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A new series of photoactive metallocyclodextrins with increased
fluorescence intensity upon binding with ssDNA/aptamer has
been demonstrated to sensitively and selectively detect lysozyme.
The detection mechanism relies on the formation of
aptamer/lysozyme complex, which leads to a reduction of
fluorescence intensity.

Cyclodextrins (CDs) have attracted considerable attention
because of their ability to encapsulate small molecules in their
hydrophobic cavities.! The major driving force for this inclusion
phenomenon is the hydrophobic interaction between the cavity
of CDs and guest molecules.” CDs can form host-guest
complexes with a wide range of guest species in aqueous
solutions, which has many potential applications, in particular in
supermolecular chemistry.® Introducing photoactive metal ions
onto the CDs framework brings the new dimensions to
metallocyclodextrins. This methodology is
attractive because the redox and photosensitization properties of
the metal centers interact with the CD receptors, creating new

increasingly

opportunities for the fabrication of biosensors, molecular wires
and energy transfer systems.’ In a metallocyclodextrin system
with metal cores, biomolecule sensing by the CD cavity can be
realized.® There is increasing interest in the fluorescence changes of
a sensing system that responds to the host—guest recognition between
the metallocyclodextrin and a guest molecule.” Aptamers are one
example of a guest molecule that can selectively bind to a variety of
targets, including low molecular weight organic or inorganic
substrates, macromolecules such as proteins,8 small molecules.’
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34 We have synthesized a series of metallocyclodextrins,
35 having multiple ruthenium centers and multiple B-CD
36 binding sites, respectively.!® The former series were
37 fabricated as biosensors for the detection of protein, small
38 molecules and DNA based on its extraordinary
39 electrochemiluminescence properties.'! While the latter
40 series (Fig. S1, ESIY), having a structure consisting of one
41 ruthenium core and multiple B-CDs, including CD-Ru, 3CD-
42 Ru and 6CD-Ru, were expected to exhibit distinctive
43 electronic and photoactive characteristics, especially in
44  fluorescence.'® Compared with the parent ruthenium center,
45 the improvement in fluorescence intensity can be attributed
46 to the presence of multiple B-CD rings, preventing
47 fluorescence quenching of the ruthenium cores by oxygen in
48 the solution.'

49  Here we present results demonstrating that single strand DNA
50 (ssDNA) can significantly improve the fluorescence intensity of
51 these metallocyclodextrin. A novel, sensitive strategy for
52 lysozyme detection has been proposed. As illustrated in
53 Scheme 1, the fluorescence intensities of the
54 metallocyclodextrins were initially enhanced by binding
55 ssDNA (aptamer in this case) via the host-guest recognition
56 (Scheme 1a).
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59 Scheme 1 Schematic representation of fluorescence detection of
60 lysozyme based on the change of fluorescence intensity.
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However, adding lysozyme into the solution resulted in
preferential formation of aptamer/lysozyme complexes and a
reduced fluorescence intensity (Scheme 1b).The reduction in the
can be wused for quantitative

fluorescence intensity

determination of lysozyme.

It has been reported that bases, the key components of

ssDNA, can be encapsulated into CD cavities freely via host-
guest recognition.'® Thus, the fluorescence behavior of the
metallocyclodextrins mixed with ssDNA was investigated. As
shown in Fig.1, adding 1 uM ssDNA to the metallocyclodextrins
solutions produced a large fluorescent enhancement (Fig. 1A, B
and C, curves b) compared with the original fluorescence signals
(Fig.1A, B and C, curves a). Details of the enhancement are shown
in Table 1. Of the three metallocyclodextrins studied, 6CD-Ru
exhibited the largest fluorescence enhancement (97.7%). The
fluorescence intensities of 3CD-Ru and CD-Ru increased by

33.2% and 19.5%, respectively. While the fluorescence signal of

the parent compound Ru(bpy);>* solution was enhanced by 13.8%,
as ssDNA can effect Ru(bpy),>" through electrostatic binding.'*
Importantly, the enhancement of metallocyclodextrins, 3CD-
Ru and 6CD-Ru especially, was much larger when compared
with the parent compound Ru(bpy);**. The fluorescence signal
enhancement resulting from these three metallocyclodextrins also
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Fig. 1 Fluorescence spectra of (A): (a) 1 uM 6CD-Ru; (b) 1 uM
6CD-Ru with 1 uM ssDNA; (B): (a) 1 pM 3CD-Ru; (b) 1 pM 3CD-
Ru with 1 pM ssDNA; (C): (a) 1 uM CD-Ru; (b) 1 pM CD-Ru with
1 uM ssDNA; (D): (a) 1 uM Ru(bpy)s*; (b) 1 uM Ru(bpy);** with 1
uM ssDNA.

Table 1 Comparison of the fluorescence intensities of the
metallocyclodextrins after ssDNA addition in aqueous solution.

Enhanced 7,1 6CD-Ru 3CD-Ru CD-Ru Ru(bpy);Cl,
(ApM)  (1gM)  (1uM)  (1pM)
ssDNA 97.7%" 332%™ 19.5%"  13.8%"
[a] Iy = (I - 1y) / Iy, where [ and I, are the fluorescence intensities of the
metallocyclodextrins in the presence and absence of ssDNA,
respectively. [b] The concentration of ssDNA added into

metallocyclodextrins solution (1 uM) was 1 uM.
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Scheme 2 Schematic representations of (a) metallocyclodextrin
recognition for adamantane and (b) the impact of ssDNA to the
mixture of metallocyclodextrin and adamantane.

increases with the increasing number of B-CD units. We
also investigated the stoichiometry of ssDNA binding to
6CD-Ru. Analysis of the complex stoichiometry by
constructing a Job-plot suggested that a 1:2 complex was
formed between 6CD-Ru and ssDNA(Fig. S2, ESI¥).

As discussed above, ssDNA can bind with CD via host-
guest interaction between the bases and CD cavities on the
metallocyclodextrins.'® To verify this host-guest recognition
effect, adamantane, a typical guest molecule for CD in
supramolecular chemistry,'® has been added into the solution
of metallocyclodextrins (6CD-Ru in this case) before the
addition of ssDNA(Scheme 2). As illustrated in Fig. 2, the
fluorescence intensity of 6CD-Ru (Fig. 2, curve a) was not
significantly affected by the addition of adamantane (Fig. 2,
curve b). Comparing curve b and curve c, we find that adding
ssDNA to the solution of 6CD-Ru and adamantane did not result
any fluorescence enhancement for the metallocyclodextrin
compounds. In comparison, a large enhancement was obtained by
adding ssDNA to metallocyclodextrins without adamantane (Fig.
2, curve d). Similar results were obtained when the same
experiments  were  performed on the other two
metallocyclodextrin compounds, CD-Ru and 3CD-Ru (Fig. S3A
and B, ESIY).

Previously published data state that the association constant (K,)
for adamantane and bases on ssDNA with B-CD is approximately
10*-10° M7 and 3x10° M '8, respectively, This indicates a
much stronger binding capacity for adamantane with CD. Adding
ssDNA did not significantly affect the fluorescence intensities of
metallocyclodextrins, which suggests that the encapsulation of CD
cavities with adamantane restrained the host—guest recognition
between bases and CDs. In the presence of adamantane the
binding between metallocyclodextrins and ssDNA was reduced,
leading to the disappearance of the fluorescence enhancement
induced by the addition of ssDNA. In addition, there was no
change in emission spectra when adamantane was added into the
solution of Ru(bpy);>" and ssDNA (Fig. S3C, curve ¢, ESI{)
compared with the mixed solution of Ru(bpy);*" and ssDNA
without adamantane (Fig. S2C, curve d, ESIt). This suggests that
adamantane does not affect the electrostatic binding between
ssDNA and Ru(bpy);*" without the existence of CD, further
demonstrating that the CD cavities play a vital role in the binding
of ssDNA and metallocyclodextrins. These results verify the host—
guest effect between the base of ssDNA and CD in the binding of
ssDNA and metallocyclodextrins.

This journal is © The Royal Society of Chemistry 2012
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148 Fig. 2 Fluorescence spectra of (a) 1 uM 6CD-Ru, (b) 1 pM 6CD-Ru
149 with 6 uM adamantane, (c) 1 pM 6CD-Ru with 6 pM adamantane and 1
150 pM ssDNA, (d) 1 uM 6CD-Ru with 1 uM ssDNA.
151
152 Because the fluorescence enhancement of metallocyclodextrin
153 can be induced by ssDNA, we designed a sensitive, label-free
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sensing system for the detection of proteins as mentioned above.
Lysozyme, an important protein widely studied in clinical
research,'” was taken as the model target to verify the concept. A
fluorescence-based strategy, shown in Scheme 1, was developed to
detect lysozyme. Fig. S4 (ESIT) demonstrates that 6CD-Ru was
selected as the probe molecule based on its outstanding
photophysical property and binding capacity, confirming the
validity of this strategy. Compared with the original emission signal
of 0.5 uM 6CD-Ru (curve a), an enhanced signal was obtained in
the presence of 0.5 uM ssDNA (lysozyme-aptamer in this case)
(curve c), which corresponds to the system described in Scheme 1a.
After the addition of 50 nM lysozyme, a significant decrease in the
fluorescent intensity (curve b) was observed. This decrease resulted
from the formation of an aptamer/lysozyme complex with a lower
dissociation constant (Kg=65 nM)® than that of aptamer/CD
(K4=3.3x10° nM),'® as shown in Scheme 1b. As a comparison,
lysozyme was added into free 6CD-Ru (curve d) and no increase or
decrease was observed, which demonstrates that lysozyme does not
impact the 6CD-Ru. This demonstrates that the simple and
distinctive aptasening is able to accurately detect lysozyme.

When different amounts of lysozyme were added into the
detection system comprising the lysozyme-aptamer and 6CD-Ru,
the fluorescence intensity declined with the increase of lysozyme
concentrations (Fig. 3A). The difference in the fluorescence signal
exhibited a logarithmic correlation to the lysozyme concentrations
in the range of 0.1 nM — 0.5 pM (Fig. 3B, curve a). The
corresponding linear regression equation is 4/ = 305.684x1gC +
302.110 (correlation coefficient R=0.9829), where A/ is the
difference of fluorescence intensity in the absence and presence of
lysozyme and C is the concentration of lysozyme. The detection
limit is as low as 48 pM (S/N=3), demonstrating that this approach
possesses high sensitivity without requiring subsequent signal
labeling or amplification procedures and is also more sensitive than
many other label-free lysozyme detection methods that have been
proposed previously.!

The other metallocyclodextrins, CD-Ru and 3CD-Ru, were also
tested as a signal probe molecule in the aptamer-based fluorescence
detection of lysozyme. The calibration curves of the decreased
fluorescence intensities with the logarithm of the lysozyme
concentrations are presented in Fig. 3B. Detection limits of 27 nM
and 239 nM were achieved for 3CD-Ru (curve b) and CD-Ru

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 (A) Changes in the emission spectra upon the addition of
lysozyme to a mixture of 6CD-Ru (0.5 pM) and the lysozyme-aptamer
(0.5 uM) at: a) 0 M, b) 0.1 nM, ¢) 0.5 nM, d) 1 nM, e) 5 nM, f) 10 nM,
g) 50 nM, h) 0.1 uM and i) 0.5 uM. (B) The resulting calibration
curves for the absolute difference of the fluorescence intensity as a
function of the logarithm of the lysozyme concentrations (a) from 0.5
UM to 0.1 nM for 0.5 uM 6CD-Ru ; (b) from 5 pM to 50 nM for 5 uM
3CD-Ru; (c) from 5 uM to 500 nM for 5 uM CD-Ru. (41 =I>-1;, where
I, and I; were the fluorescence intensity in the absence and presence of
lysozyme, respectively.) The error bars shown were derived from the
standard deviation of three repeated experiments. (C) Responses of the
fluorescence detecting system containing 6CD-Ru (0.5 pM) and the
anti-lysozyme aptamer (0.5 pM) with the addition of lysozyme (1
nM), thrombin (100 nM), BSA (100 nM) and IgG (100 nM),
respectively. The error bars shown were derived from the standard
deviation of three repeated experiments.

(curve c¢), respectively. The fluorescence detection using 6CD-
Ru, with a detection limit of 48 pM, was the most sensitive to
lysozyme.

To investigate the selectivity of the fluorescence
strategy, some typical proteins, such as thrombin, bovine
serum albumin (BSA) and human immunoglobulin G
(IgG), were selected to serve as interference targets. The
results clearly showed that this method is highly selective
for lysozyme (Fig. 3C), even when the concentration of the
interference proteins was 100 times that of lysozyme.
Thus, high selectivity was proven to be another advantage
of this detection system.

In conclusion, the newly synthesized
metallocyclodextrins comprising CD-Ru, 3CD-Ru and

series  of

J. Name., 2012, 00, 1-3 | 3
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6CD-Ru were utilized for the detection of lysozyme.
Combining a ruthenium core with multiple B-CD units,
these compounds exhibited excellent photoactive
characteristics. Because the host-guest recognition enables
the fluorescence changes to the ruthenium core, a novel
strategy for lysozyme detection has been proposed. The
fluorescence was effectively enhanced following addition of
lysozyme-aptamer to the CD cavities. When compared with the
original fluorescence intensity, intensity reductions in the
presence of lysozyme were proportional to the logarithm of the
lysozyme concentrations. This label-free method does not
require any complicated or subsequent signal labeling or
amplification procedures, and has been demonstrated to be
sensitive and selective for lysozyme detection. This method
could be applied to various targets by using the appropriate
aptamer sequences for a broad range of analytes.

This work was kindly supported by the National Nature
Science Foundation of China (Grant No. 21275054).
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