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We report a simple, cost-effective, and ultrasensitive approach for colorimetric detection of lysozyme based on target-induced
conformational change of DNA duplex. The detection method utilizes the interaction between DNA aptamer and its target
leading to the dissociation of DNA aptamer from the DNA duplex and forms a structured complex. The complementary DNA
that detached from the DNA duplex adsorbed on the AuNPs surface protects the nanoparticles against salt-induced
aggregation, resulting in maintaining the red dispersed state of AuNPs. Such an approach allowed the femtomolar detection of
lysozyme with a wide linear scale ranging from 0.1 to 200 pM by simple spectroscopic analysis with detection time of ~40min.
In case of naked eye detection, the detection limit of nanoaptasensor corresponds to ~0.5 pM. The nanoaptasensor
demonstrated high specificity with regard to lysozyme in the presence of a variety of nonspecific proteins. In case of lysozyme
detection in simulated saliva samples, the average recoveries were in the range of 90.47 to 105.90%, with the relative standard
deviations (RSD) of 3.45-4.89% that suggests a good reproducibility. The results clearly indicated the reliability and
applicability of the proposed assay for the simple and rapid detection of lysozyme in real samples. Compared with existing
diagnostic assays, the proposed nanoaptasensor showed many advantages regarding simplicity, versatility, cost, and time for
analysis. This approach demonstrated a great potential for ultrasensitive and on-site analysis of a wide range of protein
biomarkers using plasmonic nanoparticles.

1. Introduction

Disease identification at an early stage and improved imag-
ing of interior body structure, as well as simplicity of diag-
nostic processes, have been established with the assistance
of a modern and promising field called nanotechnology,
which has been developed quickly during recent years [1].
Metallic nanoparticles for biosensors are one of the most fas-
cinating use of nanomaterials in medicine that is currently
being researched with straightforward, easy, and cost-
effective preparation [2, 3]. Among nanoparticles, noble
metallic nanoparticles take great attention owing to their
strong surface plasmon resonance, high extinction coeffi-
cients, and their nanoscale that are comparable in size to

biomolecules [4–6]. Moreover, metallic nanoparticles with
very small sensing volume could be utilized as nanoprobes
for detection of biological interactions occurred at molecular
level [7, 8]. The unique properties of noble nanoparticles
make them ideal platform for development of colorimetric
assays to detect analytes with low cost [3]. It was proved that
the miniaturization of biosensors at the nanoscale led to
enhancement of the analytical performances [8–10]. The
colorimetric assays based on metallic nanoparticles have
proved to be very useful for fast, on-site analysis of various
analytes because of their excellent analytical performances
such as low-cost, simplicity, ultrahigh sensitivity, and speci-
ficity with a minimal volume of reagents [11–13]. The typi-
cal sensing mechanism employs the resonance peak shift in
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the visible range owing to the nanoparticle aggregation that
induced by analytes via the various types of interactions
[3, 14, 15]. As nanoparticle based colorimetric biosensors,
gold nanoparticles (AuNPs) are the most researched and
widely used metallic nanoparticles for bio-sensing due to
distinct physical and chemical characteristics. The alteration
in size, shape, surface characteristics, and aggregation state all
affect their distinct optical and electrical properties [16–18].
When the nanoparticle-based biosensors attach to the target,
the nanoparticles’ characteristics are altered [3, 15]. The elec-
trochemical and optical signals related to the changes in tar-
get concentration can be used in detecting the presence as
well as the quantity of the biomolecules. This is an important
premise to develop an easy, rapid, and cost-effective method
of diagnosing protein biomarkers, easing the need of method
for early detection of diseases.

In recent years, nanotechnology that applies DNA is
appearing more and more in the field of biomedical science
and engineering. Researchers found that decorating metallic
nanoparticles with DNA is an exciting alternative approach
in design and development of biosensors [19, 20]. In case
of AuNPs, they are commonly functionalized with thiolated
DNA. However, the conjugation process that is labor-
intensive usually leads to a decrease in the concentration of
AuNPs, and the amount of DNA on the nanoparticle surface
also needs to optimize before biosensing applications [21,
22]. Lately, the electrostatic interaction between AuNPs
and DNA has been utilized for biosensing applications.
AuNPs can be capped with DNA in a short time at neutral
pH, and this leads to change the surface properties of the
nanoparticles. Recent studies have shown that single-
stranded DNA (ssDNA) and double-stranded DNA
(dsDNA) have different electrostatic properties due to their
quadratic structure of DNA. The electrostatic interaction
between the positive charge of ssDNA and the negative
charge of AuNPs results in absorption of ssDNA on the
nanoparticles surface. This adsorption stabilizes the nano-
particle against aggregation via electrostatic repulsion. How-
ever, the same mechanism does not work with dsDNA
because dsDNA has a stable double-helix geometry which
exhibits a negatively charged phosphate backbone [23, 24].
Furthermore, the color of colloidal gold is mainly affected
by the resonance phenomenon of free electrons in the nano-
particles, and this resonance is strongly influenced by the
nanoparticle aggregation [25]. Therefore, the electrostatic
difference between ssDNA and dsDNA can be exploited
for the development of a nanoparticle-based simple colori-
metric assay.

Lysozyme, an antimicrobial protein, was commonly found
in various species such as virus, bacteria, fungi, and mamma-
lian tissues and particularly found in abundance in tears,
saliva, andmucous. Submucosal glands, neutrophils, andmac-
rophages all produce lysozyme [26, 27]. Normally, it is distrib-
uted in secretions and human body tissues at very low
concentrations. However, the unusually high increased levels
of lysozyme in cells, serum, plasma, and urine are associated
withmany diseases such as cancers, leukemia, Alzheimer’s dis-
ease, HIV, meningitis, renal diseases, rheumatoid arthritis,
atherosclerosis, and inflammation [27–29]. Lysozyme with

its crucial function in the human immune system has been
found to be particularly significant as a biomarker for diag-
nosis of bacterial infections and chronic diseases such as
bronchopulmonary dysplasia [30]. Moreover, the simplicity
and its small size make it an excellent model for the develop-
ment of novel diagnostic methods in detection of protein bio-
markers. The qualitative and quantitative analysis of the
lysozyme can be a helpful index in detecting and monitoring
in the progression for several diseases [27, 28, 30]. Currently,
the available analytical methods for detection of lysozyme are
the high-performance liquid chromatography (HPLC) and
the enzyme-linked immunosorbent assay (ELISA) tech-
niques [31, 32]. The HPLC with UV or mass spectrometric
detection is usually exploited for determination and quantifi-
cation of lysozyme. This method is sensitive and reliable but
has some shortcomings such as complexity, time consump-
tion, and high cost for analysis, requiring sample pretreat-
ment and specialized equipment for measurement. The
most widely used method for analysis of proteins is ELISA
technique which quantifies soluble compounds such as pep-
tides and proteins as well as antibodies. With its high sensi-
tivity and specificity, this method is commonly applied for
analysis of various proteins. Nevertheless, ELISA itself still
have some limitations such as time-consuming and inability
for on-site testing. It is also restrained by the commercially
available antibodies with high cost for analysis. Hence, there
is still a great need of simple, rapid, on-site testing methodol-
ogies for detection of protein biomarkers.

Herein, antilysozyme aptamer, called “artificial antibody,”
which is easy and low-cost production with little batch-to
batch variability and resistance to denaturation and degrada-
tion, was exploited to develop a simple, cost-effective, label-
free, and ultrasensitive assay for the colorimetric detection of
lysozyme. Our design exploits lysozyme-binding aptamer-
complementary DNA (cDNA) as a probe and uses AuNPs
as a transducer. The transduction principle is based on
the electrostatic difference between single-stranded DNA
(ssDNA) and double-stranded DNA (dsDNA) upon inter-
action with colloidal gold. Our strategy utilizes the confor-
mational change of dsDNA induced by target and the
binding characteristics of DNA aptamer with its target. In
the absence of lysozyme, the dsDNA cannot adsorb and sta-
bilize the gold colloid against aggregation when adding high
amount of salt. In case of the presence of lysozyme, the
dsDNA is dissociated due to the specific interaction between
lysozyme and antilysozyme aptamer. This leads to release
the cDNA from the duplex structure that helps stabilize
the AuNPs, thus protecting them from aggregation upon
the high salt concentration. Such an approach allowed the
detection of lysozyme at femtomolar level by simple spec-
troscopic analysis with detection time of ~40min. In case
of naked eye detection, the limit of detection of nanoapta-
sensor corresponds to ~0.5 pM. The nanoaptasensor also
displayed high specificity with regard to lysozyme. Com-
pared with existing method, our sensing approach showed
many benefits in terms of simplicity, cost, and time for
on-site analysis. This sensing platform not only detects
lysozyme but also is applicable to the detection of various
biomolecules.
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2. Materials and Methods

2.1. Materials. Hydrogen tetrachloroaurate(III) trihydrate
(HAuCl4.3H2O, 99.9%), trisodium citrate, PBS buffer, lyso-
zyme, bovine serum albumin (BSA), trypsin, and α-amylase
from human saliva were supplied from Sigma-Aldrich Co.,
St Louis, MO (USA). Tris(hydroxymethyl)aminomethane
(Tris), sodium chloride, hydrochloric acid, and casein were
obtained from the Xilong Chemical Co., Ltd. (China). Insu-
lin was purchased from the Eli Lilly Co., Indiana (UK).
Trypsin-EDTA 1Xwas purchased fromGibco (UK). Comple-
mentary DNA (5′-CTAAGTAACTCTGCACTCTTATAT
ATC ATA GAA TTG GTA GAT-3′) and lysozyme-binding
aptamer (5′-ATC TAC GAA TTC ATC AGG GCT AAA
GAG TGC AGA GTT ACT TAG-3′) [27] were purchased
from Phu Sa Biochem Co. (Vietnam). The simulated saliva
samples that contain cationic and ionic ions, amino acids,
and α-amylase from human saliva were prepared in the lab
[33]. Other reagents and chemicals used in this research were
of AR grade. Distilled water (18.2 MΩ cm-1) was used as the
solvent to prepare all solutions used in the study.

2.2. Synthesis and Characterization of AuNPs. In this
research, citrate-capped AuNPs were synthesized by reduc-
ing hydrogen tetrachloroaurate(III) trihydrate with triso-
dium citrate as described in the previous studies [8, 34]. In
brief, hydrogen tetrachloroaurate(III) trihydrate (1.0mM,
10mL) was added to a clean bottle and heated to boiling.
Subsequently, sodium citrate (1%, 1mL) was added to the
boiling solution while agitating vigorously. This leads to
the formation of the monodisperse spherical AuNPs with
diameter of ~14nm. The solution was boiled for 5 minutes
to complete the citrate reduction of the tetrachloroaura-
te(III) ions. The resulting solution was cooled down to room
temperature and filtered for removing aggregated nanoparti-
cles. The nanoparticle size and shape were characterized by
microplate reader (Varioskan™, Thermo Scientific, USA)
and high-resolution transmission electron microscopy on a
JEM3010 instrument. Size distribution of AuNPs was ana-
lyzed by Zetasizer Nano ZS (Malvern Instruments).

2.3. Preparation of dsDNA. The complementary DNA
(cDNA) was hybridized with lysozyme-binding aptamer by
mixing the aptamer (100μM, 1μL) with cDNA (100μM,
1μL), followed by addition of 8μL annealing buffer that
contains 10mM Tris-HCl (pH7.5), 50mM NaCl, and
1mM EDTA. The resulting solution was heated to 90°C for
5min, the solution temperature was slowly lowered from
90°C to 60°C for 30min, and the temperature of solution
was then slowly decreased to 4°C to give dsDNA solution.
The result of DNA hybridization will be verified by gel
electrophoresis.

2.4. Investigation of Electrostatic Property of ssDNA and
dsDNA. In this study, the electrostatic difference between
ssDNA and dsDNA was exploited to develop the
nanoparticle-based colorimetric biosensor. Therefore, it is
needed to verify the feasibility of this sensing approach.
Firstly, AuNPs (100μL, 10nM) was mixed with the ssDNA

aptamer/dsDNA (5μL, 10μM). Subsequently, the mixture
was kept at room temperature for 20min to allow the DNA
to cover completely the nanoparticles surface. Then NaCl
(1M, 10μL) was rapidly added to the mixture above. The dif-
ference in electrostatic properties of ssDNA with dsDNA
when interacting with colloidal nanoparticles upon exposure
to a high electrolytic environment was recorded by visual
inspection and UV-Vis absorption spectrophotometry.

2.5. Effect of Salt Concentration on Aggregation of AuNPs in
the Presence of dsDNA. Sodium chloride is an important ele-
ment that has the influence on the stability of nanoparticles
and the sensitivity of the assay. Hence, before conducting
the colorimetric assays for lysozyme analysis, it is needed
to determine a minimum amount of salt to aggregate
completely AuNPs in the presence of dsDNA. Firstly, gold
colloid (10 nM, 100μL) was mixed with dsDNA (10μM,
5μL). Next, various amount of 1M solution of salt was added
to the mixture with the final salt concentrations ranging from
0 to 0.12M. The stability of dsDNA-AuNPs was observed by
the unaided eye and UV-Vis absorption spectrophotometry.
The minimum amount of salt which induces the complete
aggregation of dsDNA-AuNPs was chosen for colorimetric
detection of lysozyme.

2.6. Colorimetric Assay for Detection of Lysozyme. To per-
form the colorimetric assays for detection of lysozyme,
5μL of the prepared dsDNA was added into a solution con-
taining 10μL of various concentrations of lysozyme ranging
from 0 to 500 pM and incubated at room temperature for
20min. Next, the mixture was mixed with 100μL of
citrate-capped AuNPs, incubated for 15min at room tem-
perature. Then the appropriate amount of 1M NaCl was
quickly added to the mixture. After incubation for 5min,
the solution was analyzed by naked eyes and UV-Vis
absorption spectrophotometry (Varioskan™, Thermo Scien-
tific, USA). The UV-Vis absorption spectrum was recorded
from 400 nm to 800 nm, and the ratio of A620/A520 was
used for quantitative analysis. All the data were collected
from at least three independent measurements.

2.7. Nonspecific Binding Assays. To ensure the biosensor
response due to the specific interaction between DNA apta-
mer and lysozyme, the sensing platform was challenged by
measuring the response of sensor to the nonspecific proteins
such as casein, insulin, and trypsin and bovine serum albu-
min at concentration which was higher than the saturation
response concentration of aptasensor. All reaction condi-
tions were kept unchanged as in case of the detection of
lysozyme.

3. Results and Discussion

In this study, the target-induced aggregation of AuNPs upon
salt addition leading to changes in the color and the UV-Vis
spectrum of colloidal solution was exploited for lysozyme
sensing. The sensing mechanism of the proposed method
is demonstrated in Scheme 1. As shown in the scheme,
DNA aptamer was utilized as a specific biorecognition ele-
ment in colorimetric sensor, and the AuNPs was exploited

3Journal of Nanomaterials



as a signal transducer to sense the interaction between DNA
aptamer and lysozyme. In this case, the functionality of sen-
sor is related to changes in the colloidal stability of gold
nanoparticles upon target binding, and the target recogni-
tion that causes the changes in surface plasmon resonance
of AuNPs leads to color changes that are visible to the naked
eye [35]. The sensor was designed based on the difference in

electrostatic properties between ssDNA and dsDNA when
interacting with AuNPs in solution. It is well known that
the key difference between ssDNA and dsDNA relates to
the flexibility of their molecular structure. ssDNA is much
more flexible compared to dsDNA, and hence, it is able to
stabilize the noble metal nanoparticles against the salt-
induced aggregation by adsorbing their nucleobases to the

Complementary DNA

Aptamer DNA Double-stranded DNA

NaCl NaClAuNPs

A1 A2

AuNPs

Lysozyme

+

Scheme 1: Experimental scheme illustrating the experimental processes. (a1) In the absence of lysozyme, the color of solution changes from
red to blue. (a2) In the presence of lysozyme, the colloidal solution keeps red in color.
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Figure 1: Characterization of AuNPs. (a) The UV–Vis absorbance spectrum of AuNPs; (b) size distribution of AuNPs measured by
Zetasizer Nano ZS (Malvern Instruments); (c) morphology and size of AuNPs with diameter of ~14 nm (TEM).
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nanoparticle surface while exposing the charged phosphate
moieties to the solvent [24, 36]. In brief, the interfacial bind-
ing features of DNA aptamer with its target, as well as the
conformational change of DNA aptamer-complementary
DNA (dsDNA) induced by target, were exploited for detec-
tion of lysozyme. In the absence of lysozyme, the dsDNA
cannot adsorb on the nanoparticle surface to stabilize
AuNPs against aggregation upon exposure to a high electro-
lytic environment. This leads to an obvious color change of
gold colloid from ruby red to blue/purple, which can be con-
trolled by visual inspection or spectroscopic analysis. Upon
recognition of the lysozyme by DNA aptamer, the affinity
of DNA aptamer with its target leads to the detachment of
DNA aptamer from the duplex DNA and the release of
cDNA molecules. In this case, the cDNA helps to protect
the AuNPs from salt-induced aggregation of nanoparticles
by electrostatic repulsion. The electrostatic repulsions among
adjacent AuNPs owing to negative charge of cDNA keep them
dispersed in solution. Moreover, the electrostatic repulsion

assists in the prevention of the strong van der Waals attrac-
tion, which led to enhance the stability of AuNPs. As a result,
the colloidal gold maintains the original ruby red color.

The chemically synthesized AuNPs were first prepared
by the reduction of tetrachloroaurate (III) ion with sodium
citrate using the Turkevich method [8, 34]. In this method,
1% sodium citrate solution was added to the boiling solution
that contains hydrogen tetrachloroaurate (III) while stirring
vigorously. This method produced homogeneous spherical
AuNPs with average size of ~14 nm as demonstrated in
Figure 1. The absorption peak of the ruby red colloid solu-
tion occurred at 520nm and assigned to the localized surface
plasmon resonance (LSPR) of AuNPs [8]. The access
amount of citrate anion in the reduction reaction gives the
nanoparticles a negative charge on the surface, and it helps
to stabilize the AuNPs against the aggregation. The concen-
tration of citrate-capped AuNPs was around 10nM that was
determined based on Beer-Lambert law and the average
diameter of AuNPs [37, 38]. The dynamic light scattering
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Figure 2: (a) Testing the dsDNA by agarose gel electrophoresis before lysozyme sensing. Lane 1: DNA aptamer (ssDNA); Lane 2:
complementary DNA (cDNA); Lane 3: double-stranded DNA (dsDNA); (b) photograph depicting visual color change of AuNPs when
interacting with dsDNA and ssDNA upon exposure to a high electrolytic environment; (c) UV-Vis spectrum of respective samples.
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(DLS) measurements shows that the average size of the
AuNPs was 13:7 ± 1:23 with the polydispersity index (PDI)
of 0:148 ± 0:02. With a value of 0.148, it shows that the size
of AuNPs is fairly homogenous. The zeta potential of the
AuNPs was found at −36:8mV ± 7:4. It means that AuNPs
have a negative charge. The value of zeta potential represents
for the stability of the colloidal gold solution. When the zeta
potential is high, the solution is more stable, and when the
zeta potential is low, the solution is poor stable. Here, the
zeta potential of citrate-capped AuNPs is larger than
-30mV; it means that the AuNPs is quite stable.

To test the hybridization between DNA aptamer and
cDNA, the aptamer was mixed with cDNA and then incu-
bated at 90°C for 5min. Afterward, the mixture was slowly
decreased to 60°C and incubated for 30min. The binding
of two DNA strands was verified by gel electrophoresis 1%
at 100V. As seen in Figure 2(a), band 1 and band 2 contain
ssDNA with equal mass; hence, both bands run in parallel
and run faster than band 3 (dsDNA). This indicated that
two DNA strands were effectively bound each other. To ver-
ify the feasibility of sensing approach, the difference in elec-
trostatic interactions of ssDNA–AuNPs and dsDNA–AuNPs
was determined based the selective aggregation of AuNPs
with dsDNA in high electrolytic medium. As shown in
Figure 2(b), in the presence of ssDNA, the gold colloidal
solution keeps its red dispersed state and the resonance peak
at 520nm due to absorption of ssDNA on the nanoparticle’s

surface, resulted in the protection of the AuNPs against salt-
induced aggregation [24, 36]. This adsorption contributes to
a charge redistribution that makes the nanoparticle surface
appear more negatively charged. Conversely, dsDNA cannot
protect the nanoparticle against salt-induced aggregation,
and the colloidal solution turns blue/purple. It is well-
known that AuNPs are stabilized by negative charge of cit-
rate anions adsorbed on the gold surface. The repulsion
between the adsorbed citrate anions and the charged phos-
phate backbone of dsDNA governs the electrostatic interac-
tion between AuNPs and dsDNA. As a result, dsDNA
cannot adsorb on the nanoparticle surface. This difference
is due to the fact that ssDNA can unwind adequately to
expose its bases on the nanoparticle surface, whereas the
DNA duplex has a steady double-helix structure that always
shows the negative charge of phosphate backbone [36, 39].
The difference in electrostatic interaction of ssDNA-AuNPs
and dsDNA-AuNPs can be exploited to design the colori-
metric assay for detection of analytes.

It is noted that the applications of AuNPs are strongly
influenced by stable state of nanoparticles in solution, espe-
cially for those based on nanoparticle aggregation assays
[35]. The AuNPs are extremely stable and well dispersed in
aqueous solution due to the negatively charged citrate ions
on their surface. Salt is the key element that affects the aggre-
gation of gold colloid. In this study, sodium chloride was
used as aggregating-ion to sense the release of cDNA from
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Figure 3: Effect of ionic strength on the plasmon characteristics of the AuNPs in the presence of dsDNA. (a) The color change of colloidal
solution of AuNPs at various concentration of salt (0-0.12M); (b) UV-Vis spectra of respective samples.
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the dsDNA. Hence, the concentration of salt in the solution
directly affects the sensitivity of the sensor. To determine an
optimal ratio of salt to AuNPs, the nanoparticle aggregation
was tested at various concentrations of salt in the presence of
dsDNA. Figure 3 shows the effect of ionic strength on the
plasmon characteristics of the AuNPs in the presence of
dsDNA. As demonstrated in Figure 3(a), the color of gold
colloid turned from ruby red to purple/blue upon increasing
concentration of salt, denoting the changes in surface charge
of AuNPs that led to their aggregation [40, 41]. This obser-
vation was further supported by the UV-Vis absorption
spectra of gold colloid. As shown in Figure 3(b), the UV-
Vis absorption spectra revealed a sharp decrease in the
absorbance peak at 520nm, and the absorbance additionally
decreased upon increasing salt amount in the colloidal solu-
tion. It reached a plateau as the concentration of NaCl was at
0.08M or higher than that owing to the complete aggrega-
tion of nanoparticles. Moreover, as the result of increasing
salt concentration, a second resonant peak at a longer wave-
length around 620nm emerged on account of the formation
of blue/purple colored aggregates. In this case, the lowest
concentration of salt that induces the complete aggregation

of AuNPs was 0.08M. Hence, this concentration was chosen
for the following experiments.

For lysozyme analysis, numerous concentrations of lyso-
zyme from 0 to 500 pM were mixed with dsDNA-AuNPs,
followed by the addition of salt with final concentration of
0.08M, and the color alteration and spectroscopic response
were analyzed. As shown in Figure 4, with the presence of
lysozyme, the specific interaction between lysozyme and
the DNA aptamer against lysozyme resulted in the dissocia-
tion of the aptamer from the dsDNA and forms a structured
complex. In addition, the cDNA molecule detached from the
DNA duplex adsorbed on the nanoparticle surface worked
as a shield against salt-induced aggregation of nanoparticles,
resulted in maintaining the dispersed state of AuNPs and the
typical resonance peak at 520nm. Conversely, in the absence
or very low concentration of lysozyme, the color of gold col-
loids changed to blue/purple, and the UV-Vis absorption
spectra of AuNPs exhibited a significant reduction in the
absorbance peak at 520nm as well as a peak at ~620nm
emerged owing to the redshift of the resonance peak,
resulted from the formation of gold nanoaggregates. In this
case, the AuNPs were not protected due to the absence of
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Figure 4: Colorimetric nanoaptasensor for analysis of lysozyme based on the electrostatic interaction of ssDNA-AuNPs and dsDNA-
AuNPs. (a) The color response of dsDNA-AuNPs as a function of lysozyme concentration after salt addition; (b) UV–Vis absorption
spectra of dsDNA-AuNPs in the presence of various concentration of lysozyme from 0.01 to 500 pM.
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a cDNA and nonabsorption of dsDNA on the nanoparticle
surface. With the increase of lysozyme concentration from
0 to 500 pM, the color of solution gradually changed from
blue to red color, the resonance peak at 520nm increased,
while the peak around 620nm decreased gradually which
indicated the well-dispersed state of nanoparticles. In
Figure 4, it is easy to realize that the lysozyme concentration
of ~0.5 pM is the concentration that can be detected with the
naked eye. The investigation of UV-Vis absorption spectros-
copy of dsDNA-AuNPs also revealed that the absorbance
ratio (A620/A520) is proportional to the concentration of
lysozyme. Hence, this absorbance ratio was used to evaluate
the sensitivity of assay and the stability of AuNPs that were
induced by the presence of lysozyme. In other words, the
sensitivity of proposed assay was calculated by controlling
the change of the ratio (A620/A520) after addition of the
various concentrations of lysozyme. Moreover, by calculat-
ing the ratio (A620/A520) via the UV-Vis measurement,
we could measure the concentration of lysozyme, which is
crucial for quantitative analysis of lysozyme.

Figure 5 shows the linear scale between the absorbance
ratio (A620/A520) and lysozyme concentration. The nega-
tive linear regression equation for lysozyme detection with

linear range from 0.1 to 200 pM was y = −0:066 ln ðxÞ +
0:7584 with R2 = 0:982, where x and y are lysozyme concen-
tration (pM) and the absorbance ratio of A620/A520,
respectively. Based on the linear regression equation
obtained from Figure 5, the concentration of lysozyme in
samples could be determined. The limit of detection
(LOD) of the proposed assay can be calculated through the
measurement of the standard deviation of blank sample (α)
and the slope of the linear regression equation (s) according
to the formula 3α/s. The lowest concentration of the lyso-
zyme could be determined as low as 0.05 pM (~50 fM).

It is essential to test the nonspecific binding between
nontarget proteins and antilysozyme aptamer to verify the
observed change of the absorbance ratio (A620/A520) owing
to the specific interaction between lysozyme and antilyso-
zyme aptamer and to confirm the limit of detection of
nanoaptasensor. That is because unexpected interaction
events can produce false signal in the quantitative analysis.
In this study, the specificity test was carried out on a series
of interfering proteins in human fluids at concentration of
10 nM, which was much higher than that of the saturation
response of nanoaptasensor. These proteins have different
molecular weights and isoelectric points, and they are very
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common proteins in human fluids at high concentrations,
having opposite net charges, which have been studied on a
variety of other studies [8, 42, 43]. Hence, they are ideal
for the study of nonspecific interaction induced by electro-
static interactions. From the visual inspection results in
Figure 6, it clearly indicated that only the specific binding
between lysozyme and antilysozyme aptamer can prevent
the formation of blue/purple aggregates from the ruby red
dispersed state of AuNPs in the presence of high concentra-
tion of salt. As clearly demonstrated in Figure 6, the absor-
bance ratio (A620/A520) upon the presence of lysozyme
was much smaller than that of the interfering proteins.
Compared to the change of the absorbance ratio from the
specific binding of lysozyme with antilysozyme aptamer,
which were tested in a concentration range of 0.01 to 500
pM, these changes were negligible. These results confirm
that the proposed assay for lysozyme analysis is very highly
specific, and it could be exploited for the detection of lyso-

zyme with ultrahigh sensitivity. The femtomolar sensitivity
of the proposed assay is large enough to detect lysozyme
available in human body fluids and food [44]. The detec-
tion limit and linear dynamic range we obtained in this
study provided an improved analytical performance com-
pared with other types of colorimetric assays and biosensors
that have been applied to detection and quantification of
lysozyme as described in Table 1. The analytical performance
of this assay can compare with the values obtained from the
assays based on the electrochemical impedance spectroscopy
that exploited the electrodeposited AuNPs [45] and droplet-
based microfluidic devices that utilized the aptamer-modified
AuNPs-enhanced chemiluminescence [46]. Specifically, it
was much lower than those achieved with the assays based
on electrostatic interaction with albumin-modified AuNPs
(LOD = 50 nM) [47], with fluorescent aptasensor using
magnetic separation (LOD = 0:2 nM) [48], with electrochem-
ical aptasensor using signal-off architecture (0.45 nM) [49],
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lysozyme in comparison with other proteins; (b) specificity of designed assay in the presence of different proteins.

9Journal of Nanomaterials



with aptasensor based on electron transfer (LOD = 0:5 nM)
[26], and with the electrochemical aptasensor that exploited
the lysozyme-induced turn-off of photosensitization
(LOD = 2 pM) [27]. Compared to the LOD of commercially
available ELISA kits for lysozyme analysis (LOD~2.72 pM)
[50], our proposed approach achieved much lower LOD.
The detection platform we described could compete with
standard ELISA assays for proteins analysis. It helps to over-
come limitations that affect ELISA assays such as analysis
time, narrow dynamic range, and the cross-reactivity of
detection antibodies that are responsible for producing non-
specific response of assays. The sensing platform based on
the difference in electrostatic interaction of ssDNA-AuNPs
and dsDNA-AuNPs is ultrasensitive for analysis of protein
biomarkers, and it has great potential for early detection of
diseases. However, its detection limit was still higher than
that of our previous study upon the resonant Rayleigh scat-
tering spectroscopy of single nanoparticle [8] and the assay
based on capillary electrophoresis and inductively coupled
plasma mass spectrometry [51]. Compared with the available
analytical methods and other types of biosensors applied to
lysozyme detection that require sample pretreatment, time
consumption, high cost for analysis, complexity, requiring
specialized equipment for measurement, and inability for
on-site testing, this proposed nanoaptasensor shows its con-
venience with regard to simplicity, versatility, low experi-
mental cost, short time for analysis, and ability for point of
care testing of target proteins.

To assess the feasibility of proposed platform for possible
application in real samples, the simulated saliva samples that
contain cationic and ionic ions, amino acids, and α-amylase
from human saliva were tested. Three simulated saliva sam-
ples spiked with 10 pM, 100 pM, and 150 pM of lysozyme
were analyzed by proposed nanoaptasensor. As shown in
Table 2, the satisfactory recoveries were ranging from
90.47 to 105.90%, and the relative standard deviations
(RSD) were below 5% (3.45-4.89%) that suggests a good
reproducibility. The results clearly indicated the reliability
and applicability of the proposed method for the simple
and rapid detection of lysozyme in real samples.

4. Conclusions

We have demonstrated a simple, fast, cost-effective, and
ultrasensitive nanoaptasensor for colorimetric detection of
proteins based on the target-induced conformational change
of DNA duplex. The detection method utilizes the interaction
between DNA aptamer and its target leading to the dissocia-
tion of DNA aptamer from the DNA duplex and forms a
structured complex, and the cDNA that released from the
DNA duplex adsorbed on the AuNPs surface protects the
nanoparticle against salt-induced aggregation, resulted in
keeping the red dispersed state of AuNPs. This nanoaptasen-
sor is suitable for point-of-care detection of protein biomark-
ers due to the rapid salt induced aggregation of AuNPs and
easy to recognize the change in color of colloidal gold and state
of the resultant solution. Using lysozyme and antilysozyme
aptamer as a model for detection of proteins, the proposed
nanoaptasensor could detect as low as 50 fMwith a wide linear
dynamic range from 0.1 to 200 pM. The most important fea-
ture of this approach is the direct detection of lysozyme by
unaided eye or simple, low-cost absorbance measurement
device. Owing to the simplicity and versatility of the developed
nanoaptasensor, it can be an alternative diagnostic assay for
determination and quantification of not only lysozyme but
also other protein biomarkers.

Data Availability

The authors confirm that the data supporting the findings of
this study are available within the article [and/or] its supple-
mentary materials.

Table 2: Lysozyme recovery in simulated saliva samples.

Spiked concentration
(pM)

Found concentration
(pM)

Recovery
(%)

RSD
(%)

10.00 9.58 95.80 3.45

100.00 90.47 90.47 4.89

150.00 158.86 105.90 4.21

Table 1: Comparison of proposed nanoaptasensor with other types of colorimetric assays and biosensors applied to lysozyme detection.

Assay formats and/or biosensor formats
Linear dynamic

range
Detection

limit
References

Assay based on electrostatic interaction with human serum albumin-modified AuNPs 18.7–561 nM 50 nM [47]

Fluorescent aptasensor based on magnetic separation 0.56–12.3 nM 0.2 nM [48]

Electrochemical impedance spectroscopy aptasensor based on electrodeposited AuNPs 0.1–500 pM 0.01 pM [45]

Assay based on resonant Rayleigh scattering spectroscopy 7 × 102–7 × 105 aM 7 aM [8]

Signal-off architecture for electrochemical aptasensor 7–30 nM 0.45 nM [49]

Aptasensor based on electron transfer 1–80 nM 0.5 nM [26]

Digital microfluidic-based assay 40 fM-300 fM 44.6 fM [46]

Electrochemical aptasensor utilizing target-induced turn-off of photosensitization 0.01-100 nM 2 pM [27]

Assay based on capillary electrophoresis and inductively coupled plasma mass
spectrometry

0–41.4 fM 3.89 aM [51]

Nanoaptasensor based on electrostatic interaction of ssDNA-AuNPs and dsDNA-
AuNPs

0.1–200 pM 50 fM Our work
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