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separation of proteins and nucleic acids. A 
remarkable feature of MLOs is their ability 
to selectively recruit and dynamically 
exchange molecules with the surrounding 
environment.[2–4] Recapitulating this 
behavior using synthetic droplets would 
open attractive applications in biosepara-
tion. A key prerequisite to achieve this goal 
is mimicking the ability of the scaffold 
molecules of MLOs to encode multiple 
types of interactions to simultaneously 
control different properties of the compart-
ments, such as stimulus-responsiveness 
and recruitment of client molecules.[5]

Inspired by this principle, we recently 
developed programmable liquid-like coacer-
vates based on the phase separation of asso-
ciative zwitterionic polymers that, in analogy 

with proteins commonly found in MLOs, encode multiple types 
of intermolecular interactions.[6] The main characteristic of this 
strategy is the identification of zwitterionic coacervates with three 
key properties: i) they reversibly form and dissolve in response to 
external stimuli such as temperature, pH, and ionic strength; ii) 
they exhibit liquid-like properties; and iii) they exhibit anti-fouling 
properties and preferentially exclude most molecules as well as 
vesicles (Figure  1a).[6] These baseline zwitterionic coacervates 
represent an ideal starting point for engineering liquid materials 
for biotechnological applications, particularly for the purification 
of biomolecules. In fact, our coacervates can be programmed to 
recruit target molecules by functionalizing the baseline zwitteri-
onic polymers with specific ligands such as affinity tags or by intro-
ducing net charges, thereby attracting target compounds in the 
droplets based on affinity or electrostatic interactions, respectively.

In the case of recruitment by electrostatic interactions, a 
remarkable feature of our material is the ability to indepen-
dently program the stimulus-responsiveness and recruitment 
of the droplets by modifying the composition and architecture 
of the scaffold polymer. This property makes the polymeric 
coacervates designed in our study significantly different from 
complex coacervates, in which recruitment and phase separa-
tion are both modulated by a single type of interaction, that 
is, attractive electrostatic forces between polyelectrolytes of 
opposite charges.[7,8] As a result, our material combines the 
advantages of a controlled partitioning with the use of a liquid 
and dynamic phase which responds to external stimuli.

These features are particularly attractive for processing soft 
products such as extracellular vesicles (EVs), whose purifica-
tion currently relies on techniques such as ultracentrifugation,  

Programmable coacervates based on zwitterionic polymers are designed as 
dynamic materials for ion exchange bioseparation. These coacervates are 
proposed as promising materials for the purification of soft nanoparticles such 
as liposomes and extracellular vesicles (EVs). It is shown that the stimulus-
responsiveness of the coacervates and the recruitment of desired molecules 
can be independently programmed by polymer design. Moreover, the poly-
meric coacervates can recruit and release intact liposomes, human EVs, and 
nanoalgosomes in high yields and separate vesicles from different types of 
impurities, including proteins and nucleic acids. This approach combines the 
speed and simplicity of precipitation methods and the programmability of 
chromatography with the gentleness of aqueous two-phase separation, thereby 
guaranteeing product stability. This material represents a promising alternative 
for providing a low-shear, gentle, and selective purification method for EVs.

ReseaRch aRticle

1. Introduction

In addition to vesicle-like compartments, cells can organize 
functions in space and time via membraneless organelles 
(MLOs),[1] which are associated with liquid–liquid phase  
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precipitation, filtration, and chromatography.[9–16] These methods 
have significant issues related to low purity, high shear, and 
aggregation of EVs, which can alter their integrity and func-
tionality.[13,17] In this context, our zwitterionic coacervates offer 
a gentler purification method.

In this study, we introduced positively charged groups in the 
scaffold of our zwitterionic polymers to recruit anionic species 
following the principle of anion exchange chromatography. 
These polymeric coacervates could take up and release nega-
tively charged vesicles upon changing the salt concentration 
of the solution. We applied these coacervates to liposomes and 
extracellular vesicles obtained from HEK-293F cells and micro-
algae.[18,19] Moreover, we showed that our material can purify 
vesicles from impurities such as small molecules, proteins and 
DNA, demonstrating the potential use of our programmable 
liquid coacervates for vesicle purification from conditioned 
media during bioprocessing. This approach shares several key 
advantages with precipitation techniques, such as large purifi-
cation capacity, low cost, high speed, and simple instrumenta-
tion.[20] Moreover, the gentle conditions of this method and the 
aqueous environment in the coacervates enable the concentra-
tion of biomolecules without affecting their stability.

2. Results

2.1. Design of Positively Charged Zwitterionic Coacervates

Starting from the baseline zwitterionic polymer (ZW) that we 
recently developed (Figure  1a),[6] we designed a polymer con-
taining net positive charges (ZW+, Figure  1b). The polymer 
ZW+ consists of two monomers: sulfabetaine methacrylate 
(ZB), which is defined as the “sticker,” and [2-(methacryloyloxy)
ethyl]trimethylammonium  (MQ), which is positively charged. 
ZB drives the phase separation by mediating ion-paired attrac-
tive interactions,[21] and MQ controls the uptake of negatively 
charged products.

First, we confirmed that the ZW+ coacervates retained 
the liquidity of the baseline ZW material, which is a key 
requirement for the purification of EVs. Initially, we used a  
ZW+ polymer with 20 MQ and 80 ZB monomers and observed 
the coalescence of the droplets formed by its liquid–liquid 
phase separation (LLPS) (Figure 1c).

Subsequently, we tested whether these positive coacervates 
could recruit negatively charged vesicles and, therefore, be used 
as dynamic materials for bioseparation based on ion exchange. 

Small 2023, 19, 2204736

Figure 1. Purification of extracellular vesicles (EVs) with functionalized zwitterionic coacervates. a) The baseline zwitterionic polymer (ZW) forms 
coacervates that largely exclude biomolecules and vesicles.[6] b) Using ZW as a starting material, we designed a polymer with both zwitterionic and 
unpaired positively charged monomers (ZW+), which forms coacervates capable of recruiting negatively charged vesicles via attractive electrostatic 
interactions. c) ZW and ZW+ coacervates behave like liquid-like material, as shown by coalescence events. d) Fluorescence microscopy images show 
that liposomes are excluded from ZW coacervates (left) and are recruited into ZW+ coacervates (middle and right). The location of the liposomes inside 
the coacervates changes with the salt concentration and therefore with the strength of the intermolecular interactions. e) Vesicles are recruited in the 
coacervates at low salt concentrations (Cs,binding), typically below the critical threshold required for phase separation (Cs,crit). When the salt concentra-
tion is increased above Cs,crit (Cs,elution), coacervates dissolve and the vesicles are released in one single phase. Depending on material properties and 
solution conditions, Cs,elution can be lower than Cs,crit and vesicles can be eluted from intact coacervates.
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To this end, we initially considered using model liposomes 
composed of phosphatidylserine (DOPS) and rhodamine-B-
labeled phosphatidylethanolamine (RhodB-PE) at a molar ratio 
of 200:1 and with an average diameter of 125  nm. Given the 
large excess of negatively charged DOPS, the charge of the final 
liposomes was only minimally influenced by the presence of the 
fluorophores. We analyzed the uptake of the coacervates using 
epifluorescence microscopy. The results in Figure 1d show that 
the labelled liposomes did not interact with the coacervates of 
the unfunctionalized polymer (ZW), but were recruited into the  
ZW+ coacervates at low salt concentrations. We observed that 
the location of the liposomes in the coacervates (in both the 
random and block copolymers) depended on the strength of 
the interactions between the ZW+ polymers and the liposome 
membrane. Indeed, the liposomes were recruited in the bulk of 
the droplets when the interactions between the polymers and 
vesicles were strengthened (for instance, by decreasing the salt 
concentration or increasing the number of positive charges) 
(Figure 1d; Figure S2, Supporting Information).

Owing to their liquidity and recruitment capability, ZW+ 
coacervates can be developed as materials for EV purifica-
tion. Therefore, we designed the process shown in Figure  1e. 
Initially, at sufficiently low salt concentrations (Cs,binding), the 
polymer undergoes phase separation, and the resulting drop-
lets recruit EVs. Under these conditions, droplets enriched with 
EVs can be separated from the supernatant containing impuri-
ties, for instance by precipitation. The increase in salt concen-
tration (Cs,elution) screens electrostatic interactions and allows 
the separation of vesicles from the dissolved droplets. Finally, 
the purified vesicles can be separated from the polymer via  
filtration or a buffer exchange step.

Notably, the programmability of zwitterionic coacervates 
allows one to tune Cs,binding and Cs,elution, depending on the spec-
ificity of the system and stability of the product. For instance, 
in the case of EVs, although NaCl concentrations up to 1 m can 
be used,[14,22,23] lower ionic strengths are preferable. These salt 
concentrations can be easily modulated by varying the amounts 
of ZB and unpaired charges (MQ). In addition to controlling 
the uptake of negatively charged products, MQ also behaves as 
a “spacer.” Indeed, MQ affects phase separation by changing 
the local concentration of ZB stickers in the polymer,[6] and 
increasing the repulsion between the polymers at low ionic 
strength.

Next, we studied the effect of unpaired positive charges on 
the phase separation of ZW+ to design polymers with stimulus-
responsiveness in the desired salt concentration range. For this 
purpose, we synthesized polymers with different lengths and dif-
ferent numbers and distributions of unpaired positive charges 
(MQ). Here, the total degree of polymerization, “DPtot,” indicates 
the total number of monomers in the polymer. We characterized 
the phase separation by microscopy and measured the critical 
salt concentration (Cs,crit), that is, the concentration required to 
suppress net electrostatic attractive forces and prevent phase 
separation. As expected, Cs,crit decreased with an increase in the 
fraction of unpaired positive charges (MQ) and therefore of the 
amount of electrostatic repulsion, which decreased the net attrac-
tive interactions mediated by the paired ions of the ZB monomer 
(Figure 2a). No phase separation was observed for the polymers 
with an MQ fraction equal to or greater than 36% (Figure 2a).

At a constant fraction of positive charges, Cs,crit increased 
with increasing polymer length (Figure 2b). In agreement with 
Flory–Huggins theory, the critical salt concentration Cs,crit scales 
with the polymer length N as per the following equation (inset 
Figure 2b)[24]

c N
A

B

T
A

B

N

1 1 1

2

1 /

s,crit α
α= + −



 − = ′ + ′

 (1)

Here, α is a constant, A is the temperature-independent 
entropic term, and B/T is the temperature-dependent enthalpic 
term of the non-electrostatic (residual) component of the inter-
action parameter χ.

Cs,crit was only slightly affected by the distribution of the 
charges, as shown by the comparison between the random and 
block polymers (Figure 2c).

Next, we investigated the impact of the fraction and distri-
bution of positive charges in ZW+ on the interactions between 
liposomes and coacervates. We incubated fluorescent liposomes 
with the different ZW+ polymers in a phosphate buffer con-
taining 100  mm NaCl at pH 7.4. We characterized the parti-
tioning by measuring the fluorescence intensity of the samples 
in the continuous aqueous phase. As expected, the number of 
liposomes recruited by the droplets increased with an increase 
in the fraction of positive charges (Figure 2d). Specifically, 96% 
of the liposomes were recruited when the fraction of positive 
charges was equal to or larger than 14%.

This result was independent of DPtot, which was in the 
100–600 range (Figure  2e). Combined with the data shown in 
Figure 2b, this result indicates that polymer length can be used 
as a design parameter to tune the Cs,crit of the droplets indepen-
dently of the recruitment. Therefore, the zwitterionic droplets 
could be adapted for specific process conditions required by the 
product.

Additionally, we observed that charge distribution had a sig-
nificant effect on vesicle recruitment. In particular, the interac-
tions between liposomes and droplets were strengthened when 
the monomers were organized into two blocks (Figure 2f). For 
instance, at an NaCl concentration of 150 mm, the coacervates 
of block and random polymers recruited 99% and 9% of the 
liposomes, respectively. The analysis of the distribution of con-
densed counterions on polymer chains with different charge 
patterns indicated that counterions are confined near the block 
charges.[25] Consequently, in the context of complex coacerva-
tion, block polymers mediate stronger attractive electrostatic 
interactions than random ones.[25]

Our results, which can be explained by a similar mecha-
nism, reveal that charge patterning is an important parameter 
for the recruitment of droplets at the desired process operating 
conditions.

2.2. Separation of Liposomes with Zwitterionic Coacervates

After designing the polymers to optimize liposome recruit-
ment, we analyzed the release of liposomes from the coacer-
vates upon increasing the ionic strength of the solution. Based 
on the results described in the previous section, we selected two 
polymers, ZW-R1 and ZW-B1, with Cs,crit values below 500 mm. 

Small 2023, 19, 2204736
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The polymers were chosen to avoid NaCl concentrations at 
which liposome aggregation occurs. The selected polymers had 
similar lengths and fractions of positively charged monomers 
but different charge distributions. Their properties are listed in 
Table 1.

After recruiting the liposomes into the ZW+ coacervates in 
100 mm NaCl, the coacervates were removed from the solution 
by centrifugation, and the vesicles were recovered from the pol-
ymer-rich pellet by increasing the salt concentration to 400 mm, 
that is, above the Cs,crit required to dissolve the coacervates. This 
solution was centrifuged again to remove aggregated vesicles 
(Figure 3a).

Dynamic light scattering (DLS) measurements showed that 
the liposomes in the coacervates had similar size distribution 
before and after recruitment, demonstrating that the eluted 
liposomes were intact after uptake in the ZW+ coacervates 
(Figure 3b).

We next evaluated the separation yield by measuring the 
amount of liposomes recruited and released from the coac-
ervates. For this purpose, we counted the liposomes in the  

continuous phase by nanoparticle tracking analysis (NTA). The 
NTA measurements (Figure 3c) showed that ZW+ coacervates 
recruited most of the liposomes in 100 mm NaCl. Specifically, 
random and block polymers recruited 92  ±  1% and 96  ±  1% 
of liposomes, respectively. Interestingly, after increasing the 
salt concentration to Cs,elution and removing the vesicle aggre-
gates, we recovered 97 ±  10% and 78 ±  8% of the vesicles for 
random and block polymers, respectively. Control experiments 
indicated that the non-recovered fraction was formed by ves-
icle aggregation during centrifugation (Figure S3, Supporting 
Information).

Finally, we measured the binding capacity of the ZW-R1 coac-
ervates; 0.25  mg mL−1 of ZW-R1 coacervates were incubated 
with increasing concentrations of liposomes differing over one 
order of magnitude. Liposome uptake was greater than 90% at 
all concentrations (Figure 3d). The binding of the vesicles to the 
coacervates decreased their surface tension and size (Figure 3e), 
thereby increasing the total area available for binding. Conse-
quently, the binding area for a fixed amount of coacervate mate-
rial is not a constant parameter and depends on the number 
of vesicles in the solution. This is a remarkable advantage of 
using a liquid material over the conventional solid stationary 
phases used in chromatography, which can exhibit saturation 
effects with increasing amounts of loaded material. In contrast, 
the same amount of liquid coacervates can recruit vesicles with 
similar efficiency over a wide range of product concentrations 
because liquid droplets can adjust their size distribution and 
binding area.

Small 2023, 19, 2204736

Table 1. Properties of the polymers used for vesicle isolation.

Type DPZB [−] DPMQ [−] DPtot [−] fMQ,exp [%]

ZW-R1 Random 80 20 100 9.06

ZW-B1 Block 80 20 100 13.6

Figure 2. Independent modulation of a–c) the stimulus-responsiveness and d–f) recruitment of the ZW+ coacervates by polymer design. a) Effect of 
the fraction of positively charged monomers (f+,exp) on the phase separation of ZW+ represented by the critical salt concentration (Csalt,crit). b) Effect 
of the length of the polymer (number of monomers, N) on the phase separation of ZW+ at a constant fraction of positively charged monomers. The 
inset shows predicted scaling according to the Flory-Huggins theory. c) Effect of charge distribution (random versus block) on Csalt,crit. d) Effect of 
the fraction of positively charged monomers on liposome recruitment. e) Effect of the length of ZW+ on liposome recruitment at a constant fraction 
of positively charged monomers. f) Effect of charge distribution (random vs block) on liposome recruitment. The interaction of the polymer with the 
liposomes increases when different monomers are organized in two blocks. All experiments were performed at constant polymer mass concentration.
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2.3. Separation of Purified Extracellular Vesicles  
with Zwitterionic Coacervates

After demonstrating that the ZW+ coacervates can recruit and 
release intact liposomes in high yields and that the separation 
process is compatible with a wide range of product concentra-
tions, we applied our polymeric coacervates on EVs produced 
from human HEK-293F cells (see characterization by microflu-
idic diffusion sizing,[26] NTA, and TEM in Figure S4, Supporting 
Information) and microalgae (see comprehensive characteriza-
tion in refs. [18,27]).

We quantified the recruitment of human EVs using the ZW+ 
coacervates previously tested with liposomes, that is, random 
ZW-R1 and block ZW-B1 polymer droplets (Figure  4a). We 
quantified the recruitment of EVs by measuring their frac-
tion remaining in the dilute phase via an ELISA assay based 
on tetraspanin CD81, a common EV marker.[28,29] The CD81+ 
particles were recruited by the ZW-R1 and ZW-B1 polymer coac-
ervates at NaCl concentrations below 25 and 37.5  mm, respec-
tively. These NaCl concentrations were significantly lower than 
the values required to recruit liposomes because the negative 
charge on the EV membrane was weaker than that on the 
liposomes. In this case, the distribution of monomers in the two  

blocks did not significantly affect the salt concentration 
required for uptake.

The distribution of 293F-EVs inside the two different types of 
zwitterionic coacervates (Table 1) was investigated by imaging the 
coacervates using epifluorescence microscopy. EVs were labeled 
with a photoactivatable lipophilic dye[26,30] before incubation 
with ZW-R1 and ZW-B1 in 25 mm NaCl solutions and with ZW 
in 100 mm NaCl solutions (Figure 4b). We observed that under 
these conditions, EVs were concentrated mostly on the rim of the 
ZW-R1 and ZW-B1 coacervates. However, their locations in the 
droplets could be changed by tuning the strength of the interac-
tions between the polymers and EV membrane, as demonstrated 
with the liposomes (Figure  1d). This mechanism is useful for 
controlling the local concentration of the product in the coacer-
vates and for avoiding the potential aggregation of products at the 
coacervate interface due to local increase in concentration.

After identifying the conditions for EV binding, we applied 
the separation process previously developed for liposomes to 
293F-EVs. We incubated EVs with ZW-R1 for one minute before 
separating the coacervates from the aqueous phase via cen-
trifugation. The EVs were then eluted by increasing the ionic 
strength of the solution to 550 mm NaCl. DLS analysis of the 
eluates showed that the EVs recovered from the coacervates had 

Small 2023, 19, 2204736

Figure 3. Liposome separation using zwitterionic coacervates. a) Schematic illustration of our process: 1) recruitment of liposomes in the ZW+ coac-
ervates at low salt concentrations (Cs,binding), 2) separation of the ZW+ coacervates containing liposomes from the aqueous phase by centrifugation,  
3) release of the liposome and dissolution of the ZW+ coacervate pellet at high salt concentration (Cs,elution), and 4) removal of the aggregates of liposomes 
from the final product by centrifugation. b) DLS measurements of the initial liposome samples and the liposomes recovered from the ZW+ coacervates. 
Most liposomes are intact after they are released from the coacervates. c) Nanoparticle tracking analysis (NTA) of the liposomes in solution after binding 
to the coacervates and after elution from the coacervates for random and block polymers (see Table 1). d) Coacervates can efficiently take up liposomes 
until a concentration of 5 × 1010 particles mL−1 is reached. e) Coacervate size distribution changes as a function of liposome concentration in the solution.
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a size distribution similar to that of the initial EV sample, indi-
cating that most EVs remained intact throughout the process 
(Figure  4c). Moreover, TEM analysis of the eluates confirmed 
the presence and integrity of the isolated EVs, which exhibited 
the expected cup-shaped morphology (Figure 4d).

The yield of the process was measured by quantifying 
the amount of CD81+ particles in aqueous solutions using 
ELISA. We observed that most CD81+ vesicles were recruited 
in the ZW-R1 coacervates. Moreover, at the end of the pro-
cess, we recovered 86% of the initial EVs (Figure 4e). Notably,  
these experiments were performed using small EVs purified by 
size exclusion chromatography, and different recoveries can be 
expected for other types of EVs.

In the case of EVs, we noticed that aggregation was mainly 
caused by centrifugation (Figure S5, Supporting Information).  

Indeed, upon removal of the first centrifugation step, the EVs 
did not aggregate and nearly all EVs were recovered in the eluate 
(Figure S5, Supporting Information). Moreover, EV losses were 
significantly higher when the first centrifugation step was  
performed at 25 °C than at 4 °C (Figure S5, Supporting Infor-
mation). Therefore, the yield can be further optimized by 
tuning the centrifugation settings.

To further assess the versatility of our purification approach, 
we tested this process on nanoalgosomes, which are EVs 
derived from microalgae.[18] We followed the same protocol 
used for 293F-EVs and used ZW-R1 coacervates. DLS measure-
ment of the eluate confirmed that the separation of nanoal-
gosomes with zwitterionic coacervates did not affect their size 
distribution (Figure 4f). Moreover, NTA measurements showed 
that most nanoalgosomes were recruited by the zwitterionic 

Small 2023, 19, 2204736

Figure 4. Separation of EVs derived from HEK 293F cells and microalgae using zwitterionic coacervates. a) ELISA measurements indicated that  
ZW+ coacervates recruited CD81+ EVs at different salt concentrations depending on the polymer design; ZW-R1 and ZW-B1 recruited CD81+ EVs below 
25 and 37.5 mm NaCl, respectively. b) Fluorescence microscopy images showed that EVs are recruited by ZW+ coacervates and excluded by control 
coacervates lacking positively charged monomers (ZW). EVs also localize on the rim of the ZW-R1 and ZW-B1 droplets at 25 mm NaCl. c) DLS meas-
urements showed that the recovered EVs have a size distribution similar to the initial EVs. d) Transmission electron microscopy (TEM) images of EVs 
recovered from the ZW+ coacervates. The eluate contains single cup-shaped EVs (red arrows), indicating that the process did not drastically change 
their morphology. e) Efficiency of the separation process assessed by ELISA measurements of the CD81 in solution. Most EVs were recruited and 
released from the ZW-R1 coacervates. f) DLS measurements show that the ZW+ coacervates do not affect the size distribution of the nanoalgosomes. 
g) NTA measurements show the uptake and release efficiency of nanoalgosomes by ZW-R1 coacervates.
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coacervates and released upon increasing the salt concentration 
(Figure 4g).

Under all tested conditions, the time required to com-
plete the separation process was in the order of minutes. 
After polymer addition, the first binding step occurred in one 
minute. Our experiments confirmed that the amount of EVs 
recruited was unaffected by the incubation time during the 
interval of 1–15 min (Figure S5, Supporting Information). The 
second step, involving pellet dissolution and EV resuspension, 
was quickly performed by gently mixing the solution for a few 
seconds. The liquidity of the coacervates prevented the forma-
tion of EV precipitates and facilitated pellet resuspension. This 
property of our coacervates is more advantageous than pre-
cipitation techniques, wherein the resuspension of the product 
complexes is typically a challenging step.[17,31]

2.4. Purification of Extracellular Vesicles

Finally, we verified the applicability of our zwitterionic coacervates 
for the purification of EVs from complex solutions. As EVs and 
most contaminants have different charges, they interact differently 
with ZW+ coacervates at constant salt concentrations. Similar to 
anion exchange resins, the recruitment of different species in the 
polymer coacervates could be controlled by carefully selecting a 
salt concentration that minimizes the interaction of impurities.

We measured the partitioning of typical medium impuri-
ties, such as DNA and proteins, in ZW-R1 coacervates. For this 
purpose, HEK-293F cells were cultured in a chemically defined 
serum-free medium, and a small amount of clarified condi-
tioned medium was incubated with the coacervates at different 
salt concentrations. We observed that approximately 82% of 
the DNA was recruited in ZW-R1 coacervates at 100 mm NaCl, 
while most proteins remained in the solution (Figure 5a). Pro-
teins were also excluded at lower NaCl concentrations, whereas 
purified EVs were recruited in this concentration range. Pro-
teins typically have lower charge densities than polynucleotides 
and are smaller in size than EVs; thus, they have fewer binding 
sites than the other species in the medium. By using different 
discrete salt concentrations, we can sequentially recruit and 
eliminate proteins and then separate EVs from DNA molecules.

The purification performance of ZW-R1 on nanoalgo-
some solutions spiked with either rhodamine B or bovine 
serum albumin (BSA) was tested. The NTA measurements in 
Figure 5b,c show that the ZW-R1 coacervates recruited 82–95% of 
the nanoalgosomes and released most of them upon increasing 
salt concentration. In contrast, only small quantities of rho-
damine B and BSA (9.1  ±  1% and 4  ±  0.1%, respectively) were 
observed in the eluates, and they were mostly excluded from the 
coacervates during the binding step. This result shows the effi-
ciency of our purification approach to isolate EVs from impuri-
ties originating from production, functionalization, or loading.

3. Discussion

Overall, our data show that our zwitterionic coacervates are 
promising materials for the purification of vesicles, including 
liposomes and human and microalgal EVs.

This method combines the advantages of various purifica-
tion techniques. Similar to precipitation, liquid–liquid phase 
separation is a scalable method that requires simple instrumen-
tation.[32] This process is rapid and flexible with respect to the 
amount of product in the solution (Figure 3e) and can adjust to 
fluctuations of product amounts, which is a common challenge 
in bioprocessing.

Similar to aqueous-two-phase systems (ATPS), our purifica-
tion method is based on two liquid phases. The liquidity of the 
coacervates makes this approach dynamic, prevents product 
aggregation, and facilitates resuspension. The high water con-
tent of our zwitterionic coacervates (typically 40–50%) pro-
vides a gentle environment for bioproducts.[33] Coacervates can 
recruit proteins at very high concentrations, without affecting 
their stability.[34–36] The liquidity of the coacervates also prevents 
the deformation of soft vesicles, which typically occurs upon 
binding to solid supports. The liquid phase adapts to the vesicle 
shape, and thus, applies lower stress on the particle membrane.

One of the main limitations of ATPS for industrial appli-
cations is the limited control and understanding of parti-
tioning.[33,37,38] Our method overcomes this limitation by com-
bining the liquidity of ATPS and the programmability of chro-
matographic resins. Indeed, our zwitterionic coacervates can 
be easily programmed to recruit specific molecules from the 
surrounding medium and separate them from the impurities. 
The core principle of this strategy relies on the ability of our base 
polymer to preferentially exclude most molecules unless they are 
functionalized with charges, hydrophobic groups, or affinity tags. 
In this study, we functionalized the base material with unpaired 
charges to perform separation based on similar principles of 
anion exchange, one of the most common methods used at large 
scales to isolate biological particles during bioprocessing.[37,39–44]

Despite the increasing application of anion exchange chro-
matography for EVs and virus-like particles, the recovery of 
particles from columns is often low. Seo et al. recently reported 
that only 66% of loaded EVs can be recovered from a weak 
anion exchanger using mild elution buffers.[41] Other studies 
report that the recovery of EVs from a strong anion exchange 
resin is slightly higher than that achieved by ultracentrifuga-
tion, which is approximately 45%.[14,41,45] The reasons for these 
low recoveries are complex and possibly include: i) the defor-
mation and disassembly of the vesicles on the solid supports;[46] 
ii) high ligand densities in the columns, the resulting binding 
avidity between the vesicles and resins, and harsh elution con-
ditions for recovery;[47,48] iii) nonspecific interactions of vesicle 
components with the base material of the resins.[49]

The above-mentioned issues of solid resins can be avoided 
by using our system. As the liquid droplets adapt to the vesicle 
shape, the deformation of vesicles can be prevented. In addi-
tion, owing to the programmability of our material, the binding 
interactions and binding avidity of the vesicles can be tuned by 
adjusting the ionic strength of the buffer and using polymer 
design. Indeed, we can easily modulate the type, amount, and 
density of the charged monomers in the polymer. Finally, the 
vesicles bind to the coacervates exclusively via ionic interac-
tions. Zwitterionic baseline polymers are often applied in anti-
fouling coatings, as they do not interact with any molecule 
unless they are functionalized with specific moieties, such as 
the positive charges used in this work.[50–52]

Small 2023, 19, 2204736
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4. Conclusion

In this study, we developed programmable zwitterionic  
coacervates as dynamic materials for bioseparation based 
on anion exchange principles and demonstrated their use 
for the uptake and release of liposomes and EVs. Moreover, 
we identified key design parameters to independently con-
trol the stimulus-responsiveness and recruitment behavior of 
the coacervates, which can be programmed depending on spe-
cific product needs. This property of our material makes our 
approach very versatile. The coacervates can separate liposomes, 
human EVs, and nanoalgosomes from different types of impu-
rities and release them in high yields.

Overall, this isolation approach combines the speed and 
simplicity of precipitation methods and the programmability 
of chromatography with the gentleness of a liquid-like binding 
phase, thereby avoiding product aggregation and degradation. 
This approach represents a promising alternative for low-shear, 
gentle, and selective purification of EVs.

5. Experimental Section
Polymer Synthesis: Polymers composed of ZB (Sulfabetaine 

methacrylate) and MQ ([2-(methacryloyloxy)ethyl]trimethylammonium 
chloride solution, 75  wt% in H2O, Sigma-Aldrich) monomers were 
synthesized via reversible addition-fragmentation chain-transfer 
(RAFT) copolymerization using ACVA (4,4′-azobis(4-cyanovaleric 
acid, ≥98%, Sigma-Aldrich) as an initiator and CPA (4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid, ≥97%, Sigma-Aldrich) as 
a RAFT agent according to a previously published protocol.[6] ZB was 
synthesized according to a previously published method.[53] The 
polymers were synthesized in 20/80 v/v ethanol/3 m NaCl acetic buffer 
(pH 4.5) at 10  wt% total monomer concentration with a CPA to ACVA 
molar ratio of 3:1. The monomer-to-CPA molar ratios (that is, the 
degree of polymerization of a single monomer i (DPi)) were varied, 
as shown in Table S1, Supporting Information. For example, in the 
case of ZW-R1 (the copolymer with DPZB  = 80 and DPMQ  = 20, Table 
S1, Supporting Information), 846  mg of ZB, 198  mg of MQ solution, 
10  mg of CPA, and 3.3  mg of ACVA were dissolved in 7.6  g of acetic 
buffer (pH = 4.5) and 1.5 g of ethanol and poured into a septum-sealed 
round bottom flask. The mixture was purged with nitrogen for 10  min 
and then heated to 65 °C for 24 h under constant stirring. The reaction 
mixture was dialyzed against 2 m NaCl for 3 days using dialysis tubing 
(Spectra/Por, molecular weight cut-off (MWCO) = 3.5 kDa) by frequently 

changing the aqueous solution. The final polymer solutions were filtered 
using a 0.45  µm pore size nylon membrane and stored at −20  °C.  
ZB/MQ block copolymers (ZWB1-2 in Table 1) were synthesized via two 
subsequent RAFT polymerizations following the same procedure. The 
first MQ-based block was produced via the RAFT polymerization of MQ 
in the presence of ACVA and CPA. After 24 h, 846 mg of ZB and 3.3 mg 
of ACVA were introduced directly into the mixture to produce the second 
ZB-based block. The flask was purged again with nitrogen for 10  min, 
and the mixture was left to react for another 24 h at 65 °C and purified 
according to the same procedure used for random copolymers. The 
copolymer concentrations were evaluated using gravimetry.

NMR Spectroscopy: The conversion (X) and MQ molar fraction 
(fMQ,exp) of the copolymers (Table S1, Supporting Information) were 
evaluated via nuclear magnetic resonance (1H-NMR) spectroscopy, 
as described in Figure S1, Supporting Information. An aliquot of each 
reaction mixture was collected after the completion of the reaction and 
purification. The samples were dried under nitrogen, dissolved in 3  m 
NaCl D2O, and analyzed using a 400 MHz NMR spectrometer (Bruker).

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was 
performed using a Mettler Toledo TGA device to determine the polymer 
and salt concentrations. After purifying the polymers, approximately 1 g 
of dialysis water was spread on a sand-filled support to measure the salt 
concentration in the solution. The same procedure was followed for the 
polymer solutions. The actual polymer concentrations were obtained by 
subtracting the salt concentrations from the values measured using the 
polymer solution.

Critical Salt Concentration: The critical salt concentrations (Cs,crit) 
of the polymers were evaluated using wide-field microscopy. For 
this purpose, 0.25  mg mL−1 polymers solutions with different NaCl 
concentrations were incubated overnight at room temperature in a 384-
well plate with a glass bottom (Brook). The wells were covered with 
aluminum foil to avoid evaporation and imaged after 24 h with a Ti2-U 
epifluorescence inverted microscope (Nikon) in the bright-field mode.

Droplet Fusion: The fusion of droplets was evaluated using a Ti2-U 
epifluorescence inverted microscope (Nikon) in 384-well plates. 
Solutions at pH 7.4 with 20  mm Na-phosphate, 100  mm NaCl, and 
0.25  mg mL−1 of either ZB polymer (DP = 200) or a copolymer of ZB  
and MQ (DP = 100, fZB  = 0.8) were prepared. The solutions were 
incubated at room temperature for 1 h, and the images of the wells were 
acquired in the brightfield mode every 5  ms to capture droplet fusion 
events. The surface of the wells was treated with 100 µL of 1% BSA in 
Millipore water for 30 min to prevent droplet wetting in the wells. The 
wells were washed three times with 100  µL of Millipore water before 
adding the polymer solutions.

Preparation of Liposomes: 1,2-dioleoyl-sn-glycero-3-phospho-l-
serine (DOPS, Avanti Polar Lipids) and 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine  rhodamine B  sulfonyl) ammonium 
salt (14:0 Liss Rhod PE, Avanti Polar Lipids) were dissolved in 
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Figure 5. Separation and purification of EVs with ZW-R1 coacervates. a) Amount of protein, EVs, and DNA in solution at different salt concentrations. 
A low amount corresponds to a large recruitment into the coacervates. By selecting suitable salt concentrations, proteins can be removed first at 
low salt concentration, and EVs can be subsequently separated from DNA at higher salt concentration. Amount of nanoalgosomes in solution after 
binding to coacervates at low salt concentration and after elution at high salt concentration. Nanoalgosomes are recruited in ZW-R1 coacervates while 
b) Rhodamine B and c) BSA are preferentially excluded.
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chloroform and mixed in a DOPS/14:0 Liss Rhod PE molar ratio of 
200:1. Chloroform was evaporated first with a dry nitrogen stream for 
2  h and then placed under vacuum overnight. The final lipid film was 
hydrated with phosphate buffer saline (PBS) and gently agitated at 
room temperature. The lipid suspension was then extruded through 
a polycarbonate membrane with a pore size of 100  nm (Whatman 
Nuclepore Track-Etch Membrane; Cytiva) for 15 cycles. Non-fluorescent 
liposomes were produced in the same manner, but without the addition 
of 14:0 Liss Rhod PE. All lipid vesicle suspensions were stored at 4 °C.

Production of Extracellular Vesicles: 293-F cells (Gibco) were cultured at 
37 °C in CD 293 medium (Gibco) supplemented with 4 mm GlutaMAX 
and 250 mg L−1 Pluronic F-68. The culture was stirred at 250  rpm and 
maintained at pH 7.1 and a dissolved oxygen concentration of 40% in 
a stirred tank bioreactor (DASGIP, Eppendorf) for 166  h. Conditioned 
media (450  mL) was harvested from approximately 9 × 108 cells with 
92% viability and clarified by two centrifugation steps, the first at 200 × g  
for 10 min and the second at 3000 × g for 15 min. Clarified conditioned 
media (50  mL) was then filtered through a 0.22  µm membrane, 
incubated with 25 U of Pierce Universal Nuclease (Thermo Fisher 
Scientific) for 2.5 h at room temperature, and concentrated 100 times 
with an Amicon-15 centrifugal filter (50  kDa MWCO, RC membrane, 
Merck Millipore). The concentrated EVs (500  µL) were loaded onto a 
gravity flow chromatography column packed with 10 mL Sepharose CL4B 
resin (Cytiva). PBS was used as the running buffer to elute the EVs. 
Twenty fractions (500  µL each) were collected, and the ones with the 
highest particle number and tetraspanin CD81 concentrations measured 
by ELISA were pooled together, aliquoted, and stored at −80 °C.

Nanoalgosomes were produced and characterized as per a procedure 
described in a previous work.[27]

Microscopic Analysis of Vesicle Uptake: The uptake of fluorescent 
liposomes and EVs in polymer droplets was analyzed in 384-well plates 
(MatriPLate, Glass Bottom, Brooks) with a Ti2-U inverted microscope 
(Nikon) equipped with an LED light source (Omicron Laserage 
Laserprodukte GmbH) and a camera (Zyla sCMOS 4.2P-CL10, Andor). 
The filter cubes DAPI HC BP Filter set F36-500, CFP ET Filter set F46-
001, EGFP ET Filter set F46-002, and Cy5 ET Filter set F46-009 (AHF 
Analysentechnik AG) were also used. Before adding the solutions, the 
wells were coated with BSA to prevent droplet wetting. Each well was 
incubated with 100 µL of 1% BSA in Millipore water for 30 min at room 
temperature and rinsed three times with Millipore water.

For liposome uptake, RhodB-DOPS liposomes of concentrations 
between 1  × 1010 and 5  × 1010 particles mL−1 were added in 100  µL 
solutions at pH 7.4 with 20  mm Na-phosphate, 100  mm NaCl, and 
0.15  mg mL−1 of either ZW (DP 200), ZW-R1, or ZW-B1 (Table  1). The 
solutions were analyzed after incubating the samples for at least 1 h at 
room temperature.

For EV uptake, EVs were first labelled with photoactivatable silicon 
rhodamine, as previously described.[26] A 20  µm dye was added to a 
stock solution containing 9 × 1010 particles mL−1 of HEK-293F EVs, 
and the resultant solution was immediately photoactivated with UV 
light for 2  min. EVs were then introduced at 1 × 109 particles mL−1 in 
the corresponding samples containing 0.15 mg mL−1 of ZW, ZW-R1, or 
ZW-B1 (Table  1). Images were acquired after incubating the EVs for at 
least 1 h at room temperature.

ELISA: Quantification of CD81 in the samples was performed using 
96-well plates (TPP). Samples (50  µL per well) were diluted to obtain 
100  µL solutions containing 1  m NaCl and 20  mm Na-phosphate. The 
pH of this solution was kept at 7.4, and the resultant solution was 
incubated overnight at 4  °C. The plate was then washed with high-
salt buffer (20  mm Na-phosphate, 1  m NaCl, pH 7.4) and PBS and 
blocked with 1% BSA in PBS for 1  h at room temperature. Next, the 
plate was incubated with the anti-human CD81 antibody 5A6 (1:500 
dilution in blocking buffer; Santa Cruz Biotechnology) for 2  h at room 
temperature. After extensive washing, the plate was incubated with 
the secondary anti-mouse HRP-conjugated antibody (1:2000 dilution 
in blocking buffer; m-IgGκ BP-HRP; Santa Cruz Biotechnology) for 1  h 
at room temperature. Finally, the plate was washed and incubated with 
TMB ELISA Substrate (highest sensitivity, Abcam) for 15  min at room 

temperature. Subsequently, 450  nm STOP Solution was added to the 
TMB substrate (Abcam), and the absorbance of the resultant solution 
was measured at 450  nm using a Clariostar Plus microplate reader 
(BMG Labtech).

Nanoparticle Tracking Analysis (NTA) Measurements: NTA 
measurements of liposomes and nanoalgosomes were performed using 
a ZetaView instrument equipped with a CMOS camera and a 405  nm 
laser (Particle Metrix). The chamber was calibrated daily with polystyrene 
nanoparticle standards, as per the manufacturer’s recommendations. 
Samples were diluted in a high-salt buffer (20  mm Na-phosphate, 
400  mm, or 1  m NaCl, pH 7.4) to a particle concentration of 107–109 
particles mL−1 and injected into the sample chamber using a 1  mL 
syringe until the chamber was filled. Video acquisition was performed 
for all samples at 11 positions with 80% scattering intensity and 100 
shutter in the light scattering mode, with a trace length of 15 frames and 
a frame rate of 30 s−1. Data were analyzed using the ZetaView analysis 
software (ZetaView 8.04.02 SP2).

Quantitative Analysis of the Uptake and Release of Liposomes, EVs, 
and Nanoalgosomes: For these experiments, solutions were prepared in 
1.5 mL microcentrifuge tubes, and the polymer was subsequently added.

The uptake of liposomes was measured at different salt 
concentrations. For this purpose, 300 µL solutions (pH 7.4) containing 
0.25 mg mL−1 ZW-R1 or ZW-B1 (Table 1), 3 × 109 particles mL−1 liposomes, 
20  mm Na-phosphate, and different NaCl concentrations (37.5, 50, 
100, 150, 200, 250, and 400  mm) were prepared. These solutions were 
briefly vortexed and incubated for 15  min at room temperature. The 
tubes were then centrifuged at 10  000 × g for 15  min at 25  °C. The 
supernatant (270  µL) was removed, and its fluorescence intensity was 
measured using a ClarioStar Plus microplate reader (BMG Labtech) at 
excitation and emission wavelengths of 550 and 605  nm, respectively. 
Measurements were performed in triplicate.

The liposome uptake in ZW-R1 coacervates at different liposome 
concentrations (in the range of 5 × 109–1 × 1011 particles mL−1) was 
analyzed in a similar manner at a constant NaCl concentration of 
100 mm. Solutions were centrifuged at 3000 × g for 15 min at 25 °C.

To measure the recovery of liposomes from the coacervates, 
solutions (300  µL, pH 7.4) containing 20  mm Na-phosphate, 100  mm 
NaCl, 0.25  mg mL−1 ZW-R1 or ZW-B1, and 1.3 × 1010 particles mL−1 of 
non-fluorescent DOPS liposomes were prepared. After polymer addition, 
these solutions were incubated for 1 min at room temperature and then 
centrifuged at 3000 × g for 5 min at 4 °C. Then, the supernatant (270 µL) 
was removed and replaced with high-salt buffer (270  µL) to obtain a 
solution (pH 7.4) containing 20 mm Na-phosphate and 400 mm NaCl. 
The polymer pellet was resuspended by gentle pipetting and vortexed 
for several seconds. The resuspended sample was centrifuged at  
3000 × g for 15  min at 25  °C, and the supernatant (270  µL) was 
removed. All supernatants recovered during the process were analyzed 
using NTA to quantify the amounts of unbound and eluted liposomes. 
Measurements were performed in triplicate.

The uptake of HEK-293F EVs was measured by preparing solutions 
(150  µL, pH 7.4) containing 0.25  mg mL−1 ZW-R1 or ZW-B1, 5 × 109 
particles mL−1 HEK-293F EVs, 20  mm Na-phosphate, and different 
NaCl concentrations (25, 37.5, 50, 100, 150, and 200  mm). Samples 
were mixed by gentle vortexing and incubated for 15  min at room 
temperature. Then, the tubes were centrifuged at 3000 × g for 15  min 
at 25  °C. The supernatant (125  µL) was removed and analyzed using 
ELISA. Measurements were performed in duplicate for two independent 
samples.

The recovery of HEK-293F EVs was measured by following the same 
procedure used for liposomes. The ZW-R1 polymer (0.25  mg mL−1)  
was introduced in solutions (300  µL, pH 7.4) containing 20  mm 
Na-phosphate, 12.5 mm NaCl, and 5 × 109 particles mL−1 of HEK-293F 
EVs. After adding the polymer, the solutions were incubated for 1  min 
at room temperature and centrifuged at 370 × g for 21  min at 4  °C. 
After removing the supernatant, pellets of ZW-R1 were resuspended in 
high-salt buffers containing 550  mm NaCl. The second centrifugation 
was then performed at 3000 × g for 15  min at 25  °C. All collected 
supernatants were analyzed using ELISA. The measurements were 
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performed in duplicate for three independent samples. For transmission 
electron microscopy (TEM), the same protocol was followed for 1 × 1010 
particles mL−1 of HEK-293F EVs, and the pellets were resuspended in 
high salt buffer (40 µL).

The recovery of the nanoalgosomes was measured by following 
the same procedure used for HEK-293F EVs. The number of particles 
in the supernatants was determined using NTA. Measurements were 
performed in duplicate for two independent samples.

To measure the uptake of medium impurities in ZW-R1 coacervates, 
solutions (300  µL, pH 7.4) containing clarified conditioned medium 
(15  µL) from HEK-293F cultures, 0.25  mg mL−1 ZW-R1, 20  mm 
Na-phosphate, and different NaCl concentrations (25, 37.5, 50, 100, 
150, 200, and 400  mm) were prepared. Samples were mixed by gentle 
vortexing and incubated for 15 min at room temperature. Subsequently, 
the tubes were centrifuged at 3000 × g for 15  min at 25  °C. The 
supernatants (270  µL) were removed and analyzed using the QuantIT 
dsDNA Assay Kit (highest sensitivity, Thermo Fisher Scientific) and 
Micro BCA Protein Assay Kit (Thermo Fisher Scientific) in duplicate.

Finally, to test the purification of nanoalgosomes from Rhodamine 
B and BSA, solution (300  µL, pH 7.4) were prepared using 20  mm 
Na-phosphate, 12.5 mm NaCl, 0.25 mg mL−1 ZW-R1, 5 × 109 particles mL−1  
of nanoalgosomes, and 1.5  µm Rhodamine B or 1.5  µm BSA (Sigma-
Aldrich) labelled with Rhodamine B. The samples were incubated for 
1  min at room temperature and centrifuged at 3000 × g for 5  min at 
4 °C. After removing the supernatant, the samples were resuspended in 
high-salt buffer with 550 mm NaCl and 20 mm Na-phosphate at pH 7.4. 
The second centrifugation was then performed at 3000 × g for 15  min 
at 25  °C. The number of particles in the supernatants was measured 
in duplicates by NTA, and their fluorescence intensities were analyzed 
in triplicate at excitation and emission wavelengths of 550 and 605 nm, 
respectively, using a Clariostar Plus microplate reader (BMG Labtech).

Dynamic Light Scattering (DLS) Measurements: The size 
distributions of the non-fluorescent liposomes, HEK-293F EVs, and 
the nanoalgosomes were measured using a Zetasizer Nano ZSP DLS 
system (Malvern) in backscattering mode at 173° and 20 °C.

Transmission Electron Microscopy: Five microliters of sample was placed 
on glow discharged (negatively at 25 mA for 30 s in an Emitech K100X glow 
discharge system, Quorum Technologies Ltd.) carbon-coated grids (Plano 
GmbH) and allowed to adsorb for 60 s. Subsequently, the excess liquid 
was drained with a filter paper, and the samples were subjected to negative 
staining with 2% uranyl acetate (w/v) by two successive incubations of 
1 and 15 s. The grids were air-dried and imaged using a JEM-1400Flash 
electron microscope (JOEL) in the bright-field mode operated at 100 kV.

Fluorescence-Based Microfluidic Diffusion Sizing (fluoMDS) 
Measurements: FluoMDS analysis was performed as described in a 
previous study.[26] For lipid staining, HEK-293F EVs were mixed with 
20 µm photoactivatable silicon rhodamine[30] and photoactivated with UV 
light for 2 min. For labeling the tetraspanins, HEK-293F EVs were blocked 
for 1 h at room temperature with 0.1% BSA in PBS and incubated with 
APC-conjugated anti-CD81 antibodies (1D6, 1:500 dilution in blocking 
buffer, Invitrogen) and PE-conjugated anti-CD63 antibodies (H5C6, 1:500 
dilution in blocking buffer, Invitrogen). All samples had a final particle 
concentration of 1.5 × 1011 particles mL−1. Five microliters of sample 
were then loaded in the fluoMDS device, which was run at 60  µL h−1 
using blocking buffer as the running buffer. After image acquisition with 
a Ti2-U inverted microscope (Nikon), the diffusion profiles were fitted, 
and the average particle sizes were computed as previously reported.[26]

EV Track: All relevant data from these experiments were submitted to 
the EV-TRACK knowledgebase (EV-TRACK ID: EV220295).[54]

Statistical Analysis: The number of particles in the solution [%] was 
referred to as the control sample without the polymer. All data were 
presented as mean ± standard deviation.
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