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Acoustic loudness factor as an experimental
parameter for benchmarking small molecule
photoacoustic probes

Frederik Brøndsted1,8,10, Julia L. McAfee1,10, Jerimiah D. Moore1, Harry R. Shield1,
Luca Menozzi 2, Xinqi Zhou3,9, Yuan Fang 1, Ruwen Yin1, Junjie Yao 2,4,
Kelsey P. Kubelick 5 & Cliff I. Stains 1,6,7

Photoacoustic imaging (PAI) is an emerging biomedical imagingmodality with
promise as a point-of-care diagnostic. This imaging modality relies on optical
excitation of an absorber followed by production of ultrasound through the
photoacoustic effect, resulting in high spatial resolution with imaging depths
in the centimeter range. Herein, we disclose the discovery of the first bench-
marking parameter for small molecule dye performance in PAI, which we term
the acoustic loudness factor (ALF). ALF can predict dye performance in PAI
without the need for access to photoacoustic instrumentation and can be used
to guide the systematic evaluation of design strategies to enhance photo-
acoustic signal. Lastly, we demonstrate that enhancements in ALF can be
translated to in vivo PAI. Akin to the use of fluorescence brightness in fluor-
ophore design and evaluation for fluorescence imaging, we anticipate that ALF
will guide the design and evaluation of improved probes for PAI.

The systematic design of robust small molecule imaging agents
depends upon the existence of experimentally measurable bench-
marking parameters that can be used to readily assess dye perfor-
mance in vitro. The existence of such parameters enables the
establishment of structure–activity relationships that can be used to
increase dye performance in biological imaging applications1. In the
context of fluorescence imaging, multiplication of the molar extinc-
tion coefficient (ε) by the quantum yield of fluorescence (Φ) yields a
benchmarking parameter known as fluorescence brightness (Φ × ε)2.
Indeed, fluorescence brightness has been used with great success to
optimize the performance of fluorescent dyes in vitro for diverse
applications in biological imaging1,3–8.

PAI is an emerging biomedical imaging modality that combines
the strengths of optical and ultrasound imaging, providing increased
imaging depths in living organisms compared to fluorescence. The

ability of PAI to provide non-invasive images of deep-tissue structures
has already found applications in biomedical research and in the
clinic9,10. While PAI relies on the optical excitation of an absorber, the
signal readout is dependent upon the subsequent production of an
ultrasound wave9–13. Ultrasound signal generation is caused by the use
of pulsed laser excitation, which leads to thermoelastic expansion
events arising from non-radiative decay of the absorber (Fig. 1). This
phenomenon, known as the photoacoustic (PA) effect, was first
described by Alexander Graham Bell in the 1880s14. Using pulsed near-
infrared (NIR) excitation (660–1300nm) affords imaging depths in the
cm range, well beyond what is readily attainable with purely optical
techniques. NIR-absorbing species including endogenous chromo-
phores (e.g., hemoglobin), small-molecule dyes, inorganic nano-
particles, and reengineered fluorescent proteins have been utilized in
PAI15,16. Among these, small-molecule dyes provide highly tunable
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scaffolds for the construction of targeted contrast agents and mole-
cular imaging probes15–17, which provide biochemical information that
is not accessible with endogenous chromophores. Despite the clear
and emerging impact of PAI, no benchmarking parameters currently
exist for predicting the performance of small molecule dyes in PAI.
Previous studies have almost universally focused on repurposing
fluorescent dyes with relatively poorΦ such as hemicyanine17–21, boron
dipyrromethene (BODIPY)22–24, cyanine25, and benzobisthiadiazole
(BBTD) scaffolds26 for PAI. However, recent work indicates that
decreasing theΦ of a dye is not the sole driver of PA signal generation
as absorbers with relatively highΦ can provide strong PA signal27–29. In
the absence of a benchmarking parameter for predicting dye perfor-
mance in PAI, the field lacks clear design principles for the enhance-
ment of PA signal from small molecule dyes.

Under one-photon absorption conditions (i.e., low-intensity irra-
diation), PA signal generation is linear with respect to dye concentra-
tion and is described by Eq. 115:

ρ= εgCgΓIΦnr ð1Þ

Here ρ is the pressure change, i.e., PA emission, εg is the ground
state molar absorption at the excitation wavelength, Cg is the con-
centration of dye molecules in the ground state, Γ is the Grüneisen
coefficient, I is the incident photon fluence, and Φnr is the quantum
yield of non-radiative decay. The Grüneisen coefficient, Γ, describes
the medium’s sound-conducting ability and is defined by Eq. 2:

Γ=
V 2

sα
Cp

ð2Þ

Where Vs is the velocity of sound, α is the thermal expansion coeffi-
cient of the medium, and Cp is the specific heat of the medium at
constant pressure. From Eqs. 1 and 2, it becomes clear that the PA
signal is influenced by the ability of a dye to absorb photons (εg),Φnr,
and the physical properties of the media described by Γ. Unlike Φ,
which directly relates to radiative decay of the excited state via fluor-
escence emission (Fig. 1), Φnr is a complex parameter that can repre-
sent several different mechanistic pathways that lead to decreases in
fluorescence, each of which may differentially influence PA signal
output. The current practice of repurposing dyes with relatively lowΦ
for PAI assumes that any physical mechanism that decreases Φ will
result in an increased PA signal. However, decreasedΦ can result from
several mechanisms, including intersystem crossing (ISC)30–32, twisted
intramolecular charge transfer33, or internal conversion. Structural
modifications such as auxochrome modifications34, conformational
restriction22, or vibronic coupling15,35 modulate non-radiative decay
pathways and may differentially influence PA signal generation. Thus,

while Eq. 1 provides important insight into physical factors that
influence PA signal generation, it does not provide clear insight into
design approaches that could be utilized to rationally tune PA signals.
Rather, we argue that a benchmarking parameter that relates
commonly measured photophysical properties of dyes such as ε, Φ,
and fluorescence lifetime (τ) would enable efforts to rationally design
improved dyes for PAI. Here we note that bothΦ and τ depend on the
radiative (kr) and non-radiative (knr) decay rates of a dye, as shown in
Eq. 3 (Fig. 1):

Φ=
kr

knr + kr
and τ =

1
knr + kr

ð3Þ

This allows for the determination of knr and kr from the measur-
able parameters of Φ and τ (Supplementary Note 1). Consequently, if
PA intensity could be related to these readily observable experimental
parameters, the influence of these photophysical properties on PA
signal generation could be evaluated and employed to optimize dyes
for PA output.

In this work, we screened a panel of structurally diverse dyes and
correlate readily observable photophysical parameters to PA signal
generation, resulting in the discovery of the first PA benchmarking
parameter, whichwe termacoustic loudness factor (ALF). ALF is highly
correlated to PA signal intensity (R2 = 0.9554) and can be used to
accurately predict PA signal generation from new dyes with a mean
percent error (MPE) of 9.8%. With this new parameter in hand, we
employed Bulky Alkyl Rotor (BAR) auxochromes, conformational
restriction (CR), and asymmetry-induced vibronic coupling (AIVC) to
modulate ALF, leading to new dye designs displaying more than 100%
increases on an equal concentration basis as well as greater than 450%
increases on a per photon basis in PA signal output. An optimal PA dye
from these efforts, NR773, was predicted by ALF to display a 97%
increase in PA signal in vitro compared to a previously repurposed
fluorescent dye described by our lab, SNR700

36. Indeed, as predicted,
an increase in PA signal generation was observed in vitro as well as in
living mice, demonstrating the ability to utilize ALF to optimize PA
signal in vitro for subsequent applications in PAI. Taken together, this
work provides the community with the first benchmarking parameter
for comparison of PA dyes (akin to fluorescence brightness in the
context of fluorescent dyes). ALF also enables the study of
structure–activity relationships on PA signal without the need for
access to PAI instrumentation. In the long term, we envision the use of
ALF to construct dyes specifically designed for PAI, paving the way for
the discovery of tailored agents for targeted as well as molecular PAI
applications.

Fig. 1 | Approximate timescales of various electronic transitions. A Jablonski diagram showing the electronic transitions and approximate timescales for absorbance,
fluorescence, intersystem crossing, phosphorescence, and non-radiative decay.
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Results and discussion
Discovery of the acoustic loudness factor
Our lab has a longstanding interest in the development of far-red and
NIR phosphinate-containing dyes, termed Nebraska Red (NR) dyes, for
applications in chemical biology36–42. More recently, we have shown
that NR dyes are capable of producing PA signal36,41. Having a panel of
NR dyes at our disposal (Fig. 2a)36,37,41,42, we sought to identify experi-
mentally observable parameters that correlate to PA signal output. To
accomplish this goal, we first screened solvent conditions for PAI in
FEP tubes within 1.2 cm thick tissue phantoms consisting of 5% agarose
(w/v) and 2.5% milk (v/v). This is an important first step as it allows for
direct comparison of PA signal produced from dyes in the absence of
confounding factors such as solubility which is often problematic for
NIR dyes15,43. Using NR700 as a test case, we performed PAI in DPBS (1%

DMSO) or a mixed solvent system consisting of DPBS and acetonitrile
(7:3 DPBS:MeCN, 1% DMSO). Samples in DPBS showed uneven PA sig-
nal distribution, displaying a donut pattern with the highest intensity
at the surface of the FEP tube, whereas the mixed DPBS/MeCN solvent
system afforded a homogenous PA signal throughout the FEP tube
(Fig. S1). We hypothesize that the donut pattern seen in DPBS was due
to the interaction of the dye with the FEP tubing. To alleviate these
effects, all subsequent measurements of PA intensity and photo-
physical properties (ε,Φ, and τ) were performed in the 7:3DPBS:MeCN
mixed solvent system (Fig. 2b).

Having established the photophysical properties and PA signal
intensity of our previously publishedNRdyes at 10 µMin theoptimized
solvent system, we initially sought to plot PA intensity versus the
previously described photoacoustic brightness factor (PABF, Eq. 4),

Fig. 2 | Discovery of the acoustic loudness factor. Structures (a) and photo-
physical properties as well as PA intensities (b) for a panel of structurally diverse
NIR dyes. Relative PA emission intensity plotted versus photoacoustic brightness
factor (PABF) (c) or acoustic loudness factor (ALF) (d). Trendlines represent fits

from linear regression. Photophysical properties were measured in triplicate in
DPBS:MeCN (7:3, 1% DMSO). PA emission is from quantification of PA images of
1.2 cm thick tissue phantoms at positions 2mm apart.
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which has been used to assess the potential performance of small
molecule dyes in PAI22.

PABF= 1�Φð Þ � ε= knr

knr + kr

� �
� ε ð4Þ

For this, and subsequent analyses, PA signal measurements are
reported relative to NR700 since this was the first NR dye with con-
firmed PA activity36. Surprisingly, very little correlation was found
between PABF and the PA intensity of NRdyes in our panel (Fig. S2). To
further investigate the influence of dye structure on PABF, we added
silicone rhodamine (SiR700)44, hemicyanine (PA-HD)20, oxazine (NR751

and NR751-Az)
41, and cyanine dyes (IRDye 800CW Maleimide and

Indocyanine Green – ICG) to our panel (Fig. 2a, b). The inclusion of
these structurally diverse dyes resulted in amoderate improvement in
the correlation of PA intensity to PABF (R2 = 0.61, Fig. 2c). Thus, while
PABF represents an important step towards a benchmarking para-
meter that can predict the PA intensity of dyes,morework is needed to
fully capture the influence of structural modifications on PA intensity.

From the above discussion of Eqs. 1 and 3 as well as previous
investigations of PA probes27–29, we surmised that the rates of radiative
(kr) and non-radiative (knr) decay for NIR dyes may play an important
role in the development of a benchmarking parameter. Measuring
these rates across our dye panel, we noticed that knr trended toward
being anorder ofmagnitude larger than kr (Fig. 2b). Expansion of PABF
(Eq. 4) to include these rates provides insight into why this term likely
leads to poor correlations with PA intensity for NIR dyes. Specifically,
as knr becomes larger than kr the rate component of PABF approaches
1, meaning that PABF is driven largely by changes in ε for dyes with
relatively large knr (as is generally the case forNIRdyes45, Fig. 2c). Based
on these observations and previous work28,29, we hypothesize that knr
should contribute significantly to PA signal generation of NIR dyes.
Accordingly, we sought to develop a benchmarking parameter that
would give ε and knr equal weighting. Gratifyingly, after some trial and
error, we found a strong linear correlation between the log10 of PA
intensity and log10 of knr*ε for our dye panel (R2 = 0.9554, Fig. 2d).
Herein, we define knr*ε as the acoustic loudness factor (ALF, Eq. 5).

Acoustic Loudness Factor = knr � ε ð5Þ

Importantly, ALF provides equal weighing to both ε and knr
allowing for comparison of dyes with relatively large knr compared to
kr, as is generally the case for NIR dyes45. Notably, ALF (Eq. 5) aligns
with the theoretical framework of Eq. 1, incorporating both photon
absorbance (ε vs εg) and energy conversion efficiency (knr vs Φnr).
Here, we note that ALF correlates with signal output measured from 8
to 10 ns laser excitation pulses,where the signal depends on the rate of
non-radiative decay (knr) rather than the fraction of decay via non-
radiative pathways (Φnr). This suggests that dyes with faster knr would
produce stronger PA signals, since more rapid excitation-relaxation
cycles within the timeframe of the laser excitation pulse would gen-
erate greater overall PA output28. Lastly, the generality of ALF across
PAI instrumentation was examined using a custom-built 3D scanning
linear-array system46 and a commercial VisualSonics instrument from
Fujifilm. Here again, we observed a strong correlation between log10 of
PA intensity and log10 of ALF (Figs. S3, S4, R2 ≥0.987), highlighting the
applicability of ALF across different PAI setups with different types of
transducers.

Investigation of this new benchmarking parameter clearly indi-
cates thatmaximization of ALF should lead to increased PA signal. This
can be accomplished through two pathways, maximization of ε or
maximization of knr. Since several approaches exist for increasing ε in
small molecule dyes22,47, we instead chose to focus on structural
modifications aimed at increasing knr. In particular, we view efforts to
define knr pathways that lead to increasedPA signal as paramount since

our data (see below) as well as previous work43 indicates that not all
non-radiative decay pathways lead to observable PA signal on current
PAI instrumentation. Thus, we sought to examine whether modulation
of knr through triplet state decay, BAR48–50, CR22, or AIVC51 would pro-
duce changes in ALF that could predict the relative PA intensity of
new dyes.

Non-radiative decay from the triplet state
Non-radiative decay from the singlet excited state is generally assumed
to be the driver of PA output on current commercial instrumentation,
which utilizes laser pulses in the ~ns timescale with ~10Hz repetition
rates28,29. However, methylene blue displays an unusually short-lived
triplet state (~ns) that leads to productive PA signal generation under
these instrumental parameters43,52. These observations highlight the
need to investigate different mechanisms of knr and their contribution
to PA signal generation. To examine the contribution of non-radiative
decay of the triplet state to PA signal generation inNR dyes, NR700 was
chosen since Fig. 2d indicates the potential to improve the PA signal of
this dye relative to other NR derivatives. We chose to induce inter-
system crossing (ISC) and modulate knr through the well-established
collisional quenching of rhodamine dyes by potassium iodide (KI)32,53.
Previous work has shown a concentration-dependent fluorescence
quenching of dyes by KI via an external heavy atom effect32 that
modulates the rate of intersystem crossing2,30–32. To test this, the
photophysical properties of NR700 in DPBS (1% DMSO) in the presence
of increasing concentrations of KI (0–500mM) were measured. Here,
DPBS was selected as the solvent of choice to ensure full solubility of
KI. As expected, KI addition quenched the fluorescence, decreased Φ
and fluorescence lifetime, and linearly increased knr, while ε remained
stable regardless of the concentration of KI (Fig. 3a, Fig. S5, and
Table S1). The increase in knr reflects the intermolecular interactions
between NR700 and I-. Based on the increase in knr of 528% over this
concentration range, ALF would predict a corresponding increase of
134% in the PA signal. However, we found thatwhile KI addition linearly
increased knr, PA signal decreased over the same range of KI con-
centrations (Fig. 3b). This observation suggests that promoting ISC is
counterproductive under these experimental conditions. Since pre-
vious reports have demonstrated PA signal generation arising from the
non-radiative decay of the methylene blue triplet state43,52, one plau-
sible explanation forour observation couldbe amismatchbetween the
relatively longer triplet lifetime of rhodamine dyes (>1 µs)53 and the PAI
instrumentation used here. Indeed, the PAI instrumentation used here
(iTheraMedical 256-TFMSOT) employs 8–10 ns laser pulses with 10Hz
repetition rates, rendering dyes with excited state lifetimes >50ns
effectively “invisible” due to the temporal gap between excitation and
PA signal generation. The unintuitive observation of decreased PA
signal with increasing [KI] seen in Fig. 3b could be due to ground-state
depopulation (due to more efficient ISC) at higher KI concentrations.
We note that with the addition of 500mM KI, a slight recovery of
the PA signal is observed. This could be due to shortened triplet state
lifetimes at high [KI], which has been observed for other rhodamine
dyes32. However, more studies are required to definitively determine
the origin of this increase at high [KI].

Based on the data presented above, we caution the reader to
interpret knr in ALF (Eq. 5) as non-radiative decay from the singlet
excited state when correlating ALF to PA output on current commer-
cial PAI instrumentation.When using dyes with long-lived triplet states
orworking in complex environmentswheredecay rates are dependent
on interactions between multiple molecules, caution should be taken
when correlating PA output and ALF.

Bulky alkyl rotor dyes
Wechose to investigate BAR sincemodifications of this type have been
shown to increase non-radiative relaxation of the excited state50,54,55. A
series of BAR-modified NR dyes bearing N-isopropyl, -cyclopentyl, or

Article https://doi.org/10.1038/s41467-025-59121-6

Nature Communications |         (2025) 16:3779 4

www.nature.com/naturecommunications


-cyclohexyl auxochromes were synthesized. In short, two subsequent
reductive aminations were used to install the BAR motif, followed by
methylation of the amine. Next, an acid-catalyzed condensation yiel-
ded a dimer structure from which a phosphorous-bridged xanthone
was fashioned using organolithium chemistry. The final products,
NR706-iPr, NR716-Cp, and NR716-Ch were obtained by installation of the
pendant phenyl ring through an additional lithium-halogen exchange
reaction (Fig. 4a, Figs. S6, S7, and Supplementary Materials). Interest-
ingly, modification of NR dyes with BAR increased both the ε and knr of
the resulting dyes relative to NR700 (Fig. 4c), giving ALF values as high
as 1.49 × 1014M−1cm−1s−1 (compared to 3.38 × 1013 M−1cm−1 for NR700).

Signal generation efficiency (SGE) and molar signal generation
efficiency (MSGE) have been commonly used to compare the ability of
dyes to convert absorbed photons into PA signal28. SGE is reported as a
PA signal normalized to the ε of each dye (see Supplementary Mate-
rials) and reflects the efficiency of PA signal generation per photon
absorbed. MSGE compares PA output at equal dye concentrations
(10 µM here) and can be used to identify probe scaffolds for in vivo
applications, where dosing and photon budget are limited. The SGE of
BAR-modified dyes was comparable to NR700 (Fig. 5a). However, MSGE
revealed 49, 114, and 51% increases in PA signal for NR706-iPr, NR716-Cp,
and NR716-Ch relative to NR700, consistent with predictions based on
ALF (Figs. 4b, c, 5b). These results show that BARmodifications do not
enhance PA efficiency per photon (SGE) but improve MSGE by
increasing both ε and knr, the components of ALF. We propose that
MSGE improvements are critical for PAI, as agents with high MSGE
provide better signal-to-noise ratios and require lower doses to
achieve sufficient contrast. This underscores the value of ALF as a
predictive benchmark for PA probes and its utility in designing ima-
ging agents for PAI applications.

Conformationally restricted dyes
Previouswork fromChan and colleagues has shown thatCR can lead to
an increase in PA output of aza-BODIPY dyes22. This effect is perhaps
counterintuitive since CR can often lead to an increase in Φ, further
highlighting issues surrounding the current approach of simply
decreasing Φ to improve the PA signal and reinforcing the need for a
PA benchmarking parameter. Thus, we sought to test the influence of
CR on PA output in NR dyes. Interestingly, two previously described
dyes from our lab, NR721 and NR729

42, contain CR modifications and
showed increased PA emission compared to NR700 that is primarily
driven by increased knr (Fig. 2a, b). We sought to further investigate
this effect in the context of phosphinate ethyl ester containing dyes to
provide a more direct comparison to NR700. Thus, we synthesized
phosphinate ethyl ester derivatives of NR721 and NR729, termed NR773

and NR778 (Fig. 4a, Figs. S6, S7, and Supplementary Material). In

addition, we synthesized an analog of NR778 with CR at the ortho-
position relative to the heteroatombridge, termedNR702, aswell as the
corresponding azaphosphinate derivative NR746 (Fig. 4a, Figs. S6, S7,
and Supplementary Material). Both NR773 and NR778 displayed
increased knr, however the ε of NR778 decreased by 54% relative to
NR700 (Fig. 4c). On a per photon basis NR773 and NR778 were 119 and
330% more efficient at generating PA signal compared to NR700 (SGE,
Fig. 5a). When comparing equal concentrations of dye (MSGE), PA
signals were enhanced by 123 and 97% for NR773 and NR778 compared
toNR700, as predicted by ALF (Fig. 4b, c). The associated increase in PA
emission of these dyes is driven by increased knr, and the improved
MSGE of NR773 is driven by the maintenance of relatively high ε com-
pared to NR778. Alternatively, measurement of the photophysical
properties of NR702 yielded an increased ε but decreased knr by 45%
relative to NR700 (Fig. 4c). Thus, the per photon efficiency of PA gen-
eration from NR702 was severely decreased compared to NR700

(Fig. 5a). However, NR702 displayed virtually identical PA emission on
an equal concentration basis due to its high ε, as predicted by ALF
(Figs. 4b, c, 5b). NR746 contains the sameCRmodification compared to
NR702 but on the azaphosphinate scaffold (Fig. 4) and displayed a
modest 16% increase in SGE relative to NR700 (Fig. 5a). However, NR746

displayed a robust 174% increase in MSGE, as predicted by ALF
(Figs. 4b, c, 5b), compared to NR700. This observation reinforces the
potential of azaphosphinates as loud PA probes (Fig. 2)41. These results
indicate that PA enhancements from CR are position-dependent and
again highlight the utility of ALF for guiding the investigation of
structure–activity relationships in the context of PA signal generation.

Dyes with asymmetry-induced vibronic coupling
Wenext investigated the influenceofAIVConALF andPA signal output
in NR dyes since our previous studies have shown that increased
vibronic coupling can increase PA signal fromheteroatomxanthenes35.
Driven by the observed increases in MSGE via CR, we designed the
asymmetric dyes NR727 and NR735 using a modular synthetic route
(Fig. 4a, Figs. S6, S7, and Supplementary Material). In addition, we
synthesized a hybrid dye containing both indoline and morpholino
auxochromes, termed NR759 (Fig. 4a and Supplementary Material). All
three dyes displayed an increased Stokes shift relative to NR700, indi-
cating the presence of increased vibronic coupling. We also observed
an increase in Stokes shift with increasing absorbance wavelength
within this series. Unfortunately, theΦ and τ of NR759 were too low to
be measured, which prohibited experimental determination of knr.
Nonetheless, by rearranging the ALF trend line from Fig. 2d, we were
able to estimate the knr of NR759 as 6.39 x 109s-1(Fig. 4c and Supple-
mentaryNote 2). AlthoughAIVCgenerally reduced the ε for dyes in this
series, the knrwas increased forNR727 (220%), NR735 (1290%), andNR759

Fig. 3 | Promoting ISC does not result in increased PA signal fromNR700. aNon-
radiative decay rate plotted versus concentration of potassium iodide. The trend
line was obtained using linear regression. b Photoacoustic emission intensity
plotted versus concentration of potassium iodide. Photophysical properties used

to calculate knr were measured in DPBS (1% DMSO). PA emission was from quan-
tification of PAI in DPBS (1% DMSO) in 1.2 cm thick tissue phantoms at positions
2mm apart (mean± SD, 0, 100, 250, and 500 µM n = 12, 10 µM n = 11, 50 µM n = 6).
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Fig. 5 | Comparisonofphotoacoustic signal generation efficiencies fordifferent
design strategies. a Per photon signal generation efficiency (SGE) for new dyes
relative to NR700. b Normalized molar signal generation efficiency (MSGE) of new
dyes relative to NR700. PA signal was quantified from PA images of 1.2 cm thick

tissue phantoms at positions 2mm apart (mean± SD, NR735, NR746, NR759, NR778,
and NR812 n = 6, n = 12 for NR700, NR702, NR727, and NR706-iPr, n = 18 for NR716-Cp
and NR716-Ch, and n = 24 for NR773).

Fig. 4 | ALF canbeused topredict PA intensity. a Structures of newNR dyes used
to investigate the ability of acoustic loudness factor (ALF) to predict changes in PA
signal derived from different mechanisms of modulating knr. b Dyes from panel a
plotted on the trend line from Fig. 2d. c Photophysical properties and predicted PA
intensities from dyes shown in panel a. Photophysical properties weremeasured in

triplicate in DPBS:MeCN (7:3, 1% DMSO). PA emission was measured from quanti-
fication of PA images of 1.2 cm thick tissue phantoms at positions 2mm apart
(n > 5). aDichloromethane used as a solvent. bNon-radiative decay rates are calcu-
lated from the ALF trend line in Fig. 2d (Supplementary Note 2).
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(1300%) relative to NR700 (Fig. 4c). The effect of increased knr is seen in
the increased per photon efficiency of PA emission from these dyes
(SGE, Fig. 5a). At equal concentrations, NR727 is predicted by ALF to
produce equivalent PA signal to NR700 due to decreased ε, which was
observed experimentally (Figs. 4b, c, 5b). Due to its relatively high ε
alongside the highest knr in our panel, ALF predicts a substantially
increased PA signal from NR735 compared to NR700 (Figs. 4b, c, 5b).
Indeed, this improvement in PA performance at equal concentration
was verified by the observation of a 164% increase in signal from NR735

compared to NR700 (Figs. 4c, 5b). Although ALF for NR759 could not be
determined experimentally due to the low Φ and τ of this dye, we
observed a modest 71% improvement in PA signal output at equal
concentrations relative to NR700, due to the relatively low ε of this
dye (Fig. 4c).

To further investigate the effect of large AIVC on PA signal gen-
eration in NR dyes, we chose to utilize an approach to induce large
Stokes shifts in fluorescent dyes that was described by Zhang and
colleagues51. This strategy employs the 1,4-diethyl-decahydro-quinoa-
line (DQ)motif to afford asymmetric dyes with significant Stokes shifts
and broad absorbance peaks, due to vibronic coupling. Accordingly,
we synthesized an NR dye bearing the DQmotif, termed NR812 (Fig. 4a
and Supplementary Material). NR812 represents the reddest NR dye to
date, displaying an absorbancemaximum of >800 nm (Fig. 4c and Fig.
S5). As predicted, an exceptionally large Stokes shift of 184 nm was
observed inDCM, yielding afluorescencemaximumat 1012 nm (Fig. 4c
and Fig. S8). Since the Φ and τ for NR812 in the mixed solvent system
were too low for determination of ALF, we again utilized the rear-
ranged form of the trend line in Fig. 2d (see Supplementary Note 2) to
estimate knr as 7.61 × 109 s−1 (Fig. 4c). Basedon this, wewouldpredict an
enhanced per photon PA signal (SGE) from NR812 versus NR700, which
wasobservedwhenPA signal intensitieswerenormalized for ε (Fig. 5a).
Nonetheless, when normalized to concentration, we would predict
that the observed decrease in ε of NR812 would counterbalance the
effect of increased knr, leading to a muted enhancement in PA signal
relative to NR700. This prediction is again supported by experimental
observation, where NR812 produces 98% more PA signal than NR700 at
equal concentrations (Fig. 5b) but underperforms other dyes investi-
gated in this work. Here again, efforts to restore the ε of NR812 while
maintaining knr would be expected to enhance the performance of this
dye on an equal concentration level. However, we note that the
introduction of the DQ motif results in a very broad absorbance
spectrum that may complicate imaging deconvolution using multi-
spectral unmixing analysis. Overall, considering the MSGE of the AIVC
dye series (Fig. 5b), we view AIVC modifications as promising
approaches for PA probe design, due to their ability to maintain rela-
tively high ε while also increasing knr. Our lab is currently pursuing
dyes that may synergistically incorporate effects observed in BAR, CR,
and AIVC to further improve PA signal generation in small molecule
dyes. Our lab is also actively investigating whether ALF is applicable to
metal nanoparticles commonly used in PAI.

Enhancements in ALF are translatable to in vivo PAI
Since higher molar PA intensity is desirable for targeted as well as
molecular PAI agents, we used ALF to identify lead candidates for
in vivo PAI. This is because, for in vivo imaging, signal-to-noise will be
dependent upon the concentration of the retained sensor at a parti-
cular site or PA active product produced after reaction with a target
analyte. Importantly, we have clearly demonstrated that ALF can be
used to predict relative differences in PA intensity for small molecule
dyes at equal concentrations, even in the absence of PA instrumenta-
tion (Figs. 2d, 4c). Since we have previously demonstrated that aza-
phosphinates produce loudPA signal41, we focusedon rhodamine dyes
with the largest ALF improvement from the BAR (NR716-Cp), CR
(NR773), and AIVC (NR735) panels as lead candidates for in vivo imaging.
Interestingly, these dyes do not always display the lowest Φ within

their respective series but doprovide the highest enhancements in ALF
relative to NR700 of 340 (NR716-Cp), 480 (NR773), and 880% (NR735,
Fig. 5b). These observations reinforce the need for a PA benchmarking
parameter that can be used to evaluate dye performance in PAI.

We next turned our attention towards in vivo stability of these
phosphinate-containing dyes. We have previously shown that phos-
phinate ester dyes can undergo hydrolysis at physiological pH to
afford the corresponding phosphinate dye37–39 and that this hydrolysis
event can be undesirable for PAI due to changes in the photophysical
properties of the resulting hydrolyzed dye36. In addition, phosphinate
ester dyes are generally able to cross cell membranes while phosphi-
nate dyes cannot36–40. Therefore,we tested the chemical stability of our
lead phosphinate ethyl ester dyes at relevant biological pH. These
experiments showed that NR773 displayed the slowest hydrolysis and
was stable over the time required for in vivo imaging in this study
(Fig. S9). Although the fluorescence of NR773 is relatively dim, we were
able to verify its ability to cross the cell membrane using confocal
fluorescence microscopy (Fig. S10). Lastly, we did not observe cellular
toxicity from NR773 at relevant concentrations used for imaging
(Fig. S11). In light of these results, we choseNR773 for further evaluation
in in vivo PAI.

To assesswhether enhancements in ALF are translatable to in vivo
PAI, we chose to compare NR773 to SNR700, a hydrolytically stabilized
version of NR700 that was previously developed by our lab (Figs. 2, 4,
6a)36. SNR700 or NR773 were subcutaneously injected into the left or
right flanks of live mice, respectively, and the mice were scanned
translationally across the length of the animal (from chest to hips).
Multispectral unmixingwas utilized todifferentiate thedye signal from
the endogenous absorbers oxyhemoglobin (HbO2) and hemoglobin
(Hb). Although the distribution of each dye was influenced by physical
properties such as water solubility, wewere able to identify a region of
interest (ROI) for both agents using a red/blue/black filter (Fig. S12).
Spectral unmixing verified that these ROIs represented signals from
each dye (Fig. 6b–d). In addition, the change in integrated PA intensity
versus wavelength also clearly supported the identity of each dye
within their respective ROI (Fig. S13). Quantification of the integrated
pixel intensity yielded a 590% increase, on average, in PA intensity for
NR773 relative to SNR700 (Fig. 6e and Supplemental Movie 1). This
increase exceeds the observed 123% increase in PA signal from NR773

compared to SNR700 in vitro (Figs. 2b, 4c), potentially due to differ-
ences in photophysical properties of the dyes in the respective in vitro
and in vivo environments. Here, it is important to note that, like
fluorescence brightness, changes in ALF are solvent-dependent since
the photophysical parameters used to determine each benchmarking
parameter are dependent upon solvent. Therefore, the reader is cau-
tioned that changes in ALF may not always translate between condi-
tions in which different solvents are used and should only be directly
compared within the same solvent system (as is the case with fluor-
escence brightness). Other factors, including cell permeability and
water solubility, may further impact in vivo performance. Lastly, we
examined the clearance of NR773 after administration using a tail vein
catheter. Time-lapsed PAI revealed perfusion of dye through the cor-
tex of the kidneys to the renal pelvis (Supplemental Movie 2), with the
dye ultimately clearing to the bladder (Fig. S14). Taken together, these
results demonstrate the potential of NR773 for in vivo PAI and highlight
the ability of ALF to guide the design of probes for use in living
organisms.

Herein, we described the discovery of ALF, the first parameter for
benchmarking the performance of small molecule dyes in PAI.
Importantly,we showed that this parameter is capableof predicting PA
signals without the need for access to PA instrumentation. We showed
that ALF is capable of predicting the relative PA intensity of a wide
range of dyes used in in vivo PAI, including cyanines, hemicyanines,
oxazine derivatives, and xanthenes. ALF clearly predicts that increases
in knr and/or εwill lead to improved PA signal output for a dye scaffold,
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prompting an investigation of the influence of different mechanisms
for modulating knr on PA signal output. First, we demonstrated that
non-radiative decay from the triplet state does not lead to productive
PA signal output for xanthene dyes using current commercial instru-
mentation. Next, we investigated the influence of (1) bulky alkyl rotors,
(2) conformational restriction, and (3) asymmetry-induced vibronic
coupling on PA signal for a series of 11 previously unreported NIRdyes.
In all cases, ALF was able to accurately predict changes in PA signal
(MPE = 9.8%) due to structural modifications. Using these approaches,
we were able to obtain rhodamine-based dyes with enhancements of
164% in MSGE (NR735) and 459% in SGE (NR812) compared to our initial
probe NR700. Finally, we demonstrate that increases in ALF observed
in vitro canbe translated to in vivo PAI. In a similarmanner to thebroad
utility of fluorescence brightness in the fluorophore design and
fluorescence imaging communities, we anticipate that ALF will find
broad application in comparison to PA probe potential and guide the
design of improved dye-based reporters for this emerging biomedical
imaging modality.

Methods
Instrumentation and reagents
All reagents were purchased from commercial suppliers and used
without further purification. Tetrahydrofuran (THF) and diethyl ether
(Et2O) were obtained from a solvent purification system (MBRAUN,
SPS-5). Products were purified by either normal phase flash chroma-
tography using Merck silica gel 60 (230–400 mesh), or by reverse
phasehighperformance liquid chromatography (HPLC) using aWaters
1525 Binary HPLC pump with a 2489 UV/Vis detector. HPLC analysis
was performed with an analytical column (YMC-Pack ODS-A, 5μm,
250× 4.6mm). Semi-prep HPLC purification was performed with a

semi-prep column (YMC-Pack ODS-A, 5μm, 250× 20mm) using 0.1%
TFA buffered water and acetonitrile. Final dye products were lyophi-
lized (Labconco™ FreeZone™ 4.5 L − 84 °C) after semi-prep HPLC.

High-resolution mass spectrometry was recorded with an
Agilent 6545 Q-TOF paired with an Agilent 1260 Infinity II Prime
liquid chromatography (LC) system.Mass data are reported in units
of m/z. NMR spectra were recorded on a Varian VNMRS 600MHz or
Bruker Neo Nanobay 400MHz and data were processed with
MestReNova software. Chemical shifts (δ) are expressed in parts
per million (ppm) and are referenced to Chloroform-d (7.26 ppm
for 1H NMR, and 77.16 ppm for 13C NMR), Methanol-d4 (3.31 ppm for
1H NMR, and 49.00 ppm for 13C NMR), Acetonitrile-d3 (1.94 ppm
for 1H NMR, and 118.26 ppm for 13C NMR), and DMSO-d6 (2.50 ppm
for 1H NMR, and 39.52 ppm for 13C NMR). 13C NMR spectra contain a
persistent instrument artifact at ~187 ppm which is not from the
sample. Coupling constants are reported in Hertz (Hz). Splitting
patterns are indicated as follows: s, singlet; d, doublet; t, triplet; q,
quartet; dd, doublet of doublet; td, triplet of doublets; dt, doublet
of triplets; tt, triplet of triplets; ddd, doublet of doublet of doub-
lets; tdd, triplet of doublet of doublets; q, quartet; m, multiplet. For
31P NMR, phosphoric acid (85 wt% in water, Sigma-Aldrich) was used
as an external standard (0.00 ppm).

UV-Vis-NIR absorbance spectra were recorded with a Jasco V-780.
All absorbance assays were conducted in a 3.5mL quartz cuvette
(Starna Cells) with 1 cm optical path length. UV-Vis band width was set
to 2 nm,NIR bandwidthwas set to 4 nm. Response timewas 0.96 s, for
both UV/Vis and NIR. The scanning interval was 1 nm and the scan
speedwas 400 nm/min (continuousmode). Fluorescence spectrawere
recorded on a Fluorolog-QM (Horiba). The fluorometer was equipped
with a 75W Xenon Arc lamp with PowerArc™ lamp housing (OB-75X),

Fig. 6 | Enhancements in ALF are translatable to in vivo PAI. a Structures, MSGE
values, and ALF values for SNR700 and NR773 used for in vivo comparison. Cross-
sectional PA images in the x-y plane formice subcutaneously injectedwith SNR700 (left
flank) orNR773 (rightflank) at 700nmand c 770nmusing a red/blue/black colormask.
Dyes were administered at 10nmol in saline containing 2% DMSO and animals (n= 5)
were imaged after 10min. d Greyscale photoacoustic background image at 850nm
overlaid withmultispectral unmixing attribution of SNR700 (left flank) andNR773 (right

flank). ROIs identified from panels b, c are shown for comparison. e Comparison of
integrated PA intensities for SNR700 (mean=42,321 ± 20,095) and NR773 (mean=
292,103± 151,305) within ROIs defined by the red/blue/black color masks (panels b, c
and Fig. S12) corresponding to each dye for five different mice. Error bars = SD. Sta-
tistical analysis was performed using a two-tailed t-test (**indicates a p value of <0.01,
p=0.0064). Yellow shading represents SNR700 and green shading represents NR773.
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photomultiplier tube (920 PMT)detector, and a liquid nitrogen cooled
indium gallium arsenide (InGaAs) detector (DSS-IGA020L/100KHZ).
The sample holder was exchanged with an integrating sphere (K-
Sphere) for measuring absolute quantum yields. The excitation light
source could be switched to a tunable white light laser (SuperK
Extreme EXU-6 PP). Fluorescence lifetimes were measured using
TCSPC (Horiba). Hydrolysis of phosphinate ethyl ester dyes was mea-
sured using a Synergy H1 Hybrid Multi-Mode Reader (BioTek Instru-
ments). Confocal images were acquired on a Leica STELLARIS 8
confocal/FLIM/tauSTED microscope system equipped with tunable
white light lasers. The excitation laser was set at 755 nm with an
emission PMT filter of 785–845 nm for fluorescent imaging experi-
ments. A 405 nm diode light source with an emission PMT filter of
430–470 nm was used for nuclear stains. Images were acquired using
LAS-AF software and processed in Fiji (ImageJ).

MSOT imaging was performed using an MSOT InVision 256-TF
from iTheraMedical. Reportedvalues correspond tomeanPA signals in
regions of interest (ROIs) of equal area unless otherwise noted. IRDye
800CW Maleimide was purchased from Li-Cor. ICG was purchased
from Sigma-Aldrich. PA-HD and SiR700were synthesized according to
previously published protocols20,44. NU/J nude mice (002019) pur-
chased from The Jackson Laboratory.

Graphs and statistical analysis were produced using Microsoft
Excel, Graphpad Prism 10.2.0, and MATLAB R2024b. Figures were
assembled using Adobe Illustrator.

Molar extinction coefficient measurement
Dye stock solutions (10mM) were made by dissolving the lyophilized
dye powder in DMSO. Increasing concentrations of samples (1, 2, 3, 4,
and 5 µM), as well as a blank (DPBS:MeCN, 7:3 with 1% DMSO), were
made, and their absorbance was measured. Molar extinction coeffi-
cients were then determined by a linear fit of the absorbance versus
sample concentration according to the Beer–Lambert law.

Fluorescence emission spectra
Dye solutions were made by dissolving DMSO dye stocks in
DPBS:MeCN (7:3) with 1% DMSO. Dyes were diluted to maintain the
absorbance maximum below 0.1 to avoid dye re-absorption. Dye
solutions were excited at the blue shoulder of the absorbance peak
(typically 50 nm blue-shifted from maximum absorbance).

Quantum yield measurement
Absolute quantum yieldmeasurementwith integrating sphere. The
dye quantum yield obtained with an integrating sphere was measured
from a dye sample (0.075 <abs <0.08) in DPBS:MeCN (7:3) with 1%
DMSO. For all measurements, both excitation and emission slit widths
were 2.6 nm. In short, excitation energy was measured from an emis-
sion scan of the excitation peak (for example, λex = 650nm, then
λem = 650–665 nm) using an NDQ-200 filter to decrease the incident
light. The step size was kept at 0.2 nm, and the integration timewas 1 s.
Emission energy wasmeasured using an emission scan of the emission
range (example 670–850 nm) with a step size of 1 nm, and an inte-
gration time of 0.5 s. A scaling factor for the NDQ filter was calculated,
and, in combination with the excitation and emission scan, the quan-
tum yield of the dye was determined using the Felix FL software QY
calculator.

Relative quantum yield measurement. The dye quantum yield was
measured from a dye sample (0.075 <abs <0.1). To compare an
unknown to a reference with a known quantum yield, the following
relationship was used:

φsample =φref
ms

mref

 !
n2
s

n2
ref

 !

Where m represents the slope of the line (y =mx+b) obtained from
graphing integrated fluorescence intensity versus optical density
across a series of samples, n is the refractive index of the solvent, and
the subscripts s and ref represent values of the sample and reference,
respectively. The relative quantum yield of NR812 was determined by
comparison to IR-1061, for which the quantum yield is 0.0041
in DCM56.

Measurement of fluorescence lifetimes
Fluorescence lifetimes were measured from a dye sample (0.075 <abs
<0.08) inDPBS:MeCN (7:3) with 1%DMSO. Fluorescence lifetimes were
determined using TCSPC with white light laser excitation at 5.556Hz.
Excitation slit widths were kept at 2 nm, and emission slit widths were
kept at 5 nm, and measurement was stopped at a photon count of
10,000. A blank was measured at the appropriate wavelength from a
solvent solution with 0.1% non-fat dry milk powder to provide scat-
tering. The lifetime was calculated using Felix FL one-to-four expo-
nentials method.

Linear-array-based photoacoustic imaging
PAI was performed with a custom-built 3D scanning linear-array
system46. The system employed a GE 9L-D linear-array transducer (GE
Healthcare) with an optically transparent single-slit placed at the focal
depth (40mm) to enhance elevational resolution57. Data from the
ultrasound transducer was recorded using a programmable data
acquisition system (Vantage 256, Verasonics). A 30Hz Nd:YAG laser
pumping an optical parametric oscillator (Spitlight, Innolas) was used
for optical excitation. The laser output was coupled into a dual-branch
line fiber bundle (Dolan Jenner) that was mounted with an output on
either side of the transducer aligned with the acoustic focal depth.
Prior to coupling into the fiber, a beam sampler was used to direct <5%
of the laser pulse energy into a power meter (Ophir), which was later
used for pulse-by-pulse energy normalization. Each laser pulse has an
energy of approximately 20mJ prior to coupling into the fiber bundle.
A sample stage consisting of a thin, optically and acoustically trans-
parent membrane was placed 5mm past the slit with water used for
acoustic coupling between the transducer and membrane. The stage
was scanned along the elevational axis, with one laser pulse and PA
acquisition occurring at each position, and the complete 3D dataset
was reconstructed following the focal line concept with a single-slit58.
The triggering between the laser firing, ultrasound data acquisition,
and sample scanning was controlled using a field-programmable gate
array (myRIO, National Instruments). Drops (5 µL) of 10μM dye sam-
ples were placed on the sample membrane, approximately aligned
with the elevational axis. The samples were scanned a total of 4 cm in
0.1mmstep increments, leading to a total of 400 laser pulses, and thus
~13 s, per 3D scan. 3D scans were performed for wavelengths ranging
from694-800 nm, in 2 nm increments, leading to a total of 54 3D scans
and taking a total of 12min.

Photoacoustic imaging with VisualSonics instrument
To verify ALF with another commercial system, combined ultrasound
(US)/PA images were acquired with the Vevo F2 LAZR-X (FUJIFILM
VisualSonics). The system consists of a flashlamp-pumped Q-switched
Nd:YAG laser with an optical parametric oscillator for wavelength
tuning (20Hz pulse rate; ~10 ns pulse duration). Samples were imaged
using the UHF29x transducer (20Hz center frequency) with an optical
fiber jacket, which secured the “narrow” optical fiber (14mmwidth) to
the transducer to enable simultaneous PA acquisition.

Here, a tube phantom set up59 was utilized for US/PA imaging.
Optically transparent tubes (BD IINTRAMEDIC polyethylene tubing)
were secured in a 3D-printed holder. Each tube contained a different
dye sample (Fig. S4a). In a plastic container (5″ × 5″ × 5″), the tube
phantom was secured on top of a solidified agarose base layer (0.5%
agarose + 0.2% silica; Sigma-Aldrich). The agarose base reduces
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imaging artifacts by offsetting the tube phantom fromhighly reflective
interfaces, i.e. the bottom of the plastic box or imaging table. The
plastic container was then filled with water to submerge the tube
phantom and couple the transducer for US/PA imaging. The transdu-
cer was positioned perpendicular to the length of the tubes to acquire
circular cross-sectional images of each sample. Samples were imaged
in the680–970nmwavelength range in 1 nm increments at thehighPA
sensitivity setting with zero persistence (no averaging). Data was
exported to MATLAB for post-processing.

For each sample, the average PA signal was calculated for each
wavelength and compiled todetermine the PA spectrum.A rectangular
region of interest was defined around each sample to individually
analyze the PA signal. Themaximum PA signal at each wavelength was
determined. Due to the high frequency of pixels containing low PA
signal values (Fig. S4C), only the top 80% of pixels for eachwavelength
were kept for analysis, i.e. pixels with PA signal less than or equal to
0.2*PAmax were set to zero. The average PA signal for each wavelength
was determined by calculating the total PA signal and dividing it by the
number of non-zero pixels. The processwas repeated for each sample.
Plots of the PA spectrawere smoothed using amoving average filter of
9 wavelengths. To generate the representative histograms for IRDye
800CW, the noise floorwas defined as PAmin + 0.01*(PAmax – PAmin). PA
signal amplitude below the noise floor was set to zero.

Comparison of relative hydrolysis rates
The relative hydrolysis of dyes NR700, NR735, NR773, and NR716-Cp were
evaluated at 5 µM in DPBS (1% DMSO, pH 7.2) bymeasuring the change
in absorbance at their respective absorbance maxima (700, 735, 770,
and 720 nm) in 5-min intervals over 16 h. Double orbital shaking was
applied for 20 s prior to eachmeasurement. Measurements were done
in triplicate at room temperature and at 37 °C. The absorbance was
plotted versus time and fit to a one-phase decay exponential using
GraphPad Prism.

Cell imaging
HL-60-Luc2 cell imaging: HL-60-Luc2 cells (ATCC, CCL-240-LUC2)
were grown to80%confluency in IMDMwith 20%FBS, 1xAnti-Anti, and
8μg/mL blasticidin. For imaging, media was removed, and cells were
resuspended inpre-warmedDPBS (37 ˚C). The cells were incubated for
20min in DPBS with 5μg/mL Hoechst 33342 and 10μM NR773. Media
was removed and the cells were washed 3x with DPBS.

Cytotoxicity assay
HL-60-Luc2 cells were plated (1 × 105 cells/well) in a 96-well plate in
IMDM(nophenol red)with 20%FBS, 1xAnti-Anti, andblasticidin (8μg/
mL) for 24 h. HL-60-Luc2 were then incubated in triplicate with 0, 10,
20, 30, 40, or 50μM NR773 in media for 24 h. After 24 h 10μL CCK-8
reagent (APExBIO, K1018) was added. Absorbance was measured 4 h
after incubation using a plate reader at 450 nm.

Tissue phantom preparation
Tissue phantoms were prepared according to published protocols60.
Briefly, tissue phantoms were prepared by dissolving agarose (10 g) in
deionized water (195mL) and 5mL of a solution of milk made from 1 g
non-fat dry milk (Boston Bioproducts Inc) and 50mL DI H2O. The
mixturewas heated for 2min in amicrowave, stirring every 20 s, until a
translucent gelwasproduced. The hot gelwas poured into a cylindrical
mold containing an FEP tube (3mm diameter) and cooled to room
temperature for 1 h, then transferred to 4 ˚C for 2 h. After cooling, the
phantoms were removed from the molds and cut to fit an MSOT
phantom holder.

Tissue phantom PA imaging
A solution of dye in DPBS:MeCN (7:3, with 1% DMSO) was injected into
the FEP tube inserted into the cylindrical tissue phantom for imaging

and the FEP tube was then sealed with hot glue. The phantom was
placed into the holder and excited in 2 or 5 nm increments from680 to
850or 950 nm. Images were reconstructed in ViewMSOT 4.0 using the
backprojection algorithm according to manufacturer procedures.
Reported values correspond to mean pixel intensity values in ROIs of
equal area from each sample.

For evaluation of the effects of potassium iodide addition on PA
signal intensity measurements were done in DPBS (1% DMSO). In an
effort to account for the donut pattern described earlier, regions of
interest surrounding the entire FEP tube were selected, and the aver-
age of the top 10% of the pixel values was used for quantification.

Calculation of signal generation efficiency
Signal generation efficiency (also known as photoacoustic generation
efficiency) has been described as43:

ρ
μa

Here ρ is a pressure change, i.e., photoacoustic intensity, and µa is
molar extinction coefficient. Thus, we calculated SGE as the observed
PA emission intensity at 10 µM divided by the molar extinction coef-
ficient of the corresponding dye. All SGE values were then normalized
to the SGE of NR700, chosen as our reference for this study.

Live-subject statement
All animal experiments were performed with the approval of the
Institutional Animal Care and Use Committee (IACUC) of Virginia
Commonwealth University, following principles outlined by the
American Physiological Society on research animal use. Animals were
housed and maintained under standard veterinary care in accordance
with the AAALAC-accredited Animal Care and Use Program at Virginia
Commonwealth University.

In vivo MSOT imaging
Mice (n = 5) were given subcutaneous injections on the right flank
above the hindlimb with either SNR700 (100μL of 100μM in sterile
saline containing 2%DMSO) orNR773 (100μL of 100μMin sterile saline
containing 2% DMSO). Themicewere continuously anesthetized using
isoflurane and placed in the supine position in the animal holder for
imaging after injection. The temperature of the imaging chamber was
set to 36 °C and the animal was allowed to equilibrate to the tem-
perature for 10min before imaging. Cross-sectional images were
acquired from the chest to the hips of the mouse with a step size of
1mm.The imaging positionwas guided by the built-in anatomy atlas in
the MSOT InVision 256-TF and was kept consistent for all scans.
Wavelengths used for excitation were selected based on the absor-
bance of SNR700, NR773, and endogenous absorbers (690, 700, 710,
730, 760, 770, 780, 800, 850, and 875 nm). Ten frames were recorded
at every imaging wavelength. The built-in spectral unmixing feature
was used to distinguish between signals coming from SNR700 and
NR773, versus oxyhemoglobin (HbO2) or hemoglobin (Hb). ROIs for
each dye were determined by applying a red/blue/black color mask at
either 700 nm (SNR700) or 770 nm (NR773). ROIs of the left and right
flanks were chosen and compared to spectral unmixing to verify the
localization of eachdye to theROI (Fig. S12). IntegratedPA signalswere
determined by highlighting the full ROI for SNR700 or NR773, respec-
tively, and quantifying the sum of pixel values within the ROI.

Assessment of biodistribution and clearance of NR773

For assessment of NR773 clearance and accumulation, one animal was
fitted with a tail vein catheter, and the animal was allowed to equili-
brate to the temperature of the water bath (36 oC) for 10min before
imaging. Prior to injection, the length of the animal was imaged. Next,
one position was chosen and imaged for 60 s, then 100μL of NR773
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(100μM in saline, 2% DMSO) was injected through the catheter, and
the position was imaged for an additional 8min. Lastly, the whole
animal was imaged again.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The primary data generated in this study are provided in the Supple-
mentary Information/Source Data file. Source data are provided with
this paper.
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