DMEM supplemented with 2% horse
serum (HS, Invitrogen), 1% penicillin/streptomycin, in order to induce
cell differentiation. To evaluate the differentiation abilities of these cells
cultured above nanofibers-coated surfaces, immunocytochemistry assays
were performed. For this, an antibody against troponin T was used as a
marker of myogenic differentiation. After 5 d, the cells were fixed with
10% formalin/PBS and then permeabilized with 0.1% triton-100x. The
samples were then blocked with 0.3% (w/v) BSA in PBS and incubated
with 1:100 primary antibody troponin-T (Acris Antibodies, Inc, Germany)
in PBS overnight at 4 °C. In the day after, the samples were incubated
with 1:1000 secondary antibody antimouse Alexa Fluor 488 (Invitrogen)
in 1% HS in PBS, during 1 h at room temperature and in the dark.
Between each step, several washes with PBS were performed. In the
end of this process, the samples were maintained in PBS overnight and
imaged with fluorescence microscope in the day after. Negative controls
were achieved by excluding the incubation with the primary antibody and
instead incubated with 1% HS in PBS.

Quantitative analysis of the myogenic C2C12 differentiation was
performed by calculating the fusion index, the troponin T-positive
myotubes area, number, and the myotubes length. The fusion index
corresponds to the percentage of the number of nuclei within the
multinucleated myotubes to the total number of nuclei. Four images
of each condition were analyzed using an image processing software
(Image), National Institutes of Health, Bethesda, MD, USA).

All experiments were conducted at 37 °C and 5% CO,, using cells at
passage between 6 and 8 and with medium being exchanged every 2 d.

Statistical Analysis: Unless otherwise noted, all experiments were
performed in triplicate (n = 3) and the results were presented as
mean + standard deviation. Statistical analysis was performed with
the GraphPad 6.0 software, using the one-way analysis of variance test
with Bonferroni post hoc multiple comparison test; differences were
considered statistically significant for a p < 0.05.

Supporting Information

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