
Bioorganic & Medicinal Chemistry 17 (2009) 3162–3168
Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier .com/locate /bmc
Comparing anti-HIV, antibacterial, antifungal, micellar, and cytotoxic
properties of tricarboxylato dendritic amphiphiles

Richard V. Macri a, Janka Karlovská b, Gustavo F. Doncel c, Xiaosong Du a, Bhadreshkumar B. Maisuria a,
André A. Williams a, Eko W. Sugandhi a, Joseph O. Falkinham III d, Alan R. Esker a, Richard D. Gandour a,*

a Department of Chemistry (0212), Virginia Tech, Blacksburg, VA 24061, United States
b Department of Physical Chemistry of Drugs, Faculty of Pharmacy, Comenius University, Odbojárov 10, SK-832 32 Bratislava, Slovakia
c CONRAD, Department of Obstetrics and Gynecology, Eastern Virginia Medical School, Norfolk, VA 23507, United States
d Department of Biological Sciences (0406), Virginia Tech, Blacksburg, VA 24061, United States

a r t i c l e i n f o a b s t r a c t
Article history:
Received 20 November 2008
Revised 24 February 2009
Accepted 27 February 2009
Available online 5 March 2009

Keywords:
Dendritic amphiphiles
Antimicrobial activity
Micelle, structure–activity study
0968-0896/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.bmc.2009.02.055

* Corresponding author. Tel.: +1 540 231 3731; fax
E-mail address: gandour@vt.edu (R.D. Gandour).
Three series of homologous dendritic amphiphiles—RCONHC(CH2CH2COOH)3, 1(n); ROCO-
NHC(CH2CH2COOH)3, 2(n); RNHCONHC(CH2CH2COOH)3, 3(n), where R = n-CnH2n+1 and n = 13–22 carbon
atoms—were assayed for their potential to serve as antimicrobial components in a topical vaginal formu-
lation. Comparing epithelial cytotoxicities to the ability of these homologues to inhibit HIV, Neisseria gon-
orrhoeae, and Candida albicans provided a measure of their prophylactic/therapeutic potential.
Measurements of the ability to inhibit Lactobacillus plantarum, a beneficial bacterium in the vagina,
and critical micelle concentrations (CMCs), an indicator of the potential detergency of these amphiphiles,
provided additional assessments of safety. Several amphiphiles from each homologous series had modest
anti-HIV activity (EC50 = 110–130 lM). Amphiphile 2(18) had the best anti-Neisseria activity
(MIC = 65 lM), while 1(19) and 1(21) had MICs against C. albicans of 16 and 7.7 lM, respectively. Two
measures of safety showed promise as all compounds had relatively low cytotoxic activity
(EC50 = 210–940 lM) against epithelial cells and low activity against L. plantarum, 1(n), 2(n), and 3(n)
had MICs P 490, 1300, and 940 lM, respectively. CMCs measured in aqueous triethanolamine and in
aqueous potassium hydroxide showed linear dependences on chain length. As expected, the longest chain
in each series had the lowest CMC—in triethanolamine: 1(21), 1500 lM; 2(22), 320 lM; 3(22), 340 lM,
and in potassium hydroxide: 1(21), 130 lM; 3(22), 40 lM. The CMC in triethanolamine adjusted to pH
7.4 was 400 lM for 1(21) and 3900 lM for 3(16). The promising antifungal activity, low activity against
L. plantarum, relatively high CMCs, and modest epithelial cytotoxicity in addition to their anti-Neisseria
properties warrant further design studies with dendritic amphiphiles to improve their safety indices to
produce suitable candidates for antimicrobial vaginal products.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Preventing the spread of sexually transmitted pathogens, espe-
cially HIV, has come to the forefront as a global challenge. Medic-
inal chemists have addressed this challenge by designing
compounds that can be used as topical vaginal microbicides,1

including contraceptive microbicides.2 Several promising HIV-
inhibitory candidates have emerged that act in various ways—
inhibiting virus cell entry,3 reverse transcription, integration,
and/or maturation.1 Yet, developing new topical microbicides re-
mains urgent as underscored by the recent halting of human trials4

with Ushercell and with SAVVY�, a mixture of surfactants.5 The lat-
est approach is to formulate gels that contain multiple agents from
ll rights reserved.

: +1 540 231 3255.
different classes of HIV inhibitors. Combining approaches that
include changing behaviors, using barriers (condoms and microbi-
cides), and treating vaginal infections, which represent serious risk
factors for HIV acquisition, is required to prevent the spread of
pathogens.8,9 Further, a microbicide should not harm resident
microflora, in particular lactobacilli.10 In the final analysis, success-
ful microbicides must be safe, acceptable, efficacious, and
affordable.10

Most amphiphiles are surfactants that act as detergents. Often
dismissed11 as possible topical microbicides, these detergent
amphiphiles disrupt membranes and damage tissue; hence, they
are not safe. Yet, several detergent amphiphiles (e.g., SAVVY�) have
been studied as microbicides because they have anti-HIV activity5

at concentrations below those needed for detergency. In addition,
they also display antimicrobial activity against other sexually
transmitted pathogens such as Chlamydia trachomatis and Neisseria
gonorrhoeae.12–14 This promising profile has led to human trials, in
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which SAVVY� was judged as harmless to the reproductive tract
but unsuccessful in protecting against HIV infection.15,16

Not all amphiphiles are good detergents. Amphiphiles that act
as cell-signaling molecules interact with proteins in lipid bilayer
membranes without causing membrane disruption.17 Further-
more, novel synthetic amphiphiles that do not denature membrane
proteins can stabilize proteins outside a membrane.18 Therefore, it
would appear possible to design a non-detergent amphiphile that
is an effective antimicrobial agent while being completely safe
for the vaginal environment. In addition, such an amphiphile must
have good aqueous solubility to enable formulation into hydrogels.

With the focus on designing amphiphiles as antimicrobials, we
prepared one-tailed, long-chain, water-soluble, dendritic tricarb-
oxylato amphiphiles19–21 that selectively inhibited the growth of
several bacteria and fungi.21 These dendritic amphiphiles demon-
strated species, linker, and chain-length specificities. Very long
fatty chains, up to 22 carbon atoms, were included in the homolo-
gous series of one-tailed amphiphiles—3CAmn (1(n)), 3CCbn
(2(n)), 3CUrn (3(n)), where 3C = three carboxyl groups, Am = ami-
do linker, Cb = carbamato linker, Ur = ureido linker, and n = the
number of carbon atoms in the fatty chain.
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Could these dendritic amphiphiles have anti-HIV activity? The
rationale for assaying them as potential anti-HIV agents drew on
previous work. By attaching lipid anchors (e.g., cholestanylethyl
and nonacosanyl (C29)) to multi-carboxyl pharmacophores, Cush-
man and co-workers22–28 explored cosalane and analogues as
anti-HIV agents. A few years ago, GlaxoSmithKline introduced Abr-
eva�, which contains docosan-1-ol in a topical cream for treatment
of cold sores (herpes simplex labialis).29 To be active, docosan-1-ol
required conversion into a polar metabolite.30 (Amphiphile
3CCb22 is a polar derivative of docosan-1-ol and, hence, a possible
antiviral agent.) Roque and co-workers31–36 synthesized a series of
polymerized anionic surfactants that inhibited several viruses and
showed low cytotoxicity to the host cells. Specific to the design of
dendritic amphiphiles, Leydet et al.33 studied a series of anionic
surfactants, which were monomers with multi-charged head-
groups including three- and four-headed anionic dendritic surfac-
tants. Monomers derived from undec-10-enoic acid (e.g.,
CH2@CH(CH2)8CONHC(CH2OCH2COOH)3 did not show any anti-
HIV activity. (One plausible explanation for lack of anti-HIV activ-
ity is that the lipid tail is too short.) Consequently, very long-chain
fatty acids, alcohols, and amines attached to a tricarboxylato den-
dron should have anti-HIV activity.

Profiling antimicrobial activities of amphiphiles is a prerequi-
site for developing a topical microbicide. Recently, Vieira et al.37
has addressed the potential safety of several commercial surfac-
tants by comparing antibacterial, antifungal, antiviral, spermicidal,
and cytotoxicity activities to critical micelle concentrations
(CMCs). The concentration of an amphiphile that causes deter-
gency is closely linked to its CMC.38,39 For use as vaginal microbi-
cides, amphiphiles must inhibit or kill target pathogens but not
inhibit beneficial microbes (e.g., lactobacilli) in the vaginal ecosys-
tem. Two dendritic amphiphiles (e.g., 1(19) and 1(21)) have good
activity against Candida albicans, but significantly higher (30–60–
fold, respectively) concentrations are needed to inhibit the growth
of Lactobacillus plantarum.21 With our focus on designing non-
detergent amphiphiles as vaginal microbicidal compounds, these
molecules must have high CMCs.

In our studies,19,21 triethanolamine ionizes the carboxyl groups
to maximize solubility of the long chains. For example, 1(21) has a
solubility of >22,000 lM in triethanolamine solution, which is used
in the stock solutions for the microbial assays.21 In contrast, the
solubility in phosphate buffer solution (pH 7.2) of 1(15)–1(21)
ranges from 6900 to 79 lM.21 Enhanced solubility of triethanolam-
monium salts compared to metal salts for the tricarboxylic acids
mirrors that for a dicarboxylic acid.40 Once the stock solutions
are diluted in the broths used for the microbial assays, the counte-
rions for the carboxylates might change from triethanolammonium
to sodium or potassium or something else. Counterions also affect
the CMCs of fatty acids; those of triethanolammonium salts41 are
2.3–4.8-fold higher than those of potassium salts.42 Differences
in solubilities and CMCs caused by counterions suggest that mea-
suring the CMCs of both tris(triethanolammonium) and tripotassi-
um salts of the dendritic amphiphiles is essential. In addition, as a
healthy vagina has an acidic pH (�4),43 measurements of the pH
dependence of CMCs are needed for evaluating the suitability of
a vaginal therapeutic agent. Seminal fluid can raise vaginal pH to
neutrality,44 which weakens the natural defenses of the vagina.
Consequently, an effective agent must function over a wide range
of pH.

Herein, we report the CMCs of 1(n), 2(n), and 3(n) in aqueous
triethanolamine and the CMCs of 1(n) and 3(n) in aqueous potas-
sium hydroxide and compare how structural changes in the three
series and changing counterions might affect detergency. For se-
lected homologues, we report the pH dependence of the CMC. Re-
sults from anti-HIV assays, inhibiting growth of N. gonorrhoeae, and
cytotoxicity to human epithelial cells are compared to the previ-
ously reported21 activities against L. plantarum and C. albicans.
Comparing trends in the biological activity, cytotoxicity, and CMC
data provide an assessment of the potential of these dendritic
amphiphiles to function as topical vaginal microbicides at or below
the CMC.
2. Results and discussion

2.1. Critical micelle concentrations

By using a pendent-drop analyzer to measure surface tension,19

the CMCs of 1(15)–1(21) and 2(16)–2(22) were measured in trieth-
anolamine/water [0.9% (wt/vol)]. The CMCs of 3(16)–3(22) in aque-
ous triethanolamine were previously reported.19 The pH of the
solutions ranged from 8.0 to 9.5 depending on the concentration
of the amphiphiles. The surface tension data for both 1(13),
2(14), and 3(14) failed to exhibit a clear CMC for concentrations be-
low 10,000 lM, suggesting the absence of micelles. Our previous
study19 suggested that, compared to results for the 1(n) and 2(n)
series, the homologous series 3(n) in aqueous triethanolamine dis-
played an unusually gradual decrease in log CMC versus n. To con-
firm these results, CMCs of all three series were measured by a
second method.
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CMCs of 1(15)–1(21), 2(16)–2(22), and 3(16)–3(22) in trietha-
nolamine/water [0.9% (wt/vol)] were measured by using pyrene
fluorescence as an indicator of micelle formation.45 The log CMCs
for the three series displayed nearly identical dependencies on
chain length (Fig. 1). Additionally, all the CMCs were within 20%
of those measured by surface tension, except for those previously
reported19 for 3(16) and 3(22). Re-examination of the data col-
lected previously19 for these two amphiphiles showed breaks in
the plots of surface tension versus log concentration at values sim-
ilar to those CMCs obtained by fluorescence measurements. Plot-
ting log CMC measured by both methods versus n (Fig. 1, open
symbols) revealed that all three series have similar dependences
on chain length.

To probe the effect of counterion on micelle formation, CMCs of
1(13)–1(21) and 3(14)–3(22) in potassium hydroxide solutions
were measured by conductivity methods. The pH of the solutions
ranged from 10.0 to 11.0 depending on the concentration of the
amphiphiles. Plots of log CMC versus n (Fig. 1, solid symbols)
showed different dependencies on chain length.

Several observations emerge from examining Figure 1. In aque-
ous triethanolamine, CMCs of 1(n) are higher than those of 2(n)
and 3(n). In aqueous potassium hydroxide, CMCs of 1(n) are higher
for the longer chains and lower for the shorter chains when com-
pared to those of 3(n). The linear dependencies of log CMC on n
for 1(n) and 3(n) in aqueous potassium hydroxide differ,
Figure 1. CMCs of dendritic amphiphiles in aqueous triethanolamine (both
methods) and aqueous potassium hydroxide. M = molar. Solid lines are linear-
regression analyses, where logCMC = for 1(n), amine: (�0.18 ± 0.03) � n +
(1.0 ± 0.3); for 2(n), amine: (�0.23 ± 0.01) � n + (1.5 ± 0.3); for 3(n), amine:
(�0.19 ± 0.01) � n � (0.8 ± 0.3); for 1(n), KOH: (�0.175 ± 0.004) � n � (0.17 ±
0.07); for 3(n), KOH: (�0.30 ± 0.02) � n + (2.0 ± 0.4).
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Figure 2. Ionization equilibria for 3CAm21. Values of pKa’s and % distributio
�0.175 ± 0.004 and �0.30 ± 0.02, respectively. Comparing the
CMCs for a given series in aqueous potassium hydroxide to those
in aqueous triethanolamine reveals the expected decrease (see Sec-
tion 1). For series 1(n), the decrease averages 12-fold; the depen-
dence of log CMC on chain length is virtually identical with the
different counterions. For series 3(n), the decrease ranges from 3-
to 13-fold as chain length increases. The dependence of log CMC
on n in aqueous potassium hydroxide is significantly steeper than
that in aqueous triethanolamine.

The CMC data were measured at high pH to ensure that only the
trianion (Fig. 2) was present. However, the microbiological assays
were performed at pH 7.4. As values of CMC depend on pH46,47

when pH � pKa, we needed to know the pKa for ionizing the dian-
ion to the trianion. The ionization equilibria in water at pH 7.4 for
1(21) were calculated48 to give the pKa’s shown above and % micro-
species shown below the equilibrium arrows in Figure 2. The three
calculated pKa’s were very close, ranging from 3.7 to 4.7. Previous
titration studies49,50 of the tricarboxylato headgroup showed that
the trianion dominates the equilibrium at pH P 7, consistent with
the calculations.

Amphiphiles 1(21) and 3(16) were selected to study how pH af-
fects CMC. This choice, based on the strong anti-C. albicans activity
(see below), enabled a direct comparison with CMC values deter-
mined with potassium and triethanolammonium counterions,
respectively. The choice also reflected the extremes in chain length.
As the biological assays were performed with triethanolamine
stock solutions of the amphiphiles, the pH of an aqueous trietha-
nolamine solution was adjusted with phosphoric acid. Values of
CMC were measured by using pyrene fluorescence at 7.4 and 6.4
(Fig. 3). Amphiphile 3(16) had a CMC of 3900 lM compared to
7100 lM at higher pH; 1(21) had a CMC of 400 lM compared to
1500 lM. Adjusting the pH to 6.4 dropped the CMC to 480 lM
for 3(16) and 150 lM for 1(21).

The twofold and fourfold decrease in CMC for 3(16) and 1(21),
respectively, suggests that at a pH of 7.4 the dianion is present at
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Figure 3. Dependence of CMC on pH for 1(21) (squares) and 3(16) (triangles).
M = molar.



Figure 4. Dependence of anti-HIV activity (green open symbols) and cytotoxicity
(red symbols) on chain length. M = molar. Amphiphiles: 1(n) (squares), 2(n)
(circles), and 3(n) (diamonds).
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a high enough concentration to affect micelle formation. The val-
ues of CMC are still quite high compared to the biological activity
(see below) measured at this pH. This result validates using these
amphiphiles at neutral pH. Lowering the pH to 6.4 lowers the val-
ues of CMC even further, however. The trend in decreasing CMC
with decreasing pH in the acidic range is clear and warrants further
studies with these triheaded amphiphiles, especially with different
counterions to explore limitations on the useful pH range for these
amphiphiles.

2.2. Biological activity

Being aware that HIV-1 R5 predominates over HIV-1 IIIB (X4-
tropic) during the primary infection,51 not because only R5 viruses
are transmitted but rather because a bottleneck exists at the muco-
sal level that selects R5,52 we first screened against HIV-1 IIIB (X4-
tropic) because this assay is more robust and consistent. Anti-viral
compounds, preferably, should be active against both types of
viruses. Any compound selected for further development would
also be tested against R5 and cell-associated viruses.

Dendritic amphiphiles displayed different patterns for anti-HIV,
antibacterial, antifungal, and cytotoxic activities (Table 1). The sus-
ceptibilities of L. plantarum, C. albicans, and N. gonorrhoeae, ex-
pressed as minimal inhibitory concentration (MIC99) for complete
inhibition of growth, varied with respect to chain length and linker.
Assays for anti-HIV and cytotoxicity, expressed as 50% effective
concentration (EC50), showed similar patterns. The ranges of cyto-
toxic (210–940 lM) and anti-HIV (110–740 lM) activities were
narrower than those for antibacterial (65–12000 lM) and anti-
fungal (7.7–2800 lM) activities. The headgroup more so than the
linker or alkyl chain length influences cytotoxic and anti-HIV activ-
ities (Table 1). In contrast, antibacterial and antifungal activities
displayed chain-length, linker, and species selectivities. Perhaps
these differences in activities reflect membrane selectivity by den-
dritic amphiphiles. The membrane of human cells and the enve-
lope of HIV differ from those of bacteria and fungi.

2.2.1. Comparison of anti-HIV and cytotoxic activities
The anti-HIV activities of the three homologous series showed a

slight dependence on chain length (Fig. 4, green open symbols); the
cytotoxicity did not (Fig. 4, red symbols). The cytotoxicities
Table 1
Comparison of biological activities and micellar properties of dendritic tricarboxylato amp

Amphiphile EC50
a (lM) MIC99

b (lM)

Anti-HIV L. plantarumc N. gonorrhoeae C. albica

1(13) 740 610 12,000 610
1(15) 230 570 12,000 290
1(17) n/dd 540 2700 280
1(19) 170 520 130 16
1(21) 130 490 120 7.7
2(14) 370 6400 580 1600
2(16) 170 6000 280 47
2(18) 130 1400 65 180
2(20) 130 1400 120 1400
2(22) 110 1300 120 1300
3(14) 270 6400 12,000 1600
3(16) 180 6000 2800 47
3(18) 240 1400 130 1400
3(20) 130 1400 120 2800
3(22) 120 940 120 2700

Triethanolamine >6700 >270,000 >270,000 >270,00

Data for anti-HIV activity and cytotoxicity are expressed as EC50’s, while data on inhibitio
concentrations (MIC99s).

a Standard deviation ±10%.
b Error ±1 twofold dilution.
c Data from Ref. 21.
d Not determined.
occurred at slightly higher concentrations than the anti-HIV activ-
ities. The largest difference occurred for 1(15), where [cytotoxicity
EC50/anti-HIV EC50] = 4. The cytotoxicities of the 2(n) (Fig. 4, com-
pare green open circles and red circles) and 3(n) (Fig. 4, compare
green open triangles and red triangles) series occurred, on average,
at 2.5-fold and 1.6-fold higher concentrations than the anti-HIV
activities, respectively. The safety indices for anti-HIV activity are
too low to warrant further testing. Target values for these ratios
should be P1000.37 Compounds displaying low safety indices
might induce mucosal irritation and inflammation, and may facil-
itate, rather than decrease, HIV acquisition.53–55 Lower safety indi-
ces, however, may still be acceptable for a short-term treatment of
vaginal infections,2 especially in populations with low prevalence
of sexually transmitted infections.

2.2.2. Comparison of antibacterial activities
The susceptibilities of N. gonorrhoeae and L. plantarum to the

three homologous series show that the longer homologues in all
series inhibit growth more effectively than the shorter homologues
(Fig. 5). Further, N. gonorrhoeae was more susceptible than L. plan-
tarum. From our previous studies,21 the susceptibility of L. planta-
rum to 1(n) showed no chain-length dependence (Fig. 5, orange
squares). Susceptibilities of L. plantarum to 2(n) and 3(n) showed
values of MIC99 within the range of the CMCs in triethanolamine.
Susceptibility of N. gonorrhoeae was highest for the longer chains
hiphiles

EC50
a (lM) CMCa (lM)

nsc Cytotoxicity KOH Amine pyrene Amine, surface tension

300 3500 n/d n/d
940 1500 18,000 17,000
n/d 71 11,000 11,000
340 34 3200 3000
250 13 1500 2000
620 n/d n/d n/d
440 n/d 6400 6800
350 n/d 2700 2800
280 n/d 800 500
360 n/d 330 320
290 8400 n/d n/d
350 2300 7100 4900
280 330 2300 2200
210 120 1300 1400
260 40 400 340

0 >4100

n of L. plantarum, N. gonorrhoeae, and C. albicans are expressed as minimal inhibitory



Figure 5. Dependence of anti-Neisseria activity (blue open symbols) and anti-
Lactobacillus activity (orange symbols) on chain length. M = molar. Amphiphiles:
1(n) (squares), 2(n) (circles), and 3(n) (triangles).
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in all series (Fig. 5, blue open symbols), with the MIC99 for 2(18)
slightly better than those of the other homologues.

The MIC99s against N. gonorrhoeae for all series reach a plateau in
activity for the long chains in each series (Fig. 5, blue open symbols).
This contrasts with natural saturated fatty acids in which hexadeca-
noic acid had the lowest IC50 and acids longer than C17 showed no
activity.56 The authors of that study56 drew the conclusion that the
undissociated fatty acid was the active form. If so, the susceptibility
of N. gonorrhoeae to dendritic amphiphiles would increase in the va-
gina where pH (�4) is comparable to the calculated pKa’s (Fig. 2).

2.2.3. Comparison of anti-C. albicans activities
The susceptibility of C. albicans to the amphiphiles showed dif-

ferent chain-length dependencies among the series.21 Activity im-
proved with increasing chain length for 1(n), while the activities of
2(16) and 3(16) were considerably lower than other homologues in
the respective series (Fig. 6). These cutoff effects for the 2(n) and
3(n) series could not be explained by insolubility or low values
of CMC. The MIC99 for 1(21) against C. albicans was the lowest.

2.3. Comparing CMCs, cytotoxicities, and biological activity

The CMCs in aqueous triethanolamine (Fig. 1) define the upper
limits of antimicrobial activity. Presuming that all homologues
would show a decrease in CMC of two- to fourfold when measured
at pH 7.4 as observed for 1(21) and 3(16), the majority of antimi-
crobial and anti-HIV activities expressed as MIC99 or EC50 are lower
than the CMCs in triethanolamine at pH = 7.4. However, CMCs in
potassium hydroxide are lower than the MIC99s and EC50s for the
majority of compounds, especially the longer homologues.

The anti-C. albicans activities of 1(21) and 3(16) illustrate the
value of safety indices. Amphiphile 1(21) is the most active and
has a safety ratio CMC/MIC99 of 52 at pH 7.4 in triethanolamine.
Using the CMC measured in potassium hydroxide yields a safety
Figure 6. Dependence of anti-C. albicans activity on chain length. M = molar.
Amphiphiles: 1(n) (squares), 2(n) (circles), and 3(n) (triangles).
ratio of only 1.7. Amphiphile 3(16) has good activity and compara-
ble safety ratios of 83 and 49, measured in aqueous triethanola-
mine and potassium hydroxide, respectively. By this comparison,
3(16) would be a better lead for further development.

Another safety index—cytotoxicity EC50/MIC99—produces a dif-
ferent conclusion. Amphiphile 1(21) and 3(16) have safety ratios
of 32 and 7, respectively. No single compound in this series has
very strong activity compared to cytotoxicity; the highest safety
ratio is that for 1(19), which has a value of 21. Using the CMCs
to compute safety ratios for this amphiphile gives values of 10
(estimate for CMC at pH 7.4) and 2 (CMC in potassium hydroxide).
Using the three measures of safety, 3(16) appears as the best
choice for a lead compound.

2.4. Conclusions

From these combined studies, we draw several conclusions. (1)
The generally high CMC values for these amphiphiles in triethanol-
amine demonstrate that the dendritic structure increases solubility
and CMC. (2) Adjusting the pH to 7.4 lowers the CMC by two- to
fourfold; adjusting the pH to 6.4 lowers the CMC by 10-fold or
more. Presumably, the trend would continue as the pH decreased.
Consequently, these dendritic amphiphiles may not be suitable for
vaginal use. (3) The low ratios (<5) of cytotoxicity EC50/anti-HIV
EC50 suggest that these amphiphiles do not meet the criteria for
anti-HIV candidates. (4) The MIC99s against N. gonorrhoeae are
much lower than those against L. plantarum. The relative resistance
of L. plantarum to the amphiphiles means that these beneficial mi-
crobes would survive any low-dose treatment with these com-
pounds. (5) The promising anti-C. albicans activity offers
possibilities for optimizing a lead that may be developed as a com-
ponent of an antimicrobial formulation to treat vaginal candidal
infections. From these studies, the best candidate is 3(16) because
of high CMCs (>2000 lM), modest cytotoxicity (EC50 = 350 lM),
and anti-C. albicans activity (MIC99 = 47 lM).

The challenge going forward will be to make structural changes
that maintain aqueous solubility, increase the CMC, and reduce the
cytotoxicity, while improving antifungal, antibacterial, and anti-
HIV activities. One objective will be to find a headgroup that gives
a high CMC and is insensitive to changes in pH in the range of 4–
7.5. Other objectives will be to find the mechanism of action and
study how these amphiphiles interact with bilayer membranes.57

Our current efforts are focused on exploring these challenges.
3. Methods

3.1. General

Amphiphiles were synthesized and purified as described previ-
ously.19–21 All reagents and solvents were used as received, except
water, which was purified by reverse osmosis.

3.2. Measuring CMCs

3.2.1. Surface-tension measurements
A video system (FTA-200, First Ten Ångstroms), mounted on a

vibration isolation platform, captured images of a pendent drop
from an 18-gauge stainless-steel needle (1.27 mm) to determine
surface tension. To help maintain humidity levels and ensure that
the drop size did not vary significantly during the measurements,
the pendent drop was enclosed in a standard glass cuvette that
contained 0.5 mL of aqueous triethanolamine (�9 mg/mL) dis-
solved in ultrapure (Type I) water. A hole (2.54 mm) was drilled
in the Teflon lid to accommodate the needle. Calibration of the
instrument entailed measuring the tip width of the needle with a
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micrometer and using that measurement to perform an initial cal-
ibration of the video camera’s magnification.

Surface tension values for an individual static drop were mea-
sured for each solution by drop-shape analysis, from 20 images
of each drop (one image was taken by the software every 0.5 s)
to produce an average surface tension. Reproducibility of the mea-
surements was determined by performing the drop-shape analysis
on five different drops of the same solution to obtain values with
standard deviations of approximately 0.2 mN/m. Plots of surface
tension versus log[amphiphile] were made; linear least-squares
analyses of both the points before and the points after the break
were used to determine the CMC.

3.2.2. Fluorescence measurements
Aliquots of pyrene in methanol were first transferred to empty

vials, then the solutions of amphiphiles at given concentrations
were added to vials after the methanol evaporated. All mixtures
were shaken gently for at least 24 h. The emission fluorescence
spectra of pyrene were recorded by a spectrometer with the exci-
tation wavelength = 334 nm. Excitation and emission bandpasses
were set at 5 nm and 2.5 nm, respectively. The emission intensities
of the first (I1 = 373 nm) and third (I3 = 384 nm) peaks were used to
determine the CMC value. Plots of log concentration of amphiphile
versus I1/I3 of were made. The CMC was taken as point where a dis-
tinct change in the decrease of I1/I3 occurred.45

3.2.3. Conductivity measurements
The dry dendritic amphiphile was added to a KOH solution.

The suspension was heated to 60 �C, vortex-mixed, and supple-
mented by KOH powder until a transparent solution was obtained.
For each solution, pH at 30 �C was measured before starting and
after finishing measurements of conductivity. The conductivity
measurements were made at 30.0 ± 0.1 �C with the digital WTW
inoLab� conductometer (Wissenschaftlich Technische Werkstät-
ten), equipped with an WTW Tetra Con 325 electrode (Wissens-
chaftlich Technische Werkstätten). The solutions were stirred
during measurements. The value of the CMC was estimated by
least-squares analysis of the linear portions of conductivity-ver-
sus-concentration plots before and after a break in the conductivity
is observed.

3.3. HIV inhibition and cytotoxicity assays

Anti-HIV activity was evaluated by incubating serial dilutions of
the dendritic amphiphiles with HIV-1 (IIIB) and transfected CD4+,
b-galactosidase-expressing HeLa cells for 2 h in 12-well plates.5

After this incubation, virus and compounds were washed away,
and the cells were resuspended and cultured in fresh RPMI 1640
medium supplemented with 10% fetal bovine serum for 48 h at
37 �C and 5% CO2. These cells express b-galactosidase under the
control of the HIV long terminal repeat. Thus, expression of this en-
zyme is linked to HIV infection. After the 48 h incubation, cells
were washed in phosphate-buffered saline, lysed, and the b-galac-
tosidase activity of the lysate was measured by using the Galacto-
Star b-galactosidase reporter gene assay following the manufac-
turer’s directions (Applied Biosystems, Foster City, CA). Chemilu-
minescence of the b-galactosidase hydrolysis product was
measured in a luminometer. Cells incubated with virus and no
compounds provided values representing 100% infection. Com-
pound cytotoxicity was evaluated on a separate plate, under the
same conditions, by using an MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay (Promega, Madison, WI).
This assay assesses cell viability based on the mitochondrial reduc-
tion of MTT, and has been used to determine the irritating potential
for surfactants on skin.58 Fifty percent effective concentrations
(EC50’s) were calculated by using a linear regression model.
3.4. Measurement of minimal inhibitory concentrations (MIC)
against N. gonorrhoeae

N. gonorrhoeae was grown on Chocolate Agar medium (BBL
Microbiology Systems, Sparks, MD) containing 1% (w/v) hemoglo-
bin. Single colonies of N. gonorrhoeae strain ATCC 31426 were
picked and used to inoculate 2 mL of GC broth medium (BBL Micro-
biology Systems, Sparks, MD) and grown at 37 �C in an anaerobic
jar containing a CO2 gas generator (Gas Pak, BBL Microbiology Sys-
tems, Sparks, MD). After 4 d incubation, 5 mL of buffered saline gel-
atin (BSG)—gelatin (0.1 g/L), NaCl (8.5 g/L), KH2PO4 (0.3 g/L), and
Na2HPO4 (0.6 g/L) in H2O—was added to each culture and vortexed.
The brown insoluble contents of the GC medium were allowed to
settle to the bottom of the tube for 4 h at room temperature. The
supernatant cell suspension was transferred to a fresh sterile tube
without collecting the insoluble contents and the turbidity of the
suspension was diluted with BSG to equal a McFarland No. 1 stan-
dard. The resulting suspension was streaked on Chocolate Agar to
confirm colony morphology and look for contaminants. For the
work reported here, all cultures and suspensions that were used
as inocula were uncontaminated and the colonies had the expected
morphologies. Susceptibility of the N. gonorrhoeae cells grown as
described above were measured by broth microdilution in 96-well
plates as described.21 Aqueous triethanolamine without amphi-
phile was also tested for antimicrobial activity by using the same
protocol; no antimicrobial activity was found. The concentration
of amphiphile ranged from 6.25 mg/mL to 0.55 lg/mL. After the
96-well plates were incubated at 37 �C for 4 d, the MICs were read.
The MIC of each compound was measured in triplicate and was de-
fined as the lowest concentration of drug resulting in a prominent
visible decrease in turbidity.
Acknowledgments

Support for this project was partially provided by CONRAD,
Eastern Virginia Medical School, under a Cooperative Agreement
with the United States Agency for International Development
(USAID) (HRN-A-00-98-00020-00). The views expressed by the
authors do not necessarily reflect the views of USAID, Eastern Vir-
ginia Medical School, and CONRAD. We thank the European Com-
munity–Research Infrastructure Action for the FP6 ‘Structuring
the European Research Area’ Programme Contract RII3-CT-2004-
506008 (HASYLAB project II-20052018 EC) and the Slovak Grant
Agency for Science (VEGA) for grant 1/0295/08. Support was also
provided by the Institute for Biomedical and Public Health Science
at Virginia Tech, and the Institute for Critical Technology and Ap-
plied Science at Virginia Tech. The authors also thank the guidance
and technical assistance of Ms. Myra D. Williams on growing target
microorganisms and measuring MICs. Ms. Williams was supported
by funds provided by Applied Microbiology and Genetics. Finally,
we thank the reviewers of this manuscript for several helpful com-
ments and suggestions.

References and notes

1. Balzarini, J.; Van Damme, L. Lancet 2007, 369, 787.
2. Doncel, G. F. Human Reprod. Update 2006, 12, 103.
3. Ketas, T. J.; Schader, S. M.; Zurita, J.; Teo, E.; Polonis, V.; Lu, M.; Klasse, P. J.;

Moore, J. P. Virology 2007, 364, 431.
4. Check, E. Nature 2007, 446, 12.
5. Krebs, F. C.; Miller, S. R.; Malamud, D.; Howett, M. K.; Wigdahl, B. Antiviral Res.

1999, 43, 157.
6. Gantlett, K. E.; Weber, J. N.; Sattentau, Q. J. Antiviral Res. 2007, 75, 188.
7. Klasse, P. J.; Shattock, R.; Moore, J. P. Annu. Rev. Med. 2008, 59, 455.
8. Merson, M. H.; O’Malley, J.; Serwadda, D.; Apisuk, C. Lancet 2008, 372, 475.
9. Sewankambo, N.; Gray, R. H.; Wawer, M. J.; Paxton, L.; McNairn, D.; Wabwire-

Mangen, F.; Serwadda, D.; Li, C. J.; Kiwanuka, N.; Hillier, S. L.; Rabe, L.; Gaydos,
C. A.; Quinn, T. C.; Konde-Lule, J. Lancet 1997, 350, 546.

10. Klasse, P. J.; Shattock, R. J.; Moore, J. P. PLoS Med. 2006, 3, 1501.



3168 R. V. Macri et al. / Bioorg. Med. Chem. 17 (2009) 3162–3168
11. D’Cruz, O. J.; Uckun, F. M. Curr. Pharm. Des. 2004, 10, 315.
12. Bélec, L.; Tevi-Benissan, C.; Bianchi, A.; Cotigny, S.; Beumont-Mauviel, M.; Si-

Mohamed, A.; Malkin, J. E. J. Antimicrob. Chemother. 2000, 46, 685.
13. Kelly, J. P.; Reynolds, R. B.; Stagno, S.; Louv, W. C.; Alexander, W. J. Antimicrob.

Agents Chemother. 1985, 27, 760.
14. Wyrick, P. B.; Knight, S. T.; Gerbig, D. G.; Raulston, J. E.; Davis, C. H.; Paul, T. R.;

Malamud, D. Antimicrob. Agents Chemother. 1997, 41, 1335.
15. Feldblum, P. J.; Adeiga, A.; Bakare, R.; Wevill, S.; Lendvay, A.; Obadaki, F.;

Olayemi, M. O.; Wang, L.; Nanda, K.; Rountree, W. PLoS ONE 2008, 3, e1474.
16. Peterson, L.; Nanda, K.; Opoku, B. K.; Ampofo, W. K.; Owusu-Amoako, M.;

Boakye, A. Y.; Rountree, W.; Troxler, A.; Dominik, R.; Roddy, R.; Dorflinger, L.
PLoS ONE 2007, 2, e1312.

17. Wymann, M. P.; Schneiter, R. Nat. Rev. Mol. Cell Biol. 2008, 9, 162.
18. Gohon, Y.; Popot, J.-L. Curr. Opin. Colloid Interface Sci. 2003, 8, 15.
19. Sugandhi, E. W.; Macri, R. V.; Williams, A. A.; Kite, B. L.; Slebodnick, C.;

Falkinham, J. O., III; Esker, A. R.; Gandour, R. D. J. Med. Chem. 2007, 1645.
20. Williams, A. A.; Day, B. S.; Kite, B. L.; McPherson, M. K.; Slebodnick, C.; Morris, J.

R.; Gandour, R. D. Chem. Commun. 2005, 5053.
21. Williams, A. A.; Sugandhi, E. W.; Macri, R. V.; Falkinham, J. O., III; Gandour, R. D.

J. Antimicrob. Chemother. 2007, 59, 451.
22. Cushman, M.; Golebiewski, W. M.; McMahon, J. B.; Buckheit, R. W., Jr.; Clanton,

D. J.; Weislow, O.; Haugwitz, R. D.; Bader, J. P.; Graham, L.; Rice, W. G. J. Med.
Chem. 1994, 37, 3040.

23. Cushman, M.; Golebiewski, W. M.; Pommier, Y.; Mazumder, A.; Reymen, D.; De
Clercq, E.; Graham, L.; Rice, W. G. J. Med. Chem. 1995, 38, 443.

24. Keyes, R. F.; Golebiewski, W. M.; Cushman, M. J. Med. Chem. 1996, 39, 508.
25. Cushman, M.; Golebiewski, W. M.; Graham, L.; Turpin, J. A.; Rice, W. G.; Fliakas-

Boltz, V.; Buckheit, R. W., Jr. J. Med. Chem. 1996, 39, 3217.
26. Cushman, M.; Insaf, S.; Paul, G.; Ruell, J. A.; De Clercq, E.; Schols, D.;

Pannecouque, C.; Witvrouw, M.; Schaeffer, C. A.; Turpin, J. A.; Williamson, K.;
Rice, W. G. J. Med. Chem. 1999, 42, 1767.

27. Casimiro-Garcia, A.; De Clercq, E.; Pannecouque, C.; Witvrouw, M.; Stup, T. L.;
Turpin, J. A.; Buckheit, R. W., Jr.; Cushman, M. Bioorg. Med. Chem. 2000, 8, 191.

28. Santhosh, K. C.; Paul, G. C.; De Clercq, E.; Pannecouque, C.; Witvrouw, M.;
Loftus, T. L.; Turpin, J. A.; Buckheit, R. W., Jr.; Cushman, M. J. Med. Chem. 2001,
44, 703.

29. Sacks, S. L.; Thisted, R. A.; Jones, T. M.; Barbarash, R. A.; Mikolich, D. J.; Ruoff, G.
E.; Jorizzo, J. L.; Gunnill, L. B.; Katz, D. H.; Khalil, M. H.; Morrow, P. R.; Yakatan,
G. J.; Pope, L. E.; Berg, J. E. J. Am. Acad. Dermatol. 2001, 45, 222.

30. Marcelletti, J. F.; Lusso, P.; Katz, D. H. AIDS Res. Human Retrovir. 1996, 12, 71.
31. Leydet, A.; Barthelemy, P.; Boyer, B.; Lamaty, G.; Roque, J. P.; Bousseau, A.;

Evers, M.; Henin, Y.; Snoeck, R.; Ikeda, S.; Reymen, D.; De Clercq, E. J. Med.
Chem. 1995, 38, 2433.

32. Leydet, A.; El Hachemi, H.; Boyer, B.; Lamaty, G.; Roque, J. P.; Schols, D.; Snoeck,
R.; Andrei, G.; Ikeda, S.; Neyts, J.; Reymen, D.; Este, J.; Witvrouw, M.; De Clercq,
E. J. Med. Chem. 1996, 39, 1626.

33. Leydet, A.; Barthelemy, P.; Boyer, B.; Lamaty, G.; Roque, J.-P. Bioorg. Med. Chem.
Lett. 1996, 6, 397.
34. Leydet, A.; Barragan, V.; Boyer, B.; Montero, J. L.; Roque, J. P.; Witvrouw, M.;
Este, J.; Snoeck, R.; Andrei, G.; De Clercq, E. J. Med. Chem. 1997, 40, 342.

35. Leydet, A.; Jeantet-Segonds, C.; Bouchitte, C.; Moullet, C.; Boyer, B.; Roque, J. P.;
Witvrouw, M.; Este, J.; Snoeck, R.; Andrei, G.; De Clercq, E. J. Med. Chem. 1997,
40, 350.

36. Leydet, A.; Moullet, C.; Roque, J. P.; Witvrouw, M.; Pannecouque, C.; Andrei,
G.; Snoeck, R.; Neyts, J.; Schols, D.; De Clercq, E. J. Med. Chem. 1998, 41,
4927.

37. Vieira, O. V.; Hartmann, D. O.; Cardoso, C. M. P.; Oberdoerfer, D.; Baptista, M.;
Santos, M. A. S.; Almeida, L.; Ramalho-Santos, J. o.; Vaz, W. L. C. PLoS ONE 2008,
3, e2913.

38. Lichtenberg, D. Biochim. Biophys. Acta 1985, 821, 470.
39. Dennis, E. A. Adv. Coll. Interface Sci. 1986, 26, 155.
40. Kaneko, D.; Olsson, U.; Sakamoto, K. Langmuir 2002, 18, 4699.
41. Bashura, A. G.; Klimenko, O. I.; Nurimbetov, K. N.; Gladukh, E. V. Farmatsevt. Zh.

(Kiev) 1989, 57.
42. Shinoda, K. J. Phys. Chem. 1956, 60, 1439.
43. Caillouette, J. C.; Sharp, J. C. F.; Zimmerman, G. J.; Roy, S. Am. J. Obstet. Gynecol.

1997, 176, 1270.
44. Tevi-Bénissan, C.; Bélec, L.; Lévy, M.; Schneider-Fauveau, V.; Si Mohamed, A.;

Hallouin, M.; Matta, M.; Grésenguet, G. Clin. Diagn. Lab. Immunol. 1997, 4,
367.

45. Aguiar, J.; Carpena, P.; Molina-Bolívar, J. A.; Carnero Ruiz, C. J. Colloid Interface
Sci. 2003, 258, 116.

46. Rahman, A.; Brown, C. W. J. Appl. Polym. Sci. 1983, 28, 1331.
47. Klevens, H. M.; Raison, M. The Effect of pH on Micelle Formation: International

Congress of Surface Activity, Paris, France, 1954; Vol. 1, p 66.
48. Marvin Sketch 5.0.0. pKa, logP, and logD calculator, ChemAxon, http://

intro.bio.umb.edu/111-112/OLLM/111F98/newclogp.html, accessed
September 1, 2008.

49. Wang, Y.; Cardona, C. M.; Kaifer, A. E. J. Am. Chem. Soc. 1999, 121, 9756.
50. Zhang, H.; Dubin, P. L.; Kaplan, J.; Moorefield, C. N.; Newkome, G. R. J. Phys.

Chem. B 1997, 101, 3494.
51. Philpott, S. M. Curr. HIV Res. 2003, 1, 217.
52. Shattock, R. J.; Haynes, B. F.; Pulendran, B.; Flores, J.; Esparza, J. PLoS Med. 2008,

5, e81.
53. Fichorova, R. N.; Bajpai, M.; Chandra, N.; Hsiu, J. G.; Spangler, M.; Ratnam, V.;

Doncel, G. F. Biol. Reprod. 2004, 71, 761.
54. Hillier, S. L.; Moench, T.; Shattock, R.; Black, R.; Reichelderfer, P.; Veronese, F. J.

Acquir. Immune Defic. Syndr. 2005, 39, 1.
55. Van Damme, L.; Ramjee, G.; Alary, M.; Vuylsteke, B.; Chandeying, V.; Rees, H.;

Sirivongrangson, P.; Mukenge-Tshibaka, L.; Ettiegne-Traore, V.; Uaheowitchai,
C.; Karim, S. S.; Masse, B.; Perriens, J.; Laga, M. Lancet 2002, 360, 971.

56. Miller, R. D.; Brown, K. E.; Morse, S. A. Infect. Immun. 1977, 17, 303.
57. Karlovská, J.; Williams, A. A.; Macri, R. V.; Gandour, R. D.; Funari, S. S.;
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