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Objectives: The aims of this study were to develop new anti-biofilm drugs, examine their activity against Candida
albicans biofilm and investigate their structure–activity relationship and mechanism of action.

Methods: A series of thiazolidinedione and succinimide derivatives were synthesized and their ability to inhibit
C. albicans biofilm formation and destroy pre-formed biofilm was tested. The biofilms’ structure, metabolic activity
and viability were determined by XTTassay and propidium iodide and SYTO 9 live/dead stains combined with con-
focal microscopic analysis. The effect of the most active compounds on cell morphology, sterol distribution and cell
wall morphology and composition was then determined by specific fluorescent stains and transmission electron
microscopy.

Results: Most of the compounds were active at sub-MICs. Elongation of the aliphatic side chain resulted in reduced
anti-biofilm activity and the sulphur atom contributed to biofilm killing, indicating a structure–activity relationship.
The compounds differed in their effects on biofilm viability, yeast-to-hyphal form transition, hyphal morphology,
cell wall morphology and composition, and sterol distribution. The most effective anti-biofilm compounds were
the thiazolidinedione S8H and the succinimide NA8.

Conclusions: We developed novel anti-biofilm agents that both inhibited and destroyed C. albicans biofilm. With
some further development, these agents might be suitable for therapeutic purposes.
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Introduction
Candida albicans is a yeast-like fungus that is normally commensal
on human mucosal surfaces. It is also considered an opportunistic
pathogen as it causes a variety of infections, ranging from
mucosal lesions to severe systemic life-threatening infections,1,2

and it is the most common cause of invasive fungal infections.3

Biofilm formation isan important factor inC.albicanspathogenesis,4

and involves attachment, colonization and the development of a
mature biofilm structure composed of yeast, pseudohyphae and
true hyphae, and extracellular matrix.4 –7 The formation and struc-
ture of C. albicans biofilm have been extensively studied; however,
other fungal pathogens, such as other Candida species, Cryptococ-
cus neoformans and Cryptococcus laurentii, Rhodotorula spp.
and Aspergillus fumigatus, have also been reported to form

biofilms.8 –12 Fungal biofilm, like bacterial biofilm and in contrast to
the planktonic form, is highly resistant to antimicrobial drugs. This
resistance is multifactorial and complex, involving: (i) limited drug
penetration into the biofilm due to high extracellular matrix
density; (ii) drug absorption or binding by the biofilm extracellular
matrix; (iii) decreased growth rate and nutrient limitations; (iv) over-
expression of genes involved in drug resistance, particularly those
encoding efflux pumps; and (v) multidrug tolerance due to persister
cells.4,6,12 Quorum sensing is mediated by small diffusible signalling
molecules that accumulate in the extracellular environment. This
phenomenon affects many physiological and metabolic pathways
in bacteria and fungi, including biofilm formation and resistance to
antimicrobial agents. The best characterized quorum-sensing mol-
ecule (QSM) involved in C. albicans biofilm formation is farnesol,
which suppresses filament formation and reduces biofilm size and
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metabolic activity.13–16 This compound, known as an auto-inducer,
is secreted by high-density biofilm13 and enables the dispersal of
yeast cells into the surrounding medium, where they produce bio-
films at new sites.4,17 Other known QSMs of C. albicans are tyrosol
(which stimulates the yeast–hyphal form transition),17,18 farnesoic
acid, tryptophol, phenylethyl alcohol and some other metabolites.14

The effect of biofilm formation on pathogenicityand drug resist-
ance emphasizes the need for new anti-biofilm agents that can
inhibit biofilm formation or destroy pre-formed biofilm. This is ex-
tensively described in the literature, particularly reports on the
effects of existing antifungal drugs on biofilms.19 – 25 Based on
the cross-activity between QSMs in bacteria and fungi,26 – 29 a
series of novel thiazolidinedione (TZD) and succinimide (SI) deriva-
tives that were synthesized as potential anti-biofilm agents (prob-
able analogues/antagonists of Vibrio harveyi auto-inducer I) were
tested for their ability to inhibit the formation of, or destroy, pre-
formed C. albicans biofilm. We investigated their structure–activity
relationship (SAR) and mechanism of action, including the effects
of the compounds on cell viability and morphology, yeast-to-
hyphal form transition, sterol distribution and cell wall (CW)
morphology and composition.

Methods

Synthesis of TZD derivatives S6, S8, S10, S11, S12, S8H

and S10H

2,4-TZD (1 mmol), an aldehyde (1 mmol) and piperidine (0.2 mL) were
heated under reflux in 10 mL of ethanol for 4 h. The reaction was then
cooled to 08C in an ice bath, diluted with water (10 mL) and acidified with
0.1 N HCl. The resulting precipitate was filtered through sintered glass and
dried under vacuum to give the appropriate analytically pure TZD derivative.
S8H and S10H were prepared by hydrogenation of S8 and S10, respectively,
in dichloromethane catalysed by Pd/C at 20 psi. Then the mixture was fil-
tered and the solvent was evaporated with a rotatory evaporator to give
pure solid S8H or S10H.

Synthesis of SI derivatives NA8, NA10, NA12 and NA8H

A mixture of maleimide (2 mmol), triphenylphosphine (1.994 mmol) and
acetone (�10 mL) was heated under reflux for 1 h. After cooling, the result-
ing precipitate was filtered, washed with acetone and dried under vacuum to
give 3-(triphenylphosphoranylidene)pyrrolidine-2,5-dione, which was used
for the next step without further purification. 3-(Triphenylphosphorany
lidene)pyrrolidine-2,5-dione (2 mmol), a suitable aldehyde (2 mmol) and
methanol (�10 mL) were heated under reflux overnight, then cooled at
08C and acidified with 0.1 N HCl. The resulting precipitate was filtered,
washed with petroleum ether and dried under vacuum. Further purification
was by column chromatography (30% ethyl acetate/70% hexane, v/v).
NA8H was prepared by hydrogenation of NA8 as described above for S8H

and S10H.

Stock solutions
Stock solutions of TZD and SI (20 g/L) were prepared in DMSO
(Sigma-Aldrich).

Yeast strain and growth conditions
Candida albicans ATCC 90028 was grown for 24–48 h at 358C on Sabouraud
dextrose agar (SDA) plates (Novamed, Jerusalem, Israel).

Antifungal susceptibility testing
The antifungal susceptibility test was adapted from the CLSI broth microdi-
lution method.30

Sheep red blood cell (SRBC) haemolysis
The haemolytic effect of TZD and SI derivatives on SRBCswasstudied aspre-
viously described.31 In brief, the haemolysis reaction was conducted on
serially diluted drug and SRBCs (5% v/v in PBS). Results were recorded visu-
ally after 1 h of incubation at 378C in an orbital shaker.

Biofilm inhibition and destruction assays
C. albicans (ATCC 90028) yeast was propagated in yeast peptone dextrose
(YPD) medium (1% w/v yeast extract, 2% w/v peptone and 2% w/v dex-
trose). Batches of medium (30 mL in a 250 mL Erlenmeyer flask) were
inoculated with material from SDA plates containing freshly grown C. albi-
cans and incubated overnight in an orbital shaker (200 rpm) at 308C
under aerobic conditions. C. albicans grows in the budding yeast phase
under these conditions. Cells were harvested and washed twice in sterile
PBS (Oxoid Ltd, Basingstoke, UK), then resuspended in RPMI 1640 supple-
mented with L-glutamine and buffered with MOPS (Sigma Chemical Co.,
St Louis, MO, USA), and adjusted to the desired density after counting
with a haemocytometer. Biofilms were formed in the wells of commercially
available pre-sterilized, polystyrene, flat-bottomed, 96-well microtitre
plates (Nunc—Nunclon

TM

Surface, Roskilde, Denmark) by pipetting 100 mL
of the standardized cell suspensions (5×106 cells/mL) into selected wells
of the microtitre plate. Plates were incubated at 378C and 5% CO2. In the
assays testing inhibition of biofilm formation (preventative), 100 mL of the
same medium containing the tested compounds was added to each
well. Media were replaced with fresh media containing the same com-
pounds after 24 and 48 h. In the biofilm-destruction assays, medium
without compounds was added at the beginning of the experiment and
at the 24 h replacement, and the tested compounds were added at the
48 h replacement. In both assays, metabolic activity was measured 72 h
into the experiment and viability was tested with the XTT-based cell prolif-
eration kit (Biological Industries, Beit Haemek, Israel). The plates were read
at 450 nm (with 650 nm reference filter) using a Microwell System Reader
(Model 510; Organon Technica, Oss, the Netherlands). Medium with no
additions and medium containing 0.5% (v/v) DMSO were used as controls.
Each compound was tested in triplicate at least twice, on two separate
dates. To distinguish the fungicidal/fungistatic activity from the anti-biofilm
activity, the latter was tested at sub-MICs. Compounds S10, S11, S12, S10H,
NA8, NA8H, NA10and NA12 were tested at50 and 100 mg/L, andthosewith
a significant inhibitory effect were also tested at 25 mg/L. Compounds S6,
S8 and S8H were tested at 3.125–12.5 mg/L.

In some of the biofilm-formation inhibition experiments, 24 h biofilms
were suspended in PBS and images were acquired with an Axiolab micro-
scope (Zeiss) equipped with a ×10/NA¼0.25, ×20/NA¼0.7 or ×100/
NA¼1.3 objective lens and a Qimaging camera. ImageJ software32 was
used to measure hyphal length.

Fluorescent stains
Biofilms were formed as described above but with the addition of 200 mL
standardized cell suspensions (5×106 cells/mL)+200 mL medium to
wells of eight-well ibiTreat m-Slides (Ibidi, Munich, Germany). After incuba-
tion for 72 h, the biofilms were washed gently with sterile saline and differ-
ent stains were added. Live/dead staining was performed by incubating the
biofilms for 30 min at 378C with the green-fluorescent nucleic acid stain
SYTO 9 (Invitrogen Molecular Probes, Eugene, OR, USA) (3.4 mM; stock solu-
tion 5 mM in DMSO) combined with the red-fluorescent nucleic acid stain
propidium iodide (PI; Sigma-Aldrich Chemie, GmbH, Steinheim, Germany)
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(27 mM; stock solution 20 mM in DMSO) in saline. Calcofluor white staining
was performed with 2.5 mg/mL Fluorescent Brightener 28 (Sigma) in PBS.
For concanavalin A (ConA) combined with wheat germ agglutinin (WGA)
staining, biofilms were fixed with 4% (w/v) paraformaldehyde (PFA) in PBS
for 30 min at room temperature, washed with PBS and incubated for
15 min at 378C with ConA–Alexa594 (Invitrogen Molecular Probes)
(50 mg/L in PBS; 5 mg/mL stock solution in 0.1 M NaHCO3). After another
wash in PBS, biofilms were incubated for 10 min at room temperature
with WGA–Oregon green 488 (10 mg/L in PBS) and washed again. For
soluble Dectin-1 (sDectin-1) labelling, biofilms that were 72 h old were
scraped, washed twice with PBS in Eppendorf tubes, boiled for 20 min
and washed with PBS+10% fetal calf serum (FCS). Pellets were incubated
for 1.5 h with sDectin-1 (final concentration 0.4 mg/L) which was pre-
incubated (1 h on ice) with mouse anti-cMyc (9-E10, SC-40, Santa Cruz Bio-
technology Inc., Dallas, TX, USA) in PBS+10% FCS. After three washes with
PBS+10% FCS, pellets were incubated for 1 h at room temperature with
Alexa Fluor 488–goat anti-mouse IgG (Jackson ImmunoResearch, West
Grove, PA, USA) in PBS+10% FCS, and washed and fixed with 4% (w/v) par-
aformaldehyde in PBS. Myc-His-tagged sDectin-1 was a gift from Professor
David M. Underhill, Cedars-Sinai Medical Center, Los Angeles, CA, USA.

Confocal microscopy
Confocal microscopy was performed with a Zeiss LSM 710 Axio Observer Z1
laser scanning microscope equipped with a Plan Apochromat×63/NA¼1.4
oil DIC objective and an LD Plan-Neofluor×40/NA¼0.6 Korr objective lens.
Z-stacks with 1 or 3 mm Z-steps were collected.

All of the instrument settings, such as excitation laser wavelength and
AOTF power percent setting, detector gain and offset and optical zoom
were identical among the experiments that were compared. Zeiss Zen soft-
ware was used for confocal image acquisition and processing, and ImageJ
software was used for analysis.

Fluorescence quantification on confocal images
In each experiment the staining protocol was identical across all samples,
and all samples were imaged under identical conditions on the same day.
The increased presence of WGA-stained chitin in the CW was confirmed
by using the following image-analysis procedure: a median filter (radius
of 2 pixels) was applied, followed by the application of a lower threshold
of 10, meaning that pixels below a grey level of 10 were assumed to be
noise. Then, an automatic thresholding method (Otsu) provided with the
Fiji distribution33 of ImageJ software was used to identify the WGA-stained
chitin in the septa. A particle analyser was used to determine the mean grey
level of all of the objects. b-Glucan (sDectin-1 staining) quantification was
performed in two ways: first, a maximum-intensity Z-projection was
created from the Z-stack that was acquired with the confocal microscope.
The background noise was found to peak at under 5 counts. Therefore, grey
levels above 10 were taken to represent emission of the fluorescent label for
b-glucan. Then, the average pixel intensities of the different samples were
compared. A second test, which is insensitive to saturation, was added to
compare all areas whose emission was greater than grey level 25 to the
total area detected using the threshold of 10. The threshold of 25 was arbi-
trarily chosen, but the result does not depend on the exact choice of thresh-
old. Any higher threshold within a large range would produce a similar
result, although the precise ratios would be different. Image processing
was performed using the Fiji distribution of ImageJ software. The macros
used in the processing will be made available upon request.

Compound effect on sterol distribution during germination
C. albicans yeast from fresh (24 h) SDA plates were suspended in RPMI 1640
medium supplemented with L-glutamine and buffered with MOPS (Sigma)
to a concentration of 5×106 cells/mL and incubated for 2 h at 378C in the

presence of 100 mg/L S10, NA10 or NA8 (or without drugs as a control).
At the end of the incubation, cells were stained for 10 min with 10 mg/L
filipin (Fluka, Sigma-Aldrich) at 378C, washed with PBS and documented
by fluorescence microscopy using an Axioskop (Zeiss) equipped with a
×100/NA¼1.3 oil objective lens and a Roper Coolsnap camera.

Transmission electron microscopy (TEM)
Cells were collected from 72 h biofilms suspended in PBS by centrifugation
and fixed overnight at 48C in 2.5% (w/v) glutaraldehyde. Then, the samples
were post-fixed with 1% (w/v) OsO4 solution for 2 h at 48C, dehydrated in an
alcohol series and subjected to propylene oxide and thereafter to glyci-
dether for 48 h at 658C for polymerization. Thin sections were placed on
copper grids and stained with uranyl acetate and lead citrate, and exam-
ined in a Jeol TEM 1200EX electron microscope (�100 cells per treatment
were measured by ImageJ software).

Statistics
Statistical significance was determined by unpaired two-tailed Student’s
t-test, P≤0.05.

Results

SAR with TZD and SI derivatives

A number of TZD and SI derivatives were synthesized (Table 1).
These molecules differed in the lengths of their side chains, the
presence of a double bond between the side chain and the TZD
ring and the presence of a sulphur atom in this ring.

We tested their anti-biofilm activity at concentrations below the
MICvalues inorder tostudyonly theanti-biofilmeffect independent-
ly of fungicidal or fungistatic activity. The MICs were .200 mg/L for
the SI compounds (NA8, NA10, NA12 and NA8H) and the TZD com-
pounds with aliphatic chain lengths of ≥10 carbons (S10, S11, S12
and S10H); the MIC value of TZDs with six and eight carbons (S6
and S8) was 50 mg/L. Hydrogenation of the double bond in S8
resulted in an elevated MIC (.200 mg/L) in compound S8H

(Table 1). Compounds S6 and S8 at concentrations below the MIC
reduced C. albicans growth rate compared with the untreated
control. To distinguish the fungicidal/fungistatic activity of these
compounds from the anti-biofilm activity, the latter was tested at
sub-MICs. The TZD derivatives S6, S8, S10, S11 and S12 inhibited
biofilm formation (as measured by the biofilm’s metabolic activity)
and this effect depended on the length of the aliphatic side chain.
The anti-biofilm activity was almost abolished when the chain
included 12 carbons (S12). A concentration of 100 mg/L S10
inhibited 61+2.97% (SE) of biofilm formation, whereas a low con-
centration, such as 6.25 mg/L, of S6 and S8 was enough to inhibit
50+4.97% (SE) and 43+3.27% (SE) of this activity (Figure 1a).
TZD derivatives with chain lengths of eight carbons or fewer and a
double bond between the aliphatic side chain and the ring exhibited
antifungal activity, in addition to biofilm inhibition (for MICs see
Table 1). In order to study the importance of the sulphur atom to
theanti-biofilmactivity,asetof SIderivativemoleculesweresynthe-
sized in which a carbon atom replaced the sulphur atom in the ring
(NA8,NA10andNA12,equivalent toS8,S10and S12). WefoundNA8
to be the most effective SI compound in inhibiting biofilm formation
and that NA10 was more effective than the equivalent TZD S10
(Figure 1a). None of the SI derivatives showed anyantifungal activity
up to 200 mg/L and they were non-haemolytic at 200 mg/L except
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for NA10, which was haemolytic at this concentration but not at the
lower ones (Table 1). This indicated the uniqueness of the anti-
biofilm activity of these compounds. As was the case for TZD deriva-
tives, elongation of the aliphatic side chain resulted in reduced
biofilm inhibition. The contribution of the double bond between
the aliphatic side chain and the ring to the anti-biofilm activity
was studied using compounds with a hydrogenated bond (S8H,
S10H and NA8H). Despite a slight contribution, the double bond
was not crucial to this activity (S8 versus S8H, S10 versus S10H and
NA8 versus NA8H; Figure 1). Interestingly, reduction of the double
bond decreased both haemolytic and antifungal activity (Table 1).

We then examined these compounds’ ability to destroy 48 h
pre-formed biofilm (Figure 1b). In addition to their inhibitory activ-
ity, these compounds were indeed able to destroy pre-formed
biofilm. Like their inhibitory activity, their destructive activity was
also dependent on the aliphatic chain length (decreasing with
elongation), and the double bond made a slight contribution. In
contrast to the inhibition of biofilm formation, destructive activity
was similar for S10 and NA10.

The haemolytic activity of all tested compounds was examined
with SRBCs (Table 1). While SIs and TZDs with hydrogenated double
bonds (S8H and S10H) were non-haemolytic at 100 mg/L, TZDs with

a double bond between the aliphatic side chain and the ring were
haemolytic at this and even lower concentrations. Among the
compounds that exhibited both low fungicidal/fungistatic and
haemolytic activities, NA8 and S8H were the most effective anti-
biofilm agents.

Effect of TZD and SI derivatives on C. albicans
morphology and viability

The Candida cell can reduce its metabolic activity as a protective
mechanism under adverse conditions.1,16 Therefore, we studied
the effects of the novel compounds on the morphology and viabil-
ity of the biofilm cells. In the inhibitory model (Figures 2 and 3a and
b), the untreated biofilm control was composed of non-branched
pseudo-hyphae with average lengths of �50 mm (SEs 3.67 and
3.21 mm for the no-drug control and 0.5% DMSO, respectively),
with two or more pseudo-hyphae budding from the same conid-
ium. In contrast, biofilm treated with S10 was composed of a
sparse monolayer of yeast cells, with long and branched true
hyphae loosely attached to the substrates (both polystyrene and
ibiTreat dishes). The average length of these hyphae was
�250 mm (SE 15.52 mm), with only a single germ tube from each

Table 1. Structures and names, MICs and haemolytic values of TZD and SI derivatives

Compound structure Compound name MIC (mg/L; C. albicans) Haemolysis (mg/L; SRBC)

S

H
NO

O

S6 50 25–100a

S

H
NO

O

S8 50 100

S

H
NO

O

S10 .200 25

S

H
NO

O

S11 .200 100

S

H
NO

O

S12 .200 100

S

H
NO

O

S8H .200 200a

S

H
NO

O

S10H .200 NH

H
NO

O

NA8 .200 NH

H
NO

O

NA10 .200 200

H
NO

O

NA12 .200 NH

H
NO

O

NA8H .200 NH

NH, non-haemolytic at concentrations up to 200 mg/L, the highest concentration studied.
aSlightly haemolytic.
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conidium. This result demonstrates the effect of S10 on both mor-
phogenesis and adhesion. In addition, S10 induced yeast and
hyphal death in some areas of the well (Figure 3b). The morpho-
logical effect of S10H was similar to that of S10 but without induc-
tion of cell death (Figure 3). All other TZD derivatives also induced
true hyphal production (data not shown). Treatment with NA8
resulted in a sparse monolayer of C. albicans yeast cells, indicating
disruption of the transition from yeast to hyphal form, without
causing cell death (Figures 2 and 3a). The same result was obtained
with NA8H (data not shown). Treatment with NA10 partially pre-
vented hyphal development, resulting in the yeast form in some
cells, and short and aberrant hyphae in others. The effects of S10
and NA8 were also examined in the destructive model

(Figure 3c). S10 caused massive cell death, whereas NA8 induced
hyphal elongation, with no cell death.

Effect of TZD and SI derivatives on C. albicans CW
morphology and composition

We focused on compounds NA8 and S10 due to their dramatic yet
different effects on the C. albicans biofilm. TEM analysis was per-
formed to further investigate the effects on cellular morphology
in the inhibitory model (Figure 4). The results demonstrated that
NA8, but not S10, induces enlargement of yeast cells in the
biofilm, and that S10 causes significant distortion of some of the
yeast cells and changes their hyphal morphology. NA8 and S10
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Figure 1. Inhibition and destruction of C. albicans biofilm by TZDs and SIs. C. albicans biofilms were grown in 96-well microtitre plates as described in the
Methods section. Inhibition of biofilm formation (a) and destruction of pre-formedbiofilm (b) bydifferent TZDs and SIswere examined bymeasuring biofilm
metabolic activity (XTT assay). At least two experiments were performed on two separate dates for each compound tested in triplicate. Mean+SE.
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also induced CW thickening, but this was less prominent with the
latter compound. In addition, variation in CW thickness was
observed in the cells after treatment with NA8.

The effects of S10 and NA8 on CW morphology together with
their effects on adhesion led us to examine the CW composition.
We used fluorescent markers that bind specific domains in the
CW to further identify potentially affected components. Using
calcofluor white, which binds non-specifically to b-linked polysac-
charides such as chitin and b-glucan, we found that in the 72 h
biofilm treated with S10 or NA8 there was increased staining of
NA8-treated cells and of the yeast form in S10-treated cells
(Figure 5a), suggesting increased chitin or b-glucan contents, or
both. To further investigate the effect on CW composition, we
used specific chitin, b-glucan and mannoprotein stains (WGA,
sDectin-1 and ConA, respectively).

Figure 5(b) (green) shows a typical result for WGA labelling of
chitin. In the control cells, WGA stained mainly the septa and
some dots along the CW corresponding to the expected chitin dis-
tribution.34 In S10-treated cells, WGA stain exposed unique rings of
chitin near the septa in the hyphal-form cells. In NA8-treated cells,
WGA was seen over the entire CW, in addition to the strong WGA
emission which was expected in the septa, indicating that chitin
is found throughout the entire CW after treatment with NA8.
The increased presence of chitin in the CW was confirmed with
digital image analysis, in which the average intensity of WGA
expressed near the septa was measured as described in the
methods section. The NA8-treated cells exhibited significantly
stronger WGA fluorescence than the untreated and S10-treated
cells. Fluorescence of the S10-treated cells was somewhat stron-
ger than that of the untreated cells (Table 2). WGA staining thus
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Figure 3. Effects of NA8, NA10, S10 and S10H on the morphology and viability of C. albicans biofilm in the preventative and destructive models. (a and b)
72 h C. albicans biofilms produced in the presence of S10, S10H, NA10, NA8 (b and b’, c and c’, d and d’, and e, respectively) or 0.5% DMSO (control: a and a’)
were stained with live/dead stain (SYTO 9—green¼ live cells; PI—red¼dead cells) and visualized by confocal microscopy. (a) XY sections. a, b, c, d and e:
bottom of the biofilms; a’, b’, c’ and d’: top of the biofilms. (b) XZ sections. (c) 48 h C. albicans biofilms were incubated with S10 or NA8 (b and b’, and c and c’,
respectively) or 0.5% DMSO (control: a and a’) for another 24 h, stained with live/dead stain and visualized byconfocal microscopy. a, b and c: bottom of the
biofilms; a’, b’ and c’: top of the biofilms. Arrowheads: elongated hyphae. Biofilm thickness did not change in the destructive model. This figure appears in
colour in the online version of JAC and in black and white in the print version of JAC.
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confirmed that chitin content, as indicated by WGA fluorescence,
was much higher in NA8-treated cells than in S10-treated or un-
treated cells.

Staining with ConA–Alexa594, which binds mannose residues,
did not show any major changes in CW mannoprotein after the
treatments. The intensity of this stain was highly heterogeneous
and no significant effect of S10 or NA8 treatment was found
(Figure 5b; red). The b-glucan in the CW was visualized using
Myc-His-tagged sDectin-1 followed by immunofluorescent stain-
ing (Figure 6a). The NA8-treated cells seemed to exhibit much
higher levels ofb-glucan than the S10-treated and control untreat-
ed cells. Figure 6(b) shows the average pixel intensities of the differ-
ent samples. The NA8-treated cells showed average intensities
higher than those of S10-treated and control untreated cells. A
comparison of all areas with emission greater than grey level 25

with the total area detected using the threshold of 10 is presented
in Figure 6(c), which is based on a method that is insensitive to sat-
uration. Here again, the NA8-treated group had a significantly
higher amount of ‘strong’ emission than any other group, indicat-
ing elevated b-glucan content.

Effect of TZD and SI derivatives on sterol distribution

Sterol-rich domains are involved in morphogenesis, biofilm forma-
tion and CW synthesis,35 – 43 all of which were affected by the novel
anti-biofilm compounds. Therefore, the effect of these compounds
on sterol distribution was investigated. C. albicans yeast cells were
incubated in RPMI 1640 (378C, 2 h) in the presence or absence of
NA8, NA10 or S10 and stained with filipin (Figure 7). Treatment
with NA8 and NA10 resulted in the appearance of multiple sterol
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rings in each cell, which might indicate multiple initiation of syn-
chronous budding. This pattern disappeared in 24 h-treated cells.
Treatment with S10 did not demonstrate any significant effect
on sterol distribution under the examined conditions.

Discussion
Most of the novel TZD and SI derivatives were effective against
C. albicans biofilm at sub-MICs (Figure 1). The active compounds
inhibited biofilm formation and destroyed pre-formed biofilm.
The SAR results (Figure 1 and Table 1) show the contribution of ali-
phatic side chain length, with carbon chains longer than 10 signifi-
cantly reducing the anti-biofilm activity. The double bond between
the aliphatic side chain and the ring of the TZD compounds was not
crucial to their anti-biofilm activity but it contributed to both anti-
fungal and haemolytic activity. The presence of a sulphur atom in
the TZD ring induced biofilm killing (Figure 3). The SI derivatives NA8
and NA8H prevented the yeast–hyphal form transition in the devel-
oping biofilm (Figures 2–7). NA8 and S8H seemed to be the most
potent compounds tested, demonstrating high anti-biofilm activ-
ity that was not linked to antifungal or haemolytic activity
(Figure 1 and Table 1).

The effects of TZD and SI derivatives on the developed biofilm
were multifactorial. They affected yeast-to-hyphal form transition
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Figure 5. Effects of S10 and NA8 on CWcomposition. C. albicans biofilms (72 h) were produced in the presence of S10, NA8 or 0.5% DMSO (as a control) and
stained with (a) calcofluor white or (b) ConA–Alexa594 (red) and WGA (green); merge+DIC is also presented. The inset on the left-hand side shows an
enlarged chitin rings while the inset on the right-hand side shows the yeast form. This figure appears in colour in the online version of JAC and in black
and white in the print version of JAC.

Table 2. Average intensity of WGA expressed near the septa

NA8 S10 Control

Mean+SD 118+5.7 64.7+8.6 56+11.8
P value relative to control 0.003 0.44

The images from three fields were processed as described in the text, and
the ImageJ object counter was used to determine the mean intensity of
each object. The mean object intensity for each field is shown in the
table. Three fields were averaged to determine the mean object intensity
for a given treatment. All samples were prepared under identical
conditions, and all imaging parameters were identical.
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(NA8 and NA8H) and induction of true hyphae (TZDs in the two
models and NA8 in the destructive model), both part of morpho-
genesis, as well as CW structure and composition, substrate
attachment, sterol distribution during the germination stage
(NA8 and NA10) and biofilm viability (as measured by PI staining;
S10). Among the SI compounds that had specific anti-biofilm activ-
ity, NA8 had the most prominent effect: in the preventive model it
inhibited biofilm formation up to 97+0.58% (SE) (XTT assay), pre-
vented the yeast-to-hyphal form transition, modulated yeast size
and CW thickness and composition, and changed the sterol distri-
bution. In addition, it destroyed up to 77+2.52% (SE) of the pre-
formed biofilm in the destructive model. TZDs were also highly

effective, with a different effect on the biofilm: this included the
presence of true hyphae in both the preventive and destructive
models, prevention of hyphal attachment to the substrate, and
death of C. albicans cells, especially in the destructive model
(shown with S10).

We observed major alterations in CW morphology following
treatment with both S10 and NA8. We were able to identify the
major affected CW components. In NA8-treated cells, larger
amounts of chitin distributed throughout the entire CW
(WGA-stained N-acetyl glucosamine moieties) and b-glucan
(sDectin-1 staining) were detected (Figures 5 and 6). In cells
treated with S10, the major effect was the formation of
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Figure 6. Effects of S10 and NA8 on CW content of b-glucan. (a) Boiled biofilm stained with Myc-His-tagged sDectin-1. Cells were visualized by confocal
microscopy. (b) Mean fluorescence intensityof cells treated with 100 mg/L NA8 or S10 versus untreated cells (mean+SD); *P,0.05. (c) Chart showing area
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Figure 7. Effects of S10, NA8 and NA10 on sterol distribution in C. albicans. C. albicans yeast cells were incubated for 2 h with 100 mg/L S10, NA8 or NA10 or
without drug (as a control), stained with filipin and visualized by fluorescence microscopy (×100 objective lens).
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WGA-stained chitin rings, probably bud scars or new buddings
(Figure 5b).

Lipid rafts anchor and localize proteins, and their polarization is
involved in hyphal morphogenesis.39 Phr1p, which is involved in CW
biogenesis and morphogenesis,41 and the CW protein Ecm3344 are
examples of C. albicans proteins that are localized in lipid rafts. In
many deletion mutants, defects in hyphal formation, CW compos-
ition and morphologyare probablya result of defects in lipid raft po-
larization.35 – 38,40 – 42 The multiple sterol rings shown by filipin
staining in NA8- and NA10-treated cells were very similar to the
septin rings seen in ectopic sites in DSur7 C. albicans cells. These
cells are defective in sterol polarization, septin and actin localiza-
tion, filamentation, regulation of CW synthesis, and polystyrene
adhesion and biofilm formation.35 – 37,42,45 Filipin is known to
co-localize with septin proteins in Schizosaccharomyces pombe
and in C. albicans during hyphal development,39,46 and septins
are also involved in septation and hyphal morphogenesis.47 There-
fore, our results may indicate disruption of membrane polarization
by NA8 and NA10, leading to altered CWsynthesis and composition
that results in defects in morphogenesis, adherence and biofilm
formation.

ManyCWproteins, andtranscription factorsthat regulateCWfor-
mation, are involved in the development of C. albicans biofilm.4 The
glycosylphosphatidylinositol (GPI)-linked CWadhesin Eap1 is a good
example of a CW protein that has a direct role in cell–substrate or
cell–cell adhesion.48,49 Other such proteins include Als1, Als and
hyphal wall protein 1 (Hwp1, which is down-regulated by farne-
sol15).50 Bcr1 is an example of a CW-regulating transcription factor
that is required for biofilm formation.51,52 In addition, QSMs influ-
ence morphogenesis by modulating CW-component synthesis.14

Since many CW proteins are covalently linked to b-glucan through
a GPI moiety,53,54 it is reasonable to assume that modulation of
CW composition can affect CW protein localization, which may
lead to adhesion defects.

Therefore, a possible mode of action, at least for the SI com-
pounds, might be disruption of lipid raft polarization, which leads
to defects in hyphal formation, CW composition and morphology
and in directing CW proteins to the correct location. The modified
CW may lead to defects in cell–cell and cell–substrate adhesion,
thus inhibiting biofilm formation (together with the absence of
hyphal cells).

We believe that NA8, S8H and S10 are potential anti-biofilm
agents that may have wide use. However, further investigation is
needed, including a study of the effects of TZD and SI on gene
and protein expression, to uncover the specific pathways affected
by these compounds.
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