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Abstract

Rapid, facile, and noncovalent cell membrane modification with alkyl-grafted anionic polymers 

was sought as an approach to enhance intracellular delivery and bioactivity of cationic peptides. 

We synthesized a library of acrylic acid-based copolymers containing varying amounts of an 

amine-reactive pentafluorophenyl acrylate monomer followed by postpolymerization modification 

with a series of alkyl amines to afford precise control over the length and density of aliphatic 
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alkyl side chains. This synthetic strategy enabled systematic investigation of the effect of the 

polymer structure on membrane binding, potentiation of peptide cell uptake, pH-dependent 

disruption of lipid bilayers for endosome escape, and intracellular bioavailability. A subset 

of these polymers exhibited pKa of ~6.8, which facilitated stable membrane association at 

physiological pH and rapid, pH-dependent endosomal disruption upon endocytosis as quantified 

in Galectin-8-YFP reporter cells. Cationic cell penetrating peptide (CPP) uptake was enhanced 

up to 15-fold in vascular smooth muscle cells in vitro when peptide treatment was preceded by 

a 30-min pretreatment with lead candidate polymers. We also designed and implemented a new 

and highly sensitive assay for measuring the intracellular bioavailability of CPPs based on the 

NanoLuciferase (NanoLuc) technology previously developed for measuring intracellular protein–

protein interactions. Using this split luciferase class of assay, polymer pretreatment enhanced 

intracellular delivery of the CPP-modified HiBiT peptide up to 30-fold relative to CPP-HiBiT 

without polymer pretreatment (p < 0.05). The overall structural analyses show that polymers 

containing 50:50 or 70:30 molar ratios of carboxyl groups to alkyl side chains of 6–8 carbons 

maximized peptide uptake, pH-dependent membrane disruption, and intracellular bioavailability 

and that this potentiation effect was maximized by pairing with CPPs with high cationic charge 

density. These results demonstrate a rapid, mild method for polymer modification of cell surfaces 

to potentiate intracellular delivery, endosome escape, and bioactivity of cationic peptides.

Graphical Abstract
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INTRODUCTION

Polymer-based cell surface modification is a versatile technique that can be used to 

improve the efficacy of cell-based applications in tissue engineering, drug delivery, and 

immunotherapy by introducing chemical functionalities onto the cell membrane that 

provide handles for cell surface binding of bioactive compounds or modulate cell–cell 

interactions.1–5 The most commonly used state of the art for polymer modification of the 

cell surface involves electrostatic deposition of cationic polymers onto negatively charged 

cell membranes. The plasma membrane supports stable complexation with amine-containing 

polymers such as poly(l-lysine), poly(ethyleneimine), or poly(allylamine), enabling the 

introduction of bioorthogonal functional groups6 or layer-by-layer coating with polyanions, 

an approach that has been explored for pancreatic islet encapsulation to improve transplant 

survival.7–9 Cationic polymer precoating has also been used to increase viral transfection 
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efficiency, with polybrene and protamine sulfate commonly applied to facilitate cell 

membrane interaction with anionic viral envelopes.10,11 In contrast, coating of noncationic 

polymers onto cell surfaces requires polymers that insert into the cell membrane lipid 

bilayer through hydrophobic functionalities. For example, polyvinyl alcohol (PVA) and 

poly(ethylene glycol) (PEG)-based amphiphiles with single lipid chain-end modifications 

anchored to pancreatic islet surfaces are able to improve transplant survival by passively 

shielding the graft against host immune reactions12,13 or by serving as handles for 

immobilizing bioactive proteins that attenuate adverse thrombogenic events.14 Bertozzi and 

co-authors extended this polymer-based cell modification approach toward the generation 

of synthetic mucin-mimetic glycopolymers containing membrane-anchoring lipids. These 

polymers stably associated into cell membranes to display glycans that direct cell-surface 

biochemical interactions such as molecular recognition by carbohydrate-binding proteins 

and adhesion to the extracellular matrix.15,16

In this report, we describe a new application of noncovalent cell surface-modifying 

polymers to promote uptake and cytosolic delivery of intracellularly active peptides. 

Peptides are powerful tools for potent and specific modulation of intracellular protein–

protein interactions and signaling pathways. However, peptides have limited cytosolic 

bioavailability due to poor cellular uptake and retention, endosomal vesicle entrapment, 

exocytosis through recycling endosomes, and degradation within lysosomes.17,18 Peptides 

are frequently modified with cationic "cell penetrating" sequences designed to facilitate 

cell uptake, but these sequences generally do not drive robust uptake or escape from 

endosomal and lysosomal compartments. Cyclic cell-penetrating peptides (CPPs) have 

shown some promise toward cytosolic delivery, but the synthesis and covalent attachment 

to the payload of interest are complex and inefficient.19–21 Cellular pretreatment with the 

small molecule pyrene butyrate has been investigated for facilitating membrane translocation 

of cationic peptides, but its application is generally limited to oligoarginine CPPs andhas no 

demonstrated endosome disrupting behavior.22–24

Here, we sought an approach to drive cationic peptide uptake and intracellular bioavailability 

through a polymer-based approach that is potentially applicable to a variety of cell and 

tissue types. Antibodies and other receptor targeting ligands have broad application for 

site-specific delivery following systemic administration or regional retention in locally 

administered formulations and are effective toward intracellular delivery of bioactive 

macromolecules such as enzymes.25–30 In contrast to these more selective platforms, 

nontargeted polymer pretreatment is potentially more universal and represents a low-cost, 

highly scalable alternative to antibody conjugation. We envision clinical applications of 

this delivery technology to primarily include topical delivery to cell therapies, engineered 

tissues, or explanted allogeneic or autologous tissues prior to implant in vivo. As examples, 

our previous work has demonstrated both in vitro and ex vivo polymer-based delivery 

strategies for enhancing peptide bioactivity in cells and vascular tissue.31,32 Though 

underexplored to this point, in vivo topical or local delivery, such as into a skin wound 

bed, articular joint space, or arterial vessel wall using catheter-based technologies,33 is also 

anticipated to be feasible implementations of this technology.
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In the current studies, we synthesized and screened cell surface-modifying polymers 

that consider the parallel design goals of both driving robust peptide uptake and 

facilitating escape from intracellular endolysosomal vesicles. Few studies specifically 

detail the optimization of polymeric delivery reagents for cationic peptides, and none 

to our knowledge focuses on optimizing hydrophobe length and density for cell surface 

modification to potentiate intracellular peptide delivery. To bridge this gap, we evaluated 

a library of anionic polymers containing multivalent hydrophobic modifications with the 

goal of identifying candidates that would (1) anchor onto and coat cell surfaces without 

affecting cell viability, (2) contribute negative surface charge to increase the electrostatic 

attraction and internalization of cationic peptides, and (3) have appropriately tuned the acid 

dissociation constant, or pKa, such that the polymer has protonation-dependent solubility, 

becoming hydrophobic to facilitate membrane interaction/disruption in the acidic pH range 

encountered during endolysosomal trafficking while remaining inert at physiologic pH.

We hypothesized that the ideal candidate polymer for this approach will contain sufficient 

negative charge density through acid groups that "bait" the cationic peptide and concentrate 

it at the cell membrane at extracellular pH. However, because the cell membrane is 

negatively charged, we posited that multivalent interactions between the cell membrane and 

alkyl hydrophobic anchors of optimized density and length would be required to overcome 

the electrostatic repulsion between an anionic polymer and the cell surface to achieve 

efficient coating while avoiding cell membrane lysis or cytotoxicity. Additional design 

complexity arises from the impact that hydrophobic groups have on polymer pKa and the 

goal of tuning the polymer to have a pH-dependent solubility switch in the endosomal pH 

range. With these considerations in mind, we sought to synthesize a series of well-defined 

polymers with a range of densities of carboxylic acids and hydrophobic alkyl grafts of varied 

length.

RESULTS AND DISCUSSION

To generate a polymer library, a series of random copolymer "parent polymers" containing 

different molar ratios of t-butyl acrylate (tBA) and pentafluorophenyl acrylate (PFPA) were 

first prepared via reversible addition–fragmentation chain transfer (RAFT) polymerization 

(Scheme 1A). PFPA contains an amine-reactive ester and has previously been reported 

as a robust functional group for preparing polymers with diverse structures34–36 because 

postpolymerization modification with primary amines occurs rapidly and quantitatively in 

polar, aprotic solvents in ambient conditions.37

In this study, we applied PFPA to facilitate facile postpolymerization modification with 

varied aliphatic alkyl amines. This ‘conjugation-to’ approach was chosen to ensure that, 

within a given alkyl chain density series, the resultant polymers are compositionally 

identical with the exception of the alkyl graft length. While it is possible to prepare 

these polymers directly from acrylic acid and different alkyl acrylates or acrylamides, 

compositional drift due to varying monomer reactivity ratios may complicate directly 

comparing the effects of alkyl chain length for a given monomer composition. After the 

alkyl grafting step, cleavage of the t-butyl ester afforded a series of well-defined copolymers 

of acrylic acid and various alkyl acrylamides.
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Using this synthetic approach, we prepared three initial copolymers with a 50:50, 70:30, 

or 90:10 ratio of tBA:PFPA, and each of these three parent polymers was then reacted 

in separate batches with five different alkyl amines to obtain a library of 15 copolymers 

(Scheme 1B). We selected these ratios and side chains in an effort to obtain a broad 

parameter space for rationally interrogating cell surface modification and pH-dependent 

membrane-disrupting behavior with the ultimate goal to discover multiple water-soluble 

candidates that possess a pKa that is optimal for endosome escape (6–6.8). We obtained 

good agreement between product composition and monomer feed ratios via 1H NMR 

(Figures S1–16), and polymers had comparable molecular weights and low polydispersity 

as determined by GPC (Table 1 and Figure S17). Amine grafting and t-butyl ester cleavage 

proceeded to >99% conversion in ambient conditions as determined via 19F and 1H NMR, 

respectively, confirming that our synthetic approach provides a robust, modular strategy for 

generating polymers with a well-defined structure and chemical composition.

Ideally tuned polymers with the appropriate pKa and level of hydrophobicity will safely 

coat cell surfaces at pH 7.4 yet destabilize endosomal membranes through a pH-dependent 

coil-to-globule transition at acidic pH.38 The pH transition depends on polymer pKa,
39 

which we sought to tune through precise control of polymer hydrophobicity. The pKa of 

each polymer in our library was measured via acid–base titration (Figure 1A) in which each 

polymer was prepared as the sodium salt and titrated to the acidic endpoint. Previous reports 

have demonstrated that increasing polymer hydrophobicity reduces the relative degree of 

ionization at a given equilibrium pH, manifesting in a higher pKa. 40,41 Intramolecular 

charge repulsion dominates in highly ionized polymers, while hydrophobic interactions 

become increasingly significant as carboxylate ions are protonated and can directly affect 

the dielectric constant around the remaining charged groups.42,43

We observed that polymer pKa was invariant with alkyl chain length for the 90:10 

copolymer composition, which suggests that a critical spatial proximity between 

hydrophobic side chains must be achieved to enable alteration of the pH-dependent 

protonation state. Indeed, a sharp increase in pKa was observed for polymers containing 

>30 mol % alkyl side chains and particularly those with >6 carbons in the side chain. Four 

polymers exhibited pKa values of 6.7–6.8 (50:50 AA:hexyl and AA:octyl, 70:30 AA:hexyl 

and AA:octyl), which is in the early endosomal pH range and which our previous reports 

identified as ideal for intracellular delivery with hydrophobic monomer-containing cationic 

copolymers.44,45 Two polymers exhibited pKa values >7.0 (50:50 and 70:30 AA:dodecyl), 

while the remaining polymers in our library had pKa values <6.0, which falls within the late 

endosomal/lysosomal pH range.

We next screened all polymers in a red blood cell hemolysis assay to assess pH-dependent 

membrane disruption.46 Polymers were incubated with isolated human red blood cells 

in isotonic solutions buffered to pH 7.4, 6.8, 6.2, or 5.6 to model physiological, early 

endosome, late endosome, and lysosomal environments, respectively. Polymer-mediated 

membrane lysis releases free hemoglobin, which is spectrophotometrically quantified 

relative to PBS and detergent negative and positive controls as percent hemolysis. No 

polymers induced observable hemolysis at physiological pH, but the subset of polymers 

with pKa around 6.8 exhibited a switchlike, dose-dependent increase at or below pH 6.8 
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(Figure 1B, Figure S18). Our previous work indicated that membrane disruption at pH 6.8 is 

a strong predictor of polymeric reagents that will enhance intracellular bioavailabilty without 

significant cytotoxicity.44,45,47 Tuning of the pH transition to this range is thought to be 

critical because escape from early endosomes is believed to be necessary for avoiding both 

drug exocytosis through early recycling endosomes and degradation in lysosomes following 

cellular internalization.48,49 Predictably, all polymers with pKa values <6 induced smaller 

amounts of hemolysis at pH 5.6. Interestingly, the two polymers with pKa values >7 did not 

induce hemolysis until pH 5.6, which could be attributed either to alkyl chains preferentially 

self-interacting rather than inserting into the cell membrane or to limited polymer water 

solubility.

All polymers were screened for cytotoxicity in A7r5 rat aortic vascular smooth muscle cells 

after 30 min of treatment in vitro followed by either 0 or 24 h post-treatment incubation 

(Figure S19). In both experimental setups, toxicity was only observed at the highest polymer 

concentration tested 500 μg/mL. Only the 50:50 AA:hexyl showed any viability loss (~70% 

viability) in the 0 h incubation protocol, while the 50:50 AA:hexyl and AA:octyl and 70:30 

AA:hexyl and AA:octyl showed toxicity in the 24 h incubation protocol. In subsequent cell 

uptake and activity studies, a polymer dose of 100–200 μg/mL was used that maintained 

high cell viability to ensure that cytotoxicity did not confound results (Figure S19).

While hemolysis is a widely used, highly reproducible assay, it does not fully recapitulate 

the more complex endosomal membrane composition or biochemical microenvironment. 

We recently reported on yellow fluorescent protein-Galectin-8 (YFP-Gal8) and split 

luciferase-based reporter cell lines for direct visualization and high throughput screening 

of endosome disruption.45,50,51 The Gal8 machinery serves as part of the innate immune 

system for detection of intracellular entry by viruses and bacteria.52 Upon disruption of 

endosomal vesicles, cytosolic Gal8 binds to exposed glycans selectively localized on the 

inner endosomal membrane. This phenomenon enables visualization and measurement of 

endosome disruption by tracking of YFP-Gal8, characterized by YFP-Gal8 redistribution 

from dispersed throughout the cell in the normal state to punctate and concentrated onto 

disrupted endosomal vesicles.

To use this in-cell endosome disruption assay, we treated A7r5 vascular smooth muscle cells 

that stably express YFP-Gal8 with a subset of polymers predicted to be endosomolytic based 

on red blood cell hemolysis results (50:50 AA:hexyl, 50:50 AA:octyl, 70:30 AA:hexyl, or 

70:30 AA:octyl) or with poly(acrylic acid) (p(AA)) as a solely anionic, nonhydrophobically 

grafted control polymer anticipated to be nonendosomolytic. We chose A7r5 cells as they 

have been validated in our previous work for studying intracellular polymer and peptide 

uptake50 and are a relevant cell type in studies on vasoactive peptides.32,47,53 Untreated 

or p(AA)-treated cells displayed the predicted diffuse cellular fluorescence, while the cells 

treated with our leading compositions displayed robust punctate fluorescence within 30 min 

(Figure 1C). The number of punctate Gal8-positive spots per cell (quantified in ImageJ 

using a particle counting algorithm) increased approximately 50-fold over both untreated 

cells and p(AA)-treated cells for 50:50 AA:hexyl, 50:50 AA:octyl, and 70:30 AA:octyl 

(Figure 1D) (p < 0.0001, n = 10). Images were thresholded to count punctae with intensity 

greater than 2 standard deviations above average background intensity to minimize false 
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positives. While some punctae were visible following treatment with 70:30 AA:hexyl, the 

total counts were not statistically significant (p > 0.05, n = 10), even though this polymer 

induced significant hemolysis. This result underscores the advantage of screening polymers 

using the Gal8 assay in addition to red blood cell hemolysis, as the hemolysis assay does not 

completely recapitulate the intracellular endosomal environment. Since 70:30 AA:hexyl was 

the most hydrophilic polymer tested, we concluded that it likely had the lowest capacity for 

membrane interaction and intracellular pH-dependent endosome disruption. To further verify 

that the observation of Gal8-YFP puncta detection was due to pH-dependent, polymer-

mediated endosome disruption, we cotreated cells with the polymer and Bafilomycin A 

(BafA), an inhibitor of endosome acidification. Accordingly, we observed no significant 

Gal8 recruitment relative to untreated cells (p > 0.05, n = 10) (Figure S20). These 

data demonstrate that a subset of polymers (50:50 AA:hexyl, 50:50 AA:octyl, and 70:30 

AA:octyl) are capable of rapidly inducing endosomal disruption and that some degree 

of polymer internalization occurs during polymer-alone treatment. Polymer internalization 

was confirmed via flow cytometry by treating A7r5 cells with AlexaFluor-488 (A488)-

labeled polymers for 30 min (Figure S21). We observed no significant uptake of p(AA), 

and a monotonic increase in cellular fluorescence as a function of alkyl length for all 

compositions, with only 50:50 AA:dodecyl breaking this trend, likely due to its low aqueous 

solubility, further validating that cell membrane translocation of these polymers is dependent 

on the hydrophobic content.

Next, we screened all 15 polymers for ability to promote intracellular delivery of cationic 

CPP. We and others have previously demonstrated the efficacy of a MAPKAP kinase II 

inhibitor peptide modified with the YARA cell-penetrating sequence (YARAAARQARA-

KALARQLGVAA,54 abbreviated YARA-MK2i). Efficient delivery of YARA-MK2i can 

inhibit inflammatory cytokine production, reduce vascular smooth muscle cell migration, 

and be used as an intra-operatively delivered prophylactic to reduce intimal hyperplasia 

and failure of autologous vein vascular grafts.32,47 Herein, we used Alexa 488-labeled 

YARA-MK2i as a model cationic peptide to screen peptide internalization in vitro by flow 

cytometry following cell surface premodification with the candidate polymers. A7r5 cells 

were treated with each polymer for 30 min, then treated with 10 μM peptide in fresh 

media for 30 min, washed with DMEM containing 10% FBS to remove the surface-bound 

polymer and peptide, and immediately assayed for intracellular mean fluorescence intensity 

(MFI) relative to peptide treatment alone. By dosing the polymer and peptide separately 

and sequentially, we can elucidate the effect of the polymers as potentiators of CPP-cell 

surface interactions and more clearly probe the role of the polymer structure in cell–polymer 

and polymer–peptide interactions. The 10 μM peptide dose is nontoxic (Figure S19–G), 

and treatment with this dose using endosomolytic polymers was previously demonstrated to 

have a robust bioactive response in vitro.47,53 Polymer treatment enhanced uptake of MK2i 

containing the YARA CPP by ~50% for 50:50 AA:hexyl and AA:octyl and by ~100% for 

70:30 AA:octyl using a 5:1 mass ratio of polymer/peptide ([polymer] = 112 μg/mL) and 

a 10 μM peptide dose for all treatments (Figure 2A). Notably, the polymers that robustly 

potentiated peptide uptake also induced endosomal disruption as described above, while 

the nonendosomolytic polymers induced no significant enhancement of uptake relative to 

peptide alone.
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We next tested the uptake of an MK2i peptide variant containing the more cationic 

oligoarginine CPP R6 rather than YARA (Figure 2B). Relative to the YARA-based peptide, 

the R6 CPP version achieved significantly greater potentiation of cell uptake from polymer 

pretreatment, with 50:50 AA:hexyl demonstrating a 13-fold increase in uptake and 50:50 

AA:octyl, 70:30 AA:hexyl, and AA:octyl generating 4-fold, 5-fold, and 8-fold increase 

in uptake, respectively. Interestingly, several nonendosomolytic polymers increased uptake 

between 2 and 4-fold, including all AA:dodecyl polymers and several 90:10 AA:alkyl 

polymers that did not affect uptake for YARA-MK2i, suggesting that polymer-based, cell-

peptide “baiting” could also be achieved independent of endosome-disrupting systems for 

application where endolysosomal compartment delivery is desirable. The 90:10 alkyl series 

may also only undergo a degree of membrane anchoring that can promote peptide–polymer 

interactions for the densely cationic R6-MK2i but is insufficient to enhance internalization 

of YARA-MK2i. For both CPPs, treatment with p(AA) failed to enhance uptake relative 

to peptide alone, which reinforces the hypothesis that hydrophobic interactions between 

the polymer and cell membrane is the critical first step of surface functionalization and 

ultimately the driver for increased peptide uptake.

We more thoroughly explored the impact of polymer concentration on subsequent peptide 

internalization using 70:30 AA/octyl due to its low toxicity and ability to enhance uptake 

of both YARA and R6-MK2i. Peptide concentration was held constant in this study, and 

the polymer/peptide mass ratio was varied between 1:1 and 20:1 (correlating to a polymer 

treatment of 22.4–448 μg/mL for YARA-MK2i and 20.3–407 μg/mL for R6-MK2i). YARA-

MK2i uptake was maximized at a 10:1 mass ratio (Figure 2C), while increasing the 

polymer/peptide mass ratio beyond 5:1 had a minimal effect on uptake for the R6-MK2i 

peptide (Figure 2D). These data suggest that polymer-mediated enhancement of peptide 

uptake saturates at a polymer concentration of ~100 to 200 μg/mL, which is below where 

cytotoxicity becomes apparent (Figure S19). This could be due to cell surface saturation 

in this concentration range or because polymers preferentially self-associate and aggregate 

through hydrophobic interactions at higher concentrations rather than associate with the 

cell membrane. In support of the latter possibility, a decrease in cellular peptide uptake 

was observed at the highest polymer dose (Figure 2C, 448 μg/mL and Figure 2D, 406 

μg/mL). Incubating polymers in a solution of Nile Red (a fluorophore that is selectively 

fluorescent only when partitioned into nonpolar environments) for 24 h produces a polymer 

composition-dependent increase in fluorescence at concentrations >100 μg/mL (Figure 

S22 and Table S1), indicating that significant hydrophobic aggregation occurs at higher 

concentrations that may limit the amount of unimeric polymer chains that can effectively 

associate with the cell surface.

Due to the striking difference in polymer-based potentiation of uptake between the two 

cationic CPP sequences, we expanded our investigation of peptide chemistry to include 

three additional CPPs that are widely utilized in therapeutic delivery. We screened one 

additional cationic, hydrophilic CPP, TAT, and two cationic, amphipathic CPPs: penetratin 

and transportan (Table S2). 50:50 AA:hexyl and 70:30 AA:octyl were selected to test uptake 

at a 5:1 polymer/peptide mass ratio and [peptide] = 10 μM, as these polymers and this mass 

ratio promoted the greatest enhancement of uptake for YARA- and R6-MK2i peptides. The 

amphipathic CPPs contain multiple hydrophobic domains and were selected to interrogate 
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whether combining ionic and hydrophobic polymer–peptide interactions could potentially 

further enhance uptake compared to purely ionic interactions. The 70:30 AA:octyl best 

potentiated uptake of the R6-MK2i, which was increased 7-fold, while 50:50 AA:hexyl 

increased uptake approximately 15-fold both for R6 and TAT-MK2i. Conversely, both 

polymers promoted only minimal uptake enhancement of penetratin and transportan-MK2i 

(Figure 3A–C). Plotting relative uptake against peptide charge density (number of positive 

charges/total number of AA residues; Figure 3D,E) or peptide isoelectric point at pH 7 

(Figure 3F,G) reveals a general trend in polymer-driven increase in uptake as a function 

of increasing charge density and isoelectric point independent of the polymer structure. 

However, less clear is the trend in uptake as a function of total peptide charge, which is 

calculated as the total number of positive charges at pH 7, for either polymer treatment, 

with penetratin in particular falling outside of a potential trend (Figure 3H,I). These data 

further support the conclusion that relative differences in peptide uptake are driven by 

cooperative polymer–peptide interactions and suggest that, for the peptide, higher density of 

positive charge rather than total charge most significantly contributes to polymer-mediated 

potentiation of cellular uptake.

Our results to this point suggest that polymers associate with the cell membrane to enhance 

peptide uptake, as diagrammed in Figure 4A, with a strong dependence on both polymer and 

peptide chemistry. We visually confirmed this hypothesis using confocal microscopy (Figure 

4B). A7r5 cells were loaded with Calcein Orange-Red AM dye to label the cytoplasm 

and treated with AlexaFluor-488-labeled polymers. We selected the four polymers 50:50 

AA:hexyl, 50:50 AA:octyl, 70:30 AA:hexyl, and 70:30 AA:octyl for these experiments 

because they were found to best increase peptide uptake (Figure 2A,B). These polymers 

rapidly associated with the membrane after only a 5 min treatment, while there was 

no significant membrane association observed with p(AA). The more hydrophobic 50:50 

AA:alkyl polymers exhibited some colocalization with the cytoplasmic dye, indicating 

rapid, partial cellular internalization, while the less hydrophobic 70:30 AA:alkyl polymers 

showed no observable cytoplasmic colocalization after 5 min. A representative slice from 

a z-stack reconstruction of each polymer treatment group further shows concentrated green 

fluorescence at the cell membrane that is not colocalized with cytosolic or nuclear staining 

(Figure 4C and Figure S23). The polymer coating, albeit somewhat heterogeneous and 

variable between polymers, covers the majority of the cell surface, especially for the 

three more hydrophobic polymers (50:50 AA:hexyl, 50:50 AA:octyl and 70:30 AA:octyl). 

Treating cells with 70:30 AA:hexyl, the least hydrophobic polymer among the subset 

tested, resulted in apparently less polymer–cell membrane association, consistent with our 

observation that this polymer candidate did not generate significant intracellular endosomal 

disruption or enhancement of peptide uptake. On the whole, this study demonstrates that a 

brief polymer pretreatment primes the cell surface with a hydrophobicity-driven coating that 

baits soluble, cationic CPPs.

Next, we sought to validate the mechanism by which polymer surface association potentiates 

intracellular peptide delivery. In addition to inert cell surface coating, polymer amphiphiles 

can induce lipid bilayer permeability through the formation of stable nanometer-scale 

pores55–57 and ion-permeable channels,58,59 which may serve as an additional mechanism 

for peptides to transduce the cell membrane as opposed to or in addition to enhancement 
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of endocytic uptake. We first examined whether treatment with the four lead candidate 

polymers permitted passive diffusion of higher molecular weight macromolecules into cells 

independent of electrostatic interactions with cationic cargo. A7r5 cells were incubated with 

FITC-dextran (Mn = 4000 or 40,000 g/mol) in the presence of 50:50 AA:hexyl, 50:50 

AA:octyl, 70:30 AA:hexyl, or 70:30 AA:octyl polymers, and intracellular fluorescence was 

measured via flow cytometry after a 30 min treatment (Figure 5).

No significant increase in cell membrane permeability to dextran was observed as a function 

of polymer treatment. This result is also consistent with our hemolysis assay showing that 

hemoglobin does not pass through RBC membranes in the presence of these polymers at 

pH 7.4. It is therefore unlikely that our most membrane-interactive polymers are generating 

pores or otherwise disrupting the cell membrane sufficiently to permit extensive diffusion 

of peptides with a molecular weight of 2000–3000 g/mol as a primary mode of peptide 

cell membrane transduction. Observing that polymer treatment did not enable passive 

diffusion of macromolecules across the cell membrane provided further corroboration 

for our hypothesis that electrostatic binding between peptide and a hydrophobic/anionic 

polymer coating on the cell surface is the primary mechanism of inducing endocytic 

uptake with these CPP potentiators, as diagrammed in Figure 4A. This conclusion is also 

consistent with our demonstration of polymer-mediated, endosome acidification-dependent 

Gal8 recruitment to punctate vesicles as described above. To further elucidate the delivery 

mechanism, we performed a series of uptake experiments in the presence of a panel 

of endocytosis inhibitors (Figure S24 and supplemental discussion), which suggest that 

polymer-enhanced peptide uptake is driven by multiple endocytosis pathways that depend on 

both the polymer and peptide structure.

Finally, we verified that polymer-based cell surface modification could increase peptide 

intracellular bioavailability in vitro. We evaluated MK2i bioactivity in platelet-derived 

growth factor (PDGF)-stimulated A7r5 cells that we engineered to stably express cAMP 

response element-binding protein (CREB)-dependent transcriptional response elements in 

front of a CMV promoter for the luciferase gene (Figures S25 and S26). This is a useful 

test system for MK2i peptide bioactivity because under growth stimulation (PDGF), MK2 

phosphorylates the CREB transcription factor, which drives migratory and proliferative 

phenotypes characteristic of the synthetic VSMC phenotype.60–62 YARA-MK2i alone 

exhibited modest activity in this study, reducing luminescence by approximately 15%, 

compared to buffer control (p < 0.05) (Figure S26B). Polymer pretreatment significantly 

enhanced YARA-MK2i activity, with 70:30 AA:octyl reducing luminescence by 33% 

(p < 0.05). While this assay confirmed that our polymer treatments enhanced MK2i 

peptide activity, it exhibited a fairly low dynamic range and sensitivity in our hands. 

Furthermore, only partial MK2i-mediated CREB inhibition is expected because PDGF 

activation of CREB can proceed through both MK2-dependent and MK2-independent 

signaling pathways.63,64

The promising CREB study results motivated us to further explore polymer potentiation of 

peptide intracellular bioavailability by developing a new, more robust peptide bioactivity 

assay. To do so, we sought to derive a new peptide intracellular delivery assay with a high 

dynamic range and sensitivity based on the NanoLuc complementation technology that was 
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developed by Promega Corporation for intracellular protein quantification and assessment of 

protein–protein interactions.65,66 The basis of this assay is the high affinity complementation 

of the small 11 amino acid peptide HiBiT (VSGWRLFKKIS) with a larger subunit of the 

NanoLuc enzyme known as LgBiT. LgBiT alone does not generate bioluminescence, but 

when complemented with the HiBiT peptide in the presence of the substrate furimazine, it 

creates bioluminescence that enables highly sensitive monitoring of molecular events over 

a large, linear dynamic range (Figure 6A).67 A common implementation is to separately 

genetically fuse the HiBiT peptide and LgBiT domain to binding partners in the cell and 

then utilize NanoLuc signal to quantify protein–protein interactions. Our conceptualization 

of this assay is to exogenously deliver the CPP sequenced-fused HiBiT peptide to cells 

engineered to express the LgBiT domain, such that bioluminescence can be used to readout 

relative peptide delivery into cells.

Our NanoLuc implementation also integrated a strategy previously developed for virus-cell 

entry measurement in which a reporter was developed with LgBiT fused to the intracellular 

pleckstrin homology (PH) domain.68 Fusion of LgBiT with the PH domain tethers the 

larger NanoLuc subunit stably within the cell and reduces assay background that can result 

from cellular release of LgBiT into the media.69 We designed a new piggyBac vector with 

the LgBiT subunit and PH domain linked with a “GGGGS” triplet spacer (Figure S27). 

HEK-293 T cells were transfected with the piggyBac vector, and positively edited cells 

were selected with blasticidin. We confirmed that HEK-293 T cells engineered to stably 

express the LgBiT protein show dose-dependent luminescence in vitro when treated with 

an R6-HiBiT fusion peptide and Nano-Glo (furimazine) substrate (Figure S28). This new 

NanoLuc assay is rapid and highly sensitive to micromolar doses of peptide and serves as 

a valuable technique for high throughput screening of polymers or other approaches for 

intracellular peptide delivery.

We applied this assay to measure polymer-mediated delivery of the HiBiT peptide fused 

with YARA or R6. Pilot screens indicated that 50:50 AA:hexyl and 50:50 AA:octyl 

performed the best for intracellular bioactivity enhancement, so we thoroughly screened 

these lead polymers over a range of concentrations for sequential delivery of 1 μM YARA 

or R6-modified HiBiT peptide (Figure 6B). Polymer treatment produced a maximum dose-

dependent enhancement in luminescence of up to 30-fold over peptide alone for 50:50 

AA:hexyl + R6-HiBiT and 13-fold for 50:50 AA:octyl + R6-HiBiT. Both polymers were 

screened for cytotoxicity under similar treatment conditions in the engineered HEK-293 T 

cells (Figure 6C). The 50:50 AA:octyl polymer caused a slight yet statistically significant 

decrease in viability (p < 0.05) when dosed sequentially with R6-HiBiT, though viability 

remained >90% across all doses. The 50:50 AA:hexyl polymer also caused a slight decrease 

in viability when dosed sequentially with both YARA and R6-HiBiT, though viability was 

>85% for all polymer doses except 200 μg/mL, where viability decreased to ≈75%. While 

the highest doses of 50:50 AA:hexyl induce some toxicity, these experiments reveal polymer 

compositions and doses that produce a > 10 fold increase in peptide bioactivity while 

maintaining >90% cell viability and demonstrate this assay’s potential as a robust platform 

for screening peptide-delivery reagent formulations. In a parallel experiment, we tested for 

potentiation of peptide delivery using the previously established benchmark pyrene butyrate; 

however, this reagent produced at best a 1.3-fold increase in activity over peptide alone 
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(Figure S29) when applied using concentrations and incubation times optimized in previous 

literature reports.22,23 These studies reported activity enhancement in the range of 1.5–5 

fold at best, and uptake was proven to be an endocytic pathway with significant endosome 

entrapment. Pyrene butyrate also induced substantial cytotoxicity in our hands at 100 μM 

(29 μg/mL) and 200 μM (58 μg/mL), with viability decreasing to 65 and 57% respectively.

CONCLUSIONS

In summary, we have demonstrated the ability to modify the cell surface with anionic 

copolymers containing precisely tuned length and density of aliphatic alkyl side chains. 

A subset of these polymers containing 30 or 50 mol % of alkyl chains with 6 or 8 

carbons in length exhibited pH-dependent membrane disruption that robustly induced 

endosomal escape as measured by hemolysis and an in vitro Gal8 reporter cell line. 

These same polymers enhanced intracellular delivery of a cationic peptide as a function 

of both polymer structure and identity of CPP present in the peptide through a mechanism 

driven by enhanced endocytosis, rather than passive diffusion due to physical membrane 

disruption. Enhancement of uptake was the greatest for peptides containing hydrophilic 

CPPs with high charge density, while polymer pretreatment was generally ineffective for 

delivering amphipathic CPPs containing more hydrophobic residues. The combined effects 

of polymeric hydrophobic moieties to promote lipid bilayer interaction, anionic carboxylates 

to electrostatically attract cationic peptides, and polymer pH-dependent endosome disruption 

enhanced CPP-modified intracellular model peptide bioavailability by up to 30-fold in 

a newly developed in vitro split-NanoLuc assay. The effective polymer dose across all 

assays was significantly below cytotoxic levels, indicating that polymer pretreatment 

robustly enhances peptide bioactivity in vitro without deleterious effects on cell viability. 

This sequential dosing approach has a substantial value toward enhancing the bioactivity 

of charged biomacromolecules through a simple, short-term polymer pretreatment, and 

our library of polymer formulations contributes new insights toward new materials for 

overcoming delivery barriers for a wide variety of intracellular therapeutic targets.

MATERIALS AND METHODS

Materials.

Dichloromethane (DCM, anhydrous, 99.8%), 1,4-dioxane (anhydrous, 99.8%), 

dimethylformamide (DMF, 99.8%, anhydrous), acryloyl chloride (97%), triethylamine 

(TEA, 99%), trifluoroacetic acid (TFA, 99%), tert-butyl acrylate (tBA, 98%), 

dimethylsulfoxide (DMSO, 99%), azobisisobutyronitrile (AIBN, 98%), 2,2′-dipyridyl 

disulfide (98%), FITC-dextran (4000, 40,000 g/mol), 1-pyrenebutyric acid (97%) Nile 

red, wortmannin (>98%), dynasore hydrate, methyl-β-cyclodextrin, and aluminum oxide 

(activated basic) were received from Sigma-Aldrich. Pentafluorophenol (99%) was received 

from Oakwood Chemical. N-propylamine (99%), n-butylamine (99%), n-hexylamine (99%), 

n-octylamine (99%), n-dodecylamine (99%), diethyl ether (anhydrous, 99%), acetone (99%), 

methanol (99%), hydrochloric acid solution (certified 0.0995–0.1005 N), and sodium 

hydroxide solution (certified 0.0995–0.1005 N) were received from Fisher Scientific. 

All MK2i and HiBiT peptide derivatives were received from EZBiolab. Bafilomycin A 
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(BafA) was received from Invivogen. Calcein Orange-Red AM, DAPI, AlexaFluor-488-N-

hydroxysuccinimidyl (NHS) ester, and AlexaFluor-488-NH2 were received from Thermo-

Fisher Scientific. Anisole (99%) was received from Acros. Deuterated chloroform and 

deuterated methanol were received from Cambridge Isotope Laboratories. Dialysis tubing 

(3500 MWCO) was received from Spectrum Labs. PD-10 desalting columns containing 

Sephadex G-25 resin were received from GE Healthcare. tBA was distilled under reduced 

pressure and filtered once over basic alumina; AIBN was recrystallized from methanol, and 

all other chemicals were used as received. Ethyl cyanovaleric trithiocarbonate (ECT) was 

synthesized as previously described.44

Monomer Synthesis.

Pentafluorophenol (10 g, 0.054 mol) was dissolved in anhydrous DCM to a final 

concentration of 10% (w/v), and TEA (6.0 g, 0.06 mol) was slowly added. The reaction 

vessel was cooled to 0 °C, and a solution of acryloyl chloride (5.4 g, 0.06 mol) in anhydrous 

DCM (20% v/v) was added dropwise. The reaction mixture was stirred at room temperature 

overnight, and the TEA-HCl salt was filtered. The crude product was concentrated under 

reduced pressure and distilled under reduced pressure to afford PFPA (9.6 g, 75% yield). 
1H NMR (400 MHz, CDCl3): δ 6.73 (dd, 1H), 6.37 (m, 1H), 6.18 (dd, 1H). 19F NMR (500 

MHz, CDCl3): δ −150.9, (d, 2F), −156.2 (t, 1F), −160.7 (t, 2F).

Polymer Synthesis.

The poly(tBA-co-PFPA) parent polymers were synthesized via RAFT polymerization. 

Monomers were combined at a 50:50, 70:30, or 90:10 ratio (mol/mol) of tBA/PFPA in 

a round bottom flask and dissolved in dioxane (40% w/w). ECT and AIBN were added 

such that the total ratio of monomer/CTA/initiator was 200:1:0.2. The reaction mixture was 

purged with nitrogen for 30 min and transferred to a 65 °C oil bath for 24 h. The crude 

polymer was diluted with acetone, transferred to a dialysis membrane, and dialyzed against 

acetone for 48 h with three solvent exchanges every 24 h. The product was dried under 

reduced pressure to afford poly(tBA-co-PFPA). Each polymer batch of a given composition 

was split into five portions for alkylamine grafting. In general, a given polymer batch was 

dissolved in DMF (10% w/v) with a 2-fold molar excess of a given alkylamine and a 2-fold 

molar excess of pyridyl disulfide to cap thiols generated from aminolysis of the chain-end 

trithiocarbonate. For fluorescently labeled polymers, a solution of AlexaFluor-488-NH2 

dissolved in minimal DMSO was added at a target ratio of 1 fluorophore per polymer. 

The reaction was stirred overnight, dialyzed against acetone for 24 h with three solvent 

exchanges, and dried under reduced pressure. Each polymer was stirred overnight in a 

solution of 1:1 DCM/methanol containing 10% TFA (v/v) and 1% anisole (v/v) to convert 

tBA to acrylic acid (AA). The reaction mixture was precipitated 3× into cold diethyl 

ether and dried under reduced pressure. Stock solutions of each polymer were prepared 

at 20 mg/mL in 0.1 M NaOH and diluted in pH 8.0 phosphate buffer (10 mM) to given 

concentrations where indicated.

Materials Characterization.

Monomer and polymer structures were determined using 1H NMR (Bruker, 400 MHz) and 
19F NMR (Bruker, 500 MHz). Polymer absolute molecular weight was determined using 
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gel permeation chromatography (GPC, Agilent Technologies) with 0.1% LiBr in DMF as 

the mobile phase with an inline refractive index detector (Agilent) and light scattering 

detector (Wyatt miniDAWN TREOS). Polymer pKa was measured using a Metrohm Titrino 

with automatic half-neutralization point calculation. Polymers were dissolved in 0.1 N 

NaOH (5 mg/mL) and titrated to the acid endpoint with 0.1 N HCl in 100 μL increments. 

Hydrophobic aggregation was measured using a modified critical micelle concentration 

assay as previously described.70 Briefly, polymers were diluted in pH 8 phosphate buffer (10 

mM) at given concentrations. A stock solution of Nile red in methanol (1 mg/mL) was added 

such that the final concentration was 0.01 mg/mL per sample. Samples were stored at room 

temperature in the dark for 24 h, and the Nile red fluorescence was read at 612 nm using a 

plate reader.

Hemolysis Assay.

The red blood cell assay was conducted as previously described.46 Briefly, whole human 

blood was obtained from an anonymous donor, and the isolated red blood cells were 

incubated with the polymer at a given concentration and pH at 37 °C for 60 min. The 

cellular debris was centrifuged, and the absorbance of the released hemoglobin in the 

supernatant was measured at 405 nm. Percent hemolysis was calculated using PBS as 

a negative control for 0% hemolysis and Triton X-100 as a positive control for 100% 

hemolysis.

Cell Culture.

Rat aorta vascular smooth muscle cells (A7r5) were received from ATCC and cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% FBS 

(Gibco) and 1% penicillin/streptomycin (P/S, Invivogen) at 37 °C and 5% CO2. Cells were 

passaged at 80–90% confluence, and the medium was refreshed every 2–3 days. All in vitro 

experiments were conducted on cells below passage number 10.

Cell Viability Assay.

Cells were seeded in a 96-well plate at 7500 cells/well and allowed to adhere overnight. The 

medium was replaced with OptiMEM (Gibco) supplemented with 1% FBS and 1% P/S at 

least 1 h before treatment. A given polymer solution (10 μL) in pH 8.0 phosphate buffer 

(10 mM) at 20× the final concentration was diluted in 190 μL of media, and the cells were 

incubated for 30 min. Cell viability was measured using the CellTiter-Glo assay (Promega) 

according to the manufacturer’s protocol, which detects exogenous ATP as a measure of 

cell death. Briefly, 100 μL of supernatant was transferred to a well plate, and 100 μL of 

CellTiter-Glo reagent was added. The remaining media were aspirated, the cells were lysed 

with 100 μL of Triton X-100 (2% v/v), and 100 μL of CellTiter-Glo reagent was added. Cell 

viability was calculated as the luminescence from the retained ATP divided by total (retained 

+ extracellular) ATP.

Confocal Microscopy.

Gal-8 Recruitment Assay.—YFP-Gal8 positive A7r5 cells were transduced as previously 

described.50 Cells were seeded in 8-chamber coverslips at 2500 cells/well and allowed to 
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adhere for 48 h. Polymer treatments were applied to cells at a final concentration of 100 

μg/mL in OptiMEM containing 1% FBS and 1% P/S, incubated for 30 min at 37 °C and 5% 

CO2, and immediately imaged via confocal microscopy (Nikon Eclipse Ti). Cells receiving 

Bafilomycin A (BafA) were first treated with 100 nM BafA in PBS immediately before 

adding polymer treatments. The number of Gal8-positive punctae per cell was determined 

using the particle counting algorithm in ImageJ.

Confocal Imaging of Fluorescent Polymers.—A7r5 cells were seeded in 8-chamber 

coverslips at 2000 cells/well and allowed to adhere for 48 h. Cells were treated with 10 μM 

DAPI and 10 μM Calcein Orange-Red AM in OptiMEM containing 1% FBS and 1 %P/S for 

30 min at 37 °C and 5% CO2. After 30 min, the cells were gently washed with warm media 

and incubated in fresh media for 30 min. Fluorescent polymer treatments were applied at 

a final concentration of 100 μg/mL in OptiMEM containing 1% FBS and 1 %P/S. Images 

were acquired after 5 min of polymer treatment.

Flow Cytometry Uptake Assay.

Cells were seeded at 60,000 cells/well in a 12-well plate and allowed to adhere overnight. 

The medium was replaced with OptiMEM (Gibco) supplemented with 1% FBS and 1% 

P/S at least 1 h before treatment. A given polymer solution (50 μL) in pH 8.0 phosphate 

buffer (10 mM) was added in a 500 μL total volume, and the cells were incubated for 

a given duration. The medium was aspirated, and fresh, pre-equilibrated OptiMEM was 

applied. AlexaFluor-488-labeled YARA-MK2i or R6-MK2i (50 μL) was added for a final 

concentration of 10 μM in 500 μL total volume, and the cells were incubated for an 

additional 30 min. The medium was removed, and the cells were washed once with a 

warm complete growth medium and twice with PBS −/−. For endocytosis inhibitor studies, 

cells were pretreated with wortmannin (100 nM), dynasore hydrate (100 μM), or methyl-β-

cyclodextrin (5 mM) for 30 min in OptiMEM with 1% FBS, 1% P/S. Fluorescently labeled 

polymer or peptide solutions were then added and cotreated with the inhibitor for 30 min. 

For polymer–peptide sequential treatments, polymer was cotreated with the inhibitor for 

30 min, the medium was replaced with fresh OptiMEM, and fluorescently labeled peptide 

solutions were added (without inhibitors). Cells were harvested using 0.25% trypsin (Gibco), 

centrifuged, and resuspended in PBS −/− with 0.1% FBS (v/v). Uptake was quantified by 

flow cytometry (BD LSRII) as the mean intracellular fluorescence of 10,000 cells/sample.

Membrane Permeability Assay.

Membrane permeability was evaluated by measuring intracellular FITC-dextran uptake. 

A7r5 cells were seeded in a 12-well plate at 60,000 cells/well and allowed to adhere 

overnight. A given polymer solution (50 μL) in pH 8.0 phosphate buffer (10 mM) was added 

in a 500 μL total volume of OptiMEM containing 1% FBS and 1% P/S for a final polymer 

concentration of 100 μg/mL, along with FITC-dextran with indicated molecular weight at 

10 μg/mL, and incubated for 30 min at 37 °C and 5% CO2. Intracellular fluorescence was 

immediately measured using flow cytometry.
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Peptide Synthesis.

Fluorecently labeled MK2i derivatives were synthesized by reacting each peptide with a 

3-fold molar excess of Alexafluor-488-NHS in a 4:1 solution of DMSO/100 mM sodium 

bicarbonate buffer (pH 8.3) for 4 h at room temperature in the dark. Excess fluorophore and 

DMSO were removed using PD-10 desalting columns, and the product was lyophilized and 

stored at −20 °C.

YARA-MK2i Activity in Vitro Via the CREB-Luc A7r5 Cell Line.

Generation of the CREB-Luc Positive A7r5 Cell Line.—For viral production, 

HEK-293T cells were plated in a T75 flask and grown to ~50% confluence. VSV-G-

expressing envelope plasmid pCMV-VSV-G (1 μg), psPAX2 packaging plasmid (10 μg), 

and pGF-CREB-mCMV-EF1 α-puro plasmid (10 μg) encoding dscGFP and luciferase in 

response to a cyclic AMP response element binding (CREB) protein activity at CREB 

transcriptional response elements (TREs) were transfected into cells utilizing the FuGENE 6 

transfection reagent (Promega) in DMEM with 5% FBS (no antibiotics). Twenty-four hours 

later, the treatment was removed and replaced with a fresh medium. Fifty-six hours later, the 

supernatant was collected, centrifuged @ 2000 × g for 10 min, and syringe filtered through a 

0.45 μm PTFE filter. The viral supernatant was stored at −80 °C until further use. A7r5 cells 

stably expressing luciferase downstream from a CREB TRE were generated by transduction 

with lentivirus diluted 1:2 in DMEM with 10% FBS and 8 μg/ml polybrene infection 

reagent (EMD Millipore) for 24 h. During the first 30 min of viral transduction, cells were 

spinoculated at 2000 rpm and then subsequently transferred to a cell culture incubator. After 

24 h, viral treatments were removed and the cells were incubated in a fresh medium for 

an additional 24 h. Cells were then selected over a 10 day period with escalating doses of 

puromycin (2.5–15 μg/mL). Selected cells were then harvested and stored in cryovials with a 

freezing medium (10% DMSO in FBS) in a liquid nitrogen cell cryotank until further use.

MK2i Bioactivity Screen.—CREB-luc positive cells were plated at 10,000 cells/well in 

a black-walled 96-well plate and allowed to adhere overnight. A given polymer solution (10 

μL) in pH 8.0 phosphate buffer (10 mM) was added to 90 μL of OptiMEM containing 

1% FBS and 1% P/S for a final concentration of 10 μg/mL. Polymer treatment was 

performed for 30 min followed by 100 μM YARA-MK2i for 2 h. Control experiments 

were performed with 100 μM YARA-MK2i alone for 2h, or with the polymer alone for 

30 min. The cells were carefully washed once with DMEM containing 10% FBS and 

stimulated with 20 ng/mL platelet-derived growth factor (PDGF, Peprotech) in DMEM 

containing 10% FBS for 18 h. The PDGF was removed, cells were treated with 150 μg/mL 

D-luciferin (Promega) in PBS, and luminescence intensity was measured using an IVIS 

imaging system (PerkinElmer). Luminescence was quantified relative to unstimulated cells, 

and polymer+peptide treatment groups were further normalized to polymer-only treatments. 

All statistics were calculated for n = 4 replicates.

Nanoluc Activity Assay.

Generation of the PH-LgBiT HEK 293 T Cell Line.—For Nanoluc cell line 

generation, a PH-LgBiT piggyBac vector was made by VectorBuilder (Figure S27). HEK 
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293 T cells were seeded into a 6 well plate at a density of 20,000 cells/well in DMEM 

supplemented with 10% serum and allowed to grow to 80% confluence. For transfection, 

4 μg of the PH-LgBiT piggyBac vector, 4 μg of piggyBac transposase, and 10 μL of 

Lipofectamine 2000 (Invitrogen) were added on top of the cells. After incubating for 24 h 

post-transfection, the medium was removed and changed to fresh DMEM with 10% serum. 

After another 24 h, cell selection was initiated by replacing the medium with DMEM 

supplemented with 10% serum and 5 μg/mL blasticidin. Cells were passaged again once 

they reached 80% confluency.

Nanoluc Activity Screen.—HEK PH-LgBiT cells were seeded into 96-well plates at a 

density of 20,000 cells/well and allowed to adhere for 48 h. Once sufficiently confluent, the 

medium was replaced with high glucose DMEM supplemented with 1% FBS, 1% pen-strep, 

and 25 mM HEPES, and the cells were incubated for 30 min to acclimate. Then, the medium 

was removed, and the cells were dosed with polymer solutions in pH 8.0 phosphate buffer 

(10 mM) for final concentrations of 200, 150, 100, 50, 25, or 0 μg/mL of polymer in 1% 

serum DMEM with P/Sand HEPES buffer. The cells were incubated for another 30 min, 

and then, the medium was removed. The cells were then treated with 1 μM of either YARA-

HiBiT (YARAAARQARA-VSGWRLFKKIS) or R6-HiBiT (RRRRRR-VSGWRLFKKIS) 

peptide in the same type of medium and incubated for another 30 min. Cells receiving 

pyrene butyrate (PyB) treatment during this step were incubated in PBS with PyB for 5 min 

before adding 1 uM YARA-HiBiT or R6-HiBiT so that the final PyB concentration was 200, 

150, 100, 50, or 25 μM. The medium was removed and replaced with DMEM supplemented 

with 10% serum, 1% pen-strep, and 25 mM HEPES buffer. The cells were incubated for 

another 2 h before the addition of the Promega NanoGlo Live Cell Assay substrate. The 

luminescence of the cells was immediately measured using a TECAN Infinite M1000 Pro 

plate reader in a kinetic cycle for 20 min. Peak luminescence values were calculated by 

taking the average of the five values at the peak of the kinetic curve.

Statistical Analysis.

Statistical analysis was conducted using oneway ANOVA and Tukey’s posthoc test for 

multiple comparisons. Analyses were performed using GraphPad Prism (La Jolla, CA). 

Statistical significance was accepted for p < 0.05, and data are presented as mean ± standard 

deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Polymers with ideally tuned anionic and hydrophobic content induce pH-dependent 

membrane disruption. (A) Polymer pKa as determined by acid–base titration. (B) Polymers 

were screened in a pH-dependent red blood cell hemolysis assay at 5 μg/mL as a gauge for 

cytocompatibility and endosome escape capability. (C) YFP-Gal8 reporter cells were treated 

with polymers at 100 μg/mL and imaged via confocal microscopy to visualize endosome 

disruption. (D) Gal8 recruitment into punctate spots was quantified via ImageJ (n = 10). 

**** = p < 0.0001, ns = p > 0.05.

Dailing et al. Page 22

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 May 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Cell surface polymer premodification enhances peptide cellular uptake in vitro and is 

dependent on both the polymer structure and peptide cationic CPP sequence. Fold change in 

the mean fluorescence intensity of cells treated with polymers followed by AlexaFluor-488-

modified (A) YARA-MK2i or (B) R6-MK2i in a 5:1 polymer/peptide mass ratio (n = 

3). Fold change in the mean fluorescence intensity of cells treated with 70:30 AA:octyl 

followed by AlexaFluor-488-modified (C) YARA-MK2i or (D) R6-MK2i as a function of 

polymer/peptide mass ratio (n = 3).
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Figure 3. 
Polymer pretreatment results in the greatest enhancement of uptake for peptides with 

densely cationic cell penetrating sequences. (A) Flow cytometry histograms of mean 

intracellular fluorescence following sequential treatment with indicated polymer and 

AlexaFluor-488-modified MK2i with indicated cationic CPP sequences. (B, C) Fold 

change in the mean fluorescence intensity of cells treated with polymers followed by 

AlexaFluor-488-modified MK2i with indicated cationic CPP sequences (n = 3). * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. D–I) Peptide uptake plotted as 

a function of (D, E) CPP charge density (total charge at pH 7/# of AAs), (F, G) isoelectric 

point, and (H, I) total peptide charge (total # of cationic residues at pH 7).
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Figure 4. 
Polymer hydrophobicity promotes cell membrane association. (A) Proposed mechanism for 

polymer-enhanced peptide uptake: polymers stably insert into the cell membrane through 

hydrophobic interactions and attract cationic peptides to the cell surface through electrostatic 

interactions. (B) Confocal microscopy of A7r5 cells treated with the AlexaFluor-488-labeled 

polymer for 5 min. Nuclei are stained with DAPI, and cytoplasm is loaded with Calcein 

Orange-Red. (C) Confocal z-slice with arrows indicating polymers associated with the cell 

membrane.
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Figure 5. 
Polymer–peptide interactions at the cell membrane do not induce passive diffusion into the 

cell by creating membrane leakiness. Fold change in the mean fluorescence intensity of 

A7r5 cells treated with FITC-Dextran and indicated polymers (n = 3, ns = p > 0.05).
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Figure 6. 
Polymer pretreatment enhances the intracellular bioactivity of CPP-modified HiBiT peptide 

in the NanoLuc luminescence assay. (A) NanoLuc assay utilizes cells expressing the LgBiT 

domain genetically fused with a pleckstrin homology domain (PHD) to retain LgBiT onto 

the intracellular cytoskeleton, preventing false positives through extracellular secretion or 

leakage of LgBiT into the media. Cytosolic reconstitution between LgBiT and the CPP-

modified HiBiT peptide produces a luminescence signal in the presence of the substrate. 

(B) Fold change in intracellular luminescence relative to peptide alone in HEK-293 T 

cells expressing LgBiT following sequential treatment with the indicated polymer and CPP-

modified HiBiT peptide (n = 4). Individual markers above each point indicate significant 

signal enhancement relative to no polymer pretreatment. (C) Viability of HEK-293 T cells 

following polymer and peptide treatment (n = 4). Individual markers above each point 

indicate significant change in viability relative to PBS. * = p < 0.05, ** = p < 0.01, *** = p 
< 0.001.
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Scheme 1. Synthesis of a Polymer Library Containing Anionic Groups and Aliphatic Alkyl Side 
Chains with Highly Defined Length and Densitya

a (A) A library of random copolymers of acrylic acid and alkyl acrylamides was synthesized 

via RAFT polymerization of t-butyl acrylate (tBA) and pentafluorophenyl acrylate (PFPA) 

and subsequent grafting of alkyl amines through the pentafluorophenyl ester. (B) A 

combinatorial library of 15 polymers with varying lengths and densities of alkyl side chains 

was prepared via controlling the comonomer ratio and alkyl amine structure. Color is 

illustrative of relative anionic (blue) and hydrophobic (red) content.
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Table 1.

Polymer Composition, Molecular Weight, and Dispersity as Determined by 1H NMR (a) and GPC (b)

monomer feed (tBA/PFPA) product composition (tBA/PFPA)a Mn (g/mol)b Ð b alkyl groups/polymera COOH/polymera

50:50 45:55 26,900 1.06 78 64

70:30 71:29 29,300 1.10 53 129

90:10 86:14 27,100 1.08 26 167
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