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Abstract

Polymers of norbornenyl-modified peptide-based enzyme substrates have been prepared via ring-
opening metathesis polymerization (ROMP). Peptides displayed on water-soluble homopolymers
retain the ability to be enzymatically processed by a disease-associated enzyme. In contrast, when
the peptides are densely arrayed on a nanoparticle derived from a self-assembled amphiphilic
block-copolymer, they function poorly as enzymatic substrates.

Functional biohybrid polymers and soft organic nanoparticles (NPs) that display
biomolecules on a synthetic skeleton have become increasingly sophisticated in recent
years.1-3 In the majority of cases, biomolecules such as peptides are displayed for the
purpose of facilitating recognition events, and it is therefore desirable that they be resistant
to enzymatic degradation. Alternatively, they may be utilized for programming dynamic
nanomaterial morphology in response to enzyme-catalyzed reactions.®12 In this study, we
aimed to display peptides on brush polymers and on organic NPs via their direct
polymerization in order to qualitatively assess whether such peptides are made resistant to
proteolytic degradation, or whether they maintain their activity upon incorporation into
polymeric materials.

To study the effect of arraying peptides as brushes conjugated to polymeric backbones or
polymeric NPs, we desired a well-controlled method for their incorporation. To this end, we
were inspired by the work of others who have utilized living polymerization methods for the
“graft-through” construction of peptide-bearing polymers synthesized directly from
monomers containing polymerizable peptide units.13-19 Importantly, polymers prepared with
a graft-through approach are inherently chemically homogenous since every propagation
step of polymerization leads to a displayed peptide. This is in contrast to post-
polymerization modification strategies wherein less than quantitative modification of the
polymer backbone can be naturally expected.” For this work we chose to optimize ring-
opening metathesis polymerization (ROMP) for the purpose of allowing the preparation of
well-defined peptide substrate containing polymers and polymeric NPs. To date, ROMP has
been shown to enable polymerization of short oligopeptides to variable degrees, but often
with high polydispersity.14.18-20 Moreover, the graft-through incorporation of specific
peptide based enzyme substrates into polymeric materials has not yet been examined to our
knowledge. We reasoned an initial study of such systems would have implications for future
polymeric materials designed to display peptides for reaction with enzymes, or alternatively
for resistance to their environment. Therefore, we sought to answer the following key
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questions regarding polymeric peptide-based synthetic materials synthesized by ROMP: 1)
Can graft-through peptide polymers be generated with relatively high degrees of
polymerization and simultaneously low polydispersity? 2) Can peptide-brush copolymers be
formulated into NPs of low polydispersity? 3) If these synthetic milestones are met, will the
dense display of peptides on the resultant polymers and NPs retain or hinder the ability of
the peptides to function as substrates for a class of disease-associated human proteolytic
enzymes?

To accomplish our goals, we prepared water-soluble homopolymers and amphiphilic block
copolymers capable of being formulated into nanoparticles (vide infra), utilizing the three
model norbornenyl-peptide monomers shown in Scheme 1. All three contain a
polymerizeable norbornenyl group conjugated to the N-terminus of a peptide sequence.
Peptides 1 and 2 contain sequences that are known substrates of the disease-associated
enzymes matrix metalloproteinases-2 and -9,21 with a water-solubilizing group (Ebes)
included in the structures to promote micelle formation. Peptide 3 is a hydrophobic sequence
chosen to ensure generality of the approach toward the formation of NPs as will be
described (videinfra).

We first set out to determine if peptides of this class can be efficienty polymerized via
ROMP to prepare homopolymers of high degree of polymerization and with simultaneously
low polydispersity. A norbornenyl-peptide monomer (Norbornene-GPLGLAG-Ebes, see
Scheme 1 for Ebes structure) was polymerized using a modified 2"d generation Grubbs’
catalyst at room temperature (see ESI).16 NMR spectroscopy demonstrated that the
polymerization reaction was complete as evidenced by the conversion of the norbornenyl
olefinic protons to polynorbornenyl olefinic protons (see ESI). Size exclusion
chromatography coupled to a multiangle laser light scattering detector (SEC-MALYS)
demonstrated that both high degree of polymerization (DP>100) and favorably low
polydispersity (PDI=1.012) were achieved. Importantly, we found that optimized conditions,
including the use of an air-free dinitrogen atmosphere, were required for optimal results with
either dimethylformamide (DMF) or dichloromethane/methanol mixtures performing as
effective solvents.

Next, we set out to determine if graft-through peptide ROMP could be used to prepare
peptide containing amphiphilic block copolymers (peptide-polymer amphiphiles, PPAs) of
low-polydispersity that could be formulated into NPs. The one-pot synthesis of PPA 1 was
accomplished upon the addition of a modified 2" generation Grubbs’ catalyst (Scheme 1) to
a solution of hydrophilic peptidyl monomer 4 followed by the addition of the hydrophobic
monomer 7. In addition, PPA 2 was prepared via the reverse order of addition of monomers,
that is, polymerization of the hydrophobic monomer 7 followed by the hydrophilic
norbornenyl peptide monomer 5, demonstrating generality in the polymerization process
with respect to order of addition (Scheme 1). SEC-MALS was utilized to determine the
absolute number-average molecular weight (M;), weight-average molecular weight (My,),
degree of polymerization (DP), and polydispersity index (PDI) of PPAs 1 and 2 prior to
generation of NPs (Table 1). Furthermore, we set out to determine if hydrophobic peptide-
containing norbornenyl monomer 8, once polymerized, could be utilized to form the
hydrophobic block of a well-defined polymer, PPA 3, which is not a specific enzyme
substrate, but is structurally related to a previously published system for comparison
(Scheme 1).29 Norbornenyl monomer 6, containing a short oligoethyleneglycol (OEG)
chain, was used to form the hydrophilic block of PPA 3.22 SEC-MALS analysis of PPA 3,
formed from block copolymerization of hydrophilic monomer 6 followed by hydrophobic
peptide-containing monomer 8, indicated a low PDI (Table 1). These results indicated that
the PPAs were of notably low polydispersity via these optimized polymerization conditions
and compare favourably with the aforementioned system, 4 similar to PPA 3.
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To formulate the PPAs into NPs, each polymer was dissolved separately in DMF followed
by the slow addition of water to a final concentration of 50% by volume.23 The incipient NP
suspensions were then dialyzed against water to remove DMF. Dynamic light scattering
(DLS) in water was employed to determine the hydrodynamic diameter of the NPs derived
from PPAs 1 through 3 (Fig. 1A). Statistical analysis of the DLS data demonstrated that the
size distribution of the nanoparticles is narrow (Table 1). Transmission electron microscopy
(TEM) of the nanoparticles validated the DLS data showing the presence of spherical
particles (Fig. 1B and ESI). We note that the resulting micelles are observed to be stable
without change in DLS, or TEM for at least 6 months at 4 °C in water.

Given the high spatial density of peptides displayed on the resultant polymers, we carried
out a pilot study to determine if the peptides arrayed covalently on the polymer backbone
would retain the ability to function as enzyme substrates. For these studies we chose to
compare water soluble homopolymers prepared from monomer 4 to well-defined spherical
micellar NPs formed from PPA 1 (Fig. 1B). Following incubation of the water soluble
polymer prepared from monomer 4 with MMP-2, RP-HPLC revealed the appearance of the
proteolysis product NH,-LAGK(Ac)-Ebes-CONH>, (Fig. 2, iv). Proteolysis did not occur
when MMP-2 was heat denatured prior to incubation with the peptide polymer (Fig. 2B, ii)
and proteolysis was markedly blunted when carried out in the presence of EDTA (Fig. 2B,
iii), which is known to inhibit the enzyme via chelation of the catalytic Zn2* ion. This
demonstrated that the enzyme was indeed responsible for proteolysis of the water soluble
peptidehomopolymer prepared by graft-through polymerization of the substrate.

Finally, micellar NPs derived from PPA 1 were incubated with active MMP-2 and no
proteolysis product could be identified by RP-HPLC under the same conditions used for
processing homopolymers (see ESI). This implies that the peptide substrates arrayed on the
particle are protected from protease-mediated cleavage. We hypothesize that this is due to
the steric crowding of the displayed peptides on the NP scaffold that forbids the enzyme
from accessing the scissile peptide bond within the displayed peptides. This is in contrast to
the high activity we have observed for related systems that are responsive to MMP catalyzed
cleavage when prepared via post-polymerization modification of polymers with peptides.’
Notably, these related systems were characterized by a lower density of peptides displayed,
due to low conjugation efficiency inherent to such reactions. These results hint at the
possibility of arranging peptides to capitalize on resistance to proteolytic degradation versus
optimizing for activity and responsiveness. An extensive study focusing on the relationships
between substrate spatial density, polymer/particle structure/morphology, reaction
conditions, sequence identity and enzymatic activity is underway in our laboratories.

In summary, we have demonstrated several important principles crucial to the future use of
peptide containing polymers and NPs prepared by graft-through polymerization procedures.
Namely, we have demonstrated that homopolymers and block copolymers of high degree of
polymerization and simultaneously low polydispersity can be prepared. The resulting NPs
formulated via self-assembly of 3 different peptide-containing amphiphilic block co-
polymers are also of low polydispersity. Blocks of appropriately chosen peptides can
function as either the hydrophilic or hydrophobic block of a block-copolymer PPA. Peptide
substrates of disease-associated enzymes (MMPs) displayed on a water-soluble polymer are
able to be enzymatically processed. In contrast, when displayed on the NP scaffold, the same
peptide is made less susceptible to proteolysis. Ongoing studies aim to address the
mechanism of peptide protection when displayed on the NP scaffold and to leverage this
potential for stability in the delivery of otherwise proteolytically labile peptides in an in vivo
context.
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Scheme 1.

Synthesis of peptide-polymer amphiphiles (PPAs) and formulation into nanoparticles.
Hydrophobic components of the PPAs are color-coded in red. Hydrophilic components of

the PPAs are color-coded with blue.
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Fig. 1.

A) DLS size intensity distribution of nanoparticles derived from PPA 1 (red), PPA 2 (blue),
and PPA 3 (green). (B) TEM of nanoparticles derived from PPA 1. See supporting
information for TEM of other NPs.
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Fig. 2.

RP-HPLC chromatograms of homopolymer prepared from monomer 4 alone (i) as well as
following incubation with heat-treated MMP-2 (ii), EDTA-treated MMP-2 (iii), and active
MMP-2 (iv). Peak due to peptide-based brush copolymer (*); peak due to peptide cleavage
product NH,-LAGK(Ac)-Ebes-CONH, (**).
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Table 1

Molecular weights and polydispersities of PPAs and NPs

PPA | M, (a2 | MwM)P | DP.C | DPA | DL8(m) | PDf
1 44,630 1.20 13 | 116 28 0.062
2 23,570 1.06 74 5 124 0.020
3 28,130 1.05 59 11 282 0.053

a .
Mn denotes number-average molecular weight.

b . .
My denotes weight-average molecular weight.

CDPm denotes degree of polymerization of the first block.

dDPn denotes degree of polymerization of the second block.

eDh denotes hydrodynamic diameter of the nanoparticles from each PPA.

fPDI denotes polydispersity of the nanoparticles.
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