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The increasing antibiotic resistance in bacteria is an alarming phenomenon all
around the world. Certain strains have developed resistance against multiple
antimicrobial molecules, in which cases, the final option is to use a last-resort
drug. These drugs, however, are last-resort for a reason: they can pose serious risk
on vital organ functions in the patient. To mitigate the risk of severe side-effects
and to reduce the rate of bacterial mutation, co-administration with other
molecules that increase their efficacy seems to be the only suitable option.
This leads to a reduced dose while maintaining the same level of antibiotic
activity within the body. In this study, the effect of heparin derivatives on the
antibiotic activity of colistin and their interactions were studied by ion mobility,
mass spectrometry, and bacterium growth assays. The results show that during
the association of colistin and heparin, they retain their structure while higher-
stoichiometry complexes can form. When long-chain heparin is co-administered,
multiple colistin molecules can associate with it, which increases the antibiotic
activity by ~40% relative to the sole administration of colistin.
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1 Introduction

Antibiotics are in the center of attention in biosciences due to the ever-increasing
occurrence of multi-drug resistant bacteria. Based on a recent study, there were nearly five
million cases of antimicrobial-resistance-associated deaths in the world within 1 year, where
four out of the six deadliest pathogens were Gram-negative bacteria (Murray et al., 2022). In
these bacteria, there is a thin peptidoglycan layer between an inner (cytoplasmic) cell
membrane and an outer membrane, which makes it more difficult to defeat them with
antimicrobial substances.

In the fight against multi-drug resistant bacteria, there are a few so-called “last-resort”
molecules (Powers and Trent, 2018; Ahmed, 2021) that are only used in special cases as a
result of their strong side effects. However, this allows for one last opportunity to fight off
infections from which the patient is otherwise not able to recover on their own. For Gram-
negative bacteria, one of these last-resort antibiotics is colistin, or polymyxin E, although
certain bacterial strains cultivated from hospitalized patients have already started developing
resistance against this molecule as well (Li et al., 2020; Hamel et al., 2021). The uncertainty
around the mechanism of colistin’s antibiotic activity has been recently resolved by a study
revealing that the low, ~1% abundance of lipopolysaccharides in the cytoplasmic membrane
of Gram-negative bacteria is enough for the interaction with colistin, leading to membrane
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permeabilization and subsequent lysis (Sabnis et al., 2021). At the
same time, its use has been restrained due to its nephrotoxicity
(Ordooei Javan et al., 2015). Since the physiological resources of
patients needing last-resort antibiotics are often exhausted, it is
imperative that drug administration does not overwhelm the organs
more than necessary. The most obvious solution is to reduce the
dose, but a lower dose leads to lower efficacy and, most likely, to
developing resistance against the last-resort drug, too. Therefore,
potential solutions include the co-administration of synergistically
acting molecules, which in turn also leads to lower doses of the
primary antibacterial drug.

In this study, the interaction of colistin with different heparin
derivatives, i.e., unfractionated heparin, low-molecular-weight
heparin, and a synthetic analogue, fondaparinux was studied.
Heparin is an anti-coagulant, and its derivatives are often
administered in hospitalized patients (Greinacher et al., 1995;
Petitou et al., 2003; Thomas et al., 2015; Karlsson et al., 2021).
Furthermore, the role of heparin in the treatment of septic patients is
often highlighted, although the understanding of its utility as an
antiseptic is still under discussion (Umemura et al., 2016; Li and Ma,
2017; Meziani et al., 2017; Scarlatescu et al., 2017). Heparin is a
polyanion, and it is therefore expected to interact with positively
charged functional groups, such as the amino group in the
diaminobutyric acid residues within colistin. In the studies
conducted here, samples of colistin and Kdo2-lipid A, a model
lipopolysaccharide with steady concentration were prepared with
increasing fondaparinux (i.e., a heparin analogue) concentration.
The results indicated that within the clinically administered
concentration ranges for each heparin derivative, all of them can
increase the efficacy of colistin, with longer chains leading to a 40%
higher bacterium growth inhibition than colistin alone in
Escherichia coli.

2 Materials and methods

In every experiment, Milli-Q (18.2 MΩ cm) water was used.
Colistin sulfate, fondaparinux, Kdo2-lipid A, ammonium acetate
(NH4OAc, 7 M), and tetraethylene glycol monooctyl ether (C8E4)
were purchased from Sigma. The enoxaparin sample was prepared
from a European Pharmacopoeia reference standard. The
unfractionated heparin (UFH), lysogeny broth (LB) medium and
LB agar plates were obtained from Roth, while glycerol from
Thermo Scientific was used. The E. coli K12 AR3110 strain stock
was kindly provided by Dr. Chuanxiong Nie (FU Berlin).

2.1 Ion mobility-mass spectrometry studies

2.1.1 Sample preparation
Fondaparinux was used in the mass spectrometry-based studies

as a synthetic heparin analog, as enoxaparin and UFH are highly
heterodisperse, which prevents their gas-phase study without
elaborate purification and separation steps prior to the
experiments. The sample was desalted prior to the experiments
by using a 5 mL HiTrap desalting column (Cytiva, 1 mL/min flow
rate) in a Knauer FPLC. Colistin and fondaparinux aqueous stock
solutions of 50 µM were prepared in 250 mM NH4OAc. The 50 µM

Kdo2-lipid A stock solution was prepared by dissolving it in 250 mM
NH4OAc supplemented with 0.5% C8E4, i.e., at 2x the critical
micelle concentration (Landreh et al., 2017).

2.1.2 Ion mobility studies
The stock solutions without further dilution were loaded onto

Pd/Pt coated nanoelectrospray capillaries manufactured in-house. A
Bruker timsTOF Pro equipped with an electrospray ion source
(3500 V source voltage) was used to collect ion mobility data. In
this instrument during trapped ion mobility spectroscopy (TIMS),
ions are propelled through the mobility cell by a N2 flow. When an
electrical field is applied within the cell, ions are separated and
stopped at a position (defined by the ions’ respective mobility) where
the force of the electrical field counteracts the gas flow’s push on the
different ions. When the electrical field is slowly ramped down, ions
are sequentially released from themobility cell based on their inverse
reduced ion mobility (1/K0). Each data set was calibrated with the
ESI-L Low Concentration TuneMix (Agilent) to yield collision cross
section distributions.

2.1.3 Mass spectrometry-based competition
studies

Mass spectrometry was used to gain semi-quantitative
information of the competition between Kdo2-lipid A and
fondaparinux for colistin. Equal amounts (24 µL) of 50 µM
colistin in 250 mM NH4OAc with 0.5% C8E4, 50 µM Kdo2-lipid
A stock, and 0–200 µM fondaparinux stocks were mixed together,
yielding seven equidistant points on the fondaparinux concentration
axis (0, 11.1, 22.2, 33.3, 44.4, 55.6, and 66.7 µM). The samples were
introduced into a Bruker timsTOF Pro by a syringe pump connected
to an electrospray source (3500 V source voltage). The fixed distance
and diameter of the sample capillary allows for the precise
observation of tendencies in the ion signal intensities as a
function of fondaparinux concentration. Six data sets were
recorded at each concentration for reproducibility.

2.2 Bacterium growth studies

Pre-cultures of E. coli K12 AR3110 were made by mixing a
bacterial suspension of OD600 = 1.0 with equal volume of 50%
sterile aqueous glycerol solution, and 1 mL aliquots were snap-
frozen in liquid nitrogen. Before the experiments, a pre-culture
aliquot was thawn in a heating block at 30°C over 3.5 min, 200 μL of
the pre-culture was added to 9.8 mL of LB medium, and the
suspension was thoroughly mixed by inversion and vortexing.
540 μL of this bacterial stock suspension was transferred to
prelabelled 1.5 mL reaction tubes. After 12.5 min, 30 µL of the
20x stock solutions of colistin and the respective heparin
derivatives (prepared in LB medium) were added to the 540 µL
bacterial suspension. After adding all substances, the bacterial
suspension was mixed by inverting three times before
transferring 4 × 100 µL of the bacterial-substance mixture onto a
96-well plate for technical replicates. 200 μL of water was pipetted in
each of the outer wells, which were not used for samples, to maintain
the humidity level in the system. The lid was placed on top and the
96-well plate was sealed with Parafilm®. 52 min after thawing the
pre-culture, the 96-well plate was placed in a preheated 37°C plate
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reader (Tecan Infinite). The measurement parameters for the plate
reader were: 894 s orbital shaking at 2.5 mm deflection (244.5 rpm),
3 s settle time, five consecutive flashes at 600 nm.

The heparin derivatives (fondaparinux, enoxaparin, and UFH)
and colistin were added at physiologically relevant concentrations:
the former at 50% and 100% at the maximum clinical blood levels
(1.07 μg/mL, 10 μg/mL, and 5.18 μg/mL for fondaparinux,
enoxaparin, and unfractionated heparin, respectively, at 100%)
(Sule et al., 2009), while the latter at 50% of its minimum
inhibitory concentration (0.5 μg/mL) (Morales et al., 2012). The
experiments were repeated with a second E. coli culture from the

same strain on the next day to account for culture-to-culture
variation.

3 Results and discussion

Colistin is an antibiotic that targets lipopolysaccharides in the
bacterial cell membranes (Sabnis et al., 2021). However,
lipopolysaccharides are much too diverse biomolecules for
standard interaction studies; therefore, Kdo2-lipid A, a
lipopolysaccharide model was used in the ion mobility-mass
spectrometry experiments. To understand the conformational
diversity of the in vacuo complexes, the collision cross section
distribution curves of the pure substances were recorded first
(Figure 1). Colistin (1+) and Kdo2-lipid A (2-) show single peaks
in their collision cross section distribution, while fondaparinux (1-),
a homogeneous synthetic heparin analogue, appears in two distinct
gas-phase conformers with minute collision cross section difference.
Therefore, it can be expected that in the colistin-Kdo2-lipid A and
the colistin-fondaparinux complexes, distinct populations are
separated based on binding sites in the individual molecules and
not based on their conformations.

In Figure 2, the collision cross section distribution curves of the
colistin-Kdo2-lipid A (m/z = 1,698, 2+) and the colistin-
fondaparinux complex (m/z = 1,332, 2+) are shown. Due to the
amino groups in colistin, the phosphate groups in Kdo2-lipid A, and
the carboxylic- and sulfate groups in fondaparinux, it is expected
that the forces stabilizing their complexes rely strongly on
electrostatic interactions. The difference between the two
complexes is well visible. While there are several distinct
populations within the colistin-Kdo2-lipid A complex
conformations, the colistin-fondaparinux complex only has a few
components. Collision cross sections can yield insights into the
nature of interaction specificity as well, as also seen in the isotropic
growth of collision cross section in the case of amyloid peptides
(Bleiholder et al., 2011). Even though, the association of these

FIGURE 1
The molecular structure and collision cross section distributions of colistin, Kdo2-lipid A, and fondaparinux in their 1+, 2-, and 1- charge states,
respectively.

FIGURE 2
The collision cross section distributions of the colistin-Kdo2-lipid
A complex (m/z = 1,698, 2+) and the colistin-fondaparinux complex
(m/z = 1,332, 2+).
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molecules is not homodimeric as in the case of amyloid peptides,
analogous conclusions can be drawn.

In the case of colistin-Kdo2-lipid A interaction, the collision
cross sections extend over a range of ~100 Å2, which suggests that
while certain conformations may not be functional, others are
formed based on specific interactions. These specific interactions
are crucial for altering the environment in the bacterial cell
membrane and eventually for achieving cell lysis. The higher
number of complex conformations can be attributed to probable
interactions that are different from electrostatic attraction, such as
those between the lipid tails and the hydrophobic regions within the
colistin molecule. However, it is worth considering that under
physiological conditions, colistin interactions with fondaparinux
are not hindered sterically as they both flow freely in the blood
stream, while Kdo2-lipid A is embedded in the bacterial membrane,
which may lead to a significant reduction of complex geometries as
opposed to those observed in the gas phase.

In the case of colistin and fondaparinux, the two molecules are
very close to each other in collision cross section (342 Å2 and 319 Å2,
respectively), and thus the calculation of the isotropic growth

(Bleiholder et al., 2011) based on their average collision cross
section can give a good estimate on structural alterations. The
isotropic growth based on non-specific association would lead to
a collision cross section of 525 Å2. The two peaks in the colistin-
fondaparinux complex collision cross section distribution (Figure 2
bottom) are at 515 Å2 and 525 Å2, respectively (although, more
components are expected to construct the curve), which means that
the colistin-fondaparinux interaction leads to complexes that
preserve the original structure of the molecules, or only slightly
alter them. These findings are promising in the consideration of
heparin derivatives as carriers of antibiotic substances, since the
molecular structures remain intact.

To understand the competition between Kdo2-lipid A and
fondaparinux for colistin, mass spectrometric studies were
conducted on solutions containing all three substances with
increasing fondaparinux concentration. Figure 3A demonstrates the
changes in the colistin-fondaparinux complex signal with respect to
fondaparinux concentration. An increasing trend emerges into a
plateau as fondaparinux becomes more prominent in the system. It
is important to note that these results are semi-quantitative only: the
system was only stable in a micelle solution, which can significantly
alter the transport efficiency and signal intensity of complex ions. This
is due to the harsher conditions (i.e., gas-phase activation) needed to
help the complexes escape from the micelles, which can have a
deterministic effect on the number of intact complexes.

While the colistin-fondaparinux signal reached a plateau, the
signal of free colistin was still significantly higher than that of the
complex, and only experienced a slight decrease at high
fondaparinux concentrations. The nonlinear concentration
dependency of the colistin-fondaparinux signal suggests that
higher-stoichiometry complexes are also possible. Complexes

FIGURE 3
(A) The signal intensity trend of the colistin-fondaparinux
complex (m/z = 1,332, 2+) with increasing fondaparinux
concentration as derived from mass spectrometry-based titration
experiments (presented in arbitrary units). The error bars indicate
standard deviation (N = 6). (B) The collision cross section distribution
of the 2:1 colistin:fondaparinux complex (m/z = 1,273, 3+), indicating
the possibility of higher-stoichiometry complexes built up by these
molecules.

FIGURE 4
The OD600 values recorded in bacterium growth assays with the
heparin derivatives being present at 50% of their maximum clinically
administered blood concentration (Sule et al., 2009). The error bars
indicate standard deviation (N = 8). MIC50 denotes the presence
of colistin in 0.5 μg/mL concentration, i.e., at 50% of its MIC (Morales
et al., 2012). The positive control was recorded on samples with
1.0 μg/mL colistin concentration (MIC) and the negative control was
recorded on samples without colistin and heparin derivatives.
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containing more than one fondaparinux molecule could not be
isolated; although, their existence could still not be ruled out as these
higher-stoichiometry complexes could eventually dissociate under
the activating conditions. Meanwhile, the 2:1 colistin:fondaparinux
complex was detected (Figure 3B), which implies that heparin and
its derivatives can potentially concentrate colistin at the bacterial cell
membrane if they interact with it.

To understand how heparin affects the antibiotic efficacy of
colistin, bacterial growth studies were conducted, and the
OD600 values were recorded over several cell cycles. The results
of the growth studies in the presence of fondaparinux, enoxaparin,
and unfractionated heparin at 50% of the maximum clinically
administered blood concentration are demonstrated in Figure 4.
The reason behind using clinical blood concentrations instead of
matching the mass concentrations is that each of these molecules has
an approved concentration range within which they are most
effective without any adverse effects, such as heparin-induced
thrombocytopenia. The positive control (light gray trace) shows
that the culture is sensitive to colistin, and the minimum inhibitory
concentration (MIC) results discussed in the literature (1.0 μg/mL)
are effective in the case of this strain as well (Morales et al., 2012).

The effect of heparin derivatives on the bacterium cultures was
also evaluated as negative control (empty markers). The results
indicate that the bacterium strain was not sensitive to heparin
derivatives at either of the concentrations (50% or 100%
clinically administered levels, the latter shown in Supplementary
Figure S1). Therefore, the bacterium strain was suitable for further
studies, as the changes in growth rate could not be biased by the
heparin derivatives alone.

As visible in Figure 4, each heparin derivative had a positive
effect on colistin efficacy against E. coli. Based on the results and the
administered mass concentration of the respective heparin
derivatives, it is clear that the most deterministic effect on
colistin efficacy was caused by the chain length of the heparin
derivatives. In fact, increasing their concentration reduced the
overall increase in efficacy (Supplementary Figure S1), since the
colistin:heparin derivative molecule ratios decreased.

The time-dependent growth-rate inhibition (GRI(t)) was
calculated over several cell cycles based on the following equation:

GRI c, t( ) � 2
log2 x c,t+Δt( )/ x c,t−Δt( )( )
log2 x 0,t+Δt( )/ x 0,t−Δt( )( ) − 1

where c corresponds to the added substance (colistin with or without
the respective heparin derivative) at their marked concentrations (50%
or 100%), x is the OD600 value that correlates with the cell count, t is
the time, and Δt is the time step with which the data points were
recorded. Hafner et al. (2016) Δt was chosen to be ~40 min, i.e., the
OD600 values recorded ± 2 time steps around the given point.

The GRI(t) results are shown in Figure 5A. Each heparin derivative
at both selected concentrations increases the GRI compared to pure
colistin. In the case of fondaparinux (dp5, where dp stands for degree of
polymerization, i.e., chain length) and enoxaparin (up to ~ dp14), the
two different concentrations yield very similar growth rate inhibitions
(although, the exponential nature of the function must be noted). In
comparison, UFH with much longer chains on average than the other
two substances shows a significant increase in supporting the antibiotic
efficacy of colistin at 50% of its maximum concentration. Therefore, it
appears that a higher colistin:heparin chain ratio is more desirable for
increasing colistin efficacy. In themass spectrometry experiments, the 2:
1 colistin:fondaparinux complex could be isolated (Figure 3B), leading
to the conclusion that higher-stoichiometry complexes exist. With
longer heparin chains, multiple colistin molecules are expected to
associate with a single chain. Consequently, the colistin:heparin ratio
could significantly decrease due to kinetics considerations when twice as
many heparin chains are available for interaction. This further solidifies
the conclusion that longer heparin chains increase the positive influence
on colistin efficacy. If a colistinmolecule associated with a heparin chain
interacts with the bacterial membrane, there is a higher chance that
other colistin molecules complexed with the same chain will also
interact with the membrane. As a result, there is an increased
probability that at least one colistin molecule reaches a
lipopolysaccharide within the cytoplasmic membrane, which leads to
the fluidization of the bacterial membrane and subsequent cell lysis
(Sabnis et al., 2021). While shorter chains may increase the probability
of interaction by a factor of few, long heparin chains can do so by even
an order of magnitude.

To understand how heparin derivatives can increase colistin
efficacy relative to pure colistin, the relative inhibition percentages
(RI) were calculated:

FIGURE 5
(A) The time-dependent growth rate inhibition results calculated
based on Hafner et al. (2016). (B) Growth inhibition (%) calculated
relative to that of colistin at MIC50.
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RI %( ) � x c, t( ) − x col, t( )| |
x col, t( ) × 100%

Where x(c, t) is the OD600 value of a culture at t timepoint in
the presence of colistin and the respective heparin derivative at
selected concentration (c), while x(col,t) is the OD600 value at t
timepoint in the presence of colistin alone.

The relative inhibition curves are shown in Figure 5B. In all
cases, a relative inhibition of at least 15% was observed at the peak,
while administering UFH at 50% of its maximum clinically
administered blood concentration led to a ~40% higher
inhibition of E. coli growth compared to colistin alone.

In conclusion, it was demonstrated that heparin derivatives have
the potential of increasing the antibiotic efficacy of colistin, a last-
resort antibiotic drug. Ion mobility studies showed that the
association of colistin and fondaparinux does not lead to
significant alterations in the molecule structures, which can be
crucial for the antibiotic activity. Mass spectrometric studies
showed a plateau in the signal of the colistin-fondaparinux
complex, which implies the possibility of complex formation with
higher stoichiometries. The 2:1 colistin:fondaparinux complex could
be isolated, which confirmed this premise. To understand what
effect these interactions have on the antibiotic efficacy of colistin,
E. coli growth assays were carried out with three different heparin
derivatives: fondaparinux, enoxaparin, and UFH. The bacterial
studies showed that longer chains and optimal heparin
concentration within the clinically relevant range can largely
contribute to the antibiotic activity of colistin. This led to the
conclusion that long heparin chains associated with numerous
colistin molecules can concentrate the antibiotic substance at the
bacterial cell membrane, leading to a much higher probability of cell
lysis than colistin alone. This increased the relative inhibition by
~40% within the cultures when colistin was co-administered with
UFH at 50% of its maximum clinically administered blood
concentration. As colistin is a last-resort drug that also carries
the potential of higher risk of nephrotoxicity, the possibility of
reducing the administered amount has serious implications in
clinical treatment courses and in the fight against multi-drug-
resistant Gram-negative bacteria.
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