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Towards designing globular antimicrobial peptide
mimics: role of polar functional groups in biomimetic
ternary antimicrobial polymers †

Garima Rani,∗a, Kenichi Kurodab and Satyavani Vemparalaa

Using atomistic molecular dynamics simulations, we study the interaction of ternary methacry-
late polymers, composed of charged cationic, hydrophobic and neutral polar groups, with model
bacterial membrane. Our simulation data shows that the random ternary polymers can penetrate
deep into the membrane interior and partitioning of even a single polymer has a pronounced ef-
fect on the membrane structure. Lipid reorganization, on polymer binding, shows a strong affinity
of the ternary polymer for anionic POPG lipids and the same is compared with the control case
of binary polymers (only cationic and hydrophobic groups). While binary polymers exhibit strong
propensity of acquired amphiphilic conformations upon membrane insertion, our results strongly
suggest that such amphiphilic conformations are absent in the case of random ternary polymers.
The ternary polymers adopt a more folded conformation, staying aligned in the direction of the
membrane normal and subsequently penetrating deeper into the membrane interior suggesting
a novel membrane partitioning mechanism without amphiphilic conformations. Finally, we also
examine the interactions of ternary polymer aggregates with model bacterial membranes, which
show that replacing some of the hydrophobic groups by polar groups leads to weakly held ternary
aggregates enabling them to undergo rapid partitioning and insertion into membrane interior. Our
work thus underscores the role of inclusion of polar groups into the framework of traditional bi-
nary biomimetic antimicrobial polymers and suggests different mode of partitioning into bacterial
membranes, mimicking antimicrobial mechanism of globular antimicrobial peptides like Defensin.

1 Introduction
The emergence of antibiotic resistant bacteria presents one of the
most daunting challenges faced by scientific community and de-
velopment of new antibacterial agents is urgently needed in or-
der to fight the resistance mechanisms in pathogenic bacteria1,2.
Host defensive antimicrobial peptides (AMPs) are components of
the innate immune system of eukaryotes which can effectively kill
infecting bacteria, without harming the host cells and without in-
ducing significant resistance3–6. However, despite their broad
spectrum activity and optimised structure, most AMPs are not
ideal drug candidates and have many limitations for clinical use5.
Accordingly much effort in recent years has been expended into
designing synthetic polymers (AMPoly) which can act as effective
therapeutic substitutes to the more expensive naturally occuring
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AMPs.7–10.

Previous studies have shown that the polymers with most opti-
mal antimicrobial activity exhibit weak aggregation behaviour in
solution phase11–13. Such weak aggregates allow the individual
polymers from the aggregate to insert themselves into a mem-
brane environment facilitating partitioning and disruption of the
cytoplasmic membrane to eventually cause cell death. Hence,
while aggregation in solution phase is needed to increase the
local charge concentration for effective detection of oppositely
charged bacterial membranes, the aggregate has to be weak for
effective partitioning into the membrane, a crucial initial step in
the antimicrobial mechanism. This suggests that the polymers
should not have very high hydrophobic content in them, which
would promote strongly held aggregates in the solution phase.
Given that the antimicrobial polymers are usually of a certain
minimum length14 and the overall charge in such systems is 6,
from various studies of naturally occurring effective antimicro-
bial peptides, one can ask a question about how to modulate the
hydrophobic content in design of biomimetic AM polymers. Both
experimental and simulation studies have shown that modulat-
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ing hydrophobic content, even by changing the size and length of
side chains, can have profound effects on binding and subsequent
partitioning into bacterial bilayers suggesting a need to optimize
the hydrophobic content of the antimicrobial agents for effective
action15–18.

Most of the previous studies on polymers focused on inclu-
sion of only cationic and hydrophobic moieties as the constituents
of such designed biomimetic polymers, these two functionalities
being considered the minimum requirements for bactericidal ac-
tivity19–22. However, it is not easy to simultaneously optimize
the constituent functional groups to ensure high levels of anti-
bacterial activity as well as low hemolytic activity, underlining the
importance of exploring polymers having components apart from
cationic and hydrophobic groups14,23,24. One possible approach
is to introduce additional functional groups into the polymer de-
sign to balance the possibility of excessive hydrophobic content.
In this regard, there have been recent studies probing the ag-
gregation of ternary polymers in solution suggesting that intro-
duction of polar groups can induce increased solubility and low
hemolytic activity24. Furthermore, naturally occurring antimi-
crobial peptides usually have a distribution of several functional
groups in their sequence, including hydrophobic, charged cationic
and neutral polar groups25,26. More recent works have started in-
corporating polar groups, in addition to cationic and hydrophobic
groups, in designing antimicrobial polymers24,27,28. For instance,
tt has been shown, using ternary nylon-3 copolymers, that replac-
ing hydrophobic or cationic groups or both by hydroxyl residues
can result in significantly reduced hemolytic activity as compared
to their binary counterparts with only hydrophobic and cationic
subunits28. More recently, Mortazavian et al.24 highlighted the
active role played by polar groups in reducing the formation of
domains of strong hydrophobic monomers in methacrylate ran-
dom polymers.

Another aspect of interest is the conformational dynamics of
the partitioned polymers into the bacterial membrane, which
can determine the mode of their antimicrobial mechanism. Lit-
erature is available, on both AM peptides and AM polymers,
which suggests that either built-in or acquired facial amphiphilic-
ity, in which there is facial separation of charged and hydropho-
bic groups along the polymer backbone, is one of the hallmarks
of effective antimicrobial mechanism3,29,30. These AM peptides
are typically helical in nature3, which allow for easy facial seg-
regation of functional groups along the backbone. However,
there are other families of antimicrobial peptides like globular
defensins31,32, helical AP333 which do not exhibit facially am-
phiphilic structures but nevertheless have potent antimicrobial ac-
tivities. The biomimetic AM polymers, largely studied so far and
which are composed of only cationic and hydrophobic functional
groups, either are designed to have an in-built amphiphilic con-
formation (usually rigid backbone) or have been shown to have
the ability to acquire a facially amphiphilic structure when par-
titioned into the membrane (usually flexible backbone)30,34,35.
However, with the inclusion of new functional groups in the poly-
mer design, one can speculate that facial amphiphilicity may
not be possible but can in fact open up new paradigms of de-
signing biomimetic AM polymers with requisite selectivity and

antimicrobial action and can be a platform to understand non-
facially amphiphilic families of AM peptides mentioned above. It
has been suggested that the presence of additional neutral hy-
drophilic groups likely preclude the formation of amphiphilic con-
formations in membrane phase24, which hints at a more nuanced
polymer-membrane interaction in this case. Nonetheless, there
are no experimental or simulation based studies which elucidate
the insertion mode of the ternary polymers into bacterial mem-
brane.

In this work, we study the interaction of ternary polymers, com-
posed of charged cationic, hydrophobic and neutral polar groups,
with model bacterial membrane using detailed atomistic molec-
ular dynamics simulations and compare them with the action
of binary polymers, composed only of charged cationic and hy-
drophobic groups, on model bacterial membranes. We also inves-
tigate the role played by sequence of polar groups in influencing
the interaction of such polymers on the bacterial membrane, by
considering polymer models having block as well as random ar-
rangements of these groups along their backbones. We find that
random ternary polymers penetrate deep into the membrane inte-
rior, with even a single polymer markedly affecting the structure
of the membrane. Our study also elucidates the strong affinity of
the ternary polymer for POPG lipids in membrane phase, result-
ing in substantial lipid reorganization in polymer neighbourhood
in this case. Membrane mode of insertion were also shown to be
substantially different for binary and ternary copolymers. Tradi-
tional binary copolymer exhibit acquired amphiphilic conforma-
tion upon membrane insertion, with cationic ammonium groups
localizing close to the interfacial lipid head groups and the hy-
drophobic moieties buried deeper within the hydrophobic tails of
the bilayer. On the other hand, we show that a clear segregation
of groups is absent in random ternary polymer case, as had been
surmised in previous experimental work24, with the polymer in
this case assuming a more folded conformation, staying aligned in
the direction of the membrane normal. Finally, we study interac-
tions of aggregates of ternary and binary polymers with bacterial
membrane, showing that the weaker ternary aggregate under-
goes fairly rapid partitioning and subsequently, membrane inser-
tion while polymer partitioning is robustly obstructed in case of
the strong binary aggregates.

2 Models and methods

2.1 System set up

We performed atomistic MD simulations with explicit water
and ions on ternary as well as binary biomimetic copolymers
and studied their interactions with model bacterial membrane.
Ternary methacrylate random copolymers (referred to as "model
T"), consisting of cationic ammonium (amino-ethyl methacrylate:
AEMA), hydrophobic alkyl (ethyl methacrylate: EMA) and neu-
tral hydroxyl (hydroxyl methacrylate: HEMA) groups as shown in
Fig 1, are modelled with degree of polymerization (DP) = 1924.
The number of monomers per polymer chain is taken as follows:
6 for AEMA group, 8 for EMA group and 5 for HEMA group. This
composition of ternary copolymers has been shown to be opti-
mal for antimicrobial activity while also having significantly re-
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Model
copolymers DP Group proportion

(AEMA, HEMA, EMA) Group Sequence

Ternary (T) 19 +6, 5, 8 E-H-A-E-H-A-H-E-A-E-E-A-E-H-H-A-E-E-A
Ternary (Tb) 19 +6, 5, 8 E-A-A-E-E-A-E-E-A-E-E-A-E-A-H-H-H-H-H
Binary (B) 19 +6, 0, 13 E-E-A-E-E-A-E-E-A-E-E-A-E-E-E-A-E-E-A

Table 1 Proportion and sequence of AEMA (A), HEMA (H) and EMA (E) monomers in the polymer models (T,Tb and B). In all the model polymers,
degree of polymerization (DP) = 19 and the number of cationic side chain groups are fixed to be 6 per polymer. Model T and Tb are compositionally
same, but differ in sequence of the three groups along the polymer backbone

OH

O OO O

NH3
+H3C

O O

EMA HEMAAEMA

Fig. 1 Chemical structures of EMA, AEMA and HEMA groups
considered in the model polymers.

duced hemolytic activity24, a major consideration for designing
anti-bacterial agents. We also consider a second ternary polymer
model (referred to as "model Tb"), which has the same proportion
of groups, but is sequentially different from model T polymer. In
this case, the AEMA groups and EMA groups are arranged ran-
domly but the HEMA groups are arranged in a block sequence at
one end of the polymer backbone. Further, to highlight the role
of inclusion of neutral polar functional groups, we also perform
control simulations without them, involving only binary composi-
tions of cationic (AEMA) and hydrophobic (EMA) monomer units
in random configuration and with same degree of polymeriza-
tion as ternary polymers. The number of monomers per chain in
the binary polymer is taken to be 6 (AEMA) and 13 (EMA). For
all the three model polymers, the number of cationic side chain
monomers is fixed to be 6 per polymer, in agreement with results
of Mortazavian et al24, where it was found that despite different
EMA composition, the minimum inhibitory concentration (MIC)
value of all polymers starts to level off at ∼ 30% of AEMA groups
and that the proportion of cationic groups above 30 % does not
increase the antimicrobial activity of the polymer. Further, this
proportion of cationic group is also comparable to net positive
charge of natural AMPs36. The proportion and sequence of the
groups along the three model polymers is summarised in Table 1.

For bacterial membrane, the starting configuration was taken
from a pre-equilibrated membrane patch consisting of 38 POPG
and 90 POPE lipid molecules per leaflet, in similar ratio (3:7
POPG to POPE) as the inner membrane of the Gram negative

bacteria37, constructed using CHARMM-GUI’s Membrane Builder
module38 and used in our previous simulations13,39.

2.2 Simulation protocols

Single polymers were simulated in a box (≈ 50 Å × 50 Å × 50 Å)
of TIP3P40 water model before placing them near the membrane
environment. Since the total charge of a single polymer in each
of the system was +6e, an appropriate amount of NaCl salt was
added to neutralize the systems and maintain 150 mM salt con-
centration to mimic physiological conditions in each case. The
total number of atoms in this simulation system was ∼ 10500. All
simulations were performed with the NAMD 2.9 simulation pack-
age41. Each polymer system was first energy minimized for 1000
steps with the conjugate gradient method and simulations were
then performed with 2 fs timestep in the NPT (T = 305 K and P
= 1 atm) ensemble for 200 ns.

Single polymer-membrane systems

To construct the membrane-polymer system, a randomly cho-
sen equilibrium configuration, from above solvent simulations, of
each of the polymer (models T, Tb and B) was placed in the vicin-
ity of one of the bilayer (referred to as upper leaflet) along the
membrane normal in the TIP3P water phase and required num-
ber of counterions of Na+ and Cl− were added to neutralize the
system and maintain 150 mM salt concentration. These three
different polymer-membrane ensembles (consisting of membrane
and polymer models T, Tb and B, respectively) were simulated
with periodic boundary conditions in the isothermal - isobaric
(NPT) ensemble. The latest CHARMM force fields CHARMM
36 were used for lipid molecules42. The parameter values for
the polymers were adopted from the CHARMM force field43 and
previous simulations13,16,44. The total number of atoms for the
polymer-membrane simulations was ∼ 71000. Constant temper-
ature was maintained at 310 K, which is above the main-phase
transition temperature of both POPE and POPG lipid molecules45

and a pressure of 1 atm was maintained through Langevin pis-
ton46,47. Electrostatic interactions were calculated by the Particle
Mesh Ewald method48 and the cut-off for non-bonded interac-
tions was set to 12 Å, with smoothing starting from 10 Å. The
polymer-membrane systems were first energy minimized using
conjugate gradient method and simulations were conducted with
a 2 fs timestep. Polymer in each case was initially subjected to
harmonic restraint which was gradually reduced to zero over 2
ns. System with random ternary model T-membrane system was
simulated for 900 ns, whereas the ternary Tb-membrane and bi-
nary B-membrane systems were simulated for 700 ns. Simulation
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Model Time(ns)
Single polymer in TIP3P water,

NPT emsemble (T = 305 K, P = 1 atm)
1. Model T 200 ns
2. Model Tb 200 ns
3. Model B 200 ns

Interaction of single polymer with model membrane,
NPT ensemble (T = 310K, P = 1 atm)

1. Model T 900ns
2. Model Tb 700ns
3. Model B 700ns

Interaction of aggregate with model membrane,
NPT ensemble (T = 310K, P = 1 atm)

1. Model T aggregate 300ns
2. Model B aggregate 350ns

Table 2 Simulation times in each case for the single polymer-water solution, single polymer-membrane and polymer aggregate-membrane systems.
The number of POPG and POPE lipids per leaflet are 38 and 90 respectively.

details for the single polymer-membrane systems are summarised
in Table 2.

Polymer aggregate-membrane systems

To study membrane interactions of polymer aggregates, multi-
ple ternary polymers (model T) and binary polymers (model B)
were first dispersed in a box of water and sufficient counterions to
maintain 150 mM salt concentration. This system was simulated
for 150 ns in NPT conditions, from which we then extracted the
largest formed stable aggregates of binary and ternary polymers.
Both these aggregates consisted of four polymers, four ternary
polymers (denoted T1, T2, T3, T4) in case of the ternary model T
aggregate and four binary polymers (denoted B1, B2, B3, B4), in
case of the binary model B aggregate. These aggregates of ternary
and binary random polymers were then placed in the vicinity of
the upper leaflet and simulated for atleast 300 ns in NPT ensem-
ble. The total number of atoms for the aggregate-membrane sim-
ulations was ∼ 80000. All the parameters and conditions for the
aggregate-membrane systems were kept the same as the single
polymer-membrane systems. Simulation details for the polymer
aggregate-membrane systems are summarised in Table 2.

For analysis and visualization, the VMD package49 analysis
tools was used. All the analysis for the membrane-polymer sys-
tems is performed using plugins and TCL scripting language em-
bedded with VMD.

3 Results

3.1 Polymer insertion modes in membrane phase

Both ternary and binary polymers, owing to the presence of amino
groups which are cationic in nature, get attracted towards PG
lipid groups of the bacterial membrane through electrostatic in-
teractions36. In our case, for all three polymer-membrane sys-
tems that were simulated, single polymer placed in water quickly
approached the membrane patch within a few nanoseconds and
localized close to the nearest membrane leaflet (referred to as
the upper leaflet). However, after contact with the leaflet, sig-
nificant differences were observed in the conformation of the

three polymers, which we delineate in this section. Our objec-
tive is to study the role of the presence of the HEMA groups and
their arrangement along the polymer backbone in governing the
polymer-membrane interaction.

In Fig. 2, the time evolution snapshots of the polymer-
membrane systems is depicted over the entire simulation
timescale. It is clear that different polymer models display re-
markably different membrane interaction mechanisms in terms
of the conformation they achieve during membrane partitioning.
For the random ternary polymer (model T with AEMA, EMA and
HEMA groups forming random ternary copolymer), though the
polymer comes into contact with the membrane surface within
first few nanoseconds, it can be seen that the complete partition-
ing of the polymer into the membrane interior is hampered. This
is due to the competing interactions between the polymer func-
tion groups and various groups of the POPE-POPG membrane sys-
tem. The presence of both AEMA and HEMA groups (and conse-
quently lowered hydrophobic EMA content) most likely encour-
age the polymers to be present largely at the membrane-water
interface as both the charged AEMA and polar HEMA groups
can have favourably interactions with the water and the head-
group region of the membrane. The interaction polymer T sam-
ples different conformations and settles into a globular structure
(Fig. 2A) at around ∼ 350 ns, with the polymer penetrating the
membrane from both of its ends, gripping the membrane akin
to a holdfast. Subsequently, the polymer assumes an even more
folded conformation in the membrane interior (Fig. 2A), with the
EMA groups near both the inserted ends of the polymer coming in
contact with each other, while projecting towards the membrane
core due to favourable hydrophobic interactions.

To gain insight into the role played by sequence of polar func-
tional groups in interactions with bacterial membrane, we also
performed simulations involving ternary polymer model Tb, hav-
ing random arrangements of EMA and AEMA groups, and a block
of HEMA groups clustered at one end (Table 1). In contrast to
the model T polymers, the clustering of the polar HEMA groups
to one end of the polymer results in a very different conforma-
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t = 0 ns
A)  POPE-POPG Model T
t = 100 ns t = 250 ns

t = 350 nst = 700 nst = 900 ns

t = 0 ns t = 50 ns

t = 350 nst = 500 ns

t = 250 ns

t = 700 ns

B)  POPE-POPG Model Tb

t = 0 ns
C)  POPE-POPG Model B

t = 50 ns t = 150 ns

t = 250 nst = 500 nst = 700 ns

Fig. 2 Representative snapshots of A) model T, B) model Tb and C)
model B, interacting with the bacterial bilayer. The POPE lipids are
coloured orange and POPG lipids are shown in ice-blue colour; the lipid
head groups are oxygen (magenta), nitrogen (cyan) and Phosphate
(black). The cationic, hydrophobic and polar groups of the model
polymers are shown in green, red and blue colour respectively.

tional sampling of the polymers. While the randomly distributed
charged AEMA and hydrophobic EMA groups try to adopt a fa-
cially amphiphilic structures, the clustered polar HEMA groups
predominantly stay in the solution phase (Fig. 2B), clearly due to
favourable polar interactions with water.

To contrast the results for the ternary polymer systems and in
particular to understand the role of HEMA groups, a control sim-
ulation is performed taking the same length of the polymer but
with only binary composition of charged AEMA and hydropho-
bic EMA groups (polymer B). As in the previous two cases, the
presence of cationic charged groups ensures the contact of the
polymer B with the membrane surface. In a complete departure
with the polymers T and Tb, the binary polymer B partitions com-
pletely into the POPE-POPG membrane and adopts a near per-
fect facially amphiphilic structure and resides in the membrane
core, parallel to the membrane surface. In this conformation, the
hydrophobic groups of the polymer B are projected towards the
membrane core and the cationic ammonium groups projected (or
snorkel up) towards the water - membrane interface (Fig. 2C).
This adoption of facially amphipihilic structures in polymers with
binary composition excellently mimics our previous observations
of different polymer length chains and various side chain spacer
groups 13,16,50. It is to be noted that due to higher hydropho-
bic content of the polymers studied here, in addition to longer
simulation time scales, the penetration depth of the partitioned
polymer B inside the POPE-POPG is significantly higher that our
previous results.

These results clearly suggests that for the polymer conforma-
tions, not only the presence of various functional groups is im-
portant, their sequence along the polymer backbone is also im-
portant. Since the antimicrobial mechanism of these biomimetic
polymers may depend crucially on the polymer conformations, in-
sights obtained here about the composition and sequence of the
functional groups can aid our understanding and design of the
AM polymers. Our aim now is: (a) to quantify the strength of the
polymer-membrane interactions for the ternary polymer models
and compare it to the binary model, (b) to study the polymer
conformation and its evolution in membrane environment and
to compare it to their conformation in solution phase and (c) to
assess the effect, if any, that the polymer has on the structural
properties of the membrane, particularly in the ternary case.

3.2 Conformations of membrane partitioned polymers

In this section, we probe in detail the polymer conformation and
its evolution, as it interacts with the membrane. For this, we first
map the spatial distribution of the various constituent moeities of
the polymer models by computing their density profiles along the
membrane normal (here z-axis). The z-density profiles averaged
over last 50 ns for the three model polymer-membrane systems
are shown in Fig. 3. For the model T polymer, the presence of
hydroxyl side chain groups in a random configuration obstruct
a clear division of the groups and significant overlap between
the peaks corresponding AEMA, EMA and HEMA groups is ob-
served in the z-density profile as shown in Fig. 3A. On the other
hand, the z-density plot for model Tb-membrane system show a
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Fig. 4 Time evolution of center of mass (z-component) of the hydrophobic EMA, cationic AEMA and hydrophilic HEMA groups that are lowermost at
the end of simulation time. Note that for model T polymer, we plot the center of mass of two HEMA groups, denoted HEMA1 and HEMA2, placed at
the two ends of the polymer. The HEMA2 group is placed at the end of the polymer which inserted into membrane at around t ∼ 350 ns.

much lower overlap between AEMA and EMA groups, while the
HEMA moeities remain outside the membrane interior (Fig. 3B),
consistent with observations in the previous section. Thus, block
arrangement of the HEMA groups clearly facilitates spatial seg-
regation of groups, with the EMA groups preferring the mem-
brane interior, the AEMA groups staying closer to the lipid head
groups and the polar HEMA groups preferring aqueous phase.
We note that model B polymer is inserted into the bacterial mem-
brane with well separated and least overlapping average peaks
between AEMA and EMA groups, indicating the spatial segre-
gation of the two groups (Fig. 3C). Indeed, previous simulation
studies have demonstrated that binary AM polymers can adopt
facial amphiphilicity upon interacting with cell membranes, even
though the polymers may themselves lack a secondary structural
conformation13,16,50,51. We also note that the cationic groups
align well with the phosphate head groups of the lipids and the

hydroxyl group of POPG lipid, highlighting their preference for in-
teractions with the charged head groups of the bilayer. The plots
in Fig. 3 also show the depth at which the polymers are anchored
within the membrane leaflet. Density data shows peak position of
cationic AEMA group is deeper for model B and model Tb poly-
mers as compared to the model T case, although further compar-
ing the two ternary models reveals that the three groups (EMA,
AEMA, HEMA) of the model T polymer have more average con-
tacts inside the membrane, compared to model Tb polymer, since
block HEMA moeities remain localized outside the membrane.

To characterize the onset of the facial amphiphilicity and the
placement of the different polymer functional groups with respect
to lipid head groups along the membrane normal, we monitor
the time evolution of the center of mass of the most partitioned
groups of the AEMA and EMA groups of polymer models T, Tb
and B and HEMA group of models T and Tb polymer, with respect
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to the bilayer in Fig. 4 (note that for the model T polymer, the
two most partitioned HEMA residues associated to the two ends
of the polymer are plotted). We also compute the evolution of the
center of mass of all the groups in the three model polymers with
respect to the membrane lipid phosphate head groups in Fig.1
of the Supplementary Information. We observe that in all the
three cases, polymer placed in water phase quickly approached
the membrane-water interface. This is due to the presence of
similar proportions of cationic AEMA groups in all the three poly-
mer models, which get attracted towards the anionic head groups
of POPG lipids. Interestingly, the hydrophobic side chain and the
cationic groups undergo a clear flip just upon entering the up-
per leaflet surface. This is in good agreement with the flipping
observed in previous work13. As noted above, a clear segrega-
tion of groups is absent for the model T polymer (Fig. 3A). The
positional inclination of the HEMA groups is understood by exam-
ining the evolution of the center of mass for groups in the model
Tb polymer, where these remain outside the membrane interior
throughout the simulation time scale, showing a preference for
interactions with water. The time evolution of the cationic and the
hydrophobic groups in this case show a flipping of the EMA and
AEMA groups just upon membrane insertion following which the
EMA groups consistently stay below the AEMA groups (Fig. 3B).
This is similar to the control case of binary polymer model B,
in which time evolution of the center of mass well displays the
adopted amphiphilic conformation for model B polymer, this fa-
cial amphiphilicity being initiated once the polymer inserts into
the membrane interior and persisting throughout the simulation
time after this (Fig. 3C). However, model Tb moeities maintain
a shallower depth in the membrane as compared to the model B
case, because of the presence of clustered HEMA groups in the
polymer.

3.2.1 Morphological changes of the polymers in solution
and membrane environment

The differences in the conformations of random polymers (mod-
els T and B) in solution phase and in lipid phase are compared
to understand the effect of environment on the morphology of
the polymers. The distribution and time evolution of the radius
of gyration (Rg) values for models T and B polymers are shown
in Fig. 5. The observed lower values of Rg for binary polymer
in solution phase, as compared to ternary polymer (Fig. 5A) can
be attributed to the higher hydrophobic content in the model B
polymer. Accordingly, the model T polymer due to presence of
higher hydrophilic content (both charged AEMA and polar HEMA
functional groups) adopts more extended conformations in the
solution (Fig. 6A (top right)). However, when the polymers are
near the water-membrane or partitioned into the membrane en-
vironment, the conformations of binary and ternary polymers are
significantly different. While the ternary polymers, with polar
HEMA groups replacing some of the hydrophobic groups, adopt
a predominantly globular structure at the water-membrane inter-
face (Fig. 6A (bottom right), the binary polymers partition com-
pletely into the POPE-POPG membrane and take strikingly facially
amphiphilic and extended structure (Fig. 6B (bottom right), as is
also seen in the single peak at higher Rg values (Fig. 5C). The ran-
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is shown for both the polymers in membrane phase.

dom ternary polymer (model T) , shows two peaks in values of Rg

(Fig. 5A) and the time evolution depicts that the Rg values initially
stayed quite similar to the values of the model B polymer before
undergoing a significant fall at ∼ 350 ns and then continuing a
downward trend. This is due to its initial extended conformation,
having penetrated the membrane from one end while staying per-
pendicular to the membrane surface, before the polymer folds it-
self to enter the membrane with its other end at ∼ 350 ns and
gradually assuming increasingly folded conformations (Fig. 2A).

3.3 Polymer membrane interactions
As noted in the previous section, the replacement of some of the
hydrophobic groups in the polymer B by polar HEMA groups to
obtain either model T or model Tb results in complete or par-
tial loss of acquired facial amphiphilicity and strikingly different
conformations of the partitioned polymers. In particular, the ef-
fect of sequence of presence of polar HEMA groups along the
polymer backbone has a strong effect on whether the polymer
takes a folded conformation (in model T) or somewhat extended
conformation (in model Tb). What is conclusive in either of
the two cases is that the addition of polar HEMA groups inhibit
deeper penetration of the polymers into the membrane environ-
ment and hint strongly at a completely different mode of antimi-
crobial mechanism than those of simple binary polymers and may
not require acquiring of facially amphiphilic conformations.To un-
derstand differences in propensities of interactions between func-
tional groups of the polymers and membrane, we perform two
sets of analyses: time evolution of contacts between polymer and
water/membrane and the radial density distributions g(r).

For time evolution of environmental fractional contacts, we cal-
culate the fraction of water atoms, POPE and POPG lipid atoms
in the vicinity of the model polymers as a function of time. The
time series data of the fraction of water and lipids within cutoff

Journal Name, [year], [vol.], 1–14 | 7



In Membrane (900ns)

In solution (200 ns)A) Random Ternary (T)

Initial

z

x Final

z

x

Initial

Final

In solution (200 ns)B) Random Binary (B)

In Membrane (700ns)

Fig. 6 A) Snapshots of initial (left) and final (right) conformations of
ternary polymer model T in solution (top right) and in bacterial
membrane (bottom right) environments. B) Snapshots of initial (left) and
final (right) conformations of binary polymer model B in solution (top
right) and in bacterial membrane (bottom right) environments. Cationic,
hydrophobic and neutral polar groups are colored green, red and blue,
respectively.

of 7 Å around EMA and AEMA groups of the model polymer, is
plotted in Fig. 7. Ions are not considered in this analysis, since
they form a very small fraction of the total atoms in the system.
Fig. 7 highlights the evolution of the POPE and POPG lipid species
around the groups of the polymer, as the model polymers bind
and insert into the membrane leaflet. The polymers initiate their
journey surrounded by water but within a few nanoseconds, wa-
ter contacts are replaced by contacts with lipids species. How-
ever, further probing of these analysis, brings out the remarkable
role of the composition and sequence of the functional groups
on the polymer-membrane contacts. For model T polymer which
adopts the most compact and folded conformation at the water-
membrane interface, compared to the other two models, the to-
tal contacts between polymer and membrane are somewhat com-
parable. The individual contact evolution of different functional
groups are also similar, owing to the random distribution of func-
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Fig. 7 Time evolution of the fraction of contacts that are water and lipids
(POPE/POPG) surrounding (A, C, F) EMA, (B, D, G) AEMA and (E, H)
HEMA groups, for ternary (T,Tb) and binary (B) polymers. We calculated
the fraction of contacts of the polymer that are with water, lipids and
polymer particles within cut-off distance of 7Å. Remaining fraction in the
figure are contacts of the polymer with itself.

tional groups along the polymer. For the model Tb, which has
the same composition as that of model T, but with clustering
of polar HEMA groups, the contact time evolution is strikingly
different from model T Fig. 7 (D, E,F). The hydrophobic EMA
groups follow a rapid partitioning into the membrane to reduce
the energy costs of presence in solution phase, something that
random presence of HEMA groups did not allow in the case of
model T polymers. This can be seen from significant decrease
of EMA-water contacts and increase in EMA-membrane contacts.
Though the contact profile of charged AEMA groups in model Tb
with water/membrane is not significantly different from that of
model T polymer, the contact profile of polar HEMA groups is
strikingly different in model Tb polymer as compared to model
T. The HEMA groups maintain the contacts with water through
out the simulation time, even when the polymer partially parti-
tions into the membrane, strongly suggesting that polar HEMA
groups prefer solution phase rather than membrane phase and
this can have profound consequences on the polymer conforma-
tion at the membrane interface, as seen already. Finally for the
model B polymers, which partition deepest into the membrane
core, the EMA-water contacts decrease sharply with a significant
increase in EMA-membrane contacts. Even in the case of charged
AEMA groups, for model B polymer, there is a significant decrease
in AEMA-water contacts as the penetration of the polymer into the
membrane core increases with time. It is also to be noted that,
remarkably, POPG contacts consistently dominate POPE contacts
for EMA, AEMA and HEMA groups, even though as we noted, the
number of POPE lipids is more than twice the POPG lipids in the
model bacterial membrane system considered here.

More insight into the interaction between functional groups of
polymers and membrane is obtained via g(r) calculation for the
cationic ammonium groups and the hydroxyl groups of the poly-
mers with the headgroup constituents of the POPE-POPG mem-
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Fig. 8 The radial density distribution functions for ammonium and
hydroxyl groups of polymer models around the head groups of POPE
and POPG lipids. Strong propensity of the cationic groups of the
polymers to be around the negative head groups of POPG lipids is
shown. Also, HEMA groups of the random ternary polymer prefer
interactions with lipid head groups due to their polar nature.

brane. Fig. 8. Expectedly, this data depicts the strong propensity
of the cationic groups (AEMA) of all the three polymer models to
bind to overall negatively charged lipid head groups POPG con-
firming the primary role of charged functional groups of the poly-
mers in identifying the bacterial membranes via attractive electro-
static interactions. However, the interactions of the polar HEMA
groups with the negatively charged POPG headgroups crucially
depends on their sequence in the polymers: while in model T,
where they are distributed randomly, the HEMA groups interact
equally strongly with POPG headgroups as their charged AEMA
counterparts, in model Tb, where they are clustered, the HEMA-
POPG interactions is strikingly suppressed. This is because in the
latter case, as seen in the figures Fig. 2B and Fig. 4, the clus-
tered HEMA groups largely prefer the water enviroment and do
not partition at all into the membrane phase.

To further understand the role of positioning or sequence of
polar HEMA groups on the interactions between the partitioned
polymers and the membrane systems, we specifically consider
the non-bonded interactions between HEMA groups of the poly-
mers and the bacterial membrane for both models T and Tb as
in Fig. 9A and Fig. 9B. We observe that in the model T case,
the HEMA group shows higher van der Waals attraction with
the bacterial membrane compared to model Tb (block HEMA in
ternary copolymer). Even the electrostatic interaction is consis-
tently more attractive in the model T case. From this we can
conclude that polymer-membrane interaction is more robust in
case of the random ternary polymer, with a block arrangement
of polar HEMA groups clearly limiting effective interaction of the
model Tb polymer with the bacterial membrane.

We can then conclude that the lack of a clear segregation of
groups in case of the random ternary polymer is underpinned by
two competitive effects involving the HEMA groups, as demon-
strated by the energy analysis and the radial density distribu-
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Fig. 9 A) Van der Waals and B) electrostatic energy between the HEMA
groups and the bacterial membrane for ternary polymer - model T and
ternary polymer with block HEMA - model Tb. The van der waals energy
is clearly more attractive for polymer model T, where HEMA groups are
randomly distributed along the polymer backbone, while in model Tb,
the block HEMA groups seem to collectively prefer not to penetrate the
bacterial membrane surface and favour water environment.

tion data - preferable interactions with water, which constrain
insertion into membrane and attractive interactions of HEMA
group with membrane lipids. A block arrangement of the HEMA
groups, as in case of model Tb polymer, mitigates this effect by
largely favouring interactions with water and thus remaining at
and above the membrane-water interface.

3.4 Lipid reorganization in presence of polymer
In the previous sections, we have shown that the polymer con-
formations crucially depend on composition, sequence of the
functional groups and the environment (solution or membrane
phase). Given the different and preferential interactions of the
three different polymer models with POPE-POPG membranes, we
next probe whether the polymer interactions have affect on the
membrane structure. In previous simulation and experimental
works13,52–55, it has been suggested and shown that one of the
modes in which biomimetic antimicrobial agents, especially those
based on random conformations in solution phase, affect the in-
tegrity of the membrane by sequestering/clustering the negatively
charged lipids, leading to large scale reorganization and coarsen-
ing of the membrane with consequent domain defects, which are
exploited by such membrane active AM agents towards final lysis
of bacterial cells.

To probe such possible reorganization of the POPE-POPG mem-
brane upon polymer interaction and partitiong, 2D radial den-
sity plots (shown in Fig. 10) to measure clustering of POPG lipid
molecules is computed for models T and B polymers. The poly-
mers T and B interact with the designated ’upper’ leaflet of the
membrane system. The results show that when ternary polymer
interacts with the POPE-POPG membrane, they lead to cluster-
ing of the POPG lipids molecules as evidenced by the appear-
ance of the first peak around 4.5 Å, which is absent in the control
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Fig. 10 g(r) values measured between the phosphate groups of
POPG-POPG lipids, averaged over 50 ns (650-700 ns) for the upper
(denoted up) and lower leaflets (denoted down) of the model T and
model B polymer-membrane systems. It is to be noted that the polymers
interact with what is designated as upper leaflet. For comparison, g(r)
for membrane only system is shown in blue color.

polymer-free membrane simulation (blue line in Fig. 10 A). It is
also to be noted that for the lower leaflet case, where no polymer
is present, the 2D radial distribution of POPG molecules remains
more or less the same, further underscoring the role of polymer
interaction with the membrane on the possible clustering of the
POPG molecules. However, for the model B polymer interactions
with the POPE-POPG membrane systems, there is no clustering
of the POPG molecules is observed in either upper leaflet (where
the polymer partitions) and the lower leaflet with and without
polymer as seen in Fig. 10 (C,D). This gives a possible insight
that due to the preponderance of the hydrophobic EMA groups
in model B polymers, the partitioning is primarily driven by the
dominant hydrophobic interactions whereas the folded structure
and constrained partitioning of the model T polymer recruits the
charged POPG molecules around it, significantly reorganizing the
membrane in its vicinity. In Fig. 11, a representative snapshot
of the POPE (orange color) and POPG (iceblue color) lipids that
are within 5 Å around the polymer is shown highlighting the ob-
servation that POPG lipids are present in a higher concentration
around the polymer as compared to POPE molecules. Thus, our
analysis highlights the considerable membrane remodelling that
occurs upon insertion and binding of model T random ternary
polymer.

A natural question now is to examine the change in the physical
configuration of the membrane induced by the random ternary
polymer. For this, we first investigate the lateral inhomogeini-
ties in the membrane thickness induced by the model T polymer,
which we compare with the control system (with no polymer
interaction). For this, we plot the thickness profiles across the
plane of the membrane, averaged over last 50 ns of simulations,
as shown in Fig. 12. The 2-D thickness map is calculated using
MEMBPLUGIN56 extension in VMD by interpolating the distance
between the phosphate groups of the upper and lower leaflet into

z

x

y

x

A) B)

Fig. 11 Snapshot of model T polymer inserted into the bacterial
membrane at the end of 900 ns. The lipid molecules within 5 Å of the
polymer are shown in vdW representation, rest of the lipids are in line
representaion. POPE, POPG and polymer model T are colored orange,
iceblue and red respectively. POPG seemingly displays higher local
concentration around the ternary polymer.

the orthogonal grid in the X-Y plane of the bilayer with a grid
spacing of 2Å. We observe that the thickness profile for the con-
trol system is largely uniform with average overall bilayer thick-
ness around 38.37± 0.157 Å. On the other hand, in presence of
the model T polymer, a clear upward shift in the average thick-
ness of the bilayer is observed, with average bilayer thickness
around 40.400± 0.162 Å. The bilayer thickness distribution also
shows a considerable non-uniformity throughout the 2-D plane in
the presence of ternary polymer, with local thickness value rang-
ing from 35.5 to 42.5 Å, as shown in Fig. 12A. Such lateral inho-
mogeneity in membrane thickness has been shown to be related
to the coarsening of the bilayer leaflet, leading to clustering of
anionic and zwitterionic lipids which promote antimicrobial ac-
tivities12,53.

Fig. 12 Contour plots showing the distributions of local membrane
thickness in the X-Y plane for A) membrane in the presence of ternary
polymer (model T) and B) only membrane (no polymer) system. Bilayer
thickness is reported in Å.

Further, in previous work13, it has been exhibited that the pres-
ence of multiple E4 polymers with aminobutylene cationic side
chains in the bilayer reduces the average area per lipid. Strik-
ingly this phenomenon is also observed in our case, with a single
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random ternary polymer, as well, with the area per lipid for the
model T-membrane system (60.212 ± 0.076)Å2 being smaller as
compared to the control (bilayer with no polymer) system (64.4
± 0.108)Å2. Thus, our analysis shows that even a single random
ternary polymer, upon membrane insertion, can induce extensive
lipid reorganisation, which can then affect the physical configu-
ration of the membrane.

3.5 Interaction of random polymer aggregates with bacte-
rial membrane

In this section, we examine interactions of model T and model
B polymer aggregates with the bacterial membrane. Both mod-
els T and B polymers form aggregates in solution phase, albeit
with markedly different morphologies and inter-aggregate inter-
actions57. Illustrative configurations of the aggregates in so-
lution, at the end of 150 ns of simulation runs, are shown in
Fig. 13A and Fig. 13B. The formation and stability of such ag-
gregates crucially depends on the hydrophobic content of the in-
dividual polymers. Strong aggregations are formed in case of
random binary polymers, primarily driven by attractive interac-
tions between hydrophobic groups. However, replacing some of
the hydrophobic groups with overall charge neutral polar groups
weakens the aggregate considerably, leading to increased confor-
mational fluctuations and formation of loose-packed aggregates,
in the case of random ternary polymers57.
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Fig. 13 Representative configuration of an aggregate in solution phase,
in case of A) ternary polymer model T and B) binary polymer model B.
The cationic, hydrophobic and polar groups are colored green, red and
blue respectively. Evolution of van der Waals interaction energy with
simulation time between each polymer and all others, is plotted for C)
model T and D) model B aggregates in lipid phase.

After placing the aggregates of model T and model B polymers
over model bacterial membrane, we observe that both the aggre-
gates approach the membrane surface within a few nanoseconds
of simulation time, due to the attractive electrostatic interactions
between the charged AEMA groups and the negatively charged
head groups of POPG lipid molecules. However, subsequent
membrane interaction is substantially different for the ternary
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Fig. 14 A) Representative snapshot showing separation of polymer T1
from rest of the three polymer for random ternary polymer aggregate in
lipid phase. The separation happens in the timescale of ∼ 85 ns. B) van
der Waals interaction energy between polymer T1 and all other
polymers in the ternary polymer aggregate (red color) and between
polymer T1 and membrane lipids (black color). C) and D) illustrate final
snapshots for ternary and binary aggregate at the end of simulation
runs. The cationic, hydrophobic and polar groups are colored green, red
and blue respectively. The POPE lipids are coloured orange and POPG
lipids are shown in ice-blue colour; the lipid head group atoms are
oxygen (magenta), nitrogen (cyan) and phosphate (black).

and binary aggregates. We first probe the stability of the ag-
gregates while interacting with the membrane by computing the
van der Waals interaction energy as a function of simulation time
(Fig. 13C and Fig. 13D), showing the interaction energy between
each polymer with all other polymers in the aggregate. Clearly,
model B polymers are decidedly stable in the aggregate and show
robust attractive interactions among each other. In Fig. 14D, the
final configuration of the model B aggregate at t = 350 ns of sim-
ulation time is shown, with the aggregate lying at the water-
membrane interface with no polymer dissociation from aggre-
gate and no partitioning into membrane interior. On the other
hand, model T polymers show much weaker attraction among
themselves with fluctuating interactions. We note that one of the
polymer in the ternary aggregate, T1, shows continuous decrease
in interaction with other polymers in the aggregate and eventu-
ally dissociates at ∼ 85 ns from the aggregate (Fig. 14A). Around
the same timescale, the polymer (T1)-lipid interactions become
more favourable than the polymer (T1)-polymers (T2T3T4) in-
teractions, as shown in Fig. 14B. It is also notable that the ternary
polymer T1 shows identical membrane insertion mode as in the
case of the single polymer simulations for the model T polymer
(see Fig. 14C and Fig. 2B). Overall, this highlights the importance
of the formation of "weak aggregates"57, in aiding polymer disso-
ciation and partitioning into bacterial membrane, thus strongly
indicating the efficacy of ternary polymers as effective antimicro-
bial agents.
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4 Discussion

In this report, we explored the interaction of ternary methacry-
late biomimetic antimicrobial polymers, composed of hydropho-
bic, cationic and neutral polar functional groups, on model bacte-
rial membrane. To understand the role played by the neutral po-
lar groups in influencing the membrane interaction of such poly-
mers, we compared it to the membrane interactions of traditional
binary AM polymers, which are composed only of hydrophobic
and cationic functional groups. Further, to probe the effect of
sequence of the functional groups along the polymer chain, the
ternary polymers were taken in two configurations, one in which
the groups are randomly distributed along the backbone while
other in which the polar groups were arranged in a block. Our
results show that ternary polymers, specifically those in which
the constituent functional groups are randomly distributed, can
partition into the membrane, forming globular structure, while
inducing significant lipid reorganisation in its vicinity and change
the physical configuration of the membrane. It has been shown
that localization of anionic PG lipid head groups induced by pres-
ence of antibacterial agents, which is followed by coarsening of
the bilayer and consequent phase boundary defects, adversely
affects the integrity of the bacterial membranes leading to cell
lysis53–55. Therefore, we can deduce that the presence of the
ternary methacrylate antimicrobial polymer in membrane phase
will likely result in disruption of membrane, fostering a robust
antimicrobial response of such polymers.

It is also notable that the membrane insertion mode of the
ternary polymer is markedly different from the binary polymer
case. The binary polymer displays acquired amphiphilicity upon
insertion into the bilayer, aligning parallel to the membrane sur-
face with the cationic groups interacting with the lipid head
groups and the hydrophobic groups interacting with the hy-
drophobic membrane core. On the other hand, in case of the
ternary polymer, such a clear segregation of groups is absent,
specifically in case of the random ternary polymer. In this case,
the polymer stays aligned in the direction of the membrane nor-
mal as it penetrates the bilayer while adopting a folded confor-
mation. This effect is underpinned by two competitive effects in-
volving the presence of the neutral polar groups- attractive inter-
actions with water on one hand and attractive interactions with
membrane lipids on the other. Such an effect is however spe-
cific to the random ternary polymer, with a block arrangement of
the polar groups resulting in a decidedly strong preference for in-
teractions with water, which results in the block of polar groups
largely lying in the aqueous environment above the membrane-
water interface, impeding a deeper penetration of the polymer
into the bilayer. We note here that in general the wide variety
of AMPs have varying modes of membrane insertion58, with for
instance, some AMPs adopting a parallel alignment on the mem-
brane surface like LL-3759 and indolicidin60, while some other
AMPs inserting into the bilayer perpendicular to the membrane
surface, e.g. magainin 2 and lacticin Q61. Such effects are likely
a result of variations in the sequences of the AMPs due to the pres-
ence of different functional groups. Our results here also suggest
that the classic conformation of facially amphiphilic structures is

not prerequisite to effective attractive interactions between the
antimicrobial agent and the bacterial membrane leading to possi-
ble new modes of antimicrobial mechanism.

Finally, we also studied the interaction of aggregates of binary
and ternary polymers with model bacterial membrane. We ex-
hibited that in case of the ternary polymers, their weak aggrega-
tion in solution results in fairly rapid disintegration of polymer
from the aggregate, with the polymer subsequently penetrating
the membrane, following a similar pattern as the membrane in-
teractions of single ternary polymer. On the other hand, binary
polymers, which form strong aggregates, failed to separate from
the aggregate to interact with the membrane under similar condi-
tions. It is notable that in previous work13, interaction of aggre-
gates of binary E4 polymers, having aminobutylene side chains,
with bacterial membrane patch had been studied using MD sim-
ulations. It was shown in this case that polymers are released
into the bilayer from the aggregate due to weak polymer-polymer
interactions, which are overcome by polymer-anionic lipid inter-
actions. However, these polymers have 7 charged cationic groups
and 3 hydrophobic groups in a polymer chain (with degree of
polymerization = 10)16. The smaller hydrophobic content of the
E4 polymers can explain the weaker aggregate formation, facil-
itating partitioning and membrane interactions. However, most
natural AMPs have only 30% net positive charge36 and experi-
mental studies have also indicated that antimicrobial activity of
polymers starts to level off when charged groups are more than
∼ 30% of composition24. Therefore, some charged groups in E4
polymer may be excessive and not necessarily required for potent
antimicrobial activity. On the other hand, higher hydrophobic
content clearly leads to formation of strong aggregates, as indi-
cated by our results, obstructing efficient partitioning of the poly-
mers and decreasing the efficacy of their antimicrobial action.

Therefore, in summary, our results indicate that ternary poly-
mers, specifically those which have a random arrangement of
functional groups, can effectively act as antibacterial agents due
to their weak aggregation behaviour, which results in quick par-
titioning of polymers into the membrane, with these polymers
then penetrating deep into the membrane while inducing signif-
icant lipid reorganisation in their vicinity as well as changes in
membrane physical configuration. It is pertinent to note that nat-
ural AMPs typically have several more functional residues other
than only charged, polar and hydrophobic units62–64. The design
of polymers, mimicking AMPs in displaying optimised composi-
tions of a multitude of subunits, is of particular significance since
it can lead to the development of potent antibacterial agents that
can act against a broad spectrum of bacteria. Our present work
fosters the design of such polymers.
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