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ABSTRACT: Coacervates are a type of liquid−liquid phase
separated (LLPS) droplets that can serve as models of
membraneless organelles (MLOs) in living cells. Peptide−
nucleotide coacervates have been widely used to mimic properties
of ribonucleoprotein (RNP) granules, but the thermal stability and
the role of base stacking is still poorly understood. Here, we report
a systematic investigation of coacervates formed by five different
nucleoside triphosphates (NTPs) with poly-L-lysine and poly-L-
arginine as a function of temperature. All studied combinations
exhibit an upper critical solution temperature (UCST), and a
temperature-dependent critical salt concentration, originating from a significant nonelectrostatic contribution to the mixing free
energy. Both the enthalpic and entropic parts of this nonelectrostatic interaction decrease in the order G/A/U/C/T, in accordance
with nucleobase stacking free energies. Partitioning of two dyes proves that the local hydrophobicity inside the peptide−nucleotide
coacervates is different for every nucleoside triphosphate. We derive a simple relation between the temperature and salt
concentration at the critical point based on a mean-field model of phase separation. Finally, when different NTPs are mixed with one
common oppositely charged peptide, hybrid coacervates were formed, characterized by a single intermediate UCST and critical salt
concentration. NTPs with lower critical salt concentrations can remain condensed in mixed coacervates far beyond their original
critical salt concentration. Our results show that NTP-based coacervates have a strong temperature sensitivity due to base stacking
interactions and that mixing NTPs can significantly influence the stability of condensates and, by extension, their bioavailability.

■ INTRODUCTION

Cells contain a variety of membraneless organelles (MLOs),
which are important in cellular organization and could be
relevant for synthetic cells.1 In vitro models of MLOs can
provide a useful platform to gain a better understanding of the
role of membraneless compartmentalization in living cells.
Recently, researchers have shown intracellular liquid−liquid
phase separation (LLPS) underlies the formation of many
MLOs, such as the nucleolus, P-granules, and Cajal bodies.2,3

Coacervates are condensed droplets that are formed by
LLPS.4 They have been used as in vitro models of MLOs owing
to their similarities in composition and physicochemical
properties. Coacervates are commonly divided into simple
coacervates, which are formed from a single type of
macromolecule, and complex coacervates, which are formed
by complexation between two types of usually oppositely
charged macromolecules.5 A variety of biological and non-
biological macromolecules have been used to form complex
coacervates, including combinations of synthetic polyelectro-
lytes, polysaccharides, peptides (polypeptides and oligopep-
tides), proteins, RNA, single-stranded DNA (ssDNA), and
nucleoside di- and triphosphates.6−11 From all these
combinations, peptide−nucleotide coacervates have become
an attractive model system with many physicochemical

characteristics, such as density and viscosity, in common
with ribonucleoprotein granules.12−15 Moreover, their proper-
ties make them interesting as protocell models,13,16 which can
concentrate small-molecule solutes17 and nucleic acids,18 while
their formation can be controlled by pH19,20 and enzymatic
reactions.21 Other, similar complex coacervates have been
found to support RNA22,23 and enzyme catalysis24 and protein
self-assembly.25,26 However, the effect of temperature on the
phase behavior of complex coacervates is still incompletely
understood, even though temperature could play an important
role in the formation of protocells and the synthesis and
stability of biomolecules.27,28

Koga et al. were the first to introduce peptide−nucleotide
(nucleoside mono-, di-, and triphosphates) coacervates as
protocell models. They reported that ATP/PLys and CTP/
PLys coacervates remain stable up to 90 °C.16 Williams and
coauthors used a different type of polycation, poly-
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(diallyldimethylammonium) chloride (PDDA) and confirmed
that PDDA−nucleotide droplets are also stable up to at least
85 °C.29 However, others reported significant effects of
temperature changes on the stability of different complex
coacervates. Keating and co-workers have shown that poly-U
RNA in the presence of spermine can undergo LLPS and that
the mixture shows lower critical solution temperature (LCST)
behavior: the oppositely charged molecules are soluble below a
critical temperature (LCST) and only phase separate when
heated to above the LCST.30,31 Complex coacervates formed
by cationic elastin-like polypeptides and hyaluronic acid also
display LCST behavior, where the transition temperature could
be tuned by the charge ratio of the employed macro-
molecules.32,33

On the other hand, complex coacervates of protamine and
multivalent anions, such as citrate and tripolyphosphate, were
reported to have upper critical solution temperatures (UCST):
the coacervates dissolved upon heating to 36 or 55 °C,
respectively.34 Finally, de novo designed intrinsically disordered
peptides bearing oppositely charged residues can display both
UCST and LCST behavior, depending on their sequence.35,36

In short, it is not clear how temperature is expected to impact
the formation of peptide−nucleotide complex coacervates. If
aromatic stacking interactions play a role in the formation of
peptide−nucleotide coacervates, increasing temperature could
weaken the interactions and possibly dissolve the coacervates,
analogous to the melting of DNA and RNA duplexes.
Typically, DNA duplexes exhibits a melting temperature
(Tm), which depends on numerous factors, the most important
one being the sequence itself.37

Here, we investigated the temperature dependence of
complex coacervates made of one of five nucleoside
triphosphates (ATP, GTP, CTP, dTTP, UTP, collectively
referred to as NTPs) or tripolyphosphate (TPP) together with
an oppositely charged polypeptide (poly-L-lysine (PLys) or
poly-L-arginine (PArg)) in a systematic way. We show that all
the peptide−NTP coacervates are temperature-responsive and
exhibit a UCST. The coacervates can be reversibly dissolved by
heating and formed again by cooling. The critical temperature
of coacervates made with the five different nucleoside
triphosphates (NTPs) varies significantly, and the order
coincides with their base stacking free energy. We derive a
simple relation between the salt concentration and temperature
at the critical point, which can be used to deduce the enthalpic
and entropic contributions to the interaction free energy. We
find that the combinations with higher base stacking free
energy exhibited higher critical salt concentration and we
rationalize our findings by demonstrating that the most stable
coacervates are the most hydrophobic using partitioning of two
moderately hydrophobic dyes. We also report on mixed
coacervates that contained two or more different NTPs and
show that these coacervates are characterized by a single
critical salt concentration and temperature, between the values
for coacervates made with a single type of NTP. Our results
suggest that peptide−NTP coacervates can be used as artificial
organelles to store and release all NTPs upon changes in
temperature.

■ MATERIALS AND METHODS
Materials. The materials used for coacervate formation

include poly-L-lysine hydrobromide (PLys, 15−30 kDa), poly-
L-arginine trifluoroacetic acid (PArg, sequence: CR20-NH2, 5.5
kDa, with a cysteine used for labeling, >95% purity, Caslo),

adenosine 5′-triphosphate disodium salt hydrate (ATP),
guanosine 5′-triphosphate disodium salt hydrate (GTP),
cytidine 5′-triphosphate disodium salt (CTP), 2′-deoxythymi-
dine 5′-triphosphate sodium salt (dTTP), uridine 5′-
triphosphate trisodium salt hydrate (UTP), sodium tripoly-
phosphate (TPP), sodium chloride (NaCl), magnesium
chloride hexahydrate (MgCl2·6H2O), and 4-(2-hydroxyeth-
yl)-1-piperazineethanesulfonic acid (HEPES). These were all
purchased from Sigma-Aldrich unless otherwise specified.
Relevant molecular structures can be found in the Supporting
Information (Table S1).
For partitioning experiments, we used rhodamine B (RhoB)

and 6-aminofluorescein (6-AF), which were both purchased
from Sigma-Aldrich. The fluorescently labeled DNA oligonu-
cleotides used for compositional analysis of mixed coacervates
include poly-A15 (Cy5-A15), poly-C15 (Cy5-C15), poly-T15
(T15-Cy3Sp), and poly-G11(G5-Super-dG-G5-Cy3Sp). These
were all purchased from Integrated DNA Technologies (IDT).
In this paper, we have used a shorter poly-G11 than the other
oligonucleotides, because long poly-G oligonucleotides are
known to form G-quadruplex secondary structures. Super-G
bases can be added to prevent G-quadruplex formation, while
retaining the Watson−Crick base pairing ability.38 Because of
the shorter length, poly-G partitioning coefficients cannot be
compared in absolute sense with partitioning coefficients of the
other oligonucleotides; we therefore always compare poly-G
partitioning relative to its partitioning in noncomplementary
coacervates.
For the modification of microscopy chambers, we used

poly(vinyl alcohol) (PVA, 13−23 kDa, 87−89% hydrolyzed,
Sigma-Aldrich) and μ-slides with 18 wells (No. 1.5, polymer
coverslip, Ibidi GmbH). The Ibidi μ-slide chambers were
modified by adding 30 μL of a 5 wt % PVA solution to each
well, covering it with the lid and incubating the slide at room
temperature for 24 h. The wells were washed with copious
amounts of MQ water and ethanol, dried with compressed air
and then placed in an oven at 60 °C overnight to reach
complete dryness.

Stock Solutions and Coacervate Formation. All NTPs
and TPP were dissolved in Milli-Q water (MQ, 18.2 MΩ cm)
at concentrations of 50 and 100 mM, respectively. In addition,
the following stock solutions were prepared in MQ for
coacervate formation and partitioning: PLys (50 mg/mL, 0.24
M in monomer units), PArg (10 mg/mL, 0.037 M in monomer
units), HEPES (500 mM, pH 7.4), MgCl2 (50 mM), NaCl (3
M), RhoB (1.5 mM), and 6-AF (20 mM, adjusted with 1 M
NaOH to pH 7.0). The labeled DNA oligonucleotides poly-
A15, poly-G11, poly-C15, and poly-T15 were dissolved in
nuclease-free water at a concentration of 100 μM. All stock
solutions were stored at −20 °C, except HEPES, MgCl2, NaCl,
RhoB, and 6-AF, which were stored at 4 °C.
Typically, coacervates were prepared by first mixing NaCl,

HEPES, MgCl2, MQ, and the desired type of NTP (or TPP) in
a microcentrifuge tube (0.5 mL, Eppendorf) at the required
concentration, followed by the addition of positively charged
PLys or PArg from their respective stock solutions in a 1:1
molar (monomer basis) ratio to the NTPs. The total volume of
the mixtures was 20 μL. The final concentration of NaCl in the
mixture varied from 0 to 1.2 M and the final concentration of
HEPES and MgCl2 are 50 and 5 mM, respectively. Mixing was
done by gentle pipetting (three times).

Turbidity Measurement. We used turbidity titrations,
complemented with microscopic analysis, to determine the
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optimal mixing ratio of NTPs and polypeptides, and the critical
salt concentration of peptide−NTP and TPP/PArg coac-
ervates. Turbidity was measured on a microplate reader
(Tecan Spark M10), equipped with an automated micro-
injector (1 mL syringes with heating and stirrer option), as
described elsewhere.39 Samples for turbidity measurements
were directly prepared into 96-well plates (Greiner Bio-one,
clear flat-bottom wells). In order to determine suitable
measurement conditions for investigating the effect of
temperature on the stability of peptide−NTP coacervates, we
prepared coacervates of PLys (5 mM, monomer concen-
tration) with varying concentrations of ATP. Figure S1 shows
that the critical salt concentration of ATP/PLys increased
sharply at low ATP concentrations, before increasing much
more slowly beyond 3 mM ATP. We selected 5 mM as the
fixed NTP concentration for all experiments, because the
critical salt concentration was sufficiently high to be accurately
determined, while the phase transition was still sharp.
To determine the critical salt concentration of these and

other coacervates, we performed titrations of 100 μL ATP/
PLys coacervate dispersion with NaCl (0.60 M) in 5 μL steps
for dissolution, or titrations of a 50 μL solution above the
critical salt concentration with MQ in 5 μL steps for
condensation. The temperature was kept constant at 20 ±
0.5, 25 ± 0.5, 30 ± 0.5, and 40 ± 0.5 °C, respectively, and the
plate was kept at this temperature for 10 min before starting
the titration. After each injection step, the samples were mixed
by shaking for 5 s, followed by equilibration for 2.5 min, and
shaken for another 5 s before every readout. A total of 15−40
injections were made, and all measurements were made in
triplicate. The absorbance at 600 nm was recorded as a
measure of turbidity. The turbidity is reported as (100 − T%),
where T% is the percentage of light that is transmitted:39

T
I
I

100% 100% 10%
0

Absi
k
jjjjj

y
{
zzzzz= × = × −

The critical salt concentration was determined by plotting the
recorded turbidity (100 − T%) as a function of the added salt
concentration (NaCl) and then extrapolating the first-order
derivative at the inflection point to zero turbidity. Note that
this critical salt concentration does not take into account the
addition of other ions from sources. Their concentration is the
same for all the combinations we tested, and then we verified
that the counterions from the peptide and NTPs have a
negligible effect on the extrapolation (Figure S2a). We also

confirmed that the turbidity signal does not decrease to below
50% for a typical duration of a titration experiment (Figure
S2b) and that the addition order, titration rate (the lowest
value is 5 μL per step), settling time, and shaking time
(minimal: 3s) all have no effect on the measured turbidity
(Figure S2c−f).
The turbidity of the samples (Figure 1a, Figures S3, S4, and

S11a,d) was recorded on a JASCO V-630 UV−vis
spectrophotometer in a quartz microcuvette (Hellma, path
length 10 mm, volume 400 μL). Like on the plate reader, the
samples were equilibrated for 10 min before starting the
measurement. For variable temperature measurements, the
temperature was increased from 10 to 60 °C and back at a rate
of 2.5 °C/min and the absorbance at 600 nm was recorded
every 2 °C by holding the temperature for 10 s. With faster
heating and cooling rates, the hysteresis became more
pronounced (Figure S3b−d), while at lower rates, the turbidity
dropped at low temperatures and the cycle could not be
repeated starting from the same turbidity level, because a full
cycle takes more than 3 h at rate of 0.5 °C/min (Figure S3a).
Therefore, we used 2.5 °C/min as the optimal temperature
ramp. For determining the critical salt concentration at
constant temperature, samples with a starting volume of 300
μL were equilibrated for 10 min at 20 ± 0.3, 25 ± 0.3, 30 ±
0.3, 40 ± 0.3, 50 ± 0.3, and 60 ± 0.3 °C, respectively, and then
the salt concentration was increased stepwise by addition of
NaCl (0.60 M, kept in thermal shaker at the same
temperature) in 5−20 μL per step. After addition, the sample
was mixed 3× with a glass pipet and equilibrated for 2.5 min
before readout.

Wide-Field and Confocal Microscopy. Images were
obtained by using a Leica Liachroic Sp8 confocal microscope,
equipped with a EL6000 light source, DFC7000 GT camera,
DMi8 CS motorized stage, LAS X SP8 controller software, and
a HC PL APO CS2 20×/0.75 objective (air), or a Leica TCS
Sp8X confocal microscope, equipped with HyDs and PMTs
detectors and a pulsed white light laser and a HC PL APO CS2
40×/0.6 objective (air). Temperature ramp videos were
recorded on a bright-field transmission optical inverted
microscope (IX71, Olympus), equipped with a Linkam PE
100 Peltier stage using a heating/cooling rate of 2.5 °C/min.
Images were recorded with a default frequency of 1 s/picture.
Samples for the microscopy experiments were prepared in
Eppendorf tubes. Normally, 10−30 μL of a freshly prepared
coacervate dispersion was added directly to a modified μ-slide
chamber for taking images or videos.

Figure 1. (a) Temperature-dependent decrease of turbidity between 10 and 60 °C of ATP/PLys coacervates prepared at different salt
concentrations. (b)−(d) Bright-field microscope images of ATP/PLys coacervate droplets at a salt concentration of 0.22 M, showing the effect of
their dissolution and formation triggered by varying the temperature: (b) droplets at the starting temperature of 10 °C, (c) when the temperature is
increased to 60 °C at a rate of 2.5/°C droplets are completely dissolved and the solution is clear, and (d) when the temperature is decreased to 10
°C at the same rate droplets are visible again.
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For partitioning experiments, small quantities (0.4 μL for 6-
AF and RhoB, 0.2 μL for Cy3- and Cy5-labeled oligonucleo-
tides) of the stock solutions of the dye molecules were added
to the coacervates, mixed by gentle pipetting, and visualized by
excitation at the indicated wavelengths. 6-AF was excited at
484 nm, RhoB at 573 nm, Cy3 (poly-G11, poly-T15) at 554 nm
and Cy5 (poly-A15, poly-C15) at 649 nm. The partitioning
coefficient (Kp) was determined from average fluorescence
intensities as Kp = (Icoa − Ib)/(Id − Ib), where Icoa, Ib, and Id are
the intensity inside of a coacervate, a blank solution, and the
dilute phase surrounding the coacervate droplets, respectively.
HPLC Analysis of the Components of the Coacervate

Droplets. For high-pressure liquid chromatography (HPLC)
analysis, we used phosphate buffers prepared using mono- and
dibasic potassium phosphate (KH2PO4 and K2HPO4, Sigma-
Aldrich). For determination of the nucleoside base composi-
tion of mixed coacervates, we used a Shimadzu Nexera X2
HPLC system with an anion exchange column (Shim-pack
WAX-1, 4.0 × 50 mm, 3 μm particle size), operated at 45 °C,
UV−vis detector (SPD-20A), and LC-30AD liquid chromato-
graph and a Nexera X3 HPLC system with the same column as
Nexera X2, UV−vis detector (SPD-40), and LC-40D liquid
delivery pump.
Samples for HPLC, were prepared by centrifugation of a 1

mL coacervate dispersion for 30 min at 6000 rpm to separate
the dilute phase (top) from the coacervate phase (bottom).
The dilute phase was diluted a further 10× with MQ water
before injection. The coacervate was dissolved by adding a
known volume of NaCl (3 M) and MQ water, after which the
total volume was determined by pipet and was finally diluted
100×. The pure samples (NTPs) were prepared by directly
diluting their stock solutions to 100 μM. For HPLC
measurement, the pump flow rate was 1 mL/min (X2) or
0.8 mL/min (X3), the injection volume was 2−10 μL,
depending on the sample, eluents were 20 mM KH2PO4/
K2HPO4 buffer A (pH 7.0) and 480 mM KH2PO4/K2HPO4
buffer B (pH 6.9), and the gradient program in total was 25
min (0−100% B in 15 min, 100% B for 4 min, 100−0% B in 2
min, 0% B for 4 min). The nucleotide bases were detected by
absorbance at 254 nm.

■ RESULTS AND DISCUSSION
Temperature-Responsive ATP/PLys Coacervates with

Different Salt Concentrations. Peptide−NTP coacervates
have been used as protocells and in vitro membraneless
organelle mimics, but the influence of temperature on the
stability and composition is still unclear. On the basis of the
marked melting behavior of DNA and RNA duplexes caused in
part by disruption of the base stacking interactions, we
hypothesized that peptide−NTP coacervates would also “melt”
upon increasing the temperature. In order to establish if
temperature could lead to dissolution of peptide−NTP
coacervates, we first prepared coacervates of ATP and PLys
at different salt concentrations and monitored their turbidity
upon changing the temperature. We cycled the temperature
between 10 and 60 °C. As shown in Figure 1a, when the
temperature was increased from 10 to 60 °C, the turbidity of
the coacervates with salt concentrations from 0.18 to 0.26 M
decreased significantly, dropping to close to zero above a
characteristic transition temperature. These curves show a
characteristic upper critical solution temperature (UCST)
behavior, similar to that observed for complex coacervates of
protamine and citrate.34 Increasing the temperature to 60 °C

had little effect on samples with salt concentrations below 0.14
M, most likely because the transition temperature was higher
than 60 °C under these conditions. Interestingly, the salt
concentration in all samples displayed in Figure 1a is much
lower than the critical salt concentration at room temperature,
which is 0.30 M (measured at 22 °C by titration from low to
high salt concentration).
There is a clear correlation between the transition

temperature and the salt concentration: the transition
temperature of the coacervates shifts to lower temperatures
as the salt concentration gets closer to the critical salt
concentration. In all cases, the temperature-induced transition
is quite pronounced: for example, for a salt concentration of
0.22 M, the turbidity of mixture falls from almost 100% to
nearly zero as the temperature is increased from 35 to 48 °C,
which is a similar width to the melting curve of many short
DNA and RNA duplexes.40 Additionally, when we cooled the
mixture from 60 to 10 °C, the turbidity increased again to the
original level with decreasing temperature (Figure S4).
We interpret the fall in turbidity as complete dissolution of

the coacervate droplets and the subsequent rise as formation of
coacervates by condensation. We verified that the coacervates
were indeed dissolved and formed again using optical
microscopy. The bright-field microscope images in Figure
1b−d show the sample of ATP/PLys with a salt concentration
of 0.22 M at the starting temperature of 10 °C, at the final
temperature after heating to 60 °C, and after cooling to 10 °C
again. At 10 °C, both before heating and after cooling again,
we observed clear coacervate droplets (Figure 1b,d), while at
60 °C, we observed no coacervate droplets (Figure 1c), which
confirms that changes in temperature can be used to reversibly
dissolve and form peptide−NTP coacervates. The dissolution
and formation process also can be followed in time in Movie
S1 and Movie S2. The videos show that as the temperature
increases, the droplets dissolve slowly, decreasing in size first
and then disappearing, while when the temperature is
decreased, the droplets form rapidly and then grow larger as
they cool further. These results highlight the reversibility of
ATP/PLys coacervates.

UCST Behavior of Peptide−Nucleotide Coacervates.
In order to better understand the effect of the interactions
between the nucleotide bases on the UCST behavior of
peptide−NTP coacervates, we repeated these experiments with
coacervate droplets of GTP, CTP, TTP, and UTP, all mixed
with PLys. All combinations could form coacervate droplets
directly after mixing, as shown in the bright-field microscope
images in Figure S5.
We found in Figure 1 that there was a direct correlation

between the critical temperature and critical salt concentration
of ATP/PLys coacervates. Therefore, we studied the turbidity
of ATP/PLys, GTP/PLys, CTP/PLys, TTP/PLys and UTP/
PLys coacervates during a salt titration at different temper-
atures in a plate reader (Figure S6, ATP/PLys as an example).
The critical salt concentration was determined from the
turbidity titrations and is shown in Figure 2a as a function of
temperature. In other words, Figure 2a shows the UCST of
different peptide−NTP coacervates as a function of salt
concentration. For all NTPs, a decreased critical salt
concentration could be observed with increasing temperature.
However, the NTP-based coacervates exhibited significantly
different critical salt concentrations at the same temperature
(and different UCST at the same salt concentration). The
critical salt concentration decreased in the order GTP/PLys
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(G) > ATP/PLys (A) > CTP/PLys (C) ≥ UTP/PLys (U) >
TTP/PLys (T), in line with the relative stacking free energies
of the nucleobases.41 In addition, the critical salt concentration
increased more rapidly with decreasing temperature for ATP
and GTP than for CTP, TTP, and UTP.
To rationalize the relation between critical salt concentration

and temperature of complex coacervates, we start from a
simplified mean-field Flory−Huggins model, which has been
widely used to describe LLPS of peptides and proteins.42−44

According to this model, the mixing free energy density ( f) of
a peptide or disordered protein that undergoes phase
separation can be written as

f
kT

ln (1 ) ln(1 ) (1 )ϕ ϕ ϕ ϕ χϕ ϕ= + − − + −
(1)

where ϕ is the volume fraction of a polymeric species and χ is
the interaction parameter, which accounts for the interaction
free energy between the polymer and the solvent and includes
both enthalpic and entropic components.45 The complex
coacervation of a pair of oppositely charged polyelectrolytes
can be described with the same framework using an effective χ,
which has been defined as follows46
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where l is the lattice size, lB is the Bjerrum length, σ is the
charge density, cs is the ionic strength, χr is a residual,
nonelectrostatic part of the interaction parameter, and
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The Flory−Huggins-type model with an effective electro-
static interaction, as outlined above, has its limitations. From
the point of view of the interactions, it is assumed that the
species involved in phase separation are symmetric in terms of
length and charge density, and that no salt is added. Moreover,
the derivation is valid for low charge densities and ignores
correlation effects. Nevertheless, this model has been found to
describe the experimental phase behavior, critical salt
concentration (cs*), and interfacial tension of complex
coacervates surprisingly well.47,48 It has been suggested that
the reason it is able to describe coacervation is the fact that all
contributions to the associative interaction are grouped under
a single effective interaction parameter, which could mask
some of the intrinsic shortcomings of Flory−Huggins theory.49
Other, more advanced models of complex coacervation have
been developed in recent years.48 However, our goal is not to
quantitatively predict the local polymer concentrations.
Instead, we aim to find a simple analytical expression that
captures the relation between cs* and temperature, which the
Flory−Huggins model allows for.
The residual (nonelectrostatic) component of the inter-

action parameter (χr) is often written as the sum of an entropic
and enthalpic part:49

A
B
Trχ = +

(3)

where A is the temperature-independent entropic part and B/T
is the temperature-dependent enthalpic part. The Flory−
Huggins model predicts the presence of a critical point when
the spinodal curve exhibits a minimum or maximum (∂χs/∂ϕ =
0). This critical point (indentified by a critical value χc) can be
reached by variation of any parameter that affects the
interaction parameter χ, such as temperature or, in the case
of complex coacervates, salt concentration. It is common for
polymers with LCST behavior to have A > 0 and B < 0, such
that χ increases to above the critical value χc upon heating,
whereas UCST behavior commonly occurs if A > 0 and B > 0,
and their sum is close to the critical value.
The critical point of complex coacervates is a function of

temperature and salt concentration. By combining eqs 2 and 3
with the classical expression for the critical value χc of a
polymer in solution,

Nc
1
2

1χ ≈ + , we find the following

relation between the cs* and temperature:
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In the case of peptide−NTP coacervates, there is a significant
asymmetry in length between the two phases separating
molecules. However, we can still use eq 4 by realizing that
these complex coacervates have a defined critical value χc,
which could be expressed in terms of an effective length Neff
that is the same for all different NTPs.
According to eq 4, we expect a linear relationship between

the inverse square root of the critical salt concentration,

c1/ ,s* which is proportional to the reciprocal Debye length

Figure 2. (a) Critical salt concentrationof different NTP-PLys
coacervates as a function of temperature. (b) Linearization of (a),
according to eq 4.
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(κ) and the inverse absolute temperature, 1/T, provided that
the parameters combined in α do not show a significant
dependence on temperature. α is defined in eq 2 as a
combination of the charge density, the lattice size and the
Bjerrum length. The latter can be written as lB = e2/4πϵrϵ0kT.
Although the temperature is included in the definition of the
Bjerrum length, the relative permittivity ϵr is to a good
approximation inversely proportional to temperature for
aqueous solutions.50 As a result, the Bjerrum length in water
varies only 5% between 20 and 60 °C, the temperature range
we are interested in. Therefore, we can assume that α is
effectively independent of temperature, and the UCST
behavior of complex coacervates is governed by the enthalpic
component B of the nonelectrostatic interactions.
We investigated if eq 4 indeed captures the observed

dependence of the cs* on temperature, by plotting c1/ s* as a
function of 1/T. We note that by measuring the salt
concentration at which a peptide−NTP mixture of a given
concentration no longer phase separates, as we do, we do not
measure the true critical point, which is located at the spinodal
maximum, but an approximate value at a slightly lower
concentration. However, at the NTP concentration we
selected, the critical salt concentration varied only slightly
with NTP concentration (Figure S1b) and is a reasonable
approximation of the salt concentration at the critical point.
Moreover, because we compare all NTP coacervates at the
same concentration, a possible underestimation of the salt
concentration at the critical point is the same for all
coacervates.
As can be seen in Figure 2b, we find a linear relation for all

NTPs. The fitted intercepts (A′) and slopes (−B′) are shown
in Figure 3. A′ and B′ are related to entropic and enthalpic
parts of the nonelectrostatic component of the interaction
parameter, respectively, according to eq 4. We note that A′
contains additional terms related to the expression of χc, and
that a large positive A′ implies a small entropic component A >
0. In contrast, a large negative B′ corresponds to a large
enthalpic component B > 0. In order to verify that eq 4 holds
over a wider range of temperatures, we repeated the
measurements with a larger volume of ATP/PLys coacervates
dispersion using a UV−vis spectrophotometer Figure S7 shows
how the cs* of ATP/PLys decreases with increasing the

temperature, revealing a linear relation between c1/ s* and
T−1 over the entire range of temperatures tested here.
The slopes and intercepts shown in Figure 3 reveal why the

peptide−NTP coacervates exhibit UCST behavior. For all
NTPs, we found a negative slope (Figure 3a), suggesting B > 0,
in agreement with typical UCST behavior. The positive value
of B/α for these complex coacervates can be explained by a
decreased solvation of charges with increasing temperature,51

which makes dissolving ion-paired complexes from the
coacervate phase easier. The slopes in Figure 3a had similar
values within experimental uncertainty, except for G, which
had a slightly smaller slope. The intercept shown in Figure 3b
was positive and found to increase systematically in the order
G < A < U ≤ C < T.
According to eq 4, the intercept A′ increases as the entropic

part of the nonelectrostatic interaction (A) decreases, assuming
that N and α are the same for all NTPs (see above). The
observed order is therefore in good agreement with the
strength of base stacking interactions, which are the strongest
for purine bases G and A.52−54 Base stacking interactions can

stabilize peptide−NTP coacervates and these interactions are
likely to be captured by the entropic part of the non-
electrostatic interaction (A), as the dominant contributor to
base stacking interactions was found to be solvent entropy.55

Moreover, this effect is more pronounced for larger and more
hydrophobic bases.56 As a consequence, peptide−NTP
coacervates made from purine bases (G and A) are more
stable than those made from pyrimidine bases (U, C, T) and
their UCST is higher at the same salt concentration. Guanine
has a slightly larger contact area than adenine, while the methyl
group in thymine reduces the stacking efficiency compared to
cytosine and uracil.
Our analysis suggests that other peptides or polymers should

also form temperature-responsive coacervates with NTPs (or
NDPs and NMPs), and a similar dependence of cs* on
temperature is expected for these other peptide−nucleotide
coacervates. To prove this is the case, we selected poly-L-
arginine (PArg) as another peptide to form coacervates with
ATP and GTP (Figure S8 and S9). The PArg we used is
shorter than PLys, because longer PArg peptides have been
found to form aggregates with ATP.13 We found that (ATP,
GTP, or TPP)/PArg could form coacervates and that these
coacervates exhibited a temperature dependence: the cs*
decreased with increasing temperature in a similar way as for
PLys. After linearizing the plot according to eq 4 and fitting the

Figure 3. (a) Slopes (−B/α) and (b) intercepts (A′) of linear fits of
the data in Figure 2b for different NTPs.
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data, we found that intercepts increased in the order G < A, in
agreement with our results for PLys-based coacervates (G <
A). The slope of ATP/PArg was higher than that of GTP/
PArg, similar to our observations with PLys (Figure 3a), which
may be explained by an increased hydrogen bonding character
between the polycations and the guanine bases, compared to
adenine, contributing to the nonelectrostatic part of the
interaction parameter.
Finally, to show that the temperature responsiveness is

mostly caused by the nucleotide bases, we selected
tripolyphosphate (TPP), which has three phosphate groups,
like NTPs, but lacks the ribose and base (Table S1).
Unfortunately, TPP’s higher net charge and smaller molecular
size means that it has a significantly higher charge density than
all NTPs, resulting in the formation of aggregates with PLys
(Figure S8a). With the PArg we selected, which is significantly
shorter, we did observe coacervate formation (Figure S8b),
although the critical salt concentration of these coacervates was
relatively high, owing to the high charge density. We used
these coacervates to check the temperature sensitivity of
peptide−TPP coacervates without a nucleobase. As can be
seen in Figure S9, the critical salt concentration of TPP/PArg
coacervates shows a significantly weaker dependence on
temperature than the NTPs, as expected when eliminating
the possibility of base stacking. The fact that these coacervates
still show a mild temperature dependence indicates that the
other contributions to the interaction free energy (electro-
statics, hydration) also have an enthalpic component.
In summary, the strong similarities in salt and temperature

dependence of the PLys and PArg-based coacervates
demonstrate that temperature responsiveness of peptide−
NTP coacervates is mainly caused by the nucleotide bases,
rather than the peptides.
Partitioning Reveals Different Local Polarities. The

observed order of the upper critical solution temperatures and
entropic components (A) in coacervates made with different
NTPs suggests that these coacervates have different interior
polarities. Moreover, the interior polarity changes with
temperature: as the temperature increases, the cs* of the
coacervate droplets decreases, which indicates an increased
water content in the coacervates.46 We therefore expected that
the different peptide−NTP coacervates would take up guest
molecules to a different extent.17 We chose moderately
hydrophobic dyes, one zwitterionic rhodamine-B (RhoB),
and one with a net negative charge at pH 7.4, 6-amino-
fluorescein (6-AF),57 and measured their partitioning in NTP/
PLys and ATP/PArg coacervates.
Both of RhoB and 6-AF were concentrated in the coacervate

droplets. Figure 4a shows a typical example fluorescence
microscope image of RhoB and 6-AF in ATP/PLys
coacervates. We calculated the partitioning coefficients (Kp)
for all peptide−NTP coacervates and found significantly
different partitioning coefficients for the different NTPs
(Figure 4b), ranging from 6.1 to 68.4 for RhoB and 15.4 to
61.7 for 6-AF. ATP/PArg has the highest partitioning
coefficient for both dyes, in agreement with the fact that
ATP/PArg also has the highest cs* in comparison with NTP/
PLys coacervates at same temperature (Figure S9). For the
different PLys-based coacervates, the Kp of RhoB in GTP/PLys
is higher than in ATP/PLys, followed by UTP/PLys, CTP/
PLys, and TTP/PLys, which have almost the same partitioning
coefficients. For 6-AF, the Kp decreased even more clearly in
the order G > A > U > C > T. This is the same order as their

cs* and the same order as the entropic part of the interaction
parameter and the base stacking free energy. These results
show that the peptide−NTP coacervates have different
polarity, and that partitioning provides a powerful method to
probe this polarity.

Mixed NTPs Make Hybrid Peptide−Nucleotide Co-
acervates. We sought to use the newly found UCST behavior
of peptide−NTP coacervates to create LLPS compartments
from which NTP could be released upon increasing the
temperature, for instance to fuel cell-free, in vitro transcription
and translation (IVTT) reactions.58,59 During in vitro tran-
scription-translation, polymerases and ribosomes consume all
NTPs (ATP, GTP, CTP, and UTP), in a specific ratio.60 Thus,
we were interested in storing a collection of NTPs in peptide−
NTP coacervates. However, it is not clear if a mixed population
of NTPs with a common peptide would lead to hybrid
coacervates in which all NTPs are contained, or if they create
separate or multiphase coacervates. Even if a hybrid
coacervates are formed, it remains unclear how temperature
will affect these coacervates, since different NTPs-based
coacervates were found to exhibit a different UCST and cs*.
We therefore investigated the formation of hybrid coacervates
from mixed NTPs with a common peptide.

Figure 4. (a) Example of partitioning of RhoB and 6-AF guest
molecules into ATP/PLys coacervate droplets visualized by confocal
fluorescence microscopy. (b) Partitioning coefficients of two different
hydrophobic guest molecules into the peptide−NTP coacervates.
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We prepared coacervates from all possible combinations of
two NTPs together with PLys. All combinations could form
coacervate droplets without signs of multiple coexisting phases
(Figure S5), despite their distinct critical salt concentrations.
This can be explained by the fact that the small NTPs have a
non-negligible translational entropy, which means that multi-
phase droplets only appear when the difference in critical salt
concentrations are much larger.46 We followed the same
approach as described above to investigate the cs* of hybrid
peptide−NTP coacervates as a function of temperature (Figure

S10). In Figure 5, we show the results of two representative
mixtures, one containing complementary NTPs (C+G) with
PLys, and the other containing noncomplementary NTPs (A
+G) with PLys. Both types of coacervates show a single cs*,
intermediate between the critical salt concentrations of the
respective single NTP coacervates (Figure 5a,b). The cs* of
both types of coacervates decreased with increasing temper-
ature and could be fitted to eq 4 (Figure 5c,d). The single
critical salt concentration suggests that the coacervates contain
a mixture of both NTPs, and that the NTP with a lower critical

Figure 5. UCST behavior of mixed NTP coacervates. (a) Turbidity of ATP, GTP and their mixture with PLys as a function of salt concentration.
(b) Turbidity of CTP, GTP, and their mixture with PLys as a function of salt concentration. (c) Temperature dependence of the critical salt
concentration (cs*) of ATP, GTP, and their combination with PLys. (d) Temperature dependence of cs* of CTP, GTP, and their combination with
PLys. (e, f) Linearization of (c, d) according to eq 4. (g) Slopes (−B/α) and (h) intercepts (A′) of linear fits of the data in (e) and (f).

Figure 6. HPLC analysis of (a) the pure NTPs and (b)−(d) the top phase and bottom phase of different coacervates combinations with two
different salt concentration after centrifugation, respectively. Note: chromatograms in (a), (b), and (d) were recorded on X3, while chromatograms
in (b) and Figure S13b were recorded on X2.
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salt concentration (A and C) could remain condensed in
mixed coacervates (A+G or C+G) far beyond their original
critical salt concentration.
Results with single NTP coacervates showed that the

stability of peptide−NTP coacervates decreases in the order
G > A > C ≥ U > T, due to the fact that the nucleotide bases
have different stacking free energies and create differently
hydrophobic environments. In hybrid coacervates containing
two different NTPs, such as CTP and GTP with PLys, the
mean stacking free energy between bases in the coacervate is
an average between C and G, and the local polarity is
intermediate between CTP/PLys and GTP/PLys. In the same
vein, if all the NTPs are mixed together, the cs* is between the
extremes of G and T (Figure S11) and these coacervates can
be dissolved and formed easily with a transition temperature
around 48 °C (at 0.16 M salt). The transition is fully reversible
and repeating the cycle yields a nearly identical transition
temperature (Figure S11d).
We then analyzed the slopes and intercepts of (A+G) with

PLys and (C+G) with PLys (Figure 5e−h) using the same
method as for Figure 2. The fitting results revealed that in most
cases both the slope and intercept of the coacervates obtained
after combination of the NTPs were higher than those of the
single NTP coacervates (Figure S12), except for the
combination of GTP and TTP. This is most likely caused by
the fact that the composition of the hybrid coacervates changes
slightly upon increasing temperature: the less stable NTP (e.g.,
C in the case of C+G) will be released from the mixed
coacervates slightly more easily than the more stable NTP,
thereby leading to a marginally more hydrophobic coacervate
environment. Interestingly, this effect does not lead to a pure
G-based coacervate at sufficiently high temperatures, due to
the release of all C from the mixed coacervates. Instead, all
coacervate droplets had dissolved at significantly lower
temperature and salt concentration than the single GTP/
PLys coacervates.
To prove that mixed coacervates contain all NTPs after

phase separation with PLys, we investigated their composition
with the aid of HPLC. We first determined the pure NTPs by
HPLC, and Figure 6a shows that all NTPs are well separated,
except for TTP and UTP, which eluted at the same time. We
then analyzed the dilute (top) and coacervate (bottom) phase
of samples with noncomplementary NTPs (A+G), comple-
mentary NTPs (C+G), and all NTPs mixed together (A+G+C
+T and A+G+C+U), all combined with PLys. For all
combinations we selected two different salt concentrations:
one salt concentration below the lowest cs* of the NTPs and
the other above the cs* of one or two of them, but below the cs*
of the mixture. To confirm that the dilute (top) phase was free
of coacervate droplets, we measured the turbidity of (A+G)/
PLys after centrifugation (Figure S13a). We found that the
turbidity of the top phase was identical to a blank solution
(without A, G, and PLys).
The HPLC results are shown in Figure 6b−d and Figure

S13b. In all cases, we found all NTPs back in the coacervate
phase, even if the mixture was prepared above the critical salt
concentration of one of them. The results indicate that after
mixing, the hybrid NTP coacervates exhibited a common cs*
rather than two or four independent cs* values, and that the
coacervates had intermediate polarity and stability due to the
averaging of base stacking energies. Figure 6b−d and Figure
S13b also indicate that the ratio of T/U:C:A:G changes
slightly upon changing salt concentration: the amount of the

less stable NTP (mostly C and T) decreased more than the
amount of the more stable NTP (G). We expect the same
effect to occur when changing temperature, which could
explain why the value of B/α (slopes) of mixed coacervates was
higher than that of both single NTP coacervates.

Enhanced Partitioning of ssDNA Oligonucleotides in
Mixed NTP Coacervates. Previous studies have shown that
oligonucleotides can be sequestered in coacervates. The uptake
was strongly enhanced if the coacervates already contained
complementary oligonucleotides.30 In addition, coacervates
formed with DNA duplexes were shown to exhibit a melting
transition, suggesting that base pairing in complex coacervates
is possible.61 We thus expect that our mixed NTP coacervates
will be able to enhance the uptake of multiple oligonucleotides
of different sequence. Here, we focused on coacervates
containing two NTPs (ATP+GTP)/PLys and coacervates
containing all NTPs (AGCT)/PLys. As for HPLC, two
different salt concentrations were chosen for comparison. At
low salt concentrations, all NTPs are able to form coacervates
separately with PLys, while at high salt concentration (0.27 M
for A+G and 0.16 M for A+G+C+T) only GTP or ATP and
GTP can form single NTP coacervates with PLys, respectively.
We added four different labeled DNA oligonucleotides

(poly-A15, poly-G11, poly-C15, and poly-T15) to the coacervate
dispersions and quantified their partitioning by confocal
fluorescence microscopy (Figure S14). All oligonucleotides
could be concentrated in (ATP+GTP)/PLys and (AGCT)/
PLys coacervate droplets (Kp > 58), as shown in Figure 7 and
in agreement with previous findings.13,14,62 For (ATP+GTP)/
PLys coacervates (Figure 7a), poly-C15 and poly-T15 exhibit
significantly higher partitioning coefficients at 0.10 M salt than
poly-A15 and poly-G11, despite the fact that A and G are the
more hydrophobic bases, which display stronger base stacking
interactions. This difference could be explained by a favorable
base pairing interaction between the poly-C15 and GTP in the
coacervates, as well as poly-T15 and ATP. In poly-U/spermine
and poly-U/RRASLRRASL coacervate systems, poly-A15
partitioned more strongly than poly-N15.

30,63 The absolute
partitioning coefficients in refs 30 and 63 were much higher
than the values we observed in Figure 7, but this is due to the
fact that a single poly-U can form multiple base pairs with poly-
A15. In our systems, GTP and ATP are single nucleotide bases,
and their base pairing interaction with complementary
oligonucleotides is quite weak. Nevertheless, the interaction
is strong enough to induce a 2-fold higher partitioning, and it
confirms that both ATP and GTP are in the coacervate
droplets, as was previously established by HPLC.
When the salt concentration was increased to 0.27 M, only

poly-C15 had a significantly higher partitioning coefficient
compared with the others. The partitioning of poly-T15 was
reduced to the same level as poly-A15 and poly-G11, which
suggests that the level of ATP in these coacervates has
decreased compared to GTP. The ATP is probably not
completely absent from the coacervates: the partitioning
coefficient of poly-T15 was already lower than that of poly-
C15 because of the weaker base pairing between T and A.
Another possible reason for the low partitioning coefficient of
poly-T15 is that as the salt concentration approached the cs* of
(ATP+GTP)/PLys, the droplets became very small (Figure
S14h), which made quantifying the partitioning difficult.
When the coacervates were made from a mixture of all four

NTPs (AGCT), together with PLys (Figure 7b), the
partitioning coefficients of poly-A15 and poly-G11 were
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significantly increased compared to the (ATP+GTP)/PLys
coacervates, while the partitioning coefficients of poly-C15 and
poly-T15 remained equally high. This confirms our earlier
findings that the mixed coacervates contain all NTPs and that
base pairing can enhance the uptake of all labeled
oligonucleotides. When the salt concentration was increased
to 0.16 M, the partitioning coefficient of all labeled
oligonucleotides decreased. The partitioning of labeled poly-
C15 remained the highest, as expected on the basis of the
marginal increase in GTP content of the coacervates and the
strength of the G-C base pairing. In summary, we find that
partitioning coefficients can be used to identify if an NTP is
present in the coacervate droplets at low salt concentration.
However, for high salt concentration, especially close to cs*,
there is no enhanced partitioning.

■ CONCLUSIONS
We studied the temperature responsiveness of peptide−
nucleotide coacervates and found that all NTPs (A, G, C, T,
U) can form coacervates when mixed with different cationic
peptides (PLys or PArg) and that all of them exhibit UCST
behavior. There is a direct relation between the critical salt
concentration (cs*) and temperature, which follows from an
analysis of the electrostatic and nonelectrostatic contributions
to the Flory interaction parameter. cs* decreases with increasing

temperature for all single NTP coacervate droplets, but there is
a significant difference between the NTPs. Their cs* values
follow the order G > A > C ≥ U > T, coinciding with their
base stacking free energies. Purine NTPs, which have the
largest base stacking free energy, are the most stable and
require the highest temperatures and salt concentrations to be
dissolved. These coacervates also provide the most hydro-
phobic local environment, as found by hydrophobic dye
partitioning experiments.
When several NTPs are mixed, hybrid, homogeneous

coacervates can be formed, which exhibit a single well-defined
cs* and temperature, intermediate between the values of the
single peptide−NTP coacervates. HPLC analysis of the dilute
and coacervate phases and partitioning experiments with
labeled complementary oligonucleotides proves that the hybrid
coacervates contain all NTPs, even after increasing the salt
concentration to beyond the critical salt point of some of them.
As a result, a mixture of NTPs can be stored together in
membrane-free compartments beyond the cs* of the weakest
bases and released approximately simultaneously by increasing
the temperature to above a single and well-defined critical salt
point. This could prove useful in cell-free systems, where NTPs
are required to feed gene expression and other reconstituted
biomolecular processes.
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