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the dynamic nature of its assembly process, makes this system a mini-
malistic yet comprehensive model for supramolecular polymerization.
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RESULTS AND DISCUSSION

Macroscopic view and imaging of Fmoc-DOPA assembly
The self-assembly of Fmoc-DOPA was triggered by the solvent switch
of Fmoc-DOPA ethanol stock solution (100 mg/ml) into water. This
was accompanied by three observable macroscopic changes. First, the
dilution of the stock solution into water was associated with a turbidity
change, that is, the solution instantly became opaque and then grad-
ually became clearer (fig. S1). The second change concerns the visco-
elastic properties of the preparation, where gel-like characteristics, as
indicated by a simple qualitative vial inversion assay, appeared within
hours (Fig. 1B). A later, third macroscopic change was the spontaneous
appearance of crystals in the gel within weeks (Fig. 1B).
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The assembly process was monitored at higher resolution by carry-
ing out the assembly inside a sealed capillary while continuously im-
aging the process using light microscopy (fig. S2). Upon the initiation
of assembly (time 0), the opaque solution primarily contained spheres
of various sizes, reaching up to several micrometers in diameter. Over
time, the capillary-enclosed solution became clearer as optical charac-
teristics of a gel were observed concurrently with the appearance of
elongated assemblies and the disappearance of the spheres. Finally,
crystals were observed in the capillary.

TEM was used to provide more detailed information about the
structural features of the assemblies at time 0 and after the formation
of the gel. Examination of the structures at these time points confirmed
the previous observations, revealing the dominant presence of spheres
with diameters ranging from tens of nanometers to micrometers at
the initial stage of assembly and the existence of a tangled network of
fine fibrils in the semitransparent gel-like state (Fig. 1C). Together, the
macroscopic and light and electron microscopy observations are con-
sistent with a previously reported sphere-to-fiber transition of another
LMW Fmoc-containing hydrogelator (38).

To assess the dynamics and stability of the formed structures through-
out the assembly process in solution, with minimum preparation-
related artifacts, we used cryogenic TEM (cryo-TEM). Samples for
cryo-TEM were taken at different time points after the initiation of as-
sembly (Fig. 2 and fig. S3). Micrographs of time 0 samples, taken when
the solution was opaque, revealed a heterogeneous population of spheres
of various sizes. These spheres appeared to be soft and were capable of
adhering to the carbon-coated grid, forming menisci at the point of
adhesion. Moreover, the spheres seemed to be hollow, occasionally en-
capsulating additional spheres inside them. Micrographs of samples
that were taken during the first hour after the initiation of assembly,
when the solution was still turbid, showed a mixed population of
spheres, single- and multistrand fibers, and twisted ribbons. A similar
mixture of assemblies appeared in samples taken 2 and 4 hours fol-
lowing the initiation of assembly, after the preparation had transformed
into a weak semitransparent gel; however, at these time points, the
diameter of the spheres was smaller, and the fibers formed a tangled
network, as expected for the gel state. The observation of the dynamic
spherical material is unique as compared to a previously reported study
of Fmoc-DOPA assemblies (32). We assume that the metastability of
the spherical material plays a major role in the distinctive structural tran-
sition observed in this system, as is further supported by the solution
and ssNMR analyses described below. Additional major microscopic
transition in the samples occurred over the following days, when tubes
and helical ribbons appeared in addition to the fibrillar and spherical
assemblies detected previously; notably, the spheres seemed to have fur-
ther decreased in size, with a typical diameter smaller than 20 nm. Fi-
nally, micrographs of samples taken 1.5 months after the initiation of
assembly, when crystals were macroscopically observable, again re-
vealed the existence of helical ribbons and tubes. Because particular
morphologies in the Fmoc-DOPA system emerge at the expense of
others over time, the morphological transition exhibited by this system
can therefore be considered hierarchical. Hierarchical, time-dependent
formation of nanostructures was previously reported, mainly in the con-
text of chiral amphiphilic peptide systems (19, 20, 39, 40). Pertinent to
this is the morphological transition from twisted to helical ribbons that
generally occurs as part of a path to the formation of tubes (20, 39, 41);
as described, such a transition was observed in the Fmoc-DOPA system
as well. The current report of the Fmoc-DOPA system is exclusive
Fig. 1. Macroscopic view and imaging of Fmoc-DOPA assembly process.
(A) Chemical structure of Fmoc-DOPA. (B) Three macroscopically observable

changes of Fmoc-DOPA preparation over time: turbidity change, gaining gel-
like viscoelastic characteristics as indicatedby a simple qualitative vial inversion
assay, and spontaneous formation of crystals in the gel (from left to right). (C)
Transmission electron microscopy (TEM) micrographs of Fmoc-DOPA samples
taken immediately upon the initiation of assembly (time 0) and 42 hours after
the initiation of the assembly at the semitransparent gel-like state.
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because all stages, including the occurrence of metastable spheres and
single crystals in addition to various fibrillar and tubular morpholo-
gies, are present and thoroughly investigated.

Spectroscopic studies of a phase transition process
To gain insight into the molecular events underlying the observed
macroscopic and morphological transitions, vibrational and electronic
spectroscopic assays were used. As described, an important early stage
in the Fmoc-DOPA system is the sphere-to-fiber morphological tran-
sition that is accompanied by a sol-gel phase transition. Because the
formation of a fibrillar network is the main driving force for gelation
and considering the chiral nature of supramolecular fibrillar assem-
blies, we used near-UV time-dependent circular dichroism (CD) spec-
troscopy to monitor the gelation process; this was done in conjunction
with a qualitative vial inversion assay (Fig. 3A). Because of the high tur-
bidity of the Fmoc-DOPA solution, we could not collect CD spectra
during the first hour of assembly. Approximately 70 min after the ini-
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tiation of assembly, weak negative ellipticity was observed near 305 nm.
As indicated by the vial inversion assay, the onset of gelation was shortly
thereafter, approximately 90 min after the initiation of assembly. At lat-
er time points, the CD spectra maintained their features, yet the inten-
sity of the 305-nm band increased; specifically, the intensity remained
similar between 2 and 6 hours after the initiation of assembly, and a
substantial increase was measured only after extended periods of time
(9 days and 1.5 months). The 305-nm CD band is characteristic of
parallel-displaced p-stacking of Fmoc moieties that occurs in the fibrillar
assemblies (36, 42, 43). The high intensity of this band at the later time
points may be attributed to an increased population of helical ribbons
and tubes, as was made evident by cryo-TEM. Temperature-dependent
CD analysis (Fig. 3B) confirmed that the 305-nm band could be as-
cribed to such intermolecular interactions because the band diminished
at elevated temperatures, indicating that a molecularly dissolved state
had been reached. This observation is in line with a previous report
regarding the Fmoc-DOPA system (32).
Fig. 2. Cryo-TEM analysis of Fmoc-DOPA assembly. Samples of Fmoc-DOPA (1 mg/ml) were imaged using cryo-TEM at different time points after the
initiation of assembly. Micrographs of time 0 are from samples of a turbid solution. Micrographs of 4 hours and 9 days are from semitransparent gel-like

samples. Micrographs of 1.5 months are from a gel containing macroscopically observable crystals. Black arrows point to spheres that adhere to the
carbon-coated grid, forming menisci at the point of adhesion. Red arrows point to fibers. Orange arrows point to twisted ribbons. Green arrows point
to helical ribbons. Blue arrows point to tubes.
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