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Abstract:
Complex coacervation has become a prominent area of research in the fields of food science, 
personal care, drug stabilization, and more. However, little has been reported on the kinetics of 
assembly of coacervation itself. Here, we describe a simple, low-cost way of looking at the 
kinetics of coacervation by creating poorly mixed samples. In particular, we examine how 
polymer chain length, the patterning and symmetry of charges on the oppositely charged 
polyelectrolytes, and the presence of salt and a zwitterionic buffer affect the kinetics of complex 
coacervation. Our results suggest an interesting relationship between the time for equilibration 
and the order of addition of polymers with asymmetric patterns of charge. Furthermore, we 
demonstrated that increasing polymer chain length resulted in a non-monotonic trend in the 
sample equilibration times as a result of opposing factors such as excluded volume and diffusion. 
We also observed differences in the rate of sample equilibration based on the presence of a 
neutral, zwitterionic buffer, as well as the presence and identity of added salt, consistent with 
previous reports of salt-specific effects on the rheology of complex coacervates. While not a 
replacement for more advanced characterization strategies, this turbidity-based method could 
serve as a screening tool to identify interesting and unique phenomena for further study.
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Introduction:
Complex coacervation is an associative, liquid-liquid phase separation phenomenon driven by an 
initial electrostatic attraction between oppositely charged macroions.1-7 This attraction is 
followed by entropic gains from the release of small, bound counter-ions and the restructuring of 
water molecules.8-11 Phase separation typically results in the formation of coacervates as a 
dispersion of macromolecule-rich (e.g., polymer, protein, etc.) droplets in equilibrium with a 
macromolecule-poor phase, called the supernatant.8,9,12-21 The scope of coacervation has 
expanded from its original focus on proteins and polysaccharides22-24 and their applications in 
food to include polynucleotides,25-30 synthetic polymers,31-37 surfactants,38-45 nanoparticles,46,47 
and other hierarchical assemblies48-55 and its use has extended into fields such as adhesives,56-71 
drug delivery, 2,12,15,25,27,28,32,34,72-88 nano/bio-reactors,31,33,89-91 and cellular biology.25,92-109 

Much of the utility of coacervates has come from their ability to effectively encapsulate cargo 
and/or respond to their environment. Therefore, the vast majority of studies on coacervate 
materials require mapping out some aspect of the phase behavior of these materials. While a 
number of recent reports have quantitatively mapped out the entire two-phase region,110-114 most 
studies take advantage of turbidity or light scattering to simply determine conditions where 
coacervates form.8,14,17,115-118 These characterizations of phase behavior can often be accelerated 
through the use of automation, particularly by helping decrease the required sample volumes. 
This need for small sample volumes is particularly acute in many biologically-inspired or bio-
relevant systems where it can be challenging to obtain large quantities of material. 

In contrast to the number of studies aimed at characterizing the thermodynamic phase behavior 
of complex coacervation, there are significantly fewer efforts that look into the dynamic nature 
of coacervate formation. There are kinetic studies dedicated to the formation of polyelectrolyte 
complexes broadly,119-125 as well as on liquid complex coacervation specifically.46,80,126-128 The 
majority of studies take advantage of techniques such as turbidity,46 light scattering,122,123,127 or 
small angle X-ray scattering119 to track coacervate evolution. These studies tend to take 
advantage of fast mixing, such that the kinetics of complexation can be monitored after both 
polyelectrolytes have come into contact with each other.46,119,121-124,127 Much of this work focuses 
on the nucleation and early-time evolution of complexes in dilute solution, looking at parameters 
such as salt, pH, and mixing/charge ratio.46,119,121-124,127 However, the evolution of coacervate 
materials in formulations relevant for real-world applications can be very different than what is 
observed in well-mixed laboratory samples. Here, complicating factors such as differences in the 
concentration of the various components and/or the order of component addition126,127,129 can 
have a significant effect on the resulting product and/or the time needed for it to equilibrate. 
While such formulation questions can be answered via large-scale direct experiments, we discuss 
a method that takes advantage of the types of turbidity experiments that researchers are already 
performing to answer these questions at a much smaller scale.

Here, we describe a simple, method for studying the kinetics of coacervate formulation by 
tracking the time evolution of the turbidity of dilute, poorly mixed coacervating samples 
prepared at a range of polycation/polyanion ratios. We examine the kinetics of coacervation for 
polypeptides with a range of chain lengths and sequences. We also study how the addition of salt, 
the identity of the salts, and the presence of a zwitterionic buffer affects the kinetics of 
complexation and the sensitivity of these parameters to the order of polymer addition to the 
sample.
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Materials and Methods:

Materials: 
Abbreviations for reagents are as follows: tert-butoxycarbonyl (Boc); 9-
fluorenylmethoxylcarbonyl (Fmoc); t-butyl (tBu); trifluoroacetic acid (TFA); triisopropylsilane 
(TIPS); N,N-dimethylformamide (DMF); dichloromethane (DCM); N,N-
diisopropylcarbodiimide (DIC); lysine (Lys or K); glutamate (Glu or E); glycine (Gly or G); 
ethyl (hydroxyimino)cyanoacetate (Oxyma); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES). 

Sequencing grade DMF, GC/MS grade DCM, TFA, ethyl ether anhydrous (BHT stabilized), 
methanol and acetonitrile (HPLC grade) were purchased from Fisher Scientific. Piperidine, α-
cyano-4-hydroxycinnamic acid, isopropanol (99%) was purchased from Sigma Aldrich. DIC 
(99%), TIPS (98%) was purchased from Acros Organics. Rink amide MBHA resin (loading level 
0.32 mmol/g), Fmoc-L-Lys(Boc)-OH, Fmoc-D-Lys(Boc)-OH, Fmoc-L-Glu(tBu)-OH, Fmoc-D-
Glu(tBu)-OH, Fmoc-Gly-OH, and Oxyma were all purchased from Peptide Solutions, LLC. All 
water was dispensed from a Milli-Q water purification system at a resistivity of 18.2 MΩ.cm 
(Millipore).

Zwitterionic HEPES buffer (≥99%) was purchased as a powder from Fisher Scientific and made 
into a 0.5 M stock solution adjusted to pH 7.0. Sodium chloride, potassium chloride, and sodium 
bromide were purchased as powders from Sigma Aldrich. Potassium bromide was purchased 
from Fisher Scientific as a powder. All salt stocks were made at 0.5 M and adjusted to pH 7.0.

Peptide Synthesis: 
Polypeptides with N = 50 were prepared using standard Fmoc-based solid-phase synthesis on a 
Liberty Blue automated microwave peptide synthesizer from CEM, Ltd.130 Deprotection and 
coupling were performed under microwave irradiation on a Rink amide MBHA resin with 0.2 M 
Fmoc and Boc protected lysine (Fmoc-L-Lys(Boc)-OH, Fmoc-D-Lys(Boc)-OH), Fmoc and tBu 
protected glutamate (Fmoc-L-Glu(tBu)-OH, Fmoc-D-Glu(tBu)-OH), and Fmoc protected glycine 
(Fmoc-Gly-OH) in DMF. 20% Piperidine in DMF was used for Fmoc deprotection. DIC and 
Oxyma in a 0.5 M and 1.0 M concentration in DMF were used as activator and base, respectively. 

Cleavage from the resin and side-chain deprotection was in performed using 10 mL of 
TFA/water/TIPS in the volume ratio of 95/2.5/2.5 for 3 hours at room temperature while 
bubbling with carbon dioxide. The cleaved product and resin were separated by filtration. The 
crude peptide was then precipitated into 40 mL of cold (stored at -80°C) anhydrous ethyl ether. 
The mixture was then centrifuged for 5 min at 5,000 rpm (Sorvall Legend X1R Centrifuge, 
Thermo Fisher Scientific, Inc.). The supernatant was decanted and a second round of 
precipitation and centrifugation was performed. The crude product was then dried in vacuo in a 
desiccator overnight. All glutamate polymers were pH balanced after synthesis for solubility and 
then lyophilized.

Characterization of the final product was performed via a Bruker UltrafleXtreme (Fremont, CA, 
USA) matrix-assisted laser desorption/ionization time of flight mass spectrometer (MALDI-
TOF). Samples of the peptide were mixed with matrix solution (approximately 50 mg/mL α-
cyano-4-hydroxycinnamic acid dissolved in 1:1 mixture of water and acetonitrile with 0.05% 
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TFA) in 1:1 ratio to reach a final concentration of approximately 7.5 mM peptide.

Poly(glutamate) with degree of polymerization N = 50 was synthesized using amino acids of 
alternating chirality (D and L) to mitigate inter-peptide hydrogen bond formation,10,13,131,132 while 
poly(lysine) with N = 50 was synthesized only using amino acids of L chirality. Sequence-
defined poly(lysine-co-glycine) (KxGy)N and poly(glutamate-co-glycine) (ExGy)N peptides were 
synthesized with a degree of polymerization N = 50. Thus, all peptides include the charge-
patterned blocks of 48 amino acids described by the block size, and are capped on each terminus 
by a single amino acid (K, E, or G, Table 1). For a block size of 16, the lysine or glutamate 
portions of the peptide were synthesized using amino acids of alternating chirality (D and L) to 
mitigate inter-peptide hydrogen bond formation.10,13,131,132 This use of alternating chirality was 
only implemented for the longest block size because of the tendency for complexing peptides to 
form β-sheets when a continuous run of more than 7-8 chiral amino acids is present.10,132 Lysine 
residues exist as TFA salts, while glutamate residues are present as sodium salts.

Table 1. Molecular sequence for poly(lysine-co-glycine) or poly(glutamate-co-glycine), denoting lysine or glutamate with an X, 
peptides with degree of polymerization N = 50.

Block Size Polypeptide 
Sequence

2 (XG)25
4 G(XXGG)12X
8 G(X4G4)6X
16 G(X8G8)3X

Poly(L-lysine trifluoroacetate or bromide) and poly(D,L-glutamate sodium salt) with chain 
lengths of N = 100, 400, and 800 were purchased from Alamanda Polymers and used without 
further purification. These polymers were synthesized via N-carboxyanhydride polymerization 
using an alkylamine initiator.133 The degree of polymerization was reported by the manufacturer 
based on 1H NMR analysis with a polydispersity index (PDI) between 1.01 and 1.08 for all 
N = 100, 400, and 800 polymers (Table S2). Table S2 also includes mean squared radius of 
gyration estimations assuming ideal flexible chain behavior.

Coacervate Preparation: 
Polypeptide stock solutions were prepared gravimetrically using Milli-Q water at a concentration 
based on the total number of amino acids present. For instance, a stock solution of 
poly(glutamate) of 10 mM amino acid would be used in parallel with a stock solution of the 
poly(lysine-co-glycine), also at 10 mM with respect to the total number of amino acids, or 5 mM 
with respect to the number of charged monomers present in solution. All solutions were adjusted 
to pH = 7.0 ± 0.03 using concentrated solutions of HCl and NaOH, as needed. Monomer 
concentration was chosen as the experimental basis in order to easily enable direct stoichiometric 
comparison of the number of positively and negatively charged units present in solution. 

Complexation was achieved by mixing aqueous solutions of cationic poly(lysine)-based peptides 
with anionic poly(glutamate)-based peptides, potentially in the presence of buffer and/or 
additional salt. Samples were prepared using a Biomek NXP (Beckman Coulter) liquid handling 
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robot. Water, followed by concentrated solutions of buffer and salt, as needed, were pipetted into 
a Falcon flat bottom 384-well plate (Fisher Scientific). The first polypeptide was added and the 
solution was then mixed using an orbital shaker for 15 s, after which the second polypeptide was 
added to a final sample volume of 35 µL per well. The final sample was mixed again for 30 s 
using the orbital shaker. All samples were prepared in triplicate.

For experiments intended to investigate the kinetics of coacervate assembly, the small volume 
and rounded square shape of the wells in a 384-well plate did not allow for effective mixing, 
allowing us to monitor the samples as they reach equilibrium. However, preparation of samples 
in a larger volume, such as a 96-well plate with a total sample volume of 150 µL per well, did 
allow for fast mixing and samples could be moved from the 96-well plate to the 384-well plate 
fully equilibrated.

Complexation was performed over a range of different ratios of positive and negatively charged 
polypeptides at a total monomer concentration of 2 mM, at pH 7.0. Under these conditions, it is a 
reasonable approximation to describe both lysine and glutamate as fully charged. Two 
experiments were run simultaneously to test the order of the addition for the polypeptides; one 
where the polyanion was pipetted into the well plate first and another where the polycation was 
added first. Each experiment was performed at sixteen different charge fractions, although the 
selection of data points to be sampled was skewed in favor of net negative or net positive 
conditions, based on the order of peptide addition. Immediately following sample preparation, 
the well plate was transferred to the plate reader for analysis. 

Two control experiments were performed to establish how mixing affects our experimental 
results. The first, well-mixed experiment was prepared by hand, at a total sample volume of 120 
µL per tube, using (EG)25/(KG)25 where the same procedure as described above was followed, 
pipetting solutions into 1.5 mL Eppendorf tubes and vortexing for approximately 5 s after the 
addition of each solution. Three 35 µL aliquots were then transferred to a 384-well plate for each 
sample. The plate was read immediately after making the samples and pipetting them into the 
plate. The goal of the second control experiment was to test the effect of the orbital shaker on the 
Biomek liquid handling robot. This experiment used same system of (EG)25/(KG)25, and samples 
were prepared using the Biomek. The same procedure was used, but the mixing steps were 
removed.

Turbidity Analysis:
A plate reader equipped with a UV spectrophotometer (Synergy H1, BioTek, Inc.) was used to 
measure changes in the turbidity at a wavelength of 562 nm as a function of time. None of the 
polymers absorb light at this wavelength; thus, turbidity is due to light scattering from suspended 
coacervate droplets. Turbidity is defined by -ln(I/I0), with I0 = incident light intensity and 
I = intensity of light passed through the sample volume. 

Static turbidity measurements were used for characterization of well-mixed samples, followed by 
examination of samples via optical microscopy (EVOS XL Core, Fisher Scientific) to confirm 
coacervate formation. These samples were imaged directly after preparation.

For time-resolved experiments, turbidity data were collected every 5 min for 90 min, unless 
otherwise noted. For the control experiment, where no plate mixing steps were performed during 
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sample preparation, turbidity measurements were taken every 5 min for 6 h. 

Data Analysis:
MATLAB (The Mathworks Inc.) scripts were written to fit a Gaussian unimodal curve to 
describe the stoichiometric curve at each time point. These curves were then used to track shifts 
in the observed phase behavior as a function of time. The Gaussian is described as:

𝐺 = 𝐴𝑒
―

(𝑥 ― 𝑏)2

2𝑐2
(1)

 is the height of the peak,  is the position of the center of the peak,  is the standard deviation 𝐴 𝑏 𝑐
of the curve, and  is the independent variable, which is the charge fraction. The code found the 𝑥
maximum turbidity, the position of this maximum, and the standard deviation of the all the 
turbidities at each time point and used these as initial guesses for A, b, and c, respectively. The 
built-in MATLAB function nlinfit was then utilized to find the best parameters for each Gaussian 
time set. The full MATLAB code is available in the Supplementary Information.

Using the peak locations from the Gaussian models, a peak location versus time curve was 
constructed along with confidence intervals for the peak location based on the variation in the 
raw data. We defined the time to reach equilibrium as the time point at which the peak location 
first reached its maximum or minimum, depending on the order of addition. In addition to this 
elapsed time calculation, we also evaluated our data by determining the “half-time,” or the time 
required to reach half of the maximum or minimum value. Details on this method are described 
in the Supplementary Information and all elapsed times and half-times are outlined in Table S1.

Results and Discussion:
The goal of these experiments was to understand the formation and equilibration aspects of 
complex coacervates using small volumes of material. This approach has the benefit of being 
accessible to a wide range of scientists, and also has the potential to provide insight into the 
formulation requirements of coacervate materials.

Coacervation by Hand and by Machine:
When two oppositely charged polyelectrolytes are brought together to form a complex 
coacervate, maximum complex formation is typically observed under conditions of charge 
neutrality. Thus, if the two polyelectrolytes are of equal length and charge density, net neutrality 
and the maximum level of complexation is expected to occur with equal numbers of each 
polyelectrolyte. These trends as a function of the charge stoichiometry of the system are easily 
observed through the use of turbidimetry. Samples for such experiments are typically prepared 
using a pipette, microcentrifuge tubes, and a vortex mixer, and a key aspect of any protocol is 
ensuring that the samples are fully equilibrated. The equilibrium nature of complex coacervation 
is often determined by testing whether or not changing the order of addition of the components 
affects the results.21,131,134,135 An example of results from a well-mixed, fully-equilibrated 
turbidity experiment for the oppositely-charged polypeptides of poly(lysine-co-glycine) and 
poly(glutamate-co-glycine) is shown in Figure 1 (black curve), and previous reports of 
polypeptide-based complex coacervation, as well as our own experience, have suggested that the 
hydrophilic nature of these peptide-based materials allows for easy sample preparation and 
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equilibration.6,8,10,13,16,17,20,48,131,135-137  

Figure 1. Stoichiometry experiment showing turbidity as a function of the mole fraction of cationic monomer present for 
coacervates of (EG)25/(KG)25 prepared “by hand” pipetting and vortexing (black), as “fully mixed” samples prepared by the 
liquid handling robot using a 96-well plate, followed by aliquoting into a 384-well plate for analysis (grey), and poorly mixed 
samples prepared by the liquid handling robot directly into a 384-well plate named “Neg. First” with the negative polyelectrolyte 
added first (red) or “Pos. First” with the positive polyelectrolyte added first (blue). Error bars represent the standard deviation of 
N = 27.

While the preparation of samples by hand allows for excellent control over sample mixing, the 
need to survey a broad range of formulation conditions often calls for scaling down and 
automation of the experiments. To this end, we decreased the scale of our experiments from a 
total volume of 120 µL prepared by hand in a single microcentrifuge tube and aliquoted into a 
384-well plate, to direct preparation of 35 µL-scale samples in the well plate using a liquid 
handling robot. However, we were surprised to discover that the results from a standard 
stoichiometry experiment did not match those that we regularly obtained by hand. Rather than 
observing a peak at the charge-neutral mole fraction of 0.5, our maximum was shifted to lower 
cationic charge fractions (Figure 1, red curve). 

Our standard protocol for preparing coacervate samples involved the mixing of water, followed 
by buffer/salt (as needed), and then the polyanion followed by the polycation. However, given 
the surprising result that we had obtained with our first experiment, we then ran a test with the 
polycation added first. Interestingly, whereas the experiment with the polyanion added first 
showed a peak in the turbidity at net negative mole fractions, our “polycation first” experiments 
showed a peak in the turbidity at net positive mole fractions (Figure 1, blue curve). Subsequent 
tests demonstrated that we could eliminate this phenomenon by preparing samples in a larger, 
96-well plate, followed by aliquoting into the 384-well plate for analysis (Figure 1, grey curve). 

The different turbidity results obtained from the direct preparation of samples into the small well 
(roughly 3 mm by 3 mm square) of a 384-well plate compared with those of a 96-well plate 
(~6.35 mm diameter circle) suggested that the size of the different wells might be directly 
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affecting the ability of the polymers to mix. Quick calculations using the well plate dimensions 
and an orbital mixing speed of 950 rpm allow us to estimate the Reynolds number (i.e., the ratio 
of inertial to viscous forces) for water at 25°C in the 384-well plate as Re ~ 546, whereas for the 
larger 96-well plate Re ~2,247. These results suggest that flow in the 384-well plate is laminar 
(i.e., Re < 2,200), while the 96-well plate experiences transitional flow (i.e., 4,000 > Re > 2,200). 
Furthermore, we estimated the timescale for purely diffusive mixing for the polymer to move 
halfway across the well as ~3.4 hr and ~14.0 hr for the 384- and 96-well plates, respectively. 
Thus, the enhancement of the more chaotic flow allows for better mixing in the 96-well plate 
versus the purely laminar flow in the 384-well plate. Details of the calculations are available in 
the Supplementary Information. 

While we were able to develop protocols that allowed us to operate our liquid handling robot in a 
manner such that we could reproduce results obtained by hand, we were also interested in further 
exploring the observation that poor mixing could lead to differences in the observed outcome. To 
this end, we used the liquid handling robot to directly prepare “poorly mixed” samples in 384-
well plates, and used a plate reader to track changes in the turbidity signal as a function of time. 
These first experiments involved sequence-controlled polypeptides that were symmetric to each 
other with respect to charge pattern; a polyanion with an alternating sequence of one neutral 
monomer and one negatively charged monomer would be paired with a polycation with the 
equivalent charge pattern (i.e., (EG)25/(KG)25 using the single letter notation for amino acids). As 
in Figure 1, when the positively charged polypeptide was added first, the turbidity signal was 
first observed to the right of net neutrality, at “net positive” conditions. Over the course of 90 
minutes, the turbidity signal shifted back to equilibrate around net neutral conditions (Figure 2a). 
The opposite trend was observed when the polyanion was added first, showing an initial turbidity 
signal at “net negative” conditions that shifted up to net neutrality (Figure 2c). It is interesting to 
note that the symmetry in the structure and charge density of the peptides is matched by the 
symmetry in timescales for equilibration. Similarly symmetric results were seen for matched 
pairs of polypeptides including homopolymers (Figures S1 and S2) and those with different 
charge block sizes (Figures S3 and S4), suggesting that this is a general phenomenon.

We determined a characteristic time for equilibration by first fitting the raw turbidity data at each 
time point using a Gaussian peak. This peak location data could then be plotted as a function of 
time (Figure 2b,d). We then chose to characterize the equilibration time for our system as the 
time at which the turbidity signal first reached its final peak location (i.e., elapsed time, Figure 
2b,d black squares). It was also possible to determine a characteristic half-time for equilibration 
(Figure 2b,d black diamonds). However, the time needed to transport the samples between the 
liquid handling robot and the plate reader made collection of data at very short timescales 
difficult. Thus, while similar trends were observed when using half-times, we have elected to 
utilize the “elapsed” timescale as our characteristic measure. We also note that there was a slight 
difference in the preparation and readout timescale between samples where the negative 
polyelectrolyte added first and the positive polyelectrolyte added first due to the sequential way 
in which the samples were prepared and the turbidity was read. Both directions were done 
together in one experiment, with samples where the polyanion was added first prepared and 
measured before those where the polycation was added first. We estimate that this difference is 
less than 1 min. To account for this, the average between the two times were used.
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Figure 2. Plots of the evolution of turbidity as a function of the cationic charge fraction and time for the complexation of 
(EG)25/(KG)25 at pH 7.0 in water for samples where the (a) concentrated (EG)25 was mixed into dilute (KG)25, (“positive first”) 
and the opposite case (c) where the concentrated (KG)25 was added into dilute (EG)25 (“negative first”). Plots of peak location 
versus time for (b) (KG)25 added first and (d) (EG)25 added first. Schematic representations of the mixing conditions are shown in 
(b) and (d). Black symbols indicate the characteristic times for sample equilibration, with diamonds marking the half times and 
black squares marking the elapsed time. Elapsed times for (a) and (b) are 80 min and 85 min, respectively. Error bars represent 
the standard deviation of N = 27.

Exploring the Effect of Sequence in the Presence of Buffer:
Inspired by the results shown in Figure 2, we decided to expand our study to include a broader 
set of peptides. We also decided to buffer our system with a zwitterionic (net neutral) buffer, 
HEPES, to better maintain a constant pH of 7.0. Initial experiments had demonstrated that the 
addition of 10 mM HEPES did not have a significant effect on the turbidity signal observed 
during a stoichiometry experiment, and only a small effect on the phase behavior of our 
coacervates, reducing the salt resistance of the resulting coacervate slightly, but less than the 
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addition of an equivalent concentration of another salt (see Figure S5). 

Symmetry in Polypeptides:
To begin with, we repeated the experiment with (EG)25/(KG)25 shown in Figure 2, this time with 
the addition of buffer. Interestingly, we observed that the addition of 10 mM HEPES as a neutral, 
zwitterionic buffer resulted in a smaller offset for the initial turbidity signal from net neutrality 
(Figure 3). While the trends are the same for both directions, the first peak in the positive first 
data at t = 0 without buffer was observed at 0.760, while the one with buffer occurred at 0.530 
Similarly, for the negative first experiment the first peak without buffer was observed at 0.367 
while the one with buffer occurred at 0.415. In addition to and consistent with a decrease in the 
observed initial offset in our turbidity data, the addition of buffer also served to accelerate the 
overall time for equilibration. In the absence of buffer, the average elapsed time for equilibration 
was 82.5 min, whereas with buffer it decreased to 50.0 min. This dramatic acceleration (a 
roughly ~40% decrease in elapsed time) was unexpected given the fact that the ~86% of the salt 
resistance was retained with the addition of 10 mM of HEPES buffer. Further studies looking 
into the rheological effects of small molecules such as the zwitterionic HEPES buffer would help 
to elucidate this trend, but are beyond the scope of the current work.
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Figure 3. Plots of the evolution of turbidity as a function of the cationic charge fraction and time for the complexation of 
(EG)25/(KG)25 at pH 7.0 in water for samples where the (a) concentrated (EG)25 was mixed into dilute (KG)25, (“positive first”) 
and the opposite case (c) where the concentrated (KG)25 was added into dilute (EG)25 (“negative first”) in 10 mM HEPES buffer. 
The elapsed time for sample equilibration was determined to be 30 min for (a) and 70 min for (b). Error bars represent the 
standard deviation of N = 27.

Asymmetry in Polypeptides:
After investigating complexation between polypeptides with the same sequence and charge 
density, we then moved on to consider two polypeptides that were not symmetrical to each other. 
In particular, we substituted one of the peptides from our previous system with the fully-charged 
homopolymer (i.e., (KG)25/E50 and K50/(EG)25).
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Figure 4. Plots of the evolution of turbidity as a function of the cationic charge fraction and time for the complexation of E50 and 
(KG)25. (a) Shows the addition of (KG)25 first and (c) shows the addition of E50 first. (b) Shows the addition of (KG)25 first and 
(d) shows the addition of E50 first in the presence of 10 mM HEPES. When the patterned polyelectrolyte was added first in the 
presence of buffer, there is an initial offset followed by a shift toward equilibrium, whereas there is little to no offset observed 
when the homopolymer is added first. Elapsed time is (a) 65 min and (c) 75 min with no buffer and (b) 85 min and (d) 15 min in 
the presence of 10 mM HEPES. Error bars represent the standard deviation of N = 27.

Replacing a half-charged peptide with a fully-charged homopolymer of the same overall length 
represented the most drastic change that we could make in our materials while keeping chain 
length constant. While our previous results had shown relatively symmetric behavior with 
respect to the order of addition, for these mismatched, or asymmetric polypeptide systems we 
observed a significant difference in the equilibration behavior depending on which polymer was 
added first. In our pH buffered system, the addition of the patterned polypeptide first showed 

Page 12 of 28Physical Chemistry Chemical Physics



13

results that were similar, though slightly faster, to those observed previously for the unbuffered 
system (Figure 4a,b). However, when the homopolymer was added first, the turbidity signal 
equilibrated to the expected conditions around net neutrality almost immediately when buffer 
was present (Figure 4d). Similar trends were observed for other peptide systems, regardless of 
the identity of the patterned/homopolypeptides (see Figure S6). However, in the absence of 
buffer, we do not see the almost instantaneous equilibration with the addition of the 
homopolymer added first (Figure 4c). These data suggest that presence or absence of even a 
zwitterionic buffer is a means by which the equilibration time can be tuned, and that this 
particular phenomenon may be very sensitive to the density of charges present on the polymers. 
Further exploration of this potential phenomenon, as well as a more in depth exploration of 
sequence on the rates of equilibration is an interesting area for future study. In particular, the 
dramatic effects of charge patterning mismatch could have significant implications when applied 
to industrial-scale formulation. 

Is This Just Diffusion? Chain Length of Polypeptides:
An obvious question related to the varying results presented thus far is whether the observed 
differences are evidence of anything other than diffusion. For symmetric peptide systems, the 
molecular weights of the lysine and glutamate copolymers are similar, and thus symmetric trends 
in the data would not be unreasonable. Additionally, the addition of buffer seems to act like a salt, 
though to a lesser extent, because of its zwitterionic nature. However, our observations for 
asymmetric coacervate systems (Figures 4, S6-S8) suggest that forces beyond simple diffusion 
are at play. 

To test whether or not the temporal changes in the turbidity results were caused by merely 
diffusion, we first examined the effect of polymer chain length. If diffusive effects were the 
dominant factor in our experimental observations, we would expect to observe an increase in the 
elapsed time for equilibration with increasing polypeptide chain length. We tested coacervation 
between KN and EN with degree of polymerization N = 50, 100, 400, and 800. These experiments 
were performed in the absence of buffer so as to slow down the timescales for equilibration and 
allow for clear differentiation of the different polymer systems.

Our experimental results showed a non-monotonic dependence on chain length, with a maximum 
equilibration time observed with N = 100, followed by a subsequent decrease in the equilibration 
time with increasing chain length (Figure 5). Diffusivity is expected to scale as ~N.138 However, 
in order to observe the “volcano” type of trend with increasing chain length, there must be 
another factor that accelerates motion with increasing chain length. While a detailed exploration 
of this phenomenon is beyond the scope of the current publication, we hypothesize that factors 
such as excluded volume effects analogous to those observed in size exclusion chromatography, 
exchange dynamics within a polyelectrolyte complex, as well as differences in the driving force 
for complexation may play a role. Thus, both the length and the charge density of the polymers 
appear to play a significant role in determining the timescale for a coacervating system to 
equilibrate.
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Figure 5. Average elapsed for the equilibration of KN and EN as a function of polypeptide lengths N = 50, 100, 400, and 800 with 
no buffer present. Error bars represent the propagated error.  

Effect of Salt:
The combination of results presented thus far suggested that the differences in equilibration time 
for our poorly mixed turbidimetry experiments could provide insight into the strength of 
interactions between polymer species in our coacervate materials, somewhat analogous to either 
a viscosity or a stress relaxation measurement. The addition of salt has long been used as a way 
of modulating the rheological properties of complex coacervates and polyelectrolyte complexes 
generally.113,137,139-144 Thus, we investigated the effect of added salt and salt identity on 
coacervate equilibration.

To begin with, we tested the effect of increasing salt concentration. In Figure 6a, we compare the 
elapsed time for complexation between (EG)25 and (KG)25 in the absence of added salt, as well 
as the addition of 10 mM and 25 mM KBr. The addition of even a small amount of salt has a 
tremendous effect on the time needed for sample equilibration, with the average elapsed time 
decreasing from 82.5 min to 5.0 min with the addition of only 10 mM KBr. With the addition of 
higher salt concentrations, the calculated elapsed time decreased further, and it became difficult 
to accurately determine a time scale. 

Our results correlate with reports from the literature that salt accelerates both the kinetics of 
coacervate formation and the timescale for relaxation. Liu et al. used stopped-flow light 
scattering to study the kinetics of coacervation upon fast mixing of two oppositely-charged 
polymers.126,127 The time scale for complexation decreased with the increasing addition of salt, 
similar to trends found with our data.127 A report by Salehi et al., on the layer-by-layer assembly 
of polyelectrolytes, illustrated an optimum range of salt between 15-60% of the maximum salt 
concentration where complexation can occur where there is a faster growth.121 However, this 
report, and other reports, focused solely on one type of salt with different systems, making it 
difficult to draw conclusions of how the type of salt affects the kinetics.119,121 Further exploration 
and comparison of different salts could help elucidate the effects of salt composition on the 
kinetics of polyelectrolyte complexation. These parallel results with respect to salt are in contrast 
to the absence of reports on other parameters such as chain length and charge density/patterning, 
for which, to the best of our knowledge, there has been little to no study on. 

Rheological measurements have also highlighted the dramatic effect that increasing salt 
concentrations can have on the viscosity and/or relaxation behavior of complex 
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coacervates.111,137,139-143,145 This salt effect has been described in terms of the ability of salt to 
lower the activation energy barrier for the rearrangement of ion pairs using a “sticky” Rouse 
model.141,142 The specific chemical identity of the salt ions has also been shown to have a 
significant effect on both the phase behavior and the rheology of coacervates.8,145 These effects 
have largely been associated with Hofmeister-like effects that can be attributed to the ability of 
the various ions to affect the structure of water.146-150 

We compared the effect of both the cation and the anion by testing a series of alkali halide salts 
at 10 mM concentration with the system of (EG)25 and (KG)25. By merely changing the identity 
of the salt ions we observed a dramatic acceleration in the time needed for our samples to 
equilibrate. KBr had the fastest average elapsed time of 5.0 min, followed by 35.0 min for NaBr, 
57.5 min for KCl, and NaCl at 62.5 min (Figure 6b). Interestingly, the result for NaCl was 
comparable to what was seen with no added salt (Figures 5, S9d, and S10d). 

Figure 6. (a) The effect of increasing salt concentration with KBr on the average elapsed time of (EG)25/(KG)25, and (b) the 
effect of varying alkali halide salts at 10 mM and using the same system. Error bars represent the propagated error.

Our trends parallel rheological data reported by Sadman et al., who used quartz crystal 
microbalance (QCM) studies to characterize thin films of poly(4-styrenesulfonic acid, sodium 
salt) (PSS) and poly(diallyldimethyl ammonium chloride) (PDADMAC).145 The QCM data 
showed that the salt-induced changes in the modulus of the films correlated with the ability of 
the individual salts to bring water into the film. These results are particularly interesting as the 
trends of (Br- < Cl- and K+ < Na+) and those from Sadman et al., correlate with a decrease in the 
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hydration of the ions while resulting in an overall increase in the amount of water brought into 
the coacervate. More work is needed to better understand this phenomenon. 

Conclusions:
We developed a turbidimetric method that uses small volumes and poor mixing to track the 
equilibration of a panel of complex coacervate samples prepared across a range of charge 
stoichiometries. Whereas a “well-mixed” experiment would be expected to result in a turbidity 
signal that is peaked at a 1:1 charge stoichiometry, corresponding to net neutrality, we saw a shift 
in the turbidity signal to net negative or net positive stoichiometries, depending on the order of 
polymer addition. The location of this peak could then be tracked over time as it shifted towards 
the expected 1:1 stoichiometry to identify a characteristic time scale for equilibration.  

Analysis of the equilibration time for coacervates formed from polymers with increasing chain 
length demonstrated the ability of this method to probe both diffusion and frictional effects 
associated with the electrostatic interactions driving coacervation. The addition of salt or a 
zwitterionic buffer served to decrease the inter-chain friction, accelerating equilibration. 
Interestingly, we observed marked differences in the frictional interactions between polypeptides 
with asymmetric patterns of charge, depending on the order of polymer addition. 

This method has the potential to provide insight into differences in the associative interactions 
present in different coacervate formulations. While not a replacement for more advanced 
techniques such as rheology that can more accurately and quantitatively probe the internal 
structure and dynamics of a material, the ability to perform simple characterizations with 
extremely low sample requirements in parallel with ongoing turbidimetric studies could help to 
serve as a screening tool to identify interesting and unique phenomena for further study.
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