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Surface plasmon resonance (SPR) is an optical, real-time and label-free technique which represents a
standard to study biomolecular interactions. While SPR signals are usually positive upon recognition, a few
cases of negative signals have been reported because of significant conformational transition of the
receptor upon the recognition of the target. In this study, we reported on the observation of negative or
null SPR signals for an aptamer recognition with its low molecular weight target. The introduction of a
spacer group for the aptamer immobilization led to a null SPR signal despite the device sensitivity and
effective target recognition (a Kp around 200 nM as demonstrated using a quartz crystal microbalance
with dissipation monitoring and isothermal titration calorimetry). We demonstrated that this unconven-
tional signal could be attributed to two opposite contributions: a positive one is afforded by the aptamer
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recognition and folding whereas a negative one results from the refractive index increment (RIl) deviation
upon the formation of the complex (ligand/analyte). We also demonstrated that the RIl deviation is sensi-
tive to the modification of the sequence flexibility and therefore depends on the anchoring procedure
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and the spacer length between the anchoring function and the site of recognition.

Introduction

SPR is an optical technique that measures changes in the
refractive index (RI) in close proximity to a metal surface. As
the RI depends on the composition and molecular weight of
molecules, this technique allows the detection of biomolecular
recognition events between analytes and a ligand immobilized
on the surface in real time and without analyte labelling.
While the detection of small molecules is still challenging,
thanks to the high sensitivity and optimal microfluidic system,
the latest generation of devices enables the monitoring of
interactions involving such molecules. Indeed, the number of
fragments or small molecules screened and characterized
using SPR has dramatically increased during the last decade.’
Usually, upon analyte interaction with the immobilized ligand,
positive signals are measured with an intensity concordant
with the values defined by Wilson’s formula.> When null SPR
signals are recorded, a non-interaction is usually considered.
Moreover, in some specific cases, the SPR responses could be
enhanced®® or on the contrary could be negative®*™* depend-
ing on the interaction mechanism. Such unexpected signals
are usually observed when the ligand immobilized on the
surface undergoes a significant conformational transition
upon analyte recognition, ie. folding®”*® or stretching.’™?
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Indeed, in addition to its composition, the structural confor-
mation of a protein has been recently identified as a parameter
that could influence its refractive index increment (RII)."* As a
consequence, for recognition systems involving the significant
conformational transition of one partner, the additivity of the
RII (the ligand/analyte RII equal to the sum of the target and
ligand RII) no longer applies: a deviation of the ligand/analyte
complex RII is observed in solution."® This RII non-additivity
has also been demonstrated on the surface.'® To date, predic-
tion of the RII deviation is not possible considering only size
variations as initially proposed by Gestwicki et al® Indeed,
negative SPR signals and thus negative RII deviations were
reported for calcium binding protein stretching or folding®
Moreover, aptamer folding can also induce positive'® or nega-
tive'® RII variations. Indeed, we have recently demonstrated
that the recognition of a low molecular weight target
(i-tyrosinamide, 1-Tym) by a 49-mer aptamer attached on the
surface through biotin/streptavidin binding®'*'° led to a posi-
tive RII deviation and so an enhancement of the SPR signals
was observed. On the contrary, 1-Tym recognition by a shor-
tened aptamer sequence (23-mer) anchored on the surface via
thiol-gold interaction gave negative RII deviation and negative
sensorgrams were recorded upon interaction.”® For this latter
aptamer, a 6 thymine spacer was included between the thiol
anchoring function and the recognition sequence. In order to
further identify the parameters influencing the RII deviation
among the length of the aptamer sequence, the spacer length
and the anchoring procedure, we report herein a study of
t-Tym recognition by the 23-mer aptamer sequence immobi-
lized on a streptavidin platform under various conditions. We
demonstrated that the SPR signal was affected by the immobil-
ization mode (a biotinylated aptamer adsorbed on a 2D strep-
tavidin monolayer versus a thiolated aptamer directly adsorbed
on a gold surface) and by the presence of a spacer between the
anchoring function and the recognition sequence of the
aptamer. The signal could be negative or even null despite the
occurrence of target recognition. This variation was explained
by the modification of the RII deviation which is sensitive to
parameters affecting the flexibility of the recognition
sequence.

Materials and methods
Solutions

All aqueous solutions were prepared with ultrapure water
(Purelab UHQ Elga). (11-Mercaptoundecyl)hexa(ethylene
glycol) biotinamide (HS-(CH,);;-EGe-biotin) was purchased
from Prochimia (Poland). All the other chemical products
(NaCl, MgCl,, Tween 20, Trizma base, (11-mercaptoundecyl)
tetra(ethylene glycol) (HS-(CH,),1-EG,-OH)) were purchased
from Sigma-Aldrich. Running buffer (20 mM Trizma base,
50 mM NaCl, 5 mM MgCl,, Tween 20, 0.5% v/v, pH = 7.5) in
ultrapure water was used as the buffer in each experiment.
This composition was previously optimized.*”
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Oligonucleotide synthesis

The syntheses of the .-Tym aptamer (5-TGT GGT GTG TGA
GTG CGG TGC CC (Y),-Biot-3', where Y represents the
nucleotide that is used as spacer (T or A), n the number of
nucleotides and Biot the biotin moiety with triethylene
glycol (TEG), similar to the one selected by Vianini et al.'®)
and a random sequence (5-ATG ACC CTA CCT GCT GAT GCG
TA Biot-3') were performed on a 3'-BiotinTEG-CPG resin as
previously reported.'® The length of the spacer was modu-
lated by the number of thymines, either 0, 3, 6, 9 or 16. The
number of adenines was 6. The aptamers are noted as Apt,;-
Tx-Biot or Apt,;-As-Biot, with X being the number of thymine
groups.

Sensor chip surface generation

Upon removal from storage at 4 °C, the bare gold sensor chip
was rinsed with ultrapure water, dried through a nitrogen
gas stream and exposed for 10 min to UV-ozone cleaning
(model 42-220, Jelight Company Inc.). The cleaned gold
surface was then dipped overnight in the mixture solution of
thiols (90% of 1 mM HS-(CH,);;-EG,-OH and 10% of 1 mM
HS-(CH,)11-EGg-biotin) in ethanol. Next, the surface was care-
fully cleaned with ethanol and dried over gaseous nitrogen.
It has been demonstrated that 10% of biotinylated thiol is
necessary to obtain a streptavidin layer with maximum
surface coverage.'® The functionalized gold sensor chip was
mounted on the sample holder for immediate usage by
QCM-D or SPR.

Quartz crystal microbalance with dissipation monitoring
(QCM-D) measurements

QCM-D measurements were performed using Q-Sense E1 or E4
instruments (Biolin Scientific) equipped with one or four flow
modules, respectively. In addition to measurement of the
bound mass, which is provided by changes in the resonance
frequency, f, of the sensor crystal, the QCM-D technique also
provided structural information for biomolecular films via the
changes in the energy dissipation, D, of the sensor crystal.
f and D were measured at the fundamental resonance fre-
quency (4.95 MHz) as well as at the third, fifth, seventh, ninth,
eleventh, and thirteenth overtones (i = 3, 5, 7, 9, 11 and 13).
Normalized frequency shifts Af = Af;/i and dissipation shifts
AD = AD; were presented.

Experiments were conducted in a continuous flow of
running buffer without Tween 20 with a flow rate of 50 uL
min~' wusing a peristaltic pump (ISM935C, Ismatec,
Switzerland). The temperature of the QCM-D platform and all
solutions was stabilized at 25 °C to ensure stable operation. All
buffers were previously degassed in order to avoid air bubble
formation in the fluidic system. For each aptamer, at least two
independent experiments were performed on new surfaces. At
least six concentrations of L-Tym solution were injected on
each surface. The frequency variation of the 7™ overtone for
each concentration was taken 10 minutes after injection of the
t-Tym and averaged over 2 minutes.

This journal is © The Royal Society of Chemistry 2022
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Surface plasmon resonance measurement

All SPR measurements were performed at 25 °C in a four flow-
cells Biacore T200 instrument (Cytiva). The experimental con-
ditions were similar to those previous reported.'*"®

Recognition experiments. Briefly, streptavidin (20 pg mL™")
was injected onto the biotinylated surface at 30 pL min~" for
15 min until it reached saturation of the SPR signal closed to
2000 RU. Random DNA sequences and aptamer solutions were
then injected into the reference and sample channels respect-
ively, at a flow rate of 2 pL min~". The injection time of the
oligonucleotide sequences was adjusted to control their areal
density. L-Tyrosinamide was injected for 2 min at a flow rate of
30 uL min~" at different concentrations and the flow cells were
then rinsed with the running buffer (RB) for 3 min. The signal
recorded on the scramble reference channel 1 was subtracted
from the signal of the sample channels 2, 3 and 4 to correct
the refractive index difference between the RB and the injected
solutions.”® The interaction was completely reversible, and no
regeneration step was required. For Apt,;-Ty-Biot, 6 sensors
with three aptamer surface densities were used to obtain 18
surface densities of the aptamer tested. For the other apta-
mers, 3 sensors were used to test 12 surface densities of the
aptamer.

Aptamer RII determination. The gold sensor surface was
rinsed with water, dried using a nitrogen gas stream, and
cleaned via 10 min of UV-ozone irradiation. The cleaned gold
surface was then dipped overnight in a thiol solution of 1 mM
HS-(CH,)1;-EG,-OH in ethanol. The surface was carefully
cleaned with ethanol and dried with nitrogen. After thiol
functionalization, the gold sensor chip was mounted inside
the instrument and incubated in running Dbuffer.
Measurements were performed at 30 L min~", and the analyte
solutions were injected for 60 s.

Isothermal titration microcalorimetry

ITC experiments were performed with an ITC200 titration
calorimeter (Malvern). The experiments were carried out at
25 ©°C. All compounds were dissolved in running buffer
without Tween 20. The aptamers were placed in the microca-
lorimeter cell (200 pL) at a concentration of 25 pM. A total of
20 injections of 0.5 pL for the first and 2 pL for the other injec-
tions of r-tyrosinamide at a concentration of 250 pM were per-
formed with an interval of 120 s between each injection while
stirring at 750 rpm. The experimental data were fitted to a
theoretical titration curve using the Microcal PEAQ-ITC ana-
lysis software, with AH (enthalpy change) and K, (equilibrium
association constant) as the adjustable parameters. The equili-
brium dissociation constant (Kp) and the entropy contri-
butions (TAS) were derived from the previous ones. Two inde-
pendent titrations were performed for each aptamer tested.

Results and discussion

Previous studies reported on the recognition of L-Tym by a
49-mer aptamer. This aptamer was further sequentially trun-

This journal is © The Royal Society of Chemistry 2022
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cated at both ends to identify a minimal binding sequence
(MBS) able to recognize r-Tym. The resulting MBS was a
23-mer corresponding to the Apt,o truncated at it 5 end.
Moreover, it has been demonstrated that the recognition is an
induced-fit process, i.e. the binding of the target first occurs
with the unstructured aptamer and thus triggers its folding
somehow directed from the 5-end to the 3’end.** An increase
in the affinity for .-Tym was obtained for the MBS compared
with the Apt,o."”?' SPR analysis of the recognition of L-Tym by
these immobilized aptamers allowed demonstration of the
non-additivity of the refractive index increment (RII) upon the
t-Tym/aptamer recognition as reported by Bornhop et al. for
interaction in the solution involving large structural or
hydration modification of one of the partners.'® The structural
modification of the aptamer upon recognition induced a RII
deviation for rL-Tym/Apt,o-To-Biot recognition that enhanced
the SPR signal while negative signals were observed for the
L-"Tym/Apt,;-Ts-SH one.'*'° Since the affinity of this aptamer is
closely linked to the efficiency of its conformational transition,
parameters affecting affinity could also impact the RII devi-
ation of the aptamer.

Influence of the aptamer length — Apt,o-To-Biot vs. Apt,;-Ty-Biot

To explore the influence of the aptamer length on the RII devi-
ation, an SPR study of L-Tym recognition of the MBS was per-
formed using the same immobilization procedure as used for
the Apt,o-To-Biot.®'®*> Monolayers of the anti-.-Tym aptamer
and its corresponding scramble sequence (used as a negative
control for the reference surface) were formed through strepta-
vidin-biotin interaction. First, the gold surface was functiona-
lized ex situ by co-adsorption of two pegylated alkanethiols,
one exhibiting a biotin terminal group while the other is a
hydroxyl terminated alkanethiol. The pegylated function was
introduced to shield the surface from nonspecific adsorption
while a 20% molar ratio of biotinylated thiol was selected to
allow the formation of a saturated streptavidin (SA) layer.??
After immobilization of the SA on the thiol layer, the biotiny-
lated aptamers were adsorbed on the SA layer. This architec-
ture has already demonstrated its excellent stability and the
appropriate orientation of the biomolecule toward the solu-
tion?® for the study of different kinds of biomolecular reco-
gnition system.>*

The recognition was first evaluated on a SA surface satu-
rated with Apt,;-Ty-Biot. Injection of the Apt,;-Ty-Biot on the
SA platform led to a saturation signal of 480 RU. According to
Jung’s equation (see the details of the calculation in the ESI,
eqn (SI-1) and (SI-2) and Fig. SI-1}), this signal corresponds to
a surface density of around 4 pmol cm™2, similar to the one
obtained for Apt,;s-To-Biot on the SA layer.”” Indeed, the
surface density in small biotinylated ligands is governed by the
SA binding sites directed to the solution.?®

Simultaneous injection of 1-Tym was then performed on
the aptamer layer and on the scramble one. After a double-
reference-subtraction procedure,”® the SPR signals for the
aptamer layer were found to be negative (Fig. 1A) while the
maximal SPR expected was around 11 RU according to the
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Fig. 1 (A) Sensorgrams recorded during the interaction of L-Tym (con-

centrations ranging from 10 nM to 25 pM) on the active flow cell after
the double-reference-subtraction procedure for Apt,z-To-Biot. (B)
QCM-D signals (i = 7) recorded during the exposure of L-Tym solution
(at concentrations between 0.05 and 10 pM) with an Apt,3-To-Biot func-
tionalized transducer surface. (C) Thermodynamic equilibrium constant
determined by SPR. The response was measured 4 s before the end of
the L-tyrosinamide injection on sensorgrams presented in (A); the red
line is the fitting using a 1: 1 interaction model. (D) Variation of the equi-
librium dissociation constant Kp obtained by SPR according to a 1:1
interaction model: values obtained from a steady-state analysis (red tri-
angle) and from a kinetic analysis of the sensorgrams (black ring).

Wilson equation (see Eqn (SI-3)f and Table 1). The latter
expected value was calculated with the hypothesis that all the
aptamer recognized the target. It should be noted that if all
the aptamer was not accessible for recognition it would induce
a weaker maximal signal but not a negative one. Commonly,
the untreated SPR signals on the active flow cell first increase
due to the RII of the injected solution, known as the bulk
effect (also observed on the reference surface) and then a posi-
tive curvature is observed due to the target recognition (that
should not be observed on the reference surface in the
absence of non-specific recognition). After the double subtrac-
tion procedure, the bulk effect is cancelled and the SPR
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signals increase as they are only related to the recognition. In
the present case, square profiles of the sensorgrams with a
response increasing with the concentration of r-Tym were
recorded on the scramble surface (Fig. SI-2At). These signals
confirmed the absence of non-specific interaction between
t-Tym and the scramble layer and are attributed to the differ-
ence in refractive index increment between the RB and the
injection solution as previously detailed.®* However, the raw
signal recorded upon t-Tym injection on the aptamer surface
led to unexpected profiles on the sensorgrams. Indeed, the raw
signals decreased for r-Tym concentration from 10 nM to
25 pM and it should also be noted that after an initial
increase in the signal due to the bulk effect, the curvature of
the signal was negative (Fig. SI-2B and Dt). For 1-Tym concen-
trations above 25 puM, raw SPR signals increased (Fig. SI-2C
and Df).

For low 1-Tym concentrations, the effect of RII variation of
the solution was negligible, and the signal depended only on
the recognition process: target recognition and structural
conformation variation. The unconventional signals observed
on the raw active surface could be mainly attributed to the
structural conformation variation of the aptamer upon reco-
gnition, whose contribution to the SPR signal is predominant
for concentrations up to 25 pM (Fig. SI-2Bf). For concen-
trations above 25 pM, the SPR signals increased due to the
non-negligible contribution of the refractive index of the
1-Tym solution at these high concentrations (Fig. SI-2C and
Df). Similar behavior has been reported by SPR for r-Tym
recognition by Apt,;-Te-SH immobilized on a gold surface
with the raw signal on the active flow cell being negative.'®
With Apt,;-Ty-Biot, the raw signals remained positive or null
due to a lower contribution of the structural conformation
variation, and after the double subtraction procedure, the
SPR signals became negative.

Injection of p-Tym led to a square profile on both flow cells
and to a null signal after the double referencing procedure
(Fig. SI-31). The latter result confirmed that the recognition is
enantiomeric.

The negative sensorgrams recorded for r-Tym injection
were thus attributed to the conformational transition of the
aptamers. Indeed, the conformation transition of Apt,;-T,-Biot

Table 1 Molecular weight and optical properties of the different aptamers used in this study

Apt,;-Te-Biot Apt,3-As-Biot Apt,;-To-Biot Apt,;-T;,-Biot

Ligand Apt,;-To-Biot Apt,;-Ts-Biot
MW, (g mol™) 7728 8641

(dn/dc)’ (em® g™ )* 0.252 0.190

B =MW, (dn/dc) y/ MWy (dn/dc)', 0.0307 0.0274

Rumax (RU),” Wilson’s equation 10.7 12.7

Rumax (RU),° Dejeu’s equation considering 12.8 14.8

only folding of the aptamer

9553 9607 10 466 11378
0.238 0.245 0.193 0.196
0.0184 0.0247 0.0226 0.0208
9.1 8.9 10.3 9.4
11.2 10.9 12.3 11.4

“The RII values was determined using SPR in solution as previously described"*** (see eqn (SI-3) and details in the ESI - Fig. SI-1). The RII
value was measured using the aptamers without the biotin function for Apt,;-Ts 13 and Aptys-Ag (ESTH). b Calculated for a saturated aptamer layer
(RU, = 500 RU). These values also correspond to the maximal SPR signals expected from Dejeu’s equation considering no folding of the aptamer
and no RII deviation, ie. with p and x equal to 1 and 0 respectively in eqn (1).  Calculated on a saturated aptamer layer (RU;, = 500 RU) consider-
ing aptamer folding and no RII deviation, i.e. with p and x equal to 0.73 (ref. 13) and 0 respectively in eqn (1).
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was confirmed by circular dichroism (CD) (Fig. SI-4Af). As
expected, the introduction of a biotin residue at the 3’ aptamer
extremity did not hamper the folding of the MBS upon r-Tym
in solution.”" To confirm that the structural modification still
occurred after immobilization of Apt,;-T,-Biot on this SA plat-
form, the same experiment was performed using QCM-D as a
non-optical transducing technique. The aptamer and the
scramble were immobilized on gold according to the same pro-
cedure. No significant QCM-D signal variations were observed
for 1 mM r-Tym solution on the scramble surface (Fig. SI-5AT),
confirming the absence of nonspecific recognition of L.-Tym on
the reference surface, as observed by SPR. The QCM-D
responses of the aptasensor for .-Tym concentrations ranging
from 10 nM to 500 pM gave signals of increasing magnitude
(Fig. 1B). These signals were weak (about 1.8 Hz at 10 pM
L-Tym concentration) but exploitable. As for the Apt,o-T,-Biot,
instead of negative shifts in frequency corresponding to
binding of the analyte, positive shifts in frequency and nega-
tive shifts in dissipation (blue and red curves in Fig. 1B,
respectively) were measured. These results confirmed that
t-Tym binding induces a folding of the aptamer that promotes
a decrease in the Apt,;-Ty-Biot layer thickness, corresponding
to a release of water and thus a loss of mass from the sensing
layer.'®?? This behavior was also reported in the literature in
the case of the binding of calcium ions to a calmodulin-func-
tionalized surface.®

The SPR experiments allowed determination of the equili-
brium dissociation constant K, 1.2 + 0.5 pM (Fig. 1C), while
an apparent Kp of 3.3 + 0.9 pM was determined using
QCM-D*?? (Fig. SI-5Bt). Indeed, the K;, value obtained using
QCM-D should be considered as an apparent K, as it was
indirectly obtained from the quantification of the expelled
water upon r-Tym binding.>* To identify the impact of the
immobilization procedure on the recognition event, evaluation
of the interaction on solution by isothermal titration microca-
lorimetry (ITC) measurements was performed under the same
experimental conditions, i.e. buffer composition and tempera-
ture (Fig. SI-6A and Table SI-1f). A Kp, value of 0.42 + 0.02 uM
was obtained This value is close to those determined pre-
viously in solution for this MBS: 0.3 uM, 0.8 pM and 0.4 uM by
ITC, electrochemical titration and fluorescence polarization,
respectively, at 20 °C in a slightly different buffer (10 mM Tris,
50 mM NaCl and 10 mM MgCl,).>* The lower affinity observed
for the immobilized aptamer could be linked to steric hin-
drance that hampers the optimized structural transition of the
recognition sequence. Steric hindrance could originate from
the proximity of the other aptamer on the SA layer or from the
proximity of the MBS to the SA layer.® Indeed, previous studies
have demonstrated that the recognition efficiency of immobi-
lized aptamers could be improved by variation of the immobi-
lized molecule density depending on the recognition
partners®>”?® or by the introduction of a spacer between the
anchoring function and the aptamer sequence in order to
move it away from the surface.”>> The impact of the two
latter parameters on the affinity and on the RII deviation was
thus studied.

This journal is © The Royal Society of Chemistry 2022
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Influence of the aptamer density

To improve the affinity between 1-Tym and the immobilized
Apt,;-Ty-Biot, the aptamer surface density was decreased by
adjusting the immobilization time. QCM-D was not sensitive
enough to obtain exploitable signals when the aptamer surface
density was decreased. However, using SPR, negative sensor-
grams were also obtained for lower Apt,;-Ty-Biot surface den-
sities (Fig. SI-7f). The surface density of Apt,s-Ty-Biot has a
weak influence on the Ky, (Fig. 1D) as well as on the kinetic
constants of the interaction (Fig. SI-8t). Indeed, regardless of
the Apt,;-To-Biot surface density, the Ky was near 1.2 + 0.5 uM;
the kinetic dissociation and association constants were almost
constant and close to 0.02 s~' and 1.8 x 10* M™' s™, respect-
ively. These kinetic constants were concordant with the values
obtained in solution using the kinetic rotating droplet electro-
chemical method or kinITC: k.; around 0.02 s™' and k,
2.2-5.5 x 10* M~ s7".*! Interestingly, Apt4o-Ty-Biot immobi-
lized on SA exhibited a better affinity for .-Tym at lower surface
densities. Indeed, an increase in the k,, from around 400 M™*
s' to 1500 M~' s7" upon a decrease in the aptamer density
was observed while the k. remained constant around 0.04
s.% In contrast to what was observed for Apt,y-T,-Biot, a
decrease in the surface density did not improve the affinity of
this shorter sequence. Apt,;-To-Biot grafted on the streptavidin
platform seemed to be spaced enough to rule out interligand
steric hindrance, even at the highest aptamer surface density.

Influence of the linker length

Another option to improve the affinity of an immobilized
aptamer is to take away its recognition sequence from the
surface. Indeed, recognition of L-Tym by the thiolated MBS
(Apt,3-Te-SH) immobilized on gold required the addition of a
T spacer.”! Moreover, a lower equilibrium dissociation con-
stant (0.2 pM)"*?! was determined for Apt,;-Ts-SH compared
with the present immobilization of Apt,;-Ty-Biot on the SA
layer (1.2 pM).

The proximity between the aptamer and the streptavidin
platform could reduce the flexibility of the aptamer sequence
and hamper its structural modification upon target reco-
gnition. Indeed, a previous experiment in solution has demon-
strated that the affinity of the 3’ biotinylated MBS decreases by
a factor of 5 when linked to avidin.*! On the surface, this effect
should be exacerbated. As a consequence, we studied the
impact of a poly(dT) spacer length by varying the thymine
number from three to twelve (T3, Ts, To and Ty,; Fig. 2). The
chemical nature of the spacer was also evaluated by replacing
the thymine spacer with an adenosine one (T, replaced by Ag).
Indeed, the influence of poly(dT) spacers vs. poly(dA) was
reported for aptamer immobilization on glass.*° It should also
be noted that poly(dA) groups can act as an anchoring func-
tion on the gold surface.****

First, ITC measurements demonstrated that the introduc-
tion of the spacer has a weak impact on the recognition in
solution (Fig. SI-6 and Table SI-1t). The Ky, value (Fig. 2, blue
circle) varied slightly from 0.42 uM to 0.13 uM upon increasing
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Fig. 2 Influence of the poly(dT) spacer length on the apparent dis-

sociation equilibrium constant Kp, ,pp Obtained from QCM-D (black
square) experiments. The red triangle corresponds to the Kp .., value
obtained by QCM-D for Apt,3-Ag-Biot. The purple star corresponds to
the Kp value obtained by SPR for Apt,3-To-Biot.

the linker length (between T, and Te) and changed to 0.26 uM
upon replacing Ts with Ae. For all spacers, a high negative
enthalpic contribution is associated with a major contribution
of the entropy term that mainly originates from the significant
conformational and dehydration changes. The CD spectra also
confirmed that a conformation transition upon r-Tym reco-
gnition still occurred in solution in the presence of the spacers
(Fig. SI-47).

The immobilization of the MBS with the different spacers
was first performed on the saturated SA layer. For all the
spacers, the QCM-D responses depended on the t-Tym concen-
trations (Fig. SI-97) and confirmed the recognition of .-Tym by
the MBS. Folding of the aptamer was still operating, as
depicted by the increase in the resonance frequency and the
decrease in the dissipation (Fig. SI-91). The QCM-D signal
recorded with the different 1-Tym concentrations was weak,
whatever the length and the composition of the spacer, but
allowed an estimation of the apparent Ky, for each spacer used
(Fig. SI-9 to SI-11 and Table SI-27).

As shown in Fig. 2 (black square), a decrease in the Kp app
of up to 0.2 pM was observed when a spacer was introduced
between the MBS and the anchoring function. Replacement of
the T¢ spacer with an A spacer had no influence on the
affinity as a similar Kp ,p, value was determined. This obser-
vation suggested that poly(dT) and poly(dA) were not part of
the recognition sequence but that they impacted the reco-
gnition by taking away the MBS from the SA layer.
Interestingly, the Kp,.,, obtained using the Tg spacer was
similar to the one measured in solution using ITC. This result
suggested that the Ts spacer almost removed the influence of
steric hindrance resulting from the close proximity of the MBS
to the SA layer. The addition of a spacer moved the MBS away
from the SA platform, resulting in an improvement in the
apparent measured affinity. These results supported the idea
that without a spacer, the MBS was too close to the streptavi-
din layer, which impeded its folding for target recognition.
Indeed, in the domain of aptasensors, spacers are usually
added to separate the recognition sequence of aptamers from
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the surface in order to improve either the response of the
transducer and/or the affinity.>**>*°77 As an example, Martin
et al. studied the influence of various spacer lengths and com-
positions on the recognition capacity of aptamers against
immunoglobulin E, thrombin and riboflavin. They demon-
strated that poly(dT) linkers are quite efficient spacers for the
different aptamer/target pairs in comparison with poly(dA),
poly(dC) and poly(dG) linkers. They also identified that a
minimal spacer length may be required for reliable binding
data to be obtained.*® Poly(dT) spacers were also preferred to
dodecyl ones for the recognition of two aptamers against
thrombin.?" Other types of spacers are also reported in the lit-
erature and reveal that depending on the surface, the structure
and length of the spacer need to be investigated for each
aptamer/target pair.>® It should be noted that spacer lengths
are also reported to modulate the affinity of other recognition
systems.>®*™° Concerning the present MBS/i-Tym recognition
system, even in solution, the presence of the bulky anchoring
function alters the recognition of .-Tym by hampering the con-
formational transition.* This steric hindrance is thus exacer-
bated on the surface and a spacer is required to minimize it.
Given the results presented in Fig. 2, the Ty spacer seems to be
optimum in our case as no further decrease in Kp,pp is
observed for the addition of a Tq or T, spacer.

SPR experiments were performed on the same saturated
sensing layers. The sensorgrams in Fig. 3A-D show the effect
of the thymine spacer length for an aptamer immobilization
level close to 500 RU and L-Tym concentrations ranging from
10 nM to 25 pM.

No variation in the SPR signal was observed during r-Tym
injection on the saturated Apt,;-T,-Biot layer (Fig. 3) and on
Apt,3-Ag-Biot layer (Fig.-SI-12t). The absence of a signal could

4
4
A B
S =)
Z 2 z ?
[
2 o 2 o
c c
g 2
) 2
(] [}
4 [v4
41 44
4100 0 100 200 300 400 500 600 000 0 100 200 300 400
Time (s) Time (s)
c ¢ D 4
= —
= 2 2
g Y E
o © My
2 o g o0 T
c P x
<] o Vo
8 o
n 2 n 2
3 4
4 14

100 200 300 400 500
Time (s)

44 44— -
-100 0 100 200 300 400 500 600 -100 0

Time (s)

Fig. 3 Sensorgrams recorded during the interaction of L-Tym (concen-
trations ranging from 10 nM to 25 pM) on the active flow cell after the
double-reference-subtraction procedure for: (A) Apt,3-Ts-Biot, (B)
Apt,3-Ts-Biot, (C) Aptas-To-Biot and (D) Aptoz-Tiz-Biot. T = 25 °C. Flow
rate: 30 uL min~l. Sensorgrams for Apt,s-Ag-Biot are presented in
Fig. SI-12.%
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not be attributed to the absence of recognition since an
affinity of up to 250 nM was measured for the Apt,;-T,-Biot by
QCM-D using the same immobilization procedure. Moreover,
the sensitivity of the SPR device was adequate to detect the cal-
culated maximal SPR signal according to the Wilson formula
(from 8.9 to 12.7 RU, eqn (SI-2)f and Table 1)* related to this
interaction. This intensity increased from 10.9 to 14.8 if the
aptamer folding was considered. However, while variations of
signals were observed on both reference and active flow cells
(Fig. SI-131), the SPR responses after the double-reference-sub-
traction procedure were almost null whatever the r-Tym con-
centration (Fig. 3). A possible explanation could be that the
addition of a spacer between the MBS and the biotin function
could generate steric hindrance between aptamer strands on
the SA layer. Experiments were thus performed with lower
surface densities of aptamer and no signal variations were
observed whatever the Apt,;-T,-Biot density used (data not
shown).

Influence of RII deviation

As recently demonstrated, the non-additivity of the RII could
be observed for recognition events involving a structural
rearrangement of one of the partners as suggested by
Bornhop'® for interactions in solution or by Dejeu for inter-
actions on the surface.'® So the negative SPR signal for Apt,;-
To-Biot as well as the null ones for Apt,;-Tx-Biot could be
explained by the occurrence of two opposite effects: (1) an
increase in the signal due to the target recognition and the
aptamer folding that is counterbalanced by (2) a decrease in
the signal triggered by a negative RII deviation from the sum
of the RII of the individual entities for the r-Tym/aptamer
complex formation.'® Indeed, the folding of the aptamer
should also contribute to an enhancement of the signal of
around 2 RU for each aptamer layer at saturation (Table 1, and
Fig. SI-14 and SI-157)."°

To obtain a concordance between the experimental
maximal SPR response and its expected value, Dejeu’s relation-
ship was used to calculate the RII correction factor x of the
L-Tym/aptamer complex RII (see eqn (SI-4) to (SI-6)T):

_rdy

11—e %
RUAmax :RUL 7@(,6 XV+1 -l-x) -1 (1)
1—e %

where RU, _ is the expected maximum response at a single
site, RU;, is the aptamer immobilization level, d, is the
effective penetration depth of the SPR wave (175 nm), d;, and
dia are the thickness before and during the interaction
respectively, p is the folding ratio of the aptamer (p = dpa/dy),
p = MW, (dn/dc)'y/MWy, (dn/dc)y, is the ratio of the mass-
weighted RII of the analyte versus the ligand and V is the
valency, i.e. the ratio number of analytes per the number of
ligands involved in the recognition (V = 1 in the present
system>'). MW, and MW, are the molecular weights of the
injected analyte (1-Tym, 180.2 ¢ mol ") and of the immobilized
ligand (aptamer, see Table 1), respectively. (dn/dc)'s and (dn/
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dc)y, are the refractive index increments (RII) for the analyte
(1-Tym, 0.219 cm® ¢7)'® and for the ligand (aptamer) deter-
mined by SPR* (see Table 1, Fig. SI-1, eqn (SI-1)f), respect-
ively. For the 23-mer sequence, d;, = 5.2 nm, p = 0.73 as pre-
viously reported and discussed."?

The correction factor x was calculated from the Dejeu
relationship for all the aptamer layers at each surface density
(Fig. SI-14 and SI-157) and is presented in Fig. 4 as a function
of the spacer length. Negative sensorgrams obtained for the
Apt,;-Ty-Biot could be attributed to a negative RII deviation of
around -4.2% (Fig. 4), whatever the surface density is
(Fig. SI-14%). This result is in agreement with the similar
affinity measured for each surface density, suggesting that the
conformation transition of the aptamer was not hampered by
lateral steric hindrance on the SA layer.

The RII of Apt,;-To-Biot was modified from 0.252 cm® g™ to
0.241 cm® g~ ' upon interaction with 1-Tym. When a spacer was
incorporated, the null SPR signal could be explained by an x
variation between —2.0% and —2.7% depending on the length
of the poly(dT) spacer. The RII of the aptamer shifted from
0.190 cm® ¢7' to 0.185 cm® g~ for a T; spacer and from
0.196 cm® g~* to 0.192 cm® g* for a Ty, spacer when it was
complexed with the target. A value of —2.0% must be con-
sidered for Apt,;-Te-Biot. It seems that this parameter reached
an asymptotic value of near —2%, which is correlated with an
optimal Kpapp Of near 0.2 pM. Replacement of the Ts spacer
with an Ag spacer also leads to null sensorgrams (Fig. SI-12+).
Thus, Apt,;-As-biot undergoes a RII deviation similar to Apt,s-
Te-Biot upon interaction with t-Tym. It is noteworthy that a
negative RII deviation upon interaction between Apt,;-Ts and
1-Tym was also previously highlighted in solution."® To further
demonstrate the RII deviation, determination of aptamer RII
alone (Table 1) and complexed with L-Tym was performed in
homogeneous media using SPR (Fig. SI-1f). To perform this
experiment, the aptamer was first injected alone at different
concentrations on a gold surface coated with HS-(CH2),,-EG,-
OH to avoid nonspecific adsorption on the surface (Fig. SI-1}
(full point)). Then similar injections of aptamer, at 100 uM,

2 é i "

x (%)

4

-5 T T T T T T T

Fig. 4 Influence of the spacer length on the deviation factor x of the
aptamer Rl defined by Dejeu’s equation.'® The red triangle and the full
black squares correspond to spacers composed of adenosine and
thymine respectively.
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Fig. 5 SPR response recorded for the injection of Apt,3 bearing various
spacers on a gold surface protected by a pegylated self-assembled
monolayer. (Plain) 100 yM of aptamer; (hatched) 100 pM of aptamer
with 1 mM of L-Tym in running buffer. T = 25 °C. Apt,3-Ts (Red), Aptas-
Te (Blue),® Aptos-Ag (green).

were performed in the presence of L-Tym at 1 mM to ensure
total complexation of the aptamer strands (Fig. SI-1 (open
circle)). A decrease of the SPR signal for Apt,;-T;-Biot and
Apt,3-Ag, in solution in the presence of 1-Tym 1 mM suggested
that a negative RII deviation also occurred in solution (Fig. 5),
as already observed for Apt23-T3-SH.13

Interestingly, the RII deviation on the surface is also depen-
dent on the immobilization mode. Indeed, for the Apt,;-Ts
sequence, a deviation of —2.0% is here calculated when a
streptavidin/biotin coupling is used while a deviation of
—2.8% was calculated for this sequence immobilized via a
direct thiol coupling on a gold surface."” Indeed, a subtle
change in the flexibility of the MBS, in solution or on the
surface, generates modification of its RII upon r-Tym reco-
gnition. These results are in agreement with the work of
Khago that demonstrated that the RII of proteins also depends
on their conformation." They have also observed a positive
correlation between the solvent-exposed surface area of
hydroxyl groups and the deviation from predicted dn/dc values
for proteins suggesting that protein hydration also plays a role
in the RII value."*

Conclusion

In this study, we have demonstrated that unconventional SPR
signals, negative or null, could be observed for the recognition
of a small analyte by the same aptamer sequence depending
on its immobilization mode. Indeed, the aptamer undergoing
a conformation transition upon interaction generates non-
additivity of the RII that impacts the SPR signal. The positive
contributions to the SPR signal by the target capture and the
reduction of the aptamer layer thickness were compensated
for by a negative RII deviation induced by the conformational
transition of the aptamer. This latter contribution is domi-
nated by a negative deviation of the aptamer RII during the
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recognition which is a function of the length of the spacer
group used between the anchoring function and the aptamer
sequence. We demonstrated that parameters affecting the flexi-
bility of the recognition sequence, such as the aptamer length
and the immobilization procedure by means of the anchoring
function (thiol or biotin) and the length of the spacer (poly
(dT) or poly(dA)), modify the RII deviation and consequently
the SPR signal. Indeed, the introduction of a poly(dT) or a poly
(dA) spacer led to a null SPR signal despite a recognition con-
firmed by QCM-D and the expected measurable SPR signals.
The present model was validated with the MBS/t-Tym reco-
gnition system and should now be enlarged to other bio-
molecular recognition systems undergoing significant confor-
mational or hydration modifications upon interaction.
Nevertheless, these results offer new insight into the impact of
the non-linearity of RII induced by significant conformational
transitions of biomolecular molecules for their detection and
quantification using optical biosensors. This work also points
out the necessity of well-designed and controlled experiments
in order to get a deep understanding of how several para-
meters, such as surface proximity, spacer addition, significant
conformational and hydration modifications, impact transdu-
cer responses and the determination of affinities.
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