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In this study, CuS nanoparticles with
optical absorption covering both near-
infrared I (NIR-I) and NIR-II biologi-
cal windows were prepared and served
as the contrast agents for multispectral
photoacoustic imaging. The physiolog-
ical parameters including concentra-
tions of deoxyhemoglobin and
oxyhemoglobin as well as the water
content in the tumor location were
quantified based on the multispectral
photoacoustic reconstruction method.
More importantly, the concentration of CuS nanoparticles/drugs accumulated in the
tumor was also recovered after intravenously injection, which are essential for
image-guided cancer theranostics. In addition, phantom and in vivo experimental
tests were performed to inspect and compare the imaging depth and signal-to-noise
ratio (SNR) between the two NIR biological windows. Interestingly, we discovered
that a higher SNR was obtained in the NIR-II window than that in the NIR-I win-
dow. Meanwhile, the multispectral imaging results also demonstrated that the
imaging contrast and penetration depth in the NIR-II window were also signifi-
cantly improved as compared to those from the NIR-I window.
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1 | INTRODUCTION

To date, photoacoustic (PA) imaging, as a noninvasive
imaging approach that can offer structural, functional and
molecular information of biological tissues, has emerged as
a potential biomedical mapping technique with deep tissue
penetration for cancer detection [1–5]. However, the

sensitivity of PA imaging is mainly determined by the
endogenous contrast of biological tissues such as the deoxy-
hemoglobin (Hb), oxyhemoglobin (HbO2) and water (H2O)
[6], and consequently the label-free PA imaging may not be
cancer-specific. In addition, due to the advantages of nano-
particles that can be designed with precise functional proper-
ties and prepared with controllable size and morphology,
they have been utilized as exogenous agents to improve PA
imaging contrast [7–9]. Recently, nanoprobes with opticalYubin Liu and Duyang Gao contributed equally to this study.
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absorption in the near-infrared (NIR) biological window
have been extensively examined as contrast agents for can-
cer detection and image-guided cancer therapy. In particular,
nanoparticles with optical absorption in the NIR-II window
have been engineered and applied for PA molecular imaging
including organic semiconductor polymer and inorganic
nanoparticles [10–14]. However, conventional PA molecular
imaging method can only generate the relative distribution
of PA signal with single-wavelength laser illumination. By
contrast, multispectral PA molecular imaging that covers
both the NIR-I and NIR-II windows can be performed to
recover quantitative physiological properties and molecular
information for accurate diagnostic of cancer. The capability
for imaging multiple parameters, including the Hb and HbO2

concentrations, drug/nanoparticles concentration and H2O
content, can provide us novel tools to quantify the physio-
logical/metabolic functions of disease, disease progression
and response to intervention. For example, it is widely rec-
ognized that cancer tissues have higher H2O content (the
major absorption chromophore in NIR-II window) and lower
oxygen saturation as compared to normal tissues [15]. Fur-
ther, the measure of nanoparticles wrapped in the tumor is
also essential to guide cancer theranostics. Consequently, it
is of great significance to recover the concentrations of vari-
ous chromophores and drugs/nanoparticles accumulated in
the tumor by using multispectral PA molecular imaging with
multiple-wavelength laser illumination.

Interestingly, among different categories of nano-probes
developed [16–20], copper-based nanoparticles are promis-
ing candidates for various biological applications ascribed to
their good biocompatibility, low cost and strong absorbance
[16–19]. In particular, due to their strong optical absorption
ranged from 650 to 1300 nm, copper-based nanoparticles
that cover both the NIR-I and NIR-II windows can enhance
the quantitative accuracy for multispectral PA molecular
imaging, particularly for the H2O content/nanoparticle con-
centration that are the major absorbers when the illumination
wavelength is over 1000 nm.

In this study, copper sulfide (CuS) nanoparticles were
constructed with strong broad absorption that covers both
the NIR-I and NIR-II biological windows, which can serve
as the contrast agents for quantitative multispectral PA imag-
ing. The as designed CuS nanoparticles associated with the
multispectral PA imaging method exhibited their unbeatable
advantages for cancer theranostics: (a) strong optical absorp-
tion, which makes themselves excellent candidates for
contrast-enhanced PA imaging; (b) broad optical absorption,
which makes it possible to quantify the chromophore and
nanoparticle concentrations accumulated in the tumor for
cancer detection and treatment; (c) characteristic absorption
peak located in the NIR-II biological window, which can
improve the SNR of single-wavelength PA imaging; (d) the
H2O content and CuS nanoparticles concentration in tumor,
which can be easily quantified by using the laser

illumination in the NIR-II window and CuS nanoparticles
with strong absorption over 1000 nm. In addition, phantom
and in vivo tests demonstrated that the SNR of PA imaging
in NIR-II region was significantly improved as compared to
that in NIR-I region In particular, our in vivo imaging results
also demonstrated that the multispectral PA imaging method
associated with the utilized CuS nanoprobes was able to
quantify the physiological properties of tumor and to moni-
tor the retention and metabolism of the nanoparticles for
accurate and image-guided cancer theranostics.

2 | METHODS AND MATERIALS

2.1 | Reconstruction method for multispectral
photoacoustic tomography

Our multispectral photoacoustic elastic imaging method
has been described in detail elsewhere [21]. In this study,
homogeneous elastic field was assumed and the multispec-
tral photoacoustic tomography (PAT) reconstruction
method was reformulated based on our previous
scheme [21], which can simultaneously reconstruct the
endogenous and exogenous chromophore concentrations,
such as Hb and HbO2 concentrations, H2O content and
nanoparticles concentration. To generate the multispectral
PAT reconstruction scheme, the frequency-domain PA
wave equation is introduced in an acoustically homoge-
neous medium [6],

r2p r,ωð Þ−k20p r,ωð Þ¼ − ik0
c0β
Cp

Ψ rð Þ ð1Þ

in which p is the pressure wave; k0 = ω/c0 is the wave num-
ber described by the angular frequency, ω, and the speed of
acoustic wave in the medium, c0; β is the thermal expansion
coefficient; Cp is the specific heat; and Ψ is the absorbed
optical energy density that is the product of optical absorp-
tion coefficient μa and optical fluence Ф (Ψ = μaΦ). Accord-
ing to the Beer Lambert law at wavelength λ, μa is written,

μa λð Þ¼
X
i¼1

εi λð Þci ð2Þ

in which εi(λ),ci is the extinction coefficient and concentra-
tion for the ith chromophore (eg, the Hb, HbO2 concentra-
tions, H2O content and nanoparticles concentration),
respectively. After insert Eq. (2) into Eq. (1), we have

r2p r,ω,λð Þ−k20p r,ω,λð Þ¼ − ik0
c0β
Cp

X
i¼1

εi λð ÞciΦ r,λð Þ ð3Þ

Equation (3) is defined as the forward part for multispec-
tral PA reconstruction method. The finite element discretiza-
tion form of Eq. (3) is written [6, 21],

Ap¼BΨ ð4Þ
in which the elements of the matrix A and B are written [6],
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amn ¼
ð
V
rϕm �rϕn−k20ϕmϕn

� �
dV +

ð
Γ
−ϕmrϕn � n̂ÞdΓ,

bmn ¼
ð
V

− ik0βc0ϕmϕn=Cp
� �

dV ð5Þ

in which the vectors Ψ and p are the absorbed energy density
and acoustic pressure, respectively; ϕi is the basis function,
and Г is the second-order absorption boundary conditions [6].

According to Eq. (4), the inverse part for the multispec-
tral PA reconstruction method is written,

JTJ+ ξI
� �

Δχ¼ JT po−pcð Þ ð6Þ
in which the update vector for both l chromophores is,

Δχ¼ Δcl,1 Δcl,2 � � � Δcl,nð Þ ð7Þ
And ξ is the regularization parameter; po

i and pc
i are mea-

sured and calculated acoustic data, respectively,

po ¼ po1,p
o
2,� � �,poM

� �T
ω,λð Þj ,

pc ¼ pc1,p
c
2,� � �,pcM

� �T
ω,λð Þj ð8Þ

The elements of the Jacobian matrix J are determined by,

∂pi ω,λð Þ
∂ clð Þ, j

¼
XN
k¼1

∂pi ω,λð Þ
∂Ψk λð Þ

∂Ψk λð Þ
∂μa, j λð Þεl λð Þ

 !

i¼ 1,2…M; j¼ 1,2…N; l¼ 1,2…Chromð Þ
ð9Þ

in which Chrom is the number of chromophores and the
derivatives ∂Ψ/∂μa can be written,

∂Ψk λð Þ
∂μaj λð Þ¼

Φj + μa, j ∂Φj=∂μa, j
� �

if k¼ jð Þ
μa,k ∂Φk=∂μa, j
� �

if k 6¼ jð Þ

 
λð Þj

i¼ 1,2…M; j¼ 1,2…N; l¼ 1,2…Chromð Þ
ð10Þ

The sensitivity of ∂p(ω, λ)/∂Ψ(λ) and ∂Φ/∂μa can be
computed from Eq. (4) and the photon diffusion equation
Eq. (10), respectively,

r�D r,λð ÞrΦ r,λð Þ−μa r,λð ÞΦ r,λð Þ¼ −S r,λð Þ ð11Þ
For the multispectral PAT reconstruction method, we

need use Newton iteration method to solve the forward solu-
tion (4) and inverse Eq. (5) to minimize the least square error
between the measured and calculated acoustic M data along
the boundary.

2.2 | Materials preparation

Materials: Copper(II) nitrate trihydrate (Cu(NO3)2�3H2O) and
sodium sulfide nonahydrate (Na2S�9H2O) were purchased
from Sinopharm Chemical Reagent Co. Ltd, Jing'an District,
Shanghai, China. HEPES buffer (1 M), Triton X 100, polyeth-
ylene glycol (PEG, MW 3350), 3-(4,5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide (MTT), sephacryl S-300 HR
and sodium hydroxide (NaOH) were all obtained from Sigma
Aldrich Co. Ltd, St. Louis, MO, USA. Bovine serum albumin
(BSA) was obtained from Aladdin Co. Ltd, Pudong New

District, Shanghai, China. All chemicals were used without
further purification. Double distilled water (18.25 MΩ�cm,
25�C) was used in all experiments.

Synthesis of CuS nanoparticles: Copper sulfide (CuS)
nanoparticles were synthesized according to our previous
nanoprobes with modifications [19, 20]. Briefly, 0.2 M of
Cu2+ solution (1 mL) was added into 7.5 mL BSA with a
concentration of 40 mg/mL under vigorous stirring. 2 mL
Na2S (0.2 M) was added into the complex swiftly. Subse-
quently, the pH value was adjusted to 12 by adding NaOH.
Further, the temperature was increased to 90�C and main-
tained for about 1 hour. The as synthesized CuS nanoparti-
cles were stored at 4�C for the following experimental tests.

Purification of CuS nanoparticles: Sephacryl S-300 HR
gel column was utilized to purify CuS nanoparticles. The
mixture of ultrapure water (96 mL), HEPES buffer (1 M,
2 mL) and polyethylene glycol (5%, 2 mL) were prepared to
wash the gel column. One milliliter of the sample was mixed
with HEPES buffer (1 M, 20 μL), PEG (5%, 20 μL), Triton
X 100 (0.25%, 20 μL) and BSA (2%, 20 μL) for about 1 hour
before adding into the column for purification.

Characterization of CuS nanoparticles: The optical
absorption spectrum was measured by a PerkinElmer
Lambda 750 Uv-Vis-NIR spectrophotometer. Hydrodynamic
diameter of the as synthesized CuS nanoparticles was mea-
sured by dynamic light scattering. Ten microliters of the
solution containing proper concentration of CuS nanoparti-
cles was dropped on a carbon coated gold grid for the obser-
vation of morphology and size using a FEI Tecnai G20
transmission microscope at 200 kV.

Cell culture: The human breast cancer cell line 4T1 cells
and human embryonic kidney cells (293T) were incubated in
Dulbecco's Modified Eagle Medium (DMEM, HyClone)
supplemented with 10% (v/v) fetal bovine serum, 1% (v/v)
penicillin and 1% (v/v) streptomycin. Cells were cultured in
a humidified incubator at 37�C with 5% CO2.

In vitro cytotoxicity: 4T1 cells and 293T cells were used
to evaluate the toxicity of CuS nanoparticles. The cells were
seeded into 96-well plates and grown for 12 hours, and then
the medium was replaced with different concentrations of
CuS nanoparticles dissolved in the medium. The cell viability
was further assessed by MTT assay after 24 hours incubation.

In vitro PA imaging: For in vitro PA imaging, we first
embedded one nanoparticle containing object into a solid
cylindrical phantom (1% Intralipid + India ink + distill
water + Agar powder). We then immersed the object bearing
solid phantom in a water background. The PA signals were
generated by a home-built PA imaging system (Figure 1A).
The optical subsystem mainly consists of rectangular prism
and beam expander. The laser from Nd: YAG can provide the
illumination wavelengths range from 680 to1064 nm at differ-
ent crystal angles. The transducer and the samples (eg, phan-
tom) were immersed into a water tank. A rotary stage rotated
the transducer relative to the center of the tank, as shown in
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Figure 1B. The incident optical fluence was controlled at
5 mJ/cm2, and the diameter of the incident laser beam was
2.0 cm. The complex wave field signal was modulated and
amplified by a Pulse/Receiver (5073R; Olympus Corporation,
Waltham, MA, USA). Then the PA signals were shown on
the oscilloscope and finally collected on the computer for fur-
ther process. For our multispectral PA imaging system, the
transducer (V308-SU; Olympus Inc.) with the center fre-
quency of 5 MHz was used and the bandwidth ranged from
3.35 to 7.95 MHz was adopted to generate the quantitative
results in Figure 2.

Animals and tumor model: Six 8-week-old BALB/c mice
used in this experiment were cared according to the Guidance
Suggestions for the Care and Use of Laboratory Animals with
the University of Macau. 2 × 107 human breast cancer cells
(4T1) in 100 μL of PBS were injected subcutaneously into
the backside of female BALB/c mice to develop the tumor
model. The tumor size was measured by Vernier calipers in
two dimensions and the tumor volume was calculated by the

equation: V = [(length) × (width)2]/2. in vivo experiments
were performed when the tumor size reached about 100 mm3.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of CuS
nanoparticles

It was discovered that the as synthesized CuS nanoparticles
had a broad optical absorption band from 650 to 1300 nm
with a characterized peak at about 1100 nm. Interestingly, the
broad absorption band was able to cover both the NIR I
(650-950 nm) and NIR II (1000-1300 nm) windows, whose
measurements can be combined for multispectral PA molecu-
lar imaging. The transmission electron microscopy (TEM)
(image in Figure 3A showed that CuS nanoparticles were
monodispersed with an overall diameter of about 4 to 5 nm.
In addition, the as obtained CuS nanoparticles solution exhib-
ited a transparent green color (Figure 3A), indicative of well

FIGURE 1 A, Schematic illustration of the home-made multispectral PA tomography imaging system, and (B) the water tank for mouse tumor experiment

FIGURE 2 Quantitative analysis of physiological parameters and the concentrations of CuS nanoparticles using tumor-bearing mouse through multi-spectral
PA imaging. The recovered PA images of HbO2, Hb, CuS and H2O in the tumor at 5 hours (A), 12 hours (B) and 24 hours (C) after the intravenously
injection of CuS nanoparticles; the concentrations of HbO2 (D), Hb (E), H2O (F) and CuS nanoparticles (G) at the tumor location obtained from the images at
5, 12 and 24 hours after the intravenously injection of CuS nanoparticles
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dispersity of CuS nanoparticles in water. The hydrodynamic
diameter of CuS nanoparticles was about 13.3 nm
(Figure 3B), which was larger than the TEM size due to the
surface modification of nanoparticles. For further possible bio-
logical applications, the cytotoxicity of as prepared CuS nano-
particles on 4T1 breast cancer cells and 293T cells was also
evaluated by using MTT assay. As shown in Figure 3C, the
viability of the cells did not exhibit any obvious change at the
concentrations of 0, 0.1, 0.2, 0.4, 0.8 and 1.6 mg/mL, which
indicated that the as prepared nanoparticles had excellent bio-
compatibility and could be a good candidate for cancer diag-
nosis and therapy. The PA signals of CuS nanoparticles at
different wavelengths were also measured. As shown in
Figure 3D, the nanoparticles displayed strong PA signals in
both the NIR-I and NIR-II biological windows. Interestingly,
the PA signal amplitudes at 700 and 1050 nm were nearly
identical, in which the two wavelengths were located in the
NIR-I and NIR-II biological window, respectively. It is noted
that the PA amplitude was different from the absorbance in
the absorption spectrum, which can be ascribed to the different
photophysical processes and energy sources between the
absorption spectrum and the PA signals [12, 21]. The PA sig-
nals of as synthesized CuS nanoparticles with different con-
centrations were also inspected and demonstrated in
Figure 3E,F, in which a good linear relationship can be
revealed between the PA signals and different concentrations
at both 700 nm and 1050 nm. In particular, we selected these

two wavelengths to examine and compare the NIR-I and NIR-
II PA imaging in the following experiment design.

3.2 | Using multispectral PA tomography to quantify
both the concentrations of CuS nanoparticles and
physiological parameters in tumor

In this section, in vivo experiments were performed to quan-
tify the nanoparticles concentrations and physiology proper-
ties of tissues by using CuS nanoparticles that covered both
NIR-I and NIR-II windows. Interestingly, our previous sim-
ulation and phantom tests [6, 21] had been performed to val-
idate the multispectral PA reconstruction method. To
reconstruct the concentrations of three major endogenous
chromophore including HbO2, Hb, H2O and one exogenous
contrast agent (CuS nanoparticles) in tumor, PA measure-
ments from four wavelengths (680, 780, 880 and 1050 nm)
were utilized for multispectral PA molecular imaging. In
addition, the Beer's law equation μa ¼ εHbO2 �CHbO2 + εHb �
CHb + εCuS �CCuS + εH2O �CH2O established the relationship
between the optical absorption coefficient and different chro-
mophore concentrations in tumor. The optical properties and
molar extinction coefficients of different chromophores were
provided in Table 1. The recovered chromophore concentra-
tions images based on our multispectral PA reconstruction
algorithm with the assumption of homogeneous acoustic
velocity [6, 22] were given in Figure 2, in which Figure 2A
showed the reconstructed concentrations of HbO2, Hb, CuS

FIGURE 3 The characterization and PA properties of the as prepared CuS nanoparticles. A, UV-Vis-NIR absorption spectrum of CuS nanoparticles and
inserts were transmission electron micrograph (TEM) image of CuS nanoparticles and photograph of the nanoparticles dispersed in aqueous solution; B,
Hydrodynamic diameter of the CuS NPs dispersed in aqueous solution measured by dynamic light scattering (DLS); C, Cell viability of 4T1 and 293T cells
after incubation with CuS nanoparticles with different concentrations; D, PA amplitudes of the as synthesized CuS nanoparticles at different wavelengths; E,
Linear relationship between PA amplitude of CuS nanoparticles at 700 nm and the different concentrations; F, PA amplitude of CuS nanoparticles at 1050 nm
as a function of different concentrations
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and H2O in tumor after intravenously injection of CuS nano-
particles for 5 hours. In addition, the concentrations of these
chromophores after 12 and 24 hours postinjection were also
recovered and provided in Figure 2B,C. Further, the mean
concentrations of these chromophores in tumor were also
quantified, which was about 94 � 5 μM (Figure 2D),
74 � 6 μM (Figure 2E) and 28% � 5% (Figure 2F) for HbO2,
Hb and H2O, respectively. We discovered that the concentra-
tions HbO2, Hb and H2O didn't exhibit significant differences
between different time points, indicating that the physiological
balance of the mice was not affected significantly after the
injection of the CuS nanoparticles. However, the concentration
for the retained CuS nanoparticles in tumor at 24 hours postin-
jection was about 3-fold higher than that at 5 hours
(Figure 2G). Meanwhile, we discovered that about 6.8% of
CuS nanoparticles were accumulated in tumor at 5 hours after
injection while about 24% of the nanoparticles were retained
in tumor totally at 24 hours after the tail vein intravenously
injection. The increased concentration of CuS nanoparticles in
tumor can be due to the enhanced permeability and retention
effect of tumor and the small size of the nanoparticles [23, 24].

In this work, the advantage to determine the water con-
tent by using CuS nanoparticles lies in two perspectives:
(a) the concentration of drugs/CuS nanoparticles accumu-
lated in the tumor can be determined at different time points
after intravenously injection; (b) the water content can be
recovered with enhanced contrast because the CuS nanopar-
ticles that serve as the contrast agents have strong optical
absorption in the NIR-II biological window.

In addition, the concentrations of CuS nanoparticles in
tumor were confirmed by inductively coupled plasma mass
spectrometry (ICP-MS) analysis, to support the quantification
by the proposed multispectral PAT imaging method. One hun-
dred microliters CuS nanoparticle solution (concentration of

1.0 mg/mL) was injected into three mice via the tail vein.
After 5, 12 and 24 hours, each of the three mice was respec-
tively sacrificed, and then the tumor tissues were extracted
and kept in the refrigerator. In addition, HNO3 solutions were
utilized to dissolve the tumor samples for another 24 hours.
And the original HNO3 solutions were filtered and diluted
50 times for further ICP-MS tests. The test results were pro-
vided in Figure 4. According to the molar mass of CuS nano-
particle at 95.61 g/mol, the measured concentrations of CuS
nanoparticles at 5, 12 and 24 hours were about 0.465, 0.575
and 2.080 μM, respectively, whereas the recovered results
were about 0.460, 0.605 and 1.400 μM, respectively.

3.3 | Phantom tests for the comparison between the PA
imaging results in NIR-I and NIR-II windows

Phantom and in vivo experiments were performed to show the
difference between the PA imaging results at 700 and
1050 nm. For the phantom tests, targets containing CuS nano-
particles with broad absorption covering both the NIR-I and
NIR-II biological windows were imaged using our home-
made multispectral PA imaging system. Targets with CuS
nanoparticles with specific concentration were embedded into
an agar gel phantom (Figure 5), which was further placed
under chicken breast tissues with different thicknesses. At the
laser density of 5 mJ/cm2, the PA images were recovered with
different penetration depths and the imaging results were pro-
vided in Figure 5A-D and Figure 5E-H for wavelength
700 and 1050 nm, respectively. We discovered from
Figure 5A-H that the PA signals of the target decreased with
increase buried depth in both NIR-I and NIR-II windows.
More importantly, the SNR of each image in Figure 5 was cal-
culated for the two wavelengths. We discovered from
Figure 5 that compared to the PA imaging results at 700 nm,
the recoveries at 1050 nm exhibited enhanced SNR and
improved penetration depth. As shown in Figure 5, the PA
images at 700 nm showed the significant distortion, low imag-
ing contrast, and high background noise when the imaging
depth reached 2.8 cm. However, this is the case for the

TABLE 1 The optical properties and extinction of various chromophores

Wavelengths
(nm) Parameters

Molar extinction
coefficient (cm−1/M)

Absorption
coefficient
(cm−1)

680 HbO2 277.6

Hb 2047.9

H2O 0.005

CuS 8800

780 HbO2 710

Hb 1075.4

H2O 0.027

CuS 15 400

880 HbO2 1154

Hb 726.4

H2O 0.053

CuS 24 900

1050 HbO2 940

Hb 185.4

H2O 0.166

CuS 37 100

FIGURE 4 The measured CuS nanoparticle concentrations in tumor at 5,
12 and 24 hours post-injection based on the ICP-MS technique
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findings at 1050 nm. The imaging results demonstrated that
PA images can be recovered in the NIR-II window with
improved contrast and SNR. The enhanced SNR in the NIR-II
biological window is because the absorption peak of CuS nano-
particles is at around 1100 nm. The CuS nanoprobes can gen-
erate the enhanced PA signals in the NIR-II window, which
further results in the high PA imaging contrast and SNR.

3.4 | In vivo tests for the comparison between the PA
imaging results in NIR-I and NIR-II windows

In addition, in vivo PA tumor imaging was also carried out
using CuS nanoparticles as contrast agents with our home-
made PA imaging system. 4T1 tumor bearing mouse model
was established as described in the experiment section for the
in vivo PAT. All procedures were performed under the guide-
lines on animal research stipulated that approved by Animal
Care and Use Committee with the University of Macau. CuS
nanoparticles were intravenously injected into the tumor bear-
ing mouse when the tumor size reached to about 100 mm3

(Figure 6). The PA signals were generated at wavelengths
700 and 1050 nm with different time points. The reconstructed
PA images of tumor after 5 hours post-injection at the two
wavelengths were given in Figure 6A. Figure 6C was the pho-
tograph of 4T1 subcutaneous tumor bearing nude mouse. As
demonstrated in Figure 6D, the PA signals were significantly
increased during the 5-hour post-injection. In particular, the
signal at 5 hours post-injection, was approximately 2-fold
higher than that pre-injection in NIR-II. More importantly, the
SNR at 700 nm was about 18.5 db, which was lower than that

at 1050 nm (Figure 6E). Consequently, the in vivo reconstruc-
tion results further validated the advantages of NIR-II over
NIR-I PA molecular imaging.

4 | DISCUSSION

In summary, we proposed a multispectral PA molecular
imaging method to quantify physiological parameters of the
tumor and the delivery efficiency of nanoparticles using the
as prepared biocompatible CuS nanoparticles, which pos-
sessed broad absorption covering both NIR-I and NIR-II
biological windows. Our imaging results demonstrated that
the mean concentrations of HbO2 and Hb of tumors were
about 94 � 5 μM and 74 � 6 μM, respectively, whereas the
mean water content was also about 28% � 5%, which exhib-
ited no significant changes before and after injection of
nanoparticles. However, a high delivery efficiency up to
24% was discovered for the CuS nanoparticles. In addition,
the SNR of reconstructed images was increased for all cases
in the NIR-II biological window as compared to that in NIR-
I window. Interestingly, we discovered that the SNR at
1050 nm was 1.5-fold higher than that at 700 nm for both
phantom and in vivo tests. Therefore, we demonstrated the
advantage of NIR-II over NIR-I PA molecular imaging by
using CuS nanoparticles as contrast agents. It was expected
that this study can make a contribution to establish a nonin-
vasive method to detect tumor by measuring physiological
parameters and to monitor the retention and metabolism of
drugs or the nanoparticles during tumor treatment.

FIGURE 5 Phantom imaging results of CuS nanoparticles-contained target acquired in the NIR-I window (700 nm) (A-D) and NIR-II (1050 nm) window
(E-H) with different depths at the energy density of 5 mJ/cm2. (I) Photograph of the agar phantom containing CuS nanoparticles. (J) The SNR of the phantom
containing CuS nanoparticles at 700 and 1050 nm as a function of the depth of chicken breast tissue. Noted that the regions marked in red indicated the
reconstructed PA image of CuS nanoparticles-contained target
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FIGURE 6 In vivo PA imaging of 4T1 tumor bearing mouse model in both NIR-I and NIR-II biological windows. PA images of the tumor at 700 nm (A) and
1050 nm (B) after 5 hours intravenously injection of CuS nanoparticles; (C) The photograph of 4T1 subcutaneous tumor bearing nude mouse; (D) PA image of
the tumor generated at 0, 5, 12 and 24 hours post-injection in NIR-II window; (E) SNR of mouse tumor images at 700 and 1050 nm for the same slice
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