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Introduction

Candida species are considered important opportu-
nistic pathogens due to the increasing frequency of
infections they cause in compromised patient groups
such as those on cancer chemotherapy, broad-spec-
trum antibiotics, and HIV-infected individuals. Of the
many pathogenic Candida species, Candida albicans
is the major fungal pathogen of humans.1 In the oral

cavity, a niche they frequently inhabit as commen-
sals, these yeasts exist predominantly within bio-
films, which are spatially organised heterogeneous
communities of fungal cells encased in a matrix of
extracelluar polymeric substances (EPS).2,3 Candida
biofilms can also develop on surfaces of prosthesis
and medical devices, and exhibit resistance to both
antifungals and host defenses compared with their
free-living planktonic counterparts. This is likely to
be the cause of recalcitrant persistence of Candida
on inert, inserted surfaces or, superficial mucosae.3

Once a prosthesis is placed in the oral cavity, it
will be instantaneously coated with a pellicle of
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Summary The pathogenesis of both superficial and systemic candidiasis is closely
dictated by properties of the yeast biofilms. Despite extensive investigations on
bacterial biofilms, the characteristics of candidal biofilms, and various factors affect-
ing this process remain to be determined. Therefore we examined the effect of human
whole saliva and dietary sugars, glucose and galactose on the adhesion and biofilm
formation of Candida albicans. Biofilms of C. albicans isolate 192 887 g were developed
on polystyrene, flat-bottomed 96-well microtiter plates and monitored using ATP
bioluminescence and tetrazolium (XTT) reduction assays as well as the conventional
colony forming unit (CFU) evaluation. Our data showed that both the ATP and the XTT
assays strongly correlated with the CFU assay (ATP versus CFU: r ¼ 0.994, P ¼ 0.006;
XTT versus CFU: r ¼ 0.985, P ¼ 0.015). Compared with a glucose–—supplemented
(100 mM) medium, galactose containing (500 mM) medium generated consistently
lower levels of both candidal adhesion and biofilm formation (all P < 0.05), but a
higher pace of biofilm development over time (96 h). Whist the presence of an
immobilised saliva coating had little effect on either the candidal adhesion or biofilm
formation, the addition of saliva to the incubation medium quantitatively affected
biofilm formation especially on day 3 and 4, without any significant effect on yeast
adhesion. To conclude, biofilm formation of C. albicans within the oral milieu appears
to be modulated to varying extents by dietary and salivary factors and, further
investigations are required to elucidate these complex interactions.
� 2004 Elsevier Ltd. All rights reserved.
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saliva. Additionally, the developing biofilms are
constantly exposed and bathed in saliva. However,
the effect of saliva on Candida adhesion and sub-
sequent biofilm formation remains obscure.
Although efforts have been made to evaluate the
role of salivary pellicle on yeast adhesion and bio-
film formation, the data available at present are
inconsistent and confusing. For instance, some have
reported a heightened degree of candidal adhesion
when the substrata were coated with submandibu-
lar-sublingual saliva.4 Likewise, increased biofilm
activity of C. albicans was observed in the presence
of a pellicle derived from unstimulated whole sal-
iva.5 Others, in contrast, have observed inhibition
of candidal adhesion consequential to coating a
substratum with unstimulated whole saliva.6,7,32

San Millán et al.8 found paradoxically that the pre-
sence of a salivary pellicle (unstimulated whole
saliva) initially enhanced yeast adhesion and then,
after 60 min of incubation, inhibited the adhesion.
These conflicting results warrant further research
into this issue. Moreover, there is no information on
the possible changes in candidal adhesion or biofilm
formation when a medium supplemented with saliva
is applied to Candida suspensions.

The effect of dietary sugars on Candida biofilm
formation has also been studied from an oral point
of view as dietary carbohydrates modulate micro-
bial colonization of the latter niche.9 Two mono-
saccharides, glucose and galactose, have been
extensively investigated for their effects on candi-
dal adhesion. Galactose, which is present in free
form in a wide range of foods,10,11 has been
reported to be able to alter the components of
outermost surfaces of fungal cell wall and conse-
quently modify candidal adhesion.7,12 Similarly free
glucose, a monosaccharide in fruits and used in the
manufacture of candy, chewing gum, table syrups,
and for many other purposes, has also been found to
affect candidal adhesion.5,13,14 Data, however, are
limited on the effect of these sugars on Candida
biofilm formation.

A simple, reliable quantitative assessment
method is a prerequisite for investigating the nature
of biofilm formation. Traditionally, evaluation of
colony forming unit (CFU) was used for such work
despite the laborious work involved and, difficulties
in disrupting cell aggregates without affecting via-
bility. Recently, a few novel assays, which are based
on metabolic activity rather than viability, have
been developed for biofilm quantification. Of these,
tetrazolium salt 2,3-bis (2-methoxy-4-nitro-5-sulfo-
phenyl)-5-[(phenylamino) carbonyl]-2H-tetrazo-
lium hydroxide (XTT) reduction assay15—18 is a
colorimetric method that quantifies the number
of living cells in a biofilm whilst in the ATP biolu-

minescence assay, cell quantification is based on a
reaction between the intracellular ATP and the
enzymatic system luciferin—luciferase. The light
emission from the latter reaction is proportional
to the number of viable cells within the sample as
long as they are metabolically active and, can be
accurately quantified.19

We therefore characterised the adhesion and
biofilm formation of C. albicans under a variety
of environmental conditions that are likely to be
operational intra-orally. Biofilm quantification was
performed using XTT and ATP assays as well as CFU
estimation in order to standardise these three
methods. The parameters that were evaluated
included the effect of a mixed salivary coating (a
pellicle), and saliva and glucose or galacatose sup-
plements of the growth medium, on C. albicans
biofilm formation on plastic surfaces.

Materials and methods

Organisms and growth conditions

C. albicans 192 887 g, an oral isolate found to be a
good biofilm producer in our previous studies,16 was
used in all experiments. The isolation and confirma-
tion of the identity of this isolate has been
described elsewhere.20 Before the assays, the iso-
late 192 887 g was sub-cultured from a thawed
suspension of the pure isolate stored in the Oral
Bioscience Laboratory at the Prince Philip Dental
Hospital of the University of Hong Kong. The iden-
tity of the isolate was reconfirmed using the germ
tube test and API20C-AUX method.

The C. albicans isolate 192 887 g was first cultured
at 37 8C for 18 h in Sabouraud’s dextrose agar (SDA).
Then, a loopful of the yeasts was inoculated in yeast
nitrogen base (YNB) medium supplemented with
100 mM glucose. After overnight broth culture, the
yeasts were harvested in the late exponential growth
phase. Before use in adhesion and biofilm experi-
ments, the yeasts were washed twice with 5 ml of
phosphate buffered saline (PBS; pH 7.2; Ca2þ- and
Mg2þ-free). Then the washed cells were resuspended
in growth media (adhesion experiments) or PBS (bio-
film experiments), and adjusted to an optical density
of 0.38 at 520 nm (107 cells/ml).

Comparison of growth rates of planktonic
yeasts in glucose and galactose

To assess growth rates of C. albicans grown in
glucose and galactose media, we prepared cell
suspensions (106 cells/ml) of the isolate 192 887 g
in YNB containing 100 mM glucose or 500 mM galac-
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tose. Each suspension was inoculated in triplicate
wells of a microtiter plate and incubated overnight
at 37 8C in a microtiter plate reader (SpectraMAX
340 Tunable Microplate Reader, Molecular Devices
Ltd., Sunnyvale, CA, US). The optical density at
520 nm of each well was measured at 2 h intervals
in an automated fashion to generate the growth
curves.

Adhesion assay

Candidal adhesion assays were performed in wells of
microtiter plates (IWAKI, Tokyo, Japan) (Fig. 1).
100 ml of cell suspension (107 cells/ml) in YNB con-
taining glucose (100 mM) or galactose (500 mM)
was added to each well of a pre-sterilised, poly-
styrene, 96-well microtiter plate and incubated for
90 min at 37 8C in a shaker at 75 rpm. We chose the

incubation during of 90 min for the adhesion assay
since previous work has demonstrated that adher-
ent populations on the substratum do not form a
structurally differentiated community (biofilm)
during this period of time.13 Afterwards, the cell
suspensions were aspirated, and each well washed
twice with 150 ml of PBS to remove loosely adherent
cells.

Biofilm formation

Biofilms of C. albicans were permitted to grow in
wells of microtiter plates (IWAKI, Tokyo, Japan) as
previously described (Fig. 1).16 The adhesion phase
of candidal biofilm formation was performed in the
same fashion as the adhesion assays described
above except that the yeast suspension (107 cells/
ml) was in PBS instead of YNB containing either
glucose (100 mM) or galactose (500 mM). Following
the 90 min adhesion phase, each well was washed
twice with 150 ml of PBS to remove loosely adherent
cells. 100 ml of YNB containing glucose (100 mM) or
galactose (500 mM) was then pippetted into each of
the washed wells and the plates incubated at 37 8C
in a shaker at 75 rpm for 96 h. The growth medium
was replenished daily. It should be noted that
‘‘adhesion’’ in the following text refers to that
described in the adhesion assay instead of the adhe-
sion phase of candidal biofilm formation.

Saliva collection

Whole unstimulated saliva was collected from five
healthy adult volunteers who were asked not to eat
before 2 h prior to collection. The saliva donors
were also asked to rinse their mouths gently with
water before sampling to decrease bacterial con-
tamination. Saliva was collected on ice for 10 min,
pooled and centrifuged at 12 000 � g for 15 min at
4 8C. The resulting supernatant was immediately
stored at �70 8C until used.5,21 Saliva samples col-
lected using an analogous protocol have been
demonstrated to contain most salivary contents
associated with microbial adhesion and biofilm for-
mation, such as proline-rich proteins, mucins, and a
variety of enzymes.21

Saliva assay

The effect of saliva on candidal adhesion and biofilm
formation was investigated in two different ways,
by coating the substrata with saliva or by, exposing
the yeast biofilms to a saliva-supplemented growth
medium. To investigate the effect of a saliva coat-
ing on candidal adhesion and biofilm formation, the
wells of the microtiter plates were pretreated with

Figure 1 A flow chart illustrating the experimental steps
of the study. OD: optical density measurement; PBS:
phosphate buffered saline; XTT: tetrazolium salt 2,3-bis
(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) car-
bonyl]-2H-tetrazolium hydroxide (XTT) reduction assay;
ATP: adenosine triphosphate ATP bioluminescence assay;
CFU: colony forming unit.
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unstimulated whole saliva. Each well was coated
with 50 ml of thawed saliva and then incubated for
4 h at 37 8C (coating phase). Afterwards, the saliva
was removed and each well washed twice with
200 ml of PBS. 100 ml of standardised cell suspension
(1 � 107 cells/ml) was then inoculated into each
well and the whole assembly handled as described
above. In experiments examining the development
of biofilms exposed to a saliva-supplemented med-
ium, the growth medium in each well comprised
80 ml of glucose-supplemented YNB and, 20 ml of
saliva (test group) or PBS (controls). All assays were
carried out on three different occasions in tripli-
cate.

Adenosine triphosphate (ATP)
bioluminescence assay

After biofilm formation, each well was washed four
times with PBS. Then, 200 ml of PBS was pipetted
into each well and the biofilm mass was meticu-
lously scraped off the well wall using a sterile
scalpel. The resultant suspension (200 ml) contain-
ing the detached biofilm cells was transferred to a
sterile 6 ml tube. This manoeuvre was repeated on
four occasions yielding a total of 800 ml of cell
suspensions for each well, which were then vor-
texed for 3 min and read using the ATP assay.

A commercially available ATP analyser was
employed for quantification of ATP in viable yeasts
within biofilms. In brief, the ATP analyser was
calibrated before ATP measurement to minimise
the inter-experiment variability, according to the
manufacture’s instruction (AF-100, DKK.TOA Corp.,
Tokyo, Japan). Afterwards, 100 ml each of sample
(cell suspension) and the extractant supplied by the
manufacturer was added into a new container which
was immediately inserted into the ATP analyser for
30 s for extraction of intracellular ATP. Afterwards,
100 ml of luminescent reagent was added to this
mixture and the result was recorded as ATP con-
centration (mol/l). The ATP assays were carried out
on three independent occasions, with three samples
on each occasion.

Correlation between ATP readings and
numbers of planktonic yeasts

A standard curve was constructed in order to cor-
relate the ATP concentrations and the yeast num-
bers. For this purpose, a series of cell suspensions
with concentrations ranging from 101 to 105 cells/
ml of the isolate 192 887 g were prepared using a
hemocytometer. Afterwards, the ATP yield of each
suspension was evaluated as described above and
the standard curve constructed.

XTT reduction assay

XTT-reduction assay was performed as described
previously.16 Briefly, XTT (Sigma, MO, USA) was
dissolved in PBS at a final concentration of 1 mg/
ml. The solution was filter sterilised using a
0.22 mm-pore-size filter and stored at �70 8C until
required. Menadione (Sigma, MO, USA) solution
(0.4 mM) was also prepared and filtered immedi-
ately before each assay. Prior to each assay, XTT
solution was thawed and mixed with menadione
solution at a volume ratio of 20—1.

Either the adherent yeasts (adhesion assay) or
the biofilms (biofilm assay) were washed four times
with 200 ml of PBS to remove loosely adherent cells.
Afterwards, 158 ml of PBS, 40 ml of XTT, and 2 ml of
menadione were inoculated to each of the pre-
washed wells. After incubation in the dark for 2 h
at 37 8C, 100 ml of the solution was transferred to a
new well and a colorimetric change in the solution
measured using a microtiter plate reader (Spectra-
MAX 340 Tunable Microplate Reader, Molecular
Devices Ltd., Sunnyvale, CA, US) at 490 nm.

Colony forming unit (CFU) of resuspended
biofilm cells

Biofilm cells were scraped off the well walls as
described above and the suspensions obtained
gently sonicated for 3 min to destroy the aggre-
gates. The suspensions were then inoculated on
SDA, according to the pour plating method, and
the resultant CFU quantified.22

Statistical analyses

The statistical analyses were performed using SPSS
11.0 for windows. One-way ANOVA was performed
to analyse the differences among multiple means.
According to the tests of homogeneity of variances,
either Bonferroni or Dunnett T3-test was carried out
for post-hoc multiple comparisons. P-values of
<0.05 were considered statistically significant.

Results

Evaluation of quantitative methods used in
this study

To be able to predict cell concentration using the
ATP index, a standard curve was generated for these
two parameters using C. albicans 192 887 g (Fig. 2).
On regression analysis a coefficient of correlation of
0.999 and P < 0.0001 were noted, indicating that
the yeast cell numbers in suspension can be con-
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fidently predicted using the ATP method in combi-
nation with the generated standard curve.

Another quantitative technique used in the pre-
sent study was the XTT reduction assay which has
been extensively used for biofilm quantifica-
tion.16,23,24 Since both the ATP and the XTT assays
are based on metabolic activity which may vary in
planktonic and biofilm phase cells,25 we further
compared these two methods with the CFU values
of the resuspended biofilm cells, as the latter is
unlikely to be significantly affected by the meta-
bolic state of the cells. For this purpose, Candida
biofilms were formed on either nude or saliva-
coated surfaces in glucose- or galactose-supple-
mented media and the cell mass quantified either
using the XTT, ATP or the CFU assays. As shown in
Fig. 3a—c, there were no significant variations in
cell mass when quantified by any of the three
assays. Additionally, on regression analyses signifi-
cant correlations were also noted between the
three methods (XTT versus ATP r ¼ 0.980;
P ¼ 0.02; XTT versus CFU r ¼ 0.985; P ¼ 0.015;
CFU versus ATP r ¼ 0.994; P ¼ 0.006) (Fig. 4).

Effects of dietary sugars and saliva on C.
albicans adhesion

The major advantage of the XTT assay is that man-
ual cell detachment is not necessary and the atten-
dant loss in cell numbers leading to high signal to
noise ratio does not occur with this technique. This
is especially true in the early adherent phase of the

biofilm where the cell numbers are relatively small.
We, therefore, used the XTT assay exclusively for
the adhesion experiments in the first phase of the
study.

When the effect of glucose and galactose on cell
adhesion was compared, culture of yeasts in YNB
containing glucose (100 mM) led to a significantly
higher degree of adhesion than cells grown in YNB
supplemented with galactose (500 mM), regardless
of the saliva coating of the wells (In the presence of
saliva coating: P ¼ 0.009; in the absence of saliva
coating: P < 0.0001). In addition to the adhesion
ability per se, another possible reason for the vary-
ing degrees of yeast adhesion in glucose and galac-
tose may be the relative differences in growth rates
of planktonic yeast cells in these nutrient media.
We therefore compared their growth profiles by
monitoring turbidity (OD520) of cell suspensions
containing the two sugars for a period of 16 h. As
seen in Fig. 5, Candida cells continuously grew at a
high rate in 100 mM glucose while the cell growth in
500 mM galactose was slow and reached a plateau
after 10 h.

On examining the effect of a mixed salivary
pellicle, no significant difference in adhesion was
noted between nude and saliva-coated surfaces,
independent of the nature of the dietary sugar (In
glucose: P ¼ 1.000; in galactose: P ¼ 0.560). Simi-
larly, yeasts grown in YNB supplemented with or
without mixed saliva demonstrated comparable
levels of adhesion (P ¼ 0.223) (Fig. 6).

Effects of dietary sugars and saliva on
biofilm formation of C. albicans

As shown by the three different quantitative meth-
ods, the candidal biofilm development under dif-
ferent conditions shared similar patterns, i.e. all
the biofilms first grew rapidly in the first few days
and then reached a plateau (Fig. 3).

Our data, comparing biofilm formation in differ-
ent sugars, indicated a higher degree of biofilm
formation by fungal cells grown in glucose com-
pared with galactose either on nude or saliva-
coated surfaces (Fig. 3) (all P < 0.05). Apart from
the biofilm quantity, the growth rates of biofilms
were also influenced by the nature of the dietary
sugar (Fig. 3). Initially, biofilm growth in glucose
was more rapid than that in galactose despite the
higher molarity of the latter (Fig. 5). After day 1,
however, the biofilm growth in glucose slowed down
relative to galactose and for both sugars, the biofilm
growth reached a plateau after day 3. Overall, the
nature of the sugars in the growth medium influ-
ences not only the quantity but also the growth rate
of Candida biofilms.

Figure 2 The relationship between ATP biolumines-
cence and cell concentrations of C. albicans determined
by a hemocytometer. Linear regression analysis revealed
perfect linearity between the log10 ATP concentration
and log10 cell number (r ¼ 0.999; P < 0.0001). Regression
formula was as follows: lg Cell concentration ¼ 1.0947 �
lg ATP concentration þ 3.9567. The isolate used was
192 887 g.
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All the tissue and inert surfaces in the oral cavity
are inevitably exposed to saliva and, it is pertinent
to elucidate the effect of saliva on Candida biofilm
formation. As seen in Fig. 3, biofilm formation was
not appreciably affected by the presence of a saliva
coating (P > 0.05). However, yeasts grown in a
saliva-supplemented medium produced a signifi-
cantly lower biofilm mass than controls especially
on days 3 and 4 (P < 0.0001 for both days) although
no such a difference was noted in the first two days
of incubation (day 1, P ¼ 0.356; day 2, P ¼ 0.183)
(Fig. 6).

Discussion

A variety of methods have been recently used in
quantification of Candida biofilms on different sub-
strata. These include XTT, ATP, crystal violet absor-

bance, dry weight and CFU assays. However, to our
knowledge, standardization of these techniques has
not been undertaken to date. In order to properly
correlate the biofilm data emanating from various
centers it is essential that a normative assessment
of the methods is performed. Hence a primary aim
of the current study was to compare three different
methods, XTT assay, ATP bioluminescence assay
and CFU quantification in evaluating biofilm growth
of Candida.

ATP bioluminescence assay is based on the oxi-
dative decarboxylation of luciferin in the presence
of ATP and Mg2þ. The light emission from the reac-
tion is proportional to the number of viable cells
within a sample.19 The ATP method has been widely
applied to quantify somatic cells,26 microbes,27 and
bacterial19and Candida biofilm formation.5

In the present study, we observed excellent lin-
earity between ATP concentration and number of

Figure 3 Biofilm formations of C. albicans 192 887 g in a medium containing either 100 mM glucose or 500 mM
galactose and in the absence or the presence of a mixed saliva coating. The methods used for biofilm quantification
were XTT reduction assay (a), ATP bioluminescence assay (b) and CFU evaluation (c). Data are means � standard
deviations of three independent experiments performed in triplicate.
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planktonic yeasts (r ¼ 0.999, P < 0.0001), concur-
ring with the findings of others.28 Our previous
studies have also demonstrated that XTT activity
is linearly associated with cell numbers and hence a
reliable method for biofilm quantification.16 It is
however noteworthy that biofilm cells, which are
encased within an EPS matrix, may possibly have
limited access to nutrients and oxygen, resulting in

possible alterations in their metabolic activity. If
this were the case, neither the ATP nor the XTT
assay, which are based on the metabolic activity of
the cells, would correctly reflect the total cell
numbers. To exclude this possibility, we quantified
Candida biofilm formation using the traditional CFU
method in addition to the ATP and XTT assays.
Although quantification of CFU of resuspended bio-
film cells is time-consuming and laborious, it
directly enumerates the cell numbers, not being
overtly influenced by their metabolic status.
Indeed, our data showed that the CFU assay corre-
lated well with the ATP and XTT readings, suggest-
ing that the yeast cells encased within the biofilm
matrix are metabolically active. Therefore, we
propose that any one of the three methods evalu-
ated can be reliably used for quantification of Can-
dida biofilm mass although in our hands the XTT
assay proved to be the simplest.

We observed some common features of Candida
biofilms irrespective of the growth conditions. Thus
all biofilms progressively developed for up to 3—4
days and then reached a plateau even though the
medium was replenished daily. This growth pattern
implies that the cell numbers of a mature Candida
biofilm attain a steady state at a critical point.

To investigate the effect of carbohydrates on
candidal adhesion or biofilm formation, previous
workers have pre-cultured yeast cells with sugar-
supplemented media for up to 18 h.12,14 The sub-
sequent adhesion or biofilm studies were conducted
in sugar-free media as the carbon source might
affect the growth rate of yeasts during the assays

Figure 4 Biofilm formation of Candida albicans
192 887 g in a medium containing 100 mM glucose in
the absence of a mixed saliva coating. Quantification was
performed by XTT reduction assay, ATP bioluminescence
assay and CFU evaluation. Data are means � standard
deviations of three independent experiments performed
in triplicate.

Figure 5 Growth profiles of planktonic cells of Candida
albicans 192 887 g grown in 100 mM glucose- and 500 mM
galactose-containing YNB. The suspensions in wells of a
microtiter plate were incubated in a microtiter plate
reader for 18 h at 37 8C. During the incubation, the OD at
520 nm was measured at 2 h intervals to generate growth
curves. Data are means � standard deviations of three
independent experiments performed in triplicate.

Figure 6 Biofilm formation of Candida albicans
192 887 g in a medium containing either 100 mM glucose
and PBS or glucose and saliva. Biofilm formation was
evaluated using XTT reduction assay. Data are means �
standard deviations of three independent experiments
performed in triplicate.
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and confound the resultant data. Yet, in a biological
milieu, such as the oral cavity, sugars are always
present and their effect on both the cell adhesion
and subsequent biofilm formation need to be eval-
uated. Therefore, media with sugar supplementa-
tion were used throughout our adhesion and biofilm
assays (except for the adhesion phase of the biofilm
experiments).

Our data showed that galactose (500 mM)-grown
yeasts exhibited significantly lower degrees of both
adhesion and biofilm formation than glucose
(100 mM)-grown fungal cells, in agreement with
the previous work using the same experimental
protocol.5 Yet, some early studies have shown that
galactose-grown yeasts are far more adherent than
glucose grown counterparts.13,14 However, it is
noteworthy that the fungal cells were pre-cultured
up to 18 h in different sugars prior to adhesion or
biofilm assays in the latter investigations. In addi-
tion, these studies were performed in static media
which were not replenished as in the current study
and, depletion of nutrients may have modified bio-
film growth. Growth profiles of planktonic yeast
cells in glucose and galactose were also compared
in the present study, and former elicited a higher
growth rate. The differential growth rate of glu-
cose- and galactose-grown yeasts as well as the
prolonged experimental period compared with pre-
vious studies are likely to be reasons for the
observed higher degree of adhesion and biofilm
production in glucose-supplemented media.

On the first day of biofilm formation, glucose-
grown biofilms developed more rapidly than the
counterparts grown in galactose. After day 1 and,
until day 3 the growth rate in galactose was faster
than that of glucose. Previous studies have demon-
strated that galactose may alter the outermost
surface components of yeast wall,7,12 resulting in
increased synthesis of fibrillar mannoprotein adhe-
sins.29,30 These additional adhesins are thought to
facilitate fungal adhesion and subsequent biofilm
formation.30,31 In addition, compared with cells
grown in other sugars, galactose-grown yeasts
appear to show the highest degree of hydrophobi-
city and therefore more likely to aggregate in aqu-
eous media.33 These may be reasons for the
observed rapid development of biofilms in galactose
compared with glucose.

Any material inserted into the oral cavity is
instantaneously coated by a saliva pellicle. Our
results revealed that the presence of a saliva coat-
ing (unstimulated whole saliva) did not significantly
influence the degree of either C. albicans adhesion
(P > 0.05) or biofilm growth (P > 0.05) (Fig. 3),
regardless of the dietary sugars supplements in the
media. In contrast to these findings, previous work-

ers have demonstrated that coating the substrata
with unstimulated whole saliva significantly inhib-
ited adhesion6,7,32 but resulted in increased biofilm
formation by C. albicans.5

It is well known that some salivary proteins, such
as human fibronectin34 and members of the basic
proline-rich protein family 35, can act as receptors
for C. albicans. On one hand, these proteins, when
immobilised on a surface, may possibly promote
Candida adhesion and subsequent biofilm formation
by acting as receptors for free-living planktonic
yeasts whilst on the other, they may simultaneously
block binding sites originally present on the sub-
stratum. In addition, the presence of salivary anti-
microbial proteins has been demonstrated,8,20,36

which further complicates this issue.
Due to these conflicting observations, further

research is needed to clarify the role of saliva in
early and late biofilm development. However, it is
worth emphasizing that the quality of saliva needs
to be standardised as vast differences exist between
mixed and glandular saliva, pooled and individual
saliva, stimulated and unstimulated saliva and
finally, saliva collected at different times of the
day. Previous work has shown clearly the impor-
tance of quality control of saliva in studies of this
nature.37

Apart from the effect of an acquired pellicle on
candidal adhesion and biofilm formation, salivary
components are likely to influence these processes
when suspended in the liquid phase of the experi-
mental medium. To explore this possibility, we
compared Candida adhesion in YNB medium with
and without mixed saliva supplements. Our data
indicate that, compared with saliva-free controls,
the presence of saliva in the YNB medium does not
significantly affect candidal adhesion (P ¼ 0.223)
(Fig. 6) although it distinctly reduces the magnitude
of biofilm development after 48 h incubation (P <
0.05) (Fig. 6). The decreased biofilm formation in
the presence of saliva in the YNB medium is likely to
be, at least partially, due to the salivary antimicro-
bial proteins, such as sIgA,8 histatin 5,36 lysozyme,
and lactoferrin,20 which may inhibit the growth of
the yeast populations in candidal biofilms.

A variety of adhesion/biofilm models have been
used in previous studies discussed above such as
polypropylene tubes containing acrylic beads,4

multi-well plates with acrylic sheets within the
wells,5—7,32 and petri dishes or multi-well plates
per se as substrata.8 The difference in the selection
of the adhesion/biofilm models may possibly par-
tially contribute to inconsistent results noted in the
literature. Of the various adhesion/biofilm model
systems, the multi-well plate system, which permits
rapid processing of large numbers of samples, was
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used in the present study. The well walls of the
commercially available plates are identical in sur-
face roughness and surface free energy and there-
fore, yield more comparable and controllable
biofilms compared with other model systems which
use self-prepared acrylic strips or beads as sub-
strata.

In summary, our data indicate that environmen-
tal factors operational within the oral milieu, such
as dietary sugars and saliva could modify candidal
adhesion and biofilm formation to varying extents.
The modulation of the growth rate of yeast cells and
cell wall components provide some clues for the
role of dietary sugars in this process. The effect of
unstimulated whole saliva on candidal adhesion and
biofilm formation varies depending on whether this
biological fluid is in the suspended or the immobi-
lised phase. Complexity of the composition and, the
subject-to-subject variations in the quality of
human saliva are likely to further complicate these
complex phenomena.
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