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Homeostasis of oxidation–reduction (redox) state in living body 
serves tremendous significance for maintaining the life of 
organisms.[1] In such, biological oxidant and reductant are two 
predominant members that act as the “redox buffering” for reg-
ulating the redox balance.[1b,2] Unfortunately, similar with gener-
ally referred oxidants of reactive oxygen species (ROS), aberrant 
generation of reductive biomolecules, especially glutathione 
(GSH), will perturb the redox balance and is closely related to 
various diseases including cancer, cardiovascular disease, aging, 
and Alzheimer’s disease.[3] For example, GSH was reported to 
have much higher concentration in cancer cells (up to 1000-fold) 
compared with that in normal cells,[4] making it one of the most 

As one of the reduction species, glutathione (GSH) plays a tremendous role 
in regulating the homeostasis of redox state in living body. Accurate imaging 
of GSH in vivo is highly desired to provide a real-time visualization of physi-
ological and pathological conditions while it is still a big challenge. Recently 
developed photoacoustic imaging (PAI) with high resolution and deep pene-
tration characteristics is more promising for in vivo GSH detection. However, 
its application is dramatically limited by the difficult designation of photoa-
coustic probes with changeable near-infrared (NIR)-absorption under reduc-
tive activation. A cyanine derivative-based activatable probe is developed for 
in vivo ratiometric PAI of GSH for the first time. The probe is structurally 
designed to output ratiometric signals toward GSH in NIR-absorption region 
based on the cleavage of disulfide bond followed by a subsequent exchange 
between the secondary amine and sulfydryl group formed. Such a ratiometric 
manner provides high signal-to-noise imaging of blood vessels and their 
surrounding areas in tumor. Concomitantly, it also exhibits good specificity 
toward GSH over other thiols. Furthermore, the single composition archi-
tecture of the probe effectively overcomes the leakage issue compared with 
traditional multicomposition architecture-based nanoprobe, thus enhancing 
the imaging accuracy and fidelity in living body.
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significant signal mole cules to diagnose 
cancer. In virtue of its relatively high con-
centration and peculiar reductive prop-
erty, development of activatable probes for 
GSH detection in vivo is highly desired 
to provide a real-time visualization of 
pathological conditions.[5] Generally, these 
activatable probes are designed based on 
several mechanism of reaction with GSH, 
such as Michael addition,[6] cleavage of 
sulfonamide and sulfonate esters,[7] thiol–
halogen nucleophilic substitution,[8] and 
disulfide cleavage reaction.[9] Among these, 
appropriate probes for ratiometric imaging 
are more promising to minimize the inter-
ference of complicated environmental fac-
tors in living body as they can provide a 
ratiometric signal output in two or more 
signal channels at a molecular level.[10] 
Nevertheless, the ratiometric probes for 
in vivo GSH detection are rarely reported 
and mainly based on fluorescence mecha-
nism that usually encounters the issues 
of shallow tissue-penetration depth and 
strong light scattering. To date, developing 

ratiometric probes for GSH imaging in vivo with high resolu-
tion and fidelity is still a big challenge.

Photoacoustic imaging (PAI) is an emerging optical imaging 
technology that utilizes optical excitation and acoustic detection 
based on photoacoustic (PA) effect.[11] It can overcome the high 
degree of scattering of optical photons in biological tissue and 
provide deeper imaging depth (up to 7 cm) and higher optical 
resolution,[12] thereby effectively surmounting aforementioned 
constraints of fluorescence imaging. To date, several activatable 
probes based on near-infrared (NIR)-absorptive materials have 
been developed for in vivo PAI.[13] However, only few ratiometric 
PA probes are reported for ROS,[14] pH,[15] and methylmercury[16] 
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imaging in living subjects. In such, there are two key limita-
tions remained for concerning. On the one hand, most existing 
probes for ratiometric PAI are fabricated by integrating optically 
active components with high hydrophobicity into one entity via 
nanoprecipitation approach using amphiphilic block copoly-
mers, thus inevitably undergoing the potential issues of slow 
dissociation as they are metastable micelles in nature.[17] On 
the other hand, all reported probes for investigation of redox 
state are restricted to detect some oxidants, such as ONOO− and 
ClO−,[14] while those toward specific reductants, especially GSH, 
still remain a big challenge due to the difficult designation of 
probes with changeable NIR-absorption under reductive activa-
tion. Therefore, development of single composition architecture-
based probes for in vivo ratiometric PAI of GSH is of great sig-
nificance for evaluating the redox balance in living body.

In this study, the development of a cyanine derivative-based 
activatable probe, IR806-pyridine dithioethylamine (PDA), 
for ratiometric PAI of GSH in living mice was reported. 
IR806PDA is constructed from the NIR-absorbing IR806 
backbone whose active chlorine was substituted by amino 
group linked with a thiol-activatable side group, disulfide pyri-
dine (SSPDA). When treated with GSH, the disulfide bond 
can be cleaved and reductively evolve to sulfydryl group (SH) 
with the extrusion of pyridine. Subsequently, the SH further 
replaces the secondary amine to form the thiolate-substituted 
IR806 (IR806SNH2) (Scheme 1). The remarkably different 
absorption properties of amino- and thiolate-substituted IR806 
enable the real-time ratiometric PAI of GSH (Figure 1). Besides, 
such an amphiphilic nature endows the IR806PDA probe with 
the ability to form homogenous nanoparticles via self-assembly 
process in aqueous solution, which could not only facilitate the 
probe to passively accumulate in tumor region with relatively 
high local concentration to enhance the PA brightness, but 
also effectively overcome the dissociation-induced issues such 
as changed optical properties and unreliable imaging results 
compared with the multicomposition architecture-based nano-
probe fabricated from nanoprecipitation. As a proof-of-concept, 

ratiometric PAI on GSH in vivo was successfully performed 
using the xenograft tumor mouse model.

The chlorine of IR806 can be rapidly replaced by amino group 
of 2-(pyridin-2-yldisulfanyl)ethan-1-amine hydrochloride in the 
presence of triethylamine via amino-halogen nucleophilic substi-
tution, affording the target probe (IR806PDA) (Scheme 1). The 
successful substitution was preliminary observed by the absorp-
tion evolution along with the solution color changes from green 
(IR806) to blue (IR806PDA) (Figure S3, Supporting Informa-
tion). Furthermore, matrix assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) mass spectra showed the highest 
mass peak of IR806PDA at 863.092 Da (Figure S1b, Supporting 
Information), which exhibited an increased molecular weight of 
150.752 Da compared with that of IR806 (712.340 Da). In com-
bination with the 1H NMR result as shown in Figure S1a (Sup-
porting Information), it clearly confirmed the successful synthesis 
of IR806PDA probe. IR806PDA could spontaneously self-
assemble into nanoparticles when directly dissolved in aqueous 
solution. Transmission electron microscopy (TEM) reflected the 
spherical morphology for the probe (Figure 2a). Dynamic light 
scattering (DLS) exhibited the average hydrodynamic size of 
IR806PDA nanoprobe at 25.9 ± 2.3 nm (Figure 2b), which is 
consistent with the TEM result. No obvious precipitation can be 
observed through centrifugation and the hydrodynamic size of 
IR806PDA remained nearly unchanged after storage for more 
than one month in aqueous solution (Figure 2c), reflecting the 
high structure stability for the nanoprobe mainly resulted from 
good water solu bility provided by sulfonic acid group as well 
as strong π–π stacking between the hydrophobic backbones of 
IR806PDA. In contrast, the multicomposition architecture-
based nanoprobe fabricated from nanoprecipitation shows 
changed size distribution after storage for one month in the pre-
vious report, indicating its structure instability.[11e] The average 
zeta potential of IR806PDA nanoprobe was determined as 
−28.08 mV (Figure S4, Supporting Information). Photo physical 
property investigations indicated that the nanoprobe exhibited a 
strong absorption peak centered at 658 nm in phosphate-buffered 
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Scheme 1. Synthesis procedure of IR806PDA and the proposed pathways for the reaction of IR806PDA with GSH. The disulfide bond of IR806PDA 
can be cleaved by GSH and reductively evolved to sulfydryl group (SH) to form the intermediate product (IR806NHSH). Then, a subsequent 
exchange between SH and the secondary amine occurred to form the thiolate-substituted IR806 (IR806SNH2).
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saline (PBS) (pH = 7.4) with a high molar absorption coefficient 
of 2.48 × 104 m−1 cm−1 (Figure S5, Supporting Information). Such 
a strong absorption ability reflected its high potential as an effi-
cient NIR-absorbing contrast agent for PAI.

To investigate the optical responses of the IR806PDA 
nanoprobe, changes in the absorption spectra of the nano-
probe toward various analytes were studied in PBS solution 
(pH = 7.4). The absorption peak at 658 nm gradually decreased, 
while a new absorption peak emerged at 820 nm and increased 
gradually with increased addition of GSH (Figure 2d). The 
sensing mechanism was validated by analyzing the molecular 
weight change of the nanoprobe before and after treatment 
of GSH (Figure S6a,b, Supporting Information). Accompa-
nied with the disappearance of the molecular mass peak of 
the precursor at 863.092 Da, a new molecular mass peak at 
754.011 Da was detected for GSH-treated nanoprobe. It con-
firmed that the disulfide bond of IR806PDA was cleaved by 
GSH and reductively evolved to sulfydryl group (SH) to form 
IR806NHSH. In theory, given that the absorption backbone 
of the secondary amine-substituted IR806 is not damaged after 
the cleavage of disulfide bond, the product (IR806NHSH) 
will keep the pristine absorption peak at 658 nm. However, the 
observed new absorption peak at 820 nm, which significantly 
redshifted about 160 nm, demonstrated a new absorption back-
bone which was formed in our system after disulfide cleavage. 
Interestingly, we found that only a new molecular mass peak 
at 754.011 Da, which is the same as IR806NHSH, was 
detected (Figure S6b, Supporting Information) after disulfide 

cleavage. Inspired by the phenomenon in 
previous report, which exhibited an inverse 
replacement of thiolate by amino in BODIPY-
based probe,[8] we thus proposed that a sub-
sequent exchange between SH and the sec-
ondary ammonium may occurr to form the 
thiolate-substituted IR806 (IR806SNH2) 
(Scheme 1) in our system. To further validate 
our conjecture, a thiolate-substituted IR806 
(IR806SC6) was synthesized as control, 
and its maximal absorption peak located at 
820 nm consistent with the emerging peak 
of IR806PDA nanoprobe activated by GSH 
(Figure S8, Supporting Information). All 
these results effectively confirmed the ration-
ality of our proposed sensing mechanism of 
the nanoprobe toward GSH. Interestingly, 
the average particle size of the nanoprobe 
decreased significantly to 2.98 ± 1.1 nm 
(Figure S9, Supporting Information) after 
treatment by GSH, which should result 
from the molecular state for the obtained 
IR806SNH2 in aqueous media as this 
structural evolution led to a decrease of 
hydrophobic portion and thus disturbing 
the initial hydrophilic–hydrophobic balance 
as well as changing the existing state of the 
probe in aqueous solution. Similar but not 
the same, the absorption profile of the nan-
oprobe exhibited relatively weak response 
when treated with cysteine (Cys) or homo-

cysteine (Hcy) compared with that of GSH (Figure S10, Sup-
porting Information). MALDI-TOF mass spectra also showed 
differences between GSH- and Cys/Hcy-treated nanoprobe. 
Except for the characteristic peak at ≈754 Da which is the 
same as GSH-treated nanoprobe, the additional mass peak at 
873.294 Da (IR806Cys) for Cys- or 887.439 Da (IR806Hcy) 
for Hcy-treated nanoprobe was detected (Figure S6c,d, Sup-
porting Information). This phenomenon can be explained by 
the fact that Cys or Hcy is more prone to substitute the pyri-
dine group to form the substitution product of IR806-Cys or 
IR806-Hcy, thus prohibiting the subsequent exchange between 
SH and the secondary amine and further weakening the 
responses of the nanoprobe toward these two thiols. All the data 
reflected the capability of the IR806PDA nanoprobe not only 
for specifically detecting thiols from other analytes, but also for 
effectively differentiating GSH over Cys/Hcy. Considering that 
GSH has remarkably higher abundance (1 × 10−3–10 × 10−3 m) 
than any other biothiols such as Cys (below 100 × 10−6 m) under 
physiological conditions,[18] the ratiometric responses of the 
nanoprobe were almost completely induced by GSH in biolog-
ical system. Additionally, such optical changes of the nanoprobe 
are not sensitive to pH ranging from 5.0 to 9.0 as reflected by 
the pH-independent responses of the nanoprobe toward GSH, 
Cys, and Hcy (Figure S11, Supporting Information). This 
proved the capability of the nanoprobe to detect thiols in a wide 
range of pH in both physiological (pH 7.4)[19] and some patho-
logical conditions such as malignant tumor (pH 6.5–6.8)[15a]. 
The ratiometric spectra change of the nanoprobe permitted 
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Figure 1. The illustration of IR806PDA nanoprobe for ratiometric photoacoustic imaging 
of GSH. The PA intensity at 680 nm (PA680) decreased while the PA signal at 820 nm (PA820) 
enhanced upon activation by GSH.
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us to quantify signals using the absorption intensity ratio at 
820 nm to that at 680 nm (Ab820/Ab680). A good linear corre-
lation between the ratiometric absorption intensities (Ab820/
Ab680) and GSH concentrations can be detected with the 
limit of detection (LOD) of 0.86 × 10−6 m (Figure 2e). At the 
optimized point (9 equiv. of thiols), the Ab820/Ab680 value of 
GSH-treated nanoprobe reached 12.77- and 13.09-fold higher 
than that of Cys- and Hcy-treated nanoprobe, respectively 
(Figure 2f). The kinetics of thiols-induced optical change of 
the IR806PDA nanoprobe was studied, reflecting that the 
nanoprobe can be almost completely activated by thiols within  
25 min (Figure S12, Supporting Information). Considering the 
relatively high level of GSH in both cancer cells[4] and tumor 
tissues[20] compared with that in normal cells and tissues, the 
nanoprobe should have the capability to visualize upregulated 
GSH of tumor in living mice.

To validate the capability of the nanoprobe for PAI, ratio-
metric PAI of GSH using the nanoprobe was first demonstrated 
in solution. The PA spectrum of the nanoprobe ranging from 
680 to 900 nm showed only one peak at 680 nm (Figure 3a), 
which was similar to the absorption spectrum of the nanoprobe 
in PBS (pH = 7.4) (Figure S3a, Supporting Information). Upon 
treatment with GSH, the PA signals of the nanoprobe from 
680 nm gradually attenuated; whereas, a new peak at 820 nm 
emerged and remarkably increased (Figure 3a). The PAI of the 
nanoprobe solution incubated with GSH was further conducted 
at two wavelengths (680 and 820 nm), which were presented in 

pseudo green and red, respectively. After addition of GSH to the 
nanoprobe solution, the green signals exhibited obvious attenu-
ation compared with the control group; however, the red signals 
increased significantly (Figure 3c). Besides, the nanoprobe can 
also be activated by Cys or Hcy but showed weaker responses 
than GSH (Figure 3a,c), consistent with the absorption data. 
This double-channel PA response allowed us to perform ratio-
metric PAI of GSH. A good linear correlation between the rati-
ometric PA intensities (PA820/PA680) and the concentration of 
GSH was observed with the LOD of 3.13 × 10−6 m (Figure 3b), 
providing the probability for quantification of GSH using the 
nanoprobe. At the optimized point (9 equiv. of thiols), PA820/
PA680 of the nanoprobe treated by GSH reached 3.02- and 
3.49-fold higher than that treated by Cys and Hcy, respectively 
(Figure 3d). In combination with its small size and low cytotox-
icity as confirmed by MTT assay (Figure S13, Supporting Infor-
mation), the nanoprobe should be an ideal candidate for in vivo 
PAI of GSH.

The application of the IR806PDA nanoprobe for in vivo PAI 
of GSH was then examined using the subcutaneous Hela xen-
ograft tumor model. The PA images from tumor region were 
recorded in two wavelengths at 680 and 820 nm, which were 
respectively presented in pseudo green and red (Figure 4a). The 
PA signals from blood vessels and their surrounding areas in 
the tumor can be vividly depicted due to the high imaging reso-
lution of PAI. Relatively weak PA signal can be detected in the 
tumor before systemic administration of the nanoprobe due to 
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Figure 2. a) TEM image of the IR806PDA nanoprobe. b) DLS result of the IR806PDA nanoprobe. c) The average diameter fluctuation of the 
IR806PDA nanoprobe stored in PBS for different time periods. d) UV–vis absorption spectra of the IR806PDA nanoprobe (20 × 10−6 m) upon addi-
tion of GSH. e) Ratiometric absorption signals of the IR806PDA nanoprobe (Ab820/Ab680) as a function of GSH concentration. The red line represents 
linear fitting from (GSH) = 0 × 10−6–180 × 10−6 m. f) The ratiometric absorption signals of the IR806PDA nanoprobe (20 × 10−6 m) in the absence (1) 
or presence of different analytes (2, glycine (Gly); 3, glutamic (Glu); 4, valine (Val); 5, phenylalanine (Phe); 6, arginine (Arg); 7, tyrosine (Tyr); 8, serine 
(Ser); 9, histidine (His); 10, threonine (Thr); 11, proline (Pro); 12, tryptophan (Trp); 13, aspartate (Asp); 14, hydrogen sulfide (H2S); 15, cysteine (Cys); 
16, homocysteine (Hcy); 17, glutathione (GSH)) in 1 × PBS (pH = 7.4). The concentration of all the analytes was fixed at 180 × 10−6 m (9 equiv.). The 
error bars represent the standard deviation of three separate measurements.
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the NIR-absorbing ability of oxy- and deoxy-hemoglobin in the 
blood (Figure 4a). In order to minimize the background inter-
ference, the PA intensity increment, ΔPA, which is defined as 
the difference value of the PA intensity after injection subtract 
that before injection of the nanoprobe, was employed to calcu-
late the ratios of PA signal (ΔPA820/ΔPA680). ΔPA680 increased 
gently over time upon injection of the nanoprobe and reached 
the maximum at 1.5 h, whereas ΔPA820 exhibited a significant 
increase over time from 0 to 4 h and reached the plateau at 4 h 
postinjection (Figure 4b). The different evolution trends of the 
PA signals at 680 and 820 nm can be attributed to their dif-
ferent “accumulation–attenuation equilibrium” mechanisms: 
the strong signal increment at 820 nm should stem from the 
absorption increase at 820 nm due to the nanoprobe activation 
by GSH in the tumor microenvironment after accumulation 
via enhanced permeability and retention (EPR) effect due to its 
small size; whereas, the weak PA signal increase at 680 nm can 
be assigned to the synergistic effect of nanoprobe activation-
induced PA signal decrease at 680 nm and nanoprobe accumu-
lation in the tumor region. According to such signal changes in 
two channels, ratiometric PA signals (ΔPA820/ΔPA680) were cal-
culated and showed gradual increase over time, which reached 
the maximum at 4 h postinjection (Figure 4c). At this time point, 
ΔPA820/ΔPA680 (0.53 ± 0.01) was ≈2.94-fold higher than that at 
0.5 h postinjection (0.18 ± 0.03). These results effectively proved 

that the nanoprobe can be activated by GSH at tumor microen-
vironment and thus exhibited the practicability for ratiometric 
PAI of GSH in living body. Furthermore, we preliminarily 
investigated the pharmacokinetics of IR806PDA nanoprobe by 
detecting its biodistribution in different organs including blood 
at 24, 36, and 48 h postinjection (Figure S14, Supporting Infor-
mation). Results show that the PA intensity in tumor region 
at 24 h postinjection is higher than other organs except liver. 
The ideal biodistribution mainly resulted from the efficient EPR 
effect of IR806PDA nanoprobe due to its proper size. At this 
time point, compared with other organs such as heart, spleen, 
and lung, liver shows the strongest PA signal, reflecting the 
predominant hepatobiliary clearance procedure of IR806PDA 
nanoprobe which is quite similar to those for organic and inor-
ganic nanoparticles with size higher than 10 nm.[21] PA sig-
nals from all the organs indicated a gradual decrease after 24 h 
postinjection and almost vanished at 2 d postinjection.

In conclusion, we have designed and synthesized a cya-
nine derivative-based activatable nanoprobe (IR806PDA) for 
in vivo ratiometric PAI of GSH. IR806PDA was prepared 
through “one-step” nucleophilic substitution to introduce the 
disulfide pyridine (SSPDA) side group into the backbone 
of IR806 dye. Such a molecular design not only endowed the 
probe with typical amphipathicity to self-assemble into nano-
particles in biologically relevant solutions but also with highly 
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Figure 3. a) PA spectra of the IR806PDA nanoprobe (230 × 10−6 m) in the absence (control) or presence of GSH, Cys, or Hcy at the concentration 
of 2.07 × 10−3 m (9 equiv.). b) Ratiometric PA signals of the IR806-PDA nanoprobe (PA820/PA680) as a function of GSH concentration. The red line 
represents linear fitting. c) PA images of the IR806PDA nanoprobe in the absence (control) or presence of GSH, Cys, or Hcy. Signal collection was 
conducted under a pulsed laser turning to 680 or 820 nm. d) The ratiometric PA intensities of the IR806PDA nanoprobe (230 × 10−6 m) in the absence 
(1) or presence of different analytes (2, Gly; 3, Glu; 4, Val; 5, Phe; 6, Arg; 7, Tyr; 8, Ser; 9, His; 10, Thr; 11, Pro; 12, Trp; 13, Asp; 14, H2S; 15, Cys; 16, 
Hcy; 17, GSH) in 1 × PBS (pH = 7.4). The concentration of all the analytes was fixed at 2.07 × 10−3 m (9 equiv.). The error bars represent the standard 
deviation of three separate measurements.
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specific and sensitive optical responses toward GSH. More 
importantly, such single composition architecture of the nano-
probe effectively overcome the dissociation issue compared 
with the multicomposition architecture-based nanoprobe. In 
combination with its low cytotoxicity and small size, the nano-
probe was successfully conducted for in vivo ratiometric PAI of 
upregulated GSH in the tumor of living mice.

Our study thus developed a new generation of NIR-absorbing 
nanoprobe with single composition architecture for ratiometric 
PAI. The disulfide bond in our nanoprobe can be cleaved by 
high abundance of GSH in tumor environment for real-time 
PAI-visualized drug release for further theranostics when 
appropriate drugs are introduced into the nanoprobe through 
disulfide bond linkage. Furthermore, in view of the amphi-
philic nature of the nanoprobe, it should have the potential to 
encapsulate other hydrophobic components such as imaging 
and sensing agents or drugs for multimodality imaging and 
imaging-guided therapy.
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