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ABSTRACT: Screening molecular libraries for ligands capable of
binding proteins is widely used for hit identification in the early
drug discovery process. Oligonucleotide libraries provide a very
high diversity of compounds, while the combination of the
polymerase chain reaction and DNA sequencing allow the
identification of ligands in low copy numbers selected from such
libraries. Ligand selection from oligonucleotide libraries requires
mixing the library with the target followed by the physical
separation of the ligand−target complexes from the unbound
library. Cumulatively, the low abundance of ligands in the library
and the low efficiency of available separation methods necessitate
multiple consecutive rounds of partitioning. Multiple rounds of inefficient partitioning make the selection process ineffective and
prone to failures. There are continuing efforts to develop a separation method capable of reliably generating a pure pool of ligands in
a single round of partitioning; however, none of the proposed methods for single-round selection have been universally adopted. Our
analysis revealed that the developers’ efforts are disconnected from each other and hindered by the lack of quantitative criteria of
selection quality assessment. Here, we present a formalism that describes single-round selection mathematically and provides
parameters for quantitative characterization of selection quality. We use this formalism to define a universal strategy for development
and validation of single-round selection methods. Finally, we analyze the existing partitioning methods, the published single-round
selection reports, and some pertinent practical considerations through the prism of this formalism. This formalism is not an
experimental protocol but a framework for correct development of experimental protocols. While single-round selection is not a goal
by itself and may not always suffice selection of good-quality ligands, our work will help developers of highly efficient selection
approaches to consolidate their efforts under an umbrella of universal quantitative criteria of method development and assessment.

Screening combinatorial libraries of molecules for ligands
capable of binding therapeutic targets has become the

mainstream approach for hit identification in the early drug
discovery process.1−3 Probability rules suggest that the number
of different ligands increases with the increasing structural
diversity of the library.4 Discrete chemical libraries, in which
every molecule is synthesized, stored, and tested for target
binding separately, are limited to approximately a million
different compounds, and they are not a subject of our
consideration here.5,6 Combinatorial mixtures, which are
synthesized via the split and mix approach, can provide
virtually unlimited diversity. Highly diverse combinatorial
mixtures are the sole focus of this work, and accordingly, the
term “library” refers to a highly diverse library mixture unless
otherwise stated.
Finding ligands in a library requires (1) mixing the library

with the target, (2) physically separating target-bound
molecules (binders) from target-unbound molecules (non-

binders), and (3) identifying the separated binders.7−9

Increasing library diversity inevitably reduces the number of
copies of each unique molecule in the library and, thus, makes
binder identification more difficult. The product of physical
isolation of binders from a library is a complex mixture of many
different binders contaminated by many different nonbinders,
each present in a small number of copies.10 Classic structure-
identification tools, such as nuclear magnetic resonance and
mass spectrometry, cannot be applied to such complex
mixtures with extremely low copy numbers. A solution for

Received: February 8, 2021
Accepted: March 16, 2021

Perspectivepubs.acs.org/ac

© XXXX American Chemical Society
A

https://doi.org/10.1021/acs.analchem.1c00601
Anal. Chem. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

Y
O

R
K

 U
N

IV
 o

n 
M

ar
ch

 2
8,

 2
02

1 
at

 1
8:

44
:3

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 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="An+T.+H.+Le"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svetlana+M.+Krylova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stanislav+S.+Beloborodov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Y.+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+Hili"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+E.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rakesh+N.+Veedu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Svetlana+Belyanskaya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergey+N.+Krylov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.1c00601&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00601?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00601?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00601?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00601?fig=tgr1&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.1c00601?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


this problem is the use of oligonucleotide libraries in
combination with the analytical tools of molecular biology.7,9

The oligonucleotide moieties of molecules selected from
oligonucleotide libraries can be amplified by the polymerase
chain reaction (PCR), and their sequences can be identified via
DNA sequencing and serve as binder identities. The amplifying
power of PCR allows the identification of binders selected even
in single copies.
There are two major types of oligonucleotide libraries:

random-sequence libraries, which are used for the selection of
DNA and RNA aptamers,11,12 and DNA-encoded libraries
(DELs),13 which are used for selecting small-molecule ligands.
Identifying oligonucleotide sequences of selected aptamers
facilitates chemical synthesis of their replicas. Sequence
information on DNA moieties of binders isolated from DELs
is used to deconvolute the structural information on small-
molecule binders, and the binders are then synthesized one-by-
one without DNA tags. A typical random region in an
oligonucleotide library for aptamer selection is 40-nt long
resulting in library diversity from 440 to 1024 unique sequences.
DELs are typically less diverse, but there are examples of DELs
composed of as many as 1012 different compounds.13 The
enormous sequence and structure diversities in oligonucleotide
libraries along with the availability of adequate screening tools
makes such libraries very attractive for in vitro selection of
affinity probes and hits in early stage drug discovery.14,15

Efficient physical partitioning of binders from nonbinders
constitutes a major challenge for the field of binder selection
from oligonucleotide libraries. The abundance of binders in a
naiv̈e (unbiased for a specific target) oligonucleotide library
may be as low as one suitable binder per million or billion
library molecules. Separating the few binders from the
overwhelming majority of nonbinders in a single partitioning
step is limited by a nonbinder background.16−19 Consequently,
multiple rounds of partitioning are typically used for in vitro
selection of binders from oligonucleotide libraries.
Multiround selection of binders from oligonucleotide

libraries has fundamental drawbacks. Oligonucleotide aptamers
are typically obtained by the SELEX process, which involves
iterative cycles of binding/partitioning and enrichment by PCR
amplification and theoretically enables an unlimited number of
rounds.16−19 In reality, a large number of rounds may not be
able to compensate for inefficient partitioning if the sequence
bias of PCR toward the amplification of nonbinders is greater
than the preference of partitioning for the isolation of
binders.20−22 On the other hand, single-round selection,
which may force dealing with single copy numbers, requires
high-fidelity polymerases to avoid the loss of binders due to
deleterious mutations during amplification.
The limited efficiency of partitioning is even more

detrimental in the isolation of binders from DELs. Binders
isolated from DELs cannot be amplified by PCR, while every
round of partitioning results in binder losses.13,15,23,24 Thus, a
typical binder selection from a highly diverse DEL is limited to
three rounds and produces a pool greatly dominated by
nonbinders.25 Secondary screening (typically called “hit
validation” in application to DELs), which involves deep
DNA sequencing of the enriched pool followed by in silico
removal of known nonbinders (e.g., binders to the matrix),
synthesis of selected DNA-free compounds, and testing them
in binding assays, is used as a means of compensating for the
inefficiency of partitioning.13,15,23,24 Sequencing large amounts
of DNA is expensive, and the fact that a significant part of the

material processed in DNA sequencing is nonbinders makes
selection from highly diverse DELs cost inefficient for
industrial R&D and largely cost prohibitive for academic
laboratories.
It is clear that reliable single-round selection of binders from

oligonucleotide libraries could resolve the identified problems
of multiround selection. The first report of single-round
selection was published in 2005, and notably, the total number
of such reports by the end of 2020 is just over 10.26−36 All of
these reports are concerned with the selection of binders from
random-sequence libraries rather than DELs. None of the
proposed methods became routinely used for single-round
selection. A closer look at these reports reveals that there are
no common criteria of successful single-round selection. Most
studies are qualitative, noncomparative, and insufficiently
universal. The current state of this field strongly suggests
that none of the proposed methods is sufficiently reliable for
routine single-round selection. In our view, the main problem
is the lack of a unifying formalism for the field of single-round
selection. Without an accepted underlying theory, the field
appears to be art rather than science, and the efforts of
different developers appear to be largely disconnected. To
address this problem, we present a unifying formalism of
single-round selection and use this formalism to analyze the
previous efforts and guide the future efforts of method
developers.

■ FORMALISM OF SINGLE-ROUND SELECTION
Mathematics of Partitioning. The overall process of

binder selection from a highly diverse library includes (i)
mixing the library with the target to allow binders to form
target−binder complexes, (ii) physically partitioning these
complexes (i.e., binders) from the unbound library (i.e.,
nonbinders), and (iii) identifying the isolated binders. Formal
rules which govern binder selection have been previously
described37 and are the basis for the formalism presented here.
The efficient physical partitioning is key to the selection
process and can be conceptually presented as a filter that
passes most binders and stops most nonbinders (Figure 1).

Partitioning can be described quantitatively using a term of
“transmittance” utilized for the characterization of optical
filters. Transmittance of partitioning for binders (B), kB, is
defined as the ratio between quantities of binders at the output,
Bout, and input, Bin, of partitioning, respectively

=k B B/B out in (1)

Figure 1. Schematic representation of efficient single-round
partitioning of binders from nonbinders in an oligonucleotide library
mixture. See text for details.
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Accordingly, transmittance of partitioning for nonbinders (N),
kN, is defined as the ratio between the quantities of nonbinders
at the output, Nout, and input, Nin, of partitioning, respectively

=k N N/N out in (2)

According to their definitions, kB is a fraction of binders that
passes partitioning, and kN is a fraction of nonbinders that leaks
through partitioning. Both values theoretically range between 0
and 1, and kB must be greater than kN. Ideal partitioning is the
one with kB = 1 and kN = 0, while in reality kB < 1 and kN > 0.
The passage of nonbinders through partitioning creates the
nonbinder background in the selection process and contam-
inates binders at the exit of partitioning. The value of kN can be
used as a quantitative measure of a nonbinder background.
The values of kB and kN are sufficient to characterize
partitioning quantitatively.
We can now link the input and output of partitioning

through the values of kB and kN. The binder-to-nonbinder ratio
at the input of partitioning (the abundance of binders in the
starting library), Bin/Nin, depends on the physical properties
and concentrations of the target and the library as well as on
the composition, ionic strength, and pH of the buffer. The
binder-to-nonbinder ratio at the output of partitioning
depends on Bin/Nin, kB, and kN

=
B
N

B
N

k
k

out

out

in

in

B

N (3)

The value of kB/kN is the efficiency of partitioning; it
theoretically ranges between 0 and ∞. While maximizing kB/
kN, one must keep in mind the importance of the absolute
value of kB; this practical aspect is discussed below.
Criterion of Successful Single-Round Partitioning.

When characterizing single-round selection, one faces a
problem of deciding whether the selection was successful.
This qualitative decision requires a quantitative criterion of
success. Formally, one should choose and justify a certain value
Q, which is used as a minimum acceptable value of Bout/Nout in
order to declare the selection successfulif the determined
value of Bout/Nout exceeds Q, single-round partitioning is
considered successful. A chosen value Q will define the
required efficiency of partitioning in relation to the binder
abundance in the starting library

>
B
N

k
k

Qin

in

B

N (4)

We discuss practical considerations for choosing Q below.
Instructiveness of the Formalism. The sole purpose of

partitioning is to remove nonbinders from the library while
minimizing the loss of binders (similar to isolating gold from
ore). Equation 3 clearly shows that partitioning can be
improved only by (i) increasing Bin/Nin, (ii) increasing kB, and
(iii) decreasing kN. Partitioning is not art, it is sciencewhen
introducing any change to partitioning, a developer should
clearly understand which of the three parameters will be
affected by this change. Some changes may be counter-
productive. For example, decreasing kN is not beneficial if it is
accompanied by a proportional decrease in kB (examples are
discussed below). It is also clear that a drastic improvement in
partitioning can be achieved by using a library with a greater
abundance of binders (higher Bin/Nin).
Understanding the three key parameters of successful

partitioning should help developers to design and optimize

their partitioning rationally. The word “optimize” is key as Bin/
Nin, kB, and kN depend on many experimental parameters, and
maximizing Bin/Nin and kB and minimizing kN requires varying
those parameters. In essence, developing a reliable method for
single-round selection of binders from oligonucleotide libraries
is inevitably a major endeavor which includes ingenuity,
rational design, thorough optimization, control-supported
proof, and full validation. The efforts must be based on
maximizing Bin/Nin and kB, minimizing kN, and, eventually,
proving Bout/Nout > Q. Obviously, the formalism must be
considered and used in the context of real target−library pairs;
this practical aspect is discussed below.

■ HOW TO DEVELOP AND PROVE SINGLE-ROUND
SELECTION

Designing a Comparative Study. Comparativeness is a
key requirement for single-round selection studies. Every study
should be designed in a way that its results can be
quantitatively and conclusively compared to those of the
previous and future studies keeping in mind that comparative
analysis to the previous studies may be limited due to their
nonquantitative nature. To have a comparative study, one
should use a target−library pair for which binders have been
previously selected and (i) characterize partitioning quantita-
tively using a mock library with different known Bin/Nin and
(ii) validate partitioning using binder selection from a naiv̈e
library followed by comprehensive binder characterization.

Quantitative Characterization of Partitioning Using a
Mock Library. A mock library is a mixture containing a
known binder and nonbinders with a known binder-to-
nonbinder ratio. Mock libraries cannot be used productively
for quantitative characterization of multiround selection as
cumulative errors (e.g., those of PCR) in multiround selection
are very high. Single-round selection is, in contrast, not prone
to accumulating errors, and its quantitative characterization
can benefit from using a library with known Bin/Nin.
The mock-library approach for characterization of partition-

ing is the following. A mock library with different Bin/Nin is
assembled by spiking a known binder into a known nonbinder
(with two different sets of PCR primers). Single-step
partitioning is applied to each mock library, and the quantities
of the binder and nonbinder at the output are determined by
quantitative PCR (qPCR) to obtain Bout/Nout for each value of
Bin/Nin. The values of Bout/Nout are plotted versus those of Bin/
Nin. The dependence of Bout/Nout on Bin/Nin should be linear
(eq 3), and the plot is to serve two purposes. First, it helps to
identify the linear part of this dependence which corresponds
to the range of Bin/Nin in which Bout and Nout are quantified
reliably by qPCR. Second, the slope of the linear part of the
line is the value of kB/kN.
The obtained value of kB/kN is the characteristic of the

quality of partitioning that can be used to compare different
partitioning methods. Maximizing kB/kN is an approach for
optimizing partitioning. Ideally, we would like to use the
obtained kB/kN to judge if the method is suitable for value
single-round selection. However, the required kB/kN depends
on the target−library pair and can only be roughly estimated
after multiple successful single-round selections. In our current
view, the required value of kB/kN is greater than 109;36 lower
values may also work but only for a limited set of
targets.26,28,35,36

Quantitative Validation of Partitioning. A high value of
kB/kN obtained for a mock library justifies an effort to validate
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partitioning in binder selection for the same known target but
from a naiv̈e library. A naiv̈e library has an unknown binder-to-
nonbinder ratio and uses a single set of PCR primers. The
selected binders can only be distinguished from nonbinders in
a postselection binding assay. The reliance on a binding assay
emphasizes the importance of performing it properly
(including all the required controls) and interpreting its results
correctly. Binding assays are prone to very large systematic
errors. Unlike concentration measurements, the determination
of binding constants can lead to errors as large as orders of
magnitude. Binding assays deserve separate consideration
which is given later in this perspective.
Validation of partitioning is simpler and less expensive to do

for a random-sequence library used for aptamer selection.
When validated for such a library, the partitioning method can
potentially be applied to DELs with physicochemical proper-
ties similar to those of the random-sequence library. Although,
there are concerns that binding of aptamers and binders from
DELs can be affected differently by conditions, for example,
buffer composition. The validation strategy for aptamer
selection is the following. A single round of partitioning is
performed for library−target mixtures at different target
concentrations including a control selection with no target.
The binder-enriched libraries are amplified by PCR and
subjected to a bulk binding assay which can distinguish all
binders from all nonbinders. The bulk assay allows the
determination of a bulk complex-stability parameter, which is
sometimes called the bulk Kd value, but it is better described as
an effective concentration, EC50, i.e., target concentration
which causes binding of 50% of the library.38

The value of EC50 is, of course, a function of the
concentration of the enriched library and, therefore, is not a
true constant. However, it can be used in comparing the results
of binder selections performed for different target concen-
trations. The target concentration of zero should not partition
any binders, but binding assays may reveal some nonspecific
binding of the product during such selection. This nonspecific
binding should, however, have the highest value of EC50 of all,
and EC50 should decrease with increasing target concentration
(used in selection) within a certain range. If such behavior is
not observed, the results of selection and characterization are
inconclusive and likely mean that the selection was not
successful. If the dependence of EC50 on the target
concentration used in partitioning is observed, the partitioning
can be further characterized.
The bulk assay can be used to assess the value of Bout/Nout

for selection from a naiv̈e library. These values, of course, will
depend on the target concentration used in the selection. One
can use the highest obtained value of Bout/Nout for character-
izing partitioning. If this value of Bout/Nout is greater than the
chosen value Q (eq 4), one can declare that the single-round
selection was successful.
The results of successful single-round selection can serve

several purposes. First, the positive result is a proven
achievement on its own. Second, considering that the value
of kB/kN was determined for the same target using the mock
library and Bout/Nout was determined for the naiv̈e library, one
can use eq 3 to estimate Bin/Nin. There are very limited
empirical data for aptamer abundance, and the ability to
measure aptamer abundance through single-round selection
will be a powerful tool in studies focusing on design of better
libraries, such as random-sequence libraries with chemically
modified nucleotides.39−42 Third, successful single-round

selection will provide a kB/kN value (e.g., obtained with the
mock library) that was sufficient for this selection. Such values
will serve as reference points for further efforts to develop
partitioning approaches for single-round selection.
Above, we showed how our formalism can serve as a general

(i.e., without specifying the partitioning method) framework
for designing a comparative single-round selection study.
Below, we consider the existing partitioning methods, the
previous reports of single-round selection, and some pertinent
practical considerations through the prism of this formalism.

■ EXISTING PARTITIONING METHODS
Partitioning on the Surface. There are two major modes

of partitioning on the surface: partitioning using a surface-
immobilized target (Figure 2a) and partitioning on a physical

filter (Figure 2b). The immobilized target approach is more
widely used. The target is immobilized on the surface of a solid
support, for example, magnetic particles, and allowed to
interact with the library in solution. When binders form a
complex with the target, they also become immobilized, while
the nonbinders remaining in solution can be effectively washed
out. The physical filtration approach utilizes filters with a pore
size such that the unbound library components predominantly
pass through, while target−binder complexes are predom-
inantly retained. Since the sizes of the target−binder
complexes and unbound components are on the same order,
the heterogeneity of pore sizes results in inefficient
partitioning.
All methods of partitioning on the surface suffer from the

binding of nonbinders to the surface itself.12,16−19 The values
of kN can be easily measured by finding Nout/Nin in a target-
free selection when the library is allowed to bind to the target-
free surface. Measuring kB is more difficult for several reasons,
but the upper limit of efficiency of a partition can be assessed
in the assumption of kB = 1. In this case, the efficiency of
partitioning equals kN

−1. For partitioning on the surface, the
values of kN have been assessed experimentally and found to be
above 10−2.16,18,19 The value of kN can be decreased by
implementing more stringent wash conditions, but this will
also lead to decreasing kB. Accordingly, it is typically
considered that kB/kN < 102 in surface-based partitioning.16,19

Figure 2. Schematic representation of partitioning on the surface
using (a) a surface-immobilized target and (b) a filter that passes
through smaller unbound library components (N) but stops larger
target−binder complexes (TB). (a, left) A target is immobilized on
the surface. (a, middle) The library is incubated with the immobilized
target resulting in immobilized TB and some N captured on the
surface. (a, right) N is washed out, but a fraction of N is still bound to
the surface. (b, left) A target−library mixture is placed on the filter.
(b, right) N passes through the pores but also binds nonspecifically to
the filter surface.
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For such partitioning to facilitate successful single-round
selection, the abundance of binders in the starting library
should be greater than 10−2 even for a conservative value of Q
= 1. As we mentioned above, the scarce data for binder
abundancies suggest that they may be as low as 10−9.
Accordingly, when surface-based partitioning is the basis for
single-round selection, a highly efficient means of reducing the
binding of nonbinders to the surface should be identified and
used.
Homogeneous Partitioning. Separation of target−binder

complexes from nonbinders by capillary electrophoresis (CE)
can facilitate homogeneous separation in which the binding of
nonbinders to the surface (e.g., to the capillary inner walls)
does not decrease the efficiency of partitioning. There are two
major modes of CE-based partitioning: nonequilibrium CE of
equilibrium mixtures (NECEEM) and ideal-filter CE (IFCE)
(Figure 3). In NECEEM, both the target−binder complexes

and the unbound library move in the same direction, toward
the capillary outlet. The complexes move ahead of the
unbound library when an uncoated capillary is used, and the
strong electroosmotic flow (EOF) is present (used as an
example in Figure 3).26 When the EOF is suppressed, the
unbound library moves ahead of the complexes.43 In IFCE, the
EOF is balanced so that target−binder complexes move to the
capillary outlet, while the unbound library moves to the inlet.36

In both NECEEM and IFCE, there is a very small fraction of
the unbound library that moves to the elution end with a
mobility close to that of the target−binder complexes and
creates the nonbinder background (see graphs in Figure 3). In
IFCE, this fraction is smaller than in NECEEM; the value of kN
in NECEEM and IFCE may be as low as 10−6 and 10−9,
respectively.26,36 The value of kB in NECEEM can be close to
unity because even the binders that dissociated from the target
during CE separation are separated from nonbinders and
collected along with the intact complexes.26 Therefore, in
NECEEM, the efficiency of partitioning is primarily defined by
the nonbinder background: kB/kN ≈ kN

−1. In IFCE, the binders
that are released from the complexes that dissociate during
separation are lost because they move back to the inlet when
unbound to the target. As a result, kB in IFCE can be
considerably below unity, and thus, the efficiency of
partitioning is affected by both the nonbinder background
and loss of binders: kB/kN < kN

−1. While IFCE is still immature

and requires more studies to better understand its potential
and limitations, it provides the highest reported efficiency of
partitioning. This makes IFCE a good candidate for develop-
ment of reliable single-round selection. A potential strategy of
improving kB in IFCE is its combination with equilibrium CE
of equilibrium mixtures, which is another mode CE-based
partitioning, which is not discussed here.44

Time as a Parameter of Partitioning. Separation time is
a key parameter of every mode of partitioning, and kB and kN
are functions of separation time. Separation time for
partitioning on the surface is defined as the time of washing
the binders and nonspecifically bound nonbinders from the
surface. Separation time for homogeneous partitioning is the
time from the beginning of separation to elution of complexes.
The value of kN decreases with increasing separation time in all
modes of partitioning. A longer washing step in surface-based
partitioning removes a larger fraction of nonbinders captured
by the surface. In homogeneous partitioning, the value of kN
also decreases with increasing separation time as longer
separation increases the resolution between zones of binders
and nonbinders and reduces the nonbinder background in the
zone of binders.
The situation is more case specific for kB. In surface-based

partitioning, kB decreases with increasing separation time due
to complex dissociation during the washing step; in essence, kB
decreases with an effective unimolecular dissociation rate
constant of complexes, koff. A similar situation is in IFCE-based
partitioning, in which ligands that fell from the target during
separation reverse their movement direction and do not reach
the capillary outlet. The NECEEM mode of partitioning is
different as such binders keep moving toward the capillary
outlet and can be collected along with the intact complexes
(see the previous section).
In general, kB decreases with increasing separation time

slower than kN, and therefore, the efficiency of partitioning, kB/
kN, increases with increasing separation time. However,
increasing separation time becomes counterproductive when
the total amount of remaining intact target−binder complexes
decreases to the limit of quantitation (LOQ) of qPCR.
Therefore, choosing separation time is an important practical
consideration which depends on a mode of partitioning and
the quality of qPCR.

■ PUBLISHED REPORTS ON SINGLE-ROUND
SELECTION

Overview. There are about a dozen published reports on
single-round selection from oligonucleotide libraries.26−36

None of the proposed methods were developed and validated
using the general framework described above. Most of the
proposed methods were reported without the optimization of
kB and kN and were not supported by measurements of kB and
kN. Quantitative characterization of partitioning using a mock
library has not been utilized at all. Despite having serious
limitations, these reports cumulatively constitute a starting
point for future efforts; therefore, we provide their analysis.
There have been successful efforts by synthetic chemists to

develop oligonucleotide libraries with increased binder
abundancies by using modified oligonucleotides with function-
alized protein-like groups.39−42 None of the single-round
selection reports utilized such libraries; instead, unmodified
random-sequence oligonucleotide libraries were used. Single-
round selection has not been demonstrated for high-diversity
DELs either. We do not consider the Bin/Nin parameter and

Figure 3. Illustration of homogeneous partitioning by two major
modes of CE: (a) NECEEM and (b) IFCE. The top parts show real
electrophoretic mobilities (μ) and observed velocities (v) of the
electroosmotic flow (EOF), target−binder complexes (TB), and
nonbinders (N). The bottom panels show experimental examples of
nonbinder backgrounds.
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analyze the proposed single-round selection methods based
solely on how improvements in their efficiency of partitioning
could be achieved in terms of increasing kB and decreasing kN.
One-Round Selection Using Partitioning on the

Surface. As we described above, the major drawback of
surface-based partitioning is the adherence of nonbinders to
the surface of a solid support of a filter. As a result of this
nonbinder background, the values of kN are typically higher
than 10−2 when using standard washing protocols, which is
insufficient for single-round selection even if kB = 1. Thus, the
primary goal in surface-based partitioning is to mitigate the
effect of the nonbinder background, for example, to decrease
kN hopefully without significantly decreasing kB. Conceptually,
there are two major ways to deal with nonspecific binding to
the surface. First, this binding can be suppressed via using
antiadhesive materials, and second, the adsorbed compounds
can be removed more efficiently than in a standard washing
procedure. There are single-round selection reports claiming to
suppress nonspecific binding to the surface and/or improve the
removal of nonspecifically bound oligonucleotides from the
surface.
In 2009, the Soh group published a combination of

suppression of nonspecific binding and efficient removal of
solubilized nonbinders in a microfluidic platform proposed for
single-round selection of aptamers.29 In this method, the target
was immobilized on a magnetic bead coated with carboxylic
acid to reduce the nonspecific binding of oligonucleotides to
the bead surface. A mixture of these beads and the library was
subjected to partitioning in a laminar-flow fluidic system
optimized for segregating the beads from the unbound library
into separate streams. The authors did not measure kB but
measured kN which was found to be in the order of 10−6, which
is 4 orders of magnitude lower than kN of conventional surface-
based partitioning methods. This group went beyond publish-
ing the proof of principle; the approach was used to attempt
one-round selection for other targets. The authors found that
other targets required additional rounds of selection along with
high-throughput sequencing to identify high affinity ap-
tamers.45,46 This microfluidic approach is a proven way of
high-efficiency partitioning which can potentially be further
advanced to facilitate reliable one-round selection of binders
from oligonucleotide libraries.
In 2012, Liu and coauthors proposed supplementing the

standard washing step with nuclease-catalyzed degradation of
oligonucleotides adsorbed onto the surface.33 A conceptually
similar approach was reported by Imashimizu and coauthors in
2018.35 This approach is restricted to a selection of aptamers
from random-sequence oligonucleotide libraries; it is not
applicable to DELs. The core concept is that aptamers bound
to their protein target are more compact than oligonucleotides
bound to the surface, and therefore, the former are more slowly
degraded by nucleases than the latter. Accordingly, adding an
enzymatic degradation step should decrease kN to a greater
degree than kB, thus resulting in the increased efficiency of
partitioning, kB/kN. Since target-bound aptamers are still
cleaved by the nuclease, time of the enzymatic digestion step
is a key parameter. It should be optimized and precisely
controlled to ensure that the unavoidable cleavage of target-
bound sequences does not make this step counterproductive.
It appears to us that due to the conceptual simplicity of

nuclease-catalyzed degradation of nonbinders, this approach
can be fully characterized quantitatively. Even if the enzymatic
step proves not to increase the efficiency of partitioning to the

level required for reliable single-round selection, this approach
can be easily used in the multiround selection of aptamers, thus
benefiting the field of aptamer selection. It is worth noting that
this approach is not applicable to the selection of binders from
DELs as the DNA moiety in all DEL molecules have the same
structure and will be susceptible to the same degree of
enzymatic degradation for binders and nonbinders.
Our analysis of single-round selection methods revealed that

some of them used fractionation, i.e., a collection of multiple
fractions from the output of partitioning, as a sole means of
improving the efficiency of partitioning. This is a mistaken
approach because fractionation cannot improve the quality of
partitioning which is defined by the degree of physical
separation of binders from nonbinders. Fractionation can
assist in identifying fractions with higher binder-to-nonbinder
ratios and can, thus, be a useful additional tool if utilized
properly.
There are three publications claiming that fractionation can

facilitate improvement in partitioning efficiency sufficient for
single-round selection. In 2007, Nitsche and coauthors
reported partitioning of aptamers on an affinity chromatog-
raphy column.27 The column was sliced into segments, and
oligonucleotides obtained from individual segments were
tested for their affinity to identify the highest affinity aptamer.
It was expected that the strongest binders would be found in
the beginning of the column, while the weakest ones would be
located at the end of the column. However, this hypothesis was
not confirmed, further questioning the validity of the proposed
fractionation-based approach.
The Çalik30 and Sotiropoulou31 groups used fractionation

combined with the temperature gradient (2010) and the salt
concentration gradient (2012), respectively. The idea was
straightforward. Oligonucleotides bound to the target or the
surface with low affinity should dissociate at low temperatures
and low salt concentrations. Gradually increasing temperature
or salt concentration would facilitate progressive removal of
stronger bound oligonucleotides. However, higher temper-
atures and salt concentrations should decrease not only kN but
also kB. The decrease in kN and kB can potentially be
proportional, meaning no improvement in the efficiency of
partitioning, kB/kN. As neither kN nor kB were measured in
these reports, it is unclear whether the gradients led to any
increase in kB/kN. Once again, fractionation is only an auxiliary
analytical tool which cannot compensate for inefficient
partitioning. Similarly, sequencing the entire pool of
oligonucleotides with next-generation sequencing (NGS)
approaches is also only an auxiliary analytical tool which
cannot compensate for inefficient partitioning (see more
details on the role of NGS below).
All methods described above can be grouped as a bulk

selection approach performed blindly. The availability of
advanced imaging tools inspired two groups to utilize
microscopy as a means of controlling the partitioning process
in an attempt to do single-round selection of aptamers. In
2007, Guthold and coauthors proposed the use of combined
atomic force microscopy (AFM) and fluorescence microscopy
for selecting a small pool of aptamers in a single round of
partitioning.28 AFM was used to generate a map of target
molecules immobilized on the surface. Fluorescent microscopy
was then used to identify fluorescently labeled oligonucleotides
bound to the target molecules. The bound oligonucleotides
were then handpicked with an AFM tip and processed. The
strategy of locating and hand picking every binder can
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drastically reduce kN but at an inevitable expense of a drastic
decrease in kB. The proof-of-principle work was done using a
mock library with a 1:1 binder-to-nonbinder ratio. It is very
unlikely that any useful selection can be made by this method.
In 2012, Veedu and coauthors reported the use of

fluorescence microscopy to visualize the binding of fluo-
rescently labeled oligonucleotides to the target immobilized on
a coverslip.32 In the framework of our formalism, the visual
control was used solely to optimize/control the separation
time. The method was bulk selection (no handpicking) as the
coverslip was crashed to process the oligos that remained on
the surface after washes. While neither kB nor kN were
measured, it is unlikely that the visual control could markedly
change kB/kN. Overall, imaging-enhanced selection should be
viewed as interesting exploration rather than suggestions for
practical development.
Single-Round Selection Using Homogeneous Parti-

tioning by CE. CE-based partitioning separates target−binder
complexes from nonbinders in solution based on the
differences in their electrophoretic mobilities. There are
multiple parameters that can be adjusted and controlled to
increase kB/kN. In particular, the EOF can be adjusted to
control magnitudes and directions of velocities of the unbound
library and target−binder complexes. Separation conditions
exist for the complexes to move ahead of the unbound library
so that any contamination from the nonspecific binding to the
inner capillary wall is eliminated.26 There are also conditions
when the library moves ahead of the target−binder
complexes.43 Finally, there are conditions when the complexes
and the library move in the opposite directions.36 If target−
binder complexes and nonbinders moved as classic electro-
phoretic zones with near-Gaussian concentration distributions,
the value of kN could be so low that not a single nonbinder
molecule would leak through such partitioning.47

In 2005, the Krylov group reported the presence of an
unexpected nonbinder background in CE-based partitioning
that limits kN for the NECEEM mode to 10−6−10−5.26 The
value of kB in NECEEM-based partitioning may be close to
unity. NECEEM was shown to facilitate single-round selection
for a couple of targets;26,34 however, in most cases, obtaining a
clean pool of binders requires three or four rounds of
partitioning.37,48 Moreover, Mendonsa and Bowser demon-
strated that similar efficiency of partitioning (and required
number of rounds) can be achieved even if the unbound library
elutes from the capillary before the target−binder complexes
are collected.43 In 2019, single-round selection of aptamers was
demonstrated with IFCE-based partitioning.36 The kN value for
IFCE was shown to be as low as 10−9; however, the binders
that dissociate during the separation are lost due to their
moving back to the capillary inlet. As a result, kB can be much
less than unity, and the effect of the decreased kB on the
efficiency of partitioning can potentially make partitioning
efficiencies of NECEEM and IFCE close to each other.
While the nonbinder background in CE-based partitioning

has a very complex nature,49 the values of kB and kN depend
systematically on a set of CE experimental conditions: the
value of the negative charge on the oligonucleotide, the
hydrodynamic size of the protein target, the ionic strength and
pH of the separation buffer, the length of the sample plug, and
the length of the capillary. Studying the influence of all these
conditions on kB and kN and optimizing these conditions to
maximize kB/kN are required and will constitute a significant
amount of experimental work. Completing this work in a

timely fashion may, in turn, require a joint effort of several
research groups.

■ IMPORTANT PRACTICAL CONSIDERATIONS OF
SINGLE-ROUND SELECTION

When Is Single-Round Selection Needed? Single-round
selection can solve problems associated with multiround
selection, but it is extremely challenging as it imposes very
high requirements for the efficiency of partitioning. Single-
round selection is only needed when addressing fundamental
questions such as finding binder abundance in a naiv̈e library.
Multiple rounds of partitioning introduce large errors in DNA
quantitation, especially when combined with intermediate
PCR amplification. Moreover, kB/kN can differ from round to
round. As a result, accurately back-calculating Bin/Nin from
Bout/Nout in multiround selection is virtually impossible, and
single-round selection is necessary
Any binder selection that aims at simply obtaining good-

quality binders does not require single-round selection. An
additional round is of course associated with additional costs,
but these costs may be completely justified by increasing Bout/
Nout, thus decreasing the cost of secondary screening. To better
understand this point, we need to consider the economics of
binder identification that follows binder partitioning. In
general, binder identification requires (i) sequencing oligonu-
cleotide moieties of the entire pool using NGS, (ii) optional
sequence frequency analysis, which can be applicable to naiv̈e
libraries with high redundancy of compounds, for example,
DELs, (iii) chemical synthesis of a small set of binders limited
by economics of both the synthesis and the following
validation assay, and (iv) validation of binding, i.e., measuring
Kd and koff values for target−binder complexes for all the
synthesized compounds.
Steps three and four of the four-step secondary screening

require operating with individual binders and are, thus, very
resource intensive. Accordingly, an additional step of
partitioning can be completely justified if it reduces the
amount of nonbinders that need to be sequenced, synthesized,
and tested in a binding assay. The cost of secondary screening
is different for aptamers and small-molecule binders, and
accordingly, a decision on whether or not an additional round
of partitioning is justified depends on the circumstances. See
further elaboration on the justification of additional rounds in
the next section.

Parameter Q. The choice of value of Q is important as it
defines whether or not single-round selection is successful
according to eq 4. While this parameter appears to be arbitrary,
there is rational reasoning for setting its value for the
challenging selection procedure. Single-round selection can
be considered successful if an additional round of partitioning
will not significantly decrease the attrition rate in secondary
screening. The attrition rate during secondary screening is of
critical importance. In addition to the economical aspect, there
is a psychological one. If Q is set at a level of 0.1, one accepts a
priori that the vast majority of resources involved in DNA
sequencing will be wasted. This level of wasted resources is
likely acceptable for an industrial setting if it is justified
economically. However, it may be unacceptable for academic
efforts which typically have short timelines defined by
durations of specific study programs. We believe that an
attrition rate of up to 50% is acceptable, thus setting the
minimum Q to unity.
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Secondary screening (hit optimization) is excessively costly
in the case of selection of hits from DELs. Accordingly, any
additional round of partitioning that markedly increases Bout/
Nout is justified. However, during binder selection from DELs,
the loss of binders (due to both kB < 1 and the inability to
amplify small-molecule binders by PCR) typically limits the
number of consecutive rounds to three, while the value of Bout/
Nout after four rounds is still very small.13,15,23,24 In such a case,
setting Q = 0.1 for single-round selection may be fully justified
as it is already higher than Bout/Nout obtained in three rounds
of conventional partitioning currently used (for three rounds,
Bout/Nout = Bin/Nin × (kB/kN)

3).
On the basis of the above, we suggest that developers of

single-round selections of aptamers from random-sequence
libraries set Q = 1 or Q = 10. For attempts to achieve single-
round selection of binders from DELs, we suggest Q = 0.1 or Q
= 1. Obviously, the higher the value of Q is, the more reliable
the result is. A value of Q below 0.1 should be considered as
unacceptably low.
Binding Assays. Assessing the quality of binder selection

from a naiv̈e library is based on the results of secondary
screening, which is to confirm formation of target−binder
complexes

X Yoo+ =K k kT B TB, /
k

k
d off on

off

on

(5)

Binding assays are used to measure the rate constants kon
and koff and the dissociation constant Kd for this reversible
binding process. Binding assays can be classified in a number of
ways. For the purpose of this discussion, we split these in three
groups: (i) methods relying on physical separation (of B from
BT with detection of B both free and target bound or T from
BT with detection of T both free and binder bound), (ii)
methods relying on spectral separation (resolution), and (iii)
methods relying on calorimetry.
Physical separation in binding assays can be surface-based

(in biosensoric binding assays, such as surface-plasmon
resonance and biolayer interferometry)50−52 and homogeneous
(in binding assays based on CE and transient incomplete
separation in a parabolic flow profile).53,54 Surface-based
methods are prone to errors originating from nonspecific
binding of the binder to the surface and hindered interaction
with the immobilized target. As a result, the obtained constants
can be irrelevant to target−binder interaction in a biological
context.55 CE-based binding assays assess binding in solution
but are limited to buffers compatible with electrophoresis, i.e.,
ones with low salt concentration. Advantageously, separating
unbound oligonucleotides from protein−oligonucleotide com-
plexes is trivial in CE. A method termed Accurate Constant by
Transient Incomplete Separation (ACTIS) is a homogeneous
method for finding Kd. It relies on a pressure-driven laminar
flow and, therefore, is compatible with any buffer. However, it
requires a large difference in diffusion coefficient between TB
and B; it is still to be confirmed if ACTIS can be used for
measuring Kd values of protein−oligonucleotide complexes. In
addition, ACTIS, in its current format, relies on very fast
separation and, therefore, is a pseudoequilibrium method that
cannot be used to measure kon and koff.
Methods relying solely on spectral separation (i.e., not

combined with physical separation), such as mass-spectrom-
etry (MS) and nuclear magnetic resonance (NMR) spectros-
copy, can typically only measure Kd values and not koff or kon.
The ionization process in MS can shift the equilibrium in eq 5

and, thus, affect measured Kd.
56 In NMR binding assays, Kd

can be measured based on the spectral change of the target
macromolecule or ligand (oligonucleotide or DEL in this
context) upon the titration of ligand or target, respectively.57

In target-based NMR, the spectral crowding (broadening and
overlap of peaks) observed in large molecules restricts Kd
measurements to small macromolecules (<50 kDa). Ligand-
based NMR is not limited by the target size; however, transient
aggregation and nonspecific binding to the target can lead to
false positive binding events and affects the accuracy of Kd
measurements. A calorimetric method used for binding assays
is isothermal titration calorimetry (ITC).58 ITC has an
advantage that it can also be used to measure kon and koff
values in addition to Kd.

59 The accuracy of thermodynamic
measurements by ITC can be affected by unavoidable side
reactions, such as protein protonation, which also contribute to
heat produced in the titration process.60 In addition, NMR and
ITC require high concentrations and large quantities of the
target and the binder which may preclude their use in
measuring protein−binder complexes. As a result, biosensoric
methods, such as surface plasmon resonance and biolayer
interferometry, which have very high sensitivity are the most
common binding assays used to characterize binders selected
from oligonucleotide libraries for protein targets.
All established binding assays are prone to large systematic

errors. The value of Kd is more commonly determined than kon
and koff, and the results obtained by different methods for the
same complex may vary by multiple orders of magnitude.61 In
the absence of reference standards, it is very difficult to assess
the accuracy of measurements. For deterministic methods,
whose processes can be comprehensively described by a system
of partial differential equations, virtual experiments can be used
to assess accuracy. We use the term “virtual experiment” to
describe computer modeling utilizing a virtual instrument and
mimicking the processes which occur in the real instrument
very accurately. However, biosensoric methods are hardly
suitable for building virtual instruments and running virtual
experiments due to difficulties of accurate modeling of
processes occurring in the surface of the biosensor. As a
result, little is known of their intrinsic inaccuracies.
Homogeneous separation-based methods are deterministic,

and their accuracy can be assessed in silico. Comprehensive
accuracy assessments were performed for Kd measurements by
NECEEM and ACTIS. It was found that Kd values obtained
with a single measurement by NECEEM are largely unreliable;
systematic errors can be multiple orders of magnitude.62,63

Titration experiments should be performed in NECEEM
binding assays to avoid such drastic inaccuracy.62 ACTIS is
based on titration and is intrinsically accurate; virtual
experiments show that systematic errors in ACTIS can be
below 10%.54

Every binding assay likely has a source of inaccuracy that is
difficult to trace. Our experience with NECEEM-based binding
assays allowed us to identify such a source, which is often
disregarded by other researchers. Oligonucleotides can form
complexes with counterions and produce false target−binder
peaks.49 This emphasizes the need for all possible control
experiments to exclude false-positive results. Considering large
inaccuracies of binding assays, we recommend that researchers
be more diligent to significant digits used to present Kd values.
Reporting Kd values with multiple significant digits makes
sense only in a comparative study ranking the binders assessed
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using the same instrument under identical conditions and
when the random error is sufficiently small.
The discrepancies in binding parameters obtained by

different groups are rarely noticed and emphasized leading to
the continuing accumulation of inconsistent data, misinter-
pretations, and wrong conclusions. In light of this alarming
deficiency, we would like to point the reader’s attention to
recent work from the De Wael group.64 The authors
demonstrate that ampicillin-binding aptamers claimed to
have a nanomolar Kd value that revealed no binding in studies
with ITC, native nanoelectrospray ionization mass spectrom-
etry, and 1H-nuclear magnetic resonance spectroscopy (1H
NMR). The authors recommend the use of more than one
technique to measure binding parameters and call for the
standardization of aptamer-characterization approaches. We
agree with this proposal and suggest a strategy in which the
binding is characterized by two different methods, and if the
results are inconsistent, additional methods are used until a
conclusion can be made with certainty.
Role of Next-Generation Sequencing. Incorporation of

NGS technologies for analysis of binder-enriched pools and
identification of candidate aptamers and small molecule
binders has been one of the most major changes in binder
selection procedures. Traditionally, enriched binder pools were
cloned into a plasmid, and only a few hundred individual
clones were sequenced and assessed for binding in secondary
screening. NGS analysis can yield hundreds of millions of
sequence reads, thus enabling a more comprehensive analysis
of the whole selection process and providing more options for
secondary screening.
In 2011, Glokler and coauthors explored the use of NGS for

the analysis of the enrichment process in multiround selection
of aptamers.65 They revealed that the most abundant
sequences identified in the final binder-enriched pools are
not necessarily the best (highest-affinity) aptamers. The
strongest binders were found to accumulate very early during
the first three selection rounds but then gradually got replaced
by weaker binders in subsequent rounds. This behavior
indicates that selection biases, such as high affinity to the
partitioning matrix and PCR bias or sequencing bias, might
strongly influence the outcome of multiround selection
process. The authors suggested minimizing selection cycles
to avoid selection biases and the identification of high-affinity
aptamer candidates in much earlier rounds with the power of
NGS. Another strategy to minimize biases is the skip PCR
amplification (applicable to random DNA libraries).48,66

Although the analysis of sequence enrichment via NGS allows
more transparent selection and may exclude unnecessary
excessive rounds, it cannot compensate for the poor efficiency
of the separation method used.
In general, the optimum number of selection rounds

depends on the complexity of the starting library, the nature
of the target, the enrichment factor achieved each round, and
the number of reads obtained from sequencing. Any given
library may contain more binders for some targets and fewer
for others. More challenging targets require more rounds of
selection even though NGS is employed for binder
identification.
The majority of published single-round selection methods

utilized Sanger sequencing for identifying high-affinity
aptamers in the binder-enriched pools. In 2017, the first
application of NGS in the field of single-round selection
methods was introduced by the Saito group in a NECEEM-

based aptamer selection.34 Using the MAFFT program, the
authors carried out clustering analysis to identify analogous
sequences (families). The candidate aptamers were chosen
from families composed of the highest number of analogous
sequences. In 2018, Imashimizu and coauthors also incorpo-
rated NGS to identify aptamer sequences in a single round of
nuclease-mediated selection.35 They used FASTAptamer
programs to cluster unique sequences into different families
based on the Levenshtein edit distance.67 The aptamer
candidates were obtained by choosing the clustered sequences
with the highest frequencies and with the length closest to the
original library. It is noted that individual sequences in the
starting library are not equally represented due the sequence
biases generated by the manufacturing procedure (solid-phase
chemical synthesis) of the oligonucleotide library. It is crucial
to sequence the starting library to identify any biased
sequences, which, in turn, might influence the nucleotide
composition of the enriched sequences and their frequencies.
Despite the common use of NGS, the number of available

bioinformatic tools for identifying candidate aptamers from
large sequencing data obtained from single-round selection is
limited. The field of single-round selection of aptamers would
benefit immensely from an agreed upon algorithm and metrics
for selecting candidate aptamers.

Role of Negative Selection. Negative selection is the
removal from the library of binders to the surface in the
surface-based partitioning and/or to the nonspecific targets to
avoid cross-reactivity of the selected binders with such side
targets.68 Accordingly, there are two major types of negative
selection: (i) negative selection against the bare surface32,69,70

and (ii) negative selection against nonspecific targets.33,71,72 If
the nonspecific targets are immobilized on the surface, then
negative selection can remove simultaneously molecules
binding the surface and the nonspecific targets. It is important
to emphasize that negative selection against the surface aims to
remove library components that have affinity to the surface, for
example, are specific binders to the surface. Such selections
cannot decrease the level of nonspecific adsorption of the
library on the surface that is governed, for example, by
electrostatic interactions of the oligonucleotides with the
surface. Negative selection can either precede the step of
positive selection or can be concurrent with positive
selection.32,33,69−72 PCR amplification may not be needed
between the steps of negative and positive selection run
sequentially.
How will negative selection influence Bin/Nin, kB, and kN?

Let us consider negative selection being a part of a single
partitioning step along with positive selection. Our formalism
in its simplest form depicted in Figure 1 is applicable to this
case, and negative selection cannot affect Bin/Nin but can affect
both kN and kB. If we assume that specific binders to the
surface and/or to the nonspecific targets are not binders to the
real target, then the negative selection will decrease only kN.
However, if the negative selection step removes by chance a
part of the desirable binders to the target, the value of kB will
also decrease. The degree to which kN and kB will decrease, and
thus, the resulting change in the efficiency of partitioning, kB/
kN, will depend on the specifics of selection. We are not aware
of studies in which the effects of negative selection on kB and
kN were quantitatively studied. We know, however, that
negative selection is a routine procedure in surface-based
partitioning, and while likely improving the efficiency, it does
not provide a drastic increase.
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Choice of Targets and Libraries. Proteins constitute
approximately 95% of therapeutic targets,73 and they are the
most common targets for selection of binders from
oligonucleotide libraries. Selecting pharmaceutical hits would
obviously benefit from using a target protein in its near-native
state. This suggests that near-physiological conditions, for
example, composition, pH, and ionic strength of the buffers,
are preferable for partitioning. Proof-of-principle works on the
development of single-round selection should be conducted
with target−library pairs for which binders have been
previously selected, for example, in a multiround process.
When designing a mock library, a binder and a nonbinder of
choice should be characterized by measuring their Kd and koff
for the target of choice.
It is evident that even if a proposed single-round selection

method is proven with our framework (introduced here) for a
certain target, a single round may not be enough for selecting
binders from the same library for another target. As Bin/Nin

depends on both the target and the library, choosing an
alternative library should become a practical consideration.
Libraries with modified oligonucleotides are postulated to have
greater Bin/Nin than nonmodified oligonucleotide libraries in
selection of aptamers for some targets.74 So far, the
development of single-round selection methods has not
utilized the combined optimization of the efficiency of
partitioning and the abundance of binders. It would be very
interesting to see the implementation of the modified
oligonucleotide technology in the field of single-round
selection in the future.

■ CONCLUDING REMARKS

Achieving single-round selection is not a self-justified goal. In
the majority of applications, single-round selection is not
needed. Two or three consecutive rounds of partitioning are
economically acceptable, and there is no proof that they could
introduce significant biases in the selection process. Despite
that, single-round selection remains attractive as it is an
indication of the highest efficiency of partitioning. In this work,
we suggest that the logic should be changed. Achieving and
proving high efficiency of partitioning must be the goal as it
implies that very few rounds of selection (or perhaps a single
one) will be enough to obtain a high purity pool of binders.
We propose a general framework for designing experiments
that aim at the development of high-efficiency partitioning.
This framework is based on a simple formalism of partitioning
which considers only three universal variables: abundance of
binders in the starting library, Bin/Nin, transmittances of
partitioning for binder, kB, and nonbinders, kN. It also
considers a single criterion for successful selection: the
abundance of binders in the resulting binder-enriched library,
Bout/Nout, must exceed a certain threshold value, for example, 1
or 10. We encourage the developers to design their studies and
report their results using the framework presented here. We
hope that this work will serve as a starting point for a search for
standardized strategies for selection of binders from
oligonucleotide libraries. Such strategies are to define not
only the general framework but details of selection protocols
such as all necessary controls. The International Society on
Aptamers can serve as a respected forum for such discussions.
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