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We investigated the encapsulation of the model proteins bovine serum albumin (BSA), human hemoglobin (Hb), and hen
egg white lysozyme (HEWL) into two-polymer complex coacervates as a function of polymer and solution conditions.

Electrostatic parameters such as pH, protein net charge, salt concentration, and polymer charge density can be used to

www.rsc.org/

modulate protein uptake. While the use of a two-polymer coacervation system enables the encapsulation of weakly

charged proteins that would otherwise require chemical modification to facilitate electrostatic complexation, we observed

significantly higher uptake for proteins whose structure includes a cluster of like-charged residues on the protein surface.

In addition to enhancing uptake, the presence of a charge patch also increased the sensitivity of the system to modulation

by other parameters, including the length of the complexing polymers. Lastly, our results suggest that the distribution of

charge on a protein surface may lead to different scaling behaviour for both the encapsulation efficiency and partition

coefficient as a function of the absolute difference between the protein isoelectric point and the solution pH. These results

provide insight into possible biophysical mechanisms whereby cells can control the uptake of proteins into coacervate-like

granules, and suggest future utility in applications ranging from medicine and sensing to remediation and biocatalysis.

Introduction

The encapsulation of proteins and other biomacromolecules is
an area of accelerating activity, as such materials are finding
in applications
remediation, personal

increasing utility including drug delivery,

environmental care products and
biocatalysis. However, proteins tend to be sensitive to their
environment, and typical methods used for encapsulation can
decrease or even destroy the activity of these molecules.
While polymeric materials have been increasingly used for the
encapsulation of proteins, the preparation of most polymeric
materials requires the use of organic solvents that can
accelerate the denaturation and aggregation of protein
cargos.1 In contrast, we examine the use of polymer-based
complex coacervation as a gentle and fully aqueous strategy
for achieving high levels of protein encapsulation.

Complex coacervation is an associative, liquid-liquid phase
separation phenomenon driven by an initial electrostatic
attraction between oppositely charged macroions>™® such as
polymers,m'20 surfactant micelles,”**® and colloids,” followed
by entropic gains associated with the release of small, bound
counter-ions and the restructuring of water.”” The utility of
complex coacervation as an encapsulation strategy has been

highlighted, particularly in the areas of food science,**!

®Department of Chemical Engineering and the Institute for Applied Life Sciences,
University of Massachusetts Amherst, Amherst, MA 01003 USA.
Email: perrys@engin.umass.edu
Electronic Supplementary Information (ESI) available: Tables of physical
parameters for proteins and polymers, additional plots of turbidity, protein
concentration, protein encapsulation efficiency and partition coefficient, and code
for the calculation of pl and g(r). See DOI: 10.1039/x0xx00000x
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32, .. 34
personal care products, and medicine,” because of the

ability to generate formulations and drive encapsulation
without the need of organic solvents.>”?>3®

One potential limitation of complex coacervation is its reliance
on electrostatic interactions to facilitate protein encapsulation.
Due to the fact that protein molecules contain numerous
charged groups, their
composition and solution conditions. In particular, Obermeyer

net charge is a convolution of
and co-workers demonstrated that a threshold level of net
charge is needed to enable coacervation of proteins with an
. 8,37,38
oppositely-charged polymer.
chemical ligation or point mutations could be used to modify

Thus, while methods such as

the net charge of a protein, there are numerous targets that
might be inaccessible to such a coacervation-based approach
because of their charge profile. In contrast, work by Tirrell and
co-workers demonstrated the ability to achieve high levels of
protein encapsulation through the use of a ternary system
where the protein of interest is complexed with a mixture of
cationic and anionic polymers.7 Furthermore, work by the
same group showed that coacervates formed from a ternary
system of polyelectrolytes showed complexation over a
broader range of polymer compositions than would be
expected for the individual binary systems.39

We hypothesize that the use of a two-polymer system should
increase the robustness of protein encapsulation via complex
coacervation, and that tailoring of the presentation of charges
on the polymers, in addition to the solution conditions, can
further enhance protein encapsulation. This hypothesis is
inspired by increasing reports of liquid-liquid phase separated

J. Name., 2013, 00, 1-3 | 1
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Lysozyme (HEWL)

pl~11.7

pl ~ 9.0

pl ~ 5.
Net Negative M Net Positive

Figure 1. Structural rendering of the model proteins bovine serum albumin (BSA), the tetrameric form of human hemoglobin (Hb), and hen egg white lysozyme (HEWL) highlighting

the location and distribution of charged residues. Negatively-charged glutamate and aspartate residues are shown in red. Positively-charged histidine, lysine, and arginine are

shown in blue. The listed isoelectric point (pl) was obtained from theoretical calculations based on the Henderson-Hasselbalch equation.

biomolecular condensates in cells, also referred to as

These
typically formed from a mixture of intrinsically disordered

40-51
membraneless organelles. compartments are

proteins and RNA, some of which have been shown to form via
2-54 ..
Most relevant to our hypothesis is

complex coacervation.’
evidence from the study of stress granules where the specific
materials that drive phase separation are also able to
selectively incorporate enzymes related to the triggering
signal.ss'61 These encapsulated proteins can be held in storage
at high concentrations while maintaining their stability.62 This
ability to selectively encapsulate and concentrate specific
proteins from solution suggests that such bio-inspired
coacervation could be used to enable a wide range of
applications.

In this report we utilized bovine serum albumin (BSA), human
hemoglobin (Hb), and hen egg white lysozyme (HEWL) as
model proteins that cover a range of charge profiles and
protein sizes (Figure 1). We incorporated these proteins into a
two-polymer coacervate system composed of poly(L-lysine)
(K,) and poly(D,L-glutamate) (E,) to enable the exploration of
molecular-level design rules for protein encapsulation as a
as pH,
strength, polymer length, and polymer charge density.

function of protein characteristics, as well ionic

Materials and Methods
Materials

Bovine serum albumin (BSA) (298%) and human hemoglobin
(Hb) were purchased from Sigma Aldrich as lyophilized
lysozyme (HEWL) (=95%) was

powders. Hen egg white

This journal is © The Royal Society of Chemistry 20xx

purchased from Hampton Research as a lyophilized powder.
The zwitterionic buffers 2-(N-morpholino)ethanesulfonic acid
(MES) (=98%) and (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES) (=299%)
purchased as powders from Fisher Scientific. A monoclonal

were

antibody (mAb) was a gift from MassBiologics.

Poly(L-lysine trifluoroacetate) and poly(D,L-glutamate sodium
salt) with a degree of polymerization of N =50 (Ksg, Esp) were
made in-house via solid-phase synthesis.63 In particular, Esg
was synthesized using amino acids of alternating chirality (D
and L). Poly(L-lysine trifluoroacetate or bromide) and racemic
poly(D,L-glutamate sodium salt) with chain lengths of 100, 400,
and 800 were purchased from Alamanda Polymers and used
without further purification. See Table S1 for more information
related to the polymers. Poly(D,L-glutamate) (E,) was used in
all experiments in order to prevent the formation of hydrogen
bonds between complexing chains of K, and E, chains that
would result in solid precipitation rather than liquid complex
coacervation.*®%*
Peptide Synthesis

Polypeptides with N = 50 were prepared using standard Fmoc-
based solid-phase synthesis63 on a Liberty Blue automated
microwave peptide synthesizer from CEM, Ltd. as previously
reported.65 Briefly, polypeptides were prepared on a Rink
amide MBHA resin (Peptide Solutions) using (Fmoc-L-Lys(Boc)-
OH, (Fmoc-L-Glu(tBu)-OH, and Fmoc-D-Glu(tBu)-OH (Peptide
20% piperidine (Sigma Aldrich) in N,N-
dimethylformamide (DMF, sequencing grade, Fisher
BioReagents) was used for Fmoc deprotection. 0.5M N,N-

Solutions).

diisopropylcarbodiimide (DIC, 99% Acros Organics) and 1M

J. Name., 2013, 00, 1-3 | 2
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ethyl (hydroxyimino)cyanoacetate (Oxyma, Peptide Solutions)
in DMF were used as activator and base, respectively. Cleavage
of the polypeptide from the resin and side-chain deprotection
was performed using trifluoroacetic acid (TFA, Fisher)/water
(MilliQ 18.2 MQ.cm, Millipore)/triisopropylsilane (TIPS, 98%
Acros Organics) in the ratio of 95/2.5/2.5 for 3 hours at room
temperature while bubbling with carbon dioxide. The crude
polypeptide was then precipitated into cold (stored at -80°C)
(BHT stabilized,
Characterization of the final product was performed via a

anhydrous ethyl ether Fisher Scientific).
Bruker UltrafleXtreme (Fremont, CA, USA) matrix-assisted laser
desorption/ionization
(MALDI-TOF).

Preparation of Stock Solutions

time of flight mass spectrometer

Stock solutions of 10 mM polypeptide (i.e., polymer) were
prepared gravimetrically in Milli-Q water and adjusted to the
desired pH +0.03 pH units (Thermo Scientific ROSS Sure-Flow
Combination pH) with 1 M HCl and 1 M NaOH. 0.5 M MES
buffer was prepared at pH 6.0 and solutions of 0.5 M HEPES
buffer were prepared at pH 7.0 and 8.0. Stock solutions of 2.0
mg/mL protein, BSA (0.030 mM), HEWL (0.14 mM), and Hb
(0.031 mM), were similarly prepared in 10 mM buffer at the
relevant pH. The solution pH was further adjusted to within
+0.03 pH units of the desired pH, if needed. The protein
solutions were then separated into 105 pL aliquots and stored
at -20°C until use to minimize the potential for adverse effects
from multiple freeze-thaw cycles. Sodium chloride (NaCl) was
purchased from Sigma Aldrich (299%) and stock solutions were
made at both 2 M and 0.5 M NaCl and pH adjusted as above.
Coacervate Formation

Coacervate samples were prepared by first pipetting water,
buffer and then salt (as needed) into a 1.5 mL microcentrifuge
tube (Fisher Scientific), followed by the protein and one of the
polymers. Preliminary experiments suggested that the order of
polymer addition did not significantly affect the outcome
(Figure S1). Thus the order of addition for HEWL was protein,
followed by E, and K,, while for BSA and Hb the order of
addition was protein, followed by K, and E,. The samples were
then vortexed to facilitate mixing before addition of the
second polymer, and were then vortexed immediately after
pipetting to ensure fast and complete mixing. A typical
experiment varied the ratio of K, to E,, over 15 samples at a
total monomer concentration of 7 mM for the polymer species
(on a monomer basis) while maintaining a constant protein
concentration of 50 pg/mL. Each sample contained a total
volume of 240 pL, 105 pL of which was used for turbidimetric
analysis, with the remaining 135 pL used for quantification of
protein encapsulation. All experiments were performed in
triplicate.

Turbidimetry and Optical Microscopy

Following sample preparation, three 35 pL replicate aliquots of
each sample were pipetted into a 384-well plate (Falcon).
Turbidity measurements were performed in triplicate using a
microplate reader (BioTek Synergy H1) at a wavelength of 562
nm. Turbidity is defined as —In(//l;), where I, = incident light
intensity and / = intensity of the light passed through the

This journal is © The Royal Society of Chemistry 20xx
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sample, and is measured in absorbance units (a.u.). The
measured signal was referenced against a well containing
water, buffer, and salt (if present). Samples were then
inspected using optical microscopy (EVOS XL Core) to confirm
the presence or absence of coacervation.

Quantifying Protein Encapsulation and Partitioning

The colorimetric Bradford assay was used to quantify the
amount of protein present in both the coacervate and
supernatant of each sample.7 The 135 plL of sample remaining
in the microcentrifuge tube after turbidimetric analysis was
centrifuged (Thermo Scientific Sorvall Legend Micro 21R
Centrifuge) at 14,000 rpm (18.8xg) for 20 min and 15°C.
the
removed, and the volume of supernatant was measured via

Following centrifugation, supernatant was carefully
pipetting. From the total volume of supernatant, 115 pL was
transferred into a new microcentrifuge tube. 70 uL of 2 M NacCl
was added to the original microcentrifuge tube to disassemble
any coalesced coacervate that might be present, followed by
vortexing. We estimated that the maximum volume of
coacervate formed was on the order of ~1-2 uL. However,
because of the difficulty in quantifying such a small volume,
the volume of the coacervate was neglected in the subsequent
concentration calculations. Coomassie Plus™ protein assay
reagent (Thermo Scientific) was then added to both the
coacervate and supernatant samples and mixed by vortexing.
The quantity of dye added to the various samples was adjusted
based on the amount of protein present. For BSA- and Hb-
containing samples, a 1:1 volumetric ratio of Coomassie dye
was added to both the supernatant (115 pL of dye) and
coacervate (70 pL of dye). For HEWL-containing samples, a 2:1
volumetric ratio of dye-to-sample was used for supernatant-
containing samples (230 uL of dye), while a 1:1 volumetric
ratio of dye-to-sample was used for the coacervate samples
(70 pL of dye).

Protein concentration was quantified via UV-Vis analysis using
a microplate reader (BioTek Synergy H1). Three aliquots of 35
puL for each sample were pipetted into a 384-well plate and
read at 595 nm in triplicate. Calibration curves for each protein
were generated using the same buffer and salt conditions, as
well as the same dye-to-sample ratio, to determine the
in both the
coacervate phases. These concentrations were used directly to

concentration of protein supernatant and
calculate the partition coefficient between the coacervate and
the supernatant phases after a baseline subtraction. The
partition coefficient (K, Eq. 1) was defined as the ratio of the
concentration of protein in the coacervate divided by the
concentration of protein in the supernatant.

K= Cprotein in coacervate (1)

Cprotein in supernatnat

Baseline correction of the measured concentration of protein
in the coacervate phase was necessary in order to account for
residual protein bound to the surface of the microcentrifuge
tube. Turbidity measurements and visual inspection confirmed
that phase separation was not observed for samples at the
extremes of the stoichiometric range (0.1 and 0.9 mole
fraction polycation, Figure 2 and Figures S3, S5, S9, and S13).

J. Name., 2013, 00, 1-3 | 3
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Thus, a baseline subtraction was

measured absorbance values at 0.1 and 0.9 mole fraction from

performed using the

the “coacervate” tube to correct for this contamination. Such
adjustment was only necessary for the coacervate phase, as
the small volumes and high viscosity of the material did not
allow for effective transfer to a clean microcentrifuge tube for
quantification.

A mass balance on the system was used to determine the mass
of protein in each phase. The mass of protein in the coacervate
phase was calculated as the difference between the total mass
of protein added and the mass of protein in the supernatant.
This approach was used because of the challenges associated
with accurately measuring coacervate volumes on the order of
1-2 pL or less. Encapsulation efficiency (EE%, Eg. 2) was
defined as the mass of protein in the coacervate (determined
via mass balance) relative to the total mass of protein in the
system.

EE% = mtutal_msupernatuntxloo% (2)

Mteotal

Determination of Net Charge and Isoelectric Point

The net charge and isoelectric point (pl) for each protein was
calculated as a function of pH using a MATLAB (Mathworks
Inc.) script based on the Henderson-Hasselbalch equation.
Graphs of the protein charge as a function of pH (Figure S2),
the calculated values for the net charge (Table S2), total
number of charges (Table S3), and pl (Table S4), as well as the
full code are available in the Supplementary Information. The
66-69 and HEWL66,7O

well with experimentally reported values from the literature. A
71-74

calculated values for the pl for BSA match
wide range of pl values have been reported for Hb,
because it is composed of two chains (a,B) that assemble as a
pair and then as a tetramer.

Calculation of the Radial Distribution Function for Charged
Residues

A second MATLAB code was used to calculate the radial
distribution function g(r), also known as a pair correlation
function, between charged residues to identify the presence of
charge patches on the protein surface. Briefly, the three-
dimensional coordinates for a protein structure were first
extracted from a PDB”” file and read into MATLAB. The spatial
coordinates of the a-carbon of aspartate (D), glutamate (E),
lysine (K), histidine (H), and arginine (R) residues were then
extracted and used in the calculation of g(r). This calculation
did not take into account pH effects or the potential for local
differences in the charge state of the various residues. The
radial distribution was then calculated using each of the
residues in turn. Integration was performed using a 2 A step
over a total distance of 50 A. The data were then plotted as a
function of charged residue and radius. The following PDB
structures were used in this calculation: 3V03 for BSA,”® 2DN1
for Hb (considering a single pair of a/B chains, rather than the
full tetrameric biological assembly),77 and 1DPX for HEWL.”®
The full code is available in the Supplementary Information.
Statistical Analysis

4| J. Name., 2012, 00, 1-3

Statistical analysis was performed using an unpaired, two-
tailed Student’s t test. An asterisk (*) denotes p < 0.05
between samples. The error bars shown on all graphs
represent the propagated standard deviation determined from
the variation in repeated experiments convoluted with the
uncertainty in the various calibration curves and relevant
calculations.

Results and Discussion

The goal of this work is to establish a rational framework for
understanding the uptake and encapsulation of globular
proteins into complex coacervate systems. While recent
studies showed that protein net charge is critical for the
formation of complex coacervates in binary protein/polymer
s,ystems,8’37’38 our work focused on the potential for expanding
the
incorporated into such materials. In particular, our approach
takes advantage of ternary coacervates that contain both a
polyanion and a polycation, in addition to the protein.

Here, we examined the coacervation of three model proteins,

range of conditions over which proteins can be

bovine serum albumin (BSA), human hemoglobin (Hb), and hen
egg white lysozyme (HEWL), with a two-polymer coacervate
system composed of poly(L-lysine) (K,)
glutamate) (E,). These proteins were chosen as they represent

and poly(D,L-

a range of molecular weights and net charges (Figure 1). BSA
has a calculated pl ~ 5.5, and thus would be expected to have a
net negative charge at the solution conditions studied here. In
contrast, Hb has a pl~9.0 and HEWL has a pl~11.7, and
would be expected to be net positive at the conditions studied
here. With respect to size, both BSA and Hb are approximately
three times larger than HEWL, but have differing numbers of
charged residues, allowing for a more nuanced comparison of
the effects of size and charge (Table S4).

Protein Encapsulation as a Function of Coacervate Charge
Stoichiometry

Turbidity was used as a qualitative measure of the presence of
phase separation in a sample. We first performed an initial
characterization looking at how the presence of protein in our
sample affected the conditions at which complex coacervation
occurs. For the simple case of a binary system where both
polymers are fully charged and no added salt was present, we
observed a turbidity peak centred at a mole fraction of 0.5
(polycation relative to the total polymer concentration).2’79’80
This result highlights the electrostatic nature of complex
coacervation, and the preference for the system to reach
charge neutrality. When a charged protein was added as a
third component, we observed a slight broadening in the range
of charge ratios over which coacervation was observed
(Figures 2a,c,e, and Figures S3, S5, S9, S13), suggesting the
presence of more synergistic interactions.® Generally
speaking, we observed shifts in the turbidity commensurate
with the charge of the added protein. For negatively charged
BSA at pH 7.0, we observed a small shift in the maximum

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Plots of turbidity as a function of the charge fraction of the polycation for coacervates of Kso and Esq in the presence and absence of (a) BSA, (c) Hb, and (e) HEWL in 10
mM HEPES, pH 7.0. The inset optical micrographs show the liquid coacervate droplets formed at the peak in turbidity for the system. The corresponding plots of protein
concentration in the supernatant (dashed black) and coacervate (solid) as a function of the charge fraction of the polycation for (b) BSA, (d) Hb, and (f) HEWL. A decrease in protein
concentration in the supernatant phase is matched by an increase in the protein concentration in the coacervate phase over the range of mole fractions indicated by turbidity.
Lines connecting data points are a guide to the eye. Error bars are the standard deviation of the reported average, including propagated error.
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turbidity to higher mole fractions of K (Figure 2a). This shift
means that more cationic Ksg was needed to achieve a charge
neutral coacervate. The opposite trend was observed for
positively charged HEWL, where we observed a shift in the
turbidity to lower mole fractions of Ksq (Figure 2e), indicating
that more anionic Es; was needed to balance out the
combined cationic charge of both Ks; and HEWL. There was
little shifting for Hb, presumably due to the low net charge of
the protein at pH 7.0.

While turbidity, coupled with visual inspection and optical
microscopy allowed for a determination of the range of
conditions over which coacervation occurs, it did not provide a
direct indication of whether or not the protein was taken up
into the coacervate. Thus, we coupled our turbidimetric
studies with a colorimetric Bradford assay to quantify the
concentration of protein in both the supernatant and
coacervate phases.

The Coomassie Brilliant Blue G-250 dye used in the Bradford
assay enables protein quantification via binding with basic
residues. However, this binding is enhanced by van der Waals
forces and hydrophobic interactions, which would be present
in a folded protein, but less so in our polypeptide-based
polymers.81 Analysis of the interaction between the Coomassie

ROYAL SOCIETY

R L
OF CHEMISTRY

dye and our coacervate materials showed that the pairing
between oppositely-charged polymers in the coacervate
resulted in negligible signal (Figure S17). For the supernatant,
we observed a relatively constant baseline signal for all
polymer ratios where phase separation was not observed, and
negligible signal when phase separation occurred. Data
analysis demonstrated that our measurements and approach
were able to recapitulate the starting concentration of protein
in the supernatant for samples where phase separation was
not observed (within error). Furthermore, we observed the
correlated uptake of protein into the coacervate phase and
depletion of protein from the supernatant when phase
separation did occur, and where background signal from the
polymers is expected to be minimal (Figure 2b,d,f, and Figures
S4, S6-8, S10-12, S14-16). For example, Figure 2b shows that at
low cationic charge fractions, the amount of BSA in the
supernatant was not significantly different from the starting
concentration of 50 pug/mL, but at cationic charge fractions
near 0.5 where phase separation was observed (i.e., net
neutrality), BSA favoured uptake into the coacervate phase,
resulting in a strong increase in the concentration of BSA in the
coacervate and a commensurate decrease of protein in the
supernatant. At higher charge fractions, phase separation was

(a) (b)_ (c)
& 120 BSA| = 120 - Hb| =120 A HEWL
F1004 —————— 31004 ———* . 3100 |
8 804 1 ! & 804 — S 80
£ 60 £ 60 - %—’ 60
W40 W40 T 1401
%20_' %20_' J_ T — %20_'
3] ] 1) i o ]
G 0- § ol 1T 1=l § o
6 7 8 6 7 8 6 7 8
pH pH pH
(d) = (e) o )
21000 e | gl | gho0o
% 100 % 100 4 % 100
(&) (&) g — - (&)
s 10 S 104 L + T § 10
a 1 a1 , T T a 1
6 7 8 6 7 8 6 7 8
pH pH pH

Figure 3. Plots of maximum encapsulation efficiency (a-c) and maximum partition coefficient (d-f) as a function of solution pH for BSA (red, pl = 5.5), Hb (light blue, pl =9.0), and
HEWL (dark blue, pl = 11.7), respectively. Coacervates were prepared using N = 50 polymers with no added salt and 10 mM buffer. An asterisk (*) denotes p < 0.05, and error bars

are the standard deviation of the reported average, including propagated error.

This journal is © The Royal Society of Chemistry 20xx
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again disfavoured, and the protein preferentially returned to
the initial levels in the supernatant. Similar results were
observed for the other two proteins, although a much lower
change in concentration was observed for Hb (Figure 2 and
Figures S4, S6-8, S10-12, S14-16). Interestingly, the maximum
concentration in the dense phase, as well as the minimum
concentration in the dilute phase, occurred around the same
point as the maximum in the turbidity readings. Thus, while
turbidity is not a necessary indicator of encapsulation, it may
prove to be sufficient in many cases.

pH Dependence

Prior reports, as well as the results in Figure 2 have highlighted
the key role that electrostatics plays in driving protein
encapsulation via complex coacervation.®>*”3#*18288 14 frther
explore this, we examined how changing the solution pH and
thus the charge of the protein affected encapsulation. There
are numerous ways of describing the charge state of a protein,
including explicitly counting the number of charges. However,
we used the isoelectric point (pl) as a general, qualitative
indicator of the protein charge state. The pl describes the
solution pH where a protein has an equal number of positive
and negative charges. Thus, for solution conditions where the

Soft Matten
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pH is lower than the pl, the protein would have a net positive
charge, whereas if the solution pH were higher than the pl, the
protein would have a net negative charge. The farther the pH
is from the pl, the higher the absolute value of the net charge,
up to a limit.

We performed experiments at three different solution pH
conditions of 6.0, 7.0, and 8.0. Across these pH values, we
expected to modulate the charge state of our proteins due to
titration of the histidine residues (Figure S2 and Tables S2, S3).
This range of pH values was chosen specifically to minimize pH
effects on the degree of ionization of our charged polymers
such that the calculated change would be less than 10%
(Figure S2d,e and Table S2).

Experimentally, as the pH was increased from 6.0 to 8.0,
moving away from the theoretical pl for BSA of 5.5, we
observed an increase in both encapsulation efficiency and
partitioning (Figure 3a,d and Figure S4a,b). A similar trend was
observed for Hb (Figure 3b,e and Figure S4c,d) and HEWL
(Figure 3c,f and Figure S4e,f) as the pH was decreased from 8.0
to 6.0, moving away from the theoretical pl for these proteins
of 9.0 and 11.7, respectively. While these trends matched our
intuition regarding the importance of electrostatics in driving
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Figure 4. Plots of maximum encapsulation efficiency (a-c) and maximum partition coefficient (d-f) as a function of the as-prepared salt concentration for BSA (red), Hb (light blue),
and HEWL (dark blue), respectively. Coacervates were prepared using N =50 polymers and 10 mM buffer, pH = 7.0. An asterisk (%) denotes p < 0.05, and error bars are the
standard deviation of the reported average, including propagated error.
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protein encapsulation, we also observed significant
quantitative differences with respect to the partitioning
and levels of encapsulation efficiency achieved for each of
the various proteins. In particular, we observed significantly
higher levels of protein incorporation for HEWL-containing
coacervates than for the BSA and Hb systems.

Salt Dependence

Salt concentration and/or ionic strength can also be an
important parameter in terms of complex coacervation. We
examined the effect of increasing NaCl concentrations
(from O to 200 mM) on the uptake of protein into the
coacervate phase. in the
partitioning of all three of our proteins into the coacervate
phase with increasing salt concentration (Figure 4d-f and
Figures S6-S8). We hypothesize that this decrease in protein
concentration may be a result of a weakening of the
electrostatic and entropic that facilitate
coacervation and inclusion of the less strongly charged

We observed a decrease

interactions

protein in the presence of more strongly-charged polymer
chains.?” In particular, the addition of even 50 mM NaCl was
to overcome the interactions
partitioning of the weakly charged Hb into the coacervate

sufficient favouring

l

ROYAL SOCIETY
OF CHEMISTRY

phase, such that no uptake could be measured in the
presence of added salt (Figure 4e and Figure S7).

Interestingly, we observed a somewhat different trend for
encapsulation efficiency. The encapsulation efficiency of
BSA and HEWL showed a minimum in the range of 100-150
mM NaCl (Figure 4a,c). The apparent difference between
the trends in partitioning and encapsulation efficiency
relates to how the two descriptors vary as a function of
coacervate volume. A partition coefficient is defined as the
equilibrium ratio of concentrations between two phases,
and should remain constant regardless of the volume of the
two phases. In contrast, encapsulation efficiency quantifies
the absolute amount of protein that has been taken up into
the coacervate phase. Thus, for a system with the same
relative concentrations of protein in the coacervate and

supernatant phases, increasing the volume of the
coacervate phase would result in an increase in
encapsulation efficiency while leaving the partition

coefficient unchanged. Thus, the difference in the salt
dependent uptake of our various proteins is a consequence
of how the presence of protein and salt affects both the
electrostatic interactions driving uptake and the total
coacervate volume. 2%
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Figure 5. Plots of maximum encapsulation efficiency (a-c) and maximum partition coefficient (d-f) as a function of the degree of polymerization of the complexing polymers for BSA
(red), Hb (light blue), and HEWL (dark blue), respectively. Coacervates were prepared with no added salt and 10 mM buffer, pH = 7.0. An asterisk (*) denotes p < 0.05, and error
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While the concentration of salt present in the formulation may
serve as a potential parameter in tuning protein encapsulation,
we acknowledge that salt concentration and/or ionic strength
may be less flexible due to protein stability or other
application-specific requirements. Furthermore, although we
only investigated the effects of NaCl in the study, we would
anticipate that salt valence and Hofmeister effects should
similarly affect protein uptake based on literature reports on
the effects of salt on coacervation more generally.z’gl'94

Peptide Chain Length Dependence

To further investigate the competition between protein and
polymer, we next examined the effect that polymer length has

on the encapsulation of our model proteins using four

Soft Matten

ROYAL SOCIETY
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different chain lengths polymers N =50, 100, 400, 800. We
hypothesize that longer polymer chains would compete with
the more weakly charged protein in terms of complex
formation, leading to a decrease in protein encapsulation with
increasing chain Iength.87 While we observed this type of
both the

partitioning of HEWL (Figure 5c¢,f and Figure S12), a statistically

behaviour for encapsulation efficiency and
significant decrease was only observed for the partitioning of
Hb (Figure 5e and Figure S11). BSA showed very little variation
in either encapsulation efficiency or partitioning as a function
of polymer chain length (Figure 5a,c and Figure S10).

To explain these different trends in uptake, we investigated

(a)
4.0
3.0

52.0\

0
10

20, qesidue

30 cha\'ged R

Figure 6. 3D bar plot depictions of the radial distribution function g(r) with respect to the charged amino acids in (a) BSA, (b) Hb, and (c) HEWL. The arrows in (c) indicate the

residues associated with the identified charge patch. Protein structures are not shown at scale.

This journal is © The Royal Society of Chemistry 20xx
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whether size differences in our various proteins could account
for our results.

HEWL is the smallest protein used in these experiments, with a
molecular weight of 14.3 kDa (129 amino acids), while BSA and
Hb are significantly larger with molecular weights of 66.4 kDa
(583 amino acids) and 64.5 kDa (574 amino acids),
respectively. Although we observed a significant drop in the
uptake of HEWL when the polymer length approached the size
of the protein (i.e., going from N =50 to N = 100), no similar
change in uptake was observed going from N = 400 to N = 800.
Similarly, the number of charged residues in the protein (Table
S4) was also not a predictor of protein encapsulation. Thus, we
hypothesize that the observed differences in protein
encapsulation as a function of polymer chain length may be
less a consequence of the number of charges, but more a
function of the arrangement, or clustering of charges on the
protein surface.

Charge Patchiness

To quantify potential charge clusters within a protein
structure, we determined the radial distribution function g(r)
between all of the charged residues in each of our proteins

' ROYAL SOCIETY
OF CHEMISTRY

(Figure 6 and S18). Interestingly, we only observed evidence of
charge clustering for the case of HEWL, which had shown both
the highest overall uptake, and significant length-dependent
encapsulation effects (Figure 6c). In contrast, the g(r) analysis
of both BSA and Hb showed only the presence of medium-
range correlations at length scales characteristic of the overall
protein size. Thus, hypothesize that the diffuse
arrangement of charges on the surfaces of BSA and Hb means
that complexation and uptake into the coacervate phase is
dominated by promiscuous electrostatic interactions with
numerous polymer

we

chains, rather than a strong binary
interaction between a charge patch and a single polymer chain
for which length-dependent competition might be relevant.’’
Our hypothesis is supported by recent work by Kapelner and
Obermeyer, who demonstrated that coacervates formed by a
cationic polymer and a variant of green fluorescent protein
(GFP) containing an anionic protein tag were significantly more
stable than coacervates formed using mutants with the same
net charge distributed isotropically on the protein surface.®
These results may also be relevant from an evolutionary
standpoint, in that it would most likely be disadvantageous for
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Figure 7. Plots of maximum encapsulation efficiency (a-c) and maximum partition coefficient (d-f) as a function of the level of charge content and/or patterning of the complexing
polymer for BSA (red), Hb (light blue), and HEWL (dark blue), respectively. The polymer systems are denoted: Kso/Esq as ++/--, Kso/(EG),s as ++/-, (KG),s/Eso as +/--, and (KG),s/(EG).s
as +/-. Coacervates were prepared with no added salt and 10 mM buffer, pH = 7.0. An asterisk (%) denotes p < 0.05, and error bars are the standard deviation of the reported

average, including propagated error.
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proteins such as BSA and Hb that are naturally present at high

concentrations to interact strongly with other
biomacromolecules. While the role of BSA and Hb does not
require binding to other macromolecular species, HEWL

functions to bind to and destroy bacteria. Thus, HEWL has
evolved to have a positive charge patch to facilitate binding to
the negatively charged surfaces of bacteria.”>® As such,
understanding how different arrangements of charge on a
protein affect encapsulation may lead to relevant insights for
both biological processes and industrial applications including
encapsulation and puri1‘ication.79’98

Polymer Patterning and Charge Density

We further explored the impact of charge patchiness by
of the
coacervating polymers. In addition to the results already

considering the effect charge density of the

presented using homopolymer lysine and glutamate systemes,
we systematically substituted one or both of the charged
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homopolymers for a sequence-controlled copolymer where
half of the charged residues were replaced by neutral glycine
monomers.

Based on our understanding of the importance of electrostatic
interactions on protein uptake, we expected to see enhanced
partitioning when the homopolymer with the same charge as
the protein was substituted for a less charged copolymer, and
a decrease in partitioning when the oppositely-charged
polymer the
copolymer. We observed these outcomes for both partitioning

was substituted for lower charge density
and encapsulation efficiency for all of our proteins (Figure 7
and Figures S14-16). In the case of Hb the decrease in
electrostatic interactions when both polymers were half
charged resulted in no detectable protein uptake. Further

exploration of the effects of different charge patterned

polymers is an intriguing question for further study.
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Figure 8. Plots of (a) maximum encapsulation efficiency and (b) maximum partition coefficient as a function of the absolute difference between the pl and pH and plots of (c)
encapsulation efficiency and (d) partition coefficient as a function of absolute net charge. The dashed lines are guides for slopes for two different regimes. Coacervates were

prepared using N = 50 polymers with no added salt and 10 mM buffer. Error bars are the standard deviation of the reported average, including propagated error.
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Correlating Physical Properties and Protein Encapsulation

While the results presented thus far have suggested the ways
in which protein uptake may vary as a function of pH, salt
concentration, polymer length, and polymer charge density,
we still lack a general intuition on how the uptake of one
protein might compare to another given the same set of
solution conditions. To try and identify a physical property that
might serve to guide estimations of the encapsulation
potential of a novel protein system, we considered a number
of different descriptors of the charge state of our system,
including the relative distance from the isoelectric point |pl—
pH|, the net charge of the protein, the net charge of the
protein normalized by the total number of residues, and the
ratio of positive to negative charges (Tables S2-S4, Figure 8 and
Figure S19).

While each of these metrics might be expected to give similar
results, the relative distance from the isoelectric point |pl—
pH| and the absolute net charge proved the most interesting
to consider. Replotting the data from Figure 3 as a function of
the net charge of the protein highlights the dramatically
different behaviour of HEWL, compared with BSA and Hb
(Figure 8a,b). Additionally, Figure S19a,b demonstrates that
HEWL has a significantly higher number of charges per residue
than the other two proteins. However, we hypothesize that
the
partitioning of HEWL is not merely due to the higher charge

significantly higher encapsulation efficiency and
density, but is a result of the charge patch identified in Figure
6c. Thus, if we consider the trends for BSA and Hb separately,
we observe a slow increase in uptake with increasing protein
charge for cases where charge is distributed uniformly across
the protein surface, while dramatic increases are observed
when a charge patch is present.

If we consider the relative distance from the isoelectric
point |pl —pH]| (Figure 8c,d), we observed similar trends. In
particular, these results suggest the possibility of different
scaling behaviour for the case of proteins with uniform charge
and those with a charge patch (see dashed lines in Figure 8d).
Although
consideration of a much larger number of proteins, we suggest
that the

incorporation

true validation of such trends will require

relatively slow rate of increase in

with
phenomenon for proteins with relatively isotropic distributions

protein
changing pH might be a general
of surface charge, while the sharper rate of increase observed
for HEWL might be characteristic of proteins with distinct
charge patches. Furthermore, we hypothesize that it is the
observed rate of change that may serve as a descriptor for the
system, rather than encapsulation at a specific value of |pl—
pH|. However, because of the relatively small number of
samples and conditions explored in this current work, it is

This journal is © The Royal Society of Chemistry 20xx
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possible that the observed trends in our data are simply
fortuitous. Thus, it will be interesting to see whether such
trends in protein uptake occur for other protein systems.

In a small step towards a broader exploration of additional
systemes, the
incorporation of a novel monoclonal antibody (mAb) into our

protein we plotted preliminary data for
Kso/Esp coacervates at pH 6.0, (pl =8.8). The experimentally
determined values for both encapsulation efficiency and
partition coefficient fall into a similar range as our previous
data (black diamonds, Figure 8c,d). While the structure of this
antibody is not known, mAbs typically have patches of both
positive and negative residues. Thus, it is unclear how the
uptake of such a protein would compare to the other potential
classes described here, beyond the apparent agreement of one
data point.

Whether simple metrics such as net charge or distance from
the isoelectric point ultimately prove to have some predictive
utility or not, one important takeaway from our results is the
potential for two-polymer coacervates to enable the effective
encapsulation of proteins with very low net charge (e.g., Hb at
pH = 8.0 has a ratio of positive-to-negative charges close to
1.0), which would not be predicted to form coacervates in a
binary system.8

Conclusions

In summary, we have explored the potential for using a two-
polymer coacervate system to effectively encapsulate a variety
of model proteins across a range of solution conditions and
polymer properties. While electrostatic considerations such as
salt concentration and solution pH are critical in the design of
strategy,
coacervate system can provide the flexibility to encapsulate

an encapsulation the use of a two-polymer
even weakly-charged proteins near their isoelectric point.

We also highlighted the importance of the charge density of
the polymer and the presence of charge patches on the
protein on the resulting encapsulation. With respect to the
distribution of charge on the protein surface, our results
suggest possible different scaling behaviours for proteins with
isotropic vs. patchy distributions of charges, as a function of
either net charge or the relative distance from the isoelectric
point |pl—pH]|. Our results also suggested the potential for

using sequence-defined polymers to enhance protein
encapsulation and/or potentially enable the selective uptake
of one protein species over another. However, further

investigations are needed to elucidate details and determine
whether the promising trends observed here can be translated
into predictive tools to effectively design encapsulation
strategies for novel targets.
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