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Fundamental bacterial functions like quorum sensing can be targeted to replace conventional antibiotic
therapies. Nanoparticles or vesicles that bind interfacially to charged biomolecules could be used to
block quorum sensing pathways in bacteria. Towards this goal, dendronized vesicles (DVs) encompassing
polyamidoamine dendron-grafted amphiphiles (PDAs) and dipalmitoyl-sn-glycero-3-phosphocholine
lipids are investigated using the molecular dynamics simulation technique in conjunction with an explicit
solvent coarse-grained force field. The key physical factors determining the stability of DVs as a function
of the dendron generation and relative concentration are identified. The threshold concentration of each
dendron generation that yields stable DVs is determined. Dendrons with lower generations rupture the
DVs at high relative concentrations due to the electrostatic repulsions between the terminally
protonated amines. Whereas, dendrons with intermediate generations demonstrate a mushroom-to-
brush transition. Conformational changes in the dendrons expand the outer DV surface, resulting in
instability in the DV bilayer. DVs encompassing dendrons with higher generations incur stresses on the
bilayer due to their high charge density and spontaneous curvature. The self-organization of PDAs on
the DV surface are examined to understand how the asymmetric stresses are minimized across the
bilayer. A set of conditions are determined to be conducive for the formation of a single cluster of PDAs

that decorates the DV surface like a mesh. Results from this study can potentially guide the design and
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Accepted 19th December 2020 synthesis of nanoparticles which target quorum sensing pathways in bacteria towards the prevention and

treatment of bacterial infections. Furthermore, these nanoparticles can be used in diverse applications in
biomedicine, energy or electronics that require synthetic dendronized cells or the adsorption and
transport of charged species.
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Introduction

Multi-drug resistance towards conventional antibiotic therapies
has led to the innovation of alternate strategies to treat bacterial
infections.»” These strategies include approaches that are
predicated on the interception of fundamental bacterial func-
tions such as quorum sensing.>* Quorum sensing is the ability
to discern and respond to variations in cell population density
through the regulation of genes. Quorum sensing is typically
facilitated by the production of autoinducer (AI) molecules.
When these Als reach a critical threshold, they interact with
suitable receptors. This process alters the gene expression in the
participating bacteria, enabling the production of biofilms® or
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toxic metabolites. The toxic metabolites are produced by
communication between cells which is dependent upon the cell
density. The suppression of quorum sensing can occur via the
disruption of the synthesis of the Als through interference with
synthase enzymes; destruction of the Als and hindering their
buildup, and blocking the receptors.”

Nanoparticles play an instrumental role in disrupting
quorum sensing®’ by ceasing the communication between the
bacteria without any toxic side effects to the biological cells in
the host.? The design of the nanoparticles along with their drug
loading abilities prescribes the precise mechanism for the
inhibition of quorum sensing. Hyperbranched polyelectrolyte-
based nanoparticles (e.g., dendrimers) have been shown to
attenuate the signaling molecules enabling quorum sensing.®
Earlier studies have shown dendrimer-like complexes loaded
with anti-quorum sensing agents to block the receptor protein
which regulates the gene expression® enabling biofilm produc-
tion. Furthermore, these polyelectrolyte-based dendrons can
interfere with the activity of the enzymes to suppress the
synthesis of the Als. Dendrimer-like complexes disrupt the
extracellular polymeric substances (EPSs) that constitute
majority of organic matter in biofilms.' Dendrimers associate
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with the EPSs and cause membrane disruption.*® In addition,
the positively charged moieties at the periphery of cationic
dendrons disrupt bacterial cell membranes via favorable elec-
trostatic interactions.'* Therefore, nanoparticles decorated with
polyamidoamine (PAMAM) dendrons have the potential to be
highly effective in intercepting quorum sensing pathways. In
addition, these characteristics of the dendrons could make
them potentially useful for anti-fouling applications. Also, these
dendrons are administered with antibiotics® to increase the
efficacy of the latter. In the future, nanoparticles encompassing
suitably functionalized polyelectrolyte-based dendrons which
disrupt quorum sensing and are toxic to bacteria may replace
antibiotics to treat bacterial infections. Such an approach would
address the growing resistance to antibiotics. This study focuses
on designing nanoparticles, or vesicles, which can disrupt
quorum sensing with the ultimate goal of stemming bacterial
infection.

Experimental studies demonstrate the formation of stable
vesicles constituted of generation 1 PAMAM dendrons grafted
to two alkyl tails.” The addition of the alkyl tails in dendron-
grafted amphiphiles is motivated by their ability to enhance
fusion with the plasma membrane and self-assemble into
nanostructures.” The former increases the potency of anti-
virulence mechanisms that are predicated upon intake into
the cytoplasm. The favorable interactions between nucleic
acids™ and hyperbranched polyelectrolytes extends the func-
tionality of these nanostructures to a broad range of applica-
tions. These vesicles are susceptible to structural modifications
in acidic or basic environments due to the PAMAM den-
drons.*™" The sharp increase in the charge density of the den-
drons with higher generations significantly changes the
physical properties of the hyperbranched polyelectrolytes.**
Dendrons with higher generations are highly effective in
transfecting cells.” However, amphiphiles encompassing den-
drons with higher generations have yet to be investigated for
their ability to form stable, self-assembled
nanostructures.'>**1%7

Computational studies demonstrate the impact of pH on the
conformation of PAMAM dendrimers.” The effect of pH is
incorporated into the model for the PAMAM dendrimer by
varying the protonated states of the constituent primary, tertiary
amines and amide groups. The radius of gyration of the PAMAM
dendrimers is found to increase in acidic environments.'*?
Other studies use free energy calculations to measure the
favorable interactions between PAMAM dendrimers and phos-
pholipid bilayers.>®

In this study, the stability of vesicles encompassing PAMAM
dendron-grafted amphiphiles (PDAs) and dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) phospholipids is examined. The
molecular species are selected due to the ability of hyper-
branched polyelectrolytes to disrupt quorum sensing and the
alkyl tails to enhance fusion of the vesicles with the plasma
membrane. Vesicles encompassing phospholipids and PDAs
ranging from generations one through six are created through
the membrane closing process. The self-organization of the
dendron-grafted amphiphiles in the vesicle bilayer during the
process is observed to impact the stability of the vesicles. The
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threshold concentration of the PDAs for each dendron genera-
tion at which stable vesicles are formed is identified. In addi-
tion, the factors disrupting the stability of the vesicles at higher
relative concentrations and generations of the PDAs are deter-
mined. A set of conditions inducing the formation of a single
cluster of PDAs that decorates the DV surface like a mesh is
reported. The predicted designs from this study can be used to
inspire and guide the synthesis of nanoparticles which could
potentially intercept the quorum sensing pathway in multiple
ways, thereby catalyzing innovative anti-virulence strategies that
bypass drug resistance. The results from this study can motivate
diverse applications in biomedicine, energy and electronics
which require synthetic dendronized cells, or the adsorption
and transport of charged species.

Methods

Vesicles encompassing mixtures of DPPC phospholipids and
PDA are examined. DPPC was selected due to its biocompati-
bility as it is lung surfactant.”* DPPC has been extensively used
in many computational®>>* and experimental studies**?* and
hence, its physico-chemical properties are well characterized. In
addition, a DPPC membrane is in the gel state at physiological
temperatures which makes it suitable for forming stable vesi-
cles which encompass amphiphiles with bulky water soluble
head groups.”®?° The characteristics of the vesicles encom-
passing molecular species with different relative concentrations
and generations of the dendrons (namely, generation 1 (G1)
through generation 6 (G6)) are studied. The dynamics of the
system is resolved over extensive spatiotemporal scales via the
molecular dynamics (MD) simulation technique used in
conjunction with the explicit solvent coarse-grained (CG)
Martini force field.** The non-bonded interactions are defined
by the Lennard-Jones and coulombic electrostatic potentials.
The cut-off distance for both potentials is set at 1.2 nm. Large
periodic simulation boxes (50 x 50 x 50 nm?®) are generated to
host vesicles that have dimensions (diameter: 22.1 nm)
comparable to experimental observations.**** Since these
systems consist of approximately a million particles, long range
electrostatics has not been incorporated. The simulation time
increases by a factor of 6 with particle mesh Ewald summation
(PME)**** for long range electrostatics (using an optimal Fourier
spacing). This would significantly slow down the investigation
(from the perspective of computational cost) of a large phase
diagram encompassing several dendron generations and rela-
tive concentrations. Also, Fig. S1T compares the effect of long
range electrostatics on one of the measurements reported in
this paper. This comparison shows that there is minimal impact
on the measured values when long range electrostatics is
incorporated in the model. Details of this comparison will be
discussed at the end of the Results and discussion section.

The GROMACS MD package®**” (version 2016.4) is used to
generate particle trajectories for characterization of the system.
To ensure reproducibility of the results, each observable is
averaged using four independent particle trajectories.

The CG representation of DPPC is derived using a phospho-
lipid database.*® The PDAs encompass alkyl tails which are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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identical to those of the DPPC phospholipids. Each alkyl chain
for the DPPC and PDA consists of four C1 type beads. The
hydrophobic tails will promote the assembly of DPPC and PDA
molecules. The two alkyl tails in the PDAs are connected to the
innermost tertiary amine of the dendrons. The bonded inter-
action parameters for the PAMAM dendrons is based upon an
earlier study on dendrimers." In comparison to lipid bond and
angle parameters, a higher force constant is used for the den-
drons. This allows the dendron branch to maintain its rigid
structure and excluded volume, independent of the PDA relative
concentrations.

The CG representation for the PAMAM dendrons (see
Fig. 1B-G) is based upon earlier studies.’** The dendrons
encompass primary, tertiary amines and amide groups. The
primary amines are the terminal end groups of the dendron
branch. The pH determines the protonated state of each of
these chemical moieties. Under neutral pH conditions the
terminal end groups are protonated.” The repulsions between
the positively charged terminal end groups are expected to
induce swelling of the branches. Hence, the terminal groups are
represented by a Qd bead type, which represents a hydrogen
bond donor moiety with a unit positive charge. The amide
groups represent the amide linkage between the branching
points (tertiary amines) and terminal groups (primary amines).
The amide group has mild polarity and is represented by a P3
bead type.'*° The inner most layer of the dendrons consists of
tertiary amines. The tertiary amines are nonpolar and are rep-
resented by a NO bead type. The charge neutrality of the system
is maintained through chloride counterions. The Qa bead type
(namely, unit negative charge with hydrogen bond accepting
capability) is used to model the chloride ions.

To validate the PAMAM dendron model, the measurements
of the radius of gyration (R,) for a G5 dendrimer*>*' are
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compared with corresponding measurements from experi-
mental**** and other computational studies.”® The radius of
gyration is evaluated using the following equation

N
ZM,'V,'Z
2 i=1
R = ——
S M;
i=1

where N is the number of dendrimer beads, r; is the distance of
the /" bead from the center of mass of the dendrimer and M; is
the mass of the i bead.

The model for the G5 dendrimer is based upon prior
studies.>**** Additional solvation in the interior section of the
dendrimer is included by assigning mild polarity to the amide
groups™*® to induce moderate inner swelling of the branches.
This feature allows the radius of gyration to increase and
thereby, agree with previously reported experimental data. As an
aside, an all atom computational study on dendrimers and
phospholipid membranes reports surface
hydration of the branches,* resulting in the adsorption of the
dendrimers onto the phospholipid membrane surface. As dis-
cussed later, the interfacial adsorption of small dendrons onto
the phospholipid bilayer is observed extensively throughout this
study.

A preassembled bilayer encompassing 3040 DPPC lipids in
a simulation box with dimensions 30 x 30 x 4 nm? is gener-
ated. The height of the simulation box is expanded from 4 nm to
10 nm to accommodate the water beads. The bilayer remains
stable as its hydrophobic region is not exposed to the solvent.
Particle overlaps are removed via 5000 steps of energy minimi-
zation, using the steepest decent algorithm. The system is
equilibrated in the canonical ensemble via a v-rescaling ther-
mostat with a stochastic term** at temperature of 323 K. This

lower exterior

G B C D

E, F |
Fig.1 The PAMAM dendron branch bearing 2 Cyg alkyl chains is represented using the Martini coarse-graining scheme. (A) Chemical structure of
G1 PAMAM dendron-grafted amphiphiles. (B—G) Coarse-grained models of generations 1 to 6 of PAMAM dendron-grafted amphiphiles. The

orange beads represent the amide groups and tertiary amines of the dendron branches. The green beads represent positively charged terminal
amines. The purple beads represent the lipid tails of the PAMAM dendron.
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step is followed by further equilibrating the system in the NPT
ensemble using Parrinello-Rahman barostat with semi-
isotropic pressure coupling to maintain a pressure of 1 bar.
After the bilayer is equilibrated, a grid of a specific dimen-
sion is mapped onto the top and bottom surfaces of the bilayer.
At each intersection of the grid lines, a lipid is selected as
a grafting site. The head beads of the selected lipids are
replaced by a PAMAM dendron. These grafted amphiphiles
form the initial configuration of the PDAs. The system is
equilibrated in the NPT ensemble for 400 ns to allow the den-
drons to relax. The equilibrated bilayer with the PDAs (see
Fig. S21t) is inserted into a larger simulation box such that the
hydrophobic region of the bilayer edges is exposed to the
solvent. This large box has dimensions of 50 x 50 x 50 nm®.
Minimization of the interfacial energy initiates a process which
yields either stable (Fig. 2A) or unstable dendronized vesicles
(DVs) (Fig. 2B). Details of the process are discussed in the
Results and discussion section. The system is equilibrated in
the NPT ensemble for 400 ns using an isotropic pressure
coupling barostat. Each system is simulated for 4 us, followed
by a 100 ns simulation to generate trajectories for analysis. A
timestep of 20 femtoseconds is used for all production runs.

Results and discussion

The DVs are generated using the approach detailed in the
Methods section. The role of dendron generation (i.e., G1
through G6) and relative concentration on the characteristics of
the DVs encompassing DPPC and PDAs is examined. For each
generation, a corresponding relative concentration (i.e., critical
concentration limit) that yields stable DVs is identified. On
increasing the relative concentration of PDAs beyond the crit-
ical concentration limit, mixed irregular assemblies with
a ruptured membrane are observed. The structure and spatial
organization of the dendrons, as a function of generation and
relative concentration, provides insight into the key factors

Stable Structure Formation
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which induce membrane rupture. Lower generation dendrons
(namely, G1 and G2) destabilize the DV bilayer by a significant
increase in electrostatic repulsions. Intermediate generations
(i.e., G3 and G4) disrupt the bilayer via conformational changes
in the dendron branches which impose local asymmetric
stresses on the DV bilayer. Higher generations such as G5 and
G6 rupture the bilayer via interplay between a significant
increase in the dendron-lipid interactions and the spontaneous
curvature of the dendrons. The former arises due to the high
charge density of the dendrons.

Formation of dendronized vesicles

Using the process detailed in the Methods section, an equili-
brated bilayer encompassing DPPC and PDAs (see ESI file
Fig. S21) with a specific dendron generation is created. The
bilayer is placed at the center of a larger simulation box filled
with water beads which exposes the hydrophobic section of the
bilayer to the solvent. The exposure of the hydrophobic tails to
water generates unfavorable interactions. These unfavorable
interactions initiate two processes to minimize the interfacial
energy: the amphiphilic molecules at the edges of the bilayer
reorganize so as to shield the hydrophobic groups from the
solvent, and the bilayer bends to fuse its edges. The former
process transitions the bilayer into a bicelle.** The latter process
transitions the bicelle into a vesicle.

The edge (see Fig. S31) of the bicelle has a higher positive
curvature*® in comparison to its planar upper and lower
surfaces, and hence provides excess surface area that is favor-
able for the excluded volume of the dendrons. However, the
generation of the dendrons is observed to impact the diffusion
of the PDAs across the bicelle. Fig. S4ET describes the average
position of the dendrons on the bicelle. If the average position is
farther from the center of the bicelle (radius = 0 nm), it would
suggest that the dendrons may migrate towards the bicelle
edge. In comparison to smaller dendrons (G2), the average
position of intermediate dendrons (G3 and G4) is farther away

Unstable Structure Formation

Stable Structure

Lipid Matrix

Transition State

Unstable Structure

Lipid Matrix

Fig. 2 The process of membrane closing from a stable bilayer to a (A) stable or (B) unstable vesicle.
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from the center of the bicelle. It is difficult to resolve this trend
with certainty given the statistical variability in the results. This
type of grafted polymer chain displacement towards the outer
edge of a bicelle has been reported in earlier computational*®
and experimental®” studies. The PDAs with larger generations
(i.e., G5) do not migrate towards the edges of the bicelles
(Fig. S4D).

The bicelle is simulated in the NPT ensemble until the outer
edge fuses to transition the bicelle into a DV (see Fig. 2). In some
cases, as the dendrons are located at the edge of the bicelle, the
PDAs are observed to be organized close to each other after the
bicelle-to-vesicle transition. The displacement of the PDAs
alters their local concentration. An increase in the concentra-
tion would result in conformational changes of the dendrons,
and impose curvature on the DV surface. These changes will be
discussed in subsequent sections.

Phase diagram of dendronized vesicles

Fig. 3 summarizes the morphologies of the stable DVs as
a function of dendron generation and relative concentration.
The critical concentration limit (see Table 1) for stable DVs is
observed to reduce with the generation of the dendrons. The
DVs encompassing PDAs with G2 and G3 dendrons have iden-
tical critical concentration limits. PDAs with G2 dendrons have
a higher tendency to distribute themselves asymmetrically
across the monolayers during the bicelle-to-vesicle transition
process (see Table S1t). Prior to the commencement of the
transition process, all the bilayers have the same number of
PDAs on each monolayer. However, during the membrane
closing process some PDAs may diffuse in the bicelle such that
they locate themselves in the opposite monolayer after the
formation of the DV. The outer monolayer can host higher
relative concentrations of PDAs as the inner monolayer volu-
metrically constrains the dendrons. Hence, DVs will typically
have a higher number of PDAs on the outer monolayer.
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Characteristics of dendrons on dendronized vesicles

The molecular characteristics of the DVs are determined by an
interplay of favorable and unfavorable electrostatic interac-
tions. The favorable interactions arise between oppositely
charged terminal protonated amines in the dendrons with the
lipid polar groups.'*****84° These interactions induce the
interfacial adsorption of a fraction of the terminal amines onto
the lipid bilayer surface. The unfavorable interactions arise
between the like-charged terminal protonated amines of
neighboring dendrons,® and are predominantly responsible for
their conformational changes at higher grafting densities. The
contribution of each type of interaction on the characteristics of
the DV is dependent on the generation and relative concentra-
tion of the PDAs.

For PDAs with lower generation dendrons (i.e., G1 and G2),
majority of the terminal protonated amines are interacting with
the lipid polar groups on the surface of the DV. The impact of
relative concentration of the PDAs on these interactions is
negligible. Hence, the terminal groups of the dendrons are
forced to interact laterally with corresponding groups from the
neighboring dendrons. These observations are supported by
comparisons of the favorable and unfavorable interaction
counts (see Fig. 4A).

PDAs with intermediate dendron generations (i.e., G3 and
G4) demonstrate a reduction in the interactions between the
terminal protonated amines and the lipid polar groups with
increasing relative concentration, or local density (see Fig. 4A).
The closer packing of the dendrons on the surface of the DVs
would cause an overlap of their individual excluded volumes
and induce unfavorable lateral interactions between the
terminal protonated amines of the neighboring dendrons.** The
terminal protonated amines extend away from the surface of the
DV to reduce the overlap of their individual excluded volumes.
These conformational changes reduce the interactions between
the terminal protonated amines and the lipid polar groups.

bend Relative Concentration of PAMAM Dendron Amphiphile
endron
~0.001 % ‘ ~0.003% ~1% ‘ ~2.5% ~5% | ~10% |~15% | ~20% | ~35%
G1
G2 Regular
Structures
G3
G4
Irregular
G5 Structures
G6

Fig. 3 Final assemblies of PDAs and DPPC lipids as a function of the generation and relative concentration of PDAs. The regular structures (stable
vesicles) have been separated from the irregular structures by the black line. Color scheme: blue — DPPC lipids, orange — amide groups and
tertiary amines in PAMAM dendrons and green — positively charged terminal amines.
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Table 1 Key properties for different generations of PAMAM dendron-
grafted amphiphiles at the critical concentration limit

Number of
terminal amines
in the outer monolayer

Total number of
terminal amines

Relative PDA
Generation concentration

G1 20% 1296 760
G2 5% 648 380
G3 5% 1296 696
G4 2.5% 800 400
G5 0.005% 384 192
G6 0.0025% 512 256

However, the extended conformations at higher local densities
of the dendrons also increases the interactions between the
terminal protonated amines. The electrostatic interactions in

>

1.2

View Article Online

Paper

higher generations of dendrons (namely, G5 and G6) are not
sensitive to the relative concentration of PDAs (see Fig. 4A). This
behavior arises due to the very low numbers of PDAs present in
the DVs.

Earlier studies have suggested that higher grafting density of
polymers would result in their conformation transitioning from
a mushroom to a brush.*>* In this study, the dendrons are
categorized to adopt mushroom-like conformations provided
they occupy a volume equivalent to their excluded volume. The
adoption of this conformation would be indicative of limited
lateral interactions between neighboring dendrons. This
conformation is typically observed at lower concentrations,**
and can be assumed to occupy an effective hemispherical
volume with a radius equivalent to the radius of gyration of an
isolated, grafted dendron. When the relative concentration is
increased beyond a threshold value, the PDAs would need to
minimize the overlap of their excluded volume (and lateral
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Fig. 4

(A) Interactions between the terminal amine beads of dendron branches and phosphate beads of DPPC lipids shown using solid lines (TA—

PO). Interactions between the terminal amines shown using the dotted lines (TA-TA). The interactions are reported as a ratio of the number of
terminal amines involved in the specific type of interaction to the total number of terminal amines in a PDA. The x axis is scaled using log of base 2
as most of the chosen relative concentrations are twice its previous value. (B) The average spacing between dendron grafting points as a function
of the number of terminal amines shown using solid lines. An increase in terminal amines is equivalent to an increase in the relative concentration
of the PDAs. The dotted lines denote twice the radius of gyration described by the terminal amines. Both axes are scaled using log of base 2. The
enlarged data points represent the critical concentration limit corresponding to the dendron generation.
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interactions) by diffusing to regions with a lower local density of
dendrons, or by changing their conformations. Diffusion of
a single PDA to a less densely populated region will be depen-
dent upon the proximity and concentration of neighboring
PDAs. If the PDA is unable to diffuse to a less populated region
of the bilayer, the dendron branches will extend radially
outwards (away from the DV bilayer) and adopt a brush-like
conformation.*® In addition, the repulsion between the
terminal protonated amines of the dendrons will favor brush-
like conformations. Majority of the dendrons are observed to
adopt mushroom-like conformations for lower relative
concentrations. However, at higher relative concentrations, only
a fraction of the dendrons extend away from the bilayer to adopt
brush-like conformations.

The conformation of the PDAs is categorized by determining
the average distance of separation (D) between the dendron
grafting points,*® for different relative concentrations and
generations. The value of D is evaluated for the PDAs on the
outer monolayer, as dendrons emanating from the inner
monolayer are volumetrically constrained. In addition, confor-
mational changes in PDAs on the outer monolayer are
predominately responsible for rupture of the DVs. The average
distance of separation is compared to a characteristic length
associated with the excluded volume of the dendrons adopting
a mushroom conformation. The characteristic length is the
radius of gyration (R,) of isolated dendrons which is measured
using the terminal amines. The lateral interactions and repul-
sions between the terminal protonated amines of neighboring
dendrons are assumed to become significant when D = 2R,
(where 2R, is the diameter associated with the excluded volume
of a dendron adopting a mushroom conformation). The average
distance of separation becomes less than twice the radius of
gyration for relative concentrations lower than the critical limit
for lower (G1 and G2) and intermediate (G3 and G4) generations
(see Fig. 4B). These observations indicate the conformation of
the dendrons, for these generations and specific relative
concentrations, to transition from a mushroom to a brush
conformation. However, for larger generations (G5 and G6), the
dendrons maintain mushroom conformations for all the rela-
tive concentrations (see Fig. 4B).

The changes in the structure of the dendrons are probed
through the end to end distance. This calculation is noisy due to
the favorable interactions between the terminal amines and
lipid polar groups, and is supported by observations from other
measurements. The end to end distance is given by the average
Euclidean distance between every terminal amine and its cor-
responding grafting point, normalized by the ideal path length
of the branch. The ideal path length is defined by the following
relation: (number of beads between a terminal amine and the
grafting point — 1) x bond distance between two beads. The
scaling exponent relating the end to end distance to the
molecular weight indicates the degree of expansion or
compression of the dendrons with increase in the relative
concentration of the PDAs. The scaling exponent for lower
generation (i.e., G1 and G2) dendrons is approximately 0 (in
Table S2t) which indicates minimal change in the extension of
the dendron branches with relative concentration. This

© 2021 The Author(s). Published by the Royal Society of Chemistry
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observation is supported by insignificant changes in the inter-
actions between the terminal amine and lipid polar groups (see
Fig. 4A). Both results indicate that the lower generation den-
drons preferentially interact with the lipid polar head groups on
the DV surface. This preferential interaction constrains the
conformational flexibility of the dendrons resulting in a sharp
increase in the interactions between the terminal amine groups
of neighboring dendrons, for higher relative concentrations of
PDAs. Increase in the concentration of PDAs results in the
rupture of the DV bilayer. As per Table S2,T a positive scaling
exponent for intermediate generations (i.e., G3 and G4) indi-
cates expansion of the dendritic arms and thereby, changes in
their conformation. This observation is supported by the
average neighbor distance measurements summarized in
Fig. 4B.

Numerous experimental and theoretical studies on polymer-
grafted surfaces utilize scaling relations between the height of
the polymer brush (Z) and its molecular weight***>**** to obtain
insight into the interactions between and the relative confor-
mation of the polymers as a function of their chain length.
These studies focus on systems where the polymer does not
interact with the surface. Due to the favorable interactions
between the terminal amines and lipid polar groups, it is
difficult to compare the scaling exponents for this system with
corresponding measurements from prior studies.>®***%%
However, the difference between the scaling exponents for
polymers with and without interactions with the surface can be
used to quantify the effect of the surface on the polymer
conformation.

As majority of the dendrons have favorable interactions with
the DV bilayer, the height is determined using the dendron
branches that are extended away from the surface (see Fig. S67).
Earlier studies focusing on systems with no interactions
between the polymer and the surface report the following rela-
tion: Z ~ M,>>.% Scaling measurements for lower and inter-
mediate dendron generations are determined to be respectively
Z ~ My* and Z ~ M,%°. The smaller scaling exponents
indicate the reduced effect of the higher relative concentrations
(or, higher molecular weights) on the conformations of the
dendrons. The favorable interactions between the terminal
amines and the lipid polar head groups restricts the confor-
mational changes of the dendrons. In the absence of interac-
tions between the dendrons and the surface, higher
concentrations of dendrons resulted in an increase in the brush
height to reduce lateral interactions between neighboring
dendrons.* Similarly, the relation between the height of the
dendron and the average spacing between two neighboring
grafting points is given by Z ~ D™%°** and Z ~ D~%%*® (Table
S4t), respectively for lower and intermediate dendron genera-
tions. Comparison of these measurements with results (Z ~
D™ %) from a prior study® shows a higher relative concentration
to result in lower average spacing. However, the favorable
interactions between the terminal amines and the lipid polar
groups significantly undermines the impact of higher
concentrations.

A high density of dendrons at the bicelle edge during the
formation of the DVs could potentially result in a single large
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cluster of PDAs after the bicelle-to-vesicle transition. The
interactions of the dendrons with each other and with the lipid
polar groups could potentially induce localized asymmetric
stresses in the DV bilayer, resulting in its rupture or in the
formation of transient pores.'* Hence, the projection area of the
dendrons on the DV bilayer is characterized at higher concen-
trations towards understanding the impact of the PDA relative
concentration on the stability of DVs.

The surface of a DPPC vesicle with the same number of
molecules is used as a reference to determine the projection
area of all the dendrons on the DV bilayer. This projection area
includes the areas of overlap between the dendrons when D <
2R, and is called the true projected area. The true projected
area is evaluated by counting the number of DPPC polar beads
that are within interaction range from the dendron terminal
beads. The product of the number of such interactions with the
area of cross-section of each interaction provides the projected
area of all the dendrons on the DV surface. This approach
overestimates the true projected area as the projected area can
vary between different dendrons due to their internal degrees of
freedom. Therefore, a comparison of the true projected area
with the theoretical projected area is required. The theoretical
projected area is the projected area of the dendrons when D >
2Ry, independent of PDA concentration.

The true and theoretical area for different generations is
provided in Fig. 5. The set of two lines intersect with each other
only for intermediate dendron generations (i.e., G3 and G4).
This means that the true and theoretical projected areas are
equal at a specific value of the relative concentration of the PDA.
The true projected area becomes less than the theoretical pro-
jected area after the point of intersection, as neighboring den-
dron branches or their corresponding projected areas begin to
overlap. The overlap of the dendron branches results in the
formation of PDA clusters at higher values of the relative
concentration of the dendrons. In most of the cases for the
intermediate generations, majority of the dendrons aggregate
into a single, large cluster (Fig. 6). This observation implies that
the true projected area provides a good estimate of the surface
area occupied by the single, large PDA cluster. This area can be
assumed to be numerically representative of and therefore,
proportional to the local asymmetric stress on the DV bilayer,
induced by an aggregate of PDAs. Hence, as the true and theo-
retical projected areas are equivalent for intermediate dendron
generations, majority of the dendron branches are assumed to
be participating in a single, large cluster of PDAs (see Fig. 5,
inset B). This large cluster will induce localized asymmetric
stresses in the DV bilayer. In addition, if the true projected area
becomes less than the theoretical projected area, the PDA
cluster will become more compact (see Fig. 5, inset C) and
induce larger localized asymmetric stresses in the DV bilayer. In
contrast, dendron branches for the lower and higher genera-
tions have negligible overlap.

The true and theoretical projected areas of the dendrons
increase with relative concentration of the PDAs. For interme-
diate dendron generations (i.e., G3 and G4), the true projected
area is observed to be equal to the theoretical projected area at
a certain relative concentration (see Fig. 5). The dependence of
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the magnitude of the localized asymmetric stresses on the
dendron generation can be obtained by comparing the critical
relative concentrations for G3 and G4 dendrons. For G3 den-
drons, the true projected area is observed to be lower than the
theoretical projected area at the critical concentration limit.
This implies that the G3 dendrons form a single large PDA
cluster at a relative concentration smaller than the critical
concentration limit (see Fig. 5, inset B). The PDA cluster
becomes more compact at the critical concentration limit (see
Fig. 5, inset C), generating larger local asymmetric stresses, and
resulting in the rupture of the DV bilayer. Whereas, the G4
dendrons form a cluster that has a true projection area equiv-
alent to the theoretical projection area at the critical concen-
tration limit. At this relative concentration, the local
asymmetric stresses generated are sufficiently large so as to
rupture the DV bilayer. In this case, the cluster is not sufficiently
compact. Hence, the comparison between G3 and G4 dendrons
in the category of intermediate dendron generations identifies
the dependence of the magnitude of the asymmetric stresses on
the dendron generation. Therefore, dendrons with relatively
lower generations aggregate into one single large cluster below
the critical concentration limit. Due to the smaller branch sizes,
the impact of the stress induced by the PDA cluster is not
sufficient to spontaneously rupture the DV bilayer. However, for
relatively larger dendrons, the DV bilayer experiences signifi-
cantly higher asymmetric stresses when a single large PDA
cluster is formed. This asymmetric stress instantaneously
ruptures the vesicle.

For lower relative concentration of PDAs, the dendrons are
dispersed on the DV bilayer. PDAs with higher dendron gener-
ation are not observed to form clusters, or have their excluded
volumes intrude into the corresponding excluded volume of
neighboring dendrons. Therefore, PDAs with higher genera-
tions are well dispersed across the DV bilayer. Yet, stable DVs
are only able to accommodate low relative concentrations of
PDAs with higher generations. This observation could be
explained by the higher curvature induced by PDAs of higher
generations. The curvature imposed by a single dendron is
termed as spontaneous curvature.’” Since the projected area
measurement suggests that majority of the dendrons are
dispersed across the DV bilayer, the spontaneous curvature
induced by the dendrons with higher generations causes
localized expansion of the bilayer®®*® and therefore asymmetric
stresses at multiple dispersed sites. The collective effect of the
stresses at multiple sites could potentially result in the forma-
tion of transient pores and rupture of the DV bilayer. In addi-
tion, prior studies have suggested that the large charge density
of dendrimers with higher generations plays an instrumental
role in the formation of pores in bilayers.**** This observation
could be explained by a higher number of dendron-lipid
interactions within a localized region of the DV bilayer. These
interactions allow dendron branches to penetrate the bilayer
and create pores.'” Fig. 4A shows a constant number of den-
dron-lipid interactions for dendrons with higher generations.
This observation implies that the dendrons branches consis-
tently associate with the DV bilayer, independent of the relative
concentration. At larger relative concentrations of dendrons

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 The projected area of the dendron head beads on the DV surface as a function of the number of terminal amines. Solid lines represent the
true surface area and dotted lines represent the theoretical surface area. The enlarged data points represent the critical concentration limit
corresponding to the dendron generation. The x and y axes are scaled using log of base 2 as most of the chosen relative concentrations are twice
their preceding value. Inset: a rectangular outer patch of the DV bilayer (in green color) consisting of four intermediate dendron branches has
been depicted in A-C. Each dendron branch is denoted by a unique color (blue, black, red and orange). Inset A represents the initial state where
every dendron has an excluded volume that is not overlapping with excluded volumes corresponding to neighboring dendrons. Inset B
represents the scenario where the excluded volume of the dendrons begin to overlap and the dendrons begin to form a single cluster. Inset C
shows the same cluster where the excluded volume of the constituent dendron branches is overlapping. The x and y axes of the inset are scaled
to fit the values for intermediate dendrons.

relative concentration, the average cluster size is measured.
Fig. 4A suggests that electrostatic repulsions between terminal
amines are limited for smaller relative concentrations of den-
drons with lower and intermediate generations. Due to the lack
of electrostatic repulsion between neighboring dendrons, it is
surmised that the dendrons aggregate to localize the asym-
metric stresses in the DV bilayer. However, the formation of
a single, compact cluster encompassing all the PDAs in the
system would generate significantly higher curvature which is
localized in a specific region of the DV bilayer, resulting in its
rupture. In Fig. 7, the size of dendron clusters is determined as
a function of the interactions between the terminal protonated
amines and lipid polar groups (i.e., the dendron-lipid interac-
tions). The x-axis has been normalized by the total number of
interactions to permit comparisons across all dendron
generations.

For dendrons with lower and intermediate generations (see
Fig. 7), small clusters form when the dendron-lipid interactions
are high. These favorable interactions are expected at low rela-
tive concentrations of the PDAs (see Fig. 4A). For lower number
of dendron-lipid interactions, the clusters grow in size. This
observation is attributed to the increasing relative concentra-

Fig. 6 A large cluster of G3 PAMAM dendrons on a DV (blue) has been
shown in red color.

with higher generations, the dendron-lipid interactions could
contribute to the disruption of the DV bilayer. Therefore,
a larger density of dendron-lipid interactions coupled with
spontaneous curvature effects could contribute to the rupture of

DV bilayers encompassing dendrons with higher generations.
To understand the key factors which determine the distri-
bution of PDAs in the DV bilayer as a function of generation and

© 2021 The Author(s). Published by the Royal Society of Chemistry

tion of PDAs. The negative correlation between dendron-lipid
interactions and the cluster size could be explained by the
decrease in dendron-lipid interactions which would decelerate
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the process of pore formation, thereby stabilizing the vesicle. In
addition, the decrease in the favorable dendron-lipid interac-
tions is consistent with an increase in the repulsions between
the terminal amines. The repulsive interactions hinders the
formation of a single, large cluster in a localized region of the
DV bilayer. Hence, the dendrons aggregate into a single cluster
that decorates the surface of the DV bilayer like a mesh (as
shown in Fig. 6). This organization of a single PDA cluster into
a mesh is surmised to enable the redistribution of the asym-
metric stresses across the DV bilayer to circumvent excessive
curvature from being localized in a single region.

Since the dendron-lipid interactions decrease with increase
in the size of the clusters, the terminals amines are surmised to
be directed away from the DV bilayer. This configuration is
observed for larger concentrations of dendrons with lower and
intermediate generations for conditions where the DV remains
stable.

For the PDAs with higher generations, an average cluster size
of 1 is consistently observed which implies that all the dendrons
are dispersed across the DV bilayer.

Impact of dendrons on the dendronized vesicle bilayer

For further insight into the stability of the DVs, the physical
impact of the dendron branches on the DV bilayer is investi-
gated. Earlier studies have developed analytical relations
between the grafting density of polymers and a physical
dimension of the surface® to determine the impact of the
grafted polymer on the surface. Theoretical studies have sug-
gested that the polymer branch imposes a lateral stress® on the
bilayer. This stress is responsible for laterally stretching the
bilayer surface, until it ruptures and disaggregates. Specifically,
grafted polymers in the brush regime are reported to impose
higher lateral stresses on membranes.*"*

To capture the lateral stretching of the surface, the volume of
the outer monolayer of the DV bilayer (or, outer hydrophobic
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volume) is measured. The outer hydrophobic volume is the sum
of the volume of all the lipid tails in the outer monolayer of the
DV. The volume of the inner monolayer (or, inner hydrophobic
volume) is excluded from the measurement as its expansion is
not as significant as that of the outer hydrophobic volume. This
is because the outer monolayer is not volumetrically con-
strained. A sudden increase in the hydrophobic volume is
observed for DVs encompassing PDAs of intermediate genera-
tions (see Fig. 8). The significant change in the outer hydro-
phobic volume is observed at the critical concentration limit for
this category of dendrons. The expansion of the DV outer
monolayer is correlated to the physical changes observed in
dendrons of intermediate generations. From the scaling
measurements, dendrons of intermediate generations undergo
mushroom-to-brush transitions. Hence, the conformational
changes in this category of dendrons is responsible for
imposing high lateral stresses on the DV bilayer. The sudden
expansion of the monolayer at the critical concentration limit is
potentially attributed to the mushroom-to-brush transition.
This means that the grafting density at the critical concentra-
tion limit is sufficiently significant to promote the adoption of
brush-like conformations by the grafted dendrons. The DV
surface responds to the instantaneous effect of the lateral
stresses imposed by the brush regime via expansion.

In the case of the stable DVs, the outer monolayer expansion
due to the dendrons does not make the bilayer permeable to
solvent. This is ensured by checking the packing factor of lipids
in their final relaxed configurations.®*** All stable DVs have
packing factors for the inner and outer monolayer which are
within the permissible range. The packing factors for irregular-
shaped DVs are observed to deviate from the permissible range.
The values of the packing factor have been reported in Table
S5.F

Analogous expansion effects are not observed for dendrons
with lower and higher generations (see Fig. 8). This observation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 The outer hydrophobic volume of the DV bilayer has been plotted against the number of terminal amines in the system. The enlarged data
points represent the corresponding critical concentration limit of the dendron generation.

can be attributed to the lower tendency of the dendron
conformations to transition towards the brush regime.

Fig. S1f compares the effect of long range electrostatics
implemented with the PME algorithm. This experiment is per-
formed on G3 dendrons and demonstrates that there is
minimal impact of long range electrostatics. Hence, the
assumption of ignoring long range electrostatics permits
exploration of an extensive phase space without impacting the
scientific results.

Conclusions

Disruption of quorum sensing pathways can hinder the growth
of bacterial films, thereby becoming a viable mechanism for the
prevention and cure of bacterial infections. Nanoparticles
grafted with hyperbranched polyelectrolytes have been
demonstrated to be successful in the disruption of quorum
sensing pathways.*® Fundamental insight into the physical
mechanisms underlying the stability of these nanoparticles can
yield new classes of antibacterial agents which circumvent the
risk of developing resistance to antibiotics. This study provides
a fundamental understanding of the physical mechanisms
underlying the stability of a class of such nanoparticles, namely
DVs encompassing PDAs.

The self-organization of PDAs on vesicles provides insight
into the key factors which determine the stability of DVs. These
factors are determined by the generation and relative concen-
tration of the PDAs. These factors include the electrostatic
interactions between dendrons; dendrons and lipids; confor-
mational changes of the dendrons and the spontaneous
curvature induced by the dendrons on the DV bilayer. An
interplay of these factors dictates the stability of DVs.

DVs encompassing PDAs and DPPC molecules are generated.
Variation of the relative concentration and PAMAM dendron
generation yields a phase diagram for the DVs. A critical
concentration limit for each dendron generation is identified.

© 2021 The Author(s). Published by the Royal Society of Chemistry

This concentration serves to differentiate between stable and
unstable DVs.

Lower dendron generations (namely, G1 and G2) are
observed to have large critical concentration limits. Favorable
interactions between the terminally protonated amines and
lipid head groups anchor the short dendron branches onto the
DV surface. These interactions prevent any notable conforma-
tional change in the dendron branches, and enable the gener-
ation of stable DVs with a high concentration of PDAs with
lower generations. Further, conformational restraints induce
the dendritic arms to interact laterally and have their excluded
volumes intrude into the corresponding excluded volumes of
neighboring dendrons. This intrusion gives rise to unfavorable
electrostatic repulsions between the terminally protonated
amines in the branches of all the dendrons of lower generations
which are distributed across the DV bilayer. This unfavorable
interaction increases the spacing between the PDAs, thereby
disrupting the stability of the DV bilayer. Hence, beyond
a certain concentration limit, the electrostatic repulsion
between the terminal amines induces the formation of tran-
sient pores in several locations in the DV bilayer, resulting in
the rupture of the vesicle.

PDAs with intermediate generations (i.e., G3 and G4) diffuse
towards the bicelle edge during the bicelle-to-vesicle transition.
Once the edges of the bicelle fuse to form a vesicle, the PDAs
aggregate into a single large cluster. This cluster has the
potential to induce local asymmetric stresses on the DV bilayer.
In addition, this category of PDAs demonstrates mushroom-to-
brush transition. The conformational change in the dendrons
during the transition to the brush regime expands the DV
bilayer. Hence, sufficient expansion of the bilayer due to
conformational changes of the dendrons branches along with
localized, highly asymmetric stresses arising due to aggregation
of the dendrons ruptures the DVs.

PDAs with higher generations (i.e., G5 and G6) remain
dispersed in the DV bilayer. Spontaneous curvature effects
associated with a single higher generation dendron causes
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localized expansion of the DV bilayer. In addition, the signifi-
cantly high number of dendron-lipid interactions has the
potential to create pores in the DV bilayer. This observation is
attributed to the high charge density of dendrons with larger
generations. Since the dendrons are dispersed in the DV bilayer,
the resultant asymmetric stresses in the bilayer are not mini-
mized via spatial localization. Therefore, the collective impact
of the spontaneous curvature induced by the PDAs along with
the dendron-lipid interactions (on account of the dispersed
dendrons) are surmised to rupture the DV bilayer.

These results emphasize the importance of self-organization
of the PDAs in the DV bilayer. Whereas the aggregation of PDAs
with lower and intermediate generations minimize asymmetric
stresses in the bilayer, their localized aggregation could
potentially rupture the vesicle. This situation is avoided by the
electrostatic repulsion between the terminal amines, specifi-
cally for higher relative concentrations of PDAs. Hence, the
dendrons self-organize into a single cluster that decorates the
surface of the DV bilayer like a mesh. The mesh-like organiza-
tion of the PDA cluster redistributes the asymmetric stresses
across the DV bilayer, thereby circumventing its rupture.

Testing of the DV bilayer for lateral stretching provides
a correlation between mushroom-to-brush transition and the
expansion of the DV bilayer for PDAs with intermediate gener-
ations. These observations provide a qualitative relationship
between dendron conformations and bilayer stability.

This study identifies the key factors, for each category of
dendrons, which promote the rupture of DV bilayers. The crit-
ical concentration limits for each dendron generation could
potentially guide the design of stable nanoparticles for anti-
quorum sensing applications. An optimal choice of dendron
generation could target specific quorum sensing pathways. In
addition, specific conditions under which the terminal amines
are exposed to the aqueous medium are noted. Nanoparticles
designs adhering to these conditions could be used to electro-
statically bind with charged molecules or ions in solution.*®

Prior experimental studies have demonstrated the formation
of vesicles encompassing PAMAM dendron-grafted amphi-
philes.”»***%*” In this study, phospholipids are mixed with
similar molecules with different dendron generations. The
system in this study is similar to polyethylene glycol (PEG)ylated
vesicles encompassing PEG-grafted amphiphiles and phos-
pholipids®*~*” with PEG chains substituted by the PAMAM den-
drons. The presence of the dendrons endow the DVs with anti-
quorum sensing functionality. Whereas, the presence of the
phospholipids allow the DV to fuse with the cell membrane.
Both these functionalities are non-toxic to the cell. In addition,
hyperbranched polyelectrolytes have been used to deliver
nucleic acids and other charged biomolecules to treat various
ailments.®*”° This demonstrates that the DVs can be used in
diverse applications and therefore are highly multifunctional.
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