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Dynamic self-assembling supramolecular
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candidates against drug-resistant bacteria and
biofilms†
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Domenico Marson, c Erik Laurini,c Aura Tintaru,a Brigino Ralahy,a

Suzanne Giorgio,a Sabrina Pricl, c,d Zvi Hayouka *b and Ling Peng *a

The alarming and prevailing antibiotic resistance crisis urgently calls for innovative “outside of the box”

antibacterial agents, which can differ substantially from conventional antibiotics. In this context, we have

established antibacterial candidates based on dynamic supramolecular dendrimer nanosystems self-

assembled with amphiphilic dendrimers composed of a long hydrophobic alkyl chain and a small hydro-

philic poly(amidoamine) dendron bearing distinct terminal functionalities. Remarkably, the amphiphilic

dendrimer with amine terminals exhibited strong antibacterial activity against both Gram-positive and

Gram-negative as well as drug-resistant bacteria, and prevented biofilm formation. Multidisciplinary

studies combining experimental approaches and computer modelling together demonstrate that the den-

drimer interacts and binds via electrostatic interactions with the bacterial membrane, where it becomes

enriched and then dynamically self-assembles into supramolecular nanoassemblies for stronger and

multivalent interactions. These, in turn, rapidly promote the insertion of the hydrophobic dendrimer tail

into the bacterial membrane thereby inducing bacterial cell lysis and constituting powerful antibacterial

activity. Our study presents a novel concept for creating nanotechnology-based antibacterial candidates

via dynamic self-assembly and offers a new perspective for combatting recalcitrant bacterial infection.

Introduction

Bacterial resistance to antibiotics has become a serious global
threat with ever increasing prevalence of infections difficult to
treat.1–3 This pressing public health crisis has been driving the
development of new antibacterial agents to overcome drug re-
sistance. Approaches for developing antibacterial agents
include, to name but a few, the modification of existing anti-
biotics, the identification of active agents on novel targets

against resistant bacteria, and the elaboration of antimicrobial
peptides with dual antibacterial and immunomodulatory
activities.4–7 Among these new strategies, the development of
new antibacterial agents which are substantially different from
conventional antibiotics is of particular interest. In this
context, amphiphilic antibacterial agents that mimic natural
antimicrobial peptides and amphiphilic antibacterial deter-
gents constitute appealing candidates.8–11 Indeed, such agents
are expected to harness the antibacterial features of both anti-
microbial peptides and amphiphilic antibacterial detergents,
while possessing the self-assembly capacity to form supramo-
lecular nanostructures that further enforce the antibacterial
activity via cooperative and multivalent interaction.7,12

Consequently, a myriad of amphiphilic molecules has been
established as antibacterial candidates.13–15

In an effort to meet the urgent need for new antibacterial
agents, we steered our continuing efforts to develop amphiphi-
lic dendrimers for use in biomedical applications16 as antibac-
terial candidates. Dendrimers are a unique family of synthetic
molecules with precisely controlled radial architecture and
special multivalent cooperativity confined within a small
three-dimensional volume. Different dendrimers have been
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studied for their antimicrobial activity.17,18 Among them, the
poly(amidoamine) (PAMAM) dendrimers are of special interest
thanks to their excellent biocompatibility, owing to their
peptide mimicry, and resistance to enzyme degradation by
virtue of their dendritic structure. In addition, they are readily
available via robust synthesis and commercial sources.19,20

Therefore, PAMAM dendrimers are considered as the ideal
candidates to be elaborated as mimics of antimicrobial pep-
tides. However, the most active PAMAM dendrimers are often
high-generation molecules bearing numerous charged term-
inals that are unfortunately associated with considerable cyto-
toxicity at their MIC concentrations.21,22

Recently, small amphiphilic dendrimers composed of
hydrophobic entities and hydrophilic dendrons were shown to
have antibacterial activity that was frequently related to low
dendrimer generation, terminal charge, and hydrophilicity/

hydrophobicity balance.23–32 Specifically, various peptide, poly-
lysine and poly(amide) dendrimers were synthesized to
improve their antimicrobial activity,23–27 whereas polyester
dendrimers were explored for imparting biodegradability while
reducing toxicity.30–32 Also, amphiphilic dendrimers with car-
bosilane entities28 and poly(aryl ether) backbones29 were
studied for antibacterial activity.

Here, we report the design, synthesis and evaluation of
amphiphilic dendrimers composed of a long hydrophobic
alkyl chain and a small hydrophilic PAMAM dendron carrying
one of the following charged terminals: primary amine, ter-
tiary amine, guanidine or carboxylate moieties for antibacterial
activity (Fig. 1A). Importantly, we show that not only does the
charge, the charge density and steric size associated with the
terminal functionalities play crucial roles in the antibacterial
activity, but the dynamic self-assembling feature of the amphi-

Fig. 1 Amphiphilic dendrimers studied for antibacterial activity in this work. (A) Chemical structures of amphiphilic PAMAM dendrimers 1a–d
bearing different terminal groups; (B) Cartoon illustration of the antibacterial activity shown by these amphiphilic dendrimers via membrane adsorp-
tion, self-assembling, interaction, insertion, disintegration and disruption.
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philic dendrimers further enforces this antibacterial activity via
membrane interaction and disruption (Fig. 1B). In particular,
the amine-terminated dendrimer 1a exhibited the most potent
antibacterial activity against both Gram-positive and Gram-
negative bacteria as well as drug-resistant bacteria, and eradi-
cated biofilm. Specifically, positively charged 1a dendrimers
move towards and bind, via electrostatic interactions, to the
negatively charged bacterial membrane, where they become
enriched before dynamically self-assembling into supramolecu-
lar nanoassemblies that favor stronger and more multivalent
interactions. These, in turn, rapidly promote the insertion of
the hydrophobic dendrimer tail into the bacterial membrane
and induce cell lysis, thereby generating powerful antibacterial
activity. Here, we present our study in establishing amphiphilic
dendrimer 1a as a promising antibacterial candidate, highlight-
ing the importance of the self-assembly and surface terminal
decoration of 1a in its antibacterial action.

Results and discussion

We first synthesized the amphiphilic dendrimers 1a–d using
the ester-terminating dendrimer 1 as the common starting
material (Scheme 1). The amidation of 1 with respectively ethy-
lenediamine and N,N-dimethylethylenediamine, yielded 1a
and 1b.33,34 Further conjugation of 1a with the protected argi-
nine derivative followed by subsequent deprotection gave the
arginine-terminated dendrimer 1c,35 whereas hydrolysis of 1
using LiOH furnished the acid-terminated dendrimer 1d. The
structural integrity and purity of all the synthesized dendri-
mers were examined and confirmed using 1H- and 13C-NMR as
well as high-resolution mass spectroscopic analysis (Fig. SA1–
SA4, see ESI† Annex for details).

All the dendrimers 1a–d were soluble in water, with concen-
trations up to 20 mM. By virtue of their amphiphilicity, these

dendrimers self-assembled into small and spherical supramo-
lecular nanomicelles ranging from 10 to 20 nm in size, as
demonstrated by transmission electron microscopy (TEM)
(Fig. 2, Fig. S1†). These data are in line with our previous
results obtained for the amphiphilic dendrimers, which in
water spontaneously form nanomicelles.34,36 In addition, NMR
diffusion experiments (DOSY) were performed to estimate the
average weights of the formed micelles (Fig. S2†).37 DOSY
results confirmed the formation of homogeneous assemblies,
which were composed of six molecules of 1a per micelle.
Importantly, the nanomicelles formed by the dendrimers 1a–d
had zeta potentials of +35 mV, +23 mV, +40 mV and −13 mV,
respectively, the differences relating to the distinct chemical
entities at their terminals. The absolute values of the zeta
potentials were all over 10 mV, highlighting the colloidal stabi-
lity of these nanomicelles.38

To further assess the self-assembly of the amphiphilic den-
drimers 1a–d, we determined their critical micelle concentration
(CMC) using a fluorescence spectroscopic method based on the
fluorescent dye pyrene.39 CMC is defined as the minimum con-
centration of an amphiphile above which micelles can form
readily. 1d showed the lowest CMC value of 4.0 µM, whereas 1a
and 1b had similar CMC values of 15 and 17 µM, and 1c had the
highest CMC value of 35 µM (Table 1). The different CMC values
for 1a–1d can reasonably be ascribed to their structural features:
1c has the largest hydrophilic entity and the greatest steric hin-
drance at its terminals which limit its packing and assembling
ability and explain the highest CMC value; whereas dendrimer
1d has the smallest hydrophilic entity, hence the highest packing
ability with the lowest CMC value.

To evaluate the safety of these dendrimers, we examined
their cytotoxicity on fibroblast (L929) and kidney (HEK293) cell
lines using the PrestoBlue assay. No notable adverse effect was
observed for dendrimers 1a, 1b and 1d at concentrations up to
200 µM, whereas dendrimer 1c showed considerable toxicity

Scheme 1 Synthesis of dendrimers 1a–d starting with the common dendrimer 1.
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towards both cell types (Table 1 and Fig. S3†). We also exam-
ined the hemolytic activity of these dendrimers on mouse red
blood cells (RBCs). Similar to the trend observed for cyto-
toxicity, 1c had the highest hemolytic activity with a IC50 value
of 50 µM compared to 100 µM for 1a and 1b; 1d showed no
notable hemolysis, even at 250 µM (Table 1 and Fig. S4†). The
observed toxicity of 1c may be ascribed to the arginine term-
inals, which interact and interfere strongly with the eukaryotic
cell membrane via both electrostatic interaction and bivalent
hydrogen bonds. Conversely, dendrimers 1a, 1b and 1d
showed low cytotoxicity and good biocompatibility.

We then assessed the antibacterial activity of the dendri-
mers 1a–1d against the Gram-negative bacteria Escherichia coli
(E. coli, K12) and Pseudomonas aeruginosa (P. aeruginosa, PAO1)
as well as the Gram-positive bacteria Staphylococcus aureus (S.
aureus, JLA512) and methicillin-resistant Staphylococcus aureus
(MRSA, 1206). MRSA was isolated from a patient and is resist-
ant to methicillin (MRSA), whereas PAO1 is an aerobe, meso-

philic human pathogen that was isolated from infected
wounds. The minimum inhibitory concentrations (MIC), i.e.
the lowest concentrations required to inhibit 90% of bacteria,
of these dendrimers against all the tested bacteria were deter-
mined using broth microdilution assay (Table 2). Remarkably,
the amine-terminated dendrimer 1a exhibited strong antibac-
terial activity against both Gram-negative and Gram-positive
bacteria, as well as the drug-resistant strain MRSA, with MIC
values of 3.1 µM for all strains. Interestingly, the tertiary
amine-terminated dendrimer 1b showed similar levels of anti-
bacterial activity towards E. coli as 1a, but differed from 1a in
that it was ineffective against all other tested bacteria; this
would imply a possible narrow-spectrum antibacterial activity
specific to certain bacteria. To our great surprise, the arginine-
terminated dendrimer 1c, which showed the highest toxicity in
eukaryotic cells, was inactive against all tested bacteria strains.
The carboxylic acid-terminated dendrimer 1d was also devoid
of notable antibacterial activity.

Table 1 Self-assembly, toxicity and hemolytic activity of the amphiphilic dendrimers 1a–d

Dendrimer CMCa (μM) Particle sizeb (nm) Zeta potential (mV)

Cytotoxicity IC50
c (µM)

Hemolysis IC50
f (µM)

L929d HEK 293e RBCg

1a 15 14 ± 2 +35 >200 196 100
1b 17 17 ± 4 +23 >200 >200 100
1c 35 15 ± 3 +40 177 67 50
1d 4 10 ± 2 −13 >200 >200 >250

a CMC: critical micelle concentration. b Particle size: average values calculated with 300 nanoparticles measured in the TEM images. c Cytotoxicity
IC50: concentration of a dendrimer required for 50% inhibition of cell growth. d L929: fibroblast cells. eHEK293: human embryonic kidney cell.
fHemolysis IC50: concentration required for lysis of 50% red blood cells. g RBC: red blood cells.

Fig. 2 Transmission electron microscopy (TEM) images of the supramolecular nanomicelles formed by dendrimers 1a–d.

Table 2 Antibacterial activity of the amphiphilic dendrimers 1a–d

Dendrimer

Minimum inhibition concentration (MIC)

Escherichia coli
Pseudomonas
aeruginosa Staphylococcus aureus

Methicillin resistant
Staphylococcus aureus

μM µg mL−1 μM µg mL−1 μM µg mL−1 μM µg mL−1

1a 3.1 6.0 3.1 6.0 3.1 6.0 3.1 6.0
1b 2.8 6.0 30 65 29 63 19 42
1c 63 200 31 100 63 200 >63 >200
1d 62 100 >124 >200 62 100 47 75

MIC (minimum inhibitory concentration): lowest concentration required to inhibit 90% of bacterial growth, and value given in both μM and μg
mL−1.
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Noteworthy is the finding that the different antibacterial
activities shown by the dendrimers could be ascribed to them
having different terminal groups and thereby distinct inter-
actions with bacteria. The inactivity shown by 1d can be
readily explained by the repulsive forces in play between the
negatively charged carboxylate terminals of the dendrimer and
the negatively charged bacterial membrane. Although the den-
drimers 1a, 1b and 1c all have positively charged terminals at
neutral pH under physiological conditions, they showed
different levels of antibacterial activity. The primary amine
groups in 1a, by virtue of their small size and highly positive
charge, could interact strongly with the bacterial membrane
surface hence explaining the strong antibacterial activity.

However, the arginine residues in 1c with the delocalized posi-
tive charges on the guanidine scaffolds, offered insufficient
interaction with the bacterial cell membrane to allow any anti-
bacterial activity. Similar observation was also reported where
replacing ammonium functionalities by guanidiniums abol-
ished antibacterial effect.32 Interestingly, dendrimer 1b
bearing tertiary amine terminals, larger than the primary
amine thus offering a lower charge density yet smaller than
the guanidine moiety and hence providing higher charge
density, generated rather variable activity toward different bac-
teria. This finding may highlight an adaptability of dendrimer
1b to be further exploited for developing selective and narrow-
spectrum antibacterial agents.

Fig. 3 Studies on the live and dead bacterial cells and their membrane integrity and morphology upon treatment. Fluorescent microscopic imaging
of live and dead cells of (A) E. coli and (B) S. aureus upon treatment with 1a. Live and dead cells were stained using SYTO9 (green) and propidium
iodide (PI) (red), respectively. Scanning electron microscopic (SEM) images of (C) E. coli (upper panel) and MRSA (down panel), arrow shows altered
bacterial membrane surface upon treatment with 1a.
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Encouraged by the excellent antibacterial activity and safety
profile of 1a, we further evaluated its activity against the
biofilm formed by S. aureus.40,41 Remarkably, 1a retained its
antibacterial activity with a MIC value maintained at 3.1 µM
against the S. aureus biofilm (Fig. S5†), ultimately confirming
the potential of 1a as a promising candidate in antibacterial
treatment against drug-resistant bacteria and bacteria within
biofilm matrix.

We next examined the ability of the most potent dendrimer
1a to disrupt the bacterial membrane and kill bacteria, using
SYTO9 and propidium iodide (PI) dyes for staining the live and
dead cells, respectively. SYTO9 is a universal dye that crosses
intact membranes and stains nucleic acids of all live cells in
green, whereas PI can only cross compromised bacterial mem-
branes, and emits red fluorescence when binding to nucleic
acids. The PI staining is therefore an indicator of membrane
disintegration and cell death. Results from SYTO9 and PI
staining (Fig. 3A/B) showed that both Gram-negative E. coli
and Gram-positive S. aureus were damaged after treatment
with 1a, highlighting the potent antibacterial activity of 1a,
may kill bacterial cells by a mechanism most likely involving
membrane damage and disruption.

To inspect and visualize the bacterial membrane integrity
and morphology upon treatment with 1a, we performed scan-
ning electron microscopic (SEM) studies. As shown in Fig. 3C
and Fig. S6,† treatment with 1a induced obvious irregularities
at the cell surface of both E. coli and S. aureus cells, with the
appearance of blebbing and surface deformations indicating
loss of membrane integrity. Also, drastic cell lysis was observed
with triggered release of cellular materials. Untreated cells
used as a control showed normal and smooth cell surface
under SEM. These results highlight that bacterial membrane
damaged by 1a may indeed contribute to its potent antibacter-
ial activity.

To confirm that the antibacterial mechanism of action used
by 1a involved interaction with bacterial membrane, we further
assessed the permeability and depolarization of the bacterial
outer (OM) and inner membranes (IM). Membrane per-

meability was measured by monitoring the change in the fluo-
rescent properties of the N-phenyl-1-naphthylamine (NPN) dye,
a probe which displays increased fluorescence upon binding to
hydrophobic membrane regions, whereas membrane depolar-
ization was studied by recording the rapid increase in the fluo-
rescence intensity of the 3,3′-dipropylthiadicarbocyanine
iodide (diSC3(5)), a lipophilic potentiometric probe. As shown
in Fig. 4, treatment with 1a led to significant outer membrane

Fig. 5 Hydrophilic dendrimer 2 without the hydrophobic chain is
devoid of any antibacterial activity. MIC (minimum inhibitory concen-
tration) values of 2 to inhibit 90% of bacterial growth such as
a Escherichia coli, b Pseudomonas aeruginosa, c Staphylococcus aureus,
dMethicillin-resistant Staphylococcus aureus and values are given in
both μM and μg mL−1.

Fig. 4 Assessing the permeability and depolarization of the bacterial outer (OM) and inner membranes (IM). Permeability of the bacterial outer
membrane (OM) in E. coli (A) as evaluated using the N-phenyl-1-naphthylamine (NPN) dye and depolarization of the inner membrane (IM) in E. coli
(B) and MRSA (C) as evaluated using the 3,3’-dipropylthiadicarbocyanine iodide (diSC3(5)) probe, after treatment with 1a at the indicated
concentrations.
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Fig. 6 Simulating the interaction of the most active dendrimer 1a (A) and the least active dendrimer 1d (B) with bacterial membrane using molecular
dynamics (MD) simulations. (A) Initial (A1) and final (A2) MD trajectory snapshots showing that 1a can form small aggregates when interacting with
the bacterial membrane at the end of the simulation (1 μs); and initial (A3) and final (A4) MD trajectory snapshots showing that the aggregates of 1a
on the bacterial membrane are able to disaggregate, laterally spread across the upper bilayer leaflet, and fully insert their C18 tails within the Gram-
negative bacterial-like membrane model at the end of the simulation time (2 μs). (B) Representative snapshots extracted at the beginning (B1) and
after 1 μs (B2), 2 μs (B2), and 3 μs (B4) of MD trajectory showing that 1d form a stable micelle interacting with the bacterial membrane. In the simu-
lated time, 1d is not able to disaggregate and induce damage to the Gram-negative bacterial-like membrane model. The charged terminal groups of
the dendrimers 1a and 1d are represented in blue and red, respectively. The dendritic portions and C18 hydrocarbon chains of each amphiphile are
represented in light blue and grey, respectively. The lipid portion in the membrane model is shown as light grey sticks, whereas the headgroups are
highlighted as light green (POPE) and light orange (POPG) spheres, respectively. Hydrogen atoms, water molecules, ions and counterions have been
omitted for clarity.
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permeation in E. coli (Fig. 4A), and rapid inner membrane
depolarization in both E. coli and MRSA (Fig. 4B/C). These
results correlate well with the bacterial cell death observed by
live/dead cell analysis and SEM imaging (Fig. 3), suggesting
that the bacterial death was indeed associated with permeation
and depolarization of both the outer and the inner
membranes.

Cationic dendrimers of high generations have previously
been reported to disrupt bacterial membrane by inducing pore
formation via cooperative electrostatic interaction between the
cationic dendrimer terminals and the anionic bacterial mem-
brane surface.42,43 In our case however, dendrimer 1a showed
strong antibacterial activity despite being of low generation.
This is in strong contrast with the low-generation amine-termi-
nating PAMAM dendrimer 2 (Fig. 5), the structural analogue of
1a but without the hydrophobic alkyl chain, which showed no
activity at all against all bacteria tested in this study. Indeed,
dendrimer 2 alone was insufficient to provide the strong
electrostatic interaction with the bacterial membrane necess-
ary for effective antibacterial activity, whereas the presence of
the long and hydrophobic alkyl chain in 1a is clearly impor-
tant for the observed strong antibacterial activity. Together the
cationic terminals and the hydrophobic alkyl chain of 1a allow
the formation of nanomicelles for more effective and multi-
valent interaction with bacterial membrane. This occurs via
electrostatic interactions and the collective hydrophobic inter-
actions between the alkyl chain of 1a and the hydrophobic
region of the bacterial membrane, leading to strong inhibition
of bacterial growth.

To test this notion, we investigated the interaction of 1a
with bacterial membrane using molecular dynamics (MD)
simulations of 1a on a bilayer model composed of mixed phos-
pholipids representative of the E. coli membrane (Fig. 6A)44

(see ESI† for details). Starting from the dendrimer molecules
randomly distributed in the water shell above the membrane
(Fig. 6A1), the positively charged dendrimer molecules
approach the bacterial membrane surface and accumulate on
the bacterial surface owing to electrostatic interaction with the
negatively charged bacterial membrane. Several clusters of
small aggregates composed of 1a are detected on the bacterial
surface at the end of the MD run (Fig. 6A2). The formation of
aggregates shields the hydrophobic tails from water while
allowing the positively-charged dendrons to bind strongly to
bacterial membrane via cooperative and multivalent electro-
static interactions, as illustrated in Fig. 1B. A second round of
atomistic MD simulations on these aggregates (Fig. 6A3)
demonstrated complete disassembly and spreading of 1a
across the upper membrane leaflet, along with full insertion of
their hydrophobic tails into the bacterial membrane bilayer
(Fig. 6A4). Findings of these in silico experiments support the
proposed mechanistic notion of amphiphilic dendrimer mole-
cules initially binding to and becoming enriched on the bac-
teria membrane via favorable electrostatic/polar interactions,
before self-assembling into nanoclusters by virtue of their
amphiphilicity. These clusters eventually rearrange, with the
dendrimer molecules spreading along the bacterial surface

allowing the long hydrophobic tails to fully insert into the
lipid bilayer via collective hydrophobic interactions, hence gen-
erating strong antibacterial activity (Fig. 1B).

We also performed similar MD simulations of the least
active dendrimer 1d for its interactions with the E. coli mem-
brane model (Fig. 6B). Specifically, 1d has the lowest CMC
which is also lower than its MIC value. Accordingly, 1d forms
readily micelles in bulky solution (Fig. 6B1) and remains as
micelles on the bacterial membrane (Fig. 6B2). These nega-
tively charged micelles do not penetrate or induce damage to
the bacterial membrane (Fig. 6B3 and B4) during the same
time length of the simulation, mainly because of the repulsion
generated by the negatively charged membrane. Consequently,
1d has no antibacterial activity. Collectively, these results high-
light that the positive charge and the amphiphilicity alongside
the dynamic self-assembling of 1a play the key role in the anti-
bacterial activity.

Conclusion

Antibiotic-resistant bacterial infection is a pressing public
health problem that is driving development of new and
“outside of the box” antibacterial approaches. In this work, we
have studied dynamical dendrimer nanosystems formed with
amphiphilic dendrimers as potent antibacterial candidates. By
virtue of their amphiphilic characteristics, these dendrimers
all self-assembled spontaneously into small and stable supra-
molecular nanomicelles, and exhibited distinct antibacterial
activity. The observed variant activity can be ascribed to the
different charges and charge densities of the dendrimer term-
inals, which govern the interaction with the negatively charged
bacterial membrane. The amine-terminated dendrimer 1a
showed the most powerful activity against both Gram-positive
and Gram-negative bacteria, as well as drug-resistant bacteria
and allowed biofilm eradication, while having low toxicity and
good safety profile. Most importantly, the self-assembling
feature of the amphiphilic dendrimer 1a is responsible for and
a decisive factor in its potent antibacterial activity, as the
hydrophilic dendrimer counterpart without the alkyl chain
showed no antibacterial activity at all. The dynamic feature of
the self-assembling of 1a to form nanomicelles on the bac-
terial membrane surface can be further explored for nano-
technology-based delivery of antibiotics in order to impart
synergic actions against recalcitrant bacterial infections. This
study offers therefore a new perspective for the development of
potent and effective supramolecular candidates as antibacter-
ial nanodrugs.
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