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better than those of organic molecules in in vivo PA bioim-
aging.[4] Since near-infrared (NIR) light can penetrate tissues, 
various NIR absorbing nanomaterials including metals, semi-
conductors, and carbon nanostructures have been explored.[5] 
Compared to organic dyes, inorganic nanoparticles can pas-
sively accumulate in tumors at larger concentration via the 
well-known enhanced permeability and retention (EPR) 
effect.[6] However, the potential long-term toxicity of the 
inorganic nanomaterials hamper wider adoption[7] and conse-
quently, a new bioimaging nanoagent with good biocompat-
ibility and efficient PA performance is demanded.

Atomically thin black phosphorus (BP) is a new member 
of 2D materials family. Different from other 2D mate-
rials such as graphene, BP has a layer-dependent bandgap 
between 0.3 and 2.0 eV and is more versatile in electronic 
and optoelectronic applications.[8] Recently, ultrasmall BP 
nanosheets (referred to as BP quantum dots, BPQDs) pre-
pared by liquid exfoliation have been shown to have good 
biocompatiblity, photothermal performance, and nonlinear 
optical properties.[8f,9] Nevertheless, BP is very reactive 
to oxygen and water, resulting in compositional/physical 
changes as well as subsequent degradation in the optical 
properties[10] and bioapplications. In this study, by means 
of surface coordination,[11] a sulfonic ester of the titanium 
ligand (TiL4) is coordinated with the BPQDs to improve the 
stability in aqueous dispersions and the use of the materials 
as a photoacoustic imaging (PAI) agent in in vivo bioimaging 
of cancer is evaluated.

The TiL4, a titanium sulfonate ligand (Figure S1a, Sup-
porting Information), is synthesized by reacting titanium 
tetraisopropoxide [Ti(OiPr)4] with p-toluenesulfonic acid 
in ethanol.[11] The BPQDs prepared by a liquid exfoliation 
technique[8f] are mixed with TiL4 in N-methyl-2-pyrrolidone 
(NMP) at room temperature for 15 h to generate TiL4@BPQDs 
(Figure S1b, Supporting Information). Transmission electron 
microscopy (TEM) and atomic force microscopy (AFM) are 
performed to examine the morphology of the TiL4@BPQDs. 
The TEM images in Figure 1a and Figure S2 (Supporting Infor-
mation) reveal the ultrasmall TiL4@BPQDs and the high-reso-
lution TEM (HR-TEM) image in the inset shows lattice fringes 
of 0.34 nm ascribed to the (021) plane of the BP crystal. The 
topographical AFM image in Figure 1c shows that the meas-
ured heights of the TiL4@BPQDs are 1.6, 2.1, and 2.2 nm, DOI: 10.1002/smll.201602896
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Noninvasive cancer imaging has drawn research interest on 
account of the considerable benefits to patients by reducing 
unnecessary biopsies and facilitating imaging-guided 
therapy.[1] As one of the latest and promising biophotonic 
diagnostic modalities,[2] photoacoustic (PA) imaging has be 
shown to be more superior compared to many other tradi-
tional optical imaging techniques, for instance, high image 
contrast and sensitivity, high spatial resolution with depths 
up to several centimeters, and depth-resolved 3D imaging, 
thereby boding well for in vivo bioimaging.[3] Although 
the PA signal originates from the tumor site, the intensity 
is rather low especially in the early stage and therefore, an 
effective exogenous contrast agent is highly desirable for in 
vivo PA imaging of the tumor location.

Employment of inorganic nanomaterials as exogenous 
agents is of interest because their unique properties are 
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respectively. According to the statistical TEM and AFM analysis 
of 100 TiL4@BPQDs (Figure 1c,d), the lateral size of the TiL4@
BPQDs is 2.8 ± 1.5 nm and the thickness is 2.0 ± 0.6 nm. Raman 
scattering is conducted and Figure S3 (Supporting Information) 
shows three prominent peaks, the out-of-plane phonon mode 
(A1

g) at 359.5 cm−1 as well as two in-plane modes, B2g and A2
g, 

at 436.0 and 463.3 cm−1, respectively. Compared to bulk BP, the 
A1

g, B2g, and A2
g modes of the TiL4@BPQDs red-shift by about 

1.3, 2.4, and 1.7 cm−1, respectively, which are similar to those 
observed from few-layer BP nanosheets.

The TiL4@BPQDs supernatants with different concentra-
tions are characterized by ultraviolet–visible–near infrared 
(UV–vis–NIR) absorption spectroscopy (Figure 2a). The 
optical absorption spectra acquired from the TiL4@BPQDs 
disclose a broad absorption band spanning the UV and 
NIR regions similar to BPQDs.[11] The normalized absorp-
tion intensity over the characteristic cell length (A/L) at 
λ = 680 nm is determined (see Figure 2b) at different concen-
trations (C) and the amount of TiL4@BPQDs is determined 
by inductively coupled plasma atomic-emission spectroscopy 
(ICP-AES). According to the Lambert–Beer law: A/L = αC, 
where A is the absorbance intensity, L is the cell length, α is 
the extinction coefficient, and C is the concentration, a linear 
trend is observed for the A/L versus concentration relation-
ship and the extinction coefficient at 680 nm is calculated to 
be 22.2 L g−1 cm−1.

To evaluate the stability of BPQDs 
after TiL4 surface coordination, the bare 
BPQDs and TiL4@BPQDs are centri-
fuged from NMP, resuspended in water 
at the same concentration, and then 
exposed to ambient air for 10 d. As shown 
in Figure 2c, both the bare BP and TiL4@
BPQDs solutions are brown in the begin-
ning after resuspension, but only the bare 
BP solution fades in color becoming more 
clear and transparent after 10 d. The cor-
responding absorbance intensity decreases 
significantly with storage time (Figure 2d) 
and after 10 d, the absorbance of the bare 
BP solution at 450 nm (A) decreases to 
43% of the original value (A0). In com-
parison, the absorbance of the TiL4@BP 
solution only decreases by about 10%. Fur-
thermore, the two samples are dispersed 
in the medium comprised of Dulbecco’s 
Modified Eagle Medium (DMEM) and 
10% fetal bovine serum (FBS) for 10 d to 
examine their stability in biological envi-
ronment. In line with the results shown 
in Figure 2c,d, both BPQDs and TiL4@
BPQDs are nonaggregating in the medium 
but only the TiL4@BPQDs exhibit a good 
stability (Figure S4, Supporting Informa-
tion). It has been expounded that the deg-
radation of BP is initiated by the oxidation 
reaction, in which the lone pair electrons 
of BP can be readily occupied by the 
ambient oxygen to form PxOy.

[7j] While 
the lone pair electrons of BP are deprived by the electro-
philic TiL4, the reaction between BP and the ambient oxygen 
can be efficiently prevented.[11] Our results produce evidence 
that TiL4 coordination enhances the stability of the BPQDs.

Light between 650 and 950 nm is usually referred to as 
the “NIR optical window” and promising is biomedical 
imaging and detection because the radiation provides deeper 
tissue penetration and reduced photodamage. The perfor-
mance of the TiL4@BPQDs is further studied at different 
NIR wavelengths as shown in Figure 3. The PA signal inten-
sity decreases as the laser wavelength is increased from 680 to 
808 nm. When an optical absorbing material such as BPQDs 
is irradiated by laser pulses shorter than the thermal transport 
time of the absorbed energy, transient thermoelastic expan-
sion occurs and a subsequent PA pressure wave is gener-
ated.[12] During the thermal expansion in an optical absorber, 
the conversion efficiency of light energy to PA pressure wave 
plays a key role in the PA signal generation. The conversion 
efficiency is mainly determined by the light absorbance and 
heat capacity of the optical absorber. Therefore, the PA signal 
intensity of the TiL4@BPQDs diminishes with decreasing 
optical absorption from 680 to 808 nm. Our data also suggest 
that the optimal signal occurs at the wavelength of 680 nm 
which is used in our subsequent experiments.

The PA performance of the TiL4@BPQDs is further 
evaluated by comparing them with those of Au nanorods 
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Figure 1. Synthesis and characterization of TiL4@BPQDs. a) TEM image and HR-TEM image 
(inset). b) Statistical analysis of the lateral size of the 100 TiL4@BPQDs based on TEM.  
c) AFM image and height profiles along the red line. d) Statistical analysis of the heights of 
100 TiL4@ BPQDs according to AFM.



(3 of 7) 1602896© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

(AuNRs) which have been studied as PA contrast agents.[5o] 
The solutions containing 22.0 ppm of TiL4@BPQDs or 
79.8 ppm of AuNRs are prepared to achieve optical densi-
ties of 0.50 at 680 nm (Figure S5, Supporting Information). 
Afterward, the TiL4@BPQDs and AuNRs solutions are 
twice-diluted four times with the optical densities at 680 nm 
varying from 0.500 to 0.031, placed in a tomographic scanner, 
and imaged with 680 nm light excitation. Figure 4a shows the 
concentration-dependent PA signals of the TiL4@BPQDs 
and AuNRs solutions. It is clear that the TiL4@BPQDs per-
forms better than the AuNRs at the same concentration. The 
corresponding PA signal intensities of the TiL4@BPQDs and 
AuNRs are presented in Figure 4b which shows that the PA 
signal of the TiL4@BPQDs is nearly 7.29 times that of the 
AuNRs when the optical densities of both samples are 0.50 
at 680 nm. Even at 730 nm wavelength, which is close to the 
peak of the absorption spectrum of the AuNRs, the PA signal 
intensity of AuNRs is still much weaker than that of TiL4@
BPQDs (Figure S6, Supporting Information). The calculated 
limit of detection of TiL4@BPQDs is as small as 0.125 (corre-
sponding to only 5.5 ppm), demonstrating the excellent per-
formance of the TiL4@BPQDs as a PA agent.

After the demonstration of good cytocompatibilty 
(Figure S7, Supporting Information), the TiL4@BPQDs 

are further evaluated for their PA sensitivity in vitro (see 
Figure 5). The MCF-7 cancer cells are incubated with TiL4@
BPQDs at different concentrations (0, 6.25, 12.5, 25, 50, and 
100 ppm) before 680 nm PA examination. The PA images 
and corresponding quantitative intensity analysis are shown 
in Figure 5a. The cells after TiL4@BPQDs addition are sig-
nificant and the disturbance from endogenous absorbers is 
negligible in the biological system. The PA signal increases 
with the amount of TiL4@BPQDs. An obvious PA signal can 
be observed from the cells after addition of only 12.5 ppm 
of TiL4@BPQDs (only 0.63% of the common imaging dose 
of 2 mg L−1), suggesting the high sensitivity in in vitro 
PA imaging. The PA performance for different cell num-
bers (0.16, 0.32, 0.63, 1.25, 2.5, and 5.0 million) is examined 
after the addition of 50 ppm of TiL4@BPQDs. As shown in 
Figure 5b, the cell PA signal stands out from the background 
even though the cell number is only 0.63 million. Since there 
are around 108 cells in 1 cm3 of tumor,[13] the high PA sen-
sitivity of TiL4@BPQDs with the detection limit at least of 
0.63 million cancer cells indicates that this agent can detect 
very small lesions.

In vivo PA imaging experiments are performed with the 
TiL4@BPQDs as the contrast agent. Eight-week-old nude 
male mice (Balb/C-nude) are injected with 8 million MCF-7 
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Figure 2. Optical properties and stability of TiL4@ BPQDs. a) Absorbance spectra of TiL4@BPQDs dispersed in water at different concentrations. The 
top curve is obtained from the TiL4@ BPQDs solution at 22.0 ppm and each subsequent curve represents the TiL4@ BPQDs solution after two times 
dilution. b) Normalized absorbance intensity over the characteristic cell length (A/L) at different concentrations for λ = 680 nm. c) Photographs 
of (i) BPQDs and (ii) TiL4@BPQDs (ii) dispersed in water after 0 and 10 d, respectively. d) Absorbance (450 nm) of BPQDs and TiL4@ BPQDs with 
dispersion time in water.
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cells through the rear leg flank. After intravenous injection 
of 200 µg of TiL4@BPQDs, the mice bearing 0.5 to 0.7 cm3 
MCF-7 tumors are photoacoustically imaged on a commer-
cial PA computed tomography system. The transverse slices 
of the host mice are formed by averaging the PA signals 
acquired from five laser pulses at 608 nm with 15 nm step 
intervals. PA imaging is performed prior to injection of the 
TiL4@BPQDs at 0.5, 1, 2, 4, 6, 24, and 48 h postinjection. As 
shown in Figure 6a, some noisy PA signals in the skin area 
are detected from the preinjection group because of scat-
tering by skin or the relative rigid effect during the change 
from transmission the gel to tissue. After injection of TiL4@
BPQDs, the mice show larger PA signals in the tumors than 
preinjection and the maximum is observed at 4 h postin-
jection. Afterward, the PA signal decreases gradually and 
returns to the low level similar to preinjection at 48 h postin-
jection. The contrast enhancement of the PA signal intensity 
in the region of interest (ROI) in the tumor site is plotted as 
a function of time after injection of TiL4@BPQDs. As shown 
in Figure 6b, at preinjection and after 48 h postinjection, the 
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Figure 4. Comparison of PA performances between TiL4@BPQDs 
and AuNRs. a) PA images of the TiL4@BPQDs and AuNRs for different 
optical densities at 680 nm (0.031, 0.063, 0.125, 0.250, and 0.500). 
b) Corresponding signal intensities of the TiL4@BPQDs and AuNRs for 
different optical densities at 680 nm (0.031, 0.063, 0.125, 0.250, 
and 0.500). For both samples, the PA intensity varies linearly with the 
optical density.

Figure 5. Cell detection sensitivity of TiL4@BPQDs. a) PA images and 
corresponding quantitative intensity analysis of MCF-7 cells added with 
different amounts of TiL4@BPQDs (6.25, 12.5, 25, 50, and 100 ppm).  
b) PA images and corresponding quantitative intensity analysis of 
different amounts of MCF-7 cells (0.16, 0.32, 0.63, 1.25, 2.5, and 
5.0 million) added with 50 ppm of TiL4@BPQDs. * means p < 0.05, 
compared to the control group.

Figure 3. PA performance of TiL4@ BPQDs at different wavelengths.  
a) PA images of TiL4@BPQDs at different excitation wavelengths (680, 
710, 740, 770, 790, and 808 nm). b) PA signal and corresponding 
absorption intensities of TiL4@ BPQDs at different excitation 
wavelengths.
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PA signal intensities in the tumor area are 21.49 ± 3.16 and 
31.58 ± 2.42 a.u., respectively. At 4 h postinjection, strong PA 
signals as high as 120.80 ± 5.40 a.u. can be observed from the 
tumor. The 3D PA images of the tumor site are acquired by 
using an Inveon research workplace (see Figure 6c) and a 
video clip of these multiple adjacent 2D image slices within 
the 3D image set is shown in Video M1-3 in the Supporting 
Information. The 3D images reveal that the PA signals in the 
tumor are significantly enhanced after TiL4@BPQDs injec-
tion. The PA imaging demonstrate that the TiL4@BPQDs 
after intravenous administration can accumulate in the 
tumor, which probably due to the following points. First, it 
is measured that the zeta potential of BPQDs is changed 
from −36.5 ± 1.1 to +21.1 ± 2.56 mV after TiL4-coordination. 
Since tumor cell membrane generally covers with numerous 
negatively charge, the positively charged TiL4@BPQDs can 
enhance tumor cell targeting and cellular internalization.[14] 
Second, further dynamic light scattering (DLS) measurement 
reveals that the hydrodynamic size of TiL4@BPQDs is about 
275.0 ± 55 nm in culture medium comprised of DMEM and 
10% FBS (Figure S8, Supporting Information), and the nano-
particles with hydrodynamic size larger than 50 nm are more 
efficient to escape rapid kidney filtration and passively accu-
mulate in tumors via the EPR effect.[6] As before mentioned, 
the TiL4@BPQDs are in the size of only several nanometers 
under TEM observation (Figure 1). The size differentiation 
measured by DLS and TEM can be attributed to the different 
measurement conditions.[15] The TiL4@BPQDs are dispersed 
in culture medium for DLS determination but they should be 
vacuum-dried for TEM examination. Because of their posi-
tive charge and high surface energy of nanoparticles, once 
the TiL4@BPQDs are introduced into culture medium, many 
negatively charged proteins could interact with the particle 
surface and form the “protein corona,” and resulting in a dra-
matic increase in their hydrodynamic size.[16]

In summary, TiL4 coordinated BPQDs are prepared and 
demonstrated as efficient PA agents in bioimaging of cancer. 
Compared with bare BPQDs, the TiL4@BPQDs exhibit 
enhanced stability in water dispersions. Owing to the large 
NIR extinction coefficient, the TiL4@BPQDs exhibit excel-
lent PA performance at 680 nm superior to that of AuNRs. 
Our in vitro and in vivo experiments further demonstrate the 
excellent sensitivity and high spatial resolution in detecting 
tumors clearly, demonstrating the large potential of the 
TiL4@BPQDs in clinical applications.

Experimental Section

Materials: The BP crystals were purchased from a commercial 
supplier (Smart-Elements) and stored in a dark Ar glovebox. The 
NMP (99.5%, anhydrous) was purchased from Aladdin. phosphate 
buffer saline (PBS) (pH 7.4) and FBS, DMEM, trypsin-EDTA, and 
penicillin–streptomycin were purchased from Gibco Life Tech-
nologies (AG, Switzerland). Dimethyl Sulphoxide (DMSO) was 
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). All other chemicals used in this study were analytical rea-
gent grade and used without further purification. Ultrapure water 
(18.25 MΩ cm, 25 °C) was used to prepare the solutions.

Synthesis of TiL4@BPQDs: The TiL4@BPQDs were synthesized 
by the method reported by our group previously.[11] In brief, 25 mg 
of the BP powder was added to 25 mL of NMP in a 50 mL sealed 
conical tube and sonicated with a sonic tip for 3 h at 1200 W, 
ultrasonic frequencies from 19 to 25 kHz, and ultrasound probe 
time of 2 s at an interval of 4 s. The dispersion was sonicated in 
an ultrasonic bath continuously for another 10 h at 300 W. The 
temperature of the solution was kept below 277 K in an ice bath. 
The dispersion was centrifuged for 20 min at 7000 rpm and the 
supernatant containing the BPQDs was decanted gently. The 
supernatant solution was centrifuged for 20 min at 12 000 rpm. 
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Figure 6. In vivo PA performances of TiL4@BPQDs. a) Time-dependent PA images of the MCF-7 cells in the xenografted tumor in the BALB/c nude 
mice after intravenous injection of TiL4@BPQDs. The signal intensity bar is shown on the right side. b) Quantitative analysis of each ROI signal in 
(a). c) Typical 3D PA images of the tumor at different time points pre- and postinjection of TiL4@BPQDs.
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The precipitate was rinsed with water repeatedly and resuspended 
in the aqueous solution finally.

To achieve TiL4 surface coordination, a proper amount of the 
synthesized TiL4 was added to the BP (ultrasmall BP nanosheets 
and micrometer-sized BP sheets) solution in NMP (1 mL, 
3.7 µmol) and the mixture was stirred in darkness under nitrogen 
for 15 h. The mixture was centrifuged at 12 000 rpm for 20 min 
and the precipitated TiL4@BP was collected for use for subsequent 
experiments.

Characterization: The TEM and HR-TEM images were acquired 
on the Tecnai G2 F20 S-Twin transmission electron microscope at 
an acceleration voltage of 200 kV. AFM was performed on the drop-
cast flakes on the Si/SiO2 substrates using an MFP-3D-S atomic 
force microscopy (Asylum Research, USA) under the AC mode 
(tapping mode) in air. Zeta potentials were measured on a Zeta-
sizer Nano ZS zeta analyzer. Raman scattering was performed on a 
Horiba Jobin-Yvon Lab Ram HR VIS high-resolution confocal Raman 
microscope equipped with a 633 nm laser as the excitation source 
at room temperature. The BP concentration was determined by ICP-
AES (7000DV, PerkinElmer). The UV–vis–NIR absorption spectra 
were recorded on a Lambda25 spectrophotometer (PerkinElmer) 
with QS-grade quartz cuvettes at room temperature. The optical 
absorbance per cell length (A/L) was determined from the optical 
absorbance intensity at 808 nm. Using Beer’s law (A/L = αC), the 
BP extinction coefficient was extracted from the slope of a plot of 
A/L versus concentration.

Evaluation of In Vitro PA Imaging: In in vitro PA imaging, the 
solutions containing different amounts of TiL4@BPQDs dissolved in 
PBS were placed in a hemispherical acrylic holder and suspended 
in the center of the imaging dimple of the Nexus 128 PA instrument 
(Endra Life Sciences). The transducers were coupled to the sample 
plane by filling the bowl with water and maintained at 38 °C by a 
pumping system. Six sets of PA signal data were acquired at inci-
dent laser wavelengths of 680, 710, 740, 770, 790, and 808 nm. 
The PA signal intensities were analyzed using the ROI in the base-
line image and the intensity changes in the ROI of the five images 
were calculated. The solutions containing TiL4@BPQDs and AuNRs 
with different absorbance values of 0.031, 0.063, 0.125, 0.250, 
and 0.500 were placed directly in the imaging dimple and the PA 
signal detected at 680 nm.

Cellular Toxicity Assay: The 293T human embryonic kidney 
cells and MCF-7 breast cancer cells were obtained from China type 
culture collection (CTCC). These cells were cultured on a 96-well 
plate (1 × 104 cells per well) in Dulbecco’s modified Eagle medium 
(Gibco BRL) supplemented with 10% (v/v) fetal bovine serum, 
supplemented with 100 UI mL−1 penicillin and 100 UI mL−1 strepto-
mycin, in a humid chamber of 5% CO2 at 37 °C. After 12 h of initial 
cell culture, the medium was refreshed with 200 µL of culture 
media containing BPQDs and TiL4@BPQDs at different concen-
trations (25, 50, 100, and 200 ppm). After 48 h of coincubation, 
the cells were washed twice with PBS then 10 µL of CCK-8 solu-
tion was added onto each well and incubated for another 2 h at 
37 °C. The absorbance was measured at a wavelength of 450 nm 
by using a microplate reader (Varioskan Flash 4.00.53, Finland). 
The cell viability was normalized to the control group and the fol-
lowing formula was used to evaluate cell viability: Cell viability 
(%) = (mean of Abs. value of treatment group/mean Abs. value of 
control) × 100%. For each kind of samples, the cell viability assay 
was performed in quintuplicate.

PA Imaging of Intracellular TiL4@BPQDs: The MCF-7 cells were 
obtained from CTCC. The cells were cultured on a 6-wells plate 
(1 × 104 cells per well) in Dulbecco’s modified Eagle medium 
(Gibco BRL) supplemented with 10% (v/v) fetal bovine serum sup-
plemented with 100 UI mL−1 penicillin and 100 UI mL−1 strepto-
mycin. The cells were incubated in a humid chamber of 5% CO2 at 
37 °C. After incubation for 24 h, the cell media in the wells were 
replaced with either fresh medium (no nanoparticles) or new cul-
ture medium containing different amounts (6.25, 12.5, 25, 50, and 
100 ppm) of TiL4@BPQDs. After incubation for 4 h, the cells were 
treated with trypsin–EDTA solution, harvested into a 1.5 mL conical 
tube, and centrifuged (600 g, 3 min) to produce a cell pellet. The 
supernatant was gently replaced with fresh PBS. The samples were 
investigated by PA imaging. The solutions were placed directly in 
the imaging dimple and PA signal was acquired at 680 nm.

Different amounts of MCF-7 cells (0.16, 0.32, 0.63, 1.25, 2.5, 
and 5.0 million) were incubated in the culture medium containing 
50 ppm of TiL4@BPQDs for 2 h at 37 °C. After washing three times 
with cold PBS, the cells were suspended in 50 µL PBS and placed 
directly in the dimple of the PA instrument for determination of PA 
signal. All the experiments were performed in triplicates.

PA Imaging of TiL4@BPQDs in MCF-7 Tumors in Mice: The 
animal studies were performed in accordance with the Guide-
lines for the Care and Use of Research Animals established by 
the Stanford University (Stanford, CA). Eight-week-old nude male 
mice (Balb/C-nude) were injected with 8 million MCF-7 cells via the 
rear leg flank. The mice bearing 0.5 to 0.7 cm3 MCF-7 tumors were 
photoacoustically imaged on a commercial PA computed tomog-
raphy system (Nexus 128, Endra Inc.). The system used a tunable 
nanosecond pulsed laser (7 ns pulses, 20 Hz pulse repetition fre-
quency, about 7 mJ per pulse on the animal surface, wavelength 
range 680 to 950 nm) and 128 unfocused ultrasound transducers 
(with 5 MHz center frequency and 3 mm diameter) arranged in a 
hemispherical bowl filled with water. We used 680 nm light with 
20 views and 30 pulses per view. For each animal, we first obtained 
preinjection data at 680 nm. The imaging agent (200 µg) was dis-
solved in 100 µL PBS (pH 7.4) and administered to the mice by 
tail-vein injection. The data were acquired at 0.5, 1, 2, 4, 6, 24, 
and 48 h after injection of the imaging agent. The volume rendered 
3D PA images were reconstructed off-line using data acquired from 
all 128 transducers from all views using a filtered back-projection 
algorithm. The algorithm corrected for pulse-to-pulse variations 
in the laser intensity and small changes in the temperature that 
affected the acoustic velocity in the water. The reconstructed 3D 
raw data were then analyzed using Osirix software.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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Figure S1.Fabrication of TiL4@BPQDs: a) Structural formula of TiL4; b) Surface 

coordination of TiL4 to BP. 

 

 

 

 

 

 

 

 



 

Figure S2. High magnification TEM image of TiL4@BPQDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S3. Raman spectra of the bulk BP and TiL4@BPQDs. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Stability ofTiL4@BPQDs in biological environment. Absorbance (450 nm) 

of BPQDs and TiL4@ BPQDs with dispersion time in the medium comprised of 

DMEM and 10% FBS. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S5. Absorbance spectra acquried from the aqueous solutions containging 79.8 

ppm of AuNRs and 22.0 ppm of TiL4@BPQDs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S6. Comparison of PA performances between TiL4@BPQDs at 680 nm and 

AuNRs at 730 nm: (a) PA images of the TiL4@BPQDs at 680 nm and AuNRs at 730 

nm for different optical densities (0.031, 0.063, 0.125, 0.250, and 0.500); (b) 

Corresponding signal intensities of TiL4@BPQDs at 680 nm and AuNRs at 730 nm 

for different optical densities (0.031, 0.063, 0.125, 0.250, and 0.500).  For both 

samples, the PA intensity varies linearly with the optical density. 

 

 

 

 

 



 

Figure S7. Relative viabilities of (a) 293T normal cells, and (b) MCF-7 cancer cells 

after the incubation with BPQDs and TiL4@BPQDs at different concentrations (20, 

50, 100, and 200 ppm) for 48 h. No cytotoxicity can be observed from the two types 

of cells even when the concentration of BPQDs and TiL4@BPQDs is as high as 200 

ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S8. Size distributions of TiL4@BPQDs determined by DLS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S9. In vivo PA parallel experiment of TiL4@BPQDs. Time-dependent PA 

images of the MCF-7 cells in the xenografted tumor in the BALB/c nude mice after 

intravenous injection of TiL4@BPQDs. 


