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Abstract

Herein we report photoinitiated polymerization-induced self-assembly (photo-PISA) of spherical
micelles consisting of proapoptotic peptide-polymer amphiphiles. The one-pot synthetic approach
yielded micellar nanoparticles at high concentrations and at scale (150 mg/mL) with tunable
peptide loadings up to 48 wt. %. The size of the micellar nanoparticles was tuned by varying the
lengths of hydrophobic and hydrophilic building blocks. Critically, the peptide-functionalized
nanoparticles imbued the proapoptotic “KLA” peptides (amino acid sequence:
KLAKLAKKLAKLAK) with two key properties otherwise not inherent to the sequence: 1)
proteolytic resistance compared to the oligopeptide alone; 2) significantly enhanced cell uptake
permeability by multivalent display of KLA peptide brushes. The result was demonstrated
improved apoptosis efficiency in HeLa cells. These results highlight the potential of photo-PISA in
the large-scale synthesis of functional, proteolytically resistant peptide-polymer conjugates for
intracellular delivery.
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Peptide-Polymer Amphiphiles: Polymerization-induced self-assembly enables the at scale
synthesis of nanoparticles with a high-density display of peptide, tunable particle size, tunable
peptide loadings. The resulting peptide brush polymer nanoparticles exhibit enhanced stability,
cell uptake efficiency and efficacy in comparison with their peptide analogues, highlighting the
potential of these peptide-polymer amphiphiles as peptide delivery systems.

Peptide-Polymer Conjugates; Scaled Synthesis; Polymerization-Induced Self-Assembly

Introduction

Synthetic peptides are powerful therapeutics and chemical biology tools because of their
biocompatibility, straightforward synthesis, predictable metabolism, and high degree of
modularity in molecular design.[t] However, these advantages are typically compromised by
natural processes prevalent in cells and tissues that have evolved to degrade them.[?]
Traditional approaches for protecting active peptides from enzymatic digestion capitalize on
chemical modification of the peptide.[3] These approaches include cyclization,[32-b]
lipidation,[3¢] conjugation of PEG,[34-¢] introduction of unnatural amino acids,[371 peptide
backbone modification (e.g., Amethylation),[38] and capping of A- or C-terminus,[3M]
among others.[3i1 Consequently, modified peptides are rendered inaccessible to, or
unrecognizable by the active site of protease. Nevertheless, the bioactivity or function of
modified peptides can be reduced as a result of the alteration of chemical identity and
connectivity in amino acids. Moreover, penetration of peptides into cells is typically
inefficient unless some special care is taken to engage cell surfaces selectively or through the
use of cell penetrating sequences.[4!

Beyond modification of the sequence itself, the three-dimensional spatial arrangement of
peptides not only can improve the stability of peptides, but also enhance their biological
activities such as cell binding and penetration via multivalent effects.[®] Examples include
peptide-coated inorganic nanoparticles,[6] peptide-shell polymer nanoparticles,[’! and
peptide brush polymers,[7¢: 81 all of which display multiple strands of peptides on a scaffold.
However, the synthesis of these materials is not scalable, hindering continued development
of these systems to larger animal models and clinical translations.[”d] Standard solvent-
switch strategies to access self-assembled nanostructures of peptide-polymer amphiphiles
are typically conducted in dilute solution (< 1 wt.%).[7c]

Polymerization-induced self-assembly (PISA) has emerged as a scalable synthetic route to
soft nanomaterials at high solids content (up to 50 wt.%).1% Particularly, photoinitiated PISA
(photo-PISA) is promising for the incorporation of biological molecules into nanoparticles,
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because the reaction can be performed under mild conditions characterized by ambient
temperatures, aqueous environments, and metal-free protocols.[1%] We reasoned that photo-
PISA could be used as a powerful tool for the large-scale synthesis of polymer nanoparticles
that exhibit multiple peptides in the hydrophilic shell (Figure 1). Herein, we present a one-
pot photo-PISA approach for the preparation of nanoparticles that carry apoptotic peptides
with tunable size (36—105 nm in diameter) and loading of peptides ranging from 20 to 48
wt.%. High concentrations of peptide brush polymer nanoparticles of up to 150 mg/mL were
achieved because of the nature of PISA. Importantly, both proteolytical resistance and
bioactivity, including cell penetration and apoptotic efficiency, were significantly higher for
the peptide brush polymer nanoparticles compared to their linear peptide analogue.

Results and Discussion

With the goal of preparing peptide brush polymer nanoparticles, we began our exploration
by designing a peptide acrylamide monomer that features the amino acid sequence of
KLAKLAKKLAKLAK (i.e., KLA peptide acrylamide). This peptide sequence is well
known for inducing rapid apoptosis of cancer cells via disruption of the mitochondrial
membrane.[!1] The monomer was prepared via the Fmoc solid-phase peptide synthesis
procedure.[7¢] High performance liquid chromatography (HPLC), NMR spectroscopy, and
electrospray ionization mass spectrometry (ESI-MS) verified the identity and purity of the
monomer (Figures S1-S3).

Photoinduced reversible-deactivation radical polymerization (Photo-RDRP) [102.12] was used
to prepare the macromolecular chain transfer agents (macroCTAS) (Figure 1). To suppress
the nucleophilicity of primary amines that could cause aminolysis of the CTA, an acidic
buffer (pH 5.0) was used as the solvent for polymerization. Notably, copolymerization of
KLA peptide acrylamide monomer (KLAAm) and a comonomer A, N-dimethylacrylamide
(DMA) was conducted in the presence of a biocompatible organic photocatalyst (i.e., eosin
Y) at room temperature under visible light irradiation (A = 450 nm). The feed ratio of
KLAAm and DMA was varied to tune the loading and graft density of peptides along the
hydrophilic polymer chain. The monomers were fully consumed after photo-polymerization
for 12 h (Figures S4 and S5). Since the photo-polymerization was conducted at room
temperature, we postulated that side reactions such as hydrolysis of terminal trithiocarbonate
would be minimized, thus leading to high end-group fidelity.[*3] Indeed, gel permeation
chromatography (GPC) analysis with integrated UV detection confirmed our hypothesis by
revealing that the GPC trace of the macroCTA exhibited the characteristic trithiocarbonate
absorption at 315 nm (Figure S6).

Next, we aimed to perform photo-PISA by chain extension of the macroCTA with a
combination of diacetone acrylamide (DAAm) and DMA, which have been shown as readily
tunable core-forming monomers in PISA processes (Figure 2). [9714] The macroCTA
contains primary amines which could potentially form imines with the ketone-containing
DAAm. In view of this, we conducted an experiment that involved incubation of KLAAmM
and DAAm in acidic buffer (pH 5.0). As indicated by HPLC and ESI-MS (Figure S7), no
imine products were detected even after 24 h. Therefore, we considered any undesired imine
formation during the photo-PISA process would be negligible.
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Photo-PISA was performed under the identical condition used in the macroCTA synthesis
(i.e., eosin Y and acidic buffer). In light of this, the one-pot synthesis of nanoparticles was
achieved without isolating the macroCTA from the buffer solution in which it was
synthesized. The efficiency of photo-PISA was revealed via NMR spectroscopy analysis that
indicated quantitative conversion of monomers after 12 h (Figure S8). Moreover, GPC traces
of block copolymers have clearly shifted to higher molecular weight regions with narrow
MW distribution, indicative of successful chain extensions (Table 1, Table S1, Figure 2a—b,
and Figures S9 and S10). We note that the GPC signal of residual macroCTA remained in all
block copolymers (Figure 2b). However, the extent of residual macroCTA was significantly
decreased as the targeted degree of polymerization (DP) increased. The modularity of
peptide brush polymer nanoparticles was examined by tuning variables including
compositions in hydrophilic macroCTA and hydrophobic polymer core. Hence, five peptide
brush polymer nanoparticles with different sizes and loadings of peptide were achieved
(Table 1).

The hydrodynamic diameters of peptide brush polymer nanoparticles were determined by
dynamic light scattering (DLS), which suggested a trend of increasing size as the length of
the hydrophobic chain increased (Figure 2c and Figure S11). Transmission electron
microscopy (TEM) further revealed the shape and dry-state size of peptide brush polymer
nanoparticles (Figure 2d-h). According to the TEM micrographs, all the peptide brush
polymer nanoparticles exhibit spherical morphologies and uniform size distributions. In
addition, the nanoparticle size increased as the degree of polymerization of the hydrophobic
core increased. This is in a good agreement with DLS and cryogenic transmission electron
microscopy analysis (Figure S12). Notably, only spherical morphology of nanoparticles was
observed even at high DPs of core-forming monomers. This can be attributed to the high
surface curvature which stems from the positively charged peptide brush shell.[}5] The net
charge of the nanoparticles was further assessed (Figure S13). Zeta potentials of those
nanoparticles were positive, ranging from 31 mV to 65 mV because KLA peptide brush
polymer nanoparticles have an abundant number of free amines. Furthermore, the secondary
structures of KLA peptide and nanoparticles were evaluated by circular dichroism
spectroscopy, which exhibited consistent patterns with a mixture of a-helix and random coil
conformations (Figure S14).

Despite the promise of proapoptotic KLA peptide as anti-cancer therapeutics, the anti-cancer
efficacy of free KLA peptide is significantly impeded by its low proteolytic stability as well
as poor cell uptake efficiency.[16] Since peptide brush polymer nanoparticles possess a high-
density display of KLA peptides on the nanoparticle surface, we reasoned that the stability
of the peptides would potentially be enhanced due to steric hindrance limiting access of the
peptides to the active sites of proteases.l7¢17] In view of this, we examined the proteolytic
resistance of KLA-containing materials of three kinds; 1) peptide, 2) peptide brush polymer,
and 3) peptide brush polymer nanoparticles. For this test, trypsin was used as a potent
proteinase typically found in the digestive system and freely capable of cleaving the KLA
peptide (Figure 3).118] The concentration of trypsin was set to 0.1 uM, notably much higher
than the level of trypsin in serum.[19] According to HPLC analysis, the KLA peptide
underwent fast degradation, reaching 100% cleavage within 1 h (Figure S15). Similarly,
rapid degradation was observed for poly(KLAAMg-co-DMAq), for which more than 90%
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of the side-chain peptides were cleaved within 1 h. On the other hand, in the case of KLA
brush polymer nanoparticles, more than 70% of KLA peptide survived during the first hour
of cleavage (Figure 3, and Figures S16 and S17). This result confirmed that a high-density
array of peptides on nanoparticle surface can endow the dangling peptides with enhanced
proteolytic stability.

The cytotoxicity of KLA peptide brush nanoparticles and KLA peptide was examined /n
vitro with human cervical cancer (HeLa) cells (Figure 4). Two nanoparticles including NP3
and NP5 were chosen to compare in the cell studies because of their similar sizes but
different grafting density of peptides on the hydrophilic chain. According to the cell viability
assay, NP3 and NP5 demonstrated dose-dependent cytotoxicity in HeLa cells, whereas no
toxicity was observed for free KLA peptide even at a high concentration of 200 pM. To
unequivocally credit the toxicity of KLA brush nanoparticles to the proapoptotic peptides on
the nanoparticles, the cytotoxicity of a spherical polymer nanoparticle without carrying the
peptides (i.e., polyDMA 49-6-poly(DAAM7o-co-DMA3g)) was further evaluated (Figures
S18-S20). Cell viability assay revealed a high viability (> 90%) of HeLa cells in the
presence of peptide-free polymer micelles under the investigated concentrations, confirming
the cytocompatibility of the polymer nanocarrier.

Notably, the toxicity of NP5 was significantly higher than NP3, potentially the result of the
higher graft density of the KLA peptide in the hydrophilic shell on NP5 leading to enhanced
multivalent interactions. In addition, the cell uptake efficiency of rhodamine B-labeled KLA
peptide and NPs was investigated (Figures S21-S23). Flow cytometry and confocal laser
scanning microscopy clearly demonstrated the significantly enhanced cell uptake of the NPs
over free KLA peptide.

Finally, to discern the mechanism of cell death, we studied the mitochondrial membrane
potential using the turn-on JC-1 probe. Mitochondria are central regulators of cellular energy
and metabolism, and have the essential function of ATP synthesis by maintaining a
membrane potential gradient.[20] The JC-1 probe is green-fluorescent carbocyanine that
forms red-shifted J-aggregates upon accumulation in mitochondria and has very narrow red
fluorescence.[30.70] Therefore, confocal laser scanning microscopy was utilized to compare
the green and red fluorescence at the same excitation wavelength at 488 nm (Figure 5).
HeLa cells incubated with free KLA peptide showed strong red fluorescence, similar to cells
treated only with media, indicative of healthy mitochondria. As a comparison, almost no red
emission from JC-1 J-aggregates was observed in cells treated with KLA brush polymer
nanoparticles (NP5) even after 30 min incubation, confirming efficient depolarization of the
mitochondria. The behavior of NP5 was similar to the commercial mitochondrial membrane
potential disruptor, carbonyl cyanide 3-chlorophenylhydrazone (CCCP).

Conclusion

In summary, we developed a scalable and highly modular photo-PISA approach to
functional peptides displayed as hydrophilic brushes on polymeric amphiphiles packed to
form micellar nanoparticles. This is a robust approach to access nanoparticles with a high-
density display of peptides, tunable particle size, tunable peptide loading, and at scale (150
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mg/mL). This method for packaging peptides was demonstrated with a proof-of-concept
proapoptotic peptide. These results clearly demonstrate the promise of exploiting NPs with
high peptide grafting densities to achieve enhanced proteolytic stability, cellular
internalization, and cytotoxicity in comparison with free apoptotic peptides. We envision
that many other functional peptides such as cell-penetrating and therapeutic peptides would
be compatible with the photo-PISA approach to polymer brush amphiphile self-assemblies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic illustration of the one-pot photo-PISA approach to proapoptotic peptide brush
polymer nanoparticles.
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Synthesis and characterization of KLA peptide brush polymer nanoparticles. (a) Synthesis of
peptide brush polymer nanoparticles by photo-PISA; (b) GPC analysis of peptide brush
polymer macroCTA and resulting amphiphilic block copolymers (NP1-NP3); (c) DLS traces
of peptide brush polymer nanoparticles (NP1-NP3); (d-h) TEM images of peptide brush
polymer nanoparticles (NP1-NP5) with low and high magnifications.
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Figure 3.
Proteolytic cleavage of KLA peptide monomer, KLA brush polymer (poly(KLAAmM1o-co-

DMA10)), and KLA peptide brush polymer nanoparticles (NPs 1-5) in the presence of
trypsin (0.1uM) at 37 °C. All the peptide containing materials had a concentration of 200
UM with respect to peptide in PBS buffer (pH = 7.4). Data displayed as mean + standard
deviation of three independent experiments.
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Figure 4.
Cytotoxicity of free KLA peptide, poly[(KLAAM1g-co-DMA30)--(DAAMg0-co-DMA129)]

(NP3), and poly[(KLAAM1g-co-DMA1g)-6-(DAAM,go-co0-DMA120)] (NP5) using a
CellTiter-Blue cell viability assay. Concentrations were calculated with respect to the total
KLA peptide content. HeLa cells were treated with peptide-containing materials and
incubated for 72 h at 37 °C. Data displayed as mean + standard deviation of three
independent experiments.
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Hoechst Bright field JC-1 monomer JC-1 aggregates Merge

Figure5.
Assessment of mitochondrial dysfunction induced by the peptide-containing materials using

JC-1 probe. Live-cell confocal microscopy images of HeLa cells incubated with KLA
peptide, CCCP, NP5 for desired periods of time. Prior to imaging, cells were stained with 2
UM of JC-probe (green, monomer, Aex/em = 488 nm/510-550 nm; red, J-aggregates, Aex/em
= 488 nm/585-649 nm) and then Hoechst 33342 (blue, Aay/em = 405 nm/ 420-480 nm).
Scale bars, 20 um.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 October 19.



Page 13

Sunetal.

'S71a AQ pauILLIBIEP 819M SN JO SI91aWeIp JIWeuApoIpAH

D

'STIVIN-Od9 AQ paulwialap aiam siawAjod Jo syybiam Jejndsjowl mmEmZm.EnE:Zu

VLD 1O MIA + SISWOUOW JO A X SIawououw Jo dal = 08U Uy

q

'soljed pas) Aq pare|nofes sem Buipeo| mu_amn_m

6 STT 0ST 26 099 82 vz 0zt 082 o1 0T G&dN
v9 €07 006 ¥ 08T 61 8¢ 09 ovT o1 0T  ¥dN
S0T LTT 009 86 0v9 08 12 0zt 082 0¢g 0T &N
9 w1 00€ .S 09T TS €€e 09 ovT 0€ 0T 2N
9 627 00L T 086 v€ 8y 0¢ 0L 0¢g 0T TdN
VNG wyva VNG WyvIM
(wu) uso ,@ (lowB) uméz»:s_ (low/B) st,:s_ (%) Buipeoepided BuIL J0}-0100) Buwiorpus  Alug

Author Manuscript

"0%'IM GT JO 1UB1U0J SPIJOS 18 WSId-010yd eIA sajonuedoueu JswAjod ysniq spndad

‘Tal1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2021 October 19.



	Abstract
	Graphical Abstract
	Introduction
	Results and Discussion
	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

