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O
pportunistic fungal infections are
a major problem for public
health. The increased number of

immunocompromised patients associated

with the advent of AIDS, with the increase

in the frequency of solid organ and hemato-

poietic stem cell transplants and with more

aggressive chemotherapy has led to a dra-

matic rise in the incidence of systemic my-

coses. Amphotericin B (AMB) is considered

the first-line therapy for systemic fungal in-

fections because of its broad-spectrum anti-

fungal activity. For over 50 years, AMB deox-

ycholate (AMBD), the conventional colloidal

dispersion formulation known as Fungi-

zone, has been the treatment of choice for

these infections, despite its association with

significantly high adverse effects,1,2 notably

severe nephrotoxicity.3 One reason for this

toxicity is the formation of aggregates as a

result of its low water solubility.4

Improved treatment options for inva-

sive fungal infections have been devel-

oped during the last 15 years. These in-

volve both new antifungal agents, such as

triazoles and the echinocandins, and less

toxic lipid formulations of AMB, which have

been added to the arsenal available against

fungal infections. Some of the new drugs

can now replace AMBD as primary therapy,

for example, caspofungin for candidiasis5

and voriconazole for aspergillosis,6�10 while

others offer therapeutic options for difficult-

to-treat infections, such as posaconazole

for zygomycosis,11�13 fusariosis14,15 and

chromoblastomycosis.16 However, the ex-

tensive use of the newer antifungal agents,

such as fluconazole, while decreasing the

mortality attributed to candidiasis, is result-

ing in the selection of drug-resistant

strains.17,18

As for AMB, in the last 10�15 years,
new formulations have been developed
that incorporate the drug into small unila-
mellar liposome carriers (AmBisome) to
overcome its toxic effects.19,20 We have re-
cently exploited the conjugation of AMB to
carbon nanotubes (CNTs), to improve its
solubility and decrease its toxic effects, also
benefiting the antifungal activity.21 Investi-
gations on the potential of CNTs for bio-
medical applications are rapidly expanding,
since functionalized CNTs were found to
be biocompatible and nontoxic at the cellu-
lar level.22�26 In particular, the use of CNTs
as carriers for biologically active molecules
holds great promises,27,28 both as an innova-
tive drug delivery system29,30 and for engi-
neering new carriers for genes or siRNAs.31,32
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ABSTRACT Amphotericin B (AMB) has long been considered the most effective drug in the treatment of

serious invasive fungal infections. There are, however, major limitations to its use, due to several adverse effects,

including acute infusional reactions and, most relevant, a dose-dependent nephrotoxicity. At least some of these

effects are attributed to the aggregation of AMB as a result of its poor water solubility. To overcome this problem,

reformulated versions of the drug have been developed, including a micellar dispersion of AMB with sodium

deoxycholate (AMBD), its encapsulation into liposomes, or its incorporation into lipidic complexes. The

development of nanobiotechnologies provides novel potential drug delivery systems that make use of

nanomaterials such as functionalized carbon nanotubes (f-CNTs), which are emerging as an innovative and

efficient tool for the transport and cellular translocation of therapeutic molecules. In this study, we prepared

two conjugates between f-CNTs and AMB. The antifungal activity of these conjugates was tested against a

collection of reference and clinical fungal strains, in comparison to that of AMB alone or AMBD. Measured minimum

inhibition concentration (MIC) values for f-CNT�AMB conjugates were either comparable to or better than those

displayed by AMB and AMBD. Furthermore, AMBD-resistant Candida strains were found to be susceptible to f-

CNT�AMB 1. Additional studies, aimed at understanding the mechanism of action of the conjugates, suggest a

nonlytic mechanism, since the compounds show a major permeabilizing effect on the tested fungal strains only

after extended incubation. Interestingly, the f-CNT�AMB 1 does not show any significant toxic effect on Jurkat

cells at antifungal concentrations.

KEYWORDS: carbon nanotubes · functionalized carbon nanotubes · amphotericin
B · antifungal activity · Candida spp. · cytotoxicity
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In addition, the modulation of molecular functions is

another emerging domain in which f-CNTs might find

potential use.33 In the field of antimicrobial applications,

CNTs have been investigated as supports to induce

pathogen aggregation following an appropriate func-

tionalization with sugar-based ligands recognized by

receptors on the surface of the microorganisms.34�37

This approach is particularly interesting for the design

of new tools for biodefense purposes based on selec-

tive interaction of the nanoscale conjugates with tar-

geted pathogens. Alternatively, the conjugation of anti-

microbials, such as AMB, to CNTs could lead to several

advantages: (i) increased solubility of the molecule,

thereby avoiding aggregation, (ii) a more favorable se-

lectivity for target versus host cells, leading to an im-

proved therapeutic index, and (iii) improved efficacy,

due to a clustering effect and/or to better cellular inter-

nalization capacity of the CNTs.

In this study, we have tested the antifungal activity

of CNT�AMB-conjugates against a number of fungal

reference strains and clinical isolates and compared it

to that of AMB alone or AMBD. A relevant outcome of

this screening is the fact that f-CNT�AMB 1 is active

against Candida strains that are highly resistant to AMB

and AMBD. In addition, the effect of f-CNT�AMB 1
and of AMB on the trans-membrane potential and

membrane integrity of selected C. neoformans and C. al-

bicans strains were compared with the aim of identify-

ing possible differences in the mechanism of action.

Finally, we have evaluated the cytotoxicity of the conju-

gate, used at antifungal concentrations, toward Jurkat

cells, a human T-cell leukemia cell line.

RESULTS AND DISCUSSION
Design and Synthesis of f-CNT�AMB Conjugates. Following

our previous work on the conjugation of AMB to car-

bon nanotubes,21 we expanded the panel of the conju-

gates and explored the activity of AMB linked to both

single- and multiwalled nanotubes (SWNTs and MWNTs,

respectively). Similarly to that reported by Wu et al.,21

we prepared an AMB derivative on multiwalled carbon

nanotubes (f-CNT�AMB 1) (Figure 1). In addition, we

used single-walled carbon nanotubes to prepare a sec-

ond AMB conjugate (f-CNT�AMB 2), in which the dis-

Figure 1. Structure of the CNT conjugates used in this study. The molecular structure of AMB reported in the paper of Wu
et al. (ref 21) was inadvertently drawn incorrectly. Here we report the correct structure.
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persibility of CNTs was improved by inserting polyethyl-

ene glycol chains. The conjugates 1 and 2 contained,

respectively, 25% and 10% of AMB by weight. f-CNTs

devoid of AMB were used as a control.

Antifungal Activity of the f-CNT�AMB Conjugates. The anti-

fungal activity of the two f-CNT�AMB conjugates and

of their respective controls (structures shown in Figure

1) was first evaluated against 10 strains of Candida spp.

(8 clinical isolates and 2 ATCC reference strains) and 4

strains of C. neoformans (1 clinical isolate and 3 ATCC

reference strains). The activity was compared to that of

AMB alone and of AMBD, the colloidal dispersion for-

mulation in clinical use (Table 1). Antifungal susceptibil-

ity testing was then extended to other fungal species

by including Pichia, Rhodotorula, and Saccharomyces

strains. Several of the tested strains were resistant to

commonly used antifungal drugs including AMB, itra-

conazole, and fluconazole, as indicated in Table 1.

The f-CNT�AMB 1 and 2 conjugates were both

found to display a broad-spectrum antifungal activity,

although with a variable potency against the strains

tested. f-CNT�AMB 1 globally displayed the most po-

tent and broad-spectrum activity, with MIC values lower

than 10 �g/mL against most of the microorganisms

tested. The only exception was the C. famata SA550

strain, which showed a MIC value of 20 �g/mL. The sec-
ond conjugate (f-CNT�AMB 2) exhibited a reasonably
good antifungal activity with MIC values ranging from
5 to 20 �g/mL for most of the tested strains. Interest-
ingly, the two acapsular strains of C. neoformans are
from 2 to 8 fold more susceptible to the conjugates
than the parental capsulated strain, indicating that the
polysaccharidic capsule likely constitutes an effective
barrier for the drug. A similarly increased susceptibility
of the acapsular strain versus the capsulated strain is
also shown by AMB and AMBD (Table 1). No antifungal
activity (MIC �80 �g/mL) was shown by the functional-
ized CNTs (f-CNT 1 and 2) devoid of AMB, which were
used as a control (data not shown). The activity of the
conjugates is thus not ascribable to a direct action of
the f-CNTs. In addition, the antifungal activity shown by
f-CNT�AMB 1 against some drug-resistant strains sug-
gests that the conjugation of AMB to MWNTs favors in
some way the activity of this antifungal drug. The ma-
jority of the AMB-resistant strains characterized so far
have quantitative or qualitative alterations in the sterol
composition of their cell membranes;38 it is thus likely
that the AMB conjugated to the nanotubes favors inter-
action with residual membrane sterols, in addition to
having an improved solubility.

Taking into account that the AMB content by weight
in the two conjugates is 25% and 10% for f-CNT�AMB
1 and 2, respectively, it is clearly evident that the conju-
gates are in general significantly more active than AMB
and somewhat more active than AMBD (Table 1). In par-
ticular, f-CNT�AMB 2 displays MIC values that are fre-
quently better than those of AMB alone and compa-
rable to those of AMBD, with the notable exception of
C. lusitaniae, C. guillermondii, C. famata, Rhodotorula,
and Pichia strains (Table 1). The lower activity of
f-CNT�AMB 2 against these strains has no explanation
at present, although it may depend on a lower drug
density on the surface of the f-CNTs. The highest activ-
ity is displayed by f-CNT�AMB 1, which shows MIC val-
ues that are generally better than those of AMBD. Of
note is the potent activity of this conjugate against
strains resistant to both AMB and AMBD, such as C. albi-
cans ATCC 90029 and L21, and C. famata SA550 (Table
1).

Killing Kinetics of Fungal Strains by f-CNT�AMB Conjugates.
The antifungal activity of f-CNT�AMB 1 and 2 was fur-
ther investigated by analyzing their killing kinetics
against two representative clinical isolates: C. neofor-
mans L1 and C. albicans L21. The latter strain was not
tested with the f-CNT�AMB 2 and with AMBD as it was
resistant to these compounds (MIC �80 �g/mL). The
f-CNT�AMB 2 did not cause any decrease in the num-
ber of viable C. neoformans cells when added at its MIC
value, and caused a reduction of over 90% only at a con-
centration 4 times the MIC at 4 h incubation (Figure
2A). The f-CNT�AMB 1 conjugate did not cause any
cell viability reduction at 2 times its MIC value (2.5 �g/

TABLE 1. Antifungal Activity of f-CNT�AMB Conjugates
Compared to AMB and AMBD

minimum inhibitory concentration (MIC)a (�g/mL)

fungal strain f-CNT�AMB 1 f-CNT�AMB 2 AMB AMBDb

C. neoformans ATCC 90112 2.5 (0.6) 10 (1) 5 1.25
C. neoformans ATCC 52816c 1.25 (0.3) 5 (0.5) 1.25 0.3
C. neoformans ATCC 52817c 0.3 (0.075) 2.5 (0.25) 0.3 0.3
C. neoformans L1 1.25 (0.3) 10 (1) 1.25 0.6
C. albicans ATCC 90029 10 (2.5) �80 (�8) �80 �80
C. albicans L21d 10 (2.5) �80 (�8) �80 �80
C. parapsilosis ATCC 90118 2.5 (0.6) 10 (1) 5 1.25
C. parapsilosis L51 2.5 (0.6) 20 (2) 5 1.25
C. dubliniensis L70 2.5 (0.6) 20 (2) 1.25 1.25
C. tropicalis L42 1.25 (0.3) 20 (2) 2.5 0.6
C. lusitaniae 1557VC2 2.5 (0.6) 80 (8) 2.5 1.25
C.guillermondii EMAT S 2.5 (0.6) 80 (8) 2.5 0.6
C. famata M100d,e 2.5 (0.6) �80 (�8) 10 1.25
C. famata SA550d,f 20 (5) �80 (�8) �80 �80
R. rubra L8 1.25 (0.3) 80 (8) 2.5 0.6
R. rubra ROMA 2.5 (0.6) �80 (�8) 10 1.25
P. etchelsii L40 2.5 (0.6) �80 (�8) 5 1.25
P. etchelsii L41 2.5 (0.6) �80 (�8) 5 1.25
S. cerevisiae 1557VC1 2.5 (0.6) 10 (1) 5 1.25

aThe MIC corresponds to the lowest concentration of compound that inhibited vis-
ible growth of fungal cells. Results given are mean values of at least two indepen-
dent determinations performed in duplicate. In this table, the MIC values for
f-CNT�AMB 1 and 2 refer to the total weight of conjugate (respective AMB con-
tent of 25% and 10% by weight). Data in brackets are the MIC values normalized
with respect to AMB content. bAMBD: AMB deoxycholate. cAcapsular mutants.
dResistant to amphotericin B. eResistant to itraconazole. fSusceptible-dose depend-
ent to itraconazole and fluconazole Susceptibility of these selected strains to AMB
was also determined using the Etest (AB Biodisk, Solna, Sweden) according to the
manufacturer’s instructions. Interpretive breakpoints were reported in ref 41.
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mL), while over 99.99% of the cells were killed at 8

times the MIC at 4 h incubation (Figure 2A). The killing

of C. albicans by f-CNT�AMB 1 required a concentration

higher than that necessary to inactivate C. neoformans

(Figure 2B). However, a reduction in viable cells of 90%

and 99.9% was respectively obtained at concentrations

of 2 times (20 �g/mL) and 8 times (80 �g/mL) the MIC

value, after 3 h incubation. The time required for the

fungicidal activity of AMB is species- and concentration-

dependent. However, in all cases, to observe a signifi-

cant fungicidal activity it was necessary to use a drug

concentration higher than that corresponding to the
MIC value, as already reported for AMBD.39 Despite the
differences in the killing kinetics displayed by the CNT
conjugates tested, it is interesting to note that
f-CNT�AMB 1 inactivates C. neoformans cells more rap-
idly and effectively than AMB and f-CNT�AMB 2, when
the compounds are compared at the same amount of
drug (Figure 2C). Under these conditions, AMBD
showed more rapid killing kinetics than f-CNT�AMB 1,
even though, from 3 h on, the final killing capacity was
comparable (Figure 2C). Finally, it is worth noting that
the CNT conjugates are dissolved in water, while for
AMB the presence of an organic solvent is necessary,
as reported in previous studies.39,40

Effects of the f-CNT�AMB Conjugates on Fungal Membrane
Potential. In an attempt to understand the mechanism
by which the f-CNT�AMB conjugates inactivate C. neo-
formans and C. albicans cells, the effect of the most ac-
tive compound f-CNT�AMB 1 on the transmembrane
potential of these fungi was evaluated by flow cytome-
try. Cell membrane depolarization was assessed by the
addition of bis-(1,3-dibutylbarbituric acid)trimethine ox-
onol [DiBAC4(3)]. This probe preferentially enters and
fluorescently labels the cells whose membrane poten-
tial has collapsed. In the absence of treatment (Figure
3), the large majority of the cells was undamaged (filled
bar charts) and showed mean fluorescence intensities
(MFI) of 6.4 � 1.1 and 12.4 � 4.6, respectively, for C. neo-
formans and C. albicans. This indicates that most of the
fungal cells maintained a normal transmembrane po-
tential, with only a low percentage showing a depolar-
ized membrane (empty bar charts; 9.7 � 3.3% and 16.6
� 2% for C. neoformans and C. albicans, respectively).
After 2�4 h incubation with 10 �g/mL of f-CNT 1 and
f-CNT�AMB 1, the percentage of depolarized C. neofor-
mans cells did not increase significantly with respect
to the untreated control (data not shown). Overnight
treatment (16 h) of the cells with the unconjugated con-
trol f-CNT 1 induced only a slight increase in the per-
centage of depolarized cells with respect to untreated
cells (13.3 � 6.9% and 21.7 � 3.9% for C. neoformans
and C. albicans, respectively), which is not statistically
significant (Figure 3). In contrast, the percentage of de-
polarized, highly fluorescent cells (MFI � 139.4 � 43.8)
remarkably increased to 92.7 � 0.4% (Figure 3A) after
incubation with 10 �g/mL of f-CNT�AMB 1. These re-
sults indicate that the functionalized nanotubes alone
do not cause a significant depolarization of the fungal
cells, while conjugation with AMB induces an almost
complete depolarization of C. neoformans cells, al-
though with a slow kinetics, which may indicate this as
a secondary effect. Overnight exposure to unconju-
gated AMB induced depolarization of the fungal cells
(MFI � 81.3 � 10.3), but only half of the population (ap-
proximately 47%) was strongly depolarized (MFI �

298.3 � 65.2), while the remaining cells were less af-
fected (Figure 3A). The reason for the bimodal depolar-

Figure 2. Killing kinetics of f-CNT�AMB 1 and 2 against C.
neoformans L1 (A and C) and C. albicans L21 (B). In panel C,
the f-CNT�AMB conjugates were added at an amount that
allowed reaching a final concentration of conjugated AMB of
3 �g/mL, equal to that of AMB or AMBD alone. Fungal cells
were incubated in RPMI-1640 medium, and at the indicated
times survivors were serially diluted in PBS and plated to al-
low colony counts. Results are mean values � standard de-
viation (SD) of at least four independent determinations.
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ization pattern of AMB-treated cells is yet unknown, al-

though it could be ascribed to the presence of a

mixture of water-soluble monomers of AMB and of oli-

gomers that form insoluble aggregates.20 Similarly to C.

neoformans, the fluorescence intensity of C. albicans af-

ter 16 h incubation with f-CNT�AMB 1 (Figure 3B) was

strongly shifted with respect to untreated cells (MFI �

229.9 � 52.4 vs 12.4 � 4.6 for untreated cells), revealing

again a remarkable depolarization of the cellular popu-

lation (72.4 � 9% of highly fluorescent cells). In contrast,

treatment with AMB alone did not cause a statistically

significant depolarization (MFI � 12.6 � 5.4), in agree-

ment with the AMB-resistant phenotype of this strain.

Although the interaction of AMB with the sterols

present at the plasma membrane level is considered

the first step of its mechanism of action,38 a depolariz-

ing effect is detectable only after overnight treatment,

indicating that the initial alterations of membrane per-

meability caused by AMB do not induce a notable varia-

tion of its membrane potential.

Effect of the f-CNT�AMB Conjugates on the Membrane
Integrity. The slow depolarizing effect revealed by the

DiBAC4(3) probe suggests that the f-CNT�AMB conju-

gates do not rapidly permeabilize the fungal mem-

branes. To evaluate the kinetics of a putative mem-

brane damage caused by the conjugates, untreated

and treated cells were incubated with propidium io-

dide (PI), a well-known fluorescent probe used to evalu-

ate membrane integrity. Treatment of C. neoformans

for 4 h with 10 �g/mL of f-CNT�AMB 1 did not induce

any significant membrane permeabilization with only

7% of PI-positive cells, a value comparable to the con-

trol (data not shown). Lengthening the incubation time

up to 16 h increased PI-positive cells to 40%. A compa-

rable result was obtained after treatment of C. neofor-

mans with 10 �g/mL of AMB for 16 h (Figure 4A). A re-

markably higher permeabilizing effect was observed

after treatment of C. albicans with 10 �g/mL of

f-CNT�AMB 1 for 16 h, with 80% of PI-positive cells vs

7% and 5% for, respectively, the untreated control and

unconjugated f-CNT. In contrast, after incubation with

AMB, the percentage of PI positive cells was not statis-

tically different from that of untreated or f-CNT

1-treated cells (Figure 4B). This is an expected result, as

the strain tested is AMB-resistant, as indicated by its

MIC value (see Table 1). Altogether, these results sug-

Figure 3. Dual-parameter dot plot of the side scatter intensity (SS) versus DiBAC4(3) fluorescence intensity (FL1) and bar
charts of the percentage of undamaged or depolarized cells after 16 h incubation of C. neoformans L1 (panel A) and C. albi-
cans L21 (panel B) with f-CNT 1, f-CNT�AMB 1, and AMB alone. f-CNT�AMB 1, f-CNT 1, and AMB were used at 10 �g/mL.
Filled and empty bar charts respectively represent undamaged and depolarized cells. Results are mean values � SD of at least
four independent determinations. The scale of the SS and FL1 axes in the dot plots is logarithmic: (���) p � 0.001 vs con-
trol and f-CNT 1 groups, (�) p � 0.05 vs AMB group; (§§§) p � 0.001 vs control, f-CNT 1, and AMB groups
(Student�Newman�Keuls Multiple Comparisons Test, ANOVA).
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gest that the f-CNT�AMB conjugates do not affect

yeast cells by damaging their membranes due to the

presence of the CNT, as indicated by the fact that un-

conjugated f-CNTs are inactive. Moreover, compounds

that act via membrane permeabilization, such as some

lytic antimicrobial peptides,41 have kinetics of PI-uptake

much faster than that here reported. The longer time

exposure necessary for observing evident depolarizing

and permeabilizing effects (Figures 3 and 4) compared

to the incubation time required for the fungicidal activ-

ity (see Figure 2), suggests that the effects of

f-CNT�AMB on the fungal plasma membranes are a

consequence rather than a cause of cell death.

It is known that interaction of AMB with sterols, in

particular with ergosterol present in the fungal plasma

membrane, induces the formation of transmembrane

pores or channels that are made of eight drug mol-

ecules linked to form a barrel stave-like structure with

an internal hydrophilic channel of approximately 8 Å di-

ameter.38 The AMB pores alter the membrane perme-

ability, causing leakage of K� and of other vital cytoplas-

mic components and entry of hydrogen ions. These

effects may lead to membrane disruption and possible

fungal cell death.38 This is the most widely accepted

model for the mechanism of action of AMB, although

not the only one. In fact, several studies have shown

that killing of fungal cells can be a consequence of

AMB-induced oxidative stress. It is thus possible that

the effect of f-CNT�AMB 1 on fungal cells is not medi-

ated by pore formation but by a different mechanism

such as, for instance, oxidative damage.42 Further stud-

ies are necessary to clarify this hypothesis.

Cytotoxic Effects of f-CNT�AMB Conjugates on the Jurkat
Human Cell Line. Considering the improved activity of

AMB against fungal cells as a result of its conjugation

to CNTs, we investigated whether this was paralleled by

an increased toxicity toward mammalian cells. The Jur-

kat cell line, derived from a human T-cell leukemia, was

used as a model for circulating cells. The cells were in-

cubated up to 16 h with f-CNT�AMB 1 or with AMB,

both at a concentration of 10 �g/mL, and then ana-

lyzed by flow cytometry following double staining with

PI and 3,3’-dihexylocarbocyanide iodide (DiOC6). The

former fluorescent probe detects plasma membrane
damage, while the latter is a cationic, lipophilic dye that
selectively stains mitochondria and whose fluores-
cence emission decreases when the mitochondrial in-
ner membrane potential collapses. PI is used to dis-
criminate necrotic and late apoptotic cells, which have
lost plasma membrane integrity and then its barrier
properties, from early apoptotic cells that still have an
intact membrane but show a decreased DiOC6 fluores-
cence. The results reported in Figure 5 show that AMB

Figure 4. Percentage of PI-positive (permeabilized) cells af-
ter incubation of C. neoformans L1 (panel A) and C. albicans
L21 (panel B) for 16 h with 10 �g/mL of f-CNT 1, f-CNT�AMB
1, or AMB alone. Results are mean values � SD of at least
four independent determinations. (���) p � 0.001 vs con-
trol and f-CNT 1 groups; (§§§) p � 0.001 vs control and AMB
groups (Student�Newman�Keuls Multiple Comparisons
Test, ANOVA).

Figure 5. Percentage of apoptotic (A) and/or necrotic (B) Ju-
rkat cells after treatment with 10 �g/mL of f-CNT�AMB 1 or
AMB. After incubation for 16 h at 37 °C, the cells were stained
with DiOC6 (A) and PI (B) and analyzed by flow cytometry.
CCCP was used as a positive control for collapse of mito-
chondrial transmembrane potential. Results are mean val-
ues � SD of at least four independent determinations. (���)
p � 0.001 vs control, f-CNT�AMB 1, and CCCP treatment
groups (Student�Newman�Keuls Multiple Comparisons
Test, ANOVA).
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alone at 10 �g/mL induces apoptosis in over 40% of
the Jurkat cell population, with approximately 20% of
the cells that are necrotic/late apoptotic. Treatment of
cells with the same amount of AMB conjugated to CNTs
(compound f-CNT�AMB 1) results in 7.2 � 1.2% of ap-
optotic cells and 6.0 � 2.3% of necrotic cells, a level
comparable and not statistically different from that of
control cells (3.2 � 1.4% and 4.3 � 3.65% of apoptotic
and necrotic cells, respectively). Figure 5 also shows the
effect of carbonyl cyanide 3-chlorophenylhydrazone
(CCCP), a selective mitochondrial depolarizing agent
used as positive control, which induces depolarization
in 99.6 � 0.28% of the cell population, while leaving the
percentage of necrotic cells at a level (4.74 � 1.37) not
significantly different from that of the control. It is im-
portant to note that f-CNT�AMB 1 does not show any
significant toxic effect in vitro on Jurkat mammalian
cells at antifungal concentrations. This has been already
observed by using AMB conjugated to carbon nano-
tubes at a concentration up to 10 �g mass of drug
linked to the nanotubes.21

It has been reported that the various aggregation
forms of AMB interact with the sterols present in the
membranes in different ways. In fact, AMB induces leak-
age of K� through the mammalian cholesterol-
containing membranes only beyond a certain concen-
tration threshold, which corresponds to the formation
of self-associated AMB (oligomers). Conversely, the tox-
icity for the ergosterol-containing membranes, a char-
acteristic feature of fungal cells, is due to the mono-
meric form of AMB.20 The conjugation of the drug with
CNTs might thus prevent its aggregation and then de-
crease its toxicity toward mammalian cells, while main-
taining it in a monomeric form that favors the antifun-
gal activity.

CONCLUSIONS
Functionalized carbon nanotubes are emerging as

a new material for biomedical applications.43 In this con-
text, we previously demonstrated the potential of f-CNT
technology in the field of antimicrobial therapy21 by
showing that conjugation of AMB to f-CNTs decreased
the cytotoxic effects of the drug against mammalian
cells, while preserving its high antifungal activity. In the
present work, we have expanded those investigations
by exploring new CNT�AMB conjugates and by testing
their activity against numerous fungal species, includ-
ing drug-resistant strains. Both single- and multiwalled
carbon nanotubes were modified with AMB. The conju-
gates displayed good water solubility. In particular,

f-CNT�AMB 1, which is based on MWNTs, was more
soluble than f-CNT�AMB 2, for which SWNTs were
used. This is not surprising, as it is known that SWNTs
are more difficult to disperse and maintain them indi-
vidualized under physiological conditions.44 In addition,
the type and degree of functionalization of the two con-
jugates here investigated certainly play a key role in de-
termining the solubility properties. This behavior has
also an impact on the antifungal activity. Indeed, the
multiwalled compound f-CNT�AMB 1 is overall more
active than the SWNT conjugate, also when compared
by AMB content.

Interestingly, we found that f-CNT�AMB 1 also ex-
erts a significant activity against strains that are AMB-
resistant, as indicated by the efficacy of this compound
against C. albicans L21 and ATCC 90029, and C. famata
M100 and SA550 (Table 1), making this conjugate a very
promising hit for future development. The reason why
this compound is active against drug-resistant strains,
at variance with AMB, AMBD, and f-CNT�AMB 2, is not
known. A hypothesis that could explain this behavior is
the multivalence effect that is obtained when a high
number of molecules of an active species, in this case
AMB, is conjugated to the surface of single nanostruc-
tures such as functionalized CNTs. In the case of
f-CNT�AMB 1, in which the total drug load is 25% by
weight, this could lead to an improved binding affinity
to the drug target on the fungal surface, thereby over-
coming the resistant phenotype that is frequently due
to quantitative or qualitative alterations in the sterol
composition of the membrane,38,45,46 such as to a de-
creased presence of ergosterol, substituted by precur-
sor compounds that show a lower affinity for AMB.47

In the literature, there are several formulations
based on nanoparticles that modulate the activity of
AMB.48 Chemical conjugation was exploited mainly on
polymeric materials rather than on organic or inorganic
nanoparticles or on different nano-objects. We believe
that our approach, based on CNTs, represents a promis-
ing alternative to improve the pharmacological profile
of AMB and can be extended to other antimicrobial
agents for the treatment of infectious diseases.

In addition, the conjugates here reported display a
much reduced toxicity in vitro against mammalian cells
with respect to AMB, adding further value to our ap-
proach. This observation is in line with others showing
that properly functionalized CNTs have no obvious tox-
icity in vitro and in vivo in animal models,21,44,49�52 in
contrast to nonfunctionalized nanotubes that are toxic
to cells and animals.53�56

METHODS
Chemicals and Carbon Nanotubes. All reagents were obtained

from commercial suppliers and used without further purifica-
tion. SWNTs were purchased from Carbon Nanotechnology Inc.
(Houston, USA) and were CNI grade (Lot No. R0496). Purified

MWNTs were purchased from Nanostructured & Amorphous Ma-
terials Inc. (Houston, USA) and were 95% pure (stock no.
1240XH). Their outer average diameter was between 20 and 30
nm and their length was between 0.5 and 2 �m. AMB and AMBD
(a colloidal dispersion of AMB and sodium deoxycholate) were
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purchased from Sigma-Aldrich. AMB was freshly dissolved in
10% (v/v) of DMSO and AMBD was dissolved in Milli-Q water.
The final concentration of DMSO in the antifungal assays never
exceeded 0.2% (v/v).

Preparation of f-CNT�AMB Conjugates. The MWNTs and the SWNTs
were functionalized by slightly modifying a previously described
procedure21,44 to obtain f-CNT 1 and f-CNT 2, respectively (Fig-
ure 1) (see Supporting Information for experimental details).
These two precursors were then reacted as reported by Wu
et al.21 with a solution of Fmoc�AMB�OH to obtain the respec-
tive conjugates f-CNT�AMB 1 and f-CNT�AMB 2 (Figure 1). The
two derivatives differ by the type of nanotube support (MWNTs
and SWNTs, respectively, for f-CNT 1 and f-CNT 2), the length of
the PEG chain linking AMB to the CNTs, and the degree of sub-
stitution with the drug. The conjugate 1 has a TEG linker and an
AMB content of 25% by weight. The conjugate 2 contains a
PEG linker, with a repeat of 33 monomers of oxyethylene, and
an AMB content of 10% by weight. In addition, f-CNT�AMB 1
contains acetylated TEG groups to increase water solubility (2%
by weight). Both CNT conjugates were dissolved in Milli-Q water
and stored at �20 °C. The compounds were characterized by
transmission electron microscopy (TEM) performed on a Hitachi
H600 microscope, working at different accelerating voltage and
magnification.

Fungal Strains and Growth Conditions. Several different clinical iso-
lates and ATCC reference fungal strains were used in this study.
The former included Candida spp., Cryptococcus neoformans,
Rhodotorula rubra, Saccharomyces cerevisiae, and Pichia etchellsii,
and were mostly collected from immuno-compromised pa-
tients. The latter comprised the capsulated ATCC 90112 strain
of Cryptococcus neoformans as well as the acapsular mutants
ATCC 52816 and ATCC 52817, Candida albicans ATCC 90029, and
Candida parapsilosis ATCC 90018. Fungi were grown on Sab-
ouraud agar plates at 30 °C for 48 h. Inocula were prepared by
picking and suspending five colonies in 5 mL of sterile buffered
saline solution containing 10 mM sodium phosphate and 145
mM NaCl, pH 7.4 (phosphate-buffered saline, PBS). The turbidity
of the fungal suspensions was measured at 600 nm and was ad-
justed to obtain the appropriate inoculum according to previ-
ously derived curves relating the number of colony forming units
(CFUs) with absorbance.

Antifungal Activity. The antifungal activity of f-CNT�AMB con-
jugates, their controls devoid of AMB, AMB alone, and AMBD
(see Table 1) was evaluated by the broth microdilution suscepti-
bility test performed according to the guidelines of the Clinical
and Laboratory Standards Institute (CLSI), formerly National
Committee for Clinical Laboratory Standards, to determine the
minimum inhibitory concentration (MIC) values. 2-Fold serial di-
lutions of each compound were prepared in 96-well polypropy-
lene microtiter plates (Sarstedt, Germany) in RPMI-1640 medium
(Sigma-Aldrich) to a final volume of 50 �L. Each series included
a well without addition of any compound, as a growth control. A
total of 50 �L of the adjusted inoculum, diluted in RPMI-1640
medium, was then added to each well to obtain a final concen-
tration of approximately 5 � 104 CFUs/mL. Samples were incu-
bated at 30 °C for 48 h. The MIC value was taken as the lowest
concentration of antifungal agent resulting in the complete inhi-
bition of visible fungal growth after 48 h incubation. Data are
the mean of up to six independent determinations performed
in duplicate with values differing by one dilution at the most.

Killing Kinetics Assays. Killing kinetics were determined using
cultures of C. albicans L21 and C. neoformans L1 diluted in fresh
RPMI-1640 medium to give approximately 5 � 104 CFUs/mL.
f-CNT�AMB conjugates were added at different concentrations
and the suspensions were then incubated in a shaking water
bath at 30 °C. At the indicated times, an aliquot of each sample
was removed, serially diluted with PBS, and plated in duplicate
on Sabouraud agar. The number of colonies was counted after
incubation of the plates for 48 h at 30 °C. Data are the mean of at
least four independent determinations with comparable results.

Evaluation of Alteration of the Fungal Membrane by Flow Cytometric
Assays. Specific flow cytometric assays were used to evaluate the
transmembrane potential and the membrane permeabilization
of fungal cells treated with the f-CNT�AMB conjugates. For
these analyses, C. albicans L21 and C. neoformans L1, subcul-

tured on Sabouraud agar, were diluted in RPMI-1640 medium
to 1 � 105 CFUs/mL. Aliquots of the fungal suspension were then
incubated with or without the f-CNT-conjugates for 2�16 h at
30 °C. At the end of the incubation time, the fungal suspensions
were incubated in the dark for 60 min at 30 °C with DiBAC4(3) (In-
vitrogen Co., Carlsbad, CA) at a final concentration of 1 �M, to
evaluate modifications of the transmembrane potential. To
monitor alterations in membrane integrity following treatment
with the CNT-derivatives, a filtered solution of PI (Sigma-Aldrich),
at a final concentration of 10 �g/mL, was incubated for 60 min
at 30 °C with each sample. An untreated sample of fungal cells,
pelleted and resuspended in cold absolute ethanol for 30 min at
�20 °C was used as a positive control of permeabilization. After
centrifugation at 1000g for 10 min, the ethanol was removed by
aspiration, the pellet was suspended in RPMI-1640 medium,
and the PI was added as reported above. The fluorescence inten-
sity was detected with a Cytomics FC 500 instrument (Beckman-
Coulter, Inc., Fullerton, CA) equipped with an argon laser (488
nm, 5 mW) and using a photomultiplier tube fluorescence detec-
tor for green (525 nm) or red (610 nm) filtered light. The detec-
tors were set on logarithmic amplification. Optical and electronic
noise were eliminated by setting an electronic gating threshold
on the forward scattering detector, while the flow rate was kept
at a data rate below 200 events/second to avoid cell coincidence.
For each sample, at least 10000 events were acquired and stored
as list mode files.

All the experiments with the fluorescent probes were con-
ducted in triplicate and the data analyses were performed with
the WinMDI software (Dr J. Trotter, Scripps Research Institute, La
Jolla, CA, USA). Data are expressed as mean � SD.

Cell Culture and Cytotoxicity Assay. The Jurkat human T-lymphoma
cell line was cultured in RPMI-1640 (Cambrex Bioscience) supple-
mented with gentamicin (10 �g/mL) and 10% of heat-
inactivated fetal bovine serum. Cells were grown in suspension
at 37 °C in a humidified atmosphere in the presence of 5% CO2.
For the tests, cell suspensions were prepared at a final density of
5 � 105 cells/mL in 2 mL of medium containing f-CNT�AMB 1
or AMB at a final concentration of 10 �g/mL. After addition of
AMB, the final percentage of DMSO in the cell cultures was al-
ways lower than 0.1% (v/v). The cells were then incubated at 37
°C up to 16 h. To evaluate apoptosis induction, at the end of the
incubation time, the cells were stained in the dark at 37 °C for
15 min with 50 nM of DiOC6 (FluoProbes, Interchim, Montlucon
Cedex, France), a fluorescent probe used to measure the mito-
chondrial transmembrane potential in intact cells. A positive con-
trol for collapse of mitochondrial transmembrane potential was
obtained by incubating a cell suspension at 37 °C with 50 �M of
the uncoupler CCCP for 15 min. After treatment with DiOC6, to
test cell viability, the samples were washed twice with 2 mL of
PBS and then stained in the dark at room temperature with 10
�g/mL PI for 10 min. Cells were analyzed by flow cytometry as
described above, acquiring at least 10000 events for each sample
and storing the results as list mode files.

Statistical Analysis. Data are expressed as mean � SD. Signifi-
cance of differences among groups was assessed by using the
program Instat (GraphPad Software Inc., San Diego, CA) and per-
formed by an analysis of variance between groups (ANOVA) fol-
lowed by the Student�Newman�Keuls post test. Values of p �
0.05 were considered statistically significant.
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