
  Chemical
  Science
rsc.li/chemical-science

ISSN 2041-6539

Volume 13
Number 8
28 February 2022
Pages 2139–2498

EDGE ARTICLE
Wenyi Li, Neil M. O’Brien-Simpson, John D. Wade et al. 
Enhancing proline-rich antimicrobial peptide action by 
homodimerization: infl uence of bifunctional linker



Chemical
Science

EDGE ARTICLE
Enhancing prolin
aThe Bio21 Institute of Molecular Science an
bMelbourne Dental School, Centre for Oral H

li@unimelb.edu.au; neil.obs@unimelb.edu.
cFlorey Institute of Neuroscience and Me

Australia. E-mail: john.wade@orey.edu.au
dSchool of Science, RMIT University, Austral
eMaterials Characterization and Fabrication
fSchool of Chemistry, University of Melbour

† Electronic supplementary information (E
synthesis, antibacterial test of the bi
minimum membrane disruption concen
outer membrane permeability, cytop
proliferation test, LDH cytotoxicity, thera
measurement, dye leakage assay, me
determination, LPS extraction from A.

titrated LPS of NO release, serum st
simulation snapshots, can be found with t

Cite this: Chem. Sci., 2022, 13, 2226

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 14th October 2021
Accepted 16th January 2022

DOI: 10.1039/d1sc05662j

rsc.li/chemical-science

2226 | Chem. Sci., 2022, 13, 2226–22
e-rich antimicrobial peptide
action by homodimerization: influence of
bifunctional linker†

Wenyi Li, *ab Feng Lin,c Andrew Hung,d Anders Barlow,e Marc-Antoine Sani, af

Rita Paolini,b William Singleton,b James Holden,b Mohammed Akhter Hossain, cf

Frances Separovic, af Neil M. O'Brien-Simpson*ab and John D. Wade *cf

Antimicrobial peptides (AMPs) are host defense peptides, and unlike conventional antibiotics, they possess

potent broad spectrum activities and, induce little or no antimicrobial resistance. They are attractive lead

molecules for rational development to improve their therapeutic index. Our current studies examined

dimerization of the de novo designed proline-rich AMP (PrAMP), Chex1-Arg20 hydrazide, via C-terminal

thiol addition to a series of bifunctional benzene or phenyl tethers to determine the effect of orientation

of the peptides and linker length on antimicrobial activity. Antibacterial assays confirmed that

dimerization per se significantly enhances Chex1-Arg20 hydrazide action. Greatest advantage was

conferred using perfluoroaromatic linkers (tetrafluorobenzene and octofluorobiphenyl) with the resulting

dimeric peptides 6 and 7 exhibiting potent action against Gram-negative bacteria, especially the World

Health Organization's critical priority-listed multidrug-resistant (MDR)/extensively drug-resistant (XDR)

Acinetobacter baumannii as well as preformed biofilms. Mode of action studies indicated these lead

PrAMPs can interact with both outer and inner bacterial membranes to affect the membrane potential

and stress response. Additionally, 6 and 7 possess potent immunomodulatory activity and neutralise

inflammation via nitric oxide production in macrophages. Molecular dynamics simulations of adsorption

and permeation mechanisms of the PrAMP on a mixed lipid membrane bilayer showed that a rigid,

planar tethered dimer orientation, together with the presence of fluorine atoms that provide increased

bacterial membrane interaction, is critical for enhanced dimer activity. These findings highlight the

advantages of use of such bifunctional tethers to produce first-in-class, potent PrAMP dimers against

MDR/XDR bacterial infections.
Introduction

Since the discovery of penicillin and subsequent antibiotics, the
increasing global consumption of such wonder drugs has
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played a critical role in driving antimicrobial resistance (AMR)
at an alarming rate in the last two decades as assessed by the
World Health Organization (WHO).1,2 The O'Neill report esti-
mates deaths caused by AMR will exceed 10 million by 2050.3

The ongoing COVID-19 pandemic is further constricting the
pipeline of antimicrobials to handle bacterial infections and
highlights the critical need for novel treatments by antibacterial
agents.4 A recent economic model for evaluating the global cost
of a newly developed active antibiotic with FDA approval was
estimated at US$1.58 billion, excluding the marketing and
surveillance aer approval.5 With limited revenues from anti-
biotic investment, many big pharmaceutical rms have redir-
ected their antimicrobial research programs to more protable
elds such as anticancer drugs. To date, the antibiotic market
remains stocked with classical antibacterial drugs with slight
chemical variations on existing antibiotic classes.6 In 2018, the
WHO identied a critical priority list calling for the develop-
ment of new antibiotics against three Gram-negative bacteria,
including Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacteriaceae7 Various strategies, including peptides,
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc05662j&domain=pdf&date_stamp=2022-02-19
http://orcid.org/0000-0003-3584-0301
http://orcid.org/0000-0003-3284-2176
http://orcid.org/0000-0002-9961-0006
http://orcid.org/0000-0002-6484-2763
http://orcid.org/0000-0002-1352-6568


Fig. 1 The preparation of homodimers of the PrAMP, Chex1-Arg20
bearing a C-terminal hydrazidemoiety. TheN-terminal of the peptides
were modified with 1-aminocyclohexanecarboxylic acid. The bio-
conjugation linkers are shown in the box as disulfide dimer-NHNH2 2,
p-xylene dimer-NHNH2 3, o-xylene dimer-NHNH2 4, m-xylene
dimer-NHNH2 5, tetrafluorobenzene dimer-NHNH2 6, and octo-
fluorobiphenyl dimer-NHNH2 7.
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vaccines, probiotics, engineered bacteriophages and adjuvants,
have been investigated to identify and develop novel antibac-
terial therapies.8

Due to their multimodal action and broad potency antimi-
crobial peptides (AMPs), primarily host defense peptides, have
demonstrated signicant antibacterial activity against a range
of multi-drug resistant (MDR) pathogens labelled as “super-
bugs”.9 Since their discovery a century ago, various chemical
modications of AMPs have been applied to increase or
enhance their potency against target microbes. These have been
comprehensively summarised in our recent review.10 Proline-
rich AMPs (PrAMPs) are considered a promising class of
candidates for rational design to target Gram-negative patho-
gens due to their low toxicity and multiple intracellular targets,
such as DnaK and the bacterial ribosome.11–13 We previously
applied several chemical modications on the de novo designed
PrAMP, Chex1-Arg20, with different terminal functional moie-
ties to broaden its antibacterial spectrum.14,15 Additionally,
multimerization of Chex1-Arg20 can further broaden its spec-
trum of activity as well as increase its antibacterial activity.16,17

Based on these previous studies, we observed that the bifunc-
tional cross linkage can modulate the antimicrobial activities of
the synthetic multimers. However, the syntheses required to
form these linked tetrameric analogues with high potency
against nosocomial bacteria, involve multistep purication and
are time-consuming.16,17 Consequently we have revisited the
simpler dimer entity and, following a screen of numerous
bifunctional linkers, have focused on a class of per-
uoroaromatic compounds. In the current report, we developed
a series of new dimeric PrAMPs to target the WHO priority
critical Gram-negative bacterial pathogens, such as A. bau-
mannii and its MDR and extensively drug-resistant (XDR) strain.
The aim was to determine the optimum length of linker and
orientation of the linked PrAMPs and found that tetra-
uorobenzene- and octouorobiphenyl-linked dimers dis-
played signicantly enhanced activity. A comprehensive study
of bactericidal kinetics, membrane interaction and binding, as
well as stress response, combined with imaging analysis and
molecular dynamics has provided further mechanistic details
for the development of such next generation PrAMPs.

Results
Dimeric PrAMP Chex1-Arg20 preparation

Synthetic Chex1-Arg20 containing a C-terminal hydrazide
(–NHNH2) modication was prepared via Fmoc/tBu solid phase
peptide synthesis (SPPS) on chloro-(20-chloro)trityl polystyrene
resin. Due to the efficiency of thiol chemistry, thiol bio-
conjugation provides multiple pathways to construct biomole-
cules, including thiol-disulde, thiol-halogeno and thiol-
parauoro.18 To facilitate the thiol chemistry, a single Cys
residue was incorporated into the C-terminus of monomeric
PrAMP Chex1-Arg20. A control, monomeric PrAMP with Cys,
was thiol-capped via the treatment of iodoacetamide to form the
PrAMP analogue 1. Each monomeric Chex1-Arg20 analogue
bearing a C-terminal Cys was subjected to bioconjugation to
different bifunctional linkers in biological buffer (Fig. 1). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
disulde bond-linked homodimeric PrAMP 2 was also obtained
via thiol-pyridyl activation. For the thiol-halogeno reaction,
ortho-, meta- and para-dibromo-xylene were each used to
produce the thiol-tethered homo dimeric PrAMPs 3, 4 & 5.
Hexauorobenzene and decauorobiphenyl were also chosen to
react with C-terminal thiol of monomeric PrAMP to obtain
PrAMPs 6 & 7. Each homodimer PrAMP was obtained in modest
overall yield and subjected to chemical characterization by
analytical reversed-phase high performance liquid chromatog-
raphy (RP-HPLC) and matrix-assisted laser desorption
ionization-time of ight mass spectrometry (MALDI-TOF MS)
(Table S1 and Fig. S1†).
Antimicrobial activity

Each PrAMP homodimer analogue (1–7) was subjected to anti-
bacterial testing against a panel of Gram-negative pathogens,
including Escherichia coli ATCC 25922, Klebsiella pneumoniae
ATCC 13883, A. baumannii ATCC 19606, as well as FADDI-KP028
(MDR) and FADDI-AB156 (colistin-resistant, rifampin-resistant
& MDR, XDR), in undiluted Mueller-Hinton broth (MHB) as
previously reported.19 The minimum inhibitory concentration
(MIC) that measures their efficacy in inhibiting bacterial growth
(Table 1) showed the dimeric Chex1-Arg20 (2–7) had signi-
cantly improved activity against MDR/XDR pathogens. In
comparison with our tetrameric analogues (MIC 20 mg ml�1 to
140 mg ml�1),17 tetrauorobenzene dimer-NHNH2 6 and octo-
uorobiphenyl dimer-NHNH2 7 had particularly low MIC values
(5–13 mg ml�1) on both A. baumannii and MDR/XDR-FADDI-
AB156, bacterial species that are associated with a high
mortality rate in hospital-acquired infections20 and are WHO
priority critical listed pathogens. It has been shown that A.
baumannii is responsible for diverse serious infections such as
septicaemia, pneumonia, postsurgical meningitis and skin
infections.21 With respect to the inuence of the linkers alone, it
is interesting to note that both the hexauorobenzene and
decauorobiphenyl showed no antibacterial activity themselves
(Table S2†). Themembrane disruption assay further showed the
Chem. Sci., 2022, 13, 2226–2237 | 2227



Table 1 The antibacterial activity (mgml�1) of the synthetic PrAMPs against a panel of Gram-negative pathogens. All assays were performed twice
in duplicate and determined as mean � standard deviation. Conventional antibiotics, gentamicin and colistin, were used as controls. Calculated
mM values in bracketsa

No. Peptides E. coli 25922 K. pneumoniae 13883 A. baumannii 19606 FADDI-KP028 FADDI-AB156

1 Monomer-NHNH2 2.5 � 1.1 (0.9) 3.2 � 0.1 (1.2) >250 (>94.3) 199.8 � 0.2 (75.4) >250 (>94.3)
2 Disulde dimer-NHNH2 3.1 � 0.1 (0.6) 5.1 � 0.8 (1.0) 30.8 � 3.3 (5.9) 111.3 � 0.3 (21.5) 59.2 � 0.2 (11.4)
3 p-Xylene dimer-NHNH2 8.1 � 0.4 (1.5) 3.5 � 0.6 (0.7) 13.1 � 0.7 (2.5) 59.6 � 0.3 (11.3) 54.4 � 1.4 (10.3)
4 o-Xylene dimer-NHNH2 8.5 � 0.7 (1.6) 3.7 � 0.6 (0.7) 16.2 � 2.8 (3.1) 67.5 � 4.1 (12.8) 55.4 � 0.9 (10.5)
5 m-Xylene dimer-NHNH2 8.1 � 0.6 (1.5) 3.6 � 0.7 (0.7) 13.1 � 0.6 (2.5) 70.1 � 3.9 (13.3) 53.9 � 2.1 (10.2)
6 Tetrauorobenzene dimer-NHNH2 6.7 � 0.9 (1.3) 3.6 � 0.1 (0.7) 6.5 � 0.1 (1.2) 120.9 � 2.9 (22.7) 13.4 � 0.9 (2.5)
7 Octouorobiphenyl dimer-NHNH2 2.7 � 0.7 (1.5) 2.8 � 0.9 (0.5) 4.9 � 1.3 (0.9) 51.8 � 1.5 (9.4) 13.7 � 0.1 (2.5)
8 Gentamicin 0.9 � 0.1 (1.88) 0.1 � 0.05 (0.2) 2.7 � 0.2 (5.7) >250 (>523.5) >250 (>523.5)
9 Colistin d.a. d.a. 0.5 � 0.04 (0.4) d.a. 12.6 � 1.6 (10.9)

a d.a., antibacterial test not performed.
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potent membrane activity against Gram-negative bacteria
(Table S3†) by the lead candidates, tetrauorobenzene dimer-
NHNH2 6 and octouorobiphenyl dimer-NHNH2 7, and absence
of cytotoxicity (Fig. S2†). Their high therapeutic index (Table
S4†) reects their signicant potential for future therapeutic
investigation. Additionally, a trimeric PrAMP via a 1,3,5-tris(-
methyl)benzene linkage was prepared but did not confer any
improvement in activity (unpublished data).

The leading candidates, tetrauorobenzene dimer-NHNH2 6
and octouorobiphenyl dimer-NHNH2 7 (Table 1), with their
potent antibacterial inhibition activity against both A. bau-
mannii and MDR/XDR-FADDI-AB156, were further assessed for
minimum bactericidal concentration (MBC) as previously re-
ported19. In comparison with the conventional antibiotics,
gentamicin and the last resort antibiotic, colistin, both the lead
PrAMP candidates showed very strong killing activity against A.
baumannii and MDR/XDR-FADDI-AB156 (Table 2).
Killing kinetic assay

To determine the killing efficiency of the two lead PrAMP
dimers, tetrauorobenzene dimer-NHNH2 6 and octo-
uorobiphenyl dimer-NHNH2 7, against A. baumannii and
MDR-FADDI-AB156, we designed a time-killing kinetic assay by
measuring the death rate constant under PrAMPs 6 & 7 treat-
ment. By choosing different concentrations (4 � MIC, 2 � MIC,
1 � MIC, 0.5 � MIC, 0.25 � MIC) and a 3 log(99.9%) reduction
in survival and zero colony forming unit (CFU) as a basis, both
Table 2 Bactericidal MBC (mg ml�1) of the lead PrAMPs, tetrafluorobenz
were performed twice in duplicate and determined asmean� standard de
control. Calculated mM values shown in brackets

Peptides

6 Tetrauorobenzene dimer-
NHNH2

7 Octouorobiphenyl dimer-
NHNH2

8 Gentamicin
9 Colistin

a n.d., no measurable bactericidal activity.

2228 | Chem. Sci., 2022, 13, 2226–2237
the PrAMPs 6 & 7 (4 � MIC � MBC) clearly showed potent
bactericidal activity and sterility, respectively, to kill A. bau-
mannii and MDR-FADDI-AB156 at the 75 min to 90 min incu-
bation time points (Fig. S3†). These results are consistent with
the MBC killing of all the bacteria aer the full-course incuba-
tion (Table 2). More specically, at the 4 � MIC concentration,
PrAMP 6 reduced A. baumannii and MDR-FADDI-AB156 survival
within 60 minutes by 2.38 log(>99%) and 2.78 log(>99%),
respectively (Fig. S3a and c†), while PrAMP 7 reduced the
survival by 1.81 log(>98%) and 2.72 log(>99%) (Fig. S3b and d†).
At 2 �MIC of 1 hour incubation, PrAMP 6 still displayed strong
bactericidal activity by survival reduction of 1.18 log(>93%) and
2.09 log(>99%) towards A. baumannii and MDR-FADDI-AB156
(Fig. S3a and c†). In contrast, PrAMP 7 at 2 � MIC showed
less killing activity within 60 minutes with a CFU reduction of
0.68 log(>79%) and 0.94 log(>88%) (Fig. S3b and d†).

Based on the CFU count at various time points, the rst order
death rate constant was determined by plotting log(CFU) vs.
time ranging from 5–60 min,22 the slope of linear t providing
the death rate constant (Fig. S4†). On comparing the death rate
constant at various concentrations (Fig. 2), we observed a rapid
killing rate for both the leading PrAMPs, 6 & 7. However, the
activity of PrAMP 7 at 1�MIC was signicantly (P <0.05) weaker
than that of PrAMP 6 (1 � MIC), reducing survival by
0.74 log(>81%) and 0.19 log(>35%), respectively (Fig. S3†).
Taken together, the tetrauorobenzene dimer-NHNH2 6
possesses a faster killing rate for both A. baumannii and MDR-
ene dimer-NHNH2 6 and octofluorobiphenyl dimer-NHNH2 7. All data
viation. Conventional antibiotics, gentamicin and colistin, were used as

A. baumannii 19606 MDR-FADDI-AB156

14.1 � 0.9 (2.6) 22.5 � 2.5 (4.2)

30.6 � 0.6 (5.6) 32.5 � 2.5 (5.9)

4.6 � 0.3 (9.6) n.d.a

0.8 � 0.02 (0.7) >31.25 (>27.1)

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Death rate constant of A. baumannii and MDR-FADDI-AB156
caused by the lead dimeric PrAMPs, tetrafluorobenzene dimer-NHNH2

6 and octofluorobiphenyl dimer-NHNH2 7. The death rate constants
were determined by the first order of the linear regression of log(CFU
count) vs. various time points (Fig. S4†).
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FADDI-AB156 compared to the octouorobiphenyl dimer-
NHNH2 7. Those death rate constants and killing efficiency are
critical parameters for further clinical pharmacological kinetics
and drug development.

Interaction with the outer and inner membranes

Themembrane permeability of the two lead PrAMPs was further
determined by using 1-N-phenylnaphthylamine (NPN). NPN is
a small molecule that can become strongly uorescent in
contact with a phospholipid bilayer and is widely used to indi-
cate the outer membrane permeabilization of Gram-negative
bacteria.23 Polymyxin B, as a positive control, is well known to
permeabilise the outer membrane, as reected by a high uo-
rescent intensity of NPN signal in Fig. 3.24 As shown in Fig. 3,
both the lead PrAMPs displayed a similar trend to promote NPN
uptake across the outer membrane of A. baumannii (Fig. 3a) and
MDR-FADDI-AB156 (Fig. 3b) as the concentration of peptide
increased. Compared to the positive control of polymyxin
treated bacterial samples, tetrauorobenzene dimer-NHNH2 6
Fig. 3 NPN permeability assay in presence of lead PrAMPs, tetra-
fluorobenzene dimer-NHNH2 6 and octofluorobiphenyl dimer-
NHNH2 7 for (a) A. baumannii, and (b) MDR-FADDI-AB156. Polymyxin
was used as a positive control for its strong NPN permeability. All data
are expressed as mean � standard deviation as indicated by the error
bars (n ¼ 4). *P #0.05, **P #0.01, ***P #0.001. Student's t-test,
a significant difference from the bacteria only with NPN control to
indicate less potent NPN permeability.

© 2022 The Author(s). Published by the Royal Society of Chemistry
showed signicant NPN permeability over the concentration of
0.1 � MIC or 0.25 � MIC. Notably at the 1 � MIC or 2 � MIC,
the PrAMP 6 treatment increased signicantly (***P #0.001)
1.5-fold to 2-fold NPN uorescence intensity over the NPN
bacteria sample in the absence of peptide/polymyxin treatment
(Fig. 3a and b). The octouorobiphenyl dimer-NHNH2 7 showed
slightly lower permeability than tetrauorobenzene dimer-
NHNH2 6, PrAMP 7 at the 1 � MIC or 2 � MIC can signicantly
induce 1.3–1.7-fold (***P #0.001) NPN uorescence intensity
over the NPN bacteria sample without peptide/polymyxin
treatment.

Given the observation that the effective concentration for
outer membrane permeability (Fig. 3) caused by the PrAMPs is
much lower than their bacterial inhibition or killing activity
(Table 1), we further assessed the inner membrane permeability
by using the DNA binding dyes, propidium iodide (PI) and SYTO
9 via ow cytometry. As SYTO 9 being a membrane permeable
dye will label every bacterium (thus discriminating bacteria
from background), while PI, a membrane impermeable dye, can
only enter the cytoplasm when the inner membrane has been
disrupted by peptide treatment. By measuring the percentage of
PI-labelled bacteria via ow cytometry, we can show the ability
of the lead PrAMPs to permeabilise the inner membrane. As
shown in Fig. 4, both tetrauorobenzene dimer-NHNH2 6 and
octouorobiphenyl dimer-NHNH2 7 gradually increased the
portion of PI-labelled bacteria to >80% of the whole bacterial
population. At the bacterial inhibition (MIC) or killing
concentration (MBC) (Table 2), we observed 50–60% of A. bau-
mannii are PI-positive labelled bacteria population at 1 � MBC
(Fig. 4a), and that 50–60% of MDR-FADDI-AB156 are PI+ at 2 �
MBC (Fig. 4b) for both dimers, 6 and 7. The results strongly
correlated their inner membrane permeability with their
bacterial inhibition or killing activity.

A major energy source for nutrient uptake, waste material
excretion and micro-environment upregulation is the trans-
cytoplasmic membrane ion motive force driven by an electrical
potential gradient.25 Based on the NPN and PI/SYTO 9 assays
(Fig. 3 and 4), the observed membrane interaction with the
tetrauorobenzene dimer-NHNH2 6 and octouorobiphenyl
dimer-NHNH2 7 may further modulate the membrane poten-
tial. Thus, we then examined ion permeability by using
a membrane potential-sensitive uorescent probe, DiOC2(3),26
Fig. 4 Inner membrane permeability of tetrafluorobenzene dimer-
NHNH2 6 and octofluorobiphenyl dimer-NHNH2 7 for (a) A. bau-
mannii, and (b) MDR-FADDI-AB156. The flow cytometric graphs are
provided in Fig. S5.†

Chem. Sci., 2022, 13, 2226–2237 | 2229



Chemical Science Edge Article
which can be taken up through the inner membrane by the
electrical potential gradient and uoresces green in the cyto-
plasm under normal membrane potential conditions. When
any AMP or compound interact and depolarise the inner
membrane, DiOC2(3) self assembles and produces a red shi in
uorescence, with the strength in the shi indicating the
strength of the change in membrane potential. As Fig. 5 shows,
both the tetrauorobenzene dimer-NHNH2 6 and octo-
uorobiphenyl dimer-NHNH2 7 caused almost 100% depolar-
ization at their 1�MBC concentration, the same as the positive
control sample treated with CCCP. Even at 0.1 � MBC (A. bau-
mannii) or 0.5 � MBC (MDR-FADDI-AB156) peptide treatment
resulted in more than 50% depolarization (p** <0.01). Bacterial
membranes are composed of roughly equal proportions of
membrane-associated proteins and phospholipids forming
a classical bilayer structure.27 To further investigate the phos-
pholipid bilayer membrane interaction, large unilamellar vesi-
cles (LUVs) were further used to examine pore formation
property and showed no leakage of calcein (Fig. S7†). Such an
observation is consistent with our previous nding for PrAMPs
in the presence of a negatively charged model membranes, for
which the PrAMP did not induce sufficiently large pore forma-
tion to release the calcein28 but did release ions.29 Those results
suggest both the PrAMPs can permeabilise the outer and inner
membranes at low concentrations (0.25 � MIC or 0.5 � MIC)
and induce smaller pore formation enabling PI or ions
exchange but not calcein (larger molecules). The surprising
weaker PI-positive labelling (60–80%) at higher concentration
(>31.3 mg ml�1, Fig. 4) further indicated the small pore size
formed by dimers 6 and 7, with only some PI getting into the
bacteria. Together with the capability of strong membrane
depolarization, this contributes to their potent antibacterial
activity towards A. baumannii and MDR-FADDI-AB156.
Stress response by generation of reactive oxygen species under
PrAMP treatment

Disturbance of membrane integrity and potential can further
lead to a stress response and the generation of reactive oxygen
Fig. 5 Membrane potential analysis of (a) A. baumannii, and (b) MDR-
FADDI-AB156 with treatment of tetrafluorobenzene dimer-NHNH2 6
and octofluorobiphenyl dimer-NHNH2 7. The flow cytometric graphs
are provided in Fig. S8 and S9.† All data are expressed as mean �
standard deviation as indicated by the error bars (n ¼ 4). *P#0.05, **P
#0.01, ***P #0.001. Student's t-test, a significant difference from the
untreated bacteria control.

2230 | Chem. Sci., 2022, 13, 2226–2237
species (ROS), thus resulting in oxidative damage then cell
death via the oxidative damage-mediated pathway.30,31 To
investigate the effect of our lead PrAMPs for ROS production,
the microbial ow cytometry method19 was applied to deter-
mine the ROS level for A. baumannii and MDR-FADDI-AB156
treated with the PrAMPs, tetrauorobenzene dimer-NHNH2 6
and octouorobiphenyl dimer-NHNH2 7, by using CellROX®
Deep Red uorescence. The addition of thiourea, a ROS scav-
enger,32 was used to quench ROS to a level of the untreated
bacterial sample, which further veried the induction of ROS
production under PrAMP treatment. As shown in Fig. 6, both
the lead PrAMPs induced signicant (p** <0.01) amounts of
ROS as compared to the untreated bacteria and thiourea-
quenched ROS control. At 2 � MBC, tetrauorobenzene
dimer-NHNH2 6 triggered a 4.8-fold and 3.9-fold increase of
ROS generation for A. baumannii and MDR-FADDI-AB156,
respectively, while the octouorobiphenyl dimer-NHNH2 7
induced 2.2-fold and 2.7-fold increase (Fig. 6). At the lethal dose
level (1 � MBC), both PrAMPs displayed very similar effects on
the ROS generation with a 2.4–3.0-fold difference over the
control samples (Fig. 6). Compared to octouorobiphenyl
dimer-NHNH2 7, the tetrauorobenzene dimer-NHNH2 6 could
trigger a high level of ROS at the lower concentrations (0.25–0.5
� MBC) with a 1.5-fold and 2.7-fold increase for A. baumannii
and MDR-FADDI-AB156, respectively. As ROS includes multiple
species such as hydroxyl radicals and superoxide anion radicals,
we further compared the peptide disulde linked dimer 2 and
peptide 7 aer the incubation with A. baumannii culture for
90 min (the full-time course of MBC determination) (Fig. S12†).
As the RP-HPLC trace (Fig. S12†) indicated, the disulde linked
dimer 2 was reduced, but peptide 7 remained intact during the
same period. Taken together, both the lead PrAMPs, 6 and 7,
signicantly induced the generation of ROS at the lethal and
sublethal doses, which contributed to the death of A. baumannii
and MDR-FADDI-AB156.
Microscopic visualization of PrAMP treated bacteria

Although uorescence imaging methods are widely used to
visualise the interaction between antibacterial agents and
Fig. 6 Reactive oxygen species generated from (a) A. baumannii, and
(b) MDR-FADDI-AB156 under treatment of tetrafluorobenzene dimer-
NHNH2 6 and octofluorobiphenyl dimer-NHNH2 7. The flow cyto-
metric graphs are provided in Fig. S10 and S11.† All data are expressed
as mean � standard deviation as indicated by the error bars (n ¼ 4). *P
#0.05, **P #0.01, ***P #0.001. Student's t-test, a significant differ-
ence from thiourea quenched ROS control.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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bacteria, the addition of the uorescent dyes can reduce the
bioactivity of the target compounds.16,19 The advanced devel-
opment of surface scanning microscopy, such as the helium ion
microscope (HIM), enables direct analysis of the biological
samples at super-high resolution.33 To directly observe the
morphological changes of bacterial cells due to the PrAMPs,
HIM was used to investigate the morphologies of A. baumannii
and MDR-FADDI-AB156 under the treatment of tetra-
uorobenzene dimer-NHNH2 6 and octouorobiphenyl dimer-
NHNH2 7 at different concentrations (2 � MIC, 1 � MIC, 0.5 �
MIC, 0.25 � MIC, 0.125 � MIC). The tested bacterial samples
with PrAMPs were transferred onto glass coverslips aer 90 min
for HIM measurement, as previously described.34 The HIM
images showed clear visualization of the morphological
changes of A. baumannii and MDR-FADDI-AB156 with PrAMP
treatment (Fig. 7). Themultiple morphological changes with the
PrAMPs at the lethal dose (2 � MIC) can be explained by
destabilization of the outer membrane, followed by membrane
fragmentation and disruption (Fig. 7). Interestingly, the tetra-
uorobenzene dimer-NHNH2 6 treated bacteria led to compac-
tion or shrinkage (Fig. 7a and c), while the octouorobiphenyl
dimer-NHNH2 7 caused the membrane to burst (Fig. 7b and d).
Such observations of the morphological charges clearly showed
the mechanism for membrane interaction via destabilization in
the outer membrane, followed by disruption of the inner
membrane.
Eradicating preformed biolms by the lead PrAMP dimers

Biolms are an accumulation of microbes forming a self-
produced matrix of extracellular polymeric substances (EPS)
which are more resistant to abrupt environmental changes and
antibiotics than planktonic bacteria.35 Due to biolms
comprising over 65% of human infections, antibiotics used to
treat planktonic bacterial infections are commonly prescribed
to combat bacterial biolms.36 The recent development of AMPs
Fig. 7 HIM showing the morphologies of A. baumannii and MDR-
FADDI-AB156 under treatment of (a and c) tetrafluorobenzene dimer-
NHNH2 6 and (b and d) octofluorobiphenyl dimer-NHNH2 7 at
different concentrations (2 � MIC, 1 � MIC, 0.5 � MIC, 0.25 � MIC,
0.125 � MIC). The untreated A. baumannii and MDR-FADDI-AB156
were used as controls.

© 2022 The Author(s). Published by the Royal Society of Chemistry
has provided a therapeutic application against bacterial bio-
lms by preventing their formation or by eradicating preformed
biolms.37,38 For our leading PrAMPs, their biolm disruption
properties were investigated. In the microtiter plate preformed
biolm assay, the biolm biomass was measured aer crystal
violet staining which quantied detaching bacteria aer PrAMP
treatment at various concentrations (0.5 � MBC, 1 � MBC, 2 �
MBC, 4 �MBC, 8 �MBC). Both the lead PrAMPs eradicated the
preformed biolm with a similar trend, that generally destroyed
the biolm with increased peptide concentration (Fig. 8). With
0.5 � MBC and 1 � MBC peptide treatment, both PrAMPs had
little effect on eradicating the preformed biolm with only 10–
15% reduction in the crystal violet absorption (Fig. 8). At
a higher lethal dose for the planktonic bacteria (2 � MBC),
almost 50% of the preformed biolm was signicantly (P <0.05)
destroyed during the 90 min peptide treatment and suggested
potent antibiolm activity (Fig. 8). However, a higher dose of
PrAMPs (4 � MBC, 8 � MBC) did not further eradicate higher
percentage (over 50%) of biolm (Fig. 8), which reects the
difficulty in combating biolms.

To further visualise their action on the preformed biolms,
we used HIM to assess the effect of tetrauorobenzene dimer-
NHNH2 6 and octouorobiphenyl dimer-NHNH2 7 on the bio-
lm formed on glass coverslips aer 90 min peptide treatment
(Fig. 9). The untreated performed bacterial biolm sample
clearly showed the EPS matrix and the connections among
bacteria. With the increased concentration of PrAMPs (0.5 �
MBC, 1 � MBC, 2 � MBC, 4 � MBC, 8 � MBC), the EPS matrix
was gradually disrupted or demolished, especially at the higher
concentrations (4 � MBC, 8 � MBC) with destroyed EPS matrix
and disrupted bacteria both observed (Fig. 9). In addition to the
EPS matrix disturbance, the bacteria underwent a similar trend
as the planktonic bacteria (Fig. 7) with destabilization of the
outer membrane, followed by membrane fragmentation and
disruption (Fig. 9). In addition to the direct action on the pre-
formed biolm, the induction of ROS by the lead PrAMPs
(Fig. 6) also contributes to their antibiolm activity.39 Given the
increasing antibiotic resistance of biolms, this observation
Fig. 8 Eradication of the preformed biofilms of (a) A. baumannii, and
(b) MDR-FADDI-AB156 by the treatment of tetrafluorobenzene dimer-
NHNH2 6 and octofluorobiphenyl dimer-NHNH2 7 at different
concentrations (0.5 � MBC, 1 � MBC, 2 � MBC, 4 � MBC, 8 � MBC).
The crystal violet was used to stain bacterial biofilm and percentages
were calculated with the untreated biofilm as the basis. *P #0.05, **P
#0.01. Student's t-test, a significant difference from the untreated
preformed biofilm control.
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Fig. 9 HIM of the preformed biofilms of A. baumannii and MDR-
FADDI-AB156 under treatment of (a and c) tetrafluorobenzene dimer-
NHNH2 6 and (b and d) octofluorobiphenyl dimer-NHNH2 7 at
different concentrations (8 � MBC, 4 � MBC, 2 � MBC, 1 � MBC, 0.5
� MBC). The untreated A. baumannii and MDR-FADDI-AB156 biofilms
were used as controls. The red arrow indicated the EPS in preformed
biofilm.

Fig. 10 Nitric oxide release from LPS stimulated RAW264.7 cells under
treatment of (a) tetrafluorobenzene dimer-NHNH2 6, and (b) octo-
fluorobiphenyl dimer-NHNH2 7. All data are expressed as mean �
standard deviation as indicated by the error bars (n ¼ 4). *P#0.05, **P
#0.01, ***P #0.001. Student's t-test, a significant difference from LPS
stimulated RAW264.7 cells control.
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strongly indicated that our PrAMP dimers can be considered as
an effective new class of antibiolm agents for further
investigation.

Immunomodulatory activity determination

AMPs, as host defense peptides, can modulate the host innate
immunity by promoting protective responses, such as cytokine
tumour necrosis factor-a (TNF-a), and suppressing inamma-
tion, like nitric oxide (NO).40 Interestingly, PrAMPs, most of
which have been isolated from insects,13,41 have been found to
have potent immunomodulatory properties that modulate cell
function and cytokine secretion to up-regulate the recovery from
bacterial infections.12,42 This phenomenon raises the potential of
our two lead PrAMPs, tetrauorobenzene dimer-NHNH2 6 and
octouorobiphenyl dimer-NHNH2 7, to also perform as immune-
modulating and anti-inammation agents. Using freshly puried
lipopolysaccharide (LPS) from A. baumannii and MDR-FADDI-
AB156, the potential anti-inammation effect of those PrAMPs
on LPS-stimulated NO production from macrophages was
assessed by using the Griess assay. As shown in Fig. S13,† the NO
concentration gradually increased in RAW 264.7 cell cultures as
the puried LPS concentration increased, while the NO produc-
tion was substantially suppressed by 2–3-fold at the higher
concentration of the tested PrAMPs (Fig. 10). Through their dose-
dependent manner to neutralize the endotoxin (bacterial LPS)
and NO release in macrophages (via well-recognized TLR4-
dependant pathway43), the lead PrAMPs 6 and 7 indicate
a synergistic approach by PrAMP dimers resulting in enhanced
direct killing and modulation of the adaptive immune response.

Molecular dynamics simulations

Given the effects of the PrAMPs on membrane permeability
(Fig. 3 and 4) and potential (Fig. 5), as well as phospholipid
bilayer membrane interactions (Fig. S7†), we further elucidated
2232 | Chem. Sci., 2022, 13, 2226–2237
the atomic-level details of a lead PrAMP, octouorobiphenyl
dimer-NHNH2 7, adsorbed on and permeating through a mixed
phospholipid membrane bilayer via molecular dynamics
simulations. Although phosphatidylethanolamine (PE), rather
than neutral phosphatidylcholine (PC), is more commonly
found in bacterial membranes, palmitoyloleoylphosphati-
dylcholine (POPC) and palmitoyloleoylphosphatidylglycerol
(POPG) mixtures are frequently used as proxies for bacterial
membranes in experimental studies and molecular dynamics
(MD) simulations of protein-44 and peptide45-lipid interactions,
as the use of PC confers the advantage of producing
a membrane with less curvature stress46 compared to PE. For
each bilayer adsorption simulation, a pre-equilibrated mixed
bilayer composed of POPC and POPG in a 7 : 3 ratio serves as
a model of Gram negative inner membranes.

The initial adsorption mechanism of the PrAMP towards the
membrane surface was investigated using equilibrium simula-
tions of the diffusion (Fig. 11). Fig. 11a shows MD simulation
snapshots of the initial adsorption of the PrAMP dimer 7 to the
model membrane, with persistent binding of the peptide to the
bilayer surface from 60 ns to the end of the trajectory at 230 ns.
The relative preference for binding zwitterionic neutral PC or
negatively charged PG was quantied by measuring the total
number of contacts between the PrAMP and each of the two
lipid components in the mixed bilayer. Fig. 11b shows time
series plots of the compositions of PC and PG lipids whose
atoms lie within 0.4 nm of the PrAMP. These plots indicate that
PC comprises an average of �60% of the lipids in the vicinity of
the dimer, while PG comprises an average of the remaining
�40%. These values indicate a relative enrichment of PG in
vicinity of the PrAMP relative to the nominal bulk composition
value of 30%, suggesting marginally higher preference of the
peptide for binding PG at the membrane surface. To elucidate
the specic residues responsible for this enrichment, the
average numbers of contacts between each AMP residue with PC
and PG for each of the two PrAMP chains in the octo-
uorobiphenyl dimer-NHNH2 7 is shown in Fig. 11c, which
indicated that only one monomer (chain B) is relatively
enriched with PG contacts, especially the basic residues Lys5,
Arg7 and Arg14. The predominant involvement of a single chain
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 11 (a) MD simulation snapshots of the initial adsorption of octo-
fluorobiphenyl dimer-NHNH2 7 to the model membrane. The PrAMP
backbone is shown as a red ribbon. Chex, hydrazide (–NHNH2) and
octofluorobiphenyl groups are shown as large spheres. (b) Time series
plots of the compositions of PC (blue line) and PG lipids (red line)
whose atoms lie within 0.4 nm of the PrAMP. Nominal bulk percent-
ages for PC (70%) and PG (30%) are shown as dotted lines. (c) Average
numbers of contacts between each PrAMP residue with PC (blue) and
PG (red) for each of the two PrAMP chains of the octofluorobiphenyl
dimer-NHNH2 7.

Fig. 12 (a) MD simulation snapshots of the permeation of octo-
fluorobiphenyl dimer-NHNH2 7 into themodel membrane. The PrAMP
is shown as a surface and colour-coded according to residue charge
(blue ¼ Arg, green ¼ neutral polar, white ¼ non-polar). The annular
lipids are also shown as large spheres, with PG in red. (b) Total number
of contacts between the PrAMP with PC (blue line) and PG lipids (red
line) with respect to approximate position of the peptide centre-of-
mass relative to the bilayer centre (dotted black line). (c) Average
numbers of contacts between each PrAMP residue with PC (blue) and
PG (red) for each of the two AMP chains in the octobiphenyl-dimer
during membrane permeation.
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of the dimer in forming preferential interactions with PG
suggests that a favourable conformation for initial adsorption is
one in which the binding monomer (chain B) remains relatively
unencumbered by the other, less-strongly binding monomer
(chain A). Such a conformation is adopted by PrAMP 7, in which
the cross-helix angle between the monomers remains relatively
obtuse (approximately 90�), likely as a result of the rigidity
imposed by the octouorobiphenyl linker (Fig. S16a†). A similar
conformation is expected to be the adopted by other dimers
with similar sterically rigid linkers, including PrAMPs 3 and 6,
which may contribute to their comparable antibacterial activity
to PrAMP 7.

Then, the permeation mechanism of the lead PrAMP dimer-
NHNH2 7 was further studied by using non-equilibrium simu-
lations whereby an external force was exerted on the peptide to
slowly drive it through the bilayer. Fig. 12a shows MD simula-
tion snapshots of the permeation of the octouorobiphenyl
© 2022 The Author(s). Published by the Royal Society of Chemistry
dimer-NHNH2 7 into the model membrane, indicating signi-
cant disruption of the lipid chain order as the PrAMP enters (65
ns) and exits (78 ns) the bilayer centre. Based on MD study,
annular lipids in direct contact with the peptide exhibit tails
which splay and adopt roughly perpendicular orientations with
respect to the membrane normal. In contrast, a similar
permeation trajectory for the monomer showed negligible
disruption to the lipid chains in the vicinity of the peptide, with
the PC and PG tails remaining roughly parallel to the bilayer
normal (Fig. S17†).

Inside the membrane core, the dimer, together with its
annular lipids, adopted a supramolecular complex resembling
an inverse micelle, with polar head-groups of the lipids in
persistent contact with AMP residues, while lipid tails face
outwards (Fig. 12). This inverse-micellar conguration facili-
tates dimer transport across the membrane. Additionally, the
Chem. Sci., 2022, 13, 2226–2237 | 2233



Chemical Science Edge Article
adoption of this peptide-lipid conguration suggests that the
dimer is far more effective at disrupting bilayer integrity and
may be a contributing factor to the markedly higher antibacte-
rial activity of the octouorobiphenyl dimer-NHNH2 7
compared to the monomeric PrAMP. Fig. 12b shows the total
number of contacts between the dimer with PC and PG lipids
with respect to approximate position of the peptide centre-of-
mass relative to the bilayer centre. This plot indicates
increasing relative enrichment of PG (depletion of PC) in the
annular shell of the PrAMP as it approached the bilayer centre
(dotted black line); and suggests increasing contribution of PG
to the inverse-micelle complex as the peptide permeates and
disrupts the bilayer. Consistent with this mechanism, Fig. 12c
shows the average numbers of contacts between each PrAMP
residue with PC and PG during membrane permeation. While
only one PrAMP chain was enriched with PG at the membrane
surface, upon permeation both chains of the dimer became
relatively enriched with PG contacts, with Lys5, Arg7 and Arg14
forming the most persistent contacts. These results highlight
the importance of PG in facilitating the surface binding, bilayer
permeation, inverse-micelle formation and membrane disrup-
tion capacity of this dimeric PrAMP andmay relate to its specic
antibacterial activity against Gram-negative bacteria.

The higher potency of PrAMP 7 relative to PrAMP 2 may be
explained by the molecular dynamics simulations of these
dimeric PrAMPs in solution, which suggest subtle linker-
dependent differences in conformation. As shown in
Fig. S16a,† the octouorobiphenyl linker confers greater steric
hindrance and structural rigidity to the dimer, resulting in
a more extended structure compared to the Cys-linked dimer, 2
(Fig. S16b†). The broader molecular dimensions of 7 may
enable it to adsorb to, and permeate through, membranes with
a larger molecular ‘footprint’, causing a greater degree of bilayer
disruption compared to that of Cys-linked dimer 2 and other
less active dimers (Table 1). To further probe the origins of the
differential antibacterial activity of dimer 7 compared to other
active, but less potent, dimers, a permeation simulation of the
disulde-linked dimer 2 through a model bilayer was per-
formed. Dimer 2 was selected for this purpose as it was the least
active dimer amongst all of those examined in this work, as
shown in Table 2. Thus, its bilayer interaction mechanism is
most likely to exhibit the same stark contrast as its bioactivity
relative to the highest ranked dimer 7, rendering this compar-
ison more likely to help illuminate the roles of the linker in
PrAMP dimer structure and permeability. Fig. S18A† shows
simulation snapshots of the permeation of dimer 2 into the
model membrane, indicating disruption of the lipid chain order
as the PrAMP enters (40 ns) and begins to exit (75 ns) the bilayer
centre in a similar manner to that of dimer 7. This membrane
disruption is consistent with the higher antibacterial activity
exhibited by dimer 2 relative to monomer 1; in the latter case,
the integrity of the bilayer is maintained (Fig. S17B†).

More substantial differences are evident, however, between
dimers 7 and 2 in the number of PC and PG lipid contacts upon
bilayer insertion. Fig. S18B† shows the total number of contacts
between dimer 2 with PC and PG lipids with respect to
approximate position of the peptide centre-of-mass relative to
2234 | Chem. Sci., 2022, 13, 2226–2237
the bilayer centre. While this plot also indicates increasing
relative enrichment of PG in the vicinity of dimer 2 as it
approached the bilayer centre (dotted black line), the total
number of dimer-lipid contacts for both PC and PG are overall
lower than that of dimer 7 (average values for the latter are
indicated by horizontal dashed lines), particularly within the
lipid core region at�0.5 to +0.5 nm relative to the bilayer centre,
despite the similarity of the molecular masses of the two
dimers. The lower number of lipid contacts for dimer 2 indi-
cates a reduced capacity for peptide-lipid interactions at the
bilayer centre, consistent with its lower molecular footprint
(Fig. S16A and B†) and this may contribute to its lower anti-
bacterial potency compared to dimer 7.

Fig. S18C† shows the average numbers of contacts between
each dimer 2 residue with PC and PG during membrane
permeation, indicating that one chain (labelled chain A)
becomes broadly enriched with PG contacts, along with the N-
terminus of chain B. This is in contrast with dimer 7
(Fig. 12c), in which both chains are broadly enriched with PG
contacts. These results once again highlight the importance of
PG in facilitating bilayer permeation and disruption, with the
greater association between dimer 7 and PG proposed to play
a role in this dimer's membrane disruption capacity. Further-
more, Fig. 12c and S17C† show that the linkers (residue position
21) form relatively low numbers of contacts with the
surrounding lipids. Thus, simulations suggest that the inu-
ences of different linkers on the activities of the peptides are
likely related to the respective linkers' modulatory effects on
PrAMP dimer conformation and size, rather than via direct
contacts between the linkers with the membranes.

Conclusions

In summary, a series of dimeric PrAMPs were prepared via
bioconjugation linkers to optimise their antibacterial activities
against a panel of Gram-negative bacteria, including E. coli
ATCC 25922, K. pneumoniae ATCC 13883, A. baumannii ATCC
19606, as well as the MDR FADDI-KP028 and FADDI-AB156
(MDR/XDR). In comparison to our tetrameric analogues,17 the
lead dimeric PrAMPs analogues, tetrauorobenzene dimer-
NHNH2 6 and octouorobiphenyl dimer-NHNH2 7, were easy
to prepare and displayed very potent antibacterial activity (3–10
fold increase) against WHO priority critical listed pathogens, A.
baumannii and MDR/XDR-FADDI-AB156. Peruoroaromatic
linkers have proved useful in bioconjugated reactions,
including peptide stapling and macrocyclization, and a means
of introducing uorine into organic molecules with pharma-
ceutical potential.47 19F NMR showed that such linkers possess
signicant rigidity and lipophilicity.48 By using uorescent
reporters,49,50 we further assessed their modes of action
involving outer and inner membrane permeability and change
in membrane potential. The HIM imaging analysis further
identied the bacterial morphological changes caused by
PrAMPs 6 and 7. The effect on bacterial membrane depolar-
ization and membrane integrity, thus result in membrane
fragmentation, rupture and cell lysis. MD simulations eluci-
dated the potential adsorption and permeation mechanisms of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the PrAMPs on a mixed phospholipid membrane bilayer, pre-
dicting the formation of an inverse-micelle-like structure and
marked disruption of membrane integrity upon insertion of the
octouorobiphenyl dimer-NHNH2 7 inside the bilayer centre.

Additional analysis of ROS production from stress response
due to the lead PrAMP treatment also contributed to the
bacterial disruption, further leading to cell death. The reduc-
tion of inammation factor, NO, further indicated that our lead
PrAMPs can neutralise the effect of LPS from A. baumannii ATCC
19606 and FADDI-AB156 on macrophages for NO production in
vitro, which is a critical element for anti-inammatory activity to
modulate the immune response. Such an effect may further
contribute to neutralizing inammation induced by bacterial
infections and enhance the host innate immunity to the
bacteria. The reduction in preformed biolms by over 50%
under treatment by the lead PrAMPs further strengthen the
potential for therapeutic application of these PrAMPs. Inter-
estingly, the two lead PrAMPs displayed remarkable difference
in stability in human serum (Fig. S15†) with tetrauorobenzene
dimer-NHNH2 6 half-life time over 8 hours while the octo-
uorobiphenyl dimer-NHNH2 7 around 1 hour half-life time.
Given the potent activity and long-lasting human serum
stability of the PrAMP lead candidates, 6 and 7, their in vivo
activities and tolerance against MDR A. baumannii bacterial
infection will be evaluated in wound infection and blood-stream
infection mouse models. Due to the high cost of total peptide
synthesis and restrictions of recombinant DNA methods, pep-
tidomimetics strategies51 are needed to address those limita-
tions for translational application towards clinical use. Overall,
our study of novel linked dimer PrAMPs highlight the advan-
tages of bioconjugation application to enhance their antibac-
terial and antibiolm activity together with their
immunomodulatory effects for therapeutic applications to
combat the WHO priority critical pathogens A. baumannii and
MDR/XDR strains.
Materials and methods
General procedure for the synthesis of dimeric PrAMPs

To a solution of monomeric C-terminal Cys-containing PrAMP-
NHNH2 in dimethylformamide was added dropwise a 20 mM
solution of linker (1,2-dibromomethyl-benzene, 1,3-
dibromomethyl-benzene, 1,4-dibromomethyl-benzene, hexa-
uorobenzene or decauorobiphenyl) dissolved in dime-
thylformamide. The mixture was reacted overnight at room
temperature and the resulting dimeric PrAMPs were puried by
reversed-phase high performance liquid chromatography (RP-
HPLC) in water and acetonitrile containing 0.1% TFA. The
nal products were characterized by both RP-HPLC and matrix-
assisted laser desorption/ionization time-of-ight mass spec-
trometry (MALDI-TOF MS) (Fig. S1†). The detailed information
and steps are provided in the ESI.†
Antibacterial assays

Each synthetic PrAMP was tested for antibacterial activity in
100% Mueller Hinton broth (MHB) against a panel of Gram-
© 2022 The Author(s). Published by the Royal Society of Chemistry
negative bacteria, E. coli ATCC 25922, K. pneumoniae ATCC
13883, A. baumannii ATCC 19606, as well as the multi-drug
resistant FADDI-KP028 (MDR) and FADDI-AB156 (colistin-
resistant, rifampin-resistant & MDR, XDR). A series of 100 ml
solutions diluted from 250 mg ml�1 to 4 mg ml�1 PrAMPs,
antibiotics or bifunctional linkers in MHB were added to a 96-
well plate followed by the addition of 100 ml of 2 � 106 cells
per ml with 90 min incubation at 37 �C. The minimum inhib-
itory concentration (MIC) was determined by plotting maximal
growth versus peptide concentration, according to the Lambert
and Pearson analysis method,19 while minimum bactericidal
concentration (MBC) was conrmed via colony-forming unit
(CFU) measuring assay.

Antibiolm assay

The microtiter plate preformed biolms were prepared by
adding 100 ml of the diluted bacterial culture of A. baumannii
ATCC 19606 or FADDI-AB156 (OD600 ¼ 0.5–0.6, 10 ml into 8 ml
MHB) into each well of a 96-well plate. Aer incubating for 24 h
at 37 �C, the biolm formation was conrmed by crystal violet
staining under microscopy. At 24 h incubation, the media and
planktonic bacteria were removed gently followed by two
washing steps (200 ml phosphate buffered saline, PBS). Then
100 ml PrAMPs in MHB of different concentration (0.5 �MBC, 1
� MBC, 2 � MBC, 4 � MBC, 8 � MBC) in triplicate and 100 ml
MHB as control were added to each well. Aer 90 min incuba-
tion at 37 �C, the peptides were removed and washed with 200 ml
PBS (two times), followed by crystal violet (100 ml, 2% w/v in 20%
v/v ethanol/water) staining for 30 min. The crystal violet was
removed and washed with 200 ml PBS (two times). The crystal
violet stained samples were dissolved with 100 ml acetic acid
(30% in MilliQ water) and absorption measured at 540 nm. In
comparison to the untreated control biolms, the absorption of
each sample indicated the efficiency of the PrAMPs, tetra-
uorobenzene dimer-NHNH2 6 and octouorobiphenyl dimer-
NHNH2 7, to eradicate preformed biolms.

Helium ion microscopy for planktonic cells and biolms

The morphologies of planktonic bacteria A. baumannii ATCC
19606 and FADDI-AB156 was assessed aer treatment with
tetrauorobenzene dimer-NHNH2 6 and octouorobiphenyl
dimer-NHNH2 7 at different concentration (2 � MIC, 1 � MIC,
0.5 � MIC, 0.25 � MIC, 0.125 � MIC) by using helium ion
microscopy (HIM, Zeiss, Germany). The samples incubated with
PrAMPs (90 min) and the PBS treated control sample were
added to clean glass cover slides, followed by evaporation at
37 �C for 20–30 min. The dried samples on5termination

As shown in Fig. S13,† 12.5 mg ml�1 of LPS originated from A.
baumannii ATCC 19606 and FADDI-AB156 can fully stimulate
RAW264.7 cells for nitric oxide (NO) release. To assess the effect
of the lead PrAMPs on suppressing LPS stimulation, PrAMPs,
tetrauorobenzene dimer-NHNH2 6 and octouorobiphenyl
dimer-NHNH2 7, were incubated with RAW264.7 cells at
different concentrations in the presence of 12.5 mg ml�1 of the
extracted LPS. In brief, 100 ml of 1 � 106 RAW264.7 cells per ml
was seeded into a at-bottom 96-well plate for 24 h at 37 �C with
Chem. Sci., 2022, 13, 2226–2237 | 2235
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5% CO2 in Dulbecco's Modied Eagle Medium (DMEM). Then,
a series of 50 ml per well PrAMPs diluted from 100 mg ml�1 to 3
mg ml�1 in DMEM were added into each well of RAW264.7 cells,
followed by the addition of 50 ml extracted LPS (12.5 mg ml�1 in
DMEM) and 50 ml DMEM. Aer overnight incubation at 37 �C,
the culture supernatant (50 ml) was collected for NO concen-
tration determination using a Promega Griess Reagent Kit to
measure the absorption with a 540 nm lter. The concentration
of NO in mM was further converted via a nitrate standard curve.
Data availability

All experimental supporting data and procedures are available
in the ESI.†
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