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Abstract

We designed a class of small dimeric cyclic guanidine derivatives, which display potent 

antibacterial activity against both multidrug-resistant Gram-negative and Gram-positive bacteria. 

They could compromise bacterial membranes without developing resistance, inhibit biofilms 

formed by E. Coli, and exhibit excellent in vivo activity in the MRSA-infected thigh burden mouse 

model.
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A class of small dimeric cyclic guanidine derivatives was designed to display potent and broad 

spectrum antibacterial activity.

Antimicrobial resistance is an escalating threat in global public health,1–3 and requires 

consistent actions worldwide. Indeed, multidrug-resistant bacterial strains, include Gram-

positive bacteria methicillin-resistant Staphylococcus aureus (MRSA), methicillin-resistant 

Staphylococcus epidermidis (MRSE), Vancomycin-Resistant Enterococci (VRE), and Gram-

negative bacteria Escherichia coli (E. Coli), Klebsiella pneumoniae (KP), and Pseudomonas 
aeruginosa (PA), have emerged to be the major cause of hospital and community-acquired 

infections.4, 5 As such, novel antibiotics that inhibit a panel of multidrug-resistant bacteria is 

in an urgent need.6–8
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In recent decade, host-defense peptides (HDPs) have emerged as an alternative approach to 

combat bacteria resistance.9–11 Conventional antibiotics are known to target specific 

membrane or intracellular components of bacteria, however, HDPs preferentially interact 

with negatively charged bacterial membranes due to the intrinsic difference between 

bacterial and mammalian cell membranes,4, 12, 13 leading to the destruction of membrane 

integrity and bacterial cell death. The antimicrobial mechanisms of HDPs are complex, and 

a few models including barrel stave, carpet, toroidal pores have been proposed.4, 14 

Nonetheless, all potential membrane-disrupting mechanisms could reduce the risk of 

resistance development15 as these interactions with bacteria are based on physical charge-

charge interaction and lack defined membrane targets. Such mechanisms also confer HDPs 

with broad-spectrum bactericidal activity.4, 16 It should be noted that some HDPs do have 

defined intracellular targets besides their membrane- disruptive activity, nonetheless, these 

combined mechanisms of actions could indeed further synergize their antimicrobial 

activity.13 Despite enthusiasm, there are obstacles associated with antibiotic HDPs and 

HDP-mimicking oligomeric peptidomimetics,17–19 including difficulty in scale-up, low cost-

effectiveness, potential immunogenicity and systematic toxicity. Therefore, recently there 

has been considerable interest in the search of small molecules which mimic mechanism of 

action of HDPs.16, 20–22

Bis-guanidine related compounds such as hexamidine have been used as antiseptics and 

disinfectant in past decades.23, 24 Recently it is suggested that cyclic guanidine compounds 

may be more potent antibacterial agents than linear guanidines, possibly due to their 

stronger electrostatic interaction with negatively charged bacterial membranes.7 For 

instance, a series of bis-cyclic guanidine compounds were recently obtained from 

combinatorial libraries and showed broad-spectrum antibacterial activity, however, their 

structures lack symmetry and rational design, and thus could face challenge in further 

optimization.25 Building upon these studies, we anticipated that bis-guanidine compounds 

bearing amphipathic structures could mimic mechanism of action of HDPs. Indeed, 

amphipathic xanthone derivatives bearing bis-arginine moieties recently demonstrated 

enhanced membrane selectivity, although they showed potent antimicrobial activity only 

against Gram-positive bacteria.26, 27 Brilacidin, a symmetric bis-guanidine investigational 

new drug candidate also designed to mimic the mechanism of action of HDPs, possesses an 

amphipathic structure to replicate the innate function of HDPs.28 As such, we envisioned 

that bis-cyclic guanidine compounds could be rationally designed to adopt cationic 

amphipathic structures, and thus capable of mimicking HDPs and revive as a promising 

approach to combat bacterial resistance.

Compared with HDPs which have large molecular weight (MW 1500‒3000 Da) and 

multiple cationic charges and hydrophobic groups, these small bis-cyclic guanidines could 

be facilely accessed and scaled-up without compromising antimicrobial activity and 

potential of combating drug resistance, thus they are envisioned to be more promising in 

antibiotic therapeutic development. We hypothesized that if bis-cyclic guanidine compounds 

are endowed with the ability of bacterial membrane action by incorporating hydrophobic 

residues, their overall structures would be amphipathic with positive charges. Therefore, 

they could interact with bacterial membrane effectively.
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As shown above, the amphipathic bis-cyclic guanidine compounds could be conveniently 

designed by using a linker to dimerize the five-membered cyclic guanidine moiety bearing 

different lipophilicities. The molecules were synthesized in a straightforward manner 

(Scheme S1), allowing future optimization and development of this class of compounds at 

ease. To this end, a new series of bis-cyclic guanidine compounds (MW 600‒900 Da) were 

synthesized (Figure 2), and tested against a panel of multidrug resistant bacteria (Table 1).16 

As expected, some compounds showed exceptional in vitro and in vivo activity. When R1 

was kept as the phenyl group and R2 was just proton (no substituent), no activity was 

detected for 1 and 2 with aliphatic (C4H8) or aromatic (m-phenylene) linker under the tested 

condition. We reasoned that compounds without hydrophobic group on cyclic guanidine do 

not lead to strong hydrophobic interaction with bacteria membranes, even although they 

could reach on the surface of negatively charged bacteria through electrostatic interactions. 

We thus hypothesized that appending hydrophobic groups onto the cyclic guanidine ring 

would enhance the interaction of the compounds to associate with bacterial membranes. As 

anticipated, bearing an ethyl group on the cyclic guanidine ring, compounds 3 and 4 started 

to show excellent activity against Gram-negative bacteria E. coli with MICs of 1.5 and 3 

μg/mL, respectively.

Replacement of ethyl group in 3 and 4 with the 3-phenylpropyl group led to compounds 5 
and 6, respectively. Intriguingly, with more hydrophobic and longer chains which were 

expected to better span the phospholipid bilayer, both 5 and 6 displayed exciting 

antibacterial activity with MICs less than 3.0 μg/mL for Gram-negative bacteria (except for 

P. aeruginosa), and less than 3.0 μg/mL against Gram-positive bacteria. It is particularly 

noted that the MIC of compound 5 was as potent as 0.33 μg/mL, which is better or at least 

comparable to any known bis-cyclic guanidine compounds. It also seemed p-phenylene and 

m-phenylene spacers do not impact activity intensively, as 3 and 4, and 5 and 6 exhibited 

similar activity.

The subsequent studies revealed that the aliphatic chain C6H13 as the R2 group (Table 1) 

could further enhance the antimicrobial activity. Both 7 and 8 exhibited potent and broad-

spectrum activity against all tested bacterial strains. It was very encouraging that compound 

8 had remarkable MICs of 0.75 μg/mL toward most strains, and MIC of 0.16 μg/mL against 

MRSA. In addition, both compound 7 and 8 were very selective, as their hemolytic activity 

are all more than 250 μg/mL, which demonstrated 769 and 1534 folds of selectivity against 

MIC values of MRSA, respectively. It is known that daptomycin29 and colistin30 are last-

resort antibiotics and active against Gram-positive and Gram-negative bacteria, respectively. 

Compound 8 had almost same or even better activity against Gram-positive bacteria 

compared with daptomycin, meanwhile showed comparable activity against Gram-negative 

bacteria compared with colistin, suggesting its promising therapeutic potential. Further 

attempts using more hydrophobic 2-adamantylethyl (compound 9) as the R2 group did not 

yield compounds with more potent and broad-spectrum activity.

To test the hypothesis that our compounds could possess the mechanism of action of HDPs 

and interact with bacterial membranes, fluorescence microscopic studies were conducted to 

evaluate the ability of most potent compound 8 to compromise membranes of E. coli (Gram-

negative bacterium) and S. aureus (Gram-positive bacterium). As well known, 4',6-
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diamidino-2-phenylindole (DAPI) could stain membranes of bacterial cells with blue 

fluorescence regardless of cell viability, whereas the red fluorescence of propidium iodide 

(PI) due to the DNA intercalation could only be observed in the presence of impaired 

membranes. As shown in Fig. 2, treatment of 8 gave rise to the red fluorescence under the PI 

channel in both S. aureus and E. coli groups, indicating that the membranes of these bacteria 

were disrupted. Moreover, significant aggregation of S. aureus occurred in the presence of 8, 

probably due to the loss of membrane potential upon membrane leakage.18 The amount of 

bacteria were significantly in the presence of 8, possible due to strong antimicrobial activity 

of 8.

We next conducted time-kill studies to investigate the bacterial killing kinetics of 

compounds 7 and 8 by using E. Coli. Both compounds could eradicate E. Coli very rapidly, 

as shown in Figure 3a and 3b. At the concentration of 12.5 or 25 μg/mL, compound 7 could 

completely remove all bacteria in 2 h, and at 50 μg/mL it could eradicate bacteria in just 0.5 

h (Fig. 3a). Notably, Compound 8 is more potent as it could rapidly kill E. Coli completely 

in 0.5 h even at the concentration of 12.5 μg/mL (Fig. 3b). These data suggested that 7 and 8 
could kill bacteria in a similar way to that of HDPs.

One of the biggest concerns of current antibiotics is the bacterial resistance as described vide 

supra, while HDPs take advantage of no immediate drug resistance in bacteria due to lack of 

defined molecular targets as they disintegrate bacterial membranes. To assess the potential 

emergence of bacterial resistance toward these cyclic guanidines, the compound 8 was 

employed for further investigation. The compound was incubated with either MRSA or E. 
Coli in the well at the concentration of half-MIC every day and tested for their activity 

through 14 successive passages. As shown in Fig. 3c, MICs of 8 were virtually constant after 

14 passages, indicating that they do not readily induce drug resistance in both MRSA and E. 
Coli. These outcomes suggest that our bicyclic guanidine compounds are not vulnerable in 

developing drug resistance, which is analogous to the mechanism of action of HDPs.

The bacterial biofilm is another severe problem because bacteria in biofilm generally tolerate 

antibiotic treatment and thus more difficult to eradicate than planktonic cells.31, 32 Moreover, 

the bacterial biofilm infection could contaminate medical devices,33 therefore, organ 

catheters and implants coated with biofilm-inhibiting antibacterial agents are needed as 

effective therapeutic methods.34 Biofilms formed by MRSA and E. coli have frustrated the 

treatment of persistent bacterial infections.35, 36 We thus sought to evaluate the compound 8 
for its ability to inhibit biofilm formation of MRSA and E. coli. It is known that low 

concentrations of antibiotic agents should be used to study their anti-biofilm activity. As 

shown in Fig. 3d, at 0.19 μg/mL, 8 could inhibit 38% of biofilm formation of E. coli. At the 

concentration of 0.39 μg/mL, 8 could eradicate almost 90% of biofilm formation of E. coli. 
This analysis revealed that the bis-cyclic guanidine compound is an efficient biofilm 

formation inhibitor.

The development of membrane-active antibacterial peptides for treatment of bacterial 

infections has been suffered from difficulties with systematic toxicity and tissue distribution, 

thus few compounds have been reported with in vivo activity and advanced into clinical 

trials.37–39 We envisioned that as small molecules, our bis-cyclic guanidines may possess 
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better therapeutic potential. The thigh burden model is a widely used animal model for 

evaluating preclinical antimicrobial activity of compounds.17, 40 We thus employed the thigh 

burden model to evaluate the in vivo anti-infective activity of compounds 7 and 8, in which 

the thigh muscle of neutropenic mice was inoculated with S. aureus, followed by intravenous 

(i.v.) administration of corresponding compounds. As shown in Fig. 4, significant activity 

was observed for both compounds at dose of 5 mg/kg when administered twice with a 6-

hour interval between injections. A 3-log10 decrease in colony-forming unit (CFU) was 

observed for compound 7, while more significant decrease (5-log10 CFU) was observed for 

compound 8, indicating that compound 8 has better efficacy. The result suggested that our 

compounds provided significant protection against infection with S. aureus. Survival 

experiments in the future could provide more information.

In summary, we have developed a new class of bis-cyclic guanidine-based small molecules 

(MW 600‒900 Da) starting from simply α-Phenylalanine. These molecules exhibit 

remarkable potency against a panel of multidrug-resistant Gram-positive and Gram-negative 

bacteria. Although other antimicrobial mechanisms cannot be excluded, our studies suggest 

that these compounds could kill bacteria rapidly by disrupting bacterial membranes, a 

mechanism analogous to that of HDPs. This is consistent to their amphipathic structures, 

with the one having proper balance of hydrophobicity and cationic charge showing the most 

potent antibacterial activity. The hypothesis is further supported by the fact that the 

susceptibility of MRSA bacteria to the lead compounds remained nearly unchanged even 

after 14 passages. Furthermore, antibiotic therapeutic potential of these molecules was 

confirmed in the MRSA-infected thigh burden mouse model. Our work illustrated the 

potential of bis-cyclic guanidines for the development of potent antimicrobial molecules 

with molecular masses in the range of 600‒900. Further studies on optimization of activity 

and selectivity, as well pharmacokinetic assessments are underway in our lab.
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Fig. 1. 
The structures of compounds 1–9.
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Fig. 2. 
Fluorescence micrographs of MRSA and E. coli that were treated or not treated with 10 

µg/mL of 8 for 2 h. a1, control, no treatment, DAPI stained; a2, control, no treatment, PI 

stained. a3, treatment with 8, DAPI stained; a4, treatment with 8, PI stained. Scale bar = 10 

µm.
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Fig. 3. 
Time-kill curves of 7 (a) and 8 (b) for E. Coli. The killing activity was monitored for the first 

2 h. (c) Drug-resistance study of 8 toward MRSA and E. Coli. (d) Biological activity of 8 on 

inhibition of biofilm by E. Coli.
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Fig. 4. 
In vivo efficacy of the compounds 7 and 8 in thigh-infection mouse model. Neutropenic 

mice (n = 4 per group) were inoculated in the posterior thigh muscles with S. aureus ATCC 

33591 at 1 × 106 CFU per thigh and then treated with 7 and 8 (5 mg/kg per dose) by i.v. 

bolus injection in the tail vein at 1 and 7 h after infection.
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