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ABSTRACT

Water-soluble cysteamine (CA) capped CdTe quantum dots (QDs) conjugated with lysozyme binding
DNA (LBD) was constructed for luminescent sensing of lysozyme by forming a ternary self-assembly
complex. Addition of negatively charged lysozyme binding DNA to the positively charged CA capped
CdTe QDs buffer solution (Tris—-HCl pH 7.4) could lead to the formation of QDs-LBD complex through
electrostatic interactions. Once lysozyme was introduced into the CdTe QDs-LBD system, it could bind
specifically with the QDs-LBD complex, resulting in fluorescence emission enhancement of the QDs due
to the surface inert of QDs. At a given amount of LBD and CdTe QDs (LBD: QDs=2: 1), the fluorescence
intensity enhancement of QDs was linear with lysozyme concentration over the range of 8.9-71.2 nM,
with a detection limit of 4.3 nM. Due to the specific binding of LBD with lysozyme, this approach
displayed high selectivity for lysozyme recognition. The sensing mechanism was confirmed by DLS and
zeta potential measurement, and agarose gel electrophoresis experiment. Furthermore, the proposed
CA-capped CdTe QDs-LBD sensor was applied to lysozyme detection in mouse serum and human
morning urine samples, which showed high sensitivity and selectivity in the complex biological sample.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lysozyme is a ubiquitous protein in mammals and is often
termed “body's own antibiotic”. in vivo, lysozyme is an important
defense molecule of the innate immune system and the lysozyme
level in serum and urine could be used as clinical index for many
diseases, such as leukemia and renal diseases [1,2]. It has been
discovered recently that antibodies against citrullinated variants of
lysozyme are present in patients with rheumatoid arthritis [3]
which highlights the qualitative and quantitative determination of
lysozyme are useful in the diagnosis, treatment and monitoring
the progression of some diseases. Due to its biological signifi-
cances, extensive efforts have been devoted to develop simple and
sensitive approach for the detection of the protein.

Oligonucleotide which are specific to amino acids, drugs, proteins
and other molecules, was named as aptamer [4,5] or binding DNA
[6,7]. This type of oligonucleotide offers several advantages over
traditional antibodies, owing to their relative ease of isolation and
modification, tailored binding affinity, and resistance against denatur-
izing. Many oligonucleotide aptamers have been broadly used in the
detection of drugs and a variety of proteins [8-11]. In 2001, Ellington

* Corresponding author. Fax: +86 10 58802146.
E-mail address: shaona@bnu.edu.cn (N. Shao).

http://dx.doi.org/10.1016/j.talanta.2014.04.062
0039-9140/© 2014 Elsevier B.V. All rights reserved.

et al. developed an anti-lysozyme RNA aptamer from a DNA template
using automated nucleic acid selection methods [12]. Later on, the
DNA template of the lysozyme RNA aptamer was widely used by
many researchers to construct aptamer-based biosensors for lysozyme.
Wang's group used this derived DNA aptamer to construct electro-
chemical biosensor for lysozyme [13,14]. This derived DNA aptamer
was also successfully used by Yu et al. for voltammetric detection of
lysozyme [15]. In recent years, many reported methods, such as
fluorescence spectroscopy [16-20], electrochemistry [21-25], electro-
chemiluminescence (ECL) [26,27], and so on [28-35], indicated that
this derived DNA aptamer could be used for specific recognition of
lysozyme. Willson [36] and Sim [37] also proved that this derived DNA
aptamer used in the above mentioned studies has high and specific
binding ability for lysozyme.

However, in most of the reported aptamer-based lysozyme
assays, the derived DNA aptamer were either covalently conju-
gated to fluorophores [16-20] or fixed onto a certain surface like
electrodes [21-23,25,27]. Such covalent modifications are usually
time-consuming and labor-intensive, and more important, would
decrease the binding abilities of the drived DNA aptamer toward
their targets [38-40].

In this paper, we proposed herein an alternative approach for
fluorescent sensing of lysozyme using a complex fluorescent
probe formed by CdTe QDs and the derived DNA aptamer (here
we called it lysozyme binding DNA, LBD) used by Wang et al. [13].
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This method worked on fluorescence “turn-on” mode by forming a
self-assembly ternary complex between QDs-LBD and lysozyme.
The QDs-LBD complex was formed based on electrostatic interac-
tions between positively charged CA-QDs and negatively charged
LBD, and the covalent immobilization of LBD molecule onto the
surface of QDs is not required. The electrostatic coupling made the
QDs-LBD complex more stable and present a red-shift of the
maximum emission wavelength compared with native CdTe QDs.
When lysozyme was introduced into the QDs-LBD system, the
fluorescence of CdTe QDs enhanced significantly due to the
binding of lysozyme with QDs-LBD forming a ternary complex.
Thus, the specific recognition of lysozyme can be achieved via
monitoring the fluorescence signal enhancement of QDs. The
detection of lysozyme in mouse serum and human urine sample
by this sensing platform was also demonstrated, which showed
highly sensitive and selective response to lysozyme even in
complex biological matrix.

2. Experimental
2.1. Chemicals and apparatus

All reagents are of analytical grade and used without further
purification. CdCl,-2.5H,0 (Alfa-Aesar), Tellurium powder (Alfa-
Aesar) and NaBH4 (sinopharm chemical reagent company) were
used to prepare CdTe QDs. Cysteamine hydrochloride (CA) (J&K
Chemical) was used as the capping agent. Lysozyme, bovine serum
albumin (BSA), immunoglobin G (IgG), thrombin, trypsin, histidine,
arginine, serine, proline, glycine and i-lysine were purchased from
Beijing Dingguo Biotechnology Company. The 42-mer lysozyme
binding DNA (LBD) with the sequence of 5'-ATC TAC GAA TTC ATC
AGG GCT AAA GAG TGC AGA GTT ACT TAG-3' was synthesized by
Beijing Dingguo Biotechnology Company and dissolved in 20 mM
Tris—HCl buffer (pH 7.4) containing 0.1 M NaCl and 5 mM MgCl, for
annealing [14]. Fresh mouse serum was also purchased from Beijing
Dingguo Biotechnology Company. The original serum was centri-
fuged three times (5000 rpm, 10 min each time) and then the
supernatant was extracted. The serum samples were diluted 30
times prior to detection. The urine sample was freshly taken from
human. Aqueous solutions of Na®, K*, Ca®’* and Fe** were
prepared from NaCl, KCl, CaCl, and Fe(NOs)s-9H50, respectively.
Ultrapure water (over 18 MQ cm) from a Milli-Q Reference system
(Millipore) was used throughout. Absorbance measurements were
performed using a TU-1901 diode-array spectrophotometer. Fluor-
escence spectra and fluorescence anisotropy were recorded using
Hitachi F-4600. Transmission electron microscopy (TEM) graphs
were obtained using a TF20 (FEI). Dynamic light scattering (DLS)
and Zeta potential measurements were performed with the Broo-
khaven Zeta Potential Analyzer. Gel electrophoresis was performed
on a DYY-6C electrophoresis apparatus. The pH of buffer solution
was determined by a REX PHS-3C pH meter. A stirrer with
temperature sensor and a thermometer was used to control the
temperature precisely.

2.2. Synthesis of CA-CdTe QDs

The CA-CdTe QDs were synthesized according to the previously
reported literature with minor modification [41]. Briefly, under a N,
atmosphere, absolute ethanol (3 mL) was added to the prepared
tellurium (6.8 mg) and excess sodium borohydride (20 mg) mixture
under magnetic stirring, which was then kept at 70 °C for 1.0 h. The
resulting produced colorless ethanol solution of NaHTe was reacted
with H,SO4 (50 mM, 5 mL) to generate H,Te gas. Under stirring, HyTe
gas was introduced into the oxygen-free CdCl, (3.0 mM, 50 mL) aque-
ous solution containing cysteamine hydrochloride (15 mM, 30 mg)

stabilizer at pH 5.7 with a slow N, flow for 15 min. CdTe precursors are
formed at this stage accompanied by a color change of the solution
from colorless to dark-red. The precursors were converted to CdTe
nanocrystals by refluxing the reaction mixture at 100 °C for 3 h under
open-air conditions with condenser attached. The molar ratio of
Cd?* [Te®~ |CA was fixed at 3: 1: 5 in the whole reaction.

2.3. Preparation of the QDs-LBD complex

The LBD (100 pM) was first heated at 70 °C in incubation buffer
(20 mM Tris, 0.1 M NaCl, 5 mM MgCl,, pH 7.4) for 4 min, and then
left to slowly cool down to room temperature. The QDs-LBD
complex was prepared by mixing CA-QDs (with final concentra-
tion of 200 nM) with LBD (with final concentration of 400 nM) in
Tris—-HCl buffer. The 1: 2 ratios of QDs to LBD ensured stable
structure of QDs-LBD complex and sensitive response to lysozyme.

2.4. Fluorescent responses of lysozyme and other relevent substances

For fluorescent sensing of lysozyme with the as-prepared QDs-
LBD probe, the QDs-LBD complex (200 nM, final concentration,
representing the concentration of QDs) and different concentra-
tions of lysozyme were added into a 1.5 mL micro-centrifuge tube
containing Tris—-HCI (20 mM, pH 7.4) buffer solution and the finally
total volume was 1.0 mL. The mixed solution was incubated for
45 min at room temperature, and then the fluorescence intensity
was monitored (excited at 365 nm). Each measurement was
conducted three times.

For control experiment of selectivity, The QDs-LBD probe and
the selected proteins, metal ions, or amino acids with a certain
concentration were added into the Tris-HCl (pH 7.4) buffer
solution with a total volume of 1.0 mL. The fluorescence intensity
was measured.

2.5. Gel electrophoresis

Gel electrophoresis was conducted to confirm the binding of
CA-QDs with the LBD or QDs-LBD with lysozyme. The gel was
prepared containing 0.5% agarose and 1 x TB (without EDTA) with
pH 8.3. A volume of 20 pL of tested samples containing 1.0%
glycerol were added to each lane. The gel was run at 60V for
40 min at room temperature. The running buffer also contained
1 x TB. The photograph was taken by EC3 imaging system under
the UV-irradiation of 365 nm after exposure for 5 s.

2.6. Steady-state fluorescence anisotropy detection.

For anisotropy measurements, r, of the test solution was
calculated by the following Eq. (1) [42] with the emission polarizer
set at a parallel I, or perpendicular I, orientation with respect to
the vertical excitation polarizer.

]vv - GIvh
r_Ivv+2GIvh M
The G factor, accounting for the different sensitivities of the
detected system for vertically and horizontally polarized light, was
obtained by calculating the ratio of light intensities with vertical
and horizontal orientation with respect to the horizontal excita-
tion polarizer, I, /Iy, Which gave a value of 0.54.
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Fig. 1. (A) UV-visible absorption (a) and fluorescence emission (b) spectra of the prepared CA-capped CdTe QDs (the excitation wavelength is 365 nm). (B) TEM images of

CA-CdTe QDs.
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Fig. 2. Fluorescence spectra of CdTe QDs (200 nM) with different amounts of LBD
added. The excitation wavelength is 365 nm.

3. Results and discussion
3.1. Characterization of CdTe QD

The UV-visible absorption spectra and fluorescence spectra of
the prepared CA-CdTe QDs are shown in Fig. 1A. The maxium
absorption of the first electronic transition was at 525 nm. A well-
resolved maximum emission peak at 572 nm could be observed
and a narrow full width at half maximum indicated a sufficiently
narrow size distribution of the as-prepared CdTe QDs. The trans-
mission electron micrograph (TEM) in Fig. 1B showed that the as-
prepared CdTe QDs capped with cysteamine were well dispersed
and the crystallinity of CdTe QDs was confirmed (Fig. 1B, inset).
The average diameter of the CdTe QDs nanoparticles obtained by
polynomial fitting function [43] was ~3.1 nm.

3.2. Binding of CA-CdTe QDs with LBD

To examine the interactions between negatively charged LBD
and the positively charged CA-CdTe QDs, a titration experiment
with different concentrations of LBD added into Tris—HCI buffered
solution (pH 7.4) of CA-QDs was conducted, and fluorescence
intensity was monitored at a fixed time interval of 10 min after
addition of LBD. As shown in Fig. 2, the maximum emission
wavelength of CA-CdTe QDs was at 572 nm (A.y=365 nm) giving
a strong emission signal (Fig. 2, curve a). The emission intensity of
CA-QDs (200 nM) decreased much when 100 nM of LBD was
added (Fig. 2, curve b), but restored a little accompanying with
an obvious red shift of the maximum emission wavelength to

592 nm when 200 nM of LBD was added (Fig. 2, curve c), and then
restored a lot (nearly to the initial intensity of QDs itself) when the
LBD concentration was increased to 400 nM (Fig. 2, curve d). And
the fluorescence intensity remained unchanged when the LBD
concentration was over 400 nM (Fig. 2, curve e-g). So a molar ratio
of QDs to LBD of 1: 2 was chosen for the following study.

To further explore the interactions between CA-QDs and LBD,
zeta potential and DLS of CA-QDs and QDs-LBD were measured.
As shown in Fig. 3, upon the addition of 200 nM LBD, the average
zeta potential of the CA-QDs (Fig. 3A) decreased significantly from
+29.5mV to —2.6 mV (Fig. 3B), which suggested the effective
electrostatic binding between CA-QDs and LBD and the apparent
surface charge was changed. It was deemed that the addition of
LBD could counteract the positive charge of CA-QDs to some
extent and decrease the inter-particle electrostatic repulsion
which resulted in an aggregation of the particles and evident
fluorescence self-quenching of the QDs nanoparticles [44,45].
With increasing the concentration of LBD, the surface zeta poten-
tial of the QDs-LBD particles changed from —2.6 mV to —19.7 mV
(Fig. 3C), which suggested that more LBD bound onto the QDs
surface and further changed the surface charge of the particles.
And the increased negative charge on the surface dispersed the
particles and made a fluorescence restoration of the QDs. The
obvious changes of particle size were observed in DLS measure-
ment when LBD was added into the solution of CA-QDs. The
hydrodynamic diameter of the CA-QDs increased from 3.7 +
11 nm to 34.5+ 5.7 nm when 1 equivalent of LBD was added
(Fig. 3B"). And the particle size changed to 18.8 + 3.4 nm when
2 equivalent of LBD was added (Fig. 3C'). All the above results
indicated that LBD could bind strongly with CA-QDs via electro-
static adsorption interactions. The changes of particle size together
with surface charge were responsible for the fluorescence emis-
sion properties of the QDs particles [46,47].

3.3. Mechanism studies on the interactions between CA-CdTe
QDs-LBD and lysozyme

In our protocol for the detection of lysozyme with QDs-LBD
complex, the LBD was employed as the capture element, allowing
the resulting QDs-LBD probe to bind with protein of lysozyme
specifically. The sensing mechanism was described in Scheme 1. In
pH 7.4, the cationic nature of the functional amino group on the
QDs surface allows the CA-capped CdTe QDs to form a complex
with negatively charged LBD via electrostatic interactions. When
lysozyme was added, the LBD on the QDs surface coupled
specifically with lysozyme to form a ternary complex of lyso-
zyme-LBD-QDs and induced fluorescence enhancement. Unlike
previous reports which was based on the competitive reaction
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Fig. 3. Zeta potential and DLS measurement of cysteamine capped-CdTe QDs (200 nM) and QDs-LBD complex prepared at different molar ratios of QDs to LBD.
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Scheme 1. Schematic illustration of the formation of QDs-LBD complex and the
ternary complex of QDs-LBD-lysozyme. (Note that the sizes of substances do not
represent their real proportion).

between protein/QDs with aptamers [8,48], no release of QDs was
observed when LBD bound with its target lysozyme.

The formation of LBD-bridged ternary complex of QDs-LBD-
lysozyme was first confirmed by fluorescence anisotropy determi-
nation. The fluorescence emission of QDs is highly isotropic in an
isotropic liquid. However, the coupling of biomolecules with QDs
or adsorption of biomolecules onto the surface of QDs may bring a
significantly increased anisotropy signal, allowing direct monitor-
ing of the coupling/adsorption process [49,50]. Therefore, the
steady-state anisotropy of QDs, QDs-LBD and QDs-LBD-lysozyme
were measured in our study. The anisotropy signal of QDs is only
0.025 for r value, and that of QDs-LBD which is a bit higher than
QDs itself is 0.032. The relatively low signal of QDs and QDs-LBD
can be attributed to the independent rotational movement of QDs
and demonstrated that the adsorption of LBD on the surface of
QDs had little effect on its anisotropy property. Due to the LBD on
the QDs surface, the specific binding of lysozyme onto the QDs-
LBD surface inhibited the rotational movement of QDs, thus a
significantly increased anisotropy signal was observed with r value
of 0.068 (nearly 3 times to the signal of free QDs, and 2 times to
that of QDs-LBD). In addition, the zeta potential of QDs-LBD
complex changed from —19.7mV to —11.26 mV as a result of
lysozyme binding (Fig. S1).

The binding model was also proved by agarose gel electrophor-
esis. As shown in Fig. 4, the free CA-CdTe QDs was unable to move
towards the positive electrode due to the positive charge on the
CA-QDs surface (lane A). However, when the sample of QDs-LBD
was loaded, an obvious light band was observed, indicating the
binding between CA-QDs and LBD and negative charge on the
whole particle (lane B). In the presence of lysozyme, the ternary

Fig. 4. The agarose gel electrophoresis results of CA-QDs, QDs-LBD and QDs-LBD-
lysozyme. From right to left: lane A: 200 nM CA-QDs; lane B: QDs-LBD (QDs:
LBD=1: 2); and lane C: QDs-LBD complex interacted with 62.3 nM of lysozyme.

mixture behaved in a manner similar to that of QDs-LBD complex
in the gel electrophoresis but exhibited a bit slow-moving band
(lane C), and this suggested the formation of LBD-bridged ternary
complex of QDs-LBD-lysozyme which had a relatively larger mass
and less negative charge compared with the QDs-LBD complex
[51-53]. These results strongly supported that QDs, LBD and
lysozyme would form a LBD-bridged ternary complex.
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3.4. Fluorescent sensing of lysozyme with QDs-LBD probe

As previous study indicated [54], the interactions between LBD
and protein depended on incubation time. For lysozyme sensing,
the effect of incubation time was studied via monitoring the
fluorescence intensity changes of QDs-LBD complex when lyso-
zyme was added after a certain time interval. From Fig. S2, it can
be seen that the fluorescence intensity ratio F/Fy (F and F referred
to the fluorescence intensity of QDs-LBD in the presence and
absence of lysozyme) increased sharply in the first 30 min of
incubation, and then increased slowly after 45 min. So it was
deemed that the specific binding interactions between lysozyme
and QDs-LBD complex achieved completion within 45 min.

The effect of pH on the interactions between lysozyme and
QDs-LBD complex was also studied. As shown in Fig. S3, the
fluorescence intensity ratio, F/Fo, varied with the variation of pH
and reached the highest at pH 7.4. It was speculated that, the
conjugation of positively charged amino group on the surface of
CdTe QDs with the negatively charged LBD which could form a
compact and stable QDs-LBD complex was critical for the forma-
tion of ternary complex of QDs-LBD-lysozyme.

The ionic strength would also influence the interactions
between QDs-LBD complex and lysozyme, and this was studied
by varying NaCl concentration of the system and monitoring the
fluorescence changes when lysozyme interacted with QDs-LBD
complex. As shown in Fig. S4, at certain concentration of QDs-LBD
complex (200 nM) and lysozyme (35.6 nM), 8.5 mM NaCl was the
tolerable concentration for a satisfying response.

For sensing of lysozyme, different concentrations of lysozyme
were added into the Tris—HCl buffered solution (pH 7.4, with 8.5 mM
NaCl) containing QDs-LBD complex and the fluorescence intensity
was monitored after incubation of 45 min. As previously described,
addition of lysozyme to the solution of QD-LBD complex could lead
to the fluorescence enhancement of the QDs due to the adsorption
of lysozyme on the surface of the QDs-LBD. The changes in surface
and electrostatic properties will likely affect the efficiency of core
electron-hole recombination and lead to the observed fluorescence
enhancement [55,56]. As shown in Fig. 5, the fluorescence intensity
of the QDs-LBD increased gradually when the concentration of
lysozyme varied from 8.9 to 71.2 nM, and then followed a slow rise
at higher concentration over 71.2 nM. The inset calibration curve
depicted the resulting relationship between the fluorescence
changes at 592 nm and lysozyme concentration. A good linear
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Fig. 5. The fluorescence spectra of 200 nM QDs-LBD complex in the presence of
different concentrations of lysozyme ((a) 0; (b) 8.9; (c) 17.8; (d) 26.7; (e) 35.6;
(f) 44.5; (g) 53.4; (h) 62.3; (i) 71.2; (j) 90.1 nM). Inset graph: relationship between
the fluorescence intensity of QDs-LBD complex and different concentrations of
lysozyme. F and F are the fluorescence intensities of QDs-LBD complex at 592 nm
in the presence and absence of lysozyme, respectively. The excitation wavelength is
365 nm.

relationship was found between (F—Fy)/Fo (F and F, are the
fluorescence intensity of QDs-LBD complex in the presence and
absence of lysozyme, respectively) and the lysozyme concentration
in the range of 8.9-71.2 nM with a detection limit (LOD) of 4.3 nM
(the detection limit is defined by the equation LOD=3a/s, where o
is the standard deviation of the corrected blank signals of the QDs-
LBD complex (n=11) and s is the slope of the calibration curve). The
regression equation is (F—Fy)/Fo=0.00747C (nM)+1.0075 x 10~*
(R*=0.996). The binding ratio of lysozyme to QDs-LBD was esti-
mated to be 2: 1 by «a fitting analysis (Fig. S5) [57], which was
consistent with the previous study by Willson [36]. That was a 1: 2:
2 ternary complex of QDs: LBD: lysozyme was formed.

In addition, we also confirmed that there were no obvious
interactions between lysozyme and native CA-CdTe due to the
electrostatic repulsion between lysozyme and CA-CdTe (Fig. S6). It
was deemed that LBD on the surface of QDs acted as the bridge to
bring the specific lysozyme target and QDs-LBD probe into proxi-
mity and induced the increase of fluorescence intensity of QDs.

To investigate the selectivity of this QDs-LBD probe for lysozyme
recognition, a control experiment was carried out by testing lysozyme
as well as other proteins. Lysozyme has a primary sequence of 129
amino acids with a molecular weight (M,,) of 14,400 and an isoelectric
point (pl) of 11.0 [58]. The four non-specific proteins with different
molecular weights (M,,) and isoelectric points (pl) are thrombin (M,,:
23.3 kDa, pl: 6.4-7.6), bovine serum albumin (BSA) (M,,: 66 kDa, pI:
4.7), 1gG (M,,: 150 kDa, pl: 4.7-5.5), and trypsin (M,,: 23.3 kDa, pl:
10.1-10.5). At pH 74, thrombin has neutral charge, BSA and IgG are
negatively charged, and trypsin and lysozyme are positively charged,
respectively. As was demonstrated in Fig. 6, there were significant
differences in the fluorescence intensity changes when lysozyme and
other proteins (thrombin, BSA, IgG or trypsin) were added into the
solution of QDs-LBD. Only lysozyme can induce a remarkable fluor-
escence enhancement of the QDs-LBD complex, while the other
proteins could only induce a slight increase of the fluorescence signal.
In addition, the responsiveness of the biosensor for lysozyme in the
presence of a mixture of other proteins was also examined. The
(F—Fy)|Fo value obtained from the response of QD-LBD complex to
35nM of lysozyme in the presence of high concentrations of other
possible interfering proteins (175nM in total) had no apparent
difference with that obtained in the absence of interfering proteins,
indicating that the other co-existed proteins had negligible influence
on the lysozyme detection.

Furthermore, the effect of some bio-related species on the
detection of lysozyme was also studied. Table S1 gave the tolerable

0.3
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(F-F,)IF,

0.1 4
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Fig. 6. Responses of QDs-LBD probe (200 nM, representing the concentration of
QDs) to different proteins studied: BSA, 36.5 nM; IgG, 30.0 nM; Thr, 35.0 nM; Try,
39.0 nM; Lys, 35.6; Mixture, lysozyme (35.6 nM) and other proteins (BSA, 36.5 nM;
IgG, 30.0 nM; Thr, 35.0 nM; Try, 39.0 nM) co-existed. F and F, are the fluorescence
intensities of QDs-LBD complex at 592 nm in the presence and absence of proteins,
respectively. The excitation wavelength is 365 nm.
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Table 1
The results of lysozyme detection in mouse serum and human morning urine
sample.

Sample Found in diluted Added Totally found Recovery RSD®
sample (nM) (nM) (nM) (%) (%)
1? 9.3 17.5 279 106.3 43
2? 10.1 35.0 442 97.4 1.1
37 9.5 52.5 58.2 92.8 53
1° - 17.5 18.7 107.2 31
2b - 35.0 34.8 99.4 42
30 - 70.0 70.9 101.4 6.2

2 Serum sample.

b Urine sample.

¢ Each sample was repeated for three times independently and averaged to
obtain the recovery and RSD values.

concentration of some inorganic ions and amino acids by the
criterion which gave a relative error of less than 10% for the
determination of 35.6 nM lysozyme. The tolerable concentration
ratios of coexisting substance to 35.6 nM lysozyme was over
2.5 x 10°-fold for inorganic ions, and 3.0 x 10°-fold for amino
acids. These results showed that there were little interferences
from commonly coexisting substances. The approach developed
here displayed high selectivity for the determination of lysozyme.

3.5. Determination of lysozyme in serum and human morning urine

To demonstrate the potential application of the proposed method
for lysozyme analysis in biological media, the assay of lysozyme in
mouse serum and human morning urine (urine was freshly taken
from human and was centrifuged at 6000 rpm for 20 min to get the
supernatant) was performed. Specifically, different concentrations of
lysozyme were added into the 30-fold diluted serum and 20-fold
diluted urine samples, and the fluorescence spectra and the lysozyme
concentration detected are shown in Fig. S7 and Table 1, respectively.
From Table 1, it can be seen the recovery of added lysozyme detected
in the spiked serum samples ranged from 92% to 106%, and the
relative standard deviations were no more than 6%. The recovery of
added lysozyme detected in morning urine samples ranged from 99%
to 107%, and the relative standard deviations were between 3.1% and
6.2%. The above results suggested that the proposed approach had
potential bio-medical application since the abnormal lysozyme level
in serum and urine indicates some diseases.

4. Conclusions

In summary, a facile approach for fluorescent sensing of lyso-
zyme was demonstrated using CdTe QDs and lysozyme binding
DNA (LBD) as a probe. The negatively charged LBD could conjugate
with the positively charged CA-capped CdTe QDs forming a stable
complex. While in the presence of lysozyme, the QDs-LBD com-
plex could bind specifically with lysozyme to form a 1: 2: 2 ternary
complex of QDs-LBD-lysozyme, and fluorescence enhancement of
the QDs was observed. The binding mechanism was also con-
firmed by zeta potential and dynamic light scattering measure-
ment as well as gel electrophoresis experiment. This method was
simple, easy to operate, and offered comparable sensitivity com-
pared with previously reported method for lysozyme detection. In
addition, the QDs-LBD probe had highly selective response to
lysozyme over other proteins and could tolerate high concentra-
tion of biologically relevant inorganic ions and amino acid. The
method was also successfully applied to lysozyme detection in
biological samples of serum and urine with good recovery.
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