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ABSTRACT: Nature uses dynamic, molecular self-assembly to create cellular architectures that adapt to their environ-
ment. For example, a guanosine triphosphate (GTP)-driven reaction cycle activates and deactivates tubulin for assembly 
into microtubules and disassembly. Inspired by dynamic self-assembly in biology, multiple studies have developed syn-
thetic analogs of assemblies regulated by chemical chemically fueled reaction cycles. A challenge in most of these studies 
is that molecules assemble upon activation but do not disassemble upon deactivation. In other words, they remain kinet-
ically trapped, and the resulting assemblies are not dynamic. In this work, we show how molecular design dictates the 
tendency of deactivated molecules to remain trapped in the assembled state. We also show how molecular design can 
be used to tune the dynamics of the reaction cycle. Our work should result in chemically fueled assemblies that are truly 
dynamic in that disassembly immediately follows deactivation.  

Introduction. In molecular self-assembly, molecules are 
designed to interact with one another to form larger, su-
pramolecular complexes.1-4 The assembly process alters 
the material properties of the system, which gives rise to 
supramolecular materials.5-9 In recent years, there has 
been a focus on dynamic supramolecular materials, i.e., 
materials that change and adapt to their environment.10-12 
In such materials, molecules are designed to assemble or 
disassemble in response to a trigger. For example, pep-
tides can be designed to assemble or disassemble upon 
enzymatic phosphorylation, dephosphorylation, or an in-
crease in pH.13-15 In these dynamic assembly mecha-
nisms, kinetic traps can occur those trap molecules in 
their assembly because the thermal energy available is 
insufficient to overcome the energy barrier for disassem-
bly.16-18 As molecules and their assembly become in-
creasingly more complex; it becomes more challenging to 
predict whether such unwanted kinetic trapping will occur. 
Chemically fueled self-assembly is an extreme case of dy-
namic self-assembly in which kinetic trapping is particu-
larly unwanted.19-21 Here, assembly is coupled to a chem-
ical reaction cycle to yield assemblies regulated through 
the kinetics of that reaction cycle. The reaction cycle com-
prises at least two chemical reactions, i.e., an activation 
reaction that activates building blocks for self-assembly at 
the expense of a high-energy chemical reagent (i.e., a 
chemical fuel) and a spontaneous deactivation reaction 
reverts the building blocks to their precursor state 
(Scheme 1A). In dynamic self-assembly of, for example, 
tubulin or actin, the emerging assemblies have vastly dif-
ferent properties compared to their in-equilibrium analogs 
because building blocks are constantly activated and de-
activated for assembly.22 When the assembly and 

disassembly rates of building blocks are fast, the assem-
blies are dynamic, and their properties are regulated 
through the kinetics of the reaction cycle resulting in ex-
citing behavior like treadmilling and size control (Scheme 
1B).  
In contrast, when disassembly of the precursor is slow, 
the molecules remain trapped in the assembled state and 
can reactivate before disassembly. Such a situation re-
sults in chemically fueled self-assembly without the dy-
namics of assembly and disassembly. It is to a much 
lesser degree, regulated by the kinetics of the reaction cy-
cle (Scheme 1C). In other words, the exciting properties 
of chemically fueled self-assembly are lost when disas-
sembly is slow. To design molecules that are rapidly dis-
assembling after deactivation remains a challenge be-
cause the mechanisms of kinetic trapping are poorly un-
derstood. 
Scheme 1. A) Scheme of a fuel-driven reaction cycle. 
Red arrows depict fuel-driven activation reactions. Blue 
arrows depict spontaneous deactivation reactions. B) In 
chemically fueled, dynamic self-assembly, the activated 
building block should assemble while the deactivated 
building block disassembles. C) In kinetically trapped as-
semblies, disassembly does not follow deactivation. 
Building blocks get reactivated in the assembly. D) Tran-
sient negation of charges by the reaction cycle can be ap-
plied to drive self-assembly. EDC-driven reaction cycle 
negates the charges on a dicarboxylate.  



 

 
To create chemically fueled assemblies, we and others 
used a strategy in which a chemical reaction cycle transi-
ently negates the charges on a molecule (Scheme 1D).22-

41 Upon activation, an anionic, well-soluble precursor be-
comes charge-neutral, which induces product assembly. 
The deactivation occurs while the building block is assem-
bled; it reinstates the negative charges and thus leads to 
its disassembly. We described a reaction cycle driven by 
the hydration of the condensing agent EDC (1-ethyl-3-(3-
dimethyl aminopropyl)carbodiimide, Scheme 1D).26 In the 
activation, EDC reacts with an anionic dicarboxylate pre-
cursor to form its corresponding uncharged anhydride 
(product). In the deactivation, the product hydrolyzes to 
yield the dicarboxylate precursor. The anhydride precur-
sor has a half-life of tens of seconds before deactivation. 
The removal of the charges of the anionic dicarboxylate 
can induce self-assembly. Vice versa, the deactivation 
converts the non-charged anhydride to its corresponding 
dicarboxylate via hydrolysis and yields the charged pre-
cursors, which induces disassembly. 
Using the charge abolishment approach has resulted in 
assemblies with dynamic behavior like vesicles30, coacer-
vates28, and oil droplets42. However, not all fueled assem-
blies formed through charge negation are dynamic. In 
some cases, chemically fueled self-assembly into fibers 
results in slow disassembly or even kinetically trapped as-
semblies.26, 29, 31 In other words, the dynamics of the reac-
tion cycle are fast, but the dynamics of assembly and dis-
assembly are not. Furthermore, because the mechanisms 
of kinetic trapping are not understood, it is challenging to 
predict or design molecules that form dynamic assem-
blies. 
In this work, we study the mechanism of kinetically trap-
ping in chemically fueled fibers regulated through transi-
ent charge negation. We find that the assembly increases 
the peptide’s apparent pKa, which implies that the mole-
cule remains protonated upon deactivation. In its proto-
nated, uncharged state, the charge-charge repulsion with 
neighboring deactivated precursors is negligible, which 
explains why the disassembly is slow, and precursors re-
main trapped. We believe this mechanism is generaliza-
ble for the disassembly of other peptides based on 
charge-charge repulsion. 31, 41, 43-44 We also provide solu-
tions to overcome the trapping of the precursor in the fi-
bers, which yield chemically fueled fibers with increased 
dynamics. 
 

Results and Discussion. 
Molecular design controls kinetic trapping. We used 
the tripeptides Fmoc-GGD and Fmoc-AVD (Fig. 1A, B), 
where G is the amino acid glycine, A is the amino acid 
alanine, and V is the amino acid valine, and D stands for 
aspartic acid. These peptides are dissolved at 10 mM in 
an aqueous buffer of MES at pH 6.0. A Nile Red assay 
found no evidence of assembly, confirming that these 
peptides were well-dissolved in their precursor state (Fig. 
1C, D, Fig. S1). The addition of 100 mM EDC to these 
precursor solutions initiated the reaction cycle. It led to the 
formation of a turbid solution and a turbid hydrogel for 
Fmoc-GGD and Fmoc-AVD, respectively. Notably, the 
turbidity by Fmoc-GGD was transient and faded as the re-
action cycle had consumed all fuel. In contrast, the hydro-
gel of Fmoc-AVD was not transient and remained intact 
far after all fuel was consumed (Fig. 1C-F). Confocal mi-
croscopy was used to study the morphology of the assem-
bly and found, in line with previous work, that Fmoc-GGD 
formed transient vesicles,26 whereas Fmoc-AVD assem-
bled into fibers (Fig. 1C, D).30 We studied the evolution of 
the reaction cycle by applying fuel, and at predetermined 
time points, we used a benzylamine quench45 to stop the 
reaction cycle and measure its contents by HPLC (Fig. 
1E, F). The anhydride product was temporarily present, 
and, as the system was running out of fuel, the product 
disappeared.  
To assess the dynamics of the assembly and disassembly 
process, the turbidity of the solution in response to EDC 
was followed in a plate reader (Fig. 1E, F). While the 
Fmoc-GGD-based vesicles dissolved to yield a transpar-
ent solution as the product concentration decayed, the fi-
bers by Fmoc-AVD did not. After 24 hours, a substantial 
amount of turbidity was observed for Fmoc-AVD, despite 
all anhydride having hydrolyzed within the first hour of the 
reaction cycle. From this observation, it is clear that the 
precursor remained kinetically trapped in the fibers.  
Using 1H-NMR spectroscopy, the assembly’s composition 
was measured as a function of time. We used the fact that 
peptides in an assembly become NMR-silent. We can 
thus measure how much of the 10 mM initial peptide re-
sides in the assemblies. Combined with the concentra-
tions of the activated product as determined by HPLC, we 
could thus determine the ratio of precursor and product in 
the assemblies. Here we assume that all activated prod-
uct is in the assemblies. Three minutes after the addition 
of EDC, we found that both the fibers and the vesicles 
were composed of a coassembly of precursor and product 
(Fig. S2). However, 24 hours after starting the reaction cy-
cle, we found no more NMR-silent peptide in the case of 
Fmoc-GGD, which points to complete disassembly. In 
contrast, for Fmoc-AVD, roughly 4.3 mM precursor re-
mained kinetically trapped in assemblies (Fig. 1G). Only 
by annealing the kinetically trapped Fmoc-AVD at 95°C 
for 5 min, we could dissolve the precursor (Fig. S3). Fi-
nally, we supported our finding that Fmoc-AVD is kinet-
ically traps by a Nile Red assay. The Nile Red emission 
remained high for Fmoc-AVD, whereas no emission sig-
nal was visible for Fmoc-GGD after 24 hours (Fig. 1 H).  
 



 

 

Figure 1. Peptide design controls kinetic trapping after the 
application of fuel. A-B) Molecular structure of Fmoc-GGD 
and Fmoc-AVD. C-D) Photographs and confocal micro-
graphs, after fueling 10 mM of C) Fmoc-GGD and D) Fmoc-
AVD with 100 mM EDC, stained with 25 µM Nile Red dye. 
Scale bar 5 μm. E-F) Indication of correlation between the 
assembly process and the kinetics by measuring the anhy-
dride formation (black markers) and the absorbance at 
560 nm (solid red line) when fueling E) 10 mM Fmoc-GGD, 
and F) 10 mM Fmoc-AVD with 100 mM EDC, stained with 
25 µM Nile Red dye. A kinetic model was used to fit the ex-
perimental data (solid black line, Supporting Notes). G) The 
percentage of trapped precursor in the molecular assemblies 
after 24 hours, when 10 mM Fmoc-GGD, and 10 mM Fmoc-
AVD were fueled with 100 mM EDC as determined by 1H-
NMR spectroscopy. H) Maximum emission intensity of Nile 
Red (a.u.) at 617 nm, 24 hours after fueling 10 mM Fmoc-
GGD (hardly visible), 10 mM Fmoc-AVD with 100 mM EDC. 
All error bars are the standard deviation of the mean (n = 3). 

The mechanism that kinetically traps precursors 
In the chemically fueled assemblies design through the 
charge abolishment strategy, we reasoned that the nega-
tively charged precursors repel each other to overcome 
the attractive forces that lead to their disassembly. Based 
on the above data, this is not the case. We hypothesized 
that the precursor in the assembly might not be as anionic 
as we initially suspected. Upon deactivation of the product 
in a fiber of Fmoc-AVD, the negative charges on the pre-
cursor’s carboxylate are not reinstated. This mechanism 
is induced by a drastic shift in the pKa in the microenviron-
ment of the fiber.29 In other words, the precursor in solu-
tion is deprotonated, which prevents its assembly. How-
ever, it remains (partially) protonated in the fiber, and thus 
charge neutral and unable to disassemble (Fig. 2A). We 
measured the pKa of the Fmoc-AVD, and Fmoc-GGD and 
compared Ac-FAVD, a peptide that does not assemble 
and has pKa’s of 2.2 and 4.2 (Fig. 2A, Fig. S4). For Fmoc-
GGD, we found only one pKa at 4.4 by titration of HCl. 
Interestingly, when the pH was close to the pKa, the 

solution turned turbid. In other words, the measured pKa 
was of the precursor in an assembled state, which was 
likely different than the pKa of the precursor in solution. In 
contrast, for Fmoc-AVD, we found a pKa of 5.8, i.e., far 
higher than the non-assembling Ac-FAVD (Fig. 2A, Fig. 
S4). 
As we carry out our chemically fueled reaction cycle at 
pH 6.0, it is reasonable to assume that most of the pre-
cursor of Fmoc-GGD in the solution or in the vesicles is 
completely deprotonated. In the case of Fmoc-AVD, the 
pKa in the fibers is close to experimental conditions, which 
implies that, on average, less than half of the carboxylates 
were deprotonated in the fibers. Consequently, the driving 
force of disassembly, i.e., the accumulation of negative 
charges on the precursor, is far less prevalent on Fmoc-
AVD than Fmoc-GGD. To further corroborate that hypoth-
esis, we monitored the chemically fueled fibers by confo-
cal microscopy in combination with Hoechst dye 33258. 
That dye is cationic and stains anionic assemblies like 
proteins and peptides, enabling us to monitor the accu-
mulation of negative charges (Fig. S5).46 We found that 
Hoechst 33258 colocalized with the vesicles formed by 
Fmoc-GGD throughout the reaction cycle (Fig. 2B). In 
contrast, the fibers formed by Fmoc-AVD hardly incorpo-
rated some Hoechst 33258 dye at the beginning of the 
reaction cycle, when deactivation is at its highest. After 
10 min, the Hoechst 33258 signal was very faint or not 
observable, from which we conclude that the fibers are 
hardly anionic, which corroborates our earlier findings 
(Fig. 2B). Finally, we performed the same experiments de-
scribed above, but at various pH values between pH 6.0 
and 6.5. 1H-NMR showed a clear trend that less precursor 
got trapped with increasing pH, further corroborating that 
the pH of the surrounding media is not sufficient to depro-
tonate the kinetically trapped precursor (Fig. 2C, Fig. S6-
8). We assume that working above pH 6.5 would further 
avoid the kinetic trapping precursor. However, at pH 7 or 
higher, we observed the formation of significant amounts 
of the side product N-acylisourea and much less anhy-
dride.  
The flat packing of β-sheets is responsible for the 
pKa-shift.  
We explain the pKa difference between assemblies of 
Fmoc-AVD and Fmoc-GGD by valine’s high propensity to 
form flat ß-sheets compared to glycine. The formation of 
these flat β-sheets implies that the C-terminal aspartic ac-
ids are packed in a relatively high density known to shift 
pKas.47,47-48 We measured the assembly’s ability to bind 
Thioflavin (ThT), which measures the flatness of β-
sheets.49,50 We measured a high ThT signal when we 
fueled Fmoc-AVD with EDC, while we found no significant 
emission of THT when we fueled Fmoc-GGD with EDC 
(Fig. 2D). Fourier-Transform Infrared Spectroscopy (FT-IR) 
revealed that both peptides had two predominant peaks 
around 1690 cm-1 and 1630 cm-1, which we assign to the 
Fmoc-OCNH band and the amide I band (Fig. 2E). The 
amide I band (carbonyl stretch vibration) is particularly 
sensitive to hydrogen bonding in the peptide assembly.51-

52 For Fmoc-AVD, this peak was located at 1632 cm-1 and 
relatively sharp, which is indicative of elements of β-sheet  
(1625 cm-1– 1640 cm-1).53 The same peak for Fmoc-GGD 



 

broadened drastically and shifted towards the region of  
1650 cm-1, which points towards elements of a random 
coil (1640 cm-1– 1650 cm-1). The FT-IR data further cor-
roborate that Fmoc-GGD is mainly engaged in random 
coil hydrogen bonds, whereas flat β-sheets are present in 
Fmoc-AVD assemblies. These flat β-sheets pack the car-
boxylates closely such that their pKas shift.  
 

 

Figure 2. The mechanism of kinetic trapping. A) The pKa 
of aspartic acid depends strongly on its microenvironment. B) 
Confocal micrographs after fueling 10 mM of Fmoc-GGD, 
10 mM of Fmoc-AVD with 100 mM EDC, stained with 25 µm 
Nile Red and 25 µM Hoechst 33258 dye, respectively. Scale 
bar 5 μm. C) The percentage of trapped precursor in the mo-
lecular assemblies after 24 hours when 10 mM Fmoc-AVD 
were fueled with 100 mM EDC at pH 6, pH 6.3, and pH 6.5 
as determined by 1H-NMR spectroscopy. D) ThT fluores-
cence intensity at 485 nm over time as a measure of the pres-
ence of β-sheets when 1 mM Fmoc-AVD or 1 mM Fmoc-
GGD are fueled with 100 mM EDC, respectively. E) FTIR 
spectra of 10 mM Fmoc-AVD or 10 mM Fmoc-GGD fueled 
with 100 mM EDC at 3 min. The Fmoc-OCNH band at 
1687 cm-1 and amide I band at 1632/1647 cm-1 (typical β-
sheet) for Fmoc-AVD/Fmoc-GGD. All error bars represent 
the standard deviation of the mean for n = 3. 

To test which of the amides in the peptide contributed to 
the organization of the C-termini and thus the shift in pKa 
and kinetic trapping, we synthesized Fmoc-AVD(NMe) 
(Fig. 3). This compound is similar to Fmoc-AVD but lacks 
the last NH-bond due to methylation, which shifted the pKa 
from 5.8 to 4.2 (Fig. 3, Fig. S9). In other words, the pKa-
shift upon self-assembly had disappeared entirely. Fur-
thermore, transient aggregates emerge upon fueling 
10 mM Fmoc-AVD(NMe) with 100 mM EDC (Fig. S10). 
1H-NMR and HPLC studies on the reaction cycle of Fmoc-
AVD(NMe) showed a complete lack of coassembly of the 
precursor and thus also no kinetic trapping (Fig. S10). In 
other words, methylation of this crucial amide means that 
the precursor does not coassemble, and we can recover 

the dynamic character of the chemically fueled self-as-
sembly.  

  
Figure 3. H-bonding of aspartic acid NH controls the pKa 
shift. Schematic representation of H-bonding interaction of 
aspartic acid NH bond in Fmoc-AVD(NMe), Fmoc-GGD, and 
Fmoc-AVD assemblies. pKa change of aspartic acid residue 
depends strongly on the H-bonding interaction strength of the 
aspartic acid NH-bond, i.e., the stronger the H-bonding inter-
action, the higher the pKa value. 
 
Recovering chemically fueled self-assembly  
We explored whether we could tune the degree of kinet-
ically trapping of precursors in fibers by mixing Fmoc-AVD 
with Fmoc-GGD. We assume that both peptides 
coassemble and form weaker hydrogen bonds resulting in 
a milder shift in the pKa of the carboxylates, thereby in-
creasing the amount of negatively charged precursor mol-
ecules per fiber. Cryogenic transmission electron micros-
copy (cryo-TEM) showed that Fmoc-GGD assembled into 
vesicles in response to fuel (Fig. 4A), while a mixture of 
25 mol% of Fmoc-AVD and 75 mol% Fmoc-GGD resulted 
in twisted tapes instead of vesicles; a good indication that 
the two coassemble. Moreover, the tapes of the mixture 
were more twisted compared to the tapes formed by 
100 mol% Fmoc-AVD, which we explain by the decrease 
in the ability to form flat β-sheets. Indeed, a ThT-assay 
showed that the maximum emission intensity observed af-
ter the addition of EDC declined with the increasing ratio 
of Fmoc-GGD to Fmoc-AVD (Fig. 4B; Fig. S11). This ob-
servation was further corroborated by the center of the 
amide-I band shifting from 1632 cm-1 to 1647 cm-1 upon 
gradually increasing the ratio of Fmoc-GGD to Fmoc-AVD 
(Fig. 4C, Fig. S12). More excitingly, the decrease in β-
sheet’s rigidity enabled us to tune the pKa of the precursor 
between 5.8 and pKa 4.4 (Fig. 4D, Fig. S4). Thus, tuning 
the peptide content allowed us to change the microenvi-
ronment of the precursor and, with that, its degree of 
deprotonation. 1H-NMR and fluorescence spectroscopy 
confirmed a decrease of kinetically trapped precursor 
from 48% to 18% for pure Fmoc-AVD to 50 mol% Fmoc-
AVD with Fmoc-GGD content (Fig. 4E, Fig. 5A-C, Fig. 
S13).  



 

 

Figure 4. Changing the precursor’s microenvironment 
through coassembly. A) Cryo-TEM micrographs of 10 mM 
peptide solutions with varying Fmoc-AVD and Fmoc-GGD 
composition, 2 minutes after fueling with 10 mM EDC; for 
100 mol% Fmoc-GGD 4 minutes after fueling with 50 mM 
EDC. Scale bar 100 nm. B) The maximum ThT emission 
(a.u.) at 485 nm after excitation at 440 nm of 1 mM peptide 
solution with varying Fmoc-AVD and Fmoc-GGD composi-
tion. These solutions are fueled with 100 mM EDC. C) Maxi-
mum IR-absorption wavelength of amide I derived from FT-
IR spectra of 10 mM peptide solution with varying ratios of 
Fmoc-AVD and Fmoc-GGD. The solutions were fueled with 
100 mM EDC, and spectra were recorded after 3 minutes. D) 
The pKa values of the carboxylates of the peptides in assem-
blies for 10 mM total peptide concentration. E) The percent-
age of trapped precursors in the molecular assemblies after 
24 hours as determined by 1H-NMR. All solutions contained 
10 mM peptide with varying Fmoc-AVD and Fmoc-GGD 
composition and were fueled with 100 mM EDC. All error 
bars represent the standard deviation of the mean for n = 3. 

From the combined experiments, we can create a simpli-
fied energy landscape of the transitions occurring in our 
chemically fueled system (Scheme 2). The peptide in this 
landscape can be in four states: it can be activated or not, 
and it can be in solution or the microenvironment of the 
fiber. Consequently, four reversible transitions are possi-
ble, i.e., the non-assembled precursor can be activated, 
the activated building block can assemble, the assembled 
activated product can deactivate, and the deactivated pre-
cursor can disassemble. The thermodynamically most fa-
vored state is the non-activated, non-assembled peptide. 
Upon activation, the product assembles into a fiber. De-
activation leads to the deactivated peptide in a fiber. The 
disassembly of the precursor is endowed with a high en-
ergy barrier (Eb) which leads to the precursor being kinet-
ically trapped within the fiber. Due to the kinetic trapping, 
the deactivated peptide is more likely to become re-acti-
vated than disassemble. Thus, the peptide spends most 
of its time in the peptide microenvironment, and this is 

also where most fuel is consumed. Through changes in 
molecular design and pH, the Eb can be decreased. 
Scheme 2. Schematic and simplified representation of 
the free energy landscape of chemically fueled assembly.  

 
 
With our increased understanding of trapping in chemi-
cally fueled assembly, we tested the dynamics of assem-
blies by measuring the amount of peptide in the assembly 
as a function of time using 1H-NMR spectroscopy (Fig. 5 
A-C). For assemblies of Fmoc-AVD fueled with 100 mM 
EDC at pH 6 and  6.5, we found that 66% and 60% of 
peptide remained in the assembly one hour after EDC ad-
dition. For assemblies of 50 mol% Fmoc-AVD and 
50 mol% Fmoc-GGD at pH 6, trapped assembled peptide 
decreased to 30%. We used confocal microscopy to study 
the dynamics of assembly and disassembly further. We 
imaged several XYZ-stacks (z-dimension 5-10 µm) over 
time. After imaging the temporal z-stacks, we corrected 
for x/y-drift. We analyzed the change of the images as a 
function of time by calculating the Pearson correlation co-
efficient between sequential images of an area of 
8.7 µm x 10.2 µm. We calculated the Pearson correlation 
coefficient between frames spaced apart 10 min (Fig. 5D-
F). For assemblies of Fmoc-AVD at pH 6, the Pearson 
correlation coefficient ranges between 0.9 and 1.0 (Fig. 
5D, G). A strong correlation from image to image implies 
a lack of assembly and disassembly. At pH 6.5, the corre-
lation coefficient ranged from 0.75 and 1.0, which shows 
that the assemblies were slightly more dynamic (Fig. 5E, 
H). Finally, for assemblies of 50 mol% Fmoc-AVD and 
50 mol% Fmoc-GGD at pH 6, the range of the correlation 
coefficient broadened to 0.25-1.0, indicating that these 
assemblies are more dynamic than pure Fmoc-AVD (Fig. 
5F, I).  
Excitingly, we observed behavior reminiscent of the dy-
namic instabilities of microtubules, i.e., some fibers could 
switch from growing to collapsing and back to growing 
again. This behavior was only observed on fiber ends that 
were not embedded in a dense network of other fibers 



 

making it complicated to image these fibers due to the 
drifting of the sample. Thus, we trapped 2.5 mM of pre-
cursor solution in a 1.5% agarose gel and added a layer 
of 100 mM EDC on top of the gel. Doing ensured the fi-
bers were in a pseudo-steady state (Fig. S14-15) and 
tended to drift less. We imaged the samples and followed 
the evolution of a fiber’s length as a function of time over 
several z-planes (5-10 µm). For Fmoc-AVD at pH 6 or 
pH 6.5, no noticeable growth and collapse of the dangling 
fibers were found (Fig. 5J). For the mixture of 50 mol% 
Fmoc-GGD and 50 mol% Fmoc-AVD assemblies, some 
fiber tips alternately grew and collapsed while fuel was 
present (Fig. 5J, K). 3D projections of the images con-
firmed that the fibers were not falling in and out of the focal 
plane but growing and shrinking (Fig. 5K, L, Fig. S16-17, 
Supporting Movie M1-4). From the data in Fig. 5C and Fig. 
S16-17, it can be noted that fibers grow and collapse on 
a time scale of 0.1 - 1.4 µm/min. 

 

Figure 5. Dynamic self-assembly of fibers. A-C) The concen-
tration of peptide in the assemblies as a function of time de-
termined by 1H-NMR spectroscopy for 10 mM Fmoc-AVD at 
pH 6 (A) and pH 6.5 (B) and 5 mM Fmoc-AVD mixed with 
5 mM Fmoc-GGD at pH 6 (C), all fueled with 100 mM EDC. 
D-F) The correlation coefficient between two confocal micro-
graphs taken 10 minutes apart as a function of time. The fol-
lowing conditions were used: 10 mM Fmoc-AVD at pH 6 (D) 
or pH 6.5 (E) and 5 mM Fmoc-AVD mixed with 5 mM Fmoc-
GGD at pH 6 (F) all fueled with 100 mM EDC. G-I) Confocal 
micrographs, 13 min, 40 min, and 60 min after fueling. The 
conditions were: G) 10 mM Fmoc-AVD at pH 6, H) 10 mM 
Fmoc-AVD at pH 6.5 and I) 5 mM of Fmoc-GGD mixed with 
5 mM of Fmoc-AVD at pH 6 with 100 mM EDC, stained with 
25 µm Nile Red. Scale bar 5 μm. J) Number of counted dy-
namic fibers that grow and collapse in (18x12 µm). K) Fiber 
length as a function of time for a growing and shrinking fiber. 
The analyzed fiber is shown in L) and the supporting movie 
M1 and was obtained after fueling 1.25 mM of Fmoc-GGD 
mixed with 1.25 mM of Fmoc-AVD with 100 mM EDC at 
pH 6. Arrows highlight the time points confocal micrographs 
are shown in L). L) Confocal micrographs 20 min, 35 min, 

and 57 min after fueling 1.25 mM of Fmoc-GGD mixed with 
1.25 mM of Fmoc-AVD with 100 mM EDC at pH 6, stained 
with 25 µm Nile Red. Scale bar 1 μm. All error bars represent 
the standard deviation of the mean for n = 3. 

 
Conclusion and Outlook 
We demonstrated how precursors remain kinetically 
trapped in chemically fueled fibers regulated through tran-
sient charge negation. We provided solutions to over-
come the trapping of the precursor in the fibers, which 
yield fibers with increased dynamics. The mechanism can 
be exploited to design fibers that show dynamic instabili-
ties as microtubules do in future work.  
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