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Abstract
Prolonged use of implanted medical devices has been linked with device-associated infections. Since 
enteral tube feeding is increasing worldwide, the present study described the morphology of Candida 
albicans biofilms on the surface of silicone nasogastric tube (NGT) using fluorescence microscopy. With 
the emergence of multidrug-resistant fungal infections, the present study assessed the susceptibility 
profile of the biofilms to antifungal azoles namely fluconazole, miconazole, voriconazole, and 
posaconazole using the standard disc diffusion method. Microscopic studies of C. albicans biofilms 
revealed a complex heterogeneous structure with yeast cells and hyphal elements entrenched within a 
polysaccharide matrix. Planktonic C. albicans cells remained susceptible with posaconazole, fluconazole, 
miconazole, and voriconazole. However, the fungal biofilms exhibited resistance with miconazole. There 
was a significant reduction in the zone of inhibition on the 24-h, 48-h, and 72-h biofilm formation with 
posaconazole, voriconazole, and fluconazole, respectively. Kinetic investigation on C. albicans biofilm 
with posaconazole revealed a zero-order kinetic profile (R2=0.9774) whereas with voriconazole exhibited 
a first-order kinetic profile (R2=0.9974). These findings can possibly provide information regarding the 
resistance of fungal biofilms with antifungal azoles. Demonstration of common biofilm features will 
extend the findings of this study beyond fungi to polymicrobial infections, as new information and 
insights will influence several disciplines ranging from environmental microbiology to pharmaceutical 
drug design intended for biofilm-associated infections.
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INTRODUCTION
 Enteral tube feeding is a standard 
of practice for patients who have functional 
gastrointestinal tracts but cannot acquire their 
nutritional needs through normal oral intake (De 
Legge, 2017). One type of tube that is used for 
short term enteral tube feeding is the nasogastric 
tube (NGT). This fine tube is inserted through the 
nostril of the patient, passes along nasopharynx 
and esophagus, and finally, into the stomach (Best, 
2016). Thus, feeding tubes are usually made of 
either silicone or polyurethane because they can 
withstand the gastric acid of the stomach and 
are able to maintain their position for more than 
10-14 d (Dougherty & Lister, 2015). However, the 
increasing usage of implanted medical devices 
also increases device-associated infections, such 
as biofilm formation of fungal species. Candida is 
the most common genus of fungi that colonizes 
medical devices by forming resilient biofilm (Desai 
et al., 2014). Center for Disease Control recognizes 
C. albicans as the third most commonly isolated 
bloodstream pathogen in hospitalized patients 
where mortality rate is up to 50% (Tsui et al., 2016). 
Pathogenesis of C. albicans is a consequence of 
its biofilm formation on host or abiotic surfaces. 
Silva and colleagues (2017) reported that an 
estimate of 100,000 deaths annually were caused 
by biofilm infection. Furthermore, Nobile and 
Johnson (2015) reported in their study that 
National Institutes of Health identified biofilm 
formation of C. albicans to be the cause of 80% 
of all microbial infections, ranging from superficial 
mycoses to more serious infections with higher 
mortality rates. Among the different major classes 
of antifungal drugs available for treating mucosal 
or systemic candidiasis, azoles are frequently used 
because of its availability for oral administration, 
economical price, and less toxicity (Whaley et 
al., 2016). The utility of enteral tube feeding for 
patients with complications such as poor voluntary 
intake or gut dysfunction is increasing worldwide 
(Blumenstein et al., 2014). The present study 
described the morphology of C. albicans biofilm 
on the surface of silicone NGT using fluorescence 
microscopy. One of the major concerns in fungal 
infections today is the development of multidrug-
resistant strains due to broad-spectrum antibiotics 
(Perlin et al., 2015). Hence, the present study 
assessed the antifungal activity of fluconazole, 

miconazole, voriconazole, and posaconazole to C. 
albicans biofilms using the standard disc diffusion 
method. Moreover, the susceptibility profile of 
the sessile cells to antifungal azoles was described 
using different kinetic rate equations. Findings of 
this study will provide additional information on 
the biofilm formation of C. albicans on silicone 
NGT with emphasis on its morphological features 
and susceptibility kinetic profile with the selected 
antifungal azoles.

MATERIALS AND METHODS
Organism, Culture Conditions, and Inoculum
 Candida albicans (ATCC 14053) isolate 
was kindly provided by the Department of Medical 
Microbiology, College of Public Health, University 
of the Philippines Manila. The organism was 
maintained, grown, and subcultured at 37°C on 
Sabouraud dextrose agar (SDA) plates 48 h prior 
to use. The inoculum was prepared by placing 
three distinct 1.5-mm 48-h colonies into 10 mL of 
sterile distilled water warmed to 37°C as modified 
from Andes et al. (2004). The final inoculum 
was adjusted to 7.46 (±0.07) log10 CFU/mL using 
serial dilution and the viable fungal counts of 
the inoculum were confirmed by plating on SDA. 
Alternatively, the suspension was vortexed for 15 
s and its turbidity was adjusted to have the final 
stock suspension of 1.0 to 5.0 x 106 cells/mL. The 
turbidity was adjusted by adding saline solution 
or more colonies in order to achieve the turbidity 
produced by the 0.5 McFarland standard at 530 
nm wavelength (National Committee for Clinical 
Laboratory Standards (NCCLS), 2004).
Candida albicans Biofilm Formation on Silicone 
Nasogastric Tube
 A modified method (Hawser & Douglas, 
1994; Chandra et al., 2001) for growing biofilms 
was employed in this study. Disks with surface area 
of 0.16 cm2 (0.2 cm x 0.8 cm) from the silicone NGT 
(Fr5, Medline®, NeoMed, Inc.) were prepared. 
These disks were placed in glass culture plates for 
sterilization. Once oven-dried, these strips were 
individually placed in 96-well tissue culture plates. 
Standardized cell suspensions (100µL) of the final 
inoculum was applied to the surface of each disk, 
supplemented with 50 mM glucose (200µL), and 
then incubated for up to 72 h at 37°C for the 
biofilm formation. All experimental setups were 
carried out in triplicates.
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Microscopic Examination of Candida albicans 
Biofilms
 Assessment on the morphological 
structure and appearance of the biofilms on 
the surface of silicone NGT was performed 
using fluorescence microscopy. To remove 
the nonadherent cells, disks were individually 
submerged in a new 96-well plate containing 
0.15 M phosphate buffer solution (PBS, 300µL) as 
modified from Chandra et al. (2001). The surfaces 
of the disks with biofilms were stained for 15 min 
with 2 mL Sypro® Ruby (Invitrogen, USA) and were 
subsequently transferred to microscope slides. The 
dye was used to stain the fungal cell wall, revealing 
a dense matrix between the hyphae and biofilm 
(Steinberg et al., 1996). The stained disks were 
examined under a fluorescence microscope (λmax 
= 450 nm).
Susceptibility Kinetic Profile of Candida albicans 
Biofilms to Antifungal Azoles
 Antifungal susceptibility of C. albicans 
planktonic cells and sessile cells (24, 48, and 72 h) 
was monitored using the Clinical and Laboratory 
Standards Institute (CLSI, 2017) standard disc 
diffusion method. Following biofilm formation, the 
disc diffusion method was employed to determine 
zone of inhibition of the antifungal azoles. A 
standard test tube was prepared by inoculating 
three colonies of C. albicans in 10 mL sterile 
distilled water adjusted to 107 cells/mL. Moreover, 
the disks were individually submerged in a new 96-
well plate with 0.15 M PBS (300µL). Varied number 
of strips were transferred to a test tube containing 
2 mL of sterile distilled water until similar turbidity 
was obtained with the established standard test 
tube and confirmed by standard plating procedure. 
A sterile cotton swab was dipped in the suspension 

and streaked in many directions over the entire 
surface of the Mueller-Hinton agar (MHA) plate 
supplemented with 2% glucose and 0.5µg/mL 
methylene blue. The inoculated agar was air 
dried for 30 min. With a pair of forceps, each 
disc containing antifungal drug was dispensed on 
the surface of the agar distributed in such a way 
that their distance from one another is no less 
than 24 mm from the center (NCCLS, 2004). The 
four antifungal discs, fluconazole (25µg) (Oxoid 
Ltd.), posaconazole (5µg) (Liofilchem Diagnostic), 
voriconazole (1µg) (Oxoid Ltd.), and miconazole 
(10µg) (Liofilchem Diagnostic), were placed in the 
MHA plates, incubated for 24 h at 37oC, and then 
the zone of inhibition (mm) was measured. The 
zone of inhibition was measured at the transitional 
phase wherein apparent decrease in the growth 
and size of colonies was observed. In addition to 
the Clinical and Laboratory Standards Institute 
(CLSI, 2017) guidelines, reference obtained from 
the Susceptibility Testing of Yeasts (STY, 2011) 
was also considered in the interpretation of the 
measured zone of inhibition (Table 1).
Numerical Calculations and Data Analyses
 Quantitative measures were subjected to 
analysis of variance and made use of Bonferroni 
test in the post hoc analysis. Several kinetic 
equations including zero-order, first-order, 
and second-order models were employed in 
elucidating the rate mechanisms regarding 
the susceptibility kinetic profile of C. albicans 
biofilms with the selected antifungal azoles. 
The parameters of these kinetic equations were 
estimated employing the linearized forms of the 
kinetic equations (Table 2) using linear regression 
analysis (Sumalapao, 2017; Sumalapao, 2018).

Table 1. Clinical and Laboratory Standards Institute (CLSI) and Susceptibility Testing of Yeasts (STY) interpretive 
guidelines on antifungal susceptibility testing

  Zone of inhibition (mm) interpretation 

AntifungalAzole Resistant Intermediate Susceptible-Dose  Susceptible Reference
   Dependent

Posaconazole (5µg) < 13 – 14 – 16 > 17 STY, 2011
Fluconazole (25µg) < 14 – 15 – 18 > 19 STY, 2011
Fluconazole (25µg) < 13 – 14 – 16 > 17 CLSI, 2017
Miconazole (10µg) < 11 – 12 – 19 > 20 STY, 2011
Voriconazole (1µg) < 14 15 – 16 – > 17 CLSI, 2017
Voriconazole (1µg) < 13 – 14 – 16 > 17 STY, 2011
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RESULTS
 Examination of the biofilm formation via 
fluorescence microscopy revealed a dense matrix 
in the areas between the hyphae in a biofilm 
(Fig. 1). In the initial adherence stage, which 
occurred during the first 12 h, colonization of C. 
albicans on the surface of the device was observed 
microscopically. The aggregation complexity 
increases as the biofilm matures with time. A 
mature biofilm on the 72-h formation was observed 
to be embedded in a matrix of exopolysaccharide 
(Fig. 1C). However, biofilms with less cell density 

were observed on 72 h suggesting biofilm 
detachment and reduction which can lead to 
possible accumulation of biochemical metabolites 
and waste products. Microscopic studies of C. 
albicans biofilms on the surface of silicone NGT 
revealed a complex heterogeneous structure with 
yeast cells and hyphal elements entrenched within 
a polysaccharide matrix. Microscopic images 
revealed a highly heterogeneous architecture 
of mature C. albicans biofilms in terms of the 
distribution of fungal cells and polysaccharide 
matrix.

Table 2. Nonlinear and linearized forms of the susceptibility kinetic models

Kinetic Model Nonlinear Model Linearized Form

Zero-order
  
First-order
  
Second-order

zt (mm): zone of inhibition at time t (hour); z0 (mm): zone of inhibition at t=0; κ0 (mm/hour): zero-order rate constant; κ1 (mm/
hour): first-order rate constant; κ2 (mm-1hour-1): second-order rate constant

zt = κ0 t + z0

dzt
dt = κ0

dzt
dt = κ1zt

log zt= log z0 +      t
κ1

2.303

dzt
dt = κ2zt

2 ( )1
zt

= κ2t + 1/z0

Fig. 1. Fluorescence microscopy of Candida albicans biofilms (in white arrows) on the surface of silicone nasogastric 
tube at (A) 24 h, (B) 48 h, and (C) 72 h. Magnification: X40

 In vitro susceptibility testing of C. albicans 
planktonic cells and biofilms revealed varying 
profiles with the different antifungal azoles. 
Some of these representative test plates are 
presented in Fig. 2. The planktonic C. albicans cells 
were susceptible to posaconazole, fluconazole, 
miconazole, and voriconazole (Table 3). However, 
for the susceptibility profile of fungal biofilms with 
the antifungal azoles, resistance to miconazole 
was identified (Table 3). Zone of inhibition with 
miconazole significantly differed between the 
planktonic cells and the 24-h biofilms (p<0.05). 

Despite of the resistance profile identified 
with miconazole, the mean zone of inhibition 
in the 24-h and 48-h biofilms did not differ 
(Table 3). However, the 72-h biofilms had a 
significant reduction in the zone of inhibition when 
compared with the 24-h biofilms and planktonic 
cells (p<0.05). Moreover, the fungal biofilms 
remained susceptible to other antifungal azoles. 
Although these fungal biofilms were susceptible 
to fluconazole, a significant reduction in the zone 
of inhibition on the 72-h biofilm formation was 
observed (Table 3). Significant reductions in the 
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zone of inhibition were also observed as early as 
24 h and 48 h to posaconazole and voriconazole, 
respectively (Table 3). Zone of inhibition of 
sessile cells with posaconazole did not differ 
across the entire biofilm formation (p>0.05). 
The susceptibility pattern of C. albicans biofilms 
with posaconazole exhibits a zero-order kinetic 
profile (R2=0.9774, Table 4) with a mean reduction 
rate of 0.0972 mm/h in the zone of inhibition 
(p=0.0114). Had resistance pattern of biofilms 

with voriconazole behaved in the same zero-
order kinetics (R2=0.9955), there is an average of 
0.0830 mm/h reduction in the zone of inhibition. 
However, susceptibility of sessile cells with 
voriconazole exhibited a first-order kinetic profile 
(R2=0.9974, Table 4). The mean reduction in the 
zone of inhibition is 0.0041 mm/h under the first-
order kinetic model (p=0.0013) with a significant 
difference in the susceptibility profile between the 
48-h and 72-h biofilm formation (Table 3).

Table 3. Antifungal susceptibility of Candida albicans biofilm on the surface of silicone nasogastric tube to azoles

       Zone of inhibition 
     (mean ± standard deviation, mm)

Azoles Planktonic cells 24-hr biofilm 48-hr biofilm 72-hr biofilm

Fluconazole (25µg) 28.33 ± 0.58a 25.67 ± 1.53a 26.33 ± 0.58a 21.33 ± 1.15b

Miconazole (10µg) 21.33 ± 0.58a 11.67 ± 0.58b 10.33 ± 0.58bc 9.67 ± 0.58c

Posaconazole (5µg) 24.00 ± 1.00a 20.33 ± 0.58b 18.67 ± 0.58b 18.67 ± 1.53b

Voriconazole (1µg) 23.67 ± 0.58a 21.67 ± 0.58ab 21.00 ± 1.00b 17.67 ± 0.58c

Values with identical superscript letters in a given row do not differ at 5% level of significance using Bonferroni test

Fig. 2. Susceptibility profile of (A) 24-h, (B) 48-h, and (C) 72-h Candida albicans biofilm: fluconazole (FCA), miconazole 
(MCL), posaconazole (POS), and voriconazole (VO)

DISCUSSION
 Candida a lb icans ,  a  commensal 
microorganism, can be found on mucosal surfaces 
such as oral cavity, gut, and vagina (Williams et al., 
2013). However, its asymptomatic colonization 
becomes pathogenic when its local environment 
is altered because of a change in the immune 
response of the host. Its development as a 
pathogenic fungi is caused by its capability to 
switch morphology and its ability to form biofilm, 
the latter is considered as an important factor in the 
contribution of C. albicans to human diseases (Tsui 

et al., 2016). Growth of C. albicans biofilm begins 
with the formation of basal layer by adhesion 
of yeast cells on a surface. This basal layer is 
composed of long tubular cells which can extend to 
form hyphae, and eventually a mature biofilm can 
form after addition of proteins and carbohydrates, 
forming an extracellular matrix (Xu et al., 2019). In 
the present study, biofilm formation by C. albicans 
initially involved adhesion of yeast cells to the 
surface of NGT. With the dimorphic switching of 
the organism from yeast cells to hyphal form, it 
resulted to matrix formation and complex biofilm 
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architectural structure. As a dimorphic organism, 
C. albicans morphogenetic conversions, the 
ability to reversibly switch between yeast and 
filamentous forms, are important for multiple 
aspects of C. albicans biology and pathogenicity. 
Filamentation seems to play a critical role in 
the development of the spatially organized 
architecture observed in mature and highly 
structured C. albicans biofilm. Hyphae are essential 
elements for providing structural integrity to 
fully developed biofilms. When representative 
microscopic images of the biofilms at varying 
magnifications were obtained, the thickness of the 
mature biofilm appears varied over the different 
areas on the surfaces of the medical device. 
Individual yeast cells appeared discernible with 
the less dense biofilm matrix. Moreover, imaging 
of the biofilms using fluorescence microscopy 
revealed a heterogeneous structure, a network of 
extracellular matrix strands, characterized by the 
presence of yeast cells and hyphal forms. These 
C. albicans hyphal elements were implicated in 
fungal infections (Gale et al., 1998; Yaar et al., 
1997; Yamada-Okabe et al., 1999).
 Fungal infections, device-related biofilm 
infections caused by C. albicans in particular, 
had been linked with an increase use of medical 

device among immunocompromised patients 
or for surgical advances (Shinde et al., 2012). In 
2015, it was reported that these caused 65% of 
infections in catheterized patients (Yousif et al., 
2015). Recurring infections and death can result 
from such fungal biofilms (Pandolfi et al., 2019) 
and these clinical problems are further aggravated 
by resistance to antifungal drugs. The use of these 
antifungal drugs depends on the sensitivity profile 
of species, anatomical site it was found, and the 
type of infection (De Oliveria Santos et al., 2018). 
Azoles, which include triazoles and imidazoles, 
remain to be the largest family of antifungal drugs. 
Triazoles, which include posaconazole, fluconazole, 
and voriconazole, are considered in the treatment 
of superficial and systemic fungal infections 
(Sheehan et al., 1999). Triazoles inhibit lanosterol 
14-α-demethylase, an important enzyme in 
ergosterol biosynthesis pathway, resulting in 
aberrant sterol intermediates accumulation and 
subsequent fungal growth restriction (Fera et al., 
2009). Similarly, imidazoles such as miconazole 
respond to induce membrane damage by inhibiting 
ergosterol synthesis leading to the accumulation 
of lanosterol. Imidazoles were observed to have 
fungistatic activity, but a leak in membranes 
from sterol perturbations has eventually resulted 

Table 4. Parameter estimates of the different kinetic rate equations describing the susceptibility of Candida albicans 
biofilms on the surface of silicone nasogastric tube to antifungal azoles

Kinetic  Parameter       Antifungal Azole
 

Model  Posaconazole Fluconazole Miconazole Voriconazole
 
Zero-order κ0 -0.0972 -0.1398 -0.0655 -0.0830
 z0 28.4275 17.5836 22.4480 23.5742
 R2 0.9774 0.5290 0.6113 0.9955
 SSE 0.5892 36.3623 7.3658 0.0846
 p 0.0114 0.2306 0.2181 0.0023
First-order κ1 -0.0040 -0.0096 -0.0031 -0.0041
 z0 28.5932 16.9328 22.3590 23.7013
 R2 0.9744 0.6398 0.6188 0.9974
 SSE 0.0002 0.0267 0.0030 2.20e-5   
 p 0.0129 0.2001 0.2134 0.0013
Second-order κ2 0.0002 0.0007 0.0001 0.0002
 z0 28.8082 16.2800 22.2670 23.8681
 R2 0.9688 0.6941 0.6254 0.9954
 SSE 2.32e-6 0.0006 3.54e-5 5.08e-7
 p 0.0157 0.1669 0.2092 0.0023

z0 (mm): zone of inhibition at t=0; κ0 (mm/hour): zero-order rate constant; κ1 (mm/hour): first-order rate constant; κ2 (mm-1.
hour-1): second-order rate constant; R2: coefficient of determination; SSE: sum of squares of the error; p: p-value
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in fungal death (Sud & Feingold, 1981). Azoles 
inhibit lanosterol 14-α-sterol demethylase 
encoded in ERG11 gene, a gene responsible for 
ergosterol biosynthesis. Ergosterol is the largest 
component of fungal cell wall, therefore, its 
downregulation leads to increased membrane 
fluidity. Increased membrane fluidity makes the 
cell vulnerable to toxic 14-α-methylated sterol 
that when accumulates inside the cell would 
result in growth arrest and apoptosis (Musu et 
al., 2014). In the present study, planktonic C. 
albicans remained susceptible to antifungal azoles, 
namely posaconazole, fluconazole, miconazole, 
and voriconazole. Biofilms on the surface of 
NGT exhibited consistent susceptibility profile 
to fluconazole. Fluconazole is a broad-spectrum 
antifungal that is the first choice of drug because of 
its high efficiency, safety profile, and bioavailability 
(Liu et al., 2015). Fluconazole, most commonly 
prescribed antifungal drug for Candida albicans 
infection, is a triazole antifungal used to treat 
cryptococcal meningitis in AIDS and oropharyngeal 
candidiasis. It has been extensively used over 
the years because of its efficacy as first line drug 
which is also the principal reason of increasing 
resistance of C. albicans to fluconazole and change 
of etiological agent of infection from albicans 
to non-albicans species (Musu et al., 2014). 
Fluconazole resistance to C. albicans (14.1%) was 
reported in 2014 due to repeated use of the drug 
(Liu et al., 2015). Fluconazole and other triazoles 
target C. albicans by inhibiting cytochrome P450 
enzyme lanosterol demethylase in the ergosterol 
biosynthesis pathway, preventing activation 
of oxygen and demethylation of lanosterol to 
become ergosterol. Such inhibition promotes toxic 
accumulation of methylated sterols in fungal cell 
which eventually leads to cell death (Berkow & 
Lockhart, 2017).
 In addition to fluconazole, planktonic cells 
and biofilms on the surface of NGT also exhibited 
consistent susceptibility profile to voriconazole. 
Voriconazole is also an active triazole derived 
from fluconazole with enhanced antifungal 
spectrum (Saravolatz et al., 2003). Furthermore, 
voriconazole and other second-generation azoles 
were also reported to be fungicidal for some 
filamentous organisms. Unlike fungistatic drugs, 
voriconazole completely interrupts ergosterol 
synthesis resulting to cell death (Saravolatz et al., 

2003). However, a study conducted by Flowers 
and colleagues (2015) showed that when wild-
type azole-susceptible strain of C. albicans were 
exposed to ERG11 alleles carrying an amino 
acid substitution and tested for susceptibility to 
voriconazole, substantial decrease in susceptibility 
was observed. In addition, Wiebusch & colleagues 
(2014) tested susceptibility of 24 samples of C. 
albicans against fluconazole and voriconazole. 
They found out that 54.16% of C. albicans were 
sensitive to fluconazole while 45.83% were 
resistant. A similar result was observed with 
voriconazole.
 Moreover, both the planktonic and sessile 
cells remained susceptible with posaconazole. 
Posaconazole is a broad-spectrum triazole 
used in the treatment of Candida, Aspergillus, 
and other opportunistic and dimorphic fungi 
encountered clinically (Gonzalez et al., 2007). 
Posaconazole is considered a more dominant 
inhibitor of 14-α-demethylase sterol and is 
essentially for prophylaxis of invasive forms of 
fungal infections (Owotade et al., 2016). In an 
experiment conducted by Owotade and colleagues 
(2016), C. albicans strains were collected from 
the oral cavities of 205 HIV patients, 49 cancer 
patients, and 20 healthy individuals to test for 
antifungal susceptibility. Their results showed that 
seven isolates (3.4%) of C. albicans were resistant 
to posaconazole. It was also stated in the same 
study that posaconazole increased its minimum 
inhibitory concentration from 1.1% in 2001 to 
3.2% in 2009. Furthermore, Chen and colleagues 
(2013) demonstrated that posaconazole (0.03–
16µg/mL) with caspofungin (0.25–16µg/mL) 
exhibited synergistic antifungal activity against C. 
albicans. These cases of increased resistance with 
posaconazole were presumably caused by a sixth 
mutation in ERG11, which functions to disrupt the 
binding segments of the drugs, elevating the level 
of posaconazole resistance (Li et al., 2015). 
 The present study identified that 
the serially grown biofilms were found to be 
resistant to miconazole. Miconazole was the first 
azole identified to be effective against systemic 
infections (Loeffler & Stevens, 2003). As was 
described for triazoles, miconazole also functions 
to affect membrane asymmetry and fluidity, and 
this altered plasma membrane composition may 
have contributed to the observed resistance to 
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miconazole (Loeffler & Stevens, 2003). Miconazole 
is an exception to fungistatic azoles because of its 
fungicidal effect against yeast cells by accumulating 
reactive oxygen species (ROS). De Cremer and 
colleagues (2015) found that miconazole and 
artemisinins combination have the potential to 
treat infection caused by biofilm formation of one 
strain of C. albicans. Artemisinins are antimalarial 
drugs that were found to act synergistically 
with miconazole because of dihydroartemisinin, 
a structural homologue of artesunate, a 
semisynthetic derivative of artemisinin, and its 
ability to increase the capability of miconazole 
against biofilms of C. albicans (De Cremer et al., 
2015). Furthermore, another study conducted by 
De Cremer and colleagues (2016) also showed that 
combination of miconazole (125µM) to antimycin 
A (25µM) exhibited high superoxide induction, 
which is significant to fungicidal compounds and 
their production of ROS to increase susceptibility 
of miconazole to biofilms.
 In the present study, C. albicans biofilms 
exhibited a decreasing susceptibility pattern with 
the tested antifungal azoles. In particular, the 
susceptibility pattern of C. albicans biofilms with 
posaconazole has a kinetic profile described by a 
zero-order rate equation. Posaconazole is a new 
triazole antifungal drug which exhibits a similar 
mechanism of action as other azole derivatives. 
Moreover, C. albicans biofilms on the surface of 
silicone NGT remained susceptible to fluconazole 
and voriconazole, although a significant reduction 
in the zones of inhibition was noted as early as 48-h 
biofilm formation. Nett et al. (2014) established 
the tolerance to fluconazole of in vitro and in vivo 
C. albicans biofilms on silicone urinary catheter. 
Fluconazole was selected primarily for its clinical 
utility in the treatment of urinary candidiasis 
since the presence of a halogenated phenyl ring 
increases its antifungal activity (Dash & Elmquist, 
2001). Fluconazole basically alters the cellular 
membranes which leads to increased membrane 
permeability, impaired uptake of precursor, 
and leakage of essential elements from the cell 
(Charlier et al., 2006). However, Nasrollahi et 
al. (2015) reported resistance of C. albicans to 
fluconazole since Pir1p, a protein responsible for 
cell wall maintenance, was found overexpressed in 
the fungal cell wall due to prolonged fluconazole 
treatment. Moreover, another triazole examined 

in the present study was voriconazole, a second-
generation triazole and a synthetic derivative 
of fluconazole. Candida albicans  biofilms 
when compared to planktonic cells exhibited 
a significantly different susceptibility pattern, 
but the fungal biofilm remained susceptible to 
voriconazole. This might be attributed to the 
stronger affinity of voriconazole with lanosterol 
14-α-demethylase which results in complete 
disruption of ergosterol synthesis and eventual 
fungal cell death (Saralovatz et al., 2003). 
Interestingly, the present study identified the 
resistance of C. albicans biofilms on the surface of 
silicone NGT to miconazole. However, miconazole, 
as an imidazole, should have its cumulative effect 
on C. albicans consistent with its direct interaction 
with the fungal plasma membrane causing growth 
inhibition, and its contact with the intracellular 
membranes resulting in cellular disorganization, 
and eventual fungal death (Cope, 1980).
 The planktonic C. albicans is different 
from C. albicans in the biofilms on the surfaces 
of medical devices. The fungal biofilm exhibited 
tolerance to some antifungal drugs and biofilms 
are becoming progressively resistant to the first-
line and second-line antifungal drugs (Martin, 
1999). Some of the major mechanisms which 
lead to azole resistance include reduced drug 
intracellular accumulation, decreased target 
affinity, and drug effect counteraction (Sanglard, 
2016; Spampinato & Leonardi, 2013). Resistance 
of biofilms to antifungal drugs is found to be 
multifactorial, a combination of the β-1,3 glucan 
drug sequestration activity, upregulation of 
several efflux pump genes in the biofilms, and 
the presence of persister cells (Desai et al., 
2014). Several documents alarmingly reported 
the developing resistance of C. albicans to azoles. 
Mutations in ERG11 have been observed to alter 
substitution of amino acids, which leads to the 
revision of mechanisms of azoles, preventing 
ERG11 inhibition resulting to resistance (Flowers 
et al., 2015). Another mechanism involved in 
drug-resistance property of C. albicans is the 
upregulation of several efflux pump genes, which 
specifically increases resistance of C. albicans cell 
membrane to azoles during early stages of biofilm 
development. CDR1 and CDR2 ATP binding cassette 
transporters, along with MDR1, a major facilitator 
transporter were found in low concentrations in 
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clinical isolates without exposure to antifungal 
resistance (Silva et al., 2017). In increased levels, 
C. albicans cell membrane also exhibited increased 
drug resistance to azoles. Furthermore, Silva and 
colleagues (2017) reported that efflux pumps are 
time-specific, and higher expression are observed 
in 12-h biofilm formation, in comparison to a 48-h 
mature biofilm formation. A group of cells, called 
persister cells, may also contribute to biofilm 
drug resistance (Palkova & Vichova, 2016). In 
Candida biofilms, persister cells have the capacity 
to repopulate the biofilm even after they were 
eliminated by amphotericin B and chlorhexidine 
(Palkova & Vichova, 2016). The resistance of 
these cells can be attributed to the upregulated 
production of proteins involved in its virulence 
and stress responses (Li et al, 2015). Due to these 
emerging cases of antifungal drug resistance, there 
is an increase in the synthesis and manufacture 
of new drugs. However, some newer generation 
azoles have no significant activity against C. 
albicans biofilms (Katragkou et al., 2008).

CONCLUSION
 Candida albicans biofilms on the surface 
of NGT revealed a complex structure with 
hyphal elements and yeast cells entrenched 
within a polysaccharide matrix. These biofilms 
were resistant to miconazole but remained 
susceptible to fluconazole and voriconazole, 
although significant reduction in the zone of 
inhibition was observed as the biofilm matures. 
The susceptibility kinetic profile of the fungal 
biofilm with posaconazole can be described using 
the zero-order rate kinetic model. In the present 
study, information on model biofilms with focus 
on structural organization and susceptibility 
pattern can possibly provide baseline information 
which can lead to further resistance mechanism 
elucidation and subsequent development of novel 
therapies.
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