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Graphical Abstract
A promising MeHg™" detection strategy by ratiometric photoacoustic molecular imaging shows
very high sensitivity and selectivity in living subjects, such as zebrafish and mice.
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Photoacoustic imaging (PAI) is an emerging imaging modality based on the detection of
ultrasonic wave generated by an optically excited chromophore.[1] With the development of
photoacoustic (PA) contrast agents such as organic dyes,[?] carbon nanotubesl3l and metal-
based nanoparticles,4 PAI has been widely employed for tumor imaging,[®! therapeutic
responses monitoring, 8] reactive oxygen species (ROS) detection,[”] pH detection, (8]
enzyme detection,[®] metal ions detection,[2%] and so on. The specificity and selectivity of PA
contrast agents are the most crucial parts for the detection. To achieve analyte-specific PA
detection, the recognition site of PA detector should be activated by the specific analyte, and
followed by an obvious change of PA signal intensity with high sensitivity. For metal ion
detection, Chan et al. developed a PA detector with a 2-picolinic ester sensing module that is
readily hydrolyzed in the presence of copper (Cu?*) for the chemoselective visualization of
Cu2*, which is a crucial metal ion in chronic nervous diseases (e.g. Alzheimer’s
disease).[108] |n another case, Clark et a/11%] reported that a PA sensor composed of a
lithium (Li*) selective crown ether ionophore, lithium ionophore VI (L) and a
chromoionophore (CH™) is selected for /7 vivo measurement of Li* concentrations. Li* is
recognized and extracted into the hydrophobic polymer core of the sensor, leading to the
deprotonation of chromoionophore, which changes the PA signal intensity of the sensor.
Therefore, the development of novel PA detectors for other metal ions is highly desirable.

Methylmercury (MeHg™") readily accumulates in the food chain, such as fish. It is one of the
most potent neurotoxins, which damages the brain and nervous systems of human beings
through fish consumption, especially for pregnant women and infants. Currently, the MeHg*
detection methods mainly include gas chromatography (GC), high-performance liquid
chromatography (HPLC) or capillary electrophoresis (CE) coupled to a specific detector
such as atomic fluorescence spectrometry (AFS), mass spectrometry (MS), or inductively
coupled plasma mass spectrometry (ICP-MS).[11] Additionally, the pre-treatment of samples
is also rather complicated. Therefore, there is a high demand for a simple, robust, real-time
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and visual method for /n7 vivo detection and monitoring of MeHg*, especially for living
fishes.

Herein, we report a chemoselective PA sensor (LP-hCy7) composed of the liposome (LP)
and MeHg*-responsible near-infrared (NIR) cyanine dye (hCy7)[22] for MeHg™* detection
within a living subjects (Scheme 1). In the LP-hCy7 nanoprobe, the hydrophobic hCy7 was
encapsulated in the lipid layer of liposome. When the LP-hCy7 was treated with MeHg™, the
strong liposoluble MeHg* easily went into the lipid layer of LP-hCy7, thus converting hCy7
into hCy7’ through mercury-promoted cyclization reaction. The absorbance intensities of
nanoprobes at 690 and 860 nm would be decreased and increased, respectively. It also led to
the increase of ratiometric photoacoustic signal (PA860/PA690) in the presence of MeHg*.
Importantly, using PA860/PA690 as an indicator, LP-hCy7 allows to monitor the
concentration of MeHg* by ratiometric photoacoustic bioimaging in living subjects.

Firstly, we synthesized hCy7 via coupling reaction between hNIR-CI and thiosemicarbazide
subunit (Scheme S1, Figure S1-3 Supporting information).[12] Then the hydrophobic hCy7
was encapsulated into the lipid layer of liposome to achieve a chemoselective nanoprobe
(LP-hCy7) for MeHg™ detection.[23] The morphology and size of the LP-hCy7 were
characterized by transmission electron microscopy (TEM) and dynamic light scattering
(DLS), respectively. As shown in Figure 1a, the LP-hCy7 was well dispersed with an
average diameter of ~50 nm. The hydrodynamic diameter of LP-hCy7 was 98.2 + 22.4 nm
(Figure 1b). Fourier transform infrared spectroscopy (FTIR) spectra and IH NMR spectra
further demonstrated that the organic dye hCy7 molecules were successfully doped in the
liposomes (Figure S4 and S5, Supporting information). To examine the optical response of
the nanoprobe LP-hCy7 to MeHg™ ions, the absorption spectra of LP-hCy7 with different
concentrations of MeHg* were measured by using UV-vis-NIR spectrophotometer. As
shown in Figure 1c, upon addition of MeHgCI, the optical density (OD) of LP-hCy7 at 690
nm (OD690) decreased gradually. Meanwhile, the OD at 860 nm (OD860) gradually
increased with the increasing amount of MeHgCI. The colour of the LP-hCy7 solution with
the addition of MeHg* changed obviously from blue to weak green (Figure 1d). These
results indicated that the hCy7 in the hydrophobic layer of LP-hCy7 reacted with MeHg™,
leading to the structure change from hCy7 to hCy7’. The responsive mechanism of the
reaction of LP-hCy7 with MeHg* was confirmed by ligiud chromatography-mass
spectrometry (LC-MS). The peak at m/z 1194.8 (calculated as 1194.8) was ascribed to
hCy7, and the peak at m/z 1160.8 (calculated as 1160.8) was assigned to hCy7’ (Figure S6,
Supporting information).[24] Moreover, the time-dependent absorbance spectra of LP-hCy7
with different amounts of MeHg* ions also gave a significant change of OD (Figure S7,
Supporting information).

It is no surprise that the photoacoustic signal of hCy7 would also change with the interaction
between hCy7 and MeHg*. As shown in Figure 2a, the LP-hCy7 has a high photoacoustic
signal at 690 nm (PA690) and a low photoacoustic signal at 860 nm (PA860), resulting in a
very low PA860/PAG90 value (~0.06). However, in the presence of MeHg™, the PA860 of
LP-hCy7” increased. At the same time, PA690 of LP-hCy7” was lower than that of LP-hCy7
due to reduced absorbance at 690 nm. Therefore, the PA860/PA690 of LP-hCy7’was
significantly increased, with a value of about 1.0, which is about 16-fold higher than that of
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LP-hCy7 (Figure 2c). Furthermore, a linear relationship between the PA860/PA690 and
MeHg* concentration in the range of 0-5 uM (Figure 2b) was observed, and the detection
limit of nanoprobe LP-hCy7 for MeHg* in aqueous solution was measured to be 2.0 ppb,
which is comparable to that of UV-vis-NIR spectrophotometer method (Figure S8,
Supporting information). The time-dependent PA860/PA690 of LP-hCy7 with different
amounts of MeHg™* ions also gave a ratio increase of PA860/PA690 with time (Figure S9,
Supporting information).

Next, the specificity and selectivity of nanoprobe LP-hCy7 were investigated. Significantly,
the photoacoustic response of LP-hCy7 nanoprobe toward MeHg* relative to some other
metal ions, including some alkaline earth (Ca2*, Mg?*), and transition-metal ions (Mn2*,
FeZ* Co2*, Ni%*, Zn?*, Cu?"), were detected under the same condition. The results revealed
that only the addition of MeHg* induced a prominent change in both absorbance spectra and
photoacoustic imaging, while negligible change was caused by adding excessive other metal
ions (Figure 2c; Figure S10, (Supporting information)). Taken together, these results
indicated that the LP-hCy7 nanoprobe can serve as a colorimetric and photoacoustic
chemodosimeter for the detection of MeHg* with high sensitivity and selectivity.

The cytotoxicity and biocompatibility of LP-hCy7 nanoprobes were investigated on US7MG
cells by using the methyl thiazolyl tetrazolium (MTT) assay. After the cells were incubated
with LP-hCy7 (0-500 wg/mL) for 24 h, no significant change in the proliferation of cells was
observed (Figure S11, Supporting information). Even at 500 pg/mL of LP-hCy7, the cellular
viability of cells was still over 85%, indicating the negligible toxicity of LP-hCy7
nanoprobes.

Encouraged by the photoacoustic and biological properties of LP-hCy7 nanoprobes, we
investigated the potential of LP-hCy?7 as a ratiometric photoacoustic detector for real-time
monitoring of MeHg™ level in vivo using zebrafish model.[*5] As a proof of concept
experiment, zebrafishes with/without contamination of MeHg* were incubated with LP-
hCy7 (0.1 mg/mL). The zebrafishes without any treatment were used as control. Then all
zebrafishes were detected by PAL.

We used the 3D ultrasonic imaging to identify the location of zebrafishes (Figure 3a). The
photoacoustic images in transection of abdomen of zebrafishes at wavelength of both 690
and 860 nm were recorded in Figure 3b1-b9. The photoacoustic intensities were measured
in Figure 3c. The untreated zebrafishes in the control group have no obvious photoacoustic
signals at 690 nm (PA690) and 860 nm (PA860). For LP-hCy7 incubated zebrafishes without
contamination of MeHg™*, they exhibited strong PA690 and weak PA860 with a PA860/
PA690 value of about 0.27 (Figure 3d). For LP-hCy7 incubated zebrafishes with
contamination of MeHg™*, the PAG90 decreased obviously and the PA860 increased with
PA860/PA690 up to 2.82 (Figure 3d). Normalization of the PA ratios resulted in a
ratiometric photoacoustic turn-on of 10.44-fold after MeHg* incubation.

We also tested this method in living mice. The photoacoustic images of subcutaneous tissues
of mice at both 690 and 860 nm were recorded in Figure S12a. The photoacoustic intensities
were measured in Figure S12b, the control group had no obvious photoacoustic signals at
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690 nm (PA690) and 860 nm (PA860). However, the LP-hCy7 treated mice exhibited strong
PA690 and weak PA860 with a PA860/PA690 value of about 0.11 (Figure S12c). With pre-
injection of MeHg*, it can be found that the PA690 decreased obviously and the PA860
increased with PA860/PA690 up to 1.97 (Figure S12c). Normalization of the PA ratios
resulted in a ratiometric photoacoustic turn-on of 17.9-fold after MeHg* involvement. These
above findings indicate that the LP-hCy7 nanoprobe could effectively detect MeHg™ in
living subjects, such as zebrafish and mice, through ratiometric photoacoustic imaging.

In summary, we have developed a turn-on ratiometric photoacoustic LP-hCy7 nanoprobe for
MeHg* PA detection /n vitro and in vivo. LP-hCy7 displayed unique dual-shift NIR
absorbance peaks and produced a normalized turn-on response after MeHg™ incubation.
More importantly, the LP-hCy7 nanoprobe was shown to be capable of monitoring MeHg*
in vivo by ratiometric photoacoustic bioimaging. These findings not only provided a
ratiometric photoacoustic molecular imaging for /n vivo metal ions detection but also
opened the door of a new imaging technique as “spectroscopic photoacoustic molecular
imaging” for biomedical applications.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a) TEM image of nanoprobe LP-hCy7. b) DLS result of LP-hCy7. c) Absorbance response
of LP-hCy7 as a function of MeHg* concentration (0-20 uM) in an aqueous solution. d)
Photographs showing the colour changes of the aqueous solution of LP-hCy7 in the presence
of various representative metal ions (Ca2*, Mg2*, Mn2* Fe2*, Co%*, Ni2*, Zn?*, Cu?* and
MeHg™").
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Figure 2.
a) /n vitro PA images of the aqueous solution of LP-hCy?7 in the presence of various

representative metal ions (Ca2*, Mg2*, Mn2*, Fe2*, Co2*, Ni¢*, Zn?*, Cu?* and MeHg") at
690 (left) and 860 nm (right), respectively. b) Polt of the PA860/PA690 of LP-hCy7 against
the concentration of MeHg* ions. ¢) PA860/PA690 of the LP-hCy7 in the presence of
various representative metal cations.
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Figure 3.

a) 3D ultrasonic (US) image of zebrafish for illustration of photoacoustic imaging in
transection of abdomen. b) merged US and PA images of untreated zebrafish (b1-b3), LP-
hCy7 incubated zebrafish (b4-b6) and MeHg*/LP-hCy?7 treated zebrafish (b7-b9) at 690
(left) and 860 nm (right), respectively. ¢) Corresponding quantified PA intensity at 690 nm
(blue) and 860 nm (red) for b. d) Ratios of PA860/PA690 obtained from b. (n = 4/group)
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Scheme 1.
a) Schematic illustration of proposed strategy for ratiometric photoacoustic imaging of

MeHg*. b) Absorbance spectra of LP-hCy7 in absence (blue) and presence (LP-hCy7’, red)
of MeHg*.
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