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ABSTRACT Candida auris provides a substantial global nosocomial threat clinically. With
the recent emergence that the organism can readily colonize skin niches, it will likely con-
tinue to pose a risk in health care units, particularly to patients undergoing surgery. The
purpose of this study was to investigate the efficacy of antifungal-loaded calcium sulfate
(CS) beads in combatting C. auris infection. We demonstrate that the CS-packed beads
have the potential to interfere with planktonic and sessile C. auris.
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C andida auris is a nosocomial pathogen that was first identified in 2009 (1). The organism
has been subject to extensive scrutiny in the field of medical mycology over the past dec-

ade, primarily due to the organism’s multidrug resistance (2). A notable pathogenic trait of C.
auris is its ability to persist in the environment, surviving on abiotic surfaces for up to weeks
via the formation of biofilms (3). In addition to this, the fungus has also been shown to readily
inhabit skin, forming high-burden biofilms when grown in artificial sweat on a porcine skin
model (4). In vivo, in a murine model, C. auris establishes residence on the skin tissue (5), while
a clinical study has highlighted that the organism can coexist among microbiota and other
mycobiota within the skin flora (6). Thus, C. auris infection could provide a substantial infection
risk to those patients with open wounds in intensive care settings.

The use of calcium sulfate (CS) as a biomaterial is not uncommon. CS has been
developed as a vehicle for delivering antibiotics to infected surgical sites (7). The mechanism
of action for such a biomaterial involves the slow dissolution of the CS at the infection site,
resulting in a steady elution of the loaded drugs locally into the immediate microenviron-
ment. Several studies have highlighted the efficacy of using loaded CS beads in knee and
hip periprosthetic joint infections (reviewed in reference 8), while their use in treatment of
diseases, such as diabetic foot ulcers and osteomyelitis, is starting to be explored (9, 10).

This study serves to investigate the potential use of antifungal-loaded CS beads in
preventing C. auris biofilm formation and associated pathogenicity. The efficacies of
three antifungals, caspofungin (CSP), fluconazole (FLZ), and amphotericin B (AMB) incorpo-
rated into CS beads, were tested against planktonic and sessile C. auris NCPF 8978. The po-
tency of the antifungal-loaded CS beads would also be assessed in a three-dimensional
(3D) organotypic skin epidermis model.

First, a broth microdilution test was used to assess drug release across the 7 days of
suspension of CS beads in RPMI media. C. auriswas found to be susceptible to a released con-
centration of approximately 1.2mg/mL for CSP across all days, varied from 40 to 80mg/mL for
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FLZ, and maintained at 0.9mg/mL for AMB over the full 7 days. Specifically, the concentration
of FLZ was 80mg/mL on days 1, 5, 6, and 7, while 40mg/mL on days 2, 3, and 4.

For the biofilm studies, results of the XTT [2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tet-
razolium-5-carboxanilide salt] and crystal violet (CV) assays indicated that CSP and AMB were
more effective than FLZ in reducing the metabolic activity and biomass of the C. auris biofilms
across all three time points (***, P, 0.001) (Fig. 1A, C, and E). Interestingly, FLZ-treated biofilms
displayed reduced viability after 1- and 3-day treatments (Fig. 1A and C) but were completely
metabolically active following treatment for 5 days with the antifungal (Fig. 1E). Biofilms
exposed to FLZ beads revealed little to no biomass alteration compared with control CS beads
at day 1 (Fig. 1B) but significant reductions after 3- and 5-day treatments (**, P , 0.001; ***,
P , 0.001) (Fig. 1D and F). CSP and AMB treatment significantly reduced the biomass of the
biofilms over the entire time course of the experiment (all ***, P, 0.001, respectively).

Given that 3-day treatment gave the most potent effect with the antifungal against
C. auris (Fig. 1), biofilms were grown for 24-h and treated with each antifungal for
3 days. Then, quantitative PCR (qPCR) assessment and scanning electron microscopy
(SEM) imaging was used to assess the C. auris biofilm inhibition. Results from the qPCR
corroborated the above observations in that FLZ treatment was the least effective of the
three antifungals in reducing the fungal load, although this was still significantly lower than
that of the control CS bead-treated biofilms (**, P , 0.01) (Fig. 2A). SEM imaging of the
treated biofilms showed a densely populated C. auris biofilm treated with CS beads only.
FLZ-, CSP- and AMB-treated biofilms were much more sparsely populated with yeast cells.
These results indicate that all three antifungals were effective in reducing the fungal load of
the biofilms after 3 days of treatment with antifungal-loaded CS beads.

FIG 1 Inhibition of sessile cell viability and fungal biomass by antifungal CS beads. Biofilms were
treated with FLZ (80 mg)-, CSP (35 mg)-, and AMB (25 mg)-loaded antifungal beads for 1, 3, and 5 days.
The XTT and CV assays were used to assess metabolic activity and biofilm biomass, respectively. Results
shown as % viability (A, C, and E) and % biomass (B, D, and F) relative to CS-treated biofilms minus the
antifungal. Significant reductions shown as follows: **, P , 0.01; ***, P , 0.001.
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The final part of this study served to assess the efficacy of the antifungal-loaded CS beads in
reducing C. auris fungal load within a skin epidermis coculture model. The experimental setup is
highlighted in Fig. 3A. Results showed that treatment with AMB completely diminished the fun-
gal burden in the wounded tissue to levels below qPCR detection (;1 � 103; ***, P , 0.001).
CSP was effective in reducing the fungal load 2-fold from ;1.2 � 104 colony forming equiva-
lents (CFE)/tissue in controls to;0.6 � 104 CFE/tissue following treatment (***, P, 0.001). FLZ
treatment did not change the overall levels of C. auris colonized within the tissue (Fig. 3B).
Interestingly, gene expression profiling of the host tissue revealed little reduction in the inflam-
matory response following treatment with the antifungals, particularly with CSP, which drove
elevated expression in genes, such as TNF, IL-6, CSF2, CSF3, TLR4, CLEC7A, and CAMP (Fig. 3C).

Candida auris has gained a considerable amount of scientific attention since its
emergence in 2009 (1). The organism has a worrying antifungal resistance profile to FLZ,
with some isolates exhibiting resistant to AMB and CSP (2, 11). Given the organisms ability
to persist in a variety of clinical sites and survive under harsh environmental conditions, it

FIG 2 Molecular and microscopic assessment of C. auris biofilm inhibition. Biofilms grown on 13-mm Thermanox
coverslips were treated with FLZ (80 mg)-, CSP (35 mg)-, and AMB (25 mg)-loaded antifungal beads for 3 days. (A)
Following treatment, DNA was extracted and colony forming equivalents determined using qPCR. (B) Scanning
electron microscopic images highlight clear reductions in the biofilm bioburden. Significant reductions shown as
follows: **, P , 0.01; ***, P , 0.001.
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remains a global problem in intensive care units for acquired nosocomial infections. It has
been shown recently using clinical studies and in vivo and in vitro models that C. auris will
readily colonize skin (4–6, 12), thus posing a concern for patients with unhealing wounds.
Here, we have shown that antifungal-loaded CS beads have the potential to combat C. auris
infection by alleviating viability and fungal load in vitro.

Firstly, in line with previous observations (13, 14), all three antifungal CS beads
exhibited a sustained release of drug over the course of the broth dilution experiment with
comparable susceptibility profiles across 7 days. As expected, C. auris was more susceptible to
AMB and CSP, both under planktonic and sessile conditions, than FLZ, which has commonly
been reported in various C. auris isolates; it is proposed that mutations in genes that partici-
pate in the ergosterol synthesis pathway (e.g., ERG11) and drug efflux pumps (e.g., CDR1) serve
to increase FLZ tolerance (15, 16). Nonetheless, CSP- and AMB-loaded CS beads were suitable
in reducing metabolic activity and biomass of developing C. auris biofilms grown over 5 days,
suggesting that the biological activity of the eluted antifungal remained high even during
coincubation with the fungi.

The above observations were strengthened by clear reductions in fungal load following
treatments with CSP and AMB, as confirmed with qPCR and SEM imagery. Taken together,
these results are suggestive that such CS beads could provide an interesting proposition in
wound care, with particular emphasis on antifungal delivery. Thus, to mimic the packing of
infected tissue with loaded CS beads, an in vitro 3D wounded skin epidermis model was

FIG 3 Assessing the efficacy of the antifungal-loaded CS beads in a 3D skin epidermis coculture model. (A) Schematic representation of the coculture skin
wound model used for C. auris inoculation and associated treatment. (B) The colony forming equivalents (CFE) for C. auris colonized on the tissue were
determined following DNA extraction and qPCR. (C) RNA was extracted from the tissue and the transcriptional gene response in the host was determined using a
RT2 profiler array containing genes associated with inflammation and fungal recognition. Significant reductions shown as follows: **, P , 0.01; ***, P , 0.001.
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used as previously described (12). In this previous publication, we demonstrated that the C.
auris NCPF 8978 strain used in this study was proinflammatory to wounded skin epidermis.
Here, although overall fungal load was significantly reduced in tissues packed with CSP- and
AMB-loaded CS beads, the inflammatory profile of the tissue remained largely unchanged
when compared to control-treated samples. Depending on the treatment modality, these
observations may be that the fungal organism, or its constituents, are still present within the
tissue model, thereby recognized by the host, which responds accordingly. Alternatively, it
may be due to toxicity of the drugs to the host, which is not unheard of. For example, AMB,
which was effective in significantly reducing fungal load, still gave rise to a comparable
immune response to the controls. Indeed, concentrations of .5 mg/mL have been shown
to be highly cytotoxic to host cells (17), which are far lower than the doses packed into the
CS beads. Regarding the elevated host response in CSP-loaded antifungal beads, it has
recently been shown that CSP treatment increases chitin and glucan exposure on different
Candida species, which led to elevated recognition and phagocytosis by macrophages (18).
Thus, the drug may induce structural changes to the persistent fungi still on the tissue,
which consequentially leads to an increased immune response. Nevertheless, it was reassur-
ing that CS control beads did not alter the inflammatory response within the tissue, with
results in gene expression comparable with our previous study using C. auris only (12).

In conclusion, we have provided a proof-of-concept study that has investigated the
function of antifungal-packed CS beads in controlling C. auris biofilm formation and
host-related pathogenicity. This study has been developed to form a preclinical investigation
into the efficacy of antifungal-loaded CS beads: future work merits consideration of assess-
ing the effects of the CS beads in vivo. Additionally, as a potential use for CS beads is being
studied for wound care and infection control (9, 10, 19), future work must consider the CS
bead-host interface, particularly given the importance of the immune response in driving
wound healing and repair.

Microbial growth. Candida auris NCPF 8978 used throughout this study was grown
as previously described (12).

Preparation of Stimulan Rapid Cure calcium sulfate beads. Stimulan Rapid Cure
calcium sulfate beads were prepared as previously described (13). Beads were formed to a size
of 6 mm or 3 mm, dependent on experimental set up. The antifungal loads per bead were
determined to be 0.56 mg of AMB, 0.38 mg of CSP, and 0.79 mg of FLZ.

Planktonic susceptibility testing. To assess antifungal susceptibility, planktonic
broth microdilution tests were performed as a surrogate marker of drug release as described
elsewhere (13).

Biofilm susceptibility testing. To test the sessile susceptibility of C. auris to the
antifungal-loaded CS beads, biofilms were formed as discussed in a previous publication
(13). In brief, metabolic activity was assessed using an XTT (2,3-bis-(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide salt) assay. The XTT reagent was removed,
and biofilms were left to dry to assess biomass using the crystal violet (CV) assay.

Quantitative PCR. Treated biofilms were formed on 13-mm Thermanox coverslips
and DNA extracted for SYBR GreenER-based qPCR (13). For this, 18S primers were used
with the following thermal profile: 50°C for 2 min, denaturation stage of 95°C for 10 min,
and then 40 cycles of 95°C for 3 s and 60°C for 15 s using the StepOne real-time PCR system.
Colony forming equivalent (CFE) counts were determined using a standard curve of known
fungal CFU ranging from 1� 103 to 1� 108 CFU/mL.

Scanning electron microscopy. Additional treated biofilms were used for scanning
electron microscopy (SEM). In brief, coverslips containing the biofilms were removed and
initially fixed and then further processed for SEM imaging as described previously (13, 20).
Biofilms were visualized using a JEOL JSM-6400 scanning electron microscope (JEOL Ltd,
Hertfordshire, UK).

Skin epidermis coculture system. C. auris was inoculated on a wounded 3D skin
epidermis model (SkinEthic; Episkin, Lyon, France) with CS beads. The model set up was cre-
ated as previously described (12), with small amendments as followed. At the same time as
the addition of C. auris, 5- by 3-mm CS beads loaded with AMB, CSP, and FLZ, were also
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added to tissue samples to assess the antifungal effect of CS beads in this coculture system.
The cocultured model was incubated for 24 h at 5% CO2, 37°C.

Following coculture, DNA and RNA were extracted from the tissue to assess fungal load
and host gene expression using the QIAamp DNA minikit with bead beating and the Qiagen
RNeasy minikit (Qiagen Ltd, Crawley, UK), respectively. Fungal load was assessed using qPCR
as above. For the host gene response, RNA was converted to cDNA before a custom RT2 pro-
filer array was used to assess changes in inflammatory gene markers. Detailed methods for
this are discussed elsewhere (12).

Statistical analysis. Statistical analyses and graph production were performed
using GraphPad Prism (version 8.4.3; GraphPad Software Inc., La Jolla, CA). One-way analysis of
variance (ANOVA) with Tukey’s post-test was used to assess differences in antifungal efficacies.
For CFU and CFE counts, data was log transformed before analysis. Statistical significance was
achieved if Pwas,0.01.
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