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Size-controlled antimicrobial peptide drug
delivery vehicles through complex coacervation†

Thomas Daniel Vogelaar, a Henrik Torjusen a and Reidar Lund *ab

Due to the escalating threat of the pathogens’ capability of quick adaptation to antibiotics, finding new

alternatives is crucial. Although antimicrobial peptides (AMPs) are highly potent and effective, their therapeutic

use is limited
’

as they are prone to enzymatic degradation, are cytotoxic and have low retention. To overcome

these challenges, we investigate the complexation of the cationic AMP colistin with diblock copolymers

poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-PMAA) forming colistin–complex coacervate core micelles

(colistin–C3Ms). We present long-term stable kinetically controlled colistin–C3Ms that can be prepared from

several block lengths of PEO-b-PMAA polymers, where the polymerisation degree governs the overall micellar

size. To achieve precise control over size and polydispersity, which are crucial for drug delivery applications, we

investigate the hybridisation of PEO-b-PMAA polymers with varying chain lengths or PMAA homopolymers in

ternary complex coacervation systems with colistin. This results in size-tunable colistin–C3Ms, ranging, depend-

ing on the mixing ratios, from micellar sizes of 26 nm to 100 nm. With size tunability at rather narrow size distri-

butions and high stability, ternary colistin–C3Ms offer potential advancements in C3M drug delivery, paving the

way for more effective and targeted treatments for bacterial infections in precision medicine.

Introduction

The ever-increasing ability of pathogens to adapt and become
resistant to antimicrobials poses a severe worldwide threat,
leading to high morbidity and mortality rates.1,2 In 2019, it was
estimated that antimicrobial resistance (AMR) was directly linked
to 1.27 million deaths and that drug resistance played a role in
the death of an additional 3.68 million people annually.2,3 As
antibiotics struggle to maintain their efficiency, and considering
the absence of antibiotics entering the market, new alternatives
are of great importance to reduce the rise of impactful infectious
bacterial diseases.4,5 As an alternative, antimicrobial peptides
(AMPs) emerge as promising candidates.6 They are small mole-
cules that play a vital role in the innate immune system of
organisms among all classes of life. AMPs function by causing
lysis of the bacterial cell by attacking intracellular targets when
there is an infection.7,8 One class in the world of AMPs of
substantial interest is the polymyxins.3,9,10 Polymyxin E (better
known as colistin) is an AMP used as a last-resort drug in clinical
settings when conventional antibiotics are contraindicated or
ineffective.11–13 However, colistin faces several challenges asso-
ciated with administration due to its high nephrotoxicity, poor

stability and low bioavailability.9,10,13 To resolve these challenges,
the encapsulation potential through complex coacervation of the
cationic colistin with oppositely charged block copolymers has
previously been investigated.14,15 Complex coacervation is a primar-
ily entropically and electrostatically driven process between oppo-
sitely charged macromolecules in solution, leading to an associative
liquid–liquid phase separation.16 From the complexation of the
(partly) anionic poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-
PMAA) polymers with the cationic colistin (the charge is +5 under
physiological conditions), we could form well-defined and colloid-
ally stable micelles. Here, the oppositely charged PMAA and colistin
formed a core while PEO provided a protective shell.15 These so-
called complex core coacervate micelles (C3Ms) were found to
improve the stability of colistin as well as protect the drug from
enzymatic degradation while maintaining its antibacterial activity.
This observed antimicrobial effect was found to be likely due to the
subsequent release of colistin from the micelles, although the exact
mechanism remains unclear.

In recent years, more attention has been given to the potential of
C3Ms as drug delivery vehicles, as they have been shown to increase
drug circulation times in the body significantly.17–19 Even though
multiple drugs, from DNA to proteins and peptides, have been shown
to be effectively encapsulated, C3Ms have not reached the progression
from in vitro to (pre-) clinical testing.20–25 One of the major caveats of
C3Ms as drug delivery vehicles is the shortcoming of control over
structural reproducibility and optimisation of their loading
capability.19 To obtain better control, the fundamental principles of
complex coacervation must be better understood. By obtaining control
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over these systems, the morphology, structure, size, and stability can
be steered, depending on the desired purpose.18,19 Vital steps in
obtaining control over C3Ms are the comprehension of their dynamics
and their structure–function relationships.18

Kinetic studies on C3Ms are scarce because of the require-
ments of challenging experimental setups.18,26–31 Important
processes relevant to the properties of C3Ms as carriers include
kinetics of micellisation that influence reproducibility
and,26,28,32 chain exchange,33–35 and disassembly kinetics that
govern the stability and drug release.27,29,36 In previous studies,
we elucidated the formation kinetics of colistin-PEO-b-PMAA
C3Ms in two different experimental setups: in slow motion
through prodrug hydrolysis37 and through in situ high speed-
mixing millisecond resolution TR-SAXS.32 We found that C3Ms
are kinetically controlled, which mainly affects the final stability
of the C3Ms under different formation conditions, like different
concentrations, charge ratios, and ionic strengths. Only minor
changes in size, structure, and morphology were reported under
these different conditions. In line with the more widely studied
structure–function relationships of C3Ms, we have observed
previously that larger block-length polymers formed larger-sized
C3Ms.15,16,18,19,32,38,39 In contrast to the well-reported direct correla-
tion between stability and polymer block length,16,19,40 the prepara-
tion of colistin-C3Ms with larger polymers significantly reduced the
stability reflecting in an increased tendency towards aggregation/
clustering. Most likely, this is caused by the increasingly sluggish
dynamics of larger polymers that lead to non-equilibrated and
inhomogeneous micelles that are more likely to cluster into ill-
defined structures.15,32 Understanding the fundamental connection
between the polymer block length with size (at narrow size distribu-
tions) and its stability could be valuable to better unlock the
potential of C3Ms as drug delivery vehicles. Additionally, the
morphology and size (distribution) of C3Ms predominately deter-
mine their in vivo behaviour and drug delivery potential, particularly
affecting circulation time, degradation by macrophages and phago-
cytes, filtration pathways, distribution, and permeability.41–44 More-
over, the optimal sizing is generally between 10 and 150 nm, as it
minimises rapid renal filtration for particles below 10 nm and
reduces macrophage clearance for particles above 150 nm.45,46

One of the potential ways to obtain a higher degree of
control over the size, morphology, and, therefore, functionality
of C3Ms is the hybridisation of complexation agents. Some
studies have been conducted on so-called ternary complex coa-
cervate systems where three complexing agents were complexed
in different ratios.47–49 By adjusting the fractions of each compo-
nent, a higher level of control and tunability over the system
could be obtained.47,48 Priftis et al.47 reported the systematic
study of highly tunable complex coacervates prepared from a
mixture of PAH and branched polyethyleneimine (BPEI)
with polyacrylic acid (PAA) and poly(N,N-dimethyl aminoethyl
methacrylate) (PDMAEMA). Zhao et al.48 could prepare property
and composition-tunable ternary complex coacervates by mixing
branched polyethyleneimine (BPEI) with a binary mixture of
polyacrylic acid (PAA) and poly(4-styrenesulfonic acid) (SPS).

Inspired by these works, we investigate the formation of ternary
colistin C3Ms through mixed polymer–colistin complexation.

Employing small-angle X-ray scattering (SAXS) with detailed modelling,
we elucidate the micelle characteristics, such as the composition, size,
and aggregation number. We demonstrate a high degree of size control
by simple adjustments of the macroscopic composition. With ternary
complex coacervation, we prepare stable colistin-C3Ms with sizes
ranging from 26 to 100 nm that have a narrower size distribution than
binary complex coacervate systems. We believe that this enhanced
control will aid in the more tailored development of colistin drug
delivery systems, optimising therapeutic efficacy for precision medicine.

Experimental
Materials

Four poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-PMAA)
polymers composed of different block lengths (PEO45-b-PMAA15,
PDI = 1.10; PEO45-b-PMAA41, PDI = 1.20; PEO45-b-PMAA81, PDI =
1.15 and PEO114-b-PMAA81, PDI = 1.15) were purchased from
Polymer source, Inc. (Canada). Colistin sulfate (PHR1605),
poly(methacrylic acid) (PMAA), sodium salt (Mw E 4000 g mol�1,
obtained by SAXS analysis with the Debye model), Trizmar base,
Trizmar hydrochloride, hydrochloric acid (HCl), and sodium
chloride (NaCl) were purchased from Sigma-Aldrich/Merck (Ger-
many). PMAA, sodium salt, was modified to obtain a salt-free
polymer. Other chemicals were not purified further.

Methods

Complex coacervate preparation. (PEO-b-)PMAA polymers
and colistin sulfate were dissolved in 0.05 M tris buffer (pH =
7.4). The polymer solutions were mixed before (for ternary
complex coacervate systems) and then mixed with the colistin
solution. Mixing concentrations of polymer solutions and
colistin solutions were based on a fixed final concentration of
either 0.50 wt%, 0.25 wt% or 0.125 wt%, at equal volumes of
polymer and colistin solutions and charge-matching conditions
(total charges of colistin and polymer(s) are equal).

Purification of the PMAA sodium salt. The PMAA sodium
salt was dissolved in water to a 20–30 wt% solution. A 10% total
volume of 12.1 M HCl was added without stirring to protonate
the PMAA, which triggered precipitation. The supernatant was
removed from the precipitate on a filter in a Büchner tract, and
the precipitate was transferred to a filter paper and rinsed
several times with a small amount of water to avoid dissolution.

Static small-angle X-ray scattering (SAXS) at BM29. The
small-angle X-ray scattering (SAXS) profiles were collected using
the BioSAXS beamline BM29 at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France.50–52 50 mL of
each sample was injected using an autosampler into a quartz
1 mm glass capillary at 20 1C. Subsequently, ten scattering
frames of 1.0 s each were detected using a Pilatus 3 � 2 M
detector (E = 12.5 keV) that was positioned at 2.87 m from the
sample. This resulted in a Q-range of roughly 0.007–0.50 Å�1.
The background sample (0.05 M tris buffer at pH = 7.4) was
measured before and after each sample, followed by an auto-
matic cleaning process of the capillary. Water was used as a
primary standard to scale the data to absolute intensities. All
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frames were manually checked for radiation damage, followed
by averaging, buffer subtraction, and binning (from 1000 points
to 280), resulting in the final static scattering curves.

Time-resolved (TR)-SAXS at ID02. TR-SAXS measurements were
carried out at the TRUSAXS beamline ID02 at the ESRF (Grenoble,
France). The solutions were mixed using an SFM-4000 stopped-flow
adapted for in situ TR-SAXS (Bio-Logic Science Instruments, France).
Solutions of PEO-b-PMAA mixtures and colistin were mixed at 20 1C
in a volume ratio of 1 : 1 and equal charge contribution from each
polymer (CPEO45-b-PMAA41 = 0.50) at a total flow rate of 6.0 mL s�1,
resulting in a 2.9 ms dead time. Between the dead time and 2
minutes after mixing, frames were detected using an Eiger2-4 M
detector with a detector distance of 2.0 from the stopped-flow
capillary (diameter E 1.25 mm), covering a Q-range of 0.003–
0.40 Å�1. The total concentrations of polymer–colistin mixtures were
fixed at 0.125 wt% under stoichiometric charge matching conditions.
31 frames were in total collected for each sample for a minimum of
8 reproducible shots. 30 successive frames with a 5 ms exposure
time were measured at increasing time gaps evolving with a factor of
1.35, spanning a time scale from 2.9 ms to 86 s. A final frame was
taken with an exposure time of 0.1 s when the formation of the
micelles was completed (manually checked in advance), approxi-
mately 2 minutes after mixing (set to t = 120 s). The background
sample (0.05 M tris buffer, pH = 7.4) was measured before each set
of timed measurements. The data were again scaled to absolute
intensities using water as a reference. Each frame was manually
checked for radiation damage and bubbles, followed by averaging of
the shots at all 31-time points, buffer subtraction, and binning
(from E 1600 points to E 280 points), resulting in the final time-
resolved scattering curves.

SAXS data modelling. To model the SAXS data, we used an
extended version of a previously published fuzzy-interface complex
coacervate core micelle model.15 In this work, we included the
contributions of a second polymer into the mass balance calcula-
tions and scattering equations. The model is based on fixed
partitioning, charge matching between colistin and polymers,
and equal charge participation of polymers in the core of the
micelles. Three separate contributions of scattering were consid-
ered: (1) complex coacervate scattering, (2) non-bound colistin and
polymers, and (3) an additional structure factor describing posi-
tional polyelectrolyte charge correlations. The total scattering
model (on absolute scale) is presented in eqn (1).

I Qð Þ ¼ j � fCoa
�
fclu � S Qð Þcluster�ICoa Qð Þ

þ 1� fcluð Þ � ICoa Qð Þ þ blob Qð Þ
VCoa

�

þ j
fPoly � fmix

fmix0
IPoly1;free Qð Þ � fmix0poly1

��

þ IPoly2;free Qð Þ � fmix0poly2

þ ICol;free Qð Þ � 1� fmixð Þ � fCol
��

þ fCoa � S Qð Þinternal

(1)

where j is the volume fraction (based on the concentration), fCoa is
the fraction of molecules forming coacervates, fclu is the fraction
that is forming clusters, S(Q)cluster is the cluster structure factor
(eqn (S1)–(S6), ESI†), ICoa(Q) is the intensity from complex coacer-
vates, blob(Q) is the scattering contributions from the blobs of the
polyelectrolytes in the core, VCoa is the dry volume of one complex
coacervate, fPoly is the free fraction of the polymer, fmix is the molar
fraction of the polymer in the aqueous phase surrounding the
complex coacervates, fmix0 is the molar fraction of the polymer in
the complex coacervate micelles and is fixed based on equal charge
partitioning, IPoly,free(Q) is the Debye scattering from the two non-
incorporated polymers, fmix0poly is the molar fraction of the two
polymers (assuming equal participation in micellisation of each
polymer specie), ICol,free(Q) is the Debye scattering from colistin
that is not incorporated into the micelles, and S(Q)internal (eqn (S7),
ESI†) is the additional polyelectrolyte charge correlation structure
factor. The scattering contribution of the coacervates (ICoa(Q))
(eqn (2)) is based on a fuzzy-sphere form factor (PCoa(Q)
(eqn (S8)–(S12), ESI†)).53,54

ICoa Qð Þ ¼
Draverage

2 � P2 � Vtot
2 � PCoa Qð Þ

VCoa
(2)

where Draverage is the average scattering length density of the
complex coacervates, P is the aggregation number (number of
molecules per micelle), and Vtot is the total dry volume of the
coacervates. The scattering of unbound polymers and colistin is
calculated and given in eqn (3). We use the Debye form factor
(PDebye(Q)) for polymers and electrolytes (eqn (S13), ESI†).55

Ifree components Qð Þ ¼ j �
M

d
� Dr2 � PDebye Qð Þ

NA
(3)

where M is the molecular weight of each free component, d is the
solution density, Dr is the scattering contrast, and NA is the
Avogadro number. Least-squares fit routines were used with
initially the following floating parameters: total aggregation num-
ber (P), the core radius including its density distribution (width of
the interface) and polydispersity index (Rin, sin, and PDI) and the
free fraction of colistin (fCol). After achieving an initial fit for the
low and intermediate Q ranges, the high Q range data were fitted
by considering the scattering from the blobs. To account for the
polyelectrolyte charge correlations (internal structure) and the blob
scattering, the relative width at high Q(W), fractal scattering (C(Q)),
the internal scattering location (Qlocal), the blob fraction (fblob), and
the blob correlation length (x) were fitted to the data. Lastly, all
fitting parameters were simultaneously fitted to the data, resulting
in the final fits. An overview of the parameters used in the model,
including their roles and descriptions, is summarised in Table S1
(ESI†). The standard deviation of the fitting parameters was
determined through manual parameters changing, maximally
allowing a 10% increase in X2, the parameter that we used to
ensure least-squares fitting. From the final fits and the mass
balances, the molecular weight (Mw) (eqn (S14), ESI†) and the
fraction of water in the micelles (fw) can be calculated (eqn (S15)–
(S19), ESI†). In addition, the form factors and structure factors of
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the model, as well as a more detailed explanation of the mass
balances, can be found in the ESI† and our previous publication.15

Dynamic light scattering (DLS). Dynamic light scattering
(DLS) measurements were conducted with a DLS instrument
from LS Instruments (Switzerland), equipped with a Cobolt
high-performance DPSS laser 100 mW (660 nm). The samples
were filtered through 0.45 mm poly(vinylidene difluoride) (PVDF)
filters (Millipore, Merck) directly into precleaned 2 mm NMR
tubes to avoid dust contamination. The polymer–colistin mix-
tures were either measured at 0.25 wt% or 0.125 wt% at 20 1C
and were regularly checked to avoid multiple scattering.

Formation kinetics: modelling. To model the formation
kinetics of the ternary complex coacervate systems, we used a
previously published32 double-stretch exponential model for
colistin complex coacervate kinetics where the kinetics are
modelled based on three distinctive kinetic processes: nuclea-
tion (0), fusion (1) and insertion exchange (2). The model is
specified in eqn (4).

P tð Þ ¼ P0 � 1ð Þ � e
� t

t0

� �
þ P1 � P0ð Þ

� 1� / �e
� t

t1

� �b1

� 1� /ð Þ � e
� t

t2

� �b2
0
@

1
A

0
@

1
Aþ 1

(4)

where PN represents the final aggregation number, P0 is the
aggregation number from the first frame (at t = 2.9 ms), a is the
amplitude weighting factor between the fusion (1) and inser-
tion exchange kinetic (2) processes, quantifying the fraction
contributed by the fusion. t0, t1, and t2 correspond to the
relaxation times associated with ‘‘nucleation’’ (0) and the two
distinct growth processes (1 and 2), while b1 and b2 are the
stretching exponents for each growth process. The mean relaxa-
tion times are then calculated using eqn (5).

th i ¼ t
b
� G 1

b

� �
(5)

Results and discussion

As complex coacervate systems are dynamic, environmental con-
ditions and intrinsic properties can substantially affect their
structure/function properties.16,35,56 To gain control over the
sizing and morphology and consequently achieve a structure–
function understanding of C3M drug delivery vehicles, several
strategies can be employed. These strategies include adjusting
mixing properties, ionic strength, charge ratios, concentration
effects, and intrinsic properties of the complexing agents, such as
charge density and block lengths.16,19,57

In this work, we focus on the intrinsic properties of the
components causing the complexation, as we have previously
seen that changes in the external conditions have a negligible
effect on the sizing and morphology of colistin-PEO-b-PMAA
C3Ms without affecting their stability negatively.15,32,37 Through
scaling laws, the link between the block length/charge densities

and the resulting size and morphologies of the C3Ms has already
been established in the literature.18,40,58,59 Above a threshold
minimum block length/charge, the larger the charged block of
the polyelectrolyte in the core, the bigger the micelle.59,60

Binary colistin complex coacervate systems

To visualise the effect of different block-length polymers on the
sizing of colistin-C3Ms, the binary complexation of four differ-
ent block-length PEO-b-PMAA di-block copolymers, as well as
PMAA homopolymer with colistin, was investigated with SAXS
and DLS (Fig. 1). The typical scattering pattern for C3Ms is
shown for illustration purposes showing the large difference in
intensity. The fits from the Debye model for the PEO-b-PMAA
SAXS data (radius of gyration, Rg) and the CONTIN fits of the
DLS correlation functions (hydrodynamic radius, Rh) are given
in Table 1.

The colistin and polymer SAXS fits all display a Guinier
region (flat at low Q) and weak Q�2 scattering at high Q, indicating
a structure that resembles a random chain (Fig. 1). Three polymers
could be complexed with colistin into three differently sized C3Ms,
measured by DLS. The homopolymer (PMAA46) complexation
resulted in precipitation, showing the importance of the neutral
block in stabilising these systems through steric repulsion.16,61

PEO45-b-PMAA15 did not form complexes, most likely because the
PMAA block was below the minimum block length requirements
for micellar complexation.60,62 In line with the findings in the
literature,16,18,19,59 the PMAA blocks with 81 units resulted in the
formation of substantially larger complex coacervates than with 41
units, while the increase in the PEO block length from 45 to 114
resulted in much smaller increases in size. Since we established
the formation of colistin complex coacervate systems from three
different PEO-b-PMAA polymers, the next step is to elucidate its
morphology and polydispersity with SAXS techniques. As these
systems are kinetically controlled, the concentration at which
complexes are prepared has a decisive effect.63–65 Therefore, in
Fig. 2, we analysed three concentrations (0.50 wt%, 0.25 wt% and

Fig. 1 SAXS patterns at 0.25 wt% of colistin (orange circles), homopoly-
mer PMAA46 (grey triangles) and PEO-b-PMAA polymers PEO45-b-PMAA15

(light blue squares), PEO45-b-PMAA41 (dark blue rhombuses), PEO45-b-
PMAA81 (red circles) and PEO114-b-PMAA81 (green triangles) including fits
from the Debye model (A). The typical scattering pattern of C3Ms is also
illustrated but not fitted (pink squares). Correlation curves of the corres-
ponding complexes formed at 0.50 wt% are measured through DLS and
fitted using CONTIN analysis (B), giving a size distribution of the diameter
of hydration (Dh) (inset).
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0.125 wt%) of the three binary complexes at stoichiometric charge
matching and consequently modelled them with the fuzzy-surface
complex coacervate core model (eqn (1)) of which its features are
highlighted in Fig. 2A. Polydispersity indexes from the fits are
indicated in the insets.

All scattering curves indicate the formation of ‘‘crew-cut’’-
like spherical micellar complexes (Fig. 2). In the low Q region,
the size of the micelles is indicated where a flattening at low Q
values, a so-called Guinier plateau, can be observed for PEO45-b-
PMAA41–colistin–C3Ms. In Fig. 2C and D, no Guinier plateau is
visible, indicating the presence of bigger and partly aggregated
structures. The steep decay at intermediate Q values for all
three systems resembles spherical structures. This region is
also affected by polydispersity effects, where more monodis-
perse systems show more pronounced oscillations and steeper
decays (Fig. 2A). At high Q values, we observe correlation peaks
at around 0.22 Å�1, indicating an optimal packing distance
between the colistin and PMAA chains within the core, which is

referred to as electrostatic positional charge correlations of
blobs.66 Based on the fit analysis, the total radii (Rtot) of the
PEO45-b-PMAA41–colistin–C3M is 15.7 � 0.3 nm, similar to the
DLS results (Table 1 and Table S2, ESI†). Larger discrepancies
between the DLS and SAXS fit analysis were found for the
larger polymers, where PEO45-b-PMAA81-C3Ms and PEO114-b-
PMAA81-C3Ms showed to have Rtot values of 33� 3 nm and 34�
4 nm, respectively (Tables S3 and S4, ESI†). This is likely related
to the effect of clustering/slight aggregation, resulting in larger
(weight-averaged) Rh values and a larger deviation with Rtot

obtained from SAXS.37,67 Lastly, these structures are on the
edge of the Q-range where precise diameters can be resolved for
the instrument. From the SAXS patterns and the fits, we see
that the concentration affects the structure progressively more
for the larger polymers, indicating kinetic control. The lowest
PDI values are found at the lowest concentration of 0.125 wt%
for all systems. This was previously reported to be related to
increased collisions at higher concentrations, resulting in
kinetically trapped states that deviate further from the system’s
energy minimum.32 Therefore, the 0.125 wt% concentration is
more suitable for further investigation.

Ternary colistin complex coacervate systems

As we observe a clear relationship between the block length of
the anionic block and the resulting properties, we can exploit
this property to control the size of these systems. One example
of this is polymer hybridisation, resulting in ternary complex
coacervation systems. By mixing polymers with different PMAA
block lengths, the interactions are modified, potentially result-
ing in an enlarged palette of size control and morphology.
Therefore, eight ternary systems comprising different sets of
two previously analysed (PEO-b-)PMAA polymers with colistin
were investigated (Table 2). In these ternary systems, the
polymer charge contributions (C) (eqn (6)) were varied, while
stoichiometric charge matching conditions were maintained at
a total concentration of 0.125 wt% (eqn (7)).

cPolymer1 ¼
ZPolymer1

ZPolymer1 þ ZPolymer2
(6)

ZColistin = ZPolymer1 + ZPolymer2 (7)

where Z is the total number of charges of PMAA from the
polymers or charges from colistin at physiological pH (pH =
7.4). The ternary systems were analysed along a complete set of
polymer molar charge fraction C values (0 rCr 1) with static
SAXS and DLS, which served as an internal validation. As DLS
data at low C-values were skewed by clustering effects, the SAXS
data and fits proved to be the more precise sizing technique.67

To quantify the findings, the SAXS data were fitted with the
fuzzy-surface C3M model. It was found that systems containing
PEO45-b-PMAA41 (T1–T4) showed the most promising charac-
teristics for size-tunability with low polydispersity and high
colloidal stability. The ternary systems T5–T8 suffer from a
relatively high PDI and offer smaller size ranges (Fig. S1, ESI†).
For all ternary systems, the tendency to observe clustering in
SAXS was found to be significantly lower than for binary

Table 1 Radii of the PEO-b-PMAA polymers through SAXS Debye model
fitting and their complexation with colistin analysed with DLS CONTIN
algorithm fitting

Polymer

Characteristic size of
polymers from SAXS
(Rg) (nm)

Characteristic size
of C3Ms (Rh) (DLS)
(nm)

PMAA46 2.9 � 0.2 Aggregation
PEO45-b-PMAA15 1.5 � 0.1 No complexation
PEO45-b-PMAA41 2.3 � 0.2 18 � 2
PEO45-b-PMAA81 3.3 � 0.3 76 � 6
PEO114-b-PMAA81 3.4 � 0.3 85 � 8

Fig. 2 SAXS patterns of colistin complex coacervate core micelles pre-
pared, modelled with the fuzzy-interface C3M model, where the poly-
dispersity and its general features are illustrated in (A). The micelles and
polydispersity (insets) from three differently sized polymers PEO45-b-
PMAA41 (B, blue symbols), PEO45-b-PMAA81 (C, red symbols) and
PEO114-b-PMAA81 (D, green symbols) are shown at three concentrations
(0.50 wt%: squares, 0.25 wt%: circles, and 0.125 wt% triangles), indicating
kinetic control.
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systems. This decrease in clustering results in improved colloi-
dal stability for ternary systems. Moreover, based on visual
inspection and DLS measurements over long time scales, the
ternary systems showed long-lasting stability (several months).
In Fig. 3, a selection of SAXS patterns of T1, T2, T3, and T4
C3Ms are depicted with fits (Fig. 3A–D). From the fits, the Rtot

parameter (the sum of Rin and sin) is reported in this work, as
the sin parameter itself did not show trends throughout differ-
ent ternary systems and polymer molar charge fractions. More-
over, the total radius (Rtot) is shown along the complete polymer
molar charge fraction set 0 r C r 1 (Fig. 3E).

We show the dependence of the fraction of other molecular
weight polymers on the sizes of T1–T4 systems (Fig. 3). Inspect-
ing the SAXS data, we observe two different types of size
behaviours. In T1 and T2 systems, the maximum intensity is
only subtly impacted by the addition of relatively more PEO45-b-
PMAA41 whereas T3 and T4 systems show a significant gradual
decrease of intensity at low Q values with increasing CPEO45-b-
PMAA41, indicating a significant decrease in aggregation num-
bers. All systems show however substantial changes at inter-
mediate Q values, indicating a change in size, which is
summarised in Fig. 3E showing the total radius (Rtot) as a
function of composition. With the relative increase in PEO45-b-
PMAA41, the size of the C3Ms decreases for all systems. For T1
and T2, this size decrease follows an exponential drop, whereas
for T3 and T4, the drop in size appears linear.

Neither the homopolymer (PMAA46) nor PEO15-b-PMAA45

can form micelles in binary colistin complex coacervate systems
(Table 1). This leads us to hypothesise that their non-linear size
behaviour (T1–T2) and their maximum intensity may be attrib-
uted to swelling effects, potentially driven by increased instabil-
ity of the micellar core at low CPEO45-b-PMAA41. To investigate
size dependency more closely, we calculated the average PMAA
block length across the polymer molar charge fraction set for
T1–T4 and compared it to existing scaling laws for anionic
block sizes with size (Rtot) and aggregation numbers (P)
obtained from the SAXS fit analysis (Fig. 4).

T1 and T2 show negative scaling laws between the total
radius (Rtot) and the aggregation number (P) with the average
block length (DP) of PMAA. These negative scaling laws can be
attributed to being artefacts, as the polymer combinations do
not behave as an average effective block length but rather cause
swelling, confirmed by the atypical Rtot p Px scaling (Fig. 4C).

In contrast, the Rtot of T3 and T4 scales with the block length to
the power x = 1.3 and 1.2, respectively (Fig. 4A). This is similar
to previously published work on so-called ‘‘crew-cut’’ micelles
which are dominated by the free energy contributions of the
core, where Rg p DP1.0 from different binary coacervate micel-
lar systems was found.18,59,68,69 Unlike the charged block, the
neutral block length is known to not significantly impact the
size of crew-cut micelles.59,69 This is in line with our findings,
as we observe no significant differences between T3 and T4 in
all scaling laws (Fig. 4). We therefore conclude that these two
ternary complex coacervate systems form micelles with a size
that corresponds to their average PMAA block length.

Table 2 Ternary complex coacervate systems investigated consisting of
two different (partly) anionic polymers mixed with the cationic colistin to
form complex coacervate structures

#Ternary system
Anionic
component 1

Anionic
component 2

Cationic
component

T1 PEO45-b-PMAA41 PMAA46 Colistin
T2 PEO45-b-PMAA15

T3 PEO45-b-PMAA81

T4 PEO114-b-PMAA81

T5 PMAA46 PEO45-b-PMAA81
T6 PEO114-b-PMAA81

T7 PEO45-b-PMAA15 PEO45-b-PMAA81

T8 PEO114-b-PMAA81

Fig. 3 SAXS patterns of colistin–C3Ms formed from four different ternary
coacervate formulations at 0.125 wt%. C3Ms were prepared from a
combination of colistin, PEO45-b-PMAA41 and second polymers PMAA46

(T1, pink symbols, A), PEO45-b-PMAA15 (T2, blue symbols, B), PEO45-b-
PMAA81 (T3, red symbols, C), and PEO114-b-PMAA81 (T4, green symbols, D).
The complete polymer molar charge fraction set 0 r C r 1 was
investigated and fitted with the fuzzy-surface C3M model, while for
visibility reasons, only a couple of SAXS patterns are shown. The fit
parameter Rtot is shown for T1, T2, T3, and T4 along the complete polymer
molar charge fraction set (E).
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Swelling of C3M systems caused by mismatches in the polymer
size

Since the dynamics causing the swelling in T1 and T2 remain
unclear, we also investigated T5, T6, T7, and T8 systems. All
these systems have in common that they contain components
that do not form micelles by themselves (PMAA46 or PEO15-b-
PMAA45) (Table 1). We analysed these systems with SAXS and
fitted the data with the fuzzy-surface complex coacervate model
(Fig. S1, ESI†). From the fits, we extracted the water content in
the micelles (fw) to observe the swelling behaviour next to other
fit parameters such as Mw, P, sin, PDI and Rtot. In Fig. 5, we
show the Rtot (A) and fw (B) behaviour over the polymer molar
charge fraction of CPEO45-b-PMAA15/PMAA46 for T1, T2, T5, T6,
T7 and T8.

From the Rtot, we see similar behaviours for T5–T8 as
observed for T1–T2, as the size increases with the addition of
PEO45-b-PMAA15/PMAA46 (Fig. 5A). However, it must be noted
that for T5–T8 systems, we are close to the boundaries of the
experimental resolution of SAXS analysis, and therefore the fit
parameter values should be interpreted with care. The fw fit
parameter shows the swelling to be causing this size increase,
as increases of 10–20% pt% of water can be observed ( fw of T3
and T4 in Fig. S2, ESI†) when CPEO45-b-PMAA15/PMAA46 is
increased. The addition of PMAA46 (T1, T5, and T6) causes the

largest swelling, likely caused by the increased mismatch in the
packing of the coacervate core from the absence of a PEO block.
The addition of PEO45-b-PMAA15 (T2, T7, T8) leads to relatively
little swelling behaviour until higher C values. This is most
likely due to the better compatibility of the small block copo-
lymer with the other block copolymers than the homopolymer.
While the swelling indicates reduced stability, and therefore
could potentially lead to quicker in vivo release of colistin, as
electrostatic interactions are weakened, it does not necessarily
lead to micelle destabilisation.70

Polydispersity effects of ternary coacervate systems

Another crucial factor in the design of drug delivery vehicles, in
addition to size control, is their size distribution (polydis-
persity).67,71,72 It is known that drug formulations with good
size properties, particularly those exhibiting a narrow size
distribution (as indicated by a low polydispersity index, PDI),
are less prone to in vivo blood clearance and degradation. This
allows a larger fraction of the formulation to remain effective in
therapeutic applications.73–75 The polydispersity also plays a
crucial role in solution for the colloidal stability, where systems
with higher PDI are more prone to Ostwald ripening and other
slow equilibration processes.62,76 Therefore, when optimising
these systems, it is desired to assess the effect of polymer
mixtures on the polydispersity (PDI). In Fig. 6, the PDI is shown

Fig. 4 Scaling law behaviour of T1, T2, T3, and T4 ternary colistin complex
coacervate systems. From the fuzzy-surface C3M model fits, the total
radius (Rtot) (A) and aggregation number P (B) were plotted against the
average degree of polymerisation DP of the PMAA blocks. The theoretical
scaling law of Rtot p Px, x = 1.0 for crew-cut micelles was added for
illustration purposes. In (C), the Rtot was plotted against P. C3Ms were
prepared from a combination of colistin, PEO45-b-PMAA41 and second
polymers PMAA46 (T1, pink squares), PEO45-b-PMAA15 (T2, blue circles),
PEO45-b-PMAA81 (T3, red triangles), and PEO114-b-PMAA81 (T4,
rhombuses).

Fig. 5 Swelling of ternary colistin complex coacervate systems caused by
the addition of PEO45-b-PMAA15 and PMAA46 for the complete polymer
molar charge fraction set (0 rCr 1). From the fuzzy-surface C3M model
fits, the total radius (Rtot) (A) and the C3M water content (fw) (B) were
plotted against the polymer molar charge fraction of either PMAA46 (T1,
pink squares; T5, grey triangles pointing up; T6, purple plus signs) or
PEO45-b-PMAA15 (for T2, blue circles; T7, orange hexagons; T8, yellow
stars) polymers.
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for T1, T2, T3 and T4 systems along the set of polymer molar
charge fractions of PEO45-b-PMAA41. The PDI behaviour of T5–
T8 can be found in the ESI,† in Fig. S3.

Different minima and maxima could be observed for each
ternary complex coacervate system (Fig. 6 and Fig. S3, ESI†).
This means that for optimisation, differently sized complex
coacervates can be obtained with a narrow size distribution.
Apart from increasing polydispersity caused by swelling for T1
and T2, there are no clear trends in PDI for T3 and T4 systems
(Fig. 6). For T5–T8 systems, the swelling does not directly
increase or decrease the PDI; thus, only minor changes in
PDI could be observed (Fig. S3, ESI†). However, the addition
of PEO45-b-PMAA41 to PEO45-b-PMAA81, even at low fractions,
results in a significant decrease in the polydispersity (T3). The
polydispersities of T3 and T4 are relatively low compared to
their binary counterparts, demonstrating not only the ability of
ternary systems to achieve precise size control but also to result
in a narrower size distribution.

Kinetics of formation of ternary C3M mixtures

As colistin–C3Ms are kinetically controlled systems,32,65 the
preparation method dictates the final size distribution. There-
fore, careful consideration must be given to the formation
kinetics of these systems. In a previous publication, we investi-
gated the binary PEO-b-PMAA–colistin–C3M systems and found
that the formation kinetics consisted of three stages: nucleation,
fusion and exchange.32 As micelles with the same morphology
are formed in ternary C3M systems, we expect that the same
kinetic pathway is followed. However, since in these systems, two
different polymers with different block lengths are now com-
bined, the kinetics are expected to proceed differently. Therefore,
we investigated the formation kinetics of T1–T4 with time-
resolved SAXS (TR-SAXS) with millisecond resolution at equal
polymer charges between PEO45-b-PMAA41 and the other polymer
(CPEO45-b-PMAA41 = 0.50). The SAXS data, spanning from 2.9 ms
(the dead time of mixing) to approximately 2 minutes (Fig. 7A–D),
were analysed with the fuzzy-surface complex coacervate model,

from which the Rtot and P over time were extracted (Fig. 7E and F,
power law behaviour in Fig. S4, ESI†). The aggregation number P
was then fitted with a double-stretched exponential kinetic model
(Fig. 7F), comprising nucleation (0), fusion (1) and a chain
insertion/reinsertion exchange stage (2) (eqn (4) and (5)). The
fit parameters, including the amplitude weight factor a of the
fusion and chain insertion processes and the relaxation times t1

and t2, are presented in Table 3. As the nucleation process is not
resolved within the experimental time-window of TR-SAXS,42.9 ms,
t0 was fixed to the arbitrary value of t0 = 2.0 ms. The stretched
exponentials were found to be b1 = 1.0 for the fusion process and
b2 = 0.5 for the chain insertion exchange process.

Similar to the previously published kinetic analysis of colis-
tin–PEO-b-PMAA–C3Ms, the data show that nucleation could
not be experimentally resolved.32 As shown by the SAXS pat-
terns, micellar structures already emerge within the dead time
of mixing (t = 2.9 ms). Moreover, features like a Guinier-like
region can be observed for all investigated systems at low Q, as
well as a steep decay at intermediate Q and an internal
structure factor at high Q (Fig. 7A–D). The complex coacervates
then grow within 2 minutes to their final states. The smallest
complexes are formed from the T2 mixture, where C3Ms of
Rtot,final = 12.7 � 0.3 nm are formed (Fig. 7E). All C3Ms are
slightly smaller but show the same trends in terms of size as the
statically mixed T1–T4 C3Ms at C = 0.50, an effect induced by rapid
mixing in the stopped-flow setup in kinetic measurements.32,64

From the modelling of the aggregation number over time (Fig. 7F
and Table 3), we see considerable differences in the kinetics
depending on the system. For T1 and T2 systems, the micellar
growth is majorly dominated by slower chain exchange pro-
cesses, whereas for T3 and T4 ternary coacervate systems, the
quicker fusion step plays a more dominant role. This distinction
can likely be attributed to the higher molecular weights of the

Fig. 6 Polydispersity index (PDI) behaviour of T1 (pink squares), T2 (blue
circles), T3 (red triangles), and T4 (green rhombuses) ternary colistin
complex coacervate systems for the complete polymer molar charge
fraction set (0 r C r 1). From the fuzzy-surface C3M model fits, the
PDI values were plotted against the polymer molar charge fraction of
PEO45-b-PMAA41.

Fig. 7 Time-resolved SAXS data of CPEO45-b-PMAA41 = 0.50 T1 (pink
symbols, A), T2 (blue symbols, B), T3 (red symbols, C), and T4 (green
symbols, D) ternary complex coacervate systems. From the fuzzy-surface
C3M model fits, the Rtot (E) and P (F) values were plotted over time to
observe the growth of these ternary C3M systems. The P was modelled
with the double-stretched kinetic model to obtain kinetic modelling
parameters (eqn (4) and (5)).
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polymers in T3 and T4, facilitating less possibility for chain
exchange (higher a), thereby contributing to the overall faster
micellisation kinetics observed in these systems. The effect of the
length of the PEO block can be directly observed by comparing T3
(DPPEO = 45) and T4 (DPPEO = 114). Even though the kinetics are
even more fusion-dominated for T4, the chain insertion exchange
kinetics are more than twice as slow, potentially due to the
increase in steric repulsion from the PEO block, slowing down
chain insertion. Since the polymer size has been shown to
directly influence kinetic pathways, these findings not only
reinforce the previously reported kinetic mechanisms of PEO-b-
PMAA–colistin complex coacervate micelles but also improve the
ability to understand and control the formation kinetics.

Conclusions

In this work, we demonstrate that ternary colistin complex
coacervate micelle systems offer good control over size by
mixing PEO-b-PMAA polymers of varying sizes with colistin.
Using SAXS analysis with a customised fuzzy-surface complex
coacervate model, we could determine the micelle composition
and extract their sizes and size distribution. Stable ternary
colistin-C3Ms could be formed with sizes ranging from 26 to
100 nm, depending on the composition. Next to size control,
these ternary systems were found to have a narrower size
distribution compared to their binary equivalents. We attrib-
uted the observed size changes to two distinct mechanisms:
swelling and effective polymer miscibility, both resulting in
highly stable C3M formulations. Swelling occurs due to mis-
matches between the anionic polymer blocks, reducing packing
efficiency in the micelle core. In contrast, the mixing of larger
polymers leads to an increase in micelle sizes by extending the
effective length of the PMAA block. We found that ternary
complex coacervate systems exhibit formation kinetics similar
to those we have previously identified in binary PEO-b-PMAA-
colistin systems, involving the kinetic processes of nucleation,
fusion, and chain insertion. However, in ternary systems, the
addition of larger polymers not only forms bigger micelles but
also alters the kinetics toward being more fusion-driven, as the
exchange of chains is more constrained by larger activation
barriers for release and overall slower dynamics. At large,
ternary complex coacervation offers good control of size, with
a narrower distribution. This offers a handle to tune the size at
narrower size distributions, which could be advantageous for
the development of C3M-based drug delivery systems for ther-
apeutic purposes.

Author contributions

T. D. Vogelaar: conceptualisation, methodology, investigation,
software, analysis, and writing – original draft. H. Torjusen:
conceptualisation, methodology, investigation, analysis, and
writing – review and editing. R. Lund: conceptualisation, meth-
odology, supervision, software, writing – review and editing,
and funding acquisition.

Data availability

SAXS data for this article are available at ESRF at https://data.
esrf.fr/doi/10.15151/ESRF-ES-1580560228.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We are grateful for the funding from the Norwegian Research
Council (Project No. 315666). The static SAXS data collected at
the BioSAXS beamline at BM29 at the European Synchrotron
Radiation Facility (ESRF) (Grenoble, France) were collected with
the assistance of M. Tully, P. Pernot, A. Calio, and S. Hutin. The
authors thank the complete crew of the TRUSAXS beamline
ID02 at the ESRF where the TR-SAXS data were obtained with
the supervision of Theyencheri Nararyanan (proposal SC-5459).
We are in general indebted to the ESRF for beam time through
the Norwegian BAG proposal and providing the sample pre-
paration infrastructure through the PSCM lab. Lastly, we highly
acknowledge the use of the Norwegian Centre for X-ray Diffrac-
tion, Scattering and Imaging (RECX) for access to SAXS, which
is supported by the Norwegian Research Council (NRC).

Notes and references

1 E. Tacconelli, E. Carrara, A. Savoldi, S. Harbarth, M. Mendelson,
D. L. Monnet, C. Pulcini, G. Kahlmeter, J. Kluytmans,
Y. Carmeli, M. Ouellette, K. Outterson, J. Patel, M. Cavaleri,
E. M. Cox, C. R. Houchens, M. L. Grayson, P. Hansen, N. Singh,
U. Theuretzbacher, N. Magrini, A. O. Aboderin, S. S. Al-Abri,
N. Awang Jalil, N. Benzonana, S. Bhattacharya, A. J. Brink,
F. R. Burkert, O. Cars, G. Cornaglia, O. J. Dyar, A. W.
Friedrich, A. C. Gales, S. Gandra, C. G. Giske, D. A. Goff,
H. Goossens, T. Gottlieb, M. Guzman Blanco, W. Hryniewicz,
D. Kattula, T. Jinks, S. S. Kanj, L. Kerr, M.-P. Kieny, Y. S. Kim,
R. S. Kozlov, J. Labarca, R. Laxminarayan, K. Leder, L. Leibovici,
G. Levy-Hara, J. Littman, S. Malhotra-Kumar, V. Manchanda,
L. Moja, B. Ndoye, A. Pan, D. L. Paterson, M. Paul, H. Qiu,
P. Ramon-Pardo, J. Rodrı́guez-Baño, M. Sanguinetti,
S. Sengupta, M. Sharland, M. Si-Mehand, L. L. Silver, W. Song,
M. Steinbakk, J. Thomsen, G. E. Thwaites, J. W. van der Meer,
N. Van Kinh, S. Vega, M. V. Villegas, A. Wechsler-Fördös,
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Table 3 Kinetic fit parameters from modelling of the formation kinetics
(eqn (4) and (5)) for T1, T2, T3 and T4 ternary complex coacervate systems

Ternary
system a (—) ht1i (ms) ht2i (s) P0 � 102 (—) PN � 102 (—)

T1 0.22 � 0.01 47 � 6 16 � 1 2.2 � 0.1 10.6 � 0.3
T2 0.24 � 0.01 59 � 7 13 � 1 1.2 � 0.1 7.2 � 0.2
T3 0.51 � 0.02 75 � 9 2.3 � 0.4 7.5 � 0.2 36 � 1
T4 0.62 � 0.02 79 � 9 5.2 � 0.7 7.9 � 0.2 35 � 1
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