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The anti-mycobacterial activities of nine series of dicarboxyl and tricarboxyl dendritic amphiphiles with
one alkyl, two alkyl, and cholestanyl tails against Mycobacterium abscessus, Mycobacterium avium,
Mycobacterium chelonae, Mycobacterium marinum and Mycobacterium smegmatis have been measured.
The dendritic amphiphiles overcame the limited aqueous solubility of natural long-chain fatty acids,
alcohols, and amines to enable profiling the susceptibilities of the different mycobacterial species to the
physicochemical properties of these amphiphiles. Several dendritic amphiphiles showed strong anti-
mycobacterial activity with high critical micelle concentrations and low hemolytic activities thereby
offering platforms for the development of antibiotics of higher activity against nontuberculous
mycobacteria.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The environmental nontuberculous mycobacteria are opportu-
nistic human pathogens.1 The major representatives include the
slowly growing Mycobacterium avium, Mycobacterium intra-
cellulare, Mycobacterium xenopi, Mycobacterium malmoense,1 and
the rapidly growing Mycobacterium abscessus, Mycobacterium che-
lonae, and Mycobacterium fortuitum.2 Several species cause dermal
and subcutaneous infections in humans and animals, including
Mycobacterium marinum,3,4 Mycobacterium ulcerans,5,6 and Myco-
bacterium haemophilum.7 Treating these infections challenges
medical practitioners because of the lack of effective anti-
mycobacterial antibiotics and the presence of antibiotic-resistant
mycobacteria.1 Thus, a need continues for both systemic and
topical anti-mycobacterial agents.

Natural and synthetic fatty acids were among the first
compounds tested for anti-mycobacterial activity.8e13 Chaul-
moogra oil, isolated from seeds of Hydnocarpus anthelmetica and
Taraktogenour kurtzii, was used for the treatment of leprosy.14 The
ciences (0406), Virginia Tech,
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most active components in the oil were chaulmoogric and hydno-
carpic acids (Figure 1).15 In a screening of 160 synthetic analogues,16

especially those with two lipid tails (e.g., diheptylacetic acid), anti-
mycobacterial activity appeared to be related to low surface tension
of a molecule. Based on the observation that chaulmoogric acid was
incorporated into the phospholipid and triacylglycerol fractions of
the mycobacterial cells, Cabot and Goucher17 suggested that the
anti-mycobacterial properties resulted from a “perturbation of
membrane processes”.

Although the anti-mycobacterial activity of natural long-chain
fatty acids has been well documented,8e13 very long-chain fatty
acids (i.e., � C18) are inactive,18 probably because these fatty acids
are essentially insoluble in water in the monomeric state.19 For
example, palmitate, sterate, and oleate form aggregates19 (micelles
and liposomes) at � 1 mM. Aggregates of these fatty acids limit the
concentration of monomer in the medium because the distribution
equilibrium strongly favors the aggregate. Although a similar
distribution equilibrium for fatty acid between mycobacteria and
solution favors the cell, the limited amount of monomeric fatty acid
in the medium would not provide a high enough concentration at
a site for biological activity in a cell.20

Recently, we described the synthesis21e26 and antimicrobial
activities22e27 of dendritic carboxyl amphiphiles designed to
overcome the limited solubility22 of natural, very long-chain fatty
vities of dendritic amphiphiles against nontuberculous mycobacteria,
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Figure 1. Structure of dendritic amphiphiles and antimycobacterial fatty acids.
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acids. Our comparison26 of the MICs of natural saturated fatty acids
(C10 to C18, C20 and C22 were visually insoluble in the medium) and
dendritic amphiphiles (C14 to C22) against Staphylococcus aureus
and methicillin-resistant S. aureus showed that the best dendritic
amphiphiles (C18 to C21) are over 100-fold more active than the best
fatty acids (C12 and C14 against S. aureus; C14 and C16 against MRSA).

Homologous series of two- and three-headed dendritic amphi-
philes with long fatty acid tails (C14eC22) were dissolved in aqueous
solutions at millimolar concentrations, and some displayed antimi-
crobial activity at a concentration below the critical micelle
Please cite this article in press as: Falkinham III JO, et al., Antibacterial acti
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concentration (CMC).23,26,27 Amongst the microorganisms suscep-
tible to some amphiphiles was Mycobacterium smegmatis.22e25

Further, preliminary measurements showed that the minimal
bactericidal concentration (MBC) of the amphiphiles equaled the
minimal inhibitory concentration (MIC), suggesting that the amphi-
philes killed cells of M. smegmatis. Those results and those of the
pioneering study,16 emboldened us to synthesize24,28 three homolo-
gous series of dendritic amphiphiles with two alkyl tails.

Towards the objective of identifying anti-mycobacterial
dendritic amphiphiles, we report the following measurements:
vities of dendritic amphiphiles against nontuberculous mycobacteria,
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(1) MICs of homologous one-tailed, homologous two-tailed, and
cholestanyl-tailed dendritic amphiphiles against strains of
M. smegmatis, Mycobacterium marinum, Mycobacterium chelonae,
Mycobacterium abscessus, and Mycobacterium avium in suspension,
(2) short-term killing of mycobacteria grown and exposed to
selected dendritic amphiphiles in suspension and (3) in biofilms. In
addition, we report the effects of (4) membrane fluidity and (5)
colony type (i.e., transparent and opaque) on susceptibility of
mycobacteria to dendritic amphiphiles. We analyze the results to
guide designing more effective dendritic amphiphiles for chemo-
therapy of nontuberculous mycobacterial infections.

2. Materials and methods

2.1. Mycobacterial strains and growth conditions

M. smegmatis strain mc2155, M. marinum strain ATCC 927,
M. abscessus strain AAy-P-1,M. chelonae strain EO-P-1, andM. avium
colony variants,29 strains Va14 opaque (O) and Va14 transparent (T)
were grown in 50 mL 0.1-strength Brain Heart Infusion Broth
(BHIB) containing 0.2% (vol/vol) glycerol (BHIBþG) orMiddlebrook
7H9 broth containing 0.5% (vol/vol) glycerol (M7H9) and with or
without 10% (vol/vol) oleic acid/albumin (M7H9þOAA) in 500 mL
nephalometry flasks and incubated with aeration (60 rpm) at 37 �C
(M. smegmatis, M. abscessus, M. chelonae, and M. avium) or 30 �C
(M. marinum). The colony variants of M. avium strain Va14 were
grown in M7H9 with oleic acid-albumin as the transparent variant
[i.e., Va14 (T)] requires oleic acid for growth.29

2.2. Dendritic amphiphiles

A total of 48 dendritic di- (2C) and tri- (3C) carboxyl one- and two-
tailed dendritic amphiphiles (Table 1 and Figure 1) thatwere linked to
fatty acid chains (n ¼ number of carbons in a chain) through amide
(Am), ureido (Ur), or carbamate (Cb) linkers were tested. The small
library comprised three cholestanyl compounds and eight homolo-
gous series: three series of homologous dendritic tricarboxyl, one-
tailed amphiphilesdRCONHC(CH2CH2COOH)3, 3CAmn; ROCONHC
(CH2CH2COOH)3, 3CCbn; RNHCONHC(CH2CH2COOH)3, 3CUrn, where
R ¼ n-CnH2nþ1 and n ¼ 13e22; two series of homologous dendritic
dicarboxyl, one-tailed amphiphilesdRCONHC(CH3)(CH2CH2COOH)2,
2CAmn; and ROCONHC(CH3)(CH2CH2COOH)2, 2CCbn, where R ¼ n-
CnH2nþ1 and n ¼ 13e22; three series of homologous dendritic tri-
carboxyl, two-tailed amphiphilesd R2CHOCONHC(CH2CH2COOH)3,
3CCb1(n,n); R2CHNHCONHC(CH2CH2COOH)3, 3CUr1(n,n); R2NCON-
HC(CH2CH2COOH)3, 3CUr(n,n), where R ¼ n-CnH2nþ1 and n¼ 7e12.

2.3. Measurement of critical micelle concentration (CMC)

Sterile BHIB (100 mL) was added to 10 microcentrifuge tubes
(500 mL). Amphiphile (100 mL, 560 mg/1000 mL in aqueous trietha-
nolamine) was added to the first tube. A two-fold dilution series
was made by removing an aliquot (100 mL) from the first tube and
transferring it to a second tube. This process was repeated
successively for ten tubes, ending with discarding 100 mL. Sterile
BHIB (100 mL) and 1 blue-dye-covered glass bead (Optimizer blue-
BALLS�, G Biosciences�, St. Louis, MO) were added to each tube.
The tubes were placed in a test-tube rack, which was placed on
a platform mixer and swirled moderately for 2e4 h at room
temperature. The tubes were centrifuged at 16,000 � g for 5 min. A
sample (150 mL) from each tube was transferred to a well in a 96-
well microtiter plate and absorbance at 595 nm was measured. To
be conservative, the CMC was recorded as the first well where the
absorbance increased by at least 0.01 AU above the background
absorbance. All measurements were made in at least duplicate.
Please cite this article in press as: Falkinham III JO, et al., Antibacterial acti
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2.4. Measurement of hemolysis

Hemolytic activities of the dendritic amphiphiles were
measured as described30 with defibrinated, sheep red blood cells
(1.1�107 cells/mL), which werewashed in phosphate-buffered (pH
7.4) saline (PBS) at 4 �C. Triton� X-100 (0.1% in PBS) served as the
reference for 100% hemolysis and the lowest concentration of
dendritic amphiphile resulting in 10% hemolysis (EC10) reported.
Dendritic amphiphiles in aqueous triethanolamine solution (5% w/
v) were diluted with PBS. All dendritic amphiphile and Triton� X-
100 solutions as well as the red blood cell suspensions were
warmed to 37 �C prior to mixing. Suspensions of red blood cells
(500 mL) were added to solutions (500 mL) of amphiphile or Triton�

X-100, incubated at 37 �C for 15 min and the mixtures were
centrifuged at 5000 g for 20 min to pellet red blood cells. Super-
natants (100 mL) were transferred to wells of a 96-well microplate
without disturbing or collecting any of the red blood cells and
absorbance measured at 540 nm. Aqueous triethanolamine solu-
tion (5% w/v) and the supernatant of the pelleted red blood cells
showed no absorbance.

2.5. Minimal inhibitory concentration (MIC) measurements

MICs, reported as lowest concentration resulting in complete
inhibition of growth, were measured as described22,23 at different
inoculum densities following incubation at 37 �C (M. smegmatis, M.
abscessus, M. chelonae, and M. avium) or 30 �C (M. marinum) in 0.1-
strength BHIB þ G or M7H9 with and without oleic acid/albumin
(only M. avium) after incubation for 7 d. MBCs were measured by
sampling drug-containing wells, counting colonies on M7H10 agar,
and comparing values to the inoculated control. Cell densities
ranged from 1.0 to 3.8� 105 colony-forming units (CFU)/mL. Results
reported as the average of duplicate measurements of two different
cultures exposed to10mgof3CAm19/mLdividedby the colonycount
of a drug-free control. The standard deviations (SD)were calculated.

2.6. Measurement of amphiphile-induced killing

Mycobacteria were grown to log phase in M7H9 medium
(without oleic acid/albumin) and suspended inM7H9 to equal a No.
1 McFarland standard. The cells were diluted 1000-fold in M7H9
and warmed to 37 �C (M. smegmatis, M. chelonae, and M. abscessus)
or 30 �C (M. marinum). Cell densities ranged from 1.0 to
3.8� 105 CFU/mL. To 10mL of each suspension, 3CAm19was added
to a final concentration of 10 mg/mL. Immediately and at intervals of
1, 3, and 6 h incubation, a samplewas diluted inM7H9 and 0.1mL of
the undiluted and diluted suspensions spread on M7H10 agar in
triplicate. Results are expressed as fraction of CFU surviving at each
exposure compared to the medium-only control.

2.7. Measurement of susceptibility of biofilm-grown mycobacteria

Mycobacterial cells were grown at 37 �C (M. smegmatis, M.
abscessus, M. chelonae, and M. avium) or 30 �C (M. marinum) on
glass beads in M7H9 broth and without or with 10% (vol/vol) oleic
acid/albumin (only M. avium) for 4 wk31 Glass beads (35) were
transferred into M7H9 (20 mL) in a Petri dish and gently swirled for
2 min to wash biofilm free of medium and loosely adherent cells.
After washing, these 35 glass beads were transferred to M7H9
(10 mL) and dendritic amphiphile added to final concentrations of
10 mg/mL of 3CAm19 (M. smegmatis, M. chelonae, M. abscessus, and
M. marinum) or 20 mg/mL of 3CUr(9,9) (M. avium). Immediately and
at 1, 3, 6, and 24 h, 5 beads were transferred to 5 mL of sterile 0.05%
(vol/vol) Tween 80 in sterile tap water, vortexed 60 s, and diluted
1000-fold in sterile tap water.31 Cell densities ranged from 8.7� 103
vities of dendritic amphiphiles against nontuberculous mycobacteria,



Table 1
MICs* of two- and three-headed dendritic amphiphiles againstM. smegmatis strainmc2155,M. marinum strain ATCC 927,M. chelonae strain EO-P-1,M. abscessus strain AAy-P-1,
and M. avium strains VA14 (T) and VA14 (O).y

Amphiphile Minimal inhibitory concentration (mg/mL)

M. smegmatis M. chelonae M. abscessus M. marinum M. avium (T) M. avium (O)

þ OAAx þ OAA � OAA

2CAm13 9 3 144 286 570 18 0.6
2CAm15 18 2 36 286 72 18 2.2
2CAm17 9 5 4.5 215 108 18 0.6
2CAm19 14 144 6.8 14 216 18 1.1
2CAm21 36 288 72 5 144 144 36

3CAm13 36 27 144 288 430 36 18
3CAm14 54 18 144 216 430 72 18
3CAm15 36 36 144 288 576 72 18
3CAm16 27 36 144 288 576 72 5.6
3CAm17 27 18 144 288 288 72 3.3
3CAm19 3 9 3.4 27 570 72 2.2
3CAm21 27 72 3.4 54 288 72 2.2
3CAm23 54 144 54

2CCb16 54 7 4.5 144 288 36
2CCb18 69 9 18 138 576 72 36
2CCb20 177 9 72 424 576 72 13.5
2CCb22 630 99 576 394 > 576 72 72
2CCb30 70 140 144 105 570 72

3CCb14 36 27 144 216 430 36 1.1
3CCb16 27 36 72 216 288 36 4.5
3CCb18 5 9 18 45 430 36 2.2
3CCb20 5 18 4.5 9 576 36 2.8
3CCb22 72 144 576 216 570 576 5.0

3CCb1(7,7) 105 13 216 420 108 144 18
3CCb1(8,8) 71 13 216 283 430 144 9
3CCb1(9,9) 54 18 144 285 576 144 4.5
3CCb1(10,10) 27 14 18 108 576 144 2.3
3CCb1(11,11) 72 144 27 216 576 144 13.5
3CCb1(12,12) 71 143 27 285 570 144 18

3CUr14 18 36 144 216 432 72 2.2
3CUr16 18 36 14 216 144 36 1.1
3CUr18 3 9 9 23 288 72 0.9
3CUr20 36 27 4.5 36 576 72 9
3CUr22 36 288 72 108 576 72 18

3CUr(7,7) 54 23 36 54 27 36 18
3CUr(8,8) 54 14 72 18 23 36 13.5
3CUr(9,9) 105 26 72 35 18 18 13.5
3CUr(10,10) 54 18 72 71 18 9 18
3CUr(11,11) 72 432 72 72 72 18 54

3CUr1(7,7) 36 27 144 144 108 72 54
3CUr1(8,8) 144 144 108 27 144 54 3.4
3CUr1(9,9) 108 14 144 18 288 54 6.8
3CUr1(10,10) 27 27 36 216 288 54 1.7
3CUr1(11,11) 106 53 27 424 144 36 4.5
3CUr1(12,12) 72 144 72 27 144 36 36

3CUr-aChol 34 138 4.5 69 288 144 34
3CUr-1EaChol 34 138 14 86 > 576 36 9
3CUr-1EbChol 34 138 72 138 576 72 18

Clarithromycin 12.5 25 0.2 1.6 3.1 0.04 0.075
Rifamycin 25 0.15 0.8 0.8 3.1 0.025 0.025
Amikacin 2.3 11 19 0.4 12.5 3.1 1.6

* MBCs were the same as MICs for M. smegmatis, M. chelonae, and M. abscessus, but MBCs were considerably higher than MICs for M. marinum and M. avium.
y Average of duplicate measurements of two different cultures.
x 10% (vol/vol) oleic acid/albumin (OAA) present in medium.
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to 6.0 � 104 CFU/mL. Samples (0.1 mL) of the undiluted and diluted
suspensions were spread on M7H10 agar in triplicate. Results are
expressed as fraction of CFU � SD surviving at each exposure
compared to the medium-only control.
Please cite this article in press as: Falkinham III JO, et al., Antibacterial acti
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2.8. Effect of membrane fluidity on amphiphile susceptibility

M. smegmatis strain mc2155 was grown at 37 �C and 25 �C in
50 mL M7H9 broth with aeration (60 rpm) in nephalometry flasks.
vities of dendritic amphiphiles against nontuberculous mycobacteria,
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The turbidity of cultures of log phase cells was adjusted to equal
a No. 1 McFarland standard, and the fraction of cells killed at both
25 �C and 37 �C by exposure to 10 mg 3CAm19/mL was measured as
described above.

2.9. Effect of cell surface hydrophobicity on amphiphile
susceptibility

The opaque (O) and transparent (T) colony variants of M. avium
strain Va14 were grown at 37 �C in 50 mL M7H9 broth without or
with 10% (vol/vol) oleic acid/albumin with aeration (60 rpm) in
nephalometry flasks. The turbidity of cultures of log phase cells was
adjusted to equal a No. 1 McFarland standard, and the fraction of
cells killed by exposure to 3CAm19 (10 mg) was measured as
described above.

2.10. Measurement of possible inducible dendritic amphiphile
resistance

Possible inducible dendritic-amphiphile resistance was
measured in M. abscessus strain AAy-P-1 as described by Nash
et al.32

3. Results

3.1. Dendritic amphiphiles demonstrated species specific anti-
mycobacterial activity

The MICs for all 48 dendritic amphiphiles demonstrated
species-specificity (Table 1). Although not listed in Table 1, MBCs
were the same as MICs for M. smegmatis, M. chelonae, and
M. abscessus, but MBCs were considerably higher than MICs for
M. marinum and M. avium. Cell densities were between 1.0 and
3.8 � 105 CFU/mL, below the concentration resulting in elevated
MICs due to an inoculum effect.23 The various species showed
markedly different susceptibilities toward the various series of
dendritic amphiphiles. M. smegmatis was most susceptible to tri-
carboxyl one-tailed amphiphiles, as 3CAm19 and 3CUr18 had the
lowest MICs; 3CCb18 and 3CCb20 had low MICs as well.
M. marinum was resistant to most dendritic amphiphiles; the
exceptions, 2CAm21 and 3CCb20, had low MICs, especially
compared to other homologues in their respective series.
M. chelonae was more susceptible to dicarboxyl one-tailed amphi-
philes than to tricarboxyl amphiphiles. The three shortest-tailed
members in both dicarboxyl series had good activity against
M. chelonae; 2CAm15 had the lowest MIC. For the tricarboxyl series,
the bioisosteresd3CUr18, 3CCb18, and 3CAm19dhad good
activity. M. abscessus was more susceptible to one-tailed than to
two-tailed amphiphiles; 3CAm19 and 3CAm21 had the lowest
MICs. In addition to the dicarboxyl bioisosteres (2CAm17 and
2CCb16), the tricarboxyl bioisosteres (3CAm21, 3CCb20, and
3CUr20) had nearly similar MICs. One cholestanyl dendritic
amphiphile, 3CUr-aChol, had excellent activity. M. avium strain
Va14 (T) was resistant to all dendritic amphiphiles except the
3CUr(n,n) series; 3CUr(9,9) and 3CUr(10,10) had the lowest MICs.

3.2. Effects of chain length

Chain length in a series of dendritic amphiphile affected anti-
mycobacterial activity. Amongst the eight homologous series at
least one dendritic amphiphile of each series demonstrated strong
anti-mycobacterial activity against at least one mycobacterial
species. Generally, an optimal fatty acid tail length for anti-
mycobacterial activity was identified within each homologous
series (Table 1). In some combinations of mycobacterial species and
Please cite this article in press as: Falkinham III JO, et al., Antibacterial acti
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series of dendritic amphiphiles, the optimal chain length may not
have been measured as the lowest MIC occurred at either limit of
a series. As examples, in the 2CCbn series, 2CCb16 had the lowest
MIC against M. chelonae and M. abscessus; in the 2CAmn series,
2CAm21 had the lowest MIC againstM. marinum. Shorter or longer
fatty acid chains would have to be synthesized to find the optimal
chain length. In some cases, the linker did not influence anti-
mycobacterial activity. For example, bioisosteres (3CAm19,
3CCb18, and 3CUr18) had similar MICs against M. smegmatis and
M. chelonae (Table 1). Further, 2CAm17 and 2CCb16, also bio-
isosteres, had similar MICs against M. abscessus (Table 1). M. avium
strain Va14 (T) was resistant to all dendritic amphiphiles except the
3CUr(n,n) series; 3CUr(9,9) and 3CUr(10,10) with 18 and 20
carbons, respectively, were the most active. (Note that two-tailed
dendritic amphiphiles had two different topologies (Figure 1): (1)
two medium fatty chains independently linked at their ends to the
polar headgroup, 3CUr(n,n), and (2) single long fatty chains linked
at the middle carbon to the polar headgroupd3CUr1(n,n) and
3CCb1(n,n).)

In evaluating the data in Table 1, 3CAm19 demonstrated MICs
of<10 mg/mL against M. smegmatis, M. marinum, M. chelonae, and
M. abscessus, while 3CUr(9,9) inhibited the growth of M. avium
strain Va14 (O) at < 20 mg/mL (Table 1). Those two dendritic
amphiphiles were chosen for further investigation of anti-
mycobacterial activities.

3.3. Susceptibilities of opaque and transparent colony variants of
M. avium

To determine whether colony morphology (i.e., transparent and
opaque) influenced susceptibility to a dendritic amphiphile,
cultures of the isogenicM. avium strains Va14 (O) and Va14 (T) were
exposed to all the amphiphiles (Table 1). Because transparent colony
variants of members of the M. avium complex require fatty acid for
growth,29,33 strain M. avium Va14(T) was grown and exposed to
dendritic amphiphiles in M7H9 containing oleic acid/albumin
(Table 1). Possibly, the reduction in MICs resulted from the
binding of dendritic amphiphiles by the oleic acid/albumin34

complex present in the medium. M. avium strain Va14 (T) was
resistant to all dendritic amphiphiles except the 3CUr(n,n) series.
Although MICs for most dendritic amphiphiles against M. avium
strain Va14(O)were considerably lower than those againstM. avium
strain Va14(T), especially when lacking oleic acid, the MICs of
members of the 3CUr(n,n) series were not so affected (Table 1).

3.4. Dendritic-amphiphile-mediated killing of mycobacteria in
suspension

The selected dendritic amphiphiles showed little killing after 3 h
and modest killing after 6 h. Cell densities were between 1.0 and
3.8 � 105 CFU/mL, below the concentration resulting in elevated
MICs due to an inoculum effect.23 Dendritic amphiphile 3CAm19
exhibited minimal short-term killing of M. smegmatis, M. marinum,
M. chelonae, and M. abscessus (Table 2). The two-tailed dendritic
amphiphile 3CUr(9,9) displayed no short-term killing against
M. avium strains Va14(T) and Va14(O) (data not shown).

3.5. Dendritic-amphiphile-mediated killing mycobacteria in
biofilms

Measuring the susceptibility of biofilm-grown cells of the
mycobacterial strains demonstrated that the selected dendritic
amphiphiles exhibited short-term killing of biofilm-grown and
exposed mycobacterial cells (Table 3). For these biofilm experi-
ments, cell densities ranged from 0.9 to 6.0 � 104 CFU/cm2.
vities of dendritic amphiphiles against nontuberculous mycobacteria,



Table 4
Effect of growth and exposure temperatures on M. smegmatis susceptibility to
3CAm19.

Growth Exposure Survival � SD (%)*

Temperature Temperature 0 1.5 h 3.0 h

37 �C 37 �C 1.00 � 0.01 1.12 � 0.09 1.08 � 0.12
37 �C 25 �C 1.00 � 0.09 1.59 � 0.05 1.16 � 0.10
25 �C 25 �C 1.00 � 0.07 1.15 � 0.15 0.92 � 0.07
25 �C 37 �C 1.00 � 0.07 0.41 � 0.02 0.30 � 0.01

* Average of triplicate measurements of two different cultures exposed to 10 mg of
3CAm19/mL divided by the colony count of a drug-free control. The standard
deviation (SD) of the number of colony forming units in the drug-free control at 1.5
and 3 h was �0.07 of the value at time ¼ 0. Errors are standard deviations.

Table 2
Short-term killing of nontuberculous mycobacteria by 3CAm19.

Exposure
duration

Survival as fraction Initial colony forming units � SD (%)*

M. smegmatis M. marinum M. chelonae M. abscessus

0 1.00 1.00 1.00 1.00
1 h 1.00 � 0.01 1.05 � 0.06 0.99 � 0.06 1.06 � 0.37
3 h 1.04 � 0.03 1.48 � 0.05 1.12 � 0.12 0.81 � 0.13
6 h 0.39 � 0.01 0.86 � 0.02 0.63 � 0.09 0.74 � 0.13

* Average of duplicate measurements of two different cultures exposed to 10 mg
of 3CAm19/mL divided by the colony count of a drug-free control. The standard
deviation (SD) of the number of colony forming units in the drug-free control at 1, 3,
and 6 h was �0.07 of the value at time ¼ 0. Errors are standard deviations.
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Particularly dramatic was the killing of M. abscessus; namely > 95%
killing after 3-h exposure to 3CAm19 at 10 mg/mL (Table 3).

3.6. Growth and exposure temperature influenced dendritic
amphiphile susceptibility

AsM. smegmatis, like other mycobacteria, alters membrane lipid
composition in response to different incubation temperature to
maintainmembrane fluidity,35,36 susceptibility to 3CAm19 at 10 mg/
mL was measured at 25 and 37 �C of cells grown at 25 and 37 �C.
The results (Table 4) show that M. smegmatis cells grown at 25 �C
were significantly more susceptible to 3CAm19 when exposed at
37 �C, compared to 25 �C (Student’s T-test, p < 0.05). As expected,
survival values forM. smegmatis cells grown and exposed at 37 �C to
3CAm19 (10 mg/mL) agreed (Tables 2 and 4).

3.7. Absence of inducible dendritic-amphiphile resistance

To determine whether M. abscessus was capable of inducible
dendritic-amphiphile-resistance, strain AAy-P-1 was grown in the
presence of 3CAm19 (1 mg/mL or one-tenth of the MIC32) and then
MIC of the dendritic-amphiphile-grown culture was measured. The
MICs of 3CAm19 against the dendritic-amphiphile-grown culture
and a culture grown in parallel without 3CAm19 were identical
(data not shown).

3.8. Critical micelle concentration (CMC) and hemolytic activity of
dendritic amphiphiles

Critical micelle concentration (CMC) and hemolytic activity
(expressed as EC10)26 were compared (Table 5) for dendritic
amphiphiles, selected on the basis of their strong anti-
mycobacterial activity (Table 1). There was a correlation between
the CMC and EC10 values (r ¼ 0.79, p ¼ 0.011) for the nine dendritic
Table 3
Susceptibility of biofilm-grown nontuberculous mycobacteria to dendritic
amphiphiles.

Survival as fraction Initial colony forming Units*,y

Exposure M. smegmatis M. chelonae M. abscessus M. marinum M. avium

Duration 3CAm19 3CAm19 3CAm19 3CAm19 3CUr(9,9)

(O) (T)

0 1.00 1.00 1.00 1.00 1.00 1.00
1 h 0.49 0.45 0.42 0.93 0.46 0.71
3 h 0.29 0.28 0.050 0.41 0.35 0.95
6 h 0.11 0.17 0.043 0.24 0.43 0.74

* Average of duplicate measurements of two different cultures exposed to indi-
cated concentrations of dendritic amphiphiles. Standard deviations ranged from 12
to 30% for any given value. The standard deviation of the number of colony forming
units in the drug-free control at 1, 3, and 6 h was �0.07 of the value at time ¼ 0.

y 10 mg/mL for 3CAm19 and 20 mg/ml for 3CUr(9,9).
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amphiphiles in Table 5. For dicarboxyl one-tailed dendritic
amphiphiles (2CAm17, 2CAm21, and 2CCb16), the CMC or EC10
values were just slightly higher than the MICs. For tricarboxyl one-
tailed dendritic amphiphiles (3CAm19, 3CCb20, and 3CUr18), the
CMC values were 5- to 8-fold higher than the MICs; the EC10 values,
5- to 49-fold higher. For tricarboxyl two-tailed dendritic amphi-
philes [3CUr(8, 8), 3CUr1(8,8), 3CUr(9,9), and 3CUr1(10,10)], the
values of CMC and EC10 were considerably higher than those for the
one-tailed dendritic amphiphiles. Further, the CMC values were 22-
to 115-fold higher than the MICs, the EC10s were 22- to 170-fold
higher than MICs. For a given number of carbons in the tail(s),
the general trend for increasing values of CMC and EC10 was
dicarboxyl one-tailed < tricarboxyl one-tailed < tricarboxyl two-
tailed.

4. Discussion

Dendritic amphiphiles can serve as a platform for developing
anti-mycobacterial agents. A recent review37 endorses developing
membrane-active agents as strategy for designing antibiotics for
persistent infections. Rather than targeting a specific receptor, we
have designed dendritic amphiphiles to be localized in the myco-
bacterial envelope. In that way, they can modify the phys-
icochemistry of the mycobacterial envelope. We hypothesize that
mycobacterial growth will change in response to alterations in the
envelope. Exactly how that occurs remains beyond the scope of this
study; however, comparing how different mycobacterial species
respond can provide clues and define further experiments. In that
regard, we discuss the activity of dendritic amphiphiles with
respect to species-specific patterns of susceptibility, chemical
structural effects, time course for killing, and the effect of surface
hydrophobicity and membrane fluidity.

4.1. Species-specific patterns of susceptibility

Susceptibility differences of the various mycobacterial species to
these dendritic amphiphiles suggest that each species has a unique
Table 5
Comparison of MIC, EC10, and CMC for selected dendritic amphiphiles.

Dendritic amphiphile MIC Strain CMC EC10 EC10/MIC

2CAm17 4.5 M. abscessus 9 13 3
2CAm21 5 M. marinum 9 76 15
3CAm19 3.4 M. abscessus 9 45 13
3CCb20 4.5 M. abscessus 18 220 49
3CUr18 9 M. abscessus 22 45 5
3CUr(8,8) 23 M. avium (T) 390 > 576 > 25
3CUr(9,9) 18 M. avium (T) 200 390 22
3CUr1(8,8) 3.4 M. avium (O) 200 290 85
3CUr1(10,10) 1.7 M. avium (O) 49 290 171
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pattern of susceptibility. M. abscessus, M. chelonae, and
M. smegmatis, which are rapidly growing species, have good
susceptibility to several compounds among the five one-tailed
series. The closely related species,38 M. abscessus and M. chelonae,
show both similarities and striking differences in their suscepti-
bilities to the nine series of dendritic amphiphiles. M. avium strain
Va14(T) and M. marinum, which are slowly growing species,
differed considerably from the rapidly growing species and from
each other in their relative susceptibility to dendritic amphiphiles.
Both species show susceptibility to only a few compounds, which
differ from those active against rapidly growing species.

4.2. Chemical structure and anti-mycobacterial activity

Susceptibility varies with chemical structure: chain length and
headgroup. Considering the susceptibilities of these five myco-
bacterial strains, the optimal chain or sum of chains ranges from 18
to 21 for tricarboxyl dendritic amphiphiles. The fatty-acid chain-
length specificity possibly relates to the length of the proposed
folds in the mycolic acids of the mycobacterial outer
membrane.39,40 Specifically, chain lengths with high anti-
mycobacterial activity reflect the proposed39,40 atomic distance,
18 carbons, between the folds in the mycolic acid chains. If true,
knowledge of the atomic distance of the mycolic acid chains
between folds could be used to direct the synthesis of dendritic
amphiphiles, or other fatty-acid-chain antimicrobial agents, that
would most likely exhibit highest anti-mycobacterial activity.

For slowly growing strains, susceptibility is very specific. For the
rapidly growing strains, susceptibility to bioisosteres suggests that
the linker has no effect. Susceptibilites to chain length in dicarboxyl
dendritic amphiphiles varies widely among the three rapidly
growing strains. M. abscessus displays good susceptibility to
a shorter set of bioisosteres for the dicarboxyl one-tailed series than
the set for the tricarboxyl one-tailed series. However, CMCs for
these two sets are similar. As CMC depends partially on hydro-
phobicity, the similarity of the MICs for these two sets of bio-
isosteres suggests a similar dependence on hydrophobicity. We
tentatively conclude that the susceptibility depends on amphiphilic
properties of the compounds.

The active microspecies of tricarboxyl (i.e., trianion, dianion,
monoanion, or neutral) or dicarboxyl (i.e., dianion, monoanion, or
neutral) dendritic amphiphiles has not been identified for any
mycobacterial strain. For a specific microspecies and chain length,
the hydrophobicities of di- and tricarboxyl dendritic amphiphiles
are similar. As microspecies are in equilibrium, identifying the
active form against a specific strain is challenging because a cell
may selectively absorb one microspecies. As an example,
M. chelonae is more susceptible to dicarboxyl dendritic amphiphiles
than the tricarboxyl dendritic amphiphiles. Several explanations
abound. First, dianions are less hydrophilic than trianions; dianions
will partition into the hydrophobic cell envelope more readily than
trianions. Second, the dicarboxyl(ate) groupmight bind to a specific
target in the mycobacterium moreso than the tricarboxyl(ate)
group. A combination of these two effects could explain the results.
As we progress in this project, we must distinguish between
primary effects of the dendritic amphiphiles and secondary effects
(all that happens when mycobacteria die or cease to grow).

4.3. Bactericidal activity of dendritic amphiphiles

Although the dendritic amphiphiles were bactericidal for the
rapidly growing species (Table 1), the MBCs are considerably higher
for the same dendritic amphiphiles against M. marinum and
M. avium, the two slowly growing species. Perhaps slower growth
permits those two species to induce activities preventing killing
Please cite this article in press as: Falkinham III JO, et al., Antibacterial acti
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(adaptation). Adaptive antibiotic-resistance has been shown for
M. avium cells grown in biofilms.31 When cells in suspension are
exposed to 3CAm19, some mycobacteria are killed after 6 h
(Table 2). In contrast, biofilm-grown cells, particularly those of
M. abscessus, are rapidly killed (i.e., 95% killed in 3 h) (Table 3). This
difference is unlikely due to an inoculum effect as the number of
cells in suspension was below the density resulting in an inoculum
effect. This difference might be attributed to the difference in the
gene expression profile of mycobacterial cells grown in biofilms
versus suspensions.41e43 Killing biofilm-grown mycobacterial cells
in vitro could mimic killing mycobacteria that adhere to tissue in
infected individuals.44

4.4. Effect of growth/exposure temperature and cell surface
hydrophobicity

Although the mycobacterial target(s) for dendritic amphiphiles
remains unidentified, both growth/exposure temperature (Table 4)
and colony type (Table 1) influence activity with one exception (see
below); these effects suggest involvement of the envelope.
M. smegmatis changes membrane fatty acid composition in
response to temperature to maintain a fluid membrane;35,36 the
metabolic rate increases with increasing temperature. The
increased susceptibility (Table 4) may be due to increased fluidity
or to the increased metabolic activity of cells shifted to 37 �C.
Interpreting the increased susceptibility ofM. avium strain Va14(O)
to the dendritic amphiphiles and the other drugs is more compli-
cated as the hydrophobicity,45 permeability,46 growth rate,47 and
envelope protein composition48 differ from that of M. avium strain
Va14(T). The one exception is the activity of the 3CUr(n,n) series
against the colony variants of the M. avium strain Va14(T). The
constancy of the MICs against the colony variants suggests that
envelope changes do not affect activity for this series. This implies
some unique mechanism, which is independent of changes in the
envelope, for this series of dendritic amphiphiles.

4.5. Possible mechanisms of action

Although experiments described above were not designed to
identify the mechanism of action of dendritic amphiphiles, the
results do provide directions for further investigations. Concen-
trations leading to bactericidal activity are considerably lower than
either CMCs or hemolysis (Table 5) and suggest that unlike fatty
acids,9 the primary effect of dendritic amphiphiles does not involve
detergent-driven lysis. Earlier investigations of the effects of fatty
acid exposure on Mycobacterium tuberculosis have shown that
oxygen consumption is reduced,18 but the data could be explained
as either a primary or secondary effect. Increased fluidity and
increased metabolic activity could have been responsible for the
increased susceptibility of M. smegmatis cells shifted from 25 to
37 �C (Table 4). This could be simply due to increased permeability
and binding or to an increased (positive or negative) effect on
membrane-associated metabolic functions (e.g. acid phosphatase
inhibition9) once dendritic amphiphiles are incorporated into cells.
Distinguishing between those two possibilities will involve
measuring the binding of a labeled dendritic amphiphile to cell
fractions (e.g., outer and cytoplasmic membranes). Possibly, the
headgroups and the fatty-acid tails of the dendritic amphiphiles
intercalate in the membranes, re-organizing membrane struc-
ture,49,50 perhaps, by forming lipid rafts. If dendritic amphiphiles
bind, but do not traverse, the outer membrane, one interesting
possible mechanism is that dendritic amphiphiles inhibit signal
transduction as was shown for glycerol monolaurate in S. aureus.51

Signal transduction systems and their environmental signals have
been identified in M. marinum, M. avium, and M. smegmatis.52
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4.6. Summary

This class of lipids has the potential to be anti-mycobacterial
agents with novel mechanisms of action. Further, discovery that
different mycobacterial species are more susceptible to a specific
series of dendritic amphiphiles suggests that the mechanism of
action might species-specific or, at the very least, highly dependent
on the microenvironment of the target. Several anti-mycobacterial
dendritic amphiphiles have ratios of hemolytic EC10/MIC of greater
than 25 (Table 5), indicating strong anti-mycobacterial activity with
little cytotoxic potential. Although the most active single-tailed
dendritic amphiphiles are more active than the most active two-
tailed dendritic amphiphiles, the two-tailed dendritic amphi-
philes are more attractive for drug development because of their
considerably lower hemolytic activity.
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