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Abstract Diblock oligomeric peptide-polymer amphiphiles (PPAs) are biohybrid materials that offer versatile functionality by
integrating the sequence-dependent properties of peptides with the synthetic versatility of polymers. Despite their potential as
biocompatible materials, the rational design of PPAs for assembly into multi-chain nanoparticles remains challenging due to
the complex intra- and intermolecular interactions emanating from the polymer and peptide segments. To systematically
explore the impact of monomer architecture on nanoparticle assembly, PPAs were synthesized with a random coil peptide
(XTEN2) and oligomeric alkyl acrylates with unique side chains: ethyl, tert-butyl, n-butyl, and cyclohexyl. Experimental
characterization using electron and atomic force microscopies demonstrated that tail hydrophobicity impacted accessible
morphologies. Moreover, characterization of different assembly protocols (i.e., bath sonication and thermal annealing)
revealed that certain tail architectures provide access to kinetically trapped assemblies. All-atom molecular dynamics
simulations of micelle structure formation unveiled key interactions and differences in hydration states, dictating PPA assembly
behavior. These findings highlight the complexity of PPA assembly dynamics and serve as valuable benchmarks to guide the
design of PPAs for a variety of applications including catalysis, mineralization, targeted sequestration, antimicrobial activity,
and cargo transportation.

Introduction

Multi-chain nanoparticles are instrumental in nanotechnology and nanomedicine,"? serving as versatile chemosensors® and
with applications in organic semiconductors*® and biomineralization®’. Despite their wide-ranging applications, their rational
design remains challenging due to the complex network of inter- and intramolecular interactions formed between
macromolecules. Many nanoparticles are assembled through the phase separation of hydrophobic and hydrophilic blocks in
aqueous solution. While hydrophobic interactions predominantly drive this self-assembly, the assembled morphologies are
further influenced by a concert of non-covalent interactions (e.g., electrostatics, van der Waals, n-n stacking, and hydrogen
bonding) and processing steps such as the assembly technique and filtration.27-° This interplay of variables provides tunability
of both nanoparticle morphology and size, consequently dictating the functionality of the assembled structure. Therefore,
understanding the interplay of these interactions is paramount in the rational design of functional nanoparticles.

Peptide amphiphiles (PAs) uniquely incorporate protein-like functions into assembled nanostructures when coupled to a
hydrophobic tail." 191213 Assembled PAs can template biomineralization of inorganic nanoparticles,'! induce phosphorylation
for therapeutics,'? and outperform the function of their native protein analogs''*. While altering the hydrophobic block
composition using aromatic moieties, amino acids, and/or multi-chain lipid-like tails modulates the assembled morphology,
these moieties have a narrow scope of easily accessible hydrophobic tails which limits the range of accessible morphologies
and assembly dynamics.

Diblock peptide-polymer amphiphiles (PPAs) are biohybrid materials that combine sequence-defined peptides with oligomeric
tails synthesized with common polymerization techniques;'®-'7 monomer selection, molecular weight, and dispersity enable
tunability of the hydrophobic amphiphile component, which in turn dictates the final assembled morphology.'®-?° We have
previously demonstrated that oligomeric diblock PPAs composed of oligo(ethyl acrylate) tails and random-coil peptides exhibit
similarities to block copolymers, assembling into nanoparticles with diverse morphological distributions influenced by the
average molecular weight and dispersity of the hydrophobic oligomer.?! Efforts with amphiphilic block copolymers have
demonstrated that the chemical composition of pendent moieties can impact both the packing density®?? and exchange
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dynamics®2324 of multi-chain assemblies. However, the impact of monomer architecture within the hydrophobic tails of PPAs
on morphology and assembly dynamics has remained unexplored.

Herein, we investigate the self-assembly of PPAs composed of a random coil peptide and acrylate oligomers with variable
monomer chemistry (ethyl, tert-butyl, n-butyl, and cyclohexyl) using a combination of experimental techniques to probe the
morphological distributions and computational methods to provide mechanistic insights. Through experimental
characterization by electron and atomic force microscopies, we analyze how both the oligomeric tail hydrophobicity and
assembly mechanism impact nanoparticle sizes and morphologies. Additionally, all-atomistic molecular dynamic simulations
of the micelle structure of three selected amphiphile assemblies reveal the influence of intramolecular interactions and
presence of core hydration, enabling deeper mechanistic insights. This integrated approach highlights the tunability afforded
by the hydrophobic component of the PPA, yielding morphological distributions that can be modulated using both

hydrophobicity and the assembly mechanism.

Results and Discussion

To investigate how the morphology and dynamics of
nanoparticles formed by diblock peptide-polymer
amphiphiles (PPA) can be tuned via the hydrophobic
oligomeric tail, four alkyl acrylate oligomers were synthesized
with consistent degrees of polymerization (DPy;) but variable
pendent chain architecture: oligo(ethyl acrylate) (oEA),
oligo(tert-butyl acrylate) (otBA), oligo(n-butyl acrylate)
(onBA), and oligo(cyclohexyl acrylate) (ocHA) (Figure 1a).
The oligomers were synthesized using atom transfer radical
polymerization with a protected maleimide initiator to
facilitate both coupling to a cysteine-containing peptide and
access to short oligomers with controlled molecular weight
dispersity (Figures S1-S2).25 Post polymerization, the
oligomers were substituted with propanethiol, removing the
bromine chain end to prevent off-target reactions. The
maleimide chain end was then deprotected under vacuum
and heated to generate a reactive handle for peptide coupling
(Figures 1b and S3-S18).2' To limit the impact of peptide
secondary structure and incorporate a hydrophilic block
capable of solubilizing the series of hydrophobic oligomers,
we chose the charged random coil peptide XTEN2 containing
17 amino acids (Figures 1c and $19).26%” XTEN2 was
synthesized using solid phase peptide synthesis,
incorporating an N-terminal cysteine residue to couple the
peptide with the deprotected maleimide terminus of each of
the hydrophobic oligomers. Following purification of the
peptide using reversed-phase high performance liquid
chromatography (HPLC), the thiol-maleimide coupling was
facilitated by 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES, 20x) and tris(2-carboxylethyl)phosphine
(TCEP, 2x) in DMF at 85 °C. Purification of the amphiphiles
was accomplished using disposable reversed-phase
columns to remove unreacted peptide and polymer from the
amphiphile. After purification, characterization via liquid
chromatography-mass spectrometry (LC-MS) enabled
calculation of the average degree of polymerization (DPi),
number average molecular weight (M»), and weight average
molecular weight (My,) of each amphiphile (Figures 1d and
S20-S24). The PPA series has a consistent average DPyy of
5 and a low dispersity (B = 1), facilitating a minimized impact
of these variables on the nanoparticle assemblies.
Additionally, simulations of discrete oligomeric tails (DPi =
5) visualized using Discovery Studio Visualizer revealed
comparable contour lengths (Figure 1d), further supporting
that differences in nanoparticle properties amongst the PPA
assemblies will primarily be driven by the monomer
architecture.
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Figure 1. Overview of oligomeric diblock peptide-polymer amphiphile
(PPA) design and synthesis. (a) Schematic illustrating PPA design
containing a series of hydrophobic tails varying the monomer bulkiness
and/or carbon number of the pendent moiety and complementary
experimental and computational characterization. (b) Alkyl acrylate
oligomers were synthesized with a functional initiator containing a
protected maleimide and atom transfer radical polymerization with ethyl
acrylate (EA), n-butyl acrylate (nBA), tert-butyl acrylate (tBA), or
cyclohexyl acrylate (cHA). Polymerizations were performed in acetone at
50 °C (monomer 25 eq, acetone 50% v/v, functional initiator 1 eq, CuBr
0.5 eq, Cu(ll)Brz2 0.025 eq, N,N,N',N",N"-pentamethyldiethylenetriamine
(PMDETA) 0.53 eq) and quenched prior to full conversion. Subsequent
thiol substitution of the bromine chain (10 eq propanethiol, 11 eq
triethylamine (TEA), rt, on) and deprotection (120 °C, 2h) formed
oligomers with terminal maleimides. (c) The XTEN2 peptide was coupled
to the maleimide using an N-terminal cysteine residue using 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 20x) and tris(2-
carboxylethyl)phosphine (TCEP, 2x) in DMF (85 °C, 5h). (d) The number
average molecular weight (Ms), weight average molecular weight (Mw),
molecular weight dispersity (D), and average degree of polymerization
(DPtwi) for each PPA oligomer tail calculated by integrating
chromatograms obtained from HPLC. Contour length (A) was calculated
for each PPA using Discovery Studio Visualizer.
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To evaluate the impact of tail architecture on the accessible assembled morphologies, each amphiphile (1 mM) was assembled
in HEPES buffer (50 mM, pH 7) via bath sonication (1 h).' The assemblies were visualized via negatively-stained transmission
electron microscopy (NS-TEM) (Figures 2a and S25-S28), showing a mixture of spherical particles and supramolecular
assemblies of cylinders. Cryogenic electron microscopy (cryo-EM) of the four PPA assemblies confirmed spherical particles
to be mixtures of micelles and larger nanostructures with an empty cavity, which we describe as vesicle-like (Figure 2b).28-30

Cylindrical bundles were challenging to observe via cryo-
EM; thus, we further characterized the assembled
morphologies using in-solution atomic force microscopy
(AFM; Figures 2c and S29-S32) to confirm the bundles are
present in solution. AFM confirmed the presence of
spherical particles in all PPA assemblies and
supramolecular assemblies of cylinders in onBAs-XTEN2
and ocHAs-XTEN2 (Figure S32). While the cylindrical
bundles for onBA5-XTEN2 and ocHAS5-XTEN2 exhibit
well-defined bundles (average diameter = 23 + 2 nm;
Figure S31), ocHA5-XTEN2 forms larger heterogenous
assemblies (Figure S32). We also note that these bundles
are present even one week following the initial assembly
(Figure S33). Similar supramolecular assemblies have
been observed with gemini amphiphiles that have
interparticle associations stabilized by interactions
between the hydrophilic interfaces.?'*2 We hypothesize
that, analogously, electrostatic interactions between the
peptides in the cylinder corona stabilize the
supramolecular architecture. Supporting this hypothesis,
only spherical particles are observed when onBAs-XTEN2
was assembled with an additional 100 mM NaCl that
provides charge screening (Figure S33).

After identifying three morphologies formed by PPA
assemblies, we sought to quantify differences between the
populations formed by each PPA. To measure the
diameters of the particles, we developed a semi-
automated image quantification protocol. Briefly, NS-TEM
images were pre-processed using ImagedJ to generate
image masks, followed by extraction of the particle
diameters using a MATLAB
script(Script_Polymer_Analysis)®** (Scheme S1). To
determine the average diameters of the micelle and
vesicle-like particles for each PPA assembly, the full
spherical particle population was fit to the sum of a
Gaussian fit for the micelle population and lognormail fit for
the vesicle-like population (Figure 2d).2'%+-%" The peak
centers of both fits were used to calculate the average
micelle and vesicle-like particle diameters respectively.

Average nanoparticle diameters were similar across the
amphiphile assemblies, as anticipated due to the uniform
PPA length (Figure 1d); however, differences were
observed in the micelle and vesicle-like diameters within
the series. Both 0EAs-XTEN2 and onBAs-XTEN2 have
smaller micelle diameters (10 nm and 9 nm, respectively)
than otBAs-XTEN2 and ocHAs-XTENZ2 (12 nm; Figure 2d).
The onBAs and otBAs tails are isomers, both containing
four carbons in the pendent chain, indicating that
differences in particle size are influenced by the
architecture. Bulkier side chains have been observed to
exhibit restricted interdigitation, diminishing their capacity
to interact with adjacent chains during assembly and
resulting in the formation of larger nanoparticles.®®
Extending this hypothesis to ofBAs-XTEN2 and ocHAs-
XTEN2, the bulky side-chains hinder efficient packing.
Leveraging variations in the bulkiness of pendent
sidechains provides a strategic approach to fine-tuning
nanoparticle size without necessitating modifications to the
peptide composition of the PPA.
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Figure 2: Characterization of PPAs assembled using bath sonication. (a)
Representative TEM images for PPAs (left to right): oligo(ethyl acrylate)
(oEAs), oligo(n-butyl acrylate) (onBAs), oligo(tert-butyl acrylate) (otBAs),
and oligo(cyclohexyl acrylate) (ocHAs); scale bars represent 100 nm. (b)
Representative cryo-EM images capturing micelles (top row) and vesicle-
like particles (bottom row). A white dashed circle is used to indicate the
particle(s) of interest. (c) Representative in-solution AFM images for PPAs;
scale bars represent 50 nm. Bars located underneath each AFM image
reflect the relative height of the particles from the mica surface. (d) Peak
fitting applied to the histograms of spherical particle diameters to estimate
the population and size for micelles and vesicle-like particles. Black = raw
data, blue = Gaussian-fit micelle distribution, yellow = lognormal-fit vesicle-
like distribution, and gray = sum of both fits. Average (standard deviation)
for total spherical particles (black), micelles (blue) and vesicle-like particles
(yellow) diameters are in the top right corner of each histogram. (e)
Morphological distributions for each amphiphile based on fitting of
histograms and pixel areas for each morphology; blue = micelle, yellow =
vesicle-like particles, and gray = cylinders. The LC retention time of the
DPwi=5 amphiphile chain for each PPA is listed on the right.
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To quantify the ratio of micelles, vesicle-like particles, and cylinders in each PPA assembly, the pixel area of each morphology
was calculated from the NS-TEM images and compared to amphiphile hydrophobicity as approximated using the HPLC
retention time of comparable oligomers (DPi=5; Scheme S1, Figure 2e). Analogous to block copolymers,?'*® more
hydrophobic amphiphiles (e.g., ocHAs-XTEN2) form a larger population of vesicle-like particles, an intermediate hydrophobicity
leads to cylindrical particle formation (e.g., onBAs-XTEN2), and predominantly micelles are formed by the least hydrophobic
amphiphiles, oEAs-XTEN2 and otBAs-XTEN2 (Figure 2e). Despite the difference in hydrophobicity between otBAs and oEAs,
their respective PPAs form similar morphological distributions. We hypothesize that the formation of assemblies with lower
curvature (i.e., cylindrical assemblies and vesicle-like particles) is stifled for otBAs-XTEN2 due to limited interdigitation.4041
Consequently, the hydrophobicity of the amphiphile and pendent group architecture can be orthogonal tools to tune the
morphologies of PPA nanoparticles.

Motivated by the block-copolymer-like behavior exhibited by the PPAs, we sought to determine whether kinetically “frozen”
morphologies, typical of amphiphilic block copolymers,®?* could be accessed with PPAs. This phenomenon occurs when
unimer exchange (i.e., exchange of a single amphiphile between assemblies) is limited due to high interfacial tension between
the amphiphile and the solvent. To probe this phenomenon, we selected an additional protocol for amphiphile assembly,
thermal annealing, and monitored changes in the assembled morphologies.?*#?43 Thermal annealing (80 °C, 300 rpm, 1 h
followed by cooling to rt) of each PPA in buffer conditions consistent with the sonication-driven assembly similarly yielded
multiple particle types observed by NS-TEM and cryo-EM (Figures 3a and S34-S40). In contrast to the sonication-driven
assembly, these PPA assemblies had more uniform micelle (8-10 nm) and vesicle-like particle diameters (12-14 nm; Figure
3b). While oEAs-XTENZ2 and onBAs-XTEN2 maintain consistent particle diameters between assembly methods, ofBAs-XTEN2
and ocHAs-XTEN2 have reduced micelle and vesicle-like diameters compared to sonication-induced assembly. The decrease
in particle sizes suggests tighter packing of the amphiphile chains. This could be attributed to an increase in available energy,
allowing chains to overcome their high interfacial tension and rearrange.

In addition to decreasing spherical particle sizes, there is also a change in the morphological distributions; the population of
cylindrical bundles decreases for both onBAs-XETN2 and ocHAs-XTEN2 (Figure 3c). Of note, ocHAs-XTEN2 forms primarily
vesicle-like nanoparticles when assembled with thermal annealing; similarly, the population of onBAs-XETN2 shifts towards
vesicle-like nanoparticles. However, oEAs-XTEN2 and otBAs-XTEN2 have comparable distributions with both assembly
methods. As both experimental and computational studies
have suggested that vesicle formation can proceed through
cylindrical micelle intermediates,*“" we hypothesize that
thermal annealing uniquely allows the transition from a
cylindrical to a vesicle-like morphology for these PPAs
through an increased rate of amphiphile exchange.
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To investigate the complexities of atomic-level processes
driving the PPA assembly dynamics and final structure of
micelles, all-atomistic molecular dynamics (AMD) was used.
These simulations contained up to 100 PPAs with over
900,000 atoms in explicit solvent, conducted for 500 ns
simulation time. Due to the computational expense of such

Figure 3: Analysis of negatively stained TEM images of the PPAs
assembled by thermal annealing (80 °C, 300 rpm, 1 h, cool rt on). (a)
Representative TEM images for each of the four amphiphiles composed of
the XTEN2 peptide and each hydrophobic tail; scale bars represent 100
nm. (b) Plot comparing the micelle and vesicle-like particle diameters
(standard deviation) for each amphiphile between thermal annealing and
sonication-based assembling using fitted histograms. (c) Plot comparing
the morphological distributions for each amphiphile for thermal annealing
and sonication-based assembly. Blue = micelle, gray = cylinder, and yellow
= vesicle-like particles throughout.
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simulations, only the isomeric amphiphiles, onBAs-XTEN2
and ofBAs-XTENZ2, were selected. Additionally, a lipid control
was also screened, C16-XTEN2, as lipid tails are well-
studied experimentally and computationally.*®%° The
simulations were initiated from a loosely prearranged
spherical micelle shape to decrease the required simulation
time (Figure S43). The choice of a total number of simulated
amphiphile chains was guided by the aggregation number
estimated from experimental characterization of the micelle
size and simulated amphiphile volume but was capped at
100 chains due to computational cost (Table S1).

For comparison of acrylate oligomers to a lipid control, the
C16-XTEN2 amphiphile was experimentally synthesized by
coupling palmitic acid to the N-terminus of an XTEN2
sequence lacking the N-terminal cysteine residue and
purification proceeded with semi-preparative HPLC (Figure
S44). Self-assembly via thermal annealing of C16-XTEN2
showed micelle formation by both NS-TEM and cryo-EM
(Figures S45-S47). To ensure that the number of simulated
chains minimally impacted the formation of a micelle and the
resultant structure, the C16-XTEN2 amphiphile, containing
the fewest atoms, was simulated using 70 chains,
corresponding to approximately the experimental
aggregation number, and a computationally less expensive
40 chains. The snapshots obtained from the simulations
illustrate the final structure of the micelles (Figure 4a), and
the simulated micelle diameters (°*Dmic) were similar to the
experimentally derived values (°Dmic; Figure 4b). The :D..
was calculated using the simulation obtained average radius
of gyration of the micelle (*Rgmiceie)) With the following
equation:®'

5
*Dmic = 2\/; SRg(micelle)
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(40 Chains)
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onBA-XTEN2 (50) 3.18+0.18 83+0.5 9+2 100
OfBA-XTEN2 (100) 4.15+0.19 10.8+0.5 12+2 260
s = simulated value, e = experimental, ¢ = calculated
c) S d) S
o) o
int . 0»83\0\@ ’@\?2&?‘ intbetween —__ 0\@\0’@ ‘@v;&‘?‘
between g 0 O amphiphile ° 0 &
tails = andwater £
g 50 AR ] 8200
3-q | £ : f S~ VT 400
' Ss A ' =
e 15100 : i 5 00
W3 350 ; s
-t N e N 4 ‘ 2 -800
5 =
-200 w-1000

Figure 4. All-atom molecular dynamics simulations of selected
amphiphiles. (a) Final snapshots of assembled micelles for C16-XTEN2
(40 chains and 70 chains), onBAs-XTEN2 (50 chains), and otBAs-XTEN2
(100 chains) at 500 ns. Water and salt atoms are removed for better
visualization. (b) Comparison of simulation obtained parameters (radius of
gyration, *Rg(micetle) and micelle diameter, *Dmic) and experimentally obtained
nanoparticle diameters (°Dmic) for each amphiphile, followed by the
amphiphiles’ calculated aggregation number. (c) Non-bonded interaction
energy calculated between tails averaged per chain. (d) Non-bonded
interaction energy calculated between amphiphiles and water averaged

per chain.

Notably, comparable values were obtained for the two C16-XTEN2 simulations, suggesting tolerance in the number of chains

used in the simulation.

To understand key interactions dictating micellar structure,
non-bonded interaction energies between amphiphilic
chains or the surrounding environment were computed
from the simulations (Figure S49). Interactions between
the hydrophobic tails within the micelle core correlate with
the experimentally observed hydrophobicity calculated
using the amphiphile retention time: the weakest
interactions per chain were observed for C16, followed by
ofBAs, then onBAs (Figures 4c and 2e, C16-XTEN2
retention time = 19.7 min). Additionally, the two
simulations of C16-XTEN2 (40 and 70 chains) provided
consistent energetic values per chain, suggesting that the
chemical structure of the tail is more important than the
number of chains used in the simulation. Finally, the
strength of the tail-tail interactions further supports our
hypothesis that onBAs containing amphiphiles can more
easily access lower curvature morphologies with more
self-interactions than otBAs.

To probe the relationship between tail architecture and
interfacial tension, we calculated the non-bonded
interaction energy between water and the selected
amphiphiles (Figure 4d). Notably, the C16 amphiphile (40
and 70 chains) exhibits the lowest non-bonded interaction
energy with water, while ofBAs-XTEN2 has a higher
energy per-chain as compared to onBAs-XTEN2. This
indicates a higher interfacial tension for the PPAs as
compared to C16-XTEN2, which aligns with the
observation of kinetically “frozen” assemblies for otBAs-
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Figure 5: Characterization of water inside the hydrophobic core of
peptide amphiphiles. (a) Snapshots of water molecules (teal) within the
first water shell (3.4 A) of the amphiphile core (white) (left to right: C16-
XTEN2 (40 chains and 70 chains), onBAs-XTEN2 (50 chains), and otBAs-
XTENZ2 (100 chains)). (b) (Left) Schematic of the radius of gyration of
core (Ry(core)) @and radius of hydration of core (Rncore))- (Right) Plot of the
radial distribution function of water, distance (r) normalized by the radius
of gyration of core, for C16-XTEN2 (40 chains; solid dark gray), C16-
XTENZ2 (70 chains; light dashed gray), onBAs-XTEN2 (50 chains; solid
dark yellow), and ofBAs-XTEN2 (100 chains; dashed light yellow). Black
dashed vertical lines illustrate Rg(core) and Rncore). INset plot shows a bar
plot of the number of waters per amphiphile chain of amphiphiles in both
the Rg(core) and Rhncore)-
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XTEN2 and onBAs-XTEN2. Further, an increased volume of the hydrophobic block has been shown to increase amphiphile
interfacial tension,?*52 which is consistent with otBAs-XTEN2 having a higher energy than onBAs-XTEN2 (Table S2).

As water molecules play a significant role in micelle formation, we analyzed the water molecules present within the assembled
structures. Both C16-XTEN2 micelles have a dehydrated core with water present only in the outer shell (Figure 5). Conversely,
both onBA5-XTEN2and ofBAs-XTEN2 have water inside their cores (the radius of gyration and hydration of the micelle core,
Rg(core) @nd Rncore), respectively). Although the hydration of hydrophobic tails is energetically unfavorable, we hypothesize that
the presence of hydrophilic ester groups in the oligomeric tail backbone enables the penetration of water molecules inside the
hydrophobic core

53

Since the total number of hydrophilic groups within the otBAs onBADb tails is the same, we expected a similar number of water
molecules inside each core. However, we observed a higher water density inside the core of 0fBAs-XTEN2 as compared to
onBA5-XTEN2 (Figure 5b). Notably, the water molecules inside the core of both onBA5-XTEN2 and ofBAs-XTEN2 are
dynamic, as visualized over the last 15 ns of the simulations (Figure S50 and Video S1). We have previously observed that a
small structural change in the conformation of biopolymers can lead to different amounts of water trapped inside coacervates.>
Hence, despite having the same number of carbon atoms in the side chain, we hypothesize the bulkiness of the ofBA side
chain prohibits high density packing of amphiphile chains, enabling greater accommodation of water molecules during the self-
assembly process. The presence of water-rich domain inside the oligomer cores supports their ability to form vesicle-like
materials,?-30 contributing to the complex landscape of morphologies formed by the PPAs.

Conclusion

Through this systematic study of diblock oligomeric peptide-polymer amphiphile (PPA) assemblies, we have elucidated the
impact of monomer architecture on nanoparticle morphology and dynamics. This work demonstrates that increasing oligomer
block hydrophobicity, while maintaining block length, results in predictable morphological trends. Additionally, higher
hydrophobic volumes lead to kinetically trapped nanoparticles due to an elevated interfacial tension with water. This affords
orthogonal tunability of nanoparticle size and morphology through different self-assembly methods, including bath sonication
and thermal annealing. Furthermore, all-atomistic molecular dynamics simulations revealed correlations between non-bonded
interaction energies and experimental characterization of hydrophobicity, in addition to offering a valuable tool for
characterizing interfacial tension of amphiphiles. Moreover, these simulations revealed variable hydration of the hydrophobic
cores, highlighting the significance of subtle structural variations in tail composition. Overall, these findings highlight the
intricate tunability PPAs offer for controlled nanoparticle formation, providing a modular platform for the rational design of
bioinspired functional assemblies.

Future research with PPAs is poised to continue to integrate the synthetic versatility of polymers with the biomimetic
capabilities of peptides to better emulate and expand on natural functionality. Fine-tuning the molecular weight dispersity could
enable access to specific morphologies mimicking natural organelles or biophysical properties such as controlled membrane
fluidity, which is critical for drug delivery. Further, the use of functional peptides with requisite secondary structure can allow
biomimetic functionality such as metal sequestration and catalysis. PPAs can be further incorporated into biotechnologies and
biomedicines by utilizing antimicrobial peptides for targeted cell lysis or assembling into stable nanostructures for energy
storage. Understanding how peptide and polymer composition influence hierarchical assemblies will allow biohybrid materials
to better emulate biological functionality seen in protein complexes, bringing synthetic materials closer to natural efficacy.
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