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ABSTRACT

Asymmetric flow field flow fractionation (AF4) should be suitable for the study of aptamer-target binding,
because its gentle separation would impose little disturbance to the complex structure, and it can use
carrier solutions with high salt concentrations to provide the most optimal interaction environment
to the complex. However, no report has been found for such applications. Herein, we investigated the
utility of AF4 as an effective tool for detection of the aptamer-protein complex. With the model system
of human immunoglobulin E (IgE) and its aptamer, impacts on aptamer binding from the incubation
and AF4 carrier solutions, as well as the flow conditions used during the sample focusing step, were
studied. We found that the composition of the carrier solution, in particular, the presence of Mg?*, strongly
influenced the complex’s integrity in AF4. Also, the focusing conditions during sample injection in AF4
affected the binding equilibrium. Our findings highlight the necessity of maintaining the optimal binding
environment during the time course of complex measurement; and demonstrated the good compatibility
of AF4 with salty buffers and its high simplicity in conducting on-channel incubation. With its capability
to carry out size-based separation of analytes with a wide range of dimensions, AF4 can be employed
for detection of large proteins and even biological particles using aptamers. AF4 is also valuable for
study of aptamer-target binding under different buffer environments for better understanding of the

structure—function relationship of aptamers.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Aptamers are short, single-stranded DNAs or RNAs that bind
to their targets with high affinity and specificity. Through system-
atic evolution by exponential enrichment (SELEX), aptamers can be
selected from DNA or RNA libraries containing 10'3-10'> random
sequences. They offer several advantages in comparison to antibod-
ies for detection, including convenient modification, high sequence
versatility, superior stability, and lack of immunogenicity [1]. In the
past two decades, aptamers for a large variety of targets - such as
metal ions, small molecules, proteins, viruses, and bacteria - have
been reported [2-7], and many of them have found applications
in diverse areas [8-13]. For instance, cell-binding aptamers have
been applied to enrich target cells from body fluids and enabled
biomarker discovery [5,14,15]. Additionally, inhibitory aptamers
that, upon binding, can block the subsequent interaction of their
targets with membrane receptors, enzyme substrates, or host cells,
are promising drug candidates [16-18].

The most popular application of aptamers is in the area of
molecular sensing [8-10,12,19,20]. Aptamers can be conveniently
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immobilized on sensor surfaces for specific target recognition [21].
Aptamer-based protein arrays have been constructed for specific
capture and detection of biomarkers in biological samples [22].
Alternatively, homogeneous assays have also been designed with-
out aptamer immobilization [20]. For example, molecular beacons
containing aptamer sequences can be switched from a closed to
an open state by aptamer-target interaction [23]. Although sim-
ple, such methods rely on the availability of multiple fluorophores
without spectral overlap to enable multiplex detection and highly
effective quenchers to reduce detection background, due to the
co-existence of the target-bound and free aptamers in solution
[24]. To solve such difficulties, separation-enabled sensing has been
employed, taking advantage of the high resolving power of capil-
lary electrophoresis (CE). The open separation channel utilized by
CE imposes minimum damage to the aptamer-target complex, and
CE-based detection of multiple proteins and small molecules using
aptamers labeled with the same fluorescent tag has been demon-
strated [25-29]. Good separation efficiency, quick turn-around
time, high simplicity, and low sample consumption make CE an
effective tool not only for detection of aptamer-target binding, but
also for aptamer selection [30].

Effective aptamer-based sensors depend on the achievement
of stable aptamer-target interaction. Aptamers need to fold
into an appropriate three-dimensional structure to yield optimal
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affinity and specificity to their targets [31,32]. There are four
types of secondary structures: hairpin stem-loops, symmetric and
asymmetric bulges flanked by helical regions, pseudo-knots, and
G-quadruplexes [33]. Formation of these secondary structures
is strongly affected by the incubation conditions such as ionic
strength, cation type, and pH [34]. For example, Mg2* can generally
enhance the folding energy and thus stability of aptamer fold-
ing [31]; but G-quadruplex prefers K* over divalent ions [34-36].
Diverse selection of buffers has been used, with different types of
buffer ions, such as phosphate, Tris, HEPES, and a wide range of
divalent cation concentrations from 1 mM to 10 mM Mg2*. Apply-
ing the same buffer composition as used in the SELEX selection
process should be the best way to obtain optimal binding, but this
could be constrained by the measurement technique employed or
the application. For instance, to maintain the appropriate folding of
aptamers in CE, salts like NaCl can be added to the running buffers
but only up to 50 mM, otherwise significant increase of Joule heat-
ing and deterioration of separation performance could occur [29].
The other buffer employed in CE is Tris-glycine buffer with K* or
Mg?2*[27,28], which is commonly used in native gel electrophoresis
and electrophoretic-mobility shift assays.

Similar to CE, flow field flow fractionation (F4) is a separation
technique suitable for analysis of biological complexes owing to
its open channel, i.e. a channel without any packing materials.
Unlike the packed channels that can induce sheer force stress and
break up the binding, the open channel is gentle on complexes and
well maintains their native structure. While CE separates things
based on charge-to-size ratios, F4 relies on molecular diffusion
to obtain size-based separation of analytes with dimensions from
0.001 pm to 50 wm. It has been employed for rapid isolation of
protein complexes from the unbound background proteins as well
as for measurement of the binding between IgG and Fc receptor
[37-39]. Asymmetrical F4 (AF4)is a sub-family of F4 that has higher
simplicity in instrumentation than the traditional symmetrical F4;
and has been widely applied for protein analysis nowadays. Since
the separation is independent of buffer composition, as long as
the buffer keeps analyte membrane adsorption low, AF4 permits
the usage of a wide range of buffers as the carrier solution to bet-
ter accommodate different targets [40]. This feature represents an
advantage of AF4 over CE in the study of aptamer-target binding,
because buffers with high or low ionic strength, or with various
divalent cations and buffering anions, can be employed to achieve
the optimal binding environment, even when the complex is inside
the separation channel. In addition, the larger channel used by AF4
(the smallest dimension of AF4 channel is its thickness which is
350 wm in our system) can accommodate higher amounts of sam-
ples (the maximum sample loading is between 10 and 100 p.g,
based on the manufacturer) and thus it is more suitable for after-
channel collection when needed. In spite of these unique features,
only few reports can be found about application of AF4 in study of
protein interaction, in which shift of the protein peak as an indi-
cation of size change was observed, with the target protein bound
to a small molecule [41], a lipid [42], or a receptor protein [43]. A
brief demonstration of ssDNA-protein binding was shown by the
Moon group in their frit-inlet AF4 system, where the ssDNA peak
acquired to alater migration time with the protein [44]. However, to
the best of our knowledge, no previous report was found to analyze
aptamer-target binding using AF4, nor how the elution conditions
would affect the biomolecular interaction has been investigated.

Herein, in the present report, we explored if indeed AF4 was
suitable for detection of aptamer-target interaction. We studied
how incubation and AF4 running conditions would affect the bind-
ing between human immunoglobulin E (IgE) and its aptamer; and
several factors were found important for stabilizing the complex
during separation. Our study has established the viability of using
AF4 for protein detection in homogenous solution with aptamers

carrying fluorescent tags, which will also be useful for detection of
multiple targets if they have significant size difference, as well as
for study of aptamer-target binding in different buffers.

2. Materials and methods
2.1. Chemicals

All chemicals used in this study, including Tris base, glycine,
potassium dihydrogen phosphate (KH,PO4), disodium hydrogen
phosphate (NapHPO4) and the chloride salts of sodium, potassium,
and magnesium (NaCl, KCI, MgCl,) were purchased from Fisher
Scientific (Pittsburgh, PA, USA). Phosphate buffered saline (1x
PBS) was prepared by mixing 1.44 g Na,HPO,4 (anhydrous), 0.24 g
KH;POy4, 0.20 g KCI, and 8.0 g NaCl in 1.0 L deionized (DI) water and
adjusting the pH to 7.40 (£0.03) with 6 N HCI. The resultant solu-
tion had a final concentration of 137 mM NacCl, 10 mM phosphate,
and 2.7mM KCl. Up to 1mM Mg2* (0.20 g MgCl,-6H,0) could be
added to this 1x PBS. The NaCl concentrations were changed to
50 or 100 mM, based on the type of study to be conducted. A 1x
TGK buffer was made, containing 25 mM Tris, 182 mM glycine, and
5mM KH, POy, at an adjusted pH of 8.34. All buffers were filtered
with 0.20 wm nitrocellulose filter (Whatman, Piscataway, NJ, USA),
and used within 48 h.

The DNA aptamer for IgE (5’-/6-FAM/ggg gCA CgT TTA TCC gTC
CCT CCT AgT ggC gTg CCC CA-3') was purchased from IDT tech-
nologies (Coralville, IA, USA). Human immunoglobulin E (IgE) was
obtained from Athens Research and Technology (Athens, GA, USA).
Stock protein solutions (1.145 mg/mL) were stored in small aliquots
at —20°C and underwent only one freeze-thaw cycle to preserve
protein quality. The IgE stock was diluted 10-fold in 1x PBS with
1 mM Mg?2*, unless otherwise stated, and stored at 4°C. The diluted
IgE solutions were used for up to 7 days. The data used for side-
by-side comparison were taken from the same diluted aliquot, in
case small changes in protein quality induced by storage condition
would affect binding. Stock DNA solutions (10 M) were prepared
in the same 1x PBS unless otherwise indicated and kept at room
temperature (RT).

2.2. AF4 conditions

An AF2000 asymmetrical flow field flow fractionation system
manufactured by Postnova Analytics (Salt Lake City, UT, USA)
was used in this study. The separation channel had a depth of
350 wm, and the injection loop volume was 20 L. All separations
were done with a 10 kDa MWCO regenerated cellulose membrane,
an input (tip) flow (the flow entering the channel from the top)
of 3.3mL/min and a cross flow (the flow exiting the channel
through the membrane) of 3 mL/min, for a detector output flow
rate of 0.3 mL/min (note: for more details about tip and cross
flow directions, please refer to Fig. 4 and Section 3.2). The carrier
solution (CS) was 1x PBS with or without Mg?*, as specified
in Section 3. In most of the study, during injection, a focusing
time of 6 min was used, with a tip and cross flow at 0.2 mL/min
and 3 mL/min, respectively. These conditions were only varied
when studying the effects of the focusing flow rates and duration.
The eluent from the AF4 system was monitored by the SPD-20A
Prominence UV/Vis detector at 280 nm, and also by the Waters™
474 scanning fluorescence detector with an excitation wavelength
of 495 nm and an emission wavelength of 525 nm (Milford, MA,
USA). The UV absorption signal was obtained for survey purpose,
i.e. confirming stable baseline and successful injection of the DNA
and the protein; and only the fluorescent signals were used for
calculation of the protein-bound aptamer fraction attained under
different experimental conditions. Prior to injection, 1 wM aptamer
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was mixed with varying concentrations of IgE in 50 pL 1x PBS
containing 0, 0.5, or 1 mM Mg?2*, and incubated for 30 min at RT
to ensure sufficient binding. The incubation step was done for all
samples except for the incubation vs. non-incubation experiment.

The AF4 conditions and buffer compositions used in all the stud-
ies reported here were summarized in Table S1 in the Supporting
Information.

2.3. Binding ratio calculations

In our study, the protein-bound aptamer fraction, A*, obtained
under different experimental conditions was calculated by dividing
the protein-bound aptamer peak area (A) over the area sum of the
free (F) and bound aptamer peaks:

A

=1F (1)
The relative standard deviation (RSD) for A* from repeated injec-
tions was normally around or below 5%, showing good run-to-run
reproducibility. However, the A* values measured using the recom-
binant IgE from different manufacture batches could vary by more
than 10%, probably due to difference in protein expression. There-
fore, data used for comparison were obtained with the same protein
aliquot. We also normalized the A* value against that acquired using
1x PBS with 1 mM Mg2* as both the incubation buffer (IB) and car-
rier solution, and focusing the sample with a tip and cross flow rate
of 0.20 mL/min and 3.00 mL/min, respectively, for 6 min. This set of
running condition was referred as the “standard running condition”
in the following text. The normalized A* values were compared
to show the true difference among experimental conditions. All
measurements reported were conducted in triplicate.

Ax

3. Results and discussion

3.1. Composition and pH of the incubation buffer and carrier
solution

Unlike homogeneous binding assays, separation-based analysis
of molecular interaction would expose the interactive molecules
to two surroundings: the buffer used for pre-injection incubation,
and the separation buffer. Therefore, we first investigated how the
compositions of these two buffers would affect the fraction of the
protein-bound aptamer measured by AF4.

3.1.1. Incubation buffer (IB)

The IgE-binding aptamers, including the one chosen in our
study, share a common stem-loop structure [45,46]. Previous stud-
ies have revealed that, while the loop sequence is very critical for
the binding, increasing the stem stability could improve binding
affinity [46,47]. It has been well known that the structure and sta-
bility of nucleic acid folding is governed substantially by cation
type and ionic strength [48-50]. Changing these conditions should
then affect binding affinity owing to variation in the stability of the
stem-loop structure. The common buffer used for aptamer-protein
binding is 1x PBS containing Mg2*. Therefore, we prepared a series
of phosphate buffers (10.1 mM NayHPO4 and 1.76 mM KH;PO4)
with a constant [Mg2*] of 1 mM but varied concentrations of NaCl
(100 or 137 mM); and studied their impact on aptamer binding
(Table S1). We also adjusted the Mg2* concentration in the regular
1x PBS (i.e. with 137 mM NacCl) to be 0, 0.5, and 1 mM (Table S1).
One micromolar aptamer was incubated with 50 nM IgE in these
buffers for 30 min, a duration allowing binding to reach equilib-
rium based on our preliminary investigation. The resulted samples
were analyzed by AF4 using 1x PBS with 1 mM MgCl, as the CS;
and the protein-bound aptamer fraction (A*) was measured, nor-
malized against that acquired using 1x PBS with 1 mM Mg2* as the
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Fig. 1. Comparison of the normalized IgE-bound aptamer ratios obtained with an IB
with varied (a) NaCl or MgCI?* concentrations, and (b) pH values, while keeping the
CS to be 1x PBS with 1 mM Mg?*. Table shown in (a) listed the calculated free energy
change when the aptamer folded in the corresponding solutions. The final Na* con-
centration in the solutions used in calculation included 20 mM Na* originated from
the phosphate salts plus that from NaCl.

IB, and plotted in Fig. 1a. For better estimation of the stability of
the folded, stem-loop aptamer, we also computed its folding free
energy change (AG) at 25°C in these solutions using Mfold [51],
and listed them along with the A* plot in Fig. 1a.

From the AG values, we can see that, increasing NaCl and Mg2*
concentrations would yield more negative AG values, with the low-
est AG, —10.95 kcal/mol, achieved with the highest NaCl and Mg2*
concentrations. Yet, Mg2* seemed to impose higher influence on
AG than NaCl. For instance, decreasing the NaCl concentration to
100 mM raises the AG to —10.79 kcal/mol; but removal of 1 mM
Mg2* could increase it to a higher value of —10.49 kcal/mol. The
more negative AG corresponds to a higher aptamer folding stabil-
ity, so we expected to see lower bound ratios in the IBs with lower
NaCl or Mg2* concentrations. Contrary to our prediction, no sig-
nificant variations in aptamer binding were detected among this
set of IBs, the normalized A* values ranging from 0.872 4+ 0.036 to
1.05+0.017 (Fig. 1a).Itis possible that the CS used, which contained
137 mM NaCl and 1 mM Mg?2* and yielded the lowest AG among all
situations, stabilized the aptamer structure once it entered the AF4
channel.
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Subsequently, we investigated how buffer pH could impact
aptamer binding. We measured the A* for the aptamer/protein mix-
tures incubated in 1x PBS with 1 mM Mg?2* at pHs of either 6.20,
7.40, or 8.20. The binding in another basic buffer, 1 x TGK at pH 8.3,
was also tested. This buffer is widely used in the electrophoresis-
based aptamer studies [52-55]. This time significantly lower A*
values were detected in the not-neutral solutions, with the basic
pH being more devastating to the binding than the acidic con-
dition. The normalized A* was 0.87 £0.04 and 0.67 =0.04 in the
1x PBS at pH of 6.2 and 8.2, respectively. The bound aptamer
ratio in 1x TGK was only half of that in the neutral 1x PBS. Small
changes in pH around 7.4 should have a negligible impact on DNA
folding, because the ionization states of the phosphate group and
the groups participating in base-pairing are not affected. How-
ever, it has been reported that pH would affect the secondary
structure of IgE (pl 4.5-9.3) [56]. Change in protein conforma-
tion can also be devastating to aptamer-protein interaction due
to the loss of binding epitopes on protein surface. Protein damage
was not shown in the IBs tested in Fig. 1a, because the secondary
structure of immunoglobulin should remain unchanged with a
NaCl concentration higher than 50 mM, as found in our previous
study [40].

By evaluating the results shown in Fig. 1b, we concluded that,
influence from the IBs on aptamer folding was alleviated by a favor-
able CS, but change to protein conformation caused by the IB was
not recoverable on channel. The larger size and higher structure
complexity of IgE compared to the aptamer may make it more diffi-
cult for the protein to resume to the proper folding state after being
damaged. In all of the IBs tested, no influence was observed on the
elution time of either the DNA or the DNA-protein complex, with
DNA eluted at 5.03 & 0.22 min and the complex at 13.82 +0.33 min
(n=12) for analysis during the same day. As the membrane aged,
the retention time increased up to a minute for both peaks due
to sample adsorption, but same day RSD values were always less
than 5%.

3.1.2. Carrier solution

Our above study revealed that, the composition and pH of the
IB could affect aptamer-protein binding, but the changes might be
reversed by a judiciously selected CS in AF4, hinting at a stronger
influence from the CS to the interaction. This is reasonable because
the aptamer-protein complex would be exposed to the CS during
the separation course. Herein, we studied aptamer binding in CS
with different compositions and pH values, while keeping the IB
the same (1x PBS with 1mM Mg2* at pH 7.4). We have known
from free energy calculation that MgZ* is more important than
NaCl in stabilizing the folded aptamer. Therefore, we first looked
into the binding situation in CS containing 1 or 0 mM Mg2*. With-
out Mg2* in the CS, no binding was seen between the aptamer and
protein, even though the IB contained 1 mM Mg2* (Fig. 2). The com-
plex peak only appeared with the addition of MgCl, to the CS. This
result clearly states that, during the separation, the aptamer must
be keptin an environment that maintains its appropriate secondary
structure. Even though the calculated folding AGs only differ by
0.46 kcal/mol with or without Mg?* (—10.95 vs. —10.49 kcal/mol),
the aptamer with the less stable folding would dissociate from
the aptamer-protein complex more rapidly. Once dissociated, the
unfolded DNA would be separated from the protein due to its
smaller size (12.17 kDa), leave the sample zone, and not be able
to bind the protein again and reform the complex. Eventually, no
detectable amount of the bound aptamer was eluted at the end of
the channel.

The depletion of aptamer from the sample zone can be sup-
ported by looking at the diffusion distance of aptamer during
the separation time course. We first calculated the gravity center
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Fig. 2. Fractograms of aptamer only, and aptamer incubated with IgE with or with-
out Mg?* in the carrier solution. Without the presence of Mg?* in the CS, the free
aptamer peak was shown to be of similar size for both the aptamer only and the
aptamer incubated with IgE, indicating that no binding occurred. The IB for all three
runs was 1x PBS with 1 mM MgCl?*.

distance from the accumulation wall, I, of each peak, using the
equation shown below:

to

= xw =ty w

(2)

In this equation, A is the retention parameter; ty is the void time
and calculated to be 0.86 min by our channel dimensions and the
cross/output flow rates used in the study [57]; t; is the retention
time, and w is the channel thickness, which is 0.350 mm in our
system. The average t; of DNA and the protein complex under our
standard running conditions were 5.03 min for DNA and 13.82 min
for the complex. The I of the DNA and the complex was calculated
to be 10 and 3.6 wm, respectively. Because the gravity center of
the sample is governed by the ratio of diffusion coefficient and the
linear cross flow velocity at the membrane surface u, i.e.

-2
Uo

(3)

we can estimate the diffusion coefficient of DNA. With a cross vol-
ume flow rate of 3 mL/min and a channel surface area of 3160 mm?
in our system, D of the DNA was calculated to be 1.6 x 1076 cm?/s.
Thus, for the DNA to diffuse out of the complex zone with a grav-
ity center at 3.6 pm above the accumulation wall, it would take
only 4.1 x 10~2s. This short time supports that, once dissociated
from the protein, the aptamer would be separated from the protein
immediately, preventing reformation of the complex.

We next looked at the effects from NaCl concentration (repre-
senting ionic strength), pH, and buffer composition in CS. We kept
the NaCl concentration at 100 mM and beyond to ensure minimum
adsorption of IgE to the membrane in the neutral PBS, as reported
in our previous study [40]. The results are shown in Fig. 3. A more
basic CS still exhibited lower bound aptamer ratios, while changes
in NaCl concentration with the presence of Mg2* did not signifi-
cantly affect binding. Interestingly, the TGK buffer behaved much
better than in the IB study, delivering a higher normalized ratio
(0.84 +0.05) than that (0.59 +0.01) in 1x PBS at pH 8.2, even with-
out the addition of Mg2*. TGK is commonly used in mobility shift
assays for study of DNA-protein binding, meaning that DNA could
fold into favorable secondary structures for protein binding in this
buffer and Mg2* is not needed in this case [52-55]. As mentioned
above, pH variation would affect IgE conformation, and thus inter-
fere with aptamer binding. However, the relatively small drop in
the bound ratio observed in Fig. 3 in comparison to that shown in
Fig. 1 indicated that, the time IgE spent inside the channel might
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Fig. 3. Comparison of the normalized IgE-bound aptamer ratios obtained with vary-

ing CS compositions as labeled. The IB for all the runs was 1x PBS with 1 mM
MgCI?*.

be too short to induce any significant structure change in the pro-
tein due to its large size and rigid structure. The lower bound ratio
detected in the basic PBS than with the TGK could be attributed
to protein adsorption on the channel membrane with this CS. Since
this solution contained 1 mM Mg2*, and both the regenerated cellu-
lose membrane and IgE carried high negative charges at pH 8.2, the
Mg2* could serve as a bridge to attract more IgE molecules to the
membrane surface, causing lower protein recovery in AF4. Lower
sample recovery with the divalent MgZ* than with the monovalent
alkali cations has also been reported previously [40].

We have learned from the above study that, when using AF4 to
study aptamer-protein binding, an aptamer-friendly CS should be
employed to maintain complex integrity on channel; and selection
of IB should pay more attention to its influence on protein structure
than on aptamer folding. Once the protein structure is damaged in
the IB, it would not be recovered soon enough inside the separation
channel, and weak binding will be observed. In addition, selection
of CS should avoid significant sample adsorption on the channel
membrane to achieve accurate binding measurement.

3.2. Focusing time and flow-rates

Another reason that renders the CS a higher influencing power
than the IB over aptamer binding is the unique focusing step
required by AF4. This step would quickly eliminate the IB com-
ponents in the sample zone right after the sample being loaded
on the channel. The focusing step confines the injected molecules
into a narrow zone and is done by two opposing flows, a tip flow
going in from the channel inlet and a focus flow entering from the
outletend. These two flows meet at a focusing position thatis deter-
mined by the ratio of their flow rates and concentrate the sample in
a narrow stripe across the breadth axis of the channel (Fig. 4). Dur-
ing this step, IB would leave the channel through the membrane
and be replaced by CS; and the aptamer-protein complex could
be dissociated or reformed, depending on the compatibility of CS
with aptamer folding and/or protein conformation. In our study,
we used a focusing time of 6 min, which is recommended by the
manufacturer for the flow conditions used to achieve baseline res-
olution of the aptamer and IgE. Compared to the overall separation
time of 16 min, this was not a short period. Therefore, impacts of
the focusing conditions, i.e. the focusing time and flow rates, on
complex integrity should be investigated.
We first tested three sets of tip and cross flow rates, while main-
taining a constant tip-to-cross flow ratio. This would focus the

111
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Fig. 4. Schematic of AF4 during the focusing step.

sample at the same channel position, so that identical separation
conditions could be employed post focusing. With higher flow rates,
the sample injected should be focused into a narrower and more
concentrated zone. Increasing the concentrations of the interac-
ting components should enhance binding. Indeed, compared to the
ratio obtained with a tip flow rate of 0.2 mL/min, the bound aptamer
ratio consistently increased by 5 + 1% and 11 & 3% with the tip flow
rate going up to 0.3 and 0.4 mL/min (Fig. 5a). Further increasing
the focusing rates could lead to higher binding ratios, but high flow
rates also put too much mechanical stress on the pumps and are
impractical.

Focusing duration can also affect the total amount of complex

detected at the end of the channel. Longer focusing time may help
to form more complexes, if the reaction has not yet reached equi-
librium; or even permit on-channel incubation for complexes that
can be assembled rapidly, to eliminate the need of pre-incubation
and shorten the overall analysis time. Three focusing times were
investigated: 3 min, 6 min, and 12 min, accompanied with or with-
out a 30-min preincubation. The results were shown in Fig. 5b.
Without preincubation, a focusing time of 3 min was enough to
reach 96 4 2% of the bound ratio obtainable with a 6-min focusing
step. Further increasing the focusing time to 12 min would raise the
bound ratio by 13 & 3%. This result clearly indicates the complex
could be formed during the focusing step inside the AF4 channel.
Focusing time shorter than 3 min or longer than 12 min was not
tested. Too lengthy of a focusing time definitely induces more sam-
ple adsorption on the channel membrane; and further reduction of
the focusing duration could result in more peak broadening and
longer elution time. Dropping the focusing duration from 6 min
to 3 min, the full width at half maximum (FWHM) of the aptamer
peak increased from 2.20 min to 2.64 min with the retention time
elongated from 6.31 min to 7.41 min (Fig. S1, Supplementary Infor-
mation), leading to poorer separation efficiency.

Itis also noteworthy that, no significant difference was detected
between the bound ratios obtained with or without pre-incubation
when the focusing time was 6 min. This supports that either a 30-
min pre-incubation or a 6-min on-channel incubation could yield
comparable aptamer binding. The ability to reach an equivalent
bound ratio in a shorter time period during sample focusing in
AF4 could be attributed to the increased analyte concentration at
the focused zone, since the injected sample plug was compressed
at this region. We estimated the height of the sample zone by
injecting a blue dye to the system, which was smaller than 1 mm.
The focused position was near the bottom of the inlet triangle
of the trapezoid channel, which was about 1.5cm. The channel
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Fig. 5. Comparison of the normalized IgE-bound aptamer ratios under (a) increas-
ing flow rates with constant ratio between tip and focus flows; and (b) increasing
focusing time with constant tip and focus flows. Both the IB and the CS for all the
runs was 1x PBS with 1 mM MgCI?*,

thickness was 0.35 mm in our system. Taking all these dimensions
into consideration, and assuming the focused sample take the
shape of a rectangular cube, we estimated the sample volume to be
V=1.5mm x 1 mm x 0.35mm=0.525 p.L. We injected 20 p.L so the
compression factor was about 38-fold. Moreover, more frequent
molecule interactions could occur when the two opposing flows,
the tip and focus flows, collide at the focusing position. Both factors
may also be responsible for the higher normalized A value observed
in Fig. 5b for the without-pre-incubation sample with a focusing
time of 12 min. Even though the same trend was found with a
3-min focusing step, the difference should probably be attributed
more to the decomposition of the pre-formed complex due to the
larger volume with insufficient focusing, as indicated by the wider
peaks in Fig. S1. Still, more investigation should be carried out in
the future to obtain better understanding of the formation and fate
of the aptamer-protein complex inside the AF4 channel.

Nevertheless, a focusing step that can be utilized for on-channel
incubation with enhanced binding efficiency represents another
advantage of AF4 in analysis of aptamer-target binding in addition
to convenient selection of carrier solution.

3.3. Detection of IgE by the fluorescently labeled aptamer using
AF4

At last, we detected IgE by AF4 using the fluorescently labeled
aptamer. One micromolar aptamer was pre-incubated with IgE at
various protein concentrations. The total amount of aptamer was
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Fig. 6. Calibration curve obtained by incubating IgE with 1M aptamer. The
protein-bound aptamer ratio was plotted against IgE concentration. For all injec-
tions, the IB and CS was 1x PBS with 1 mM MgCI?*.

in excess to ensure sufficient protein binding. The area of the com-
plex peak was plotted against IgE concentration (Fig. 6). As low
as 33nM IgE in the 20-pL injection volume was detected experi-
mentally. As was seen in the IB study, the presence or absence of
Mg2* in the IB did not affect aptamer binding measured by AF4,
since the two calibration curves obtained with IBs with or without
1 mM Mg?2* almost overlapped with each other (Supporting Infor-
mation Fig. S2). The detection limit in the present system was not
very low, mainly due to the inadequate fluorescence emitted by the
FITC probe. It can be further improved by using a fluorophore with
higher quantum yields, such as the Alexa dyes, or using fluorescent
nanoparticles like quantum dots. Like other separation-enabled
sensing techniques, AF4 can resolve the target from the interfering
components present in the sample matrix, providing the advantage
of background reduction and sample clean-up elimination.

4. Conclusions

In this study, we have demonstrated the feasibility of using AF4
for detection of aptamer-protein interactions. The carrier solution,
rather than the incubation buffer, was found to be the most crit-
ical factor in preserving the aptamer complex during separation.
The sample focusing step was adequate for on-channel incubation
to form the stable aptamer-protein complex. Successful detection
of IgE at a reasonably low concentration was achieved with the
aptamer labeled with a relatively not-so-bright dye.

Our study also highlights the advantages offered by AF4 for
analysis of aptamer binding compared to the existing separation-
based techniques. These advantages include good compatibility
with diverse carrier solutions and simplicity in performing on-
channel incubation. The capability to accommodate different
buffers can provide the optimal binding environment for the inter-
action system during analysis, and also facilitate comparison of
aptamer-target binding strength under different conditions for
better understanding of the relationship between aptamer folding
and solution environment. On-channel incubation can simplify the
procedure and shorten the overall time. Since F4 has a different sep-
aration mechanism than CE, it is a nice complementary tool to CE in
affinity measurement and detection of biomolecules, if separation
of aptamer and complex was not easily achieved by CE. Nonethe-
less, it is more suitable than CE in applications that involve large
or neutral biological particles, require after-channel collections, or
demand CE-incompatible interaction environments. Moreover, AF4
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can handle higher sample loads per injection and thus permit easier
after-channel collection, compared to CE.
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