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Abstract The scientific community finds gold nanoparticles
particularly interesting due to their great applications, espe-
cially in SPR-based analysis. So far, no contributions have
been made on detecting digoxin in which GNPs and LSPR
technique have been used. In the present investigation, the
localized surface plasmon resonance (LSPR) property of gold
nanoparticles (GNPs) was utilized to develop a novel optical
biosensor for the detection of digoxin. GNPs were synthesized
using the sodium citrate reduction method and then made
functional using the 11-mercaptoundecanoic acid (11-MUA)
ligand. The carboxyl-functionalized GNPs reacted with a
monoclonal antibody of digoxin through the EDC/NHS meth-
od. To characterize each processing step in the nanobiosensor
preparation, UV-Vis spectrophotometry, X-ray diffraction,
field emission scanning electron microscopy (FESEM), dy-
namic light scattering (DLS), Fourier transform infrared
(FTIR), and zeta potential tests were performed. The nanobio-
sensor’s performance was evaluated in the presence of differ-
ent concentrations of digoxin in PBS and FBS. The synthe-
sized GNPs size was estimated as 11.2 nm and present a LSPR
peak at 520 nm. The size of 11-MUA-functionalized GNPs
was 13.2 nm. The FTIR results revealed that 11-MUA ligand
are linked to GNPs through thiol groups (Au-S-). The surface
charge of 11-MUA and the monoclonal antibody-conjugated
gold nanoparticles were —29.45 and —11.69, respectively. The
limit of detection (LOD) of this LSPR-based nanobiosensor
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was 2 ng/ml. We have developed the new LSPR-based optical
biosensor for direct and inexpensive detection of digoxin. This
optical biosensor is easy to fabricate and the operation proce-
dure has become more convenient.
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resonance (LSPR) - Gold nanoparticles (GNPs) - Digoxin

Introduction

Digoxin is a cardiac glycoside and has been in use since the
beginning of the twentieth century for improvement of symp-
toms and reduction of the hospitalization period of patients
experiencing heart failure, by reducing the left ventricular
ejection fraction. In addition, it is used to control supraven-
tricular arrhythmia in patients infected with atrial fibrillation
and its general effect is strengthening the muscular power of
people suffering from heart failure. Digoxin has a narrow
pharmaceutical range, and in case of lack of dosing and proper
supervision over its use, and toxication results. One of the
methods for controlling digoxin concentration in the blood
serum of people is by using biosensors [1, 2].

A biosensor is a tool consisting of a bio-diagnostic element
connected to a convertor [3—5]. Modern technologies tend to
fabricate biosensors which can identify biological com-
pounds, accurately and quickly. One of these sensing technol-
ogies is based on the surface plasmon resonance effect.
Surface plasmon resonance sensors are based on their novel
optical properties, which can sensitively and specifically mea-
sure immediate molecular interactions [6]. In this method,
diagnosis is carried out directly (without intermediary) and
the imaging capability is also provided [7]. Refractive index
variation in the interface between the two environments with
varied dielectric constants is the basic concept behind this type
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of sensor. In these two environments, a dielectric and a metal
such as gold is used [8, 9].

The localized surface plasmon includes non-emission stim-
ulation and oscillation of free electrons of metal nanostruc-
tures in the presence of an electromagnetic field [10].
According to G.Mie’s theory, parameters affecting the LSPR
include electrical properties, the size, and the shape of nano-
particles. According to this theory, any change in dielectric
constant and refractive index causes displacement of A ..
(the wavelength in which a peak appeared in extinction spec-
trum of LSPR). This is a basis for several biosensors [11].

In recent years, GNPs have received a lot of attention due
to their unique electro-optical properties like the LSPR.
Another merit of the GNPs is that their LSPR properties are
tuned easily by their size and shape. Consequently, the dis-
tance between the GNPs decreases, when plasmon-plasmon
coupling occurs which leads to an energy loss and a shift in the
absorption peak to a longer wavelength. This phenomenon
happens along with a change in the color of the GNPs’ solu-
tion from red to blue (blue shift) [12, 13]. It is worth noting
that GNPs with various sizes can be easily synthesized and
conjugated to biomolecules. Gold colloid absorbs a great deal
of attention, since it is one of the most stable colloids among
metallic and semiconducting particles [14]. To reach the de-
sired electro-optical properties of the GNPs, their growth pro-
cesses should be controlled exactly. To form a desirable struc-
ture, a combination of self-assembled monolayers (SAMs)
and metallic colloids can be applied through a sequential de-
position [15-18].

Nylander and Liedberg are the first people that used light
reflection of stimulated wave of surface plasma as a sensor in
1983. Specifically, this method was used for determining the
properties of thin films. In addition, this type of sensor was
used as biochemical sensors [19]. Cullen used grating-based
SPR systems. Since that time, a study on this type of sensors
began as an alternative for the prismatic-based sensors [20]. In
1988, for the first time, the environmental sensitivity of GNPs
solution was proved by Englebienne [21]. He made his bio-
sensor based on the identification of color changes in the
GNPs solution. Chilkoti et al. made a biosensor based on
LSPR, using spherical GNPs with a diameter of 13.4 nm.
They stabilized biotin on the GNPs to identify streptavidin.
The identification limit of streptavidin in this sensor was
16 nM [22]. Endo et al. made a DNA biosensor based on
LSPR. They identified DNA using GNPs with stabilized
nucleic acid on them [23]. Optical biosensors based on
LSPR were used for the identification of paraoxon by Lin
et al. They made a paraoxon biosensor using AChE3 connect-
ed through covalent bonds to the spherical GNPs [10, 24].

Based on the aforementioned reasons and as a part of our
interest in the synthesis of nanomaterials and investigation of
their application in diagnosis and treatment [25-27], in the
present contribution, 11-mercaptoundecanoic acid was used
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to functionalize the GNPs used as digoxin biosensor in bio-
logical fluids. Little contributions were made to detect digoxin
using GNPs and despite their established optical properties,
this type of digoxin sensors showed acceptable detection
accuracy.

Materials and Methods
Synthesis and Modification of Gold Nanoparticles

GNPs were synthesized using the Turkevich method [28, 29].
First, the glassware was soaked in Aqua Regia and left for
12 h. Then, the glassware was washed using tap water until
a pH of 6 was achieved. Finally, the glassware was rinsed
using Milli-Q water. In addition, 50 ml of HAuCl, (1 mM;
Merck) was added to a 100-ml round bottom flask. Then a
condenser was fitted to the flask, and the solution was refluxed
with stirring until the solution reached its boiling point; sub-
sequently, 5 ml of sodium citrate solution (38.8 Mm; Merck)
was rapidly added to the solution under vigorous stirring.
During this step, the color of the solution changed from yellow
to black. The mixture was stirred for about 20 min and the
color of the solution turned into wine red. Finally, the solution
was allowed to cool and was kept in the dark. To determine the
concentration of gold nanoparticles, UV-Vis spectrophotome-
try was used based on the Beer-Lambert law.

Ligand Exchange

To exchange citrate ligand with 11-mercaptoundecanoic acid
on GNPs: 45 uL of 11-mercaptoundecanoic acid (11-MUA;
Merck, Germany) solution (1 mM in ethanol) was added to
30 ml of the GNP so that the ratio in molarity of MUA to GNP
was 120. Thereafter, the solution was mixed and left for 12 h
at 4 °C. The concentration was determined the next day by
UV/Vis spectrophotometry using the Beer-Lambert law [30].

Conjugation of Anti-digoxin Monoclonal Antibody
to the 11-MUA-Functionalized GNPs

According to the applied studies [31], the molar ratio of anti-
body to GNP-11MUA must be 70. So, 84 ul of antibody (with
concentration 0.5 mg/ml) was dissolved in 2 ml of sodium
phosphate and incorporated to 2 ml of GNP-11MUA
(C=2nM, pH=7.4). This interaction was made at room tem-
perature under vigorous stirring. After mixing the antibody
and GNP-11MUA, the interaction flask was placed on the
stirrer, 2 ml of sodium phosphate buffer (C=5 mM, pH=7)
was added to the interaction flask. This connection is an elec-
trostatic one. For covalent connection, previous stages were
implemented exactly, except that instead of incorporating 2 ml
of net sodium phosphate buffer, 2 ml of sodium phosphate
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buffer containing (1.2 mM) NHS and (2.8 mM) EDC was
added to the flask, and after proper mixing, it was kept at room
temperature for 2 h. In order to remove those active carboxyl
groups that are unconnected to the antibody, the final solvent
was conducted with a dialysis membrane overnight in the dark
conditions [31].

Interaction of Digoxin with Anti-digoxin Antibody (Ab)
Immobilized on the 11-MUA-Functionalized GNPs

One milliliter of anti-digoxin antibody (Ab) immobilized on
the 11-MUA-functionalized GNPs (which has been dialyzed)
was poured into four different flasks and 1 ml of digoxin was
incorporated softly to each one of them with concentrations of
0.2, 2, 20, and 200 ng/ml, respectively. The interaction was
made at 37 °C in an incubator and digoxin was solved in PBS.
The samples were left at the same temperature for 2 h to make
a complete interaction. At the mentioned concentrations, an
analysis of interaction between antibody connected to GNPs
and digoxin dissolved in FBS was performed at the same
conditions.

Results and Discussion

The sodium citrate reduction method was used to synthesize
the GNPs. Thereafter, sodium citrate was substituted by the
11-MUA ligand. A monoclonal antibody of digoxin was
immobilized on carboxyl-functionalized GNPs through the
EDC/NHS method. The interaction of digoxin with monoclo-
nal antibody by LSPR sensing was also investigated. Figure 1
is a schematic representation of the nanoparticles-based
immunoassay.

Figure 2 shows the UV-Vis absorption spectrum of citrate-
coated GNPs and 11-MUA-GNPs. Evidence from Fig. 2
shows that the absorption spectra of citrate-coated GNPs were

Fig. 1 LSPR nanobiosensor,
schematic synthesis process of the
antibody-conjugated 11-MUA-
GNPs and the analysis of digoxin
in PBS buffer and FBS
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Fig. 2 UV-Vis absorption spectra of citrate-coated GNPs and 11-MUA-
GNPs

maximized at 520 nm while the 11-MUA-functionalized
GNPs absorption peak was maximized at 523 nm. This
3 nm increase in A, is due to variation in the dielectric
constant of the environment due to the 11-MUA and may
not be related to the increase in particles size; therefore, the
variation range is below 20 nm (wavelength variations within
this range are not subjected to particle size) [32].

Figure 3a shows the citrate-coated GNPs X-ray diffraction
patterns. The specified peaks in the figure matched the refer-
ence peak (JCPDS No. 01-1174) [33]. In addition, the size of
the generated GNPs was determined by the Scherrer equation.
The results are summarized in Fig. 3b.

The pH stability of 11-MUA-GNPs is represented in
Fig. 4a. Based on this figure, the 11-MUA-functionalized gold
nanoparticles were stable for pH>4. Figure 4b shows the
stability of 11-MUA-GNPs after 12 days. After the fourth
and eighth day, the absorption wavelength increased by 1
and 2 nm, respectively. Although within these 12 days, the
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Fig. 3 a XRD pattern of citrate-coated GNPs and b Scherrer equation
calculation

nanoparticles were not exposed to any dispersing operation
like ultrasonic waves, as a result, the absorption wavelength
increased by 4 nm only. It was concluded that the 11-MUA-
functionalized gold nanoparticles have an appropriate colloid
stability.

The mean size of the citrate-coated GNPs and 11-MUA-
functionalized GNPs from the DLS analysis is 11.2 and
13.2 nm, respectively. The surface charge of the 11-MUA-
GNPs was equal to —29.45. This value is negative due to the
presence of carboxyl groups on the surface.
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The FESEM of 11-MUA-functionalized GNPs, after
16 days (since the functionalized particles were synthesized),
is as presented in Fig. 5c. As shown in the figure, the mor-
phology of the nanoparticles was spherical, and the distribu-
tion of the particles was uniform. If these particles are not
exposed to ultrasonic waves or any other dispersing opera-
tions, after 16 days, the size of all these particles will be about
50 nm. The presence of particles in this range of size indicates
that the GNPs have been properly functionalized. The aggre-
gation of particles shows a significant increase in size and
would not be desirable. According to our results, this did not
happen in the current study. The FESEM revealed that the 11-
MUA-functionalized GNPs are stable enough to be used for
subsequent steps. The difference in size is based on FESEM
and DLS and may be related to the agglomeration of GNPs.

Figure 6 shows the FTIR spectra of (a) 11-MUA and (b)
11-MUA-functionalized GNPs. It is interesting to note that in
the FTIR spectrum for the thiol group, the only useful group
wavenumber for thiols is the S-H stretching vibration. On the
other hand, the presence of a thiol group bound to the GNP
surface through the Au—S bond was confirmed by revealing
the presence of S—H groups located at the band of about
2500 cm ™' (Fig. 6a) and their disappearance at the same band
on the Au surface (Fig. 6b), respectively. Figure 6b displays
the FTIR spectrum of the 11-MUA-caped GNP sample. As
specified in this figure, no bond is seen within the range of
2500-2600 (1/cm) (in free state, 11-MUA is situated in this
stretching S-H bond range). This may be due to breaking of
the S—H bond and formation of the Au-S bond.

Figure 7a shows the results of the UV-Vis absorption spec-
trum after the electrostatic and covalent immobilization of anti-
bodies on the 11-MUA-functionalized GNPs. Generally, the
Amax Of 11-MUA-functionalized GNPs was increased after
connecting antibodies through electrostatic or covalent bonding.
This is due to the increase in size and dielectric constant of the
nanoparticles. In fact, a little red shift was observed which con-
firms that the antibodies are connected to the nanoparticles.
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Fig. 4 UV-Vis absorption spectra of 11-MUA-GNPs at a different pH values and b various times
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antibody-conjugated 11-MUA-GNPs

Figure 7b shows the UV-Vis absorption spectra of
antibody-conjugated 11-MUA-GNPs prepared in the presence
of NHS/EDC at different pH values. As shown in this figure,
antibody-conjugated 11-MUA-GNPs have a good stability in
varied pHs; this expresses a different behavior in comparison
to the 11-MUA-GNPs in Fig. 4a (before the connection of
antibody to GNP-11 MUA, nanoparticles were unstable in
pH less than 4).

It is interesting to note that the conjugation of antibody to
11-MUA-GNPs changes the surface charge. Figure 4d shows

%Transmittance

the zeta potential of 11-MUA-GNPs and antibody-conjugat-
ed11-MUA-GNPs. The mean zeta potential of the nanoparti-
cles in this state was calculated as —11.69, which differs from
the pre-connection state and became more positive (varied
from —29.45 to —11.69). This may be due to the immunoglob-
ulin which has a partial positive charge at pH of 7.4.

Figure 8 shows the UV-Vis absorption spectrum at different
concentrations of digoxin interaction with antibody conjugated
11-MUA-GNPs in PBS and FBS. First, the interaction of digox-
in (0.2, 2, 20, and 200 ng/ml) with antibody-conjugated 11-
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Fig. 6 FTIR spectra of a 11-MUA and b 11-MUA-functionalized GNPs
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MUA-GNPs prepared in the presence of NHS/EDC

MUA-GNPs in PBS was measured (Fig. 8a). No significant
displacement occurred for concentration of 0.2 ng/ml in Ax.
This means that the made biological sensor does not express any
suitable response at this concentration. The A, displacement
for other concentrations is significant; this confirms the interac-
tion of digoxin with the antibody, and consequently, the identi-
fication of digoxin could be performed by this biological sensor.
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The least amount of digoxin soluble in buffer, which may be
identified by this biological sensor is equal to 2 ng/ml and is in
the drug range of digoxin. It should be mentioned that the results
are almost equal to FBS (Fig. 8b).

Figure 9 shows the sensitivity of the biosensor at different
concentrations of digoxin. The sensitivity was defined as
% *100. As shown in this figure, it is conspicuous that for
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Fig. 9 Sensitivity as a function of digoxin concentration in FBS

concentrations above 2 ng/ml of digoxin, the sensitivity is
high enough implying that the biosensor works properly
[34].

It has to note that the limit of detection for digoxin by
fluorescence quenching and colorimetric aptasensors by
Emrani et al. was calculated 392 and 571 pM, respectively
[35] while the limit of detection (LOD) of this LSPR-
based nanobiosensor was 2 ng/ml. On the other hand,
the affinity of monoclonal antibody is more than the
aptamer.

It is also important to mention that the comparison of our
finding with already reported paper such as [34] shows some
interesting point. Our results based on LSPR label-free direct
optical (UV-Vis) monitoring method while Klar et al. reported
immunoassay based on competitive fluorescence quenching
method via indirectly labeled hapten digoxigenin with the
fluorophore Cy3B through bovine serum albumin; therefore,
our designed optical biosensor is easy to fabricate and conve-
nient in operation.

Conclusions

In this study, the functionalized GNPs were produced and
used to develop a novel optical biosensor criterion to de-
tect digoxin in biological fluids. Nanoparticles synthesized
by the Turkevich method had a mean size of 11.2 nm.
Based on FTIR, FESEM, DLS, and UV-Vis studies, the
11-MUA made a proper binding to the gold through its
thiol (-SH end), which leads to an acceptable stability.
After reacting with the monoclonal antibody of digoxin,
the nanobiosensor sensitivity produced was tested using
liquids with different digoxin concentrations. The limit of
detection (LOD) of this LSPR-based nanobiosensor, devel-
oped in this investigation, is 2 ng/ml. This optical biosen-
sor is easy to fabricate and the operation procedure has
become more convenient. The LSPR-based label-free opti-
cal monitoring method is an ideal candidate for the future
low-cost detection of diseases.
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