
UC Riverside
UC Riverside Previously Published Works

Title
Cationic Amphiphiles with Specificity against Gram-Positive and Gram-Negative Bacteria: 
Chemical Composition and Architecture Combat Bacterial Membranes

Permalink
https://escholarship.org/uc/item/9nv7n4d8

Journal
Langmuir, 35(16)

ISSN
0743-7463

Authors
Moretti, Alysha
Weeks, Richard M
Chikindas, Michael
et al.

Publication Date
2019-04-23

DOI
10.1021/acs.langmuir.9b00110
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9nv7n4d8
https://escholarship.org/uc/item/9nv7n4d8#author
https://escholarship.org
http://www.cdlib.org/


Cationic Amphiphiles with Specificity against Gram-Positive and 
Gram-Negative Bacteria: Chemical Composition and 
Architecture Combat Bacterial Membranes

Alysha Moretti†, Richard M. Weeks‡, Michael Chikindas‡, Kathryn E. Uhrich*,†,§

†Department of Chemistry, Rutgers University, Piscataway, New Jersey 08854, United States

‡Department of Microbiology and Biochemistry and School of Environmental and Biological 
Sciences, Rutgers University, New Brunswick, New Jersey 08901, United States

§Department of Chemistry, University of California, 501 Big Springs Rd., Riverside, California 
92521, United States

Abstract

Small-molecule cationic amphiphiles (CAms) were designed to combat the rapid rise in drug-

resistant bacteria. CAms were designed to target and compromise the structural integrity of 

bacteria membranes, leading to cell rupture and death. Discrete structural features of CAms were 

varied, and structure-activity relationship studies were performed to guide the rational design of 

potent antimicrobials with desirable selectivity and cytocompatibility profiles. In particular, the 

effects of cationic conformational flexibility, hydrophobic domain flexibility, and hydrophobic 

domain architecture were evaluated. Their influence on antimicrobial efficacy in Gram-positive 

and Gram-negative bacteria was determined, and their safety profiles were established by 

assessing their impact on mammalian cells. All CAms have a potent activity against bacteria, and 

hydrophobic domain rigidity and branched architecture contribute to specificity. The insights 

gained from this project will aid in the optimization of CAm structures.
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1. INTRODUCTION

The overuse of antibiotics has resulted in a rapid rise in antibiotic resistance and emergence 

of multidrug-resistant bacteria, sparking significant global health concerns.1,2 While 

ongoing efforts are being taken to promote antimicrobial stewardship and slow the 

progression of resistant bacterial strains, the scientific community has also initiated a 

movement to understand innate immune responses to bacterial infections and to develop 

alternatives to traditional antibiotics.1–4

Antimicrobial peptides (AMPs) are naturally existing membrane-active molecules that have 

gained significant attention as alternatives to traditional antibiotics.4,5 While the primary 

sequences and lengths of AMPs vary greatly, the vast majority contains a net cationic charge 

and adopts amphipathic secondary structures segregating hydrophobic and charged residues 

in the presence of lipid bilayers.5,6 Although additional molecular targets exist, most AMPs 

initially interact with the negatively charged components of bacterial cell membranes (e.g., 

phosphatidylglycerol, lipopolysaccharides, and teichoic acids) and hydrophobic residue 

insertion leads to membrane integrity disruption and cell death.5,7–9 Their unique 

membrane-targeting mechanism results in lower resistance rates as compared to traditional 

antibiotics that target specific biological pathways (e.g., DNA or cell wall synthesis) or 

inhibit enzymatic or metabolic activities.1,9–12 However, several shortcomings limit the 

applicability of AMPs as viable antimicrobial therapeutics. AMPs are associated with high 

production costs because of multiple low-yielding peptide coupling reactions or expression 

systems; the resulting peptide bonds are susceptible to native proteases, and they commonly 
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elicit undesirable toxicity to mammalian cells.11,13,14 To address these limitations, several 

groups have evaluated the antibacterial potential of nonpeptide-derived AMP mimics. For 

example, peptidomimics developed with nonnatural amino acid structures aid in protease 

susceptibility; arylamide oligomers designed de novo have been synthesized from 

inexpensive monomers; Jennings et al. designed simple quaternary ammonium amphiphiles 

via cost-effective syntheses that additionally overcame obstacles associated with polymer 

and oligomer folding.6,15–18

This work builds upon these efforts by designing small-molecule cationic amphiphiles 

(CAms) with high potency against Gram-positive and Gram-negative bacteria.19,20 CAms 

were designed from technologically cost-effective starting materials and possess 

physicochemical features similar to AMPs, namely, cationic charge and amphiphilicity, 

while additionally being resistant to protease activity. CAm structures are based on a linear 

sugar backbone that serves as both a spacer to two cationic moieties as well as the branch 

point for two hydrophobic domains derived from fatty acids or analogous aliphatic alcohols 

(Figure 1). Comparable to the key features that impart AMPs with antimicrobial efficacy, 

CAms have net cationic charges and structural flexibility required to fold into facially 

amphipathic structures that may lend to selective activity against bacterial membranes.

Herein, the design, synthesis, and subsequent antimicrobial characterization of CAms with 

strategic structural variations (Figure 1) is reported to better understand the chemical 

features that contribute to antimicrobial efficacy and specificity. Molecular flexibility has 

been shown to strongly influence the antimicrobial activity and global amphiphilicity in a 

variety of molecular architectures, including AMPs, small-molecule amphiphiles, and 

polymers.21–24 In particular, Palermo et al. designed methacrylate copolymers with varying 

cationic linker lengths to the polymer backbone. In doing so, they found that shorter linker 

lengths had desirable selectivity profiles for bacterial cells over mammalian cells, whereas 

longer cationic linker lengths resulted in polymers with nonselective membrane activity.21 

As such, two series of CAms were designed to evaluate the influence of flexibility in our 

molecular platform. The conformational flexibility of cationic moieties, namely, charge 

flexibility, was introduced in CAm structures through step-wise increases in the length of 

cationic linkers (i.e., two, four, or six methylene units) extending from the sugar backbone. 

Hydrophobic domains are incorporated onto the backbone as side chains. Also, to explore 

the possible variations of chemical structures with bio activities, one of the two series of 

CAms with charge flexibility was designed to have ester-linked hydrophobic domains, while 

additional chain flexibility was introduced into the other series by replacing ester with ether 

linkages.

A third series of CAms was designed to probe the effect of hydrophobic domain architecture 

on antimicrobial efficacy and selectivity. Several studies, including those performed in the 

Uhrich group, have identified hydrocarbon chains that elicit desirable antimicrobial 

selectivity profiles, frequently to be of intermediate lengths.19,20,25,26 Lind et al. 

demonstrated that increased branching density and charge flexibility resulted in improved 

bacterial potency and specificity in antimicrobial dendrimers.27 Similarly, Chen et al. found 

that higher generation dendrimers exhibited more potent antibacterial efficacy, suggesting 

that a branched architecture may influence the membrane activity.26 As such, additional 
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Cams were designed with branched hydrophobic domain architectures and varying 

hydrophobic chain lengths to assess the relative contributions of hydrophobic domain 

branching, hydrophilic-lipophilic balance (HLB), and alkyl chain length.

Upon successful synthesis, all compounds were screened for antimicrobial efficacy in 

representative Gram-positive and Gram-negative bacteria, as well as for hemolytic activity in 

human-derived red blood cells. In vitro membrane specificity experiments were then carried 

out for selected compounds, demonstrating enhanced activity against bacterial membrane 

mimics compared to mammalian cell membrane mimics. Together, these experiments 

identify several key features of CAms that contribute to antimicrobial potency and 

specificity.

2. MATERIAL AND METHODS

2.1. Materials.

All reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used as received 

unless stated otherwise. Di-tert-butyl tartrate, N-Boc-ethylenediamine, N-Boc-l,4-

diaminobutane, and N-Boc-1,6-diaminohexane were purchased from TCI (Portland, OR). 

Whole blood was purchased from New Jersey Blood Center (East Orange, Nj). Lipids and 

polycarbonate membranes were purchased from Avanti Polar Lipids (Birmingham, AL).

2.2. Chemical Characterization.

Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra were obtained 

using a Varian 500 MHz spectrometer. Samples were dissolved in deuterated chloroform 

(CDCl3) with trimethylsilane as an internal reference or deuterated methanol (CD3OD). 

Fourier transform infrared spectra were obtained by solvent-casting small molecules onto 

sodium chloride (NaCl) plates from dichloromethane (DCM) solutions, and 32 scans were 

averaged and processed using OMNIC software on a Thermo Scientific Nicolet iS10 

spectrophotometer. Molecular weights of CAms and intermediates were determined using a 

ThermoQuest Finnigan (LCQ-DUO system equipped with a syringe pump, optional divert/

inject valve, atmospheric pressure ionization source, and mass spectrometer (MS) detector). 

Samples were dissolved in methanol (10 μg/mL) and spectra were processed using Xcalibur.

2.3. Synthesis.

2.3.1. CAm-Ethers with Extended Cationic Linkers (3).—Di-Boc-amino ether 

tartramide (2)—T10 ether (1) was prepared as previously described.28 Mono-Boc-protected 

diamines with various linker lengths (i.e., N-Boc-ethylenediamine, N-Boc-1,4-

diaminobutane, N-Boc-1,6-diaminohexane) were conjugated to 1 via carbodiimide coupling 

following modified published procedures.19,20 Synthesis of 2a is previously reported.20 

Synthesis of 2c is presented as an example. T10 ether (0.27 mmol, 0.12 g) and 4-

(dimethylamino)pyridine (DMAP, 0.70 mmol, 0.09 g) were dissolved in anhydrous DCM (5 

mL) under nitrogen and stirred for 10 min. N-Boc-1,6-diaminohexane (0.70 mmol, 0.15 mL) 

and N-(3-dimethyla-minopropyl)-N′-ethylcarbodiimide hydrochloride (EDCI, 0.70 mmol, 

0.13 g) were sequentially added to the reaction flask and stirred overnight at room 

temperature. The reaction mixture was washed with 10% potassium bisulfate (KHSO4, 2×, 
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10 mL) and brine (1×, 10 mL). The organic layer was dried over magnesium sulfate 

(MgSO4), filtered, and concentrated in vacuo to yield pure 2c.

2b: Yield: 93% (white solid) 1H NMR (500 MHz, CDCl3): δ 0.87 (t, 6H), 1.24 (m, 28H), 

1.42 (s, 18H), 1.52 (m, 8H), 1.67 (m, 4H), 3.12 (m, 4H), 3.31 (m, 4H), 3.47 (m, 4H), 4.24 (s, 

2H), 4.55 (br, 2H), 6.69 (br, 2H). 13C NMR (500 MHz, CDCl3): δ 14.09, 22.65, 26.01, 

26.39, 26.57, 28.40, 29.29, 29.37, 29.54, 29.59, 29.69, 31.86, 39.03, 73.37, 81.08, 165.96, 

169.85. ESI-MS m/z: [M + 23]+.

2c: Yield: 86% (white solid) 1H NMR (500 MHz, CDCl3): δ 0.87 (t, 6H), 1.24 (m, 28H), 

1.33 (m, 4H), 1.43 (s, 18H), 1.52 (m, 8H), 1.71 (m, 4H), 3.09 (m, 4H), 3.27 (m, 4H), 3.47 

(m, 4H), 4.25 (s, 2H), 4.50 (br, 2H), 6.71 (br, 2H). 13C NMR (500 MHz, CDCl3): δ 14.06, 

23.12, 25.98, 26.13, 26.32, 26.53, 27.99, 29.22, 29.41, 29.51, 29.54, 29.63, 32.00, 39.03, 

73.33, 81.09, 166.87, 169.91. ESI-MS m/z: 793.5 [M + 23]+.

CAm ether (3)—Boc protecting groups were removed under acidic conditions following 

literature precedence.19,29 Briefly, 2 was dissolved in hydrochloric acid in dioxane (4 M 

HCl, 10 mL) and cooled to 0 °C on ice. The reaction was stirred for 1 h on ice and then 

allowed to warm to room temperature and proceed overnight. Volatiles were removed in 

vacuo, and 3 was reconstituted in a minimum amount of methanol (<4 mL), precipitated in 

hexanes (15 mL), and isolated by centrifugation (3500 rpm, 5 min) using a Hettich EBA 12 

Centrifuge (Beverly, MA).

3a: Yield: quantitative (tan waxy solid) 1H NMR (500 MHz, CD3OD): δ 0.89 (t, 6H), 1.29 

(m, 28H), 1.56 (m, 4H), 1.63 (m, 4H), 1.69 (m, 4H), 2.96 (m, 4H), 3.19 (m, 4H), 3.30 (m, 

8H), 3.59 (m, 2H), 4.08 (s, 2H). 13C NMR (500 MHz, CD3OD): δ 13.03, 22.31, 24.41, 

25.71, 26.09, 29.38, 29.34, 29.25, 29.20, 29.06, 31.65, 37.97, 38.89, 72.41, 81.23, 171.18. 

ESI-MS m/z: 286.3 [(M + 2)/2]+.

3b: Yield: quantitative (off-white waxy solid) 1H NMR (500 MHz, CD3OD): δ 0.89 (t, 6H), 

1.29 (m, 28H), 1.41 (m, 8H), 1.55 (m, 8H), 1.65 (m, 4H), 2.91 (m, 4H), 3.17 (m, 4H), 3.30 

(m, 8H), 3.65 (m, 2H), 4.08 (s, 2H). 13C NMR (500 MHz, CD3OD): δ 13.03, 22.32, 25.98, 

25.74, 25.60, 27.08, 29.37, 29.32, 29.24, 29.18, 29.07, 28.96, 31.64, 38.60, 39.23, 72.45, 

81.05, 170.97. ESI-MS m/z: 314.4 [(M + 2)/2]+.

2.3.2. CAm Esters with Extended Cationic Linkers (6).—Di-Boc-amino tartramide 

(4)—Tartaric acid was subjected to an aminolysis reaction with mono-Boc-protected 

diamines with various linker lengths (i.e., N-Boc-ethylenediamine, N-Boc-1,4-

diaminobutane, and N-Boc-1,6-diaminohexane) following methods described in previously 

reported procedures.19,20 Synthesis of 4a–6a has previously been reported.20 Reactions will 

be described using N-Boc-1,6-diaminohexane as an example. Briefly, dimethyl tartrate (0.56 

mmol, 0.1 g) was dissolved in 3.0 mL of tetrahydrofuran and heated to 40 °C. N-Boc-1,6-

diaminohexane (1.57 mmol, 0.35 mL) was added, and the reaction stirred overnight at 

40 °C. Volatiles were removed in vacuo, and 4c was precipitated in diethyl ether (15 mL) 

and isolated via filtration.
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4b: Yield: 91% (white solid) 1H NMR (500 MHz, DMSO): δ 1.41 (s, 18), 1.51 (m, 8H), 

3.10 (m, 4H), 3.28 (m, 4H), 4.31 (s, 2H), 4.75 (br, 2H), 7.15 (br, 2H). 13C NMR (500 MHz, 

DMSO): δ 28.93, 39.17, 39.20, 40.03, 73.71, 79.14, 156.12, 172.21. ESI-MS m/z: 513.4 [M 

+ 23]+.

4c: Yield: 79% (white solid) 1H NMR (500 MHz, DMSO): δ 1.32 (s, 8H), 1.44 (m, 30H), 

1.61 (m, 4H), 3.09 (m, 4H), 3.25 (m, 4H), 4.26 (s, 2H), 4.60 (br, 2H), 5.37 (br, 2H), 7.10 (br, 

2H). 13C NMR (500 MHz, DMSO): δ 26.42, 26.54, 28.93, 39.15, 39.24, 40.00, 73.72, 

79.14, 156.07, 172.28. ESI-MS m/z: 569.4 [M + 23]+.

Di-Boc-amino ester tartramide (5)—4c was acylated by dissolving decanoic acid (0.46 

mmol, 0.08 g) and DMAP (0.46 mmol, 0.06 g) in anhydrous DCM, followed by addition of 

the 4c (0.12 mmol, 0.08 g) and EDC (0.46 mmol, 0.09 g). The reaction was stirred overnight 

under nitrogen and washed as described earlier for synthesis of 2.

5b: (white solid) 1H NMR (500 MHz, CDCl3):δ 0.86 (t, 6H), 1.25 (m, 24H), 1.42 (s, 18H), 

1.49 (m, 4H), 1.61 (m, 4H), 2.38 (t, 4H), 3.10 (m, 4H), 3.25 (m, 4H), 4.68 (br, 2H), 5.56 (s, 

2H), 6.40 (br, 2H) 13C NMR (500 MHz, CDCl3): δ 14.03, 22.63, 24.73, 25.79, 26.44, 27.33, 

28.36, 29.01, 29.24, 29.41, 31.80, 33.87, 36.85, 39.14, 40.01, 72.12, 79.14, 156.06, 166.31, 

172.27. ESI-MS m/z: 822.2 [M + 23]+.

5c: (off-white solid) 1H NMR (500 MHz, CDCl3): δ 0.86 (t, 6H), 1.30 (m, 24H), 1.25 (m, 

8H), 1.43 (s, 18H), 1.62 (m, 8H), 2.38 (t, 4H), 3.09 (m, 4H), 3.22 (m, 4H), 4.55 (br, 2H), 

5.57 (s, 2H), 6.22 (br, 2H). 13C NMR (500 MHz, CDCl3): δ 14.07, 22.63, 24.78, 26.04, 

26.11, 28.43, 29.06, 29.19, 29.26, 29.40, 29.93, 31.80, 33.89, 39.19, 40.23, 72.13, 79.81, 

157.21, 166.24, 172.30. ESI-MS m/z: 855.1 [M + 1]+.

CAm ester (6)—Boc groups were removed as previously described using 4 M HCl in 

dioxane. Products were isolated via precipitation in cold diethyl ether (15 mL) followed by 

centrifugation as previously described to isolate the products.

6b: Yield: quantitative (off-white waxy solid) 1H NMR (500 MHz, CD3OD): δ 0.89 (t, 6H), 

1.29 (m, 24H), 1.59 (m, 12H), 2.46 (4H), 2.94 (t, 4H), 3.23 (m, 4H), 5.54 (s, 2H). 13C NMR 

(500 MHz, CD3OD): δ 13.03, 22.31, 24.33, 24.40, 25.82, 28.75, 29.01, 29.05, 29.18, 31.63, 

33.20, 38.17, 38.89, 72.28, 167.50, 172.63. ESI-MS m/z: 300.2 [(M + 2)/2]+.

6c: Yield: quantitative (yellowish waxy solid) 1H NMR (500 MHz, CD3OD): δ 0.89 (t, 6H), 

1.30 (m, 32H), 1.51 (t, 4H), 1.65 (m, 8H), 2.46 (m, 4H), 2.91 (t, 4H), 3.19 (m, 4H), 5.54 (s, 

2H). 13C NMR (500 MHz, CD3OD): δ 13.03, 22.31, 24.41, 25.50, 25.74, 27.01, 28.66, 

28.76, 29.01, 29.05, 29.18, 31.62, 33.19, 38.75, 39.20, 72.27, 167.35, 172.51. ESI-MS m/z: 

328.4 [(M + 2)/2]+.

2.3.3. Branched CAms (11).—Branched arm (7)—Branched arms were synthesized by 

acylating 2,2-bis(hydroxymethyl)propionic acid (bis-MPA) following modified literature 

procedures.30 Synthesis of 11b will be provided as an example. Bis-MPA (7.4 mmol, 1.0 g) 

was dissolved in a solution of dimethylformamide (2.0 mL) and pyridine (0.2 mL) under 

nitrogen. Valeroyl chloride (18.6 mmol, 2.24 mL) was added, and the reaction was stirred 
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overnight at room temperature. Chloroform (5.0 mL) and HCl (1 N, 5.0 mL) were added to 

the resulting slurry and stirred for 10 min. The aqueous layer was extracted with chloroform 

(3×, 10 mL), and the combined organic layers were washed with a 1:1 mixture of saturated 

sodium bicarbonate (NaHCO3) and brine (1×, 10 mL). The organic layer was dried over 

MgSO4, filtered, and concentrated in vacuo. The crude product was recrystallized from 

hexanes to purify 7b.

7a: Yield: 82% (clear oil) 1H NMR (500 MHz, CDCl3): δ 0.87 (t, 6H), 1.24 (s, 3H), 1.29 

(m, 4H), 1.55 (q, 4H), 2.28 (t, 4H), 4.23 (d, 4H). 13C NMR (500 MHz, CDCl3): δ 13.62, 

17.70, 22.14, 26.82, 33.78, 46.14, 64.99, 173.32, 178.85. ESI-MS m/z: 301.0 [M - 1]−.

7b: Yield: 71% (white solid) 1H NMR (500 MHz, CDCl3): δ 0.88 (t, 6H), 1.26 (m, 24H), 

1.30 (s, 3H), 1.59 (qn, 4H), 2.31 (t, 4H), 4.23 (s, 4H). 13C NMR (500 MHz, CDCl3): δ 
14.05, 17.23, 22.65, 24.79, 29.10, 29.23, 29.25, 29.40, 31.84, 33.97, 47.87, 64.54, 167.50, 

173.05. ESI-MS m/z: 441.2 [M - 1]−.

Di-branched dibenzyl tartrate (DBT) (8)—7 was conjugated to DBT via carbodiimide 

coupling. 7b (0.66 mmol, 0.19 g) was dissolved in DCM (5.0 mL) followed by addition of 

DMAP (0.66 mmol, 0.08 g) and allowed to stir for 10 min under nitrogen. DBT (0.3 mmol, 

0.10 g) was added to the reaction followed by EDC (0.66 mmol, 0.13 g) and stirred 

overnight. The resulting solution was washed with 10% KHSO4 (2×, 10 mL) and a 1:1 

mixture of saturated NaHCO3 and brine (1×, 10 mL). The organic layer was dried over 

MgSO4, filtered, and concentrated in vacuo. 8a required no further purification. 8b was 

subjected to flash column chromatography using 12% ethyl acetate in hexanes as the mobile 

phase to yield pure product.

8a: Yield: 75% (white solid) 1H NMR (500 MHz, CDCl3): δ 0.88 (t, 12H), 1.15 (s, 6H), 

1.30 (m, 8H), 1.55 (m, 8H), 2.26 (m, 8H), 4.19 (m, 8H), 5.13 (s, 4H), 5.73 (s, 2H), 7.31 (m, 

10H). 13C NMR (500 MHz, CDCL3): δ 13.68, 17.45, 22.20, 26.82, 33.69, 46.33, 64.63, 

68.00, 70.84, 128.32, 128.67, 128.75, 134.43, 164.93, 171.40, 173.15. ESI-MS m/z: 921.4 

[M + 23]+.

8b: Yield: 65% (white solid) 1H NMR (500 MHz, CDCl3): δ 0.86 (t, 12H), 1.16 (s, 6H), 

1.25 (m, H), 1.57 (m, 8H), 2.24 (m, 8H), 4.17 (m, 8H), 5.13 (s, 4H), 5.73 (s, 2H), 7.31 (m, 

10H). 13C NMR (500 MHz, CDCl3): δ 14.08, 17.46, 22.65, 24.78, 29.12, 29.26, 29.43, 

31.84, 33.95, 33.97, 46.34, 64.60, 67.97, 70.86, 128.34, 128.70, 128.74, 134.44, 164.90, 

171.40, 173.13. ESI-MS m/z: 1201.9 [M + 23]−.

Di-branched tartaric acid (9): Benzyl groups were removed via hydrogenolysis with 

palladium on carbon (Pd/C, 10% w/w) as the catalyst for 24 h in DCM (10 mL). The 

reaction mixture was then filtered through celite to remove Pd/C and 9 concentrated in 

vacuo.

9a: Yield: quantitative (white solid) 1H NMR (500 MHz, CDCl3): δ 0.87 (t, 12H), 1.31 (m, 

14H), 1.57 (m, 8H), 2.32 (m, 8H), 4.20 (m, 8H), 5.62 (s, 2H). 13C NMR (500 MHz, CDCl3): 

δ 13.64, 17.36, 22.16, 26.78, 26.82, 71.04, 167.30, 171.11, 173.77, 174.00. ESI-MS m/z: 

717.1 [M - 1]−.
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9b: Yield: quantitative (white solid) 1H NMR (500 MHz, CDCl3): δ 0.87 (t, 12H), 1.26 (m, 

H), 1.32 (s, 6H), 1.58 (m, 8H), 2.31 (m, 8H), 4.20 (m, 8H), 5.63 (s, 2H). 13C NMR (500 

MHz, CDCl3): δ 14.08, 17.37, 22.69, 24.75, 24.80, 29.11, 29.26, 29.43, 31.85, 34.07, 46.43, 

64.91, 65.18, 71.01, 166.73, 171.05, 173.73, 174.00. ESI-MS m/z: 998.2 [M - 1]−.

Di-branched, di-Boc-amino tartramide (10)—Mono-Boc-protected diamines were 

conjugated following a modified literature procedure.31 9b (0.34 mmol, 0.34 g) was 

dissolved in DCM (5.0 mL) and cooled to 0 °C on ice. HOBt (0.68 mmol, 0.09 g) and N-

Boc-ethylenediamine were added sequentially. DCC (1 M, 0.68 mmol, 0.68 mL) was then 

slowly added, and the reaction was stirred for 15 min on ice. The resulting mixture was 

allowed to warm to room temperature and stirred overnight. The reaction was cooled to 

−20 °C to facilitate the urea byproduct precipitation, which was removed via filtration. The 

filtrate was concentrated in vacuo and subjected to flash column chromatography with 5% 

methanol in DCM as the eluent. If further purification was required, the crude 10b was 

recrystallized in cold hexanes.

10a: Yield: 76% (white solid) 1H NMR (500 MHz, CDCl3): δ 0.90 (t, 12H), 1.30 (m, H), 

1.42 (m, 18H), 1.58 (m, 8H), 1.66 (s), 2.32 (m, 8H), 3.26–3.40 (m, 8H), 4.13–4.43 (m, 8H), 

5.27 (s, 2H), 5.56 (s, 2H), 6.96 (s, 2H). 13C NMR (500 MHz, CDCl3): δ 13.72, 17.69, 22.19, 

28.41, 26.83, 33.77, 40.49, 39.82, 46.67, 64.92, 64.80, 72.83, 79.45, 165.88, 171.23, 173.52. 

ESI-MS m/z: 1025.6 [M + 23]+.

10b: Yield: 66% (white solid) 1H NMR (500 MHz, CDCl3): δ 0.86 (t, 12H), 1.25 (m, H), 

1.28 (s, 6H), 1.59 (m, 18H), 1.64 (m, 8H), 2.29 (8H), 3.25–3.38 (m, 8H), 4.11–4.41 (m, 8H), 

5.25 (s, 2H), 5.55 (s, 2H), 6.93 (s, 2H). 13C NMR (500 MHz, CDCl3): 14.08, 17.65, 22.64, 

24.80, 28.38, 29.09, 29.24, 29.41, 31.85, 34.05, 46.68, 64.79, 64.92, 72.85, 79.44, 165.92, 

171.27, 173.47, 173.59. ESI-MS m/z: 1305.6 [M + 23]+.

Branched CAm (11)—Boc groups were removed to generate the final products using 4 M 

HCl in dioxane following the aforementioned procedure. Products were isolated in vacuo.

11a: Yield: quantitative (off-white paste) 1H NMR (500 MHz, CDCl3): δ 0.91 (t, 12H), 1.33 

(m, 14H), 1.57 (m, 8H), 2.35 (m, 8H), 3.10 (m, 4H), 3.43–3.59 (d of m, 4H), 4.18–4.43 (m, 

8H), 5.63 (s, 2H). 13C NMR (500 MHz, CDCl3): 13.18, 16.39, 22.01, 24.85, 33.70, 39.69, 

40.82, 45.15, 65.17, 75.73, 167.30, 171.73, 173.95, 174.01. ESI-MS m/z: 402.4 [(M + 2)/

2]+.

11b: Yield: quantitative (off-white sticky solid) 1H NMR (500 MHz, CDCl3): δ 0.89 (t, 

12H), 1.33 (m, 48 H), 1.29 (s, 6H), 1.58 (m, 8H), 2.34 (m, 8H), 3.10 (m, 4H), 3.38–3.73 (d 

of m, 4H), 4.12–4.45 (m, 8H), 5.57 (s, 2H). 13C NMR (500 MHz, CDCl3):δ13.09, 16.65, 

22.32, 24.59, 28.84, 29.06, 29.08, 29.22, 31.70, 33.50, 36.82, 39.07, 46.43, 64.56, 72.52, 

167.31, 171.72, 173.43, 173.51. ESI-MS m/z: 542.8 [(M + 2)/2]+.

2.3.4. Cytotoxicity.—In vitro cytotoxicity was evaluated in 3T3 fibroblasts. Cells were 

cultured in the Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine 

serum (complete media) at 37 °C, 95% humidity, and 5% CO2. Samples were solubilized in 

sterile 10 mM HEPES buffer, pH 7.4 and diluted in complete media to the desired 
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concentrations. Cells were seeded onto a 96-well tissue culture plate at 5000 cells/well in 

100 μL of complete media and allowed to attach for 24 h. Media was aspirated and replaced 

with CAm solutions and controls (HEPES buffer diluted with complete media) and cells 

were incubated under standard conditions for additional 24 h. Cell viability was then 

determined using a CellTiter 96 Aqueous One Solution Proliferation Assay following the 

manufacturer’s suggested protocol and absorbance was recorded using an Infinite M200 

PRO plate reader (Tecan Group Ltd., Männedorf, Switzerland).

2.3.5. Hemolysis.—Hemolytic activity of CAms was determined in human red blood 

cells. Red blood cells were isolated from whole blood by centrifugation at 400×g min 

(Allegra 21 centrifuge, Beckman Coulter, Brea, CA) for 15 min. The supernatant was 

carefully removed via pipette aspiration, and the red blood cells were washed with isotonic 

HEPES buffer (5×, 10 mM, 0.8% NaCl, pH 7.4). The red blood cells were resuspended in 

isotonic HEPES buffer to 5% hematocrit. CAm stock solutions were prepared in isotonic 

HEPES buffer and serial diluted to predetermined concentrations for the hemolysis assays. 

CAm solutions (400 μL) and controls (ddH2O and isotonic HEPES buffer) were mixed with 

red blood cell suspensions (100 μL) and incubated for 1 h at 37 °C. Red blood cells were 

pelleted via centrifugation (Labenet Spectrafuge 16 M microcentrifuge, Labnet 

International, Inc., Edison, NJ, 400×g, 10 min), and the supernatant absorbance was read at 

410 nm using an Infinite M200 PRO plate reader (Tecan Group Ltd., Männedorf, 

Switzerland). Percent hemolysis was calculated with the following equation

Hemolysis (%) =
Abssample − Absbuffer
AbsddH2O − Absbuffer

× 100%

The concentration of CAms was plotted against the calculated percent hemolysis, and the 

point on the curve corresponding to the concentration required for 50% hemolysis was taken 

as the HC50.

2.4. Bacteria Cell Culture Preparation.

Bacteria were inoculated onto brain-heart infusion (BHI) agar (Becton Dickinson, Franklin 

Lakes, NJ) and propagated under aerobic conditions at 37 °C for 24 h. A single colony of 

each bacterial strain was transferred to BHI broth (Becton Dickinson, Franklin Lakes, NJ) 

and incubated under aerobic conditions at 37 °C for 18–24 h. Bacterial growth suspensions 

were diluted in a fresh BHI medium to a concentration of 106 CFU/mL for microbroth 

dilution assays.

2.5. Minimum Inhibitory Concentration Determination.

Minimum inhibitory concentrations (MICs) were determined using a broth microdilution 

assay according to CLSI standards32 and following a procedure adopted in our previous 

study.33 The microbial strains used in this study were representative of Gram-positive 

(Listeria monocytogenes Scott A) and Gram-negative (Escherichia coli O157:H7) human 

pathogens, both from our laboratory culture collection. CAm stock solutions were prepared 

in ddH2O and sterilized under UV light for 25 min. Stock solutions were serial diluted into a 
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96-well microplate in triplicate (Becton Dickinson, Franklin Lakes, NJ) with BHI broth to 

100 μL. Aliquots (100 μL) of bacterial suspensions were added to wells, and incubated at 

37 °C for 24 h under aerobic conditions. To prevent evaporation of the culture medium, 75 

μL of mineral oil (Sigma-Aldrich, St. Louis, MO) was added to each well before incubation. 

The OD595 for each well was tracked using a microplate reader (model 550, Bio-Rad 

Laboratories, Hercules, CA). The MIC was determined as the lowest CAm concentration 

that produced no visible growth after 24 h incubation.

2.6. Hydrophilic Dye Release from Large Unilamellar Vesicles.

CAm’s ability to target and lyse membranes was evaluated in large unilamellar vesicles 

(LUVs) mimicking mammalian and bacterial cell membranes following modified literature 

procedures.34 LUVs were prepared via the thin film hydration and extrusion method. 1,2-

Dioleoyl-sn-glycero-3-phosphocholine (DOPC, 25 m/mL) or a 1:1 mixture of DOPC/1,2-

dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) was mixed in 20 mL scintillation 

vials, concentrated in vacuo, and further dried overnight in a vacuum desiccator. Lipid films 

were hydrated with 70 mM calcein in HEPES release buffer (10 mM, 150 mM NaCl, 1 mM 

ethylenediaminetetraacetic acid, pH 7.4) for 1 h at 40 °C with gentle agitation. Hydrated 

films were subjected to five freeze/thaw cycles by heating vesicles at 40 °C in a water bath 

and freezing in dry ice at −78 °C for 15 min each. Multilamellar vesicles were extruded 11 

times through a 100 nm polycarbonate membrane at 40 °C with an Avanti Mini-Extruder. 

Unencapsulated calcein was removed via size exclusion chromatography using Sephadex 

G50 Fine resin as the stationary phase and HEPES release buffer as the eluent. Phospholipid 

concentration was determined via a Phospholipid Assay Kit (Sigma-Aldrich) as per the 

manufacturer’s suggested protocol. LUVs were diluted to 10 μM in HEPES release buffer 

for experiments.

CAm solutions were prepared in HEPES release buffer. Background fluorescence of LUV 

suspensions was read on a RF-5301PC spectrofluorimeter (Shimadzu Scientific Instruments, 

Columbia, MD) at an excitation wavelength of 495 nm and an emission wavelength of 515 

nm. CAm solutions were added to 1 mL of LUV suspensions, and fluorescence was 

immediately read and monitored for 2 min. At end of experiments, 20 μL of 5% Triton X 

was added to samples to fully release dye from the LUV suspensions. Percent lysis was 

calculated using the following equation

 Lysis (%) =
Fsample  − F0
Ftriton  − F0

× 100%

where Fsample represents the stabilized fluorescence reading after CAm addition, F0 

represents the background fluorescence, and Ftriton represents the fluorescence recorded after 

full LUV lysis with Triton X.
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3. RESULTS

3.1. Synthesis.

CAm ethers (3) with charged end-group flexibility were synthesized in a total of four 

reactions (Figure 2) from readily available and inexpensive starting materials.20 Ether 

linkages were generated by alkylation of di-terf-butyl tartrate and quantitative deprotection 

of t-butyl groups to yield T10 ether in high yield as previously described.28 End group 

conformational flexibility was achieved via carbodiimide coupling reactions of mono-Boc-

protected diamines with T10 ether to synthesize 2. The linker between amines and the 

tartramide backbone was either two, four, or six methylene units in length, as correlations 

with antimicrobial efficacy and specificity have been previously identified in this range.21,23 

Boc groups were then removed with HCl in dioxane to generate the final products (3) as 

chloride salts in quantitative yields.

CAm esters (6) with charged end-group flexibility were synthesized via an analogous 

approach (Figure 3).19 Di-Boc-amino tartramides (4) were first synthesized by conjugating 

mono-Boc-protected diamines with varying linker lengths to dimethyl tartrate via an 

aminolysis reaction. The intermediates were then acylated via carbodiimide coupling to 

generate 5, and the final products (6) were generated via deprotection under acidic 

conditions as described earlier. This synthetic approach generates the final products in a 

three-step reaction sequence, each step generating high yields of products with facile 

isolation procedures.

Branched CAms resulted from a novel synthetic approach (Figure 4). To generate these 

amphiphiles, bis-MPA was utilized as a dendritic branch point for hydrophobic domains to 

generate 7. Alkyl chlorides with 5 or 10 total carbons in length (5C or 10C, respectively) 

were used to maintain analogous HLB with CAm esters or equivalent lengths of 

hydrophobic chains, respectively. Branched arm 7 was conjugated to DBT via carbodiimide 

coupling, and the benzyl groups were removed via hydrogenolysis in quantitative yields. N-

Boc-1,2-ethylenediamine was successfully conjugated to the backbone following modified 

literature precedence to yield 10 in high yield using HOBt as the catalyst and DCC as the 

coupling reagent.30 Last, the deprotection of Boc groups was performed by using HCl 

solution (4.0 M in dioxane) to generate the branched CAms (11) in quantitative yields.

3.2. Antimicrobial Activity.

CAms were evaluated for antimicrobial efficacy against representative Gram-positive (i.e., 

L. monocytogenes Scott A) and Gram-negative (i.e., E. coli O157:H7) bacteria. Assays were 

carried out using the microbroth dilution method, and the lowest concentration of a given 

CAm that resulted in no bacterial growth after 24 h was taken as the MIC. The vast majority 

of tested CAms had MICs in relevant therapeutic ranges (<50 μg/mL) against the tested 

Gram-positive pathogen. In the tested Gram-negative bacteria, MICs were generally higher, 

but still less than 50 μg/mL with the exceptions of 2C ester and 4C ether (Table 1). As 

Gram-negative bacteria have an additional outer membrane structure (Figure 5), they are 

more difficult to permeabilize and eradicate.35 This trend is reflected in our experiment 

results, as MIC values are lower against L. monocytogenes compared to E. coli for both 
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linear CAms. Most CAms have MIC values against Gram-negative bacteria between 15 and 

50 μg/mL, which is comparable to or better than what is commonly reported in the literature.
21,25,27,36,37 These values are generally below the typical critical micelle concentrations of 

CAms with similar chemical structures, suggesting that the bioactivity comes from mainly 

monomeric amphiphile molecules.20 One the other hand, the branched CAms exhibited 

opposite behaviors. The 5C branched CAm (11a) exhibited a 2× lower MIC against E. coli 
(15.6 μg/mL) as compared to L. monocytogenes (31.3 μg/mL) and was the same as the 

lowest MIC value against E. coli of all CAms that were evaluated (6C ether and ester). The 

corresponding 10C branched CAm (11b) exhibited no effect on either species at the highest 

concentrations tested (250 μg/mL).

3.3. Hemolytic Activity in Human Red Blood Cells.

The hemolytic activity of the CAms was evaluated in human red blood cells at different 

concentrations, and the results are shown in Figure 6. For all three series of CAms, the 

hemolytic activity increased with the concentration. Ether 3c showed highest hemolytic 

activity, with lowest HC50 value. More than 90% of the hemolytic activity was observed for 

all esters and ethers with linear side chains (compound 3 and 6) at the concentration of 75 

μg/mL. Overall, a global trend was evident demonstrating comparably lower hemolysis for 

CAm esters compared with CAm ethers. CAms with a branched architecture showed a 

general lower hemolytic activity compared with the ones with linear side chains.

3.4. Cytocompatibility in Model Mammalian Cell Cultures.

The cytocompatibility of CAms were also evaluated in model mammalian cell cultures, and 

the results are shown in Figure 7. The relative viability of three series of CAms was 

measured at different concentrations. All CAms with ester-linkages, including CAms with 

extended cationic linkers and those with branched hydrophobic domains, displayed high 

levels of cytocompatibility at different concentrations. The ethers, on the other hand, showed 

a significant decrease in cytocompatibility when reaching 30 μg/mL. As all tested 

concentrations resulted in 90% or greater viability, there was no observable trends 

correlating cationic conformational flexibility or branched architecture with 

cytocompatibility.

3.5. Selectivity Index Determination.

Structural features leading to the selectivity of CAms were evaluated by screening the 

selectivity (activity against bacteria vs effects on red blood cells) within the library of 

CAms. The selectivity index (SI) of CAms was used to evaluate their propensity to interact 

with bacterial membranes over human cells (Table 1). The ratio of the concentration 

required to lyse 50% of red blood cells (HC50) relative to the MIC (HC50/MIC) was 

calculated to represent the SI of a CAm. Sis higher than 1.0 indicate specificity toward 

bacterial cell membranes, with higher specificity correlating with higher SI magnitudes. The 

CAms had SI values greater than 1.0 for the representative Gram-positive organism, with 6a 
and 6b exhibiting the highest selectivity. SI values for the tested Gram-negative pathogen 

were generally below 1.0, with the exceptions of 6a and 6c, which were close to 1.0, and 11a 

having the highest activity against Gram-negative bacteria.
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3.6. Calcein Leakage Experiments.

In vitro experiments were performed with LUVs mimicking the lipid contents of bacterial 

cells and mammalian cells. To quickly visualize the effect of the CAms on both cell 

membrane types and to understand the mechanisms of interaction the cell types, we 

designed experiments using a simplified model, where DOPC served to mimic mammalian 

cell membranes and DOPC/DOPG (1:1 mol ratio) served to mimic bacterial membranes. 

The LUVs were loaded with a self-quenching dye, calcein, and exposed to increasing CAm 

concentrations. Upon loss of membrane integrity, a dye was released, and an increase in 

fluorescence was taken as an indication of membrane rupture. Calcein leakage experiments 

were performed for CAm ethers and esters with cationic groups two methylene units 

extended from the backbone (i.e., 3a and 6a). These two CAms were chosen as they have 

high potency against bacteria and sufficient selectivity, and the N-Boc-ethylenediamine is 

the least expensive linker and is thus the least costly CAms to synthesize for translational 

purposes. Results for 3a are shown in Figure 8, which confirm membrane activity and 

specificity. Concentrations ≥100 μg/mL resulted in membrane lysis for bacterial membrane 

mimics (i.e., DOPC/DOPG) (Figure 8B), but the highest concentration evaluated, 500 

μg/mL, showed <5% lysis of membranes mimicking mammalian cells (i.e., DOPC) only, 

demonstrating specificity (Figure 8C). The total amount of membrane lysis induced by 

CAms at the end of experiments clearly indicates that 3a has a greater affinity for negatively 

charged membranes. Similar results were obtained for 6a and are shown in Figure 9. CAm 

concentrations as low at 50 μg/mL resulted in 15% lysis of negatively charged membranes, 

and a positive relationship was observed between CAm concentrations and total lysis. 

However, same as 3a, no mammalian mimic LUV disruption was observed for 6a below 500 

μg/mL, with the highest concentration of CAm tested resulted in only 7% lysis of 

zwitterionic membranes (Figures 8 and 9C).

4. DISCUSSION

The syntheses used in the generation of each CAm series demonstrate improvement upon 

AMP synthetic protocols. In general, AMPs require a minimum of seven residues to fold 

into an amphipathic secondary structure.14 To generate synthetic AMPs of this length using 

traditional peptide synthesis, addition of each Fmoc-protected amino acid and its subsequent 

deprotection is required, resulting in at least double the number of reaction steps as are 

amino acid residues.38–40 In contrast, both series of CAms can be generated in five or less 

reactions with high product yields, significantly reducing production costs. Additionally, 

tartrates, fatty acids, and alkyl alcohols are inexpensive and readily available and can be 

found on the list of Generally Recognized as Safe (GRAS) ingredients or are approved by 

the Food and Drug Administration for direct addition to food products for human 

consumption.33,41 As such, low or negligible toxicity is anticipated from degradation 

products.

In the MIC determination experiment, some CAms exhibited comparable or better 

antimicrobial activities than values commonly reported in the literature.21,25,27,36,37 The 5C 

branched CAm (11a) exhibited lower MIC against E. coli as compared to L. monocytogenes 
and was one of the lowest MICs against E. coli of all of the CAms. However, the 
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corresponding 10C branched CAm (11b) exhibited no effect on either species at the highest 

concentrations tested (250 μg/mL). This result reveals a critical finding regarding the CAm 

chemical structure and activity: branched architecture better permeabilizes Gram-negative 

bacteria membranes relative to linear alkyl chains.

Conformational flexibility of the cationic end-group, however, had a less pronounced 

influence on antimicrobial efficacy in the tested Gram-positive pathogen, whereas it does 

appear to impact activity against Gram-negative pathogens. It is possible that the increased 

flexibility of 3c and 6c results in electrostatic repulsion between charges, preventing 

simultaneous interaction with the negatively charged components of bacterial membranes. 

This intriguing observation may indicate that CAm’s membrane disrupting mechanism is 

primarily governed by electrostatic interactions at shorter charged end-group linker lengths. 

At longer linker lengths, hydrophobic interactions may dominate and are enhanced by 

hydrophobic domain flexibility. CAms with different cationic linker lengths (i.e., 3a–3c and 

6a–6c) all had MICs <7 μg/mL against Gram-positive bacteria, while moderate linker length 

(i.e., 3b and 6b with four methylene units) showed slightly better efficacy (Table 1). 

Conversely, when the effect of cationic spacer length was evaluated in Gram-negative 

bacteria, MICs were similar for two (i.e., 3a, 6a) or four carbon spacers (i.e., 6a, 6b), but 

were much lower for CAms with six carbon spacers (i.e., 3c, 6c). This data suggests that 

increased charge flexibility may have a different impact in Gram-positive and Gram-negative 

bacteria, which is not wholly surprising given the differing membrane structures between 

Gram-negative and Gram-positive organisms. To further explore these observed differences, 

it may be useful to look at the activity of these substances against a Gram-negative 

microorganism with a removed outer membrane.

While it is crucial that antimicrobials exhibit efficacy at low concentrations, it is also 

important that they demonstrate specificity for bacteria over mammalian cell membranes. 

This specificity is largely accomplished through the initial electrostatic interaction between 

cationic moieties and the negatively charged components of the bacterial cell membranes.5,7 

However, many AMPs suffer from toxicity: in fact many AMPs of eukaryotic origin are 

known to have an increased toxicity correlating with increased antimicrobial activity, which 

has also been correlated with high levels of hydrophobicity.42,43 The CAm esters exhibited 

lower hemolysis compared with CAm ethers evaluated in human red blood cells. These 

results indicate that hydrophobic arm flexibility reduces membrane specificity, with more 

rigid hydrophobe conformations (i.e., ester linkage) favoring interactions with bacterial 

membranes. In both series, CAms with four methylene units between the backbone and 

charged end group (3b, 6b) were slightly less hemolytic than CAms with longer or shorter 

cationic linker lengths. These results are consistent with those obtained by Palermo et al. 

demonstrating an increase in hemolytic activity in methacrylate based-copolymers with six 

carbon linkers between cationic moieties and the polymer backbone.21 Interestingly, this 

result is just the opposite of antimicrobial efficacy, making 3b and 6b the most potent 

compounds in their own series. On the other hand, branched CAms had the lowest hemolytic 

activity evaluated in this study, indicating that they have lower potential to interact with 

mammalian cell membranes. Consistent with trends in the literature, the 10C branched CAm 
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(11b) had comparatively higher hemolytic activity than the 5C branched CAm (11a) because 

of increased hydrophobicity.42

As red blood cells do not have many of the cellular components and metabolic activity of 

normal mammalian cells, we also evaluated the CAms cytocompatibility in model 

mammalian cell cultures. A similar trend was observed where CAm ethers were more toxic 

to regular mammalian cells compared with esters, especially at higher concentrations. These 

results are consistent with the results from red blood cell experiments, suggesting additional 

hydrophobic flexibility increases toxicity and reduce bacterial cell selectivity. There were no 

observable trends correlating cationic conformational flexibility or branching architecture 

with cytocompatibility.

The simplified model membrane used in this study required much higher concentrations of 

antimicrobials to achieve membrane damages, as compared to live cells and/or membrane 

vesicles.44 This simplified model provides a preliminarily evaluation of the potential 

effectiveness of these CAms. However, further experiments using different membrane 

mimicking liposome-based models (including membrane vesicles) will be utilized in future 

studies aimed at better understanding of the mechanisms of interaction between the 

membrane and CAms.

5. CONCLUSIONS

Three series of CAms were synthesized, and their membrane activity was evaluated to assess 

the impact of select chemical features, namely, flexibility and hydrophobic architecture, on 

antimicrobial efficacy and selectivity. The CAms were synthesized via high yielding 

synthetic approaches that require fewer reactions than traditional peptide syntheses, resulting 

in larger quantities of product for lower financial investments. Several key features of CAms 

were identified that have significant influences on antimicrobial activity. First, CAm esters 

had the highest activity against bacteria with the most desirable compatibility profiles. 

Second, CAm esters with moderate charge flexibility (i.e., linker length of four methylene) 

were most potent against both Gram-positive and Gram-negative bacteria, and third, the 

branched hydrophobic architecture had the most detrimental effect against Gram-negative 

bacteria. Together, these data highlight the potential for CAms as membrane-active agents 

with specificity against bacteria to combat the surge of antibiotic resistance.
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Figure 1. 
Chemical structures of three CAm series indicating nomenclature (bold underlined text) and 

structural variations. All CAm structures are based on parent CAm (top) with strategic 

chemical changes. Charge flexibility is varied by increasing the linker length between 

cationic charges and the sugar backbone (left). Charge and hydrophobic arm flexibility are 

altered though increasing charged end-group linker lengths in addition to ether-linkages for 

hydrophobic arms (center). The branched hydrophobic architecture was generated by using 

dendritic branch points for hydrophobic domains.
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Figure 2. 
Synthetic approach used to generate CAm-ethers in two reaction steps from T10-ether.
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Figure 3. 
Synthetic approach used to generate CAm-esters in three reaction steps from readily 

available starting materials.
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Figure 4. 
Synthetic approach used to generate branched CAms.
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Figure 5. 
Cartoon depicting the basic membrane structure of Gram-negative and Gram-positive 

bacteria. Gram-negative bacteria have a double membrane structure and additional 

lipopolysaccharide layer compared with Gram-positive bacteria. This figure was adapted 

from a previous Rutgers thesis.45
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Figure 6. 
Hemolytic activity of CAms. CAm ethers and CAm esters hemolytic potential (left). CAm 

ethers have filled markers and CAm esters have open markers. Hemolytic activity of 

branched CAms is shown on the right in addition to hemolytic activity of analogous CAm 

ether for comparison.

Moretti et al. Page 24

Langmuir. Author manuscript; available in PMC 2019 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Cytocompatibility of CAms evaluated against mammalian fibroblasts.
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Figure 8. 
Calcein leakage experiments of CAm ethers. Leakage of dye from experiments performed 

with 3a (A) and negatively charged membranes (B) mimicking bacterial cells and neutral 

membranes (C) mimicking mammalian host cell membranes indicate membrane specificity. 

A comparison of total dye leakage at the end of the experiment for each membrane type (D) 

shows influence of CAm concentration.
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Figure 9. 
Calcein leakage experiments for CAm-esters. Results from experiments performed with 6a 
(A) and negatively charged membranes (B) mimicking bacterial cells and neutral 

membranes (C) mimicking mammalian host cell membranes indicate membrane specificity. 

A comparison of total dye leakage at the end of the experiment for each membrane type (D) 

shows influence of CAm concentration.
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