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Biofilms formed by Candida species (spp.) on medical devices represent a potential health 
risk. The focus of current research is searching for new options for the treatment and 
prevention of biofilm-associated infections using different approaches including modern 
nanotechnology. This review summarizes current information concerning the most relevant 
resistance/tolerance mechanisms to conventional drugs and a role of additional factors 
contributing to these phenomena in Candida spp. (mostly Candida albicans). Additionally, it 
provides an information update in prevention and eradication of a Candida biofilm including 
experiences with ‘lock’ therapy, potential utilization of small molecules in biomedical 
applications, and perspectives of using photodynamic inactivation in the control of a 
Candida biofilm.
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Candida & biofilms: the basics
The yeasts of the Candida genus are human commensals. These microorganisms can survive as part 
of the host’s microbiota without causing any harm to the human body. However, if the balance in 
the host’s body is disrupted they may switch from commensal to pathogen. Switching between com-
mensalism and pathogenicity [1–3] is directly affected by a range of expressed virulence factors [4,5], 
and can be accompanied by an often increased resistance or tolerance to antifungal agents [6–10]. 
This yeast is capable of colonizing any location in the human body including the skin, mucous 
membranes of the mouth, throat and upper respiratory or gastrointestinal tract. Biomaterials used 
to manufacture prosthetic devices (heart valves and knee prostheses), implants (lenses, breast and 
dental implants), endotracheal tubes, pacemakers and various catheters are suitable surfaces for colo-
nization and the subsequent formation of biofilms by microorganisms, including yeasts belonging to 
the Candida genus [11–15]. In addition to Candida albicans, there are frequently identified pathogens 
from the group of non-Candida albicans Candida (NCAC), including Candida glabrata, Candida 
parapsilosis, Candida krusei or Candida tropicalis [16–18]. The NCAC group has usually been isolated 
from seriously ill patients such as hematological and HIV-infected individuals or low-birth weight 
neonates [19–21]. The NCAC group has also been associated with bloodstream infections resulting 
from biofilms formed on medical devices [11,18,22–23].

Biofilms formed by Candida spp. are a heterogeneous community of cells adhering to various 
surfaces (biotic and abiotic) and surrounded by an extracellular matrix [24,25]. It has been estimated 
that the biofilm may be responsible for up to 65% of infections in catheterized patients [14,26–27]. The 
adherence to a biomaterial or host cell surface is the first step in biofilm formation. Candida adherence 
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is mediated by cell wall proteins through vari-
ous chemical interactions with surface mol-
ecules [28–31]. This initial phase is followed by 
an intermediate phase. In contrast to the major-
ity of bacterial biofilms (with the exception of 
Actinobacteria), the majority of fungal biofilms 
contains true hyphae and pseudohyphae that 
are formed during an intermediate phase. Some 
Candida spp. can also alter their morphology 
from the yeast form to the hyphal or pseudohy-
phal form. During this stage, an extracellular 
matrix composed of polysaccharides, carbohy-
drates, proteins, DNA and signaling molecules 
are also produced [28,32], serving as a barrier 
to the diffusion of antimicrobial compounds 
inside the biofilm [32–35]. The life cycle of the 
biofilm is completed with the dispersion of cells 
released from the biofilm, which colonize new 
surfaces [33–34,36–38]. Therefore, a biofilm formed 
on catheters can act as a reservoir of microor-
ganisms, released into the bloodstream with 
subsequent dissemination to internal organs. 
Where it is permitted by the patient’s state of 
health, it is recommended to remove the cath-
eter to improve the chances of survival [39–42]. 
Several factors have been proposed to determine 
biofilm formation: on the one hand, condition-
ing films, properties of the contact surface and 
the location of the implanted medical device, 
while on the other hand, whether the biofilm 
is mono- or poly-microbial, and finally, indi-
vidual strain traits including direct or supported 
virulence properties [26,28,32,43–44]. As Candida 
can colonize various niches, conditions such as 
medium, source and concentration of carbo-
hydrates, oxygen availability or an appropriate 
pH are other important factors affecting biofilm 
formation [45–48]. For example, C. parapsilosis 
forms a biofilm more easily in a medium with 
higher levels of glucose and lipids, and this may 
be associated with the increased prevalence of 
organisms that cause bloodstream infections in 
patients receiving intravenous nutrition [49,50].

It is worth noting that for the above Candida 
spp., formation of hyphae is very important 
virulence factor. The mycelial form makes 
the biofilm more consistent and forms a suit-
able base for the attachment of other microor-
ganisms, including bacteria [51]. C. albicans is 
characteristic dimorphic yeast of the Candida 
genus. Biofilms of C. albicans usually consist of 
a mixture of yeast, hyphae and pseudohyphae, 
and a basal layer is responsible for the reten-
tion of the biofilm on the surface [34,36,52–53]. C. 

parapsilosis does not form true hyphae, but pseu-
dohyphae, and the biofilm is less robust, com-
posed of abundant blastospores and less pseudo-
hyphae than C. albicans [25]. Biofilms formed by 
C. glabrata and C. krusei have a layered structure 
of clumped and single yeast cells. The structural 
framework of C. tropicalis was comparable with 
the biofilm architecture yielded by C. albicans. 
All the above Candida biofilms are surrounded 
by an extracellular matrix. However, it is of 
interest that C. parapsilosis, C. tropicalis and 
C. krusei exhibited more biomass after 48 h 
compared with 24 h of biofilm formation than 
C. albicans, suggesting that these spp. are slower 
biofilm formers [54,55].

This review summarizes current infor-
mation concerning the most relevant 
resistance/tolerance mechanisms of Candida 
spp. (mostly C. albicans) to conventional drugs 
(fluconazole, amphotericin B, caspofungin), 
but also a role of additional factors contribut-
ing to resistance/tolerance of a Candida biofilm. 
Additionally, it provides an information update 
in prevention and eradication of a Candida bio-
film including experiences with ‘lock’ therapy, 
potential utilization of small molecules in bio-
medical applications, or perspectives of using 
photodynamic inactivation in the control of a 
Candida biofilm.

Resistance/tolerance of Candida biofilms 
to antifungal compounds
●● Factors affecting resistance/tolerance to 

antifungal agents
The current consensus is that biof ilm 
resistance/tolerance is a complex multifactorial 
phenomenon, involving conventional resistance 
mechanisms and other mechanisms correspond-
ing to the tolerance of biofilms to antifungals. 
Tolerance is generally defined as the capacity 
of an organism to survive in the presence of a 
drug at growth-inhibiting concentrations that 
can develop in resistance [56]. Tolerance to anti-
fungals in biofilm can be associated with biofilm 
density or morphological form, an elevation of 
quorum sensing molecules, stress response, for-
mation of persisters and extracellular matrix pro-
duction limiting the penetration of substances 
through the matrix [32,57–59]. Despite the density 
of the biofilm being associated with tolerance to 
antifungal agents, it is more closely related to 
biofilm architecture, for example, to the above-
mentioned yeast-to-hyphae transition than to 
simple biofilm cell density [60,61]. In addition, 
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the chaperone protein Hsp90, which plays a role 
in the regulation of the morphogenesis of C. 
albicans by the repression of the cAMP–PKA 
signaling pathway, is associated with decreased 
susceptibility to fluconazole [62].

The transformation of yeast to the myce-
lial form is also linked to an elevation of the 
quorum sensing molecules farnesol and tyro-
sol, which counteract each other, inhibiting 
and accelerating the C. albicans morphological 
transition, respectively [63–66]. The production 
of farnesol has already been observed in several 
Candida spp. In addition to C. albicans, the 
elevation of farnesol was described in C. dub-
liniensis, C. tropicalis, C. parapsilosis, C. guillier-
mondii, C. kefyr, C. krusei and C. glabrata [67]. 
Additionally, farnesol seems to participate not 
only in the control of C. albicans morphology, 
but may also play an additional role in the pro-
tection against oxidative stress through inhibi-
tion of the Ras1–adenylate cyclase signaling 
pathway. Following this model, cells released 
from biofilms in response to farnesol would be 
strongly resistant to killing by phagocytic cells 
during the respiratory burst [68]. However, exter-
nally added farnesol exceeding the physiological 
concentration can cause inhibitory or cytotoxic 
effects accompanied by an elevated level of reac-
tive oxygen species (ROS), promoting apoptosis 
in C. albicans through caspase activation [69,70]. 
Several pathways are involved in the stress adap-
tation of C. albicans. The MAPK pathway is the 
most intensively studied, and probably represents 
one of the key routes through which the response 
to various stress stimuli are regulated in C. albi-
cans [71,72]. Studies analyzing the transcriptional 
profile of C. albicans in response to farnesol have 
found the upregulation of many genes that are 
exclusively regulated by the MAPK pathway [73].

Persisters are a multidrug-tolerant subpopula-
tion detected in biofilms, but also in planktonic 
population that are not mutants, but a pheno-
typic variant of the wild strain. In biofilm, they 
are formed in the basal layer, suggesting that the 
production of persisters is associated with attach-
ment rather than with biofilm architecture [74,75]. 
A mature biofilm is embedded in extracellular 
matrix. Its production is Candida-strain depend-
ent, and is affected by environmental circum-
stances. Recently, a possible contribution of 
β-1,3 glucans released into the extracellular 
matrix has been suggested to play a role in the 
decreased susceptibility of unrelated drugs. A 
Candida biofilm-induced pathway has been 

described to participate in glucan delivery to the 
matrix and influence drug resistance [76–78]. The 
marked fluconazole and amphotericin B toler-
ance in C. albicans biofilm was associated with 
cell wall architectural changes via an increased 
β-1,3 glucan content compared with planktonic 
cells. Moreover, elevated β-1,3 glucan levels were 
also found in the surrounding biofilm as part 
of the extracellular matrix. A preferential bind-
ing of fluconazole and amphotericin B by those 
β-1,3 glucans resulting in drug sequestration was 
suggested [76,77].

●● Resistance mechanisms
Chandra et al. found that an increasing biofilm 
resistance/tolerance to antifungal substances 
is associated with increasing metabolic activ-
ity of the forming biofilm, and is not a reflec-
tion of slower growth, suggesting that resist-
ance to the active substance develops over 
time and is consistent with biofilm matura-
tion [33]. Reduced susceptibility of C. albicans 
biofilms to antifungal compounds was first 
reported in 1995 by Hawser and Douglas [79]. 
Biofilm cells significantly increased their toler-
ance to the most commonly used antifungal 
agents (fluconazole and amphotericin B) [80]. 
Biofilms of NCAC spp., such as C. tropicalis, 
C. parapsilosis and C. glabrata, also exhib-
ited a reduced susceptibility to antifungal 
agents [79,81]. The resistance to azoles repre-
sented by fluconazole in C. albicans biofilms is 
mainly due to the expression of efflux pumps 
(Cdr1p, Cdr2p and Mdr1p) or a mutation in 
the target gene ERG11 coding for lanosterol 
14-α demethylase, the essential enzyme in the 
ergosterol pathway [82,83]. Other ERG genes, 
namely ERG1, ERG3, ERG7, ERG9 or ERG25 
can be differentially regulated during biofilm 
formation [84,85]. Sessile biofilms exhibit an 
up to 1000-fold decreased susceptibility to 
fluconazole than planktonic cells [84,86–87]. It 
was proved that fluconazole added to the fully 
developed biofilms has practically no effect, 
even at very high concentrations. On the other 
hand, the development of the biofilm was 
partially reduced when it was administrated 
at the beginning of biofilm formation [38]. 
The other Candida spp., such as C. glabrata, 
C. parapsilosis, or C. tropicalis, manifested a 
similar resistance to azoles, suggesting that 
this feature is universal and is not associated 
with Candida spp., but in general, related to 
biofilm formation [87–89]. Amphotericin B, 
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belonging to the class of polyenes, binds to 
ergosterol in the membranes of Candida yeasts 
and forms channels, resulting in the leakage of 
cell contents [90]. Although some isolates of two 
Candida spp., Candida lusitaniae and Candida 
guilliermondii, express an intrinsic resistance to 
amphotericin B [91,92], acquired resistance in 
Candida spp. has still been very rare [91,93–94]. 
The most common predicted resistance is the 
alteration of membrane sterol composition [90]. 
On the other hand, liposomal amphotericin B 
and echinocandins (caspofungin, micafungin, 
anidulafungin) exhibited the best antifungal 
activity against Candida biofilms [25,37]. For 
the echinocandins, the targeted gene mutation 
has only been described in the FKS1 and FKS2 
genes. The glucan synthase enzyme involved 
in the fungal cell wall synthesis is the enzyme 
complex with a catalytic subunit coding for 
the three related genes FKS1, FKS2 and FKS3, 
and a regulatory subunit Rho1p. Mutation of 
the FKS genes associated with resistance leads 
to a substitution of amino acids, which results 
in the reduced susceptibility to echinocan-
dins [95]. This resistance has been reported for 
many Candida spp., such as C. albicans, C. dub-
liniensis, C. glabrata, C. krusei, or C. tropica-
lis [91]. However, the frequency of this mutation 
is rare, with the exception of the C. parapsilosis 
complex. In the context of caspofungin, a so-
called ‘Eagle effect’ was reported (paradoxical 
growth effect), involving a more intense growth 
of both planktonic and biofilm cells at higher 
concentrations of the antifungal agent than in 
the control. Moreover, microscopic changes 
in cell morphology were observed, with an 
accumulation of the large globose cells, sug-
gesting caspofungin induced changes in the 
cell wall composition [96–99]. This phenom-
enon was linked to the stress response asso-
ciated with increased cell wall chitin produc-
tion [96,100]. However, Rueda et al. found that 
despite increased chitin content, as a result of 
the high MIC (minimal inhibitory concentra-
tion) of caspofungin determined in C. albicans, 
approximately 23% of cells died after treat-
ment with caspofungin [101]. This observation 
indicated that chitin is important, but not the 
only protecting factor. Paradoxical growth was 
shown to be more frequent with caspofungin 
than micafungin or anidulafungin. It was 
not only observed for C. albicans, but also for 
C. parapsilosis, C. tropicalis, C. krusei, and was 
absent with C. glabrata [102].

Update options for the prevention 
& eradication of a Candida biofim
●● Biofilm & catheter-associated infections

The susceptibility of Candida biofilms to cur-
rent therapeuticals has remained low, with the 
exception of the above-mentioned echinocan-
dins or liposomal amhotericin B [75,103–104]. The 
application of any venous catheters may result in 
catheter-associated infections, where the microor-
ganisms are able to colonize the external, as well 
as internal, surface of the medical device. Some 
of the preferred niches colonized by Candida spp. 
include vascular and urinary catheters and ventric-
ular devices, resulting in high mortality [105,106]. 
Adherence to the catheter surface, facilitated by 
host proteins, such as fibronectin and fibrinogen, 
may subsequently lead to the formation of the 
biofilm [107,108]. In particular, a long-term cath-
eterization or parenteral nutrition administrated 
in critically ill patients represents the most suit-
able niche for microbial colonization and subse-
quent biofilm formation. In such cases, not even 
therapy with the above-mentioned caspofungin 
or amphotericin B has been effective [109,110]. 
Moreover, the replacement of a catheter in such 
patients is accompanied by an increased risk of 
morbidity and mortality [42]. The problem of the 
above catheter-related infections is the formation 
of intraluminal sessile biofilms, which are practi-
cally impossible to destroy [105,111]. Additionally, 
biofilms release dispersed cells expressing different 
protein profiling compared with that known for 
planktonic cells. Dispersed C. albicans cells highly 
express adhesive proteins, promoting adherence, 
and are able to build new biofilms [37,38]. Because 
of the above-mentioned complication with the 
treatment of catheter-associated infections, some 
new strategies are proposed. Two criteria are criti-
cal for the selection of antimicrobial compounds 
involved in the new approaches for biofilm con-
trol: a wide spectrum of activity against diverse 
microorganisms; and an aspect of resistance. The 
second mentioned criterion takes into account 
possible resistance development. This phenom-
enon is associated with mechanism of action of 
an antimicrobial compound. For example, if an 
antimicrobially active molecule exhibits effects on 
several targets or interacts generally with impor-
tant structures (proteins, DNA), the possibility of 
resistance development radically decreases.

●● ’Lock’ therapy
Some antifungal agents are used in the treat-
ment of biofilms in various ways, such as in ‘lock’ 
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therapy, or as a coating on the materials from 
which the drug is released [112–116]. ‘Lock’ ther-
apy involves pouring high doses of antimicrobial 
agents (from 100- to 1000-times the MIC) in 
drops directly into the catheter and its subse-
quent lockout inside for some time (from several 
hours to days) [112,113]. Studies focused on ‘lock’ 
therapy confirm its efficacy. This approach repre-
sents a potential treatment to eliminate Candida 
biofilms, particularly with the use of echino-
candins and amphotericin B [114,115]. However, 
Toulet et al. observed that liposomal ampho-
tericin B (1000 mg/l) ‘lock’ solutions strongly 
inhibited C. albicans, C. glabrata and C. parap-
silosis biofilms on silicone biomaterials, but over-
all eradication of the biofilm was not achieved 
using 1000 mg/l of liposomal amphotericin B 
as a single ‘lock’ therapy, suggesting the utility 
of a systemic treatment combined with ‘lock’ 
therapy [113]. A similar situation was observed 
for echinocandins, thus complete eradication 
has never been achieved using therapeutically 
used antifungal agents [115]. Some clinical data 
describing experiences with the administration 
of liposomal amphotericin B or caspofungin in 
‘lock’ therapy have already been published. In the 
majority of published clinical cases, ‘lock’ ther-
apy was administrated in patients after conven-
tional systemic therapy had failed. However, it 
has never been used as a therapy on its own, it has 
always been combined with systemic treatment 
with micafungin, caspofungin, amphoreticin B, 
fluconazole or voriconazole [115–117].

Ethanol was selected as another solution 
that very effectively eradicates biofilms formed 
inside the catheter’s lumen. For example, ‘lock’ 
therapy using the combination of 0.3 ml 70% 
ethanol and micafungin (5 mg/l) was success-
fully administrated in a critically ill baby with 
catheter-related candidemia, while blood cul-
tures became sterile [116]. In their clinical study, 
Ralls et al. proved that a reduction in the fre-
quency of ethanol ‘lock’ therapy resulted in a 
complete failure of catheter-related bloodstream 
infection prophylaxis [118]. Ethanol-based cath-
eter ‘lock’ therapy may provide a very promis-
ing alternative, but there are still limited clinical 
data, mainly concerning infections related to the 
long-term use of catheters exposed to ethanol.

●● Natural products, small molecules  
& synthetic peptides
Some natural products or small molecules of 
various chemical structures possess excellent 

chemical and biological properties, and are of 
interest for pharmaceutical research. Secondary 
metabolites of natural origin have been assumed 
to be useful for biofilm control. They can be 
obtained from plants or marine organisms. 
Several candidates, such as halogenated fura-
nones, 2-amminoimidazole alkaloids, flavo-
noids, phenylpropanoids and terpenoids, have 
been isolated and characterized [119–121]. For 
example, P. aeruginosa produced phenazines that 
are toxic for C. albicans at millimolar concentra-
tions, however, lower concentrations of three dif-
ferent phenazines (pyocyanin, phenazine metho-
sulfate and phenazine-1-carboxylate) permitted 
growth, but inhibited the yeast-to-hyphae transi-
tion and biofilm formation. A possible mecha-
nism of their action is through respiration deple-
tion as phenazines impaired C. albicans growth 
on nonfermentable carbon sources, but produc-
tion of fermentation products (ethanol, glycerol 
and acetate) was observed in glucose-containing 
medium [122].

Current research in this field is focused on 
screening small molecule libraries. LaFleur et al. 
screened 120,000 small molecules from the NIH 
Molecular Libraries Small Molecule Repository 
and Siles et al. tested 1200 off-patent drugs 
already approved by the US FDA, the Prestwick 
Chemical Library, to recognize possible inhibi-
tors of C. albicans biofilm formation [123,124]. 
Wong et al. screened a library of 50,240 small 
molecules affecting the yeast-to-hypha transi-
tion of C. albicans, with the final selection of 
one compound (SM21) with the potential to be 
developed for practical applications [125].

Another group of antibiofilm molecules that 
can also be applied as alternatives to antimicrobi-
als for the treatment of biofilm-related Candida 
infections is synthetic peptides. Antimicrobially-
active peptides have a great deal of potential, as 
they can affect different stages of biofilm, and 
usually exhibit antimicrobial activity against 
a wide spectrum of microorganisms, includ-
ing those expressing multidrug resistance. The 
majority of this study is focused on peptides with 
antibacterial activity, but some of the peptides 
have been found to be effective against Candida 
biofilms [126–131]. For this purpose, a synthetic 
α-helical antimicrobial decapeptide, KSL 
(KKVVFKVKFK), and its analogue KSL-W 
(KKVVFWVKFK-NH2) were developed. 
Owing to the antibacterial activity of KSL, 
KSL-W was studied on C. albicans. The effect 
on growth, hyphal form, biofilm formation and 
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degradation was tested, as well as on the expres-
sion of EFG1, NRG1, EAP1, HWP1 and SAP 
2–4–5–6 genes by quantitative RT-PCR. KSL-W 
and amphotericin B significantly decreased bio-
film formation, while KSL-W not only reduced 
biofilm formation, but also disrupted a mature 
C. albicans biofilm. Additionally, pretreating 
C. albicans with KSL-W reduced adhesion and 
growth on engineered human oral mucosa epi-
thelium accompanied by a decreased expression 
of TLRs and human β-defensins. Furthermore, 
the proinflammatory cytokines IL-1β and IL-6 
secreted by the epithelial cells were regulated as 
with amphotericin B [126,127].

One of the most well-known antimicrobial 
peptides is LL-37, the only human member of 
cathelicidin, derived proteolytically from the 
C-terminal end of the human CAP18 protein. 
Tsai et al. reported that low concentrations of this 
protein that do not kill C. albicans were still able to 
reduce C. albicans adhesion, the critical first step 
for biofilm formation on plastic surfaces, oral epi-
dermoid OECM-1 cells and the urinary bladders 
of female BALB/c mice [132]. Later they proved 
the effects of LL-37 on the cell wall architecture, 
and subsequent DNA microarray analysis and 
quantitative PCR demonstrated that sublethal 
concentrations of LL-37 modulated the expres-
sion of several genes with different functions [131]. 
However, Rapala-Kozik et al. recently suggested 
that C. albicans can effectively use aspartic pro-
teases to eliminate the antimicrobial and immu-
nomodulatory effect of LL-37, while the pathogen 
can survive [133]. Following the peptide LL-37, 
De Brucker et al. identified a 26-amino-acid 
truncated form of the 34-amino-acid cathelici-
din-related antimicrobial peptide (CRAMP) in 
the islets of Langerhans of the murine pancreas. 
This peptide shared 67% identity with the LL-37 
human antimicrobial peptide. A concentration of 
0.15 mol/l inhibited C. albicans biofilm formation 
without any effect on planktonic cells. Moreover, 
a shortened alanine-substituted peptide at posi-
tion 10 (KLKKIAQKIKNFFQKLVP) inhibited 
C. albicans biofilm formation at 0.22 mol/l, and 
interacted synergistically with amphotericin B 
and caspofungin. This peptide does not affect 
the viability of different cell types involved in the 
osseointegration of an implant, therefore, it might 
be utilized for implant coating [134].

●● Coating nanotechnology
A promising peptide for manufacturing film-
coated surfaces is KABT-AMP, a lysine-rich 

peptide. It was effective against Gram-positive 
and Gram-negative bacteria, but also on a bio-
film formed by C. tropicalis with minimal gen-
eral cytotoxicity. The putative membranolytic 
activity of this peptide was detected by electron 
microscopy. Owing to its excellent activity in 
micromolar concentrations, it might be utilized 
for biomedical applications [129]. The coumarin-
labeled β-peptide is another molecule utilized 
in coating nanotechnology. The structure of 
the coumarin-linker-(ACHC-β 3Val-β3Lys)

3
 

was f ixed into thin f ilms of multilayered 
polyelectrolytes, promoting the release of the 
above-mentioned β-peptide [128]. A simulated 
experiment was performed with polyethylene 
catheter tubes with luminal surfaces coated 
with multilayers composed of poly-l-glutamic 
acid and poly-l-lysine with subsequent infusion 
with the β-peptide. This peptide was highly 
effective at reducing C. albicans biofilms on 
the inner surfaces of the film-coated catheters, 
while the release of the peptide was extended 
over 4 months at physiological conditions [130]. 
While the coating of biomaterial surfaces (cath-
eters, joint implants, cardiac devices, etc.) with 
the above-mentioned molecules is currently only 
at the research stage, minocycline–rifampin, 
chlorhexidine and silver sulfadiazine are cur-
rently used for catheter coating [135]. Although 
antimicrobial-impregnated central venous 
catheters have been a very intensively studied 
technology over the past 30 years [136,137], their 
practical application has been mainly linked 
to bacteria. Only limited information is avail-
able about impregnated catheters to prevent 
Candida biofilms. Raad et al. developed central 
venous catheters impregnated with minocy-
cline–rifampin–chlorhexidin. They observed 
a marked reduction in catheter-related blood-
stream infections and an inhibition of biofilms, 
not only those formed by bacteria, but also by 
Candida spp. At present, nanotechnology has 
been a major focus of attention. Coating nano-
materials and nanoparticles of various compo-
sitions have already been tested. Attention is 
focused, for example, on gold, silver, selenium, 
titanium, silica or zirconium [138–143]. They are 
widely used in orthopedic and dental implants 
or voice prostheses [144–146].

●● Modification of polymers
A convenient approach is the modification of 
polymers – materials incorporated in many 
medical devices. To improve its antimicrobial 
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properties, the surface of a polymer can be 
modified. From this point of view, there are 
two important aspects: surface roughness and 
surface-free energy, increasing the value of 
which indicates a higher hydrophilicity associ-
ated with wetting ability. The above-mentioned 
physical properties play a key role in the poly-
mer arrangement from the view of microbial 
adhesion and subsequently, biofilm formation. 
Moreover, those materials have to be highly sta-
ble and biocompatible. Hoque et al. prepared 
water-insoluble and organo-soluble polymers 
from commercially available polyethylenimine. 
The cationic polymers inactivated bacteria and 
fungi, including C. albicans, by disrupting their 
membrane integrity, preventing the develop-
ment of resistance. Further, the polymers exhib-
ited a negligible hemolytic activity, therefore, 
they are assumed to be hemocompatible [147]. 
Another study investigated the effect of experi-
mental photopolymerized coatings, containing 
zwitterionic or hydrophilic monomers, on the 
hydrophobicity of a denture base acrylic resin 
and on C. albicans adhesion. The acrylic resins 
were prepared with rough and smooth surfaces, 
and were modified with various coatings, and 
3-hydroxypropyl methacrylate and sulfobe-
taine methacrylate coatings signif icantly 
reduced the adhesion of C. albicans. Such a 
modified acrylic resin can be utilized in pre-
ventive treatments of denture stomatitis [148]. 
Another nontoxic biopolymer that is effec-
tive against a bacterial, but also a C. albicans 
biofilm, is chitosan [149]. It is obtained from 
the outer skeleton of shellfish. Natural low-
molecular weight chitosan not only effectively 
disorganized a C. albicans biofilm in in vitro 
testing on polystyrene microplates, but after 
coating medical indwelling devices, effectively 
reduced a C. parapsilosis biofilm, using a mouse 
subcutaneous foreign body model with polyu-
rethane catheter segments. Scanning electron 
microscopy showed biofilm cells with possi-
ble membrane damage, suggesting that this 
could be one of the mechanisms of action [150]. 
Chitosan offers a biocompatible platform for 
the design of coatings in order to protect sur-
faces from the microbial biofilm, therefore, it 
is considered for applications in medicine and 
pharmacy.

The possible options for prevention and eradi-
cation of a C. albicans biofilm with respect to the 
developmental stage of biofilm are summarized 
in Figure 1.

Photodynamic therapy/inactivation: 
alternative to conventional strategies of 
biofilm eradication
●● General characterization

One alternative to the conventional strategies 
of treating Candida biofilms is photodynamic 
inactivation (PDI). Photodynamic therapy 
(PDT) is currently used in the treatment of 
diseases caused by bacteria, yeasts, viruses 
and parasites, as well as to disinfect blood and 
tumors [151–154]. PDI/PDT is a modality of inac-
tivation or destruction of living organisms, or 
tumors using photosensitizers [151,154–155]. These 
substances are activated by excitation using light 
of appropriate wavelengths, leading to the pro-
duction of ROS, such as superoxide, hydrogen 
peroxide and hydroxyl oxygen, the best known 
reactive molecule. ROS are responsible for the 
cytotoxic effect on microbial cells through the 
destruction of biomolecules such as unsaturated 
fatty acids, nucleic or amino acids [154,156–157]. 
Thus far, microbes have not been able to over-
come the oxidative burst, as the effect is mul-
tiple and complex and, therefore, resistance 
has not yet been reported [156]. Several groups 
of PDI-active substances have been intensively 
studied: azines, porphyrins, chlorins, bacte-
riochlorins, texaphyrins, phthalocyanines or 
porphycenes [151]. Methylene blue and toluidine 
blue from the group of phenothiazines and por-
phyrins are the most commonly used photo-
sensitizers that have great potential for medical 
applications [158,159]. Their low toxicity, positive 
charge (namely, methylene and toluidine blue), 
ability to enter oxidation-reduction pathways, 
and finally low cost, underlines the significance 
of their use [99,157,160–161]. For example, methyl-
ene blue (0.15%) was used as the component 
of a novel lock solution with antimicrobial and 
antithrombotic activity in 25 patients with 
hemodialysis catheters. This ‘lock’ solution was 
well tolerated and significantly reduced the risk 
of catheter-related bloodstream infection [162].

●● PDI & biofilms
PDI has also been documented as an alterna-
tive for the eradication of biofilms refractory to 
conventional drugs. Černáková et al. studied the 
effectiveness of methylene blue activated with red 
LED light (576–672 nm) compared with that 
of caspofungin on C. albicans and C. parapsilosis 
biofilms. An MB concentration of 1 mmol/l 
markedly reduced the formation of biofilms both 
in vitro and ex vivo after irradiation, regardless of 



Future Microbiol. (2016) 11(2)242

Figure 1. Possible options for the prevention and eradication of the yeast’s biofilm.

REviEW Bujdáková 

future science group

the application time (methylene blue was added 
to the adherence phase or to the premature 24-h 
biofim), in contrast to caspofungin, which was 
only effective at a concentration of 16 μg/ml 
when it was added at the beginning of biofilm 
formation [99]. An effectiveness of methylene 
blue irradiated with LED light on a C. albicans 
biofilm is well documented in schematic Figure 2. 
The possible mechanism includes combinations 
of ROS production and a direct antimicrobial 

effect resulting in damage of Candida biofilm 
cells (Figure 2). Another study found a differ-
ence in the PDI of C. albicans with respect to 
serotype using methylene blue (300 μmol/l) 
illuminated with a gallium-aluminum-arsenide 
laser (660 nm). Serotype A and B of C. albicans 
differ in their cell wall mannan composition and 
cell surface hydrophobicity. Results suggested 
that in vitro biofilms of C. albicans serotype B 
were more sensitive [163]. Rosseti et al. observed 
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Figure 2. Effect of photoactive dye methylene blue after irradiation on biofilm formed by 
Candida albicans SC 5314. Microscopic examination documents effectiveness of methylene blue 
(1 mmol/l) irradiated with LED red light (1.67 mW cm-2, wavelength 576–672 nm, and fluence 15 
J cm-2) for 2.5 h on 48-h mature biofilm formed by the standard strain C. albicans 5314 on polystyrene 
surface.
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the effectiveness of PDI using toluidine blue on 
biofilms formed by C. albicans. The PDI effect 
proved to be in a concentration and incubation 
time-dependent manner. In addition, an increase 
in both the ROS production and cell permeabil-
ity was observed. It was concluded that the main 
probable mechanism of action of toluidine blue 
on the biofilm is through evoking both ROS 
production and an increase in cell permeabil-
ity [164]. The effect of toluidine blue (20 mmol/l) 
in the PDI (light energy dose of 100 J/cm2) of 
C. albicans biofilms can be increased by sub-
sequent incubation with the above-mentioned 
chitosan (0.5%, w/v) for up to 2 h, suggesting 
that chitosan potentiates the effectiveness of 
PDI, and the contribution is related to the level 
of damage [165].

●● PDI & nanomaterials
Immobilized photosensitizers have been recently 
tested for antimicrobial applications. Several 
studies have been published on the use of various 
photosensitizers and materials to modify the sur-
faces of medical devices used in medicine. There 
has been focus on silicone, polyurethane, poly-
styrene or cellulose acetate, all materials used 

for the routine manufacture of medical devices. 
This research is mainly concerned with optimiz-
ing the photochemical properties of new materi-
als. More extensive knowledge has been available 
on the preparation of silver or gold nanoparti-
cles conjugated with a photosensitizer and their 
antimicrobial effectiveness. Dahiya et al. pre-
pared silver nanoparticles and a toluidiune blue-
embedded silicon polymer that is routinely used 
for catheter fabrication. The new material peri-
odically irradiated exhibited high antimicrobial 
activity, providing new possibilities for reducing 
microbial colonization [166]. In another study, 
Khan et al. prepared novel gold nanoparticles 
conjugated with methylene blue, which dem-
onstrated a very good effect on biofilms upon 
activation with a laser. Electron microscopy 
confirmed biofilm reduction and adverse effects 
on the cells of Candida spp. in the presence of 
the conjugate, and suggested that PDI may be 
used against a nosocomially acquired refractory 
C. albicans biofilm [167]. Biomedically synthe-
sized gold nanoparticles conjugated to methyl-
ene blue or toluidine blue illuminated with an 
incoherent light source (400–800 nm) with a 
filter specific for both photosentitizers were also 
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employed in in vivo experiments. PDI induced a 
significant regression of the C. albicans biofilm, 
as well as superficial skin and oral C. albicans 
infection in BALB/c mice [168], suggesting pos-
sible utility in the treatment of skin and oral 
candidiasis. Published data from research on 
PDI or the use of photosensitizers as part of 
biomaterials suggested the significant potential 
of this approach in medical applications.

Conclusion
A weakening of the immune system of the host 
or disbalance of the microflora may result in 
the overgrowth of microscopic fungi, which 
may in turn lead to a biofilm, as well as a seri-
ous systemic infection. Permanent intravascular 
catheters are a risk factor that is associated with 
nosocomial candidiasis. These medical devices 
may be colonized by yeasts of the Candida 
genus, forming a biofilm on their surface. The 
eradication of a biofilm-associated infection 
is very difficult because of its expressed resist-
ance/tolerance to available therapeuticals. An 
understanding of these mechanisms is essential 
to developing strategies for the prevention and 
eradication of Candida biofilm-associated infec-
tions. Partial success in prevention and treat-
ment of a Candida biofilm-associated infection 
has been achieved using two approaches: the 
development of new materials with antimicro-
bial properties and reduced potency for micro-
bial colonization; and ‘lock’ therapy with anti-
microbially active substances. Testing natural 
products, small molecules and peptides as well as 
using photodynamic therapy in a control of the 
Candida biofilm has still been under intensive 
research. Moreover, some problems need to be 
addressed so mentioned approaches to biofilm 
management can become effective and safe for 
patients.

Future perspective
C. albicans has remained one of the most impor-
tant pathogen associated with bloodstream infec-
tions. This Candida sp. predominates over the 
other members of this genus not only in terms 
of its incidence in clinical material, but also in 
the number of serious infections from which it 
was identified as the main cause [12,41,106]. The 
core weapon of C. albicans is its wide spectrum of 
virulence factors that significantly contribute to 
the survival of C. albicans in the host body [4,5]. 
Similarly, infections associated with the yeasts 
from the NCAC group are also increasingly 

common [16,18]. This phenomenon is, paradoxi-
cally, linked to the increasing number of critically 
ill patients that have better prospects for treatment 
or survival thank to new therapeutical approaches.

Recently, the biofilm was classified as the one 
of the virulence factors that has been associated 
with infections of patients with administrated 
catheters or implants [33,57,81,105,114,144]. Since the 
time Professor Costerton mentioned a direct asso-
ciation between staphylococcal infection and the 
formation of a biofilm on a catheter, research in 
this field has developed very rapidly [169].

However, solution of one of the major medi-
cal problems – biofilm-associated infection – is 
still a ‘long-distance race’. Partial success has been 
achieved in the application of two approaches. The 
first is antimycotic ‘lock’ therapy, which is cur-
rently recommended and used in the treatment 
of bloodstream infections associated with cath-
eterization, especially for long-term catheteriza-
tion – according to Infectious Diseases Society of 
America guidelines [170]. The main concern with 
‘lock’ therapy is due to flushing toxic concentra-
tions of antimicrobial agents that can get into the 
body of the patients, leading to a threat to the 
patient’s life or resulting in the development of 
antimicrobial resistance [171]. In terms of the lat-
ter, ethanol has an advantage because of its activ-
ity against a broad spectrum of microorganisms, 
absence of resistance and, finally, it is a low-cost 
substance. However, ‘lock’ therapy needs to be 
combined with systemic treatment, for example, 
with micafungin, caspofungin, amphoreticin B, 
fluconazole or voriconazole [115–117]. Broad applica-
tion of this strategy in hospitals seems to be prob-
lematic, as it requires monitoring and harmoniza-
tion of many parameters in usually critically ill 
patients. The second strategy involves covering 
catheters or other indwelling devices with anti-
microbially active substances. The coating of cath-
eters with minocycline–rifampin, chlorhexidine 
and silver sulfadiazine has been successfully used, 
mainly in the treatment of bacterial infections [135]. 
The delivery of antimicrobial compounds from 
biomaterials precisely to the application site seems 
to be very convenient and effective for the patient, 
but some questions concerning optimization of 
chemical properties of platform, a release of opti-
mal concentration of this compound or a possibil-
ity of development of local/general resistance have 
not been answered satisfactorily yet.

Further approaches dealing with the pre-
vention and eradication of a biofilm on medi-
cal devices are currently under intensive 
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investigation. Research is focused on testing dif-
ferent molecules, including peptides for direct 
application against biofilms formed on catheters 
in in vivo models on animals. An additional 
way in which small molecules can be useful, 
is the modification of the surface of polymers 
manufactured for medical devices with these 
molecules [123,126,133,150]. The parameter of bio-
compatibility including toxic side effects and the 
response of the host’s immune system is critical 
for anticipating issues that will arise from their 
medical use. At present, material science is pro-
ducing various nanomaterials and nanoparticles 

including those on the basis of gold, silver, sele-
nium, titanium, etc. [138–143] that are widely used 
in orthopedy or dentistry [144–146]. Building on 
the current experiences and knowledge, new 
materials with improved surface and anti-
microbial properties may have high chance for 
a wide application in many fields of medicine in 
short future.

Another extensively developing f ield of 
research aimed at combating biofilms employs 
PDI. It can be a suitable alternative to the con-
ventional approach to tackling biofilms. PDI has 
great potential, because it uses nontoxic dyes at 

EXECUTivE SUMMARY
Candida & biofilms: the basics

 ●  The yeasts of the Candida genus are human commensals. Switching between commensalism and pathogenicity is 
directly affected by a range of expressed virulence factors.

 ●  In addition to Candida albicans, there are frequently identified pathogens from the group of non-Candida albicans 
Candida, including Candida glabrata, Candida parapsilosis, Candida krusei or Candida tropicalis.

 ●  Biomaterials used to manufacture prosthetic devices and various catheters are suitable surfaces for colonization and 
the subsequent formation of biofilms. Biofilm may be responsible for up to 65% of infections in catheterized patients.

Resistance/tolerance of Candida biofilms to antifungal compounds

 ●  Biofilm resistance/tolerance is a complex multifactorial phenomenon, involving conventional resistance mechanisms 
and other mechanisms corresponding to the tolerance of biofilms to antifungals.

 ●  The resistance to azoles represented by fluconazole in C. albicans biofilms is mainly due to the expression of efflux 
pumps (Cdr1p, Cdr2p and Mdr1p) or a mutation in the target gene ERG11 coding for lanosterol 14-α demethylase. 
Other ERG genes can be differentially regulated during biofilm formation. The most common predicted resistance to 
amphotericin B is the alteration of membrane sterol composition. For the echinocandins, the targeted gene mutation 
has only been described in the FKS1 and FKS2 genes.

 ●  Resistance/tolerance is also associated with biofilm density or morphological form, an elevation of quorum sensing 
molecules, stress response, formation of persisters and extracellular matrix production limiting the penetration of 
substances through the matrix. Paradoxical growth effect was reported in the context of echinocandins.

Update options for the prevention & eradication of a Candida biofim

 ●  ‘Lock’ therapy is a potential treatment to eliminate Candida biofilms, particularly with the use of echinocandins and 
amphotericin B. Ethanol is another solution that effectively eradicates biofilms formed inside the catheter’s lumen.

 ●  Small molecules of various chemical structures possessing excellent chemical and antibiofilm properties are intensively 
studying. Some of them can be utilized for biomedical applications, for example, coating of catheters. Minocycline–
rifampin, chlorhexidine and silver sulfadiazine are currently used for catheter coating. Coating nanomaterials and 
nanoparticles based on gold, silver, selenium, titanium, silica, zirconium or chitosan have also been tested.

 ●  Chemical or structural modification of the surface of polymers is another approach, how to improve their antimicrobial 
properties.

Photodynamic therapy/inactivation: alternative to conventional strategies of biofilm eradication

 ●  Photodynamic inactivation is one alternative to the conventional strategies of treating Candida biofilms. Photoactive 
substances are activated by excitation using light of appropriate wavelengths, leading to the production of reactive 
oxygen species. No resistance has been observed yet.

 ●  Photosensitizers can be used such as ‘lock’ solution or can be immobilized to various materials. Silver or gold 
nanoparticles conjugated with a photosensitizer show promising antimicrobial and antibiofilm properties.
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very low concentrations activated with light of 
appropriate wavelength. The benefits are its low 
cost and no observed resistance. Moreover, PDI 
can be combined with conventional therapy. 
It could be widely used, for example in ‘lock’ 
therapy, as well as in coating various materi-
als and modifying polymers [159,164,166–168]. 
Interdisciplinary cooperation connecting nano-
material chemistry with biological research 
can accomplish radically new possibilities for 
Candida biofilm prevention and eradication.
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