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We present the application of a photonic silicon chip-based optical
sensor system for expeditious and phenotypic antifungal susceptibility
testing. This label-free diagnostic assay optically monitors the growth
of Candida auris at varying antifungal concentrations on a microwell-
structured silicon chip in real-time, and antifungal susceptibility is
detected within 6 h, four times faster than in the current gold standard
method.

In recent years, multidrug-resistant fungal pathogens have
emerged as a global health threat, with high mortality rates
resulting in over 1.6 million deaths annually."* The severity of
this situation is underscored by the World Health Organiza-
tion’s first-ever fungal priority pathogens list published in 2022,
aiming to guide public health strategies against pathogenic
fungi.’ The excessive use of antifungals, together with climate
change, accelerates the emergence and evolution of resistant
fungal pathogens.®” The spread of fungal infections in the last
three years is mainly ascribed to the increasing number of
immunocompromised and vulnerable patients,®> which is clo-
sely linked to the COVID-19 pandemic.® The yeast Candida auris
(C. auris), well known for its pathogenicity and associated
morbidity, is now classified as an urgent threat by the United
States Centers for Disease Control and Prevention.” C. auris is
not only difficult to eradicate from clinical settings but is often
multidrug-resistant, with some isolates being recognized as
pan-resistant (resistant to antifungals of all drug classes).>®
Thus, there is a paramount need for diagnostic methods that can
expeditiously determine the correct antifungal prescription,
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improving therapy outcomes and minimizing the spread of re-
sistance.” Specifically, antifungal susceptibility testing (AFST), in
which pathogenic fungi are exposed to varying antifungals at
increasing concentrations, and the minimum inhibitory concen-
tration (MIC) is determined, can help physicians to guide treatment
decisions.'® However, current AFST methods, like agar-based tests
or the gold standard broth microdilution (BMD), are lengthy and
require >24 h."® Also, commerecially available state-of-the-art auto-
mated methods such as the Vitek2 (bioMérieux) typically provide
results only within 12-18 h,"™"> a limited set of antifungals
is available, and MIC values have not always been accurately
determined.”® Thus, there is an urgent clinical need for rapid
and reliable novel AFST methods for Candida species.

Herein, we present the use of a photonic silicon chip with
microwell diffraction gratings that serves as a sensitive sensor for
label-free fungal growth monitoring by detecting changes in white
light reflectance. Such silicon-based materials are characterized by
their biocompatibility and have been widely employed for diagnostic,
therapeutic and biosensing applications."*'® Specifically, we have
previously shown that photonic silicon chips, with different dimen-
sions and microtopologies,” can be used for rapid susceptibility
testing of the bacterial species Escherichia coli (E. coli) within
90 minutes'®?° and the mould Aspergillus niger (A. niger) within
10-12 h*" using phase-shift reflectometric interference spectroscopic
measurements (PRISM) and intensity-based PRISM (iPRISM) tests.
In these optical assays, the photonic silicon chips are individually
fixated into heat-controlled microfluidic channels, and suspensions
of yeast cells in growth medium are introduced into these channels
(see Fig. 1A). The chips consist of arrays of microwells (width:
~4 pm and depth: ~4 um) that were specifically designed to fit
the majority of C. auris cells (having spherical to oval shape with
characteristic dimensions of 2-3 x 2.5-5 um’*) within the individual
wells, see Fig. 1B-i for cross-section and top view (insert) scanning
electron microscopy (SEM) images. Yet, C. auris can also form cell
aggregates which are mainly found on top of the microwells.
Continuous reflectance measurements are used to obtain character-
istic spectra (Fig. 1B-ii), which are further processed by Fast Fourier
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Fig. 1 iPRISM concept for C. auris growth monitoring. (A) Suspensions of C. auris cells in growth medium (RPMI) are introduced onto a photonic silicon
chip, having a periodic microwell array structure, fixated within microfluidic channels (channels height ~ 1 mm allowing for cells suspensions, growth
medium and antifungal solution to flow on top of the microwells). The chip microstructure is specifically designed to (B-i) accommodate C. auris cells
within the microwells as demonstrated by top view and cross section (insert) SEM micrographs. Cells are false-coloured in red for clarity. A white light
source is positioned normal to the chips and illuminates the sensor elements, while the reflected light is continuously recorded. (B-ii) The resulting
reflectance spectra show characteristic interference fringes, as the incident light is reflected from the top and bottom interfaces of the microwell arrays.
The latter spectra are recorded and transformed into (B-iii) single peaks by frequency analysis. The amplitude of the peak corresponds to the intensity of
the reflected light and the peak position correlates to the 2nL. (C) Confocal laser scanning microscopy after cell staining with propidium iodide reveals
C. auris cells (initial cell density: McFarland 2.0) growing within and on top of the silicon microstructure resulting in characteristic growth curves with a

continuous averaged (n = 3) decrease of the (D-i) intensity and (D-ii) 2nL

Transform (FFT) frequency analysis. The latter results in a
single peak (Fig. 1B-iii), where the peak amplitude corresponds
to the intensity of the reflected light and the peak position
corresponds to 2nL (n refers to the refractive index of a medium
within the grating and L is the microwells’ depth). Please also
refer to Fig. S1 (ESIt) and to our previous works'®>*?** for a
detailed explanation of the involved optical principles.
Monitoring both parameters over time allows tracking
C. auris growth in a label-free manner in real-time. Fig. 1D
depicts growth curves (intensity and 2nL) for C. auris suspen-
sions at McFarland value of 2.0 (which corresponds to ~10’
cells mL ™", as routinely used for AFST of Candida species by
commercial automated systems such as the Vitek2;' for experi-
mental details and further discussion on C. auris cell density
see the ESI,t Fig. S2). For both parameters, a general trend of
decreasing signals (intensity slope: —10.8 AI (%) h™" and 2nL
slope: —0.13 A2nL (%) h™") is observed (see Fig. 1D-i and ii).
The major decrease in the intensity signal is ascribed to C. auris
cells growing on the microstructured silicon surface'>** and
Fig. S3 (ESIt) depicts the correlation between cell concentra-
tions and the obtained intensity signal (Fig. S4 (ESIt) presents
the corresponding raw reflectance spectra). Fig. 1C shows
corresponding confocal laser scanning micrographs of C. auris
at different time points (30 min, 3 h, 6 h), demonstrating that at
the beginning of the assay, most cells reside within the micro-
wells. Whereas at later times, the cells tend to grow out of the
wells and are found on the top of the microstructure, as also
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signals. Error bars depict standard deviations.

revealed by SEM studies presented in Fig. S5 (ESIT). Moreover,
similar behaviour is also observed for a second yeast
species - the industrial-relevant Saccharomyces cerevisiae where
a characteristic reduction in both intensity and 2nL signals is
obtained, see Fig. S6 (ESIY).

While the observed intensity decrease is in agreement with
our previous studies, where varying microorganisms were
grown on microstructured silicon gratings,'”'**! the obtained
trend of 2nL reduction (Fig. 1D-ii) is different from the typical
behaviour we have observed for bacteria.'>*! In general, we
found that bacterial cells tend to reside and proliferate within
the microwell structure (see Fig. S7, ESIT) and, as such, induce
an increase in the 2nL value over time. The latter is ascribed to
an increase in the average refractive index within the
microstructure.””® We were expecting a similar behaviour
for C. auris, as most cells are found to reside in the wells at
the beginning of the assay. Yet, within 6 h C. auris forms dense
cell aggregates on the top of the microstructure, as depicted in
the electron micrographs included in Fig. S5 (ESIt). To further
investigate this behaviour, C. auris was studied in a growth
medium designated for bacteria (CAMHB), where growth is
observed to be impaired compared to that in RPMI (designated
for yeasts). The slope of the intensity signal is found to be five
times lower in CAMHB, while the 2nL slope is mainly
unchanged, see Fig. S8 (ESIf). Moreover, SEM studies show
that C. auris do not form aggregates on top of the silicon
microstructure in CAMHB, as also depicted in Fig. S8 (ESIT).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc04446g

Open Access Article. Published on 06 1402. Downloaded on 16/11/1404 12:59:30 ..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

A @mmmm Without antifungal esssss 16 mg L' AFG
i 10 fi1q
ok ] 1.2 \
<
-0 1 S0
—_ 1 ©
S 20 508 \J\
= 30 i 0
] = 064
-40 18
50 E 0.4—1[/\
60 i 0.24 /

70 00| ]

» 16 mg L' AMB

2 3 4 5 6 2 3 4 5 6
B Incubation time (h) Incubation time (h)

Fig. 2 iPRISM “overkill” experiments. (A-i) iPRISM growth curves for
unhindered growth and C. auris exposed to 16 mg L™! anidulafungin
(AFG) and amphotericin B (AMB), respectively. These growth curves are
transformed into relative growth where the unhindered growth is defined
as 100% (1.0) growth. Black threshold lines indicate 50% (0.5) and 10% (0.1)
growth. (B-i to B-iii) Scanning electron microscopy images reveal how
C. auris behaves on the microstructure in the absence and presence of
high antifungal concentrations. Cells are false-coloured in red for clarity.

This may suggest that the cells emerging from the wells and
forming dense cell clusters on the top of the microstructure
potentially impede light interference from the chip, resulting in
a reduction of the 2nL signal. However, this phenomenon should
be further investigated as we also observed it in the case of biofilm
formation by the bacterial pathogen Pseudomonas aeruginosa."’
Herein, we will mainly focus on monitoring the intensity changes
for sensitive growth detection at varying antifungal concentra-
tions, following the iPRISM assay principle.>! The iPRISM concept
for AFST of C. auris was first established with high antibiotic
concentrations (see Fig. 2) of two clinically relevant antifungal
agents with different modes of action, namely anidulafungin
(echinocandin: inhibition of cell wall biosynthesis)>> and ampho-
tericin B (polyene: cell membrane damage).>**” The tested con-
centrations of these drugs (both 16 mg L™ ") are at the upper range
of the recommended concentrations for AFST of Candida species
according to BMD protocols by the European Society of Antimi-
crobial Susceptibility Testing (EUCAST).*® Thus, fungal growth is
inhibited at these concentrations (Fig. 2A-i), and the relative
growth compared to the drug-free control falls below the 50%
(anidulafungin) and 10% (amphotericin B) growth values, as
depicted in Fig. 2A-ii. The latter values also serve as the MIC
threshold for these respective antifungals (anidulafungin MIC:
lowest drug concentration with >50% growth inhibition and
amphotericin B MIC: lowest drug concentration with >90%
growth inhibition) according to EUCAST.*® Scanning electron
micrographs (Fig. 2Bi-iii) reveal that in the absence of an anti-
fungal drug, C. auris grow in dense networks within and on top of
the silicon microstructure, while when exposed to an antifungal,
fewer cells are observed on the chip surface (Fig. 2B-ii and iii).
Moreover, cells exposed to anidulafungin (Fig. 2B-ii) appear round
and swollen - characteristic of morphological changes induced by
this type of antifungal agent.>® In the case of amphotericin B,
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cells exhibit a deformed appearance, which is ascribed to cell
membrane damage (Fig. 2B-iii).*

C. auris cells were grown at various concentrations of
anidulafungin and amphotericin B in order to determine MIC
values, and Fig. 3 depicts the corresponding relative growth
curves. Increased concentrations of both antifungal agents
result in reduced growth compared to the untreated control.
According to the MIC definitions (as explained above), the
iPRISM MIC values are 0.25 mg L™ " for both drugs. Statistical
analysis of iPRISM results obtained from different chips
(as shown in Fig. S9, ESIt) reveals that MIC value determination
is feasible within 3.5 h and 6 h for anidulafungin and ampho-
tericin B, respectively. Thus, the iPRISM platform provides
a significantly reduced assay time compared to the gold-
standard BMD (time: 24 h) and the commercially available
Vitek2 system (time: 12-18 h).'"'*?® please also refer to
Fig. S11 (ESIt), demonstrating that standard BMD-based MIC
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Fig. 3 C. auris iPRISM AFST. Relative growth of C. auris at varying con-
centrations of (A) anidulafungin (AFG) and (B) amphotericin B (AMB). The
underlying intensity changes and also the corresponding 2nL growth
curves are presented in Fig. S10 (ESIt), demonstrating that the intensity is
superior in its quantitative sensitivity for growth at varying antifungal
concentrations while the 2nL is still sensitive qualitatively.
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value determination (C. auris and amphotericin B) can be
reduced to 19 h using continuous microplate reader measure-
ments and statistical analysis. Thus, the presented iPRISM
assay still provides a significantly faster MIC determination.

To test the accuracy of the obtained MIC values, we compare
the latter concentrations to the outcome of gold stand-
ard BMD performed according to EUCAST protocols, see
Table S1 in the ESL} The iPRISM MIC values for anidulafungin
(0.25 mg L™ " vs. 0.0625 mg L~ ') and amphotericin B (0.25 mg L™"
vs. 0.125-0.25 mg L") are one to two dilutions higher than the
BMD value. Such a difference between two dilutions is considered
as an essential agreement.>" Furthermore, the obtained MIC
values do not exceed the tentative epidemiological cut-off values
(ECOFFs) determined by different approaches (Table S1, ESIt).*>
As such, for both drugs, this C. auris isolate is correctly classified
into the wild-type population without acquired drug resistance. It
should be noted that MIC value deviations between different
methods and protocols are often encountered in susceptibility
testing.>* As previously observed, MIC values determined by
(()PRISM for E. coli*®' and A. niger** tend to be higher in
comparison to BMD MICs. These deviations are mainly as-
cribed to the different assay procedures. While in the BMD, the
fungal cells are suspended and grow in a liquid medium, in the
iPRISM assay, the behaviour of the cell-silicon substrate inter-
face is monitored.

A diagnostic platform for rapid and phenotypic AFST of
C. auris as a model yeast pathogen is shown, demonstrating
and extending the applicability of this label-free assay to a wide
variety of clinically relevant species (bacteria, filamentous
fungi, yeast). The yeast cells grow on a microstructured silicon
surface that also serves as a sensitive sensing element allowing
the detection of changes in the white light reflectivity. The
latter changes are correlated to fungal growth and used to study
the behaviour of C. auris upon exposure to anidulafungin and
amphotericin B - two clinically relevant antifungals from two
distinct antifungal classes. MIC values for these antifungals can
be obtained within 6 h and agree with values determined by
classical BMD. Thus, iPRISM provides a novel method for AFST
of Candida species that is significantly faster (time reduction:
>18 h) than gold standard methods.
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