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ABSTRACT: The study of the phase behavior of polyelectrolyte
complex coacervates has attracted significant attention in recent
years due to their potential use as membrane-less organelles,
microreactors, and drug delivery platforms. In this work, we
investigate the mechanism of protein loading in chain-length
asymmetric complex coacervates composed of a polyelectrolyte and
an oppositely charged multivalent ion. Unlike the symmetric case
(polycation + polyanion), we show that protein loading is highly
selective based on the protein’s net charge: only proteins with
charges opposite to the polyelectrolyte can be loaded. Through a
series of systematic experiments, we identified that the protein
loading process relies on the formation of a neutral three-
component coacervate in which both the protein and the multivalent ion serve as complexing agents for the polyelectrolyte.
Lastly, we demonstrated that this mechanism extends to the sequestration of other charged small molecules, offering valuable
insights into designing functional multicomponent coacervates.

1. INTRODUCTION
Protein encapsulation is a rapidly growing area of interest in
various fields, such as biomedicine, food technology, bio-
catalysis, environmental remediation, and protocell research.1,2

While polymeric materials are increasingly employed for protein
encapsulation, traditional synthesis methods often necessitate
organic solvents, posing risks of protein damage while also
escalating manufacturing costs and compromising sustainabil-
ity.3,4 In this context, complex coacervates have emerged as
attractive and versatile platforms for encapsulating biomacro-
molecules, thanks to their facile and entirely aqueous fabrication
processes.5,6

Complex coacervates are viscoelastic materials formed
through the interaction of oppositely charged polyelectrolytes
in aqueous solutions.7−9 They internally consist of a dense
mixture of polyelectrolytes linked by intrinsic and extrinsic ionic
pairs and water molecules.10 The phase behavior of the
symmetric case, where ionization degree, chain length, and
concentrations of the two polyelectrolytes are equal, has been
extensively characterized.11−13 Because coacervation is essen-
tially a charge-driven process, electrostatic interactions play a
crucial role in determining the degree of partitioning of
molecules into the dense phase of the coacervate.14,15 Thus,
coacervates can be loaded with a wide range of charged cargos,
including therapeutic drugs, food additives, peptides, nucleic
acids, and metabolites.7−17 The ability to sequester and
compartmentalize ionic biomolecules, along with the existence

of intracellular condensates formed by liquid−liquid phase
separation of biomolecules (such as proteins, nucleic acids, and
metabolites), has led to the study of complex coacervates as
biomimetic models for understanding cellular processes.18−21

In this context, a particularly interesting case involves using
the process of coacervation to sequester proteins, as they can
carry a net charge when the pH is sufficiently distant from their
isoelectric point.22,23 Given the possibility of proteins to present
numerous charges, the ability of a protein to induce complex
coacervation when combined with an oppositely charged
polymer has been studied in recent years.24−26 However,
achieving liquid−liquid phase separation via this method
requires both high protein concentrations and a substantial
net charge threshold.3,27,28 As such, the experimental conditions
required for this type of coacervation may not be favorable for
practical uses.

In the past decade, ternary coacervate systems have been
reported as an effective strategy for encapsulating proteins,
where the protein of interest forms complexes with a mixture of
cationic and anionic polyelectrolytes.2,3,29 Unlike binary
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protein/polyelectrolyte systems, for this approach, protein
concentration and charge are not crucial to inducing
coacervation. The protein encapsulation based on ternary
complexes encompasses the following mechanism: 1) initial
formation of an intermediary complex between the protein and
an oppositely charged polyelectrolyte, and 2) subsequent
coacervation induced by the introduction of a second
polyelectrolyte, which interacts directly with the intermediary
complex.4 Recently, Perry and Blocher Mctigue established
foundational principles predicting the experimental conditions
for successful protein incorporation into ternary coacervates.30

Specifically, they conducted loading experiments with different
proteins (spanning a wide range of isoelectric points) using a
chain-length-symmetrical polylysine/polyglutamate system,
varying the molar charge ratio between polyelectrolytes. Key
findings of this work suggest that maximum protein loading
occurs near the point where positive and negative charge
fractions equalize. Additionally, when proteins carry a net
charge, optimal encapsulation is achieved with a slight excess of
the polyelectrolyte opposite to the protein’s charge.3,4

While coacervate complexes are commonly associated with
polycations and polyanions, our recent research demonstrates
that replacing one polymeric building block with a sufficiently
charged small molecule or multivalent ion (e.g., potassium
ferricyanide) yields liquid coacervates with phase diagrams
closely resembling those of symmetric cases.31 This suggests that
a polyelectrolyte/multivalent ion system can be considered a
special case of coacervate with high chain length asymmetry.
The most popular asymmetric coacervates are those based on
polyamines cross-linked with phosphate-based anions.7,32,33

While these one-polyelectrolyte coacervate systems have been
utilized as platforms for protein loading,6,34 there is a lack of
comprehensive studies on the principles and parameters
governing the encapsulation processes. The understanding of
the sequestration processes of biomolecules by asymmetric
systems is not only important for the technological application
of coacervate platforms but also for the biomimetic study of
cellular mechanisms mediated by asymmetric coacervates such
as protocells.14,35,36 This becomes particularly relevant when
considering that multicomponent asymmetric coacervates offer
more realistic models for mimicking cellular condensates
compared to symmetric complexes.37−39

In general, polyamine/multivalent anion complexes have
demonstrated encapsulation of negatively charged proteins,
activated by the interaction between the biomacromolecule and
the polycation.6,40,41 For instance, Lapitsky and colleagues
investigated the loading properties of complexes of chitosan/
tripolyphosphate (TPP) using two model proteins with anionic
character at the working pH (5.5 and 6): bovine serum albumin
(BSA, pI 4.7−4.9) and α-lactalbumin (pI 4.2−4.5).34 They
noted that the complexes efficiently encapsulated anionic
proteins under specific experimental conditions and observed
a linear increase in encapsulation efficiency with the production
yield of complexes. In parallel, they also evaluated the
encapsulation of BSA at pH 4, where the protein carries a net
positive charge, finding that the encapsulation efficiency stayed
below 10% due to the elimination of electrostatic interaction
between chitosan and the protein.

While these studies may provide information on the uptake
properties of asymmetric complexes, the use of a few model
proteins does not allow for a comprehensive understanding. On
the other hand, uptake behaviors have always been explored
using the polyamine/multivalent anion system without consid-

ering the opposite asymmetric combination: polyanion/multi-
valent cation. Considering this, we postulate the following
questions: (a) How do asymmetric coacervates load proteins or
other charged molecules? (b) What differences exist between
the symmetric and asymmetric responses to protein uptake? (c)
Is it possible to establish precise guidelines for loading proteins
in asymmetric coacervates? To address these questions, we
selected poly(allylamine)/tripolyphosphate (PAH/TPP) com-
plexes as a model of asymmetric coacervates to encapsulate a
wide range of proteins at pH 7.4. Additionally, we compared this
system with a reverse asymmetric complex based on the
complexation of poly(acrylic acid) (PAA) with tetraethylene-
pentamine (TEPA) as a model multivalent cationic molecule.
Through an extensive set of physicochemical studies, we
corroborated that protein encapsulation in asymmetric coac-
ervates preferably occurs when the protein’s charge is opposite
to that of the polyelectrolyte. Furthermore, maximum complex-
ation efficiency is achieved with a slight excess of polyelectrolyte
in the mixture. By quantifying the three components in the
coacervate phase (polyelectrolyte, multivalent ion, and protein)
as a function of the analytical concentration of the multivalent
ion, we propose that protein sequestration involves the
formation of a ternary complex, in which multivalent ions and
proteins synergistically act as complexing agents for the
polyelectrolyte. When the multivalent ion is in excess, it
displaces the protein, leading to a decreased loading efficiency.
These observations align with previous findings and suggest a
potentially universal mechanism that can be applied to proteins
and other charged molecules. Thus, asymmetric coacervate
systems may function as selective sequesters of charged
molecules. The results obtained provide a comprehensive
understanding of protein partitioning processes in asymmetric
coacervates, which can be useful for application as encapsulation
and separation platforms, as well as artificial membrane-less
organelles.

2. MATERIALS AND METHODS
2.1. Materials. Sodium tripolyphosphate (TPP), potassium

ferricyanide, pentaamminechlororuthenium(III) chloride, poly-
(allylamine hydrochloride) (PAH, Mw ∼ 17500), poly-
(fluorescein isothiocyanate allylamine hydrochloride) (PAH-
FITC, Mw ∼ 56000), poly(acrylic acid) (PAA, Mw ∼ 450000),
tetraethylenepentamine (TEPA), 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid (HEPES), albumin from chicken egg
white (OVA), glucose oxidase from Aspergillus niger (GOx),
bovine serum albumin (BSA), hemoglobin human (Hb),
cytochrome c from equine heart (Cit-C) and lysozyme from
chicken egg white (HEWL) were purchased from Sigma-
Aldrich. Sodium hydroxide and hydrochloric acid were
purchased from Anedra. All chemicals were used without
further purification.

2.2. Preparation of TPP/PAH Complex Coacervates.
The PAH/TPP coacervates were prepared by mixing both
components dissolved in HEPES (pH 7.4), using the procedure
described below. Two stock solutions of TPP (10 mM) and
PAH (20 mM, monomeric concentration) were prepared using
50 mM HEPES buffer at pH 7.4 as the solvent, with small
amounts of 1 M HCl and 1 M NaOH added to counteract
potential pH variations caused by the dissolution of solids. To
prepare a coacervate sample, a given volume (Vbuffer) of 50 mM
HEPES buffer (pH = 7.4) was placed in a beaker containing a
magnetic stir bar (2 cm), followed by a volume (VPAH) of PAH
stock solution, and finally a volume (VTPP) of TPP stock
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solution. The entire procedure was conducted with constant
stirring (100 rpm) at room temperature, with 5-min intervals
between additions. For simplicity, we will hereafter refer to CPAH
as the analytical concentration of PAH expressed in monomer
concentration, i.e., the total sum of NH2 and NH3

+

concentrations. For the preparation of each coacervate sample,
CPAH was set at 1.5 mM to maintain a constant total
polyelectrolyte concentration, regardless of the variation in the
molar ratio of CTPP/CPAH. Thus, the TPP concentration (CTPP)
varied in each sample according to the pre-established CTPP/
CPAH ratio. While this was the protocol used for most
experiments, in cases where CPAH differed from 1.5 mM
(particularly those solutions with very high CPAH), higher
concentration stock solutions of PAH and TPP were used.

2.3. Preparation of PAH/Protein/TPP Complex Coac-
ervates. To obtain 2mL of PAH/Protein/TPP coacervates, the
following solutions were sequentially mixed in a 5 mL beaker
with constant stirring (100 rpm): (1) 50 mM HEPES pH 7.4,
(2) 150 μL of PAH (20 mM in HEPES buffer), (3) 250 μL of
protein (2 mg/mL in HEPES buffer), and (4) TPP (10 mM in
HEPES buffer). The volumes of HEPES and TPP were adjusted
according to the value of CTPP/CPAH. Similarly to the previous
case, a 5-min interval was allowed between each addition step.
The final concentrations of PAH and protein in themixture were
always 1.5 mM and 0.25 mg/mL, respectively. The obtained
mixture was aged for 24 h at room temperature. The protein
loading efficiency, expressed as a percentage, was evaluated by
analyzing the protein content in the liquid phase (supernatant)
after centrifuging the sample for 20min at 10,000 rpm (14,000 ×
g). The bicinchoninic acid colorimetric assay (BCA kit, Thermo
Fisher) was used to quantify the protein in the supernatant. The
procedure was repeated three times for each of the evaluated
conditions.

The loading efficiency was calculated as

C C C

%Loading efficiency

(( )/ ) 100protein protein,supernatant protein= ×

2.4. PAA/Protein/TEPA Coacervates Preparation. PAA/
Protein/TEPA complex coacervates were prepared following
the same protocol for the preparation of PAH/Protein/TPP
complex coacervates, but replacing the 20 mM PAH and the 10
mM TPP stock solutions with 20 mM PAA and 10 mM TEPA
stock solutions (both prepared in HEPES buffer at pH 7.4),
respectively.

2.5. PAH/[Fe(CN)6]3−/TPP and PAH/[Ru(NH3)6]3+/TPP
Coacervates Preparation. PAH/X/TPP complex coacervates
(X = [Fe(CN)6]3− or [Ru(NH3)6]3+) were obtained by
sequential mixing of (1) PAH, (2) X, (3) water, and (4) TPP
stock solutions, as in the case of the PAH/BSA/TPP system.
Stock solutions of PAH, X, and TPP were prepared in HEPES
buffer at pH = 7.4 in concentrations of 40 mM, 10 mM, and 10
mM, respectively. For the preparation of 2 mL of PAH/
[Fe(CN)6]3−/TPP complex coacervate solution (CPAH = 10
mM, CFerricyanide = 0.5 mM), the following volumes of stock
solutions were mixed:VPAH = 0.5 mL; VFerricyanide = 0.1 mL; Vwater
= (2 mL − VPAH − VFerricyanide − VTPP); VTPP = 2 mL × CTPP/
CPAH. For the preparation of 2 mL of PAH/[Ru(NH3)6]3+/TPP
complex coacerva te so lu t ion (CPAH = 10 mM,
CHexaammineruthenium(III) = 2 mM), the following volumes of stock
solutions weremixed:VPAH = 0.5mL;VHexaammineruthenium(III) = 0.4
mL; Vwater = (2 mL − VPAH − VHexaammineruthenium(III) − VTPP);
VTPP = 2 mL × CTPP/CPAH. The loading efficiency of X,

expressed as a percentage, was evaluated by analyzing the
concentration of X in the liquid phase (supernatant) after
centrifuging the sample for 20 min at 10,000 rpm (14,000 × g).
CX,supernatant was determined by UV−vis spectroscopy by
means of a calibration curve at λmax (427 nm for [Fe(CN)6]3−,
and 288 nm for [Ru(NH3)6]3+). The procedure was repeated
three times for each value of CTPP/CPAH and the loading
efficiency was calculated as

C C C%Loading efficiency (( )/ ) 100X X X,supernatant= ×

2.6. Turbidity Measurements. To investigate the influence
of BSA on the coacervation of PAH/TPP, turbidity measure-
ments were employed to qualitatively monitor the degree of
coacervation as a function of the CTPP/CPAH. Briefly, a 2 mL
sample was prepared within a plastic tube and immediately
vortexed. Then, it was quickly placed into a plastic cuvette (1 cm
optical path length) and the absorbance was read at 500 nmwith
a PerkinElmer Lambda 35 spectrophotometer. This procedure
was conducted in triplicate for each of the evaluated conditions.
Turbidity was expressed as absorbance at 500 nm. A sample
containing 50 mM HEPES in deionized water was used as
reference.

2.7. Optical Microscopy Measurements. Microscopy
observations were made with an inverted microscope
(BIM500FL, Bioimager, ON, Canada). Samples were prepared
in 1.5 mL microcentrifuge tubes and immediately used for
microscopy observations (for each sample, 20 μL of the as-
prepared coacervate dispersion was placed on top of a glass
slide). Images were collected using a 100× magnification
objective with oil immersion (Carl Zeiss CPACHROMAT40×;
Carl Zeiss CP ACHROMAT 100×, NA = 1.25).

2.8. Quantification of Components within the PAH/
TPP and PAH/Protein/TPP Coacervates. The partitioning of
components (PAH, TPP, and BSA) within both dense and
liquid coacervate phases was studied by quantifying the amount
of each component in the supernatant after centrifugation
(10000 rpm, 14,000 × g). All samples were prepared as
previously described and stored at room temperature for 24 h
prior to centrifugation. The BSA content in the supernatant was
obtained following the protocol described previously. The PAH
and TPP contents were obtained as described in the following.
For each condition, quantifications were performed on three
samples obtained using the same protocol.
2.8.1. Quantification of PAH. To determine the amount of

PAH in the supernatant, samples were prepared using
fluorescein-labeled PAH (PAH-FITC), which exhibits an
absorbance peak at 495 nm. After preparation and centrifugation
of the sample, the supernatant was extracted, and the
concentration of PAH-FITC (CPAH‑FITC, supernatant) was calcu-
lated using UV−vis spectroscopy with a calibration curve of
PAH-FITC in 50 mM HEPES. The percentage of PAH-FITC
present in the dense phase was calculated as follows:

(( )C
%PAH FITCincoacervate

1.5mM /1.5mM 100PAH FITC,supernatant= ×

2.8.2. Quantification of TPP. We determined the amount of
TPP present in the supernatants using the vanadate-molybdate
colorimetric method, commonly employed for the detection of
inorganic phosphate (Pi).42 To convert all TPP to Pi, prior
acidic hydrolysis was necessary. For processing a supernatant,
1.00 mL of the sample was taken and placed in a beaker.
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Subsequently, 100 μL of 2.5 M H2SO4 was added, and the
mixture was boiled on a hot plate for 10min until nearly dry. The
product of the hydrolysis was redissolved in deionized water to a
final volume of 1.00 mL. For colorimetric analysis, 400 μL of the
hydrolyzed sample was mixed with 800 μL of distilled water and
800 μL of the working reagent (20 g of ammonium molybdate,
0.5 g of ammoniummetavanadate, 100 mL of sulfuric acid in 1 L
of water). After 10 min, a yellow-orange color developed, which
persisted over time. Once the formation of the colored complex
was completed, the absorbance was measured at 420 nm by
using UV−vis spectroscopy. The concentration of TPP in the
supernatant was obtained by means of a calibration curve that
was constructed using hydrolyzed TPP solutions of known
concentrations following the same protocol. The amount of TPP
in the dense phase was calculated based on the TPP
concentration in the liquid phase (CTPP,supernatant) as follows:

( )
C C

C C C1.5mM

TPP TPP,supernatant

TPP PAH TPP,supernatant= ×

2.8.3. ζ-Potential and Dynamic Light Scattering Measure-
ments. ζ-potential and dynamic light scattering (DLS)
measurements were carried out with a ZetaSizer Nano
(ZEN3600, Malvern, U.K.) at 20 °C using DTS1060 and
DTS1060 disposable cuvettes, respectively. The protocol for
sample preparation was the same as that used for turbidity
measurements. Coacervate droplets’ ζ-potential was determined
from the electrophoretic mobility by Laser Doppler Velocimetry
using a general-purpose analysis method with 100 runs for each
sample. For DLS analysis (hydrodynamic diameter), PAH/TPP
and PAH/BSA/TPP samples were prepared and stored for 3 h
prior to measurement. A 173° backscatter angle configuration
with 20 runs (10 s/run) was used for each measurement.

2.9. SAXS Measurements. SAXS experiments were
performed at the Caterete ̂ beamline of the Brazilian Synchrotron
Light Laboratory (LNLS-SIRIUS, Campinas, Brazil; proposal
ID: 20232697) utilizing a focused ∼8 keV X-ray beam (λ =
1.549 Å). The scattering data was captured employing a
PIMEGA 540D detector housed within a vacuum chamber
positioned 4 m downstream from the sample. Samples were
loaded in borosilicate capillaries (1.5 mm), and their temper-
ature during measurements was kept at 25 °C. Five frames of 10
s were acquired and averaged for each pattern. No radiation
damage effects were detected during the acquisition. SAXS
curves were modeled using SasView 4.2.2 software.

In all SAXS measurements, complexes were prepared using a
10X PAH concentration (compared to concentrations used in
the main manuscript; i.e., CPAH = 15 mM). The 10×
concentration was used as SAXS patterns obtained at 1×
exhibited a very low signal. Fits were performed using SasView
4.2.2. For PAH/BSA/TPP, a two-level model was used,
including a polydisperse sphere (large level) with a log-normal
distribution of size and a Guinier-Porod contribution (small
level). The large level refers to the whole complex formed, while
the small level might derive from protein molecules. The fitted
parameters showed a large level with a sphere diameter of ∼88
nm with a polydispersity index (PDI) ∼0.13 while a small level
presented a radius of gyration ∼2.9 nm. For PAH + TPP, a
Porod contribution was used. Since the aggregate is very large,
only its surface is probed by SAXS in this q-window. A Porod
exponent of 3.96 was adjusted (very close to 4), indicating that
the aggregate presents a smooth surface.

3. RESULTS AND DISCUSSION
3.1. Protein Loading within PAH/TPP Asymmetric

Complex Coacervates. The PAH/TPP pair can be considered
as a model system for an asymmetric coacervate since (i) the
mixture in aqueous solution induces liquid−liquid phase
separation (LLPS), (ii) both PAH and TPP are electrostatically
charged species (at physiological pH), and (iii) it consists of a
polycation (PAH) and a small oligomer of phosphate groups
(TPP), which is a multivalent anion. To demonstrate that the
PAH and TPPmixture in aqueous solution effectively undergoes
LLPS, we prepared a mixture containing 1.5 mM PAH
(monomer concentration) and 0.3 mM TPP in the absence of
added monovalent salt and observed it under the microscope
just after mixing (without centrifugation). By buffering the
solution to pH = 7.4, we can assume (at least as a first
approximation) that the concentration of −NH3

+ ions will
match the concentration of negative charges coming from TPP
anions, since the degree of ionization of PAH is ∼0.8 at pH = 7.4
([z+]pH=7.4 = 0.8; CPAH = 1.2 mM)43 and TPP is four times
deprotonated at pH = 7.4 (pKa3 = 2.8, pKa4 = 6.5, pKa5 = 9.2,
[z−]pH=7.4 = 4; CTPP = 1.2 mM). As depicted in Figure 1, the

combination of these components results in liquid-like
coacervate droplets evenly distributed over the surface of the
sample slide, confirming that the PAH and TPP mixture
effectively produces the LLPS. Furthermore, when the
dispersion (photograph in Figure 1) is centrifuged, a transparent
dense liquid is observed at the bottom of the vial, which is again
indicative of LLPS.

In a recent report from our group, we investigated the
conditions for the system to maintain stability as a colloidal
dispersion of nanometer-sized coacervate droplets.6 In the
present work, we will not focus on the dispersion stability but
rather on the capacity of the dense phase to load proteins. For
this purpose, we prepared a series of solutions containing a
constant concentration of PAH (CPAH = 1.5 mM), a fixed
protein concentration (Cprotein = 0.25 mg mL−1), and varying
concentrations of TPP ranging from CTPP = 0 mM to CTPP = 0.9
mM. In order to explore a wide range of isoelectric points (pI),

Figure 1. Optical microscopy image of an asymmetric complex
coacervate composed of poly(allylamine hydrochloride) (PAH, CPAH =
1.5 mM) and sodium tripolyphosphate (TPP, CTPP = 0.3 mM) at pH =
7.4. The inset shows a photograph of a vial containing a freshly prepared
dispersion of coacervate droplets. The top panel schematically shows
the formation of the coacervate by the interaction between the charged
groups of PAH and TPP.
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the proteins used in the experiment were: Ovalbumin (OVA, pI
= 5.0), glucose oxidase (GOx, pI = 4.7), bovine serum albumin
(BSA, pI = 5.7), hemoglobin human (Hb, pI = 7.45),
cytochrome-C (Cit-C, pI = 10.0), and lysozyme (HEWL, pI =
10.9). Figure 2, top panel, illustrates the calculated protein
structures and their charge distribution (see Supporting
Information for calculation details). Each sample (PAH +
protein + TPP) was prepared in the presence of 50 mM HEPES
buffer at pH 7.4 to avoid shifts of pH during the complexation
process. As a general protocol, the order of addition of reagents
was (i) PAH, (ii) protein, and (iii) TPP. Each solution was
stored overnight and further centrifuged to separate the liquid
phase from the dense phase. The content of protein in the
supernatant was obtained by means of the bicinchoninic acid
(BCA) method, and the amount of loaded protein in the dense
phase was calculated by difference.

Figure 2 (top panel) shows the amount of protein in the dense
phase (expressed as a percentage of the total protein) as a
function of the parameter CTPP/CPAH. For clarity of view, Figure
2a,b show the loading efficiency of proteins with pI < 7.4 and
proteins with pI > 7.4, respectively. Figure S1 shows the total
bulk charge of each protein as a function of pH (refer to the
Supporting Information to learn about the methodology used to
perform the calculations). By intersecting the plot at pH 7.4, we
can estimate the charge of each protein (without considering
overcharging effects due to complexation). The calculated
charges (Z) per protein at pH = 7.4 were +7.8, + 7.4, + 1.0,
−16.2, −17.0, and −28.0 for HEWL, Cit-C, Hb, BSA, OVA, and
GOx, respectively. The first notable result that we can derive
from Figure 2a,b is that while proteins with pI < 7.4 can
effectively be transferred into the dense phase of coacervates,
proteins with pI > 7.4 do not show appreciable loading
efficiencies (at least within the range of concentrations that were

Figure 2. Top panel: Protein loading efficiency as a function of the concentration of TPP was expressed as CTPP/CPAH for PAH/protein/TPP systems.
In all cases, CPAH = 1.5 mM and Cprotein = 0.25 mg/mL. (a) PAH/GOx/TPP, PAH/OVA/TPP, and PAH/BSA/TPP (PAH/TPP + negatively charged
proteins at the working pH). (b) PAH/Hb/TPP, PAH/Cit-C/TPP, and PAH/HEWL/TPP (PAH/TPP + positively charged proteins at the working
pH). Each dot corresponds to the result of a protein loading efficiency experiment in an independent solution. Dashed lines are guides for the eye. Error
bars represent one standard deviation (n = 3) of uncertainty. Lower panel: Protein loading characteristics for the PAA/TEPA system at pH = 7.4. (c)
Chemical structures of PAA and TEPA. Optical microscopy image of an asymmetric complex coacervate formed by PAA (concentration, CPAA = 1.5
mM) and TEPA (concentration, CTEPA = 0.6 mM) in HEPES buffer at pH = 7.4. d) Protein loading efficiency plot expressed as a percentage relative to
the total protein. The data was plotted as a function of the parameter CTEPA/CPAA. In all measurements, CPAA = 1.5 mM and Cprotein = 0.25 mg/mL
(CTEPA was varied from 0 to 0.9 mM) and the solutions were buffered at pH 7.4 with HEPES buffer. Dashed lines are guides for the eye.
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tested). On the other hand, all samples containing proteins with
pI < 7.4 present a maximum loading percentage only in a narrow
window of CTPP/CPAH, between 0.12 and 0.2. Interestingly,
within this range, the loading efficiency is close to 90%, which
means that almost all protein was successfully transferred into
the dense phase, independent of (i) molar weight of the protein
and (ii) the number of charges per protein. In these experiments,
a consistent preparation protocol was employed, where TPP was
added to a premixed solution of PAH and protein. To confirm
that the system’s behavior is governed by the interactions
between its building blocks rather than the preparation method,
we conducted the same experiment using an alternative
approach. In this variation, a mixture of TPP and protein was
prepared first, and PAH was subsequently added with constant
stirring. As shown in Figure S2, focusing on the case of BSA, the
protein encapsulation profile remains largely unaffected by
changes in the mixing sequence.

Since all proteins under study had a fixed concentration of
0.25 mg/mL, we can calculate the concentration of charges
[zprotein] coming from each protein by expressing the
concentration of protein in mM and then multiplying that
concentration by the calculated charge per protein. By doing so,
we obtained [zBSA] = 0.061 mM, [zOVA] = 0.095 mM, [zGOx] =
0.044 mM, [zHb] = 0.004 mM, [zCit‑C] = 0.150 mM, and [zHEWL]
= 0.139 mM. In the absence of TPP, and assuming a degree of
ionization of PAH of 0.8, the ratio of charge concentrations
[zPAH]/[zprotein] is 30 for BSA/PAH, 19 for OVA/PAH, 41 for
Gox/PAH, 450 for Hb/PAH, 12 for Cit-C/PAH, and 13 for
HEWL/PAH. This indicates that, in all cases, the positive
charges coming from PAH are always in excess with respect to
the concentration of charges coming from the proteins.
Considering that in order to have complexation between the
protein and PAH, the formation of ion pairs between protein’s
chargedmoieties and polyelectrolyte’s chargedmoieties must be
maximized, the excess of PAH explains why there is no phase
condensation between PAH and proteins in the absence of TPP.
However, we do note some complex formation between PAH
and OVA (10%), probably because (1) OVA and PAH are
oppositely charged and (2) the ratio [zPAH]/[zOVA] is the lowest
one of the set of negatively charged proteins.

At CTPP/CPAH ∼ 0.15 (maximum protein loading), and
assuming 0.8 charges per monomer of PAH and 4 charges per
TPP anion, the ratio between positive and negative charges

z
z z

PAH

TPP protein

[ ]
[ ] + [ ]

is close to 1 (1.22 ± 0.07) for all proteins, meaning

that the system is now very close to charge neutralization. Here,
it is worth mentioning that usually weak acids and bases tend to
overcharge with respect to the soluble species due to
complexation. So, z

z z
PAH

TPP protein

[ ]
[ ] + [ ]

is just an estimation and should

not be considered an exact value. If we inspect only the
negatively charged proteins (BSA, OVA, and GOx), we see that

1.24 0.03z
z z

PAH

TPP protein
= ±[ ]

[ ] + [ ] , which means that all three

proteins are equivalent in terms of charges, despite their molar
weight and charge per protein. The fact that BSA, OVA, and
GOx presented the loading peak at the same CTPP/CPAH allows
us to think that electrostatics will be a key factor to consider
when presenting the mechanism of protein loading.

The BSA loading in the PAH/TPP complex at different CTPP/
CPAH ratios (0, 0.15, 0.3, and 0.5) was evaluated by confocal
fluorescencemicroscopy using FITC-labeled BSA. The obtained
images are shown in Figure 3. First, it is observed that the

presence of BSA in the dense phase at differentCTPP/CPAH ratios
detected by fluorescence microscopy was consistent with the
results presented in Figure 2a. By following the fluorescence
emission of BSA-FITC, a maximum of BSA loading is observed
at CTPP/CPAH = 0.15, which then decreases at 0.3 and becomes
negligible at 0.5. Figure S3 shows that when CTPP/CPAH = 0.15,
the addition of BSA provokes a massive phase condensation
(which will be further confirmed by turbidity experiments). A
closer inspection of the morphology of the BSA-loaded PAH/
TPP complexes in Figure 3 reveals that the dense phase presents
an amorphous gel-like characteristic, which differs from the
spherical droplets observed for the complex without protein.
According to the literature, the rheological characteristics of
polyelectrolyte complexes are closely related to the internal
structure of the complex and the balance between intrinsic and
extrinsic ion pairs.44−46 This balance depends on various factors,
such as the nature of the counterions, the strength of
electrostatic interactions, and the hydrophobicity of the polymer
backbones.22,47,48 In this case, we observed that the degree of
hydration decreases upon the addition of BSA (the complex
becomes less hydrated). This could indicate that the presence of
BSA in the system somehow alters the internal charge
arrangement compared to the protein-free analog. While this
phenomenon is intriguing, it is not surprising, as we are
introducing a charged macromolecule into the system,
effectively creating a new system with two negatively charged
short blocks and one positively charged long block.

Here, the first question is: Is the polarity (positive or negative)
of the long-chain complexing agent (PAH in this case)
responsible for the selectivity of the process? To answer this
question, we repeated the experiment, but this time using an
asymmetric complex coacervate made of poly(acrylic acid)
(PAA) and tetraethylenepentamine (TEPA) (Figure 2c). PAA is
a polyelectrolyte that displays negative charges at neutral pH
(pKa1/2 = 6.5).49 On the other hand, TEPA is a small linear
molecule that carries 3 secondary amine groups and 2 primary

Figure 3.Confocal fluorescence micrographs of PAH/BSA-FITC/TPP
complexes prepared at differentCTPP/CPAH ratios (0, 0.15, 0.3, and 0.5).
In all cases, CPAH = 1.5 mM and CBSA‑FITC = 0.25 mg/mL. CTPP/CPAH =
0.15 corresponds to the maximum in Figure 2a for BSA. CTPP/CPAH = 0
corresponds to the complex PAH/TPP without BSA-FITC and CTPP/
CPAH = 0.5 to a PAH/BSA-FITC/TPP complex with an excess of TPP.
Insets show photographs of PAH/BSA-FITC/TPP dispersions after 2 h
of rest.
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amine groups with pKa1 = 9.68, pKa2 = 9.10, pKa3 = 8.08, pKa4 =
4.72, and pKa5 = 2.98.50 At pH = 7.4, PAA has an ionization
degree of about 0.8, and TEPA carries 3 positive charges
(although complexation usually induces a shift in the pKa toward
more charged species).49 When combining PAA (CPAA = 1.5
mM) andTEPA (CTEPA = 0.6mM) in aqueous solution, a liquid-
like complex coacervate is formed, as can be seen in Figure 2c.

Figure 2d shows the protein loading percentage in the system
PAA/TEPA under the same experimental conditions as the case
of PAH/TPP. As can be seen, the system is once again selective
but in the opposite direction. More specifically, the system is
now able to load Cit-C, Hb, and HEWL.Moreover, the selective
capturing of proteins into the dense phase is also observed in a
narrow window of concentrations with CTEPA/CPAA between 0.2
and 0.4. As a major difference with respect to the PAH/TPP
system, PAA/TEPA coacervate encapsulates HEWL even when
CTEPA/CPAA = 0 (i.e., in the absence of TEPA). Following the
same logic, we can calculate the ratio [zPAA]/[zprotein] in the
absence of TEPA to determine if the system is in fact in excess of
negative charges to evaluate the possibility (or not) for the PAA/
protein complex to be formed. The calculated ratio [zPAA]/
[zprotein] is 300 for Hb, 8 for Cit-C, and 8.6 for HEWL. This
implies that, for PAA/Cit-C and PAA/HEWL, there are only 8
times more negative charges coming from PAA. This low value
could be indicative of the formation of a PAA/protein complex;
however, we see that PAA/HEWL retains almost 50% of the
total protein, while PAA/Cit-C retains no protein in the dense
phase. In line with Perry and Blocher McTigue’s findings, we
attribute this special feature to the presence of charge patches in
HEWL that give this protein a special character as a cross-linking
agent.30 So, given that HEWL is such a strong complexing agent,
it can act as a multivalent ion forming a polyelectrolyte/protein
asymmetric complex coacervate in the absence of TEPA.16,51

Also, as the PAA backbone is by nature hydrophobic,
nonelectrostatic interactions could also be present between
PAA and HEWL.

At CTEPA/CPAA = 0.275 (maximum protein partitioning),
0.72 0.04z

z z
PAA

TEPA protein
= ±[ ]

[ ] + [ ] for Hb, Cit-C, and HEWL, which

again is close to 1 (charge neutralization). Notably, as in the
PAH/TPP system, the Cmultivalent ion /Cpolyelectrolyte for maximum
protein uptake is placed close to charge neutralization,
considering the protein just as another complexing agent.

Taken together, the results demonstrate that when there is an
asymmetry in the chain length of the complex coacervate, the
protein loading becomes selective. Specifically, the system can
only capture proteins into the dense phase when the protein
charge is opposite to that of the long-chain block (i.e., the
polyelectrolyte’s charge). This is a distinctive result compared to
symmetric complex coacervates composed of two polymers that
can encapsulate proteins of different charges by modulating the
molar ratio of the building blocks.2,5,30 In a key contribution, S.
Perry and coworkers showed that when working with a chain-
length symmetric system such as polyglutamic/polylysine, both
negatively (pI ≪ pH) and positively (pH ≪ pI) charged
proteins can be transferred into the coacervate phase when
polyelectrolytes are mixed in a molar ratio close to 1 (charge
neutralization) with a slight excess of the polyelectrolyte
opposite to the protein’s charge.30 The authors also explored
the effect of the asymmetric charge density of the complex
coacervates. To do this, they substituted one or both charged
homopolymers for a sequence-controlled copolymer, where half
of the charged residues were replaced by neutral glycine

monomers. Consequently, the resulting complex comprised a
polymer with a long, fully charged chain and a copolymer
consisting of two segments: one neutral and one charged.
Similar to our findings, they observed that proteins with a charge
opposite to that of the fully charged block were more likely to be
encapsulated when mixed with the partially charged copolymer.
This can be analogized to our work by considering a copolymer
with half of its groups charged as equivalent to a fully charged
polyelectrolyte with half the chain length. Under this
assumption, Perry’s results suggest that chain length asymme-
try�in which the short block contains half as many monomers
as the long block�shifts the system’s selectivity toward
capturing proteins with a charge opposite to that of the long
block.

As indicated before, at pH = 7.4, the PAH has a protonation
degree of about 0.8, and TPP displays 4 negative charges.49,52

This data allows us to calculate the ratio (CTPP/CPAH)Q=0 for
charge neutralization in the absence of cooperative ionization
effects. By this, (CTPP/CPAH)Q=0 = zPAH/zTPP = 0.8/4 = 0.2. If
cooperative ionization takes place, then we can assume that all
PAH will be completely ionized, and (CTPP/CPAH)Q=0 will
become close to 0.25 (zPAH/zTPP = 1/4).53,54 So, as a first
approximation, the ratio CTPP/CPAH for charge neutralization
will be somewhere between 0.2 and 0.25. Since the peak of
protein loading is placed in the region ofCTPP/CPAH = 0.12−0.15
(Figure 2a), the process of protein uptake by the dense phase is
taking place not in the region of charge neutralization between
PAH and TPP but in a region in which there is a slight excess of
positive charges, coming from the ionized amine groups in PAH.
These findings are aligned with what has been previously
observed for symmetric coacervates, where negatively charged
proteins are captured by symmetric coacervates with a slight
excess of polycation (i.e., the peak of maximum encapsulation is
shifted from the zero-charge position).5,30,55 We believe that the
reason for this phenomenon is that, as proteins carry negative
charges, the charge neutralization of the system will be given
when 1z

z z
PAH

TPP protein
=[ ]

[ ] + [ ] as demonstrated before. So, as protein

concentration increases, less TPP will be needed for charge
neutralization, and the peak will shift to the left (see Figure S4).

3.2. PAH/TPP Complexation in Absence of BSA. To
understand the mechanism of protein uptake in asymmetric
complex coacervates, we first examined the behavior of the
system without the presence of added proteins. For this, we
quantified both PAH and TPP in the dense phase of the PAH/
TPP coacervate for different CTPP/CPAH ratios, maintaining
CPAH constant. The PAH and TPP contents in the coacervate
were expressed as %PAH in the dense phase relative to the total
(%PAH in coacervate) and CTPP − CTPP, supernatant, respectively.

Figure 4a (blue line) shows the content of PAH in the
coacervate phase as a function of CTPP/CPAH in the absence of
BSA. As observed, 90% of the total PAH is transferred into the
dense phase for CTPP/CPAH ≥ 0.2. In particular, at CTPP/CPAH =
0.2, %PAHcoacervate = 87% and CTPP − CTPP, supernatant = 0.2 mM
(Figure 4c, blue line). Given that TPP carries 4 negative charges
per ion and that 90% of PAH (1.35mM) is localized in the dense
phase, the degree of protonation of PAH in the dense phase can
be calculated (assuming electroneutrality in the coacervate).
Consequently, the calculated degree of protonation of PAH in
the dense phase is 0.59, slightly lower than the degree of
protonation of free PAH at the same pH. As it would be logically
expected for the degree of protonation of PAH to increase after
association with anions rather than decrease, it can be asserted
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that the condition of electroneutrality in the coacervate is not
met. This implies that the coacervate is somehow overcharged
with a positive charge.

From this point onward, as more TPP is introduced into the
system, the percentage of PAH in the dense phase remains
constant while the quantity of TPP increases, reaching ∼0.5 mM
for CTPP/CPAH = 0.6. Figure 5b illustrates the evolution of the
zeta potential of the coacervate droplets formed immediately
after the mixing process. In this plot, it is observed that the zeta
potential of the PAH/TPP system becomes zero for CTPP/CPAH
= 0.4. If we calculate the degree of protonation of PAH at this

point (knowing that CTPP − CTPP, supernatant is 0.4 mM here), we
obtain a value of 1.18 (∼1). This implies that whenCTPP/CPAH =
0.4, the total charge of the system is zero, and PAH is fully
protonated. On the contrary, when CTPP/CPAH > 0.4, the zeta
potential becomes negative, indicating an inversion of charge in
the coacervate’s overcharge due to the excess of TPP.

Taking it all together, it can be concluded that in the absence
of BSA, (i) the total charge neutralization ratio is CTPP/CPAH =
0.4, and PAH is completely protonated; (ii) forCTPP/CPAH = 0.2,
all PAH is complexed, and the system exhibits a positive
overcharge; (iii) starting from CTPP/CPAH = 0.4, the excess TPP
in the dense phase leads to a reversal in the overcharge sign. In
the following, we will analyze the effect of the presence of BSA to
gain insights into the physicochemical aspects underlying the
results presented in Figure 2.

3.3. PAH/TPP Complexation in the Presence of BSA.
Figure 5b depicts the changes in turbidity as a function of CTPP/
CPAH for both the PAH/TPP system and the ternary PAH/BSA/
TPP system, with the BSA concentration fixed at 0.25 mg/mL
(3.8 μM). Here we can see that, for the case without BSA,
turbidity reaches a maximum at CTPP/CPAH = 0.25, remaining
constant at higher CTPP/CPAH values. Instead, for the case of the
ternary system, turbidity reaches a maximum at CTPP/CPAH =
0.15 and then decreases at higher CTPP/CPAH values. Notably,
aboveCTPP/CPAH = 0.2 (a concentration range where the protein
content in the dense phase is very low), the ternary system’s
turbidity attains very small values. Moreover, charge neutrality
(zeta potential = 0) in the ternary system occurs at CTPP/CPAH
close to 0.15 (Figure 5a), aligning with both the turbidity and
encapsulation maxima. For CTPP/CPAH values greater than 0.15,

Figure 4. Quantification of the components in the dense phase of the
coacervate for the PAH/TPP and PAH/BSA/TPP systems for different
concentrations of TPP, expressed as CTPP/CPAH. In all cases, CPAH = 1.5
mM and Cprotein = 0.25 mg/mL. (A) Percentage of PAH-FITC (PAH*)
in the dense phase for PAH/TPP (blue dots) and PAH/BSA/TPP (red
dots) coacervates. The percentage was calculated relative to the total
amount of PAH* present. (B) Difference between the total
concentration of TPP and the concentration of TPP in the liquid
phase (indicative of the amount of TPP sequestered in the dense phase)
for PAH/TPP (blue dots) and PAH/BSA/TPP (red dots) coacervates.
(C) BSA loading efficiency for the PAH/BSA/TPP coacervate (data
taken from Figure 2a). Each dot corresponds to an independent
experiment. Lines are guides for the eye. Error bars represent one
standard deviation (n = 3) of uncertainty.

Figure 5. Evolution of the zeta potential (A) and turbidity (B) of the
system for freshly prepared mixtures of asymmetric coacervates PAH/
TPP (blue points) and PAH/BSA/TPP (red points) as a function of
increasing CTPP/CPAH ratio. In both panels (A and B), the
concentrations of PAH and BSA were 1.5 mM and 0.25 mg/mL,
respectively. Each dot corresponds to an independent experiment.
Lines are guides for the eye. Error bars represent one standard deviation
of the uncertainty.
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the zeta potential takes negative values (Figure 5b), indicating
an excess of negative charge in the dense phase. It is noteworthy
at this point that the presence of BSA in the medium induces a
shift of the zero-charge zeta potential toward lower CTPP/CPAH
values.

Another interesting finding is that, in the presence of BSA, the
amount of PAH in the dense phase exhibits a maximum at CTPP/
CPAH = 0.15 (Figure 4a, red line), subsequently decreasing to
around 60% atCTPP/CPAH = 0.2, and then gradually increasing to
approximately 90% at CTPP/CPAH = 0.6. Moreover, an additional
effect is observed: the quantity of TPP in the dense phase no
longer increases linearly but reaches a plateau at CTPP −
CTPP, supernatant ≈ 0.3 mM (Figure 4b).

If we consider BSA simply as a multivalent negatively charged
macromolecule, we might conceive that TPP and BSA compete
for the complexation of PAH. When the TPP concentration is
very small (approaching zero), no phase separation occurs. This
implies that for a BSA concentration of 0.25 mg/mL, the PAH/
BSA system does not form a coacervate. In other words, the
quantity of BSA is insufficient to counterbalance the charges of
PAH. As the TPP concentration increases, a phase change
occurs, resulting in a three-component (PAH/BSA/TPP)
coacervate formation.

When CTPP/CPAH = 0.15, there is a 45% increase in the
amount of PAH in the dense phase due to the presence of BSA
(the curve shifts to the left, Figure 4a). This difference primarily
stems from having more complexing agents for the same amount
of polycation. Hence, complexation must occur at lower CTPP/
CPAH values. To prove this, we conducted turbidity measure-
ments, but this time for different BSA concentrations, ranging
from 0.1 to 0.75 mg/mL. Figure S4 shows that when BSA
concentration approaches zero, the peak of maximum turbidity
develops close to CTPP/CPAH = 0.2, which is the value of
maximum complexation without protein (Figure 4a, blue line).
Then, as BSA concentration is increased, the peak consistently
shifts toward lower CTPP/CPAH values. Another interesting effect
is that turbidity at the maximum increases with BSA
concentration until reaching a saturation point. The increase
in the maximum turbidity with BSA concentration is consistent
with the idea of the formation of a ternary complex at charge
stoichiometry.

At this point (CTPP/CPAH = 0.15), the quantity of TPP in the
dense phase does not significantly differ from that of the binary
coacervate (Figure 4b); however, there is now more PAH in the
dense phase. This implies that, at CTPP/CPAH = 0.15,
approximately half of the PAH is complexed with TPP, and
the other half is complexed with BSA. As the zeta potential at this
point is very close to zero (Figure 5a), we can also assert that all
charges of PAH are paired with negative charges from TPP and
BSA. This shows that the combination of TPP and BSA appears
to be more effective than TPP alone in neutralizing PAH
charges.

Let us now analyze the region ofCTPP/CPAH between 0.15 and
0.2. In this range: (i) the quantity of TPP in the dense phase
increases similarly to the case without BSA (Figure 4b), (ii) the
amounts of BSA and PAHdecrease, (iii) turbidity decreases, and
(iv) the zeta potential becomes negative. As the amount of TPP
in the dense phase is the same as in the BSA-free counterpart but
with less PAH, it is expected for the zeta potential to become
negative. The coacervate formed at CTPP/CPAH = 0.2 in the
presence of protein, therefore, exhibits an excess of TPP anions.
On the other hand, the insensitivity of the TPP curve in the
coacervate to the presence of BSA could indicate that TPP tends

to displace BSA in a competitive process where concentrations
and charge densities are sensitive parameters. Additionally, at
CTPP/CPAH = 0.25, ∼ 40% of the PAH is in solution along with
almost all of the protein. We could argue that at this point the
liquid phase is composed of soluble PAH/BSA and/or PAH/
BSA/TPP complexes that cannot be separated into a macro-
scopic phase by centrifugation. To investigate this, we subjected
the PAH/BSA/TPP sample (CTPP/CPAH = 0.25) to centrifuga-
tion for 20 min at maximum speed and analyzed the supernatant
by DLS. Figure S5 shows a single distribution of sizes centered at
63 nm, indicating the presence of soluble complexes that do not
undergo coacervation. Since this phenomenon appears to be a
special feature of the PAH/BSA/TPP system, we will not
consider that the formation of soluble complexes at this stage of
titration is a relevant piece of the mechanism. Back to Figure 4,
as long as the CTPP/CPAH parameter increases (above 0.2), the
amount of PAH in the dense phase increases, but the amount of
protein does not. This suggests that as the TPP concentration
increases, the soluble complexes are dissociated by TPP,
directing PAH toward the dense phase.

The last region that remains to be analyzed is the region where
CTPP/CPAH > 0.2. In this region, in which TPP is in excess with
respect to BSA, TPP anions displace BSA completely, and the
complex coacervate is finally composed of PAH and TPP.
Interestingly, if we compare the turbidity with and without BSA,
the addition of BSA provokes a marked decrease in turbidity
(stabilization of coacervate droplets), even at CTPP/CPAH > 0.5
where no BSA is detected in the dense phase (Figure 5b).
Furthermore, the presence of BSA produces a decrease in the
zeta potential of the aggregates (Figure 5a). Figure 6 shows

SAXS measurements of freshly prepared PAH/TPP and PAH/
BSA/TPP complex coacervate dispersions at CTPP/CPAH = 0.25
(Figure S6 includes the SAXS pattern of BSA alone for
comparison). In agreement with the turbidity results, the SAXS
curve of the PAH/TPP complex corresponds to a very large
aggregate with an overall size beyond the maximum dimensions
probed by the experiment (above 400 nm, based on the q-
window used). In contrast, the PAH/BSA/TPP complex
exhibits a SAXS curve indicative of a globular object that can

Figure 6. SAXS patterns (stacked representation) obtained for the
binary (PAH + TPP; light violet dots) and ternary (PAH/BSA/TPP;
light red dots) complexes prepared at CTPP/CPAH = 0.25 with CPAH = 15
mM. Black lines represent the adjusted curves. For PAH/BSA/TPP, a
two-level model including a polydisperse sphere (large level) with a log-
normal distribution of size and a Guinier−Porod contribution (small
level) was used. For PAH/TPP, a Porod contribution was used.
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be fitted as a sphere with a diameter of approximately 88 nm and
relatively low polydispersity (σ ∼ 11 nm). This result was
confirmed by dynamic light scattering (DLS), as shown in
Figure S7. DLS measurements were taken of the coacervate
droplets formed for PAH/TPP and PAH/BSA/TPP at CPAH/
CTPP = 0.25 after 3 h of stabilization. The results show that the
presence of BSA significantly stabilizes the coacervate droplets,
reducing their hydrodynamic diameter from around 1000 nm to
approximately 100 nm.

Taking this all together, we can assert that the presence of BSA
increases the colloidal stability of coacervate droplets. According
to the Derjaguin−Landau−Verwey−Overbeek (DLVO) theory,
the stability of colloidal dispersions is influenced by the balance
between attractive van der Waals interactions and repulsive
electrostatic interactions. While van der Waals interactions are
associated with the hydrophilicity of the colloid, electrostatic
interactions are related to the surface charge. The more
hydrophobic and neutral the colloids are, the lower their
stability. Conversely, the more hydrophilic and charged they are,
the higher their stability. Considering that BSA is a highly
hydrophilic protein with a negative charge at the working pH, a
possible explanation for the observed phenomenon is that BSA
interacts with PAH and TPP in such a way that the resulting
coacervate droplets exhibit more hydrophilic characteristics and
a greater surface charge. Although it is challenging to ensure that
PAH/BSA/TPP coacervate droplets are indeed more hydro-
philic than PAH/TPP coacervate droplets, we can confirm that
the presence of BSA increases the net surface charge, as
indicated by the increased zeta potential (Figure 5b). If we then
assume that the reduction in turbidity and the stabilization of
coacervate droplets observed by SAXS and DLS for CTPP/CPAH
> 0.2 is due to the alteration of coacervate droplet properties by
BSA, it is noteworthy that this effect occurs at very high CTPP/
CPAH values, where the amount of BSA in the dense phase is
practically negligible. This could imply either that the stabilizing
effect of BSA occurs with very small amounts of BSA or that
when CTPP/CPAH ≫ 0.2, BSA is associated with the coacervate
droplets but is somehow released upon centrifugation and
forced coalescence (hence its absence in the dense phase).

3.4. Mechanism of Protein Loading in Asymmetric
Complex Coacervate Systems. After analyzing all the results,
we can postulate that

1) Whenever there is enough distance between the working
pH and the protein pI, protein uptake is given by the
formation of a three-component complex coacervate in

which the protein acts as a second multivalent ion (short-
chain complexing agent). The formation of the ternary
complex is guided by the same rules as polyelectrolyte
complexes do. So, in principle, a given (and enough
charged) protein can be loaded by any polyelectrolyte/
multivalent salt system.

2) Because the protein acts as a short-chain complexing
agent, its net charge must be opposite to that of the
polyelectrolyte (long-chain complexing agent). This
indicates that protein uptake is selective, allowing only
proteins with charges opposite to the polyelectrolyte to be
loaded.

3) Maximum protein uptake is obtained in a narrow window
of Cmultivalention/Cpol, close to charge neutralization since
the formation of the ternary complex is triggered by the
phase condensation between the polyelectrolyte and the
multivalent ion.

4) The maximum uptake occurs when the total charge of the
system (zpol + zmultivalention + zprotein) is zero. Then, if the
protein concentration is too low, the maximum uptake
will occur close to the ratio of charge neutralization
between the polyelectrolyte and the multivalent ion,
independently on the type of the protein. As protein
concentration increase, the ratio Cmultivalention/Cpol for
maximum uptake will shift to lower values (i.e., less
multivalent ions are needed to counterbalance the charge
of the polyelectrolyte).

5) An excess of multivalent ions produces the displacement
of the protein, lowering the protein uptake, and forming a
two-component complex coacervate.

A scheme of the proposedmechanism is presented in Figure 7.
The protein uptake mechanism has some major consequences
that go beyond our findings: (i) an asymmetric complex
coacervate system has the potential to be used as a pI-selective
method for protein separation; (ii) in principle, any poly-
electrolyte/multivalent ion pair can be used to load (or separate)
proteins; (iii) the mechanism of formation of three-component
asymmetric coacervates can be extended to other charged small
molecules besides proteins. The last assumption is perhaps the
most controversial, as all data presented here pertain to
polyelectrolyte/protein/multivalent ion systems. As a proof of
concept, we investigated a model polyelectrolyte/multivalent
ion/multivalent ion system composed of PAH/[Fe(CN)6]3−/
TPP (with [Fe(CN)6]3− as a second multivalent ion).
[Fe(CN)6]3− has proven to be able to complex different

Figure 7. Simplified schematic of the protein loading mechanism in asymmetric coacervates. In the absence of a multivalent ion, phase separation does
not occur, and consequently, protein uptake is not observed. Upon the addition of a multivalent ion with a charge opposite that of the polyelectrolyte,
phase separation is induced, prompting the protein (which also has an opposite charge to the polyelectrolyte) to interact with the polyelectrolyte.
When the total charge of the system is close to zero, a ternary complex forms, resulting inmaximal protein loading. However, with the addition of excess
multivalent ions, the protein is displaced and expelled into the solution, thus lowering the protein loading.
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polycations, such as polyethylenimine (PEI), poly-
(diallyldimethylammonium chloride) (PDDA), polyarginine,
and polylysine.31,56−58 In particular, for the systems PEI/
[Fe(CN)6]3− and PDDA/[Fe(CN)6]3− we determined that the
onset molar ratio CFerricyanide/CPol+ for complexation is about 0.2
to 0.3.56 Thus, at CFerricyanide/CPol+ below 0.2, there is no
complexation between [Fe(CN)6]3− and polycations. To test
the hypothesis, we prepared a series of solutions containing PAH
with a fixed concentration of CPAH = 10 mM, [Fe(CN)6]3− with
a fixed concentration ofCFerricyanide = 0.5mM (CFerricyanide/CPAH =
constant = 0.05), and TPP with variable concentrations, from 0
to 7 mM (CTPP/CPAH between 0 to 0.7). Figure S8 shows the
loading percentage of [Fe(CN)6]3− within the complex phase as
a function of CTPP/CPAH. The curve shows a sharp peak centered
at CTPP/CPAH = 0.15 with a maximum loading percentage of
100%. For CTPP/CPAH > 0.15, the amount of [Fe(CN)6]3−

within the complex phase decreases until reaching a value close
to zero. Comparing the [Fe(CN)6]3− loading curve with the
protein loading curve (Figure S8, red dots), we can see that the
behavior is almost the same. In light of these results, we confirm
(at least for the case of [Fe(CN)6]3−) that the mechanism of
formation of ternary asymmetric complex coacervates can be
extended beyond proteins. Interestingly, when we evaluated a
small cationic probe such as hexaammineruthenium ([Ru-
(NH3)6]3+), no appreciable encapsulation was observed in the
entire range of molar ratios (Figure S8, blue dots), proving the
selectivity of the asymmetric PAH/TPP coacervates for small
charged molecules. Considering that many biologically relevant
metabolites/intermediaries, such as citrate, acetyl-CoA, adeno-
sine triphosphate, or heparin, among others, carry multiple
charges, the insights presented here regarding the sequestration
of small multivalent molecules can serve as guidelines in the field
of biomimetic condensate design.19,59−61

4. CONCLUSIONS
In this study, we delve into the mechanism of protein
encapsulation within asymmetric coacervates comprising
polyelectrolytes and multivalent ions. Unlike their symmetric
counterparts, we observed a notable phenomenon: the
emergence of selective protein capture in the presence of
chain length asymmetry. Remarkably, only proteins bearing
charges opposite to the longer polyelectrolyte block are
entrapped, and this occurs within a constrained range of
polyelectrolyte/multivalent ion molar ratios.

To understand this phenomenon, we conducted a systematic
set of experiments to identify the composition of the
coacervate’s dense phase in a quantitative way, offering crucial
insights into the encapsulation mechanism. Our main finding
underscores the formation of a ternary asymmetric coacervate,
where proteins and multivalent ions engage in a competitive
interplay for polyelectrolyte complexation. Intriguingly, we
observed that proteins necessitate the presence of multivalent
ions to effectively complex with the polyelectrolyte and integrate
into the dense phase.

This selective encapsulation mechanism, primarily driven by
the charge of the longer polyelectrolyte block, holds promise for
a broad spectrum of charged molecules, transcending the size
and chemical composition boundaries. Our discoveries not only
shed light on the fundamental principles governing protein
encapsulation but also present a pioneering framework for the
selective capture of multivalent ions and the synthesis of
multicomponent complex coacervates. Thus, the results
obtained here may have implications in different technological

fields, including separation and purification technologies,
microencapsulation, drug delivery, and biocatalytic micro-
reactors. Additionally, they provide new insights into designing
and exploring more realistic membrane-less organelles.
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