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vehicles, and inefficient cellular uptake. This last criterion is particularly challenging for anionic
proteins as they cannot cross the anionic plasma membrane. Here we investigated the complex
coacervation of anionic proteins with a block copolymer of opposite charge to form
polyelectrolyte complex (PEC) micelles for use as a protein delivery vehicle. Using genetically
modified variants of the model protein green fluorescent protein (GFP), we evaluated the role of
protein charge and charge localization in the formation and stability of PEC micelles. A neutral-
cationic block copolymer, POEGMA79-b-qP4VP+75, was prepared via RAFT polymerization for
complexation and microphase separation with the panel of engineered anionic GFPs. We found
that isotropically supercharged proteins formed micelles at higher ionic strength relative to
protein variants with charge localized to a polypeptide tag. We then studied GFP delivery by
PEC micelles and found that they effectively delivered the protein cargo to mammalian cells.
However, cellular delivery varied as a function of protein charge and charge distribution and we
found an inverse relationship between the PEC micelle critical salt concentration and delivery
efficiency. This model system has highlighted the potential of polyelectrolyte-complexes to
deliver anionic proteins intracellularly as well as the importance of correlating solution structure

and desired functional activity.



Introduction

Advances in genetic engineering and biotechnology have provided the ability to design, develop,
and produce proteins as therapeutic treatments. To date, hundreds of protein therapeutics have
been developed and approved by the FDA. However, currently approved protein therapies act
primarily on extracellular or membrane-bound targets.” This is largely due to the inability of
proteins to cross the cell membrane and access intracellular targets.’-® To fully realize the
promise of protein therapeutics, efficient intracellular protein delivery is required. Intracellular
delivery of a protein molecule, as opposed to the cDNA or mRNA for the cell to produce the
protein itself, ensures the best control over dosage.* Current methods of protein delivery have a
few key shortcomings including inefficient cellular uptake and poor endosomal escape.
Therefore, to capitalize on the potential of genetic and protein engineering to treat disease, new
methods for intracellular protein delivery are needed.34

Two major strategies have been studied to improve intracellular protein delivery: increasing the
hydrophobicity of the protein and increasing the cationic charge on the protein.® It has previously
been demonstrated that hydrophobic proteins can translocate across the cell membrane, most
likely due to favorable hydrophobic interactions with the lipid bilayer. Mix et al. were able to
deliver an esterified green fluorescent protein (GFP) directly to the cytosol.® Esterification of the
carboxyl groups with a hydrophobic diazo compound was sufficient for the protein to directly
cross the cellular membrane. Additionally, hydrophobic cell-penetrating peptides (CPPs) have
been shown to deliver GFP to HelLa cells.” Cationic CPPs, particularly peptides with a high
fraction of arginine residues, have been shown to similarly facilitate intracellular protein
delivery.®-"" Similarly, proteins with significant cationic charge, native or engineered, can also
be internalized efficiently by cells.'2'3

For anionic proteins to cross the cellular membrane they must overcome the Coulombic
repulsion from the negatively charged extracellular membrane'* and the hydrophobic nature of
the lipid bilayer.® It is for this reason that anionic proteins remain a particular challenge to deliver
intracellularly. Yet at the same time, the delivery of highly anionic nucleic acids has been
successfully demonstrated and implemented. Several approaches to deliver anionic proteins
has taken inspiration from DNA delivery approaches. These include the formulation of protein

nanoparticles,’®'® polymer nanoemulsions,'®2° and liposomes.2'-22 While all have
y



demonstrated successes, these techniques tend to be better suited for nucleic acid delivery due
to the high charge density of nucleic acids.

An alternative approach for protein delivery uses polyelectrolyte complex (PEC) micelles formed
between a protein and diblock copolymer. This approach still looks to DNA delivery for
inspiration, as PEC micelles were initially developed by Kataoka et al. for nucleic acid delivery
in the late 1990’s.24-2” These PEC micelles are formed from the electrostatic attraction between
a diblock copolymer with a charged block and a hydrophilic charge-neutral block and a protein
of opposite charge.?® Encapsulating supernegatively charged proteins in the core of a PEC
micelle could potentially serve to shield the protein from enzymatic degradation prior to delivery,

promote intracellular delivery of the protein, and even facilitate endosomal escape.?®

PEC micelles have been demonstrated to successfully deliver nucleic acids, but because
proteins have a lower charge density, initial studies have shown that at physiological ionic
strength, protein-based PEC micelles dissociate.3%3! To overcome this challenge, previous work
has explored different ways to increase the charge density of the PEC micelle core. One strategy
is to introduce a third polyelectrolyte, which would be co-encapsulated in the micelle core with
the like-charged protein. While this strategy has been shown to increase the salt stability of the
micelle, the protein component partitioned out of the micelle below the micelle critical salt
concentration, rendering this approach infeasible for applications at physiological conditions.32:33
Another strategy is to increase the net charge of the protein itself. Increasing the net negative
charge of four model proteins, a-chymotrypsinogen, lysozyme, myoglobin, and RNase A, by
chemical supercharging was shown to increase the salt stability of PEC micelles.3* Similarly,
supercharging equine heart cytochrome c (CytC) and immunoglobulin G (IgG) with citraconic
anhydride or cis-aconitic anhydride resulted in the formation of PEC micelles that remained
stable at physiological ionic strength.2%:3%36 The reversible nature of the chemical supercharging
of proteins in this approach had the added benefit of promoting pH responsive PEC micelle

dissolution and endosomal escape in model mammalian cell lines.

While chemical supercharging a protein has produced salt stable PEC micelles for intracellular
delivery, there are a few drawbacks to this strategy. Chemical supercharging results in a
distribution of supercharged proteins, with polydisperse charge densities; the behavior of the

resultant proteins is dependent on reaction conditions and degrees of supercharging, with high



degrees of supercharging frequently required for improved delivery efficiency.3¢ Additionally,
many proteins are not stable or catalytically active at the degree of modification required for salt-
stable micelle formation. Genetic engineering enables the selection of the location of each
charged residue on the protein surface and a monodisperse distribution of net charge. Based on
previous work on complex coacervation with homopolymers, protein charge distribution can also
impact the conditions where phase separation is observed.>~%? To date, both the effect of the
degree of protein supercharging and charge distribution on PEC micelle formation and stability
has yet to be established. In this work, genetic engineering was used to precisely control the
number and location of charges on a model protein, GFP. A relationship between protein net
charge and charge distribution on micelle stability was established and, for isotropically charged
proteins, this relationship was consistent with the behavior of analogous bulk-phase
coacervates. In addition, the effect of PEC micelle stability on intracellular delivery efficiency was
assessed.

Results and discussion
Design of protein-polyelectrolyte delivery system.

Given the inability of anionic proteins to enter cells, we designed a polymer delivery vehicle to
improve intracellular delivery (Scheme 1a). This approach relies on complexation and
microphase separation of anionic proteins with a cationic block copolymer. At appropriate
solution conditions, mixing GFP with this block copolymer results in the formation of spherical
polyelectrolyte complex (PEC) micelles with a GFP-rich core. However, in order to effectively
deliver proteins using this approach, an understanding of how protein properties impact the
formation and stability of PEC micelles is needed. To assess the effect of protein charge on PEC
micelle formation and stability, we generated a library of negatively charged superfolder GFP
(sfGFP) mutants (Scheme 1b). We have previously demonstrated the relationship between
protein charge and both the nature of phase separation (solid or liquid) and the phase behavior
at increased ionic strength.3” Based on these prior findings and the requirement for phase
separation at physiological ionic strength, only GFP variants with higher net charge were
investigated. A panel of GFP mutants with an expected charge of -18, -24, and -30 were
evaluated. For each of these variants, the charge was distributed isotropically across the protein

surface.
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Scheme 1. (a) Schematic of polyelectrolyte core (PEC) micelle formation.
(b) Electrostatic maps of GFP(-7) (superfolder) and supercharged GFP
variants studied here. (c) Synthesis of the diblock copolymer,
POEGMA,-b-qP4VP ., via RAFT polymerization. The chain transfer agent
(CTA) used was 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid, the
initiator used was azobisisobutyronitrile (AIBN), and the OEGMA monomer

Variants with equivalent charge localized to a C-
terminal polypeptide tag were also generated.
The addition of glutamate and aspartate residues
at the C-terminus of GFP generated variants with
a polyionic tag that provided a localized charge
The
tagged variants with net charge of -18 and -24

patch for polyelectrolyte complexation.
were successfully characterized, but insufficient
quantity of pure tag-GFP(-30), with 24 charged
residues localized to the C-terminus, was
produced for characterization (Supporting Figure
S1). Finally, the unmodified sfGFP protein was
also characterized for comparison to the globular
domain of the tagged variants. The hydrodynamic
radius of purified proteins was characterized by
DLS. As expected, all characterized proteins had
a hydrodynamic radius of approximately 2 nm,

with the exception of GFP(-18) (Supporting

used had a M_ =300 g/mol (n ~4-5).

Figure S1). GFP(-18)

population with an average radius of 2 nm, but also had a population with a larger radius (~11

had a monomeric

m). This larger population has been interpreted as protein multimers, which is consistent with
the ability of sSfGFP to form a weak dimer.3

We then proceeded to design a block copolymer that could complex these anionic proteins and
form PEC micelles (Scheme 1c). A neutral-cationic diblock polymer was designed with a
poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) charge neutral block and a
quaternized poly(4-vinyl-N-methylpyridinium) (qP4VP) cationic block. POEGMA was chosen for
the neutral corona block, due to demonstrated cytocompatibility and its comb-like architecture,
which has been shown to increase cellular uptake over linear poly(ethylene glycol).***> The
strong polycation, qP4VP, was selected for the cationic block because previous work had
carefully characterized the phase behavior of these anionic GFPs with a gP4VP homopolymer.3’

To prepare the block copolymer, the POEGMA block was first synthesized by reversible addition-



fragmentation chain-transfer (RAFT) polymerization. The molecular weight of the POEGMA

block, Mn = 23.7 kg mol-!, was determined by gel permeation chromatography (Supporting Figure

S2). Subsequently, the poly(4-vinylpyridine) (P4VP) block was synthesized via RAFT

polymerization, using the POEGMA block as a
macromolecular chain transfer agent. The
resulting block copolymer had a block ratio with
2.2 4VP monomers to 1 OEGMA monomer, as
determined by 'H NMR (Supporting Figure S3).
The P4VP block was quaternized (~95%) with an
excess of methyl iodide, resulting in the final block
copolymer, POEGMA79-b-qP4VP175 (Supporting
Figure S3).

Polyelectrolyte complex (PEC) micelle

formation.

Micelle formation was initially studied by
evaluating several protein and block copolymer
mixing ratios using dynamic light scattering (DLS)
in the absence of salt (Figure 1a, Supporting
Figure S4). For these experiments, the overall
macromolecule concentration was kept constant
at 0.2 mg mL-". All of the mutants formed micelles
at several mixing ratios. Our first observation was
that PEC micelles form at positive charge
fractions, f *, greater than 0.5. Because
polyelectrolyte complex micelle formation is
driven by polyelectrolyte complexation, we would
expect micelle formation to be most favorable at
charge neutrality or f*= 0.5. We hypothesize that
this shift to higher charge fractions, which

indicates that phase separation is favored in the
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Figure 1. Effect of protein charge on the formation of polyelectrolyte
complex micelles (PECMs). (a) Representative DLS micelle intensity
traces for samples prepared with 0.1 mg mL™" protein and 0.1 mg mL"
polymer in 10 mM tris, pH 7.4. Traces are an average of 3 samples
measured 1 h after mixing. (b) Micelle radius as measured by TEM, n=50.
The black bar indicates the mean. (c) TEM micrographs of PECMs
prepared with 0.05 mg mL"' protein and 0.05 mg mL"', with the exception of
GFP(-7) and tag-GFP(-24) which were prepared with 0.1 mg mL™" protein
and 0.1 mg mL™". Scale bar = 200 nm.



presence of excess positive charge, is due to the ionizable nature of proteins. Upon
complexation with the polycation, ionizable side chains (His, Lys, Arg) can alter protonation
state, making the protein more net negatively charged. Upon charge regulation, fewer proteins
are required per polymer chain to achieve charge neutrality. Interestingly, for the isotropic
supercharged variants, the charge fraction that resulted in the maximum derived count rate for
each mutant decreased with decreasing protein net charge. The derived count rate is correlated
with the DLS scattering intensity and is indicative of higher concentration or larger particles.
While potentially counterintuitive, as this implies that fewer of the less negatively charged
mutants are required to neutralize the polymer, this is also consistent with previous observations
of anionic GFP macrophase separation.3” We hypothesize that for less negatively charged
proteins, there are more opportunities for induced charging in the presence of the polycation,
resulting in a larger deviation from the hypothetical charge neutral mixing ratio. In addition to the
optimal mixing ratio depending on protein charge, the charge distribution also impacted micelle
formation as a function of mixing ratio. For example, tag-GFP(-24) formed PEC micelles over
fewer mixing ratios than GFP(-24) (Supporting Figure S4). This is also consistent with previous
findings, where phase separation of proteins with polyionic tags was observed for fewer mixing
ratios than their isotropically charged analogs. We hypothesize this behavior can be attributed
to either differences in protein geometry or the comparatively lower average distance between
like charges for the tagged variants.

The formation of spherical micelles was confirmed by transmission electron microscopy (TEM,
Figure 1b,c, Supporting Table S2) for most of the GFP variants. These GFP variants formed
spherical micelles in 10 mM tris with 0 mM NaCl. Micelles formed from tag-GFP(-18) could not
be visualized by TEM. Clusters of several spherical particles were observed for some of the
isotropic variants and were excluded from subsequent particle size analysis. The hydrodynamic
radius determined by TEM was smaller than that determined by DLS. We hypothesize this
discrepancy is a result of only the core of the micelle having sufficient electron density to
generate contrast in TEM.%647 For the isotropic supercharged variants, the least negatively
charged protein, GFP(-18), had the largest radius both by TEM and DLS. One hypothesis for
this observation is that PEC micelles formed with the less negatively charged GFP mutant would
require more protein molecules in the core to achieve charge neutrality, resulting in a larger core.

This is consistent with previous research with lipase, where a positive correlation between the



number of lipase molecules in the core of the micelle and the size of the PEC micelle core was
observed.?® The other two isotropic variants showed similar radii by both measurements. In
contract, for the tagged GFP variant, tag-GFP(-24), the radii measured by DLS and TEM were
nearly identical. We hypothesize this was due to the swelling of these micelles upon dilution for
TEM analysis. This swelling in the absence of salt was only observed for tag-GFP(-24), most

likely due to the lower salt stability of this variant, as described below.
PEC micelle stability.

With the addition of small amounts of NaCl (25 mM), the hydrodynamic radius of PEC micelles
formed with isotropically supercharged GFPs decreased (Figure 2, Table 1, Supporting Table
S3). By DLS, micelles formed with GFP(-18) decreased by ~30% and those formed by GFP(-
24) and GFP(-30) deceased by ~25% with the addition of 25 mM NaCl. However, this decrease
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Figure 2. PECM stability as a function of protein charge. (a) Temporal stability of micelles was evaluated using the hydrodynamic radius of the DLS intensity
of peak 1 over time. Samples were prepared with 0.1 mg mL™" protein and 0.1 mg mL" polymer in 10 mM tris, pH 7.4 with 25 mM NaCl. (b) Salt stability as
measured by the hydrodynamic radius determined from the DLS intensity of peak 1. The shaded area corresponds to the standard deviation of three
repliactes. Samples were prepared with 0.1 mg mL™" protein and 0.1 mg mL™" polymer in 10 mM tris, pH 7.4 with varying concentrations of NaCl. (c) Temporal
stability of the PECMs was also evaluated at physiological ionic strength (150 mM NaCl) as in (a). (d) TEM micrographs of GFP(-24) and GFP(-30) based
PECMs prepared at different salt concentrations. Samples were prepared with 0.05 mg mL™" protein and 0.05 mg mL" at 25, 125, and 150 mM NaCl. Scale
bar =200 nm.
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in size is not reflected in the radius measured by TEM (Table 1). This indicates that while the
small addition of salt does not cause the core to swell, it might alter the nature of the phase
separation in the core. Increasing the system ionic strength would make the core either more
liquid-like, if it was solid or gel-like at 0 M NaCl, or decrease the viscosity of a liquid core, resulting
in a PEC micelle population with fewer kinetically trapped aggregates and an overall narrower
particle size distribution. This was reflected in the decrease in polydispersity index (PDI) as
measured by DLS (Supporting Tables S2-3). The PDI of the PEC micelles formed in 25 mM
NaCl was half that of the PEC micelle solutions with no salt. The decrease in the standard
deviation of the intensity peaks further reflect that the addition of 25 mM NaCl results in a more
homogeneous particle population.

In contrast, the hydrodynamic radius of micelles formed with a tagged GFP variant, tag-GFP(-
24), increased by ~15% under the same conditions and the PDI did not decrease with the
addition of a small amount of salt. We hypothesize that the PEC micelles formed with this tagged
variant resulted in a liquid-like core with a lower viscosity than PEC micelles formed with isotropic
variants. This is based on previous findings that demonstrated that tagged GFP variants were
more likely to form liquid complex coacervates with a qP4VP homopolymer.3” Isotropic GFP
variants formed solid precipitates with the same qP4VP homopolymer. While the lower
macromolecule concentrations used in this study likely prevents the formation of solid
complexes, as indicated by the spherical nature of the PEC micelles at low salt, we propose that
the addition of salt to this PEC micelle system decreases the viscosity of the core, enabling more
rapid chain rearrangement and exchange. This results in smaller PEC micelle hydrodynamic
radii with the isotropic mutants at low salt concentrations. However, the lower net charge tagged
variant, tag-GFP(-18), showed similar behavior to the isotropic variants with both a decrease in
micelle size and PDI upon the addition of 25 mM NaCl. This variant had a derived count rate
that was nearly an order of magnitude lower than the other variants, indicating limited formation
and stability of PEC micelles. We attribute the different behavior of tag-GFP(-18) to the relatively

poor formation of micelles even in the absence of salt.

The colloidal stability of the micelles at low salt was monitored for 7 days by DLS (Figure 2a). In
addition to all GFP variants forming PEC micelles at low salt, all mutants formed micelles that

remained colloidally stable for 7 days in the presence of 25 mM NaCl. Under these conditions,



minimal micelle swelling was observed in the first 8 h for tag-GFP(-18) (+7 £ 5%), tag-GFP(-24)
(+4 £ 3%), GFP(-24) (+4 £ 8%), and GFP(-30) (+6 + 9%). On the other hand, in 25 mM NaCl
GFP(-18) micelles swelled +19 + 1% in the first 8 h and were +43 + 7% larger than the original
size by 24 h. Following this initial swelling, GFP(-18) micelles remained stable at this size for the
remainder of the week. Interestingly, this swollen micelle size for GFP(-18) in 25 mM NaCl was
similar to the micelle size in the absence of NaCl (117 £ 12 nmatt=0in 0 mM NaCl and 119
8 nm at t =24 h in 25 mM NacCl). This swelling behavior of GFP(-18) micelles at modest ionic
strength was observed at non-equal mass mixing ratios as well (Supporting Figure S5). In
addition to changes in micelle size, the derived count rate for GFP(-18) micelles also indicated
changes in temporal stability at 25 mM NaCl (Supporting Figure S6). Without the addition of salt,
the micelles maintained a constant derived count rate over 7 days. But, with the addition of 25
mM NacCl, micelles formed with GFP(-18) saw an initial increase in the derived count rate over
the first 24 h, but then had a stable count rate for the next 6 days, again indicative of an increased

particle size in solution.

After establishing the colloidal stability at low salt, micelle formation and stability as a function of
ionic strength was assessed (Figure 2b). Mixtures of protein and polymer at varying ionic
strengths were prepared by first mixing protein solutions with different quantities of a 5 M NaCl

Table 1. Summary of PEC micelle data for protein panel

Critical Salt
Protein f+ Protein Fraction ru, nm, DLS ru, nm, TEM ru, nm, DLS ru, nm, TEM Concentration,
mM
0 mM NacCl 25 mM NaCl

sfGFP(-7) 0.91 0.5 671 379 98+3 - 25
0.85 0.4 90+4 68 +2 59+15 125

GFP(-18)
0.79 0.5 117 + 12 57+13 83+1 59+12 125
GFP(-24) 0.73 0.5 101+12 36+12 724 45+11 175
GFP(-30) 0.69 0.5 92+14 40+ 8 655 59+13 225
tag-GFP(-18) 0.79 0.5 119+7 - 105+6 - 75
tag-GFP(-24) 0.74 0.5 601 59+13 70+ 2 - 100

solution, followed by addition of the polymer solution. Shortly after mixing, the particles in solution
were monitored by DLS. Critical salt concentrations were established by the observed swelling
of the hydrodynamic radius as a function of salt concentration (Figure 2b, Table 1). These

observed increases in hydrodynamic radius also corresponded with a decrease in the derived



count rate, indicating a decrease in the scattering intensity of the solution (Supporting Figure
S7).

The isotropically charged mutants demonstrated a clear trend with increasing negative charge
improving the micelle salt stability (Table 1). As the magnitude of protein charge increases, so
does the number of potential interaction sites with the polycation, resulting in an increase in the
overall strength of interaction between the polymer and protein. Therefore, a higher salt
concentration was required for microphase separation to no longer be entropically favorable. In
comparison, we observed that micelles formed from tagged GFP variants had lower critical
micelle salt concentrations. We hypothesize that this is due to differences between the
interactions of the globular domain with the qP4VP block and the polyionic tag with the gP4VP
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(c\% physiological ionic strength, albeit at a 5-fold
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the free protein (~7 nm particles; ~2 nm protein) were observed via the DLS number distribution
at higher salt concentrations (Supporting Figure S8). This behavior was not observed for GFP(-
24) PEC micelles. We hypothesize that the increasing salt concentration preferentially screens
the interactions between the polymer and the protein globular domain, which has an expected
charge of -7, but not between the polymer and the charged tag, which has an expected charge
of -18. Polymer interactions with both the tag and globular domain would allow more than one
polymer chain to interact with each protein within the PEC micelle core. Screening the polymer-
globular domain interactions could result in PEC micelle swelling and dissociation. Given that
the tagged variants have the least negative globular domain, we would then expect the critical
micelle salt concentration of the tagged variants to be the lowest. But concurrently, the tag
domain could still facilitate interactions with the polymer above the critical micelle salt
concentration but below the critical salt concentration established with the qP4VP homopolymer.
This could result in the formation of smaller protein-polymer complexes with one polymer
molecule complexed with a few proteins, indicated by the ~7 nm particle size that is observed
by DLS.4849

To better understand the particle populations present during protein delivery applications, the
temporal stability of the PEC micelles at physiological ionic strength was monitored (Figure 2c).
GFP(-24) and GFP(-30), which formed PEC micelles with a critical salt concentration greater
than 150 mM NacCl, remained colloidally stable for 7 days. The less negatively charged variant,
GFP(-18), which had a critical salt concentration near physiological ionic strength, formed
micelles that swelled slightly over time and over the course of the week had a slight decrease in
scattering intensity of the solution, as monitored by the derived count rate. Conversely, the
tagged GFP variants rapidly swelled (~2-8 h) in the presence of 150 mM NaCl and demonstrated
decreased scattering intensity as evidenced by the decrease in the derived count rate
(Supporting Figure S7). To support these DLS results, micelles formed with GFP(-24) and GFP(-
30) at increased salt concentrations were characterized by TEM (Figure 2d, Supporting Tables
S4-5). Analysis of the TEM images confirms that there was no increase in the hydrodynamic
radius as the salt concentration was increased from 25 mM to 125 mM NaCl. As the salt
concentration was further increased to 150 mM, swollen PEC micelles were observed for
micelles formed with GFP(-24). While this is below the critical salt concentration determined by

DLS, the samples were diluted immediately prior to TEM imaging, which may impact the



observed micelles. As the critical salt concentration by DLS was even higher for GFP(-30)
micelles, a similar increase in size was not observed by TEM at 150 mM NacCl.

GFP delivery with PEC micelles.
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anionic GFPS, resulted in a minimal decrease in  Jurkat T cells. The mean, standard deviation, and individual data points of
3 biological replicates are shown. (b) Fraction of GFP* PECM treated

i ih H 1 Jurkat T cells, gated for T cells. The mean, standard deviation, and

Ce” Vlablllty (Flgure 4a’ Supportlng Table 86) individual data points of 3 biological replicates are shown. (c) Histograms

. of GFP intensity of PECM treated Jurkat T cells, gated for T cells. Shown
Treatment W|th the free p0|ymel’, however, are overlayed histograms for 3 biological replicates.



resulted in approximately a 20% decrease in cell viability (Figure 4a, Supporting Table S6). For
the micelles formed with tag-GFP(-24) and GFP(-18), which have a critical salt concentration
below 150 mM, cell viability saw a similar 20% decrease upon incubation with micelles. GFP(-
24) and GFP(-30) micelles, which were stable at physiological ionic strength, resulted in modest
decreases in viability (8% and 5%, respectively, Figure 4a). We hypothesize that the decrease
in cell viability predominantly correlates with the concentration of free polymer in solution, which
increases as micelle stability decreases. Importantly though, the interest in using polycations for
nucleic acid delivery has spurred the study of cytocompatible polycations.5? Altering the
polycation in this system could, therefore, further reduce the observed cytotoxicity.

GFP delivery efficiency to Jurkat cells was quantified by flow cytometry (Figure 4b,c Supporting
Table S6). Cellular uptake of GFP(+6)-6R was 10-fold greater than uptake of any of the anionic
proteins variants, demonstrating the challenge of delivering negatively charged proteins
(Supporting Figures S10-16). Critically, complexation of the anionic proteins with the cationic
block copolymer resulted in successful internalization of the GFP variants. PEC micelles formed
with the most anionic protein, GFP(-30), resulted in the least efficient cellular uptake, with only
a 5-fold increase over the free protein solution (Figure 4c). Cellular delivery efficiency further
increased for both GFP(-24) and GFP(-18) PEC micelles, with uptake similar to the cationic GFP
control (Figure 4b,c). GFP(-18) delivery by micelles was also modestly dependent on the protein
and polymer mixing ratio, with the higher positive charge fraction (f * = 0.85) showing a 50%
increase relative to a mixing ratio with more of the anionic protein (f* = 0.79) (Supporting Figures
S11 and S16). We hypothesize that these changes in cellular delivery correlate with the
scattering intensity of the micelles at low salt, which would be indicative of more particles
scattering in solution (Supporting Figure S5). Tag-GFP(-24) PEC micelles resulted in the most
efficient cellular uptake, with a 100-fold increase over anionic proteins alone and a 10-fold
increase compared to the cationic GFP(+6)-6R control (Figure 4c). These combined results
reveal a convincing inverse relationship between micelle stability and delivery efficiency. We
initially hypothesized that a PEC micelle <200 nm in diameter at physiological ionic strength
would result in the most efficient GFP delivery. However, the most salt stable micelles, formed
with the GFP(-30) mutant, have a hydrodynamic diameter less than 200 nm at physiological ionic
strength but delivered the least efficiently. We therefore propose that smaller protein/polymer

complexes are more efficiently delivered than intact micelles. While PEC micelles formed with



Nuclear Stain tag-GFP(-24) were not stable in solution at
physiological ionic strength, the anionic protein
likely still interacts with the polymer at this ionic

4 GFP(-18)

strength forming small complexes, as evidenced
by DLS. These smaller complexes, particularly if
they contain excess cationic charge, would more

preferentially interact with the cellular membrane

B GFP(-24)

and be more effectively endocytosed. While not
as drastic for the isotropic GFP variants with
intermediate charge, the modest PEC micelle

¢+ tag-GFP(-24)

stability near physiological ionic strength
suggests that these proteins may similarly have
preferential uptake through smaller

* GFP(-30)

protein/polymer complexes.

Finally, the uptake of GFP was corroborated by

GFP(+6)-6R

confocal microscopy, which correlated with the

flow cytometry analysis (Figure 5, Supporting

Figure 5. Confocal images of Jurkat T cells. Cells were incubated with GFP
containing micelles for 1 h and then washed 3x with DPBS. Cells were fixed

with 4% formaldehyde in DPBS and stained with NucBlue for 15 min. scale  -igure  S17). For all GFP variants, cellular
e internalization was observed after 1 h of
incubation with PEC micelles or cationic protein. The cationic poly(arginine) tag protein was
observed to co-localize with a dye that stains lysosomes (LysoTracker), consistent with
internalization via endocytosis (Supporting Figure S17).9535 GFP delivered by PEC micelles
was observed to be associated with the perimeter of the cell and primarily localized in puncta,

the latter also consistent with internalization via endocytosis.*®

Conclusions

A panel of anionic supercharged GFPs and a cationic diblock copolymer were developed to
study the impact of protein charge and charge distribution on PEC micelle formation for
intracellular protein delivery. All of the proteins formed PEC micelles with the diblock copolymer

at several mixing ratios. Supercharging the model protein with a polyionic tag produced PEC



micelles with a liquid-like core, whereas isotropically supercharging GFP resulted in PEC
micelles with a less dynamic core in the absence of salt. Increasing the solution ionic strength,
resulted in isotropic PEC micelles with a more dynamic core as evidenced by a smaller
hydrodynamic radius and lower polydispersity index. All mutants produced PEC micelles that
remained colloidally stable for 1 week at low ionic strength. Supercharging GFP with an anionic
tag produced PEC micelles with lower critical salt concentrations, suggesting that polymers in
the PEC micelle core interact differently with the protein tag and the globular domain. The critical
salt concentration of the isotropic variants increased with decreasing protein net charge, which
is consistent with prior work showing a monotonic increase as a function of protein charge. The
intracellular delivery of the PEC micelles was compared to a GFP control with a cell-penetrating
poly(arginine) peptide. Complexation of the anionic proteins with the cationic block copolymer
resulted in internalization of the GFP variants at least as efficiently as the cationic protein control.
An inverse relationship was established between GFP delivery efficiency and PEC micelle salt
stability, indicating that smaller protein/polymer complexes are more efficiently delivered to cells.
This highlights the importance of characterizing both the solution structure and activity of
polyelectrolyte complexes as they are not inherently directly correlated. These results also
indicate the need to continue developing non-toxic cationic delivery agents as well as additional

approaches to facilitate the early endosomal escape of endocytosed proteins.
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