Microchim Acta (2016) 183:2917-2923
DOI 10.1007/s00604-016-1903-7

@ CrossMark

ORIGINAL PAPER

Aptasensor for visual and fluorometric determination of lysozyme
based on the inner filter effect of gold nanoparticles on CdTe

quantum dots

Luping Chen' - Ning Xia” - Tingting Li' - Yanhua Bai' - Xiaolan Chen"

Received: 23 March 2016 / Accepted: 30 June 2016 /Published online: 3 September 2016

© Springer-Verlag Wien 2016

Abstract The authors describe an aptasensor for visual and
fluorescent detection of lysozyme via an inner filter effect
(IFE). The assay is based on the fact that red gold nanoparti-
cles (AuNPs) act as powerful absorbers of the green fluores-
cence of CdTe because of spectral overlap. If the lysozyme-
binding aptamer is adsorbed onto the surface of the AuNPs,
the salt-induced aggregation of AuNPs (that leads to a color
change from red to blue) does not occur and the IFE remains
efficient. If lysozyme is present, it will bind the aptamer and
thereby prevent its adsorption on the AuNPs. As a result, the
salt-triggered aggregation of the AuNPs will occur.
Consequently, color will change from red to blue, and green
fluorescence will pop up because the IFE is suppressed. Under
optimum conditions, fluorescence is linearly related to lyso-
zyme concentration in the 1.0 nM to 20 nM concentration
range, with a 0.55 nM limit of detection. The method is per-
ceived to be of wider applicability in that it may be used to
design other visual and fluorescent assays if appropriate
aptamers are available.
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Introduction

Lysozyme is an antimicrobial protein that contains 129 amino
acid residues with a molecular weight of approximately
14.4 kD [1]. As an important defense molecule of the innate
immune system, lysozyme widely distributed in tissues and
secretions of mammals [2]. Increased concentration of lyso-
zyme in serum and urine is related to many diseases, such as
leukemia, renal diseases, and meningitis [3, 4]. Therefore, the
level of lysozyme has been used as an importance clinical
index in the diagnosis, treatment and monitoring the progres-
sion of related diseases. Practical methods with high selectiv-
ity and sensitivity for simple and rapid detection of lysozyme
are of considerable importance. A variety of techniques have
been used for lysozyme protein assay, including but not lim-
ited to fluorescence detection [5—8], electrochemical detection
[9], electrochemiluminescence aptasensor [10], molecular im-
printing [11], surface enhanced Raman scattering [12], series
piezoelectric quartz crystal sensor (SPQC) [13] and colorimet-
ric assay [14]. Most of these methods have high sensitivity
and selectivity, but require costly bio-molecular reagents, ex-
pensive instrumentation, and/or time-consume immobilizing
processes.

Aptamers are single-stranded oligonucleotides that have
been designed through an in-vitro selection process called
SELEX (Systematic Evolution of Ligands by Exponential
Enrichment) [15, 16]. They can bind a variety of target mol-
ecules with high affinity and specificity, such as peptides,
amino acids, proteins, and even organic/inorganic molecules
[17]. Compared with antibodies, aptamers hold many advan-
tageous characteristics, including simple and reproducible
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synthesis, easy and controllable labeling, long-term stability
and design flexibility [18]. Aptamers constitute a promising
alternative to antibodies in target molecule recognition and
sensing [19].

Quantum dots (QDs) are semiconductor nanocrystals with
unique optical properties, such as high quantum yields, long
fluorescence lifetimes, size-dependent emission, pronounced
photostability, and broad absorption spectra coupled with nar-
row fluorescence emission spectra [20]. Gold nanoparticles
(AuNPs), another versatile nanomaterial, have been broadly
used in the development of colorimetric and fluorescence-
based analytical methods, owing to their high extinction coef-
ficients and strong distance dependent optical properties [21].
Many studies reported that AuNPs can quench the fluores-
cence of QDs through fluorescence resonance energy transfer
(FRET) [22]. Typically, the design of FRET process
would require a particular distance or geometry between
AuNPs and QDs to ensure the valid interaction [23].
Therefore, it is necessary and important for AuNPs or QDs
to be modified or engineered to establish the FRET-based
methods, which is complicated and time-consuming and
therefore to restricted practical applications.

The inner filter effect (IFE) of fluorescence refers to
the absorption of the excitation and/or emission of
fluorophores by absorbers in the detection system [24].
Compared to the conventional FRET, the IFE method
does not require the intermolecular connection of
fluorophores and absorbers at a particular distance, pro-
viding a comparatively simple and facile approach for
the analytical detection [25]. As an efficient strategy of fluo-
rescent method, the IFE has been applied for various analytes
detections [26-29].

Herein, we developed a label-free aptamer sensing strategy
for visual and fluorescent detection of lysozyme based
on AuNPs colorimetry and the IFE of AuNPs on the
fluorescence of CdTe QDs. The method offers consider-
able flexibility and high simplicity because it obviates
the need of modified aptamers and does not require the
modification of AuNPs to link CdTe QDs. Moreover, to
the best of our knowledge, little has been reported on
the visual and fluorescent detection of lysozyme based on the
IFE of AuNPs on QDs.

Materials and methods
Chemicals

Trisodium citrate (Na3CgHsO7-2H,0, 99.0 %), cadmium
chloride (CdCl,, 99.99 %), tellurium powder (Te,
99.997 %), sodium borohydride (NaBHy4, 98 %), and glutathi-
one (GSH, 95 %) were purchased from Sigma-Aldrich
(http://www.sigmaaldrich.com), chloroauric acid (HAuCly)

@ Springer

was purchased from Beijing Dingguo Changsheng
Biotechnology Company (Beijing, China, http://www.
dingguo.com). Bovine serum albumin (BSA),
immunoglobin G (IgG), thrombin, adenosine, cysteine,
lysozyme and lysozyme-binding aptamer (5'-ATC AGG
GCT AAA GAG TGC AGA GTT ACT TAG-3') were pur-
chased from Sangon Biotechnology Co. (Shanghai, China,
http://www.sangon.com). All reagents and solvents were at
least analytical grade and used directly without further
purification. Other reagents were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China, http://www.
sinoreagent.com). All solutions were prepared with ultrapure
water (18.2 M2 cm) from a Millipore system.

Apparatus

The fluorescence spectra were obtained by using a RF-5301
PC spectrofluorophotometer (Shimadzu, Japan) with a
3 x 10 x 45 mm quartz cuvette. UV-vis spectra were
obtained on a Shimadzu UV-2450 PC spectrophotometer
(Shimadzu, Japan). Dynamic light scattering (DLS) and
zeta potentials () were measured on a Malvern Zetasizer
Nano ZEN3690. (Malvern, UK). All pH measurements were
made with a PHS-3C pH meter (Tuopu Co., Hangzhou,
China).

Synthesis of CdTe QDs

Water-soluble GSH-capped CdTe QDs were prepared accord-
ing to the procedure reported by Li et al. with some modifica-
tions [24]. The whole synthetic process was carried out under
the protection of N,. Fresh sodium hydrogen telluride
(NaHTe) solution was made before synthesis by dissolv-
ing 0.025 g of sodium borohydride (NaBH,) in 1.0 mL
of deionized water followed by the addition of 0.040 g
of tellurium powder, and the solution was heated at
60 °C for 40 min. The CdCl,-GSH stock solution was
prepared by dissolving 14.3 mg of CdCl, and 16 mg of
GSH in 50 mL of deionized water, and the pH was
adjusted to 9.0 with sodium hydroxide before use.
Then, 100 pL of the freshly prepared NaHTe solution
was mixed with the CdCl,-GSH stock solution. The
reaction mixture was then subjected to a reflux of 100 °C
and reacted for 30 min before cooling to room temperature.
For the purification of CdTe QDs, a dialysis membrane
with a molecular weight of cutoff 8000 was used in
0.01 M NaOH solution for 2 days to remove the free
CdCl, and GSH [28]. The as prepared GSH-capped
CdTe QDs were characterized by UV-vis spectroscopy,
fluorescence emission spectrum, and zeta potential mea-
surement analyzer. According to the calculation method
mentioned in a previous research [30], the concentration
of CdTe QDs was calculated to be 7.00 puM.
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Synthesis of AuNPs

Citrate-stabilized AuNPs were prepared by following Frens’
method, as reported previously [3 1] with minor modifications.
All glassware used in the experiment was soaked in aqua
regia, rinsed thoroughly with water, and oven-dried prior to
use. Briefly, 100 mL HAuCly (0.01 %, w/w) was heated to
boiling with stirring, and then 2.0 mL trisodium citrate solu-
tion (1 %, w/w) was added quickly. After the color change
from pale yellow to deep red, the solution was refluxed for an
additional 5 min and left to cool to room temperature. Then,
the solution was stored at 4 °C for further utilization. The final
concentration of AuNPs was calculated to be 1.49 nM from
the UV — vis absorption spectrum based on an extinction
coefficient of 3.24 x 10® mol ' cm ! at A5y for AuNPs [32].

Detection method

First, 60 puL 1.0 uM lysozyme-binding aptamer solution was
mixed with different concentrations of lysozyme solution. The
mixture was incubated with 600 uL of AuNPs at room tem-
perature for 30 min. Then, the above solution was mixed with
100 uL phosphate buffer (10 mM, pH 8.5) which contains
0.6 M NaCl. Double distilled water was added to each of the
test tubes to make up to a final volume of 1.0 mL. After 30 min
reaction, the color change of the mixture solution was recorded
by a digital camera and the absorbance spectra of the mixture
solution were recorded with a UV-vis spectrophotometer. Then
6 uL of CdTe QDs was added to the above solution. After
reaction for 100 s, the emission spectroscopy measurements

Scheme 1 Illustration of the
visual and fluorescent detection of
lysozyme through the inner filter
effect (IFE )of AuNPs on QDs

:Au NPs

:Lysozyme

were recorded with the excitation wavelength at 324 nm. The
fluorescence data were analyzed by plotting the relative fluo-
rescence intensity F/F, (F( and F are the fluorescence intensity
of the CdTe QDs in the absence and presence of lysozyme,
respectively) at 512 nm versus the concentration of lysozyme.

Results and discussion
The principle of the protocol

The principle of our experimental design is illustrated in
Scheme 1. Lysozyme-binding aptamers adsorbed to the sur-
face of AuNPs, preventing NaCl-induced aggregation of
AuNPs. The fluorescence emission of CdTe QDs was then
quenched significantly by the dispersed AuNPs due to the
IFE. Upon the addition of lysozyme, lysozyme-binding
aptamers interacted specifically with lysozyme, losing the ca-
pability to stabilize AuNPs. This caused the aggregation of
AuNPs and the color change from red to blue. Furthermore,
the IFE of AuNPs on CdTe QDs was weakened and the fluo-
rescence intensity of CdTe QDs was recovered.

Characterization of CdTe QDs and AuNPs

From Fig. 1, we found that the UV—vis absorption spectrum of
dispersed AuNPs displayed intense characteristic absorption
peak at 520 nm, while the absorption of aggregated AuNPs at
520 nm was very weak. The fluorescence spectrum of CdTe
QDs showed a well emission bands under a single wavelength
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Fig. 1 UV-vis absorption spectra of AuNPs in dispersed (a) and
aggregated (b) state as well as CdTe QDs (7.00 uM) (¢). Curve d
shows the fluorescence emission spectra of CdTe QDs (0.042 uM). The
inset shows the photos of AuNPs in dispersed (a) and aggregated (b)
state, as well as CdTe QDs under sunlight (¢) and under UV lamp (d).
The concentration of AuNPs is 0.89 nM

excitation at 324 nm, and the fluorescence emission maximum
were around 512 nm. The inset in Fig. 1 shows the photos of
the dispersed and aggregated AuNPs, as well as CdTe QDs
under sunlight and UV lamp. Dynamic light scattering (DLS)
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Fig. 2 (A) The absorption spectra of CdTe QDs (a), AuNPs (b) and the
mixture of CdTe QDs and AuNPs. The concentration of CdTe QDs and
AuNPs is 0.042 uM and 0.89 nM, respectively. The pH is 8.5. (B) The
fluorescence spectra of 0.042 uM CdTe QDs in the presence of different
concentration of AuNPs (0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.89 and 1.04 nM)
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images of the prepared AuNPs and CdTe QDs are shown in
Fig. STA. The DLS images revealed that the average diameter
of the AuNPs and CdTe QDs were 16.9 £ 1.2 nm and
3.29 + 0.45 nm, respectively. Besides, the zeta potential ({)
of the dispersed AuNPs was measured to be —41.7 = 6.0 mV
due to the negatively charged capping reagent of citrate ion.
The ¢ of CdTe QDs was —43.4 +4.2 mV (Fig. S1B) at pH 8.5
due to the ionization of the -COOH group in GSH (pI =5.93).
Both AuNPs and CdTe QDs showed negative zeta potentials
at pH 8.5.

Effects of AuNPs on the fluorescence intensity of CdTe
QDs

As reported previously, [FE would occur effectively only if the
absorption band of the absorber possesses a complementary
overlap with the excitation and/or emission bands of the
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Fig. 3 The photographic images (a) and UV-vis absorption spectra (b) of
aptamer-AuNPs under different concentrations of lysozyme (0, 4.0, 6.0, 8.0,
10, 20, 40 and 60 nM) (n = 3). The concentrations of aptamers and AuNPs
are 60 nM and 0.89 nM, respectively. (¢) The fluorescence spectra of
aptamer-AuNPs-CdTe QDs system in the presence of different concentra-
tions of lysozyme (0, 0.1, 1.0, 4.0, 8.0, 10, 20, 40 and 60 nM) (r = 3). Inset:
the linear plots of F/F, versus the concentrations of lysozyme (1.0, 4.0, 8.0,
10 and 20 nM). The concentrations of aptamers, AuNPs, NaCl and CdTe
QDs are 60 nM_ 0.89 nM, 0.06 M and 0.042 uM, respectively
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Table 1 Comparison of

performance of different Method Linear range (nmol L™')  LOD (nmolL™')  References

lysozyme assays
Fluorescence detection (CulnS, QDs) 40-1000 [5]
Fluorescence method (MC—Eu**) 0-35,000 474 [6]
Fluorescence detection (CMCS- QDs) 0.007-0.08 0.0022 [7]
Fluorescence anisotropic sensing detection 12.5-300 49 [8]
Electrochemical method 20-840 30 9]
Electrogenerated chemiluminescence 0.64-640 0.12 [10]
Molecular imprinting 6940-69,400 [11]
Surface enhanced Raman scattering 3470 [12]
SPQC 1-80 0.5 [13]
Colorimetric assay 35-1050 35 (bare eye) [14]
Fluorescence detection (IFE) 1-20 0.55 This work
Colorimetric assay 4.0-60 4.0 (bare eye) This work

fluorophore [27, 29], though there are no chemical linkage
between absorber and fluorophore. As shown in Fig. 1, the
absorption spectrum of the dispersed but not aggregated
AuNPs overlaps very well with the fluorescence emission
spectrum of CdTe QDs at 520 nm. In addition, the absorption
spectra of AuNPs remained unchanged in the presence of
CdTe QDs (Fig. 2A), suggesting that no electrostatic attractive
interaction or rare energy transfer between the CdTe QDs and
AuNPs [33]. This can be explained by the fact that both AuNPs
and CdTe QDs showed negative zeta potentials at pH 8.5 [24].
To further demonstrate the generality of our design using
AuNPs as an IFE-absorber and CdTe QDs as an IFE-
fluorophore, the fluorescence spectra of CdTe QDs mixed with
different concentrations of AuNPs were collected. From
Fig. 2B, it can be observed that the fluorescence intensity of
CdTe QDs continuously decreased with the increase of AuNPs
concentration from 0 to 1.04 nM.

Optimization for lysozyme detection

For lysozyme detection, the following parameters were opti-
mized: (a) concentrations of CdTe QDs and AuNPs; (b)
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Fig.4 Selectivity of the visual and fluorescent assay to lysozyme (n = 3).
The concentration of lysozyme and the interfering substances was kept at
10 nM

concentration of NaCl; (c¢) concentration of lysozyme-
binding aptamer; (d) Sample pH value and the reaction time.
Respective data and Figures are given in the Electronic
Supporting Material. The following experimental conditions
were found to give best results: (a) 0.042 uM CdTe QDs and
0.89 nM AuNPs; (b) 0.06 M of NaCl; (c) 60 nM aptamer; (d)
sample pH value of 8.5 and the reaction time of 100 s.

Lysozyme detection

It can be seen from Fig. 3a that the color of the AuNPs solu-
tion changes from red to blue gradually upon increasing the
concentration of lysozyme from 4.0 to 60 nM. According to
the previous reports [34], single-stranded oligonucleotides
(ssDNA) are adsorbed on the surface of AuNPs due to van
der Waals force. This prevents the NaCl-induced aggregation
of AuNPs. In the absence of lysozyme, lysozyme-binding
aptamers (ssSDNA) enhance the stability of AuNPs and pre-
vent their NaCl-induced aggregation. The color of the solution
remains red. In the presence of lysozyme, lysozyme-binding
aptamers lose their ability to protect AuNPs against the NaCl-
induced aggregation AuNPs. As a result, a significant color
change of the solution from red to blue is observed. The UV-

Table 2  Detection of lysozyme in the spiked samples (n = 3)
Sample  Found Added Measured ~ Recovery  RSD
(mmolL™Y)  (mmolL") (@mmolL™) (%) (%)

1? 2.57 1.00 3.59 102.0 2.7
2.00 4.58 100.5 4.6
5.00 7.30 94.6 0.9

2b 1.23 1.00 2.16 93.0 34
2.00 3.26 101.5 44
5.00 6. 11 97.6 5.7

*tear sample

®saliva sample

@ Springer



2922

Microchim Acta (2016) 183:2917-2923

vis spectra investigations reveal that with the increase of lyso-
zyme concentration, the red-shifted band corresponding to the
aggregated AuNPs was intensified, which was accompanied
by a decrease of absorbance at 520 nm (Fig. 3b). Figure 3a
shows that the color change can be easily seen with bare eyes
if the analyte concentration is exceeding 4.0 nM. Compared
with target-induced charge reduction of aptamers for visual
detection of lysozyme [14], the method exhibiting higher sen-
sitivity in visual detection of lysozyme.

Moreover, an enhanced sensitivity fluorescence detection of
lysozyme was achieved via the IFE of AuNPs on the fluores-
cence of CdTe QDs. Since the changes in the absorbance of the
absorber translate into exponential changes in fluorescence of
the fluorophore, the fluorescence signal is more sensitive over
that of the absorptiometry [35]. In the absence of lysozyme, the
AuNPs were dispersed in NaCl solution, resulting in significant
fluorescence quenching of CdTe QDs via the IFE. Upon the
addition of lysozyme, the lysozyme-binding aptamers associat-
ed with the targets, leading to the aggregation of AuNPs in
NaCl solution and the efficiency of the IFE is reduced. The
fluorescence intensity of CdTe QDs is continuously recovered
with the increasing concentration of lysozyme. A good linear
relationship between the fluorescence intensity ratio F/F, and
the concentration of lysozyme was obtained in the range
from 1.0 to 20 nM (Fig. 3c). The regression equation is
F/Fo = 1.1618 + 0.0170 [lysozyme] (nM), where F, and F
are the fluorescence intensity of the CdTe QDs in the absence
and presence of lysozyme, respectively. The corresponding
regression coefficient is 0.998, and the LOD (30) for lysozyme
is 0.55 nM. Compared with the existing methods (Table 1), the
method shows a comparable quantification range and LOD for
visual and fluorescent detection of lysozyme.

To explore the feasibility of the methods, five potentially
interfering materials (BSA, IgG, thrombin, adenosine and cys-
teine) were chosen for the interference study. As shown in
Fig. 4, all of these potentially interfering proteins did not cause
a significant increase in F/F,. The color of lysozyme sample
changed to blue, but that of other samples remained red. The
results confirmed that the established aptamer-AuNPs-CdTe
QDs IFE method showed extraordinary selectivity towards ly-
sozyme. The selectivity is attributed to the fact that lysozyme-
binding aptamers bind to lysozyme with high affinity.

Analysis lysozyme in real samples

To verify the practicality of this method, the concentrations of
lysozyme in tear and saliva samples were determined. The tear
and saliva samples were collected from healthy volunteers
between 8.30 and 10.30 a.m. The tear samples were directly
diluted 500 times with double distilled water, while the saliva
samples were centrifuged at 10, 000 rpm for 30 min to remove
cellular debris and diluted 30 times with double distilled water
[13]. Specifically, different concentrations of lysozyme were
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added to 10 pL resulting sample solution, respectively. The
above sample solutions were then used for fluorescence anal-
ysis. As shown in Table 2, the average recoveries in these
spiked samples are in the range of 90.4 ~ 102.0 % and the
RSDs are all lower than 5.7 %. This is indicative of the po-
tential applicability of the aptamer-AuNPs-CdTe QDs system
for lysozyme detection in real samples.

Conclusion

In summary, we reported a label-free aptasensor for visual and
fluorescent detection of lysozyme based on the IFE of AuNPs
on the fluorescence of CdTe QDs. The method shows several
analytical advantages: (1) the method has high sensitivity and
enables accurate quantification of lysozyme as low as 4.0 nM
(visual) and 0.55 nM (fluorescent), respectively; (2) the direct
visualization of lysozyme by the bare eye obviates the need of
any special equipment; (3) the strategy exhibits excellent se-
lectivity for lysozyme over other materials due to the specific
recognition of lysozyme-binding aptamers with lysozyme; (4)
the method does not need to modify AuNPs or label aptamers.
Furthermore, the method was successfully applied to analyze
lysozyme in the tear and saliva samples. We believe that the
strategy would be helpful for the sensitive and selective detec-
tion of other biomolecules by choosing the specific aptamers
for the target biomolecules.
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