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Single Gold Nanorod as Plasmon Resonance Energy 

Transfer Based Nanosensor for High Sensitive Cu(II) 

Detection 
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‡
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‡
, X.-Y. Liu and Y.-T. Long*  

Plasnon resonance energy transfer (PRET) has been widely applied in the detection of bio-

recognition, heavy metal ions and cellular reactions with high sensitivity based on the 

overlap between plasmon resonance scattering band of nanoparticles and absorption band of 

surface modified chromophore molecules. Previous sensors based on PRET are all 

implemented on gold nanospheres with scattering light at the range of 530 to 600 nm. In this 

work, we developed a PRET based nanosensor on thiol-di(2-picolyl)amine modified single 

gold nanorod for the detection of Cu2+ ions in aqueous solution with high sensitivity and 

selectivity. Compared with nanospheres, gold nanorods with tunable and wide plasmon 

resonance bands from near-infrared to infrared region exhibit more promising potentials in 

acting as sensing probes. 

 

 

Introduction 

Plasmonic nanoparticles have been investigated and applied in 

many fields due to their surface plasmon resonance bands.1 

Particularly, gold nanoparticles (GNPs) with highly water-

soluble and biocompatible properties are increasingly applied to 

construct sensors for biomolecules such as DNA, metal ions 

and cellular imaging.2 Since the application of advanced optical 

instruments including dark-field microscopy (DFM), the 

scattering spectra of plasmonic nanoparticles were enabled to 

be monitored effectively at single nanoparticle level.3 Notably, 

in contrast to gold nanospheres, gold nanorod (GNR) sensors 

have shown larger spectral shifts and higher sensitivity on 

refractive index changes of the environment.4 Furthermore, 

while the resonance scattering bands of gold nanospheres are 

located in a narrow range from ca. 530 nm to ca. 600 nm, the 

plasmon resonance band of nanorods could be modulated in a 

wide range from near-infrared to infrared region by adjusting 

their aspect ratios.5 Therefore, GNRs with various size and 

optical resonance bands have been widely exploited in 

numerous fields including probing heavy metal ions, biological 

interaction, in vivo analysis, as well as photothermal therapy.6 

In 2007, the phenomenon of plasmon resonance energy transfer 

(PRET) from gold nanospheres to surface modified 

Cytochrome c has been reported.7 PRET process occurs on the 

plasmonic nanoparticles with modified chromophore 

molecules. When the frequency of plasmon resonance band of 

metal nanoparticles is matched with the frequency of electronic 

absorption band of molecules, the resonance energy would 

transfer from nanoparticles to the adsorbed molecules, resulting 

in the quenching of the plasmonic scattering spectra. The 

quantized quenching positions are exactly consistent with the 

absorption peaks of the chromophores. PRET provides an ultra-

sensitive method for the detection of hundreds of molecules on 

the single nanoparticle surface. So far, it has been utilized to 

design high sensitive and selective probes due to that PRET 

only takes place when the frequency of the probe overlapped 

with the analytes.8 

Copper is one of the essential elements for living organisms. 

However, long term exposure to a high level of copper can 

cause gastrointestinal disorders, liver or kidney diseases. In the 

past decades, considerable efforts have been made to detect 

Cu2+, such as optical and electrochemical methods.9 Particularly, 

most optical methods for the detection of copper ions are 

generally based on organic dyes. However, organic 

chromophores or fluorophores have limitations on sensitivity or 

low water solubility. To overcome these limitations, plasmonic 

nanoparticles have been used to construct optical sensors with 

high sensitivity in aqueous solutions.  

Previous works on PRET are mainly implemented on 

nanospheres with resonance bands at visible range less than 600 

nm. It is worthy to note that nanorods with high scattering 

intensity and controllable peak wavelength could offer 

excellent nanoprobes for the PRET detection with high 

efficiency. It is readily to achieve the match of scattering band 

of plasmonics with the absorption band of surface modified 

chromophores. Herein, in this study, we observed PRET on the 
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gold nanorods for the first time and reported a PRET-based 

nanosensor for the determination of Cu2+ in aqueous solution. 

To construct the PRET sensor, we designed and synthesized a 

compound TDPA which has a thiol group (-SH) and a receptor 

di(2-picolyl)amine moiety (DPA) that has high affinity to Cu2+ 

with excellent selectivity. Furthermore, the sensor at single 

nanorod level provides high spatial resolution and sensitivity.  

 

Experimental section 

Reagents and materials  

All reagents were of analytical grade. Gold chloride trihydrate 

(HAuCl4·3H2O, >99.0%), sodium citrate, hydroxylamine 

hydrochloride, 2-Pyridinecarbaldehyde, pyridin-2-

ylmethanamine, 1,2-dibromohexane, potassium thioacetate 

were purchased from sigma (USA). Absolute ethanol, acetone, 

CuSO4·5H2O, Zn(NO3)2, Pb(NO3)2, Cd(NO3)2, CaSO4 and 

other materials were purchased from Sinopharm Chemical 

Reagent Company (Shanghai, China). Gold nanorods (40 nm × 

68 nm; 40 nm × 84 nm; 40 nm × 96 nm; 10 O.D.) were 

purchased from Nanoseedz (Hong Kong, China). Ultrapure 

water with a resistivity of 18.2 MΩ·cm was produced using a 

Milli-Q apparatus (Millipore, USA) and used in the preparation 

of all the solutions. The indium tin oxide (ITO) slides were 

purchased from Geao Co. Ltd. (Wuhan, China). 

Preparation of the GNPs  

All glassware was immersed in an aqua regia solution (3:1 

HNO3 /HCl) for 12 h (CAUTION: Aqua regia is strong acid 

and is highly corrosive; it should be handled with care) and 

then rinsed several times with ultrapure water before use. Seed 

GNPs with diameters of 13 nm were prepared according to a 

procedure that has been described previously.10 In brief, 50 mL 

of 0.01% wt% HAuCl4 was added to a 100 mL round-bottom 

flask that was equipped with a condenser. The solution was 

brought to a rolling boil under vigorous stirring, and 5 mL of 

38.8 mM sodium citrate was rapidly added to the vortex of the 

solution; the addition of sodium citrate caused the color to 

change from pale yellow to red. The solution was heated for 15 

min and then stirred for an additional 15 min after the heating 

mantle had been removed.  

The resulting solution of seed particles was used to prepare the 

larger gold particles using a procedure that has been described 

previously.11 In brief, 25 mL of water, 1 mL of the solution of 

seed particles and 100 µL of 0.2 M NH2OH · HCl were 

combined in a 50 mL beaker, and 3.0 mL of 0.1% wt% HAuCl4 

was added dropwise under vigorous stirring. As the HAuCl4 

solution was added, the color of the mixture gradually changed 

to dark red. The addition of the HAuCl4 was completed within 

5 min. The nanoparticle solutions were stored in dark bottles at 

4 °C.  

Preparation of TDPA 

2-pyridinecarbaldehyde (2.51 g) was dissolved in 50 mL 

methanol, and pyridin-2-ylmethanamine (2.54 g) was added 

dropwise under ice-bath condition. The mixture was stirred for 

1 h at room temperature. After that, NaBH4 (0.89 g) was added 

in portions at 0°C. The solution was stirred overnight, quenched 

with the addition of HCl, cooled with an ice-bath and then 

adjusted pH to 4. After remove the solvent, 25 mL H2O was 

added to the residue. A solution of 1, 2-dibromohexthane (6.00 

g) and potassium thioacetate (1.40 g) in anhydrous THF (50 

mL) was refluxed for 12 hours under argon. After cooling to 

room temperature, the KBr was removed by vacuum filtration. 

The solvent in the filtrate was removed under reduced pressure 

in a rotary evaporator. The residue was purified with column 

chromatography to give product Br(CH2)6SAc. To a solution 

containing Br(CH2)6SAc (0.24g), K2CO3 (0.276 g) and KI 

(0.033g) in 15 mL acetone was added dropwise a solution of 

DPA 3 (0.298g) in 5 mL acetone. The mixture was stirred for 

18h at 44 °C, then filtrated. The solvent was removed under 

vacuum, the residue was purified with column chromatography 

to give product 4. To a solution of LiAlH4 (0.17 g) in dry THF 

(5 mL) was added dropwise at 0°C a solution of 4 (0.357 g,) in 

dry THF (5 mL) over 15 min. The mixture was stirred for 4 h, 

and then poured into ice water (50 mL). The white precipitation 

was filtered. The water phase was extracted with CH2Cl2 (30 

mL × 3). The organic phase was collected and dried with 

anhydrous Na2SO4. The solvent was removed under vacuum. 

The crude product was purified with column chromatography to 

give product (0.19 g, 63%).The detailed synthetic routes are 

listed in Supporting Information. 

 

 
Scheme 1 Synthesis procedure of TDPA.  

Preparation of the samples and setup 

Gold nanoparticles used in the experiments were immobilized 

on the indium tin oxide (ITO) slides. The surfaces of ITO slides 

were cleaned in an ultrasonic bath in ethanol, acetone and water 

for more than 1 h in each solvent. The cleaned ITO slides were 

modified with GNPs via electrostatic adsorption by placing 

them in the diluted gold colloid solution (200 times) for 5 min. 

The GNP-functionalized ITO slides were then modified with 

the compound TDPA on the surface of GNRs via Au-S 

covalent bond after immersing ITO slide in 10 µM TDPA 

solution for 6 h. We have rinsed the sample with ethanol and 

water for several times to remove the TDPA with non-covalent 

bonding and dried under a stream of ultrapure nitrogen prior to 

the dark-field measurements. As shown in Scheme 2, the dark-
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field measurements were carried out on an inverted microscope 

(eclipse Ti-U, Nikon, Japan) that was equipped with a dark-

field condenser (0.8 < NA < 0.95) and a 40× objective lens (NA 

= 0.8). A true-color digital camera (Nikon DS-fi, Japan) was 

used to capture the dark-field color images. The scattering light 

of gold nanoparticle was split by a monochromator (Acton 

SP2300i, Princeton Instruments, USA) and recorded by a 

spectrometer CCD (Pixis 400, Princeton Instruments, USA) to 

obtain the scattering spectra. The liquid exchange cell was 

made by PDMS. Additional details of the dark-field 

microscopy and spectroscopy setup have been reported in a 

previous work.3 

 

Scheme 2 Setup of dark-field microscopy coupled with color CCD, spectrograph, 

spectro-CCD and slit which enables single nanoparticle detection. 

Results and discussion 

Effect of TDPA and copper ions on scattering spectra of GNRs 

The DPA moiety has been widely applied in the construction of 

chemosensors for the determination of cations and anions.12 

After conjugation with Cu2+, the TDPA-Cu2+ complex has a 

broad optical absorption band in the visible range (from 600 nm 

to 700 nm) and gives a blue solution (Fig. S1), this may be due 

to the 1:2 binding stoichiometry between Cu2+ and DPA ligand 

(Fig. 1A).9, 13 In order to enhance the PRET efficiency, single 

GNR with diameter 40 nm and length 68 nm with a scattering 

peak around 630 nm was used as nanoplasmonic probes due to 

the overlap between absorption of complex and scattering of 

nanoprobes (Fig. S1). The size of GNRs was characterized by 

SEM as shown in Fig. S2. The scattering images and spectra of 

individual TDPA-modified GNR were obtained by a dark-field 

microscopy coupled with spectrograph as shown in Fig. 1B-D. 

GNR exhibited a scattering peak around 630 nm with orange 

color, indicating that the modification of TDPA showed no 

obvious influence on scattering spectrum of GNR. However, 

upon the addition of Cu2+, the selective energy transfer took 

place and the spectral resonant quenching on the Rayleigh 

scattering spectrum can be observed. The scattering spectra of 

GNR exhibit a substantial decrease in intensity without any 

noticeable spectral shift and the imaging brightness in dark-

field also decreased. The scattering intensity decrease provided 

the basis for designing the nanosensor based on a single GNR.  

 
Fig. 1 (A) Schematic illustration of the nanosensor. The plasmonic signal intensity 

of gold nanorod is reduced by the formation of TDPA-Cu
2+

 ligand complex on the 

surface of single gold nanorod due to plasmon resonance energy transfer from 

nanorod to complex. (B-C) Dark-field images of gold nanorods before (B) and 

after (C) the treatment of 1mM Cu
2+

. (D) Corresponding scattering spectra 

changes of the plasmonic nanorod probe before (black) and after (red) exposure 

to 1mM Cu
2+

. The scale bar in B and C is 10 μm.  

Time-dependent reaction and detection limit 

Time-dependent scattering spectra intensity changes (∆I) of the 

probe after exposure to 1 mM Cu2+ are shown in Fig. 2A. A 

single GNR probe exhibits up to 73.1% decrease in scattering 

intensity in 20 min. At the same time-interval, GNR did not 

show any scattering spectral intensity decrease in the absence 

of Cu2+. Also, as expected, the addition of Cu2+ to bare GNR 

induced no noticeable change of the scattering spectra and 

dark-field images (Fig. S3). This means that the local refractive 

index change surrounding the GNRs has no obvious influence 

on the scattering intensity decrease. According to the 

mechanism of PRET, the main reason that leads to such 

spectral intensity decrease of the GNR should be attributed to 

the plasmon resonance energy transfer from GNR to the Cu2+-

ligand complex. 
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Fig. 2 (A) Representative time-dependent single TDPA-modified GNR scattering 

spectra intensity changes after treatment with Cu
2+

 (1 mM). (B) Equilibrium 

differential scattering intensity change of ΔI/I0 as a function of Cu
2+ 

concentration. The red line is a logarithmic fitting of experimental data. The 

correlation coefficient is 0.99.  

To investigate the sensitivity and applicability of this sensing 

system, changes in scattering intensity of GNR were 

determined after exposure to various concentrations of Cu2+ 

(10-9-10-4 M). As shown in Fig. 2B, the scattering intensity of 

the single TDPA-modified GNR decrease as the Cu2+ 

concentration increases. In addition, the changes of ∆I/I0 are 

found to be linear with the logarithm of Cu2+ concentration 

ranging from 10-9 to 10-4 M. It is remarkable that the scattering 

intensity of a single probe decreased about 30% after the 

exposure to 1 nM Cu2+. The detection limit of 10-9 M confirms 

that the probe could be used to detect Cu2+ at ultratrace level 

showing high sensitivity. 

Selectivity determination 

As high selectivity is also crucial in real sample detection, the 

selectivity of this sensing system was evaluated by testing 

different biologically and environmentally relevant metal ions 

(K+, Na+, Pb2+, Ni2+, Zn2+, Cd2+, Ca2+, Hg2+, Mg2+) at a 

concentration of 0.1 mM. As shown in Fig. 3, no obvious 

scattering quenching was observed after addition of these ions 

to our probe. However, the probe produces significant change 

in the scattering intensity upon exposure to 10 µM Cu2+. These 

phenomena confirm the selectivity for Cu2+ over other ions 

even the transition metal ions despite that some ions could also 

complex with the DPA ligand. Only when the absorption 

profile of the metal-ligand complex matches the scattering 

spectrum of the probe, PRET process happens. This further 

confirms that the sensing mechanism could indeed be a PRET 

process. In addition, the UV-Vis spectra of these ions with free 

TDPA in our previous work show that there are no changes 

around 600 nm to 700 nm in the presence of other ions as well 

as any blue color complex which confirmed the results.9  

 
Fig. 3 Selectivity of the nanosensor for Cu

2+
 in the presence of K

+
, Na

+
, Pb

2+
, Ni

2+
, 

Zn
2+

, Cd
2+

, Ca
2+

, Hg
2+

, Mg
2+

.  

PRET efficiency of different GNPs 

In addition, to confirm the PRET reliability and efficiency, 

different kinds of nanoparticles were exploited to observe the 

interaction between TDPA and copper ions. As shown in Fig. 4, 

4 typical gold nanoparticles were modified with TDPA and 

treated with copper ions for 30 min. From the scattering spectra, 

it is clear that the nanosphere with peak wavelength of 592 nm 

exhibits only ca. 20% decrease in the scattering light intensity 

which is similar as the result of gold nanorod whose peak 

wavelength is at 730 nm, as shown in Fig. 4A and 4C. 

According to the UV-Vis spectrum of TDPA-Cu2+ complex in 

Fig. S2, the absorption intensity at these two positions are very 

low showing weak overlap with the scattering band of 

nanoparticles. In the contrast, the scattering spectra of gold 

nanorods with peak wavelength at 630 nm and 657 nm 

displayed obvious intensity decrease which is corresponding to 

the high absorption intensity. These results proved the process 

of PRET that more effective overlap between scattering band of 

plasmonic nanoparticles and absorption band of surface 

modified complex provides higher sensitivity of nanosensors. 

Furthermore, according to the mechanism of PRET, for the 

interference of complex with different absorption regions, the 

sensing selectivity could be enhanced by adjusting the 

scattering band of gold nanoparticles.  
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Fig. 4 Scattering spectra of TDPA modified gold nanospheres with peak 

wavelength of 592 nm (A) and gold nanorods with peak wavelength of 630 nm 

(B), 730 nm (C) and 657 nm (D) before (a1, b1, c1, d1) and after (a2, b2, c2, d2) 

the addition of 1 μM Cu
2+

 solution for 30 min. The nanorods with scattering 

bands at 657 nm and 730 nm are selected from nanoparticles of 40 nm × 84 nm 

and 40 nm × 96 nm, respectively. 

Conclusions 

In summary, we use scattering spectra of single GNR to 

develop a PRET-based sensing system for the first time for high 

sensitive and selective determination of Cu2+ in aqueous 

solution using a newly synthesized TDPA compound. Notably, 

GNRs with controllable aspect ratios showed wide range of 

plasmon resonance bands from near-infrared to infrared region 

which provide promising probes to match with different 

chromophores. Therefore, the PRET based method offered a 

novel way to detect heavy ions and other ligands through 

designing functional complex and adjusting the aspect ratios of 

nanorods.  
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