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Abstract
Biofilm is a common mode of fungal growth in clinical infection and Candida albicans is one of the species that are the most frequently
associated with biofilm infection which has a significant impact on morbidity and mortality. In the mode of biofilm, C. albicans tends to
display high resistance to body immunity and antimicrobial agents. Models of C. albicans biofilms are very powerful tools that can help
researchers to study and control biofilms-associated infection. Thus, there has long been interest in developing models of C. albicans
biofilms. Here, we review recent studies that attempted to establish in vitro models of C. albicans biofilms. The studies of the mechanism
of biofilm formation and its structure, and the susceptibility test of some antifungal agents have used the models to characterize the
biofilms. Models of C. albicans biofilms do seem to reflect important aspects of fungal infection, and will likely provide critical insights
into the molecular and organismic mechanisms as well as novel therapeutic interventions for Candida infection.
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Introduction
Biofilm is defined as microbial communities encased in a matrix of extracellular polymeric substances [1]. It is a common mode
of fungal growth in nature and is also important in clinical infections, especially infections associated with medical device [2].
Fungal biofilms typically develop over five sequential steps: (1) the adhesion of a microorganism to a surface,(2) cells gathering
and discrete colony formation, (3) form hyphae and secretion of extracellular polymeric substances, (4) maturation into a threedimensional structure and (5) dispersion of cells (Figure 1).

Figure 1: Stages in the formation of Candida albicans biofilm
(1) Culture medium surface with an adsorbed conditioning film of host proteins (pink). Initial yeast (green) contact the surface and adhesion to it;
(2) Formation of the basal layers of yeast micro colonies; (3) Completion of micro colony formation by addition of the upper, mainly hyphal layer.
The extracellular matrix material (blue) was formed; (4) Mature biofilms contain numerous micro colonies with extracellular matrix material that
surrounds both yeasts (green) and hyphae (green). They consisted of two distinct layers: a thin, basal region of densely packed yeast cells and an
overlying thicker, but more open hyphal layer; (5) Mature biofilms produce new spores (purple) and disperse them

There are several reasons for the growing number of fungal infections, such as the widely using of wide-spectrum antibiotics
and immunosuppressant, invasive procedures and medical implant devices. Among the fungal pathogens of humans, Candida
represented by Candida albicans, is one of the species that are the most frequently associated with biofilm infection, particularly
which on medical implants, and this has a significant impact on morbidity and mortality [3]. C. albicans which can cause both supAnnex Publishers | www.annexpublishers.com
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erficial and systemic infections, is one of the main pathogenic microorganisms caused nosocomial infection. Data in 2002 from
the US National Nosocomial Infections Surveillance System ranked C. albicans as the fourth most common cause of bloodstream
infection, behind coagulase-negative staphylococci, staphylococcus aureus and enterococci, and also ranked third in cause of
catheter-associated infection with a high mortality rate and high cost for treatment [4].
Biofilms display features that differ from their planktonic counterparts in morphological structure, biological and biochemical
features, pathogenicity and antifungal susceptibility. Fully mature biofilms of C. albicans display high resistance to body immunity
and antimicrobial agents for consisting of a dense network of yeasts, hyphae and pseudo hyphae [5]. The clinical commonly
used antifungal agents are designed for microorganisms in planktonic condition, that’s why Candida spp tends to display highlyresistance and refractory in biofilm form. Now biofilms have been one of the hot spots in the anti-infective study.
The availability of well-characterized, reproducible biofilm models is essential to understanding the nature of biofilms and
performing studies of biofilm formation and antifungal drug resistance. C. albicans has become the main experimental fungi for
studying the mechanisms of fungal biofilm formation. Considerable progress has been made in recent years in the characterization
of the regulating factors and mechanisms that govern the formation and antifungal tolerance of C. albicans biofilms. A number
of genes involved in all stages of biofilm formation by C. albicans, such as in adherence, matrix production, quorum sensing and
especially morphogenesis, have been identified and well characterized [6-8]. Expression of these genes is under the influence of
environmental conditions and regulatory pathways. All these progresses were achieved based on the development of C. albicans
biofilms models.
This review focuses on summarizing some widely used in vitro models of C. albicans biofilms, analyzing the operating process,
application and development of them, discussing the advantages and limitations of these models (Table 1). It also looks forward
the research orientation in the future.
Evaluation method
(Biofilm
ultrastructure/
Quantitative analysis)

BF
formation:2,4,6,8,24,48h/SMICs:48h

Light microscopy/XTT
assay, alamarblue

BF formation:2,4,6,24,36,48h

SEM/XTT assay

Suspension
concentration

microplate
model

1.0×10

Calgary biofilms
device

1.0×107

BioFlux 200

OD600 of 0.2

Yeast cell
adherence

the Modified Robbin’s
Device

1.0×106

Structure
study

Centers for disease
control biofilm reactor

1.0×108

Structure
study

Catheter disks
model

1.0×107

Antifungal
susceptibility
test

Caspofungi,
negative
control

BF formation:2,24,48h;24h
SMICs:26,48,72h;24-48h

Filter
membranes

Filter membranes
model

1.0×107

Antifungal
perfusion
study

Amphotericin
B, fluconazole,
flucytosine

BF formation:48h
SMICs:4h

Contact lens

Contact lens
model

1.0×107

Structure
study

BF formation:48h

Formation
mechanism
study

BF formation:48h

Microplate

Disks

Petri dish
and glass
slide

6

Parallel plate flow
chamber
Candida albicans
Biofilm Chip

4.0×106

Research
objectives

Antifungal
susceptibility
test

Metabolism
study, susceptibility testing

Intervention
medicine

Observation time

Type

Substrate

Fluconazole,
amphotericin
B and negative
control

After 30 minutes of flow
Amphotericin
B, fluconazole

Amphotericin
B, fluconazole

BF formation:48h
SMICs:5,24h

SEM/XTT assay

BF
formation:0.5,1,6,12,24,36,48,72,96h

CLSM/XTT,FDA,SYTO
9

BF formation:24h

CM,CSLM,SEM/
CFU,MTT,XTT,DW
SEM/Measure the
growth inhibition zones
CSLM/XTT

CSLM/XTT

Table 1: In vitro models used to study Candida albicans biofilms

In vitro models of C. albicans biofilm
According to the culture substrate, the commonly used in vitro models mainly consist of five types: microplates model, disks
model, filter membranes model, contact lens model and petri dish and glass slide model (Figure 2). Microplates model is one
of the most widely used models to study the antifungal susceptibility testing of sessile organisms. It is fast, efficient, reliable, and
reproducible, with high throughput potential. Disks model uses catheter disks as the culture substrate, which should be helpful for
the study of medical device-associated infection. The filter membranes model uses to study the permeability of biofilms, making it
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a powerful tool in investigating the mechanism of drug resistance of biofilms. Taking human environmental conditions into
consideration, the model of Centers for Disease Control biofilm reactor (CDC reactor) and Parallel Plate Flow Chamber were
developed. These two kinds of in vitro models can simulate the blood continuous flow conditions, making it possible to study the
interaction of biofilms and host organism.

Figure 2: A review map of in vitro models of Candida albicans biofilms. The circular area represented the popularity of the model

Microtiter plate model
96-well microtiter plate model: Considering the widespread increased antimicrobial resistance and increased using of medical
devices, it is crucial to establish standard methodologies that make it possible to evaluate the current and new antifungal agents
against cells in biofilms. So Ramage et al [9] created a standardized method to establish a 96-well microplate in vitro model to study
C. albicans biofilms in 2001.
In this method, the C. albicans strains were propagated in yeast peptone dextrose (YPD) medium. A loopful of cells from the
YPD medium were inoculated in the flasks containing liquid medium, then incubated overnight in a shaker (100rpm) at 30 oC.
Cells were harvested and resuspended in RPMI1640. The cellular density was adjusted to 1.0×106 cells per ml and 100μl of the
standardized cell suspensions was pipeted into selected wells of the presterilized, polystyrene, flat-bottom microtiter plate and
incubated at 37 oC.
Biofilms were formed over a series of time intervals (2, 4, 6, 8, 24 and 48 h). At each time interval,biofilm formation was measured
with the XTT-reduction assay and concurrently assessed by light microscopy. Before the measurement, the biofilms were thoroughly
washing with sterile PBS three times to remove the nonadherent cells. XTT was prepared in a saturated solution at 0.5 g/liter in
Ringer’s lactate. The solution was filter sterilized through a 0.22-μm-pore-size filter, then stored at 37 oC. Prior to each assay, an
aliquot of stock XTT was thawed, and menadione (10 mM prepared in acetone) was added to a final concentration of 1 mM. A 100μl aliquot of the XTT-menadione solution was then added to each prewashed biofilm. The solution was also added to the control
wells for the measurement of background XTT-reduction levels. The plates were then incubated in the dark for up to 2 h at 37 oC.
A colorimetric change in the XTT-reduction assay, a direct correlation of the metabolic activity of the biofilm, was then measured
in a microtiter plate reader at 490 nm.
Light microscopy observations demonstrated the forming process of the biofilm. It began with small microcolonies comprised
mainly of yeast cells at 2 h. After 2 to 4 h, the yeast cells budded and started to form pseudohypha and eventually true hyphae.
At 8 h, microcolonies then merged into an intricate network of spatially dispersed filamentous forms that intertwined to form a
coherent woven-like structure (24 to 48 h), with yeast cells forming aggregates along the hyphae.
The growth curve illustrated based on colorimetric reading obtained by the XTT-reduction assay reveal the metabolic activity of
C. albicans biofilms. According to the growth curve, the metabolic activity of the biofilms reached a plateau in 24h to 48h. So the
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biofilm cultivated for 24h was regarded as in the mature form, which reducing greatly the experimental circle. The growth curve
and the images of microscopy showed that the XTT assay absorbance readings were proportional to the cellular density of the
biofilm.
This model is rapid and reproducible, and allows the testing of multiple factors within a single trial (different antimicrobials,
biofilm ages, growth media, etc.). By this method, it was possible to estimate the sessile MICs (SMICs) for the biofilm organisms
from the absorbance readings determined by the microtiter plate reader [10-12]. Because of its compatibility with microtiter
platform and high throughput potential, it should prove to be important in the standardization of in vitro antifungal susceptibility
testing of fungal biofilms, both as a research tool and in the clinical laboratory. However, they are closed systems and the conditions
in which biofilms are formed are usually very different from the in vivo situation.
It’s also worth noting that while the XTT formazan product readily appears in solution, there can be in some strains a significant
amount of retained intracellular product, which only becomes soluble after cell treatment with DMSO. The amount of retained
product may vary between different cellular states, e.g. planktonic and biofilm [13].
Calgary Biofilms Device: On the basis of standardized method mentioned above, a technology company in Canada developed
Calgary Biofilms Device (CBD) [14]. It is originally designed as a test surrogate for indwelling medical devices for assessing the
efficacy of antimicrobials. The major advantages offered by the CBD are its multiple equivalent biofilms that can be used for testing
and its ease of use.
The CBD consists of a two-part reaction vessel. The top component forms a lid that has 96 pegs and that is sealed on the top so
that the pegs can be removed without opening the vessel and allowing possible contamination. The pegs are designed to sit in the
channels of the bottom component of the reaction vessel and to fit into the wells of a standard 96-well plate. The bottom of the vessel
serves to channel the flow of medium across the pegs to create consistent shear force across all pegs, resulting in the formation
of equivalent biofilms at each peg site (Figure 3). The CBD is commercially available as the MBEC Assay System and MIC Assay
System. The minimal biofilm eradication concentration (MBEC) was defined as the minimal concentration of antibiotic required
to eradicate the biofilm. The MIC in CBD was defined as the lowest concentration of antibiotic in which a planktonic microbial
population could not be established by shedding of microorganism from the biofilm.
In Parahitiyawa et al’s study, they reported the standardization of the CBD for C. albicans biofilm formation [15]. All test strains
were cultured in Sabouraud dextrose agar plates (SDA) at 37 oC for 18 h. Then, a loopful of the yeasts was inoculated into yeast
nitrogen base (YNB) medium supplemented with 50 mM glucose. After overnight broth culture, the yeasts were harvested, washed
twice with 5 ml of phosphate-buffered saline (PBS; pH 7.2), centrifuged at 5,000 rpm for 5 min, resuspended in YNB growth
medium supplemented with 100 mM glucose, and standardized to 107 CFU/mL (colony-forming units). This suspension was used
throughout all the experiments.
In order to develop biofilms of C. albicans on the pegs, 200μl of the standardized cell suspension (CFU/mL in YNB/100 mM
glucose solution) was pipetted into each of 80 wells and 200μl of PBS into the remaining 16 wells (two controls). Then the whole
CBD assembly was placed in a rotary incubator at 37 oC for 180 min for the initial adhesion phase. The lid plate with pegs (after
washing the pegs by immersing in 200μl PBS aliquoted into another standard 96-well microtitre plate) was then immersed in fresh
YNB/100 mM glucose solution and incubated for 48 h at 37 oC in an aerobic incubator (75 rpm). A series of C. albicans -free wells
were also included to serve as controls. The metabolic activity of the 80 C. albicans biofilms established on pegs was quantified by
the XTT-reduction assay.

Figure 3: Schematic diagram of the CBD
(A) The CBD has two components. The top component is a lid with pegs and the bottom component is a standard 96-well plate; (B)
Cutaway view of device showing that the two components can match perfectly to create a closed space, which avoids the external
contamination
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The fact that the CBD requires no pumps or tubing and is devoid of complex flow systems, making the process much simpler to
set up, and eliminates the major source of possible contamination. The availability of multiple testing sites greatly reduced the time
required to determine the antibiotic susceptibilities of biofilms from weeks to 3 days. The CBD is also amenable to automation. The
major advantage of the CBD is that it can form equivalent biofilms in the same batch. Through the use of this model, one batch
culture apparatus enable single or multiple species biofilms to be tested against an 8 × 12 matrix of controlled variables. These
variables may include growth medium formulations, exposure times, temperature, pH, as well as antimicrobials at varying
concentrations – alone or in combination [16,17]. These advantages validate the CBD as a potential tool for the study of biofilm
structure-function relationships.
BioFlux 200 model: The BioFlux 200 (Fluxion Biosciences) is a flow apparatus with micron scale fluidic channels that allows
visualization of adherent cells with controlled flow rates. BioFlux utilizes the innovative well Plate Microfluidic technology to
embed micron-scale fluidic channels on the bottom of a standard well plate. By controlling the flow across the experimental
channel, you can simulate a wide range of physiological conditions. Bringing physiological flow to live cell assays allows studying
the original cellular behavior in the fields of vascular biology, platelets and cardiovascular disorders, oncology, stem cells and
biofilms. Some research uses this apparatus to study yeast cell adherence [18,19].
In Finkel et al.’s study [19], 500 ml of strains suspensions was added to each lane and each sample was run in duplicate. For each
plate a reference strain was run, which later was used for fold comparison to the mutant. After loading, a flow rate of 3 dyne/cm3
was applied for 30 minutes at 30 oC. After 30 minutes of flow each lane had two images taken at different sites along the channel.
Images were always taken at the same location in each channel for each sample. Strains with filamentous or clumping cells were not
assayable. For each image the number of yeast cells adhering to the channel was tabulated. Since two pictures were taken per lane
the sum of each lane was used as a single determinate and each strain thus had two trials. The average was taken for each strain
and the fold change calculated (number of yeast cells adhered in the mutant strain/ number of yeast cells adhered in the reference
strain).
As a flow apparatus to study cell adherence, BioFlux 200 has features such as: (1) The Pressure Interface mounts on top of the
BioFlux Plates and sits on an inverted microscope. (2) The BioFlux Controller connects to the Pressure Interface and controls
shear flow, temperature and flow direction. (3) BioFlux Plates are SBS-standard well plates with integrated flow cells that can be
loaded using pipettes or liquid handling workstations. The bottom of each flow cell is formed with an 180μm cover slip for optimal
imaging. (4) BioFlux Software offers complete control over experimental conditions, including dynamic control over shear flow
changes.
Other kinds of microplate model: There are plenty of other kinds of microplates that are used to build biofilms model [20-23]. In
Michael.D.LaFleur’s study [24], C. albicans biofilms were grown in 384-well plates containing RPMI 1640 and were measured using
the metabolic indicator alamarBlue. This assay was used to test the effect of compounds that enhanced the activity of clotrimazole
or acted on the biofilms alone.

Disks model

Catheter disks model: There are several kinds of medical devices being related to fungal biofilm infection, such as urinary
catheter, endotracheal tubes and central venous catheters (CVCs). Among them, CVCs are the most frequent source of nosocomial
bloodstream infection which is associated with high mortality and morbidity [25]. Among CVCs–related infections, those due to
Candida species are associated with an attributable mortality approaching 40% [26,27]. Many CVCs in vitro models utilized take
the catheter disks as the biofilm substrate. The models have been used to examine drug susceptibility and explore pathogenetic
mechanism.
Nett et al [28]created an assay to differentiate biofilm and nonbiofilm infections in patients based on a previous finding that the
concentration of β-1, 3 glucan increased greatly in the cell wall of Candida biofilm cells compared with that in planktonic cells
[29,30]. In the study, the flat, sterile medical-grade silicone disks were coated with mouse serum and incubated at 37 oC for 30
min. C. albicans was grown in YPD at 37 oC on an orbital shaker to late logarithmic phase. After the conditioning period, 150 mL
of culture (106 cells/mL) was inoculated on the disk and spread evenly. The disks were then incubated with 1 mL of RPMI/MOPS
for 45 min at 37 oC. After the adherence period, disks were rinsed in sterile water and then placed in 10 mL of RPMI/MOPS and
incubated at 37 oC with gentle shaking for varying periods of time. Culture supernatants were collected at 4, 8, and 12 h. The
cultures were centrifuged at 3000 g for 20 min, and the cell free supernatant (confirmed by light microscopy) was removed and
stored at -20 oC until glucan analysis. Glucan concentration was determined using a limulus lysate assay, the Glucatell (1, 3)-β-dGlucan Detection Reagent Kit (Associates of Cape Cod), in accordance with the manufacturer’s directions. Biofilm formation was
confirmed by visual inspection and by confocal microscopy.
To study the anti-metabolic activity of caspofungi against C. albicans biofilms, Cocuanud et al [31] used a silicone disks in vitro
model. Catheters in silicone were autoclaved, incubated overnight in fetal bovine serum (FBS) and washed twice with YNB-glu
prior to use to produce biofilms. The sections of silicone catheters were incubated in 96-well tissue culture plates for 1 h at 37 oC
with 200μL of a suspension of C. albicans (5×106 blastospores/mL). Each section was then washed twice with YNB-glu to remove
the non-adherent yeasts, moved into a new well of the culture plate, and incubated for 2, 24 or 48 h in YNB-glu to obtain biofilms
with different maturation stages. Each section of catheter coated with Candida biofilm of 2, 24 or 48 h of maturation was incubated
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in a new well of the culture plate for 24 h at 37 oC with YNB-glu+ caspofungin used at two concentrations: A low concentration
corresponding to the MIC for each tested strain and a therapeutic concentration of 2 mg/L. Controls without antifungal were
included in each experiment. The metabolic activity was assessed using the XTT assay.
Besides two models above, some studies established C. albicans biofilms models with catheter disks in 24-well tissue culture plates,
12-well plates or 6-well plates [5,32-34]. The measurement of biofilms included XTT assay, dry weight measuring, CFU and so
forth [5, 35].
The modified Robbin’s Device (MRD): The MRD is one of the most widely used systems for studying biofilm growth under
conditions of continuous flow. It can be used both in bacteria and fungi. The MRD can be used in studying biofilm physiology and
antibiotic susceptibility [3,36]. It is an artificial multiport sampling catheter, constructed of a perspex block, 41.5 cm long, with a
rectangular lumen containing 25 evenly spaced sample ports [37]. The sample studs, also made of Perspex, fit tightly into the ports.
Each stud has at its bottom end a 1 mm rim into which a catheter disk can be inserted (Figure 4). During incubation, biofilms are
formed on these disks and can be removed aseptically by simply taking out the sample study.

Figure 4: Diagrammatic representation of the modified Robbins device and the apparatus used to provide a flow of growth medium and cell suspension

In Al-Fattani et al [37]’s study, they used the MRD to study the characterization of biofilms which were grown underflow conditions.
In short, a reservoir containing a standardized suspension of the test organism (s) was connected to a peristaltic pump and the
MRD via silicone tubing. The entire apparatus was incubated at 37 oC. Cell suspension was pumped through the MRD at a flow rate
of 60ml/h for 1h to allow cells to adhere to each of the 25 catheter disks attached to the sample studs. Upon leaving the MRD, the
cell suspension was collected in an effluent container. Fresh growth medium was then continuously pumped through the MRD at
the same flow rate for 48h. After this time, biofilms formed on the catheter disks could be retrieved by removing the sample studs
from the MRD.
Scanning electron microscope (SEM) showed that biofilms grown in the MRD under flow conditions had an extensive matrix
which confirmed the earlier findings that biofilms subjected to a liquid flow produce substantially more matrix material than those
incubated statically.
Previous study showed that the biofilms grown with or without shaking did not exhibit significant differences in susceptibility to
some common antifungal agents [29]. While in Al-Fattani et al [37]’s study, C. albicans biofilms grown under flow conditions were
significantly more resistant than those grown statically. A possible explanation for this contradiction is that the shaking procedure,
which produced conditions of turbulent flow, was less effective at stimulating matrix synthesis than the laminar flow system
provided by the MRD. So the MRD is more suitable for simulating in vivo conditions.
Centers for Disease Control biofilm reactor: It has been shown that some particular genes are important for C. albicans biofilm
formation and the expression of these genes is influenced by the growth medium and other environmental conditions [38,39].
As such it can be anticipated that the biofilm model system can have a considerable impact on the growth of biofilms, as some
systems do not incorporate fluid flow (e.g., biofilm formation in a microtiterplate). Other systems do incorporate this aspect, but
the medium is not replaced (e.g., biofilm formation in microtiter plates on a rocking table). Compared with the models described
above, The Centers for Disease Control biofilm reactor (CDC reactor) allows the continuous replacement of growth medium while
subjecting the biofilms to a continuous flow. It has been used to study biofilm formation of various bacterial (e.g., Streptococcus
pneumoniae) and fungal (e.g., C. albicans) pathogens [40-42].
The CDC reactor consists of a 1L jacketed vessel with an effluent spout connected to a waste bottle. The jacket has two ports, which
are connected to a circulating water bath set at 37 oC. The lid of the vessel contains eight independent rods, each holding three
silicone disks and three stainless steel ports allowing growth medium to be continuously pumped through the reactor vessel. Disks
could be removed from the reactor at desired time intervals by withdrawing the disks holder through the lid of the reactor [40].
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Nailis et al [43] determined the relative expression of ALS1 and ALS3 (two genes which were related to biofilms formation)
during biofilm formation in the CDC reactor using Reverse Transcriptase-quantitative PCR (RT-qPCR). The components of the
experiment system were showed in Figure 5. In brief, cells were incubated in Sabouraud Dextrose Broth (SDB) (BD) for 16 h at
37 oC in a shaking water bath. After incubation, cells were washed three times with and finally resuspended in 1 ml of 0.9% (w/v)
NaCl and further used to grow biofilms. Cells were added to 500 ml growth medium (19 YNB, 50 mM glucose), transferred to
the reactor vessel, and stirred at 80 rpm. After 24 h of biofilm formation, diluted growth medium (0.29 YNB, 10 mM glucose) was
continuously pumped through the reactor at a flow rate of 400 ml/h. In several time points of biofilm formation, silicone disks were
taken out of the reactor vessel and transferred to 24-well microtiter plates for further observation.

Figure 5: The components of the system are the medium supply, valve, peristaltic pump, biofilm reactor and waste container

The use of the CDC reactor allowed the formation of high-density C. albicans biofilms on silicone disks under continuous flow
conditions with constant medium replacement. With different measuring components, the biofilm reactor is suited for detecting
the protein, polysaccharide of biofilms and for measuring biofilm formation continuously over time.
Advantages and limitations of MRD and CDC: There two model systems have a lower throughput, are more labour-intensive
and require specialized equipment and technical skills. In addition, they often require larger volumes of media and other reagents.
While these systems have the advantage of incorporating the important aspect of fluid flow in the setup, other aspects encountered
in the in vivo situation such as immunological factors and symbiotic micro flora are missing. In the systems, biofilms are formed
on multiple coupons in the same reactor vessel and as a consequence only a single organism (or a single community) can be tested
per run. The same is true for the treatments in the reactor vessel: only treatment with a single product or a single combination of
products is possible and only a single type of modified material can be tested per run.

Petri dish and glass slide models
Parallel plate flow chamber: Adhesion between C. albicans cells and materials or host cells has been implicated as an early step in
biofilm formation. By using the parallel plate flow chamber, Li et al [44] simulates the real situation of vessels in human being to
identify C. albicans genes that induce adhesion.
The parallel plate flow chamber consists of a flow deck that fits inside a 60-mm Petri dish. A silicone rubber gasket (width = 0.25
cm, thickness = 0.01 in.) is placed between the flow deck and the 60-mm Petri dish to form the flow chamber. The Petri dish was
attached to the flow deck and the gasket by holding the deck inverted and vacuum was applied to hold the Petri dish on the deck.
A peristaltic pump connected to the inlet of the flow chamber provides relatively constant velocity flow through the chamber. The
shear stress generated by the flow at the bottom surface of the flow chamber detaches yeast cells from the surface. The volumetric
flow rate was varied to obtain the desired shear stress [45,46].
After assembly, the flow chamber was placed on a motorized X-Y stage (Prior) of an Olympus IX70 inverted microscope. Three
fields were selected under the microscope and the positions were memorized by the motorized stage.
C. albicans cells were cultured overnight at 30 oC in YPD medium. Cells were pelleted and resuspended in 0.1 M sodium phosphate
buffer (pH 6.0). The suspension was injected into the flow chamber, which was placed on the stage of a microscope enclosed in a 37
o
C constant-temperature box. Following a 30 min incubation to allow the cells to adhere to the surface of a polystyrene petri dish,
the flow of sterile YPD medium was induced at a shear stress of 6 dyne/cm2. Images of several fields of the flow chamber surface
were acquired to capture the growth of cells on the surface as time progressed.
The parallel plate flow chamber model can simulate the shear stress created by blood flow, which make it possible to investigate the
role of adhesion-related genes of C. albicans in the process of biofilms formation.
High-throughput nano-biofilm microarray- CaBChip: In order to satisfy the demand for highthroughput screening of thousands
of molecules for new drugs against fungal infection, Srinivasan et al have developed a high-density microarray platform consisting
of nano- biofilms of Candida albicans [47]. The C. albicans biofilm chip (CaBChip) is composed of 768 equivalent and spatially
distinct nano-biofilms on a single standard 1’’× 3’’ glass slide. Multiple chips can be printed and processed simultaneously. By using
CaBChip, Srinivasan et al assessed the metabolic status of cells within biofilms and performed susceptibility testing of cells within
C. albicans biofilms against clinically used antifungal agents and a collection of known pharmacologically active small compounds
[48-51].
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Compared to current methods for the formation of microbial biofilms, namely the 96-well microtiter plate model, this fungal
biofilm chip has advantages in terms of miniaturization and automation, which combine to cut reagent use and analysis time,
minimize labor intensive steps, and dramatically reduce assay costs. Such a chip should accelerate the antifungal drug discovery
process by enabling rapid, convenient and inexpensive screening of hundreds-to thousands of compounds simultaneously.

Filter membranes model
Once the biofilm mode of growth is established in human body, the sessile yeasts begin to display unique characteristics of
resistance to antifungal agents. The low diffusion gradient of the antimicrobial through the extracellular polymer matrix of the
biofilm is one of the factors thought to contribute to the resistance in Candida biofilms. So Samaranayake et al [52] used a modified
filter membranes model to investigated the perfusion of three kinds of commonly used antifungal agents in biofilms of C. albicans.
This model was a modification of a method described by Jeff N Anderl [28]. A schematic presentation of this model is shown in
Figure 6. In brief, biofilms were developed on Isopore membrane filters (diameter, 25 mm; pore size, 12μm; Millipore). The filter
membranes were sterilized by exposure to UV light (15 min per side), and each membrane was aseptically placed on a Sabouraud’s
dextrose agar (500 mM galactose) plate. Afterwards, 50μl of an overnight Candida inoculum (107 CFU/ml) was carefully deposited
on the membrane with a pipette. The nutrient agar plates with the inoculum were incubated at 37 oC for 1h (to dry the deposit),
and then the plate was inverted and reincubated at 37 oC for a period of 48h. During this incubation period, each filter with the
growing biofilm was manually lifted and repositioned on a fresh location on the plate every 10 to 12h.

Figure 6: A schematic presentation of the model used to investigate the penetration of antifungal through Candida biofilms: The
biofilm was developed on a 25-mm-diameter microporous polycarbonate membrane resting on the agar medium. A 13-mm-diameter
microporous polycarbonate membrane was placed on top of the biofilm, and then a moistened blank antibiotic disk was placed on top of
the polycarbonate membrane. The entire unit (four layers above) was then transferred to antifungal-laced agar

After 48h, the biofilms on the membrane filters were placed on an antibiotic incorporated agar medium prepared as described
above with the biofilm facing outwards. Black microporous membrane filters (diameter, 13mm; pore size, 0.2μm; Millipore) were
then placed on top of 48-h-old Candida biofilms. A blank antibiotic (AB) disk (diameter, 9 mm; Difco) moistened with 10μl of
PBS (pH 7.2) was then placed on top of the 13-mm-diameter membrane (wetting the disk obviates passive capillary perfusion of
the antifungal through the biofilm). The whole assembly was then incubated at 37 oC for 4h. A semi quantitative evaluation of the
antifungals that diffused into an AB disk through the biofilm was performed.
SEM showed that the C. albicans developed satisfactory biofilms on membrane filters, and the whole assembly could be easily
detached from the substrate surface for the diffusion studies. The use of the AB disk with the antifungal and the antifungal
sensitivity assay with C. parapsilosis as the indicator organism yielded reproducible results on repeat experiments conducted on
separate occasions, indicating satisfactory sensitivity of the assay system. The model appears to be simple and versatile for the study
of differential perfusion of antifungals or other solutes through the biofilms of various Candida species.

Contact lens model
Fungal keratitis is a devastating ocular disease which may account for more than 50% of all ocular mycoses, and it has been reported
in different parts of the world [53-55]. It is commonly caused by Fusarium species and Candida species [56]. A retrospective review
of fungal keratitis cases at the University of Florida form 1999 to 2006 [57] showed that, after 2005, contact lens use has been the
first risk factor of this disease (52%), ahead of trauma(29%) and prior application of corticosteroids [58]. One mechanism by which
fungal keratitis exhibits a drug-resistant phenotype may be formation of biofilms.
To characterize biofilms formed by C. albicans on soft contact lens, Imamura et al [59] established an in vitro model of contact
lens-associated Candida biofilms. Furthermore, they used this model to determine the susceptibility of Candida biofilms to two
kinds of contact lens care solutions.
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C. albicans was grown overnight at 37 oC in yeast nitrogen base medium (YNB) supplemented with 50 mM glucose. Candida cells
were harvested, washed with PBS, and standardized to 107 blastospores/ml for biofilm formation experiments. Soft contact lenses
were washed with PBS, placed in 12-well tissue culture plates with 4ml standardized cell suspension, and incubated for 90 min at
37 oC (adherence phase). Nonadherent cells were removed from soft contact lenses by gentle washing with 4 ml PBS. Next, soft
contact lenses were immersed in YNB and incubated for 48 h at 37 oC on a rocker. Biofilms were quantified using a tetrazolium
XTT assay. Planktonic cells were grown in 12-well plates in the absence of a contact lens.
The architecture of biofilms formed on soft contact lenses was analyzed using confocal scanning laser microscopy (CSLM). A
digital camera was used to capture images of the biofilms to compare their gross morphologies and appearances. The results
showed that C. albicans can form biofilms on the different lens types tested. The architecture of C. albicans biofilms formed on
contact lenses is heterogeneous and dependent on lens surface properties.
The in vitro model developed for lens-associated fungal biofilms will be helpful for better understanding the biology, pathogenesis,
and antifungal resistance of Candida biofilms and their role in contact lens-related fungal keratitis. In addition, this model has
utility in evaluation of lens care solutions for their antibiofilm activity.

Problems Currently Encountered and Future Prospects
The issues of superbug and hospital- required infection have been paid more and more attraction at present. The in-depth study of
resistance mechanisms of fungi represented by C. albicans are continuously. Biofilms are attracted great attention currently for its
significant difference with planktonic cells in drug resistance.
The advantages of in vitro model of C. albicans biofilms are easy to establish, shorter maturation times, low-cost, high reliability
and fine repetition. So over the past decades, in vitro model has been greatly developed. There are many types of in vitro model
established in different medium surfaces and devices, the most suitable one being dependent on the information being sought. It is
notable that each model has its limitation. Take MRD as example, while this is a well-recognized model, it requires expert handling,
relatively few equivalent biofilms can be produced, requires longer processing times, and is more open to contamination.
Membrane-associated biofilm models are not amenable to high-throughput screening. Microtiter plate model is the most widely
used tools for biofilm study, but the system doesn’t incorporate fluid flow and the medium is not replaced.
Through the validation of in vitro findings, the formation process, related genes and proteins of C. albicans biofilms are better
understood. However, the key limitation of in vitro models is that they can only study biofilms in isolation, but not take interactions
into consideration. The interactions include which between biofilms and the immune system of host organism, as well as the
interaction of different kinds of microorganisms in human body. This limitation of in vitro models underscores a need for in vivo
models to study such issues. The appropriate in vivo models can provide a realistic condition of infection site, blood flow, host
conditioning protein and the host immunity-biofilm interaction. Unfortunately, the establishment of in vivo models is so far a field
which few studies involved. To better understand and control biofilm infections, researchers must make progress in a number of
key areas. Among these is the development of models to more closely simulate host environment.
Despite our progress in understanding C. albicans infection, there remains a high mortality associated with it. Exciting advances
in adherence, matrix production, quorum sensing and especially morphogenesis, provide new information about the pathogenic
mechanism of the Candidiasis and further our understanding of biofilms development, progression, and recurrence. Further
refinement of in vitro models of C. albicans biofilms which including awareness of the limitations each model presents, and taking
advantage of the technologies available to study these models will undoubtedly expedite the success of new treatments.
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