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Abstract 

Aptamers are oligonucleotide-based bioreceptors that are selected in vitro from randomized libraries to bind specific molecules with high affinity, 
and are proving popular for applications in diagnostics, bioimaging, and therapeutics. A better understanding of aptamer–ligand interactions 
could facilitate sequence engineering efforts to improve aptamer binding properties, and perhaps eventually allow for the direct design of high- 
qualit y apt amers. To date, ho w e v er, there ha v e been v ery fe w comprehensiv e studies e xploring the relationship betw een aptamer binding 
properties and thermodynamics. Isothermal titration calorimetry (ITC) is a gold-standard method for studying the thermodynamics of ligand–
receptor interactions. In this w ork, w e ha v e compiled I TC-deriv ed thermodynamic binding data from 317 small-molecule-binding DNA aptamers, 
along with specificity profiles for ∼6000 aptamer–ligand pairs, and performed systematic analysis of the resulting datasets. This analysis revealed 
a variety of interesting patterns and trends. For example, ligand binding for most aptamers is generally driven solely by enthalpy, and aptamers 
with the highest binding enthalpy and greatest entropic binding penalties consistently have high specificity. We envision that the expansion and 
further analysis of such datasets will yield a far better understanding of the complex interplay between the various non-covalent interactions 
underlying aptamer–ligand recognition. 
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ptamers are short nucleic acids that bind to specific targets
uch as ions, small molecules, and proteins with high affin-
ty. They are discovered from randomized oligonucleotide li-
raries through in vitro selection methods such as systematic
volution of ligands by exponential enrichment (SELEX) [ 1 ,
 ]. Aptamers have generated considerable interest as recep-
ors for biosensing and therapeutic applications due to favor-
ble properties including faster discovery relative to antibod-
es, low cost of synthesis, minimal batch-to-batch variation,
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high stability, and amenability to chemical modification [ 3 , 4 ].
More recently, advances in aptamer technology have enabled
new applications that surpass the capabilities of conventional
bioreceptors such as antibodies and enzymes, including high-
precision continuous monitoring of circulating molecular con-
centrations in living organisms [ 5 ], the reversible inhibition or
modulation of therapeutic protein targets [ 6 ], and controlled
drug delivery [ 7 ]. 

The merits of aptamers notwithstanding, the fundamen-
tal basis of how aptamers interact with their targets remains
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largely unexplored and is under active investigation. Insight
into the fundamentals of aptamer–ligand binding will be cru-
cial in terms of enabling the manipulation of aptamer–ligand
interactions through sequence engineering—and eventually,
the de novo construction of aptamers without the need for
tedious in vitro selection. Three-dimensional structures of
aptamer–ligand complexes obtained through X-ray crystal-
lography and nuclear magnetic resonance spectroscopy have
revealed that aptamers interact with ligands through a vari-
ety of intermolecular forces including electrostatics, dipole in-
teractions, hydrogen bonding, pi stacking, and hydrophobic
interactions [ 8–13 ]. Despite these valuable insights, the num-
ber of solved three-dimensional aptamer structures is small
relative to the vast number of aptamers reported in the lit-
erature. As an alternative, most investigators have relied on
cruder but still informative biophysical methods to character-
ize aptamer-target binding. One of the most well-established
approaches is isothermal titration calorimetry (ITC), which
can reveal the binding enthalpy , entropy , and stoichiometry
between aptamers and ligands [ 14 ] and provide other in-
sights including the nature of hydrophobic interactions and
conformational changes via changes in solution heat capacity
[ 15 , 16 ]. ITC and other methods like surface plasmon reso-
nance [ 17 ] and strand-displacement assays [ 18 ] have proven
useful for verifying the binding properties of aptamers [ 19–
21 ], and have also served as a tool to understand aptamer–
ligand structure–affinity relationships [ 22–27 ]. Nevertheless,
there have been very few systematic, comprehensive studies
[ 19 , 28–31 ] conducted to unravel the complex interplay be-
tween the thermodynamics of aptamer binding and aptamer
affinity and specificity, especially with an expansive set of di-
verse aptamer–ligand pairs. In analogy to medicinal chemistry,
where the structure and functional groups of small molecules
are tuned to maximize receptor binding affinity (and hence bi-
ological potency), we propose that thermodynamic data could
aid in achieving a similar goal in the aptamer field – the opti-
mization of aptameric receptors via mutagenesis or chemical
modification, with the guidance of biophysical data, to maxi-
mize ligand affinity and specificity. 

To this end, we have compiled and analyzed ITC affin-
ity data for 317 small-molecule-binding DNA aptamers and
specificity profiles from an exonuclease-based assay [ 32 ] for
∼6000 aptamer–ligand pairs. Our specificity data were de-
rived from a panel of 218 different aptamers with diverse se-
quence composition and secondary structures, assessing their
binding to 18–35 different small-molecule ligands of vary-
ing size, shape, polarity, and hydrophobicity. Overall, we find
that the relationship between aptamer binding thermodynam-
ics and binding properties is nuanced and varied. We have
also identified several interesting patterns in these data. First,
unlike the interaction between proteins and small molecules,
which is in many cases enthalpically and entropically favor-
able [ 33 , 34 ], aptamer–ligand binding is predominantly an
enthalpy-driven, entropically unfavorable phenomenon. Sec-
ond, aptamers with the most negative binding enthalpies and
entropies do not have higher affinity; instead, aptamers with
moderate binding enthalpies and entropies tend to have the
highest affinity. Third, aptamers with very negative binding
enthalpy and entropy have a high likelihood of being specific.
We see this work as an important starting point in a broader
effort to explore the influence of thermodynamic properties on
aptamer affinity and specificity, thereby advancing the field’s
progress toward the ability to rationally engineer aptamers for
optimal target binding affinity and specificity. 
Materials and methods 

Oligonucleotides 

All DNA oligonucleotides were purchased from Integrated 

DNA Technologies as standard desalted quality. Oligonu- 
cleotides were dissolved in molecular-biology-grade water,
and DNA concentrations were measured using a NanoDrop 

2000 spectrophotometer. 

Reagents and materials 

Molecular biology-grade water and 10 × phosphate-buffered 

saline were purchased from Corning. Exonuclease I ( Es- 
c heric hia coli ) and T5 Exonuclease ( E. coli ) were pur- 
chased from New England Biolabs. Bovine serum albu- 
min (BSA), Tris base, Tris HCl, 5 M NaCl solution, 1 

M MgCl 2 solution, potassium chloride, sodium hydroxide,
Triton X-100, lactose, mannitol, lidocaine HCl, diphenhy- 
dramine HCl, procaine HCl, benzocaine, ibuprofen sodium,
acetaminophen, caffeine, quinine hemisulfate hydrate, sero- 
tonin HCl, pseudoephedrine HCl, xylene cyanol, acrylamide,
and bis-acrylamide were purchased from Sigma–Aldrich. Lev- 
amisole HCl was purchased from MP Biomedicals. Scopo- 
lamine hydrobromide trihydrate was purchased from Acros 
Organics. Nicotine, mephedrone HCl, methylenedioxypy- 
rovalerone (MDPV) HCl, methylphenidate HCl, fentanyl 
HCl, (+)-methamphetamine HCl, methylenedioxymetham- 
phetamine (MDMA) HCl, morphine sulfate hydrate, heroin 

HCl, amphetamine HCl, benzoylecgonine, fluoxetine HCl,
and methadone HCl were purchased from Cayman Chemi- 
cals. Cocaine HCl was purchased from Cayman Chemicals 
and Sigma–Aldrich. Formamide was purchased from Fisher 
Scientific. 

Molecular properties of small molecules 

The physicochemical properties of the small-molecule targets 
in this work were determined or predicted using the Chem- 
Draw software (v18.2). 

ITC 

All ITC experiments were performed at 23 

◦C in each ap- 
tamer’s respective selection buffer ( Supplementary Table S1 ) 
using a Malvern MicroCal iTC200 or PEAQ-ITC instrument.
Solutions containing ligand or aptamer at various concentra- 
tions were prepared and respectively loaded into the instru- 
ment pipet and cell. The aptamer was initially snap-cooled 

in salt-free buffer, after which salts were added to the final 
appropriate concentration. After a 60-s delay to establish a 
baseline reading, an initial 0.4- μl purge injection was per- 
formed, followed by 19 successive 2- μl injections. Spacing be- 
tween each injection was typically 150 s, but was adjusted 

for certain titration experiments (up to 1200 s) due to slow 

equilibration. If saturation of the aptamer was not achieved,
another series of titrations was performed by refilling the sy- 
ringe with ligand and titrating the aptamer solution into the 
cell again. The resulting data were analyzed using the Micro- 
Cal analysis kit that comes with the instrument with a one- 
site binding model. For all ITC data, c-values were > 1. Ap- 
proximately 20% of the ITC data was replicated twice, and 

a standard deviation < 20% was observed in �H bind and 

K D. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
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creening aptamer specificity via exonuclease 

igestion assay 

he exonuclease digestion fluorescence assay was performed
s described previously [ 32 , 35 ]. Each aptamer (final con-
entration: 0.5 or 1 μM) was diluted into the appropriate
uffer, heated to 95 

◦C for 10 min, and then immediately
ooled on ice. Salts including NaCl, MgCl 2 , and BSA (final
oncentration: 0.1 mg / ml) were then added. In brief, 5 μl of
he aptamer solution was mixed with 20 μl of buffer alone
r target / interferent dissolved in buffer at various concentra-
ions. These mixtures were incubated at 25 

◦C for 30 min, af-
er which 25 μl of exonuclease mixture was added (T5 and
xo I, final concentrations: 0.2 and 0.015 U / μl, respectively)

n buffer containing 0.1 mg / ml BSA to begin the digestion.
hen, 5 μl of sample was collected at various timepoints and
ixed with 30 μl of quenching solution in the wells of a 384-
ell black microplate. Quenching solution contained 10 mM
ris–HCl (pH 7.4), 21 mM ethylenediaminetetraacetic acid,
2.5% (v / v) formamide, and 1 × SYBR Gold (final concen-
rations). SYBR Gold fluorescence was recorded using a Tecan
park plate reader with an excitation wavelength of 495 nm
nd emission wavelength of 537 nm. The fluorescence of each
ample was recorded 10 times, and average values were used
o construct time-course digestion plots of each sample. The
ntegration time was customized for each aptamer, and was
hosen as the point at which fluorescence reached 10% of its
nitial value. Enzymatic inhibition was measured in terms of
esistance value, as described previously [ 32 ]. Resistance val-
es were used to calculate the cross-reactivity of each interfer-
nt relative to the target of the aptamer. Specificity scores were
alculated by taking the average cross-reactivity of all nontar-
et molecules tested for that particular aptamer (see “Aptamer
pecificity Score Excel File” for details). 

esults 

n overview of the constituents in the 

hermodynamic dataset 

ll 317 aptamers in our dataset are DNA-based and were dis-
overed from various library-immobilized SELEX campaigns
s well as two nuclease-assisted SELEX experiments per-
ormed by our group in the past half decade ( Supplementary 
ables S2 –S12 for sequences) [ 35–46 ]. The overall sequence
omposition of these aptamers is somewhat biased toward G
nd T nucleobases relative to A and C, which likely originates
rom the G and T bias observed with the oligonucleotide li-
raries that we used for the selection of these aptamers [ 43 ,
7 ]. Since these aptamers were discovered from stem-loop
tructured libraries, they all contain an initial 8-bp stem that is
re-folded at room temperature ( T m 

= 41 – 62 

◦C depending
n the stem composition of the library according to NUPACK
 48 ]) and an internal loop, which was 30 nucleotides (nt) in
ost cases but 40 nt for some aptamers serving as the target-
inding domain. We assume that these binding domains form
omplex, noncanonical structures. But as the tertiary struc-
ures of these aptamers have not yet been determined, we can
nly obtain a basic picture of their folding using structure-
rediction software such as NUPACK [ 48 ] and mfold [ 49 ].
oth methods indicate the presence of a variety of structures
ithin the loop domain, such as bulges, internal hairpins,

ruciforms, and three-way junctions ( Supplementary Figs S1 –
12 ). The majority of these aptamers were selected against
15 different small-molecule targets, with moderate variety in
terms of molecular weight (149–378 Da) but broad diversity
in terms of structure, number of rotatable bonds (0–10), num-
ber of hydrogen bond donors (0–3) and acceptors (1–7), po-
lar surface area (12–87.8 Å2 ), hydrophobicity (LogP = 0.4–
5.5), and charge (Table 1 ). For example, our smallest lig-
and, methamphetamine (149 Da), is moderately hydrophobic
(LogP = 2.2) and has the fewest heavy atoms (11) and ro-
tatable bonds (3) among our ligands, with a positive charge
at pH 7.4. In contrast, one of our bulkiest ligands, the syn-
thetic cannabinoid 5F-AMB (379 Da), is neutral in charge, has
the second-most heavy atoms (27) and most rotatable bonds
(10), and is among the most hydrophobic molecules in our
dataset (LogP = 3.6) except for the natural cannabinoid �9 -
tetrahydrocannabinol (THC) (LogP = 5.5). 

The relationship between aptamer binding 

thermodynamics and affinity 

The binding between an aptamer and a small-molecule lig-
and can be modeled as a reversible reaction wherein the two
species associate to form a receptor–ligand complex. The equi-
librium constant of the reverse of this process ( K D 

)—the disso-
ciation of the complex into free aptamer and ligand—is a use-
ful metric to quantify affinity. When the affinity between the
aptamer and ligand is high, the K D 

is small, whereas the K D

increases as affinity weakens. ITC can provide a direct mea-
surement of K D 

—and by extension, the free energy of binding,
�G bind —through the equation �G = RTln( K D 

), as well as the
enthalpy of binding ( �H bind ) and binding stoichiometry (n).
The entropy of binding ( �S bind ), however, must be calculated
indirectly using the equation �G = �H – T �S . 

We performed ITC and determined K D 

, �H bind , and �S bind
for 319 aptamer–ligand pairs ( Supplementary Tables S13 –
S23 ). Examining the thermodynamic data superficially, we
found that these values varied widely, with ranges of K D 

= 4–
27 400 nM, �H bind = −43.0 – –3.5 kcal / mol, and T �S bind =
−35.4 – 3.2 kcal / mol (Fig. 1 A). We first determined whether
there was a relationship between binding enthalpy and affinity
by plotting �H bind for each aptamer–ligand pair against K D 

,
and saw no correlation between these two parameters (Fig.
1 B). This is not completely surprising; the main contributor to
binding enthalpy is the formation of attractive or repulsive in-
termolecular forces between the target and aptamer (i.e. non-
covalent bonding), such as electrostatic interactions, hydro-
gen bonds, and pi stacking. Intuitively, the more non-covalent
bonds form between the aptamer and target, the greater the
binding enthalpy, and perhaps sensibly, the stronger the affin-
ity between the two species. However, as more bonds are
formed between the aptamer and ligand, the entropy, or the
disorder of the system (i.e. the rotational and translation free-
dom of the aptamer and ligand), decreases, reducing the over-
all free energy of binding and binding affinity. As such, the
lack of correlation between �H bind and K D 

is reasonable. We
do note, however, that this explanation neglects other events
that can contribute to �H bind , such as the formation or break-
age of non-covalent bonds within the aptamer itself due to,
e.g., base-pairing of nucleotides upon target binding. Unfortu-
nately, it is challenging to decouple the enthalpic contributions
from aptamer-target binding and target-induced aptamer fold-
ing. We next assessed the relationship between binding en-
tropy and affinity by plotting T �S bind against K D 

. Once again,
we observed no apparent correlation between these two pa-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
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Table 1. Ph y sicochemical properties of the aptamer ligands in our dataset 

Ligand 
MW 

(Da) 
Rotatable 

bonds 
HB 

Donor(s) 
HB 

Acceptor(s) 
Polar SA 

(Å2 ) LogP Charge @ pH 7.4 
Aptamers in 

dataset 

Cocaine 303 3 1 5 55.8 1.82 +1 71 
Methamphetamine 149 3 1 1 12 2.20 +1 32 
Flunixin 296 3 1 7 61.7 3.84 −1 18 
5F-AMB 363 10 1 7 71 3.60 0 7 
AB-FUBINACA 368 6 2 7 87.8 2.87 0 37 
Heroin 369 4 1 6 65.1 1.39 +1 23 
Morphine 285 0 3 4 52.9 1.19 +1 31 
Oxycodone 315 1 2 5 59 0.36 +1 25 
Fentanyl 336 6 1 3 23.6 3.79 +1 51 
Furanyl fentanyl 375 6 1 4 32.8 3.65 +1 10 
Acetyl fentanyl 322 5 1 3 23.6 3.14 +1 9 
UR-144 311 6 0 2 20.3 5.10 0 2 
THC 314 4 1 2 29.5 5.53 0 1 
Mephedrone 177 3 1 2 29.1 1.76 +1 1 
MDPV 275 5 1 4 38.8 2.65 +1 1 

Figure 1. Binding thermodynamics of a diverse set of small-molecule-binding DNA aptamers discovered by our lab. ( A ) Histograms and distribution 
curv es f or the K D (top panel), �H bind (middle panel), and T �S bind (bottom panel) of aptamers f or their respectiv e targets. T he K D f or each aptamer–ligand 
pair is plotted against ( B ) �H bind and ( C ) T �S bind . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rameters (Fig. 1 C), which can be explained by the fact that
affinity—essentially a surrogate of binding free energy—is af-
fected by a combination of both binding entropy and enthalpy.

Binding thermodynamics and ligand structure 

We next determined whether there was any correlation be-
tween the identity of the aptamer target and binding thermo-
dynamics. Based on the diversity of target structures (Fig. 2 A),
we expected to see similarly variable binding thermodynam-
ics. To assess this, we created box-and-whisker plots based
on the aptamer binding thermodynamics of each target for
which we had at least five different aptamers. We initially ob-
served that the average K D 

varied depending on the target (Fig.
2 B). For instance, we saw the highest binding affinity among
aptamers for fentanyl and its analogs acetyl fentanyl and fu-
ranyl fentanyl. The high affinity of aptamers toward these lig-
ands is reasonable, given that they contain multiple moieties
that enable tight interactions with nucleic acids. These include
aromatic rings, a piperidinyl amino group that is positively
charged at pH 7.4, and an amido group containing hydro-
gen bond donors and acceptors. However, even though heroin,
oxycodone, and morphine also contain several moieties that
could contribute to high-affinity recognition, aptamers tended
to have much lower affinity on average for these ligands com-
pared with fentanyl. Interestingly, this pattern of binding is 
reminiscent of that of the human μ-opioid receptor, which 

generally exhibits affinity for fentanyl that is one or two or- 
ders of magnitude higher relative to other morphine-related 

opioids [ 50 ]. There are two possible reasons for this differ- 
ence in affinity. The first is that the bulky T-shaped structure 
of morphine-like opioids makes it difficult for aptamers to op- 
timally engage all potential contact points on the target, es- 
pecially if the aptamer binding domain is limited in terms of 
size and complexity. This is corroborated by the Stojanovic 
group, which has noted the difficulty of aptamers have bind- 
ing to sterically crowded ligands [ 51 ]. It is also possible that 
certain favorable epitopes of fentanyl (i.e. aromatic rings and 

amino group) synergistically improve affinity; the Stojanovic 
group has recently begun to explore the first principles under- 
lying these synergistic effects [ 51 ]. 

Aptamers for cocaine and AB-FUBINACA also tended to 

have relatively high affinity, albeit somewhat lower than fen- 
tanyl on average. Both ligands also feature several favorable 
moieties for recognition by nucleic acids, including aromatic 
rings and multiple hydrogen bond donors and acceptors. This 
is in line with recent findings by the Stojanovic group, which 

found that targets with amino groups and aromatic rings are 
more amenable to binding aptamers [ 51 ]. Aptamers for AB- 
FUBINACA, however, tended to have a wider range of affini- 
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Figure 2. Assessing relationships between target str uct ure and aptamer-ligand binding thermodynamics. ( A ) Str uct ures for the various small-molecule 
targets for our aptamers. B o x-and-whisk er plots of aptamer ( B ) affinity, ( C ) enthalpy, and ( D ) entropy for each target. 
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ies, perhaps because there are more binding epitopes and
ombinations thereof on AB-FUBINACA that aptamers could
nteract with relative to cocaine. These same notions hold true
or flunixin aptamers as well, which have K D 

s that span over
wo orders of magnitude. Aptamers for methamphetamine
nd flunixin had the lowest affinity, most likely because they
ffer smaller binding surfaces and fewer epitopes for inter-
ction than the other ligands. We did not observe any obvi-
us correlations in terms of binding enthalpy and entropy for
ach target (Fig. 2 C and D), as these values varied broadly.
e did, however, notice some peculiarities. In particular, the

entanyl aptamers, which had the highest affinity among all
ptamers in the dataset, tended to have moderate binding en-
halpies and entropies. In addition, for reasons that are un-
lear to us, morphine aptamers had the most negative binding
nthalpies and entropies among all ligands, while those for
eroin were among the least negative. Despite their ligands
iffering substantially in structure, we observed no meaning-
ul difference in the range of binding enthalpy and entropy
f aptamers for cocaine, methamphetamine, flunixin, and AB-
UBINACA. However, we found that for most of our lig-
nds, aptamers that bind the same ligand can have widely
arying binding enthalpies and entropies. For instance, the
ange of �H bind for methamphetamine aptamers spans from
43 to −8 kcal / mol. This implies that different aptamers can
ind to the same ligand with differing sets of intermolecular
nteractions. 
 

The apparent balance between binding enthalpy 

and entropy 

Having observed no meaningful correlation between �H bind
or T �S bind and K D 

, we next determined if there was a cor-
relation between binding entropy and enthalpy by plotting
T �S bind against �H bind. Interestingly, when we fit the entire
dataset with a linear equation, we observed a near-perfect lin-
ear relationship between the two parameters (Fig. 3 A), with
a correlation coefficient (R 

2 ) of 0.98. A similar correlation
has previously been observed with protein transmembrane re-
ceptors and enzymes binding to small-molecule ligands. This
correlation, which has been termed “enthalpy–entropy com-
pensation” [ 33 ], describes the phenomenon wherein as bind-
ing enthalpy becomes increasingly negative, the binding en-
tropy also becomes increasingly negative in a nearly propor-
tional manner, and vice v er sa . Data reported by the Johnson
group has revealed that enthalpy–entropy compensation also
occurs with the cocaine aptamer [ 31 ], and indeed, our exten-
sive dataset here confirms this to be true with small-molecule-
binding aptamers in general. This is best evidenced by exam-
ining the binding thermodynamics of aptamers that lie pre-
cisely on the red linear fit in Fig. 3 A. Aptamers on this line
have identical, or very similar, target-binding affinities (in this
case, K D 

∼1 μM) but differing binding enthalpies and en-
tropies. We observed similar such linear correlations among
other aptamers that share other affinities—see the pink ( K D

∼20 nM) and blue ( K D 

∼25 μM) lines in Fig. 3 A—henceforth
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Figure 3. The relationship between aptamer binding enthalpy and entropy. ( A ) Aptamer binding enthalpy plotted against entropy for all aptamers in the 
dataset. The entire dataset was fitted with a linear trendline, which is indicated by a solid red line (R 

2 = 0.98). Aptamers that lie on the line of fit ha v e K D 
of ∼1 μM, and a few example aptamers are marked as red circles. Dotted pink and blue diagonal lines above or below the line of fit indicate affinity 
diagonals along which aptamers share roughly equivalent K D values despite exhibiting considerably different thermodynamic properties, demonstrating 
the enthalp y –entrop y compensation effect. Examples of such aptamers are colored accordingly. ( B ) Comparison of the binding thermodynamics of 
aptamer F27 to acetyl fentanyl and furanyl fentanyl. ( C ) Comparison of the binding thermodynamics of cocaine-binding aptamers NC235 and NC1947. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

we refer to such lines as affinity diagonals. For example, the
cocaine aptamers NCB and NC82 both fall on the ∼1- μM
affinity diagonal. With a K D 

of 1.0 μM, NCB has a rela-
tively small �H bind of −5.4 kcal / mol and a slightly favorable
entropy term ( T �S bind = +2.7 kcal / mol). In contrast, NC82
has a nearly six-fold greater enthalpic contribution ( �H bind =
−32.4 kcal / mol) compared with NCB, but with a larger bind-
ing entropy penalty ( T �S bind = −24.3 kcal / mol) that almost
completely negates any net gain in affinity ( K D 

= 1.4 μM).
Another example is the oxycodone aptamer OM7, which has
a lower entropic penalty compared with NC82 ( T �S bind =
−14.1 kcal / mol) but still exhibits the same affinity for its
ligand ( K D 

= 1.4 μM) because that entropy benefit is offset
by a relatively lower enthalpic contribution ( �H bind = −22
kcal / mol). We note however that, although there appears to
be a compensatory relationship between �H bind and T �S bind ,
this seemingly linear relationship may be artifactual due to in-
accuracies in measuring binding enthalpy [ 52 ] and the narrow
range of �G bind examined here, which is discussed in depth by
Chodera and Mobley [ 53 ]. 

We observed similar patterns along the other affinity diago-
nals demarcated on our plot. For example, FX2 and FXd both
bind the small molecule flunixin with near-identical affinities
( K D 

of 25.6 and 27.4 μM, respectively), but have markedly
differing binding thermodynamics (Fig. 3 A, blue diagonal).
FX2 has a relatively small enthalpic binding contribution
( �H bind = −6.4 kcal / mol) with a negligible entropic contri-
bution ( T �S bind = −0.2 kcal / mol). In contrast, FXd has a
nearly 30% more favorable binding enthalpy ( �H bind = −8.5
kcal / mol), but this is offset by the increased entropic cost
of binding ( T �S bind = −2.3 kcal / mol). The same enthalpy–
entropy compensation effect can also be observed for ap-
tamers binding to other ligands on this same low-affinity diag-
onal. For instance, morphine aptamers M2, HM1-22-FEN1,
and HM10.2M1, which have similar K D 

s of 21.3, 22.0, and
17.8 μM, respectively, exhibit progressive decreases in en-
thalpy ( �H bind = −25.4, −26.9, and −30.6 kcal / mol, respec-
tively) that are essentially offset by increasing entropic costs
( T �S bind = −19.1, −20.6, and −24.2 kcal / mol, respectively),
thereby negating any significant improvement in affinity. Ap- 
tamers with higher affinities also obeyed the enthalpy–entropy 
compensation rule. For instance, AB-FUBINACA aptamer 
AB1 ( K D 

= 24 nM) features primarily enthalpy-driven bind- 
ing ( �H bind = −30.2 kcal / mol, T �S bind = −19.8 kcal / mol),
whereas the binding enthalpy is only half as much ( −18.7 

kcal / mol) for cocaine aptamer NC423, which achieves an 

equally high affinity ( K D 

= 22 nM) through a roughly equiva- 
lent reduction in the entropic cost of binding ( T �S bind = −8.3 

kcal / mol). Other aptamers on the same high-affinity diagonal 
(e.g. F27, NC195, and AB3) also demonstrated similar effects 
(Fig. 3 A, pink diagonal). 

Altogether, the thermodynamic data indicate that for a ma- 
jority of aptamers, differences in the binding enthalpy be- 
tween different aptamers are generally directly compensated 

for by equivalent changes in entropy, and it appears as if 
only aptamers that can overcome this compensation effect 
can achieve higher affinity. An apparent instance of this is 
with the aptamer F27, which binds furanyl fentanyl with very 
high affinity ( K D 

= 4 nM; labeled green in Fig. 3 A). Thermo- 
dynamic data indicate that the furanyl moiety of this target 
is involved in binding, as the absence of this group, which 

results in the analog acetyl fentanyl, reduces the affinity of 
F27 by five-fold ( K D 

= 21 nM; labeled pink in Fig. 3 A) and 

increases �H bind by a staggering +11.0 kcal / mol. Interest- 
ingly, we calculated a T �S bind for F27 binding to furanyl fen- 
tanyl and acetyl fentanyl of −20.2 and −10.2 kcal / mol, re- 
spectively. This means that the additional enthalpic contri- 
bution of binding to the furanyl moiety ( ��H bind = −11.0 

kcal / mol) overcomes the additional entropic cost ( T ��S bind 
= −10.0 kcal / mol), thereby contributing −1.0 kcal / mol to- 
ward �G bind —and hence the observed five-fold improvement 
in affinity (Fig. 3 B). As another example, aptamers NC235 

and NC1947 both bind cocaine with an identical �H bind of 
−10.5 kcal / mol. However, NC1947 (labeled aqua in Fig. 3 A) 
has a nearly 10-fold superior affinity relative to NC235 (la- 
beled red) (123 versus 1100 nM) because it has less than half 
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Figure 4. The relationship between aptamer K D , enthalpy, and entropy. The binding thermodynamics of aptamers in our dataset as well as aptamers 
reported by other research works are marked as white and yellow circles, respectively. Aptamers specifically discussed in the manuscript are labeled. 
The color gradient represents binding entropy ( T �S ). The dotted and dashed lines indicate aptamers that share similar binding enthalpy and entropy 
values as F27, respectively. Colored boxes represent groups of aptamers referred to in the manuscript. 
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f the entropic binding penalty ( T �S bind = −1.1 versus −2.5
cal / mol), allowing it to similarly overcome the compensation
ffect (Fig. 3 C). 

he interplay between binding affinity, enthalpy, 
nd entropy 

o better visualize the relationship between binding enthalpy,
ntropy , and affinity , we created a two-dimensional contour
lot where affinity and enthalpy are plotted against each
ther and entropy is represented as a color gradient (Fig.
 ). From this plot, we can make several observations. First,
e find that the highest affinity aptamer in our dataset, F27

 K D 

= 4 nM), has neither the most negative binding en-
halpy ( �H bind = −31.6 kcal / mol) nor the least negative bind-
ng entropy ( T �S bind = −20.2 kcal / mol)—factors that both
end themselves to high-affinity binding. To better understand
hy F27 has such high affinity, it is instructive to exam-

ne the binding thermodynamics of aptamers FUB6 ( �H bind 
 −31.0 kcal / mol), FUB5 ( �H bind = −31.6 kcal / mol), and
L2 ( �H bind = −31.4 kcal / mol), which have the same or

imilar binding enthalpy (Fig. 4 , dotted line). However, these
ptamers have affinities that are orders of magnitude poorer
han that of F27 ( K D 

= 54, 163, and 4400 nM, respectively)
ecause of their greater binding entropy penalties relative to
27 ( T �S bind = −21.2, −22.4, and −24.1 kcal / mol, respec-
ively). It is also informative to examine aptamers with sim-
lar binding entropies to F27 but differing binding affinities
nd enthalpies—specifically, AB1 ( T �S bind = −19.8 kcal / mol,
 D 

= 24 nM), NC42 ( T �S bind = −20.1 kcal / mol, K D 

= 282
M), and HMR10.16 ( T �S bind = −20.2 kcal / mol, K D 

= 20.6
M) (Fig. 4 , dash line). With �H bind of −30.2, −29.0, and
26.5 kcal / mol, respectively, these aptamers all have less fa-
vorable enthalpic binding contributions than F27. Thus, F27
is capable of achieving single digit nanomolar affinity by hav-
ing both favorable binding enthalpy and the smallest entropic
binding penalty among these aptamers. This notably low en-
tropic cost implies that the multiple non-covalent interactions
formed between the target and aptamer are perhaps aided by
more stable pre-folding of the binding site relative to other
aptamers. Alternatively, this high affinity may be a conse-
quence of the hydrophobic effect. Here, water molecules that
are initially arranged in an orderly fashion around furanyl
fentanyl gain more conformational freedom as furanyl fen-
tanyl is sequestered by the aptamer and / or water molecules
initially bound by the ligand-free aptamer are liberated into
bulk solution upon target binding. This is a reasonable as-
sumption given that furanyl fentanyl is fairly hydrophobic
(LogP = 3.5)—more so than other ligands in our dataset. 

We further observed that the aptamers with the most neg-
ative binding enthalpy tended to have lower affinity. Starting
from F27 as a point of reference, as the binding enthalpy in-
creases for aptamers 3G ( �H bind = −38.2 kcal / mol), NC73
( �H bind = −39.1 kcal / mol), and ML10 ( �H bind = −40.0
kcal / mol), the affinity of the aptamers becomes substantially
poorer, with respective K D 

s of 47 nM, 102 nM, and 1.88 μM.
The reason for this reduction in affinity is the increasing en-
tropic binding penalty ( T �S bind = −27.7, −29.6, and −32.2
kcal / mol, respectively) that is incurred as enthalpy contribu-
tions increase, which mitigates increases in overall affinity.
Compared with F27, which may feature a more pre-organized
binding domain, the binding sites of 3G, NC73, and ML10
may be less organized and undergo more extensive conforma-
tional changes upon target binding, resulting in a more severe
entropic binding penalty. A similar phenomenon can be seen in
comparing the 3G and 4G cocaine aptamers recently isolated



8 Alkhamis et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by the Stojanovic group [ 54 ]. Aptamer 4G ( K D 

= 14 nM) was
selected from a library containing the 3G aptamer ( K D 

= 47
nM) sequence with an additional N22 random domain in-
serted and has ∼3.5-fold higher affinity than 3G. Although
the binding enthalpy for 4G ( �H bind = −32.2 kcal / mol) is
less favorable than that of 3G ( �H bind = −38.2 kcal / mol),
the lower entropic binding penalty for 4G ( T �S bind = −21.1
kcal / mol) relative to 3G ( T �S bind = −27.7 kcal / mol) confers
higher affinity. The 22-nt insertion in 4G may result in more
pre-organization and rigidity in this aptamer relative to 3G
in the absence of target, thereby increasing aptamer–cocaine
affinity, whereas the more negative enthalpy and entropy val-
ues for 3G may reflect greater flexibility and disorganization
of this aptamer in its unbound state. 

Interestingly, as binding enthalpies become more favorable
(i.e. more negative �H bind ), aptamer binding affinity becomes
even poorer. For example, the methamphetamine aptamers
ML1, ML6, and ML11, all have �H bind < −40 kcal / mol and
also have K D 

values in the micromolar range (3.3, 2.1, and 2.5
μM, respectively). This is primarily because these aptamers
also have the highest entropic binding penalties among all the
aptamers in our dataset, with respective T �S bind of −35.3,
−33.9, and −35.4 kcal / mol. Interestingly, the overwhelming
majority of high-affinity (i.e. K D 

= 20–125 nM) aptamers
in our dataset have moderate enthalpy contributions ranging
from −32 to −15 kcal / mol (Fig. 4 , white box). For example,
E2-25 has a K D 

of 74 nM and a �H bind of −24.1 kcal / mol.
We also identified aptamers in the �H bind range of −15 to
−10 kcal / mol that exhibit high target affinity (Fig. 4 , orange
box), such as the cocaine aptamer NC44, which has a K D 

of
70 nM and �H bind of −10.6 kcal / mol. Although the bind-
ing enthalpy makes a small contribution to NC44’s affinity
relative to other aptamers in the dataset, cocaine binding by
NC44 is made much more favorable by the relatively low en-
tropic binding penalty ( T �S bind = −0.9 kcal / mol). Given that
other cocaine aptamers generally have more negative bind-
ing enthalpies and higher entropic penalties, it is possible that
binding of NC44 to cocaine may involve hydrophobic inter-
actions. NC44 is unusual, however, in that most of the ap-
tamers with �H bind ≥ −10 kcal / mol have micromolar K D 

s
despite having a low entropic binding penalty ( T �S bind >

−2.0 kcal / mol) (Fig. 4 , aquamarine box). This may imply that
small-molecule-binding aptamers require a certain threshold
of binding enthalpy to achieve high affinity. The aptamer with
the lowest binding enthalpy ( −3.5 kcal / mol) in our dataset,
the AB-FUBINACA aptamer FUB24, binds its target with K D

∼11 μM. Interestingly, it is among the very few aptamers in
our dataset with positive binding entropy ( T �S bind = +3.2
kcal / mol), which implies that it likely binds its target via hy-
drophobic interactions. Indeed, positive entropy values were
very rare in our dataset, observed in only 3.6% of aptamers.
Our data indicate that for most aptamers ( ∼95%), ligand
binding is principally an enthalpy-driven process. This is in
contrast to protein receptors, for which the binding of small-
molecule ligands is often driven either by entropy alone or a
combination of enthalpy and entropy [ 33 ]. 

Analyzing the binding thermodynamics of 
aptamers reported in the literature 

We also examined whether the thermodynamic landscape de-
fined here is also more broadly applicable to aptamers discov-
ered by other investigators (Fig. 4 , yellow circles). We obtained
thermodynamic binding data for previously reported small- 
molecule-binding DNA aptamers including the dopamine [ 55 ] 
and estradiol [ 56 ] aptamers isolated by the Stojanovic group,
and the sulforhodamine [ 57 ], salicylic acid [ 58 ], chloram- 
phenicol [ 59 ], adenosine [ 60 ], lactate [ 61 ], estradiol [ 62 ], caf-
feine [ 63 ], and theophylline [ 64 ] aptamers isolated by the Liu 

group. Most of the datapoints corresponding to these ap- 
tamers fell within our contour plot, although we observed 

two outliers. The estradiol aptamer BES.1 isolated by the Sto- 
janovic group exhibits very low binding enthalpy ( �H bind = 

−1.9 kcal / mol) and a positive, highly favorable binding en- 
tropy ( T �S bind = +20.9 kcal / mol) [ 62 ]. BES.1 has modest 
affinity for estradiol ( K D 

= 1.1 μM), and the thermodynamic 
data suggest that it most likely binds through hydrophobic 
interactions. This is supported by the fact that the aptamer,
which was derived from an N8 library [ 56 ], forms a three- 
way-junction binding pocket that is commonly associated 

with a hydrophobic binding mechanism [ 65 ]. The other out- 
lier is CN-Es2, another estradiol aptamer isolated by the Liu 

group [ 62 ], which binds its target with ∼33-fold higher affin- 
ity ( K D 

= 30 nM) relative to BES.1. This improvement in affin- 
ity can be attributed to the ∼5-fold more favorable binding en- 
thalpy ( �H bind = −10.0 kcal / mol) coupled with lower, albeit 
still favorable, binding entropy ( T �S bind = +6.2 kcal / mol).
The binding pocket of this aptamer, which was derived from 

an N30 stem loop DNA library, is likely to be more com- 
plex relative to that of BES.1, and may engage in additional 
forms of non-covalent interaction with estradiol beyond hy- 
drophobic interactions. These outliers are important to con- 
sider because they add to the very small number of examples 
of aptamers that undergo both enthalpy- and entropy-driven 

ligand binding. Thus, while our thermodynamic dataset ap- 
pears to broadly describe patterns of binding thermodynam- 
ics for aptamers and small-molecule targets, there are clearly 
other possibilities in thermodynamic space that we have yet to 

discover. 

Examining the relationship between aptamer 
thermodynamics and specificity 

We next asked whether there was any correlation between 

aptamer-target binding thermodynamics and aptamer speci- 
ficity. Here, we define specificity as the ability of an aptamer 
to selectively recognize one target molecule while having min- 
imal affinity for other “interferent” ligands. We have previ- 
ously employed an exonuclease digestion-based assay [ 32 ] to 

determine the specificity of several of the aptamers in our 
dataset to a broad variety of ligands. In this assay, aptamers 
are digested in the absence or presence of ligand by exonucle- 
ase I and T5 exonuclease. Unbound aptamers are digested by 
enzymes into mononucleotides, while ligand-bound aptamers 
resist enzymatic digestion to an extent that is proportional to 

the aptamer–ligand binding affinity. Monitoring this digestion 

process over time using the fluorescent DNA stain SYBR Gold,
we can quantify the resistance to enzymatic digestion based on 

the area under the curve for fluorescence in the absence versus 
the presence of target. This metric, termed resistance value,
serves as a surrogate of aptamer–ligand affinity and can be 
used to compare the cross-reactivity of an aptamer to a set of 
ligands. To describe the overall specificity of the aptamer, we 
have quantified this property with a “specificity score”. This is 
calculated by determining the average cross-reactivity of each 

aptamer to a given set of interferents, where the number and 
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Figure 5. The relationship between aptamer specificity and aptamer–target binding thermodynamics. ( A ) Plot of aptamer target affinity versus specificity 
score, wherein higher scores indicate poorer affinity. ( B ) A contour plot of specificity scores against enthalpy, with binding entropy as a color gradient. 
Aptamers discussed in the manuscript are labeled. 

i  

e  

fi  

r  

s  

W  

2  

i  

t  

r  

i  

c  

a  

b  

a  

o  

n  

w  

p
 

e  

a  

n  

w  

t  

a  

(  

t  

t  

o  

T  

l  

a  

(  

t  

(  

n  

k  

o  

s  

t  

(  

i  

i  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dentity of the interferents varies for aptamers against differ-
nt targets. Aptamers with poor specificity have higher speci-
city scores, and vice v er sa . In our dataset, specificity scores
anged from 0.5 (excellent specificity) to as high as 54 (poor
pecificity), with an average of 9.3 ± 7.4 and a median of 7.6.
e had ∼6000 aptamer–ligand pairs in the dataset, yielding

18 unique aptamer specificity scores. We plotted the affin-
ty of each aptamer for its target versus its specificity score
o determine if there was a relationship between the two pa-
ameters (Fig. 5 A), but did not see any correlation. This is
n keeping with earlier work from the Szostak group, which
haracterized a panel of aptamers for guanosine triphosphate
nd found that high-affinity aptamers did not necessarily have
etter specificity, leading them to conclude that there is gener-
lly no correlation between affinity and specificity [ 66 ]. While
ur data suggest that aptamers with low nanomolar K D 

( < 50
M) tend to have good specificity, we remain skeptical as to
hether this is really true due to the limited number of data-
oints for aptamers in this particular affinity range. 
To determine if there was a relationship between binding

nthalpy / entropy and specificity, we plotted these values on
 two-dimensional contour plot (Fig. 5 B). Although we did
ot see a strong correlation between these parameters, we
ere able to make some general inferences. First, we noted

hat there were no aptamers with �H bind < −35 kcal / mol
nd T �S bind < −25 kcal / mol that had specificity scores > 15
our cutoff for good specificity). This led us to hypothesize
hat aptamers that bind with very high enthalpic contribu-
ions and steep entropic penalties are likely to be specific. In
ther words, if one observes �H bind < −35 kcal / mol and
 �S bind < −25 kcal / mol for aptamer-target binding, it is

ikely that the aptamer has high specificity. For example, the
ptamer with one of the best specificity scores (0.5), OM14
 Supplementary Fig. S13 ), had a very favorable binding en-
halpy of −36 kcal / mol with a large entropy binding penalty
 T �S bind = −28.4 kcal / mol), while the aptamer with the most
egative binding enthalpy and entropy, ML11 ( �H bind = −43
cal / mol, T �S bind = −35.4 kcal / mol) had a specificity score
f 8.9 ( Supplementary Fig. S14 ). ML11 has relatively good
pecificity, as it cross-reacts to just 5 ligands in a set of 28 in-
erferents, in particular, norepinephrine (25%), amphetamine
25%), dopamine (25%), and quinine (50%). This suggests an
ntuitively reasonable model in which the more non-covalent
nteractions form between the aptamer and target (making
�H bind << 0), and the more the aptamer and / or ligand con-
formation is restricted ( T �S bind << 0), the more specific the
binding interaction will be. In other words, these enthalpy-
driven aptamers achieve high molecular discrimination be-
cause they are only capable of interacting with ligands that
contain multiple requisite structural features for binding. Our
data, however, also indicated that high-specificity binding can
be achieved even if enthalpic binding contributions are rel-
atively low. For instance, the oxycodone aptamer OM16 is
also specific (specificity score = 2.6) ( Supplementary Fig. S15 ),
even though it has much less favorable binding enthalpy ( −10
kcal / mol) and entropy ( T �S bind = −2.0 kcal / mol) compared
with OM14. This indicates that specificity can be achieved
through other mechanisms, such as high shape complemen-
tarity between the aptamer and ligand. 

We also observed that as an aptamer’s binding enthalpy and
entropy become less negative, there is a slight increase in the
likelihood of it having poor specificity (Fig. 5 B). We made this
assessment based on the fact that there are no poorly specific
aptamers in our dataset that have �H bind < −30 kcal / mol
(or T �S bind < −20 kcal / mol). For example, cocaine aptamer
NC358 has �H bind = −9.1 kcal / mol and T �S bind = 0.1
kcal / mol, and has the seventh highest specificity score in the
dataset. NC358 cross-reacts to ligands with moieties com-
mon to cocaine (e.g. amino group and aromatic rings) such
as MDPV, mephedrone, MDMA, methadone, heroin, ben-
zoylecgonine, diphenhydramine, procaine, levamisole, fluox-
etine, and serotonin ( Supplementary Fig. S16 ). The promis-
cuity of this aptamer may be due to the presence of a non-
specific binding pocket that accommodates ligands with a
positive charge and an aromatic moiety. We also observed
poor specificity for aptamers that have moderate binding en-
thalpy and entropy. This is best evidenced by the aptamer with
the second poorest specificity (specificity score 45), AMB5,
which binds to the hydrophobic synthetic cannabinoid 5F-
AMB with a K D 

of 13.9 μM, �H bind of −16.8 kcal / mol,
and T �S bind of −10.2 kcal / mol. This aptamer cross-reacts
with a variety of seemingly structurally dissimilar ligands,
including lysergic acid diethylamide, quinine, sumatriptan,
dehydroepiandrosterone sulfate, procaine, diphenhydramine,
oxycodone, MDMA, amphetamine methadone, and cocaine
( Supplementary Fig. S17 ). All of these ligands contain aro-
matic rings with several hydrogen bond donors and accep-
tors. Thus, as with NC358, the binding pocket of the aptamer

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf219#supplementary-data
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is able to accommodate a variety of ligands as long as they
contain a combination of a few key structural elements. Like-
wise, the aptamer with the worst specificity score, the metham-
phetamine aptamer MT2-R2, has moderate binding enthalpy
( �H bind = −20.9 kcal / mol) and entropy ( T �S bind = −13.7
kcal / mol) and cross-reacts to 24 out of 28 tested ligands.
Most of these interferents are amines with aromatic rings,
including dopamine, serotonin, morphine, methadone, pro-
caine, and diphenhydramine ( Supplementary Fig. S18 ). The
data as a whole indicate that the only path toward ratio-
nally engineering highly specific aptamers will entail max-
imizing target-binding enthalpy, binding entropy, or both.
This perspective is based on two findings. First, we observed
that aptamers with �H bind > −35 kcal / mol and T �S bind >

−25 kcal / mol vary widely in terms of specificity. This in-
dicates that it is challenging to improve aptamer specificity
through rational design within this range of thermodynamic
parameters. Second, we did not observe any aptamers with
�H bind < −35 kcal / mol and T �S bind < −25 kcal / mol that
had a specificity score > 15. Thus, the data suggest that push-
ing �H bind and T �S bind below −35 and −25 kcal / mol, re-
spectively, represents a rational path toward high specificity.
However, because there are only a handful of datapoints
in this part of the thermodynamic space, it is possible that
our assumptions may need to be modified in light of future
data. 

Discussion 

Here, we have compiled and analyzed thermodynamic binding
data derived from ITC as well as specificity data from an ex-
onuclease digestion assay for a panel of > 300 DNA aptamers
for small-molecule targets. In general, we observed close cor-
relation between �H bind and �S bind , similar to what previ-
ous biophysical studies have found with protein–ligand in-
teractions [ 33 ], but saw no meaningful correlation between
aptamer affinity and �H bind or �S bind . For instance, there
were several high-affinity aptamers ( K D 

< 100 nM) with a
broad range of binding enthalpy ( −40 to −10 kcal / mol) and
entropy values ( −30 to 0 kcal / mol). This implies that high-
affinity recognition of small-molecule targets by aptamers can
be achieved through a variety of interaction mechanisms. By
creating contour plots from the binding enthalpy , entropy ,
and affinity data, we were able to make some general obser-
vations. For example, the highest-affinity aptamers had nei-
ther the most negative binding enthalpy nor the most positive
binding entropy, and aptamers with the highest binding en-
thalpy tended to have lower binding affinity . Finally , we de-
termined that although there is poor correlation between ap-
tamer specificity and target-binding enthalpy and entropy, the
likelihood of an aptamer having poor specificity decreases as
its binding enthalpy and entropy become increasingly nega-
tive. Compared with the thermodynamics of protein binding
to small molecules, which is primarily driven either by entropy
alone or by both entropy and enthalpy, our dataset indicates
that the thermodynamics of aptamer–small molecule binding
are, surprisingly, predominately driven by enthalpy, with both
entropy- and enthalpy-driven binding apparent only in a mi-
nority of aptamers. Despite initial concerns that our dataset
may have been biased toward enthalpy-driven binding due
to the collection of measurements with ITC, which detects
binding events by measuring heats of binding reactions, we
subsequently recognized that ITC should be capable of de-
tecting entropy-driven binding ( T �S bind > 0 kcal / mol) be- 
cause �H bind would be ≥ 0 kcal / mol (i.e. endothermic bind- 
ing) in such cases. We do acknowledge, however, that ITC will 
face difficulties accurately quantifying binding thermodynam- 
ics if �H bind is between −2.0 and +2.0 kcal / mol due to low 

signal-to-noise ratios. Alternative affinity determination meth- 
ods, such as microscale thermophoresis, would thus be more 
appropriate in such cases. 

Our study has several limitations that should be considered.
First, the small-molecule ligands in our dataset are either drugs 
or drug-like molecules that follow Lipinski’s “Rule of 5” [ 67 ],
and thus tend to be hydrophobic rather than hydrophilic, with 

an average LogP of 2.9. However, there are several aptamers 
that bind to hydrophilic targets including amino acids, carbo- 
hydrates, and nucleotides, which are underrepresented in our 
dataset. Nevertheless, our data here can be consolidated with 

thermodynamic data obtained for these more hydrophilic lig- 
ands in the future. Second, we would like to caution readers 
that, because there are likely more aptamers for our ligands 
that we have not yet discovered, the conclusions that we have 
drawn here from the thermodynamic data apply to the ap- 
tamers we have discovered thus far. In any case, however, if 
in the future more aptamers are discovered for the ligands 
studied in this work, the new thermodynamic data can be in- 
tegrated into the dataset provided here to make more gen- 
eralizable conclusions. Third, it remains unclear to what ex- 
tent the binding thermodynamics of aptamer–small molecule 
binding is comparable to binding between aptamers and pro- 
tein targets. In particular, protein-binding aptamers undergo 

unique binding phenomena that may not be observed with 

small-molecule-binding aptamers, such as the displacement 
of counterions in the ionic milieu of nucleic acids and pro- 
teins upon nucleic acid–protein binding [ 68 ]. Since this pro- 
cess is entropically favorable, the binding thermodynamics for 
some protein-binding aptamers will differ from those of small 
molecule–aptamer binding—which, as we find here, are gen- 
erally enthalpy-driven and entropically unfavorable. Fourth,
since our aptamers are all based on DNA, the generalizability 
of our findings to RNA aptamers is currently unknown. Fi- 
nally, we would like to note that the specificity score we used 

in this work is merely an estimate of aptamer specificity. This 
is because these scores were derived from cross-reactivity val- 
ues determined via exonuclease digestion assays with just one 
concentration of interferent. Perhaps a more suitable metric 
for specificity is the actual measured affinity of an aptamer 
for interferents in terms of K D 

, as obtained via ITC or strand- 
displacement assays. Obtaining such data, however, will re- 
quire considerable effort and time, as most methods for de- 
termining K D 

have low throughput. Nevertheless, the findings 
here will serve as a foundation for broader exploration of the 
parameters that more generally inform aptamer binding be- 
havior in the future. 
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