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Abstract
The increased cases of antibiotic resistance have large implication in hospital settings
where infections by antibiotic resistant bacteria are harder to treat resulting in longer stays at the
hospital, which drastically increases the costs to patients and hospitals. To address this matter,
many research groups are searching for an alternative to antibiotics. One option is the
development of amphiphiles, some of which have antibacterial properties. Amphiphiles contain a
hydrophilic, polar head group, and a hydrophobic, nonpolar tail, which may intercalate into the
cell membrane, resulting in cell lysis. Understanding the impact of amphiphile geometry on
antibacterial activity allows for the synthesis of potential novel antimicrobial compounds with a
variety of applications. Novel bipyridinium amphiphiles were synthesized and evaluated for
antibacterial properties against seven bacterial strains. Amphiphiles contained two pyridinium
head groups attached by a carbon chain of varying linker lengths. A 12 carbon tail was also
attached to each pyridinium head. A linker length of 12 carbons had optimum antibacterial
activity against each strain. Amphiphiles with longer and shorter linker lengths were less
effective. The research and development of novel compounds can be used to reduce spread of
nosocomial infections and decrease negative impacts of infections caused by antibiotic resistant
bacteria.
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Introduction
Since the discovery of the first antibiotic in 1926 by Alexander Fleming, over 250 million
antibiotics have been prescribed and given to outpatients in community pharmacies (Hicks et al.,
2015). The introduction of antibiotics decreased mortality rates associated with pneumonia,
tuberculosis, diarrhea, and enteritis, which had previously caused one third of deaths in the
United States (Centers for Disease Control and Prevention, 1999). However, mortality rates
associated with hospital-acquired infections have remained high. Approximately 1.7 million
HAIs occur each year and result in an estimated 99,000 deaths (Klevens et al., 2007). Potential
sources of the pathogens include hands of the health care personnel who have encountered
contaminated surfaces, direct patient contact with the contaminated surface, and transfer of
infected patients to other hospitals (Struelens, 1998). The prevention of HAIs through aseptic
practice and methods provided by the U.S. Department of Health and Human Services (HHS)
can help save the healthcare system billions of dollars (Kahn et al., 2014).
Another contributor to the costs associated with HAIs is antibiotic resistance. Increased
incidences of HAIs have been associated to antibiotic resistant pathogens, increasing the rates of
morbidity and mortality (Struelens, 1998). Causes for antibiotic resistance in HAIs include
increased antibiotic prescription by hospital doctors and mutation and transfer of resistance genes
between bacterial strains (Struelens, 1998). A notable example of an antibiotic resistance
pathogen present in areas of healthcare is methicillin resistant Staphylococcus aureus (MRSA).
Direct correlations have been observed between incidences of MRSA and regulated use of
antibiotics (Gardete & Tomasz Alexander, 2014). Glycopeptide antibiotics, such as vancomycin,
were used to treat most infections caused by strains of MRSA resistant to antibiotics. However,
decreased susceptibility to vancomycin was reported in the U.S. and Japan (Gardete & Tomasz
Alexander, 2014).
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Enterococci, such as E. faecalis, have also been observed in increasing amounts as a HAI
(Matar, 2017). A 20-fold increase in vancomycin-resistance followed the increased use of the
antibiotic in U.S. hospitals. Vancomycin-resistant E. faecalis can also be introduced to human
flora during consumption. Most strains resistant to vancomycin have also been found to be
resistant to other antimicrobials (Struelens, 1998).Antibiotic resistance has been observed among
Gram-negative strains including Klebsiella pneumoniae, Pseudomonas aeruginosa, and
Enterobacter spp. Infections caused by these bacteria have resistance to major antibiotics,
required extensive antibiotic use during treatment, and caused nosocomial infections that were
correlated to increased mortality rates (Struelens, 1998).
Many research groups are searching for alternatives to antibiotics or the development of a
new class of antibiotics in order to decrease mortalities associated with antibiotic resistance. One
such alternative to antibiotics are amphiphiles. Similar to phospholipids, amphiphiles contain a
hydrophilic, polar head group, and a hydrophobic, nonpolar tail (Figure 1). The head groups can
also be chemically structured to have a charge. Heads containing a positive charge allows them
to interact with the negatively charged bacterial membrane. The hydrophobic tail inserts into the
hydrophobic interior of the phospholipid bilayer of the bacterial membrane. Changes in the
permeability of the membrane results in a damage to the cell system (Yang et al., 2017). The
incorporation of the tail in the membrane of the bacterial cell increases its hydrophobicity,
resulting in the formation of transient channels and pores in the membrane (Zhang et al., 2015).
This increases the permeability of the cell membranes and results in a leakage of the cell content
into the surrounding environment (Zhang et al., 2015). This causes a disruption of the
biochemical processes of the cell and eventual cell death. Scanning electron microscopy suggests
that amphiphiles cause cell death through lysis (Zhao et al., 2015, Figure 2). Amphiphile

7

concentrations lower than the minimum inhibitory concentration (MIC) did not show any
significant effect on E. coli cells (Zhao et al., 2015, Figure. 2). However, some holes are
observed indicating disruption of the cell membrane (Zhao et al., 2015, Figure 2). At
concentrations above MIC, cells were irregularly shaped and presumed to be dead (Zhao et al.,
2015, Figure 2). As a result, it was concluded that disruption of the cell membrane caused
leakage of cytoplasmic content, and ultimately cell death.
Hydrophilic Head

Hydrophobic Tail

Figure 1. Conventional amphiphile containing a singular cationic head and a singular nonpolar tail. The hydrophilic
head group typically contains polar bonds and/or ionic charges while the hydrophobic tail is composed of
hydrocarbons.

Figure 2. Scanning electron microscopy images of E. coli cells (Zhao et al., 2015). Cells were untreated (2-1), or
treated with 0.3 mg/L of dimeric amphiphiles 12-8-12 (2-2) and 5 mg/L 12-8-12.

A number of studies have previously linked antibacterial activity of amphiphiles to its
structure (Marafino et al., 2015). A study of over 200 quaternary ammonium compounds
concluded that bis-cationic amphiphiles with alkyl chains greater than 12 carbons were most
effective at inhibiting bacterial growth alongside the substitution of trimethylammonium groups
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with pyridinium groups (Minbiole et al., 2016). Compounds that were symmetrical had optimum
antibacterial activity at chain length of 12 to 14 carbons when compounds were two tailed
(Minbiole et al., 2016). Activity decreased when carbon chains were above or below these
values. This trend was also observed with cationic amphiphiles. Tails lengths between 12-14
carbons for cationic amphiphiles had the most potent antimicrobial activity. Our lab has
previously conducted comparisons between conventional (one cationic head and one nonpolar
tail), bicephalic (two heads and one tail), and gemini (two heads and two tails) amphiphiles to
determine impact on antimicrobial activity (Ladow et al., 2011, Figure 3). Gemini amphiphiles
were found to be the most potent (Ladow et al., 2011).

Figure 3. Structures of two headed amphiphiles (Ladow et al., 2011). Blue circles are hydrophilic heads, red lines
are hydrophobic tails, and black lines are linkers. Gemini amphiphiles are at the top followed by bolaamphiphiles in
the middle, and polycephalic amphiphiles at the bottom.

Amphiphiles previously studied by our lab typically contained 1-2 head groups
(Gallagher et al., 2017; Grenier et al., 2012; Ladow et al., 2011; Marafino et al., 2015).The
purpose of this research was to assess the antibacterial activity of novel bipyridinium
amphiphiles (Figure 4) on various strains of bacteria. The amphiphiles in this study contained
four head groups and two hydrophobic tails. The presence of four large arene cationic head
groups likely allows the amphiphile to form strong interactions with the anionic bacterial
membrane. The relatively large head groups may also allow it to alter the curvature of the
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membrane when incorporated, resulting in membrane disruption. By altering the carbon linker
length (x) between the bipyridinium groups while keeping tail length (n) consistent, an optimal
architecture for antibacterial activity may be determined (Figure 4). Minimum inhibitory
concentration (MIC) values were determined for all amphiphile/bacterial strain pairs and
evaluated for potential use in synergy assays.

n-B-5-B-n
n-B-6-B-n
n-B-8-B-n
n-B-9-B-n
n-B-11-B-n
n-B-12-B-n
Figure 4. Structure of n-bipyridinium-x-bipyridinium-n amphiphiles. Carbon linker lengths (x) range from 5-12
carbons and alkyl tail lengths (n) of 10 or 12 carbons. Bipyridinium groups are denoted by the letter B.
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Materials and Methods
Bacterial Cultures
Bacterial strains used for testing included Gram-negative Escherichia coli ATCC®
25922™, Klebsiella pneumoniae, and Pseudomonas aeruginosa strain Boston 41501 ATCC®
27853™. Gram-positive strains included Staphylococcus aureus subsp. aureus ATCC®
29213™, Streptococcus agalactiae J48, and Enterococcus faecalis ATCC® 29212™ (Seifert et
al., 2006). The Gram-positive B. anthracis Sterne strain was a generous gift from Dr. Louise
Temple at James Madison University. Cultures were grown in Mueller-Hinton broth for 24 hours
at 37°C.
Minimum Inhibitory Concentration
Amphiphiles were synthesized by students under the guidance of Dr. Kevin Caran from
James Madison University, Department of Chemistry and Biochemistry. A modified broth
microdilution method was used to determine Minimum Inhibitory Concentrations (MICs) for
amphiphiles (Wayne, 2009) Amphiphiles were warmed at approximately 45°C to increase
solubility before being diluted serially using distilled water. Bacteria were diluted to final
concentrations of approximately 5 x 106 CFU/mL using Meuller-Hinton broth. Bacteria and
amphiphile were added to each well in triplicate at final concentrations of 250 µM-1 µM. Plates
were incubated at 37°C for 72 hours before MICs were determined. The lowest dilution of
amphiphile with no visible growth in the wells was considered the MIC.
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Results
Effect of Spacer Length on Antibacterial Activity
MICs were determined to investigate the effect of spacer length on the antibacterial
properties of eleven bipyridinium amphiphiles (Table 1, Table 2, Figure 5). A single amphiphile
had the lowest MIC values for all bacterial strains. 10-B-12-B-10 (10 carbon tails and 12 carbon
spacer between bipyridinium groups) was effective against all Gram-positive bacteria at MIC
values of 1 µM and Gram-negative strains at MIC values of 1 µM excluding P. aeruginosa with
an MIC value of 4 µM (Table 1, Table 2, Figure 5). The antibacterial activity of the 10-B-12-B10 against P. aeruginosa was best of approximately 80 amphiphiles tested to date (Table 2).
Amphiphile 12-B-11-B-12 (12 carbon tails and 11 carbon spacer between bipyridinium groups)
was most effective against Gram-positive bacterial strains particularly B. anthracis when looking
at amphiphiles with 12 carbon tails. However, this trend did not apply to the Gram-negative
strains, where the 12 carbon spacer was more effective against K. pneumoniae and E. coli. A
larger concentration of the 12 carbon spacer amphiphile with the 12 carbon tail was required to
inhibit growth of P. aeruginosa when compared to the 11 carbon spacer (16 µM vs 8 µM). No
direct relation was observed between tail length, spacer length, and MIC values.
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Table 1. Minimum inhibitory concentrations of bipyridinium amphiphiles (µM) tested against Gram-positive
strains.

n-B-x-B-n

B. anthracis

E. faecalis

S. aureus

S. agalactiae

10-B-5-B-10
10-B-6-B-10
10-B-8-B-10
10-B-9-B-10
10-B-11-B-10
10-B-12-B-10
12-B-6-B-12
12-B-9-B-12
12-B-10-B-12
12-B-11-B-12
12-B-12-B-12

1
4
1
1
1
1
2
2
1
1
4

4
4
4
4
2
1
8
8
8
4
4

2
4
2
2
2
1
4
8
4
4
4

2
4
2
2
2
1
4
8
4
8
8

Table 2. Minimum inhibitory concentrations of bipyridinium amphiphiles (µM) tested against Gram-negative
strains.

n-B-x-B-n

K. pneumoniae

E. coli

P.aeruginosa

10-B-5-B-10
10-B-6-B-10
10-B-8-B-10
10-B-9-B-10
10-B-11-B-10
10-B-12-B-10
12-B-6-B-12
12-B-9-B-12
12-B-10-B-12
12-B-11-B-12
12-B-12-B-12

125
125
63
63
2
1
31
16
8
8
4

16
31
16
8
4
1
16
16
8
16
8

125
250
125
31
8
4
31
16
16
8
16
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E. faecalis (G+)

3
2.5
2
1.5
1
0.5
0

log MIC (µM)

log MIC (µM)

B. anthracis (G+)

4

6

8

10

12

3
2.5
2
1.5
1
0.5
0

14

4

Carbon Spacer Length

10

12

14

log MIC (μM)

log MIC (μM)

8

4

6

log MIC (μM)

log MIC (μM)
10

8

10

12

14

E. coli (G-)

3
2.5
2
1.5
1
0.5
0
8

14

Carbon Spacer Length

K. pneumoniae (G-)

6

12

3
2.5
2
1.5
1
0.5
0

Carbon Spacer Length

4

10

S. agalactiae (G+)

3
2.5
2
1.5
1
0.5
0
6

8

Carbon Spacer Length

S. aureus (G+)

4

6

12

14

3
2.5
2
1.5
1
0.5
0
4

Carbon Spacer Length

6

8

10

12

14

Carbon Spacer Length

log MIC (µM)

P. aeruginosa (G-)
3
2.5
2
1.5
1
0.5
0
4

6

8

10

12

14

Carbon Spacer Length
Figure 5. Antibacterial activity of n-bipyridinium-x-bipyridinium-n compounds against Gram-negative (G-) and
Gram-positve (G+) bacteria. Filled circles indicated amphiphiles with 12 carbon tails while open circles indicate 10
carbon tails.
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Discussion
Novel bipyridinium amphiphiles were synthesized to determine the impact of linker
length and tail length on antimicrobial activity. Amphiphile 10-B-12-B-10 had the lowest MIC
for all bacterial strains when compared to the other tested amphiphiles. Amphiphiles with small
tail lengths and larger linkers were better than amphiphiles with longer tail lengths and smaller
linkers. It is likely that the presence of four large arene cationic head groups allows the
amphiphile to form strong interactions with the anionic membrane of the bacterial cell. The
relatively large headgroups would also allow it to alter the curvature of the membrane when
incorporated resulting in membrane disruption.
All amphiphiles had MIC values at concentrations equal to or below 250 µM. MIC values
were higher for Gram-negative strains compared to Gram-positive. This is likely because Gramnegative bacteria have a second, outer membrane, and a densely packed outer membrane
composed of lipopolysaccharides, which makes it less permeable. P. aeruginosa also expresses
selective porins and overproduces drug efflux pumps, hindering the passage of extracellular
molecules thus decreasing susceptibility to amphiphiles (Marafino et al., 2015).
P. aeruginosa has also been noted for its ability to form biofilms, slime enclosed
aggregates that increase bacterial resistance to antibiotics. Many HAIs are also caused by
organisms that form biofilms on surfaces such as catheters or medical devices. Antibiotic
resistance of organisms in biofilms increases 1000-fold when compared to planktonic cells, and
can usually only be eradicated completely from a surface using chemicals and physical methods
(Essomba et al., 2013).
Other way to address the problems associated with antibiotic resistance includes the use
of combination therapy, using more than a single antimicrobial simultaneously. This option
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decreases the probability of an organism is resistant to two or more antimicrobials, especially if
the antimicrobials have different mechanisms of action. Synergistic effects may also be observed
between two different antimicrobials where the combination of the two antimicrobials are more
effective at killing the bacterial together versus alone.
Synergetic effects have been observed between amphiphiles and antibiotics such as
tetracyclines. The membrane disrupting ability of amphiphiles have been though to increase
membrane permeability, allowing the antibiotic to enter the cell (Gokel & Negin, 2012). Our lab
has conducted preliminary experiments to explore possible synergistic effects between
synthesized amphiphiles and tobramycin, oxacillin, sodium metaperiodate, and benzalkonium
chloride. While the previously mentioned bipyridium amphiphiles have not been used in synergy
assays, previously synthesized amphiphiles (M-DMAP 12,12 and M-IQ 12,12) have been
synergystic against E. coli and S. aureus when used in collaboration with benzalkonium chloride.
Novel antibiotics are required to address combat the increasing rates of mortality and
morbidity caused by antibiotic resistant pathogens in healthcare settings. Amphiphiles have
shown potential use as an antimicrobial agent. However, elucidation of the structure-function
relationship is required to develop potent chemical disinfectants. The investigated amphiphiles
have the potential of being used as disinfectants.. The information gathered on the nbipyridinium-x-bipyridinium-n amphiphiles provides information on the relation between
amphiphile tail and linker length, and the impact on bacterial growth. The application of this
information has the ability to decrease cost, mortality, and morbidity associated with infections
caused by antibiotic resistant bacteria in healthcare settings.
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