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ABSTRACT: Optoacoustic imaging, also known as photoacoustic imaging, promises micron-resolution noninvasive imaging in biology at 
much deeper penetration (>cm) depths than e.g. fluorescence. However, the loud, photostable, NIR-absorbing molecular contrast agents which 
would be needed for optoacoustic imaging of enzyme activity remain unknown: most organic molecular contrast agents are simply repurposed 
fluorophores, with severe shortcomings of photoinstability or phototoxicity under optoacoustic imaging conditions, which are consequences 
of their slow S1→S0 electronic relaxation rates. We now disclose that known fluorophores can be rationally modified to reach ultrafast S1→S0 rates, 
without much extra molecular complexity, simply by merging them with molecular switches. Here, we merge azobenzene switches to cyanine 
dyes to give ultrafast relaxation (<10 ps, >100-fold faster). Even without adapting instrument settings, these azohemicyanine optoacoustic im-
aging agents deliver outstanding improvements in signal longevity (>1000-fold increase of photostability) and signal loudness (here: >3-fold 
even at time zero). We show why this still-unexplored design strategy can offer even stronger performance in the future, as a simple method 
that will also increase the spatial resolution and the quantitative linearity of photoacoustic response even over extended longitudinal imaging. 
By bringing the world of molecular switches and rotors to bear on unsolved problems that have faced optoacoustic agents, this practical strategy 
may be a crucial step towards unleashing the full potential, in fundamental studies and in translational uses, of optoacoustic imaging. 

INTRODUCTION 
The idea of designing chromophores for ultrafast S1→S0 electronic 
relaxation has not yet been raised as a goal for optimising NIR opto-
acoustic contrast agents, but we feel it will be crucial for successful 
translation of optoacoustic imaging. Here, we bring it to the commu-
nity, by showing how a simple design lowers S1→S0 lifetimes by >100-
fold, and thus improves far beyond current limits of signal loudness 
(here: >3-fold) and dye photostability (>1000-fold). 
Optoacoustic imaging, interchangeably called photoacoustics or 
"PA", adds new opportunities to the imaging toolbox. In PA, short 
laser pulses excite optical absorbers; when they locally dissipate the 
excitation energy as heat during the pulse, an expansion pressure 
wave results, that can be detected with low attenuation and high lo-
calisation by ultrasound transducers.1 With its unique optical-in-
put/acoustic-output combination, PA offers attractive features that 
other imaging techniques do not: PA penetrates several cm through 
tissue, with resolution down to 150 µm, and can image endogenous 
or exogenous contrast agents (by MSOT, multispectral optoacous-
tic tomography).2,3 Thus, PA has become valuable particularly in an-
atomical imaging, from basic research4 to image-guided surgery.5 
PA's ultrasound output has excellent tissue penetration; its depth 
limits come from its optical input. NIR light suffers the least during 
tissue penetration,6 so PA adopted NIR dyes as exogenous contrast 

agents. Cyanine (Cy) dyes played a major role7 because of their 
strong NIR absorption and their rational wavelength tuning capaci-
ties, that had been developed for fluorescence.8 In particular, as the 
Cy dye indocyanine green (ICG) is FDA-approved for fluorescence 
imaging, it was rapidly adopted in PA and is still widely used.9,10 
Cyanines are still very actively researched: e.g. as SWIR (1-2 µm) 
fluorophores enabling deeper tissue penetration,11–13 or as hybrid 
"hemicyanine" structures14 that are easier to make into fluorogenic15 
or acoustogenic16–18 probes. Other fluorophore and PA contrast 
agent structural scaffolds have been excellently reviewed.7,19 
However, there has been little rational development of contrast 
agents to optimise the specific properties needed for PA; in fact, 
principles for best PA are not even widely agreed upon. Thus, acces-
sible fluorophores, such as Cy dyes, continue to be widely used even 
though the properties that make them good fluorophores lead to di-
verse problems when used in PA. These issues have been well-re-
viewed by Rochford.20 An optoacoustic signal is proportional to the 
fraction of absorbed optical energy which is dissipated as heat by vi-
brational relaxation (VR). An obvious drawback of good fluoro-
phores is that they undergo fast VR from hot S1 states to a cold S1 
state, but then emit the remaining energy as fluorescence: so overall 
they convert little energy to optoacoustic signal (Fig 1a). 
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Figure 1. Design concept for molecular switch-based optoacoustic contrast agents. (a) Energy dissipated as heat contributes to PA signal (internal 
conversion then vibrational relaxation); fluorescence does not. (b) PA excitation is pulsed. For a linear absorber (S1→S0 relaxation halflife τ much shorter 
than the pulse), several S0→S1→S0 excitation-relaxation cycles are possible within one pulse. (c) Cyanine dyes have strong NIR absorption, but are poor 
PA agents as they are slow-relaxing and non-photostable. (d) Azobenzenes have ultrafast nonradiative relaxation, but as UV/Vis-absorbers they are not 
useful for NIR PA. (e) Hypothesis: merging azobenzenes and cyanines should give strong, photostable NIR-absorbing PA emitters. 

Yet, most NIR fluorophores are "bad," in the sense that their quan-
tum yields are already low (e.g. 10%): so further lowering21–24 or fully 
quenching25–27 fluorescence can only increase PA signal by 10%, un-
less other mechanisms are also involved.28 Two such mechanisms for 
PA enhancement are possible, and were well outlined by Rochford20. 
In brief, since PA supplies energy during infrequent excitation pulses 
that have similar duration as typical S1 state lifetimes (pulses ~ ns, 
~10 Hz repeat rate), time-dependent effects become important: 
(1) If S1 states can be excited further to Sn states during a PA pulse, 
these typically vibrationally relax rapidly back to S1. The fast 
S1→Sn→S1 cycles of such "RSA" chromophores (reverse-saturable ab-
sorbers) can thus allow higher PA signal than ordinary chromo-
phores which use S0→S1→S0 cycles ("SA", saturable absorbers). RSAs 
have been widely reported in PA studies in vitro.20 However, further 
excitation depends non-linearly on (high) laser fluence; and within 
biologically-allowed energy limits, RSAs are outperformed by ordi-
nary PA emitters that simply absorb light more strongly.29,30 We also 
argue that cycling RSAs between S1/Sn states may cause photoreac-
tive damage to the chromophore or to biological tissues. 
(2) Alternatively, if S1 becomes very short-lived (lifetime << laser 
pulse length), many S0→S1→S0 excitation/VR cycles become possible 
in a single pulse, so increasing the optoacoustic signal (Fig 1b). 
Rochford named such chromophores "LAs" (linear absorbers), 
since their PA signal response should scale linearly to the excitation 
intensity, although only one was identified: the genotoxic 580 nm-
absorbing dye crystal violet.20,31 We argue that if NIR LAs can be 
made, they hold the key to successful molecular PA, for two sets of 
reasons that we did not yet find collected in one place:  
(2a) A major drawback of NIR fluorophores currently used in PA is 
their photoinstability; a typical case is ICG (Fig 1c), which offers 
only ~103 excitations before bleach-out (e.g. Fig 3d).32,33 Thus, they 
cannot be used in imaging for longer than minutes, and their signal 
is not quantitative for their concentration, but only their surviving 
fraction. Instead, LAs should be very photostable, because rapid de-
pletion of S1 prevents excited-state photoreactivity pathways: thus 
LAs should allow long-term / longitudinal imaging, with accurate 
signal quantification, as is needed for molecular PA imaging.  
(2b) LAs should give a predictable, useful response in biology, since 

they suffer only proportional signal decrease as the excitation power 
attenuates with depth (contrast this to nonlinear response of RSAs). 
We recognised that molecular switches such as azobenzenes, which 
S1→S0 relax with picosecond halftimes and which, accordingly, have 
been exploited as enormously photostable dyes since >170 years,34,35 
would be an ideal LA chemotype; and that this parallels Rochford's 
recognition of crystal violet (a molecular rotor) as an excellent LA. 
There were encouraging hints that appropriate azobenzenes could 
succeed in PA. The non-emissivity and photostability of azoben-
zenes makes them popular as fluorescence quenchers in FRET 
probes, if excitation energy can be transferred onto them;36 and in 
Gambhir's early work on acoustogenic probes, the complex azoben-
zene BHQ3 was by chance found to be an "unusually strong" PA 
emitter, although the reasons for this were not explored and the work 
was not pursued further.28 However, we knew of no biocompatible / 
water-soluble azobenzenes absorbing suitably in the ideal NIR win-
dow for PA (760-880 nm)37 that could be tested (Fig 1d). 
We now show the feasibility of rationally creating LA-type, NIR-
absorbing, highly photostable and loud PA chromophores allowing 
multiple excitations per pulse, by uniting good chromophores and 
good switches. Our proof of principle work unites the NIR absorp-
tion of Cy dyes (strong chance to enter S1) with the relaxation of az-
obenzene-type molecular switches (for ultrafast S1→S0) (Fig 1e). 

RESULTS AND DISCUSSION 
Design, synthesis, and spectral properties 
Our first approach was to attach the phenylazo switch onto Cy5/7 
fluorophores, at the middle (M-AzCy5) or the end (E-AzCy5/7) 
(Fig 2). In the second approach, we replaced part of the π-system 
with the azobenzene, imagining that conjugating over its N=N 
would maximise relaxation rates. This gave azo-hemicyanines, with 
phenylazobenzene systems of two π-system lengths 
(P-AzHCy1/2). Similarly to Nakamura, who used thiophenylazo 
bridges for redshifting,38 we also tested two thiophenylazo systems, 
varying the donor groups (T-AzHCy1/2). Interestingly, Swager 
had suggested to use such scaffolds for PA imaging,39 but the lack of 
water solubility had presumably blocked it. To force water solubility, 
we also installed an extra sulfonate in wsT-AzHCy (Fig 2). 
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Figure 2. Structures and absorption spectra of azo-cyanines. 

Their syntheses were direct. The middle phenylazo was installed by 
reacting the pentamethine with phenyldiazonium (M-AzCy5)40; the 
end phenylazos were installed onto the indolenin before the polyme-
thines were synthesised by asymmetric Cy dye syntheses 
(E-AzCy5/7) (Scheme S1). The azo-hemicyanines were synthe-
sised by Knoevenagel condensation of the indolene and the alde-
hydes (P/T-AzHCy1/2, wsT-AzHCy; Scheme S2). 
The first requirement for these dyes was to reach strong NIR absorp-
tion, with λmax desired as > 720 nm for in vivo applicability. Mid-
dle/end azo-cyanine M/E-AzCys had similar absorption as the ref-
erence pentamethine wsCy5.5 or heptamethine ICG, though were 
broadened and at lower intensity, as expected41,42. The phenylazo-
hemicyanine P-AzHCy types absorb in the cyan/green, so were not 
continued for further study. Pleasingly, the thiophenylazo-hemicya-
nine T-AzHCy types had strong absorption in the PA-adapted NIR 
window, with T-AzHCy2's λmax of 779 nm being directly comparable 
to ICG; though again, their bands were broader and had lower ex-
tinction coefficients than the symmetric Cy dyes (Fig 2, Table 1). 
 

Table 1. Absorption (1:1 EtOH:PBS) and fluorescence (EtOH) 

 λmax 

[nm] 
ε [×103 

M-1cm-1] 
FWHM 
[nm] 

ΦFL
 

M-AzCy5 678 94 100 <0.01 

E-AzCy5 689 136 72 0.22 

E-AzCy7 785 111 114 0.10 

P-AzHCy1 557 48 162 not tested 

P-AzHCy2 483 28 245 not tested 

T-AzHCy1 685  44 189 <10-3 

T-AzHCy2 779 35 220 <10-3 

wsT-AzHCy 729 37 199 <10-3 

wsCy5.5 679 156 82 0.31 

ICG 787 172 56 0.13 (lit.43) 
 

The next requirement was to reach LA-type PA agents, by forcing a 
ultrashort-lived S1 state. Low fluorescence is a necessary but insuffi-
cient proof of a short S1 lifetime. The T-AzHCy types had zero de-
tectable fluorescence on our usual setup; M-AzCy5 was almost non-
fluorescent, but ΦFL of E-AzCy5/7 barely differed from their parents 
(Table 1; we return to the S1 lifetimes later, at Table 2). 

Azobenzenes can undergo E⇄Z photoisomerizations44 that change 
their absorption profiles. For quantifying a PA contrast agent, such 
changes would be an undesirable. We tested the T-AzHCy types 
that were now our leads, and these did not change Vis/NIR absorp-
tion under strong LED illumination, which is promising but not yet 
conclusive (discussion at Fig S2, see also TA spectroscopy below). 
Optoacoustic Signal and Stability 
We then tested our hypothesis that azo-merged-cyanines with fast 
S1→S0 VR would have strong, photostable, optoacoustic signals. 
We first determined PA response spectra. Pleasingly, the T-AzHCys 
and M-AzCy gave much stronger PA than ICG across broad spectral 
ranges, despite all being tested at the same optical density: an indi-
cation that they function as LAs, not SAs (Fig 3a). For an ideal and 
quantitative LA, the photoacoustic response spectrum should match 
the absorption spectrum: and indeed, they had perfect spectral over-
lay, which suits them as scaffolds for strong, linear, quantitative PA 
imaging over a range of wavelengths (Fig S3; a counterexample is 
provided by SA ICG, whose spectra differ strongly; contributing to 
its PA response being nonlinear and environment-dependent).45 
To quantify the PA signal generation efficacy (SGE) robustly, we de-
termined the PA-to-OD fits across the full OD range 0.1-0.5, which 
were linear for all species (Fig S4). Pleasingly, wsT-AzHCy and 
T-AzHCy2 were excellently strong PA emitters, with SGE >3 times 
that of ICG. M-AzCy5 was also a very strong PA emitter; 
E-AzCy5/7 had the lowest SGE, similar to ICG (Fig 3b). 
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Figure 3. Optoacoustic properties. (a) Photoacoustic spectra at OD 
= 0.5 at λmax in 1:1 PBS:EtOH. (b) PA signal generation efficacy (SGE) 
at constant OD, showing relative dye "loudness". (c) SGE adjusted to 
constant molarity (ICG set to 1). (d) PA photostability determination. 

Noteworthily, these PA signal enhancements up to +220% (Fig 3b) 
far surpass the +10% expected from pure fluorescence quenching, so 
they support the desired multiple-excitations-per-pulse mechanism. 
If the SGEs are normalised not to constant OD but rather by molar-
ity, as for enzyme-sensing molecular PA agents in biology, the lower 
extinction coefficients of the band-broadened azo-cyanines seem to 
diminish their signal (Fig 3c). Nevertheless, other factors are crucial 
for in vivo utility: mainly, whether the PA agent can be imaged stably 
over long time courses to deliver longitudinal information, without 
photobleaching that would render it non-quantitative.7 
Therefore, we measured the stability and intensity of PA signal over 
time, under laser pulsing at 10 mJ/cm²: a typical intensity for real-
world applications (Fig 3d; at this energy, in vivo image acquisition 
can take seconds to minutes per section). The results support our 
LA design principle excellently. While the PA signal half-life (t1/2) of 
ICG is only 4 min under these conditions, the AzHCys simply do 
not bleach: a lowest possible bound for the halflife of wsT-AzHCy is 
140 hours, i.e. >1900 times more stable than ICG; isoelectronic 
T-AzHCy2 was similar (lowest bound 23 hours). The mid- and end-
attached phenylazocyanines M-AzCy5 and E-AzCy5/7 were >10-
fold more photostable than their cyanine congeners. 
This direct access to AzHCy PA dyes that are "louder" at the start of 
imaging, then maintain their signal intensity for orders of magnitude 
longer than typical dyes, is the key value of our design. We believe it 
will be generally applicable to other dye families too, enabling them 
to withstand higher pulse energies in long-term imaging while main-
taining higher signal intensity: which is particularly needed to image 
low-turnover enzyme activity, by accumulating signal over time. 
Excited State Lifetimes and Evolution 
The loud and photostable contrast agents we anticipated in these de-
signs (Fig 1e) had now been validated experimentally. However, to 
test whether the mechanisms we had anticipated were operating, we 
wished to see if the excited state lifetimes for the new PA contrast 
agents had been shortened far below the laser pulse length, to enable 
the several excitations per pulse that the SGE data suggested. We 
thus performed time-resolved fluorescence spectroscopy46 on a 

high-sensitivity setup, to capture the weak AzHCy fluorescence 
(spectra in Fig S5). The time-resolved fluorescence data were used 
to extract S1 decay time constants (Fig 4a). Matching our hopes, the 
most photostable compounds T-AzHCy2 and wsT-AzHCy relaxed 
electronically with ultrafast time constants τPL of just ~10 ps: which 
is 10³-fold shorter than the PA laser pulse duration (10 ns). 
M-AzCy5 and E-AzCy5/7 had much longer time constants, ca. 540 
and 370 ps respectively. This trend matches the involvement of the 
diazene in the π system (T-AzHCy: integral; E/M-AzCy: attached). 
For multiple S0→S1→S0 excitation/emission cycles per pulse, the de-
population of S1 must be fast, as the luminescence data confirm, but 
the ground state must also be reached without other significant pho-
toproducts.20,29 We used transient absorption (TA) spectroscopy to 
study the excited state evolution. Pleasingly, both T-AzHCys re-
turned to the groundstate with ultrafast kinetics by a simple monoex-
ponential S1→S0 path (τTAS ~ 4 ps; the slower species M-AzCy5 takes 
a biexponential path with total halftime ~100 ps; Fig 4b-d, Fig S7). 
Although acquired in different solvents, the TA and luminescence 
lifetimes match closely. Thus, our "star" species show the full set of 
properties we had targeted for loud, linear PA emitters (Table 2): 
ultrafast excited state decay to the groundstate allowing multiple 
S0→S1→S0 cycles per pulse, associated to outstanding photostability 
and excellent SGE, just as desired for easy and reliable quantification 
in NIR optoacoustic imaging. 
 

 
Figure 4. Time-resolved data. (a) Fluorescence shows decay rates of 
singlet excited states. (b-d) Transient absorption (TA) spectroscopy: 
T-AzHCy2 relaxes fully to S0 with τTAS ~4 ps, but M-AzCy5 has 
τTAS ~180 ps. (d) TA ΔAbs decays (fitted lifetimes given in Table 2). 
 

Table 2. Summary of Key Optoacoustic Parameters 

 photoacoustic response elec. relaxation 
 λSGE 

[nm] 
SGE stability 

t1/2 [min] 
τPL

a
 

[ps] 
τTAS  

[ps] 
M-AzCy5 680 2.3 54 540b 180b 

E-AzCy5 685 1.2 ≫4270c 386b not m. 

E-AzCy7 785 1.4 108 363 not m. 

T-AzHCy2 770 3.1 ≫1400c 13 4.0 

wsT-AzHCy 740 3.2 ≫8400c 9 3.6 

ICG (ref.) 780 1 4.4 103; d not m. 
a major decay; b complex fit; c lower bounds; d value from ref43; "not m.": not measured. 
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CONCLUSION 
The great advances in biology have in large part been driven by 
chemical chromophores. Fluorophores, which easily enable quanti-
tative imaging of live cell enzymatic activity, have for several decades 
been tuned e.g. for shallow in vivo imaging.47 The equipment and en-
gineering necessary to instead harness chromophores' optoacoustic 
response for deep in vivo imaging is now becoming available. Yet, to 
realise its promise for quantitative imaging in live animal as well as 
clinical settings, we must move beyond repurposing poorly-adapted 
contrast agents such as fluorophores: we must rationally develop 
chemical design strategies for optoacoustic chromophores, tailored 
to the unique challenges and opportunities of PA. 
Here, we have focused on the S1→S0 lifetime: one of the most power-
ful photophysical regulators of PA contrast agent performance, but 
also one which has been chemically almost ignored. 
We showed that the rational integration of molecular switches into 
NIR-absorbing scaffolds can accelerate their S1→S0 transition by 
>100-fold. This gives a >1000-fold enhancement of PA signal pho-
tostability, while also converting even poorly quantifiable "saturable 
absorber" chromophores into "linear absorber" PA contrast agents 
that promise to be reliably and stably quantifiable at arbitrary illumi-
nation intensity, over arbitrarily long imaging timecourses. By per-
mitting many S0→S1→S0 cycles per pulse, AzHCy offer a simple or-
ganic chromophore method to multiply PA signal response: and 
even on current standard PA equipment, with relatively long pulse 
settings that are optimised around the weaknesses of current SAs, 
these ultrafast-relaxing AzHCy agents already provide 3-fold higher 
signal generation efficacy at the start of imaging. Their linear re-
sponse to excitation intensity is however an opportunity to harness 
shorter excitation pulses to deliver the same PA output, but with 
vastly higher spatial resolution (smaller excitation voxel size): which 
no current NIR-active organic PA contrast agents can provide. 
As this rational design hypothesis succeeded so directly, we predict 
that remastering molecular switches will become a powerful route to 
enhance chromophores' photophysically-determined performance 
features, in a truly general sense. For example, the broadened NIR 
absorption of the nonfluorescent AzHCys (beyond 900 nm for 
T-AzHCy2, and easily tunable) makes them ideal candidate NIR 
fluorescence quenchers (another molecularly-underrepresented 
class of imaging agent) e.g. for off→ON, NIR, FRET probes. PA also 
faces other challenges for engineering the photophysics and biocom-
patibility of its chromophores,20 but we believe that they too can be 
solved in a modular way that can synergise with the benefits of ultra-
fast relaxation. Perhaps the most significant of these, is to introduce 
enzyme-responsive48,49 molecular PA imaging for the NIR/SWIR re-
gion.50 In this respect, Schnermann's enzyme-activatable NIR cya-
nine template (CyBam)51 may offer an ideal model system to syner-
gise with the arylazo-cyanines developed here. We are convinced 
that the scope for other chromophore types, as well as other chemo-
types of switches, rotors, or motors, will be broad enough to power 
much creative harmony: in optoacoustics and beyond. 
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