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Abstract

The development of chemical sensors capable of detecting the specific glycosylation
patterns of proteins offers a powerful mean for the early detection of cancer.
Unfortunately, this strategy is scarcely explored because receptors recognizing the
glycans linked to proteins are challenging to discover. In this work, we describe a
simple method for directing the selection of aptamers toward the glycan structure of the
glycoproteins, with prostate-specific antigen (PSA) as a model target. Using this
strategy, we identified one aptamer (PSA-1) that bind the glycan moiety of PSA with
reasonable affinity (a dissociation constant of 177 + 65 nM). Interestingly, an
electrochemical sensor with a sandwich format employing the identified aptamer as a
signaling receptor, provides a tool of discriminating human PSA from the
unglycosylated protein, with a limit of detection of 0.66 ng/mL. The sensor responds to
different levels of PSA in serum, correlating well with chemiluminescence ELISA used
in hospitals even with higher potential to discriminate clinically meaningful prostate
cancer. Although validation on a larger cohort is needed, this is the first demonstration

of an aptamer-based sensor to detect PSA by focusing in its glycan moiety
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1. Introduction

Changes in the glycosylation pattern of cell surface and secreted glycoproteins are
common in malignant transformations and cancer progression (Munkley and Elliot,
2016), and there is growing evidence that these alterations are associated with the
acquisition of all the cancer hallmarks presently accepted (Hanahan and Weinberg,
2011). In fact, the majority of tumor markers currently used in clinic are glycoproteins.
This is the case of prostate-specific antigen (PSA), the gold standard option for
diagnosing and predicting progression of prostate cancer, which is the most prevalent
cancer in men in Europe and USA (Siegel et al., 2018). Since the adoption of PSA test
for prostate cancer screening in the early 1990s, the number of patients diagnosed at an
early stage has dramatically increased. However, the reduced specificity of the total
PSA test leads to overdetection of indolent cancers, resulting in a large number of
unnecessary biopsies and overtreatment (Hayes and Barry, 2014).

A major goal of research in prostate cancer detection has been the development of
screening methodologies with improved specificity, which enables to distinguish
between clinically significant and insignificant prostatic adenocarcinoma. Toward this
goal, total PSA test is complemented with other parameters such as free PSA, PSA
isoform specific detection and PSA kinetics (Lilja et al., 2008), but the search continues
for more accurate prostate cancer biomarkers.

A promising approach for improving the specificity of PSA for cancer detection is to
analyze the aberrant PSA glycosylation pattern (Gilgunn et al., 2013). Recent advances
in the field of glycobiology have demonstrated that during tumorigenesis subtle changes
in the glycan structure of PSA occur (Saldova et al., 2011; Tabarés et al., 2006), which
may allow to distinguish PSA from normal and tumor cells. The detection of these

specific glycosylation changes may confer a new perspective for clinical applications,



although the lack of glyco-specific antibodies constitutes a major obstacle. Nature offers
a group of glycan-binding proteins i.e. lectins, which have been used in enzyme-linked
lectin assays and microarrays for detecting the glycan moiety of PSA (Jolly et al., 2016;
Lietal., 2011; Meany et al., 2009; Pihikova et al., 2016). However, these receptors
capable of recognizing a specific glycan structure, are not directed against the
glycosylation site (the glycan and its surrounding in the protein), with the subsequent
low level of discrimination among different glycoproteins with similar glycan
structures. In addition, the usefulness of lectins is limited by their low affinity, usually
in the uM range. Therefore, there is an urgent need for the development of new
receptors with high affinity and selectivity for the glycosylation site of glycoprotein
biomarkers such as PSA. The synthetic receptors termed aptamers (also referred to as
chemical antibodies) have surfaced as a promising alternative to natural ones. There are
different strategies and techniques to adapt the selection of aptamers to the requirements
of the target, with the possibility of directing the recognition toward the domain or
region of interest in a much simpler and efficient way than in the case of antibodies
production. The rational tailoring of aptamers for the glycosylation site of the
glycoprotein may provide new diagnostic tools for early detection of cancer (Diaz-
Fernandez et al., 2018).

There are different aptamers developed against PSA, both DNA (Hsieh et al. 2017; Li et
al., 2018; Park et al., 2016; Savory et al., 2010) and RNA oligonucleotides (Jeong et al.,
2010; Svobodova et al., 2013), but the approaches used for their selection do not have
the ability to direct them toward the recognition of the carbohydrate structure of PSA.
Consequently, aptamer-based sensors described so far provide information on total

PSA, but are insensitive to changes in the glycosylation pattern (Cha et al., 2014;



Heydari-Bafrooei and Shamszadeh, 2017; Souada et al., 2015; Tamboli et al., 2016;
Tzouvadaki et al., 2016; Yang et al., 2017; Zhao and Ma, 2018).

To focus the aptamer selection to the carbohydrate substructure of glycoproteins, only
one approach has been described, which was applied to fibrinogen (Li et al., 2008). It
relies on the ability of boronic acids to interact with diols and requires the incorporation
of boronic acid-modified nucleotides during the selection. However, boronic acid-
glycan interactions play a key role in the recognition of the glycoprotein by the resulting
aptamers, rendering them less selective for discriminating subtle changes in the glycan
structure.

Motivated by the above arguments, we describe here the first aptamer selection directed
toward a native glycan structure of proteins, without the need for modified nucleotides.
Our approach relies on the use of rationally designed counter-selections targeting the
non-glycosylated protein, thus removing from the selection pool the oligonucleotides
that recognize the protein by positions different from the glycosylation site. Counter-

SELEX is an approach used to evolve aptamers with exquisite selectivity against the

desired target. This procedure involves challenging the DNA library against a

structurally related compound, for example a protein isoform, using the unbound

sequences for the posterior round of selection (Miranda-Castro et al., 2016). Rose et al.

(2010) synthesized a short peptide surrounding the VEGF glycosite and attached a
single sugar (N-acetylglucosamine) as a target for SELEX, using the unglycosylated
peptide to direct the selection. Though this work demonstrated the feasibility of this
approach with 50-fold discrimination power, the aptamer was not challenged to the
native protein containing a vast more complex sugar chain (polysaccharide). Similarly,
aptamers against glucose-bound hemoglobin have been identified very recently (Eissa

and Zourob, 2017).



The new aptamers we identify are employed as signaling receptors in a sandwich
electrochemical aptasensor for the detection of PSA. The evaluation of the clinical
performance of the aptasensor in serum at different PSA levels suggests it may be a
promising approach to improve the cancer specificity of PSA analysis.

2. Materials and methods

2.1. Immobilization of proteins for SELEX

Proteins were immobilized on the surface of Dynabeads M-280 tosylactivated magnetic
particles (Invitrogen). 165 pL (5 mg) of the beads were washed with 1 mL of BM (19
mM NaH,PO,, 81 mM Na,HPO, pH 7.4), and incubated with 100 pg of the protein in
100 pL of BM2 (3 M (NH4)2SO4 pH 7.4) in a Thermomixer for 12-18 h at 37 °C at 1300
rpm. After magnetic separation, the particles were conditioned in 1 mL of BLmod (PBS
1x +0.5 % BSA) for 1 hat 37 °C at 1300 rpm. Finally the particles were washed twice
with 1 mL of BLmod2 (PBS 1x + 0.1 % BSA) and resuspended in 250 uL of BLmod2
for long-term storing at 4 °C. To estimate the amount of immobilized protein the
unbound protein was quantified by Bradford assay (Supporting Information). Using this
protocol, the magnetic particles were modified with BSA, human PSA (hPSA) and
recombinant PSA (rPSA) for negative (no target, BSA-MPs), positive (with target,
hPSA-MPs) and counter selection steps (non-glycosylated target, rPSA-MPs),
respectively.

2.2. SELEX procedure

The ssDNA library consisted of a 40 nucleotides randomized central region flanked at
both ends by two constant sequences of 20 nucleotides each, for hybridization with PCR
primers during amplification (Table S1). 1 nmol of the starting DNA library in 1 mL of
the selection buffer (BS: PBS 1x pH 7.4) was heated at 95 °C for 4 min and then

quickly cooled in ice for 4 min. BSA-MPs were added to this solution, maintaining the



amount of immobilized protein 10-fold lower than the amount of DNA. A concentration
of 1.23 pg/mL of BSA and 1.23 pg/mL of tRNA was also added to minimize unspecific
binding and as a competitor, respectively. The [tRNA]/[DNA] ratio was kept at 0.1.
After interaction and magnetic separation, the supernatant was collected (negative
selection), and hPSA-MPs were added to the supernatant in such a way that the ratio of
protein/DNA was 1:10. After interaction and magnetic separation, the supernatant was
discarded (positive selection) and the particles were washed with BSL buffer (BS+ 0.01
% tween-20). The bound DNA was eluted by incubation with 30 puL of water at 95 °C
for 15 min and magnetic separation. All the incubations were performed at 25 °C and
1300 rpm. 2 pL of eluted DNA were PCR amplified with 1 pM biotinylated reverse
primer, 1 uM 6-FAM- forward primer (Table S1), 3 mM MgCl,, 0.2 mM dNTPs and 1
U hot-start immolase™ DNA polymerase. The protocol was as follows: 95 °C for 10
min to activate the enzyme, then 15 cycles of 94 °C for 45 s, 57 °C for 45 s and 72 °C
for 45s; and a final step at 72 °C for 10 min. The DNA amplified was run ina 2 %
agarose gel to check that the amplified DNA had the expected size. The concentration
of amplified dsDNA was quantified by fluorescence. When less than 250 pmol of DNA
was obtained, a new aliquot of DNA was amplified by PCR.

The strand separation from 250 pmol of the amplified DNA was performed using
Dynabeads MyOne Streptavidin C1 magnetic particles (Invitrogen). They were washed
3 times with BLstrep buffer (10 mM Tris-HCI 2 M NaCl + 0.01 % tween-20) and then
resuspended in the same buffer without tween-20 in a volume equal to the volume of
DNA to separate. After 15 min of interaction, the beads were washed 3 times with
BLstrep and then incubated with 50 pL of 200 mM NaOH for 10 min to release the
unbound strand. After magnetic separation, the supernatant was collected, neutralized

with 1 M HCI and diluted with BS to start a new round.



To direct the selection toward the glycosylation site of the protein two counter-
selections were performed in round 3 and 6. They consisted on the incubation of the
DNA with rPSA-MPs. After the interaction and magnetic separation, the supernatant
was collected and incubated with hPSA-MPs as indicated above.

The incubation time was decreased and the washing steps were increased in each round
as indicated in Table S2. Concentrations of competitor and BSA were modified
accordingly to the DNA concentration. After six rounds of selection, the remaining
DNA was identified by next-generation sequencing. Enrichment assays through the
selection, sequencing analysis and protocols for aptamer binding characterization are
included in the Supporting Information.

2.3. Sandwich assay

To fabricate the sensors, the capture biotinylated aptamer (biotin-anti-PSA) was
immobilized through the biotin-streptavidin interaction on screen-printed gold
electrodes (SPAUE) (DRP-220BT, Metrohm-Dropsens, Spain) modified with a mixed
self-assembled monolayer (SAM), obtained after overnight incubation at 4 °C ina 1:3
mixture of 11-mercaptoundecanoic acid (1 mM in ethanol) and mercaptohexanol (1 mM
in ethanol). First, the carboxylic groups of the SAM were activated with a mixture of
100 mM EDC and 25 mM NHS in water for 30 min, and then we added streptavidin (50
pg/mL) in NaAc buffer for 30 min. The remaining activated groups were blocked with 1
M ethanolamine in PBS 1x for 15 min, and finally the surface was incubated with 1 uM
biotin-anti-PSA in TBS (10 mM Tris-HCI, 150 mM NaCl, 5 mM KCI, 5 mM MgCl, pH
7.4) for 30 min.

For PSA analysis, serial dilutions of standard PSA in TBS or serum were incubated on
the working electrode for 30 min and then the detection aptamer, 1 uM 6FAM-PSAL in

TBS was added for 30 min. The labeling and detection steps were performed as



described for the binding assays (Supporting Information). After each step, the electrode
was washed with the buffer used in the following step and dried with nitrogen. Volumes
of 10 pL were used, and incubations were performed at room temperature. When
handling numerous modified electrodes, the initial step was wisely delayed to keep a

strict control on timing.

3. Results and Discussion

3.1. Selection of aptamers

[Formatted: Font: Not Bold, Italic

Our approach to isolate novel DNA aptamers targeting hPSA with intrinsic preference
for the glycosylation site relies on the introduction of counter selection steps using rPSA
that does not carry the glycan moiety. The counter selection is performed once the DNA
library begins to enrich in sequences recognizing the glycosylated protein previous
subtraction of sequences with affinity for the BSA-blocked MPs without target, that is,
BSA-MPs (negative or subtractive selection) (Figure 1). Introducing negative steps in
all rounds is not very common but has already been reported (Kimoto et al., 2013). We
advise against this practice when the target is not highly “aptagenic” to avoid removing
most initial sequences (Svigelj et al., 2018) but in this case we reasoned it would be
wise to increase the stringency because there are two proteins on the hPSA-MPs during
the positive selection. Thus, after 2 rounds of selection against the whole protein we
started the next selection cycle by incubating the amplified sequences with rPSA-MPs.
In this way, we selectively removed those sequences that recognize the protein at
regions different from the glycosylation site, subjecting the remaining ones to a new
interaction with hPSA (third round). Next, we performed two classical selection cycles
and before the sixth round we repeated the counter selection.

(Preferred place for Figure 1)



Pool enrichment was monitored by using fluorescein as a tracer, incorporated during
PCR steps, for measuring the percentage of oligonucleotides retained by the
immobilized hPSA after each round of selection (Figure 2A). We observed a
progressive enrichment of the DNA library in sequences with affinity toward hPSA, and
after 6 rounds of selection, 60% of the oligonucleotides were bound to the immobilized
glycoprotein, indicating a high percentage of specific binders for PSA in this pool. In
contrast, a dramatic decrease in affinity for the rPSA is apparent in rounds 3 and 6
showing the effectiveness of counter-selection steps performed in those cycles.
(Preferred place for Figure 2)
We next evaluated the average binding affinity of the oligonucleotide pools selected
after each round. hPSA was chemically bound to gold SPR disks and incubated with
serial dilutions of PCR amplified pools. Figure 2B shows virtually no binding with the
initial library and an increased binding affinity to hPSA as selection progresses. In the
5" round a small signal appears at 100 nM while a much higher signal is observed at the
lowest concentration tested (10 nM) in the 6™ round. To study whether binding actually
involves the glycosylation site, we repeated the experiment with the pool 6 and rPSA on
the SPR sensor. The displacement of the binding curve toward higher aptamer
concentrations indicates that oligonucleotides in this pool recognize the unglycosylated
form but with significantly lower affinity. These results suggest that a high percentage
of the sequences in the last round indeed bind to PSA through preferential recognition
of the glycan in good agreement with fluorescent assays.
Next-generation sequencing allowed us to identify sequences from several rounds and
analyze them. The in vitro selection changes the observed nucleotides abundance, with a
slight bias toward dG and dT enrichment (Figure S1). The starting DNA library did not

contain an even distribution of the nucleotides as expected, with a composition of
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27.41% dA, 27.65% dT, 23.76% dC and 21.19% dG for all the sequences analyzed
(326,411 reads). On the contrary, in the sixth round we obtained 304,722 reads with an
enrichment in dG (27.08 %) and dT (28.26 %). The distribution of the nucleotides at
each position of the random region in the last round pool indicates an increase in dT at
3’ end while G dominates the 5’ end (Figure S2). The sequence complexity, estimated
as the relative amount of unique sequences to total reads within each round (%
complexity = unique/total), decreased form 0.19% in round 2 pool to 0.09% in the last
pool. Diversity changes were monitored by melting curve analysis after a short
reannealing of 30 s at 50 °C (Vanbrabant et al., 2014). A shift in the re-melting
temperature from 81.7 °C in the starting library to 82.7 °C in the round 6 was found,
which is in agreement with a decrease in the diversity of the oligonucleotide pool.
(Figure S3).

In order to study the evolution of sequences during the rounds, the identified
oligonucleotides from round 0, 2, 4 and 6 were compiled into a non-redundant aptamer
database and the sequences that were kept throughout the SELEX were classified into
families, obtaining a family tree (Figure S4). Next, each family was further analyzed to
identify repetitive motifs. Since a ten-fold increase in affinity has been associated to 5
conserved positions (Carothers et al., 2006) we selected the four out of seven families
with motifs containing at least 5 unambiguous nucleotides (low variable or high
consensus sequences). (Table S3). These motifs are highly recurrent in the pool
according to the total number of repetitions found. The structure of potential aptamers
from each family was predicted using Mfold (Zucker, 2003), selecting as candidates
those with the lowest free energy (more stable secondary structures) (Figure S5). Note
that though nature tends to provide the simplest solution, intricate nucleic acid

structures are more informational complex and are positively correlated with lower Kp
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(higher affinity) (Carothers et al., 2006). Additionally, the most repeated sequence
(highest copy number) was also selected for further characterization (see the five
sequences in Table S4). The candidate aptamers were synthesized including 5 thymine
as a spacer in the 5°-end of the selected sequences (40 nt central sequences).

3.2. Characterization of the candidate aptamers

[Formatted: Font: Not Bold, Italic

Individual ability to bind both hPSA and rPSA was first tested using an electrochemical
binding assay with chronoamperometric detection. These proteins were immobilized
onto screen-printed gold electrodes (SPAUE) and incubated with a 500 nM solution of
each aptamer labeled with fluorescein. After the affinity interaction, fluorescein was
tagged with the enzyme conjugate Fab-anti fluorescein-POD, and the amount of
immobilized enzyme was measured by chronoamperometry at 0.2 V. All aptamers
recognized hPSA but with different affinity (Figure 3A). PSA-5, the most abundant one,
showed the highest analytical signal toward hPSA but it also recognized rPSA (60 % of
the hPSA signal). PSA-1 is the aptamer showing the lowest signal towards rPSA, and
the highest discrimination ability between glycosylated and unglycosylated forms of the
protein, which points to the recognition through the glycosylation site. PSA-2 also
preferentially binds to hPSA but the signal is 33% lower than PSA-1 aptamer.
Conversely, PSA-3 binds the recombinant protein much stronger than the human one.
PSA-4 shows similar recognition ability for both proteins within the experimental error.
(Preferred place for Figure 3)
The affinity of PSA-1 toward hPSA was evaluated in more detailed by building the
binding curve with increasing concentrations of aptamer. The curve fitted well to the
Langmuir model, which assumes a 1:1 stoichiometry, that is, a single binding site per
protein, providing a dissociation constant of 357 + 42 nM. (Figure 3B). This value is

lower than the average obtained with pool 6 under identical conditions (Kp=480 + 44
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nM) suggesting that PSA-1 is among the strongest binders in the pool. Of note, the
affinity constant is at least one order of magnitude better than that described for lectins;
for example the affinity for a core-fucose specific lectin ranged from 3.2 to 22 pM
obtained by frontal affinity chromatography, a technique specifically designed for
analysis of weak interactions (Kobayashi et al., 2012). Recently, strong binding, Kp in
the low nM range, were reported for some lectins interacting with PSA glycans by SPR
(Damborsky et al., 2016) but these values cannot be directly compared with our results.
Unlike aptamers, all these lectins are oligomers so they can bind to several proteins on a
surface (multivalency). Kp values dependent on protein density are expected and
demonstrated on microarray experiments with lowest Kp at high densities. SPR Kp
values are reported for protein densities as high as 6.13 ng/mm? while our results come
from 1.6 ng/mm? as the upper limit.

For the sake of comparison with the aptamer already described in the literature for
hPSA (Savory et al., 2010), denoted here as anti-PSA aptamer, a Kp value of 229 + 25
nM was estimated with our electrochemical binding assay. Previously, a value of 37 nM
was obtained by quartz-crystal microbalance (Formisano et al., 2015).

It is now accepted that robust aptamer characterization requires the use of several
techniques because the variable response depending on the sensitivity of the technique
and the effect of the immobilization strategy when needed (McKeague et al., 2015;
Miranda-Castro et al., 2018). It has been also openly recognized that aptamers work
dissimilarly in different analytical assays (Li et al., 2009). Consequently, we also
investigated the affinity of the different aptamers by SPR. Au-SPR chips were modified
with hPSA and incubated with increasing concentrations of aptamer. Dissociation
constants for PSA-1, and anti-PSA were 177 £ 65 nM and 177 + 5 nM, respectively.

The discrepancy with the electrochemical estimation could be ascribed to the
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deleterious effect of labeling. In principle, the fluorescein tag is not expected to impact
on affinity because the selection was performed with tagged-aptamers to minimize it.
However, the labeling with a bulky enzyme conjugate could cause that only a fraction
of aptamers bound to PSA would be accessible (the parking problem) limiting the
sensitivity. It has been argued that the flexibility of sugar structure limits the affinity of
the receptors as in the case of lectins. We have shown that aptamer directed selection
could overcome this limitation. Glycan-binding aptamers with as low affinities as
protein-binding aptamers are feasible to obtain.

As a second test for the ability of PSA-1 to recognize the protein by the glycan
structure, a distinctive characteristic that may be not achieved by anti-PSA that was
selected by a non-directed SELEX process, we repeated the binding experiment but
challenging both aptamers to rPSA. The anti-PSA showed preferential binding to rPSA
(Kp =70+ 5 nM) suggesting that it recognizes the protein but in a region that is
perturbed by the glycan or folded into a different conformation after post-translation
modification. On the contrary, PSA-1 gave no significant signal in SPR studies, even at
the highest concentration tested (1 uM), which is consistent with the recognition of the
carbohydrate moiety in the protein we have already observed in the electrochemical
experiment.

In contrast to PSA-1, the experimental results obtained by challenging immobilized
hPSA, either on SPR disks or on AuSPE, with increasing concentrations of the aptamer
PSA-5 are well fitted to the Hill equation, with Kp values of 144 + 65 nM and 209 + 16
nM obtained by electrochemical and SPR measurements, respectively. This presumably
reflects the cooperative binding of PSA-5, which is in agreement with the increased
responses observed with this aptamer. Nevertheless, PSA-5 exhibited reduced ability to

discriminate between hPSA and rPSA when compared to PSA-1.
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The selectivity of PSA-1 aptamer was challenged on SPAUE modified with lipocalin-2
(NGAL), a single-glycosylated small protein. A concentration of 500 nM of fluorescein-
labeled aptamer showed a current identical within the experimental error to the one for
PSA. The signals obtained were 743 + 63 nA for NGAL and 779 + 133 nA for hPSA,
meaning that this aptamer binds to the glycan moiety so it might be a general reagent

for human carbohydrate chains on proteins

3.3. PSA detection in a sandwich assay format, ( Formatted: Font: Not Bold, Italic

[Formatted: Font: Italic

It is quite intriguing that sandwich assays with two aptamers are rare and limited to a
few targets though the selection process always yields several high-affinity winning
sequences. This is probably because the requirements are more restrictive for aptamers
than antibodies. Not only the protein must have two different aptatopes (or two identical
but distant ones) but also the DNA sequence complementarity must be as low as
possible to avoid undesired hybridization and the related high background signals.
Preliminary electrochemical experiments using the previously described anti-PSA as
both capture and detection aptamers revealed a S/B ratio close to 1 suggesting there is
no two binding sites, in good agreement with recently reported attempts to develop an
aptasandwich assay (Li et al., 2018). Additionally both currents are higher than the
signal obtained when no detection aptamer was added indicating that hybridization
takes place to some extent. Using Mfold web server we estimated the hybridization free
energy and the melting temperature (T,) of all possible homo and hetero-combinations
with PSA-1, PSA-5 and antiPSA (Table S6), which confirms this and other
hybridizations. The less stable duplex is achieved with PSA-1 and antiPSA due to the
low absolute value of free energy and T, For this reason, a sandwich assay with the
anti-PSA and PSA-1 aptamers was designed to the quantification of PSA. Anti-PSA

aptamer was immobilized onto SPAUE through the streptavidin-biotin interaction to act
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as a capture aptamer (Figure 4A). The SAM on which the sensing surface is built
precludes most unspecific interactions with the electrode material, a common problem
in these devices. After the interaction with increasing concentrations of hPSA, 6-FAM-
PSA-1 aptamer was used as a detection aptamer and the chronoamperometric current
was recorded as indicated in previous experiments. It is of paramount importance that
analytical assays using aptamers are performed under conditions as similar as possible
to the selection. In this case, the optimum buffer for PSA binding to anti-PSA is
different from the selection buffer used in our SELEX, which could be inconvenient if
one of the aptamers is susceptible to buffer variability. Preliminary experiments showed
that our aptamers maintain their affinity for hPSA in TBS. As an example, using 500
nM of PSA-1 the net current obtained in PBS and in TBS buffer were 779 £+ 133 nA and
1570 + 415, respectively. So we decided to use the anti-PSA buffer to maximize the
performance of the capture aptamer that will have to entrap the protein in an ocean of
other compounds.

(Preferred place for Figure 4)
As expected, an increasing response was observed in the range from 0.66 ng/mL to 62.5
ng/mL in TBS buffer (Figure 4B upper panel). The signal was normalized by expressing
the percentage of the maximum net current to account for inter-day variations. Mostly
overlapped calibration curves are obtained in successive days indicating the robustness
of the normalization so the Figure 4B shows the averaged calibration curve of all of
them. The calibration range was narrower in serum diluted 1:1 with TBS buffer (0.66
ng/mL to 25 ng/mL), but in both conditions it covers the gray zone, 4-10 ng/mL of PSA
in serum. The calibration curve fitted well to the Langmuir equation y= (Yo-X)/ (Ymax*
X), with a y, value of 1.06 £ 0.09 % and Ymax 0f 100 + 2 % with a correlation of 0.998.

The limit of detection, 0.66 ng/mL, was estimated as the concentration corresponding to
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a signal that is three times the standard deviation of the blank. This value compares well
and even surpassed the only report attempting the PSA glycoprofiling using an aptamer
as a capture reagent (anti-PSA as herein) showing that our novel aptamer is superior
than lectins to detect the glycan portion (Jolly et al., 2016). Very recently a novel anti-
PSA aptamer was selected and used in a sandwich configuration because there were two
separated binding sites on the protein. Unfortunately, the assay was not sensitive
enough to detect PSA at clinically relevant levels (Li et al., 2018). Nonetheless, our
efforts were not focused to sensitivity but to the real applicability in patients’ samples as
demonstrated below. There are a myriad of novel PSA sensors reported in the last years.
As an example in a quick search 79 matches were retrieved from Scopus database with
input words being PSA and aptamer since 2010; 38 if “electrochemical” is added.

Similar results were obtained from SciFinder with 104 answers matching PSA aptamer,

86 journal articles and 18 patents. All this effort has been summarized recently

(Damborska et al., 2017) showing that extremely difficult to defeat limits of detection
has been achieved, 0.96-20 ag/mL (32-660 zM) (Hao et al., 2017; Tang et al., 2015; Zhu
et al., 2016) though the need for such sensitivity is unclear.

Contrarily, discordant results obtained in clinical laboratories when different PSA
standards or ELISA methods are used are frequently set aside in most of these
publications but they are well described in the literature (McJimpsey, 2016; Stephan et
al., 2009). In fact, follow-up measurements to monitor recurrence could be challenging
if they are obtained from different laboratories. To check the robustness of our sandwich
assay we constructed a calibration curve with a certified reference material. The
standard was reconstituted in water and then diluted in 1:1 TBS-serum and analyzed
with the sandwich assay above described. The calibration curve, also expressed as the

percentage of the maximum signal obtained, was not significantly different from the
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calibration with the non-certified commercial PSA source. (Figure 4B bottom panel),

which renders this sensing architecture a promising tool for clinical applications.

3.4. Selectivity of the sandwich assay in serum ( Formatted: Font: Not Bold, Italic

Initial selectivity studies were limited to rPSA and NGAL that is also a glycoprotein at
25 ng/mL in serum. In both cases, the net current obtained is significantly lower than
the one obtained for the same concentration of PSA (Figure 4C). Note that the detection
aptamer recognizes the glycan on NGAL but the sandwich format secures the selectivity
of the assay against other glycoproteins than PSA.
A broad-spectrum selectivity study was designed by analyzing two control standards
containing an array of 92 analytes including total and free PSA (Table S6) at two levels.
The lyophilized control was reconstituted with water, then diluted 1:1 with TBS buffer
and analyzed with the sensor as previous described.

(Preferred place for Table 1)
The results summed up in Table 1 show that the electrochemical sensor provides a
concentration of PSA that agreed with the value for the total PSA concentration of the
control indicating that not only fPSA but also combined PSA can be captured by anti-
PSA and PSA-1 aptamers. The sensor does not present significant interferences even in

the presence of a great variety of molecules at physiological level.

3.5. Analysis of PSA in clinical samples, ( Formatted: Font: Not Bold, Italic

( Formatted: Font: Italic

To investigate the diagnostic value of the aptamer-based assay, the sensor was
challenged in serum samples from 15 patients with different levels of total PSA. The
samples were diluted with TBS buffer and analyzed using the sandwich assay protocol
described without any other pretreatment. The sera were also assayed in the central labs

of Hospital de Cabuefies using the automated ADVIA Centaur® (Siemens) ELISA
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assay for the quantification of total PSA. The values obtained are summarized in Figure
5.

(Preferred place for figure 5)
The sensor results are concordant with those obtained by ELISA in 60% of samples,
presumably due to the differences in the glycan profiles of the analyzed samples. Out of
six discordant samples, four gave a low aptasensor value compared with the ELISA
assay. Total PSA is elevated in serum in not only men with prostate cancer but also in
cases of benign prostatic hyperplasia (BPH) or prostatitis.
Two of the discordant results having a higher PSA value by ELISA were finally
diagnosed of BPH (ELISA value 29.6 ng/mL) and diabetes mellitus type Il (ELISA
value 5.3 ng/mL). Our sensor correctly classified them below the grey zone, showing
superior selectivity. The third discordant value corresponded to a prostate neoplasia and
our sensor also correctly identified it above 10 ng/mL cutoff but not as high as ELISA
(41.1 vs. 19.4 ng/mL). The fourth one had a value close to the limit of detection by
ELISA, which was undetectable by the aptasensor.

The remaining two discordant samples presented elevated values by aptasensor.
While one of them showed PSA values below the 4 ng/mL threshold by both methods,
which is not problematic, the second one was slightly over this threshold by ELISA but
much higher by our method. The final diagnosis of this patient was prostatitis. Very
high PSA values have been reported for this disease before implementing an antibiotic
treatment but the values are recovered after treatment (Hara et al., 2004), so this high
value is not unexpected. Taken together, the discrepant results are reasonable explained
assuming different glycosylation patterns for several diseases. Although the number of

samples analyzed is small, these preliminary results point to the usefulness of the
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aptamer-based assay to improve PSA test specificity. Ongoing research in our labs is

devoted to elucidate this open and exciting question beyond the scope of this work.

4. Conclusions

We demonstrate the ability to direct the aptamer selection toward the glycan structure of
a glycoprotein via counter-selection steps against a recombinant unglycosylated form of
the target. Using this approach and aided with deep sequencing, after only six rounds of
selection with two counter-selection steps we identified an aptamer recognizing the
glycan moiety in PSA, discriminating hPSA from rPSA. This approach should offer a
powerful general tool for the selection of aptamers for glycoproteins with the glycan
structure as aptatope.

The selected aptamer was employed to design an aptamer-based sensor with a sandwich
format to detect hPSA. The sensor supports the measurement in serum samples with a
minimal dilution and a limit of detection of 0.66 ng/mL, which allows the evaluation of
PSA levels with clinical significance in the diagnosis of prostate cancer.

The results obtained with the sensor for serum of patients with benign prostate
hyperplasia are lower than those obtained with the standard ELISA, which suggests that
the sensor detects a fraction of PSA with a distinct glycan structure. The proposed
aptasensor could provide an alternative approach for the detection of PSA, with
potential to improve clinical outcomes of PSA tests and to reduce the number of

unnecessary biopsies for the diagnosis of prostate cancer.
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Captions for the Figures

Figure 1: Scheme of the SELEX procedure followed in this work to direct the selection
toward the glycan chain.

Figure 2: Enrichment assays. A) Evolution of the percentage of DNA that binds to
hPSA (light green) and rPSA (dark blue) through the SELEX rounds obtained by
fluorescence measurements. B) SPR measurements obtained with increasing
concentrations of DNA from round cero (purple triangles), five (orange diamonds) and
six (green squares) for the hPSA and comparison with the results from round six for the
rPSA (blue circles).

Figure 3: A) Current intensities obtained by chroanomperometry at +0.2 V on SPAUE
modified with hPSA (light green) and rPSA (dark blue) using 500 nM of 6-FAM-
aptamers. B) Binding curves obtained by chronoamperometry on hPSA-modified
SPAUE for PSA-1 aptamer (circles) and anti-PSA (squares).

Figure 4: A) Scheme of the sandwich assay, B) calibration plots of PSA in TBS, diluted
serum 1:1 with TBS (upper panel) and two different PSA standards (bottom panel), and
C) sensor response to 25 ng/ mL of hPSA, rPSA and the glycoprotein NGAL.

Figure 5: Concordance of the ELISA and aptasensor methods in the determination of
total PSA in serum samples. 14 out of 15 analyzed samples are plotted. The 15th sample
gave similar results by ELISA (93.9 ng/mL) and aptasensor (91+8 ng/mL). Grey PSA-

concentration zone is emphasized in grey.
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TABLES

Table 1: Selectivity of the sandwich assay

Concentration BIO-RAD control
Control Concentration found
fPSA tPSA
Level 2 1.9+ 0.4 ng/mL 1.06 + 0.05 ng/mL 1.88 £ 0.1 ng/mL
Level 3 14 + 3 ng/mL 9.7 £ 0.5 ng/mL 15.5+0.9 ng/mL
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