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Abstract

Incorporation of nanomaterials and nanostructures into sensors causes remarkable advances in device operation due to
sensitivity, selectivity, multiplexed detection capability, and portability. In this study, a nanographene sensor coated with
gold nanoparticles and tripeptide Gly—Gly—His was designed for Cu”" ion detection at low concentrations. Graphene oxide
synthesized by the modified Hummer’s method and analyzed by UV-Vis spectrometry, x-ray diffraction (XRD), and
transmission electron microscopy (TEM). The optimum conditions based on the maximum gold loading were evaluated
71 min for incubation time and 1 for HAuCl,/JHEPES concentration ratio. Gold-coating on graphene oxide was approved
by TEM, UV-vis spectrometry, XRD, and FTIR. The EDC/Sulfo-NHS method was used to stabilize Gly-Gly-His to
graphene oxide-gold, which has a high affinity toward Cu. The performance mechanism of this nanosystem was based on
the localized surface plasmon resonance (LSPR) property of gold nanoparticles. The sensor was extremely selective and
sensitive to Cu®" with the detection limit of 8.83 nM without cross-binding to other metal ions. The response time was
evaluated about 9 min. The GO-Au-GGH biosensor was also very stable and easily reused, which further confirms it as an
efficient and sensitive Cu>" ion detection device.
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Introduction

Heavy metals are not biodegradable and accumulate in the
environment for a long time [1]. Accumulation of these
metals leads to a severe problem for the health of living
creatures, especially humans [2, 3]. The primary cause of
the toxicity of these metals is the formation of a bond with
the thiol group of proteins, which changes their structure
[4]. The removal of these ions is essential not only because
of their toxicity but also for reusing them in industries [5].
As a heavy metal, copper is a vital element for the human
body and is a key factor in biological processes. However,
the excess of Cu®" may damage kidney and liver or cause
gastrointestinal distress and neurodegenerative diseases. To
avoid these problems, it is essential to detect Cu?* jons [3].

There are various methods to detect heavy metal ions
based on their range of concentration in the environment.
For example, Spectroscopy has been used to identify heavy
metals [6]. With remarkable achievements in nanotech-
nology and technology-based bioscience, biosensors are
already being used to detect such ions. Biosensors are
sensitive, specific, economical, and portable methods for
ion detection [7]. Graphene-based materials have been

@ Springer

studied in bioengineering for high biocompatibility, low
toxicity, high functionalization ability, and stable 2-D
structure [8]. Between graphene-based materials, graphene
oxide is the key material in developing carbon nanomate-
rials [9]. Liu et al. [10] suggested GO-modified Ag—In—-Zn—
S quantum dots in a fluorescent probe for Cu®*" ion
detection. The proposed biosensor showed a selective and
short-time response (1 min) in the range of 0-850 uM. In
another study, a fluorescent probe for Cu®" determination
based on the fluorescence quenching of glyphosate-func-
tionalized quantum dots was proposed by Liu et al. [11]. A
limit detection of 1.3 x 107> pg/mL and pH of 6.8 was
reported using the biosensor. They showed that surface
ligands affect the fluorescence response of quantum dots to
the ions and are, therefore, key factors of metallic ion
selectivity.

In the current paper, a novel detection method for cop-
per ions by incorporating the localized surface plasmon
resonance (LSPR) property of gold NPs is introduced.
Previous studies have found that the intensity and number
of the SPR peaks are strongly influenced by environmental
properties such as the refractive index [12]. In this work, an
electrochemical graphene oxide sensor was decorated by
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gold nanoparticles (AuNP) and functionalized with Gly—
Gly-His (GGH) tripeptide. Copper ions induce the struc-
ture change in GGH, and SPR responds to refractive index
changes with the affinity of a sensing surface. GGH oper-
ates as a copper ion receptor on the sensing surface because
of peptides that have highly selective metal-binding prop-
erties. Next, the optimization of the synthesis of GO—AuNP
hybrids was approved by TEM, XRD, and FTIR. The
optimum conditions (the different molar ratios of HAuCl4/
HEPES and reaction times) based on maximum gold
loading were evaluated. The response time, stability,
selectivity, and sensitivity of the sensor were studied in
detail. Results showed that the GO-Au-GGH sensor
showed a higher affinity towards Cu®" ions than the other
ions.

Experimental
Materials

Chloroauric acid (HAuCl,), potassium permanganate
(KMnOy,), sodium hydroxide (NaOH), hydrogen chloride
(HCI), sodium nitrate ( NaNO3), sulfuric acid (H,SOy,),
ethanol (C;HgO) were purchased from Merck. Gly-Gly-
His, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 11-Mercaptoundecanoic acid, N-(3-Dimethy-
laminopropyl)-N-ethyl carbodiimide hydrochloride (EDC),
N-Hydroxysuccinimide = (NHS), Copper(Il)  sulfate
(CuS0O,), were obtained from Sigma—Aldrich. pH was
adjusted using either NaOH or HCI solutions. All the
solutions were prepared with distilled water.

Synthesis of GO-AuNP and Optimization

The HAuCl4 solution (0.1 M) was prepared in distilled
water and stored in a refrigerator for further usage (at
4 °C).

GO was prepared using the modified Hummer’s method
[13]. 20 mg of prepared GO sheets were added to 20 ml
deionized water. The solution was under bath sonication
for 30 min; then, it was ultra-sonicated for 5 min. The
product was a light brown homogeneous GO solution with
a concentration of 1 mg/ml.

0.5 pL of GO solution (1 g/L) was mixed with HEPES
solution (0.05, 0.1, 0.15 M) and its pH adjusted to 7.4 at
room temperature. The mixture was ultra-sonicated for
5 min. HEPES has the piperazine ring, which consequently
results in the formation of nitrogen-centered free radicals.
Hence, HEPES synthesizes AuNPs as a reducing and
shape-directing agent [14]. It can also manage the subse-
quent growth of gold NPs [15]. 0.2 uL of HAuCl4 (0.1 M)
was added to the mixed solution. During the experiment,

the sample was kept away from light and the pH was
adjusted to 7.4.

To remove HEPES and any excess gold NPs, GO-Au
hybrids were centrifuged at 5000 rpm for 10 min. The
supernatant was eliminated and the same amount of water
was replaced and centrifuged again. In order to optimize
the production, two important parameters, namely the dif-
ferent molar (or concentration) ratios of HAuCI4/HEPES
(0.1/0.05, 0.1/0.1, and 0.1/0.15) and reaction times
(30 min, 60 min, and 90 min) were tested. The experi-
mental design was achieved using Design-expert software.

Based on experimental results, the optimized sample
was synthesized and prepared for functionalization of the
peptide.

Characterization of Samples

In order to study the surface structure and crystallinity of
the prepared GO and GO-Au, TEM images and XRD were
used. The characterizing functional groups of GO—Au was
investigated by FTIR.

GGH Functionalization

EDC and NHS have chemically activated Gold NPs [16].
The preparation of AuNPs functionalized with high
amounts of GGH peptide was catalyzed by EDC/NHS [17].
The amide bond between the AuNPs and GGH was
improved using EDC. In parallel, NHS was added to the
reaction mixture to enhance the efficacy of amide bonds
and protect it from hydrolysis [18].

GO-Au was incubated in 1 mg/mL sulfo-NHS and
0.5 mg/mL MUA (11-Mercaptoundecanoic acid) buffer
(pH 6.1). Following that, GGH peptide was mixed with a
concentration of 0.8 g/mL and stabilized for 30 min. 1 g/
mL EDC was then added to the mixture incubated (room
temperature, 16 h). The GO-Au-GGH was centrifuged
(14,000 rpm, 30 min) to eliminate the unfunctionalized
peptides. GGH functionalization was studied by FTIR and
UV spectrophotometry.

Cu®* lon Sensing
6-ml microtubes containing 60 p biosensor solutions with
different concentrations of copper were tested and read
after two minutes by LSPR absorption spectrophotometry
at a wavelength of 300-900 nm. All experiments were
repeated three times.

Calibration Curve

1 pL standard copper solution with a concentration of
10 mg/ml was prepared in the micro-tubes, which contains
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1 pL nano-bio sensing solution. After 2 min, it was mea-
sured by spectrophotometry at a wavelength of
300-900 nm. All experiments were repeated three times.

Selectivity of the LSPR Method

60 pL of Manganese was added to a micro-tube consisting
of 1 pL of nano-biosensor, then incubated and read after
two minutes by LSPR absorption spectrophotometry at a
300-900 nm wavelength. All experiments were repeated
three times.

Response Time and Stability Measurement

To determine the response time, the response of LSPR was
investigated through variations of absorption peak. 60 pL
of copper solution with a concentration of 0.01 M was
added to a micro-tube that contains 1 pL of nano-biosensor
solution. Results were shown after 0,3,6,9, 20, and 25 min
by LSPR absorption spectrophotometry at a wavelength of
300-900 nm.

To investigate the stability of biosensors, Results were
read after first, Sth, 10th, and 20th by LSPR absorption
spectrophotometry at the same wavelength.

Results and Discussion
Experimental Design

Response surface methodology (RSM) is a statistical
method for optimizing complex processes. RSM needs the
minimum number of experimentations and is an efficient
and fast technique compared to other methods [19]. Central
composite design (CCD) with a quadratic model was used
to investigate the effects of independent variables incuba-
tion time and molar ratios of HAuCI4/HEPES. The mini-
mum and maximum values for the time were set at 30 and
90 min, and molar ratios of HAuCl4/HEPES were 0.1/0.05
and 0.1/0.15 as well. These two parameters play important
roles in the gold loading mechanism. The experiments were
repeated three times.

The statistical significance of the model was assessed by
F values and analysis of variance (ANOVA), as presented
in Table (in supplementary). The optimal conditions
obtained using Design Expert software. The results
revealed that the optimum conditions based on maximum
gold loading are 71 min for incubation time and 1 for
molar ratios of HAuCIl4/HEPES, respectively.
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Fig. 1 a XRD pattern of GO-AuNPs (black line), GO (gray line),
b presents the UV—Vis spectra of the different stages of modification.
Bare GO-AuNPs (solid line), GO-AuNPs modified by MUA (dotted
line), GO—AuNPs—-MUA activated by EDC/NHS (dashed line), GO—
AuNPs-GGH (double solid line)

UV-Vis Absorption Spectroscopy

The first step in validating GO-AuNPs formation was done
using UV-Vis spectroscopy equipped with Cary Win UV
software. UV-Vis spectra of GO—AuNPs and GO show a
sharp peak at 537 nm in the GO—AuNPs spectrum that does
not exist in the GO spectrum (supplementary). This peak
verifies the formation of AuNPs on GO from HAuCl4. The
peak height directly correlates with the content of AuNPs
loaded onto GO in that the higher the peak height, the more
AuNPs were loaded onto GO. Ting et al. [20] synthesized
graphene quantum dots conjugated with gold NPs as an
electrochemical sensor for Hg** and Cu”" detection. They
achieved a peak of 533 nm for GO—Au, which confirms our
result.

Characterization of Samples

FTIR was done to determine the functional groups in GO-
AuNPs. In the FTIR spectrum (in supplementary) of GO—
AuNPs, apart from functional groups reported by other
studies on GO, one peak was observed at 649 cmfl, which
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Fig. 2 FTIR spectra of different stages of modification. Bare GO-
AuNPs (solid line), GO-AuNPs modified by MUA (dotted line), and
final NP: GO-AuNPs-GGH (dashed line)

was related to the Au—O—Au vibrational bond. Saini et al.
[21] also reported Au—-O-Au peak transcription at
655 cm™ . It was also considered that the peak intensity at
2923 and 2853 cm™ ' (-CH,) and 1741 cm ™! (C = O bond)
decreased, which may be due to the attachment of gold NPs
onto GO. The results are similar to those found by Aravind
et al. [22] and Kim et al. [23], who worked on the elec-
trochemical sensors of AuNP-modified graphene compos-
ites to detect lead and cholesterol, respectively.

The TEM image of GO and GO-AuNPs is in supple-
mentary. The image represents the fairly uniform distri-
bution of gold NPs on the surface of GO, which is
important in the hybrid structure of GO and AuNPs. Ara-
vind et al. [22] observed that gold nanostructures are
accumulated in some zones while analyzing their synthe-
sized AuNP-graphene biosensor.

XRD pattern was used to characterize the optimum
formation of GO-AuNPs shown in Fig. la. The pattern of
synthesized GO dispersion seen in the figure can be con-
sidered as confirmation of the loading of gold on the GO
surface. As shown in Fig. 1a, GO has two peaks at 20 of
9.31° and 25.56°. Luo et al. [24] obtained peaks for GO
similar to the obtained peaks in this study. Related peaks to
GO-AuNPs are as follows: 38.3° (111), 44.4° (200), 64.7°
(220), 77.6° (311), and 81.7° (222), which confirm the
formation of gold NPs on graphene according to the Gold
Standard (JCPDS 89-3697).

GGH Functionalization

In Fig. 1b, the absorption diagram of different gold NPs is
shown in four stages. For GO-AuNPs, the absorption peak
of LSPR is observed at 530 nm (Fig. b solid line),
whereas the absorption peak for the gold NP changed

viaMUA shifts to 550 nm (Fig. 1b dotted line). This red-
shift shows that the reaction between gold and sulfur
causes the adsorption of alkanethiol molecules on the GO-
Au surface. Furthermore, the formation of single-layer
alkanethiol layers around the gold NP has led to a change
in the absorption spectrum.

Activation by EDC/NHS was verified via the reduction
of LSPR absorption peak at 550 nm (Fig. 1b dashed line),
which showed surface changes on a metal NP. This mod-
ification causes accumulation and binding. The changes in
the diagram confirmed the esterification of the terminal
carboxyl groups in the NHS, which eliminated carboxylic
ionization and neutralized the surface NPs.

Figure 2 displays the comparison of FTIR diagrams of
GO-AuNPs, GO-AuNPs modified by MUA and GO-
AuNPs—GGH. The peak is appearing at 1467 cm™ ' related
to the C—H; bond. Crooks et al. [25] observed peaks at
2934, 2979, and 1467 cm ™" for the C-Hj; bond. The FTIR
analysis confirms the binding of the peptide to the GO-Au.
As shown in Fig. 2, the peak related to the C—H; bond
dropped to 1400 cm™' and, this confirms the peptide
loading on GO-Au.

0 5 10 15 20 25 30
Time (min)

Absorbance Change (%)
2

Day

Fig. 3 a The biosensor response time (absorbance changes) versus
time (minutes) at 0.1 uM of copper concentration, b biosensor
performance (absorbance changes in %) versus time (days) at a
copper concentration of 0.1 uM
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Table 1 Comparison of other studies on Cu®" ion detection

Author/year Sensor Response time (min)

Chen et al.[27]/2009 Rhodamine B hydroxylamide 120

Muthuraj et al.[28]/2014 Indole-3-carboxaldehyde functionalized fluorescein hydrazine -

Pal et al.[29]/2015 Schiff base derived from rhodamine hydrazide and cinnamaldehyde 0.083-0.16

Tang et al.[30]/2016 Naphthalimide- rhodamine dyad 1>

Chen et al.[31]/2017 Gold nanocluster 15

Huang et al.[32]/2017 Meso-tetra(4-sulfonatophenyl)porphine dihydrochlorid 0.16
assembeled SiOj-encapsulated B-NaYF,:Yb,Er,Gd nanorods

Wang et al.[33]/2017 Hydrazone bearing 1,8-naphtalimide & pyrrole moieties 5

Kim et al.[34]/2017 Aniline- functionalized silica NPs 3

Bao et al.[35]/2018 1,8-naphthalimide- based derivative 1>

In this study GO-Au-GGH 9

Detection of Copper

As mentioned in the previous sections, the LSPR wave-
length is sensitive to the change in the refractive index.
Hence, changes in the refractive index in the adjacent NP
environment will change the LSPR wavelength [26].

The response time of the LSPR absorption peak varia-
tions of copper ions with different concentrations is shown
in supplementary. As can be seen, the copper ion causes
changes in the LSPR absorption peak. Changes in the
structure of the protein were observed to result in changes
in the LSPR peak absorption. Decreasing copper ion con-
centration increased the peak difference.

Calibration Curve
The calibration curve of the biosensor is shown in sup-

plementary. There is a linear relationship between changes
in the absorption peak of the LSPR and the concentration

0.25

Cu Ca K Na Mg

Fig. 4 Specificity of the biosensor response versus copper ion and the
other ions in water at 10 nM of ions
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of copper. A linear range of 0.01 nM-0.1 uM was
observed. The sensitivity of the biosensor can be calculated
by using the slope of the line diagram of changes in the
absorption peak of the LSPR and the concentration of the
copper ion. The sensitivity of the biosensor to the copper
ion was calculated as 0.08 nm/pM. The detection limit of
an individual analytical procedure is the lowest amount of
analyte in a sample which can be detected but not neces-
sarily quantitated as an exact value. Several approaches for
determining the detection limit are possible. The limit of
detection (LOD) was calculated based on the following
equation:

3 x standard deviation of low concentration
LOD =

slope of the calibration line

By this method, LOD was obtained as 0.00883 uM or
8.83 nM.

Response Time and Stability

In order to examine biosensor response, it was alternately
exposed to a certain amount of copper ions. Figure 3a
shows the time response of the LSPR absorption. As you
can see, after nine minutes, the difference between peaks
increased and reveal that the response time of
GO_Au_GGH is 9 min. The response time of the biosensor
compared with other Cu" ion detection studies in Table 1.

For stability purposes, biosensor response was tested at a
concentration of 60 uM in a 20-day interval, as measured
by the changes in LSPR peak absorption to copper ion. As
seen in Fig. 3b, after a 20-day period at refrigerator tem-
perature (4 °C) [36], the biosensor response changed and
decreased by 42%.
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Table 1 comprise the results of Cu?" ion detection
researches in recent years. As it is obvious, GO-Au—-GGH
is a sensitive and accurate sensor.

Selectivity

Another critical parameter to be considered is biosensor
specificity. For this purpose, the number of changes in the
absorption peak of the LSPR sensor was evaluated in the
form of the specific concentrations of various ions (K T,
Nat, MN? + Ca). The biosensor was seen to have good
specificity to copper ion, as shown in Fig. 4.

Conclusions

In this study, GO was used as a suitable nanoclay for
loading gold ions and GGH. Modified Hummer’s method
was used to synthesize GO, and characterized by XRD,
UV-Vis spectrometry, and TEM. Next, Gold ion was
coupled to the surface of GO and the process of bonding
gold ions to GO surface optimized using different times
and the concentration ratios of HEPES/graphene. An
optimum sample was selected for ultraviolet absorption
spectroscopy. Gold loading on GO was then discussed and
confirmed using XRD, FTIR, and TEM images. GGH
coupling was performed by the reaction between the amine
and carboxyl groups and forming amide groups in the
presence of EDC/sulfo-NHS. The loading of the peptide on
nanohybrid was confirmed by FTIR and UV-Vis
spectrometry.

The results demonstrate that the GO-Au—GGH biosen-
sor is highly sensitive to Cu®" and nearly insensitive to
K",Nat MN2* Ca®>" ions, with a detection limit of
8.83 nM. The response time was evaluated 9 min. The GO-
Au-GGH biosensor was also very stable and easily reused,
confirming it as an efficient and sensitive Cu®" ion detec-
tion device.
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