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Abstract
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In this paper, we describe the development of a nanoplasmonic biosensor based on the localized
surface plasmon resonance (LSPR) effect that enables a sensitive and selective recognition of
copper II ions. First, we fabricated the nanoplasmonics as LSPR substrates using gold nanorods
(GNR) and the nano-adsorption method. The LSPR sensitivity of the nanoplasmonics was
evaluated using various solvents with different refractive indexes. Subsequently,
D-penicillamine (DPA)—a chelating agent of copper II ions—was conjugated to the surface of
the GNR. The limit of detection (LOD) for the DPA-conjugated nanoplasmonics was 100 pM.
Furthermore, selectivity tests were conducted using various divalent cations, and sensitivity tests
were conducted on the nanoplasmonics under blood-like environments. Finally, the developed
nanoplasmonic biosensor based on GNR shows great potential for the effective recognition of
copper II ions, even in human blood conditions.

Supplementary material for this article is available online
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1. Introduction

With the advancement of technology, the use of metals is
increasing, along with problems associated with the presence of
metals in the human body [1, 2]. In the past, diseases caused by
heavy metals such as lead, mercury, and cadmium posed the
most significant problem [3]. However, many studies also indi-
cate that, nowadays, non-heavy metals such as aluminum, silver,
and copper can also cause damage to the human body [4, 5].
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Copper exists in the human body and is composed of several
organisms: cytochrome c oxidase, the respiratory enzyme, and
ceruloplasmin, which is essential for iron metabolism [6]. For
example, the body of a healthy individual maintains a
14.5-18.0 M concentration range of copper in the blood [7-9].
In addition to iron metabolism regulated by copper, numerous
diseases are linked to the deficiency of trace elements. An ele-
vation of the concentration of copper Il ions in the human body
can lead to Wilson’s disease [10], and the concentration of
copper in cancer patients was determined to be higher than that of
a healthy person (breast cancer: 23.9 + 3.4 yM; pulmonary
cancer: 22.9 £ 6.2 uM; gastrointestinal cancer: 20.1 & 3.2 uM;

© 2018 IOP Publishing Ltd  Printed in the UK


https://orcid.org/0000-0001-8096-7286
https://orcid.org/0000-0001-8096-7286
https://orcid.org/0000-0001-7365-0395
https://orcid.org/0000-0001-7365-0395
mailto:shinedew@korea.ac.kr
mailto:177hum@yuhs.ac
https://doi.org/10.1088/1361-6528/aab4c4
https://doi.org/10.1088/1361-6528/aab4c4
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aab4c4&domain=pdf&date_stamp=2018-03-28
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aab4c4&domain=pdf&date_stamp=2018-03-28

Nanotechnology 29 (2018) 215501

Y Hong et al

gynecological cancer: 26.2 £ 7.0 uM) [7]. A decrease in the
concentration of copper can cause Menkes disease and horn
syndrome, and an individual with Alzheimer’s disease has a
lower concentration of copper than a healthy person [8, 11].
Moreover, according to a recent study, copper is essential to
oncogenic BRAF signaling and tumorigenesis [12]. In addition,
research for the destruction of breast cancer by targeting copper
has been reported [13]. Accordingly, studies monitoring the
concentration of copper II ions in the blood are important.

There have been many studies on the methodologies for
the detection of copper. The inductively coupled plasma mass
spectrometer is the most commonly used method [14, 15], but
this equipment is very expensive, and the samples must be
dissolved in a separate solvent in order to obtain accurate
results; therefore, it is not suitable for continuous measure-
ments. The atomic absorption spectrometer requires its own
lamp for elemental analysis, and measurements are time-
consuming because the lamp must warm up; for these reasons
this method is also not suitable [16]. Further, copper can also
be detected by colorimetry through gold nanoparticles [17] or
bio-conjugated particles [18], electrochemistry using organic
molecules [19] or DNAzyme [20], and the fluorescence
method using gold nanoclusters [19] or copper nanoparticles
[21]. Although many studies have measured copper Il ions in
blood samples, monitoring is difficult.

In this study, we developed a recognition method with
high sensitivity and selectivity from blood-like samples. We
measured copper II ions using a plasmon shift by localized
surface plasmon resonance (LSPR). LSPR is a special optical
property of metal nanoparticles that detects target molecules
by observing a shift in the extinction or scattering spectrum
[22]. We selected gold nanorods (GNR) owing to their strong
absorption in the near infrared spectral region which reduces
the influence of visible light [23]. Moreover, in order to
selectively detect copper Il ions, we used an upgraded system
to detect copper in a blood-like sample compared to pre-
viously reported works [24, 25]. On the other hand,
D-penicillamine (DPA) is a chelator that selectively binds to
copper II ions, and it is possible to lower the copper con-
centration in the human body using DPA; it has been used as
a therapeutic agent for Wilson’s disease [26]. Therefore, we
assumed that the DPA may bind the copper in the blood-like
sample. To ensure that the nanoplasmonic substrates (GNR
covered with DPA) could measure the copper II ions in the
blood sample, samples were prepared by human serum
albumin (HSA) (40 g Lfl), which accounts for 60% of serum
proteins. The DPA-covered nanoplasmonics recognized the
copper II ions in deionized (DI) water (the limit of detection
(LOD) was 100 pM) and in the blood-like sample (the LOD
was 1 nM).

2. Materials and methods

2.1. Materials

Gold (IIT) chloride trihydrate, hexadecyltrimethylammonium
bromide (CTAB), sodium borohydride, ascorbic acid, silver

nitrate, D-penicillamine, hydrogen peroxide (H,SO,), sulfuric
acid (H,O;) and 3-aminopropyltrimethoxysilane solution
were purchased from Sigma-Aldrich. Reagents were dis-
persed in DI water. Polyethylene glycol (CM-PEG-SH, MW:
5000) was purchased from Laysan Bio, Inc.

2.2. Synthesis of GNR

Uniform GNR were synthesized using a seed-mediated growth
method, as indicated in a previously published protocol with
some modifications [23]. In brief, to prepare the gold-seed
solution, 250 uL. of 10 mM gold (II) chloride trihydrate was
added to 7.5 ml of 93 mM CTAB solution, and then 0.6 ml of
10mM cold sodium borohydride was added to the mixture
with vigorous stirring. The mixture was allowed to react for
2 min and then stored at room temperature for 3 h. The growth
solution was prepared based on 9.5ml of 93mM CTAB
solution, and then 80 uL. of 10 mM silver nitrate solution,
0.5 ml of 10 mM gold (IIT) chloride trihydrate solution, 55 uL.
of 100 mM ascorbic acid solution, and 12 uL of the gold-seed
solution were sequentially dropped into the CTAB solution.
The mixture was stored at room temperature for 6 h. The
resultant solution was centrifuged at 15 000 rpm for 30 min to
remove excess CTAB molecules and re-dispersed in 5 ml of DI
water. Polyethylene glycol (PEG)-coated GNR (PGNR) were
prepared as outlined in our previous report [27]. To prepare the
PGNR, the GNR were coated with hetero-bi-functionalized
PEG as a stabilizer. Then, 50 mg of CM-PEG-SH was added to
5 ml of GNR solution (4.73 mM of Au) and the mixture was
allowed to react for 48 h at room temperature. The resultant
solution was centrifuged at 15000 rpm for 30 min to remove
unbound CM-PEG-SH molecules and re-suspended in 5 ml of
DI water.

2.3. Fabrication of GNR-based nanoplasmonics

The nanoplasmonic substrates were fabricated using the nano-
particle adsorption method previously described in a published
report [23]. Glass cover slides (12mm &) were cleaned in
piranha solution (3: 1 = H,SO,4: 30% H,0,). After cleaning in
piranha, the slides were thoroughly rinsed with DI water and
dried. To coat the glass cover slides with the amino-group, the
glass cover slides were then immersed in 5 ml of ethanol con-
taining 100 pL of 3-aminopropyltrimethoxysilane solution for
24 h. After the reaction, the glass cover slides were successively
rinsed with an excess of DI water and ethanol and then dried.
Subsequently, the amino-group-coated glass cover slides were
immersed in PGNR solution (0.473 mM of Au) for 24 h, rinsed
with DI water, and dried. Here, DPA-conjugated nano-
plasmonic substrates were prepared using pre-fabricated PGNR-
coated nanoplasmonic substrates with the addition of 1 ml of
1 uM DPA for 24h. After the reaction, the DPA-covered
nanoplasmonics were rinsed with DI water and dried.

2.4. Setup of LSPR

The nanoplasmonic substrates were put into a homemade
LSPR sensing system [23]. The LSPR sensing system was
composed of a fiber-coupled quartz-tungsten-halogen lamp
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Figure 1. Schematic illustration of the recognition of copper II ions by
for the extinction spectrum of D-penicillamine- (DPA) conjugated gold
of DPA and copper 1I ions on a GNR-based nanoplasmonic substrate.

localized surface plasmon resonance (LSPR). (a) Measuring process
nanorod (GNR) substrate. (b) Schematic illustration of the chelation
(1) Symbols for GNR, copper II ions, and DPA. (ii) Molecular

formation of the chelation of DPA and copper II ions. (iii) Blue-shift in the extinction spectrum of the substrate after the chelation of DPA

and copper 1II ions.

with a collimating lens and tilting mirror to change the beam
path of the light source to the vertical direction, which can
irradiate the bottom of the surface of a nanoplasmonic sub-
strate. Finally, the irradiated light was collimated by the
focusing lens to a portable spectrometer (figure 1(a)).

2.5. Selectivity test for copper Il ions in a blood-like
environment

For the selectivity test of copper II ions using nano-
plasmonics, various metal ions, such as Fe”, Mn”, Na™,
Ca*", Zn*" and Ag™, were prepared at the same copper II ion
concentration (1 nM). Furthermore, to investigate the poten-
tial of the DPA-covered nanoplasmonics for a blood-like
environment, HSA was added to the sample solution. The
final concentration of each metal ion and HSA was adjusted
to 1 nM and 40 gL' in the sample solution.

3. Results and discussion

First, we fabricated GNR-based nanoplasmonics for the
recognition of copper II ions. The nanoplasmonics was
positioned between the light source and the detector
(figure 1(a)). In our method, DPA plays a key role because it
acts as a chelating agent for the copper Il ions (figure 1(b)). It
is known that two DPA molecules can chelate copper II ions,
as shown in figure 1(b), and that the reaction leads to the
detachment of the DPA from the surface of the GNR. This
results in a blue-shift of the extinction signals, and the degree
of the blue-shift quantifies the copper Il ions. Furthermore, we
selected GNR as the sensing elements on the nanoplasmonics

because GNR possess unique optical characteristics, such as a
highly sensitive refractive index (RI) and tunable wavelength
band which can be achieved by adjusting their aspect ratio.
Thereby GNR exhibit excellent properties for an LSPR
nanosensor without DPA [28].

The GNR were synthesized by previously published
protocols with some modifications [23]. To immobilize the
GNR to the glass substrate effectively, we prepared PGNR
(figure 2(a)). The end-terminals of the PEG were made of
thiol and carboxyl groups. The thiol functionalized PEG was
conjugated with the surface of the GNR, therefore, the surface
of the GNR was modified to a carboxyl group-terminated
PEG. After preparation of the PGNR, we observed the size
and morphology of the GNR and the PGNR using a trans-
mission electron microscope (Jeol 1010) (figure 2(b)). We
determined that the transverse length of the PGNR was
10.5 £ 0.8nm and the longitudinal length was 36.1 +
1.2nm (n = 100). From these results, the aspect ratio of the
PGNR was calculated to be approximately 3.5. The absor-
bance spectra of the GNR and the PGNR, which were dis-
persed in DI water, were measured by an ultraviolet—visible
spectrometer (figure 2(c)) (UV-1800, Shimadzu). For the
GNR, CTAB molecules surrounded the GNR, and a number
of CTAB molecules existed in the DI water. Therefore, GNR
can be dispersed in DI water through electrostatic repulsion.
The absorbance peaks of the GNR were at 805nm and
510 nm. However, some residue spectrum appears above a
wavelength of 900 nm due to the CTAB. For the PGNR,
absorbance peaks of the PGNR were at 789 nm and 510 nm. It
is well-known that a red-shift is caused by an attachment of
specific molecules on the surface of a metal nanoparticle;
however, in our case, a blue-shift was observed which was
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Figure 2. (a) Schematic illustrations of CTAB-coated GNR (left) and PEG-coated GNR (right). (b) Transmission electron microscopic images
of GNR. The left image is bare GNR and the right image is PEG-coated GNR (PGNR). (c) Absorbance spectra of GNR and PGNR. Inset:

a photograph of the GNR and PGNR.
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Figure 3. (a) Extinction spectra of attached PGNR on a glass substrate in different solvents. (b) The maximum wavelength of extinction

spectra in (a) according to different refractive indexes of solvents.

possibly due the removal of an excess of CTAB molecules for
longitudinal peaks in the absorbance spectra between GNR
and PGNR. Furthermore, the relationship between the aspect
ratio and the positions of the peaks of the PGNR showed
good agreement. The absorbance peaks were generated at
visible and near-infrared regions because of the collective

oscillation of electrons surrounding the GNR and the PGNR
along the longitudinal and the transverse axes of the GNR and
the PGNR respectively. After the preparation of the GNR and
PGNR, colloidal stabilities were also investigated (inset of
figure 2(c)). As shown in the inset of figure 2(c), the colors of
the GNR and PGNR were almost the same (reddish-brown),
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Figure 4. (a) Schematic illustration of the sensing mechanism using GNR-based nanoplasmonics for copper II ion detection. (b) Shift in
maximum wavelength (A)\,,.,) in the extinction spectra of nanoplasmonic substrates depending on changes in the concentration of copper II
ions. The shaded red box represents the limit of detection (LOD) for GNR-based nanoplasmonics.

indicating excellent solubility for the DI water and colloidal
stabilities without any aggregation and precipitation for over
30 days. Collectively, these results suggest that the PGNR as
sensing elements for a nanoplasmonic substrate were uni-
formly synthesized, and the prepared PGNR demonstrated the
potential for sensitive and precise LSPR sensing for the
recognition of copper II ions.

Before the copper II ion detection using GNR-based
nanoplasmonics, we investigated the sensitivity of a bare
PGNR-coated nanoplasmonic substrate (before the DPA
conjugation) (figure 3(a)). As shown in previously published
reports [29-31], the sensitivity of LSPR-based sensing sub-
strates was investigated depending on the change in the RI
using various dielectric media with a different RI (air: 1.000,
methanol: 1.328, water: 1.333, ethanol: 1.361, and chloro-
form: 1.490). When the RI of the dielectric media was
increased, the position of the peak wavelength of extinction
was red-shifted. Subsequently, the sensitivity toward the
change in the RI of the surrounding dielectric media was also
calculated for the bare PGNR-coated nanoplasmonic sub-
strate, and the sensitivity of the nanoplasmonic substrate
yielded 184.17 nm/RI unit (figure 3(b)). This sensitivity is
comparable to previously published reports using the
extinction of the ensemble of the GNR. From these results,
we confirmed that prepared bare PGNR-coated nano-
plasmonics can be applied to detect a low concentration of

biomolecules, such as copper II ions, by varying the sur-
rounding RI of bare PGNR.

Subsequently, the copper II ion detection capability of
the nanoplasmonics was investigated (figure 4(a)). As men-
tioned earlier, DPA plays a key role in the sensing mechanism
of our sensing system. As shown in figure 4(a), DPA was
detached from the PGNR due to the chelation with copper II
ions. The detachment of the DPA from the surface of the
GNR caused a blue shift. The detachment of the DPA from
the surface of the GNR caused a blue shift. First, the
extinction spectra were measured from the nanoplasmonic
substrate after DPA conjugation in DI water with various
concentrations (figure S1 is available online at stacks.iop.org/
NANO/29/215501 /mmedia). The extinction spectrum of the
DPA-conjugated nanoplasmonic substrate was red-shifted to
a maximum of 21.2nm by 100nM of DPA from the bare
PGNR-coated nanoplasmonic substrate. In order to carry out
a quantitative analysis of copper II ion detection, the extinc-
tion spectra were analyzed with various concentrations of
copper II ions using DPA-conjugated nanoplasmonics
(figures 4(b), S2). Based on the maximum wavelength (\.x)
blue-shift of the extinction spectra due to the detachment of
the DPA from the surface of the PGNR, we confirmed that the
efficiency of the detection of copper Il ions was dominantly
determined by the concentration of copper II ions. As the
concentration of copper II ions increased, \.x blue-shift of


http://stacks.iop.org/NANO/29/215501/mmedia
http://stacks.iop.org/NANO/29/215501/mmedia

Nanotechnology 29 (2018) 215501 Y Hong et al
a) 120 - b) 120 1 R |
) d d )
100 - 100 -
:\: é 80 -
- 80 - x
: :
g <
= < i
S e- S 60
—
S 40 s 407
1’4
20 - 20 - i
0 - 00— T T S
AR S N 3 & o~
(4 < OF N N o) o)
TS ITINIY o X0 & &
3 < ¥ ol & &
o® > « X x
Q
S S o
> o NS
() xX

Figure 5. (a) Relative shift of the maximum wavelength (A M., in the extinction spectra of nanoplasmonic substrates for indicated ions,
including copper II ions. (b) A\.x in the extinction spectra of nanoplasmonic substrates for a human blood-like environment. The sample
solution was mixed with human serum albumin (HSA, 40 g L™") and 1 nM of various ions. ‘HSA only’ represents the sample solution
containing only HSA. ‘HSA + Cu®"” represents the sample solution containing HSA and copper II ion. ‘HSA + Cu®*" 4 other ions’
represents the sample solution containing HSA and ions (Cu®", Fe?*, Mn*", Na™, Ca®", Zn™ and Ag™). ‘HSA + other ions’ represents the
sample solution containing HSA and ions (Fe2+, Mn2+, Na™, Ca2+, Zn" and Ag*) without copper II ions.

extinction spectra also increased. Moreover, the dynamic
range of the nanoplasmonic substrate was from 1 M-100
pM. There was a large standard deviation of the blue-shift
of the peaks in the extinction spectrum at 0.01 nM
(4.0 £+ 6.4 nm); therefore, the LOD was determined to be 100
pM (9.1 £ 0.6 nm). This LOD value for the nanoplasmonic
substrate was higher than the inductively coupled plasma
mass spectrometer [14] and the atomic absorption spectro-
meter [16] analytical method by approximately a factor of 10
to 1000.

Furthermore, a selectivity test for copper II ions was also
carried out for DPA-covered nanoplasmonics with various
ions (figures 5(a) and S3). Besides the copper II ions, biolo-
gically and environmentally affected metal ions were selec-
ted, such as Fe*", Mn*", Na™, Ca®", Zn®" and Ag™, at an
identical concentration of 1 nM. The percentage of the rela-
tive blue-shift of the peak was determined to be % relative
Adnax = Adpay for other ions/ A\, for 10 nM of copper 11
ions. For the other ions, changes in the blue-shift of the peak
were scarcely observed compared to copper II ions, which
have better selectivity compared with our previous research.
[32, 33]. From these results, the developed sensing strategy is
considered suitable for the detection of copper II ions using a
DPA-conjugated nanoplasmonic substrate down to 100 pM,
and the selectivity to copper II ions was also verified.

Finally, sensitivity tests for the nanoplasmonic substrate
in a blood-like environment were conducted using HSA
(figures 5(b) and S4). The concentration of HSA was set to
40 g L™ ! because the reference range for the concentration of
HSA is typically between 35-50gL~" [34]. The sample
solution was prepared by mixing with copper II ions or other
ions. For the sample solution containing only HSA, a negli-
gible value for the blue-shift of the peak was exhibited
(10.96 + 0.56 nm) because of disulfide bonding between the
DPA and albumin [35]. On the other hand, the sample solu-
tion containing HSA as well as 1 nM of copper II ions
exhibited a significant blue-shift of the peak (33.4 +
0.53 nm). Furthermore, the sample solution containing HSA
with a mixture of 1 nM of Fe?", Mn?*, Na™, Ca®>*, Zn>* and
Ag+, consecutively, showed a smaller blue-shift than the
HSA only state because of the structural change of albumin
(4.26 & 1.11 nm). The structural change of albumin occurs
with metal ions which decrease the binding affinity of HSA
and DPA [36]. A sample solution containing HSA and copper
II ions with other ions (Fe**, Mn>", Na", Ca®", Zn*" and
Ag™) was also prepared, and the resultant blue-shift of the
peak was 27.5 £ 1.28 nm. These results provide the potential
to distinguish a biologically meaningful concentration (tens
of uM) of copper II ions in human blood conditions through
a blue-shift of the peak in the extinction spectrum using
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DPA-conjugated nanoplasmonic substrates. From these data,
our plasmonic sensor demonstrates the potential to detect
heavy metal ions, such as mercury, cadmium, and lead
[34, 37, 38].

4. Conclusions

We developed GNR-based nanoplasmonics covered with DPA
as a chelating agent for the sensitive and selective sensing of
copper II ions. As the DPA chelated to the copper II ions, the
DPA was detached from the surface of the GNR. This behavior
resulted in a blue-shift in the extinction spectrum of the GNR-
based nanoplasmonics. Using this mechanism, copper II ions
were recognized down to 10 pM in DI water and 1 nM in serum
protein containing media. Thus, the GNR-based nano-
plasmonics covered with DPA shows great potential as a sen-
sing tool-kit for the recognition of specific ions using the LSPR
effect, even under blood-like environments.
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