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ABSTRACT 

Efforts toward the development of polycationic 

lipid materials as alternative approaches for the 

control of pathogenic bacteria continue. While 

most prior efforts have been directed toward 

preventing bacterial infections, the direction is 

now turned toward destruction of bacteria that 

have already infected an organism. The use of 

cationic lipids with multiple sites of interaction 

without the opportunity for development of 

resistance is sought. Herein are described 

several carbohydrate scaffolding systems for 

the covalent attachment of cationic lipids to 

provide clusters of sites capable of disrupting 

the pathogenic bacterial cells. Studies with S. 

aureus and E. coli are reported. 
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1. INTRODUCTION 

The normal evolution of bacterial 

species allowing them to thrive in even 

exceedingly hostile environments has 

become a significant difficulty for human 

and animal health.
1-5

 The evolution of 

bacterial species that has allowed them to 

become resistant to classical antibiotics is 

seen as a major threat to the establishment 

and continuation of satisfactory treatment for 

human and animal infectious diseases.
6-8

  

Prior efforts of our laboratory and 

those of our collaborators have been 

concerned primarily with the prevention of 

transmission of pathogenic bacteria.
9-19

 Our 

approach to this end has been a novel 

method involving the covalent attachment of 

a series of cationic lipids to a variety of 

surfaces, particularly fabrics. Fabrics 

including cotton, silk, and wool have been 

modified using this technique, rendering 

those materials antibacterial and antifungal. 

In these efforts, cationic lipids have been 

bound covalently through a quaternary 

nitrogen site to the surface using primary 

hydroxyl sites there that had been activated 

for formation of the quaternary ammonium 

site by a nucleophilic substitution reaction. 

In this way, the cationic lipids have been 

organized to overcome the entropic problem 

of the random dispersal through a solution 

that provides the optimal direction for the 

lipid portion to interact with the wall of the 

bacterial cell, ultimately causing the wall of 

the cell to be pierced resulting in the death of 

the cell.  

On such a surface with a high 

percentage of the available surface sites so 

activated, any impinging bacterial cell will 

come into contact with a large number of 

such cationic lipid sites, properly organized, 

and will readily be destroyed. For cationic 

lipids simply moving about in solution with 

bacterial cells nearby, an unreasonably high 

concentration is required for destruction of 

the cells in sufficient quantity to prevent 

disease. Certainly, such individual cationic 

lipids in solution would not be suitable 

candidates for pharmaceutical application in 

the treatment of bacterial infection. 

However, there exists the possibility 

that cationic lipids could serve in the 

capacity as antibacterial pharmaceuticals. 

Structures could be designed such that a 

single soluble scaffold unit could supply 

sufficient cationic lipid sites for sufficient 

piercing of a bacterial wall. Further, the 

scaffold could be normally degraded after 

antibacterial action and it could be removed 

from the treated organism within a 

reasonable period of time after completing 

its antibacterial mission. To this end we have 

designed several series of scaffoldings on 

which multiple cationic lipid units could be 

assembled, and which would reasonably be 

anticipated to undergo normal degradation 

themselves, becoming harmless and exuded 

from the organism after action. One of these 
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has been described recently involving a 

PAMAM dendrimer scaffolding.
9
 In this 

report we consider several other scaffoldings 

along with our initial results in evaluating 

their efficacy.  

2. RATIONALE 

In a rational design approach toward 

construction of an antibacterial using the 

concept of cationic lipids piercing the wall 

of bacterial cells, several aspects need to be 

considered. The first of these is that a 

sufficient number of cationic lipid units need 

to be located within a relatively small region 

of space to provide effective action against 

the bacterial wall, and further, these must be 

oriented properly to provide simultaneous 

action of the cationic lipid units. Potential 

candidates for such scaffolding can be found 

with particular carbohydrate related systems, 

as well as some other designs.  

The cyclodextrins constitute a 

carbohydrate related system of particular 

interest wherein a series (six, seven, or eight, 

depending on the cyclodextrin used - α–, β–, 

or γ–) of cationic lipids can be attached, all 

aligned with the cationic portion attached to 

the cyclodextrin and the lipid chains 

pendant, located within a small, circular 

region. A cartoon of such a cyclodextrin 

(shown as a hollow, trapezoidal torus, with 

the cationic lipids attached through the 6’-

carbon sites at the top of the torus) is shown 

in Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Cartoon of a cyclodextrin (as a trapezoidal, hollow torus) with cationic lipid chains attached 

through the 6’-positions at the top of the torus (only three such linages are shown, for clarity – the actual 

number depends on the cyclodextrin used, α–, β–, or γ–). Lipid chains are shown as being aligned with 

each other as anticipated in aqueous medium wherein they would be expected to preferentially associate 

with each other rather than be dispersed in the aqueous medium. 
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In such a system, an organized 

approach for interaction with the bacterial 

wall could be expected, with relatively rapid 

degradation of the glycosidic linkages and 

elimination of the structurally simple 

monosaccharides linked to individual 

cationic lipid units eliminated from the host 

organism.  

In a related manner, one could 

consider soluble starch systems as 

scaffolding to which cationic lipids could be 

attached. While more dispersed than the 

cyclodextrins, such soluble starch 

scaffoldings could provide a greater number 

of cationic lipid units in a relatively small 

space, albeit not in such a regular pattern, 

but with relative ease of degradation in the 

organism to form highly dispersed cationic 

lipids with a monosaccharide head group. 

The general structure is illustrated in        

Figure 2. 

 
 

 

Figure 2 – Structure of a unit of soluble starch to which a cationic lipid unit at the 6’-carbon site has been 

attached. With this structure a single molecule containing multiple cationic lipid units can be provided to 

bacterial cells, and can readily be degraded to individual cationic lipids with a monosaccharide head 

group. 

An alternative to these glycosidic 

scaffolds is provided by simple reduced 

carbohydrate molecules that can be modified 

readily for attachment of cationic lipid units. 

A simple example of such systems is 

mannitol, for which attachment of cationic 

lipid units at the terminal carbon sites is 

easily accomplished. An example of such a 

system is shown in Figure 3. 
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Figure 3 – Structure of a reduced carbohydrate, modified for the attachment of two cationic lipid units. 

In the present work, we report the 

synthesis and investigation of several 

polycationic lipid derivatives of 

carbohydrate scaffoldings that hold promise 

as potential antibacterial agents without the 

common risk of evolving to resistant strains 

that is associated with antibiotic agents. 

Several types of cationic lipid agents derived 

from carbohydrates bearing scaffoldings 

related to these systems have previously 

been reported from our laboratory.
20

  

3. MATERIALS SYNTHESIZED 

FOR INVESTIGATION 

3.1 A MONOSUBSTITUTED 

CARBOHYDRATE CATIONIC LIPID - 

METHYL 6-DEOXY-6-{1’,4’-

DIAZONIA-4’-TETRADECYL 

[2.2.2]BICYCLOOCTYL}- α -D-

GLUCOPYRANOSIDE BROMIDE 

TOSYLATE (I) 

 

 
 

The material (I) was synthesized and 

investigated as a reference system bearing a 

cationic lipid functionality associated with a 

carbohydrate scaffolding. The parent methyl 

α-D-glucopyranoside was tosylated using 

sodium bicarbonate and p-toluenesulfonyl 

chloride specifically at the primary 6-

position hydroxyl group followed by 

displacement of the p-tosylate group using 

the parent lipid 4-tetradecyl-1-aza-4-

azoniabicyclo[2.2.2]octyl chloride. Further 

details regarding this material are noted in 

the Experimental section. 
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Investigations of I with 

Staphalococcus aureus and Escherichia coli 

exhibited values for MBC of 1274 M and 

254800 M respectively, with MIC of 318.5 

M and 1275 M respectively. While active, 

these values are relatively high and are 

indicative of the requirement for a highly 

unfavorable entropy factor associated with a 

lack of concerted action of the cationic lipid 

sites of the agent on individual bacteria. 

 

3.2 A TETRASUBSTITUTED 

CATIONIC LIPID GLUCOSE 

DERIVATIVE (II) 

The material II (as the octachloride 

salt) was synthesized starting with methyl D-

glucopyranoside taken in reaction with 4-

chlorobutanoyl chloride in the presence of 

pyridine to provide acylation of the 

secondary and primary hydroxyl sites within 

the glucose. The primary haloalkane sites of 

the intermediate tetra-ester were then 

subjected to displacement using the parent 

lipid 4-hexadecyl-1-aza-4-azoniabicyclo 

[2.2.2]octyl chloride.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

II 
Investigations of II with 

Staphalococcus aureus and Escherichia coli 

exhibited values for MBC of 7.85M and 

19.6 M respectively, with MIC of 7.85M 

and 19.6 M respectively. These values are 

significantly lower than those noted for I, 

indicative of a more favorable entropic 

factor involving several cationic lipid sites 

being brought into action against a 

bacterium simultaneously by a particular 

molecule of agent. 
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3.4 A PERSUBSTITUTED 

CYCLODEXTRIN CATIONIC LIPID 

DERIVATIVE (III) 

The material III was synthesized 

starting with β-cyclodextrin that was 

pertosylated according to a previously 

reported procedure.
21,22

 Each tosylated site 

was then subjected to displacement with a 

parent cationic lipid, 4-hexadecyl-1-aza-4-

azoniabicyclo[2.2.2]octyl chloride. The 

product was subjected to anion exchange to 

isolate the material as the chloride salt. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

III 

Investigations of III with 

Staphalococcus aureus and Escherichia coli 

exhibited values for MBC of 5.18 M and 

10.4 M respectively, with MIC of 5.18 M 

and 10.4 M respectively. Again, with the 

arrangement of seven cationic lipid sites 

being brought into action simultaneously 

against a surface of a particular bacterium a 

more favorable entropic factor for activity is 

seen than with individual cationic lipid 

species. 

4. SUMMARY OF BIOLOGICAL 

RESULTS AND DISCUSSION 

The antibacterial efficacy of the 

synthesized polycationic agents are 

summarized in Table 1. Minimum inhibition 

concentrations (MIC) and minimum 

bactericidal concentrations (MBC) are 

shown in micromolar units for activity 

against representative Gram + and Gram -  

bacteria (S. aureus and E. coli.). 
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Table 1 

 

Compound Activity 

 S. aureus E. coli 

 MIC 

M 

MBC 

M 

MIC 

M 

MBC 

M 

I 1274 254800 318.5 1275 

II  7.85 7.85 19.6 19.6 

III 5.18 5.18 10.4 10.4 

  

Clearly, the agglomeration of cationic 

lipid sites within a restricted space provides 

a favored antibacterial environment. This is 

seen to correlate with prior results of this 

laboratory
20

 in which were reported the in 

vitro antibacterial activity of similarly 

appended (with cationic lipid units) starch 

materials. The ultimate utility of such 

materials is certainly dependent on the in 

vivo deletion of these materials once activity 

toward the pathogenic bacteria has been 

utilized. We continue to search for 

scaffoldings (proteinaceous as well as 

carbohydrate) for the cationic lipids that will 

provide such clusters of active sites as well 

as be capable of deletion from the organism 

once desired activity has been accomplished. 

5. CONCLUSIONS AND 

OUTLOOK 

The concept of using cationic lipids 

associated with scaffoldings that allow 

multiple interactions with invasive bacteria 

that does not permit the development of 

mutant drug-resistant bacteria appears to be 

viable. The construction of such agents for 

treatment of pathogenic bacterial infection is 

within reach. It is necessary in the design of 

such agents to provide sufficient cationic 

lipid sites within a small molecule to allow 

multiple piercings of the bacterial surface so 

that the cell is destroyed.  

Our particular efforts to date have been 

concerned with scaffoldings that involve 

carbohydrate units. Of particular 

significance are those related to the 

cyclodextrins as well as soluble forms of 

starch. It is necessary not only that sufficient 

sites be available such that contact of a 

single unit of the agent accomplishes the 

destruction of a bacterial cell, but also that 

the units of the agent be constructed such 

that the unit can be removed from the 

organism without detrimental side-effects 

once the mission has been accomplished. 

In addition to continuing the 

investigation of carbohydrate related 

scaffoldings, we are looking to the use of 

proteinaceous units for the delivery of the 

cationic lipid species. Of particular interest 

is the use of oligomers of serine, with which 

cationic lipids can be attached through the 

modification of the primary hydroxyl site. In 

addition, proteinaceous-like oligomers can 

be generated with cationic lipid pendant 

units using normal synthetic methods for 

amino acids. These scaffoldings can provide 

both the concentrated array of cationic lipids 

suitable for bacterial cell destruction while 

also being degradable to disposable amino 
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acid units once the bacterial cell destruction 

is complete. 

6. EXPERIMENTAL 

6. 1 GENERAL SYNTHETIC 

All reactants and solvents used in the 

syntheses and purifications of new materials 

were of commercial reagent quality and used 

without further purification. For all newly 

synthesized materials confirming 
1
H and 

13
C 

NMR spectra were measured with the 

samples dissolved in commercial deuterated 

solvents (D2O) using a Brüker 400-MHz 

DPX400 instrument and satisfactory 

elemental analyses were performed by 

Columbia Analytics of Tucson, AZ. 

Procedures for tosylation and displacement 

of the tosylate units by the 4-alkyl-1-aza-4-

azoniabicyclo[2.2.2]octyl chloride species 

have previously been described in detail.
10,20  

6.2 ANTIBACTERIAL 

DETERMINATIONS 

Samples were prepared in TSB 

(Tryptic Soy Broth) to the desired stock 

concentration. Ten tubes each with 1 mL of 

TSB were prepared and 1 mL of the sample 

in the stock solution was added to the first 

tube and mixed. Serial dilutions of the first 

tube were performed to the second and 

further tubes through the entire set. 

Bacteria inoculum was prepared by 

suspending 4-5 colonies of the culture to be 

tested in 5 mL of TSB. Then, 100 L of the 

suspension was transferred to 25 mL of TSB 

and the mixture was agitated to ensure even 

distribution. Then, 1 mL of diluted bacterial 

culture was added to each of the dilution 

tubes and all tubes were subsequently 

incubated at 37˚C for 24 hours. Tubes were 

then observed for growth (turbidity) and 

MIC concentrations calculated. 

For determination of MBC, ten tubes 

each with 1 mL of TSB were prepared and 

10 L of each MIC solution was placed into 

the corresponding MBC tube. Tubes were 

incubated at 37˚C for 24 hours and observed 

for growth (turbidity) and MBC 

concentrations were calculated. 
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