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ABSTRACT

The purpose of this research was to study the synthesis of Ag nanoparticles (AgNPs) and their functionalization via conjugation with the
protein glutathione S-transferase (GST) to introduce interfacial properties for the specific biosensing of the antibody anti-glutathione S-
transferase (anti-GST). This study was conducted in order to investigate the efficiency of the AgNPs at detecting specific antibodies in
immunoassays. In this paper, we report the synthesis of AgNPs with a chemical reduction method, which consists in the reduction of
silver nitrate with sodium citrate. The GST-functionalized AgNPs were obtained by incubating the AgNP suspension in a GST-
containing solution. The functionalization process was characterized via colorimetric detection and characterization techniques, such as
Fourier-Transform Infrared (FT-IR) Spectroscopy and Laser Scanning Confocal Microscopy (LSCM). The activity of the nano-
immunosensor was monitored via spectrophotometric techniques, which showed that anti-GST was detected by the AgNP-GST
complexes. The spectrophotometric techniques also allowed us to monitor the room-temperature suspension stability of the nano-
immunosensor. The results of this study show the potential of the GST-functionalized AgNPs for the detection of specific antibodies
because of their suitable optical properties and high sensitivity for various anti-GST concentrations.

Keywords: Ag nanoparticles, nano-immunosensors, glutathione S-transferase, anti-glutathione S-transferase, chemical reduction

method.

1. INTRODUCTION

According to the literature, there are many studies related
to the application of metal nanoparticles (MNPs) for detecting
specific biomolecules in colorimetric assays because of the
photochemical properties of nanoscale noble metals, which favour
the development of biosensor devices[1,2]. The specific
functionality of MNPs is accomplished via various surface
modifications with functional molecules[3].

In the present study, we investigated the functionalization
of Ag nanoparticles (AgNPs) with the antigen glutathione S-
transferase (GST) to evaluate the efficiency of the AgNPs as an
analytical device for the detection of anti-glutathione S-transferase
(anti-GST) in specific immunoassays. The GST protein catalyses
the nucleophilic attack of glutathione (GSH) on non-polar
compounds that contain an electrophilic C, N, or S atom. This
protein has both pharmacological and toxicological significance in
the metabolism of carcinogens and chemotherapeutic agents in
tumours and asthma treatments. It also catalyses reactions
involving the metabolism of herbicides and insecticides in
plants[4].In our study, the fabricated AgNPs had a particle-size
distribution (2—10 nm) that is similar to that of semiconductor
nanocrystals, i.e. quantum dots (QDs)[5]. With such dimensions,
the photochemical properties of the AgNPs can be tuned by
adjusting their composition or size[6].

Thus, the optical emission and absorption spectra of the
nanoparticles are dependent on their size and shape[7]. This means
the AgNPs have several advantages over organic fluorophore
dyes, such as broad emission and absorption bands. Therefore, the
AgNPs have a broad excitation spectrum and clearly defined
emission peaks, both of which ensure the generation of signals that

exhibit minimal spectral interference between the AgNPs and
natural fluorescence of the biomolecules[1]. In addition, the
colloidal stability of the AgNPs after repeated cycles of excitation
and fluorescence is noteworthy. The stability can be optimized via
functionalization because the attached molecules minimize the
agglomeration of the AgNPs[8].

In the presence of target proteins, the functionalized AgNPs
exhibited a high sensitivity towards the specific analyte present in
the solution. The intermolecular reactions between the
functionalized AgNPs and specific analyte were detected via
optical signals, i.e. the changing colour of the AgNP suspension
and variation in the corresponding fluorescence intensity. These
changes are caused by the alterations made to the surface of the
functionalized AgNPs, which are generated by the non-covalent
antibody-antigen bonding[6].

AgNPs were chosen for the development of the nano-
immunosensor because of their low toxicity, low-cost synthesis,
high colloidal stability, and as mentioned above, excellent
photochemical properties that are associated with biological
compatibility[9]. These are the main advantages of using AgNPs
over QDs, which have a high toxicity, low suspension stability,
and high-cost processing and experimental manipulation[10].

Therefore, studying the chemical properties and surface
functionalization of AgNPs is relevant to the biotechnological
field regarding the construction of nanodevices that can be
incorporated into goodclinical laboratory practices. The few
papers published on this subject have shown that the application of
AgNPs in studies focused on the detection of specific
biomolecules have had promising results. Thus, such research has
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the potential to contribute to the progress
immunopathology[1, 11].

In a study of the cancer biomarker and antigen alpha-
fetoprotein (AFP) by Tang ef al.[11], it was shown that AFP has a
high affinity for immobilized anti-AFP antibodies on the surface
of AgNPs. Dawan et al[12] modified electrodes with AgNPs
functionalized with specific antibodies, such as anti-human serum
albumin (anti-HSA), anti-penicillin G (anti-PenG), and anti-
microcystin-LR (anti-MCLR), to evaluate the sensitivity and
detection limit of the AgNPs towards the corresponding antigens.
They demonstrated that the electrodes modified with AgNPs have
an enhanced sensitivity and detection limit compared to other
sensors. Chen et al.[13] functionalized AgNPs with streptavidin
(SA) via electrostatic interactions for the detection of biotinylated
aptamers in cell culture media. The aptamers labelled with biotin
were detected by the SA-functionalized AgNPs, and therefore,

of diagnostic

2. EXPERIMENTAL SECTION

2.1. Synthesis and Functionalization of AgNPs.

The method applied in this study was based on the
Turkevich method, which does not use toxic substances and
generates minimal residue. The AgNP suspension was prepared
chemically via the reduction of silver nitrate (AgNO3; — >99%,
Synth®) with sodium citrate (trisodium citrate, Na;CsHsO; —
>99%, Synth®)[15]. All solutions were prepared with deionized
water, and all chemicals were used as received. In brief, 100 mL
of an aqueous solution of AgNO; (1.0 mmol/L) was heated to 90
°C. Then, 1 mL of an aqueous solution of sodium citrate (0.3
mol/L) was added to promote the reduction of AgNO;. The
precipitation of AgNPs with a radius of approximately 5 nm was
indicated by the colour of the suspension changing from clear to
yellow as the sodium citrate was added, as reported in the
literature[15]. The functionalization of the AgNPs was achieved
by adapting the method presented by Marangoni et al.[16]. In their
study, they functionalized AuNPs with jacalin (a protein). Their
synthetic method consisted of adding the jacalin-containing
solution to the AuNP suspension and maintaining the mixture at 4
°C for 24 h[16].

2.2. Characterization of the AgNPs.

Fourier transform infrared (FT-IR) spectroscopy (Thermo
Scientific Nicolet™ IR200) in the attenuated total reflectance
(ATR) mode was used to verify the presence of the different
substances on the surface of the functionalized AgNPs by
comparing the distinct spectral signatures of the analysed films.
The spectra were collected at a spectral resolution of 4 cm™, with
256 scans performed over 2500—400 cm™. For the FT-IR analysis,
the suspensions were dried on single-crystal Si substrates to
decrease the intensity of the signals caused by the presence of
water.

Laser scanning confocal microscopy (LSCM) (Leica
Microsystems CMS GmbH)was used to observe the fluorescence
of the non-functionalized AgNPs (hereinafter referred to as free

exhibited potential as biocompatible probes for cell culture media.

Naja et al.[14] functionalized AgNPs with Protein A for
conjugation with anti-Escherichia coli (anti-E. coli) antibodies. To
demonstrate the selectivity of the functionalized AgNPs, the
authors conducted two detection assays: a specific assay with E.
coli cells and a non-specific assay with Rhodococcus rhodochrous
(R. rhodochrous) cells. By employing Raman spectroscopy, the
authors demonstrated that R. rhodochrous was not adsorbed onto
the surface of the anti-E.coli-functionalized AgNPs.

The purpose of our study was to synthesize and
functionalize AgNPs for the detection of anti-GST via surface
modifications with GST. Thus, we investigated the interactions
between the AgNP-GST complexes and anti-GST to determine the
efficiency of the chromophores when applied to antibody
detection.

AgNPs) and GST-functionalized AgNPs, and to create
reconstructed 3D images of the samples. An aliquot of the free or
functionalized AgNPs (1 ng/mL) was deposited on a glass slide
and observed with LSCM. The images of the free and
functionalized AgNPs were acquired via LAS AF software (Leica
Microsystems CMS GmbH) in the photomultiplier tube (PMT)
mode; 10% of the 488 nm laser line and 5% of the 638 nm laser
line were used to create the images. The images were captured in
the spectral band where the samples exhibited the highest
fluorescence intensity, i.e. 485-570 nm for free AgNPs and
580-700 nm for the GST-functionalized AgNPs. To capture the
control images, i.e. those for which no or minimal fluorescence
intensity was detected, the laser lines used were 5% of the 405-nm
UV diode (spectral region = 380—-440 nm) for the free AgNPs and
the 638 nm laser line (spectral region = 720-780 nm) for the GST-
functionalized AgNPs. The 3D reconstruction was achieved by
overlapping 30 optical sections. All of the analyses were
performed in duplicate.

2.3. Antibody detection of the nano-immunosensor.

The immunoassays were prepared by diluting an anti-GST-
containing solution with the GST-functionalized AgNP
suspension. The absorbance of the suspension was measured with
a spectrophotometer (Shimadzu UV-3600 UV-Vis-NIR) in the
visible region of the electromagnetic spectrum (580 nm). Six
dilutions (1:500, 1:1000, 1:2000, 1:4000, 1:8000, and 1:16000) of
the anti-GST stock solution (1000 ng/mL) were prepared in
phosphate-buffered saline (PBS) with a pH of 7.2. The
concentration of GST, which was attached to the surface of the
AgNPs, was maintained at 1000 ng/mL. The absorbance spectra
were measured for each dilution at regular intervals. The first
reading was performed immediately after mixing the solutions.
After 10 min, the absorbance of the mixture was measured. The
absorbance was then measured every 10 min until 60 min had
passed.
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3. RESULTS SECTION

When synthesizing the AgNPs, the reaction time and
temperature determine their size. According to JI et al. [17], larger
NPs are obtained with longer reaction times and higher
temperatures. Controlling the size of the AgNPs is crucial as it
determines the chemical and physical properties of the NPs[18]. In
our study, the reaction time and temperature used were 12 min and
90 °C, respectively, which are the parameters used in the work of
Gorup et al.[15]. According to these conditions, the resulting
AgNPs should have a radius of 5 nm, as evidenced by the
formation of a homogeneous yellow suspension. The chemical
reduction of a metal salt is a simple synthetic route and generates
an AgNP suspension that is stabilized by citrate.

The effective functionalization of the as-prepared AgNPs is
required for the detection of anti-GST. The functionalization
process must ensure the suspension stability and maintain the
structural integrity of the biomolecules to preserve the catalytic
activity of the functional groups. GST has four highly reactive
cysteine residues[19] that enable the bonding of the biomolecule
to the surface of the AgNPs[20]. Cysteine is an amino acid that
contains a thiol group (-SH), which is involved in the catalytic
activity of the protein, and consequently, in its physiological
processes. In addition, it determines the affinity of the protein for
heavy metals[21].

FT-IR spectroscopy was employed to characterize the
chemical reactions that lead to the formation of the bioconjugates
via the functionalization process. The FT-IR spectra of five films
(GST (1000 ng/mL), anti-GST (1000 ng/mL), the free AgNPs, the
GST-functionalized AgNPs, and the immunoassay containing the
functionalized AgNPs and anti-GST were measured, with the
results shown in (Figure 1).

GST

)

<C | anti-GST

~

Q

8 AgNPs

@

=

E AgNPs-GST

7]

c

— . |
= | AgNPs-GST-anti-GST ' |

T T T
2000 1500 1000

Wavenumber / cm-’

Figure 1. FT-IR spectra of the films formed by drying the different
suspensions.

The spectral signature of GST appears in the spectral
region between 1250 and 750 cm’', while that of anti-GST appears
between 2000 and 750 cm™. In addition, the two characteristic
peaks of the free AgNPs appear between 1750 and 1250 em™.
These spectral signatures are present in the spectra of the films
formed from the pure solutions, and are used as references to
confirm the effectiveness of the functionalization process. A

combination of the AgNP and pure GST spectral signatures is
present in the spectrum of the GST-functionalized AgNPs. In the
FT-IR spectrum of the immunoassay film, there is evidence of the
GST, anti-GST, and AgNP spectral signatures. The last two
spectra in (Figure 1) indicate the presence of complexes that are
the result of intermolecular interactions between the AgNPs and
the biomolecules because there is a mixture of the spectral
signatures of the pure solutions and not just a summing of them,
which would only indicate the presence of different molecular
groups and not the interactions between them[22].

The topographic characterization of the free and
functionalized AgNPs (Figures 2A and C, respectively) was
performed with LSCM. The images were obtained via optical
sections, which were then superimposed over the surface of the
sample to create a topographic reconstruction[23]. In addition, it is
possible to set the laser lines to detect the emission of fluorescent
signals between 350 and 800 nm, as well as analyse the
fluorescence intensity.

The AgNPs emit intense fluorescence from 500 nm and
above, and therefore, a range of 485 to 570 nm was used to
identify them (Figure 2A). To verify that the emitted fluorescence
was caused by the presence of the AgNPs, control images were
taken of the same sample area in the range of 380-440 nm, which
did not exhibit a fluorescence signal (Figure 2B)[24]. The most
intense GST fluorescence signal was observed in the range of
580-700 nm (Figure 2C). The wide excitation band and
fluorescence emission of the AgNPs means that the fluorescence
signals of the AgNPs and biomolecules overlap[1].

To exclude the possibility of detecting a non-GST-related
emission, a control image was captured in the spectral range of
720-780 nm (Figure 2D). In this spectral range, an intense
fluorescence signal caused by the AgNPs is still present, and
virtually no fluorescence signal from the GST can be seen when
comparing Figures 2C and D. In addition, regions of interest
(ROIs) were selected and are indicated by the orange, green, and
purple lines in (Figure 2). These regions were selected because of
the overlapping fluorescence signals of both the AgNPs and GST
at 580 nm, which would allow us to determine the different
fluorescence intensities corresponding to the AgNPs and GST for
evidence of their co-location. The ROIs represented by the lines 1,
2, and 3 refer to the first parameters used in the experiments, i.e.
the spectral bands in which the highest fluorescence intensities
were observed for the AgNPs (485-570 nm) and GST (580-700
nm). By excluding certain wavelengths, it was possible to evaluate
the co-location of the AgNPs and GST by capturing images in two
pseudo-colours and the signal intensities produced by the AgNPs
and GST. As the AgNPs emit fluorescence in the visible region of
the spectrum above 500 nm, the pseudo-colour term is used here
because the colour of each sample (red for the functionalized
AgNPs and blue for the free AgNPs) was chosen by the user to
facilitate the separation of the spectra of each sample. The plots of
fluorescence intensity as a function of position that were generated
from these measurements can be used to establish the relative
positions of the AgNPs and GST, which is important for
evaluating the effectiveness of the functionalization process[25].
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Figure 2. LSCM images of the free and functionalized AgNPs. (A) The
maximum fluorescence signal of the free AgNPs (485-570 nm). (B) The
absence of the fluorescence signal of the free AgNPs (380—-440 nm). (C)
The maximum fluorescence signal of GST (580-700 nm). (D) The
absence and presence of the GST and AgNPs fluorescence signals,
respectively (720—780 nm). (Plots 1-Plots of fluorescence intensity as a
function of position for the ROIs indicated in Fig. 2A by the three
coloured lines that are 20 pum in length: 1 = orange, 2 = green, and 3 =
purple. In plots 1, 2, and 3, the red lines represent the intensity of the GST
fluorescence and the blue lines represent the intensity of the AgNP
fluorescence. In plots 4, 5, and 6, the red lines represent the intensity of
the fluorescence emitted in Fig. 2D because there was no fluorescence
detected in the spectral region used for Fig. 2B. Figs. 2A-D were
captured in the same areas, as were the ROI lines. Figs. 2A and C are the
main spectral images used to identify the AgNPs and GST, while Figs. 2B
and D are the control images, which were captured outside of the
emission spectra of the AgNPs and GST, respectively.

The plots of the ROIs indicated by 1, 2, and 3 reveal two
fluorescence signals, while the ROIs indicated by 4, 5, and 6
reveal only a single signal, which is shown in red. The graphs of
ROIs 1, 2, and 3 are representative of the images captured
according to the first parameters, in which the spectral bands
correspond to the highest fluorescence intensities of the GST and
AgNPs, and therefore, both are present in the graphs. The plots of
ROIs 1 and 2 show signs of co-location because the most intense
fluorescence peaks are being emitted in the same location but with
different intensities, which suggests the presence of both the
AgNPs and GST at the selected points, i.e. the plots indicate the
presence of GST-functionalized AgNPs. In the plot for ROI 3,

there are overlapping fluorescence signals of nearly equal
intensity, as shown by the red (AgNP-GST) and blue lines
(AgNPs), which suggests that only free AgNPs have been being
detected by the emission measurements of this ROI. This
corresponds well with the signals observed in (Figure 2D). The
plots for ROIs 4, 5, and 6 only contain one fluorescence signal in
red. The blue line is not present because the chosen spectral range
for Figures 2B and D was 380 to 440 nm, where the AgNPs do not
emit fluorescence, as has been reported in the literature[24]. In
addition, the signals represented by the red lines do not correspond
to GST because GST does not emit fluorescence between 720 and
780 nm. Thus, the signals observed in (Figure 2D) correspond to
the AgNPs, which fluoresce in this spectral region. Therefore, it is
confirmed that under this second parameter only signals from
AgNPs were detected. In addition, this data does not suggest the
absence of GST on the surface of the AgNPs, but demonstrates
that there are no overlapping signals, nor spectral interference
between the AgNPs and GST, in this spectral region [1].

The 3D reconstruction (Figure 3A) indicates the presence
of clusters of triangular nanoprisms, as reported in the literature
for free AgNPs [26]. This pattern is highlighted in (Figure 3B),
which corresponds to the demarcated area in (Figure 3A). Figure
3C shows that after the AgNPs have been functionalized, the GST
is linked to the surface of the AgNPs, as indicated by the red
colour surrounding the blue surfaces of the AgNPs. Thus, this
image is evidence of the binding between the GST and AgNPs. In
addition, the functionalization process used in this study provides
AgNPs with the specific functionality to detect anti-GST.

Figure 3. LSCM images of (A) free AgNPs and (B) a selected area,
indicated by the box in (A), containing free AgNPs. (C) GST-
functionalized AgNPs. The blue represents the AgNPs and the red
represents the functionalized GST.

The nano-immunosensor activity of the AgNPs for
detecting anti-GST was evaluated via spectroscopic techniques in
the visible region (580 nm) of the electromagnetic spectrum.
Figures 5A—F show the absorbance values of the immunoassays as
a function of time. The absorbance was measured for a total of 60
min to ensure the complete precipitation of the immunoassay
components, which is indicated by the complete discolouration of
the suspension. The free-AgNP suspension is yellow, as shown in
(Figure 4A). The suspension becomes orange when the GST
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solution is added to the assay (Figure 4B), and adding the anti-
GST solution to the GST-functionalized AgNPs makes the
suspension become an intense orange colour (Figure 4C). These
colour changes indicate the presence of molecular interactions
between the GST-functionalized AgNPs and free anti-GST in the
immunoassay. The surfaces of the AgNPs become sensitized to
the intermolecular interactions via the functionalization process
with GST, which enables the AgNPs to be used for the
colorimetric biosensing of anti-GST biomolecules, that cause the
colour of the immunoassay to change [27].

The antigen-antibody interaction is a specific chemical reaction
that occurs via non-covalent bonds[28]. The interactions between
the soluble antibodies and antigens results in the formation of a
complex that is precipitated out of the suspension.

The precipitation rate of the complex depends on the
relative quantities of antigens and antibodies present in the
suspension. In typical experiments, to quantify this rate, the
antibody concentration is kept constant and the antigen
concentration is varied [29]. The purpose of this AgNP-based
nano-immunosensor is to detect a specific antibody. Therefore, the
GST concentration was maintained at 1000 ng/mL to functionalize
the AgNPs and the GST-functionalized AgNP suspension was
incubated with six solutions containing different concentrations of
anti-GST. The first immunoassay was prepared with equivalent
GST and anti-GST concentrations (1000 ng/mL).

AgNPs-GST

AgNPs-GST-anti-GST

Figure 4. Photographs of the AgNP suspensions at various stages of the
functionalization process. (A) Free AgNPs. (B) After adding GST to the
AgNPs. (C) After adding anti-GST to the GST-functionalized AgNPs.

In this case, the optimum precipitation rate of the complex
is achieved. In the antigen excess zone, or when there is a high
level of antibody dilution, there is an insufficient concentration of
antibodies to form and precipitate complexes, resulting in the
formation of some soluble complexes that remain in the
suspension[29]. By analysing Figs. SA-F, it is concluded that the
absorban ce values increase as the anti-GST concentration
decreases. The 1:500 dilution (Figure 5A) results in the 100%
formation of precipitates because the GST and anti-GST
concentrations are equal (1000 ng/mL). In this case, the

4. CONCLUSIONS

It is concluded that the synthesis of the AgNPs and
functionalization process were effective, as evidenced by the
topographic reconstructions created via LSCM and fluorescence
intensity measurements that showed the co-location of the AgNPs
and GST molecules. The interactions of the immunoassays
composed of the GST-functionalized AgNPs and anti-GST
molecules were verified by measuring the FT-IR spectra of the
samples, which demonstrated the contribution of the antibody
portion to the immunoassay. The sensing activity of the GST-
functionalized AgNPs was monitored via spectrophotometric

absorbance of the solution decreases as all of the GST molecules
are released from the surface of the AgNPs and precipitate as
complexes with the anti-GST molecules. On the other hand, with
the more dilute immunoassays, there are fewer anti-GST
molecules to interact with the GST and cause it to detach from the
surface of the AgNPs, which results in increased absorption of
such immunoassays [29]. In general, the absorbance decreases
with increasing reaction time. Over the 60 min of reaction time,
there was further precipitation of complexes. The destabilization
of the AgNP suspension contributes to this precipitation because
the experiments were performed at room temperature, which is not
within the standard cooling temperatures needed to maintain the
stability of the suspension. This issue is evidenced by the
decreasing absorbance values as the reaction time increases
(Figure 5).

Absorbance

o o 2t - R ¢ X - L -

Time/ min.

Figure 5. Plots showing the absorbance values of the immunoassays as a
function of the reaction time in minutes for various anti-GST
concentrations.

techniques, which allowed us to measure the detection of anti-
GST as a function of the reaction time (60 min). It also enabled
the monitoring of the room-temperature stability of the AgNP
suspension.

Evidence of the success of the functionalization process
and antibody detection was also possible with the naked eye, as
the colour of the AgNP suspension changed when the
biomolecules were added. We emphasize the significance of this
result because it shows the potential of this AgNP-based nano-
immunosensor to be applied as a diagnostic tool for autoimmune
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diseases, such as multiple sclerosis, which does not have a specific
biological marker. Thus, by emitting an optical signal, the AgNPs
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