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ABSTRACT: Supramolecular materials have gained substantial interest for a number biological
and non-biological applications. However, for optimum utilization of these dynamic self-
assembled materials, it is essential to visualize and understand their structures at the nanoscale, in
solution and in real-time. Previous approaches for imaging these structures have utilized super-
resolution optical imaging methods like STORM which require complicated and multi-step sample
preparation with slow acquisition times which limits real-time in sifu imaging of dynamic

processes. We demonstrate a non-covalent fluorescent labeling design for STED based super-



resolution imaging of self-assembling peptides. This is achieved by in situ, electrostatic binding
of anionic sulfonates of Alexa-488 dye to the cationic sites of lysines and arginines exposed on the
peptide nanostructure surface. A direct, multiscale visualization of these structures reveals
hierarchical organization of supramolecular fibers with sub 60 nm resolution. In addition, dynamic
dis-assembly of nanofibers upon enzymatic hydrolysis of peptide could be directly imaged in real-
time to provided mechanistic insights into the process. Labelling of a range of cationic self-
assembling peptides and peptide-functionalized gold nanoparticles demonstrated the versatility of
the methodology for the labelling of cationic supramolecular structures. Overall, this presents a
general and simple design of electrostatic fluorescent labeling of cationic peptide nanostructures
for nanoscale imaging under physiological conditions and probe dynamic processes in real-time

and in situ.
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Self-assembly of small molecules through non-covalent interactions is a powerful strategy to
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produce synthetic materials with novel functions.!* Short peptides represent a particularly

versatile class of supramolecular materials,’ with a wide range of applications in nanotechnology®
and biomedicine.” These structures often display hierarchical organization, and in order to
understand and predict their properties and functions it is essential to understand the organization

across the length scales, from molecular to nano, micro, and macro.® In addition, dynamic aspects
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are increasingly investigated, including morphological reconfiguration,®!! transient and active
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self-assembly, analysis of dynamic interactions with cells,'® formation of intracellular

filaments!® or growth dynamics of amyloid like peptide self-assembly.?® In situ imaging of these



dynamic nanostructures has mainly relied on diffraction-limited (by the Abbe limit, >200 nm)
fluorescence (confocal) microscopy.!'? 2!"2* In addition, recent developments enable dynamic
imaging at the nanoscale, using e.g. liquid cell transmission electron microscopy (TEM)?**2° and
liquid cell atomic force microscopy (AFM).?

Super-resolution optical microscopy (SRM) is an effective method to image biological samples

with resolution beyond the diffraction limit,*’

and is increasingly used outside biology to study the
morphology and dynamic behavior of nanoscale supramolecular systems. The first report of SRM
on the dynamic self-assembly of small molecules by Meijer et al. utilized stochastic optical
reconstruction microscopy (STORM) to quantitatively probe the molecular exchange in dynamic
nanofibers with ~25 nm spatial resolution.?® STORM and other SRM techniques have also been
used to investigate supramolecular polymerization of various peptide amphiphiles which provided
insights like the presence of segments with varying dynamicity within the same fibers erc.?*-!
While STORM provides unmatchable spatial resolution, it is slow and requires additional sample
treatment, which limits the scope for direct observation of dynamic processes in their native
environment. Stimulated emission-depletion (STED) microscopy,®*> holds promise for in situ
real-time imaging of dynamic nanostructures, as demonstrated by Hamachi ef al. in visualizing
self-sorted hydrogel network of peptide and amphiphilic phosphate.®® These examples
demonstrated breakthroughs in nanoscale imaging of self-assembly, however, they require
covalent conjugation of a fluorophore onto the self-assembling unit, which adds additional steps

to the synthesis and purification procedure and can adversely influence the self-assembly

process.’’

We introduce a general method for in situ SRM imaging of self-assembling peptide

nanostructures using a non-covalent labeling approach with a dye that is compatible with STED



imaging. We demonstrate that the non-covalent dye labeling design requires only low levels of
labeling (0.5 mole%) which does not interfere with the self-assembly and circumvents the tedious
covalent labeling process. Furthermore, the STED microscopy enables super-resolution imaging
and elucidation of hierarchical organization of peptide nanofibers under physiological conditions

(Figure 1), as well as in situ and real-time imaging of enzymatic breakdown of these fibers.

RESULTS AND DISCUSSION

Rational design of non-covalent labeling. Our fluorescent labeling approach utilizes the non-
specific electrostatic interactions between positively charged amines present on the surface of self-
assembled peptides and the negatively charged sulfonates of the Alexa-488 dye (Figure 1).
Previous reports on amine-sulfonate interactions have been utilized to quantify amines on
surfaces, and for spatially controlled gelation of sulfonated azo dye on cationic surface.** Alexa-
488 dye contains two negatively charged sulfonates (Figure 1) and hence displays strong
interactions with amines. Indeed, we recently reported that enzyme functionalized with Alexa-488
could be used to immobilize and visualize enzymes onto nanopatterned amine surfaces.***!
Conveniently, Alexa-488 is also a known dye for STED imaging.*’ Thus, we envisaged that it can
be used for non-covalent fluorescent labeling of positively charged peptide nanostructures for
super-resolution imaging. Although non-covalent fluorescent labeling has been reported for
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confocal fluorescent imaging of nanostructures, our report of electrostatic dye labeling

presents a unique example for super-resolution imaging.

We chose decapeptide 1 (FFALGLAGKK) as a model amphiphilic peptide which contains a

self-assembling sequence derived from the well-known FF dyad,* an enzyme cleavable middle



section, and a hydrophilic C-terminus containing two positively charged lysine (K) residues. The

peptide was previously reported to self-assemble into nanofibers and imaged using AFM.®
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Figure 1. Schematic showing non-covalent Alexa-488 labeling of peptide 1 nanostructure for

STED SRM imaging.

Super-resolution imaging with STED. Self-assembly of 1 was investigated at physiological
conditions (5 mM in aqueous phosphate buffer, pH 7.4) using confocal laser scanning microscopy
(CLSM). Fluorescent labeling was performed by mixing Alexa-488 dye (0.5 mole % of 1) with a
solution containing preformed nanostructures. CLSM imaging revealed the formation of a network
of nanofibers, and individual fiber bundles, albeit with diffraction limited resolution (Figures 2a-
b). When the same area was imaged in STED mode, a significant enhancement in the resolution
was observed (Figures 2c-d, Figure S1-2). To graphically present the difference in resolution

between STED and CLSM, we plotted the fluorescence intensity profile through the center of the



box shown in Figure 2b, 2d. As evident from Figure 2e, STED can clearly resolve two individual

fiber bundles which were otherwise imaged as a single structure using traditional CLSM.
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Figure 2. Fluorescence imaging with super-resolution: Comparative CLSM (a-b) and STED (c-
d) micrographs of self-assembled 1 (5 mM in aqueous phosphate buffer, pH=7.4) labeled with 0.5
mole % Alexa-488. ¢) Comparison of fluorescence intensity profile plotted through the center of
the box shown in b) and d) demonstrate the advantage of STED to resolve individual fibers
compared to CLSM. f) Histogram showing the bimodal distribution of fiber width measured as
FWHM (from STED images of 40 fibers). TEM micrograph (g-h) displaying hierarchical
organization. 1) Intensity profile along the center of green box shown in g) demonstrate fiber bundle

formation whereas j) shows the fiber width distribution (from TEM image of 100 fibers).

To determine the limit of resolution, full width at half maxima (FWHM) was obtained from the
fluorescence intensity profile across individual nanostructures. A histogram plot of FWHM

showed a bimodal distribution with peak maxima around 65 nm and 115 nm (Figure 2f, Figures



S1-S3), indicating formation of intertwined super-structures. Furthermore, we could observe
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individual nanostructures down to 52 nm (Figure S3).”® A comparison of FWHM analysis of

nanofibers confirm the enhanced resolution of STED compared to CLSM (Figure S1).

The data in Figure 2f indicate a hierarchical organization as schematically shown in Figure 1,
which was further confirmed by TEM analysis. TEM showed the formation of individual one-
dimensional fibrils with width around 4 nm (Figure 2 g-j, Figure S4), where approximately 3 to 8
of them align and the resulting tapes twist around each other to form super-structures. The
complementarity of STED imaging is clearly useful to gain a complete picture of hierarchical
organization of these fibers, and it also addresses issues regarding drying artifacts in dry state
TEM. STED SRM provides the crucial nanostructure information in solution in the 50-200 nm

window, which can enable a more seamless connection between different imaging techniques.
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Figure 3. Non-covalent fluorescence labeling: a) Variation in zeta potential of 1 upon addition

of aliquots of Alexa-488 dye. b) Absorption (solid lines) and emission (dashed lines) spectral



changes of 1 with (black) and without (red) 2% of Alexa-488 dye showing enhanced emission
upon peptide-dye interaction which is advantageous for fluorescent imaging. ¢) Comparative plot
showing difference in fluorescence intensity of Alexa 488 at 510 nm with and without 1 peptide.
d) FTIR spectra in the amide-I region showing antiparallel B-sheet hydrogen bonding of the peptide

backbone which is unaffected upon dye labeling.

Characterization of fluorescent labeling process. When using a non-covalent electrostatic
labelling approach, care should be taken not to disrupt the electrostatics of the system. Thus, to
gain insights into the mode of the labeling process and interaction between the dye and the
nanostructure, zeta potential was measured in the presence of variable concentrations of dye. A
titration of 1 with Alexa-488 shows that the positively charged surface of self-assembled 1 (zeta
potential of 10.2 mV) becomes near-neutral (0.83 mV) upon addition of 5 % of Alexa-488 which
then turns negative (-2.4 mV) and plateaus beyond 10 % (Figure 3a). These observations confirm
the electrostatic interaction of the dye with the positively charged lysines present on the
nanostructure surface. UV-Vis absorption and fluorescence spectra of Alexa-488 remain largely
unaffected by the interaction with the peptide, with a modest enhancement in emission intensity
observed at 515 nm (Figure 3b, Figure S5). A comparative plot of fluorescence intensity of the
dye in the absence or presence of peptide nanostructure shows an initial increase in emission of
dye (by 42%) in the presence of 1 up to 4 mole % of dye, before it becomes similar to dye alone
beyond 10 mole% (Figure 3c¢), in line with the trend in Figure 3a. We propose that the increase in
emission at lower dye loading could be due to enhanced physical separation between dye
molecules which is a result of anchoring onto the fiber surface, whereas higher dye % could induce
inter-dye interactions. Fourier transform infrared (FTIR) spectroscopic analysis further shows that

the anti-parallel B-sheet structure of 1 remains unaffected upon dye labeling (Figure 3d), ruling out



any nanostructure artifacts in presence of the dye. Furthermore, TEM imaging of self-assembled
1 with and without dye show that nanofibers remain unaffected (Figure S6). Thus, we have
demonstrated that simple electrostatic interaction between Alexa-488 and peptide can be
effectively used for SRM imaging without any undesirable effects on assembly.

Having demonstrated the non-specific electrostatic interactions between the negatively charged
sulfonate of Alexa-488 and positively charged lysines of peptides, we investigated the generality
of the approach with a number of additional positively charged nanostructures. Thus, we studied
the Alexa-488 labeling of 2, which is similar to 1 except that alanine (A3) is replaced by proline
(P). 2 is also known to form nanofibers® with the positively charged lysines (zeta potential 15.4
mV) on the surface and could be visualized with STED SRM (Table 1, Figure S7). Furthermore,
we investigated if other positively charged amino acids like arginine (R) containing peptide
nanostructures could be labeled with our design. Thus, we investigated the self-assembly of
peptide 3, which is analogous to 1 where positive charge is provided by arginine (R) instead of
lysine (K). We observe the formation of one-dimensional nanofibers which could also be labeled
by Alexa-488 (Figure S8). Interestingly, STED imaging of these nanostructures demonstrated the
formation of fluorescent nanofibers in solution. Thus, we have demonstrated the versatility of our
alexa-488 based electrostatic fluorescent labeling of a broad class of positively charged peptides

containing lysines and arginines.

To further confirm our hypothesis, we observed that Alexa-488 could not label negatively
charged peptide nanostructures 7 (zeta potential -34.9 mV), containing anionic aspartic acid (D)
instead of lysine (K) on peptide surface, due to electrostatic repulsion with negatively charged
sulfonate groups of Alexa-488. Furthermore, there is a clear zeta potential cut-off such that charged

nanostructures 4, 5, 6 (zeta potential 8.2 mV, 4.1 mV, 1.3 mV, respectively) could not be imaged



through Alexa-488 staining (Figure S9), indicating that the nanostructure surface needs to have

sufficient positive charge to enable anchoring of the dye for STED SRM.

Table 1. Different peptide nanostructures and peptide functionalized gold nanoparticles

investigated along with their corresponding amino acid sequences, zeta potential value and the

suitability for STED SRM imaging.

Nanostructures Sequence Zeta (p::;c/(;ntial D\;(e;rl 352‘;'3"‘8
SRM imaging
1 FFALGLAGKK 115 Yes
2 FFPLGLAGKK 15.4 Yes
3 FFALGLAGRR 10.3 Yes
Au-1K KPKGLRGDC-Au 18.1 Yes
Au-2K KKPKGLRGDC-Au 24.6 Yes
Au-3K KKKPKGLRGDC-Au 28.7 Yes
4 FFGALGLKGK 8.2 No
5 FFGPLGLKGK 4.1 No
6 FFGAAGLKGK 1.3 No
7 FFALGLAGDD -34.9 No

To demonstrate the general utility of our approach we tested gold nanoparticles functionalized
with cationic peptide ligands, as a model system for therapeutic and diagnostic applications.*® We
synthesized Au-1K, Au-2K and Au-3K (zeta potential 18.1 mV, 24.6 mV, 28.7 mV respectively)
containing increasing numbers of positively charged lysines. Interestingly, all of them could be
visualized by our design of electrostatic labeling with Alexa-488 (Table 1, Figure S10-12). We
observed that the resolution of STED imaging was not very high for gold nanoparticles which
could be due to partial quenching of the dye. It should be noted that fluorescence imaging of
peptides attached to gold nanoparticles is not trivial due to the general tendency of gold

nanoparticles to quench the emission of fluorophore covalently conjugated on its surface.*’
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Previous report have shown that indirect fluorescence labeling on metal nanoparticles can
significantly reduce the fluorescence quenching.*® Advantageously, our electrostatic labeling
design enables imaging of peptide conjugated gold nanoparticles without completely quenching
of emission. Thus, we have demonstrated the modular nature of Alexa-488 labeling design which

can be used for fluorescent imaging of gold nanoparticles conjugated with cationic peptides.
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Figure 4. Real-time imaging of fiber disintegration: (a-d) Snapshots of real-time and in situ
STED imaging of 1 in presence of thermolysin at pH 7.4, resulting in disintegration of nanofibers
over time (scale bar = 3 um). e) Time dependent HPLC profile of hydrolysis of peptide 1 (5 mM
at pH 7.4) in presence of 0.005 mg/ml of thermolysin. f) Plot of normalized fluorescence intensity
profile through the center of the white box at different time points. The results demonstrate that
the enzyme act directly on the self-assembled fiber surface, as seen particularly in the boxed area.

The observed kinetic discrepancy between STED imaging (a-d) and HPLC analysis (e) relates to
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the fact that STED probes the existence of supramolecular fibers in the focal plane while HPLC

analysis reveals the overall peptide hydrolysis in the bulk.

Real-time visualization of dynamic disassembly. Finally, we demonstrate the versatility of our
strategy for in situ imaging of an enzymatic dis-assembly process in real-time. Peptide 1 was
designed to be hydrolyzed by matrix metalloproteinases.® However, this proteolytic process is slow
(occurs in days), so an alternative enzyme was selected. So, we demonstrate disintegration of
Alexa-488 labeled peptide 1 using the metalloprotease, thermolysin, as a model enzyme. We
observed rapid digestion over a period of 50 minutes (as monitored by HPLC), which is more
amenable to in situ and real time imaging. Two major products of thermolysin catalyzed hydrolysis
(Fragment 1 and 2, Figure 4e, Figure S13) losses lysine and the amphiphilicity for self-assembly.
Snapshots at various time points show that the nanofibers were gradually broken down while an
enhancement of background fluorescence was simultaneously observed, due to increase in released
free dye in solution (Figure 4 a-d and Video S1). Interestingly, by focusing on the boxed region of
the fiber, it is evident that the nanostructures thin out from the interior of the fiber, not the edges
(fluorescence profile, Figure 4f), before it fragments. This analysis confirms that thermolysin can
directly act on the self-assembled nanostructure, ruling out the exclusive action of thermolysin on
the monomeric peptides in solution to drive dis-assembly. Thus, we have demonstrated that our
non-covalent labeling method combined with STED can provide mechanistic insight into
enzymatic action and propose that the methodology can provide crucial information to previous
work on enzymatic assembly/disassembly of peptides. We note that the spatial resolution in the
real-time image was lower than the static images in Figure 2 due to faster scan rate as multiple
images were collected over long duration and the large sample depth for enzymatic reaction.

Moreover, SRM imaging of enzyme responsive assemblies have been previously reported with
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STORM, however samples required covalent labeling and imaging only in special imaging

solution at various time points instead of live imaging.?% %’

CONCLUSIONS

In conclusion, we have presented a general strategy for super-resolution fluorescent imaging of
cationic peptide nanostructures. By using electrostatic interaction between cationic groups on the
nanostructure surface and sulfonate groups in Alexa-488 dye, a range of lysine and arginine
containing nanofibers could be effectively imaged. These nanostructures were visualized by STED
based super-resolution microscopy with resolution down to 52 nm. By changing the peptide
structure, we could vary the zeta potential of the supramolecular surfaces, as well as peptide-
functionalized gold nanoparticles. We observed that nanostructures which were sufficiently
positively charged (zeta potential >10 mV) could be imaged with STED SRM. Additionally, a
dynamic process, exemplified by enzymatic disintegration of a peptide nanostructure could be
visualized in real-time and in situ. This simple and general strategy for super-resolution imaging
of dynamic soft nanostructures in their native aqueous environment can be used to investigate bio-
inspired active assembly.!? Furthermore, since Alexa-488 co-assembly with peptides has been
utilized for enhanced cellular permeability of the dye,’® our design of non-covalent conjugation
combined with SRM opens the door for in vivo imaging and for probing biochemical processes

using supramolecular materials for bio-medical applications.

EXPERIMENTAL METHODS

Confocal laser scanning microscopy (CLSM) and Stimulated emission depletion (STED)
microscopy (SRM). CLSM and STED imaging were performed using Leica TCS SP8 STED 3X

with 100x objective lens (with oil immersion). White Light Laser (470-670 nm) was used to excite
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the fluorophore with 488 nm source (12 % intensity with 70% output laser power) and emission
was collected at 500 nm — 580 nm window. STED depletion was performed using 592 nm
depletion laser (21 % intensity with 80 % output laser power). For imaging, scan speed was 200
hz, with 4 line average and 2 frame accumulation and pixel size of 13 nm x 13 nm (2048 x 2048
scan) in the xy plane. The HyD detector was used for collecting emission in 500 nm — 580 nm
window with gating from 0.3 ns to 6 ns to filter excitation laser.

Sample preparation. 50 ul of self-assembled 1 solution (5 mM of 1 in 10 mM aqueous
phosphate buffer, pH=7.4 at room temperature) was taken in a vial and 10 mM aqueous stock
solution of Alexa-488 dye was added such that the final concentration of the dye was 25 uM (i.e.
0.5 mole % of 1). The solution was allowed to mix in a shaker bath for 30 min before imaging. 15
ul of the above solution was placed between a glass slide and a cover slip (0.15-0.18 mm thickness)
and sealed with transparent nail polish.

For dynamic real-time imaging (Figure 5 and supporting video video), 30 to 40 ul of the above
solution was spotted on a glass-bottomed petri dish closed with a lid (non-coat, 0.15-0.18 mm
glass bottom thickness) and incubated with water drops around the sample (to avoid sample
drying) at room temperature. This was placed on the microscope and a suitable area was brought
into focus for imaging. To this solution thermolysin was added and sample was continuously
imaged every 30 sec for 1 hr till enzymatic reaction was completed.

Zeta-Potential. The zeta ({)-potential measurements were made on Anton Paar Litesizer 500
Particle Analyzer. Peptide samples (5 mM) were prepared in 2% PBS, and the pH was adjusted to
7.4 using dilute NaOH and HCI. Fifty microliters of the sample was pipetted into Univette low

volume cuvette, and three series of measurements were made at 25 °C using Smoluchowski
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approximation. Similar measurements were performed by adding aliquots of Alexa-488 stock
solution to the required concentration.

Solid-Phase Peptide Synthesis. Peptides were synthesized on CEM Liberty Blue microwave-
assisted solid-phase peptide synthesizer using ~1:5 resin to amino acid ratio and excess
diisopropylcarbodiimide, Oxyma (ethyl(hydroxyimino)cyanoacetate), and 20% piperidine in
dimethylformamide. The desirable peptide-loaded resins were washed three times in
dichloromethane, followed by three washes in diethyl ether on a filtration column. The peptides
were cleaved from the resins, and side chain protecting groups were removed by reacting with a
solution containing 95% trifluoroacetic acid, 2.5% triisopropyl silane, and 2.5% water for 2 h. The
cleaved peptides were recovered by removing the TFA, followed by precipitation in cold diethyl
ether. Peptides were washed three times in cold diethyl ether and centrifuged to decant the
supernatant. The crude peptides were dissolved in Milli-Q water, lyophilized and purified on
preparative reverse phase high pressure liquid chromatography (HPLC).

Transmission Electron microscopy (TEM). The TEM images were taken on FEI Titan Themis
200kV TEM (USA). Peptide solution (1 mM) was prepared in 10 mM phosphate buffer (pH 7.4)
sonicated for 10 min, and 5 pL of the solution was drop casted on a carbon film grid (400 mesh,
copper) and dried completely. To the dry grid was added 5 puL of Milli-Q water and quickly blotted
to wash away the phosphate salts and dried completely. Finally, 5 pL of methylamine vanadate-
based negative stain (NanoVan by Nanoprobes) was drop casted, blotted away, and dried

completely.

ASSOCIATED CONTENT
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Supporting Information. Synthesis, additional materials and methods and supporting data is
available free of charge on the ACS Publications website.

The following files are available free of charge.

Materials and methods, synthesis and supporting figures (file type: PDF)

real-time nanostructure disintegration video (file type: video)
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