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ABSTRACT: Aptamers are recognition elements increasingly used for the development of biosensing strategies, especially in the
detection of proteins or small molecule targets. Lysozyme, which is recognized as an important biomarker for various diseases and a
major allergenic protein found in egg white, is one of the main analytical targets of aptamer-based biosensors. However, since ap-
tamer-based strategies can be prone to artifacts and data misinterpretation, rigorous strategies for multifaceted characterization of
aptamer-target interaction are needed. In this work a multi-technique approach has been devised to get further insights into the binding
performance of the DNA anti-lysozyme aptamers commonly used in literature. To study molecular interactions between lysozyme
and different anti-lysozyme DNA aptamers, measurements based on a magneto-electrochemical apta-assay, circular dichroism spec-
troscopy, fluorescence spectroscopy and asymmetrical flow field-flow fractionation were performed. The reliability and versatility
of the approach were proved by investigating a SELEX-selected RNA aptamer reported in the literature, which acts as positive
control. The results confirmed that an interaction in the low micromolar range is present in the investigated binding buffers and the
binding is not associated with a conformational change of either the protein or the DNA aptamer. The similar behaviour of the DNA
anti-lysozyme aptamers compared to that of randomized sequences and polythymine, used as negative controls, showed non-se-
guence-specific interactions. This study demonstrates that severe testing of aptamers resulting from SELEX selection is the unique

way to push these biorecognition elements towards reliable and reproducible results in the analytical field.

INTRODUCTION

A bioreceptor is a natural, synthetic or bioinspired molecule
with high binding affinity and selectivity towards a specific tar-
get analyte in presence of other compounds in the sample ma-
trix. Over the past 30 years, aptamers have attracted considera-
ble attention not only for targeted drug delivery and therapeutic
purposes,’? but also as biorecognition elements in the analytical
field, especially for the development of aptasensors, a class of
biosensors that uses aptamers for biological recognition.®®
Aptamers are RNA or DNA strands selected through an in vitro
iterative process, called Systematic Evolution of Ligands by
EXponential enrichment (SELEX), which identifies sequences
able to recognize with high affinity target molecules through
intermolecular interactions such as hydrogen bonds, van der
Waals forces, electrostatic interactions, n—m stacking; the for-
mation of an aptamer-target complex can be coupled to confor-
mational changes in the target, the aptamer, or both.® Since the

advent of SELEX in the early 1990s, hundreds of aptamers have
been selected for different target molecules, such as proteins,
small organic molecules and even ions, resulting in a prolifera-
tion of published studies dealing with the use of aptamers for
analytical purposes.* 710
Despite the large number of aptamers selected for different tar-
gets, nowadays their use is mainly focused on the development
of biosensors, with few applications for separation tech-
niquest®2 such as affinity chromatography, electrochromatog-
raphy, and affinity capillary electrophoresis, and for sample
treatment techniques. The combination of these bioreceptors
with magnetic micro- and nanomaterials, which is extensively
used in the design of biosensing strategies,>**5 could be useful
also to devise selective sample treatment methods, for example
magnetic solid-phase extraction (MSPE).35%7
In the face of an initial enthusiasm for aptamers as a highly
promising alternative to antibodies, some recent articles have
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addressed critical aspects and challenges concerning their use
as bioreceptors, focusing on the affinity and selectivity/speci-
ficity of the interaction especially in real matrices, highlighting
the need to study the experimental factors influencing ap-
tamer/target interaction.®*7 In this context, an increasing num-
ber of articles have raised criticisms regarding the real analyti-
cal potentialities of aptamers, providing strong evidence that
some aptamers, although widely used in different analytical set-
ups and sensing configurations, are not suitable for target bind-
ing and analytical purposes.’®2! In 2022, Zhao et al. reviewed
few recent works claiming that some aptamers could not bind
to their target, encouraging the publication of negative results
as well to prevent further misleading in the field of aptamers.?
They explained how the deletion of segments on the 3’ and/or
5’ sides from the original sequence regardless the validation of
their binding capacity is one of the main reasons of binding fail-
ure. In the study of Bottari and coworkers,*® a multifaceted an-
alytical approach involving isothermal titration calorimetry, na-
tive nano-electrospray ionization mass spectrometry and *H-nu-
clear magnetic resonance spectroscopy proved that none of the
three investigated anti-ampicillin aptamers, extensively used in
literature in several detection strategies, shows any specific
binding to their intended target. Similarly, it was demonstrated
that an arsenic-binding aptamer widely used for detection of
As(111) did not show any specific As(l1l) binding.?°

In this context, Miller at al. argued how the field of aptamer
research is particularly susceptible to irreproducibility of re-
search.?? The authors reviewed hundreds of publications on ap-
tamers over decades, revealing that 41% of the papers reported
unexplained sequence alterations or omitted sequences, and
identifying ten common categories of sequence alterations in-
cluding deletions, substitutions, and additions, among others.
Critical aspects that influence interaction of aptamers with tar-
get molecules, as well as the possible side effects caused by ap-
tamer interaction with other molecules in real samples due to
non-specific binding, were recently discussed by our research
group with a focus on the strategies in the use of aptamers con-
jugated to magnetic micro- and nanobeads as recognition ele-
ments in food control:® we emphasized the importance of eval-
uating the non-specific binding of aptamers and investigating
the matrix effects of apta-assays to ensure the reliability of ap-
tamers as bioreceptors.

On this basis, we reached the conclusion that there is an urgent
need to (i) fill the gap between aptamer selection and reliable
analytical applications, (ii) prevent misinterpretation of the real
performance of a selected aptamer and (iii) critically investigate
the applicability of existing aptamer sequences.

Focusing on the use of aptamers for the development of biosen-
sors, it can be observed that one of the main analytical targets
of aptasensors is lysozyme, an enzyme that represents an im-
portant biomarker for a variety of diseases and one of the five
major allergenic proteins found in egg white. The progress
made in lysozyme determination using electrochemical and op-
tical aptasensors, based on the most used DNA aptamers has
been recently reviewed.* The proposed signal transduction ap-
proaches for aptasensors aimed at lysozyme determination
mainly rely on (i) competition events using complementary ol-
igosequences, (ii) variation of electrochemical impedance, (iii)
variation of the recorded signal due to conformational changes
of aptamers after the interaction with the target. It is worth to

point out that in the latter case the aptasensor is commonly de-
veloped without any characterization of the alleged conforma-
tional change.

In addition, the rationale for choosing a particular anti-lyso-
zyme sequence and the binding buffer for the aptasensor devel-
opment is not clear in the literature, which should be done in
relation to the specific assay set-up, the buffer used in the
SELEX selection and the real matrix. Furthermore, for the bio-
recognition event, even for the same aptamer, the published
works often report the use of buffers, different in terms of na-
ture, concentration of salts and divalent cations, pH value, re-
gardless of the one used for SELEX selection.?*? To the best
of our knowledge, the only study in which two anti-lysozyme
aptamers were compared for the development of an aptasensor
for lysozyme determination was published by Ocafia et al.?
With the final aim of developing innovative sample treatment
strategies and a novel competitive aptasensor based on aptamer-
modified magnetic beads for lysozyme determination, in the
present work a multi-technique approach was devised to get fur-
ther insights into the binding performance of the DNA anti-ly-
sozyme aptamers commonly used in literature. For this purpose,
we devised and applied a magneto-electrochemical apta-assay,
circular dichroism spectroscopy, fluorescence spectroscopy and
asymmetrical flow field-flow fractionation with UV detection.
Randomly scrambled sequences and a 40-mer thymine se-
quence (PolyT40) were used as negative controls to assess the
sequence specificity of the interaction. The anti-lysozyme RNA
aptamer selected by SELEX was also considered in the study as
a control.?®

EXPERIMENTAL SECTION

Chemicals and solutions. A detailed description of all chemi-
cals and solutions is provided in the Supporting Information.
Aptamers. The DNA and RNA sequences, reported in Table
S1, were obtained by Biomers.net (Ulm, Germany) and Meta-
bion (Carlo Erba, Milan, Italy) (custom synthesis), and different
end-modifications were introduced depending on the experi-
ment type. In particular, an aminolink-C6 modification was in-
troduced to enable crosslinking with carboxylic groups on the
surface of the magnetic beads (MBs), while conjugation with
cyanine-3 (Cy3) permitted to study aptamer loading on MBs
through fluorescence spectroscopy.

In addition, two 20-mer DNA sequences complementary to A40
and A80, respectively, were labelled at 3” end with biotin (Bio-
mers.net, Ulm, Germany).

Magneto-electrochemical apta-assay. Single Walled Carbon
Nanotubes Screen-Printed Electrodes (SWCNT-SPEs) and
magnetic support for Screen-Printed Electrodes were purchased
from Metrohm Italiana Srl (Origgio, Varese, Italy). Aptamer
immobilization on MBs is described in the Supporting Infor-
mation. Aptamer-modified MBs were incubated with 200 pL of
lysozyme solution in the binding buffer (PBS-Mg?**, TRIS sa-
line or Tris Glycine Potassium (TGKY)) for 1 hour under shaking
(1500 rpm) at 26 °C, then washed with 100 pL of binding
buffer. Afterwards, MBs were suspended in 200 pL of 10 pg
mL? Strep-ALP in TRIS buffer, containing 5 mg mL* BSA,
and incubated for 15 min under shaking at 26 °C, 1500 rpm;
then, MBs were washed with 100 pL of TRIS-T buffer and
twice with 100 pL of TRIS buffer. MBs were then separated
from buffer and suspended in 50 pL. of HQDP solution (1 mg
mL? in TRIS buffer, pH 9.8). After 6 min of incubation, the
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suspension was drop-casted on the surface of a SWCNT-SPE,
mounted on the magnetic support for confining the MBs on the
working electrode surface. Differential Pulse Voltammetry
(DPV) measurements were carried out using a PGSTAT204 po-
tentiostat (Metrohm Autolab), by setting the following parame-
ters: potential range -0.5 to 0.2 V; scan rate 12.6 mV s; Step 5
mV; Modulation amplitude 50 mV; Modulation time 0.1 s; in-
terval time 0.4 s. Data acquisition and processing was con-
ducted using NOVA 2.1.6 software.

A 40-mer DNA reference probe consisting only of thymine ba-
ses (PolyT40) was used as blank reference.

Circular dichroism spectroscopy. Circular dichroism (CD)
experiments were performed using a JASCO J-715 spectropo-
larimeter thermostated by a Peltier unit set at 26 °C using a 1
mm pathlength Suprasil™ quartz cuvette (volume 150 pL). 10
MM solutions of aptamer and lysozyme were prepared sepa-
rately. Aptamer-protein mixtures were obtained by mixing ap-
tamer and protein solutions in a 1:1 ratio, obtaining a final con-
centration of 5 uM for each species. Spectra were acquired in
the 200-320 nm range for sample in PBS-Mg?* buffer, and in
the 210-300 nm range for those in TGK and TRIS saline buff-
ers. All the spectra were recorded through a continuous scan
performed at 50 nm min‘! rate, with a data pitch of 0.2 nm and
a data integration time of 8 s. Spectra accumulation was set
from 1 to 5 depending on the signal intensity. Upon buffer sub-
traction, the CD spectra of the experimental mixtures were com-
pared with the algebraic sum of the spectra of the single com-
ponents to identify the interaction-induced spectral changes on
the aptamer, the protein, or both. Aptamer thermal melting was
performed by heating the aptamer solution up to 90 °C. The so-
lution was then maintained at 90 °C for 1 min, followed by cool-
ing to room temperature to check process reversibility.
Fluorescence titration. Emission spectra were recorded on an
Edinburgh FLS1000 fluorimeter using a 1 cm pathlength Supra-
sil™ quartz cuvette (volume 100 pL). The protein was titrated
with the aptamer; in detail, lysozyme was diluted in cuvette to
reach 1 UM as final concentration. Then, increasing concentra-
tions of aptamer were progressively added. The same procedure
was carried out in absence of the protein (blank procedure).
Every spectrum was subtracted from the corresponding blank
and divided by dilution factor. Protein tryptophans (Trp) were
selectively excited at 298 nm and emission spectra were col-
lected from 310 to 550 nm. Excitation and emission bandwidth
were set at 3.00 and 2.00 nm, respectively, with 1 nm data pitch.
All the spectra were acquired with 1 repeat, dwell time 0.5s.
Data analysis and titration fitting to a binding isotherm function
were carried out using MATLAB R2020b.

Asymmetrical flow field-flow fractionation-UV analysis.
The asymmetrical flow field-flow fractionation system coupled
to UV detector (AF4-UV) consisted of a 1100 Series HPLC sys-
tem (Agilent Technologies, Palo Alto, CA) connected to an
Eclipse 3 module (Wyatt Technology Europe, Dernbach, Ger-
many) to control AF4 flow rates and operations. The AF4 chan-
nel was a Mini Channel (Wyatt Technology Europe) with a re-
generated cellulose membrane (Nadir) (molecular weight cut-
off: 5 kDa) and a channel spacer thickness of 350 um. Online
detection of the eluted species was performed using an Agilent
1100 DAD UV/Vis spectrophotometer. AF4-UV analysis was
carried on A40, C42, PolyT40 and C80RNA sequences and
their respective mixtures with lysozyme using PBS-Mg?* bind-
ing buffer as elution medium, as described in our previous

work.2® For the preparation of aptamer-protein mixtures, 10 uL
of 5 uM aptamer solution in PBS-Mg?* were mixed with 10 pL
of lysozyme solution at different concentrations (5, 10, 25, 50
uM) to obtain aptamer:lysozyme molar ratios of 1:1, 1:2, 1.5
and 1:10. Ratios of 2:1, 4:1, 7:1 and 10:1 were also investigated
in the case of CBORNA. The percentage of bound aptamer was
expressed as % (lapt atone — lapt mix)/ lapt atone. Data fitting to a binding
isotherm function was carried out using MATLAB R2020b.

RESULTS AND DISCUSSION

Identification of Anti-Lysozyme Aptamers under Study.
The first step in the development of novel analytical strategies
for enrichment or determination of lysozyme, such as aptamer-
based MSPE or aptasensors, is the choice of the anti-lysozyme
aptamer. The present work has focused on the most commonly
used anti-lysozyme DNA aptamers, namely A80, C80 and the
corresponding truncated sequences A40, C42 and C30 (see Ta-
ble $1).142426.2730 |t js worth noting that C80 is the DNA analog
of the SELEX-selected RNA aptamer (CB0RNA) reported in
literature and that RNA-to-DNA conversion is reported to pos-
sibly lead to result inconsistencies.!® 22

Considering that DNA has higher intrinsic stability and remark-
ably lower costs than RNA 3! the use of DNA aptamers is pref-
erable for developing analytical devices; in fact, most analytical
strategies based on anti-lysozyme aptamers involve DNA ap-
tamers. Sequence-selectivity was assessed using unrelated and
scrambled oligonucleotide sequences as negative controls.® For
this purpose, since the SELEX process relies on a sequence li-
brary with constant regions flanking a central random region,
randomized A80R and C80R were designed to reproduce the
same flanking region of A80 and C80, respectively, while ran-
domizing the central one. Furthermore, the PolyT40 poly-
thymine sequence was used both as a blank reference and as a
negative control, while CBORNA was investigated as a positive
control, with respect to the corresponding DNA analogues.
Based on the current literature, it is very difficult to rationalize
the choice of the aptamer and the optimal binding conditions for
the development of an analytical approach aimed at lysozyme
determination. The issue arises from the variability of experi-
mental conditions reported in the literature for the development
of anti-lysozyme aptamer-based sensing strategies in terms of
buffer composition, identity and concentration of monovalent
and divalent cations and pH values; all of these parameters are
able to greatly affect the structure and, therefore, the binding
capabilities of aptamers. In this context, the present work was
initially aimed at devising a strategy useful to support the selec-
tion of the anti-lysozyme DNA aptamer to be immobilized on
the surface of MBs as well as to evaluate the effect of the buffer
nature on lysozyme recognition. In particular, chemically bioti-
nylated lysozyme was prepared as a model protein to simulate
the behavior of the target protein in a magneto-electrochemical
apta-assay based on MBs. This platform could also be useful to
directly evaluate the effect of different experimental conditions
in terms of the nature of the binding buffer, pH, ionic strength,
and to study the sequence selectivity of the interaction. The low
performance we observed for MBs modified with anti-lyso-
zyme DNA aptamer for target binding motivated us to focus our
research activities on a multi-technique characterization of ap-
tamer-lysozyme interaction by circular dichroism, fluorescence
spectroscopy and field-flow fractionation.



Magneto electrochemical apta-assay setup. For the assess-
ment of the aptamer-lysozyme interaction a MBs-based electro-
chemical assay was devised in order to record a signal directly
ascribable to the binding event, unlike what happens for assays
based on conformational changes or competition events for
which the signal is indirectly associated with the aptamer-target
interaction. The assay relies on functionalized 5’-aminolink C6
aptamer as a receptor immobilized on carboxyl magnetic beads
and on biotinylated lysozyme as a target protein (Figure S1).
The presence of biotin labels on lysozyme was necessary to en-
able the electrochemical reading of the assay which involved
the use of the conjugated Strep-ALP for the electrochemical
reading. Strep-ALP binds to the biotinylated protein interacting
with the aptamer while ALP catalyses the dephosphorylation of
the non-electroactive enzyme substrate HQDP to electroactive
HQ, thus allowing its oxidation to quinone (Q) via DPV scan
and yielding a signal proportional to the amount of interacting
target species.

The preliminary study of the immobilization of the aptamer on
MBs and the biotinylation of lysozyme was carried out as de-
scribed in the following paragraphs.

Study of the aptamer immobilization on MBs. The aptamer
having a C6 amino group at 5’ end was covalently bound to the
carboxylated magnetic beads through a common EDC/NHS
crosslinking reaction, followed by quenching with ethanola-
mine and blocking with BSA. A40 was used as a model. To
evaluate the loading of aptamers on MBs, we used a 5’-amino-
link C6 A40 labelled with Cy3 at 3’-end. To this aim we ac-
quired the fluorescence spectra of the solutions before and after
the immobilization of the labelled aptamer on MBs. The differ-
ential comparison of the fluorescence emission allowed us to
assess the saturation of the active functionalities of the MBs for
a A40 concentration higher than 2 uM, corresponding to 542 +
25 pmol mg? beads of immobilized aptamer. The conforma-
tional freedom of the immobilized aptamer was investigated by
reacting A40-functionalized MBs with a 2 uM single strand 20-
mer DNA, complementary to a A40 moiety and labelled with
biotin at the 3' end. Subsequent incubation with the Strep-ALP
conjugate and signal readout in the presence of HQDP substrate
gave results confirming the efficiency of complementary based
pairing (Figure S2), where DPV signals recorded with function-
alized and not-functionalized MBs are compared. The high
voltammetric signal recorded in the presence of A40 confirmed
the proper immobilization of the aptamer on the magnetic sup-
port, whereas the flat signal obtained with non-functionalized
MBs assured us the absence of non-specific adsorption of the
Strep-ALP conjugate on the micromagnetic substrate.

The efficacy of modifying MBs with longer sequences was con-
firmed by performing the same pairing experiments with A80,
thus obtaining results comparable to A40.

Lysozyme biotinylation. Biotinylation of lysozyme was car-
ried out by a commercial kit using NHS-PEG4-biotin as bioti-
nylating agent, as described in the Supporting Information. Af-
ter dialysis aimed at removing not reacted biotinylating reagents
and NHS leaving group, biotinylated lysozyme was quantified
by spectrophotometric measurements, obtaining a concentra-
tion of 206 + 6 uM. Then, biotinylated lysozyme was further
characterized by flow injection analysis-mass spectrometry
(FIA-MS). The MS spectrum showed different multi-charge
distributions, each related to lysozyme species with different

degrees of biotinylation; the most abundant charge states were
+9, +10 and +11 (Figure S3).

It is also worth noting the absence of peaks associated to un-
modified lysozyme, free biotinylating agent and NHS, indicat-
ing effective biotinylation and dialysis. Based on the sum of the
most abundant multicharged states for each lysozyme species,
it was calculated that the mean value of number of biotin copies
per lysozyme molecule was 3.4 = 0.1. In addition, the acquisi-
tion of the CD spectra for both native and biotinylated lysozyme
allowed us to verify that the protein conformation remained un-
changed after the introduction of the biotin molecules (Figure
S4).

Study of the aptamer/lysozyme interaction by the electro-
chemical assay. Experiments aimed at evaluating the interac-
tion with the lysozyme were performed by studying the binding
capacity of MB-immobilized aptamers to the target protein. To
this end, the concentration of biotinylated lysozyme was fixed
at 500 nM and the MBs were functionalized with different ap-
tamers (Table S1). PolyT40 was used as a blank reference: its
immobilization on the MBs allowed us to simulate the condition
of MBs modified by a putative non-interacting sequence. The
same experiments were carried out in TRIS saline and in PBS-
Mg?* buffers, which are the most commonly used working buff-
ers for anti-lysozyme aptamers; in addition, TRIS saline buffer
is the CBORNA aptamer selection buffer.?

Figure 1 shows the comparison between the signals obtained
from all the investigated aptamers, also indicating the averaged
signal for PolyT40.
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Figure 1. Comparison of DPV signals from magneto-electrochem-
ical apta-assays between the aptamers studied in (a) PBS-Mg?* and
(b) TRIS saline buffers (n=3). The dashed blue lines and light-blue
boxes correspond respectively to the mean and standard deviation
of the signals resulting from the immobilization of PolyT40 used
as a blank reference.

For DNA sequences, although a stronger interaction was evi-
denced for the A40 and A80 aptamers, the relatively high signal
observed even with the PolyT40-functionalized MBs high-
lighted an interaction not related to the sequence. In the case of
A40 in PBS-Mg? the signal was significantly different
(p<0.05) than PolyT40.

Furthermore, the high dispersion of the signals can be attributed
to the non-specificity of the interactions. On the other hand, in
both PBS-Mg?* and TRIS saline buffers, CSORNA gave a sig-
nificantly different signal with respect to PolyT40, with RSD%
lower than 8%. In addition, in the SELEX-selection buffer
(TRIS saline) the signal of C80RNA was 4.4 times that of the
analogous DNA-based aptamer (i.e. C80). On the basis of these
findings, further investigations were carried out on a small num-
ber of sequences, focusing the attention on the most widely used
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aptamers for the lysozyme determination, i.e. C42 and A40, de-
rived from truncation of full-length sequences selected by dif-
ferent SELEX experiments, by maintaining PolyT40 - as a
blank reference and negative control - as well as CBORNA.

At first, we carried out the electrochemical assay for C42, A40,
PolyT40 and C80RNA sequences in TGK, which is the buffer
used for the selection of the A80 aptamer. The results demon-
strated the effect of buffer composition on absolute and relative
signals. As can be observed, for DNA aptamers the signals in
TGK were approximately three times higher than those rec-
orded in PBS-Mg?* and TRIS saline buffers, probably due to the
absence of salts which act as DNA counterions, also causing a
levelling effect on the signal intensity for all the sequences (Fig-
ure 2).
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Figure 2. Comparison of DPV signals from magneto-electrochem-
ical apta-assays for A40, C42, C80RNA in TGK buffer (n=3). The
dashed blue line and the light blue box correspond respectively to
the mean and standard deviation of the signals resulting from the
immobilization of PolyT40 used as a blank reference.

Conformational characterization by circular dichroism
spectroscopy. Based on these results, which highlighted a dif-
ferent behavior of the aptamers as a function of the composition
of the buffer, circular dichroism measurements were performed
to evaluate the influence of the buffer on the secondary structure
of the aptamers and therefore also on the affinity for the target.
For this purpose, we acquired CD spectra in PBS-Mg?* and
TGK buffers, since they have been shown to provide for DNA
aptamers the greatest signal differences between the sequences
and the highest intensities, respectively. The CD spectra high-
lighted the different conformations of the C42 and A40 se-
guences in the two buffers; in particular, a shift of the peak and
an inflection point shift were observed for A40 (Figure 3a) and
C42 sequences (Figure 3b), respectively; furthermore, the influ-
ence of the buffer was observed on C80RNA conformation as
well (Figure 3c), whereas PolyT40 resulted to be unaffected by
buffer composition (Figure 3d). These findings confirmed an
effect of the buffer on the aptamer structure, highlighting that
the choice of the binding buffer needs rationalization for the de-
velopment of aptamer-based analytical methods. Measurements
in CD were also performed to study the effect of denaturation
on the conformation of the investigated aptamers and to study
the interactions between aptamers and target protein. Since the
aptamer can adopt different conformations in solutions, several
studies in the literature suggest performing a thermal melting
followed by slow cooling before use, thus homogenizing ap-
tamer folding pathways and minimizing batch-to batch varia-
tion.12 This aspect was investigated by recording CD spectra
of A40 and C42 before and after denaturation at 90 °C. From
the comparison of the CD spectra, it was observed that for both

aptamers (A40 and C42) denaturation and subsequent refolding
did not cause a conformational change (Figure S5).
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As for the study of the lysozyme/aptamer interaction using CD,
the experimental spectrum of an equimolar aptamer:lysozyme
mixture was compared with the sum of the spectra of the indi-
vidual components, as described in the experimental section. As
already observed, in the presence of an interaction, a difference
between the experimental spectrum and the algebraic sum of the
CD spectra are expected if the interaction causes conforma-
tional changes on the lysozyme, the aptamer, or both.®? From
the results shown in Figure 4, it is noted that no differences were
observed in PBS-Mg?* buffer, and minimal differences were
observed in TGK buffer, which however cannot be considered
as significant. It can be concluded that in this case the CD anal-
ysis did not allow to demonstrate a lysozyme/aptamer interac-
tion; however, this does not exclude that an interaction may ex-
ist, but in this case the binding is not associated with a confor-
mational change of either the protein or the aptamer.

The same CD experiment was carried out with CB0ORNA in
TRIS saline (the binding buffer used in SELEX), PBS-Mg?* and
TGK. A difference in the experimental spectrum for the lyso-
zyme/aptamer mixture compared to the algebraic sum spectrum
was observed both in TRIS saline, confirming protein binding,
and in PBS-Mg?, but not in TGK buffer (Figure 5). These find-
ings, in accordance with the results from the electrochemical
assay, proved the possibility of exploiting CD to evaluate the
conformational changes, likely arising from the aptamer, upon
complex formation.



Furthermore, the CD results suggest that the development of ap-
tasensing strategies based on target-induced conformational
change of the aptamer** would benefit from the preliminary CD
investigation for validating the sensor principle of detection,
taking into account that CD allows to assess potential confor-
mational changes that occur after binding events.
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Figure 5. CD spectra of the equimolar mixture (red) and the alge-
braic sum (black) of lysozyme with CBORNA aptamer in (a) PBS-
Mg?*, (b) TGK and (c) TRIS saline.

Binding assays by fluorescence titration. The aptamer-lyso-
zyme interaction was also studied for A40, C42 and PolyT40 in
PBS-Mg?" and TGK buffers using fluorescence spectroscopy in
order to measure the molecular binding by determining a bind-
ing curve and calculate the Kqy constant.

The intrinsic fluorescence of lysozyme was exploited, avoiding
the use of fluorescent tags, by selectively exciting Trp residues
at 298 nm.

For all the DNA aptamers analyzed we observed a similar be-
havior: the lysozyme fluorescence emission has a maximum at
337 nm and decreases in intensity with increasing aptamer con-
centration (Figures S6 and S7), possibly related to a static fluo-
rescence quenching or a chemical environmental change of Trp
caused by interaction with the aptamer.

Figure 6 shows the binding curves for A40, C42 and PolyT40
aptamers in PBS-Mg?* and TGK buffers; the calculated Kq val-
ues are reported in Table 1.

The results highlight that the interaction appears to be non-se-
quence specific. In addition, the Kq values in PBS-Mg?* are in
agreement with those reported by other authors in 20 mM TRIS
when the NaCl concentration is increased up to 100 mM:* in
that study, the authors proved that the affinity of C42 and other
DNA analogs of RNA aptamers, among those reported by Kirby
et al.,* is not strictly sequence dependent, but rather it is medi-
ated by non-specific interactions.

We also carried out the same fluorescence experiments on
C80RNA in different buffers, but the results showed variability
in binding behavior that precluded the determination of disso-
ciation constants, while revealing an interaction. For this longer
RNA-based sequence, this would suggest a more complex bind-
ing scenario with possible more binding sites, with similar or
partially overlapping affinities. In fact, Trp fluorescence emis-
sion, giving a measure of local changes on the protein, could
give different signal changes depending on the binding mode
and stoichiometry: on one side this technique could offer pre-
cious structural insights in case of a single, well defined com-
plex structures, but in case of binding heterogeneity it can lose
a direct proportionality between the signal and the concentra-
tion of the complex.
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Figure 6. Binding curves from fluorescence titration for (a) A40,
(b) C42 and (c) PolyT40 in PBS-Mg?* (red) and TGK buffers (blue)
(n=3).

Table 1. Dissociation constant (Kd) for A40, C42 and PolyT40 in
PBS-Mg?* and TGK buffers.

Ka (UM)
PBS-Mg?* TGK
A40 7.0+4.0 35+£03
C42 105+3.9 16+04
PolyT40 43+1.1 11+03

Binding assays by asymmetrical flow field-flow fractiona-
tion-UV. To gain further insights into the molecular principles
of lysozyme-aptamer interactions, asymmetrical flow field-
flow fractionation was used, since it represents a gentle separa-
tion and characterization method, where unspecific interactions
are reduced to a minimum working in representative conditions,
such as binding buffer and biocompatible media. In comparison
with other size-based separation techniques such as size exclu-
sion chromatography, it preserves structural integrity, molecu-
lar conformation, conformational arrangement of particles and
macromolecules in suspension (native separation) as well as ac-
tivity during analysis.®%" This technique can also overcome the
observed limit of Trp fluorescence in characterizing CBORNA
binding affinity. Parallel to the present work, we have recently
developed a AF4-UV method to get insights into interactions
between aptamers and proteins;? in that study, all the anti-lyso-
zyme DNA aptamers investigated in the present work, except
C42 and the PolyT40 sequence, have been screened in PBS-
Mg?* and the results obtained confirmed a modest affinity and
a behaviour of C80 and C30 comparable to that of the negative
controls (scrambled sequences). In order to complete the char-
acterization, in the present work the AF4-UV method was ap-
plied to evaluate the percentage of bound aptamer at different
lysozyme concentrations also for C42, PolyT40 and C80RNA.
From the results reported in Figure 7a, it can be concluded that
the behaviour of C42 is comparable to that of the negative con-
trol. The reader is referred to Marassi et al.?® for the results of
A40. The CB0ORNA aptamer showed the highest affinity for ly-
sozyme allowing to calculate a fraction of bound aptamer at ap-
tamer:lysozyme ratios higher than 1:1, corresponding to a de-
crease in lysozyme concentration. As shown in Figure 7b, it was
possible to construct a binding curve for CBORNA in PBS-
Mg?*, giving a Kq of 1.7 + 0.5 uM; this result confirms also the
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potential of AF4 to quantitatively measure binding behaviour of
aptamers.
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Figure 7. (a) Percentage of bound aptamer for C42, PolyT40 and
C80RNA in PBS-Mg?* (n=3). (b) Binding curve from AF4-UV
for CBORNA in PBS-Mg?* (n=3).

As for the poor performance of C42, the behaviour of this ap-
tamer can be attributed to the fact that researchers attempted to
make a DNA version of a RNA anti-lysozyme aptamer, proba-
bly due to a misinterpretation of the original table listing the
template DNA sequences.?228% followed also by non-rational-
ized sequence truncation. It has been shown that RNA and DNA
versions of an identical sequence can exhibit different behav-
iour, not interacting with the same ligands.?%33383°

CONCLUSIONS

The scientific community has recently become aware that
greater methodological rigor is needed to evaluate the real ana-
Iytical potential of aptamers. According to literature,82040
multi-technique strategies are essential to obtain a reliable char-
acterization of aptamer/target systems and avoid inconsistency
of results. For the characterization and validation of the ap-
tamer/target interaction, multiple technique combinations have
to be properly tuned, involving methods that (i) match or simu-
late the final aptamer application, (ii) rationalize and validate
the aptasensor mechanism. In the present study, a magneto apta-
assay was well suited to the final aim of developing magnetic
beads-based analytical approaches and was used to compare the
performance of different aptamer candidates, including nega-
tive and positive controls. Taking into account the influence of
the aptamer immobilization and aptamer/target labelling on the
binding event, label-free techniques and in-solution methods,
such as intrinsic fluorescence measurements and flow field-
flow fractionation proposed here, should be included for candi-
dates screening, selection and binding event characterization in
native conditions. In addition, if the final analytical method is
based on a target-induced conformational change of the ap-
tamer, this mechanism can be properly validated by circular di-
chroism spectroscopy.

Taking into account that lysozyme is one of the main analytical
targets of aptasensors, the present work represents the first
study aimed at investigating, through a multi-technique ap-
proach, the binding properties of different anti-lysozyme DNA
aptamers widely used in the literature for the development of
analytical methods. In addition to showing a lower than ex-
pected aptamer/protein affinity, the investigated DNA aptamers
behaved similarly to the negative controls, i.e. randomized and
polythymine sequences, allowing to clearly demonstrate that
the oligonucleotides can interact with lysozyme regardless of
their sequence.

This work moves in the direction of a growing list of published
articles calling for adequate and rigorous testing of candidate
aptamers with appropriate controls and exploring different
binding conditions, recognized as the unique way to advance
the aptamer field within the analytical scenario.
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Supporting experimental section

Chemicals and solutions. Magnesium chloride (MgCl,), ammonium bicarbonate (NH4sHCO3), L-
glycine, Trizma® base, Tween-20, ethanolamine (EA), N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), bovine serum albumin
(BSA), iodoacetamide (IAA), DL-dithiothreitol (DTT), sodium hydroxide, sodium chloride, 4-
morpholineethanesulfonic acid monohydrate (MES), hydrochloric acid, formic acid (FA), acetonitrile
(ACN), streptavidin-alkaline phosphatase from Streptomyces avidinii conjugate (Strep-ALP) and
lysozyme from chicken egg white were purchased from Merck (Milan, Italy). Monobasic potassium
phosphate (KH>PO4), di-potassium hydrogen phosphate (K:HPOs4), sodium phosphate dibasic
dodecahydrate (NaxHPO4-12H,0), potassium chloride and RNase free water were purchased from
Carlo Erba (Cornaredo, Milan, Italy). Hydroquinone diphosphate (HQDP) was provided by Metrohm
Italiana (Origgio, Varese, Italy).

Deionized water was obtained by Milli-Q element A10 system (Millipore, San Francisco, CA, USA),
and used for buffer solutions preparation.

The composition of the buffer solutions was as follows. MES buffer: 25 mM MES (pH 5); TRIS
buffer: 0.1 M Trizma® Base, 5 mM MgCl, (pH 7.4); TRIS-T buffer: 0.1 M Trizma® Base, 5 mM
MgCl,, 0.05% w/v Tween® 20 (pH 7.4); TRIS saline buffer : 20 mM Trizma® Base, 5 mM MgCl,,
0.1 M NaCl (pH 7.4); Phosphate Buffer Saline containing magnesium ions (PBS-Mg?"): 1.5 mM
KH;PO4, 8 mM Na;HPO4, 137 mM NaCl, 2.7 mM KCI, 1 mM MgCL (pH 7.4); Phosphate Buffered
Saline (PBS) was purchased as dry-blended powder from Thermo Fisher Scientific (Waltham, MA,
USA), having the following composition after dissolution: 0.1 M Na;HPOs, 0.15M NaCl (pH 7.2);
Tris Glycine Potassium (TGK) buffer: 25 mM Trizma® Base, 192 mM L-glycine, 5 mM K>HPO4
(pH 8.3).

RNase-free buffers were used in all experiments with the RNA aptamer.

The single stranded DNA sequences were purchased from Biomers.net (Ulm, Germany) whereas
C80RNA sequence was from Metabion (Carlo Erba, Milan, Italy). All the oligos were delivered in a
dried state, properly aliquoted to avoid repeated freeze/thaw cycles. The resuspension of the
lyophilized aliquots was carried out in milli-Q water for the DNA oligos whereas in RNase-free water
for C8ORNA to reach a 100 uM final concentration as recommended by the supplier. The stock
solutions were stored at -20°C.

Lysozyme biotinylation. Lysozyme biotinylation was performed using EZ-Link NHS-PEG4-
Biotinylation Kit (Thermo Scientific). Biotinylation reaction was carried out in PBS buffer at 1:5
(lysozyme: biotinylating agent) ratio, for 1 hour at room temperature under gentle stirring. The
biotinylated protein was purified by dialysis, using a regenerated cellulose membrane with cut-off of
10 kDa, under gentle stirring for 4 hours, refreshing PBS buffer after 2 hours. After dialysis, the
protein solution was centrifuged at 4 °C, 10000 rpm for 10 min and the supernatant was collected.
The concentration of biotinylated lysozyme was quantified by spectrophotometric analysis, using UV-
vis/NIR Lambda 750 Perkin Elmer spectrophotometer equipped with a diode array detector. The
calibration curve was constructed by analysing four concentration levels of lysozyme at 280 nm,
assuming the same molar extinction coefficient for the unmodified and biotinylated protein.
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Biotinylation grade was estimated by Flow Injection Analysis (FIA)-Mass Spectrometry (MS) using
HPLC Dionex Ultimate 3000 coupled with a linear ion trap (LTQ) mass spectrometer (Thermo Fisher
Scientific), equipped with an electrospray (ESI) source, operating in positive polarity. FIA-MS
analysis was carried out by injecting 10 pL of sample; three injections of biotinylated lysozyme were
performed. A mobile phase consisting of water with 0.1% FA (v/v) at a flow-rate of 200 pL min was
used. The conditions were set as follows: electrospray voltage of 3.5 kV, capillary temperature of 200
°C and capillary voltage of 20 V. Mass spectra were acquired in 5 min in full-scan mode (m/z 110-
2000 range).

Aptamer immobilization on magnetic beads. A volume of 4 uL of stock suspension (2 x 10° beads
mL, corresponding to approximately 30 mg mL™) of Dynabeads™ M-270 Carboxylic Acid (Life
Technologies Italia—Thermo Fisher Scientific) were diluted in 100 pL of MES buffer. MBs were
washed 2 times with MES buffer, then they were suspended in 200 pL of a solution containing EDC
and NHS, both at 25 mg mL™, for 30 min under shaking at 1500 rpm at room temperature using a
shaking heater block (Thermomixer®C, Eppendorf). Subsequently, MBs were washed with MES
buffer and suspended in a 2 uM aptamer solution. Immobilization time was set to 2 hours, working
at 26 °C under shaking (1500 rpm). After MBs washing with 100 uL of MES and 100 pL of TRIS
buffer, the functionalized MBs were incubated with 100 uL of EA (50 mM in TRIS buffer) to quench
the activated sites for 1 hour under shaking at 1500 rpm. MBs were washed with 100 pL of TRIS-T
buffer and 100 pL of binding buffer (PBS-Mg?*, TRIS saline or TGK) for two times, then they were
incubated with 200 pL of BSA 0.5% (w/w) as blocking agent for 1 hour at 26 °C, under shaking at
1500 rpm. Finally, MBs were washed twice with 100 pL of binding buffer.

The MB functionalization was studied by using the A40 sequence modified at 3’ with Cy3 performing
fluorescence measurements (Aexc=555 nm; Xem= 565 nm) with an Edinburgh FLS1000 fluorometer.
Different concentrations of A40-Cy3 were investigated for immobilization (200 nM, 500 nM, 1 pM,
2 uM) and the fluorescence signal from A40-Cy3 was acquired before and after immobilization of
the aptamer on MBs; the amount of immobilized aptamer was assessed by difference. For the
calculation, signals from the first two washing phases on modified-MBs were used to correct the
signal of supernatant after immobilization.
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Tables
Table S1. DNA and RNA sequences used in the present study. Variable regions are in bold, flanking
regions are underlined.

N ) Number
ame Sequence (5°-3”) of bases
AS0 AGCAGCACAGAGGTCAGATGGCAGCTAAGCAGGCGGCTCAC 20
AAAACCATTCGCATGCGGCCCTATGCGTGCTACCGTGAA

A40 GCAGCTAAGCAGGCGGCTCACAAAACCATTCGCATGCGGC 40
AROR AGCAGCACAGAGGTCAGATGACTATGTCGGCCGCAATGCCC 20
AGAGGCCACATACAAGCGGCCTATGCGTGCTACCGTGAA
80 GGGAATGGATCCACATCTACGAATTCATCAGGGCTAAAGAGT 20
GCAGAGTTACTTAGTTCACTGCAGACTTGACGAAGCTT
C30 ATCAGGGCTAAAGAGTGCAGAGTTACTTAG 30
C42 ATCTACGAATTCATCAGGGCTAAAGAGTGCAGAGTTACTTAG 42
CSOR GGGAATGGATCCACATCTACGAATTCAAGTGGATTAACTGTG 20
TAGACCGATAGACGTTCACTGCAGACTTGACGAAGCTT
PolyT40 TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT 40
cs0RNA | GGGAAUGGAUCCACAUCUACGAAUUCAUCAGGGCUAAAGA 20
GUGCAGAGUUACUUAGUUCACUGCAGACUUGACGAAGCUU
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Figure S1. Scheme of the magneto-electrochemical apta-assay based on MBs.
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Figure S2. DPV voltammograms obtained with non-functionalized MBs (blank) and A40-modified
MBs, in presence of the 20-mer sequence complementary to A40.
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Figure S3. Full-scan ESI(+)-MS spectrum of biotinylated lysozyme.
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Figure S4. Overlay of CD spectra of unmodified (black) and biotinylated lysozyme (red).
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Figure S5. Overlay of CD spectra of (a) A40 and (b) C42 before and after denaturation/refolding

experiments.
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Figure S6. Fluorescence titration curves of lysozyme (1 uM solution, Aexc = 298 nm) with (a) A40,
(b) C42 and (c) PolyT40 sequences in PBS-Mg2+ buffer. The concentration of aptamer varied from

0 to 20 uM.
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Figure S7. Fluorescence titration curves of lysozyme (1 uM solution, Aexc = 298 nm) with (a) A40,
(b) C42 and (c) PolyT40 sequences in TGK buffer. The concentration of aptamer varied from 0 to 20
HM.

S9



