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In this work, a novel simple and sensitive detection method for lysozyme based on the surface plasmon
resonance of gold nanoparticles has been developed. The lysozyme aptamer constantly immobilized on
the surface of gold nanoparticles via a thiol functional group is the recognition element of lysozyme and
a stabilizer of this system. The presence of lysozyme leads to the red-shift of the resonance wavelength
of gold nanoparticles in accordance with its concentration. Two factors lead to the red spectral shift of
gold nanoparticles, which are the increase of the refractive index in the environment surrounding the
gold nanoparticles and the aggregation of gold nanoparticles. A critical point is distinguished from the
spectral shift as a function of lysozyme concentration, where the dominant power influencing the red-

Received 2nd January 2019, shift is transferred from the first one to the second one with the increase of lysozyme concentration.

Accepted 14th February 2019 The limit of detection for lysozyme in this study is 0.054 nM, with a linear calibration ranging from
0.347 nM to 2.431 nM under the optimal usage conditions of 0.1250 nM thiol-aptamer functionalized
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Introduction

Lysozyme is an important defensive molecule of the innate
immune system, which plays a significant role in mediating
protection against microbial invasion." It is commonly present
in various body fluids and is considered as the body’s own
antibiotic.” In the past decades, lysozyme was found to be an
indicator of many diseases, such as tuberculosis, broncho-
pulmonary dysplasia in newborns and rheumatoid arthritis.**
Therefore, the determination of lysozyme is broadly valuable
for early diagnosis and prognosis of some diseases.’

By now, the most employed methods for lysozyme determination
are lysorocket electrophoresis, turbidimetric detection and
lysoplate assay, which are widely used for the determination
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selective detection strategy for lysozyme and generates a great promising application.

of lysozyme but some limitations including low sensitivity and
interference from other proteins still exist.® Immunoassays
and enzyme-linked immunosorbent assay have been developed
recently for lysozyme determination with high sensitivity and
selectivity.” However, expensive and unstable antibodies are the
most frequently utilized in these methods, which would
increase the cost of the analytical method and time consuming
analysis.'® Aptamers are small single-stranded nucleic acids
with outstanding affinity and specificity." Compared to antibodies,
aptamers have several advantages, such as chemical synthesis, ease
of modification, high stability, and target versatility.">*

Gold nanoparticles (GNPs) are well known for their catalytic
activity and localized surface plasmon resonance, which are
strongly dependent on the local environment.'®™” Taking into
account the advantages of aptamers, a number of aptamer-
based analytical methods have been fabricated with a great
promise for clinical application. The easy link of GNPs to
aptamers enables them to be extensively applied in biomedical
fields. The surrounding refractive index (RI) and aggregation/
dispersion of GNPs due to the change in the local environment
provide possibilities of transducing molecular interactions into
detectable colorimetric signals."®'® Compared to tradition methods,
the combination of aptamers and GNPs offers an alternative way
for lysozyme recognition strategies. Generally speaking, the
strategies to bind aptamers on GNPs and consequent detection
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are classified into two categories by the pathway of aptamers
immobilized on GNPs. The first category presented in most
previous studies is that the binding of aptamers on GNPs is
based on the unmodified aptamer.®?°>* The adsorption of
aptamers on the surface of GNPs is via van der Waals forces
and electrostatic binding forces between the bases of aptamers
and GNPs. The presence of lysozyme would trigger the release of
aptamers from GNPs. Then, GNPs without protection provided
by aptamers would aggregate and initiate the change in signals.
However, the probes are generally prepared by mixing the
unmodified aptamers and gold nanoparticles just before the
initiation of the detection. On the other hand, the second
category is that the immobilization of aptamers on the surface
of GNPs is established on the special groups of functionalized
aptamers. The functionalized aptamers are constantly immobilized
on the surface of GNPs during the detection process, in which in situ
detection is achievable. Tohidi et al” immobilized lysozyme
aptamers on the surface of gold nanorods via Au-thiol bonds.
The normal detectable 20 nM level of lysozyme of this nano-
probe in an ambient environment was improved by heat induced
morphological modification of gold nanorods.

In this paper, according to the second category, we developed
a simple, low cost and highly efficient aptamer based on the
in situ lysozyme detection colorimetric method. Being different
from a previous strategy,’ the lysozyme aptamers constantly
linked to the surface of GNPs are functionalized by Au-thiol
bonds. According to the research of Pei et al,** it can dramatically
enhance their stability even if the surrounding environment is at a
high salt level. Thus, this method implies that the probe can be
stored for a long time after preparation. The LOD of lysozyme at
0.054 nM has been achieved in a normal thermal environment. The
mechanism of this lysozyme detection method has been system-
atically investigated. The change in the local refractive index and
the aggregation of GNPs due to the presence of lysozyme lead to the
shift of plasmon resonance of GNPs. This understanding of the
lysozyme detection method originating from the monitoring of
lysozyme thiol-aptamer functionalized GNPs can promote the
designation of the lysozyme determination method and expand
its further application in the future.

Experimental section
Materials

Lysozyme from chicken egg white, pepsin from porcine gastric
mucosa, choline oxidase (ChOx) from Alcaligenes, glucose oxidase
from Aspergillus niger (GOx), and hydrogen tetrachloroaurate(ur)
trihydrate (HAuCl,-3H,0) were obtained from Sigma. Bovine
serum albumin (BSA) and human serum albumin (HSA) were
purchased from Shanghai Biological Technology Development
Co., Ltd. Trisodium citrate anhydrous was procured from Alfa
Aesar. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP),
acetate, and 1-lysine (Lys) were purchased from Aladdin. The
5’-thiol-modified DNA aptamer of lysozyme (5'HS-ATC AGG GCT
AAA GAG TGC AGA GTT ACT TAG-3')*® was obtained from
Shanghai Sangon Biotech Co., Ltd. Sodium acetate trihydrate
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and tris(hydroxymethyl)aminomethane (Tris) were purchased
from BBI Life Sciences. HCI, NaH,PO,, Na,HPO,, and NaCl
were procured from Chongqing Chuandong Chemical (Group)
Co., Ltd. All reagents were of at least analytical grade. The
ultrapure water used throughout the work had a resistivity
higher than 18.00 MQ cm™".

Apparatus

A custom-made absorption spectroscope shown in Fig. S1 (ESIT) was
utilized to record the spectra. A tungsten halogen lamp (HL-2000-HP,
Ocean Optics) is used as a light source to illuminate the sample,
which is contained in a 1 cm path-length quartz cuvette in the dark.
The absorbance from the sample was recorded using a spectrometer
(HR4000, Ocean Optics) and analysed by programs written in C++
and Matlab. TEM images were obtained using a Zeiss LIBRA 200FEG
TEM. The samples were lyophilized on copper coated grids. The size
of the particles was detected by dynamic light scattering (DLS) and
zeta potentials were obtained by Malvern Zetasizer Nano ZS.

Preparation of GNPs

The GNPs of about 12 nm in diameter were synthesized via
previously described sodium citrate reduction methods.>® Briefly,
spherical GNPs were prepared by adding 15 mL of 1% trisodium
citrate solution to 100 mL of boiling 1 mM HAuCl, solution
under vigorously stirring and continuing heating for 15 min.
Then, the solution was cooled down to room temperature filtered
by a 0.22 mm PES Syringe Filters and stored at 4 °C before
functionalization.

Probe fabrication

Thiol-aptamer functionalized gold nanoparticles (HS-Aptamer@
GNPs) were prepared with a method reported in the literature.>”
Firstly, 3 uL of 1 mM 5’-thiol aptamer were activated by mixing
with 0.5 pL of 10 mM freshly prepared TCEP and 0.5 pL of
500 mM acetate buffer (pH 5.2) at room temperature for 1 h.
Then this solvent was added to 3 mL prepared GNP solution.
The mixture was incubated in a drawer at room temperature for
at least 16 h. Next, in order to maximize the amount of aptamer
loaded on the surface of GNPs, 30 uL of 500 mM Tris acetate
buffer (pH 8.2) and 300 pL of 1 M NaCl were added dropwise
and stored in a drawer at room temperature for at least 24 h.

Purification of HS-aptamer@GNPs

3 ml of HS-aptamer@GNPs were centrifuged at 16 200g at room
temperature for 15 min and the precipitate was diluted by
ultrapure water to be 3 mL. The procedures were repeated once
again to remove freely abundant aptamers and ions. The con-
centration of HS-aptamer@GNPs was recorded according to the
concentration of GNPs calculated by the extinction coefficient at
520 nm as GNPs.”” The purified HS-aptamer@GNPs were stored
at 4 °C for further use.

Target detection with HS-aptamer@GNPs

The procedure for lysozyme detection was carried out as follows:
50 pL of HS-aptamer@GNPs, 300 puL of 1 M NaCl, 100 puL of 0.2 M
acetate buffer (pH 4.0) and 1550 uL of different concentrations of
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lysozyme were added to a 2 mL micro centrifuge tube, and the
mixture was shaken thoroughly and incubated at room temperature
for 1 h. The concentration of HS-aptamer@GNPs was 0.1250 nM
after this preparation. The absorption spectrum was recorded from
400 nm to 800 nm, and the shift of resonance wavelength was used
for quantitative analysis. All the data were collected from at least
three independent measurements. The sensitivity of detection
was tested by monitoring different parameters, including
HS-aptamer@GNP concentration, ionic strength and pH values.
The specificity of the probe was tested by control proteins.

Results and discussion
Characterization of HS-aptamer@GNPs

Fig. 1A depicts the absorption spectra of GNPs and HS-aptamer@
GNPs and the morphology of HS-aptamer@GNPs, respectively.
Prior to nanoprobe fabrication, the citrate-protected GNPs of
about 12 nm in diameter exhibit plasmon resonance at about
518 nm. The binding of aptamers on GNPs replaces the citrate on
the surface of GNPs with thiol-functional aptamers, resulting in
an increase in the refractive index of the local environment
surrounding GNPs. The shift of resonance wavelength from
518 nm to 524 nm confirms the successful immobilization of
aptamers on the surface of GNPs.”® According to the research
of Li et al.,”® the addition of targets would decrease the degree of
aggregation triggered by the addition of MgCl,. It is a reverse trend
compared with the GNP probe functionalized by unmodified
aptamers. Furthermore, Fig. 1B shows after being triggered by
MgCl, the shift of the probe in the presence of lysozyme is less
than the shift in the absence of lysozyme. It also proves that the
HS-aptamer was functionalized completely on the surface of GNPs.

The comparison of the zeta potentials of GNPs and HS-aptamer@
GNPs dispersing in ultrapure water was carried out as shown in
Fig. S2 (ESIT). The decrease in zeta potential from —30.92 mV to
—41.02 mV is attributed to the presence of negative charge of
the phosphate backbone, which is another evidence for the
successful immobilization of aptamers on the surface of GNPs.
Furthermore, the more negative zeta potential exhibited by the
HS-aptamer@GNPs indicates that the binding force between
aptamers and GNPs is Au-thiol bonds, rather than the weak
electrostatic adsorption. The absolute value of zeta potential of
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Fig.1 (A) Normalized absorption spectra of GNPs (solid line) and

HS-aptamer@GNPs (dashed line) (inset: size and morphology of HS-aptamer@
GNPs with a diameter of ~12 nm) (scale bar corresponds to 20 nm).
(B) Normalized absorption spectra of HS-aptamer@GNPs with O nM lysozyme
(black line) and 10 nM lysozyme (red line) after incubating MgCl,.
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more than 20 mV is of benefit to control the distance between
nanoparticles in solvent, which is useful to extend the storage of
solution.?® The spectra of HS-aptamer@GNPs were continuously
recorded for more than 6 months and their mere shift proves
the stability of the solution (the absorption spectra are shown in
Fig. S3, ESIY).

Effect of pH

pH is a significant parameter in the water environment. In
order to select the optimal pH suitable for the detection, acetate
buffer and phosphate buffer with a concentration of 0.01 M in
the final detection system were used to adjust the pH of solvent
with 0.05 M NaCl, 0.1250 nM HS-aptamer@GNPs, and
3.472 nM lysozyme. The spectral shift of GNPs due to the
different pH environment is shown in Fig. 2. A comparable
spectral shift generated by the environment with different pH
values indicates that the pH is an important control factor in
this test. The spectral shift is small at pH higher than 7.0.
Additionally, as shown in Fig. S4 (ESIt), by increasing the
concentration of lysozyme from 3.472 nM to 1.042 puM in a
buffer with pH 5.0, the spectral shift of HS-aptamer@GNPs is
always about 30 nm. However, the spectral shift is improved
dramatically from nearly 3 nm to 28 nm with the increase of
lysozyme concentration in buffer with pH 7.0. At a certain
concentration of HS-aptamer@GNPs, the addition of more
lysozyme can induce larger spectral shift meaning that the capture
activity of aptamers immobilized on the GNPs is influenced by the
value of pH. The decrease in the degree of capture activity of
aptamers in a higher pH environment may contribute to this
negligible spectral shift under higher pH conditions.

On the other hand, the activity of aptamers is improved
significantly with the decrease in pH. As a result, more and
more lysozyme can be captured, which increases the spectral
shift of GNPs until a plateau is approached at a pH of about 3.0.
According to the research of Yuan et al,** the zwitterionic
ligand-modified GNPs are aggregated by the mediation of
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Fig. 2 The spectral shift of 0.1250 nM HS-aptamer@GNPs due to the
presence of 3.472 nM lysozyme in different pH environments with 0.05 M
NaCl.
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hydrogen bonds between protonated sulfonic acid groups of
zwitterionic ligands on one GNP and the neighbouring groups
on another nanoparticle, represented as S-O-H:---O=S.
Similarly, an environment with lower pH is beneficial for the
phosphate groups of aptamers to protonate and promote their
connection with neighbouring phosphate groups, which
formed as P-O-H: - -O=P. Additionally, the protonation from
phosphate groups can decrease the zeta potential and reduce
the repulsion between GNPs to promote aggregation.>* Thus,
the promotion of protonation from phosphate groups to
strengthen the attraction between GNPs is the reason for the
signal enhancement with a decrease in pH. However, the pH of
the environment lower than 4.0 weakens the stability of GNPs
reflected by the increase of the standard deviation.

Hence, a suitable pH value is able to detect the protonation
of phosphate groups and enhance the degree of aggregation of
GNPs. To balance the high sensitivity and stability, a pH of 4.0
is chosen in the following experiments.

Effect of ionic strength

Ionic strength is another essential factor to influence the
experiment. The increase in ionic strength would weaken the
interparticle repulsive force and affect the degree of aggregation
of GNPs.** Therefore, it is necessary to monitor the effect of
ionic strength to optimize this detection. NaCl was chosen to
control ionic strength with different concentrations and the
spectral shift of HS-aptamer@GNPs with and without lysozyme
in different ionic strengths is shown in Fig. 3.

In 0.01 M acetate buffer of pH 4.0, the resonance wavelength
of HS-aptamer@GNPs without lysozyme exhibits little change
until the NaCl concentration became higher than 0.25 M, which
indicates that the aggregation of GNPs is initialized from this
NacCl concentration level. Higher concentrations of NaCl reduce
the thickness of the electrostatic double layer of GNPs, which
decreases the absolute value of zeta potential and promotes the
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Fig. 3 The resonance wavelength of 0.1250 nM HS-aptamer@GNPs
without and with the addition of 3.472 nM lysozyme at different NaCl
concentrations. The environmental conditions are pH 4.0 and 0.01 M
acetate buffer.
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aggregation of HS-aptamer@GNPs.**** By contrast, the addition of
3.472 nM lysozyme breaks the charge screening of HS-aptamer@
GNPs and enables their aggregation even when the concentration
of NaCl is extremely low. The higher the concentration of NaCl is,
the longer the resonance wavelength shift will be. However, it is
noted that there is a zig-zag tendency of resonance wavelength as a
function of NaCl concentrations when the NaCl concentration is
in the range between 0.15 M and 0.45 M. Qiao et al. reported that
B-glucuronidase can be tightly captured within 0.15 mM NaCl by
aptamers and the partial target will be washed off when the
concentration of NaCl is 0.33 M, which reveals that the ability of
aptamers to capture f-glucuronidase can decrease with increasing
ionic strength when the ionic strength approaches a specific
density.®® Therefore, the capability of aptamers is weakened in a
specific range of NaCl concentrations. Then, 0.15 M NaCl is used
in the following experiment for high sensibility.

Effect of HS-aptamer@GNP concentration and the detection of
lysozyme

Under the aforementioned optimized conditions, which is
0.01 M acetate buffer at pH 4.0 and 0.15 M NaCl, the performance
of 0.0625 nM, 0.1250 nM and 0.2500 nM of HS-aptamer@GNPs
was investigated by the addition of different concentrations of
lysozyme. The spectral responses of HS-aptamer@GNPs with
different concentrations in the presence of lysozyme are shown
in Fig. 4A-C. Higher concentrations of lysozyme in the range of
detection shift the resonance wavelength further to the red region.
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Fig. 4 The detection of lysozyme with 0.01 M pH 4.0 acetate buffer and
0.15 M NaCl. The normalized spectral response to different lysozyme
concentrations with HS-aptamer@GNPs of (A) 0.0625 nM, (B) 0.1250 nM,
and (C) 0.2500 nM (D). The resonance wavelength shift as a function of
lysozyme concentrations of HS-aptamer@GNPs with 0.0625 nM (blue),
0.1250 nM (red) and 0.2500 nM (green) HS-aptamer@GNPs. (E) Photo-
graphs of 0.2500 nM HS-aptamer@GNPs corresponding to the green line
shown in (D).
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The change in colour due to the presence of lysozyme can be seen
by the naked eye as illustrated in Fig. 4E. It is interesting to note
that the spectral responses are stronger for lower concentrations of
HS-aptamer@GNPs when the lysozyme concentration is lower
than a specific level. Taking the performance of 0.0625 nM
HS-aptamer@GNPs shown in Fig. 4D as an example, its spectral
shift is the highest when the lysozyme concentration is lower
than approximately 1.8 nM. Furthermore, an increase in lysozyme
concentration hardly shifts the resonance wavelength of 0.0625 nM
HS-aptamer@GNPs anymore. In order to detect higher con-
centrations of lysozyme, it is better to use a high concentration
of HS-aptamer@GNPs as the probe.

Furthermore, a critical point, which divides the spectral
response of HS-aptamer@GNPs to lysozyme into two parts,
apparently presents the spectral shift as a function of lysozyme
concentrations (Fig. 4D). Comparing the performance of these
three kinds of HS-aptamer@GNP concentrations, HS-aptamer@
GNPs with a lower concentration has better sensitivity before
this critical point but with poorer limit of detection as shown in
Table S1 (ESIT). However, after this critical point, the tendency
is reversed that is higher concentration HS-aptamer@GNPs
possessed a broader range of detection limits. Taking the
sensitivity and limit of detection into consideration, 0.1250 nM
HS-aptamer@GNPs exhibit a good performance in the detection
of lysozyme. The linear range is 0.347 nM to 2.431 nM and the
LOD (3¢) for lysozyme is 0.054 nM. Compared with the existing
methods (Table S2, ESIt), the method demonstrated superiority
in detection sensitivity.

Saliva was chosen as a real sample to test this method. Two
kinds of saliva were diluted 12 000 times to match the linear
range of this method and their pH was adjusted to the optimal
parameter. To further confirm the suitability and repeatability
of this method, other 4 spiked samples were prepared and
each sample was detected three times. The results are shown in
Table 1. The 94.0-105.9% recoveries confirm that this method
has the potential application for real samples. Then, the
concentration of lysozyme in the original two kinds of saliva was
detected by using the national standard of the People’s Republic of
China: GB/T 25789-2010. After dividing into 12000 times, the
concentration of lysozyme was found to be 0.445 £+ 0.011 nM and
0.722 £+ 0.070 nM in saliva_a and saliva_b, respectively. This
concentration detected by the standard method is in accordance
with that detected by our method. Thus, our method further proves
that it has potential application.

Table 1 Determination of lysozyme from salivary samples

Sample no.” Add (nM) Found’ (nM) Recovery (%)
al 0 0.438 £+ 0.079 —

a2 0.5 0.962 £ 0.053 104.8

a3 1 1.497 £+ 0.087 105.9

b1 0 0.712 £ 0.098 —

b2 0.5 1.201 £ 0.044 97.8

b3 1 1.652 £ 0.121 94.0

“The salivary sample was diluted 12000 times.” The average and
standard deviation of three detections with this method (mean + SD).
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Specificity of target detection

The specificity of the detection was investigated by using
different proteins, including pepsin, glucose oxidase (GOx),
choline oxidase (ChOx), bovine serum albumin (BSA), human
serum albumin (HSA) and t-lysine (Lys), at pH 4.0, 0.15 M NaCl
and 0.1250 nM HS-aptamer@GNPs. The isoelectric point (pI)
value of pepsin is 1.0 and lower than the detecting pH (4.0).>°
However, the pI values of GOx, ChOx, BSA, HAS and Lys are 5.0,
4.5, 4.9, 4.7 and 9.5 respectively.’’*! Their pl values are similar
to that of lysozyme (pI: 10.8) which is higher than 4.0.3¢ Fig. 5
illustrates that only lysozyme can cause an apparent spectral
shift, although the concentrations of control proteins are
300 times that of lysozyme, revealing the high specificity this
proposed aptamer-based method has. The mixture contains all
the foreign proteins excluding pepsin to avoid the degradation
of lysozyme with the same concentration of lysozyme. The response
of this proposed method to the mixture further implies that the
other foreign proteins have almost little impact on the response
in the presence of lysozyme and this method has specificity for
lysozyme detection.

Mechanism of HS-aptamer@GNP detection

It is worth noting that the relative spectral shifts of HS-aptamer@
GNPs from bare to the presence of lysozyme at critical points are
approximately 10 nm (Fig. 4D). This is comparable to the results
investigated by Truong et al.** and Park et al,** who generated
nearly 14 nm and 10 nm spectral shifts by monitoring GNPs
respectively. The difference between this proposed method and
their method is that they immobilized GNPs on a glass slide
while the GNPs is free in solvent in this proposed method. The
aggregation of GNPs would not be present in their case because
the nanostructures were immobilized on a glass substrate.
Considering the spectral shift as a function of lysozyme
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Fig. 5 The specificity test of 0.1250 nM HS-aptamer@GNP probe, with an
environment of 0.01 M acetate buffer, 0.15 M NaCl and pH 4.0, for
different control proteins. The concentrations of pepsin, GOx, ChOx,
HAS, BSA and Lys were 600 nM and the lysozyme concentrations were

2.00 nM. The mixture had 0.2 nM GOx, 0.2 nM ChOx, 0.2 nM HSA, 0.2 nM
BSA, 0.2 nM Lys and 0.2 nM lysozyme.
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concentration shown in Fig. 4D, at a certain lysozyme con-
centration level before the critical point of each concentration
of HS-aptamer@GNPs, a smaller amount of HS-aptamer@GNPs
captures more lysozyme, which leads to a bigger spectral shift
while this tendency is reversed after this critical point. The
surface charge of HS-aptamer@GNPs is negative while the
charges of GOx, ChOx, BSA and HSA are positive. The addition
of these foreign proteins does not shift the spectrum of
HS-aptamer@GNPs significantly, which means that electro-
static adsorption taking place between these proteins and
HS-aptamer@GNPs does not strongly induce the aggregation
of HS-aptamer@GNPs. Thus, a hypothesis is proposed as
shown in Scheme 1, the dominant factor to determine the
spectral shift is transfer from the change of the refractive index
to the aggregation of GNPs at this critical point. At a lower
lysozyme concentration, the change in the refractive index is a
major factor to shift the spectrum of GNPs while the aggregation
of GNPs gradually dominates this phenomenon when the
lysozyme concentration is higher.

To further confirm this hypothesis, a comparison of the zeta
potential, particle size measured by DLS and TEM photographs
recorded before and after the critical point was carried out.
Fig. 6 demonstrates that the absolute value of zeta potential
decreases with the addition of lysozyme before the critical point.
A new hybrid particle composed of negative HS-aptamer@GNPs
and positive lysozyme is generated, leading to the neutralization
of zeta potential.*>*> However, after the critical point, the zeta

Lysozyme: 4%

Thiol-Aptamer: §
P
HS-Aptamer@GNPs: %f

Scheme 1 (A) Respond of HS-aptamer@GNPs to the presence of lysozyme.
(B) Mechanism of the aggregation of HS-aptamer@GNPs.
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potential tends to be independent of the lysozyme concentration.
The aggregation process of GNPs is regarded to be analogous to that
of micelle growth. The aggregation of HS-aptamer@GNPs induced
by the phosphate groups of aptamers, which have captured lyso-
zyme, orients the captured lysozyme toward the inner space of the
hybrid by the interaction of hydrogen bonds. Comparatively,
the aptamer that does not capture lysozyme is located outside
the hybrid. This prevents the generation of more aggregates. As
shown in Fig. 7, before the critical point, the aggregates are not
present in the TEM images, and the size distribution of GNPs
shows a slight change with the addition of 0.694 nM lysozyme
compared to the particle size distribution without the addition
of lysozyme. Nevertheless, after the critical point, the particle
size distribution measured by DLS shows an obvious change
with the addition of 6.944 nM lysozyme compared to that
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Fig. 7 TEM images and particle size distributions detected by DLS of
0.1250 nM HS-aptamer@GNPs (in the solution of 0.15 M NaCl and 0.01 M
acetate buffer, pH 4.0, after 1 hour) (A) without lysozyme, (B) with 0.694 nM
lysozyme (before the critical point), and (C) with 6.944 nM lysozyme (after
the critical point) (scale bar corresponds to 20 nm).
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without lysozyme. In one word, all the results on zeta potential,
TEM images and size distribution by DLS are consistent with
the hypothesis, and two factors, the refractive index of the local
environment and the aggregation of GNPs, would dominate the
spectral shift of GNPs induced by the presence of lysozyme at
different stages.

Conclusions

A simple and ultrasensitive method for the quantitative detection
of lysozyme based on the thiol-aptamer functionalized GNPs has
been demonstrated. The aptamer is immobilized on the surface
of GNPs via thiol functional groups, which enhances the stability
of this probe at high salt concentrations. The capture of lysozyme
by aptamers leads to the spectral shift of GNPs. Two factors
influencing the spectral shift of GNPs, which are the change in
the refractive index and the aggregation of GNPs, have been
systematically investigated. The dominator to control the spectral
shift is transferred from the change in the refractive index to the
aggregation of GNPs with the increase of lysozyme concentrations.
The best limit of detection for lysozyme was 0.054 nM for the
utilization of 0.1250 nM HS-aptamer@GNPs in this study. This
proposed method provides an alternative way for the detection of
lysozyme at ultralow concentrations. Furthermore, because of the
captured part based on the aptamers of lysozyme, it can be applied
in a wide range of analyte detection methods by altering different
kinds of aptamers.
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