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capillary electrophoresis coupled with laser-induced fluorescence
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Abstract As a multifunctional serine protease, human neu-
trophil elastase (HNE) plays critical roles in a variety of phys-
iopathological processes, such as acute lung injury, emphyse-
ma, atherosclerosis, and arthritis. The quantification of HNE is
important in many applications. In this paper, we report an
aptamer affinity capillary electrophoresis coupled with laser-
induced fluorescence (CE-LIF) assay for detection of HNE
using a tetramethylrhodamine (TMR)-labeled DNA aptamer
probe. The affinity complex of HNE and DNA aptamer probe
was well separated from the unbound aptamer probe in CE
separation based on the difference of electrophoretic mobility.
Broad complex peaks appeared due to possible multiple bind-
ing. The 45-mer aptamer having TMR labeling on the 40th T
base was used as affinity probe, as larger complex peaks were
obtained. We investigated the effects of various metal cations
(Na+, K+, and Mg2+) in sample buffer on the binding of HNE
and the aptamer in CE-LIF analysis. The presence of Na+, K+,
or Mg2+ in sample buffer caused a decrease of complex peaks,
andMg2+ showed a larger effect. Under optimized conditions,
this aptamer CE-LIF assay enabled the detection of HNE at

0.5 nM. This assay showed good specificity and allowed for
detection of HNE spiked in diluted human serum sample.

Keywords Human neutrophil elastase . Aptamer . Capillary
electrophoresis . Laser-induced fluorescence . Affinity
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Introduction

Human neutrophil elastase (HNE), a multifunctional serine
protease, is mainly secreted by neutrophils under physiologi-
cal and pathophysiological conditions [1–3]. The high levels
of unregulated HNE disrupt the healthy tissues and lead to a
variety of diseases, such as chronic obstructive pulmonary
disease, emphysema, acute respiratory distress syndrome, ath-
erosclerosis, acute lung injury, and arthritis [1–6]. HNE is a
biomarker or a potential therapeutic target, and highly sensi-
tive and specific detection of HNE is in demand. By far, com-
mon methods for HNE detection include immunoassays, en-
zyme activity assay, etc. [7–12].

Aptamers, the single-stranded DNA or RNA oligonucleo-
tides selected by in vitro systematic evolution of ligands by
exponential enrichments [13, 14], have been used as affinity
ligands in sensor designs and assay developments for different
targets [15–19]. Compared with antibodies, aptamers have
promising features, such as good stability, easy labeling with
functional groups, facile production, remarkable specificity,
and great affinity for targets [15–19]. Aptamers against HNE
have been selected [20–23]. One 45-nt DNA aptamer (5′-TAG
CGA TAC TGC GTG GGT TGG GGC GGG TAG GGC
CAG CAG TCT CGT-3′, denoted ELA45 here) specifically
binds to HNE with a dissociation constant (Kd) around 17 nM
[22, 23]. A few aptamer-based assays for HNE have been
developed, such as fluorescence aptasensor based on
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competitive-binding, affinity capture-based enzyme assay,
and luminescent aptamer switch assay [24–26].

Capillary electrophoresis coupled with laser-induced fluo-
rescence (CE-LIF) is rapid and sensitive, requiring low vol-
ume of sample and having strength in efficient separation
[27–29]. The attractive properties of aptamers, such as highly
negatively charged biopolymer, small in size, and ease of la-
beling with fluorophores [19, 30, 31], make aptamer affinity
ligand suited for protein detection in affinity CE-LIF. Affinity
binding of protein to a dye-labeled aptamer probe changes the
electrophoretic mobility of aptamer probe because of the al-
teration of charge-to-mass ratio, so the aptamer-protein com-
plex can be isolated from the unbound aptamer probe under
electric field in CE separation [31]. Aptamer-based CE-LIF
assays have been successfully applied to various targets in-
cluding human immunodeficiency virus type 1 reverse tran-
scriptase, thrombin, immunoglobulin E, platelet-derived
growth factor-BB, human erythropoietin-alpha, etc. [30–39].

In this work, we for the first time reported affinity CE-LIF
detection of HNE using tetramethylrhodamine (TMR)-labeled
DNA aptamer as affinity probe. The HNE-aptamer complexes
were well separated from the unbound aptamer probe in CE-
LIF analysis. We conjugated single TMR on different sites of
aptamer, including 5′ terminal, 3′ terminal, or the internal T
bases of the anti-HNE aptamer. The aptamer with TMR label-
ing on the 40th base T allowed to form large complex peaks.
We investigated the effect of cations in sample buffer on the
CE-LIF detection of HNE. The high concentration of K+ or
Na+ caused reduction of peak areas of complex peaks, and the
addition of Mg2+ significantly decreased the complex peak.
Under the optimized conditions, we achieved detection of
0.5 nMHNE. This assay enabled the detection of HNE spiked
in diluted human serum samples, showing the capability to
detect HNE in complex sample matrix. We also attempted to
identify the two complex peaks of HNE and aptamer.

Possibly, the complex peaks corresponded to the complex of
one aptamer bound with two HNEmolecules and the complex
of one aptamer bound with one HNE in CE-LIF analysis.

Experimental

Materials and reagents

HNE was ordered from Athens Research & Technology Inc.
(Athens, GA, USA). Thrombin was purchased from
Haematologic Technologies Inc. (Essex Junction, VT, USA).
Lysozyme, platelet-derived growth factor-BB (PDGF-BB),
hemoglobin (Hb), and human immunoglobulin G (IgG) were
ordered from Sigma (St. Louis, MO, USA). Human serum
was obtained from Zhongke Chenyu Biotechnology
(Beijing, China). Other chemicals of analytical pure grade
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). We prepared all solutions with water
(18.2 MΩ cm) from Elga Labwater system (Purelab Ultra
Genetic, UK). All the DNA oligonucleotides were synthe-
sized and purified by Sangon Biotech (Shanghai, China).
Anti-HNE DNA aptamers having single TMR labeling at dif-
ferent positions are listed in Table 1. The schematic structures
of the conjugation of TMR and aptamer are shown in Fig. S1
in the Electronic Supplementary Material (ESM).

CE-LIF analysis

CE-LIF analysis was performed on a laboratory-built system
[34–36]. Uncoated fused-silica capillary (Yongnian Company,
Hebei, China; 365 μm o.d.; 25 μm i.d.) with 40 cm total
length (effective length 34 cm) was used. The TMR-labeled
probes were excited by a 543.5-nm helium-neon laser (Melles
Griot, Irvine, CA, USA). The emitted fluorescence was

Table 1 List of DNA aptamers with TMR labeling on various positions

Name Sequence

ELA45-5′-TMR 5′(TMR)-TAG CGATAC TGC GTG GGT TGG GGC GGG TAG GGC CAG CAG TCT CGT-3′

ELA45-T1-TMR 5′-T(TMR)AG CGATAC TGC GTG GGT TGG GGC GGG TAG GGC CAG CAG TCT CGT-3′

ELA45-T7-TMR 5′-TAG CGAT(TMR)AC TGC GTG GGT TGG GGC GGG TAG GGC CAG CAG TCT CGT-3′

ELA45-T10-TMR 5′-TAG CGATAC T(TMR)GC GTG GGT TGG GGC GGG TAG GGC CAG CAG TCT CGT-3′

ELA45-T14-TMR 5′-TAG CGATAC TGC GT(TMR)G GGT TGG GGC GGG TAG GGC CAG CAG TCT CGT-3′

ELA45-T18-TMR 5′-TAG CGATAC TGC GTG GGT(TMR) TGG GGC GGG TAG GGC CAG CAG TCT CGT-3′

ELA45-T19-TMR 5′-TAG CGATAC TGC GTG GGT T(TMR)GG GGC GGG TAG GGC CAG CAG TCT CGT-3′

ELA45-T28-TMR 5′-TAG CGATAC TGC GTG GGT TGG GGC GGG T(TMR)AG GGC CAG CAG TCT CGT-3′

ELA45-T40-TMR 5′-TAG CGATAC TGC GTG GGT TGG GGC GGG TAG GGC CAG CAG T(TMR)CT CGT-3′

ELA45-T42-TMR 5′-TAG CGATAC TGC GTG GGT TGG GGC GGG TAG GGC CAG CAG TCT(TMR) CGT-3′

ELA45-T45-TMR 5′-TAG CGATAC TGC GTG GGT TGG GGC GGG TAG GGC CAG CAG TCT CGT(TMR)-3′

ELA45-3′-TMR 5′-TAG CGATAC TGC GTG GGT TGG GGC GGG TAG GGC CAG CAG TCT CGT-3′-(TMR)

TMR labeling position was shown in bold and underline format
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filtered at 575 nm through a filter (Rochester, NY, USA) and
recorded by a photomultiplier tube (PMT, Hamamatsu
Photonics, Japan). The signals from PMT were analyzed by
a chromatographic software.

TMR labeled aptamer probes (final concentration 10 nM),
varying concentrations of HNE were incubated in the sample
buffer (10 mM Tris-HCl, pH 7.5) containing a free TMR dye
(93 pM, used as an internal standard (IS)) for 1 h in ice, and
then the sample was injected into capillary by applying a pos-
itive voltage of 15 kV. CE-LIF analysis was performed by
applying a voltage of 20 kV at room temperature (25 °C).
TG buffer (25 mM Tris, 192 mM glycine, pH 8.3) was used
as separation buffer, which was filtered with 0.22 μm filter
(Millipore, Bedford, USA). Between each run, the capillary
was subsequently rinsed with 20 mM NaOH for 3 min, water
for 2 min, and TG buffer for 2 min, respectively.

Results and discussion

CE separation of affinity complex

We tested the feasibility of CE-LIF detection of HNE using
TMR-labeled aptamer. The anti-HNE aptamer having TMR
labeling at 5′ end (ELA45-5′-TMR) was first used. In CE-LIF
analysis, sample was injected into capillary by applying a
positive voltage of 15 kV for 5 s, and then CE separation
was conducted in TG buffer (25 mM Tris, 192 mM glycine,
pH 8.3) by applying a voltage of 20 kV. As Fig. 1 shows, in
the absence of HNE, a peak of ELA45-5′-TMR probe ap-
peared at around 1.6 min, and the peak of free TMR dye
was observed at about 1 min. When ELA45-5′-TMR (final
concentration 10 nM) was incubated with HNE (final

concentration 20 nM) in sample buffer containing 10 mM
Tris-HCl (pH 7.5) and injected into capillary, the peak of free
ELA45-5′-TMR probe significantly decreased, and a new
broad peak appeared at migration time between 1.3 and
1.6 min, which corresponded to the complex of ELA45-5′
TMR and HNE (Fig. 1). The result shows that a stable com-
plex is formed during CE separation and it is feasible to de-
velop affinity CE-LIF assay to analyze HNE by using TMR-
labeled aptamer.

We further compared the performances of aptamer probes
having TMR labeling on different sites of the aptamer in CE-
LIF analysis of HNE, including the 3′ end, 5′ end, and the
internal thymine (T) of the aptamer (Fig. S1 in ESM).
Totally, 12 different TMR-labeled aptamer probes were ob-
tained (Table 1). For all of the TMR-labeled aptamer probes,
broad complex peaks appeared (Fig. 2). Possibly, multiple
binding occurred, leading to two complex peaks that were
not baseline separated. The complex peaks were well isolated
from the peak of the unbound aptamer probe. The peak area of
complex peaks of ELA45-T40-TMR and HNE is larger than
that obtained by the other TMR-labeled aptamer probes. We
chose the ELA45-T40-TMR probe as affinity probe for fur-
ther work in CE-LIF analysis.

Effect of metal ions in sample buffer

To obtain better assay sensitivity, we investigated the possible
effect of NaCl, KCl, or MgCl2 in sample buffer (10 mM Tris-
HCl, pH 7.5) on the separation and detection of HNE in CE-
LIF using ELA45-T40-TMR as probe. As shown in Fig. 3,
when 1 mM NaCl was used in sample buffer, the complex
peak increased slightly, and further addition of NaCl de-
creased the complex peak area. The same tendency was
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Fig. 1 Electropherograms of ELA45-5′-TMR (10 nM) with and without
HNE (20 nM) present in sample buffer (10 mM Tris-HCl, pH 7.5). Peaks
1, 2, and 3 represent IS, aptamer-HNE complex, and free aptamer,
respectively
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Fig. 2 Electropherograms of aptamer probes with TMR labeling on
different positions in the presence of HNE. Aptamer probes (10 nM)
were incubated with HNE (20 nM) in sample buffer (10 mM Tris-HCl,
pH 7.5)
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observed with the addition of different concentrations of KCl
in the sample buffer (data not shown). The results indicate that
K+ and Na+ at concentrations lower than 2 mM have little
effect in CE-LIF analysis of HNE with ELA45-T40-TMR.
When the concentration of KCl or NaCl was higher than
2 mM, the complex peak decreased with the increase of
NaCl or KCl. The complex peak area significantly decreased
whenMgCl2 as low as 1 mMwas present in the sample buffer
(Fig. S2 in ESM). The result shows thatMg2+ in sample buffer
has more influence on CE-LIF analysis of HNE. The presence
of NaCl, KCl, or MgCl2 in sample buffer may affect the bind-
ing between HNE and aptamer in CE-LIF analysis as high
concentrations of metal ions may reduce the electrostatic in-
teractions between aptamer and protein and influence the
structure of aptamers. Another possible reason is that NaCl,
KCl, or MgCl2 may influence the CE separation. However,
the detailed reason is not known. Therefore, we chose to use
the sample buffer (10 mM Tris-HCl, pH 7.5) without contain-
ing NaCl, KCl, or MgCl2 in the further work.

Quantification of HNE

Under the optimized condition, we successfully detected vary-
ing concentrations of HNE with CE-LIF using ELA45-T40-
TMR as affinity probe (Fig. 4).With increasing concentrations
of HNE, the peak area of complex peaks increased, and the
peak area of the peak of unbound aptamer decreased. The
complex peak at around 1.5 min first appeared and increased
with the addition of HNE. With further increase of HNE
(higher than 10 nM), the complex peak at 1.5 min began to
decrease and another complex peak at about 1.3 min appeared
and increased. The total peak area of two complex peaks was
used for quantification of HNE in CE-LIF analysis. The total
area of two complex peaks showed linear relationship toward
the concentration of HNE in the range from 0.5 to 10 nM
(y = 88,239x, R2 = 0.998) (Fig. 4b). The narrow linear detec-
tion range is related with the concentration of TMR-labeled
aptamer (10 nM). When a higher concentration of TMR-
labeled aptamer is used, it can be expected that the linear
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detection range for HNE detection will be extended. In addi-
tion, the binding affinity of aptamer probes may also affect the
detection range as the reported Kd of the aptamer is around
17 nM [23]. The detection limit of HNEwas 0.5 nM (S/N = 3).
In this CE-LIF system, the detection limit of the aptamer probe
was about 0.1 nM, and the linear detection range of the
aptamer probe was from 0.1 to 100 nM. The obtained complex
peak area reached a plateau level when the concentration of
HNE was at 50 nM. The sensitivity of CE-LIF analysis of
HNE in this work is comparable to or higher than aptamer
CE-LIF assays for other protein targets [30–35, 37, 38].

Specificity test

We examined the selectivity of CE-LIF analysis of HNE using
ELA45-T40-TMR (10 nM) by testing other proteins (20 nM)
including IgG, Hb, lysozyme, PDGF-BB, and thrombin, and
no remarkable complex peak was observed, so these tested
proteins did not interfere with the detection of HNE (Fig. S3
in ESM). This result shows that our CE-LIF assay for HNE
has good selectivity.

We further tested the applicability of our CE-LIF assay in a
complex sample matrix. HNE was spiked into the 100-fold
diluted human serum sample and incubated with ELA45-T40-
TMR probe. HNE was still successfully detected in the 100-
fold diluted human serum sample (Fig. S4 in ESM). Detection
limit of HNE in diluted serum sample was about 5 nM, show-
ing the sample matrix has some effects on the HNE. Some
proteins in the sample matrix may influence the binding be-
tween HNE and aptamer. It is reported that the HNE levels in
plasma or serum samples are associated some disease activity
[40, 41]. The levels of HNE in tumor tissues are related with
cancer progression [3]. The levels of HNE in serum sample in
normal persons are below 100 ng/mL (~ 3 nM) [41]. Our
method cannot meet the requirement of HNE detection in real
plasma or serum samples. More efforts are needed to improve
the sensitivity of the assay and the performance of the assay in
the complex samplematrix. Our study will be helpful for some
research about detection of HNE around nanomolar levels.

Interaction of HNE with aptamer ELA45-T40-TMR

We attempted to identify the two complex peaks of HNE and
aptamer probe in CE-LIF. Figure 5 shows a series of electro-
pherograms for CE-LIF analysis of HNE at a fixed concentra-
tion (20 nM) and varying concentrations of ELA45-T40-TMR
(0–100 nM). When ELA45-T40-TMR was not present, only
the peak of free TMR dye (IS) appeared in the electrophero-
gram. At low concentrations of the aptamer probe (1 and
2 nM), one main complex peak around 1.3 min was observed
in the electropherogram. When the aptamer probe concentra-
tion was higher (5–100 nM), another complex peak appeared
at about 1.5 min, and this complex peak increased with the

increase of aptamer probe concentration. The area of the com-
plex peak at around 1.3 min reached a maximum level when
the ELA45-T40-TMR probe concentration was 20 nM, and
then decreased as the ELA45-T40-TMR concentration further
increased. Combining the result shown in Fig. 4, possibly the
complex peak at around 1.3 min represents one ELA45-T40-
TMR probe binding to two HNE molecules, and the other
complex peak at around 1.5 min represents one ELA45-T40-
TMR probe binding with one HNE molecule. When 20 nM
HNE was incubated with low concentrations of aptamer
probe, the amount of HNE is excessive, so one aptamer probe
may bind more HNE molecules. When 20 nM HNE was in-
cubated with high concentrations of aptamer probe, the
amount of HNE is relatively not enough for the aptamer
probe, so the aptamer probe can only bind with one HNE.
The complex of one HNE and one aptamer has larger negative
charges to mass ratio than the complex of two HNE and one
aptamer, so its migration time is closer to that of the unbound
probe.

To further explain the observed complex peaks of HNE, we
did more experiments. An aptamer binding to human throm-
bin with 29 nucleotides (5′-AGT CCG TGG TAGGGCAGG
TTG GGG TGA CT-3′) was extended to have a 45-nt length
by adding 16 Ts at the 3′ terminal of the aptamer and labeled
with TMR at the 5′ terminal (Apt29T16-5′-TMR: 5′-TMR-
AGT CCG TGG TAG GGC AGG TTG GGG TGA CTT
TTT TTT TTT TTT TTT-3′). This DNA probe has the same
length as ELA45-T40-TMR, and they show close migration
time due to the same charge to mass ratio (Fig. S5 in ESM)
[32]. It has been known that this anti-thrombin aptamer binds
to thrombin with a ratio of 1:1 [32, 33, 35]. Thrombin has a
molecular weight about 36.7 kDa. HNE has a molecular
weight about 29.5 kDa. Figure S5 in ESM shows that the
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complex of thrombin and Apt29T16-5′-TMR has similar mi-
gration time with the second complex peak of HNE and
ELA45-T40-TMR at around 1.5 min. Considering the same
length of DNA probe sequence and close molecular size of
thrombin and HNE, the result may further support that the
second complex peak of HNE and ELA45-T40-TMR at about
1.5 min is corresponding to one ELA45-T40-TMR binding
with one HNE. The first complex peak of HNE and ELA45-
T40-TMR at around 1.3 min was possibly attributed to two
HNE binding to one ELA45-T40-TMR as it appeared earlier.
However, the exact stoichiometry of the complex peaks of
HNE and its aptamer in CE-LIF remains unknown, and other
techniques may help to identify the complexes.

Conclusion

In this work, we reported a specific and sensitive detection of
HNE in affinity CE-LIF by using dye-labeled aptamer probe.
We conjugated single TMR on 3′ end, 5′ end, or the internal T
nucleotide of aptamer. Aptamer having TMR labeling on the
40th T base was applied to CE-LIF detection of HNE. Two
complex peaks appeared in CE-LIF analysis, and they were
well separated from the peak of the unbound aptamer. The
total area of the complex peaks was applied for quantification
of HNE. HNE as low as 0.5 nM was detected. HNE spiked in
diluted serum was also detected with CE-LIF analysis. The
complex peaks possibly corresponded to the complex of one
aptamer binding with two HNE and the complex of one
aptamer binding with one HNE, respectively. This work is
helpful for the analysis of HNE using aptamer probes.
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