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Abstract: Complex coacervation describes the liquid-
liquid phase separation of oppositely charged polymers.
Active coacervates are droplets in which one of the
electrolyte's affinity is regulated by chemical reactions.
These droplets are particularly interesting because they
are tightly regulated by reaction kinetics. For example,
they serve as a model for membraneless organelles that
are also often regulated by biochemical transformations
such as post-translational modifications. They are also a
great protocell model or could be used to synthesize
life–they spontaneously emerge in response to reagents,
compete, and decay when all nutrients have been
consumed. However, the role of the unreactive building
blocks, e.g., the polymeric compounds, is poorly under-
stood. Here, we show the important role of the chemi-
cally innocent, unreactive polyanion of our chemically
fueled coacervation droplets. We show that the poly-
anion drastically influences the resulting droplets’ life
cycle without influencing the chemical reaction cycle–
either they are very dynamic or have a delayed
dissolution. Additionally, we derive a mechanistic
understanding of our observations and show how
additives and rational polymer design help to create the
desired coacervate emulsion life cycles.

Introduction

Liquid-liquid phase separation of oppositely charged species
is a process that is omnipresent in biological systems yielding
droplets that are present in cells[1] referred to as biomolecu-
lar condensates. Their properties and aging phenomena are

often regulated by biochemical non-equilibrium reactions,[2]

resulting in behavior unparalleled by their in-equilibrium
counterparts.[3] Yet, the underlying mechanisms remain
poorly understood.[4] Besides, theoretical work showed that
droplets formed by materials subject to non-equilibrium
chemical reaction cycles—and thereby a constant turnover—
can show life-like behavior like self-division, regulated
growth, or suppressed Ostwald ripening.[5] Such coacervate
droplets have also been recognized as potential protocells
that functioned as the first containers to concentrate
reagents at the early stages of the emergence of life.[6]

Thus, synthetic models for droplets regulated by chem-
ical reaction cycles can unveil new behavior and elucidate
their dynamic properties.[7] Such chemically regulated phase-
separated droplets can also help us understand their role as
protocells at the origin of life or be a step toward synthetic
life. In addition to a growing number of examples of
carbodiimide fueled assemblies[8] and motors,[9] we recently
introduced a chemically fueled reaction cycle that regulates
molecular assembly,[10] DNA-duplex formation,[11] and com-
plex coacervation of a cationic peptide with polyanions.[12]

The cycle activates a peptide by converting two negatively
charged carboxylates into their corresponding anhydride by
a carbodiimide activation reaction (Scheme 1).[12a,b] In this
context, we refer to the carbodiimide as a fuel as it is
converted in the activation reaction. The activated peptide is
short-lived as the anhydride spontaneously deactivates
through hydrolysis, yielding the original peptide. The
zwitterionic peptide has an overall charge of +1. It only
weakly interacts with polyanions, whereas the short-lived
activated peptide is cationic with an overall charge of +3
and can thus bind polyanions to form droplets. Our platform
serves as a model system for synthetic protocells that
emerge, divide, and decay at the expense of simple chemical
fuel.[12a] Besides, new non-equilibrium dynamic behavior in
these chemically fueled emulsions, including the formation
of spherical shells as a non-equilibrium steady state
morphology, can be observed.[12e]

In these chemically fueled coacervates, the polyanion is
a passive component. However, its influence on the droplet's
behavior is seemingly overlooked and scarcely investigated.
Understanding polyanion's role enables the creation of
systems that are fully dynamic, metastable, or even in an
arrested state without the need to change the kinetics of the
reaction network. Such studies would aid protocell studies,
for example, by understanding how the lifetime of a droplet
varies with the polyanion nature. Besides, such studies help
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develop dynamic droplets whose properties like size and
ripening dynamics are controlled by reaction kinetics.

In this work, we systematically investigate the role of the
polyanionic components in our chemically fueled coacervate
droplets and elucidate how they affect the droplet’s life
cycle. We applied three different polyanions and inves-
tigated the role of the peptide-polymer interaction in detail,
showing how to tune it systematically to control the outcome
of the coacervation reaction cycle.

Results and Discussion

The chemically fueled complex coacervate-based droplets
we study here are based on a previously published peptide
design AcF(RG)3D� OH in which three arginine-glycine
repeat units provide three cationic residues. The C-terminal
aspartic acid partly negates these charges resulting in a
zwitterionic peptide with an overall charge of +1 (Sche-
me 1A). The peptide can be chemically activated for
coacervation by reacting with the carbodiimide EDC (1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide, fuel). Upon
activation, the fuel converts the C-terminal aspartic acid into
its corresponding anhydride. The activation negates the two
anionic carboxylates and thereby increases its overall charge
to +3, which increases its interaction strength with
polyanions.[12b] A deactivation reaction reverts the activated
peptide to the original peptide through anhydride hydrol-
ysis. The half-life of the activated peptide is about 82
seconds. Thus, upon application of fuel to the peptide, a

reaction cycle commences that transiently activates peptides
and increases their ability to bind polyanions.

We combine this peptide design with three types of
polyanions of comparable size, i.e., poly(styrene sulfonate)
(PSS48), poly(vinyl sulfonate) (PVS38), and poly(vinyl phos-
phonic acid) (PVPA40) (Scheme 1B). PSS and PVS are
commercially available, whereas PVPA was synthesized by
REM-GTP (Rare Earth Metal-Mediated Group-Transfer
Polymerization) of diethyl vinyl phosphonate followed by
deprotection of the phosphonate diester (see Supporting
Information for details).[13] All of these polyanions, also
PVPA, comprise monoacidic units under our working
condition of pH 5.3.[14] The minor differences in their chain
length are not expected to influence the coacervate droplet
properties.[12b]

We combined the peptide with each polyanion, and we
monitored the evolution of turbidity in response to the
chemical fuel. In this context, turbidity is a measure of the
presence of the droplets. The overall lifetime of the
population of droplets produced can also be determined
with such experiments. We used 23 mM peptide, 15 mM
EDC, and 4.1 mM polyanion expressed as the concentration
of monomers in 200 mM MES buffered at pH 5.3. Despite
the very similar compositions of the experiments, we found
the turbidity evolved differently. The lifetimes of the
population of droplets were 8 minutes for PVPA, 13 minutes
for PVS, and 17 minutes in the case of PSS (Figure 1A).
These observations suggest that the polyanion, which should
not affect the reaction cycle, plays an important role in the
behavior of the droplets.

We determined whether the polyanion influenced the
chemical reaction cycle that governs these properties. We

Scheme 1. Polyanions and peptides for chemically fueled complex
coacervation. A. The reaction of the carbodiimide EDC with an aspartic
acid residue on the C-terminus of a peptide with cationic arginine units
reversibly screens two negative charges. This activated peptide—the
aspartic anhydride peptide—can complex with polyanions (B) to form
complex coacervate droplets (C). The constant turnover of the hydro-
lytically unstable anhydride in aqueous buffer results in a limited
lifetime of the droplets. In this work, the polyanions PSS (red), PVS
(magenta), and PVPA (green) are combined with the peptide AcF-
(RG)3D� OH and the fuel and the properties of the resulting
coacervates are compared. The polyanion choice directly affects the
droplet dissolution whenever the precursor-polyanion interactions are
too strong.

Figure 1. The different polymers affect the droplet lifetimes. A. Overlays
of the turbidity traces above the CCC thresholds of different polyanions
(PVPA40 green, PVS38 magenta, PSS48 red) with the respective anhydride
evolution over time (23 mM AcF(RG)3D� OH, 15 mM EDC, 4.1 mM
polyanion expressed in monomer units, 200 mM MES buffer at
pH 5.3). B. Microfluidic analysis of the total coacervate volume
evolution for PVPA40 (green) and PSS48 (red) and exemplary images of
the droplets over time (PVPA upper row, PSS below). Sulforhodamine
B was used as a fluorescent dye at a concentration of 0.2 μM for PSS
and 0.6 μM for PVPA samples.
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first measured the kinetics of the reaction cycle by HPLC in
the presence of the three polyanions. We found that the
different polyanions had no significant effect on the kinetics
of the reaction cycle (Figure S1). For all polyanions, the
EDC was converted in 18 minutes. We used a kinetic model
to fit the evolution of the concentration of fuel and activated
peptide.[12b] With that kinetic model, we could determine
that the activated peptide had a half-life of 82 seconds
independent of the polyanion. The finding that the presence
of droplets or their composition does not affect the kinetics
of the reaction cycle is in line with previously published
data.[12a,e] Put differently, the polyanion is seemingly inno-
cent, i.e., it does not affect the chemical reaction cycle which
regulates the droplets. Thus, any influence of the polyanion
on the behavior of the coacervate droplet can be attributed
to its complexation with the peptides.

We first tested if the nature of the polyanion affected the
critical coacervation concentration of the activated peptide
(CCC). Because the activated peptide is transient, these
methods are complicated and subject to hysteresis effects.
We, therefore, determined the CCC for the induction of
droplets and their dissolution. To do so, we added a batch of
fuel and determined by turbidity measurements when
droplets were formed and dissolved. We then used the
kinetic model to determine the exact concentration of
activated peptide at those time points (Figure S2). Droplets
were formed when the activated peptide concentration
passed 690, 243, or 77 μM for 4.1 mM of PVPA, PVS, and
PSS, respectively. Similar values were found for the
dissolution threshold concentration for these droplets. These
findings suggest that the CCCs differ for various polyanions,
but hysteresis, when the system goes through the CCC at
dissolution or formation, does not play a large role.

With the kinetic model and the CCC, we could predict
the evolution of the reaction cycle and compare it to the
evolution of turbidity (Figure 1A). For a fair comparison,
we plotted the origin of the turbidity data such that it crosses
the CCC of the peptide. When 23 mM peptide was fueled
with 15 mM fuel, the turbidity’s evolution matched the
reaction cycle‘s evolution almost perfectly for PVPA and
PVS. The turbidity and the concentration of activated
peptide both peak simultaneously and reach their half-life
times, and dissolve when they reach their CCC. In contrast,
the evolution of the turbidity of the PSS differs drastically
from the reaction cycle. The turbidity peaks slightly early
and then decays much slower. Nevertheless, the turbidity is
negligible when the concentration peptide falls below the
CCC. These observations suggest that PSS droplets dissolve
slower than the peptide deactivates, which could be
explained by the deactivated peptide not immediately
leaving after deactivation. These trends also hold for
conditions that yield a significantly higher concentration of
activated peptide (16 mM peptide fueled with 50 mM of
EDC in the presence of 25 mM polyanion in 200 mM MES
at pH 5.3). (Figure S3).

To further understand the relation between droplet
behavior and the chemical reaction cycle, we analyzed the
individual coacervate’s life cycle by confocal microscopy in a
microfluidic setup.[12c] In the microfluidic setup, micro-

reactors were prepared by mixing an aqueous stream of
polyanion, buffer, and peptide with an aqueous fuel stream.
These aqueous flows were mixed and then combined with a
perfluorinated oil to yield microreactors with all ingredients
for the complex coacervates. The microreactors were
trapped in a drop spot chamber, after which imaging was
started. Every 17 seconds, the entire microfluidic droplet
was imaged by confocal microscopy. With the setup, we
could image the nucleation of coacervate-based droplets,
their fusion, and, eventually, their dissolution (Figure 1B).
We measured the volume of each coacervate-based droplet
in each frame in the cycle, from which we calculated the
total coacervate volume in the microfluidic droplets. For all
polyanions, the total volume rapidly increased after adding
the fuel. After a few minutes, it started to decay until all
coacervate-based droplets had dissolved. The moment the
total volume of droplet material disappeared coincided
roughly with when the concentration of activated peptide
broke through the CCC.

When we analyzed the evolution of the individual
coacervate-based droplets, it became apparent that droplets
nucleated within the first minute. From there, their count
rapidly decreased because of fusion and dissolution. In the
case of PVPA, the dissolution outcompetes fusion after
3 minutes leading to a rapid decrease in the average volume
of the droplets. In contrast, the dissolution for PSS is
delayed compared to PVPA, and fusion is dominant.
Consequently, the average volume of a PSS droplet reaches
a maximum later in the cycle and reaches a much higher
value. In line with the total volume analysis, the PSS
droplets persist longer than PVPA droplets. Thus, from an
individual droplet’s perspective, the PSS droplets persist
longer, have more time to fuse, and reach a much greater
final volume (Figure S4).

Our observations have big implications if we consider
our compartments the basis for self-sustaining compart-
ments. The appropriate choice of the inert, polymeric
droplet scaffold leads to droplets that can better survive
starvation periods, i.e., periods without fuel supply. On the
other hand, dynamic polymer-peptide combinations like
PVPA or PVS are directly susceptible to changes in their
building block concentrations. Their properties can be
directly correlated to the chemical reaction cycle.

To better understand the mechanism of how the
polymers influence the droplet life cycle, we measured the
interaction strength of the peptide AcF(RG)3D� OH and the
activated peptide. Because the activated peptide is short-
lived, it cannot be used in ITC. Instead, we used a model for
the activated peptide AcF(RG)3N� NH2, i.e., we mutated the
anionic aspartic acid for the charge-neutral asparagine. Like
the activated peptide, this model peptide also contains two
additional cations compared to the precursor while main-
taining all other relevant structural features. The model
peptide anhydride also shows similar CCC values to the
actual anhydride (Figure 2A).

For PVS and PSS, the KD values of the peptide were
more than an order of magnitude higher than that of the
model for the activated peptide. Moreover, significantly
different KD values were obtained for the different peptide-
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polymer pairs, which corroborates the not innocent role of
the polyanion (Figure 2A, Figure S5). PSS was interacting
by far the strongest with both the model for the activated
peptide and the peptide, which we hypothesize is a result of
the additional aromatic and cation-π interactions along with
a potential contribution of hydrophobic interactions arising
from the larger polymer backbone.[15] In contrast, PVPA
interacted weakly with the model for the activated peptide
and showed no measurable interactions with the peptide.
The values for PVS lay between the other two polyanions,
which can be attributed to the strong polyelectrolyte
character of the sulfonate groups but the missing aromatic
interactions that can contribute to the interactions for PSS.
For PVS, the interaction with the AcF(RG)3D� OH is
already weakened significantly (the KD value is already
34 times higher than for PSS but still measurable), further
hinting at the important role of the precursor for the droplet
decay profile. The different KD values for the polyanion-
anhydride model interactions are reflected in the different
CCC values for the different polymers.

We used fluorescence recovery after photobleaching
(FRAP) experiments to test the precursor‘s behavior in the
droplets. We synthesized a fluorescent analog of the peptide
(NBD� G(RG)3D� OH, Figure 2B). The FRAP experiments
on in-equilibrium droplets revealed a 1000 times higher
diffusion coefficient for the peptide in PVPA (D=1 μm2/s)
than in PSS (D=0.001 μm2/s). This finding further corrobo-
rates the strong interaction of PSS with the precursor
molecule, while there is no significant interaction with
PVPA.

The high affinity of the peptide to PSS and its low
diffusion coefficient in droplets of PSS suggest that the
precursor building block is hindered from leaving the
droplet phase after the activated peptide deactivates. This
mechanism would imply that deactivated peptide accumu-
lates in the droplets, which explains why the decay of the
turbidity is delayed compared to the kinetics of the reaction
cycle. Indeed, partitioning coefficients of in-equilibrium
coacervates prepared from PVPA or PSS in combination
with AcF(RG)3D� OH and AcF(RG)3N� NH2 show a
roughly twice as large partitioning of NBD� G(RG)3D� OH
in the droplet phase for PSS coacervates than for PVPA
(Figure S6A). For the active systems, after fueling with
EDC under the same conditions, there was a 5-fold differ-
ence in the partitioning coefficients (397.6�131.5 for PSS
and 79.0�26.0 for PVPA) at the expected maximum of
anhydride concentration (Figure S6B). Taken together,
polyanions with a high affinity for the peptide can prevent
the peptide from leaving the droplet after deactivation,
which leads to delayed dissolution.

Excited by the mechanistic understanding of how
polyanions can influence the lifetime of droplets, we sought
a method of controlling it. As the underlying mechanism is
related to the binding affinity between the peptide and
polyanion, the approach is to tune this interaction strength
which is possible by adding salt.[16] Indeed, when we add
250 mM of NaCl, we observe a reduced lifetime and a
steeper decay profile of the turbidity compared to the
system without NaCl. However, there was still a significant
amount of hysteresis when comparing the evolution of
peptide anhydride and turbidity. After adding 500 mM
NaCl, the turbidity closely follows the evolution of the
peptide anhydride concentration. These observations sug-
gest that the critical coacervation concentration increases,
leading to a shorter lifetime. Besides, the addition of salt
leads to a decrease in the interaction strength between the
peptide and the polyanion, which yields less hysteresis
between the evolution of the anhydride concentration and
turbidity. Indeed, an investigation by ITC showed that with
as little as 250 mM NaCl, the KD values for both the peptide
and the model of the activated peptide were drastically
higher (Figure 3A, Figure S7). Furthermore, the addition of
500 mM NaCl increased the KD,2 value further such that it
could not be measured anymore. The ITC data suggests that
if KD,2 is very high or too large to be measured, we can
expect droplets whose evolution follows the anhydride
profile nicely. Noteworthy, this relation between KD,2 and
the droplet dynamics also holds for PVS and PVPA without
additional salt (Figure 1A).

These observations show that the addition of NaCl can
tune the interaction strength. If the interaction strength of
the activated peptide and polyanion decreases (KD,1), the
droplet's lifetime decreases. If the interaction strength of the
peptide and the polyanion is decreased (KD,2), the evolution
of the turbidity follows the evolution of the kinetics of the
reaction cycle.

To further corroborate these findings, we measured the
diffusivity of the precursor in response to different amounts
of salt by FRAP. To perform FRAP experiments, we

Figure 2. Mechanistic understanding of the polyanion influences. A. KD

values of the different polyanions with the peptide and anhydride
model as obtained from ITC analysis. KD,1 was obtained with AcF-
(RG)3N� NH2, and KD,2 with AcF(RG)3D� OH. Right: Example titration
obtained from titrating AcF(RG)3N� NH2 to PVS38.The CCC values for
the peptide anhydride and the anhydride model are in good agreement.
B. FRAP experiments with the fluorescently labeled peptide NBD� G-
(RG)3D� OH and the polyanions PVPA40 (green) and PSS48 (red).
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created static droplets with our anhydride model in the
presence of 500 mM and 1 M NaCl. The experiments
revealed diffusion coefficients of D=0.003 μm2/s in the
presence of 500 mM NaCl and D=0.0043 μm2/s in the
presence of 1 M NaCl, showing a 3- to 4-fold increase in
diffusivity for the AcF(RG)3D� OH peptide (Figure S8B) in
comparison to PSS coacervates without any additional salt
(Figure 2B right). This suggests that adding sodium chloride
to the chemically fueled coacervation system reduces the
half-life times by reducing the polyanion-inactivated peptide
interactions, leading to a steeper decay profile by increasing
the peptide’s diffusivity. This destabilizing effect of NaCl on
the coacervate droplets is also observed under higher fuel
and building block concentrations (Figure S8A). Overall,
the addition of salt to our coacervate droplets is indeed a
valid tool to increase the dynamics of the system by closing
the gap between peptide anhydride dissolution and droplet
decay and they underline the importance of the precursor-
polymer interactions further.

From the above study, we conclude that a high
interaction strength between the peptide precursor and the
polyanion decreases the peptide’s diffusivity and thereby
hinders the deactivated peptide from leaving the droplet,
leading to a measurable delay in the coacervate dissolution.
Following this logic, the smaller the coacervate droplets, the
smaller the delay in the dissolution should be.

To test this hypothesis, we synthesized block copolymers
of PEG and the respective homopolymers of PVPA and PSS
via RAFT polymerization (see Supporting Information).[17]

These block copolymers formed assemblies with our peptide
after adding EDC, as evidenced by DLS analysis (Fig-
ure 4A–D). TEM analysis revealed that both block copoly-
mers formed spherical structures when combined with our
peptide anhydride model (Figure 4E). For PEG-b-PVPA,
the spherical assemblies were polydisperse with a diameter
of up to 400 nm. PEG-b-PSS, on the other hand, assembled
into smaller, spherical assemblies than the PEG-b-PVPA
structures. These initial observations point towards the
formation of large compound micelles for both block
copolymers. The size differences between the assemblies are
also corroborated by DLS and confocal microscopic analysis

(Table S1 and Figure S9). They could be related to the
higher interaction strength between the peptide and the PSS
block than the PVPA block. Similar studies suggest that a
lower binding strength leads to a looser packing of the core
and, thus, larger assemblies.[18]

In the chemically fueled samples, the block copolymer
assemblies of PEG-b-PVPA showed similar lifetimes as their
dynamic homopolymer coacervates under the same con-
ditions and led to highly turbid samples. Similarly, the PEG-
b-PSS assemblies showed no delay in dissolution. This
contrasts the dissolution profile of the PSS homopolymer
coacervates (Figure S10). ITC analysis for PEG-b-PSS
revealed relatively strong binding between the block copoly-
mer and the peptide and peptide anhydride model (KD,1 =

80 μM, KD,2 =141 μM, Figure S11).
Based on these binding constants, we would expect a

delayed dissolution for PEG-b-PSS. The fact that we did not
observe this delay suggests that both the size of the
assemblies and the binding constants must be considered
when predicting the polyanion‘s influence on the assembly‘s
dissolution kinetics. We propose that in the nanometer size
regime, the hindered peptide diffusion does not play a role

Figure 3. Tuning the droplet dynamics by the addition of salt. A. KD

values of AcF(RG)3N� NH2 (KD,1) and AcF(RG)3D� OH (KD,2) with PSS
with and without NaCl. There was no measurable interaction between
the peptide and the polyanion anymore under the applied conditions
with 500 mM NaCl. B. Turbidity trace PSS in the presence of 250 mM
NaCl (23 mM AcF(RG)3D� OH, 4.1 mM polyanion expressed in mono-
mer units, 200 mM MES buffer at pH 5.3, fueled with 15 mM of EDC)
overlayed above the CCC with the respective anhydride evolution from
the kinetic model. C. Turbidity trace of PSS coacervates in the presence
of 500 mM NaCl under the same conditions, overlayed with the
respective anhydride concentration profile above the CCC.

Figure 4. The role of the polyanion in nanosized assemblies/complex
coacervate core micelles. A. DLS analysis of PEG-b-PVPA21 block
copolymers fueled with EDC. 23 mM of AcF(RG)3D� OH were fueled
with 15 mM EDC in 200 mM MES buffer at pH 5.3 in the presence of
4.1 mM block copolymer (expressed in monomer units) and the
corresponding scattering intensity was followed over time by DLS (left
y-axis). The solid lines show the evolution of the anhydride concen-
tration (right y-axis). B. 16 mM AcF(RG)3D� OH was fueled with 50 mM
EDC in the presence of 25 mM block copolymer in 200 mM MES
pH 5.3. C. and D. Fueling under the same conditions with PEG-b-PSS20.
E. TEM analysis of static samples (8.54 mM AcF(RG)3D� OH, 7.46 mM
AcF(RG)3N� NH2, 25 mM block copolymer, all in 200 mM MES at
pH 5.3) after staining with uranyl acetate. Left: PEG-b-PVPA21. Right:
PEG-b-PSS20. R1=� O� C2H5 and R2=� S� C12H25.
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and does not lead to an overall delayed dissolution even
with a high binding constant for the peptide and polyanion
(Scheme 2).

Conclusion and Outlook

We studied the role of the polyanion in chemically fueled
complex coacervates and conclude that they greatly alter the
outcome of the resulting droplets despite not affecting the
underlying chemical reaction cycle. We find that polyanions
that bind strongly to the precursor tend to form droplets
that dissolve with delayed kinetics compared to the reaction
cycle. This effect can be negated by tuning the binding
constants, for example, by adding salt or changing the design
of the polyanion. Moreover, we find that these effects
operate on the microscopic scale, meaning that smaller
assemblies like coacervate core micelles are not affected.

Our findings have implications for chemically fueled
protocell models in which a delay in dissolution can be
desired. If a protocell could control the nature of its
polyanion, for example, by synthesizing or selecting specific
polyanions, it is able to regulate its lifetime and become
more resilient to fuel starvation. When dynamic behavior,
like size control or self-division, is desired, we offer design
considerations for the polyanion too.
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