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Abstract: Easy and reliable identification of pathogenic species such as yeasts, emerging as problematic microbes originating from the genus Candida, is a task in the management and treatment
of infections, especially in hospitals and other healthcare environments. Aptamers are seizing an
already indispensable role in different sensing applications as binding entities with almost arbitrarily
tunable specificities and optimizable affinities. Here, we describe a polyclonal SELEX library that not
only can specifically recognize and fluorescently label Candida cells, but is also capable to differentiate
C. albicans, C. auris and C. parapsilosis cells in flow-cytometry, fluorometric microtiter plate assays and
fluorescence microscopy from human cells, exemplified here by human dermal fibroblasts. This offers
the opportunity to develop diagnostic tools based on this library. Moreover, these specific and robust
affinity molecules could also serve in the future as potent binding entities on biomaterials and as
constituents of technical devices and will thus open avenues for the development of cost-effective and
easily accessible next generations of electronic biosensors in clinical diagnostics and novel materials
for the specific removal of pathogenic cells from human bio-samples.
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1. Introduction
Since the introduction of aptamers more than 30 years ago, these single-stranded
oligonucleotides (RNA or ssDNA) have emerged as serious alternatives to antibodies or
antibody derivatives, offering significant additional technical options that make them
increasingly attractive for various applications [1,2]. Aptamers are molecules with high
specificity and affinity, surprising chemical and physical stability combined with a low
overall immunogenicity. They can adopt different secondary and tertiary structures and
serve as promising binding molecules in techniques requiring highly specific detection
and quantification of target molecules [3]. In an iterative selection process performed
completely in vitro, termed Systematic Evolution of Ligands by EXponential enrichment
(SELEX), high-affinity aptamers can be evolved and isolated from large random sequence
libraries (Figure 1). There aptamers can be selected against an enormous variety of different
target structures ranging from small molecules such as metal ions [4], proteins [5], to cells
and microorganisms [6–9] and even to complex targets such as cancerous tissues [10,11].
This directed selection process has continuously been improved and modified to create
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more powerful, robust and specialized strategies that allow the selection of aptamers with
specific binding properties for different targets in numerous applications. Not only can they
be used in various fields such as biomarker discovery [12], imaging agents [13], diagnostics [14], drug delivery [15] or as pharmaceutical compounds in molecular therapy [16,17],
but they are also used as specific affinity molecules in the construction of binding units
in technical devices [18] such as electronic biosensors [5,19], where mainly antibodies or
their derivatives have been used [20,21]. Therefore, based on Cell-SELEX technology, the
FluCell-SELEX has been developed in order to evolve aptamers to target intact living cells
without knowing the exact membrane targets in advance [7–9]. We have recently shown
that a major simplification of well-known aptamer isolation methods is the direct use of
focused polyclonal libraries. Not only can they outperform single aptamers, as polyclonal
libraries can be three orders of magnitude more sensitive in biosensing applications, but
they are also anticipated to be beneficial for highly efficient target detection and improved
performance due to the higher precision as well as the larger sequence space available [5,7].
This fast and reliable detection is of high importance, especially in the case of infections
with pathogens such as bacteria or yeasts, in order to start immediate and appropriate
treatments and to prevent a serious progression of the infection and the risk of septicemia.
The majority of serious fungal infections are attributed to Candida species, as Candidiasis
is the fourth most common cause of nosocomial infections with high mortality rates in
systemic courses of 15–35% [22–24]. One entry site to the human body are wounds and
wound care measures, since Candida has also been recognized as a problematic genus in
wound infections in turn being a true challenge for wound management procedures [25–28].
However, most of the times Candida is not the typical pathogen for wound infections and
mucosal membranes are often the entry point for Candida infections, since these yeasts can
be found on mucous membranes as a classic colonizing flora [23]. The most commonly
isolated species and the most widespread fungal pathogen worldwide is the yeast Candida
albicans [29,30]. However, the leading role of C. albicans in invasive infections is decreasing
and “non-albicans” Candida species such as C. auris or C. parapsilosis now account for a
significant proportion of clinical isolates and their isolation rate has increased dramatically
over the past 15 years [31]. The limited number of antifungals, the emergence of (multi-)
drug resistances, the yeasts’ ability to form biofilms and the occurrence of misidentifications
with other phylogenetically related pathogens have complicated the treatment of infections with Candida species [32–35]. Conventional identification methods of Candida rely on
physiological or morphological attributes, but inadequacies of such techniques made them
increasingly less reliable for precise and fast identification and differentiation [36]. Complex
methods such as the matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-ToF) or commercially available identification systems, which are often
based on the assimilation of carbon compounds, are promising in Candida differentiation;
however, these diagnostic tools often rely on pure cultures, are not only considerably expensive, but also very time-consuming as it takes several days for results to be reported [37].
Correct and particularly rapid identification of pathogenic species such as yeasts from the
genus Candida plays an important role in the management and in the overall outcome of
an infection. Here, we describe a polyclonal SELEX library that not only can specifically
recognize and fluorescently label Candida, but also is capable to discriminate between
C. albicans, C. auris, C. parapsilosis cells and human cells here exemplified by human dermal
fibroblasts (HDF). These specific and robust affinity molecules can serve as a potent binding
entity and will open avenues for the development of cost-effective and easily accessible
next generations of electronic biosensors in clinical diagnostics and novel materials for the
specific removal of pathogenic cells from human bio-samples.
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exemplified by human dermal fibroblasts (HDF). These specific and robust affinity
molecules can serve as a potent binding entity and will open avenues for the development
of cost-effective and easily accessible next generations of electronic biosensors in clinical
diagnostics and novel materials for the specific removal of pathogenic cells from human
bio-samples.
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2.1. Cultivation ofyeast
Cellsextract, 2% w/v peptone, 2% w/v glucose), grown at 37 °C and
orbital shaking at 150 rpm. HDF were cultivated in HDF medium (1% v/v Minimal
The yeast strains C. albicans (ATCC90028), C. auris (DSMZ-No. 21092), and C. parapEssential Medium Non-Essential Amino Acids (MEM NEAA), 1% v/v

silosis (ATCC22019) were cultivated by inoculating a single colony in 5 mL YPD medium
(1% w/v yeast extract, 2% w/v peptone, 2% w/v glucose), grown at 37 ◦ C and orbital shaking at 150 rpm. HDF were cultivated in HDF medium (1% v/v Minimal Essential Medium
Non-Essential Amino Acids, MEM NEAA), 1% v/v Penicillin/Streptavidin, 15% v/v Fetal
Calf Serum (FCS) and 83 % v/v Dulbecco’s Modified Eagle Medium (DMEM) at 37 ◦ C
and 5% CO2 . For testing with HDF cells, they were treated with accutase, counted with
a Neubauer counting chamber and further 20,000 cells/well were cultivated in a 96 well
plate for 24 h.
2.2. SELEX Procedure
SELEX was performed by a Cell-SELEX as described previously [7,9].
The first initial selection round was carried out with 1 nmol of synthesized and purified
aptamer (TriLink BioTechnologies, Inc., San Diego, CA, USA) in phosphate-buffered saline
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(PBS) (137 mM NaCl, 10 mM Na2 HPO4 , 2.7 mM KCl and 1.8 mM KH2 PO4 , pH 7.4). For
all following SELEX rounds 1.5 pmol aptamer was used. The activation of the aptamers
occurred as follows: 5 min at 95 ◦ C, 5 min at 4 ◦ C, and 20 min at 25 ◦ C. From round 1 to
round 5 individual aptamers for each Candida were prepared. For this, the counter selection
of each Candida aptamers was composed out of the two other Candida (250 µL with an
O.D.600 of 1), the selection round with the target Candida (250 µL, O.D.600 of 1). Additionally,
from round 1 on, the concentration of added tRNA (10 mg/mL) (Thermo Fisher Scientific,
Waltham, MA, USA) and bovine serum albumin (BSA) (100 mg/mL) (Carl Roth, Karlsruhe,
Germany) during the selection round were increased as well as the number of washing
steps until round 5 (exact information see Table 1). From round 6 on, the individual
aptamers were pooled, as counter selection target HDF cells (20,000 cells/well) were used.
Between the individual SELEX rounds the eluted aptamers were resubjected into
the selection process after PCR-mediated amplification and separation of the unwanted
reverse DNA strand. Therefore, a Cy5-labeled forward primer (sequence: 50 -[Cy5]TAGGGAAGAGAAGGACATATGAT) and a phosphate labeled reverse primer (sequence:
50 -[Phosphate]-TCAAGTGGTCATGTACTAGTCAA) (Eurofins Genomics, Ebersberg,
Germany) were used.
For the following strand separation, the PCR product was purified by purification kit
(Qiagen, Hilden, Germany) by using 3 volumes of buffer NTI and 5 volumes of isopropanol.
For generating ssDNA, a digestion with Lambda Exonuclease (Thermo Fisher Scientific,
Waltham, Massachusetts, USA), which degrades 50 phosphorylated linear dsDNA from 50
to 30 direction, was conducted. After purification, the dsDNA was incubated with lambda
exonuclease for 30 min at 37 ◦ C and 150 rpm. The inactivation of the exonuclease was
performed at 80 ◦ C for 10 min. Finally, the ssDNA was also purified by the purification kit
using 2 volumes of NTC buffer and 3 volumes of isopropanol.
2.3. Real-Time PCR
For further analysis of the specific aptamer library a quantitative PCR (qPCR) was
performed with the eluates of the SELEX rounds six to eight using SYBR green dye (final
concentration 0.5×) (Sigma-Aldrich, St. Louis, MO, USA) and qTOWER3 G touch (Analytik
Jena GmbH, Jena, Germany). A standard curve in the range of 0.01–1 ng was prepared with
a synthetic aptamer library. Afterwards, a melting curve analysis and the determination
of the Ct value could be conducted from which the DNA quantity in the sample could
be calculated.
Table 1. Overview of SELEX round 1 to 8 with used tRNA and BSA concentrations during target
selection round and washing steps after target selection round. Round 1 to 5 were individual aptamers
for C. albicans, C. auris and C. parapsilosis, from round 6 on, HDF cells were used for counter selection,
Candida mixture for target selection.
SELEX Round

tRNA and BSA [pmol]

Washing Steps with PBS

HDF Counter-Selection

1

600

1

-

2

900

2

-

3

1500

4

-

4

2100

6
(4–6 with 0.1% (w/v) BSA in PBS)

-

5

2600

8
(5–8 with 0.1% (w/v) BSA in PBS)

-

6

3000

8
(5–8 with 0.1% (w/v) BSA in PBS)

+

7

3000

8
(5–8 with 0.1% (w/v) BSA in PBS)

+

8

3000

8
(5–8 with 0.1% (w/v) BSA in PBS)

+
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2.4. Analyses of Specific Aptamer Library
2.4.1. Fluorometric Assay
To determine the specific binding of the aptamer library a fluorometric assay was
performed. Therefore, 10 pmol of fluorescent labeled aptamers with Cy5 (excitation 635 nm
and emission 670 nm) were activated. A total of 20,000 Candida cells were prepared by
centrifugation at 11,000× g and washed 1 time with PBS. Additionally, the adherent HDF
cells were rinsed once with PBS. Activated aptamer solution was added to the Candida
pellet or adherent HDF and incubated for 1 h at 37 ◦ C (and 5 % CO2 for HDF). After
incubation the supernatant of HDF cells was discarded, accutase was added and incubated
for approximately 20 min. Thereafter, HDF cells were centrifuged for 3 min at 2000 rpm.
Candida were also centrifuged after incubation at 9000× g for 3 min and the pellets were
resuspended in 100 µL PBS. Elution of the bound aptamers was obtained by heating to
95 ◦ C for 5 min followed by another centrifugation step for HDF (2000× g, 3 min) and
Candida (9000× g, 3 min).
For measuring of the fluorescent eluted aptamers, a Tecan infinite M200 microplate
reader (Tecan group AG, Männedorf, Switzerland) with an excitation wavelength of 635 nm
and an emission wavelength of 670 nm was used.
2.4.2. Microscopy
To further illustrate the specific aptamer binding, the cells were microscopically analyzed using a Leica DMi8 coded (Leica Microsystems CMS GmbH, Wetzlar, Germany). For
this purpose, 5 pmol of the specific aptamer library was activated. Furthermore, 20,000 cells
each of C. albicans, C. auris, C. parapsilosis and Candida were prepared by centrifugation and
a washing step with PBS. In addition, 20,000 HDF cells per well were left adhered and
rinsed once with PBS.
First, all cells were incubated individually with the aptamer solution for 15 min at
37 ◦ C. Incubation was followed by centrifugation at 9000× g for 3 min and a wash step
with PBS for the individual experiments of the different Candida. The HDF cells were rinsed
with 250 µL.
In further experiments, the individual Candida and a Candida mix were each incubated
with HDF cells for 90 min, followed by careful rinsing with PBS. Subsequently, the cell mix
was incubated with already activated aptamers for 15 min, followed by a washing step
with PBS.
For fluorescence microscopy, cells were resuspended in 100 µL PBS and placed on a
96 well plate.
2.4.3. Flow-Cytometry
To further test the binding specificity of the aptamer library, flow-cytometry experiments were performed using a FACScalibur and Flowjo (BD, Franklin Lakes, NJ, USA). For
this purpose, the cells were prepared as described above (2.4.2 Microscopy). Candida and
HDF were tested individually each with 10 pmol aptamer.
Incubation was followed by centrifugation at 9000× g and 3 min for Candida, 2000× g
and 3 min for HDF. Pellets were resuspended in 300 µL PBS and transferred to flowcytometry tubes. For flow-cytometry, 10,000 cells were measured.
3. Results
Based on the previous experience with bacterial whole cell processes performed
in our laboratory, the Candida SELEX was performed for eight rounds of selection and
amplification with increasingly harsh elimination conditions for a fast development of
binding specificity. During a SELEX process the respective libraries of each round run
through an evolutionary process with characteristic consequences for the sequence space
and the composition of the individual sequences. Typically, a bias is introduced towards
higher GC-content of the molecules [7,9]. This is accompanied by an increase in melting
temperatures for the higher GC-content aptamers in PCR reactions. We tentatively tested
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this for the final rounds six to eight and found that in fact two major peaks occurred for the
melting temperatures at 63 ◦ C and 83 ◦ C (peak 1 and peak 2; P1 and P2 in Figure 2a) in the
real-time PCR analysis (Figure 2a). Between round six and eight, the relative fluorescence
intensity (ddRn/dT-value) dropped for peak 1 and simultaneously increased for peak
2 indicating the expected shift. The real-time PCR analysis revealed that the final DNA
concentration of the eluted focused aptamer libraries immediately after the SELEX rounds
was highest in round eight. Subsequently, the resulting round 8 library R8 was further
characterized by fluorometric assays with cells submerged in liquid media, flow-cytometric
analyses using the library for fluorescent labelling and in fluorescence microscopy. The aim
was to demonstrate the desired ability of R8 to allow differential staining of Candida cells
to distinguish them from human cells exemplified in our experiments by human dermal
fibroblast, a minimalized set-up resembling a model of early stage wound infections by
the pathogenic yeasts. Upon labelling of planktonic cells from liquid cultures Candida was
clearly distinguishable from HDF cells in the fluorometric assay (Figure 2b). The same
was true in the flow-cytometric measurements of samples containing adjusted equal cell
7 of 13
numbers of either HDF or Candida cells, in which on the single cell level approximately 75%
of the Candida cells were bound by aptamers (Figures 2c and S1).
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It was also possible to stain Candida cells, which were allowed to adhere to the human
cells for 90 min before the staining with the polyclonal aptamer library R8. As intended,
HDF cells were also not stained in this preincubation/infection experiment and the R8
library proved in this initial set of experiments that selective staining was possible (Figure
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cells, Candia cells could be visualized by this technique (Figure 3b,c). It was also possible
to stain Candida cells, which were allowed to adhere to the human cells for 90 min before
the staining with the polyclonal aptamer library R8. As intended, HDF cells were also not
stained in this preincubation/infection experiment and the R8 library proved in this initial
set of experiments that selective staining was possible (Figure 3d). Using the individual
species C. albicans, C. auris and C. parapsilosis instead of the mixed species samples, it was
also possible to collocate fluorescence and cells as before in the microscopic method, when
pure Candida cells were analyzed (Figure 4a–c). The same was possible in the preincubation
model in presence of HDF cells, which were not stained in contrast to cells of the three
8 ofcells
13 in these
individual Candida species which could be differentiated from the human
experiments (Figure 4d–f).
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4. Discussion
The development of novel analytical techniques including the construction of sensor
chips requires—if the concept is based on specific recognition and binding of the desired
analyte—the selection of the appropriate binding molecules, which in the case of aptamers
originate from molecular evolution in one of the variform SELEX processes existing today [6,38]. Breaking the habituality aptamer research to isolate individual aptamers from
SELEX libraries and to not declare a project finished before this, which is per se more than
reasonable, in recent years, it became apparent that biotechnological applications cannot
only work already directly after SELEX, but also that these polyclonal libraries can be
more efficient in detection methods [7,9]. The SELEX evolutionary processes successfully
delivering functional binding molecules as binding entities on a sensor chip thus represents
a first important, if not the most relevant technological achievement in the development of
a biosensor chip [5]. This evolution process was monitored using real-time PCR analyses
where a shift towards higher melting temperatures was observed. This indicates that the
aptamer library R8 shows an elevated GC content, which is indicative for a successful
evolution process resulting in drastically different sequences in the final round. Whole
cell SELEX as a concept has proven its enormous potential to isolate aptamers specifically binding one or, in the case of polyclonal libraries, manifold individual cell surface
structures, with the latter strategy contingently being more performant and robust in the
detection of different variants of the target cells [7]. The polyclonal library against Candida cells generated in the study presented here as a short communication represents the
first preliminary but important technological achievement on the way to novel diagnostic
techniques for these increasingly important pathogenic yeasts. As expected, based on our
experience and the stringency of selection (including counter selection against human cells)
after eight rounds of SELEX a considerable specificity was achieved against the Candida
cell samples which could clearly be distinguished from human HDF model cells in the
fluorometric assay system. On the single cell level, in the flow-cytometric analysis with
more than 75% the majority of individual Candida cells were labeled using the initial and
tentative experimental protocol for the labeling process. Microbial cells including Candida pass through major physiological modification processes while living in the different
growth phases [39–43]. A polyclonal library against carbapenem-resistant Pseudomonas
aeruginosa was shown to be sensitive towards such differences of the cell wall between cells
originating from different growth phases; nevertheless, it was more performant concerning
the identification of a larger set of clinical isolates compared to individual aptamers [7].
Without having attempted further optimization of the libraries or isolation of individual
aptamers library R8 was functional in labeling the target cells, in mixes as well as individual
strains, and thus represents a robust fundament for improving the uniform labeling of
Candida cells in flow-cytometry. Nevertheless, the existing R8 library was fully functional
for specific labeling of Candida cells to clearly distinguish them from human cells in fluorescence microscopy. Although representing a drastic simplification, our initial experiments
presented here mimic an early stage of a Candida-infection as it can occur in hospitals in
patients with skin defects as burn wounds or after surgery. In this set-up, it was possible to
identify the pathogen in the background of human cells which demonstrates that already
R8 allows diagnostic applications. Aptamers as binding entities can also be used for the
easy functionalization of a variety of materials including polymers and hydrogels. We
have recently shown that aptamer functionalized protein hydrogel microbeads can serve as
affinity materials for binding and enrichment of pathogenic bacteria from human serum
and blood [18]. Biomaterials combined with affinity molecules can also serve as complex
next-generation wound dressings [28,44] and it appears obvious that also aptamers or
aptamer libraries as presented here against pathogenic microbes can be used as affinity
determining constituents of such medical materials. The same is true for the construction
of electronic biosensors dedicated to the sensitive quantification of pathogens in human
samples such as blood of patients suspected to suffer from septicemia. With the initial but
important results presented in this study, we hope to inspire other researchers to create
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applications based on the R8 or similar pathogen dedicated libraries and we believe that
our goal to develop both, biomaterials equipped with affinity to bind different Candidaspecies for medical applications and a generation of Candida-specific gFET devices, can be
approached based on our results.
5. Conclusions
A polyclonal aptamer library has been developed which allows the identification
of Candida-species either in monoculture or mixed culture. For method-establishing the
strains C. albicans, C. auris and C. parapsilosis. The aptamer library was functional in
standard diagnostic techniques as flow-cytometry, fluorometric microtiter plate assays and
fluorescence microscopy.
Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jof8080856/s1, Figure S1: Flow-cytometry data show detection of
fluorescently labeled Candida cells.
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