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Introduction

Nucleic acid aptamers are generally obtained through an in
vitro evolution process termed SELEX (systematic evolu-
tion of ligands by exponential enrichment).[1,2] Some of
them have G-rich consensus sequences and can fold into
stable four-stranded structures known as G-quadruplexes.[3–9]

Such specific secondary structures play an important role in
the binding of aptamers to ligands.[5,10–13] A G-quadruplex
formed by a G-rich DNA aptamer named PS2M[10] has been
found to bind hemin (an anion porphyrin) to form a com-

plex with high catalytic activity towards the H2O2-mediated
oxidation of 2,2-azinobis(3-ethylbenzothiazoline)-6-sulfonic
acid (ABTS).[14,15] This hemin–aptamer complex with the
peroxidase-like activity, in fact, is a new kind of deoxyribo-
zyme (i.e. DNAzyme).[16] Several related aptamers of PS2M
are all found to form high-activity DNAzymes with
hemin.[14,15, 17] Another family of such aptamers with relative-
ly low DNAzyme function has also been reported.[18,19] As a
general DNA ligand with the porphyrin ring, hemin should
bind to more G-quadruplexes, not just the above two fami-
lies. So, it is interesting and significant to explore the inter-
actions between hemin and other G-quadruplex aptamers,
which will help us to discover new functions of those apta-ACHTUNGTRENNUNGmers selected by the SELEX process.

Some G-quadruplex aptamers have shown great biomedi-
cal significance due to their potential as potent therapeutic
agents.[20,21] A G-rich DNA aptamer named AGRO100[22]

can fold into an intermolecular G-quadruplex, which specifi-
cally bind nucleolin (a protein marker expressed at high
levels in human cancer cells) and strongly inhibit DNA rep-
lication and cell proliferation.[22] Thus it is considered as an
advanced anticancer aptamer.[21] Two G-quadruplex apta-ACHTUNGTRENNUNGmers termed T30695[23] and 93del[24] have been proved effec-
tive for inhibiting HIV-1 integrase in vitro, and so they are
regarded as potential anti-HIV therapeutic agents.[20] The re-
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lated aptamers of AGRO100 and T30695 are all found to
have similar secondary structures and exhibit strong anti-
cancer or anti-HIV activity as well.[6,25–28] Exploiting the un-
discovered functions of these families of aptamers will
extend their biomedical applications.

In view of the G-quadruplex structures of AGRO100,
T30695, and 93del, here we explore their potential as hemin
binders, aiming to exploit new families of DNAzymes and
their bioanalytical application. With the hemin-binding apta-
mer PS2M as the control, these G-quadruplex aptamers
were incubated with hemin and then characterized by using
UV/Vis absorption spectroscopy to evaluate their binding
affinities and DNAzyme functions. According to the com-
parison results, AGRO100 and T30695 are identified as new
hemin-binding aptamers. They can bind both hemin and the
protein ligand (nucleolin or HIV-1 integrase). Such multiple
functions give these G-quadruplex aptamers great potential
in bioanalysis, which is demonstrated by applying
AGRO100 to the chemiluminescence (CL) detection of nu-
cleolin expressed at the surface of HeLa cells.

Results and Discussion

To demonstrate the binding of AGRO100, T30695, and
93del to hemin, these aptamers are under investigation to-
gether with the control PS2M. Figure 1 depicts the colori-

metric analyses of hemin-aptamer interactions by using UV/
Vis absorption spectroscopy. The uncomplexed hemin has
the Soret absorption band centered at 397 nm (curve a).
After incubation with PS2M, a sharp hyperchromicity is ob-
served in the Soret band of hemin (curve b). The center of
Soret band shifts to 404 nm, while the maximal absorption
intensity increases dramatically. This indicates the strong in-

teractions between PS2M and hemin, as reported.[15] The
same phenomenon is also observed after incubation of
hemin with AGRO100, T30695, or 93del. Under same con-
ditions, both AGRO100 and T30695 give rise to a sharp hy-
perchromicity of the hemin Soret band (curves c and d),
whereas 93del causes a much smaller one (curve e). These
data suggest that there is a strong interaction between
hemin and AGRO100 (or T30695). Although 93del is able
to bind hemin as well, from the hyperchromicity it is esti-
mated that the affinity of 93del is much lower than that of
AGRO100, T30695, or PS2M, which is confirmed by the de-
termination of dissociation constants (Kd) of different
hemin–aptamer complexes (see the Experimental Section).

However, for hemin–DNA complexes, the binding action
is not always consistent with the catalytic behavior.[15] Trav-
ascio et al. have confirmed that several hemin-binding ap-
tamers including PS2M are capable of forming DNAzymes
with hemin, whereas a folded Oxytricha telomeric DNA
does not, although this G-quadruplex binds hemin as well.[15]

To demonstrate the DNAzyme function of AGRO100,
T30695, and 93del, their catalytic behaviors were investigat-
ed in the ABTS–H2O2 system, with PS2M as the control.
The H2O2-mediated oxidation of ABTS can produce the
free-radical cation ABTSC+ , which has a maximal absorption
at 421 nm. Thus, the absorbance at this wavelength can be
employed to quantitatively analyzed the product of peroxi-
dation, and then assess the peroxidase-like activities of dif-
ferent hemin–aptamer complexes. Figure 2 shows

AGRO100, T30695, and 93del are all capable of forming
catalytic complexes with hemin, like PS2M. Surprisingly, the
hemin–AGRO100 complex exhibits an ultrahigh catalytic
activity towards the oxidation of ABTS by H2O2 (curve c),
which is much higher than that of the reported DNAzyme

Figure 1. Colorimetric analyses of hemin–aptamer interactions by using
UV/Vis absorption spectroscopy. a) uncomplexed hemin (1 mm); b) incu-
bation of a) with PS2M (1 mm); c) incubation of a) with AGRO100
(1 mm); d) incubation of a) with T30695 (1 mm); e) incubation of a) with
93del (1 mm). Experimental conditions: HEPES (25 mm), pH 7.4, KCl
(20 mm), NaCl (200 mm), Triton X-100 (0.05 % w/v), and DMSO (1 %
v/v).

Figure 2. UV/Vis absorption spectra for analyzing the peroxidation prod-
uct (ABTSC+) of the ABTS–H2O2 system catalyzed by several catalysts
for 4 min: a) uncomplexed hemin (0.25 mm), b) sample a) plus PS2M
(0.25 mm), c) sample a) plus AGRO100 (0.25 mm), d) sample a) plus
T30695 (0.25 mm), e) sample a) plus 93del (0.25 mm). Experimental condi-
tions: [ABTS]=5.9 mm, [H2O2] =0.6 mm, in HEPES buffer (25 mm,
pH 8.0) containing KCl (20 mm), NaCl (200 mm), Triton X-100 (0.05 %),
and DMSO (1 %).
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hemin–PS2M (curve b). The hemin–T30695 complex also
exhibits an excellent catalytic behavior (curve d), while the
enzyme activity of hemin–93del is relatively low (curve e).
According to the above comparisons of binding action and
DNAzyme function between the three aptamers and PS2M,
it can be concluded that AGRO100 and T30695 are two
new hemin-binding aptamers comparable to (or better than)
PS2M, whereas 93del does not. Therefore, 93del is no longer
discussed below.

To evaluate the binding parameters of T30695 and
AGRO100, hemin is titrated with two aptamers in the
HEPES buffer, as shown in Figure 3. The absorbance at

404 nm increases with the concentrations of aptamers, and
ultimately changes no longer, indicating the saturated bind-
ing of aptamers to hemin. It is found that the binding iso-
therms of T30695 and AGRO100 to hemin are largely simi-
lar, suggesting the binding stoichiometry (n) and affinity
(Kd) of these two aptamers are very close. Scatchard analy-
sis shows both T30695 and AGRO100 bind hemin with n
�1. That is, T30695 can form a 1:1 complex with hemin,
whereas AGRO100 binds hemin to form a 2:2 complex
owing to its bimolecular G-quadruplex structure. According
to the binding assays, two new hemin-binding aptamers
T30695 and AGRO100 all possess high affinities (Kd�241
and 129 nm, respectively), which are higher than that of
PS2M (Kd�439 nm) selected by the SELEX process.

Further experiments reveal the ionic conditions signifi-
cantly influence the binding of T30695 and AGRO100 to
hemin (Figure 4). In general, the G-quadruplex structures
can be stabilized by alkali cations such as K+ and Na+ .[29] It
has been proved that K+ is absolutely required for the cata-
lytic behavior of the hemin–PS2M complex.[14] Unexpected-
ly, we find T30695 can form a catalytic complex with hemin
without any coordination cation, whereas the addition of
alkali metal ions especially K+ gives rise to a small decrease
in the enzyme activity (Figure 4 A). Previous studies[23,28]

have indicated that T30695 can fold into the G-quadruplex
structure without K+ or Na+ , which well explains why
T30695 can bind hemin in the absence of K+ or Na+ , as ob-
served from Figure 4 A. In contrast, AGRO100 does not
form a catalytic complex with hemin in the absence of coor-
dination cations, whereas the presence of K+ even at 10 mm

significantly promotes the enzyme activity (Figure 4 B). The
addition of Na+ reveals a much smaller promotion on the
catalytic activity. As the concentration of Na+ increases, the
effect of this alkali cation on hemin–AGRO100 DNAzyme
becomes more and more evident (Figure 4 B, curves d–f).
These observations indicate the coordination ion (e.g., K+

or Na+) is required for AGRO100 folding and hemin bind-
ing. Among alkali cations, K+ has the highest efficiency at
coordinating to G-quadruplex,[29] consistent with its greatest
promotion on the formation of hemin–AGRO100 DNA-
zyme (Figure 4 B, curve c).

It has been reported that some planar aromatic ligands
(e.g., cation porphyrins) strongly bind to G-quadruplexes
through stacking on the terminal G-tetrads.[30–32] As an anion

Figure 3. Absorbance (at 404 nm) changes in response to the titration of
hemin (0.5 mm) with different concentrations of a) T30695 and b)
AGRO100. Experimental conditions: HEPES (25 mm), pH 7.4, KCl
(20 mm), NaCl (200 mm), Triton X-100 (0.05 %), and DMSO (1 %). The
Scatchard analysis was then performed according to the saturated binding
data.

Figure 4. Effect of coordination ions on the hemin–aptamer complexes.
A) UV/Vis absorption spectra (after 4 min) for analyzing: a) uncom-
plexed hemin (0.125 mm), b) hemin–T30695 complex (0.125 mm), c)
sample b) plus K+ (10 mm), d) sample b) plus Na+ (10 mm). B) UV/Vis
absorption spectra (after 4 min) for analyzing: a) uncomplexed hemin
(0.125 mm), b) mixture of hemin and AGRO100 (0.125 mm), c) sample b)
plus K+ (10 mm), d) sample b) plus Na+ (10 mm), e) sample b) plus Na+

(500 mm), f) sample b) plus Na+ (1 mm). Experimental conditions:
[ABTS]=5.9 mm, [H2O2] =0.6 mm, in Tris-HCl (25 mm, pH 8.0) contain-
ing Triton X-100 (0.05 %), and DMSO (1 %).
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metalloporphyrin, hemin has been also proposed to bind to
G-quadruplex aptamers through end stacking,[33] rather than
intercalation between two adjacent G-tetrads.[10] In fact, al-
though several DNA ligands are proposed to bind G-quad-
ruplexes through the intercalative mode,[34–36] the true inter-
calation is generally considered unlikely in terms of
energy.[37] So, hemin is reasonably proposed to bind to
T30695 or AGRO100 by end stacking, as reported.[33] In the
early reports,[23,28] T30695 is thought to adopt a chair-like an-
tiparallel G-quadruplex structure consisting of two G-tet-
rads, just like a 15-mer thrombin-binding aptamer.[38] How-
ever, more recent research has indicated that this aptamer
and other closely related sequences only folds into the pro-
peller-type parallel structures with three consecutive G-tet-
rads linked by three single residue loops.[39–42] The T loop
residue points toward the G-tetrads and forms hydrogen
bonds with guanines,[39] making this structure extremely
stable. In terms of stability, this parallel-stranded structure
should be the most favorable conformation in the hemin–
T30695 complex, in which hemin stacks on one terminal G-
tetrad of folded T30695 (Figure 5 A). As reported,[33] hemin

binding to T30695 may operate through an induced fit
mechanism. That is, the hemin binding itself contributes to
the formation of favorable binding sites. The ligand-induced
formation of G-quadruplex is also observed in other ligand–
DNA interactions.[43] In the presence of K+ , AGRO100 can
dimerize to form a highly symmetric bimolecular G-quadru-

plex consisting of four pairs of stacked G-quartets.[22] Two
hemin molecules can stack two terminal G-tetrads of folded
AGRO100, respectively, to form a 2:2 complex (Figure 5 B).
This intermolecular structure requires the coordination cat-
ions, especially K+ , to keep it stable, as observed from Fig-
ure 4 B. Such a structural model suggests that the hemin–
AGRO100 complex possesses two active sites for catalysis,
consistent with its excellent enzyme activity (Figure 2).

Another significant function of T30695 and AGRO100 is
their binding to the corresponding protein ligand (HIV-1 in-
tegrase or nucleolin), which gives them potential as anti-
HIV or anticancer therapeutic agents.[20,21] A mechanistic
study of inhibiting HIV-1 integrase by T30695 has indicated
a “face-to-face” interaction between these two molecules.[13]

Similarly, a molecular model of a related aptamer of
AGRO100 (named GRO29A)[27] has indicated that nucleo-
lin binds to the G-quadruplex groove of GRO29A. Because
AGRO100 has a G-quadruplex core the same as that of
GRO29A, the groove binding mode is also applicable to the
AGRO100–nucleolin interaction. That is, both T30695 and
AGRO100 can bind hemin as well as target protein. Hence,
they can be defined as multifunctional aptamers capable of
binding two or more ligands. The related aptamers of
T30695 and AGRO100, including T30177[23] and
GRO29A,[27] are all found to possess such multiple functions
(data not shown). Most importantly, the hemin–T30695 and
hemin–AGRO100 complexes reveal excellent peroxidase-
like activities even higher than that of the known DNAzyme
hemin–PS2M. This gives T30695 and AGRO100 great po-
tential as a platform for the sensitive detection of protein li-
gands (nucleolin and HIV-1 integrase).

To demonstrate the potential application of multifunction-
al aptamers in bioanalysis, we chose AGRO100 as an exam-
ple and applied it in the chemiluminescence (CL) detection
of the protein marker nucleolin expressed at the surface of
HeLa cells (Scheme 1). As a nucleolar protein, nucleolin is
primarily expressed in the nucleus, but it is found to shuttle
between the surfaces and nuclei of human cancer cells cul-
tured in serum-containing media.[37,38] Hence, the cell-sur-
face-expressed nucleolin can be captured in situ by
AGRO100 complexed with hemin, as described in a previ-
ous report.[22] After being labeled with hemin–AGRO100,
the formed hemin–AGRO100-nucleolin catalytic complex at
the cell surface was analyzed in the luminol–H2O2 system,
which promotes the generation of CL emission.

The integral curves of CL signal for analyzing different
number of HeLa cells are shown in Figure 6 A. It is found
that the addition of 2 �103 cells labeled with DNAzyme
does not elevate the signal above background noise
(curve b), whereas a noticeable increase in integrated CL is
observed after addition of 6 � 103 cells (curve c). As the
number of cells increases, the intensity of generated CL
emission is gradually increased, suggesting the formation of
more hemin–AGRO100–nucleolin at the cell surface. Fig-
ure 6 B indicates the dependence of integrated CL intensity
(after 150 s) on the number of HeLa cells. From this figure
it is concluded that the total surface-expressed nucleolin of

Figure 5. Proposed structural models for A) hemin–T30695 and B)
hemin–AGRO100 complexes. Hemin is thought to bind to the folded
T30695 and AGRO100 through end stacking to form 1:1 and 2:2 com-
plexes, respectively.
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about 6000 HeLa cells can be detected by this sensing plat-
form. The inset in Figure 6 B shows a comparison between
the intensities of CL signals originated from HeLa cells and
from hemin–AGRO100 DNAzyme. It is found that the CL
signal from 60 000 HeLa cells is largely similar to that from
25 fmol DNAzyme. This means the cell-surface-expressed
nucleolin can be detected at the fmol level, indicating a high
sensitivity of our developed DNAzyme-based method for
protein detection. However, it should be noted that nucleo-
lin is a shuttle protein and not expressed at the surface of
serum-starved cells;[37] that is, the amount of nucleolin ex-
pressed at the cell surface changes as the culture conditions
change. So, keeping cells well-nourished is always required
for sensing the surface-expressed nucleolin of human cancer
cells.

Conclusion

Two families of G-quadruplex aptamers, AGRO100,
T30695, and various related aptamers, have shown great bio-
medical significance due to their potential as anticancer or
anti-HIV therapeutic agents. Exploring some new functions
of these significant aptamers will help to extend their bio-
medical applications. In view of the secondary structures of
AGRO100 and T30695, their potential as hemin binders are
explored here, to discover their potential DNAzyme func-
tion. We find that both AGRO100 and T30695 bind hemin
with high affinities comparable to that of PS2M. Most im-
portantly, their corresponding hemin–DNA complexes ex-

hibit higher peroxidase-like activities than the known DNA-
zyme hemin–PS2M. Accordingly, the anticancer aptamer
AGRO100 and the anti-HIV aptamer T30695 are also con-
sidered as two new hemin-binding aptamers. They are capa-
ble of simultaneously binding a protein ligand (nucleolin or
HIV-1 integrase) and hemim through two different modes,
and related aptamers also do so. Such multiple functions
enable these aptamers to serve as a novel platform for sens-
ing protein markers in a facile way. As an example,
AGRO100 has been applied to the CL detection of surface-
expressed nucleolin of HeLa cells. Based on the specific
AGRO100–nucleolin interaction, the cell-surface-expressed
nucleolin is labeled in situ with hemin–AGRO100 complex
and then determined in the luminol–H2O2 CL system. This
sensing platform can be used to detect the total surface-ex-
pressed nucleolin of about 6000 HeLa cells. Our findings
show that exploiting the undiscovered functions of existing
aptamers will extend their potential applications in bio
analysis.

Scheme 1. Multifunctional aptamer AGRO100 as a DNAzyme-based
platform for the CL detection of nucleolin expressed at the surface of
HeLa cells. With the multifunction of simultaneously binding hemin and
nucleolin, the folded AGRO100 can label the cell-surface-expressed nu-
cleolin in situ after being complexed with hemin, providing an approach
to sensing this protein marker in the luminol–H2O2 system.

Figure 6. Chemiluminescence detection of surface-expressed nucleolin of
HeLa cells with hemin–AGRO100 as the in vitro catalytic label. A) Inte-
gral curves of CL signal for analyzing different number of HeLa cells in
the luminol-H2O2 system: a) background, b) 2� 103 cells, c) 6� 103 cells,
d) 2� 104 cells, e) 6 � 104 cells, f) 2� 105 cells, g) 6 � 105 cells. B) Depend-
ence of integrated CL (after 150 s) on the number of HeLa cells. Experi-
mental conditions: [luminol]=0.5 mm, [H2O2]= 2 mm, in HEPES buffer
(25 mm, pH 8.0) containing KCl (20 mm) and NaCl (200 mm). The voltage
of photomultiplier tube was set at 700 V. The inset shows a comparison
between the CL signals originated from HeLa cells and from hemin–
AGRO100 DNAzyme.
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Experimental Section

Sequences and pretreatment of DNA aptamers : Six G-quadruplex ap-
tamers (PS2M: 5’-GT GGG TA GGG C GGG TT GG-3’, AGRO100: 5’-
GGT GGT GGT GGT TGT GGT GGT GGT GG-3’, T30695: 5’-GGGT
GGGT GGGT GGGT-3’, 93del: 5’-GGG GT GGG A GGA GGGT-3’,
T30177: 5’-GT GGT GGGT GGGT GGGT-3’, GRO29A: 5’-TTT GGT
GGT GGT GGT TGT GGT GGT GGT GG-3’) were synthesized by
Sangon Biotechnology (Shanghai, China). Before use, these oligonucleo-
tides were dissolved in the TE buffer (10 mm Tris-HCl, 0.1 mm EDTA,
pH 7.4), and quantified by using UV/Vis absorption spectroscopy with
the following extinction coefficients (e260nm, m

�1 cm�1): A=15 400, G=

11500, C=7400, T= 8700. The DNA solutions were then heated at 88 8C
for 10 min, and gradually cooled to room temperature.

Investigation of hemin–aptamer interactions and DNAzyme functions :
An equal volume of the hybridization buffer (50 mm HEPES, pH 7.4,
40 mm KCl, 400 mm NaCl, 0.1% Triton X-100, 2% DMSO) was added to
the above DNA solutions, allowing aptamers to fold for 40 min to form
the G-quadruplex structures. Then an equal volume of same concentra-
tion of hemin dissolved in the binding buffer (25 mm HEPES, pH 7.4,
20 mm KCl, 200 mm NaCl, 0.05 % Triton X-100, 1 % DMSO) added to
the DNA solutions. The mixtures were kept at room temperature for 1 h,
allowing the aptamers to bind hemin properly. Finally, the formed
hemin–aptamer complexes were characterized by using UV/Vis absorp-
tion spectroscopy, to evaluate the binding actions and catalytic behaviors
of several investigated G-quadruplex aptamers. The absorption spectra
were recorded with a Cary 500 Scan UV/Vis/NIR Spectrophotometer
(Varian, USA).

Binding assays : Based on the peroxidase-like activities of hemin and
hemin–aptamer complexes, a new method for determination of the affini-
ty (Kd) of hemin-binding aptamers was developed by using UV/Vis ab-
sorption spectroscopy. Briefly, hemin (0.1 mm) was incubated with differ-
ent concentrations of aptamers for 1 h in the aqueous buffer consisting of
ABTS (5.45 mm), HEPES (25 mm, pH 8.0), KCl (20 mm), NaCl (200 mm),
Triton X-100 (0.05 %), and DMSO (1 %). Then, H2O2 (10 mL, 60 mm) was
added to the hemin and aptamer mixture (990 mL) to initiate the reac-
tion. The absorbance at 421 nm within 4 min was recorded in different
cases. According to the literature,[14, 15, 44] we deduced a formula for Kd cal-
culation [Eq. (1)] in which [aptamer]0 and [hemin]0 are the initial concen-
trations of aptamer and hemin; A0, A8, and Ax are the absorbance (at
421 nm) for analyzing uncomplexed hemin (in the absence of aptamers),
fully bound hemin (in the presence of extremely excess aptamers), and
hemin bound partially by aptamers (in the presence of appropriate con-
centrations of aptamers), respectively.

½aptamer�0 ¼ KdðAx�A0Þ=ðA8�AxÞ þ ½hemin�0ðAx�A0Þ=ðA8�A0Þ ð1Þ

Cell treatment and CL detection of surface-expressed nucleolin : After
passage, HeLa cells in logarithmic growth phase were incubated with
hemin–AGRO100 complex (10 mm) in serum-containing culture media at
37 8C for 2 h, allowing the complex to properly label nucleolin expressed
at the cell surface. The intact cells were separated from excess DNAzyme
by centrifugation, and thoroughly washed with the detection buffer
(25 mm HEPES, pH 8.0, 20 mm KCl, 200 mm NaCl), then dispersed in
buffer to prepare different concentrations of cell suspensions (the cell
concentrations were counted by using a hemocytometer). Finally, H2O2

(10 mL, 60 mm) followed by different concentrations of cell suspensions
(10 mL) was added to luminol (280 mL, 0.5 mm). The hemin–AGRO100–
nucleolin complex at the cell surface catalyzed the oxidation of luminol
by H2O2 to generate CL emission. The CL signal was recorded with a
Model MCDR-A Luminescence System (Remex, Xi�An, China). The
voltage of photomultiplier tube was set at 700 V.
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