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ABSTRACT: Investigating the interactions between small, charged
molecules and aptamers using surface plasmon resonance (SPR) is
limited by the inherent low response of small molecules and
difficulties with nonspecific electrostatic interactions between the
aptamer, analyte, and sensor surface. However, aptamers are
increasingly being used in sensors for small molecule detection in
critical areas like healthcare and environmental safety. The ability to
probe these interactions through simple, direct SPR assays would be
greatly beneficial and allow for the development of improved sensors
without the need for complicated signal enhancement. However,
these assays are nearly nonexistent in the current literature and are
instead surpassed by sandwich or competitive binding techniques,
which require additional sample preparation and reagents. In this
work, we develop a method to characterize the interaction between the charged small molecule serotonin (176 Da) and an aptamer
with SPR using streptavidin−biotin capture and a high-ionic-strength buffer. Additionally, other methods, such as serotonin
immobilization and thiol-coupling of the aptamer, were investigated for comparison. These techniques give insight into working with
small molecules and allow for quickly adapting a binding affinity assay into a direct SPR sensor.

■ INTRODUCTION
Small, charged molecules like serotonin are vital targets for
detection given their importance in clinical diagnostics,1−3

drug discovery and disease treatment,4−6 food safety,7,8

environmental protection,9,10 and other areas.11,12 However,
these analytes are difficult to detect and quantify at their often
very low relevant concentrations due to their small size,
generally yielding low signal intensity in optical or colorimetric
sensors.13 While antibodies are the traditional affinity and
capture agents used for various sensors like enzyme-linked
immunosorbent assays (ELISA) or surface plasmon resonance
(SPR), there are not many natural antibodies for small
molecules since they are typically not immunogenic.14

However, newer types of affinity agents have been developed
which are much more easily obtained for small molecules, such
as aptamers, which are single-stranded oligonucleotides
selected for a specific target using systematic evolution of
ligands by exponential enrichment (SELEX).15,16 Aptamers
have been increasingly used as affinity agents to capture
analytes in sensors due to their many advantages over
antibodies, including stability, tunability of affinity and
selectivity, low cost, in vitro synthesis, reproducibility, and
ability to be easily chemically modified.17,18 Aptamer-based
sensors have been used for many clinically and environ-
mentally relevant small, charged molecules such as neuro-
transmitters (e.g., serotonin,19 dopamine,20 and histamine21),

pesticides (e.g., glyphosate16 and imidacloprid22), toxins (e.g.,
ochratoxin A),23 and drugs (e.g., tenofovir).24

To develop and improve sensors, it is important to
effectively characterize the interactions between affinity agents
and their targets of interest using methods such as isothermal
titration calorimetry (ITC), fluorescence quenching, or
SPR.25−27 Of these, SPR provides advantages of being able
to analyze both affinity and kinetics, requiring no labels, and
being able to use the characterization platform directly as a
quantitative sensor.27,28 The underlying principle of SPR is that
the excitation of surface plasmons is dependent on the
refractive index of the media surrounding the gold sensor
surface where ligands are attached, which allows for detection
of binding events through changes in absorption and reflection
of light by the metal. While examples of traditional antibody−
antigen interactions are numerous in the SPR literature,29−35

those involving charged small molecule−aptamer interactions
are highly uncommon,36 and examples using direct methods
tend to only involve detection and not affinity character-

Received: September 22, 2022
Accepted: January 11, 2023
Published: January 27, 2023

Technical Notepubs.acs.org/ac

© 2023 American Chemical Society
2639

https://doi.org/10.1021/acs.analchem.2c04192
Anal. Chem. 2023, 95, 2639−2644

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IN
N

ES
O

TA
 o

n 
M

ay
 4

, 2
02

3 
at

 1
6:

49
:4

9 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clarice+E.+Froehlich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiayi+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christy+L.+Haynes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.2c04192&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04192?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04192?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04192?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04192?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c04192?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancham/95/5?ref=pdf
https://pubs.acs.org/toc/ancham/95/5?ref=pdf
https://pubs.acs.org/toc/ancham/95/5?ref=pdf
https://pubs.acs.org/toc/ancham/95/5?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.2c04192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


ization.37,38 This could likely be due to analytical challenges
associated with both aptamers and small molecules in these
types of sensors. For example, the low molecular weight of
small molecules, especially those under 300 Da, generates an
inherently weak SPR signal, making their interactions difficult
to probe.39−41 This usually means that more complicated
methods, such as competition or sandwich assays,42−45 or
signal enhancement methods, such as with plasmonic nano-
particles,42,44,46,47 must be used. Additionally, aptamers can be
more difficult to immobilize on SPR chips than antibodies,
given their high density of negative charge, which is repelled
from the negatively charged carboxymethylated dextran that
typically coats SPR chip surfaces to allow for a greater surface
area available for binding. For these reasons, alternative
methods to standard amine coupling are required for aptamer
immobilization, such as streptavidin−biotin coupling48 or
cDNA capture.49 Targeting charged molecules adds an
additional layer of complication to SPR assays, since
nonspecific electrostatic interactions can cause attraction or
repulsion of the target from the chip surface and from the
aptamer itself, making sensitive and accurate measurements
difficult. Herein, we address these numerous challenges and
develop a simple, direct SPR assay to characterize the affinity
of a charged small molecule−aptamer interaction, using
serotonin (176 Da) and a previously selected aptamer50 as a
model system. The use of streptavidin−biotin capture for the
aptamer as well as a high-ionic-strength running buffer were
successful; however, other methods like immobilization of the
small molecule and thiol-coupling of the aptamer to bare gold
were also explored, and their pitfalls are discussed. These
results are applicable to the investigation of many aptamer−
small molecule systems, and allow for streamlined protocols
and analyses for interaction characterizations which can also be
quickly adapted into SPR sensors.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Three aptamers were pur-

chased as DNA oligomers with different functionalization, all
with the sequence 5′-CTC-TCG-GGA-CGA-CTG-GTA-
GGC-AGA-TAG-GGG-AAG-CTG-ATT-CGA-TGC-GTG-
GGT-CGT-CCC-3′. The unmodified, thiolated, and biotiny-
lated aptamers were purchased with no modification, 5′ thiol
C6 and 5′ biotin, respectively, along with TE buffer (10 mM
Tris pH 8.0, 0.1 mM EDTA) from IDT (Integrated DNA
Technologies, Coralville, IA). An aptamer with random

sequence 5′-biotin-TTA-CTG-CGG-ACC-ATG-TCG-TCC-
TCA-TAG-TTT-GGG-CAT-GTT-TCC-GTT-GTA-GGA-
GTG-AAG-3′ was also purchased from IDT. The aptamers
were purified by standard desalting and dried. PBS buffer was
purchased from Fisher Bioreagents (Hampton, NH). Tris[2-
carboxyethyl] phosphine (TCEP) was obtained from Thermo
Fisher Scientific (Waltham, MA). Biacore Series S CM5, SA,
and Au sensor chips; HBS-EP and PBS-P+ buffers; 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide (EDC); N-hydroxy-
succinimide (NHS); and ethanolamine hydrochloride were
purchased from Cytiva Life Sciences (Marlborough, MA).
Serotonin hydrochloride was obtained from Alfa Aesar (Ward
Hill, MA).

Aptamer Immobilization via Biotin−Streptavidin
Capture. SPR experiments were conducted on a Biacore
S200 instrument (Cytiva Life Sciences) set at 25 °C. Aptamer
immobilization via capture was performed using a Series S SA
sensor chip with 0.22 μm filtered PBS-P+ running buffer (pH
7.4) by injecting 75.3 μM biotinylated aptamer in PBS at 10
μL/min for 7 min followed by a 3 min PBS-P+ buffer injection
at 10 μL/min.

High-Ionic-Strength Multicycle SPR Assay. Biotinylated
aptamer was immobilized on one flow cell of a Series S SA
sensor chip, using PBS-P+ with 1 M NaCl as the running
buffer and as the buffer for sample solutions. Assay injections
were made over the immobilized flow cell and a blank
reference flow cell. Sample cycle settings were set as high
performance with sample injections of 120 s contact and 600 s
dissociation at 20 μL/min with no regeneration injection. For
the assay using the random-sequence aptamer, a dissociation
time of 180 s was used, with all other parameters remaining the
same. A startup cycle was run with sample cycle settings and
running buffer as the sample. Three replicates were run for
each serotonin concentration (0, 0.1 nM, 1 nM, 10 nM, 100
nM, 500 nM, 1 μM, 10 μM, 50 μM, and 100 μM) using sample
cycle settings.

Data Analysis. Affinity was determined by fitting serotonin
concentration versus steady-state binding response to a 1:1
equilibrium binding equation (eq 1) involving the dissociation
equilibrium constant Kd, the maximum binding response
occurring at saturation Rmax, and the offset value, which is the
binding response at zero concentration.

= [ ]
+ [ ]

+R
R

K
S
S

(offset)eq
max

d (1)

Figure 1. Procedures for immobilization on the SPR chip surface. (A) Amine coupling of serotonin to carboxylic acid groups on the dextran layer
of a Biacore CM5 sensor chip. EDC and NHS are 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide and N-hydroxysuccinimide, respectively. (B)
Capture of biotinylated aptamer on the Biacore SA sensor chip which is coated with a streptavidin-functionalized dextran layer. (C) Thiol-coupling
of aptamer to the bare gold Biacore Au sensor chip. Created with BioRender.com.
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■ RESULTS AND DISCUSSION
Since serotonin has a low molecular weight (176 Da) which is
nearly at the practical lower limit for the SPR instrument
(specified as 100 Da),39 immobilizing serotonin on the SPR
chip surface as the ligand and using the aptamer (17.7 kDa) as
the binding analyte theoretically allows for greater measure-
ment sensitivity since responses would be of a higher
magnitude. As shown in eq 2, the theoretical maximum
response (Rmax,t) from an analyte is when all binding sites are
saturated, and it gives a measure of the expected response.
Rmax,t can be calculated by correcting the immobilized amount
of ligand (Rimmob) with the ratio of the molecular weights of
the analyte and ligand (Manalyte and Mligand). Thus, due to the
difference in their molecular weights, serotonin as an analyte
would have a response 100 times lower than the same molar
concentration of aptamer.

=R
M

M
Rmax,t

analyte

ligand
immob

(2)

Serotonin was immobilized via amine coupling through
EDC/NHS chemistry to carboxy groups on the chip’s dextran
layer, as illustrated in Figure 1A.51,52 As shown in Figure 2A,
from the start to finish of immobilization, which goes from
before the EDC/NHS activation to after deactivation of
remaining active groups using ethanolamine, the SPR response
increased by 345.7 RU. This corresponds to the amount of
serotonin immobilized, and it is relatively high compared with
theoretical values for serotonin, since it is a small molecule.
To test the binding response, 256 nM unmodified serotonin

aptamer was injected over the chip surface (Figure S1). The
measured response increased quickly to a steady state value of
3.7 to 4.3 RU during each of the injections, and quickly
decreased back to the baseline value of 1 ± 2 RU once the
aptamer injection finished. This response is very low in
comparison to what would be expected from eq 2 for such a
large analyte (17.7 kDa), as this should be at least on the order
of tens of thousands of RU. These results suggest that the
aptamer was not binding to the immobilized serotonin. The

response that did occur is likely a nonspecific effect from
aptamer flowing over the chip surface and not binding. Since it
is known from the literature that this aptamer has an affinity
for serotonin with an in-solution Kd of approximately 30 nM,50

this leads to a few possible conclusions: the aptamer may not
be able to bind due to steric constraints from serotonin being
bonded to the chip surface; negatively charged carboxy groups
on the chip surface may be electrostatically repelling the
negatively charged aptamer; or the amine group on the
serotonin molecules may play a vital role in its binding
interaction with the aptamer. It is likely for the vast majority of
small molecules that coupling to the chip surface would affect
or prevent the binding interaction due to the low number of
functional groups on each molecule, and the necessary
functional groups for coupling to dextran would need to be
present in the first place. Thus, despite the low-signal issues
that come with using serotonin as the analyte, immobilization
of the aptamer could resolve some of these issues and create a
platform allowing for the detection of serotonin as well as the
determination of binding characteristics. Furthermore, immo-
bilizing the aptamer is advantageous as it provides similar
conditions in which the interaction would occur on many
sensing platforms, like field effect transistors, where the
aptamer is surface-bound, so it is more relevant to developing
these other sensors as well.
For immobilizing negatively charged nucleic acids in SPR,

electrostatic preconcentration at the chip surface is generally
not feasible since the dextran matrix (pI ∼5) also has a
negative charge in the running buffer (pH 7.4), and the pH
cannot be tuned so that they attract each other through
opposite charges. In order to avoid electrostatic repulsion of
the aptamer from the chip surface, the aptamer can be
immobilized on a bare gold surface without dextran as shown
in Figure 1C. However, as can be seen in Figure S2,
immobilization of thiolated aptamer directly on the gold
surface of a sensor chip yields an immobilized signal of 422.6
RU, which gives a very low Rmax,t of 4.2 RU. This does not
allow for much sensitivity due to limitations in the measure-
ment of small responses by the instrument. Additionally, a

Figure 2. (A) Sensorgram for immobilization of serotonin on an SPR sensor chip surface. The response shown is for the active flow cell during
immobilization. Purple, green, blue, and orange boxes represent the duration of buffer, EDC/NHS, serotonin, and ethanolamine flow, respectively.
The inset figure zooms in on the region where serotonin injection occurs, with the immobilized amount of serotonin given. (B) Immobilization of
biotinylated aptamer on the SPR sensor chip surface. The green and blue boxes indicate the duration of the aptamer injection and the PBS-P+
buffer wash, respectively. A purple arrow indicates the overall response corresponding to the immobilized aptamer.
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high-ionic-strength buffer was used for the aptamer in this
immobilization to screen charges and reduce repulsion
between negatively charged aptamers, but the amount of
aptamer immobilized remained low. The predominant issue
with this method is that immobilizing a thiolated aptamer
directly on the 2D gold chip surface limits movement and
provides less area for aptamers to attach, as compared to a 3D
dextran-coated surface which has a much larger number of
available sites for aptamer attachment. Thus, the streptavidin−
biotin capture technique was chosen to immobilize the
aptamer; it is a common technique for immobilizing nucleic
acids53−55 since it does not require electrostatic preconcentra-
tion of the ligand at the chip surface, allows for less constrained
movement of the aptamer to avoid steric hindrances during
binding, and allows a higher density of immobilized aptamer
due to the 3D dextran matrix which the streptavidin is attached
to. While there is a commercial chip (Biacore CM7) available
for working with small molecules, it was not used here as it has
a higher degree of carboxylation which would increase
repulsion of the aptamer from the chip surface due to their
like charges.
Here, the streptavidin−biotin immobilization method uses a

gold sensor chip coated with carboxymethylated dextran that
has been functionalized with streptavidin. Biotin is covalently
linked to the end of the aptamer so that, in a single-step
immobilization, the biotinylated aptamer is flowed over the
surface and captured by streptavidin, as illustrated in Figure
1B. Additionally, biotin has a very high affinity for streptavidin
(Kd = 1 fM),56 so this capture technique allows for the aptamer
to be strongly bound to the surface such that it will not be
removed by flowing buffer. The sensorgram for an aptamer
immobilization via streptavidin capture is shown in Figure 2B.
The overall increase in response of 1558 RU shows that
aptamer was captured and immobilized on the sensor chip
surface. Using eq 2, this yields a theoretical Rmax of about 15.6
RU.
Due to the decreasing baseline observed in the single-cycle

assay (Figure S3), further studies used a multicycle assay
format, where a new baseline response level is taken after every
sample injection rather than after all injections in a series, have

been completed, as in single-cycle assays. This is especially
important for small molecules because the response values are
low, so even small changes in the baseline can have significant
effects on measured binding response. Since the literature Kd
value of 30 nM was found in solution using fluorescence
measurements,50 the Kd found using SPR may be higher since
the interaction is surface-bound. As such, a higher range of
concentrations (2 μM to 1000 μM) was tested in the
multicycle assay as shown in Figure S4. In this assay, responses
increased with concentration but clearly did not level off near
the theoretical Rmax. This leads to the conclusion that
nonspecific binding is occurring on the sensor surface, causing
higher responses than should be possible if the only
interactions are specific 1:1 binding to the aptamer. The
source of these nonspecific interactions is likely the electro-
static attraction of serotonin to the chip surface. Serotonin has
a pKa of 10,

57 so in the buffer of pH 7.4, it is in a protonated,
positively charged state. Thus, serotonin is attracted to the
negatively charged aptamer and the negatively charged
carboxyl groups on the dextran layer (pI = 5), with streptavidin
not playing a role since it is uncharged at this pH.58

To suppress the effect of these electrostatic interactions, a
high concentration of salt (1 M NaCl) was added to the
running buffer and analyte buffer to minimize the impact of
electrostatics on SPR response compared to that from specific
serotonin−aptamer binding interactions.61 This technique of
using a higher-ionic-strength buffer is also applicable to other
small molecules with positive or negative charges at the buffer
pH, such as glyphosate59 or dopamine,60 as it helps prevent
attraction or repulsion of analytes from the chip surface due to
the charge of the dextran layer.
For the high-ionic-strength-facilitated experiments, PBS-P+

with 1 M NaCl was used, and the immobilization of the
aptamer followed the previously established protocol. As can
be seen in Figure S5, the immobilized amount of aptamer was
1813.2 RU. The decrease in response during the aptamer
injection occurred because the aptamer buffer did not contain
the added salt of the running buffer, so it had a lower refractive
index. However, since the response after the buffer wash was
higher than prior to aptamer injection, this indicates that

Figure 3. (A) Sensorgrams for multicycle assay using PBS-P+ buffer with high ionic strength (1 M NaCl) and serotonin concentrations from 0.1
nM to 100 μM. Samples were injected during the 60−180 s time period, with PBS-P+ with 1 M NaCl running buffer being injected at other times.
The response given is that of the active flow cell minus the reference flow cell. (B) Logarithmic scale serotonin concentration, [S], versus average
equilibrium binding response, Req, for three replicates of a multicycle SPR assay using high-ionic-strength PBS-P+ buffer. Error bars represent
standard deviation. The dashed line represents the fitting of the experimental results to a steady-state binding equation as given to the left of the
curve.
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aptamer was immobilized. This high-ionic-strength buffer
technique was then used to reduce electrostatic interactions
in a multicycle assay with three replicates and a wide range of
serotonin concentrations from 0.1 nM to 100 μM; the
resulting sensorgrams are shown in Figure 3A. Association
and dissociation curvature is observed for concentrations
above 1 nM, and the blank response was negligible, which
suggests binding was occurring between serotonin and the
aptamer. It is also apparent that the high ionic strength
effectively screened charges at the tested concentrations of
serotonin, since the binding responses plateaued just below the
theoretical Rmax of 18 RU, as would be expected.
The steady-state binding responses were fitted to the affinity

model in eq 1, as shown in Figure 3B, which yielded a Kd of
360 nM. There is some deviation from the fit at the higher
concentrations, though this is potentially due to charge
screening by the high ionic strength being less effective at
higher serotonin concentrations. Further, each replicate was
fitted individually to eq 1, finding Kd values that were in
agreement within 10 nM. The closeness of the fit was
measured by calculating χ2 values as the average of the squared
residuals from the fitting. A χ2 value of less than 10% of Rmax
indicates a good fit, a criterion that was met for each replicate
individually and for the combined replicates, as shown in Table
S1. Thus, the Kd for the aptamer−serotonin interaction in a
surface-bound state was found to be 360 nM. This is an order
of magnitude higher than the literature value of 30 nM,50

though this is potentially due to differences between the
conditions of the interaction. It would be expected that
electrostatics typically promote the interaction due to the
opposite charges of serotonin and the aptamer at the buffer
pH, but this effect was suppressed here to reduce interactions
with the chip surface.
A control experiment was performed using an aptamer with

a random sequence, not specific to serotonin, replicating the
other conditions of the high-ionic strength assay. As can be
found in Figure S6, this showed low response values in
comparison to those found when using the serotonin aptamer,
and the binding responses increased up to approximately 3 RU
only at the very high serotonin concentrations (50 and 100
μM) where charge screening of the high-ionic-strength buffer
is less effective. As such, this control experiment helps to
exemplify how the assay conditions were optimized for analysis
of small, charged molecule interactions with aptamers.

■ CONCLUSIONS
Overall, we developed a method for investigating interactions
between aptamers and very small, charged molecules that is
applicable to a wide range of systems and has the potential to
aid in the design of sensors for many small analytes such as
neurotransmitters, pesticides, and mycotoxins. This method
uses commercially available SPR sensor chips and easy
immobilization procedures to allow for simple assays. It was
concluded that streptavidin−biotin coupling of the aptamer is
the best immobilization method for these systems, as
immobilizing small molecules directly is likely to prevent
their ability to bind. Moreover, aptamers are negatively
charged and cannot be preconcentrated at the chip surface
through the use of a low-pH immobilization buffer, and thiol-
coupling to a bare gold sensor chip does not provide enough
area to immobilize the large amount of aptamer needed for a
sufficient serotonin binding response. Additionally, the use of a
high-ionic-strength buffer was shown to reduce nonspecific

interactions with the chip surface, though it can cause an
overestimation of the Kd, possibly by up to an order of
magnitude.
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