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ABSTRACT: High molecular weight, synthetic block copolypep- S\’\OT Amphiphilic block copolypeptides

tides that self-assemble are in high demand for biomedical 0\§e ef\zation /\/\/F\/\/\w
applications. The current standard method for synthesis of block Qo\‘!“\ AT T —>
copolypeptides is the controlled ring-opening polymerization (P 00i0>=° % i
(ROP) of @-amino acid N-carboxyanhydride (NCA) monomers, * o{f a N al OC‘W
where block architectures can be created by sequential NCA NP S|t
monomer addition. Recently, researchers have focused on & 5

’\/\/\

0 7

)

developing reaction conditions and initiation systems that make
NCA ROP more convenient, particularly for interdisciplinary labs
without designated polypeptide facilities. In an effort to further
simplify and increase the convenience of polypeptide synthesis, we 50 pm
developed a one-shot copolymerization strategy that allows access Peptide-directed graphenic assembly
to block copolypeptides by capitalizing on the inherently faster

reactivity of NCA monomers, compared to NTA (N-thiocarboxyanhydride) monomers. For the first time, we combine an NCA and
NTA monomer in one reaction to kinetically promote block copolypeptide formation, providing a convenient alternative to
sequential monomer addition. The controlled nature of this copolymerization technique is supported by a molecular weight that is
modulated by the concentration of the initiator and low dispersities. We used this one-shot copolymerization to synthesize p(lysine)-
b-p(leucine), a known peptide amphiphile (PA). Our one-shot PAs are antimicrobial and can spontaneously form ordered, micron-
scale assemblies. Covalent conjugation of one-shot PAs to a graphenic backbone results in a functional graphenic material (FGM)
with a self-assembled morphology, paving the way for creation of sophisticated FGM scaffolds with polypeptide-templated,
hierarchical order. Overall, we demonstrate that this novel, one-shot copolymerization strategy produces functional copolypeptides
with macroscopic sequence control.

B INTRODUCTION over the molecular weight and impressive homogeneity, which
Protein structures dictate function: the complex and diverse are important characteristics for assembly applications.
architectures that biological proteins adopt allow them to play However, this living NCA ROP is initiated by a water- and
many roles in the body, such as catalysis, protection, structural air-sensitive organometallic catalyst, which is a drawback
support, transportl and storage,l_s The inherent structure— among interdisciplinary labs without a designated glOVQbOX.

function relationship of biological proteins can be recapitulated To address this, a plethora of new synthetic methodologies
in the laboratory with biomimetic, synthetic copolypeptides. for rapid, controlled NCA ROP have been developed,
Numerous reviews summarize how synthetic copolypeptides providing researchers with a wider variety of accessible
can be harnessed in biomedical applications such as tissue techniques to synthesize polypeptide biomaterials."~"*
engineering, gene and drug delivery, and antimicrobial Primary amine initiation of NCA ROP is a convenient
treatments.” " The broad applicability of synthetic copolypep- alternative to organometallic initiation because primary
tides has attracted the attention of scientific researchers in the amine initiators are readily available and do not require

interdisciplinary field of biomaterials. rigorous, air-free reaction conditions. However, amine-initiated

The standard method to synthesize polypeptides is the ring- NCA ROP is subject to chain-end termination and side
opening polymerization (ROP) of cyclic a-amino acid N-
carboxyanhydride (NCA) monomers. Using this technique,
block copolypeptides can be accessed through sequential NCA
monomer addition. Deming successfully developed the first
living polymerization of NCAs using organometallic catalysts,
marking a si§niﬁcant turning point in the field of polypeptide
chemistry.”~"" This development enabled the synthesis of
homo- and block-copolypeptides with unprecedented control
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reactions that outcompete the rate of propa§ation, which limits
its utility in block copolypeptide synthesis.>~"” To overcome
this limitation, co-catalysts,"®"” specially designed initiator
systems,””~>* and manipulation of polymerization conditions
(N, ﬂow,26 low temperature,27 low pressure,zg’29 low dielectric
constant solvent,”” and water-in-oil emulsion®"*?) have been
employed to control NCA ROP from a primary amine
initiator. Many of these systems have been used to produce
high molecular weight polypeptides with macroscopic
sequence control in a glovebox-free environment. Despite
numerous advancements in the field, opportunities to simplify
existing polymerization techniques and increase the conven-
ience of polypeptide synthesis still exist.”” In this work, we
contribute to the continuously growing body of the literature
with the first demonstration of kinetically promoted block
copolypeptide formation.

The status quo for the synthesis of block copolypeptides via
NCA ROP is through sequential addition of NCA monomers.
Using this method, block copolypeptides can be designed to
combine different secondary structures’ that participate in
hierarchical self-assembly.”* For example, peptide amphiphiles
(PAs), which combine a hydrophilic block with a hydrophobic
block>® can form vesicle,’® micelle,’” and hydrogel‘?’s_40
assemblies that can be harnessed for biomedical applications
such as drug delivery.

A more convenient alternative to access block copolymers is
by using a pair of monomers with drastically different
reactivities to kinetically promote block formation in one
shot.*'™*° However, to date, no comonomer pairs have been
identified that enable one-shot block formation for copolypep-
tides.

We developed a one-shot copolymerization strategy to
produce block copolypeptides that, for the first time, capitalizes
on the faster reactivity of NCA monomers, compared to NTA
monomers. a-Amino acid N-thiocarboxyanhydride (NTA)
monomers react more slowly than NCA monomers*® and have
been used to synthesize homopeptides and block copolypep-
toids'” with a controlled molecular weight and modest
dispersity.** =" Although NTAs are generally more expensive
and take longer to produce, compared to NCAs, their moisture
and thermal stability results in a long shelf life, making them
desirable for labs that lack inert-atmosphere storage facilities.**
As an added benefit, our polymerization strategy requires only
a Schlenk line, making it widely accessible to interdisciplinary
labs. As such, this strategy allows block copolypeptides to be
accessed with unprecedented convenience.

By monitoring reaction kinetics of a copolymerization
between Lys(Z)-NCA and Leu-NTA, we demonstrate that
the NCA/NTA comonomer pair forms block copolypeptides
with a compositional drift. At the beginning of the
copolymerization, Lys(Z)-NCA is consumed much faster
than Leu-NTA, forming a block that is rich in p(Lys-Z);
then, following consumption of Lys(Z)-NCA, the remaining
Leu-NTA propagates to form a discrete block of p(Leu). The
controlled nature of this copolymerization technique is
supported by dispersities between 1.23—1.3 and molecular
weight that is modulated by the concentration of the initiator.

To demonstrate the capacity of our synthetic technique to
generate functional copolypeptides, we used this one-shot
copolymerization strategy to generate p(Lys)-b-p(Leu)
copolypeptides that exhibit useful properties. These copoly-
peptides exhibit dose-dependent antimicrobial activity against
gram-negative bacteria, E. coli. Furthermore, because p(Lys)-b-
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p(Leu) is a peptide amphiphile (PA), our one-shot block
copolypeptides can spontaneously form ordered, micron-scale
assemblies.

This assembly behavior was harnessed to template the
assembly of a graphenic conjugate structure. Using a
polypeptide end-capping technique developed by our
group,”’ we demonstrate that covalent conjugation of the
one-shot PAs to a graphenic backbone results in a functional
graphenic material (FGM) with a self-assembled morphology.
Due to their unique cell adhesion properties, electrical
conductivity, and bioactive functionalization capacity, FGMs
are good candidates for regenerative healing therapies.”> Our
work shows that polypeptides can template graphenic
assemblies. This paves the way for creation of sophisticated
FGM scaffolds with polypeptide-promoted, hierarchical order.

B METHODS

Copolypeptide Synthesis and Deprotection. In a typical
copolymerization, Lys(Z)-NCA and Leu-NTA were added to a flame-
dried round bottom flask and vacuum-backfilled thrice with N,. While
maintaining an inert atmosphere, the monomers were dissolved in dry
dimethylformamide (DMF), and the copolymerization was initiated
with hexylamine from a stock solution in dry DMF (concentration
quantitatively determined by 'H-NMR using recrystallized benzoic
acid as an internal standard). The initial monomer concentration
(NCA + NTA) was maintained at 0.45 M for all copolymerizations.
The copolymerization was stirred under N,; or, to accelerate the
polymerization, the reaction vessel may be put under light vacuum
(approximately 300 mbar). After stirring the copolymerization until
all monomer was consumed (as observed by 'H-NMR), the
copolypeptide was precipitated into ethyl ether at 0 °C, vortexed,
and centrifuged at 2420 X g (Z 366, HERMLE Labortechnik GmbH,
Wehingen, Germany) for 10 min to pellet a white solid (99% yield).
The copolypeptide was then dried under vacuum.

In a typical deprotection, the copolypeptide (959 mg) was
dissolved in TFA (~1 mL). HBr (~1.4 mL) was added to the
solution. After stirring overnight, the solution was precipitated
dropwise into ice cold THF, vortexed, and centrifuged at 2420 X g
for 10 min to give a white solid with a bright yellow supernatant. The
deprotected copolypeptide was dried under vacuum.

"H-NMR Kinetics Experiments. Experimental Setup. In a typical
kinetics experiment, Lys(Z)-NCA and Leu-NTA were added as solids
to an oven-dried round bottom flask and vacuum back-filled thrice
with N,. The comonomers were then dissolved in dry DMF. A T,
aliquot (0.1 mL) was removed from the solution prior to initiation.
Then, while stirring under N,, hexylamine was added from a stock
solution in dry DMF. The total volume of neat DMF (added to
dissolve the comonomers) and hexylamine initiator solution was such
that the total monomer (NCA + NTA) concentration was 0.45 M at
the start of the copolymerization. Using an air-free technique, aliquots
(0.1 mL) were removed from the reaction at various time points
throughout the copolymerization.

Data Acquisition. After extracting an aliquot (0.1 mL) from the
propagating copolymerization, the aliquot was immediately cut with
0.6 mL of dimethylsulfoxide-d, (DMSO-dy) and analyzed by 'H-
NMR (500 MHz, 1 scan). The concentration of each monomer in the
reaction aliquot is proportional to the absolute integral of the proton
in the NCA or NTA ring (Figure S1). To allow comparison across
different kinetic time points, the absolute integration of each
monomer peak was first divided by the absolute integration of the
solvent peak (DMF, 7.860—8.000 ppm) to account for slight
variations in the volume of the reaction aliquot. Then, the
concentration of the NCA and NTA at each time point was
calculated using a proportion to the normalized monomer integrations
from the T time point.

Determination of Kinetic Parameters. Apparent rate constants for
the Lys(Z)-NCA and Leu-NTA comonomers were calculated using
the linear regression of first-order, semilogarithmic plots of monomer

https://dx.doi.org/10.1021/acs.biomac.0c00962
Biomacromolecules 2020, 21, 3878—3886



Biomacromolecules

pubs.acs.org/Biomac

consumption over time (Figure S2). Reactivity ratios of the
comonomers were calculated using a Mayo—Lewis nonlinear fitting
procedure (Figure $3).3* Details and calculations can be found in the
Supporting Information.

B RESULTS AND DISCUSSION

Design of the One-Shot Copolymerization Strategy.
Here, we outline the design considerations of our one-shot
copolymerization strategy based on three main polymerization
parameters: (1) identity of the electrophile in the @-amino acid
monomer, (2) the type of initiator, and (3) the identity of the
amino acid side chain in each comonomer.

The reactivity difference between NCA and NTA monomers
is due to their differing electrophilicity. The electrophilicity of
the anhydride in these cyclic monomers is dictated by the
electronegativity of the central heteroatom: an oxygen in the
NCA and a sulfur in the NTA. Oxygen is more electronegative
than sulfur;>* thus, the NCA anhydride is more electrophilic
and more reactive than the NTA anhydride (Scheme 1). We

Scheme 1. Differing electrophilicities of a-amino acid N-
carboxyanhydride (NCA) and N-thiocarboxyanhydride
(NTA) monomers in their respective anhydride allow the
NCA/NTA comonomer pair to be polymerized in one shot
to give a copolypeptide with a domain that is rich in the
NCA amino acid followed by a discrete block of the NTA
amino acid

Lys(Z)-NCA Leu-NTA
reacts faster reacts slower

O\\T/o o NS o
*
HN + HN\* Hexylamine
-
DMF HN

\

| H
z

“* Electrophilic

p(Lys-Z) rich
domain block

Discrete p(Leu)

leveraged this inherent reactivity difference to develop the first
amino acid-based comonomer pair that would enable a
convenient, one-shot synthesis of block copolypeptides.

We developed our one-shot block copolypeptide synthesis
with a convenient primary amine initiator for its numerous
advantages. First, primary amine initiators are readily available
and often inexpensive.55 Furthermore, primary amine initiators
are tolerant to ambient conditions, unlike metal”'"** and
silyl*>*” initiators, which require rigorous air- and water-free
conditions for synthesis. In fact, many recent developments in
the field of NCA ROP have focused on initiation from a
primary amine using conditions that enable a controlled
polymerization without a glovebox.”>>%*!

The identity of the amino acid side chain in each
comonomer (NCA and NTA, respectively) will dictate the
macroscopic amino acid sequence of the resulting copolypep-
tide and thus the functionality of the material. We chose to
study Lys(Z)-NCA and Leu-NTA, as this comonomer system
results in a known PA, p(Lys)-b-p(Leu). This block
copolypeptide has been synthesized using conventional
sequential addition methods®® and is known to exhibit
antimicrobial capacity’”®® and form interesting intermolecular
assemblies.’*®' 7% Related research has found that blocklike,
tapered copolymers synthesized by a one-shot method possess
the same macroscopic order as copolymers synthesized by
sequential monomer addition,” suggesting that our new
copolymerization strategy could allow facile access to func-
tional PAs in one shot.

Copolymerization Kinetics Demonstrate Block For-
mation. Consumption of Lys(Z)-NCA and Leu-NTA was
monitored over the course of the copolymerization using 'H-
NMR. When both Lys(Z)-NCA and Leu-NTA are present at
the beginning of the reaction (Phase I), Lys(Z)-NCA is
consumed at a faster rate than Leu-NTA, resulting in a domain
of the copolypeptide that is rich in p(Lys-Z) (Figure 1A).
Following the complete consumption of the Lys(Z)-NCA
(Phase II), the remaining Leu-NTA is consumed, forming a
discrete block of p(Leu) (Figure 1A). Mayo—Lewis nonlinear
fitting provided reactivity ratios of 4.38 for Lys(Z)-NCA and
0.71 for Leu-NTA (Figure 1B, Figure S3), which indicates
block formation in two ways. First, comonomer pairs where r;
X 1, >1 typically give rise to block copolymers*' or copolymers
with a compositional drift. For the Lys(Z)-NCA and Leu-NTA
comonomer pair, ryca X Iyra = 3.11, demonstrating block
copolypeptide formation. Second, Lys(Z)-NCA and Leu-NTA
favor homo- and cross-propagation, respectively, which
suggests preferential block formation. The reactivity ratio of
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Figure 1. (A) Consumption of Lys(Z)-NCA and Leu-NTA comonomers was monitored via 'H-NMR (500 MHz, DMSO-d;), where [M],/[1] =
70. In Phase I of the copolymerization, when both the NCA and NTA comonomers are present, Lys(Z)-NCA is preferentially added to the growing
copolypeptide chain. In Phase II of the polymerization, when only the NTA is present, Leu-NTA is added to the copolypeptide chain to form a
discrete block of p(Leu). (B) Mayo—Lewis plot of copolymer composition at 10% total monomer conversion (Fyc,) versus initial monomer feed
ratio (fyca) allows determination of reactivity ratios for the NCA and NTA comonomers, which suggest block formation in the resulting
copolypeptide.
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Figure 2. (A) Control of molecular weight (M,) is demonstrated through variation of the monomer-to-initiator ratio ([M],/[I]). Comonomer feed
ratios were held constant (20% Leu-NTA) to control for the difference in the molecular weight of Lys(Z) and Leu residues. M, and dispersity (D)
were determined by GPC (Figure S10). (B) Copolypeptide composition (ratio of lysine-to-leucine residues) is controlled by varying the
comonomer feed ratio. Here, copolypeptides were synthesized with varying NCA/NTA feed ratios and constant [M],/[I] = 150. The percent
p(Leu) in the copolypeptide was calculated by 'H-NMR (Figure S4).

Lys(Z)-NCA is greater than one, meaning that homo-
propagation is favored. In other words, when a unit of
Lys(Z)-NCA is added to the copolypeptide chain, successive
addition of a Lys(Z)-NCA unit is favored over addition of a
Leu-NTA unit. Conversely, the reactivity ratio of Leu-NTA is
less than one, meaning that cross-propagation is preferred.
This means that if a Leu-NTA unit is added to the
copolypeptide chain in Phase I of the copolymerization,
subsequent monomer addition will likely be Lys(Z)-NCA
rather than another Leu-NTA. This homo- and hetero-
propagation relationship explains why Lys(Z)-NCA is depleted
faster than Leu-NTA when both comonomers are present, no
matter what the feed ratio is; yet, when only Leu-NTA remains
in the reaction (Phase II), propagation of this monomer is
favorable.

Copolymerization Is Controlled. We have demonstrated
overall control of the copolymerization through molecular
weight and copolypeptide composition studies. Molecular
weight is controlled by the monomer-to-initiator ratio ([M],/
[1]) with a strong linear trend (R* = 0.9664) up to a degree of
polymerization of 150 (Figure 2A). Copolypeptide composi-
tion is reliably controlled by the comonomer feed ratio with a
strong linear trend between targeted and actual percent p(Lys-
Z) in the block copolypeptide (R* = 0.9913) (Figure 2B). The
[M],/[1] and the comonomer feed ratio dictate the length of
the discrete p(Leu) block at the N-terminus of each
copolypeptide. The length of the p(Leu) block can be
calculated using a comonomer conversion versus time plot
(Figure SS, Table S1). Generally, as [M],/[I] and the feed
ratio of Leu-NTA decrease, the length of the discrete p(Leu)
block decreases.

This copolymerization strategy exhibits a lack of homopep-
tide impurities, demonstrated by the unimodal molecular
weight distribution given by gel permeation chromatography
(GPC) (Figure S10). Qualitatively, a lack of p(Leu)
homopeptides is suggested by the solubility of the copoly-
merization solution throughout the course of the reaction.
Homopeptides of p(Leu) are insoluble in the reaction solvent,
DMEF,; therefore, continued solubility and lack of turbidity as
our copolymerizations progressed indicate the absence of
p(Leu) homopeptide impurities.

One-Shot PAs Form Ordered Assemblies. We chose to
investigate the morphology of our blocklike copolypeptides to
determine if assembly was possible given the gradient sequence
within the nondiscrete p(Lys) domain. Generally, p(Lys)-b-
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p(Leu) PAs assemble in water due to intermolecular
interactions between the hydrophobic p(Leu) blocks, which
favor a§§regation rather than contact with the hydrophilic
solvent.”>*> Because the p(Leu) block drives assembly and our
one-shot block copolypeptides possess a discrete p(Leu) block,
we hypothesized that our copolypeptides would be able to
form ordered assemblies. This ability to self-assemble
reinforces the utility of our synthetic technique.

The morphology of the PA assembly is influenced by the
length of the discrete p(Leu) block, which exhibits more a-
helix content with a higher degree of polymerization (DP).**
Longer p(Leu) blocks have a greater a-helix content, which
allows them to pack together into a highly anisotropic
membrane that either forms a stiff sheet or curves into a
spherical vesicle; meanwhile, shorter p(Leu) blocks, which
exhibit more random coil content, lack an ordered packing
preference and form micelles or irregular aggregates.65 These
self-assembly trends allow us to explain and predict the type of
assembly formed by the one-shot PAs based on the length of
their discrete p(Leu) block.

For the one-shot PAs reported herein, the length of the
discrete p(Leu) block can be tuned from S to 34 units by
varying the [M],/[I] and comonomer feed ratio. This
tunability allows us to access different types of assembly.
When a low molecular weight ([M],/[I] = 70) and low feed
ratio of Leu-NTA (21%) is targeted, the discrete p(Leu) block
is DP S (Table 1). This p(Leu) block is too short to adopt an
a-helix conformation, resulting in the formation of disordered
aggregates (Figure 3). Increasing the molecular weight of the
PA to [M],/[I] = 149 while retaining the low Leu-NTA feed
(20%) results in a discrete p(Leu) block of DP 12 (Table 1).
At DP 12, the p(Leu) block is still too short to adopt an a-
helix conformation, but it is long enough to drive ordered,
macroscopic assembly.*®* As such, the flexible, random coil
p(Leu) block drives this PA to assemble into micelles (Figure
3).

Increasing the comonomer feed of Leu-NTA allows us to
further increase the length of the discrete p(Leu) block within
the PA, which changes the type of self-assembly. When the
length of the p(Leu) block exedes DP 15, the a-helical content
begins to dominate, resulting in a rigid hydrophobic
domain.”*®® This rigidity, coupled with the anisotropic packing
of the a-helices, drives assembly into either vesicle or sheet
structures (Figure 3).°° This is observed in PAs with 50% Leu-
NTA feed, where the length of the discrete p(Leu) block is

https://dx.doi.org/10.1021/acs.biomac.0c00962
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Table 1. Summary of Structural and Assembly
Characterization of One-Shot PAs”

M],/, M, % DP of discrete

(1] (kDa) D p(Leuw) p(Leu) block assembly

70 15.47 1.27 21 S Irregular
aggregates

149 27.29 1.23 20 12 Circular
(micelle)

68 15.30 1.34 S0 15 Sheet

153 18.27 1.14 NV 34 Circular

(vesicle), sheet

“Molecular Weight (Mn) and dispersity (D) of protected p(Lys-Z)-b-
p(Leu) copolypeptides were determined using gel permeation
chromatography (GPC) with PMMA standards. The percent (%)
p(Leu) was determined using "H-NMR of the final copolypeptide.
The degree of polymerization (DP) of the discrete p(Leu) block was
calculated using representative "H-NMR kinetics experiments (Figure
SS), as described in the Supporting Information. The assembly of the
corresponding deprotected PAs was evaluated by microscopy as 1 wt
% solutions in 99% DI H,0, 1% TFA. Representative microscopy
images are shown in Figure 3.

M1,/

% Leu-NTA in Feed

50 ym

Figure 3. One-shot peptide-amphiphiles (PAs) assemble at 1 wt % in
a solution of 99% DI H,O and 1% TFA. PA assemblies, represented in
blue, were visualized by staining with FM-4-64 fluorescent dye
(excitation 558 nm, emission 734 nm).

either DP 15 or 34, for PAs with [M],/[I] = 68 or [M],/[I]
153, respectively (Table 1).

One-Shot PAs are Antimicrobial. Our one-shot PAs
perform effectively as antimicrobial agents, again supporting
the utility of this synthetic technique to produce functional
copolypeptides. Block and statistical copolypeptides of p(Lys)-
co-p(Leu) have been previously identified as effective
antimicrobial agents against many species of bacteria as well
as yeast.’”®" These copolypeptides are antibacterial by
employing a pore-forming mechanism: the cationic residues
are adsorbed to the anionic bacterial membrane, while the
hydrophobic residues penetrate into the bacterial membrane
causing cell death.® Here, we demonstrate that our one-shot
PAs exhibit dose-dependent antimicrobial activity against gram
negative bacteria, Escherichia coli (E. coli).

A mixture of streptomycin and penicillin (at concentrations
of 100 pg/mL for streptomycin and 100 U/mL or ~60 pug/mL
for penicillin) was chosen as the positive control. This
combination is widely used in cell culture because it
conclusively eliminates bacterial contamination.®”**

Universally, at 2 mg/mL, all one-shot PAs that were tested
show equally efficient antimicrobial activity as the positive
control, reaching >99% reduction in live cells with no statistical
difference. Previously studied p(Lys)-b-p(Leu) copolypeptides
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reach >99% bacterial reduction at 0.01 mg/mL.®’ While our
blocky PAs require a higher concentration to achieve
antimicrobial efficacy, our results at lower concentrations
provide insight into the characteristics of PAs that enable
improved antibacterial activity.

At lower concentrations, PA composition had a more
apparent effect on antimicrobial activity. At 0.2 mg/mL, a
higher p(Leu) content leads to enhanced antimicrobial
activity: with 50% pLeu, p(Lys),s-b-p(Leu),s had significantly
more antimicrobial activity than the other tested PAs, which
had either 20 or 30% pLeu (Figure 4). At 0.02 mg/mL, lower
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Figure 4. One-shot peptide amphiphiles with varying copolypeptide
compositions and molecular weights reduce the number of live E. coli.
Percent reduction of live E. coli is a function of the bacteriostatic and
bactericidal abilities of the copolypeptides, relative to the no
treatment condition, which is designated as 0% reduction of live
cells. The positive control (+) was 100 U/mL (~60 ug/mL)
penicillin with 100 pug/mL streptomycin. Horizontal bars above the
graph indicate statistical significance (p<0.05).

PA length leads to lower antimicrobial activity: p(Lys)ss-b-
p(Leu),;, (DP 70) was significantly less antimicrobial than
p(Lys)ss-b-p(Leu)y, (DP 110) and p(Lys) gs-b-p(Leu),s (DP
150) (Figure 4). These trends indicate that the material design
(copolypeptide length and composition) can be optimized to
achieve a greater antimicrobial activity.

Covalent Peptide Amphiphile—Graphenic Conjugate
(PA—G) Directs Graphenic Assembly. Functional gra-
phenic materials (FGMs) can be useful in biomedicine due
to their biocompatibility, electrical conductivity, mechanical
strength, and bioactive functionalization capacity.”” However,
many of these desirable properties can only be realized in
ordered structures, where graphenic sheets are aligned.””~"*
Few spontaneous, bottom-up assembly methods exist to
arrange graphenic sheets into ordered 3D structures, and the
types of architectures that can be accessed are limited.”*~"°

https://dx.doi.org/10.1021/acs.biomac.0c00962
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(A)
One-shot

(B)

One-shot (labeled)

(€)

Sequential Addition

(D)

Noncovalent Blend

Figure S. (A, B) One-shot peptide amphiphiles (PA) are end-capped with a graphenic material to give PA—G, where the PA templates the
assembly of the graphenic material. (C) When PA is synthesized by sequential NCA monomer addition, end-capping with the graphenic material
does not result in directed graphenic assembly. (D) Similarly, noncovalent blends of one-shot PA with the graphenic material result in no directed
assembly. (E) Optical image of the pure graphenic material (sCG) prior to endcapping with PA is given for comparison of morphology. Scale bars
represent SO ym. Note that the graphenic material is black; and in (B—D), the PA is labeled with FM-4-64 fluorescent dye (represented in blue).

Solution preparation is described in the Supporting Information.

To address this void, we designed a strategy to template the
bottom-up assembly of an FGM by covalently binding our self-
assembling PA to a graphenic surface, giving a PA—graphenic
conjugate material (PA—G). To synthesize this PA-G
conjugate, we modified a polypeptide end-capping procedure
developed by our group.”’ Polypeptide end-capping with a
graphenic material is more effective than grafting from due to
adventitious functional groups and associated water on the
graphenic material that interfere with NCA or NTA ROP.”’
Furthermore, end-capping an active polypeptide chain end
overcomes steric limitations associated with traditional grafting
methods.”® Briefly, a protected PA of p(Lys-Z)-b-p(Leu) was
synthesized using the one-shot copolymerization strategy
described herein (Scheme S2). Then, the protected PA,
which has a nucleophilic propagating end-group, was end-
capped with an electrophilic graphenic material prepared via a
Claisen modification of graphene oxide.”"”” This reaction
resulted in a mixture of covalently bound PA—G with unbound
PA. This PA—G/PA mixture was then treated with acid to
deprotect the lysine residues, exposing positively charged
amines.

The PA—G/PA composite was characterized by Fourier
transform infrared spectroscopy (FTIR) and thermogravimet-
ric analysis (TGA). FTIR clearly shows that the PA—G/PA
material contains both copolypeptide and graphenic compo-
nents: amide peaks at 1650 and 1524 cm™' indicate the
presence of copolypeptide, and the peak at 1246 cm™'
represents C—O stretching on the graphenic material,”
which are not present in the neat PA (Figure S13). Using
TGA, the weight percent of the graphenic backbone within the
PA—G/PA mixture was determined to be 6.39% (Figure S6).

We observed directed assembly of PA—G conjugate
structures when copolypeptides were prepared using our
one-shot synthesis followed by our polypeptide end-capping
strategy (Figure SA). To verify that the graphenic assembly
was driven by the PA, we used a lipophilic fluorescent dye,
which associates with the leucine block of the PA. Here, we
observe the association of the blue dye with the spherical
assemblies, demonstrating that the graphenic material is
encapsulated by a PA shell (Figure SB).

Both the one-shot PA synthetic method and covalent
conjugation to the graphenic material are necessary to produce

3883

a PA—G conjugate with directed graphenic assembly. We
performed two control experiments to demonstrate this. In one
control, we synthesized a PA using conventional sequential
addition of NCA monomers and attempted to end-cap the
resulting copolypeptide with the graphenic material. Here, the
graphenic material aggregated outside of the PA assemblies,
exhibiting no directed graphenic assembly (Figure SC). This
result is likely due to an unsuccessful PA end-capping, resulting
in a noncovalent blend of PA + G. This is a reasonable
hypothesis because, when sequential addition is used to make
the PA using primary amine initiation at room temperature,
many chains become terminated in the delay period between
addition of the second NCA monomer type (when the
concentration of the first NCA monomer is very low relative to
the concentration of propagating chain ends). Terminated
polypeptide chains cannot participate in the graphenic end-
capping reaction. On the other hand, when our one-shot
technique is used to synthesize the PA, the chain ends are still
active following the copolymerization and can participate in
the graphenic end-capping reaction. In the second control,
noncovalently-bound, one-shot PA was mixed with a graphenic
moiety (PA + G). Here, a similar result to the sequential
addition PA—G was observed; there was no directed graphenic
assembly (Figure SD).

These preliminary results represent an important proof-of-
concept that graphenic assemblies can be directed using self-
assembling copolypeptides. This graphenic assembly control
can be advanced by using copolypeptides that participate in
more complex and larger length-scale assemblies. This would
create three-dimensional constructs that incorporate the
natural order of the copolypeptide assembly with enhanced
therapeutic capacity,” mechanical strength,”’ and electrical
conductivity®' from the graphenic component.

B CONCLUSIONS

We developed a glovebox-free, one-shot synthesis of block
copolypeptides using a ring-opening polymerization that
capitalizes on the difference in the reactivity of cyclic a-
amino acid NCA and NTA comonomers. OQur copolymeriza-
tion strategy provides an alternative to sequential NCA
monomer addition and allows convenient preparation of

https://dx.doi.org/10.1021/acs.biomac.0c00962
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block copolypeptides with a controlled molecular weight and
copolypeptide homogeneity.

We used this one-shot ring-opening copolymerization to
synthesize antimicrobial peptide amphiphiles (PAs) that can
form ordered assemblies. Furthermore, when covalently
conjugated to a graphenic material to produce PA-G,
graphenic assembly can be directed by the co-assembly of
neat PA with PA-G.

In the future, this copolymerization technique can likely be
adapted to synthesize block copolypeptides with other NCA/
NTA comonomer pairs to access a variety of ordered
structures. Our technique is suitable for interdisciplinary labs
without a designated glovebox for polypeptide synthesis and
could be implemented to broaden the scope of block
copolypeptide applications.
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