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ABSTRACT: To combat the ever-growing increase of multidrug-
resistant (MDR) bacteria, action must be taken in the development
of antibiotic formulations. Colistin, an effective antibiotic, was
found to be nephrotoxic and neurotoxic, consequently leading to a
ban on its use in the 1980s. A decade later, colistin use was revived
and nowadays used as a last-resort treatment against Gram-negative
bacterial infections, although highly regulated. If cytotoxicity issues
can be resolved, colistin could be an effective option to combat
MDR bacteria. Herein, we investigate the complexation of colistin
with poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-b-
PMAA) block copolymers to form complex coacervate core
micelles (C3Ms) to ultimately improve colistin use in therapeutics
while maintaining its effectiveness. We show that well-defined and
stable micelles can be formed in which the cationic colistin and anionic PMAA form the core while PEO forms a protecting shell.
The resulting C3Ms are in a kinetically arrested and stable state, yet they can be made reproducibly using an appropriate
experimental protocol. By characterization through dynamic light scattering (DLS) and small-angle X-ray scattering (SAXS), we
found that the best C3M formulation, based on long-term stability and complexation efficiency, is at charge-matching conditions.
This nanoparticle formulation was compared to noncomplexed colistin on its antimicrobial properties, enzymatic degradation, serum
protein binding, and cytotoxicity. The studies indicate that the antimicrobial properties and cytotoxicity of the colistin-C3Ms were
maintained while protein binding was limited, and enzymatic degradation decreased after complexation. Since colistin-C3Ms were
found to have an equal effectivity but with increased cargo protection, such nanoparticles are promising components for the
antibiotic formulation toolbox.

1. INTRODUCTION
To address the ongoing rise of multidrug-resistant bacteria,
proactive steps are essential for the advancement of antibiotic
formulations.1,2 Over the last few years, antimicrobial peptides
(AMPs) have received more attention as the new generation of
bactericidal compounds.2−4 AMPs are naturally occurring
peptides, part of the innate immune system in a broad range of
organisms.2 Contrary to conventional antibiotics, the mode of
action of AMPs is related to their amphiphilic nature, which
results in an affinity toward the cell membrane, creating various
disruptive effects.2,5−7 Their cationic properties create selective
affinity toward net negatively charged bacterial membranes
over more zwitterionic mammalian cells.2−4

One of the oldest classes of AMPs, polymyxins, has been
used for decades in clinical practices.8,9 Polymyxin E, also
known as colistin, derived from the Gram-positive Paenibacillus
genus, was discovered in 1947. After extensive use in the 50s
and 60s, it was found that colistin is nephrotoxic and even
mildly neurotoxic. Consequently, its use was banned in the
1980s.8 However, due to a shortage of bactericidal compounds
against Gram-negative bacteria, colistin has seen a partial
resurgence and is nowadays used as a last-resort treatment

against Gram-negative bacterial infections, administered either
ectopically or intravenously.8,10 Colistin is composed of a fatty
acid chain to which a cyclic decapeptide is coupled that
contains five L-α-γ-diaminobutyric acid residues. These side
groups are the cause of a positive net charge of +5 in
physiological conditions. As colistin is cationic, it strongly
interacts with anionic lipopolysaccharides (LPS) by electro-
static attraction and cation displacement on the outer
membrane of Gram-negative bacteria, after which it efficiently
kills the bacteria by penetration of the inner membrane.11,12

Even though colistin has the highest affinity for LPS, colistin is
also able to increase the tubular epithelial cell membrane
permeability of mammalian cells, resulting in cell swelling and
lysis.12 This in turn leads to cytotoxic effects in humans.4,12 It
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is a general belief that if the cytotoxicity can be reduced, the
use of colistin as an antibiotic will be significantly expanded as
it is cheap and effective.13,14

Several strategies for colistin toxicity reduction have already
been assessed over the years that mainly focus on facilitating or
encapsulating colistin, aiming to decrease the undesired
interactions of colistin causing toxicity.13,15−21 E.g., conjuga-
tion with hyaluronan-chitosan derivatives has been inves-
tigated,15 but also drug delivery systems like colistin loading
into liposomes,13 chelating micelles,16 aerosolizable particles,17

nanostructured lipid carriers (NLCs),18,19 solid lipid nano-
particles (SLNs),18 poly(lactic-co-glycolic acid) (PLGA) nano-
particles,20 and complexation into coacervates.21 In the
development of drug delivery methods for colistin, several
factors need to be controlled, like solubility, retainability,
bioavailability, and functionality. Currently, the main concerns
with colistin drug delivery are its stability, chemical alteration,
and poor water solubility, leading to low bioavailability.18,22,23

To resolve these challenges, going deeper into complex
coacervation could be a viable strategy as it does not require
any chemical modification of the drug and allows for effective
encapsulation of water-soluble drugs.24,25 However, this
requires sufficient colloidal stability of the formed complexes.
Complexation of colistin could improve the retainability and
stability by protecting the drug from degradation and
enhancing its therapeutic efficacy in various pharmaceutical
formulations. As an additional benefit, colistin effectivity can
be improved as well, as most AMPs are known for their low in
vivo stability due to protease degradation.26

In complex coacervation, microphase separation is induced
due to electrostatic attraction and counterion release between
oppositely charged polyelectrolytes, thus creating a phase with
water-soluble complex coacervates.27−29 These charged poly-
electrolytes are most often grafted, random, or block
copolymers but can also be homopolymers, proteins,
nutraceuticals, peptides, DNA, (m)RNA, or drugs.24,27,30 In
complex coacervation drug delivery, a charged drug or charge-
conjugated drug is complexed with another polyelectrolyte,
which often is an ionic polymer or lipid.27 One of the more
recent applications of this methodology is in vaccine
technology, in which mRNA is complexed with cationic lipids
into lipid nanoparticles.31−33

To ensure sufficient colloidal stability and prevent macro-
scopic phase separation, in many cases, a neutral hydrophilic
block is conjugated to one of the charged species.21,27,33,34

When these charged polyelectrolytes are mixed in favorable
charge conditions, the charged polyelectrolytes form a core,
and the (neutral) hydrophilic block forms a shell. The shell
protects the highly charged core from interaction with other
highly charged cores, significantly increasing its stability.27,28,34

These structures are termed complex coacervate core micelles
(C3Ms).24,27,28,34 Typically, to form C3Ms, block copolymers
are used consisting of a charged block and a neutral
hydrophilic block.27 Most often, the neutral block that
provides colloidal stability through steric repulsion is poly-
(ethylene oxide) (PEO),26,28,35,36 but sometimes other
polymer blocks are used, such as poly(vinyl alcohol)
(PVA)37 or poly(acrylamide) (PAAm),38 to name a few.
Previously, other proteins, drugs, and peptides, e.g., (helical)
polypeptides,39,40 doxorubicin,41 lysozyme,42,43 myoglobin,43

bovine serum albumin (BSA),44 and many others have been
successfully complexed into C3Ms.23,24,27,45,46 In contrast,
complex coacervation involving AMPs is limited to a few

studies.21,25,47−51 The AMPs polymyxin B,48 colistin,21

temporin-L,47 KSL-W,51 P6,49 and MSI-7850 have successfully
been complexed into coacervates, with only the latter two into
C3Ms, which are generally recognized for their enhanced
stability compared to typical coacervates.27 Raĭleanu et al.
complexed P6 with PEO-b-poly(acrylic acid) (PAA),49 while
Wang et al. prepared C3Ms from the complexation of MSI-78
with methoxyPEO-b-poly(α-glutamic acid) (PGlu).50 As
shown by these examples, in combination with the limited
research on the detailed structural investigation of the AMP
complexes, the complexation of AMPs is still widely unex-
plored, even though this structural analysis is potentially highly
relevant in the development of new antibiotic formulations.
Herein, we describe the formulation of well-defined

spherical and highly stable C3Ms based on the coassembly
of colistin with poly(ethylene oxide)-b-poly(methacrylic acid)
block copolymers (PEO-b-PMAA) without the use of any
additional stabilizing agent, covalently bound species, or any
other harmful or harsh chemicals. Our primary motivation was
to create a stable and tunable drug delivery system in which
colistin is complexed with another component to form C3Ms.
Three different PEO-b-PMAA polymers were investigated for
complexation with colistin at several charge fractions. We
employed P1: PEO45-b-PMAA41, P2: PEO45-b-PMAA81, and
P3: PEO114-b-PMAA81 (numbers indicate the degree of
polymerization) to achieve nanoparticle complexes with
optimal stability and a reproducible structure. The next step
comprised the characterization of the properties of the formed
C3Ms. We characterized the complex coacervate using
scattering techniques: small-angle X-ray scattering (SAXS)
and dynamic light scattering (DLS) to investigate nanostruc-
ture and stability, next to bacterial testing, enzymatic
protection, human serum albumin (HSA) binding, and cell
toxicity testing. We show that the colistin-C3Ms are highly
stable and reproducible, with the highest colistin complexation
effectivity found around charge matching. Similar antibiotic
activity and cytotoxicity were found between colistin and
colistin-C3Ms, while the complexation of colistin was found to
improve the protection against enzymatic degradation, while
limited protein binding effects were observed. With the
increased protection of colistin, while maintaining its activity,
colistin-C3Ms could potentially be a new option in the toolbox
of antibiotic formulations for intravenous clinical purposes.

2. EXPERIMENTAL SECTION
2.1. Complex Coacervate Preparation. PEO-b-PMAA at

different block lengths (Polymersource) and colistin sulfate (Sigma
Aldrich) were dissolved in 0.05 M TRIS buffer (Sigma Aldrich) (pH
= 7.4). Depending on the charge fraction ( f+), the samples were
diluted separately to two times the desired final concentration before
mixing the polymer into colistin solution 1:1 volume-wise. It was
made sure that the solution was mixed properly. Final concentrations
of either 5.0, 2.5, 1.3, or 1.0 mg/mL were used for analysis and diluted
even further when necessary.

2.2. ζ-Potential. ζ-Potential measurements were carried out using
the Malvern Zetasizer Nano ZS with Malvern DTS1070 cuvettes. ζ-
Potentials were measured between 12 and 20 times for every sample
in triplicate at a total concentration of 1.0 mg/mL at 20 °C.

2.3. Dynamic Light Scattering (DLS). Dynamic light scattering
(DLS) experiments were performed using a DLS/SLS instrument
from LS Instruments, equipped with a Cobolt high-performance
DPSS laser 100 mW (660 nm). The samples were filtered either
through 0.22 or 0.45 μm poly(vinylidene difluoride) (PVDF) filters
(Millipore) directly into precleaned 2 mm NMR tubes. Complex
coacervates were measured at 2.5 or 1.3 mg/mL at 20 °C, including
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regular checks to avoid multiple scattering and check for
concentration-dependent effects. For stability measurements, DLS
measurements were taken with one-day intervals in the first week,
three-day intervals in the second and third week, and then weekly
until three months if no aggregation was observed.

2.4. Small-Angle X-ray Scattering (SAXS). The small-angle X-
ray scattering profiles were measured at 20 °C using the BioSAXS
beamline BM2952 at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France. The automated sample changer loaded
50 μL for every sample into a quartz glass capillary of a diameter of 1
mm. Ten scattering frames of 1.0 s each were detected on the Pilatus
3 × 2 M detector, using an energy of 12.5 keV and a sample−detector
distance of 2.81 m, measuring a Q-range of 0.007−0.55 Å−1. The
background sample (0.05 M TRIS buffer, pH = 7.4) was measured
between each sample measurement, and the capillary was cleaned
between every measurement. Water was used as a primary standard to
scale the data to absolute intensities. Every frame was checked for
radiation damage, followed by averaging, buffer subtraction, and
binning (from 1000 points to 280), resulting in the final scattering
curves that are presented in this paper. Additional SAXS experiments
were performed at our in-house Bruker NanoStar instrument (RECX,
University of Oslo, Norway). The instrument uses Cu Kα radiation (λ
= 1.54 Å) and yields scattering data in the Q range 0.01−0.3 Å−1.
According to instrument standard procedures, the scattering intensity
was corrected for detector sensitivity, electronic noise, and empty cell
scattering, and calibrated to absolute units using water scattering,
yielding the macroscopic differential scattering cross-section d∑/dΩ.
Then the scattering contribution from the solvent was subtracted.

2.5. SAXS Data Modeling. Fixed partitioning, based on
calculated charge matching in the core, was assumed. This
significantly reduced the number of fit parameters in the model.
With the model, it was possible to get a quantitative analysis of the
complex coacervate structures. The fuzzy-surface complex coacervate
model with broad interfaces and polydispersity consists of three
separate contributions: complex coacervate scattering, free (non-
complexed) polymer and colistin scattering, and an additional
structure factor to describe the physical interactions between
polyelectrolytes in the core (more elaborate explanation of the
model can be found in the Supporting Information). The total
scattering function on an absolute scale can be described by eq 1:

i
k
jjjjj
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zzzzz

I Q f f S Q I Q f I Q

Q
V

f I Q f

f I Q f f S Q
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In which φ is the volume fraction, f Coa is the fraction of coacervates,
VCoa is the volume of one complex coacervate, fclu is the fraction that is
forming clusters, f Poly is the free fraction of polymer, f Col is the free
fraction of colistin, and fmix is the molar fraction of polymer in the
aqueous phase surrounding the complex coacervates. These fractions
are based on the aforementioned assumption that there is
stoichiometric charge matching in the core of the complex
coacervates.
For the first contribution, the complex coacervates, we used the

form factor of a “fuzzy sphere”, i.e., spheres with graded interfaces
described by the radius R and width of the interface, σ. Based on the
trial fit analysis, we ignored the core−shell nature of the C3Ms since
the contrast between the core formed with colistin and PMAA and the
PEO shell was too small to allow for a clear separation. Therefore, we
described the model of C3Ms with a sphere with a fuzzy interface
instead. The form factor for fuzzy spheres (P(Q) = Acore(Q)2) can be
described, as follows, and was incorporated in the scattering function
for complex coacervates (ICoa(Q))53,54 (eqs 2−6).
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where Icoa(Q) is the scattering contribution from the complex
coacervates, Δρaverage 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 volume of the blobs. In
addition to the form factor, the blob scattering35,55−59 of the
polyelectrolytes in the core of the complex coacervates was considered
(eq 7):

Q V P
f

Q
blob( )

(1 )tot
2

average
2 blob

2 2= · · ·
| |
+ · (7)

where fblob is the fraction of blobs and ξ is the blob correlation length.
For the second contribution to the model, for the free component,
noncomplexed, scattering of polymer and colistin, the Debye form
factor for polymers and polyelectrolytes is used60 (eq 8).

P Q
e Q R

Q R
( )

2( 1 )

( )

Q R
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2
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2

2
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2 2

2
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2
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+ ·
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·

(8)

In which Rg is the radius of gyration of the polyelectrolyte. The third
contribution is the internal structure factor, indicated in Figure 2A.
This feature is related to the charge correlations between the blobs of
anionic PMAA and cationic colistin59 and is summarized in eq 9,
which was built upon already existing models in the literature.35,55−60

S Q C e
W Q W Q

( )
2 2 ( )

Q Q

internal

( )

local local
2

local
2

= | |·
· · · · · (9)

where C is the fractal scattering, W is the relative width at high Q, and
Qlocal is the internal scattering location. In the presence of globular
proteins, we approximated the scattering contribution using a prolate/
oblate ellipsoid form factor (eqs 10−13). The ellipsoid of revolution
has two minor core radii of R and major axis εR, respectively. The
form factor can be written as:

r R(sin cos )2 2 2 1/2= + (10)

A x x x x x( ) 3 sin( ) cos( ) /sph
3= [ ] (11)

P Q A Qr( ) ( ) sin( )dEllipsoid
0

sph
2=

(12)

The total contribution can then be written as:

I Q M d P Q( ) / ( )protein p w,p p p
2

Ellipsoid= · · (13)

where φp is the volume fraction of the globular protein, Mw,p is the
molecular weight of the protein, dp is the solution density, and Δρp is
scattering length density incorporated by values based on the fitting of
the data of pure globular protein samples at three different
concentrations. In the case of the addition of another compound
next to the complex coacervates, the fitted random chain (Debye
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equation in eq 8) or ellipsoidal scattering (form factor in eq 12) of
these compounds was added to the scattering from the complex
coacervate, and then fitted, while the other parameters were kept the
same.
For the fit analysis, least-squares fit routines were applied keeping

the following parameters free: the total aggregation number (P), the
radius of the core including its density distribution, and polydispersity
index (Rin, σin, PDI), the free fraction of colistin ( f Col), and if
necessary, in the presence of cluster formation, the number of
complexes in a cluster (Nclu) and fdist the distance between complexes.
These parameters mostly describe the low and intermediate Q range.
After obtaining a rough fit of low and intermediate Q, to also fit the
data well at high Q, the scattering from the blobs themselves was
fitted. Moreover, the blob scattering parameters blob fraction ( f blob)
and blob correlation length (ξ) were fitted. Lastly, to describe the
blob charge correlations (internal structure), the relative width high Q
(W), the internal scattering location (Qlocal), and fractal scattering (C)
were fitted. Finally, all parameters were fitted to the data
simultaneously, resulting in the fits presented in this paper.

2.6. Assessing the Effect of Ionic Strength and pH on
Colistin-C3Ms. The effect of ionic strength was analyzed in two
different setups, the addition of NaCl (Sigma Aldrich) before mixing
and after mixing, also known as salt annealing. P1-colistin-C3Ms at f+
= 0.50 were prepared in the same way but with the addition of 0.15 M
NaCl in the buffer and mixing using a stopped-flow device, mixing at
6.7 mL/s. Salt annealing was performed by the addition of salt after
preparation of the C3Ms at five different concentrations (0.05, 0.10,
0.15, 0.30, and 0.50 M NaCl). For the effect of pH changes, C3Ms
were prepared in the same way but in five other pH buffers, citrate
buffer at pH = 5.0, maleate buffer at pH = 6.0 and pH = 7.0, and TRIS
at pH = 8.0 and pH = 8.7 (all buffers from Sigma Aldrich). All these
samples were analyzed using SAXS and modeled accordingly.

2.7. Determination of Critical Micelle Concentration (CMC).
Using an optical tensiometer setup the CMC of C3Ms at f+ = 0.50 was
determined. Drops were captured by a CCD camera with a
tensiometer setup from Rame-́Hart, inc. The surface tension from
the drops was analyzed by using “Drop image”. 100 Frames were
captured for each measurement, after which the surface tension was
modeled using the Young−Laplace equation and averaged. To
determine the CMC, two regions were distinguished between 0.0
and 5.0 mg/mL total concentration. The region of fast surface tension
decreases, and the part in which low surface tension decreases is
observed. The transition point corresponds to the CMC.

2.8. Antimicrobial Properties of C3Ms and Colistin. To
compare the antimicrobial properties of C3Ms to colistin two
different methods were tested: disk diffusion assay (DDA) and agar
broth dilution testing for MIC50 determination.
In the DDA, the susceptibility of Escherichia coli (DSM613),

Serratia indica (NCIMB 8869), Pseudomonas fluorescens (DSM20030),
A. vinelandii (DSM2290), and Bacillus subtilis (DSM10) was tested.
Sterile filter disks (VWR) were impregnated (using an automatic
pipette) with 3.0 μg of colistin from either colistin sulfate or colistin-
C3Ms (at f+ = 0.50) in a concentration above the CMC (at 1.0 mg/
mL) and dried under sterile air. Bacterial plates were prepared by
freshly pouring bacterial medium until it set. Second, a layer of LB
medium, that was premixed with 10 μL of bacteria from overnight
cultures, was added. Then, the disks were added, and the plates were
incubated for 24 h at 37 °C. The sizes of the inhibition zones were
measured and averaged. Experiments were performed in triplicate.
With the agar broth dilution testing, it was possible to determine the
MIC50 values. LB liquid media in test tubes containing equal amounts
of E. coli culture (10 μL of bacteria from overnight cultures to 5 mL of
media) was mixed with either colistin or colistin-C3Ms with equal
colistin for a concentration between 0.0 and 50 μg/mL. The test tubes
were incubated for 24 h at 37 °C and their turbidity was measured
with a McFarland turbidimeter. The agar broth dilution experiments
were done in duplicate. To determine the MIC50 values, curves were
averaged and then fitted with a sigmoid function.

2.9. Enzymatic Susceptibility. The enzymatic breakdown
susceptibility was analyzed by adding proteinase K (3.4.21.64;

Sigma Aldrich), subtilisin (3.4.21.62; Sigma Aldrich), and trypsin
(3.4.21.4; Sigma Aldrich) to either colistin (at 3.4 mg/mL) or C3Ms
at f+ = 0.50 (total concentration 5.0 mg/mL) at their suppliers’
recommended concentration/ratio for optimized breakdown (molar
ratios of enzyme:colistin ≈ 1:130 for proteinase K, ≈ 1:70 for
subtilisin and ≈ 1:180 for trypsin). We assessed the difference in
susceptibility between noncomplexed colistin and C3Ms. Colistin
solution was incubated with enzymes for 24 h at 37 °C, after which
polymer solution (kept 24 h at 37 °C) was added while in the other
case, premade C3Ms were incubated with enzymes for 24 h at 37 °C.
These samples were analyzed using SAXS and modeled, including
enzyme scattering (using the Debye form factor since the scattering
was too small to use a prolate/oblate ellipsoid form factor, eq 8) to
monitor the molecular weight of the complex coacervates after
exposure to enzyme degradation.

2.10. HSA Binding Susceptibility. To assess the binding affinity
of colistin-C3Ms at f+ = 0.50 with HSA, HSA was added to C3Ms (5.0
mg/mL) at two different molar ratios (1:10 and 1:20) at room
temperature (20 °C), and then analyzed using SAXS and modeled
including HSA (Sigma Aldrich) (using the prolate/oblate ellipsoid
form factor, eq 12) scattering to monitor changes in structure and size
of the formed complex coacervates in the presence of HSA.

2.11. Toxicity Assay. To be able to use the colistin-C3Ms,
colistin, and PEO-b-PMAA needed for the toxicity assessment, the
components were freeze-dried at a total concentration of 1 mg/mL by
freezing solutions in liquid nitrogen, after which they were exposed to
a vacuum for 24 h. Human embryonic kidney (HEK 293 cells)
(ATCC, CRL-1573) were cultured in Dulbecco’s modified Eagle
medium (DMEM), low glucose (Sigma Aldrich) supplemented with
100 U/mL penicillin and 100 μg/mL streptomycin (15140-122;
Gibco, Waltham), 1% GlutaMAX (35050; Gibco), and 20% fetal
bovine serum (F9665; Sigma Aldrich). Mesenchymal stem cells
(MSC, PT-2501; Lonza) were cultured in Mesenchymal Stem Cell
Basel Medium (PT-3238; Lonza)) supplemented with MSCGM
SingleQuots (PT-4105; Lonza). Human gingival keratinocytes
(HGK) (PCS-200-014; ATCC) were cultured in Dermal Cell Basal
Medium (PCS-200-030; ATCC) supplemented with Keratinocytes
Growth Kit (PCS-200-040; ATCC). Human umbilical cord
endothelial cells (HUVEC, 200p-05n; Cell Applications) were
cultured in Endothelial Cell Growth Medium (211-500; Cell
Applications). The cell types were seeded in 12-well culture-treated
plates at a density of 4 × 104 cells/cm2. Upon confluency (set at time
point 0), the cells were exposed to cell-specific growth medium
containing formulations with a concentration of 1.0 mg/mL total
concentration (0.7 mg/mL colistin) of f+ = 0.50 C3Ms or equivalent
concentrations of colistin, and polymer as a control. The medium was
changed for both control cells and stimulated cells every two days, 24
h before the harvest of the medium to ensure the same window of
accumulated cell-secreted factors in the media. Cytotoxicity assays on
lactate dehydrogenase (LDH) activity and caspase-3 level were
performed at 24, 48, and 72 h and executed in triplicate. LDH activity
in the cell culture media was evaluated using a cytotoxicity detection
kit (11644793001; Roche). In short, 50 μL of the collected
supernatant was mixed with 50 μL of the reaction mixture and
incubated in a dark room at room temperature for 30 min. The
absorbance was measured at 490 and 600 nm using the BioTek
ELx800 Absorbance Microplate Reader. The caspase-3 activity in the
cell culture media was evaluated using an enzyme-linked immuno-
sorbent assay (K4221-100; BioVision). A 100 μL sample was added
to each well, and the plate was incubated at 37 °C for 1.5 h. After
incubation, 100 μL of biotin-detection antibody was added and
incubated at 37 °C for 1 h. The plate was washed three times, after
which 100 μL of horseradish peroxidase (HRP)-streptavidin
conjugate was added, and the samples were incubated at 37 °C for
30 min. The wells plate was washed five times and 90 μL of 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate was mixed in, after which the
plate was incubated at 37 °C for 30 min. After incubation, 50 μL stop
solution was added. The absorbance was measured at 450 nm using
the BioTek ELx800 Absorbance Microplate Reader. After harvesting,

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.4c00337
Biomacromolecules 2024, 25, 4267−4280

4270

pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


light microscopy at a magnification of 10 times was utilized to
visualize morphology changes of different cell types upon treatments.

3. RESULTS AND DISCUSSION
3.1. Charge Dependency and Stability. To analyze the

charge dependency of the formation and stability of the colistin
complex coacervates, we first investigated the range in which
colistin complex coacervates could be formed. To quantify the
charge ratios mixing charge fractions were calculated (eq 14),
in which a value of 0.50 indicates the charge matching of
colistin and PEO-b-PMAA.27

f f
Z

Z Z
1 Col

Col Poly
= =

++
(14)

In which ZCol is the number of charges from colistin in the
formulation and ZPoly is the number of charges from PEO-b-
PMAA in the formulation. For P1, we could prepare colistin
complex coacervates for 0.09 ≤ f+ ≤ 0.98 at a total
concentration of 5.0 mg/mL. Outside of this region, no
complex coacervates were formed, as confirmed by DLS. To
investigate the nature of these complex coacervates the ζ-
potential was measured, right after mixing and combined with
measured stability and sizes by DLS in Figure 1. The stability is
based on the number of days after complexation after which
aggregation was apparent, as seen in Figure S1 in the
Supporting Information.

The region of 0.50 ≤ f+ ≤ 0.83 was found to be (size-)stable
over a long term, i.e., more than 28 days, as indicated by the
green background (Figure 1). The addition of colistin charge
does not seem to affect the ζ-potential in the same way the
addition of anionic P1-charge does. At f+ < 0.50, the ζ-potential
deviates further from zero, resulting in quicker aggregation
(from micro to macro phase separation). Therefore lower
stability is observed, already visible by the presence of larger

sizes at f+ < 0.50, right after mixing. In the stable region, the ζ-
potential is closer to zero, while complex coacervates with a
size of 35−40 nm are found. This indicates the beneficiality of
complex coacervate neutrality in the system at a particular size
to achieve the most stable systems. Here, the PEO corona is
sufficient to provide colloidal stability via entropic (steric)
repulsions between overlapping polymer brushes, like in other
C3M formulations.61,62 It does not hold for f+ > 0.83. Even
though the effective charge, the ζ-potential, is close to zero, the
systems destabilized quickly (within two days). This is
probably due to excess colistin charge, disrupting the
homogeneous charge and resulting in the initialization of
aggregation after mixing. At these charge fractions, the ionic
strength might have exceeded the threshold energy for long-
term stability in the systems, causing aggregation, even though
the ζ-potential remains at zero when measured. The ζ-
potential behavior for a wide range of f+ values differs from
complex coacervate system to system.27 Therefore, the ζ-
potential and DLS sizing alone do not give enough information
about the charge fractions in the system to conclude on
compositional characteristics.
P2-colistin and P3-colistin showed the same trends in

stability, with a stable charge fraction region, but showed to
have formed complex coacervates in a much smaller window of
charge fractions, for P2 0.33 ≤ f+ ≤ 0.83, and for P3 0.50 ≤ f+
≤ 0.83 (Figures S2 and S3). Additionally, the larger block
lengths led to larger colistin complex coacervates at all charge
fractions, with the most pronounced size change observed at
the long-term stable conditions for all polymers at f+ = 0.50
(Table 1).

The size and shape of nanoparticles used in therapeutics play
a crucial role in their bioavailability and biochemical stability
once they enter the bloodstream. Therefore, we need to
consider the potential threat of spleen and liver accumulation
for larger particles (above 100 nm diameter), as well as the
renal filtration systems that clear up free unimers from unstable
complex coacervate formulations.63−66 Based on its smallest
size and largest stability region, we think P1-colistin complex
coacervates would have the most promising therapeutic
potential. Hence, they were analyzed further on their charge
dependence and compositional characteristics using SAXS.
SAXS provides possibilities to analyze and characterize samples
in solution at the nanometer scale, allowing resolution of the
shape, size, composition, and structure.67 The SAXS profiles of
colistin complex coacervates at f+ = 0.50 (total concentration
of 5.0 mg/mL) and the scattering profiles of their separate
components are depicted in Figure 2A. In Figure 2B, the
colistin complex coacervates in five different charge fractions
(total concentration of 5.0 mg/mL), and their fits are shown.
We analyzed the SAXS profiles of the complex coacervates
using least-squares fit routines with a custom-designed fuzzy-

Figure 1. ζ-Potential measurements (filled black circles) and DLS size
measurements right after mixing (open white diamonds), including
error bars, combined with the stability of complex coacervates mixing
PEO45-b-PMAA41 (P1) and colistin, at a range of charge fractions ( f+)
of 0.09 ≤ f+ ≤ 0.98 at a formation concentration of 5.0 mg/mL. The
stability, measured by follow-up measurements over time with DLS
(Figure S1), is indicated by the color coding of the background. 0−1-
day(s) stability (red), 2−7-day stability (orange), 8−28-day stability
(yellow), and > 28-day stability (green) are separated in the
background. To improve visibility by creating sharp color borders a
color spacing of 0.02−0.05 was taken horizontally.

Table 1. Hydrodynamic Radii (Rh) of Complex Coacervates
from P1, P2, and P3 with Colistin at Long-Term Stable
Conditions at f+ = 0.50, Measured by DLS with CONTIN
Fits at 120°

polymers used for complexation
with colistin at f+ = 0.50

Rh (DLS, averaged based on CONTIN
fits at 120°, Figure S4) (nm)

P1 (PEO45-b-PMAA41) 18 ± 1
P2 (PEO45-b-PMAA81) 77 ± 3
P3 (PEO114-b-PMAA81) 87 ± 2
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surface complex coacervate model with graded interfaces (see
the Experimental Section). The most important parameters
fitted to the data were the aggregation number (P), the radius
of the core (Rin), the width of the interface of the core (σin),
the free fraction of colistin outside of the micelles ( f Col) and
the polydispersity index of the micelles (PDI). Based on these
parameters, the concentration of encapsulated colistin
(cColC3M), the total radius of the core (Rtot), molecular weight
(Mw), and volume fraction of water in the micelle ( fw) could
be calculated (calculations are given in the Supporting
Information). Noncomplex coacervate structures were ana-
lyzed using fit models using either the Debye form factor for
polymers and polyelectrolytes (Figure 2A) or the prolate/
oblate ellipsoid form factor for globular proteins (Supporting
Information).
Generally, in complex coacervation, three phases can be

distinguished based on the charge fractions.27,34 First, the
phase in which there is no formation of complex coacervates

(single chains), second, the phase in which excess charge
causes the formation of either anionic or cationic soluble
complex particles (SCPs) and third, the phase where C3Ms are
present. To figure out this phase behavior and to understand
the colistin-C3M charge dependence, SAXS data was analyzed
using the model in the whole range of 0.09 ≤ f+ ≤ 0.98, a larger
range than the data shown in Figure 2B. The most relevant fit
parameters of the results are summarized in Table 2.
The data for charged matched mixtures are shown in Figure

2A and demonstrate the formation of spherical-like micelles
upon mixing. While the two individual components display
low-intensity scattering with a weak Q−2 dependence at high Q,
the scattering curve from the mixed coacervate is much more
pronounced with a Guinier plateau at low Q and steep decay at
intermediate Q resembling spherical entities. In addition, there
is a clear correlation peak at high Q, which indicates an optimal
packing distance between the colistin and PMAA chains within
the core. This has been found in fully polymeric coacervates

Figure 2. SAXS profiles of PEO45-b-PMAA41 (orange squares) at 1.6 mg/mL colistin sulfate (blue circles) at 3.4 mg/mL, and colistin complex
coacervates at f+ = 0.50 (green triangles (pointing down)) at 5.0 mg/mL total concentration. The lines depict the results of fit analysis using the
Debye model for PEO45-b-PMAA41 and colistin sulfate and the fuzzy-surface complex coacervate model for colistin complex coacervates (A).
Scattering profiles are depicted of complex coacervates at f+ = 0.17 (orange squares), f+ = 0.33 (blue circles), f+ = 0.50 (green triangles (down)), f+
= 0.67 (gray diamonds), and f+ = 0.83 (pink triangles (up)) at a total concentration of 5.0 mg/mL including fitted curves (B). Scattering patterns in
B are fitted using the fuzzy-surface complex coacervate model for the different charge fractions of complex coacervates.

Table 2. Most Relevant (fit) Parameters, Based on Fitting of Different Charge Fractions for C3Ms 0.09 ≤ f+ ≤ 0.98 Using the
Fuzzy-Surface Complex Coacervate Modela

f+ P·103 Rtot (nm) σin (nm) f Col cColC3M (mg/mL) Mw (Da)·106 fw
0.09 0.16 3.8 0.0 0.02 0.8 0.26 0.0
0.17 0.15 4.1 0.0 0.07 1.4 0.25 0.0
0.23 0.15 4.2 0.0 0.07 1.8 0.26 0.0
0.33 0.12 ± 0.05 6.9 ± 0.9 3.0 ± 0.4 0.07 ± 0.01 2.36 ± 0.03 0.19 ± 0.08 0.27 ± 0.03
0.44 1.9 ± 0.6 15 ± 1 1.2 ± 0.4 0.10 ± 0.03 2.81 ± 0.08 3 ± 1 0.59 ± 0.06
0.50 1.4 ± 0.2 15.7 ± 0.3 1.7 ± 0.1 0.16 ± 0.01 2.84 ± 0.01 2.3 ± 0.4 0.74 ± 0.03
0.55 1.0 ± 0.1 15.6 ± 0.1 1.7 ± 0.1 0.21 ± 0.01 2.81 ± 0.04 1.6 ± 0.1 0.78 ± 0.02
0.60 1.2 ± 0.1 15.8 ± 0.2 1.9 ± 0.2 0.38 ± 0.02 2.34 ± 0.07 1.9 ± 0.2 0.80 ± 0.02
0.64 1.2 ± 0.1 16.2 ± 0.6 1.9 ± 0.2 0.48 ± 0.03 2.1 ± 0.1 2.0 ± 0.2 0.80 ± 0.01
0.67 1.12 ± 0.04 16.2 ± 0.2 2.0 ± 0.2 0.54 ± 0.01 1.86 ± 0.02 1.9 ± 0.1 0.78 ± 0.01
0.75 1.3 ± 0.1 16.3 ± 0.4 2.0 ± 0.3 0.71 ± 0.01 1.23 ± 0.05 2.1 ± 0.2 0.75 ± 0.01
0.83 1.5 ± 0.6 16.5 ± 0.3 2.1 ± 0.3 0.82 ± 0.01 0.84 ± 0.01 2 ± 1 0.80 ± 0.08
0.91 1.3 ± 0.2 17 ± 1 2 ± 2 0.91 ± 0.01 0.45 ± 0.02 2.2 ± 0.4 0.80 ± 0.01
0.98 1.4 19 3.8 0.98 0.08 2.4 0.72

aAverages were taken from the fits at three concentrations for f+ ≥ 0.33, while for f+ < 0.33 and f+ > 0.91, only 5.0 mg/mL was possible to be fitted.
Since the concentration of colistin is also lower at lower total concentrations, the cColC3M decreases as well, but for comparison, the lower
concentrations are scaled (normalized) to 5.0 mg/mL.
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and attributed to positional correlations between oppositely
charged electrostatic blobs.59 This feature is the most
pronounced feature at f+ = 0.50 and gradually washed out at
off-stoichiometric charge balances. For mixtures with f+ < 0.50
(Figure 2B), we also observe upturns at low Q, revealing the
formation of micellar clusters. To describe this, a cluster
structure factor, based on a fraction of clustered micelles
placed at a certain distance from each other, was used
(Supporting Information). For 0.33 ≤ f+ ≤ 0.91, fits were
obtained at three different concentrations (5.0, 2.5, and 1.3
mg/mL) and could be normalized and averaged because of
apparent concentration independence within the experimental
error limit (Figure S5, all fits found in Tables S1−S3). Outside
of this region, it was not possible to measure at lower
concentrations than 5.0 mg/mL because of the increased
instability of the system.
The highest concentration of colistin in the complexed

fraction (cColC3M) was found at charge-matching conditions,
close to f+ = 0.50, and decreasing in both directions further
away from charge matching (Table 2). The presence of more
anionic charge seems to affect the size and molecular weight of
C3Ms, especially in the 0.09 ≤ f+ ≤ 0.33 region, where polymer
charges are in excess. The particles formed in this region are
smaller and contain fewer molecules, but from DLS we also
detect larger aggregates (Figure 1). In theoretical models for
complex coacervates, this region is also known as the anionic
soluble complex particle (SCP−) region.27 The border between
SCP− and C3Ms is referred to as the critical excess anionic
charge (CEAC) point, and in the case of P1-colistin-C3Ms, the
CEAC lies between f+ = 0.33 and f+ = 0.44,27,34 which is clearly
shown from the increase of fw. SCPs cannot contain a high
volume of water since they are small and negatively charged,
whereas C3Ms are stable because of the large volume fraction
of water.
C3Ms are present in the 0.44 ≤ f+ ≤ 0.98 region, and even

when there is an excess of colistin charge, the aggregation
number, size, molecular weight, and water volume fraction of
the C3Ms, and the width of the fuzzy surface (σin) remain
consistent (confirmed by the density profiles shown in Figure
S6). However, the fraction of free colistin exhibits a negative
correlation with f+. At higher f+-values, there is a sharp cutoff
from C3Ms to no structures (around f+ = 0.98). This is an
indication that there is no SCP+ region and consequently, no
critical excess cationic charge (CECC) point. The further away
from charge matching conditions, we either observe more
aggregates and smaller particles ( f+ < 0.50) or lower
encapsulation efficiency (cColC3M) ( f++ > 0.50). These findings
are summarized and illustrated in Figure 3.
As illustrated in Figure 3, from left to right, four phases can

be distinguished. In the first phase (I) where the polymer
charge is in excess, the polymer and colistin do not form any
complexes but are rather present as single chains. In the second
phase (II), we have the negatively charged soluble complex
particles that are smaller than C3Ms, in which the polymer
charge is in excess. The third phase (III), after the critical
excess anionic charge (CEAC) point is crossed, is the C3M
phase. The largest number of C3Ms with the lowest free
fraction of colistin can be found at charge matching at 16%. At
higher f+ values, the number of C3Ms decreases while the free
fraction of colistin increases. In the fourth phase (IV), the
polymer and colistin do not form complexes, but in this case,
the colistin charge is in excess. Considering the focus on
stability and toxicity decrease, charge-matching conditions ( f+

= 0.50) were taken further into characterization, as this system
is stable and has the lowest free fraction of colistin (Figure 3).
In addition to these observations, it has to be considered that
C3Ms generally are dynamic systems.27,34,35,68 In the circum-
stances in which these C3Ms are formed, the micelles are in a
kinetically arrested state. However, the metastable C3Ms could
be affected by changes in pH, altering the effective charge,
addition of ionic strength, or dilution of systems, which are
parameters that are especially relevant in biological settings.
For many different C3Ms formulations, this behavior is
intrinsically different.27,68 To assess the effect of ionic strength
changes and pH changes, we exposed the P1-colistin-C3Ms at
f+ = 0.50 to increased ionic strength of physiological levels
during mixing (Figure S7, Table S4) and after mixing (“salt
annealing”) (Figure S8, Table S5), and mixed P1-colistin-
C3Ms at several different pH values between 5.0 and 8.7
(Figure S9, Table S6). We only found a small effect of
increasing ionic strength in both mixing and after mixing
within physiological ionic strength levels (Figures S7 and S8).
Upon gradual addition of 0.30 M of NaCl, the P1-colistin-
C3Ms swells (higher fw, while Rtot increased, and P remained
the same) and became generally more polydisperse, which was
expected from the increased screening of charges.27 After the
addition of 0.30 M NaCl and at 0.50 M NaCl, the C3Ms
disintegrate into smaller micelles with lower aggregation
numbers. Decreasing the pH caused an increase in
polydispersity, as well as a small decrease in size and
aggregation, and an increase in the free fraction of colistin
(from 16% at pH = 7.4) to 60% at pH 5 and 6. Most likely
because of the decreased charge of the PMAA block, which is
known to have a pKa between 4 and 5.69 Less charge in the
system from polymer will lead to a decrease in colistin
complexation. An increase in pH resulted in the same colistin-
C3Ms found at physiological pH (pH = 7.4), with a slightly
increased aggregation number and decreased polydispersity.
To further investigate the stability toward dilution, we

investigated the (apparent) critical micelle concentration
(CMC) with a pendant drop tensiometer (Figure S10).27,70

Above the CMC, the C3Ms are in an effectively arrested state,
while below the CMC, the C3Ms may dissociate into their
corresponding compounds. The CMC was found to be around
0.3 mg/mL. SAXS data confirms these findings since around
concentrations of 0.3 mg/mL, micelles start dissociating
(Figure S11). Since we have established the boundaries of
the kinetically arrested state and found the most optimal
formulation based on stability, structure, size, and composi-

Figure 3. Graphical illustration of the effect of charge fractions on the
formation of complex coacervates. At f+ < 0.09 (I), no complex
coacervates are formed, followed by the SCP-phase (II), in which
negatively charged small structures are present until the CEAC point
between f+ of 0.33 and 0.44. After the CEAC, C3Ms are formed (III),
with a decreasing fraction forming micelles the further you go up the
scale. From f+ = 0.98 (IV), again, no complex coacervates are formed.
Illustrations are not scaled.
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tional characteristics, we can begin assessing their therapeutic
potential. Characterization of f+ = 0.50 colistin-C3Ms
encompassing their antimicrobial, enzyme protection, release,
serum binding, and toxicity properties was performed.

3.2. Antimicrobial Properties. To compare the antibiotic
properties of the C3Ms versus free colistin, first, a disk
diffusion assay (DDA) was performed. In the DDA the
susceptibility of E. coli, Serratia indica, P. fluorescens, A.
vinelandii, and B. subtilis as a control (Figure S12) were tested
in the presence of colistin and colistin-C3Ms.71,72 The best
results were obtained for E. coli (Figure 4A) in the conditions

that were assessed, since S. indica grew back over the inhibition
zones (Figure S12), while P. fluorescens was not visibly affected,
and A. vinelandii showed immeasurable small inhibition zones.
Second, the MIC50 values (minimum inhibitory concentra-
tions) for both formulations were determined in E. coli culture,
to see whether there is a difference in susceptibility based on
the introduction of polymer in the bacteria growth medium.71

To determine the MIC50, the turbidity was measured, with
higher turbidity indicating increased bacterial proliferation,
after which a sigmoid was fitted to the data (Figure 4B).
There were no significant differences between colistin and

colistin-C3Ms in the susceptibility of E. coli for both
experiments (Figure 4). In the DDA, the sizes of inhibition
zones were respectively 1.9 ± 0.1 and 1.8 ± 0.3 mm for colistin
and colistin-C3Ms (Figure 4A), while the MIC50 values were
1.5 ± 0.1 and 1.4 ± 0.1 μg/mL respectively (Figure 4B). The

MIC50 values measured were in the expected range for colistin,
as values between 0.5 and 8.0 μg/mL have been reported
before in different assay conditions.73,74 In the MIC50
determination, the concentrations tested were all below the
CMC, meaning no C3Ms were present in the agar samples.
Hence, only the effect of the addition of polymer could be
assessed, and based on Figure 4B, the polymer did not seem to
affect the antimicrobial properties of colistin. Since there are
no significant differences between colistin and C3Ms in the
DDA, the C3Ms likely disintegrate, releasing the colistin in the
process, resulting in no losses in antimicrobial activity.
However, another option is that the micelles stay intact and
exert their antimicrobial effect as particles, even though this is
less likely since C3M systems are susceptible to dilution over
the whole agar plate. In addition, Kourmouli et al.72 found that
nanoparticles of similar size containing antibiotics have a
significantly decreased diffusivity, and if the antibiotics are not
released, no antimicrobial effect could be observed.

3.3. Enzymatic Breakdown Susceptibility. Generally,
AMPs, and therefore also colistin, are known for their low in
vivo stability due to protease degradation.26,75 The complex-
ation of colistin could be advantageous if it improves the
retainability and stability, by protecting the drug from
degradation by enzymes. To assess the enzymatic susceptibility
of colistin versus colistin-C3Ms in concentrations above the
CMC, two peptidases with a broad specificity were used:
proteinase K and subtilisin. Trypsin was also assessed but was
found ineffective in breaking down colistin (Figure S13). To
visualize the hypothesized effect and experimental design of
colistin breakdown for colistin and colistin-C3Ms, an
illustration was made (Figure 5A,B). The enzymes were either
added to colistin, then incubated, and then complexed with
polymer (Figure 5A), or the enzymes were added to the C3Ms
and then incubated (Figure 5B). The SAXS patterns are shown
in Figure 5C,D and then compared to theoretical, non-
interacting (calculated) enzymatic breakdown SAXS patterns.
These theoretical SAXS patterns were calculated by simple
addition of the scattering of each component separately
(polymer, colistin, and the small contribution of enzyme) to
resemble 100% enzyme breakdown, called “No C3M
protection (A)”. Equivalently, the theoretical scattering curves
from C3Ms added to the negligible enzyme scattering
(resembling 0% enzyme breakdown) are called “C3M
protection (B)” (Figure 5C,D). The data from both methods
was analyzed using the fuzzy sphere complex coacervate model
and compared to regular C3Ms (Table S7).
From the fits, for proteinase K degradation, the molecular

weight of C3Ms changed from Mw = 2.3 ± 0.4 MDa to Mw =
0.13 MDa without C3M protection and Mw = 2.1 MDa with
C3M protection. For subtilisin degradation, the decrease in
molecular weight of the complex coacervates was more
extensive. The molecular weight dropped from Mw = 2.3 ±
0.4 MDa to Mw = 0.042 MDa without C3M protection and to
Mw = 1.1 MDa with C3M protection. Therefore, it is apparent
that the C3Ms protect colistin from enzymatic breakdown,
while in a noncomplexed state, colistin is prone to enzymatic
degradation by both proteinase K and subtilisin (Figure 5).
Proteinase K can cleave colistin such that the average
molecular weight of colistin complex coacervates was reduced
by a factor of ≈ 20, while subtilisin breakdown results in a
molecular weight reduction of ≈ 50 times. Subsequently,
C3Ms seem unaffected by proteinase K, while subtilisin caused
a reduction of approximately factor two in molecular weight. In

Figure 4. Disk diffusion assay (DDA) of colistin and colistin-C3Ms
with 3.0 μg of colistin in the E. coli agar medium (A). The inhibition
zones were measured, averaged, and compared. MIC50 determination
of colistin (orange diamonds) and colistin-C3Ms (blue circles) on E.
coli using the agar dilution method (B). The turbidity was plotted
against the concentration, which was plotted on a logarithmic scale to
improve visibility. The colistin (black line) and colistin-C3Ms curves
(black dashed line) were fitted with a sigmoid function from which
the MIC50 values were determined, which are plotted in the figure
(orange dashed line for colistin and blue dotted line for colistin-
C3Ms).
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conclusion, C3Ms seem to have a comparable protection effect
for both enzymes, compared to noncomplexed colistin:
enzymatic breakdown reduction by a factor of ≈20 for its
molecular weight. Furthermore, complexation was found to be
beneficial to the enzymatic stability and potentially the
retainability of colistin. Nevertheless, it must be noted that
these studies do not indicate the colistin activity after
enzymatic degradation, even though the C3Ms stay intact.
However, the retainability of colistin, if improved, can reduce
the quantities of colistin needed for treatment, lowering its
dose, and reducing the side effects of colistin.

3.4. Human Serum Albumin (HSA) Binding. Next to
enzymatic destabilization causing low retainability, (serum)
protein binding is another factor that can negatively affect
colistin’s in vivo stability.26,27,62,68 Since colistin-C3Ms would
be transported in the bloodstream, it can interact with several
different (small) proteins that can bind to colistin or the PEO-
b-PMAA and affect the encapsulation effectivity of the colistin-
C3Ms. To investigate whether the C3Ms are structurally
affected by the presence (of high levels) of serum proteins,
HSA was added in two different molar ratios of 1:10 and 1:20
(HSA:colistin) and measured using SAXS (Figure 6). Fits were
again performed using the fuzzy-surface complex coacervate
model, in which the scattering of HSA was included by adding
the form factor of a prolate/oblate ellipsoid to the model.

Through the model fits, it was possible to extract the effect
of HSA showing only a minor effect on the structure of C3Ms.
The total radius was reduced from 15.7 ± 0.3 to 13.8 ± 0.3
nm, while the polydispersity index was essentially the same,
18% and 20% before and after exposure of HSA up to 1:10
(mole ratio). The colistin-C3Ms thus stay intact with a similar
aggregation number (P) and molecular weight, while the free
fraction of colistin also remained around 16% (Table S8). A
possible reason for the size reduction could be the increase of
total charged polyelectrolytes in the system, leading to a
reduction of water in the core because of osmotic flow.76,77

This results in a slight condensation of the colistin and
polymers in the core.27,77 Even though the size of the C3Ms
was changed significantly, the micelles stayed intact with the
same composition, showing promising drug delivery character-
istics.

3.5. Toxicity. The level of cytotoxicity indicates the
availability of colistin in cellular environments and is an
indication of the protection level of the cargo.28,78 With the
quantification of the toxicity level of colistin and colistin-
C3Ms, we could find out what cell types are most prone to
colistin toxicity, as well as compare how colistin and
encapsulated colistin affect the cytotoxicity of living cells. To
measure the cytotoxicity of colistin-C3Ms and noncomplexed
colistin, four different cell types were investigated that all have

Figure 5. Illustrations of hypothesized enzymatic breakdown comparisons (A, enzyme attacks colistin and then undergoes complexation, and (B)
enzyme attacks after complexation) and SAXS patterns of enzymatic breakdown of colistin (3.4 mg/mL) versus colistin-C3Ms (total concentration
of 5.0 mg/mL) in the presence of proteinase K (C) and subtilisin (D). Theoretical SAXS patterns were calculated based on either the added
scattering from C3Ms and enzymes (0% enzyme breakdown, orange squares) or colistin, polymer, and enzyme separately summed up (100%
breakdown, blue circles) (C, D). The effect of enzymatic degradation after 24 h at 37 °C was measured by either adding enzyme to colistin,
followed by complexation with polymer (illustrated in A, and the graphs in C and D, indicated by green triangles) or addition of enzyme to C3Ms
(illustrated in B, and the graphs in C and D, indicated by gray diamonds). The SAXS patterns were fitted using the fuzzy-surface complex
coacervate model for complex coacervates.
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relevance to the nephrotoxic properties of colistin. We
investigated human embryonic kidney 293 cells (HEK), an
immortalized cell line derived from human embryonic kidney
cells. Second, we investigated human mesenchymal stem cells
(MSC), multipotent cells that can be isolated from several
tissues, including the kidney.79 The third cell type was human
gingival keratinocytes (HGK). They play an important role in
promoting strong epithelial bonds, which are highly relevant
for renal physiology.80 Lastly, human umbilical cord
endothelial cells (HUVEC) were tested, which are generally
used as a model for vascularized tissues, like the kidneys.81

MSC, HGK, and HUVEC were exposed to freeze-dried
colistin-C3Ms to facilitate addition to cell cultures (freeze-
drying effect: Figure S14) and noncomplexed colistin. To
assess the toxicity, the lactate dehydrogenase (LDH) level and
caspase-3 level were measured with two colorimetric bioassays
(Details in the Experimental Section). LDH is a biomarker for
necrosis,82 whereas caspase-3 is a well-described protease that
plays a role in programmed cell death (apoptosis).83 LDH and
caspase-3 were measured after 24, 48, and 72 h of exposure
(Figure 7), and light microscopy was used to image the cell
morphology (Figure S15).
Based on LDH and caspase-3 measurements, colistin, and

colistin-C3Ms were found to have a different effect on the
various cell types tested, but in general to be mildly toxic for all
cell types (Figure 7). For HEK 293, the caspase-3 levels were
up to 3-fold increased on day one and 2-fold increased on day
two for both colistin and colistin-C3Ms, while there were no
significant differences in LDH activity (Figure 7A). For MSC,
the LDH activity was found to be 2-fold increased after 24 h
and reduced in the later days because of necrosis-induced dead
cell detachment,82,84 while there was no significant difference

in caspase-3 levels after 24 h (Figure 7B). Subsequently, MSC
cell death was likely caused by increased necrosis from colistin
and colistin-C3M treatments. Colistin, and colistin-C3M both
caused necrosis (LDH) and apoptosis (caspase-3) of HGK
after 24 h (Figure 7C). Notably, PEO-b-PMAA caused an
unexpectedly high spike in LDH level after 48 h as PEO and
PMAA are generally found to have low toxicities85,86 (Figure
S15). Lastly, in HUVEC cells, there was no significant effect
for any treatment in the first 24 h (Figure 7D). However, after
48 h, a decrease in both LDH and caspase-3 values was
observed. These findings are most likely a result of lower cell
proliferation or a result in cell arrest of the treated HUVEC
cells compared to untreated cells, rather than a toxic effect.
This might indicate a higher resistance of this cell type,
compared to MSC and HGK.
Generally, for all cell types, we found that the cytotoxicity of

colistin-C3M was not lower than that of colistin itself. Most

Figure 6. SAXS patterns of C3Ms (blue circles) and C3Ms with
added HSA at a ratio of 1:10 HSA:colistin (green triangles) and 1:20
HSA:colistin (gray diamonds) are presented in (A). To better
visualize the effect of HSA addition, we show HSA by themselves
(orange squares) and C3Ms by themselves (blue circles) in (B), as
well as the scattering patterns in which HSA is combined with C3Ms
separated by multiplication of the I(Q) with a factor of 10 for 1:20
HSA:colistin (green triangles) and 100 for 1:10 HSA:colistin (gray
diamonds) to increase the visibility of structural changes. The SAXS
patterns were fitted using the fuzzy-surface complex coacervate model
for complex coacervates with added prolate/oblate ellipsoidal
scattering of HSA if present.

Figure 7. Cell viability of human embryonic kidney 293 (HEK) cells
(A), mesenchymal stem cells (MSCs) (B), human gingival
keratinocytes (HGKs) (C), or human umbilical cord endothelial
cells (HUVECs) (D) treated with colistin, PEO-b-PMAA, or colistin-
C3Ms. Lactate dehydrogenase (LDH) and caspase-3 activity were
measured in the corresponding cell culture medium, expressed as fold
change of control at 24, 48, and 72 h. Data are presented as the mean
effect of 3 parallel cellular experiments for each stimulation at each
time point. Significantly different from untreated control cells at each
time point at *p < 0.05, **p < 0.01, and ***p < 0.001.
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likely this is caused by cell-drug interactions with colistin and
C3Ms′ colistin release during the 24 h. Even though no direct
reduction of toxicity was found from complexation, it is
another indication, next to the antimicrobial effect that the
colistin is still active. In any case, more testing needs to be
considered on cytotoxicity, in vivo stability, and drug effectivity
to validate the viability of colistin-C3Ms for actual in vivo
purposes.

4. CONCLUSIONS
In this work, we demonstrated the preparation of PEO-b-
PMAA-colistin-C3Ms that are highly stable and reproducible.
Scattering techniques (DLS and SAXS) were employed to
analyze the structure and stability of colistin complex
coacervates at different charge fractions. Using a detailed
SAXS model, built up of three scattering contributions:
complex coacervate scattering, free component scattering,
and an internal structure factor from the polyelectrolyte core, it
was possible to quantify the complex coacervates on their
structure, molecular weight, size, and composition. Based on
the fit analysis the highest therapeutic potential of colistin
complex coacervates was found to be at polyelectrolyte charge-
matching conditions. C3Ms at this charge fraction exhibited
the highest colistin complexation efficiency while being long-
term stable. Subsequently, this formulation was assessed on
several properties that are important for clinical purposes, like
ionic strength effect, pH dependency, CMC, antibiotic
properties, (enzymatic) stability, serum protein binding, and
toxicity. The C3Ms demonstrated similar antibiotic effective-
ness and equivalent toxicity compared to noncomplexed
colistin, while the complexation of colistin into C3Ms was
found to improve the protection against enzymatic degrada-
tion. Moreover, the presence of HSA had a negligible impact
on C3Ms, which remained intact upon HSA addition.
Comparing C3Ms and noncomplexed colistin, we found a
similar antimicrobial/toxic effect, low HSA binding, and
increased enzymatic stability. We believe the complexation of
colistin in C3Ms could still be a viable strategy to reduce the
total toxicity since the retention of colistin in complexed form
is improved providing the possibility of reducing the
concentration of the administered drug. Consequently, our
study suggests that C3Ms incorporating colistin might offer a
novel addition to the array of antibiotic formulations suitable
for e.g., topical treatments in clinical applications.
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