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A chelator-free doping method is developed for constructing Ni-

integrated CuS nanostructure as a novel PA/MRI contrast agent. It 

exhibits tunable near-infrared absorption spectral. Moreover, the 

hybrid nanostructure has demonstrated dramatic enhanced T1 

relaxivity compared with Ni ions. Due to these unique properties, 

the chelator-free nanoparticles have been successfully applied for 

in vivo PA/MRI dual-modal imaging. 

Multimodal imaging has attracted intensive attention for 

offering versatile imaging tools for biomedical applications.
 [1]

 

Integrating the complementary merits of different imaging 

modalities is an effective approach to extract accurate and 

reliable biomedical information, thus improving the efficacy 

and sensitivity of clinical imaging diagnostics.
 [2]

 Magnetic 

resonance imaging (MRI) is considered a powerful imaging 

modality and widely used in human medicine for the last two 

decades.
 [3] 

As one of the new generation non-invasive hybrid 

imaging techniques, photoacoustic (PA) imaging, a synergistic 

combination of optical and ultrasound imaging technologies, 

provides unprecedented advantages of the high contrast of 

optical imaging as well as the high resolution of acoustic 

imaging at centimeter penetration depth.
 [4]

 Therefore, new 

imaging technique that integrated MRI with PA, which not only 

depict subsurface tissue structures, but also offer higher 

resolution and deeper tissue penetration, will lead to better 

diagnosis of many diseases.
 [5]

  

Nanotechnology provides a flexible platform for the 

development of effective multimodal contrast agents by 

integrating components that provide image contrast based on 

different properties, including optical and magnetic properties.
 

[6]
 For example, metallic nanoparticles (NPs), especially gold 

nanorods/nanoshells/nanocages, with near-infrared (NIR) 

optical absorption, have been constructed as PA agents 

because of their tunable localized surface plasmon resonance 

(LSPR).
 [7]

 Very recently, copper-based NPs have also been 

prepared with NIR absorption,
 [8]

 which proved to be better PA 

agents than gold nanostructures because of  their smaller size 

and broader NIR absorbance.
[9]

 Besides, NPs composed of 

transition metal are often involved in MRI, such as Fe3O4, 

NaGdF4, Co9Se8, and so on. 
[10]

 To integrate these 

functionalities together, two most popular processes have 

been established as following: (i) loading or coupling, such as 

Fe3O4@Au; (ii) growing self-assembly, such as Au-Cu9S5, 

Fe3O4@CuS. Both of them have been proved to be effective 

methods to construct multifunctional NPs.
 [11]

 However, there 

are intrinsic limitations for these methods. The former method 

usually needs chelator which will influence the surface 

properties of the NPs and reduce the capability of conjugating 

other targeting or therapeutic agents. 
[1b, 12]

  The latter method 

involves complicated and multi-step synthetic processes which 

would lead poor repeatability. Therefore, chelator-free and 

simple synthesis of multifunctional NPs and integration of 

multiple design components remain challenging. Doping, 

which can integrate functional ions into nanostructure by one-

step and meets all the demands, is a promising method to 

design multifunctional NPs. It has also been used for 

constructing various kinds of multimodal contrast agents, such 

as MRI/UCL, PET/FL, MRI/FL, PET/CT, and so on. 
[1a, 1c, 1d, 13]

 

However, little efforts have been made on establishing PA/MRI 

imaging contrast agents by this method. 

Herein, we developed a doping method for constructing Ni-

integrated CuS nanostructure as a new PA/MRI contrast agent. 

The chelator-free Ni-integrated CuS NPs have been 

synthesized based on high temperature reaction in non-polar 

solvents by one-step (Scheme 1). The resulted CuS-based dual-

modal contrasts agent mainly possess the following  
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Scheme 1. Schematic illustration of chelator-free Ni-integrated 

CuS NPs for in vivo dual-modal lymph node imaging.
 

 

advantages: i) small size with highly crystalline; (ii) uniform 

distribution and well reproducible preparation. The chelator-

free Ni-doped CuS NPs exhibit tunable absorption spectral 

covers NIR-I (700 nm-950 nm) and NIR-II (950 nm - 1300 nm) 

“biological widow”, where absorption and scatting by tissues, 

blood and water are minimized.
 [11b] 

The NIR absorbance 

property is responsible for PA imaging by 1064 nm laser 

irradiation. More importantly, the hybrid nanostructures also 

have demonstrated dramatic enhanced T1 relaxivity in 

comparison to Ni ions, which is an essential evaluating 

parameter of MRI contrast agents. To the best of our 

knowledge, enhanced T1 relaxivity by doping Ni ions into CuS 

NPs has not reported before. Furthermore, the as-prepared 

NPs are easily coated with polymers (Fig. S1) rich in imidazole 

groups along the backbone for further biological applications. 

Due to the tunable NIR absorption and enhanced T1 relaxivity, 

the chelator-free Ni-doped CuS NPs have been successfully 

demonstrated in the potential applications for in vivo lymph 

node PA/MRI dual-modal imaging. Consequently, it provides a 

promising and robust method to construct PA/MRI dual-modal 

NPs, which can also involve other interesting metal ions to 

design multifunction nanostructures. 

Solution-based high temperature reactions were carried out to 

prepare Ni-integrated CuS NPs. Transmission electron 

microscopy (TEM) images showed that the Ni-doped CuS NPs 

had good monodispersity with an overall diameter of about 7 

nm (Fig. S2), which were further confirmed by high-resolution 

TEM (HRTEM) (Fig. 1a) and dynamic light scattering (DLS) 

(insert in Fig. 1b). As displayed in Fig. 1a, the HRTEM images of 

Ni-doped CuS NPs revealed that a uniform spherical shape was 

obtained with well-resolved lattice fringes, demonstrating the 

highly crystalline nature of the as-prepared NPs. The 

absorption spectrum of the NPs was displayed in Fig. 1b. 

Interestingly, the absorbance of the Ni-doped CuS NPs was 

above zero over the range of wavelength probed. A strong 

absorbance peak centered at about 1060 nm was also clearly 

observed in the spectrum. The appearance of this characterize 

absorption can be attribute to scatting, LSPR or other reasons. 

An obvious character of LSPR was the sensitivity of absorption 

band to solvents of different refractive index. We compared 

the NIR absorption spectra of the Ni-doped CuS NPs in four 

different solvents: hexane, toluene, chloroform and carbon  

 

Fig. 1. (a) High-resolution transmission electron micrograph of 

Ni-doped CuS NPs with average size of about 7 nm; (b) 

absorption spectrum photograph under light (insert left) and 

diameter measured by DLS (insert right) of the doped NPs 

dispersed in chloroform; (c) X-ray power diffraction data of the 

as-prepared CuS, NiS and Ni-doped CuS; (d) A plot of particle 

composition (measured by inductively coupled plasma optimal 

emission spectrometry) versus time of Ni-doped CuS NPs. 

 

disulfide with refractive index of 1.375, 1.496, 1.448 and 1.629, 

respectively. The NIR absorbance continuously red-shifted with 

increasing refractive index of the solvent in which the Ni-

doped CuS NPs were dispersed, as expected for LSPR 

absorbance (Fig. S3). Given these data, we confidently 

attributed the NIR absorption band to LSPR, which was also 

consistent with the Cu-based nanocrystals previously reported. 
[14]

 The photograph under light and DLS measurement were 

used to characterize the NPs dispersed in chloroform. As 

displayed in Fig. 1b insert, the solution with concentration ten 

times of sample used for the absorption measurement (Fig. 

1b) was dark-brown. There was no precipitation can be seen in 

the solution. It was also confirmed by the DLS experiment 

since there was only one peak in Fig. 1b insert. The crystalline 

structure of the as-prepared NPs was measured by powder X-

ray diffraction (XRD). As displayed in Fig. 1c, the crystal 

structure of CuS and NiS can be assigned as a typical hexagonal 

structure with the existence of strong characteristic (102), 

(103), (110), (116) and (100), (101), (102), (110) peaks, 

respectively. It was noted that the peaks of doped NPs were 

intermediate between CuS and NiS. The peak shifting of the 

NPs also indicated that there was no phase separation or 

isolated nucleation of CuS or NiS in the doped NPs. Batches of 

NPs with periodic removal of aliquots of the growing NPs were 

washed and analyzed by inductively coupled plasma optimal 

emission spectrometry (ICP-OES) to confirm the composition 

of the doped NPs. As demonstrated in Fig. 1d, the composition 

remained nearly constant during growth periods. This set of 

elemental data provided strong evidence that the ternary NPs 

have a homogeneous alloy structure from start to the end of 
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Fig. 2. UV-VIS-NIR absorption spectra of different Ni content 

(a), S content (b), reaction time (c) and ligands (d) of the as-

prepared NPs dissolved in CHCl3 

 

particle growth. Energy dispersive spectroscopy (EDS) was also 

conducted to confirm the element of the NPs (Fig.S4). 

A collection of plasmonic absorbance from Ni-doped NPs 

prepared under a variety of modified conditions was shown in 

Fig. 2. The absorbance intensity of the NPs was continuously 

reduced with increased Ni content (Fig. 2a).  The LSPR 

absorbance peak was blue-shifted from 1400 nm to 740 nm 

with increasing addition of S element (Fig. 2b). The blue-shift 

mainly ascribed to the presence of excess S element which 

possessed weak oxidability. As the oxidation proceeded, an 

increasing number of vacancies were produced. The resulting 

increase in free carrier concentration leaded to a blue shift of 

the absorbance. 
[15]

 Thus, we concluded that Cu content played 

an important role in determining the LSPR absorbance 

intensity while S element mainly effected the LSPR peak 

position. The effect on LSPR absorbance of reaction time was 

also studied. As shown in Fig. 2c, despite the variation, all of 

the Ni-doped NPs were found to exhibit qualitatively similar 

absorbance spectra with an intense NIR absorption peak. Ni-

doped CuS NPs with different ligands including DDA, Topo, 

OAm and DDT were prepared under the same conditions. The 

LSPR absorbance were also displayed in Fig. 2d. Interestingly, 

all the NPs had nearly same absorption spectra except the DDT 

modified NPs. The characterized absorption peak had been 

disappeared with the addition of DDT. HRTEM images of the 

DDT modified NPs had been displayed in Fig. S5. An obvious 

change had been observed on the shape of the Ni-doped CuS 

NPs. Rod-shape of the DDT modified monodisperse NPs had 

been appeared instead of spherical as other ligands. The 

phenomenon was also consistent with previous report.
 [16]

 

For further biological applications, ligands exchange was 

carried out to make the hydrophobic Ni-doped CuS NPs water-

dispersible. The as-prepared NPs with 20% doping content 

were chosen to implement the following experiments for their 

adequate absorption which was not only in the range of near 

infrared region, but also can be matched with the laser source 

of the home-built PA equipment. Schematic representation of 

the Ni-doped CuS NPs with images of the organic and aqueous 

dispersions was displayed in Fig. 3a. It indicated that ligands 

exchange of Ni-doped CuS NPs (capped with the native OAm) 

can be carried out using a pegylated multidentate polymer 

with imidazole pendant groups (PMAH-PEG, Fig.S1), which was 

reported by our group previously. 
[17]

 Upon ligands exchange 

with PMAH-PEG, the hydrophilic NPs were dispersed well 

(Fig.S6). Moreover, there was no precipitation of the water-

soluble NPs after about fifteen days as shown in Fig. 3b. 

Additionally, the absorption spectra, hydrodynamic size and 

zeta potential of the PMAH-PEG-capped Ni-doped CuS NPs 

were tested. As shown in Fig. 3c, hydrophilic NPs exhibited 

identical absorption spectral profiles compared to those of 

initial hydrophobic NPs dispersions in chloroform. The 

hydrodynamic size of the NPs was also measured by DLS. As 

shown in Fig. 3d, the diameter of PMAH-PEG-capped NPs was 

about 26 nm after ligands exchange which was larger than 

OAm-capped NPs dispersed in chloroform as mentioned 

before. This was because the NPs were charged in water, thus 

creating an electrical double layer on the NPs surface which 

increased the colloidal hydrodynamic diameter. Besides, there 

was only one peak in Fig. 3d, which also illustrated that these 

Ni-doped CuS NPs were transferred into aqueous solution 

without aggregation.  In addition, zeta potential of the PMAH-

PEG-capped NPs was also measured to be a negative potential 

nearly -26 mV as displayed in Fig. 3e. Stability of the NPs were 

critical for their further biological applications, such as in vitro 

and in vivo imaging. Therefore, the stability of the resulted 

water-dispersible PMAH-PEG-capped NPs was characterized. 

As shown insert of Fig. 3c, Fig. 3d and Fig. 3e, the absorption, 

diameter and zeta potential of the water-soluble NPs had 

nearly no change under ambient condition for about half a 

month, which indicated that the PMAH-PEG-capped NPs 

exhibited excellent storage stability. 

In vitro PA imaging and MRI experiments were carried out in 

order to investigate the potential capability of PMAH-PEG-

capped NPs for dual-modal imaging. Fig. 3f showed the 

maximum amplitude projection (MAP) PA image of a clear agar 

phantom filled with PMAH-PEG-capped NPs of four different 

concentrations (0.125 mg mL
-1

, 0.25 mg mL
-1

, 0.5 mg mL
-1

, 1.0 

mg mL
-1

). Moreover, the PA signals generated by the water-

soluble NPs were observed to be linearly dependent on the 

concentration (R
2
 = 0.9904). The linear range was from 0.125 

mg mL
-1

 to 1 mg mL
-1

 (Fig. 3f). Additionally, there was no Ni 

ions released from the NPs after in vitro PA imaging (Table S1). 

MRI capabilities of the NPs dissolved in water were also 

measured. T1-weighted images in Fig. S7 clearly exhibited the 

enhanced MR signal intensities. The R1 (1/T1) relaxivity at 

different concentrations (0, 0.0113, 0.0337, 0.101, 0.304, 

0.912 mM) of Ni
2+

 containing NPs or single Ni
2+

 were detected, 

and plotted against the concentrations. The R1 was 

determined from the slope of the linear plot of 1/T1 versus 

Ni
2+

 concentration (Fig. 3g). From the plot, we obtained the 

specific relaxivity of PMAH-PEG-capped
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Fig. 3. (a) Schematic representation of the Ni-doped CuS NPs with images of the organic and aqueous dispersions; (b) Stability 

test of the water-soluble Ni-doped CuS NPs dispersed in PBS at pH 7.4; (c) UV-VIS-NIR absorption spectra, (d) diameters 

measured by dynamic light scatting, and (e) zeta potential of Ni-doped CuS NPs after  ligands exchange with PMAH-PEG and the 

insert of each displayed the stability of the NPs; (f) PA images of PMAH-PEG-capped NPs with different concentrations and the 

linear relationship between PA signal intensity and the different concentrations of NPs; (g) Plots of 1/T1 (s
-1

) as a function of Ni
2+

 

concentration for the correlated materials. The slope indicated the specific relaxivity (2.3 mM
-1

S
-1

 for PMAH-PEG-CuNiS, 0.8 mM
-

1
S

-1
 for Ni

2+
, 0.5 mM

-1
S

-1
 for PMAH-PEG-CuS-Ni

2+
,0.3 mM

-1
S

-1
 for PMAH-PEG-Ni

2+
); (h) Cell viability of MCF-7 cells recorded after 

being incubated with water-soluble Ni-doped CuS NPs. 

Ni-doped CuS was 2.3 mM
-1

S
-1

. Furthermore, the relaxivity of 

Ni
2+

, PMAH-PEG-Ni
2+

 and Ni
2+

 adsorbed PMAH-PEG-CuS were 

also measured. The slopes of them were smaller than that of 

water-soluble Ni-doped CuS NPs. It indicated PMAH-PEG-

capped Ni-doped CuS NPs had highest relaxivity compared to 

the others. Amazingly, the relaxivity of Ni-doped CuS NPs was 

up to 8 times higher than that of PMAH-PEG-Ni
2+

. The 

enhancement of the relaxivity was probably attributed to the 

geometrical confinement of the nanostructure, which 

influenced the magnetic behavior of the Ni
2+

 ions. The 

phenomenon was consistent with the paramagnetic Gd
3+

 ions 

as previously reported.
[18] 

Importantly, this relaxivity value 

appeared to be comparable to that of commercial MRI 

contrast agents such as Teslascan (1.6mM
-1

S
-1

), Feridex (2.3 

mM
-1

S
-1

), Prohance (2.8 mM
-1

S
-1

) and Dotarem (2.8 mM
-1

S
-1

). 

However, it is still lower than that of some commercial  
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Fig. 4. In vivo PA imaging of mouse before (a) and after (b) 

injected with 0.05 mL (0.4 mg mL
-1

) PMAH-PEG-capped Ni-

doped CuS NPs; T1 weighted MRI of the mouse before (c) and 

after (d) injection of the dual-modal nanoprobe. Red circle 

indicated the lymph node.
 

 

contrast agents such as Magnevist (3.2 mM
-1

S
-1

), Gadovist (3.2 

mM
-1

S
-1

) and Omniscan (3.3 mM
-1

S
-1

), as reported by Rohrer et 

al.
 [19]

. In addition, the relaxivity measured is per nickle ion and 

would be much higher per NPs. This result illustrated that 

PMAH-PEG-capped Ni-doped CuS NPs would have significant 

potential applications as a contrast agent in MRI. In addition, 

the PMAH-PEG-capped Ni-doped CuS NPs showed no 

cytotoxicity tested at 0.46 mg mL
-1

 NPs highest concentration 

as shown in Fig. 3h and Fig. S8. 

The lymphatic system is a major pathway for the spread of 

cancer. Therefore, it is of great importance to image lymph 

node for diagnosis of the metastatic stage of cancer. 
[20]

 In 

order to determine whether PMAH-PEG-capped Ni-doped CuS 

NPs could be used for in vivo PA and MR imaging, the water-

soluble NPs with a concentration of 0.4 mg mL
-1

 was injected 

subcutaneously into the distal part of the right anterior paw of 

healthy mice for regional lymph node mapping.  

The lymph node in the right axillary location was monitored by 

our home-built noninvasive reflection-mode PAT system. 
[1f]

 As 

the PMAH-PEG-capped Ni-doped CuS NPs traveled through the 

lymphatic vessels and accumulated to the lymph node, a 

robust PA signal within the lymph node was captured up to 30 

minutes post-injection. As shown in Fig. 4a, the pre-injection 

image clearly showed the axillary blood vessel (BV) networks, 

but not the lymph node. After injection, the PA signal in lymph 

node was enhanced dramatically. The corresponding PA B-scan 

images obtained from Fig. 4a and Fig. 4b had been displayed in 

Fig. S9, respectively, providing depth (i.e., z direction) 

information of blood vessels and the lymph node. The MRI 

experiment was performed using a clinical 3 Tesla horizontal 

bore magnet (SIEMENS, VERIO). There was nearly no signal in 

the lymph node before injection of the NPs (Fig. 4c), however, 

as shown in Fig. 4d, the lymph node was observable after 

injection, which was in accordance with PA imaging 

experiment result. It indicated PMAH-PEG-capped Ni-doped 

CuS NPs can be used as PA/MRI dual-modal nanoprobes for 

biomedical imaging. 

Conclusions 

In conclusion, we reported a facile and reliable approach for 

the synthesis of small homogeneous alloyed chelator-free Ni-

integrated CuS NPs with strong NIR absorption, which was 

definitely tuned between 740 nm and 1400 nm. The peak 

position of the LSPR absorption exhibited S-dependent, while 

the doped Ni
2+

 ions had a significant impact on the peak 

intensity. Pegylated multidentate polymers were introduced to 

make biocompatible hydrophilic Ni-doped CuS NPs for 

potential biological imaging. The water-dispersible NPs have 

shown compact sizes and excellent stability under ambient 

condition for nearly two weeks. The NPs were proved to be 

good contrast agents not only for PA imaging due to their NIR 

LSPR absorption. More importantly, the NPs were also used for 

MRI. The relaxivity of the Ni-doped NPs was about 2.3 mM
-1

S
-1

 

which was nearly 8 times higher than that of PMAH-PEG-Ni
2+

. 

In addition, the well-defined dual-modal nanoprobe was 

successfully used for in vivo lymph node PA and MR dual-

modal imaging. We expected that this functional metal ions 

doping approach could be triggered to prepare other 

nanostructures, which would open up the possibility to 

engineer multifunctional nanosystem. 
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