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Abstract

Hybrid nanomaterials have shown great potential in regenerative medicine due to the unique
opportunities to customize materials properties for effectively controlling cellular growth. We
demonstrate the peptide nanofiber-mediated auto-oxidative polymerization of dopamine, resulting in
stable aqueous dispersions of polydopamine-coated peptide hybrid nanofibers. The catechol residues
of the polydopamine coating on the hybrid nanofibers are accessible and provide a platform for
introducing functionalities in a pH-responsive polymer analogous reaction, which is demonstrated
using a boronic acid modified fluorophore. The resulting hybrid nanofibers exhibit attractive
properties in their cellular interactions: they enhance neuronal cell adhesion, nerve fiber growth and
growth cone area, thus providing great potential in regenerative medicine. Furthermore, the facile
modification by pH-responsive supramolecular polymer analog reactions allows tailoring the

functional properties of the hybrid nanofibers in a reversible fashion.

Keywords: peptide nanofibers, amyloid fibers, polydopamine coating, neuronal growth, hybrid
nanomaterial



1. Introduction

Amyloid fibers, formed from the self-assembly of oligopeptides into highly stable intermolecular
beta-sheet structures, have conventionally been negatively associated ever since they were implicated
to be the causative agent for the neuronal plaques found in Parkinson’s and Alzheimer’s diseases. ]
However, it has been recently shown that these fibers also serve a functional role in many native
biological processes (i.e. melanin synthesis® and peptide hormone storagel’l) and that those
neurodegenerative disease implications have rather become a question of upstream mechanisms that
trigger erratically. While Nature uses amyloid fibers as a synthetic template or as efficient storage
modules, chemists have exploited the excellent strength and stability to create a broad spectrum of
nanomaterialsi“! ranging from nanowires for optoelectronic devices® to hydrogel matricest®, drug
transporters for biomedical applications or as synthetic biomaterials mimicking the extracellular
matrix.[®] Recently, detailed and comprehensive studies have also shown beneficial effects of

bioactive amyloid fibers on neuronal cell attachment, proliferation, or neurite outgrowth.

While a large number of studies have established amyloid fibers as an excellent scaffold material, the
implementation of synthetic chemistry to alter the innate functionality and interactions of such fibers
with cells by retaining their unique bioactivities have been much less investigated. Conceptually, by
providing a very thin surface coating in a single chemical step that retains bioactivity of the amyloid
fibers but also introduces functionalities for facile and reversible functionalization, one could
envision a fundamental understanding of amyloid biochemistry as well as expand the range of
bioapplications. Such a strategy has been recently suggested by Maji’s group by applying
biotechnological methods.*® Here, peptide fragments derived from the amyloidogenic and infectious
a-Synuclein protein interestingly revealed biocompatibility and even promoted the differentiation of
stem cells. In this regard, chemical modification techniques would provide many advantages over
e.g. biotechnological methods due to the variety of functionalities that could be incorporated into the

scaffold to increase the versatility of such a self-assembling platform.



Inspired by Nature’s synthesis of melanin,** an insoluble polymer, whose polymerization is
catalyzed by amyloid fibers, we hypothesize that an increase in versatility can be achieved by
modifying the surface of peptide nanostructures through the facile polymerization of dopamine (DA)
onto the surface of the amyloid fiber thus imparting higher degree of chemical functions. We have
recently demonstrated the spatially controlled formation of polydopamine (pDA) on nanoscopic DNA
origami templates using a localized redox catalyst on the nanostructure and the formation of distinct
DNA origami structures due to the pDA self-adhesion.*? pDA is a versatile biomaterial and has
earned great acclaim as a multifunctional coating with applications ranging from energy,
environmental to biomedical sciences due to its simplicity in formation and ability to adhere to
virtually any surface.l’® Although the exact molecular structure of pDA is still under
investigation, 3> I the type of chemical functional groups that are present within the polymer are
well known. Hence, the aforementioned applications can be achieved by using reactive groups such
as amines/thiols (Schiff-base, conjugate addition) as well as the metal binding and pH-responsive
capabilities of the catechols with boronic acids.!**! In combination with the mechanical and physical
properties of the tightly crosslinked structure, a variety of hybrid materials that extend beyond

individual components i.e. vascular devices and stents have been developed recently. 28]

Herein, we report the synthesis of hybrid peptide-polydopamine nanofibers (pDA-PNFs) that
combine the nanofibrous morphology derived from PNFs (peptide nanofibers) with the versatile
chemical function of pDA coatings. In this aspect, the PNFs serve both as a bioactive scaffold which
promotes adhesion and growth of primary mouse neurons as well as a pre-organized template for DA
polymerization on the fiber surface. Furthermore, taking advantage of pDA as a very thin, functional
biocoating, we demonstrate that bioactivity of the fibrils is retained even after coating and that the
catechol groups presented on the hybrid fiber surface facilitate pH-responsive and pDA-selective
conjugation of cargo molecules to showcase the potential for chemical modifications of the developed
platform. Next to PNFs, also pDA is known to facilitate neuronal adhesion!*! and allows for neural
cell growth and proliferation,[*® and we anticipate the pDA-coating to be well tolerated by neural
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cells. Hence, we envision that the fusion of amyloid and synthetic superstructures enables a
multifunctional platform that allows customizing physiological and chemical properties of PNFs for

regenerative medicine applications.

2. Results and discussion
2.1. DA polymerization in the presence of PNFs

2.1.1. Formation and characterization of PNFs

To study the polymerization of DA in the presence of self-assembled PNFs, we chose the 8-mer
KIKIQIII as the nanofiber forming peptide (Figure 1a) which was discovered by us recently. This
amphiphilic peptide consists of the basic amino acid lysine (K) alternating with isoleucine (I) and a
hydrophobic C-terminus, thus providing the necessary structural features to readily form self-
assembled nanofibers in aqueous solutions.[*?! Glutamine (Q) in the center of the sequence is further
capable of stabilizing the nano-assemblies through hydrogen bonding. KIKIQIII was synthesized
according to standard protocols based on Fmoc-protected solid phase peptide synthesis. Purification
of the crude product was conducted by reversed phase high performance liquid chromatography and
confirmed by matrix-assisted laser desorption/ionization mass spectrometry (Figures S1).

The peptide readily forms aggregates in aqueous solution when a dimethyl sulfoxide (DMSO) stock
solution is diluted into a 100 mM KCI solution. After an incubation period of 18 h to ensure complete
formation of PNFs and subsequent dilution into Tris-buffer at pH 8.5, the final peptide concentration
was 0.5 mM. The obtained solution exhibits a significant increase in fluorescence intensity at 610 nm
upon addition of the molecular rotor dye ProteoStat®, which allows for the detection of aggregate

formation in peptide and protein solutions upon excitation at 550 nm (Figure 2a).2%



The morphology of the peptide aggregates was investigated by transmission electron microscopy
(TEM, Figure 1b) as well as high resolution atomic force microscopy (AFM, Figure S2a). The
resulting images reveal well-defined nanofibers, which exceed several micrometers in length.

Secondary structure analysis obtained by Fourier-transform infrared (FT-IR) spectroscopy of a
freeze-dried sample of KIKIQIII PNFs reveals signals in the amide | band region between 1600-1700
cm™ (Figure S2b). Using peak analysis (2nd derivative) and fitting four Gauss curves, two peaks at
1631 cm™? and 1692 cm™ were identified, indicating the formation of an anti-parallel beta-sheet
structures.?! Furthermore, the two peaks identified at 1662 cm™ and 1606 cm™ indicate formation of

intermolecular hydrogen bonding of the glutamine side chains.[??

2.1.2. PNFs catalyze DA polymerization

After confirming the successful fiber formation from KIKIQIII, we proceeded with the preparation
of pDA-PNF hybrids. In the literature, several reports for the functionalization of nanofibrous
structures exist; however, these mostly describe the coating of electrospun polymers rather than self-
assembled peptides.?®] Notable exceptions are the coating of fibrils from tobacco mosaic virus?l and
surface grown diphenylalanine nanowires.[?!

For the formation of pDA-PNF hybrids, the polymerization of DA occurred by auto-oxidation with
oxygen from air, as previously described.l**3 In the presence of PNFs, a stable aqueous solution of
brown color was obtained (Figure 1c) indicating pDA formation. Using absorbance spectroscopy,
polymerization in the presence and absence of PNFs for 24 h revealed a significant increase in pDA
formation in the presence of PNFs (Figure 1d). The polymerization of DA is known to proceed
through several intermediates beginning with the oxidation of DA to dopamine-o-quinone and
subsequent cyclization to dopaminochrome followed by further oxidative and oligomerization steps
until pDA is formed. The final form of pDA consists of a complex mixture of intermediates and
oligomers held together by supramolecular interactions.[** Previous studies using absorbance

spectroscopy have revealed the initial presence of dopamine-o-quinone and dopaminochrome



through their characteristic absorption at around 300 nm.[*% 261 The reaction continues with the
critical oligomerization step and formation of pDA, which absorbs at higher wavelengths,*2-13 271
ultimately yielding a material with a broad absorbance across the UV and visible spectrum as depicted
in Figure 1d. We speculate that the formed reactive dopaminochrome intermediate subsequently
reacted to DA oligomers at the surface of the PNFs due to hydrophobic interactions, mimicking the
biosynthetic pathway of eumelanin formation in mammals.

Detection at 320 nm was selected to determine significant differences in DA polymerization in the
presence and absence of PNFs. For more accurate sample comparisons, the absorption characteristics
from the early oxidation products (e.g. dopaminochrome) and pDA were recorded. As the
intermediate oligomeric DA species are transitory and after very short time become indistinguishable
from pDA,* 21 pDA will herein be used to refer to all auto-oxidation products of DA.

To further investigate the role of the PNFs on the auto-oxidative polymerization of DA, we
determined the initial rate of polymerization vo for increasing PNF and DA concentrations. We
calculated vo from the linear regression of the time resolved absorption spectroscopy during the first
60 min of polymerization by means of absorbance measured at 320 nm (Figure S3). When studying
the effect of PN concentration on the polymerization Kinetics, we used a fixed DA concentration of
0.08 mM to avoid precipitation, which occurred at higher concentrations. We found that vo increases
with higher PNF concentrations up to 0.3 mM (Figure 2b) and at this concentration, the
corresponding Vo value is six-fold higher than in the absence of PNFs. Interestingly, a further increase
in PNF concentration leads to a decrease of vo, which we attribute to diffusion limitation as a result
of increased solution viscosity (compare PNF hydrogel formation in Figure S2d). Next, we varied
the DA concentration, while keeping the PNF concentration at 0.5 mM. As expected, Vo initially
increases with increasing DA concentrations up to 0.13 mM (Figure 2c). At DA concentrations above
0.13 mM, no further increase of vo was observed. However, a black precipitate, most likely pDA,
formed in the reaction vessel. To obtain colloidally stable pDA-PNF hybrids, a concentration of 0.08

mM DA solution was used for all further experiments.



To additionally substantiate the plausible catalytic effect of the PNFs, we polymerized 0.08 mM DA
in the presence of different PNF concentrations (0.0, 0.1, 0.3, and 0.5 mM, respectively) in Tris-
buffer at pH 8.5. After 5 h, the formed polymer was centrifuged, washed, dissolved in 1 M NaOH
and the absorption at 320 nm was measured. We found that the amount of formed pDA increases with
increasing PNF concentrations. At a PNF concentration of 0.5 mM, the total amount of pDA was
increased 2.6-fold compared to the sample without PNFs (Figure 2d). If the initiation of
polymerization was to proceed by an auto-polymerization mechanism of DA, one would expect
similar amounts of pDA formed in absence and presence of PNFs. However, the occurrence of higher
amounts of pDA formed in presence of PNFs clearly indicates a catalytic contribution of the PNFs to

the polymerization rate.

2.1.3. Characterization of pDA-PNF hybrid architectures

To confirm the successful formation of pDA-PNF hybrids, we performed a detailed characterization
of the obtained material. Zeta potential measurements, depicted in Figure 2e, showed a distinct
change from positive surface charges of unmodified PNFs to almost neutral in pDA-PNF hybrids,
further indicating successful surface modification with pDA.

FT-IR spectra were acquired in attenuated total reflectance (ATR) mode, for the PNFs before and
after DA polymerization and compared to pure pDA to verify coating (Figure 2f and Figure S4). IR
bands were assigned based on the work of Zangmeister et al. on pDA films!? and reference tables.[?!
Observed features of pDA at 3346 cm™ and 3185 cm™ were assigned to the N-H and O-H stretching,
respectively; stretching modes of aromatic C=C bonds at 1588 cm™* and 1460 cm™; bending of N-H
at 1552 cm* and stretching of C-O bonds at 1295 cm™. Amide | and 11 bands were assigned to peaks
at 1670 cm™ and 1540 cm™ of the PNF. The spectrum of pDA-PNF exhibits signals from both PNF
and pDA, indicating successful polymerization of DA in the presence of fibers.

Further spectroscopic experiments were conducted with the beta-sheet prone fluorescent dye
Proteostat® to investigate whether a core-shell architecture is formed upon incubation of DA in the
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presence of PNFs. The increase of fluorescence emission at 610 nm (kex. = 550 nm) of untreated
PNF solutions indicated the accessibility of binding-pockets along the fibrillar scaffold for the
benzothiazole dye Proteostat®. The same experiment was also performed with PNFs, which were
incubated with DA in Tris-buffer for one day at ambient temperature. The addition of ProteoStat®
promoted significantly decreased emission intensities similar to the control samples containing no
PNFs (Figure 2a). These findings suggest that the binding pockets for ProteoStat® could be blocked
by pDA after polymerization further supporting that pDA-PNF hybrid material was successfully
prepared.

Microscopic techniques were employed to investigate the PNF hybrid morphology in comparison to
PNFs. In TEM micrographs, the unmodified PNFs were visible as fibrous aggregates, which exhibited
a minor degree of bundling (Figure 1b and Figure S5a). However, the solution obtained after DA
polymerization revealed dense mats of bundled fibers, with only very few fibers being present
individually (Figure 1c and Figure S5b). pDA is known to be a strong bioadhesive.l** A coating of
pDA along the PNF surface could thus explain the stronger tendency for bundling in comparison to
untreated PNFs.

To further substantiate the occurrence of a pDA-coating on PNFs, detailed morphological analysis
was conducted by AFM (Figure 3a-c and Figure S6). Samples were deposited on mica substrates
for 1 minute, avoiding clustering and allowing characterization of individual fibrils. Statistical
analysis of the cross-sectional diameter of single fibers was performed by measuring the average
height along the maximum height profile of the fiber, referred to as height for simplicity (Figure 3b).
The analysis was conducted by measuring the height of all the fibrils present in each sample per unit
of area on the surface of deposition (Figure 3a, inset). The unmodified PNFs exhibited an average
cross-sectional diameter of 2.54 + 0.12 nm. This corresponded well to the estimated length of the
peptide in a beta-sheet conformation of approximately 2.7 nm (Figure S2c). The data furthermore
revealed that pDA-PNF hybrids were characterized by increased average heights of 2.89 + 0.16 nm,

consistent with pDA deposition on the PNFs. Furthermore, no spherical particles corresponding to



free pDA (Figure S7) polymerized in solution were visible in the AFM images indicating that the
polymerization mainly proceeded on the PNF surface.*” The difference between the average of the
distributions was statistically significant (p<0.001). However, the PNFs did not show a narrow
distribution of their height and we could observe that they occurred in several polymorphs presenting
different cross-sectional diameter (AFM height, Figure S6e-g). This was most likely due to a
hierarchical assembly process of the PNFs where a different number of protofilament units make up
their cross-section. The polymorphism is reflected in the statistical distribution of the cross-sectional
height, which showed several peaks indicating that PNFs were therefore grouped in different
polymorphs as independent distributions according to their heights (Figure 3c and Figure S6). A
similar presence of multiple peaks in the statistical distribution of the cross-sectional height occurred
for the pDA-PNFs, indicating again the presence of the several polymorphs. In particular, each
population of the uncoated fibrils had a smaller height than the corresponding one for the coated
fibrils. The comparison and averaging of the difference in cross-sectional height between individual
populations of the PNFs and pDA-PNFs leads to a more accurate determination of the increase of the
PNF height and the corresponding thickness upon coating. Our results therefore suggest the presence
of an ultra-thin pDA coating, which appears in the order of 0.41 + 0.08 nm. The obtained results
indicate a thickness of 0.2 nm for the pDA layer, which roughly corresponds to a single layer of pDA

decorating the PNFs.

2.2. Chemical modification of the functionalized PNF hybrid surface

In macromolecular chemistry, polymer analog reactions are widely used to obtain polymeric
materials with physical and chemical properties that are not available using the corresponding
monomers directly.BY In that sense, supramolecular polymer analog reactions allow modifying and
adjusting the properties of polymeric materials in a stimuli-responsive fashion. Here, the
polymerization of DA on the PNFs decorated the PNF surface with catechol residues. Catechol
moieties undergo a specific and pH-responsive reversible covalent reaction with boronic acids which,
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for instance, enables a pH-controlled release of proteins.®? To show that the catechol groups were
accessible and could be modified in a pH-responsive polymer analog reaction, we synthesized a
boronic acid modified Rhodamine dye (BA-Rho, Figure 3d and Supporting Information) as a
model compound and investigated its dynamic covalent interaction with the catechol groups on the
pDA-PNF surface.

The pDA-PNFs were deposited on glass by drop casting. The strong adhesiveness of the pDA coating
ensured a strong adsorption of the nanofibers to the surface. The dye BA-Rho was added in a PBS
buffer at pH 7.4 and incubated for 30 min. After washing with PBS buffer at pH 7.4 and pH 3.0, the
fluorescence of BA-Rho was measured using fluorescence microscopy. At pH 7.4, the images
featured highly fluorescent deposits on the glass surface indicating successful binding of the dye to
the catechol residues of pDA (Figure 3e). After subsequent washing with the pH 3.0 buffer, the
sample did not show any fluorescent deposits (Figure 3e, f), indicating that the fluorescent dye had
been completely removed from the pDA-PNF surface after acid treatment. Bright field microscopy
images showed remaining material on glass after treatment with the washing buffers, which we
presume to be pDA-PNFs (Figure 3e). The washing solutions were collected and measured for
rhodamine fluorescence. The pH 7.4, the washing buffer showed no fluorescence, whereas the pH
3.0, the buffer revealed high fluorescence intensity, indicating the release of the BA-Rho from the
pDA-coated PNFs (Figure 3f). The same reaction was also conducted with untreated PNFs, which
were not coated with pDA as a control. No fluorescent aggregates were detected (Figure S8) under
the same reaction conditions indicating that the fluorescent dye was exclusively bound to pDA-
modified PNFs in the proposed reversible polymer analog reaction. This finding was furthermore also
quantified by evaluation of microscopy images of PNFs and pDA-PNFs (Figure S8b).

We have demonstrated the opportunity of introducing functional groups containing boronic acid
moieties selectively to the hybrid pDA-PNF, which can be exploited in the future for introducing a
variety of bioactive groups. Examples of such bioactive groups are short peptide sequencest®3], DNA

aptamers, reporter molecules, or proteinst®? 2 featuring boronic acid moieties
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2.3. pDA-PNF enhance cell attachment and neurite growth of primary mouse neurons

Both pDA coatings and surface deposited PNFs were previously tested for their suitability in neural
cell growth, proliferation and adhesion before.[® 17218:351 Based on these findings, we investigated the
effect of pDA-PNF hybrid coatings on adhesion and nerve fiber growth of primary postnatal mouse
cerebellar neurons (Figure 4c, f). As a positive control, we included coverslips coated with poly-L-
lysine (pll) and the extracellular matrix component laminin (lam), an established nerve fiber growth
promoting substrate (Figure 4b, €).[381 pDA-PNFs obtained by polymerization of 0.08 mM DA in the
presence of 0.5 mM PNFs were coated onto glass coverslips. Different concentrations of the coating
solution were prepared by diluting the obtained pDA-PNFs, added to the cell culture substrate and
dried in air to ensure reproducible coatings. Freshly prepared mouse primary neurons were spread on
the modified surfaces and cultured for 72 h. The total cell number including neuronal as well as non-
neuronal cells, number of neurons and average neurite length was measured via fluorescence
microscopy and automated image analysis (Figure 4).

Compared to pDA alone or glass without any coating (Figure 4a, d), the pDA-PNF hybrids show an
increased total number of attached cells (Figure 4g) as well as increased numbers of neurons (Figure
4h) and neurite lengths (Figure 4i) in a dose dependent manner. The average neurite length is
comparable to pll/lam, indicating a strong promotion of neuronal attachment and nerve fiber growth
of the pDA-PNF hybrids (Figure 4i). The total number of all cells (including non-neuronal cells) per
area is significantly increased compared to the uncoated glass coverslips and pDA controls (Figure
4g). Above a concentration of 10 ug/mL peptide equivalents, no further increase in cell number was
detected. The number of neurons per area increases with increasing pDA-PNF concentration,
indicating a beneficial effect of the pDA-PNFs on neuronal differentiation (Figure 4h). The average
neurite length increases with increasing pDA-PNF concentration up to a length similar to that found

for the pll/lam coating (Figure 4i).
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We observed a similar impact of PNFs before and after coating with pDAon cell adhesion (Figure
49) as well as comparable activity with respect to the number of attached neurons and average neurite
growth (Figure S9). Thus, nanofibers significantly enhance adhesion of neuronal cells as well as
induced neurite growth compared to uncoated surface or surfaces coated with pDA alone.

In addition to nerve fiber growth, we tested the impact of pDA-PNFs on neuronal growth cones of
hippocampal neurons (Figure 5). Growth cones are the motile and sensory tips of nerve fibers
involved in regulation of neurite extension, growth direction and axonal regeneration.” These
structures typically consist of finger-like filopodia, which are rich in polymerized filamentous actin.
We measured the growth cone area to analyze whether pDA-PNFs have an impact on growth cone
morphology. Growth cones derived from primary mouse hippocampal neurons grown on glass
coverslips with no coating (Figure 5a, d) or pll/lam (Figure 5b, e) coating had a decreased number
of filopodia and total growth cone area (quantified in Figure 5g) compared to growth cones derived
from neurons plated on pDA-PNFs (Figure 5c, f). This suggests a stimulatory function of pDA-PNFs
on growth cone morphology. Of note, the results on pDA-PNFs (Figure 5) are comparable to effects
achieved with BDNF (brain derived neurotrophic factor), a well-established growth factor enhancing
growth cone area.l*]

Thus, our results show that the beneficial effects of PNFs were retained after pDA coating yielding
bioactive pDA-PNF hybrid nanostructures with clear beneficial effects on cellular attachment, nerve
fiber growth, and growth cone morphology of primary mouse neurons and thus provide attractive

potential for neural tissue engineering and repair.
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3. Conclusions

We have demonstrated that PNFs obtained from the 8-mer peptide sequence KIKIQIII enhance the
auto-oxidative polymerization of DA, resulting in catalyzed pDA formation in the presence of PNFs.
Our results from concentration dependent measurements of the initial polymerization rate and the
inhibited binding of an amyloid-specific dye indicate that binding sites on the PNF surface play a
significant role in the formation of pDA-PNFs that are dispersible in aqueous solutions. Most likely,
pDA monolayers were formed on the PNF surface and introduced catechol moieties that are
accessible and could be modified in a pH-responsive polymer analog reaction. In a proof-of-concept
study, we have demonstrated the selective chemical modification of pDA-coated PNF nanostructures
with a boronic acid functionalized reporter chromophore. In addition to fluorescent reporter
molecules, the approach may also allow for the modulation of material-cell interaction through the
dynamic display of bioactive groups on the surface of the hybrid fibers. Furthermore, the pDA-
coatings did not affect the biological properties of the nanostructures most likely due to the formation
of an ultra-thin pDA layer.

The water-dispersible pDA-PNF hybrids were easily coated onto substrates and provide many
attractive features such as the attachment and nerve fiber growth of mouse primary cerebellar and
hippocampal neurons, which were comparable to the PNF backbone. Due to the unique opportunities
for functionalization, we envision further optimizing pDA-PNFs application as potent nerve growth
stimulating factors in neural tissue engineering or as coatings of neural implants, for example during

repair strategies in the injured nervous system.
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4. Experimental section
Preparation of KIKIQIII fibers and pDA-coated PNFs

Purified KIKIQIII peptide was dissolved in DMSO to yield a 10.3 mM stock solution (¢ = 10 mg/mL)
which was stored at -20 °C prior to usage. To initiate fiber formation, the stock solution was diluted
tenfold in 100 mM KCI. The dispersed peptide was incubated for at least 18 h to ensure complete
fiber formation.

For DA coating experiments, the preformed PNFs were further diluted with 10 mM Tris buffer (pH
8.5) to the concentrations as indicated in the main text. A 5.3 mM dopamine hydrochloride stock
solution in demineralized water was added to the PNFs and incubated for several hours as indicated
in the main text. Aliquots were taken and supplemented with 10 vol.% 1 N HCI to stop the
polymerization process in time dependent measurements.

The preformed PNFs and the DA stock solution were freshly prepared prior to all experiments. A
dilution scheme also including the control samples is available in the Supporting Information

(Scheme S2).

FT-IR Spectroscopy

ATR-FT-IR spectra were recorded of lyophilized sample powders of PNF, pDA, and pDA-PNF at
ambient temperature using a Bruker Tensor 27 spectrometer equipped with a diamond crystal as ATR
element (PIKE Miracle™) with a spectral resolution of 2 cm™. An FTIR spectrum of PNFs was
furthermore obtained of lyophilized sample which was used to form a KBr pellet. The spectrum was
recorded on an IFS 113v FT-IR spectrometer (Bruker) with a spectral resolution of 2 cm™. The exact

compositions for all samples are given in Table S1.

Zetasizer Measurements
The electrophoretic mobility of pDA-PNFs, KIKIQIII PNFs and pDA was measured to enable

comparisons of surface charge changes upon coating of the material. 50 pL of sample solutions
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(prepared according to Table S1) were diluted in 950 pL of 1 mM KClI-solution. The buffer was
freshly prepared and filtered (pore size 0.22 um, Merck) prior to the experiment. The sample
dispersions were introduced into separate 1 mL disposable folded capillary cells (Zetasizer Nano
series, Malvern) to avoid cross contamination between samples and their electrophoretic mobility
was recorded on a Zetasizer Nano ZS (Malvern Instruments) at ambient temperature. The mobility
was converted to corresponding C-potential values by processing the data with the Zetasizer Nano ZS
Software (V7.12). The {-potential was calculated by the mean value achieved of three independent

measurements a 20 runs.

Transmission electron microscopy (TEM)

TEM micrographs were taken from aliquots of PNF and pDA-PNF-hybrid samples (prepared as
described in Table S1). 5 uL of each sample were deposited on copper grids which were coated with
a thin electron-transparent Formvar-layer and were freshly etched with oxygen plasma. After 5 min
incubation time, excess sample solution was removed with filter paper and the copper grid was further
incubated for 5 minutes in 2% uranyl acetate solution to enhance sample contrast. After staining, the
samples were washed three times in MilliQ-water, dried in air and micrographs were taken in high
vaccum with an EM 109 transmission electron microscope (Zeiss) at an acceleration voltage of 80

kV. Pictures were processed with the EM109 microscope software ImageSP V1.2.6.22.

Atomic force microscopy (AFM)

AFM measurements were conducted with aliquots of pDA, PNF and pDA-PNF samples (Table S1)
deposited on freshly etched bare mica substrates. The preparation of the mica AFM samples was
realized at ambient temperature by deposition of a 10 pL aliquot of the fully concentrated solution
for 1 minute. Then the sample was rinsed with ultrapure water and dried with a gentle flow of

nitrogen.
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In Amplitude Modulation AFM (AM-AFM), the tip is excited with a fixed amplitude by an external
force. The tip’s interaction with the sample changes its motion and causes a difference between the
initial and final tip amplitude, which results in a phase shift. Such phase changes reflect the dissipated
energy during sample-tip interaction. By recording the phase difference, AM-AFM phase images
were created simultaneously to morphology maps. High phase changes represent a strong tip-sample
interaction and strong interaction force can lead to sample deformation by the tip, while low phase
change represent weak tip-sample interaction.

AFM measurements of PNF (Figure S2a and Figure S6a) and pDA-PNF sample (Figure 3a and
Figure S6¢) were performed in air and high-resolution images (1024x1024 pixels) were collected
using an NX10 Atomic Force Microscopy (Park Systems, South Korea) in ambient conditions and in
non-contact AM mode. We imaged square areas of 3x3 pm? and 6x6 pm?. We performed all
measurements using cantilevers (PPP-NCHR, Park Systems, South Korea) with a resonance
frequency of 330 kHz and a typical radius of curvature of 8 nm. In order to compare the height of
different samples consistently, we established standardized experimental scanning conditions and we
maintained a regime of phase change in the order of ~A20°. Raw images were flattened with the XEI
software (Park System, South Korea). For consistent comparison of the samples in further statistical
analysis, all images were processed with the same parameters. First, images were flattened by a plane
and then line by line at a 1% regression order. Then, the maximum height profile of single fibrillar
structures was traced using SPIP software (Image Metrology, Denmark). We calculated the total
experimental error on the cross-sectional diameter as the sum of the standard deviation, the average
roughness of the sample (=0.05 nm) and the electrical noise of the AFM (=0.03 nm). The data was
analyzed and histograms were created by means of OriginPro (OriginLab) software.

The pDA sample (Figure S7) was examined in air in tapping mode with a Multimode-AFM
NanoScope (R) IV from Digital Instruments (Veeco Instruments Inc.) using cantilevers (Bruker
OLTESPA-R3) with a resonance frequency of 70 kHz cantilever (2 N/m). High-resolution images

(1024x1024 pixels) were processed using Gwyddion software V.2.47.
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Fluorescence and absorption measurements

Fluorescence spectra were recorded on an Infinite® M1000 PRO microplate reader (Tecan). Sample
solutions were prepared with pDA-PNFs, KIKIQIII PNFs, pDA, and solvent only (Table S1),
respectively. 9 pL of sample aliquots were placed in black UV Star® 384 microtiter well-plates
(Greiner bio-one). A ProteoStat® solution was prepared according to manufacturers’ protocol and
diluted tenfold in PBS. After addition of 1 uL of ProteoStat® solution to all samples and 10 min
incubation time, the fluorescence emission was recorded at 610 nm upon excitation at 550 nm.
Absorption measurements were performed on the same instrument using transparent 384 microtiter

well-plates (Greiner bio-one).

Modification of pDA-PNFs with boronic acid dye BA-Rho

Glass coverslips (13 mm) were placed in 24-well plates (Falcon Tissue Culture Plate, flat bottom)
and 75 pL of 10-fold diluted pDA-PNFs, pDA or PNFs (prepared according to Table S1) were
immobilized on glass via drop casting. After drying overnight, 150 uL of 4 nM BA-Rho in PBS buffer
at pH 7.4 were added to each well. Glass without any deposited material served as reference. The
solution was incubated for 30 min, thereafter the surface was washed three times with PBS buffer. 75
pL of PBS solution at pH 7.4 was incubated for 10 min and the supernatant was removed and analyzed
via fluorescence spectroscopy and microscopy. Absorbance and emission spectra were recorded on
an Infinite® M1000 PRO microplate reader (Tecan) between 575 and 650 nm. The fluorescence was
detected upon excitation at 565 nm. For the release of the dye, the coated glass was treated 30 min
with 75 uL of a PBS buffer at pH 3.0. The supernatant solution and the glass were analyzed likewise
with fluorescence spectroscopy. Microscopy images were collected after each step for all samples
with a 10x objective on a Zeiss fluorescence microscope (Axiovert 200M) with bright field and Texas

Red filter stettings on a AxioCam MRm camera (Zeiss). All images were recorded with 500 ms
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exposure time and for comparisons all brightness and contrast settings were adjusted to the same

values.

Mouse primary neurons

Mouse primary cerebellar neurons were prepared from five day old (P3-P5) C57/BI6 wild type mice
as described in the literature.8! Hippocampal neurons were derived from P1-P3 old pups. Coverslips
for the positive control were coated with 100 pg/mL poly-L-lysine for 1 h at 37 °C and thereafter
with 20 pg/mL Laminin overnight at 37 °C. Coverslips (13 mm in diameter) were coated by evenly
distributing 50 pl of pPDA-PNFs or pDA as control (concentrations given in Figure 4) on the cover
slip and air-dried at RT overnight under sterile conditions. Before seeding cells, all coverslips were
incubated in DMEM/10%HS for 30 min at 37 °C. DMEM/10%HS was then replaced by NMEM/B27
cell culture medium (with Gentamycin at 1:2000) and 8 x 10° primary cerebellar or hippocampal
neurons plated on each cover slip. Cells were fixed after 72 h in culture for 15 minutes in 4% PFA/5%
Sucrose/PBS, permeabilized for 5 minutes in 0.1% Triton-X-100/PBS and blocked for 30 minutes in
2% BSA/PBS. The primary antibody against class 111 B-tubulin (1:1000; Covance) was incubated
overnight at 4 °C. The primary antibody was detected with an Alexa488 conjugated secondary
antibody (1:1500; Molecular Probes). Cell nuclei were labelled with DAPI and F-actin was stained
with phalloidin conjugated to TexasRed.

All experiments were in accordance with institutional regulations by the local animal

ethical committee (Regierungsprasidium Tibingen, Germany).

Statistical analysis

For neuronal growth assays, entire coverslips were recorded with a 4x objective on a Keyence
fluorescence microscope (BZ-X700). Quantification of numbers of attached cells, nerve fiber length
and growth cone area was performed with Image-Pro Plus (Media Cybernatics; version 6.0.0260) or

the NeuriteTracer plug-in of the ImageJ software.° The plug-in analyzes fluorescence microscopy
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images of neurites and nuclei of primary neurons. Employing user-defined thresholds, the plug-in
counts neuronal nuclei, and traces and measures neurite length. The average neurite length was
calculated automatically as a ratio of the entire neurite length of all neurons on a coverslip and the
total number of DAPI-positive cells present on the coverslip. Neurons were identified by class 111 -
tubulin immunoreactivity. Growth cones were identified by F-actin localization by ImagePro Plus
software. Statistical significance was calculated using Prism6 software with 2way ANOVA multiple
comparison tests with *, ** *** indicating p < 0.05, 0.01 and 0.001, respectively. Data is displayed
as mean = SD. N numbers are indicated in the figure legends to Figure 4 and 5 and at least > 3
independent cultures were performed for each condition.

Statistical analysis of the height data obtained from AFM measurements was performed with
OriginPro Software using an unpaired two samples Student’s t-test; * p<0.05, ** p<0.01, ***

p<0.001; (n < 100).

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) Schematic representation of the formation of polydopamine-coated peptide nanofiber
hybrids (pDA-PNFs). Following the self-assembly of PNFs from KIKIQIII (red), pDA is formed on
the PNF surface by auto-oxidation of DA (green). The nanostructures stimulate nerve fiber growth
and the pDA-coating allows for additional functionalization. pDA intermediate structures were
adapted from Tokura et al.'?l TEM micrographs of PNFs b) before and c) after coating with pDA.
Scalebars represent 1 um. The photographs show the respective PNF containing solutions. d)
Absorption spectra of PNF, pDA, and pDA-PNF hybrid solutions. PNF and DA concentrations were
0.5 mM and 0.08 mM, respectively. pDA polymerization was carried out in Tris-buffer at pH 8.5 for

24 h at ambient temperature.
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Figure 2. a) Increased fluorescence of the amyloid-specific dye ProteoStat® at 610 nm (Aex. = 550
nm) upon interaction with free binding sites on PNFs. b) Initial polymerization rate vo of DA in the
presence of different amounts of KIKIQIII PNFs. Dopamine concentration [DA] = 0.08 mM. c) Initial
polymerization rate vo as a function of dopamine concentration [DA] in the presence or absence of
PNFs. d) The absorption at 320 nm indicates the total amount of pDA formed after 5 h from 0.08 mM
DA in the presence of increasing PNF concentrations. For consistent measurements, the samples were
centrifuged, and the pellet was washed and dissolved in 1 M NaOH prior to the measurements. e)
Zeta potential measurements of PNFs, pDA and pDA-PNF in 1 mM KCI buffer solution. f) Excerpt
of FTIR spectra of Iyophilized powders of PNFs, pDA and pDA-PNFs. The peaks at 3346 cm™ and
3185 cm? are assigned to the N-H and O-H stretching bonds of pDA indicating successful
polymerization in both pDA and pDA-PNF solutions. Full spectra and assignments are available in
Figure S4. Data shown in a), €), and f) was obtained with sample concentrations as stated in Table

S1.
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Figure 3. a) AFM 3-D morphology maps of PNFs after DA polymerization for 24 h using 0.5 mM
PNF and 0.08 mM DA (Z scale is in nm). b) Scatter plot of the cross-sectional height of individual
PNFs (n=102) and pDA-PNFs (n=100). The distributions have statistically significant differences (p
< 0.001) showing an increase in PNF diameter from 2.54 + 0.12 nm (blue) to 2.89 + 0.16 nm (red)
after DA polymerization. ¢) The statistical distributions of height for PNF and pDA-PNFs show the
occurrence of several peaks corresponding to different polymorphs of the fibrils. In particular, each
PNF polymorph corresponds to a group of pDA-PNFs with increased cross-sectional diameter (p <
0.001), enabling to measure an average coating thickness of 0.41 + 0.08 nm. d) Sketch of the pH-
responsive modification of pDA-PNFs with fluorescent dye by reversible boronic acid-catechol
interactions and e) fluorescence microscopy images of pDA-PNFs on 13 mm coverslips after
incubation with boronic acid modified Rhodamine in PBS buffer at pH 7.4 and pH 3. Scalebars
represent 100 um. f) Fluorescence emission at 585 nm (kex. = 565 nm) of washing buffer solutions

after incubation at different pH values.
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Figure 4. Mouse primary neuron attachment and nerve fiber growth on pDA-PNF. Neurons were

cultured on unmodified glass coverslips, pll/lam coated substrates, pDA coated substrates, PNF alone

or pDA-PNF coated substrates. a-c) Optical microscopy images of the entire coverslips after

incubation. d-f) Magnification showing individual neuronal cells stained with the neuron-specific

antibody class I11 B-tubulin. g-i) Quantification of total cell number (g), number of neurons per area

(h) or average neurite length (i) obtained from the optical microscopy images. pDA concentration

used for coating is 0.08 mM. pDA-PNF was obtained with 0.08 mM DA and PNF (0.5 mM peptide)

and diluted to the indicated peptide concentration in pg/mL. *: p < 0.05 and ***: p < 0.001. 2way

ANOVA was performed. N-numbers in bars (g) indicate the number of independent neuronal cultures

from different mice analyzed.
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Figure 5. Mouse primary hippocampal neurons were plated on indicated substrates, followed by
labeling for microtubules (green) and F-actin (red); the latter is used to label growth cones. Growth
cone area of neurons plated on glass only (no coating; a, d) was comparable to neurons grown on
coverslips coated with pll/laminin (b, e). In contrast, the growth cone area of neurons cultured on
pDA-PNF was enhanced as was the number of finger-like filopodia (c, f). (d-f) are higher
magnifications of dashed areas in (a-c). g) the growth cone area was quantified for the indicated
conditions in at least three independent experiments. 2way ANOVA was performed. Each circle,

square or triangle reflects a single growth cone. **: p <0.01; ***: p <0.001.
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