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ABSTRACT: Few xanthene-based near-infrared (NIR) pho-
toacoustic (PA) dyes with absorbance >800 nm exists. As ac-
cessibility to these dyes requires long and tedious synthetic 
steps, we designed a NIR dye (XanthCR-880) with 
thienylpiperidine donors and a xanthene acceptor that is ac-
cessible in 3-4 synthetic steps. The dye boasts strong PA sig-
nal at 880 nm with good biological compatibility and photo-
stability, yields multiplexed imaging with an aza-BODIPY 
reference dye, and is detected at a depth of 4 cm.   

 Photoacoustic (PA) tomography is a state-of-the-art 
biomedical imaging technique characterized by the conver-
sion of absorbed light to heat and then ultrasound waves via 
the photoacoustic effect.1 Following irradiation of an optical 
absorber, the excited state can relax via emission of a pho-
ton at a longer wavelength (fluorescence) or via non-radia-
tive decay (photoacoustic). By pulsing the light source, pres-
sure waves caused by thermoelastic expansion and contrac-
tion can be detected by ultrasound transducers and con-
verted to high-resolution images. Since sound can readily 
propagate through tissue with minimal perturbation, PA to-
mography enables whole-body imaging of animals (e.g., 
mice), as well as human tissue (e.g., breast).2 In addition to 
a low fluorescent quantum yield (< 5%) and a large extinc-
tion coefficient (> 104 M-1cm-1), the intensity of the PA out-
put relies on incident light reaching the optical absorber. 
While any wavelength of light can induce the generation of 

a PA signal, absorbance above 650 nm is optimal for biolog-
ical applications since the attenuation and scattering of in-
cident light is minimal. For instance, in an optical imaging 
study, it was demonstrated that visible light at 510 nm can 
penetrate 1.5 mm into tissue, whereas light in the far-red 
(650 nm) and near infrared (>800 nm) regions can reach 
depths of 3 mm and 5-10 mm, respectively.3 Consequently, 
NIR dyes that absorb over 800 nm are desirable  for deep 
tissue imaging. 
 Several NIR organic dyes have been explored for PA 
imaging, such as BODIPYs,4-7 squaraine,8-9 phthalocyanine 
and porphyrine,10-13 cyanines,14-15 benzo[c]heterocycles,16-17 
and xanthene derivatives.18-21 Amongst these, xanthene-
based dyes are popular because of the tunability of their re-
markable photophysical properties using organic synthesis. 
However, xanthene-based PA probes are scarce, especially 
those in the NIR region with absorbance >800 nm. Some ex-
amples include the seminaphthorhodafluor-5F PA probe 
with absorbance at 560 nm developed by Ashkenazi and 
coworkers for ratiometric pH sensing22 and the seminaph-
thorhodafluor-5F probe with absorption at 600 nm used by 
Wang and coworkers for quantitative imaging of tumor 
pH.18 Urano and coworkers developed a NIR Si-rhodamine 
PA probe with absorption at 780 nm for detecting hypo-
chlorous acid,21 and some rhodol probes for PA imaging of 
quinone oxidoreductase activity at 700 nm were developed 
by Jiang and coworkers.20 A rhodol nanoprobe with absorb-
ance at 830 nm used for the ratiometric determination of 
Cu2+ was reported by Chen and coworkers.19 To our 
knowledge, this probe is the only reported xanthene-based 



 

PA probe with an absorption wavelength over 800 nm.  
While these dyes achieved their intentions, they either have 
short absorption wavelengths, relatively high fluorescent 
quantum yields, and/or arduous synthetic routes. With the 
limited quantities of xanthene-based PA probes available 
with absorbance over 800 nm and with the challenges that 
exist to prepare them in a facile and efficient way, there is a 
need for easily accessible NIR xanthene-based probes that 
can access imaging depths on the cm scale, possess low 
quantum yields, and are highly photostable for PA applica-
tions.  
 Herein, we report a new NIR xanthene-based PA imag-
ing agent (XanthCR-880) with absorption maximum at 880 
nm that extends into the NIR-II region. The dye was used in 
PA studies, where it exhibited excellent photostability and a 
readily detectable PA signal at depths up to 4 cm in a tissue 
overlay application. 
 

 
 We developed XanthCR-880 using the D-A-D design. 
The design of the dye was based on two factors: (i) a good 
overlap of the thiophene donor and xanthene acceptor to 
lower the bandgap of the dye due to charge transfer 
events,23-24 and (ii) an amino group connected to the thio-
phene to increase donor strength in the push-pull mecha-
nism known to xanthene-based dyes. The dye was prepared 
from inexpensive commercially available materials in three 
simple steps that did not require tedious purification meth-
ods. The synthesis (Scheme 1) began with the coupling of 
2-bromothiophene and piperidine using a copper catalyst 
to give compound 1 in 71% yield.25 Compound 1 was sub-
jected to the direct C-H arylation reaction with 3′,6′-dibro-
mofluoran (2)26 to give compound 3 in 63 % yield. Treat-
ment of compound 3 with TFA resulted in the opened form; 
however, to maintain the ring-opened form, compound 3 
was esterified with ethanol according to our previously re-
ported method27 with slight modifications to give XanthCR-
880 in 62 % yield. The dye and its precursors were charac-
terized by 1H NMR spectroscopy (Figure SI-1). The closed 
and opened forms of the dye can be differentiated by the 
shift in the resonance for the proton ortho to the carbonyl 
group on the spirolactone moiety; this proton’s peak shifts 
downfield (~8.32 ppm) in the opened form compared to the 
closed form (~8.03 ppm). Additionally, the chemical shift of 
the C-9 carbon is different between the open and closed 
forms.  
 The absorption spectra of the closed and opened 
forms of the dye were obtained in dichloromethane (DCM) 
and dimethyl sulfoxide (DMSO) (Figure 1). The maximum 

absorption wavelength (λabs) of the closed form (3) is 372 
nm. However, when the dye was trapped in the opened form 
as the ethyl ester (XanthCR-880), the λabs shifted to 880 nm 
in DCM and 890 nm in DMSO, both of which are at the edge 
of the NIR I region and trail into the NIR II region. This is a 
significant bathochromic shift (508 nm) in DCM compared 
to the closed version. It should be noted that xanthene dyes 
having thienyl (4+) and thieno[3,2-b]thienyl (5+) rings as 
auxochrome were previously reported and exhibited ab-
sorption maxima ranging from 550 to 620 nm.28 Conse-
quently, our design strategy with the thienylpiperidine do-
nor resulted in a 300 nm red-shift in the absorption spec-
trum compared to the previously reported dye with just the 
thienyl donor. XanthCR-880 possesses high molar absorp-
tivity of 88900 M-1cm-1 with a weak emission peak (λem 960 
nm DMSO) in the NIR II region (Figure SI-2). Attempts to 
determine the fluorescent quantum yield were unsuccessful 
because of the exceedingly weak emission. Since a high ex-
tinction coefficient and a low quantum yield favor sound 
generation, we anticipated that XanthCR-880 would ex-
hibit excellent PA properties.  

 To probe the reason behind such a large difference in 
the absorption wavelength between  XanthCR-880 and 4+, 
we performed time-dependent density functional theory 
(TDDFT) calculations on the acid analogues (Figure 2) of 
the two dyes using the ωB97X-D functional29 and the def2-
SVPD basis set (Figure SI-3 and 4).30 The calculations were 
performed using Q-Chem 5.3. The detachment and attach-
ment densities for the lowest excitations in each molecule 
are shown in Figure 2, where the images were produced 
with VMD.31 The detachment density is the region that loses 
electron density during the excitation, and the attachment 
density is the region that gains electron density. Both mole-
cules show a density shift from the thiophene rings toward 
the central region of the xanthene, which is attributed to π 
to π* transitions. However, XanthCR-880 also shows a net 
donation of electron density from the amine nitrogen atoms 
to the xanthene ring resulting in an increased effective con-
jugation length and increased charge transfer character of 
the transition. Both effects contribute to the large batho-
chromic shift in the absorption of XanthCR-880. The calcu-
lated electronic spectra of the dyes also show this red shift 
(Figure SI-5 and 6, respectively). XanthCR-880 was calcu-
lated to have an excitation energy of 2.18 eV, as compared 

Scheme 1. Synthesis of the XanthCR-880 

Figure 1. UV absorption spectra of 10 µM solution for the 
closed-form (3) and ethyl ester XanthCR-880 version of the 
dye. 
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to excitation energy of 4+ (2.79 eV). This 0.61 eV red shift 
compares favourably with the experimental shift of 0.7 eV. 

We tested the stability of our dye against glutathione, 
which is a potential reducing agent in biological media. We 
prepared the dye (17 µM) in 40% DMSO/60% PBS solution 
with 10 mM reduced glutathione and evaluated the change 
in the maximum absorption at 880 nm. The 10 mM concen-
tration of reduced glutathione was selected to reflect the  
highest reported levels found in the body (i.e., liver).32 We 
observed no change in the absorbance of the dye after 30 
min (Figure 3A); however, when the sample was further 
analyzed via LC-MS, a small quantity (< 10%) of the trans-
esterified product (XanthCR-880, closed form) was ob-
served. The presence of the closed form is attributed to an 
extended incubation time of 360 mins while waiting to ac-
quire the data (Figure SI-7). These results suggest that the 
dye is stable to glutathione under the conditions and may be 
resistant to metabolic degradation by thiols in areas where 
glutathione levels are the highest.  Furthermore, we evalu-
ated the stability of XanthCR-880 in the presence of ester-
ases, which can potentially hydrolyze the ethyl ester, result-
ing in the closed PA-inactive form. When XanthCR-880 was 
incubated at room temperature for 30 min with porcine 
liver esterase, no significant change in the absorbance was 
noted (Figure 3B). We also evaluated the dye for its com-
patibility as a PA contrast agent in chloroform (Figure 3C) 
and PBS buffer (Figure SI-8) and observed that the strong-
est intensity (λPA) was at 890 and 865 nm, respectively. It is 
common for the λPA value to differ slightly from the corre-
sponding λabs based on empirical observation. Since the ap-
pearance of both PA spectra feature sharp peaks character-
istic of xanthene-based dyes, we postulate that XanthCR-
880 exists predominantly in a non-aggregated state under 

these conditions. This is an important consideration be-
cause aggregates are associated with weaker PA signals ow-
ing to significant broadening of the absorbance band and a 
corresponding decrease of the molar absorptivity. In the 
presence of PBS solution without SDS, we observed the for-
mation of blue-shifted H-aggregates with a λabs centered at 
740 nm. However, inclusion of an organic cosolvent (DMF), 
which was varied from 0% to 30%, recovered the non-ag-
gregated state (Figure SI-9). Next, we established that there 
was a linear relationship between dye concentration and 
the PA signal up to the highest concentration tested (2.0 
µM) and a limit of detection of 0.36 µM in ethanol (Figure 
3D). These results are comparable to what was previously 
reported using indocyanine green (ICG).33 Unlike ICG, 
XanthCR-880 does not feature water solubilizing sulfonate 
groups, demonstrating its intrinsic solubility. For any PA 
contrast agent to find utility in studies where it may be sub-
jected to multiple imaging sessions, it must be resistant to 
photobleaching. When XanthCR-880 was continuously ir-
radiated at its λPA for 60 mins, we found that the PA signal 
decreased by only 45 %, indicating that XanthCR-880 is ex-
ceptionally photostable (Figure 3E).  
 Spectral unmixing is a technique employed to isolate 
the signal of a PA contrast agent from that of other PA-active 
molecules such as hemoglobin found in blood. For these 
measurements, a well-defined PA spectrum is required. 

Figure 2. Absorption studies showing the stability of 
XanthCR880 (20 μΜ) to treatment of glutathione (10 mM) (A) 
and esterase (5 units) (B). Both experiments were conducted at 
room temperature for 30 mins. Photoacoustic spectrum of 
XanthCR-880 (20 µM) in CHCl3 (blue) and a vehicle control 
(red), λPA = 890 nm (C). Integrated photoacoustic signal of 
XanthCR-880 at 0.25, 0.5, 1.0 and 2.0 µM in EtOH (D). The LOD 
was determined to be 0.36 µM according to the following equa-
tion (LOD = 3 × blank × SD of slope/(1-slope)2. Photobleaching of 
XanthCR-880 (20 μM) in CHCl3 under continuous irradiation at 
880 nm (E). 

 

 

Figure 3. Detachment (A) and Attachment (B) densities for the 
acid analogue of the thienylpiperidine xanthene dye (XanthCR-
880 carboxylic acid); Detachment (C) and Attachment (D) 
densities for the thienyl xanthene dye (4+). Structures of 
XanthCR-880 carboxylic acid (E) and 4+ (F) 

 



 

Along these lines, a λabs above 800 nm presents an oppor-
tunity to simultaneously detect two biomarkers via multi-
plex imaging using two different dyes. To evaluate this pos-
sibility, we added XanthCR-880 into one tube and an aza-
BODIPY reference dye (λPA = 680 nm) (Figure 4A) to an-
other. Each dye could be induced to generate a PA signal 
when both samples were irradiated at a common excitation 
wavelength (690 nm) (Figure 4B). In this instance, the sig-
nal from the aza-BODIPY is stronger than XanthCR-880 be-
cause the excitation wavelength was set at the λPA of the ref-
erence. As shown in Figure 4B it would not be possible to 
distinguish XanthCR-880 from the other dye without prior 
knowledge of their identity or concentration. However, by 
employing the PA spectrum described above (in DCM), we 
were able to readily separate the signal of XanthCR-880 
from the aza-BODIPY via spectral unmixing (Figure 4C).  

 Typically, when newly developed dyes are tested for 
their PA properties, we overlay them with a tissue mimick-
ing phantom casted from agar containing 10% milk by vol-
ume. While this setup is efficient at scattering the incident 
light to provide even illumination of a sample, it lacks strong 
optical absorbers found in tissue that can attenuate light. As 
such, we designed a better challenge to test the maximum 
attainable imaging depth. Specifically, XanthCR-880 was 
overlayed with swine tissue of varying thickness (1 to 4 cm).  
We hypothesized that we could image XanthCR-880 be-
yond a depth of 1 cm owing to its strong PA intensity in the 
NIR region. Indeed, we were able to detect a robust signal 
even at tissue thickness of 4 cm (Figure 5). This significant 
result demonstrates that XanthCR-880 possesses a sub-
stantially strong PA signal necessary for deep tissue PA im-
aging. 
 We developed a new xanthene-based dye using the D-
A-D strategy with a thienylpiperidine unit, which is a strong 
donor, and the xanthene core as the acceptor. We achieved 
λabs and λem in the NIR I region and established that the dye 
is highly photostable. In agreement with the experimental 

data, TDDFT calculations of the excitation spectra revealed 
a large bathochromic shift of our XanthCR-880 dye com-
pared to the reported 4+ dye. Furthermore, the dye is re-
sistant to high concentration of glutathione and esterases, 
suggesting that it would be stable in biological environment. 
XanthCR-880 gave a weak emission signal; however, the 
PA signal was very intense and the λPA is in the NIR region 
in organic and aqueous media. XanthCR-880 is compatible 
with multiple PA imaging systems and produced good PA 
signals even at depth of 4 cm in tissue. This is the longest 
wavelength xanthene-based PA dye to date. 
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Figure 4. Standard dimethoxy aza-BODIPY dye (λabs = 688 nm, 
ε = 78,300 M-1 cm-1 measured in CHCl3 (A). Representative pho-
toacoustic image of XanthCR-880 (20 μM) and aza-BODIPY 
dye (20 μM) overlayed with a 1 cm thick agar tissue phantom 
(10% milk by volume) and irradiated at 690 nm (B). Image pro-
cessed via multispectral unmixing where the signal from 
XanthCR-880 is shown in blue and the signal from the aza-
BODIPY dye is colored in red (C). All images were acquired us-
ing a MSOT inVision 128 system (iThera Medical). Scale bar 
represents 2 mm. 

Figure 5.  Integrated photoacoustic signal of XanthCR-880 
(20 μM) in PBS with 0.1% SDS overlayed with swine tissue 
with a thickness of 1, 2, 3, or 4 cm. Error = standard deviation. 
For experiments in a-c, XanthCR-880 was placed in fluori-
nated ethylene propylene (FEP) tubing, overlayed with 1 cm 
thick agar-based tissue phantom and imaged at 25 °C. 
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