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ABSTRACT: The pathway for supramolecular fiber formation is coupled to the underlying order of the self-assembling molecules.
Here, we report on atomistic molecular dynamics simulations to characterize the initial stages of the self-assembly of a model drug
amphiphile in an aqueous solution. We perform two-dimensional metadynamics calculations to characterize the assembly space of
this model drug amphiphile—Tubustecan, TT1. TT1 is composed of the hydrophobic anti-cancer drug, Camptothecin (CPT), conju-
gated to a hydrophilic polyethylene glycol (PEG) chain. We find that the aromatic stacking of CPT drives the formation of a higher-
density liquid droplet. This droplet elongates and can form a higher-ordered supramolecular assembly upon reorganizing and forming
an interface and additional aromatic stacking of the drugs. We show that novel reaction coordinates tailored to this class of molecules
are essential in capturing varying degrees of the underlying degree of molecular order upon assembly. This approach can be refined
and extended to characterize the supramolecular assembly pathway of other molecules containing aromatic compounds.

INTRODUCTION

Supramolecular polymers have diverse applications in bio-
and electronic materials’. The dominant intermolecular
forces in these systems, determined by the solvation envi-
ronment, set the path for a thermodynamically stable or a
kinetically trapped intermediate?. While filamentous as-
semblies in solution are frequently driven by hydrogen
bonding and amyloid formation3-4, peptide or polymer-con-
jugated aromatic molecules suggest another path to one-di-
mensional fiber formation57. Indeed, peptide-conjugated
aromatic molecules possess numerous applications®°. Ki-
netic pathways for fiber formation involve nucleation, elon-
gation, and secondary nucleation* The pathway to metasta-
ble aggregates can be further delineated!. Minimalistic
models that describe dynamic equilibrium have been re-
ported'’. Machine learning models can describe the degree
of molecular order!? or be used to screen many molecular
sequences and topologies!3-14,

Molecular simulations to explore the assembly pathway of
peptide-based amphiphiles have addressed the multi-step
aggregation process's. For peptides conjugated to aromat-
ics, it is shown that aromatic stacking drives the early stages
of the self-assembly process?e. Coarse-grained (CG)

simulations have that drug amphiphiles (DAs) form a high-
density liquid droplet that is stable for microsecond time-
scales!’. As applied to the self-assembly of amphiphilic sys-
tems, free energy methods are evolving as a toolset to unveil
key rational design rules. Quantitative structure-property
relationship (QSPR) models and free energy methods have
established design rules for assembling conjugated aro-
matic peptides with optoelectronic functionality!8. Screen-
ing the strength of intermolecular interactions using
metadynamics has proven to be a novel approach to inves-
tigate the assembly pathway for various combinations of
oppositely charged peptides!®. Here we report on atomistic
molecular dynamics (MD) simulations that utilize advanced
sampling methods (metadynamics2?) to characterize the in-
itial energy landscape for the assembly of model drug am-
phiphiles’. This computational approach can be applied to
explore the self-assembly pathway of these model DAs and
is based on the underlying molecular chemistry. This ap-
proach can also be extended to characterize the initial path-
way for the assembly of molecular amphiphiles, whereas in-
termolecular forces may be specific and directional.
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Figure 1. A proposed nucleation mechanism of a drug amphiphile composed of a hydrophilic head and hydrophobic tail. We
plot the proposed system free energy, AG, along the assembly pathway projected on an arbitrary reaction coordinate. The
drug amphiphile TT1 self-assembles from a random to a high-density droplet, followed by internal reorganization. More in-
termediates are sampled during reorganization, depicted as light-blued arrows until the final state (nanotube) is reached. The
top right corner shows the schematic representation of TT1 with Camptothecin drugs highlighted in lime, and the PEG head-

group is highlighted in dark blue.

Herein, we propose that fluctuations in density near a criti-
cal radius facilitate the formation of high-density liquid-like
droplets, also known as condensates. Then, internal reor-
ganization within these high-density droplets further low-
ers the energy barrier to a more ordered fiber or nanotube.
However, the amphiphile molecular structure contributes
to the free energy and introduces the possibility of micelli-
zation. Notably, the formation of a high-density liquid-like
droplet has been shown to drive the formation of micelles
at the liquid-liquid interface for block copolymer micelles.
These micelles can fuse and form higher-order vesicle as-
semblies?!. Tirrell et al. have also reported the formation of
transient spherical micelles that form on the pathway to the
formation of worm-like micelles?2. Fibrous assembly has
also been coupled to liquid-liquid phase separation (LLPS)
for short amphiphilic peptide sequences?3. One-dimen-
sional assemblies can be nanotubes with hollow cores?4-25
or display varying chirality such as twisted ribbons?é, etc.
The pathway to fibril formation may entail thermodynami-
cally and kinetically favored aggregates?’. Here, we propose
a mechanism whereby high-density droplets, also known as
condensates, promote the formation of a more ordered su-
pramolecular assembly upon internal rearrangement of the
amphiphiles. Forming a PEG-drug interface and uni-direc-
tional stacking of the CPT drugs drives internal rearrange-
ment.

This article explores the nucleation pathway for drug am-
phiphiles (DAs) schematically shown in microfilaments or
nanotubes. These structures are designed as drug delivery

vehicles.®7 28 For example, Tubustecan 1 (TT1) is a proto-
type DA that self-assembles into nanotubes with a diameter
in the range of ~ 10 nm in solutions at concentrations (~
200-800 pm), which is higher than the critical micelle con-
centration (CMC), as shown in Figure S6.” The chemical
structure of TT1 can be found in Figure S1. TT1 delivers
Camptothecin (CPT) analogs that can act as potent anti-can-
cer therapeutics.” As shown in Figure 1, a TT1 consists of
two CPTs chemically linked to two polyethylene glycol
(PEG) chains via reducible disulfide linkers. In vitro data
shows that TT1 yields the best results in the maximum tol-
erated dose and survival chance compared to additional
prototypes. Spectroscopic analysis of the TT1 nanotubes via
circular dichroism (CD) reveals that the aromatic rings from
CPTs are structurally ordered at the core of the nanotube.”
While experimental methods such as CD spectra or SAXS
can inform on the degree of order in such assemblies, these
methods report the average static properties at late assem-
bly time scales. The initial stages of self-assembly are at mi-
croseconds to seconds time scales. For example, Loverde et
al. use MD simulations to characterize the interactions of a
similar DA system with a model membrane.?° More studies
on these DAs using molecular dynamics (MD) simulations
can be found elsewhere.5 15-16,28,30

RESULTS AND DISCUSSION

These TT1 molecules, model amphiphilic molecules, display
strong aromatic interactions that drive self-assembly. As



mentioned, we want to explore the DA's assembly pathway
using conventional MD methods. However, nucleation is a
rare event entailing enhanced sampling methods3'-35 in mo-
lecular dynamics, such as reaction-coordinate-based (um-
brella sampling36-3%, metadynamics) or path-based sam-
pling3' 3942 based methods. Specifically, we use metady-
namics?20 43-45 to drive the self-assembly of the CPTs via n-nt
stacking, which is known to be driving the self-assembly of
similar DAs with these conjugated CPT drugs.” Here, we re-
duce the complexity of the whole conformational landscape
to two reaction coordinates in metadynamics: Si, the total
coordination of the largest cluster,*>-46, and the relative
shape anisotropy k2. An overview of metadynamics and the
chosen reaction coordinates is given in the SI. We perform
four sets of MD simulations, as summarized in Table 1.

Table 1. Summary of simulated systems.

PT-O
72,582 27,888
95 x 92 x 91 94 x 101 x 94
SL SL & K2
10 10 & 0.1
N/A

2 1.5
100 500

Next, we focus on how adding the PEG headgroup modu-
lates the nucleation pathway of these CPTs, allowing for mi-
cellization. Hybrid experimental and computational ap-
proaches have much potential to explore the self-assembly
pathway for supramolecular assemblies. For instance, cryo-
TEM and coarse-grained simulations reveal that am-
phiphilic Janus dendrimers with varying degrees of hydro-
phobicity form many shapes, such as cubic (or cubosomes),
disk-like, tubular, and helical ribbons.#” Here, we show that
the PEG headgroup alters the elongation trend of free CPT
molecules, which tend to form rod-, needle-48, sheet-like*?
shaped nanocrystals under appropriate solvent conditions.
To characterize the degree of n-n stacking, we also define a
stacking index Er. For example, higher values of Zx indicate
a greater degree of stacking, potentially suggesting an or-
dered arrangement of CPTs. Additionally, acylindricity c,
calculated from the principal moments of the gyration ten-
sor, can quantify the similarity of an aggregate shape to a
cylinder. More details can be found in the Supporting In-
formation (SI).

Visually investigating the MD trajectories of the CPT-Only
system and system I, both simulated with conventional MD,
shows that the PEG headgroup interrupts the intrinsic
stacking of the CPTs. We calculate the normalized radial dis-
tribution function (g(r)) of the distance between the center
of mass of the CPT modules in all simulated systems: the
CPT-Only, systems I, II, and III, as shown in Figure 2.
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Figure 2. Normalized radial distribution function g(r) of the distance between the center of mass of CPTs. The inset shows the
g(r) of the distance between the center of mass of CPTs for systems I, II, and III. The magenta line is the g(r) for the free CPT
system. Blue, green, and orange lines are the g(r) 's for system [ (conventional MD), system II (1-D metadynamics), and system

III (2-D metadynamics).

In Figure 2, the normalized g(r) of the CPT-Only system
shows that its first peak is significantly strong, while that of
system I exhibits a relatively weak peak. The magnitude of
the first peak and g(r) shape suggests that the CPT-Only sys-
tem tends to form an elongated chain of stacked CPTs or a
'Free CPT aggregate." Attaching a PEG headgroup to the
CPTs (system I) promotes the formation of a more liquid-
like structure or a 'High-density droplet,’ as shown in the
snapshots of Figure 2. This ' High-density droplet’ resem-
bles the transient spherical micelle droplets reported by
Tirrell et al. on the path to more elongated worm-like mi-
celles?2. For the case of these drug amphiphiles, we show
that these droplets allow for the movement of the drug in-
wards towards the center, promoting aromatic stacking of
the drugs. At the same time, increased stacking drives the
stretching of the droplet in one direction.

When metadynamics is applied to TT1 in systems Il and III,
the g(r) shift strongly suggests that the method shifts the lo-
cal degree of ordered CPTs, as shown in Figure 2 inset.

Indeed, the g(r) loses the multiple peaks but the main peak
shifts to larger distances. We next calculate the normalized
g(r) and the potential of mean force (PMF), W(r) =
—kgT In g(7r), for particular conformations that exhibit the
highest coordination number between CPTs. Figure S3 A
shows the normalized g(r) profiles for these particular con-
formations. The PMF shows that these selected confor-
mations exhibit a lower energy state. This demonstrates
that this approach allows the exploration of lower energy
states along the reaction coordinate that are challenging to
sample with conventional MD.

We note that multiple parameters regarding this approach
can be further refined. The first reaction coordinate, the to-
tal coordination of the largest cluster, S, has a cutoff. We in-
itially chose the cutoff based on previous works by our la-
boratory in which we determined the lowest energy confor-
mation between two CPTs with multiple walker metady-
namics.’® The cutoff should be adjusted if this approach
were applied to sample the coordination between



differently shaped amphiphiles with the lowest energy con-
formation at a larger or smaller distance. For example, the
packing and interactions between paclitaxel are solvent and
concentration-dependents? with an alternating head-to-tail
packing described by Mastropaolo et al. 51. As applied to
paclitaxel, the cutoff for this approach would need to be
much higher.

We next compare the clustering trends between all systems
with respect to the CPT-Only system. We calculate the dis-
tribution of stacking fraction EZr, total coordination of the
largest cluster Si, acylindricity c, and shape anisotropy x?
over the first and last 10% of the simulation time. In the
CPT-Only system, Er is significantly higher than in the other
simulations, as shown in Figure 3 A. At the end of the 100
ns simulation, the stacking fraction has greatly increased in
the CPT-Only system. This is expected, as CPT is known to
form stacked crystals*s. At the end of the simulations, there
is little change in stacking fraction for systems I, II, and III.
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This little difference in the Er, suggests a high energy bar-
rier. At the same time, Figure 3 B shows that the distribu-
tion of S.in systems II and III peaks at higher values than
the other simulations. This indicates that metadynamics can
better sample the free energy landscape of TT1 as the Si. for
systems Il and I1l are sampled over a broader range. In other
words, the CPT tails aggregate more with metadynamics,
but the n-nt stacking is limited. Figure 3 C and D demon-
strate that the CPT-Only simulation displays more acylin-
dricity and more significant variation in shape anisotropy
than TT1s. In Figure 3 C, TT1s are more prone to forming
cylindrical shapes than the CPT-only system. We speculate
that the PEG headgroup promotes cylindrical shape for-
mation for TT1 by modulating the n-n stacking of the CPT
tails; whether this results in the ultimate nanotube requires
more sophisticated models and additional experimental
data. Taken together, Figure 2 and Figure 3 demonstrate
that adding the PEG headgroup impedes the stacking of
CPTs.
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Figure 3. Clustering trends of all systems at the first 10% (blue) and the last 10% (orange) of simulation time. Systems 0 and
I are simulated for 100 ns, while systems II and III were simulated for 50 ns. (A) Stacking Index Zm (B) St (C) Acylindricity c
(D) Shape Anisotropy k2. The black boxes represent the distribution quartiles, with the white circles being the average.

Next, we compare the 2D PMF profiles for conventional MD
and metadynamics. Figure S4 A—C shows that conven-
tional MD is sufficient to sample the CPT-Only system. The
2D PMF profiles set a baseline for comparing systems I, 1I,

and III. A closer look at the 2D PMF profiles of system I, in
Figure S2 A—C, reveal that, for 100 ns, the S.values of TT1
are indeed very stable since the minimum peaks are signifi-
cant and have minimum free energies of about 0.6 kcal/mol.



Thus, it is unreasonable to use conventional MD simulations
as high activation energy can kinetically trap TT1s in a local
energy basin. As such, metadynamics is an enhanced sam-
pling method to quickly sample complex reaction coordi-
nates, such as Si. and k?, to characterize the assembly of TT1.
In Figure 4, all St reach a higher maximum value due to
metadynamics, which implies that the method allows the
formation of a more coordinated liquid droplet than the
CPT-only simulations. Figure 4A exhibits multiple clearly
defined peaks. The multiple peaks indicate multiple states.
The two higher peaks higher in Sy are due to two different
conformations of liquid-like droplets. Figure 4B also exhib-
its multiple peaks. Four peaks (B1 to B4) are in a low
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acylindricity range (more cylindrical). Notably, the CPTs lo-
calize closer to the COM of the droplet for these confor-
mations with low acylindricity. In other words, the more in-
ward positioning of the CPTs is related to the cylindrical
propensity of the TT1s. We hypothesize that as the CPTs
move toward the center of the droplet, they stretch the
droplet due to increased stacking. We suggest that the m-nt
stacking between the aromatic rings may drive the flip of
the DA inwards. While the CD spectrum shows the CPT
packing at the core of the nanotube, it isn't easy to assess
the time-dependent dynamics of tube formation from this
reported data.”
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Figure 4. Characteristics of System II (1D Metadynamics). 2D PMF profiles between S.and (A) Stacking Index =« (B) Acylin-
dricity c¢ (C) Shape Anisotropy k2. (D) The radial density of CPT tails (E) The radial density of PEG headgroup. Only the maxi-
mum signal from each highlighted peak’s radial mass density profile is plotted. The circle represents the drug density, and

the cross represents the PEG headgroup density.

Figure 4C also exhibits multiple peaks, some of which have
a very high shape anisotropy. This is consistent with the
previous hypothesis that some droplets stretch as the CPTs
move inwards and stack, and the stretching is correlated
with higher anisotropy in the droplet shape. Figure 4 C
shows that C7 (0.36 g/mL) has the highest S. and k2. This is
an example of a droplet with very high stacking and shape
anisotropy.

One possible explanation is that when the ordered CPTs are
dense enough and reach a particular value of «?, the out-
ward CPTs will move inwards to transform to the next state.
Additional experimental and theoretical studies can verify
this movement. Attempting to pre-assemble a nanotube of
TT1 with inward CPT tails, we follow the method described

in Loverde et al. 5. We find spontaneous breaking down of
the pre-assembled TT1 nanotube into micelles after 20 ns
(as shown in Figure S7). This is expected as we did not con-
sider n-w stacking in the initial conditions of the tube. Thus,
in future studies, we hypothesize that additional parame-
ters, such as S. and k2%, must be considered to sample the as-
sembly pathway better.

To track the internal density of the liquid droplets formed
with either bare CPTs or TT1s, we calculate radial mass den-
sity profiles for each identified basin on 2D PMF profiles of
all systems. We only plot the maximum values from the ra-
dial mass density profiles for clarification. In Figure S4 D—
E, bare CPTs stack well as their radial density profiles con-
verge to the center. With an additional PEG headgroup, the



peaks of the CPT in radial density profiles are further away
from the droplet's center of mass (COM), as shown in Fig-
ure S2 D—E. We hypothesize that the CPTs stay between

the PEG headgroup and the water to minimize the surface
tension with these short PEG headgroups.
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Figure 5. Characteristics of System III (2D Metadynamics). 2D PMF profiles between S.and (A) Stacking Index &« (B) Acylin-
dricity c¢ (C) Shape Anisotropy k2. (D) The radial density of CPT tails (E) The radial density of PEG headgroup. Only the maxi-
mum signal from each highlighted peak's radial mass density profile is plotted. The circle represents the drug density, and

the cross represents the PEG headgroup density.

To improve the sampling of droplet shape, we choose to ap-
ply 2D metadynamics. We apply metadynamics to both Sy
and «? (system III). The 2D PMF profiles are shown in Fig-
ure 5 A—C. All peaks appear to broaden. For example, in
Figure 5 A, the 2D PMF profile of Zx and S. appears to be
shifted from a vertical peak, A2, to a more spherical peak at
a similar Sprange. Indeed, we find an increased sampling of
all three reaction coordinates: Si, 2%, and c. In all three PMFs,
additional states are sampled neighboring the original
peaks. Interestingly, in Figure 5 C, an additional peak, la-
beled C4, with the highest density appears. C4 represents a

highly compact cluster (S. = 30) with the highest mass den-
sity (5.0 g/mL). The CPTs in C4 also approach the COM of
the cluster while its PEG headgroup is outwards, shown in
Figure 5 D and E. This suggests the formation of a high-den-
sity liquid droplet during this course of the simulation. Pre-
viously, we have found the formation of a high-density liq-
uid droplet using coarse-grained molecular dynamics for a
slightly different molecular structure of the amphiphile?”.
Furthermore, the shift in drug density inwards is consistent
with the hypothesis derived from Figure 2. The drug moves
inwards, thus promoting aromatic stacking and stretching
of the droplet.
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Assessing the convergence of these simulations is extraor-
dinarily challenging due to the multiple dimensions of exist-
ing reaction coordinates. We show that the free energy pro-
files of the 1D metadynamics (system II) are qualitatively
converged by performing annealing simulations (see a de-
tailed method in SI). We obtain a different Boltzmann dis-
tribution of TT1's initial configurations before running
metadynamics with identical parameters used in system II.
The free energy profiles of the two replicates are similar to
the ones in Figure 4, as shown in Figure S5.

We next compare the results of the three sets of PMFs by
generalizing them to a 1D pathway. We extrapolate 1D pro-
files from the 2D profiles in Figure 4 (1D metadynamics)
and Figure 5 (2D metadynamics) with A as a hyper-reaction
coordinate. A describes the configurational space of the TT1
aggregates from low Si. (0) to high Si. (1). Indeed, all three
1D free energy profiles in Figure 6 display an energy bar-
rier followed by a metastable minimum and a secondary
barrier for Systems II and III. Thus, these results suggest
that kinetic models that contain both primary and second-
ary nucleation/elongation may support the initial stages of
the self-assembly of these amphiphiles. As shown in Figure
6, system III, compared to system II, shows a reduction in
the primary energy barrier. For example, Figure 6 B shows
a significant reduction in the energy barrier from 8
kcal/mol to ~0.7 kcal/mol at the beginning of clustering
(low Si). Thus, system III (with two reaction coordinates)
extensively explores the free energy landscape for SL and
k2 in Figure 5 C. Again, we want to emphasize the im-
portance and the possibilities of using free energy calcula-
tion methods, such as metadynamics, with reasonable reac-
tion coordinates, which can explore complex free energy
landscapes of these aromatic-conjugated amphiphiles.

A more thorough understanding of the self-assembly pro-
cess is necessary to design synthetic biomaterials. There are
numerous applications of supramolecular assemblies in
medicine and energy, but our understanding of how these
molecules reach their final assembled state is still evolving.
This article attempts to elucidate the initial stages of the
self-assembly pathway of TT1, a model prodrug, using ad-
vanced free energy methods in MD simulations. Our data
suggest that TT1 follows a complex pathway whereby lig-
uid-like droplets or condensates form and elongate. These
elongated droplets allow the rearrangement of these am-
phiphiles and further stacking of the aromatic drug. We sug-
gest several reactions coordinate to characterize the free
energy landscape of these amphiphiles, including the acylin-
dricity, the stacking fraction, the shape anisotropy, and the
total coordination of the largest cluster. Herein, we utilize
advanced sampling methods in molecular dynamics to out-
line a mechanism for assembling these novel drug am-
phiphiles. We note that a complete characterization of the
phase diagram and the assembly pathway for the assembly
of these amphiphiles will entail more extensive simulations
over arange of concentrations both near and above the crit-
ical micelle concentration. In combination with the order
parameters, as defined above, to characterize preliminary
aggregates in the assembly pathway, different reaction co-
ordinates can be defined to better sample the polymer
shape and promote the formation of a more robust interface
between polymer and drug. Additional advanced methods
such as CG!7 and ML'% 18, active learning, and cheminfor-
matics methods may be combined with the computational
methodology outlined herein to further characterize the en-
ergy landscape of model amphiphiles.
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