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l Peptide Nanofibers

Enhanced Stability of Peptide Nanofibers Coated with a

Conformal Layer of Polydopamine

Mingyang Ji and Jon R. Parquette*®

/Abstract: The susceptibility of self-assembled materials to
changes of environmental conditions and mechanical forces
often limits their utility for many applications. In this work,
the surface of nanofibers formed by -sheet peptide self-as-
semblies were coated by polydopamine (PDA) deposition.
This conformal coating process rendered the nanofiber di-
mensions and internal m-stacking chirality impervious to
changes in pH, temperature, and physical processing by

-

spin-coating onto a silicon wafer. Whereas sonication-in-
duced shearing of the dopamine/naphthalenediimide-dily-
sine (DA/NDI-KK) composite irreversibly shortened the nano-
fibers into 100-200 nm segments, the uncoated nanofibers
unraveled into single strands upon similar treatment. Addi-
tionally, the PDA-coated nanofibers could be wrapped by an
additional layer comprised of a positively charged polyelec-
trolyte polymer.
yte poly )

Introduction

The self-assembly of peptides and their derivatives offers a reli-
able method to create a wide array of functional nanomateri-
als, especially for application to biomedical and optoelectronic
problems." Peptides can be readily tuned to assemble into a
diverse range of nanostructures with structural and functional
properties enhanced by the intermolecular interactions among
the component monomers. For example, the properties of op-
toelectronic materials depend on the morphology, dimensions,
and the nature of the inter-chromophore m—m interactions,
which are dictated by the assembly conditions.” However,
these materials must be compatible with device processing
conditions and exhibit long-term environmental stability.”’ Bio-
medical platforms face a similar challenge to remain stable at
very low therapeutic concentrations in a rapidly fluctuating, ex-
tracellular environment containing salts, serum albumins, and
the potential for enzymatic degradation.*”’ However, self-as-
sembled nanostructures rely on weak, noncovalent forces to
maintain their structural integrity and often degrade when ex-
posed to physical forces or environmental circumstances that
depart from the conditions of their assembly. Strategies to sta-
bilize the essential structural features of nanomaterials over a
wide range of conditions will be necessary for them to find
widespread applicability in these areas.

Self-assembled gels depend on inherently dynamic, nonco-
valent interactions to produce the polymeric network that
gives rise to the physical properties of the gel.” Thus, efforts
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to enhance the physical/mechanical stability of peptide hydro-
gels have generally relied on a “covalent capture”” strategy to
render the fluxional polymer network permanent through
chemical or enzymatic cross-linking.®! The lateral cross-linking
of reactive surface groups on discrete nanostructures can also
be used to create a rigid outer shell that improves structural
integrity.® This process has been used to covalently capture
self-assembled nanotubes,® to create new polymeric struc-
tures from an original nanostructure used as a sacrificial tem-
plate,”) and to stabilize metallic nanoparticles against thermal
degradation.”™ However, the applicability of this strategy is
limited by the need to design a new, suitably functionalized
monomer that assembles in a similar manner as the original
system lacking the cross-linking functionality. This process also
leads to aggregation when the cross-linked structure exhibits
lower solubility or when interparticle/fiber cross-links are for-
med.®9%! These problems can often be ameliorated by cross-
linking the nanostructures at low concentrations; however, the
utility of this option is dictated by the critical aggregation con-
centration of the nanostructure.

We previously showed that ionic polymers could be used to
coat the surface of self-assembled nanotubes."” This wrapping
process could be used to prevent nanotubes, shortened by
sonication, from re-assembling into their prior elongated
states."” However, the polyelectrolyte coatings could be dis-
placed by environmental factors, such as pH, ionic strength,
and solvent, thereby limiting the generality of this method.'”
We reasoned that coating nanostructures with polydopamine
(PDA) would produce robust composites more capable of sus-
taining changes of solvent, pH, or ionic strength. Polydopa-
mine coatings on substrates are produced by the in situ, oxida-
tive polymerization of dopamine (DA) in weak alkaline solu-
tions.'”¥ This process deposits a conformal, highly cross-linked
PDA film that adheres to substrates by forming covalent and
noncovalent bonds."¥ The PDA layer exhibits inherent reactivi-
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Figure 1. Graphical representation of the pH-dependent self-assembly of NDI-KK nanofibers stabilized by the formation of conformal PDA coating.

ty toward nucleophilic groups, such as amines and thiols, due
to the presence of electrophilic catechol quinone components
of the coating." This reactivity allows for covalent bonds to
form during the coating process and offers the potential for
post-polymerization surface functionalization."® These features
afford PDA a unique ability to conformally coat virtually any
type of surfacel"””'® In this work, we report that nanofibers
formed by the self-assembly of a naphthalenediimide-dilysine
peptide (NDI-KK) were stabilized against changes in pH, tem-
perature, and physical processing by the deposition of a con-
formal layer of PDA onto the nanofiber surface (Figure 1). The
surface of the DA/NDI-KK nanofibers were subsequently
coated with a fluorescent, polyelectrolyte polymer.

Results and Discussion

The structure of nanomaterials created by peptide self-assem-
bly critically depends on extrinsic environmental factors that
modulate the nature of interpeptide interactions. Thus, the pH
responsivity of several peptide-based nanomaterials has been
well-documented."” In order to demonstrate the capability of
a PDA coating to stabilize the structure of a self-assembled
nanostructure, we chose to study nanofibers, which were de-
rived from the assembly of a dilysine-NDI peptide (NDI-KK)
and were not stable at low pH values. Previously, we devel-
oped a series of dipeptide-NDI conjugates that underwent f3-
sheet assembly into 1D nanostructures in water.?” In this
series of peptides, intermolecular electrostatic repulsions of
protonated lysine side chains attenuated the assembly process.
Thus, in contrast to peptides with a single-charged lysine resi-
due, the self-assembly of NDI-KK was severely hampered by
the additional positive charge contributed by the N-terminal
ammonium group, resulting in no observable nanostructures
at concentrations below 25 mm. To lower the charge of the
peptide, we explored the pH dependence of the self-assembly
of NDI-KK. Samples of NDI-KK were prepared in water (10 mm)
then adjusted to either pH 5.5 or 8.0. After 12 h, transmission
electron microscopy (TEM) imaging revealed the presence of a
few, short nanofiber segments at pH 5.5 that evolved into mi-
crometer-long nanofibers with uniform diameters of (7+1) nm
at pH 8.0 (Figures2a-c). Atomic force microscopy (AFM)
images of NDI-KK at pH 8.0 (Figure 3a) indicated helically
twisted nanofibrils with a pitch length of (60+3) nm and
cross-sectional heights of approximately 7 nm. At both pH
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values and in trifluoroethanol (TFE), NDI-KK exhibited UV/Vis
absorptions at 244 (pH 8.0), 236 (pH 5.5), or 234 (TFE) (band II)
and 300-400 nm (band I), which corresponded to m—mt* transi-
tions polarized along the short and long axis of the NDI chro-
mophore, respectively.”” The decreasing intensity of the band |
absorptions going from TFE to pH 5.5 and pH 8.0 in water
were consistent with the progressive onset of self-assembly at
higher pH values. Similarly, the most red-shifted band at
pH 8.0 was indicative of J-type m-m stacking of NDI chromo-
phores in water.?? Specifically, as the pH increased from 5.5 to
8.0, the redshifts, compared with that of TFE, increased from 4
to 7 nm for band | and from 2 to 10 nm for band Il, respective-
ly. The circular dichroic (CD) spectra of NDI-KK (Figure 2d) ex-

(4 (10* deg cm® mol™)

£(10* cm™ mol™)

T T T T T
200 250 300 350 400 450
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Figure 2. TEM images of the pH-dependent self-assembly of NDI-KK in
water at a) pH 5.5 and b, ) 8.0. All NDI-KK samples were prepared at a con-
centration of 10 mm and adjusted to the desired pH with 1 M NaOH/HCI.
After a 12 h incubation, the samples were diluted to 1 mwm for TEM imaging.
d) CD and UV/Vis spectra of NDI-KK in water (250 um, freshly diluted from
10 mm after incubation) at pH 5.5 and 8.0, and in TFE (100 um).
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-------------- 9 changed, indicating a stable assembled state at 0.1 mm at
’ > pH 8.0 (Figures S1 and S2 in the Supporting Information). The
role of charge repulsion, as dictated by pH, in modulating the
self-assembly process was further explored by measuring
C-potentials. Accordingly, the assembled NDI-KK nanofibers
(10 mm, pH 8.0) were diluted to 1 mm, and the C-potential was
recorded over a pH range from 3-9 (Figure S3a). The C-poten-
tials of the samples decreased from (48.8+9.35) to (33.8+
3.91) mV, as the pH rose from 7.4 to 9.0. In contrast, at pH
values below 6.5, short nanofibers were mixed with small ag-
gregates and monomers, which resulted in unreliable T-poten-
tial measurements (Figure S3a). Nanofiber dissociation at
pH 3.0 was confirmed by TEM imaging, which only revealed a
few short fibrils (Figure S4). Similarly, the red-shifted absorption
bands that were present at pH 8.0 were blue shifted at pH 3.0,
and the corresponding CD spectrum was flat, indicating that
NDI-KK resided in a predominantly monomeric state (Figures
4a and S5).

The high pH sensitivity of the NDI-KK nanofibers provided
an opportunity to investigate the potential for a conformal
PDA coating to stabilize the fibers under adverse conditions,
such as low pH, that normally induce disassembly. The basic
environment required to induce the self-assembly of NDI-KK
also promoted the oxidative self-polymerization of dopa-
mine."*? Therefore, to deposit a conformal coating of PDA on
the surface of the nanofibers, an aqueous solution of pre-as-
sembled NDI-KK nanofibers (10 mm, pH 8.0, 12 h) was treated
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Figure 3. AFM images and height profiles of a) NDI-KK and b) DA/NDI-KK - T T T T T T T T T T
(1:1, n/n) nanofibers in water (pH 8.0). NDI-KK and DA/NDI-KK were pre- 200 250 300 350 400 450
pared in water (10 mm with respect to NDI-KK) at pH 8.0 and freshly diluted 4 (nm)

to 1 mm for AFM imaging. ¢) TEM images of DA/NDI-KK (1:1, n/n) after ultra-
centrifuge at 80000 rpm (312000 % g) for 30 min. d) Picture of DA/NDI-KK
(1:1, n/n) upon dissolving at pH 8.0 and the resulting DA/NDI-KK hydrogel
(1.0 wt%) after incubation at 25°C for 24 h.
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chromophores within the nanofiber. These observations con-
firm that the self-assembly of NDI-KK could be initiated by in-
creasing the pH to reduce the electrostatic repulsions that at-
tenuate assembly at lower pH values. Figure 4. a) CD spectra of DA/NDI-KK (1:1, n/n) at pH 3.0 and 8.0 in water.
At pH 8.0, assembled NDI-KK nanofibers exhibited consider- The pH 3.0 sample was adjusted from pH 8.0 and equilibrated at pH 3.0 for

- . _ 24 h before spectral collection. As a comparison, NDI-KK at pH 3.0 showed
able stability to dilution. Samples of NDI-KK were prepared by no CD signature (dashed red line). b) Molar scattering intensity of NDI-KK

incubating at 10 mm for 12 h, then diluting to 1 and 0.1 MM. (01 mw, pH 7.0) and DA/NDI-KK (1:1, pH 7.0, 0.1 mm with respect to NDI-
After 12h at 25°C, the UV/Vis and CD spectra were un-  KK) upon heating. The dashed blue curve is given for eye guidance.
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with dopamine hydrochloride (DA) to achieve a 1:1 (DA/NDI-
KK) ratio. These conditions allowed the DA to polymerize onto
the surface of the nanofibers. Thus, incubating this solution at
pH 8.0 for 24 h at 25°C induced the initially transparent mix-
ture to transform into a dark-brown, self-supporting hydrogel
composite (DA/NDI-KK, 1:1, n/n) (Figure 3d). Polydopamine
composites often form hydrogels because the adhesiveness of
the dopamine-quinone surface structure promotes the forma-
tion of intermolecular junction points between the nanofi-
bers.” The hydrogel was diluted with water and ultracentri-
fuged at 80000 rpm (312000xg) for 30 min to isolate the DA/
NDI-KK composite within the pellet, separated from free NDI-
KK monomer and dopamine/PDA oligomers, which remained
in the supernatant under these conditions. The final molar
ratio (DA/NDI-KK) was calculated to be 0.85:1 in the resulting
composite pellet (Figure S6) after accounting for the dopamine
and PDA found in the supernatant.

To optimize the coating thickness, the surface saturation
point was determined by varying the feeding ratio of DA and
NDI-KK (2:1, 1:1, and 1:2 (DA/NDI-KK)). After incubation at
pH 8.0 for 12 h and pelleting by ultracentrifugation, the pellets
and supernatants were collected. The UV absorption at 280 nm
indicated that excess PDA and DA were present in the super-
natants of the 2:1 sample, but not in the 1:1 and 2:1 samples.
Furthermore, the TEM image of the 2:1 (DA/NDI-KK) compo-
site showed that that DA/NDI-KK nanofibers were contaminat-
ed with large amounts of PDA nanoparticles (Figure S8). These
experiments indicated that a 1:1 ratio represented the optimal
feeding ratio.

To characterize the chemical composition of the nanofibers,
we compared the C1s and N1s X-ray photoelectron spectra
(XPS) of the parent NDI-KK and the composite DA/NDI-KK
nanofibers (Figure S7). Although the resolution of XPS was not
capable of differentiating segregated from composite PDA and
NDI-KK nanostructures, UV/Vis analysis of the pellet obtained
by ultracentrifugation indicated that the sample was not con-
taminated by PDA nanoparticles. The C1s spectrum of NDI-KK
exhibited a peak at 288.3 eV, corresponding to amide groups
(N—C=0) present in the peptide; whereas the spectra of DA/
NDI-KK composite showed additional peaks characteristic of
the PDA layer (C=0 (287.9 eV) and C—N/C—OH (286.2 eV))®
The N1s spectrum of NDI-KK could be deconvoluted into two
peaks at 400.1 and 399.2 eV, corresponding to (C(=0)-N—(C=
0)/N—(C=0)— and C—NH,, respectively. In contrast to the spec-
trum of NDI-KK, which was dominated by the amide/imide
peak; the DA/NDI-KK spectrum had a larger C—NH, compo-
nent, consistent with the formation of a PDA coating on the
NDI-KK surface.

Imaging by AFM and TEM showed the DA/NDI-KK compo-
site as helical nanofibers that closely resembled the parent
NDI-KK fibrils formed at pH 8.0, but with larger AFM cross-sec-
tional heights [(9+ 1) nm] and helical pitch values [(65+4) nm]
(Figures 3b-c). Polydopamine films display a negative surface
charge at pH 8.0.%9 Therefore, the {-potential of the starting
NDI-KK fibers decreased from (47.5+6.7) to (—5.6+2.8) mV
for the DA/NDI-KK composite. Remarkably, the CD spectrum of
the composite remained nearly identical to the NDI-KK nano-
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fibers, indicating that the long-range spatial organization and
packing chirality of NDI chromophores was preserved in the
DA/NDI-KK composite (Figures 4a and S9).

The DA/NDI-KK composites exhibited high stability to a
drop in pH from 8.0 to 3.0. A freshly prepared and pelleted
DA/NDI-KK (1:1, n/n) composite at pH 8.0 was adjusted to
pH 3.0 and incubated at 25°C. After 24 h, although a slight,
3 nm blueshift of the NDI band | absorption was observed (Fig-
ure S10 b), the intensity of the band was consistent with an as-
sembled structure. Furthermore, the characteristic CD signa-
ture of the NDI-KK nanofibers, indicating an M-type helical
packing of NDI chromophores, was largely intact under these
conditions (Figures 4a and S10a). In comparison, the CD spec-
trum of the NDI-KK nanofibers (0.2 mm, pH 8.0) became flat
within 10 min of acidification to pH 2.8 (Figure S19). Thus, the
PDA coating protected the long-range, intermolecular organi-
zation within the nanofibers against the electrostatic repul-
sions induced at low pH. TEM images of the DA/NDI-KK (1:1,
n/n) composite after equilibration at pH 3.0 (Figure S11) further
confirmed that the composite nanofibers were preserved after
acid treatment. It is noteworthy that, in contrast to the 2:1 and
1:1 DA/NDI-KK composites, 1:2 DA/NDI-KK did not effectively
protect the nanofibers from dissociation at pH 3.0, resulting in
a decreased CD signal (Figure S12) and the presence of very
short nanofiber segments observable in corresponding TEM
image (Figure S11¢).

We next explored the resilience of the composite to elevat-
ed temperatures. Due to the reversible nature of the self-as-
sembled structure, heating the parent NDI-KK nanofibers
(0.1 mm, pH8.0) from 25 to 70°C resulted in a progressive
blueshift, due to dissociation of the nanofibers (Figure S1c).
Based on this observation, the molar light scattering rates of
DA/NDI-KK and the parent NDI-KK nanofibers, as measured by
dynamic light scattering (DLS) were used to further evaluate
changes in particle size distribution of the nanofibers at elevat-
ed temperatures (Figures 4b and 513).?” At pH 7.0, the NDI-KK
nanofibers (0.1 mm) exhibited a progressive decrease in the
molar scattering intensity from 450 to 120x 10’ countss™'m™',
as the temperature rose from 25 to 65°C. In contrast, the com-
posite (pH 7.0, 0.1 mm with respect to NDI-KK) maintained
very stable molar scattering intensities of approximately 200 x
10’ countss™'m~' from 25-65°C (Figure S13a), indicative of
higher temperature stability.”® We further explored the stabili-
ty of DA/NDI-KK at an unfavorable pH of 3.0, which dissociat-
ed pristine NDI-KK nanofibers lacking the conformal PDA coat-
ing. Even under these more rigorous conditions (pH 3.0,
0.1 mwm), the composite retained molar scattering intensities of
about 250x 107 countss ' M~ ' from 25-65 °C (Figure S13b).

We have previously observed that coaxial polymer-nano-
tube composites could be created by electrostatically binding
fluorescent polyelectrolytes to the surface of self-assembled
NDI nanotubes."®'? The polymer emission in these composites
was efficiently quenched through electron/energy transfer be-
tween the polymer and the NDI nanotubes. The PDA coating
on the NDI-KK nanofibers maintains a surface T-potential that
could be modulated by pH. In contrast to the uncoated NDI-
KK nanofibers, which dissociated at lower pH values, the struc-
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ture of the DA/NDI-KK composite was stable over a wide pH
range. Thus, the CT-potential of the DA/NDI-KK composite
could be adjusted from (39.8+3.4) to (—9.5+3.2) mV over a
pH range of 3.9-9.5 (Figure S3b). To investigate the ability of
the DA/NDI-KK nanofibers to bind fluorescent polymers on the
surface, a positively charged polyelectrolyte, poly(9,9-bis-[6"-
(N,N,N,-trimethylammonium)hexyl]fluorene-co-alt-1,4-phenyl-

ene)bromide (PFQ-Br, 50 uM with respect to monomer), was ti-
trated with DA/NDI-KK (1 mm with respect to NDI-KK) at
pH 9.5 and 3.0, respectively (Figures 5 and S14). The emission
of PFQ-Br was progressively decreased at both pH values as
the DA/NDI-KK concentration increased from 0 to 36 pum. The
fluorescence decreased much more rapidly at pH 9.5 than at
pH 3.0, as expected based on the pH dependence of the C-po-
tential of DA/NDI-KK. At pH 3.0, the positive C-potential of DA/
NDI-KK resulted in a repulsive electrostatic interaction be-
tween the polymer and DA/NDI-KK. Whereas, at pH 9.5, an at-
tractive interaction between the negative {-potential of DA/
NDI-KK and the polymer mediated a stronger binding interac-
tion, leading to more efficient quenching of the polymer fluo-
rescence. AFM imaging of the PFQ-Br/DA/NDI-KK nanofibers at

d 50! [DA/NDI-KK]
-
E soot
2 400-
()
g p
£ 200
o_

420 480 540
Wavelength (nm)

360 600

pH 9.5

9 18 27 36
[DA/NDI-KK] (uM)

Figure 5. a) Fluorescence titration spectra of PFQ-Br (50 um) upon addition
of DA/NDI-KK at pH 9.5 in water. The arrow indicates the increase of
quencher concentration (with respect to NDI-KK) from 0 to 36 pm. b) Emis-
sion intensity ratio (Fy/F) at 424 nm as a function of [DA/NDI-KK] at pH 9.5
and 3.0 and the corresponding linear fitting curves. Ag, =330 nm.
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pH 9.5 revealed larger height profiles than at pH 3.0 (Fig-
ure S15), due to greater coating of the composite nanofibers
by PFQ-Br under basic conditions. In contrast to cationic PFQ-
Br, the binding of anionic poly(p-phenylene ethynylene) (PPE-
SO;Na), was strongest at pH values below 8.0. As shown in Fig-
ure S18, the emission of PPE-SO;Na was maximal above
pH 11.0 and almost completely quenched below pH 8.0. These
binding studies highlight the potential to modulate the DA/
NDI-KK surface charge by pH to bind negatively and positively
charged polymers.

Physical stability over a wide range of processing conditions
and the ability to control fiber dimensions is critical for many
applications of self-assembled nanomaterials.”>” We have previ-
ously reported that sonication-induced shear could be used to
fragment NDI nanotubes into shorter segments."” However,
the segments re-elongated after several hours due to the dy-
namic nature of self-assembly. Correspondingly, sonication of
the NDI-KK fibers at pH 8.0 for 3min at 20% amplitude
(125 W, 20 kHz) (Figure S16) resulted in unwinding and frag-
menting of the helically twisted fibers into single strands with
shortened lengths of 100-200 nm, which also recovered the
prior self-assembled states over 48 h. It is noteworthy that al-
though sonication of the DA/NDI-KK composite fibers, under
the same conditions, similarly fragmented into 100-200 nm
segments, the helical nanofibers did not unwind and their di-
mensions remained unchanged after 48 h. The DA/NDI-KK
composite also exhibited better mechanical stability and adhe-
sion to the surface of silicon wafers. Thin layers prepared by
spin coating a 1 mm solution of DA/NDI-KK at 2000 rpm for
60 s on silicon wafers produced a smooth and densely covered
surface (Figure 6b) with a root mean square (RMS) roughness
(Rg) of 3.48 nm (Figure S17e), which was comparable to a
drop-casted DA/NDI-KK layer (Rq of 3.34 nm) (Figure S17d), in-
dicating excellent processing compatibility of DA/NDI-KK com-
posite. In contrast, the shear forces of spin-coating pristine
NDI-KK (1 mm) nanofibers resulted in poor coverage (Rq=1.71
and 1.25 nm at 1000 and 2000 rpm, respectively) and fragmen-
tation of the fibers (Figure 6a), compared with drop-casted
NDI-KK (Rg=3.22 nm) (Figure S17 a—c).

Figure 6. AFM images of a) pristine NDI-KK (1 mm) and b) DA/NDI-KK (ca.
1 mm with respect to NDI-KK) spin-coated on silicon wafers at 2000 rpm for
60 s.
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Conclusions

The structure of self-assembled nanomaterials must be stable
under adverse conditions in order to find broad utility in opto-
electronic applications. We have shown that deposition of a
thin, conformal layer of PDA onto the surface of self-assembled
NDI-KK peptide nanofibers renders them impervious to
changes in pH, elevated temperature, concentration, and phys-
ical processing. In contrast to the pristine nanofibers, these ex-
trinsic changes had no impact on the structural integrity of the
PDA-coated nanofibers. Furthermore, the PDA surface could be
wrapped with conjugated polymers to create polymer-nano-
fiber composites. We expect this strategy to enhance the
range of applications that can be addressed by self-assembled
materials.

Experimental Section
General methods

Atomic force microscopy (AFM) was conducted in tapping mode
under a nitrogen atmosphere. Transmission electron microscopy
(TEM) was carried out with Technai G2 Spirit instrument operating
at 80 kV. 'H and ">C NMR were recorded at 400 MHz on a Bruker
Avance Il instrument. ESI mass spectra were recorded on a Bruker
MicroTOF coupled with HPLC. All UV/Vis spectra were recorded
with a SHIMADZU UV-2450 at 25°C. All fluorescence spectroscopy
was performed in a SHIMADZU RF-5301 using a cuvette with 3 mm
pass length at 25°C. Circular dichroism (CD) spectra were recorded
using an AVIV 202 CD spectrometer at 25°C. X-ray photoelectron
spectroscopy (XPS) spectra were recorded using a Kratos Axis Ultra
XPS spectrometer equipped with both monochromatic (Al) and
dual (Mg and Al) X-ray sources. All reactions were performed
under a nitrogen atmosphere.

Preparation of DA/NDI-KK composites

NDI-KK was synthesized according to our previous work.”” Freeze-
dried NDI-KK (5.8 mg) was dissolved in 1.0 mL of HPLC-grade
water to prepare homogeneous NDI-KK (10 mm) solution. With 1m
NaOH/HCI, the resulting NDI-KK solution was adjusted to desirable
pH conditions as 3.0, 5.5, and 8.0 to complete the self-assembly
within 12 h yielding transparent NDI-KK solutions. To 1.0 mL of
NDI-KK nanofibers formed at pH 8.0, 1.9 mg of monomeric dopa-
mine hydrochloride was added under vortexing to prepare DA/
NDI-KK (1:1, n/n) composite. After adjusting its pH to 8.0 again,
the DA/NDI-KK (1:1, n/n) composite was incubated at 25°C for
24 h to form dark brown, self-supporting hydrogel. The hydrogel
was diluted with water (9 mL) and centrifuged at 80,000 rpm
(312,000 g) for 30 min, and the resulting pellets of DA/NDI-KK
composite were collected for the following study. Due to the kinet-
ic equilibrium of NDI-KK self-assembly, ~12 mol% of NDI-KK and
~25 mol% of dopamine/PDA oligomers were left in the superna-
tant, resulting in a final molar ratio (DA/NDI-KK) of 0.85:1 in the
composite pellet.

Dynamic light scattering (DLS)

The scattering rate of the samples was determined by DLS mea-
surement on a Malvern Zetasizer NanoZS system with folded capil-
lary zeta cells (DTS1070) and obtained scattering count rates were
normalized by the concentration of the solution to yield the molar
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scattering rate. The folded capillary cell loaded with freshly pre-
pared sample was inserted into the equipment chamber with
preset temperatures to equilibrate for 10 min before each mea-
surement. After equilibration, samples were taken 3-5 measure-
ments at each temperature and each measurement was averaged
from automatically determined 10-15 runs with a run duration of
10s.

Transmission electron microscopy (TEM)

Re-dispersed pellets of DA/NDI-KK after ultracentrifugation
(80,000 rpm, 30 min) were dropped on carbon-coated copper grids
(Ted Pella, Inc.) for 10 min. After removal of excess solution, the
sample grid was negatively stained with 2% (w/w) uranyl acetate
solution. The dried specimen was observed with Technai G2 Spirit
TEM instrument operating at 80 keV.

Atomic force microscopy (AFM)

AFM images were collected on Bruker AXS Dimension Icon Atomic
Force Microscope under a nitrogen atmosphere in tapping mode
using silicon tips (SCANASYST-AIR, Bruker). Re-dispersed pellets of
DA/NDI-KK were dropped on freshly cleaved mica and allowed to
dry for 30 min before imaging. AFM images (3.0x3.0 um) were
taken at a line frequency of 0.5 Hz and at a resolution of 512x512
pixels. Obtained AFM images were analyzed with Bruker Nano-
Scope Analysis (version 1.40) software.

Circular dichroism (CD) spectroscopy

CD spectra were recorded on an AVIV 202 CD spectrometer
equipped with a Peltier temperature controller under a nitrogen
atmosphere. Spectra were collected at 25°C in a quartz cell with
1 mm path length over a wavelength range of 190-650 nm with a
step size of 0.5 nm. All scans were conducted at continuous mode
at the scanning speed of 100 nmmin~'. Each CD spectrum was
averaged from 3 scans with a data integration time of 2 s.

X-ray photoelectron spectroscopy (XPS)

XPS spectra were recorded using a Kratos Axis Ultra XPS spectrom-
eter using an Al Ko X-ray source (1486.69 eV). The high-resolution
spectra for individual elements were recorded by accumulating 8-
16 sweeps at a 30eV pass energy and 0.1 eV/step. All samples
were cast on monocrystalline silicon wafer to perform the XPS
measurements. All the spectra were calibrated with reference to
the C—C binding energy at 285.0 eV. Data analysis and curve fitting
were performed using Casa XPS software with a Gaussian-Lorentz-
ian product function and nonlinear Shirley background subtrac-
tion.
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