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ABSTRACT: Supramolecular nanostructures formed
through self-assembly can have energy landscapes, which
determine their structures and functions depending on the
pathways selected for their synthesis and processing and on
the conditions they are exposed to after their initial formation.
We report here on the structural damage that occurs in
supramolecular peptide amphiphile nanostructures, during
freezing in aqueous media, and the self-repair pathways that
restore their functions. We found that freezing converts long
supramolecular nanofibers into shorter ones, compromising their ability to support cell adhesion, but a single heating and
cooling cycle reverses the damage and rescues their bioactivity. Thermal energy in this cycle enables noncovalent interactions to
reconfigure the nanostructures into the thermodynamically preferred long nanofibers, a repair process that is impeded by kinetic
traps. In addition, we found that nanofibers disrupted during freeze-drying also exhibit the ability to undergo thermal self-repair
and recovery of their bioactivity, despite the extra disruption caused by the dehydration step. Following both freezing and
freeze-drying, which shorten the 1D nanostructures, their self-repair capacity through thermally driven elongation is inhibited by
kinetically trapped states, which contain highly stable noncovalent interactions that are difficult to rearrange. These states
decrease the extent of thermal nanostructure repair, an observation we hypothesize applies to supramolecular systems in general
and is mechanistically linked to suppressed molecular exchange dynamics.

KEYWORDS: Supramolecular nanostructures, self-assembly, self-repair, biomaterials, regenerative medicine,
cell−nanostructure interactions

Supramolecular self-assembly directs biological molecules
into quaternary protein structures, lipid membranes, and

DNA double helices and is thus essential to cell function. This
natural phenomenon has inspired the design of self-assembling
biomaterials for a variety of applications including regenerative
medicine,1−3 drug delivery,4 cancer therapies,5 and immuno-
engineering.6 Although supramolecular biomaterials show
great promise, a recently identified aspect of their structure
and function is proper selection of their self-assembly pathway
in order to optimize bioactivity.7−9 In recent work, some
pathways have been found to result in structures with greater
cytotoxicity.8,9 Even after the molecules have traversed an
undesired self-assembly pathway, it may be possible to “repair”
the “damaged” supramolecular structures, since their non-
covalent nature provides inherent reversibility.10−12 The self-
repair ability of supramolecular materials has been previously
demonstrated in the context of mechanical defects. For
example, supramolecular elastomers spontaneously self-heal
when broken pieces are brought into contact, because

hydrogen bonds readily reform at the fracture site.13,14

Heat15,16 or light17 can induce rearrangement of intermolecular
interactions near a fracture site, allowing the network to fill in
the defect. While these strategies can mend mechanical defects,
they cannot repair defective supramolecular nanostructures
that have undergone incorrect self-assembly pathways and
reached nonfunctional positions in their energy landscapes. For
example, misfolded protein configurations are considered
nonfunctional positions in their energy landscape.18 The repair
of misfolded proteins has been reported but the processes are
extremely cumbersome, requiring finely tuned mixtures of
small molecules and chaperones,19−21 because the energy
landscapes of protein folding are extremely complex.
Our laboratory has developed a broad platform of self-

assembling molecules known as peptide amphiphiles (PAs),
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which in canonical form contain a hydrophobic tail, a β-sheet
forming peptide domain to trigger self-assembly into highly
one-dimensional fiber-like nanostructures, and charged amino
acid headgroups to promote solubility in water.1,22 In some
cases, the peptide sequence terminates in a bioactive domain
designed to interact directly with cell receptors or bind specific
signaling proteins such as growth factors.2,23−25 We have
demonstrated their functionality in a variety of in vivo
preclinical models for the regeneration of bone,25 cartilage,23

muscle,26 blood vessels,24 as well as spinal cord27 and
peripheral nerves.28 For regenerative medicine applications,
our group has extensively studied the use of PAs with the
peptide sequence V3A3E3 (Figure S1). This PA self-assembles
into high-aspect ratio nanofibers that can mimic the
architecture of mammalian extracellular matrices and also
forms self-supporting gels when the negatively charged
glutamic acids are ionically cross-linked with divalent counter-
ions (usually Ca2+).29−32 Since PA nanostructures in solution
are dynamic, we typically freeze-dry PA solutions and store the
dried powders until they are to be used in biological
applications. Knowing that self-assembly of PA molecules
into nanostructures is sensitive to their preparation pathway,8,9

we were motivated to study how the freeze-drying process
affects the PA nanoscale filaments. Amyloid fibrils, another
self-assembling peptide system, can fragment into shorter
pieces33 or undergo liquid crystalline phase transformations34

when exposed to freeze−thaw cycles. Other organic nano-
structures such as proteins,35 nanoparticles,36 and liposomes,37

as well as cells,38 are often preserved by freezing or freeze-
drying, and thus, they can be structurally damaged by ice
nucleation, the use of extreme temperatures, and dehydra-
tion.35−38 The objective of this work has been to characterize
freezing and freeze-drying damage to PA nanostructures and
explore mechanisms and strategies to repair their structure and
function.
Before freezing and freeze-drying V3A3E3 PA solutions, we

equilibrated the nanostructures at their thermodynamic
minimum by applying a previously discovered, thermally
activated self-assembly pathway (annealing at 80 °C for 30
min followed by slow cooling overnight).9,31 These solutions
contained 1 wt % (8.66 mM) PA dissolved in 15 mM NaOH,
conditions that lead to a low charge density on the
nanostructures, which in turn favor β-sheet formation and
thus formation of long nanofibers.9 Therefore, the annealing
procedure results in formation of highly viscous solutions.
When this solution is flash frozen and allowed to thaw at room
temperature, its viscosity decreases drastically (Figure 1a,b and
Figures S2−S4), suggesting disruption of the nanofiber
structure. Using nanoparticle tracking analysis (NTA) to
visualize light scattered by nanofibers (Figure S5), we
estimated their lengths in annealed and flash frozen solutions,
and found that annealed PA nanofibers tend to be well over 10
μm long, while flash frozen nanofibers are generally less than 5
μm (Figure 1c). Viewed under cross-polarizers, annealed
solutions of PA nanostructures contain large birefringent
monodomains (Figure 1d), while flash frozen PA contains

Figure 1. (a) Schematic representation summarizing the effects of flash freezing annealed PA solutions. (b) Viscosity of annealed and flash frozen
PA solutions (p < 0.0001, two-tailed paired t test; error bars represent standard error of mean). (c) Box-and-whisker plot of apparent nanofiber
lengths in annealed and flash frozen PA using nanoparticle tracking analysis (NTA) video frames (p < 0.0001, two-tailed unpaired t test) (d, e)
Cross-polarized light micrograph of annealed and flash frozen PA, respectively. (f, g) CryoTEM of annealed and flash frozen PA, respectively. (h, i)
SEM micrographs of annealed and flash frozen PA gels, respectively. (j, k) Confocal micrographs of MC3T3 mouse preosteoblast cells encapsulated
inside annealed and flash frozen PA gels, respectively (insets are TEM micrographs of cell cross sections; scale bar for inset: 1 μm). (l)
Fluorescence recovery after photobleaching (FRAP) experiments on FITC-conjugated BSA within annealed and flash frozen PA solutions and gels
(error bars are 95% confidence intervals).
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smaller ones (Figure 1e), indicating shorter fibers forming
domains with less alignment. These observations are consistent
with the lyotropic liquid crystalline nature of aqueous solutions
formed by the nanoscale filaments.31 We examined individual
nanofibers by cryogenic transmission electron microscopy
(cryoTEM) from both annealed (Figure 1f) and flash frozen
solutions (see Figure 1g), confirming the previous observa-
tions. Taken together, viscosity, light scattering, and micros-
copy data demonstrate that flash freezing long nanofibers in
solution fractures them into significantly shorter ones.
Although long nanofibers should be thermodynamically
favored, we infer that the short freeze-damaged nanofibers
are kinetically trapped in a local energy minimum and do not
spontaneously grow back to their original lengths during our
time of observation.
Knowing that flash freezing shortens nanofibers in PA

solutions, we studied the bioactivity implications for the PA
gels made up of these one-dimensional nanostructures. The
nanostructures can localize and deliver growth factors and
provide a scaffold to support cell infiltration.23,25,39 We
prepared PA gels by introducing CaCl2 to annealed and flash
frozen PA solutions, which cross-links negatively charged
glutamic acids with positively charged Ca2+ ions, and then
examined the resultant structure and rheological properties
(Figure S6−S8) of the gels, as well as cell and protein
interactions with the gels. Scanning electron micrographs
(SEM) reveal that annealed PA gels contain long nanofibers
(Figure 1h) while flash frozen PA gels contain shorter
nanofibers (Figure 1i), which is consistent with our
observations in solution. Since cells are sensitive to nanoscale
topographical cues,40−42 we studied whether this difference
would affect cellular response to the nanofibers within the PA
gels. We encapsulated MC3T3 mouse preosteoblasts in
annealed and flash frozen PA gels, allowed the cells to
equilibrate for 24 h, and then imaged the cell morphology
using actin staining. Confocal microscopy images show that
cells within annealed PA gels spread and elongate (Figure 1j),
but those within flash frozen PA gels remain more rounded
(Figure 1k). For a closer view of the interface between cells
and PA, we cut thin sections of cells inside PA gels and
observed them with transmission electron microscopy (TEM).
These thin sections revealed that cells inside the annealed PA
gels have a few small protrusions along otherwise smooth
plasma membranes (Figure 1j, inset), while cells inside the
flash frozen PA gels show intense membrane blebbing (Figure
1k, inset). Previous work has shown that cell membrane
blebbing occurs in the earliest stages of cell spreading, with
blebs maturing to adherent lamellipodia in later stages.43−45

Therefore, we hypothesize that the cell membrane continues
blebbing after unsuccessful attempts to attach to shorter,
freeze-damaged fibers. These results are consistent with
previous work from our laboratory, which showed that
chemically identical PA surfaces support cell adhesion better
when fibers are longer.9 Taken together, these observations
indicate that freezing damage is detrimental for either
encapsulation of cells within PA gels or the recruitment of
endogenous cells when they need to infiltrate implanted PA
gels.
Next we investigated protein interactions with annealed and

flash frozen PA gels, since PA gels are known to be effective
vehicles for growth factor delivery.23,25 We examined the effect
of flash freezing on the ability of PA nanofibers to bind
proteins using bovine serum albumin (BSA). Although BSA

has an overall negative charge, it contains both negatively and
positively charged exposed residues, and it is known to adhere
to either positively or negatively charged surfaces.46 We mixed
FITC (fluorescein isothiocyanate) conjugated BSA into
annealed and flash frozen PA solutions, induced gelation
with CaCl2, and imaged the gels with confocal microscopy. We
performed fluorescence recovery after photobleaching (FRAP)
experiments by bleaching 10 μm diameter circles in the gels
and monitoring fluorescence recovery. Since photobleaching is
irreversible, fluorescence recovery only occurs if unbleached
FITC-BSA diffuses into the bleached area. Less or slower
recovery indicates less protein mobility, signifying stronger
association with nanofibers. FRAP data shows that annealed
and flash frozen PA are equally capable of immobilizing BSA
within their gels, with only 10−20% of the initial fluorescence
recovered in both cases (Figure 1l). This suggests that protein
retention by nanofibers derives from surface properties, such as
electrostatic forces and is independent of fiber length.
Furthermore, BSA diffuses freely through PA solutions and
recovers approximately 90% of initial fluorescence (Figure 1l),
demonstrating that gelation of PA or immobilization of
nanofibers into a solid structure is responsible for immobiliza-
tion of proteins. For applications where PA gels are intended
only as growth factor delivery vehicles, freezing damage to the
nanostructures does not seem to be detrimental. Although
interactions with cells are sensitive to nanofiber length, our
data indicate that the nanofibers’ ability to retain proteins is
controlled by their surface properties and therefore the
chemical structure of PA molecules.
Considering the sensitivity of cells to nanofiber length, we

proceeded to determine if this effect was reversible. In light of
recent work on the energy landscapes of peptide amphiphile
self-assembly,9 we hypothesized that we could restore the
thermodynamically preferred long nanofibers by overcoming
the activation barrier to reach this energy minimum. To test
this hypothesis, we reannealed the flash frozen PA (Figure 2a,
left pathway), giving it the same amount of thermal energy
used to create the original annealed PA. The viscosity of flash
frozen PA was found to increase upon reannealing (Figure 2b),
suggesting the formation of long nanofibers again. Although
the viscosity does not reach that of the original annealed PA
solutions (Figure 2b), several techniques show the reappear-
ance of long nanofibers. Cross-polarized light microscopy
shows large birefringent monodomains (Figure 2c) and
cryoTEM reveals long nanofibers (Figure 2d), similar to the
original annealed PA (Figure 1). Most importantly, cells spread
and elongate within reannealed PA gels (Figure 2e),
demonstrating that flash frozen and reannealed nanofibers
regain the ability to promote cell adhesion. Using FRAP, we
confirmed that flash frozen and reannealed PA gels still have
the ability to immobilize BSA protein (Figure S9). These data
demonstrate that, given thermal energy to rearrange supra-
molecular interactions, freeze-damaged PA nanostructures
successfully self-repair.
Although reannealing successfully repairs structural and

functional damage, we wanted to understand why the solution
viscosity does not return to its original value. We hypothesized
that when PA solutions are flash frozen, forces exerted by ice
crystals mechanically break the supramolecular nanofibers.
However, since they were formed under conditions of high
charge screening, the long annealed nanofibers likely contain
highly cohesive β-sheets,9 which become kinetically trapped in
the short fibers. We omitted the first annealing step before
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flash freezing, and instead flash froze f reshly dissolved PA and
immediately annealed it (Figure 2a, right pathway). We found
that this flash freezing pathway did not result in a reduction of
the postannealing viscosity. In fact, this pathway resulted in a
small but statistically significantly increase in viscosity after
annealing (Figure 2f). CryoTEM images of freshly dissolved
PA (Figure 2g) and flash frozen freshly dissolved PA (Figure
2h) show no obvious differences between the two conditions,
in contrast to the drastic change observed after flash freezing
annealed PA (Figure 1). Flash freezing annealed PA activates a
pathway that results in a metastable state of short fibers with
cohesive β-sheets, an energy landscape position that is not
reached when flash freezing nonequilibrium nascent nano-
structures in freshly dissolved PA. Indeed, circular dichroism
(CD) experiments show that flash frozen PA solutions retain a
characteristic β-sheet signature (Figure S10), in contrast to
thermodynamically stable short nanofibers that exhibit a
random coil CD signature, reported in previous work from
our laboratory.9 Using super-resolution microscopy, our
laboratory previously showed that molecular exchange occurs
between different nanofibers in solution,47 and we presume
that this exchange is necessary for elongation of nanofibers. We
hypothesize that annealed PA nanofibers have slower exchange
rates than freshly dissolved metastable assemblies, possibly due
to a higher coherence length of β-sheets along the nanofiber.
This β-sheet configuration and slower exchange rate persists
into the short freeze-damaged nanofibers, making them more
resistant to change during reannealing. In contrast the
unannealed assemblies prior to freezing are in nonequilibrium
states which must have shorter β-sheet coherence lengths, and
are thus more likely to exchange molecules and molecular
clusters to build stable nanofibers. Furthermore, we speculate
that nanofiber end-caps in metastable assemblies contain
“defects” in the β-sheet structure, and are thus highly dynamic
areas where PA molecules can more easily join the nanofiber or
break off to join a longer nanofiber. When long annealed
nanofibers are physically fractured, perhaps the newly created
end-caps retain order in their hydrogen bonds and are thus less
dynamic. We also note that small-angle X-ray scattering
(SAXS) of PA nanofibers show very minor changes during

Figure 2. (a) Two flash freezing pathways for PA solutions, with (left)
and without (right) annealing prior to freezing. (b) Viscosity of
annealed, flash frozen, and reannealed PA (*p = 0.0002 **p = 0.0006,
two-tailed paired t tests; error bars represent standard error of mean).
(c) Cross-polarized micrograph of reannealed PA. (d) CryoTEM of
flash frozen and reannealed PA. (e) Confocal micrograph of MC3T3
mouse preosteoblast cells encapsulated within flash frozen and
reannealed PA gel and visualized by actin staining (green). (f)
Viscosity of PA solutions after annealing freshly dissolved material,
and after annealing freshly dissolved material that was flash frozen
prior to annealing (p = 0.0341, two-tailed paired t test; error bars
represent standard error of mean). (g) CryoTEM of freshly dissolved
PA solution. (h) CryoTEM of freshly dissolved PA solution that has
been flash frozen (right pathway).

Figure 3. (a) Viscosity of annealed, slowly frozen, and reannealed PA (*p = 0.0062, **p = 0.0053, two-tailed paired t tests (error bars represent
standard error of mean). (b) Viscosity of annealed PA and refrigerated PA (two-tailed paired t test). (c, d) Cross-polarized micrographs of slowly
frozen PA and refrigerated PA, respectively. (e, f) CryoTEM of slowly frozen PA and refrigerated PA, respectively.
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flash freezing and subsequent reannealing (Figures S11−S13),
demonstrating that the fibrous geometry is maintained, even as
hydrogen bonds are rearranging and nanofiber length is
changing.
To further explore how freezing affects PA assemblies, we

performed experiments where we slowly froze annealed PA
nanofibers, as opposed to flash freezing them in liquid
nitrogen. A slower freezing process should result in larger ice
crystals, as well as prolong the time that nanostructures in
solution are exposed to cold temperatures and ice nucleation.
Instead of flash freezing the PA solutions with liquid nitrogen,
the solutions were allowed to equilibrate in a −20 °C freezer.
Slowly freezing PA solutions decreases the viscosity (Figure
3a), similar to flash freezing PA (Figure 1b, Figures S14 and
S15). However, we found that reannealing slowly frozen PA
solutions allows the solutions to recover, on average, their
original viscosity (Figure 3a). To determine if exposure to cold
temperature alone disrupted nanostructures, we equilibrated
PA solutions in a 4 °C refrigerator overnight. This
refrigeration, after which no solid ice was observed, does not
decrease the PA solution’s viscosity (Figure 3b, Figures S14
and S15). Furthermore, cross-polarized microscopy shows
smaller monodomains in slowly frozen PA solutions (Figure

3c), similar to flash frozen PA solutions (Figure 1e), and larger
monodomains in refrigerated PA solutions (Figure 3d), similar
to the original annealed PA (Figure 1d). In both slowly frozen
(Figure 3e) and refrigerated (Figure 3f) samples, cryoTEM
images show long nanofibers extending beyond the field of
view, which must not be sufficiently large to capture fiber
length differences at this scale. Interestingly, cryoTEM was
able to capture the shorter length of flash frozen PA nanofibers
(Figure 1g), which showed approximately a 75% decrease in
viscosity (Figure 1b) relative to annealed PA, while slowly
frozen PA nanofibers showed approximately a 53% decrease
(Figure 3a). These data suggest that slowly frozen nanofibers
are longer than their flash frozen counterparts, possibly
because slower ice nucleation reduces the rate of nanofiber
rupture, thus requiring less repair. Furthermore, slowly frozen
nanofibers may have less cohesive β-sheets than flash frozen
nanofibers, which allows them to rearrange more easily during
subsequent annealing. While flash frozen nanofibers solidify
long before their hydrogen bonds can be destabilized, PA
nanofibers in the liquid portion of a partially frozen solution
may adsorb to ice crystals, which may destabilize their
hydrogen bonds. For proteins, infrared spectroscopy has

Figure 4. (a) Two freeze-drying pathways for PA, with (left) and without (right) annealing prior to freeze-drying. (b) Viscosity of annealed, freeze-
dried, and reannealed PA (*p = 0.0007, **p = 0.0007, ***p = 0.0102, two-tailed paired t tests, error bars represent standard error of mean). (c)
Cross-polarized light micrograph of freeze-dried and reannealed PA. (d) CryoTEM of freeze-dried and reannealed PA. (e) Confocal micrograph of
MC3T3 mouse preosteoblast cells encapsulated inside freeze-dried and reannealed PA gel, visualized by actin staining. (f) Viscosity of PA after
annealing freshly dissolved solution, and annealing freshly dissolved solution that has been freeze-dried (not significant, two-tailed paired t test,
error bars represent standard error of mean). (g) CryoTEM of PA immediately after reconstitution of powder, freeze-dried from an annealed PA
solution (left pathway). (h) CryoTEM of PA immediately after reconstitution of powder, freeze-dried from a freshly dissolved solution (right
pathway).
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shown that, in partially frozen systems, adsorption to ice
crystals can result in loss of secondary structure.48

After characterizing the self-repair of PA nanofibers from
freezing, both rapidly with liquid nitrogen and slowly within a
freezer, we were motivated to explore the consequences on
bioactivity after freeze-drying. From a functional point of view
in clinical settings, the nanostructures should be stored dried
rather than frozen in the hydrated state before coming into
contact with living tissues. Since flash freezing breaks long
nanofibers into shorter ones (Figure 1), we expected that
freeze-drying would have a similar effect. Also, since the
volume of PA nanofibers contains water molecules that
contribute to their self-assembly,32 we expected that the
added dehydration step would disrupt the nanofibers even
more than freezing alone. However, since the presence of water
triggers self-assembly and directs hydrogen bonding of PA
molecules as a result of hydrophobic collapse, we hypothesized
that nanofibers would easily “re-assemble” after freeze-drying
as the nanostructured material is reconstituted as aqueous
solutions. We freeze-dried (flash froze with liquid nitrogen
followed by sublimation of water under vacuum) and
reconstituted annealed PA solutions (Figure 4a, left pathway)
and found that the viscosity decreases, similar to what we
found in the case of the flash freezing pathway (Figure 4b).
Reannealing this reconstituted PA (Figure 4a, left pathway)
increases the viscosity, but not to the original value (Figure
4b). Despite the lower viscosity, PA nanofibers “re-created”
after freeze-drying form large aligned monodomains (Figure
4c), appear long by cryoTEM (Figure 4d), and the gels they
form are capable of supporting cell spreading and adhesion
(Figure 4e) as well as retaining BSA protein (Figure S9). Thus,
these nanostructures remain bioactive, similar to those exposed
to flash freezing and reannealed (Figure 2).
We then investigated whether omitting the annealing step

before freeze-drying would prevent the decrease in viscosity
(Figure 4a, right pathway), similar to our experiment with flash
freezing freshly dissolved PA before annealing (Figure 2a, right
pathway). Bypassing annealing before freeze-drying will
generally prevent a decrease in viscosity (Figure 4f), similar
to bypassing annealing before flash freezing (Figure 2f).
However, this trend is not as consistent when freeze-drying PA,
with some experiments showing a decrease in viscosity and
others showing an increase, and thus on average a change in
viscosity is not observed (Figure S4). CryoTEM images of PA
immediately after reconstitution, following freeze-drying from
annealed PA solution (Figure 4g) and freshly dissolved
solution (Figure 4h), show no obvious differences, and both
also appear similar to the original freshly dissolved PA (Figure
2g). While the cryoTEM micrographs appear very similar, we
speculate that freezing annealed PA preserves the cohesive β-
sheets of long nanofibers, which persist into the melted (flash
frozen) or dried (freeze-dried) states. Although nanostructures
are disrupted during flash freezing or freeze-drying, the
preserved β-sheets diminish the system’s ability to rearrange
during subsequent annealing. These preserved β-sheets can be
avoided if PA is not annealed before freezing or freeze-drying.
This processing pathway reliably prevents a decrease in
viscosity during freezing alone, but not during freeze-drying.
We therefore suspected that the dehydration process was
causing other changes to PA self-assembly in addition to those
introduced by freezing alone, which do not appear to occur in
a reproducible manner.

To investigate how freeze-drying affects self-assembly of the
PAs investigated, we varied freeze-drying conditions. We
hypothesized that freeze-drying could increase the electrostatic
charge on headgroups of PA molecules by converting the
glutamic acids into their conjugate salt form. The added
negative charges would add repulsive forces among PA
molecules, thus decreasing their propensity to self-assemble
and changing their energy landscape.9 Previous work on freeze-
drying of proteins has shown that their ionization states in
solution persist into the dried state, leading to a phenomenon
called “pH memory.”49,50 Because the solution pH determines
the ionization states, freeze-dried proteins “remember” the pH
of the aqueous solution from which they were dried.49,50 This
“remembered” ionization state persists if the proteins are
reconstituted into organic solvents, but is “erased” if proteins
are reconstituted into aqueous media with a new pH value.49

In the case of freeze-drying PAs, the three headgroups are
“remembered” as either protonated glutamic acids or
deprotonated glutamate salts. Although these ionization states
can change upon reconstitution with aqueous media, the
relative amount of glutamic acids versus glutamate salts in the
PA powder will be determined by the previous freeze-drying
step. If this powder is reconstituted with pure water, which has
no buffering capacity, the amount of conjugate acid versus
conjugate base that was present can continue to exert an effect.
During self-assembly, the three glutamic acid side chains
interact with each other and with neighboring molecules,
which can affect their ionization state. Under our specific
stoichiometric conditions (15 mM NaOH to 8.66 mM PA,
which contain 26 mM glutamic acids), we expect a wide range
of possible ionization state configurations within the assembled
nanostructures. When the PA is freshly dissolved and
metastable, these configurations are likely to be highly
dynamic, and perhaps highly variable from sample to sample.
When the sample is dried in the presence of a nonvolatile base
like NaOH, we speculate that this variable configuration of
ionization states gets kinetically trapped, with some Na+ ions
bound to the glutamate residues, maintaining them as
glutamate salts, and with others existing as phase separated
NaOH powder. Thus, the large variation in possible ionization
state configurations and NaOH powder amounts after freeze-
drying can lead to variations in energy landscapes upon
reconstitution of PA with water.
To better control the ionization states of the PA’s glutamic

acids after freeze-drying, we freeze-dried PA from solutions
containing a volatile base (NH4OH instead of NaOH).
Previous work has shown that the pH memory effect in
proteins is suppressed when they are dried from solutions
containing volatile buffers.50 The drying process removes the
volatile buffers, leaving behind uncharged residues, effectively
removing any “memory” of the ionization state in buffered
solution.50 Unlike NaOH, NH4OH does not remain in the
freeze-dried powder as a solid, and NH4

+ ions are not likely to
remain bound to glutamate residues, as the removal of NH3 gas
under vacuum would deplete the NH4

+ ions by Le Chatelier’s
principle (NH4

+COO− → NH3 + COOH; ionic reactions
during freeze-drying are further discussed in the Supporting
Information, Section S15). Thus, our strategy was to add
excess volatile NH4OH (1% volume/volume) to deprotonate
PA as much as possible before freeze-drying, and to add a
specific amount of NaCl (nonvolatile salt) to control the
number of glutamic acid residues that remain ionized af ter
freeze-drying. While PA powder freeze-dried from NaOH
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dissolves easily when reconstituted in pure water, PA powder
freeze-dried from NH4OH is not soluble (Figure 5a),
suggesting that the glutamic acids are left nonionized and
the base has also been removed. However, when we add 15
mM NaCl to the solution before freeze-drying, the resulting
powder was found to be water-soluble (Figure 5a). In contrast,
the PA powder is also not soluble if the NaCl is added later (by
freeze-drying without salt and reconstituting in 15 mM NaCl).
This suggests that the positive Na+ ions form sodium
glutamate salts with the PA, increasing its solubility above
that of PA with glutamic acids. We measured UV−visible
absorbance of the supernatant in these samples to estimate the
concentration of soluble peptide (Figure 5b), which confirmed
our visual observations on the solubility.
We then varied the concentration of NaCl in solution before

freeze-drying to see if we could control the extent of ionization
in the final dried PA. We dissolved 8.66 mM (1 wt %) PA with
a fixed amount of NH4OH (1% volume/volume), and varied
the concentration of NaCl in the solution (4, 8.5, 15, 26, 50,
150 mM). These samples, containing a total of 26 mM
ionizable carboxylic acids (8.66 mM PA, three glutamic acids
per V3A3E3 PA), were freeze-dried and reconstituted with pure
water. UV−visible spectroscopy shows that as low as 4 mM
NaCl increases the PA solubility, and that PA solubility
improves up to a maximum at 15 mM NaCl (Figure 5c). To
further explore the idea that the NaCl controls the ionization
state of the PA’s glutamic acids, we then annealed the fully
soluble PA solutions (those containing 15−150 mM NaCl)
and measured the approximate pH. Since PA nanostructures

immediately after reconstitution are metastable and highly
dynamic, we compared the annealed solutions, which should
contain more stable nanostructures. The PA solution freeze-
dried from 15 mM NaCl is more acidic than PA freeze-dried
from higher NaCl concentrations (Figure 5d), suggesting that
it contains fewer carboxylic acids in the deprotonated, ionized
state than samples with more added NaCl. All samples had
been exposed to the same amount of NH4OH base and NaCl
alone does not affect the pH of water (Figure S16). At 15 mM
NaCl, there are enough Na+ ions to maintain approximately
two out of three carboxylate anions per PA molecule, while at
least 26 mM of Na+ ions is sufficient to stabilize all three
carboxylate groups. Taken together, the solubility and pH data
suggest that the presence of NaCl during freeze-drying
determines how many glutamate salt residues on the PA’s
headgroups will be maintained into the dried state, and thus
the amount of negative charge on the PA nanostructures after
reconstitution in pure water. In this specific case, PA freeze-
dried with 15 mM NaCl contains less negative charge than PA
freeze-dried with higher amounts of NaCl since this sample has
less Na+ ions to maintain negatively charged carboxylate
groups during freeze-drying.
Since increased charges on the PA are known to promote

repulsive forces and change the energy landscape,9 we expected
that the change in the PA’s charged state, induced by certain
freeze-drying conditions, would affect PA self-assembly.
Indeed, PA freeze-dried from 15 mM NaCl is significantly
more viscous than PA samples with higher NaCl concen-
trations (Figure 5e, Figure S17), which is likely due to the

Figure 5. (a) Photographs of PA solutions after freeze-drying and reconstitution, using solvents indicated in chart. (b) UV−visible absorbance
spectra of freeze-dried PA solutions from panel a. (c) UV−visible absorbance spectra of freeze-dried PA solutions immediately after reconstitution,
with indicated concentrations of NaCl present during freeze-drying. (d) Approximate pH values of freeze-dried PA solutions after reconstitution
and subsequent annealing, with indicated concentrations of NaCl present during freeze-drying. (e) Viscosity of freeze-dried PA solutions after
annealing, with indicated concentrations of NaCl present during freeze-drying (15 mM NaCl sample is significantly different from all other samples,
p < 0.05, two-tailed paired t test; error bars represent standard error of mean).
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lower negative charge on the 15 mM NaCl sample, suggested
by the solution’s more acidic pH (Figure 5d). Previous work
has shown that increased pH can increase the electrostatic
charge on acidic PA molecules, which disrupts their self-
assembly,51 and our experiments show that simply adding
more NaOH base to a PA solution will result in lower viscosity
after annealing (Figure S19). When approximately all three
glutamic acids are deprotonated instead of two, the added
charge frustrates self-assembly by introducing stronger
repulsion between PA molecules, shifting the thermodynamic
minimum to relatively shorter, less cohesive nanofibers. The
self-repair capacity of PA nanostructures relies on the
“functional” long nanofibers existing at an energy minimum
that can be accessed with equilibration through the use of
thermal energy. The NH4OH and NaCl experiments suggest
that certain processing steps, particularly freeze-drying, can
shift this energy landscape minimum and thus complicate self-
repair. When freeze-drying freshly dissolved PA in NaOH,
these energy landscape shifts varied from sample to sample,
due to the wide range of possible ionization states within
highly dynamic nanostructures and the ability of Na+ ions to
exist in either phase-separated NaOH powder or sodium
glutamate conjugates with the PA. Using NH4OH and NaCl,
we were able to better control the PA’s ionization states and
shed light on the possible mechanism through which freeze-
drying causes shifts in energy landscape (further discussion of
PA ionization states in these two buffers is included in the
Supporting Information, section S15). Taken together, the
solubility, pH, and viscosity experiments (Figure 5) suggest
that counterions present during freeze-drying can increase the
net charge on the PA by maintaining conjugate salt groups,
which can change the energy minimum in the PA’s energy
landscape. In this specific case, Na+ ions present during freeze-
drying of V3A3E3 PA maintain the glutamic acid residues as
negatively charged glutamate salts. These glutamate groups
introduce charge repulsion and disrupt self-assembly, thus
shifting the energy minimum to shorter nanofibers that
produce a less viscous solution. When the source of these
Na+ ions is NaOH, these energy landscape shifts happen in a
highly variable way because the amount of glutamate salts after
freeze-drying is not easily controlled. This variation is reduced
when NaCl is the source of Na+ ions, and this way the amount
of glutamate salts after freeze-drying can be controlled.
We have described a thermally activated self-repair pathway

for PA nanostructures which can restore long nanofibers after
they break into shorter ones. Long nanofibers are superior to
shorter ones in supporting cell adhesion, and the repair
pathway was able to recover this biological function. This self-
repair pathway works by overcoming the activation barrier to
return the system to the thermodynamically preferred long
nanofibers. Some thermal histories will result in kinetic traps
that impede this thermal repair process, specifically, annealing
prior to freezing or freeze-drying will result in short nanofibers
containing highly cohesive internal structures that suppress the
ability of nanostructures to re-elongate. Since this self-repair
pathway succeeds when thermal energy reconfigures the
system toward an energy minimum containing the long
nanofibers necessary for bioactivity, any pathway that shifts
this minimum will complicate the repair process. This was
demonstrated by our freeze-drying experiments, where the
dehydration process can increase the electrostatic charges on
PA nanostructures. In contrast, freezing alone should not
change the PA’s net charge and shift the energy minimum, so

“incomplete” self-repair may be attributed purely to kinetic
traps. In principle, longer heating times or higher temperatures
should overcome the energy barrier to achieve “complete” self-
healing, but could lead to solvent evaporation or precipitation,
thus altering solution concentrations (Supporting Information,
section S17). Such kinetic traps should therefore be avoided
through the design of processing pathways. The self-repair
capacity of supramolecular nanostructures is highly possible,
but must be optimized by careful selection of processing
pathways, which no doubt are necessary in the actual use of the
systems for biological applications. We hypothesize that the
self-repair capacity of supramolecular nanostructures when
their environment disrupts them should be broadly applicable
to many chemical structures.
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