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Infections caused by multidrug-resistant A. baumannii are a worldwide health concern
with high mortality rates. Rapid identification of this infectious agent is critical as it can
easily spread with difficult or no options for treatment. In this context, the development of
reliable and economically viable detection and therapeutic methodologies are still
challenging. One of the promising solutions is the development of nucleic acid
aptamers capable of interacting with bacteria. These aptamers can be used for specific
recognition of infectious agents as well as for blocking their functions. Cell-SELEX
technology currently allows the selection and identification of aptamers and is flexible
enough to target molecules present in an entire bacterial cell without their prior knowledge.
However, the aptamer technology is still facing many challenges, such as the complexity
of the screening process. Here, we describe the selection and identification of a new
aptamer AO1, using an in-house whole-cell SELEX-based methodology, against multi-
resistant Acinetobacter baumannii, with rapid execution and low cost. In addition, this
protocol allowed the identification of the aptamer AO1 with the whole A. baumannii cell as
a target. The aptamer AO1 demonstrated a binding preference to A. baumannii when
compared to K. pneumoniae, C. albicans, and S. aureus in fluorescence assays. Although
the time-kill assay did not show an effect on bacterial growth, the potential bactericidal or
bacteriostatic cannot be totally discarded. The new categorized aptamer (AO1) displayed
a significant binding affinity to MDR A. baumannii.

Keywords: aptamer, Acinetobacter banumannii, Cell-SELEX, protocol, multidrug resistance

INTRODUCTION

The current concern of modern biotechnology is the search for new low-cost approaches to early
diagnose and satisfactory treat infectious diseases (Afzal et al., 2016). Aptamers might be an answer to
this problem. They are an innovative proposal that can be used for specific recognition and treatment
of infectious diseases by several agents. They are single-stranded oligonucleotides of high affinity and
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specificity for organic molecules that can be obtained through the
Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) technique. The search for receptors based on the use of
aptamers aims to find functional nucleic acids that recognize a
single target, minimizing cross-reactivity. High specificity is
important when the purpose is to identify infectious diseases
(Ulrich et al,, 2005). Bacterial aptamers are mainly designed to
target Mycobacterium tuberculosis, Escherichia coli, Staphylococcus
aureus, Listeria monocytogenes, and Salmonella (Li et al., 2020).

First described in 1990, SELEX is an experimental procedure to
identify aptamers. Characteristically, it starts with large libraries of
10'*""* random sequences of a combinatorial chemistry for virtual
detection of any molecular target (Tuerk and Gold, 1990).

Acinetobacter baumannii is a challenging organism frequently
found in hospital settings and it is associated with higher rates of
morbidity and mortality mainly in critical care patients. A.
baumannii frequently presents increased resistance to commonly
used antibiotics, requiring broad spectrum antibiotics (Boucher
et al,, 2009). Currently, there are no treatment options to pan-
resistant A. baumannii infections (Boucher et al., 2009). In this study
we are using the whole A. baumannii cell as the aptamer target.

Here we describe the selection and identification of a new
aptamer A0l using an in-house methodology, whole cell SELEX-
based, against multi-resistant A. baumannii, as well as the prospects
of applying nucleic acid aptamers for the development of novel
detection system with rapid execution and low cost. The process we
describe in this paper may be useful for a range of molecules and can
be used to select aptamers against different types of cell targets.

MATERIALS AND METHODS

Bacterial Samples

We first used four multi-drug resistant (MDR) A. baumannii
carrying carbapenemases isolated between 2011 and 2013 of two
different lineages according to MLST (Multilocus Sequence

Typing). The resistance profiles of the isolates are shown in
Table 1. The bacterial isolates of this study were previously
sequenced and stored in the bacteriology laboratory (LIM49)
biobank. These isolates have been phenotypically and
genotypically characterized in previous studies (Leite et al.,
2016; de Maio Carrillho et al., 2017). During the selection,
aptamers were also tested on a clinical isolate of Klebsiella
pneumoniae, as negative control. For the fluorescent assays
Candida albicans and Staphylococcus aureus were also used as
negative control.

Random DNA Library

The DNA aptamers chemically synthesized library consists of a
sequence of 35 random nucleotides flanked by constant
sequences that served as template for primers APT-F
CAGGGGACGCACCAAGG and APT-R ATCACGCAGC
ACGCGGGTCATGG in the amplification reactions:
5’CAGGGGACGCACCAAGG-N35-CCATGACCCG
CGTGCTGCGTGAT -3’ (75 nucleotides). The library and
primers were obtained from IDT (Coralville, IA, USA) and
resuspended to a final concentration of 10 uM in distilled water.

Systematic Evolution of Ligands by
Exponential Enrichment SELEX

Bacterial cultures were grown on LB agar plates (BD, Franklin
Lakes, New Jersey, USA) and a pool of five A. baumannii isolates
were standardized at 3.8 McFarland in saline solution (0.45%).
The cells were then washed 3 times with saline by centrifugation
at 6,000 rpm for 5 min. Subsequently, 100ul of the DNA aptamer
library diluted in TE buffer (final concentration at 1uM) was
denatured at 95°C for 5 min followed by immediate cooling on
ice for 10 min prior to selection. In the first round of selection,
the initial library was incubated with 10” bacterial cells at room
temperature for 25 min in 700pl of binding buffer (PBS Ix,
Tween 20 0.05%, MgCl, 1mM, and bovine serum albumin 0.2%)
with gentle shaking (150 rpm). After the ligation reaction,

TABLE 1 | Resistance profile of A. baumannii isolates and the K. penumoniae K1375 used in this study.

Whole genome sequencing MIC
Isolate MLST AMG Beta-Lactam Macrolide Phenicol SFM TMP Colistin Meropenem
A552 - blaADC-25 mph (E) - - - 2 >8
ST317 blaOXA-23 msr (E)
blaOXA-88
A891 aadA1 blaADC-25 floR sul2 dfrA1 2 >8
ST79 aph(3)-Via blaOXA-23
StrA blaOXA-65
strB blaTEM-12
A895 aadA1 blaADC-25 floR sul2 dfrA1 1 >16
ST79 aph(3’)-Via blaOXA-23 mph (E)
StrA blaOXA-194 msr (E)
strB blaTEM-17
A1013 aadA1 - sul2 dfrA1 256 >8
ST79 StrA blaTEM-1¢
strB
K1375 rmtB blaTEM-1B sult dfrA12
ST258 aac(3)-lld blaCTX-M-14 - sul2 OgxAB 32 16

MLST, Multilocus Sequence Typing; ST, sequence Typing; AMG, Aminoglycoside; SFM, Sulfonamide; TMP, Trimethoprim; MIC, Minimal inhibitory concentration.
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unbound aptamers were removed after 3 washes in wash buffer
(PBS 1x, Tween 20 0.05%, MgCl, ImM) by centrifugation at
6,000 rpm for 5 min. To elute the bacterial cell-bound aptamers,
the cells were resuspended in 50 pl sterile TE, heated to 95°C for
10 min, and cooled on ice for 5 min. The cell suspension was
then centrifuged at 6,000 rpm for 5 min and the supernatant
stored at -20°C. The first round of SELEX was confirmed by PCR
in a total reaction volume of 25 pl: 2.5 pl buffer, 2.5 pl MgCl,
50mM, 0.75 ul ANTP mix 10 uM, 0.5 pl primers mix 10uM, 0.4pl
Taq DNA Polymerase, recombinant (Invitrogen, Carlsbad, CA,
USA), 2ul template DNA and water under the conditions: 95°C
for 5 min followed by 20 cycles of 95°C for 10 sec, 60°C for 5 sec,
72°C for 4 sec, and a final extension of 72°C for 1 min. The size
and purity of the PCR product was confirmed by 3% agarose gel
electrophoresis dyed with SYBR SAFE (Invitrogen, Carlsbad,CA,
USA). To generate single stranded DNA molecules, 2 pl of the
product was used as template for asymmetric PCR with only one
primer: 2.5 pl buffer, 2.5 ul MgCl, 50mM, 0.75 ul ANTP mix 10
uM, 3.5 pl primer (forward or reverse) 10uM, 0.3pl recombinant
taq (Invitrogen, Carlsbad,CA, USA), 2ul template DNA, and
water to complete 25 pl. Four 25 ul asymmetric PCR reactions
were performed totaling 100 pl for the next round of selection.

After approximately four rounds, the amount of leftover
impurities resulting from incubation with the cells and PCR
reagents made the following PCRs impractical. Therefore, the
aptamer band (of 75 bp) was cut off from the agarose gel,
resuspended in 1 ml of pure water and incubated at 90°C until
complete dissolution. Then, a 10~ dilution was performed to
serve as a template for symmetric PCR and moved on to the next
round. In addition, after the fourth round of aptamer and cell
incubation, the number of washes with the washing buffer was
increased from three to five, intending to eliminate as much
unwanted PCR products as possible.

Aptamer Identification

After at least 7 rounds, when single-stranded DNA aptamers bound
to bacterial cells dominated the DNA pool, they were then cloned
into the pGEM T-easy vector (Promega, Madison, W1, USA) as per
manufacturer recommendations. The DNA of pGEM containing the
insert was transferred into the chemically competent E. coli DH50::
1ml of an overnight culture in LB broth was inoculated in 100mL of
fresh LB until it reached an OD600nm 0.4-0.5 followed by ice
incubation for 20 min. The culture was centrifuged by 4000 rpm for
15 min at 4°C, resuspended in 20ml of cold CaCl,, and incubated for
20 min on ice. Next, the culture was centrifuged, the pellet was
washed four times with 5mL of cold CaCl,, and finally resuspended
in 300pL of CaCl, and incubated for 2 h on ice. 10uL of the ligase
PGEM reaction was added and incubated for an additional 30 min,
followed by 2 min at 52°C, and 1 mL of cold LB was added and
incubated for 1 h at 37°C with gentle shaking (150 rpm). 200uL were
plated in LB agar supplemented with ampicillin 100ug/mL (Gibco,
Carlsbad, CA, USA). DNA of the colonies grown in the presence of
the antibiotic was extracted by thermal lysis procedure (Pacheco
et al, 1997). The amplification was performed with M13 primers
(M13F 5°-CACGACGTTGTAAAACGAC-3 ‘ and MI3R 5’-
CAGGAAACAGCTATGACC-3) targeting the multiple cloning
site of the plasmid and the PCR product was purified using illustra

GFX PCR DNA and Gel Band Purification Kit (GE Healthcare,
Amersham Place, UK) and sequenced by Sanger MegaBACE 1000
(ABI 3730 DNA Analyzer; Applied Biosystems, Alameda, CA) using
both M13F and M13R primers to confirm the aptamer sequence.

Secondary Structure Prediction
The aptamer secondary structure was predicted using the
RNAstructure tools version 6.0.1 (Bellaousov et al., 2013)

Real-Time PCR Reaction (RT-PCR)

A RT-PCR reaction was performed to confirm the presence of
aptamers by comparing the melting curve with the initial library
curve, using the CFX96 device (BioRad). The PCR reaction was
performed using 2 ul of Gotaq PCR (Promega) 0.2 pl
EVAGREEN (Biotium), 0.4 pl primers, 2 pl template DNA,
and 5.4 yul TE buffer under the following conditions: 94°C for
4min followed by 30 cycles of 95°C for 10 sec and 60°C for 5 sec.

Once identified, the aptamer A01 was chemically synthetized
by IDT (Coralville, IA, USA) for in vitro testing.

Fluorescence Assays

The binding specificity of A01 was analyzed with A. baumannii
cells and K. pneumoniae or S. aureus as negative control in a
fluorimeter. First, the aptamers were labeled with fluorescein 6-
FAM by means of a PCR reaction as described above with
primers labeled with 5 6-FAM (IDT, Coralville, USA). The
labeled aptamers were incubated for 45 minutes, protected
from light, with the bacterial cells. Afterwards, the cells were
washed twice with PBS, 100pl were applied in 96-well plates and
the material was read in a 530nm emission filter and 488nm
excitation (FilterMax F5, Molecular Devices). The fluorescence
after incubation of each isolate was normalized using the
fluorescence value of each bacterial cell without the fluorescent
aptamer. This experiment was performed in duplicate and
repeated 6 times.

Flow cytometry was performed to assess the binding
preference of the aptamers to A. baumannii cells and K.
pneumoniae or C. albicans. Bacterial cells were incubated for
45 min with the labeled aptamers, as in the process described
above, washed twice with FACSFLOW (BD) and resuspended in
Iml of FACSFLOW for analysis in the FORTESSA cytometer
(BD). Data were collected using BD FACSDIVA® (BD
Biosciences®) software and analyzed in Flowjo V10®.

Additionally, after incubation of the bacterial with the
fluorescent aptamers, the cells were observed on a fluorescent
microscope Zeiss 466300 using a 100x objective and on the Zeiss
LSM 780-NLO confocal microscope.

Aptamer In Vitro Testing

25ul of TE or aptamer solution in different concentrations
(10uM, 1uM, 0.1uM, and 0.01pM) was added to a bacterial
layer of A. baumannii at 0.5 McFarland with and without
thiourea at 5uM in MH agar. Additionally, a time-kill assay
was conducted as described by (Petersen et al., 2006)). Briefly, a
suspension of the bacteria at 0.5 McFarland was diluted at a 1:100
ratio in Mueller-Hinton broth (MHB) with aptamer at 0.5uM or
TE (control) with and without thiourea at 0.05M for DNase
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inhibition and incubated at 37°C with 250 rpm shaking. Aliquots
were removed at 0, 2, 4, 6, and 24 h post-inoculation and serially
diluted in saline solution for UFC counting on trypticase soy agar
(TSA) plates. Three biological experiments were performed for
each condition.

Statistical Analyses

Statistical analyses were based on the nonparametric T test using
the Mann Whitney test and Wilcoxon test on GraphPad
prism 8.3.

RESULTS

SELEX Method
Different SELEX protocols (Sefah et al., 2010; Kim et al., 2013;
Heiat et al., 2017) were tested, combined, and optimized to arrive
at a less expensive and equipment-intensive methodology. The
standardized aptamer whole-cell-targeting SELEX technique is
summarized in Figure 1. We recommend performing negative
selections after the second, fourth, and last round of SELEX to
ensure the selection of specific aptamers. It consists in the
incubation with negative control cells and amplification of the
aptamers in the supernatant that did not bind to the cells after
the first wash. The presence of aptamers after the SELEX rounds
were confirmed using a Real time PCR after each round. The
melt curve ratified the need to cut the band from the agarose gel
once the melting peak changes with the accumulation of
unspecific amplification after the fourth round and then
returns to the peak similar to the control when cut from the
gel (Figure 2).

The average cost of this methodology is summarized in
Table 2. Notably, the DH50. colony containing pGEM carrying

the aptamer was confirmed by PCR using APT-F and APT-R
primers. Since aptamers are small fragments and may not
interfere in the B-galactosidase gene function, the blue/white
colony selection of pGEM was not used.

Aptamer Ildentification

Sanger sequencing revealed the following sequence of A01
flanked by the APT-primers: 5 CAGGGGACGCACCAAGG-
TTTTGTTTTTTCTTTGCTTCTTTTTGCTTTTTTTT-
CCATGACCCGCGTGCTGCGTGA 3’. The RNAstructure
MaxExpect prediction generated a structure composed of
highly probable A01 base pairs (Figure 3).

Fluorescence Assays

The flow cytometer assay shows a greater shift in the
fluorescence peak for A. baumannii cells when incubated with
the A01 aptamer (Figure 4A orange) than with the library
(Figure 4A blue) and bacterial cells alone (negative control;
Figure 4A grey). The percentage of positive events above the
negative control was twice as large for A0l compared to the
library (25% and 12.66% respectively; Figure 4D). These
differences are not evidenced for K. pneumoniae (Figure 4B)
nor C. albicans (Figure 4C). The fluorimeter assay displays a
significantly higher fluorescence when FAM-labeled A01 was
incubated with A. baumannii cells, as to when incubated with K.
pneumoniae or S. aureus cells (Figure 4E). Microcopy evidenced
fluorescence spots when the aptamer is incubated with A.
baumannii rather than K. pneumoniae (Figure 5).

Aptamer In Vitro Testing

The possible effects of the aptamer bound at the cell surface was
studied by two in vitro techniques. Initially, the aptamer solution at
10pM, 1uM, 0.1uM, and 0.01puM was inoculated on the bacterial layer

pellet

25 min

20°C
/ 1 ml Saline
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+

Sanger sequencing Bacteria cells

N7
v
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After the
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— (
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PCR
amplification
(total of 100ul)

Ethanol
precipitation
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FIGURE 1 | Steps of the Cell-SELEX protocol proposed in this paper.
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TABLE 2 | Average cost for aptamer selection and identification using the
methodology proposed here totaling $301.5.

Cost 1reaction Average cost for 1

cost aptamer
Random library $75 $75 $75
Forward and Reverse primers $42 - $42
(APT and M13)
tag polymerase $65 - $65
PCR purification kit (100 $350 $3.5 ~$7
reactions)
pGEM T easy (20 reactions) $270 $13.5 $13.5
Sanger sequencing (2 reactions) $14 $7 $14
Aptamer synthetization $75 - $75
Ampicillin 200mg $43 - <$5
buffers and culture medium $300 - < $5

but was not able to inhibit the bacterial growth even when thiourea
was added to inhibit the action of possible DNases in the medium.
Subsequently, time-kill assay showed that the aptamer binding does
not seem to interfere with the A. baumannii cell growth after 2h
(7.29E+00UFCyormalized X 6.00E+00 UFC Normalizeas P = 0.343), 4h
(1.05E+02 x 1.24E+02; p= 0.886), 6h (1.76E+02 x 1.06E+02; p=
0.343), and 24h (5.88E+02 x 1.45E+03; p=0.700) (Figure 6A); neither
with thiourea after 2h (7.83E+00 x 1.22E+01; p=1.0), 4h (4.85E+01 x
4.05E+01; p= 1.0), 6h (7.56E+01 x 1.16E+02; p= 0.7), and 24h
(3.41E+03 x 3.40E+03; p=0.653) (Figure 6B).

DISCUSSION

Here we have modified and standardized the aptamer selection
technique, targeting whole-cell (cell-SELEX) with a cost reduction
and lower equipment demand, when compared with previously
published methodologies (Sefah et al., 2010; Kim et al., 2013; Heiat

Temperature, Celsius

FIGURE 2 | Melting curve of the Real time PCR performed after SELEX rounds. The positive control (library) is shown in red, and the SELEX round is shown with a
black arrow. In pink, the 5 round before the gel and in brown the same 5" round but after cutting the band form the agarose gel, restoring the right peak.

et al,, 2017) which permitted us to identify the first aptamer A01.
The new categorized aptamer (A01) displayed significant binding
affinity to MDR A. baumannii when compared to K. pneumoniae
during the negative selection performed after the second, fourth,
and last rounds of SELEX protocol, as well as during the flow
cytometry experiment.

With the constant escalation of antibiotic resistance and high
demand for rapid diagnosis techniques, the study of aptamers
has been constantly increasing in the field and showing
promising results (Boucher et al, 2009). However, aptamer
technologies still encounter many challenges including the
difficulty of the screening process (Rasoulinejad and Gargari,
2016; Zou et al, 2019). An unusual issue, faced during our
experiments pertains to PCR bias, associated with reaction
residues and unspecific binders (Rozenblum et al., 2016). Once
categorized, the promising aptamers can be modified for better
fitness in vivo, which include pegylation to improve affinity or
adding nuclease-resistant bases, such as locked nucleic acids and
2'-O-methyl nucleotide analogs for nuclease resistance and
metabolic stability (Zou et al., 2018; Li et al., 2020).

In the whole-cell SELEX approach, live cells were used for
selection and targets were presented in their natural 3D structure.
The conservation of this native conformation is essential for the
functionality of the selected aptamers, since aptamers present
greater affinity to viable cells when compared to inactivated cells
(Rasoulinejad and Gargari, 2016). For this reason, aptamers selected
with a purified protein may not recognize it in natural conditions
(Rasoulinejad and Gargari, 2016).

Combining the previous knowledge with nucleic acid base-
pairing and advances in sequencing, structural, and
computational technologies, it is possible to develop a low-cost
technique with well-defined construction rules to be easily
reproduced. During the process we prioritized conserving the
basic parameters for a successful SELEX, including pH,
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FIGURE 3 | DNA secondary structure prediction of AO1 using MaxExpect results structure of RNAstructure software package.

99%

90%
80%
70%
60%
50

ENERGY

>

>
>
>
>

>

20

Probability
Probability

Probability
Probability
Probability
Probability
Probability

-1.1

>=

95%

80%
70%
60%

50%

%

Bacteria Aptamer CV robust positive
events
A01 109 25
A. b ii
ARt | rary 49 12,6
K. pneumoniae A0L 30 L2
-P Library 53 1.56
N A01 165 0.85
G albicans | | 4ry 164 0.79

FIGURE 4 | Fluorescence assays for AO1 aptamer with A. baumannii compared to K. pneumoniae, C. albicans or S. aureus cells. Binding of the AO1 aptamer
(orange) relative to the starting library (blue) to A. baumannii (A), K. pneumoniae (B) and C. albicans (C). The fluorescence of cells without aptamer are indicated in
grey. The black line indicates the number of positive events beyond the control (cells without aptamer) of the aptamer AO1. CV robust and % of positive events are
shown in the table (D). Fluorimeter assay (E) for the aptamer AO1 incubated with A. baumannii (red), K. pneumoniae (blue) or S. aureus (green). The average of each
of the 6 experiments is shown in the graphics. * significant p value; ns, non sigificant p value. Wilcoxon test was applied with p value = 0.031 when A. baumannii
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FIGURE 5 | Fluorescence microscopy for AO1 aptamer with A. baumannii and K. pneumoniae cells. (A) AO1 incubated with to A. baumannii cells. (B) A01 incubated
with K. pneumoniae cells. (C) cells without aptamer. On the top: Confocal microscopy from two different points on the slide. Bottom: Fluorescence microscopy.
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o ns
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FIGURE 6 | Time-kill kinetics assay of A. baumannii with the AO1 aptamer at 0.5uM (black) and TE buffer (grey) (A) without thiourea or (B) with thiourea added at
5uM. Non-parametric t test was applied for each time point, p = 0.25 for 2h; 0.88 for 4h; 0.88 for 6h and 0.66 for 24h. ns, non significant p value.

temperature, binding settings, aptamer concentration and  since the negatively charged outer membrane of these
conformation (Zhou et al., 2017). bacteria repels negatively charged nucleic acids (Hamula

Here, we presented an alternative cost-effective methodology, et al., 2015). Another disadvantage of the aptamer selection
pricing around $300 per aptamer sequence, which may facilitate ~ is that the success of the selection cannot be predicted,
aptamer research and expand it to low-incoming regions, wherethe ~ leading to several time-consuming attempts. However, the
project budget can be a limiting factor in scientific research. The  technology has been increasingly applied in several areas with
average cost for an aptamer selection and identification is about ~ favorable outcomes.

$4,000 for each individual aptamer sequences (Zou et al., 2019). Additionally, the aptamer A0l demonstrated a binding
Among the limitations of our study, the isolation of high  preference to A. baumannii when compared to K. pneumonia, C
affinity aptamers for gram-negative bacteria was challenging,  albicans,and S. aureusin fluorescence assays, with potential useas a
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diagnostic tool. Indeed, an electromagnetically driven microfluidic
system for A. baumannii detection based on aptamers was recently
described (Suetal.,, 2020). Although the time-kill assay did not show
an effect on bacterial growth, the potential bactericidal or
bacteriostatic cannot be totally discarded. Lee and coworkers
already demonstrated that an antimicrobial peptide loaded onto a
gold nanoparticle-DNA aptamer conjugate but neither the aptamer
nor the antimicrobial peptide alone have an effective therapeutic
effect (Lee et al., 2017).

In conclusion, a new DNA aptamer (A01) that demonstrated
a binding preference to A. baumannii was successfully selected
and identified through our in-house modified cell-SELEX
protocol, with potential use in diagnosis and/or treatment.
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