1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
j Photochem Photobiol. Author manuscript; available in PMC 2019 November 01.

s HHS Public Access

Published in final edited form as:
Photochem Photobiol. 2018 November ; 94(6): 1175-1209. doi:10.1111/php.12967.

Molecular Photoacoustic Contrast Agents (MPACs):Design
Principles & Applications

Raymond E. Borg and DR. Jonathan Rochford”

Department of Chemistry, University of Massachusetts Boston, 100 Morrissey Boulevard, Boston,
MA 02125.

Abstract

Photoacoustic imaging (PAI) is a rapidly growing field which offers high spatial resolution and
high contrast for deep-tissue imaging in vivo. PAI is non-ionizing, non-invasive and combines the
optical resolution of fluorescence imaging with the spatial resolution of ultrasound imaging. In
particular, the development of exogenous PA contrast agents has gained significant momentum of
late with a vastly expanding complexity of dye materials under investigation ranging from small
molecules, to macromolecular proteins, polymeric and inorganic nanoparticles. The goal of this
review is to survey the current state-of-the-art in molecular photoacoustic contrast agents (MPACS)
for applications in biomedical imaging. The fundamental design principles of MPACs is presented
and a review of prior reports spanning from early-to-current literature is put forth.

Graphical Abstract

The development of exogenous PA contrast agents has gained significant momentum of late with a
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applications in biomedical imaging. The fundamental design principles of MPACs is presented and
a review of prior reports spanning from early-to-current literature is put forth.

INTRODUCTION

The conversion of light energy into acoustic waves, known as the photoacoustic (PA) effect
was first reported by Alexander Graham Bell in 1880 while investigating ways to
communicate over long distances (1). Interest in the PA effect has experienced a great
resurgence of late due to its advancement of application in biomedical imaging (2-16). The
first application of the PA effect in biomedical imaging can be traced back to a 1974 study
by Lemons et al. who developed a scanning acoustic microscopy (SAM) technique for cell
imaging with a resolution of close to 1 um using ultrasound frequencies of 1500 MHz in
water (17). PAI is similar to SAM in that it uses an ultrasound transducer to detect the
acoustic waves, however it differs from SAM in that it uses a pulsed laser to generate the PA
waves. In 1981, Bowen et al. conducted theoretical and experimental studies of
thermoacoustic waves with a goal of optimizing their sensitivity for imaging in biological
tissue (18). This groundbreaking research paved the way for the PAl modality which has
gained great popularity over the last decade and occupies a unique niche in the world of
biomedical imaging as it bridges the gap between the microscopic and macroscopic scales
(2, 6, 10, 14, 15). Optical imaging techniques can typically provide high resolution images
of ca. 1 um with a tissue depth penetration of ca. 1 mm (7). However, optical imaging
techniques are constrained by an intrinsic trade-off between depth of penetration and spatial
resolution due to light scatter by biological tissue. PAI couples the high contrast benefits of
fluorescence imaging with the deep tissue penetration of ultrasound serving as a nexus
between macroscopic and microscopic imaging techniques. Biological tissue is several
orders of magnitude more transparent to soundwaves than electromagnetic radiation
allowing PAI to obtain high contrast images of biological tissue at depths up to 5 cm. By
coupling two well-established technologies in optical and ultrasound imaging, PAI has the
capability of generating high contrast images in deep tissue at a lower cost when compared
with traditional diagnostic imaging. PAI also uses non-ionizing radiation in contrast to
common biomedical imaging techniques such as CT scanning, and position emission
tomography (PET). PAI can also be considered non-invasive. For example, hemoglobin can
be used as an endogenous contrast agent to obtain histological imaging, and has even been
investigated ex vivo for nonlinear PAI (19). However, the addition of exogenous PA contrast
agents allows for microscopic imaging with far greater selectivity and contrast at a cellular
and molecular level. So although the endogenous PA response of hemoglobin is
advantageous when imaging, for example, vasculature tissue an exogenous contrast agent is
often required.

The variety of PA contrast agents reported to date can be categorized into five sub-categories
including (i) molecular dyes (ii) semiconducting polymers (iii) carbon-based nanomaterials
(iv) metallic nanomaterials and (v) PA-enhanced hybrid nanocomposites. In particular,
MPACs are of great interest for PA contrast agents due to the structural diversity available to
allow tuning of their absorption and photoacoustic properties, in addition to their inherently
small size which can be optimized for enhanced retention and permeability (EPR) of cancer
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cells for improved contrast (20). Various classes of molecular dyes have been employed as
MPAC:s to date since the technique was first developed. Current design of MPACS for in
vivo PAI has been recently reviewed (21), however, the goal of this review article is to
provide a comprehensive account with a greater focus on the structural diversity and design
of MPACs. While the topic of optoacoustic, a.k.a. photoacoustic spectroscopy, is briefly
mentioned, our primary focus is on the summary of molecular dyes reported as contrast
agents for PA imaging (PAI); this is inclusive of molecular dyes self-assembled in micelle
and liposome nano- or micro-scale materials. For readers interested in polymeric organic-
based, or inorganic-based, nanoparticles or nanocomposites for PAI applications this work
has been reviewed in some excellent articles (3, 5, 8, 9, 11, 13, 16, 22). Firstly, another
classification of PA contrast agents is here introduced, irrespective of structure or material
composition, but based solely upon the photophysical mechanism by which a MPAC
generates its PA response. Furthermore, although a discussion of experimental apparatus is
beyond the scope of this review, the authors wish to recommend a basic starting point for
interested readers should they wish to learn more about the practical aspects of fundamental
PA characterization (23-25), as well as in-vitro and in-vivo PAI techniques (2, 3, 10, 15, 26—
30). Finally, for readers interested in exploring the clinical applications of PAI in more detail
this area of research has been reviewed elsewhere (31, 32).

CLASSES OF PHOTOACOUSTIC CONTRAST AGENTS

In PAI the acoustic response of the contrast agent is equally important to its ability to absorb
within the biological imaging window (33). It is commonly assumed that a low fluorescence
quantum yield is necessary for a molecule to generate a strong PA contrast. Under low
intensity irradiation the PA response exhibits a linear dependence with respect to the incident
light intensity as described by Eq. 1

PA=¢,C IO (1)

where &g is the ground state molar extinction coefficient of the contrast agent at the incident
wavelength, Cy is the ground state concentration of dye molecules (note: that for non-
molecular systems the product of e4C, can be replaced in Eq. 1 by a materials ground state
absorption coefficient, ag), I"is the Griineisen coefficient, /is the incident photon fluence,
and @, is the quantum yield for non-radiative decay. The Grineisen coefficient, 7; is a
constant that quantifies a medium’s ability to conduct sound efficiently that is defined by Eq.
2

where V;is the velocity of sound, a is the thermal expansion coefficient of the medium, and
Gy is the specific heat of the medium at constant pressure (34). While it is true, for the most
part, that a low fluorescence quantum yield can correlate to a respectable PA response, this
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approach to the design of MPAC:s is limited and only tells part of the story. For instance, it
has been reported that two-photon absorption can lead to a greatly enhanced PA response in
dyes that have a relatively high fluorescence quantum yield (35, 36). Thus, at higher laser
intensities a nonlinear optical absorption and an ensuing amplified PA response can be
observed as described by Eq. 3

2 1
PA=eC Il 1® +eCl I .+ e, CIT™  (3)

where &g is the first excited state molar extinction coefficient at the incident wavelength and
G, is the concentration of excited state dye molecules (36). It should be noted that @, is
only relevant for the initial linear term in Eq. 3, consistent with Kasha’s rule (37), as @, ~ 1
for excited state non-radiative decay, i.e. S,—S1 or T,—T1. Thus, using Eq. 3 is a more
comprehensive descriptor of a contrast agent’s PA response, three distinct categories of
MPACs can be defined based upon their characteristic optical absorption and resulting PA
response to a low or a high laser fluence:

i) Linear absorber (LA) — linear PA emitter (eg # 0, T << tjaser)

If the dye possesses an excited-state lifetime significantly shorter than the laser pulse this
permits rapid non-radiative decay back to the ground state (bleaching does not occur).
Subsequent photon absorption can then occur within the same laser pulse. Excited state
absorption is does not occur and a linear dependence of the PA signal amplitude on laser
fluence is observed as described by Eq. 1.

if) Saturable absorber (SA) — weak PA emitter (eg# 0, ee< &g, T > Tjaser)

Saturable absorbers exhibit negligible or zero excited state absorption but, in contrast to
linear absorbers, do possess an excited state lifetime comparable to, or greater than, the laser
pulse width. As such, ground-state photo bleaching occurs evident by an increased
transmission with increasing laser fluence.

iii) Reverse-saturable absorber (RSA) — nonlinear PA emitter (eg # 0, e # 0, T > Tjaser)-

With an excited-state lifetime comparable to, or greater than, the laser pulse width,
concomitant with a non-zero excited-state absorption cross-section, a nonlinear increase in
absorption and PA response may be observed with increasing laser fluence as described by
Eqg. 3. Ground-state photobleaching occurs but does not impede excited-state absorption
(38).

Thus, in contrast to the conventional design of MPACs using Eqg. 1, molecular dyes with
large fluorescence (®f), or phosphorescence (®pp), quantum yields that also exhibit excited-
state absorption are capable of generating an amplified PA response via a nonlinear photon
absorption and enriched non-radiative decay pathway (Eg. 3). However, two important
variables that must be considered in this process are the laser fluence and also the lifetime of
the laser pulse, which should be optimized with respect to the lifetime of the excited-state. In
summary, the molecular photophysical characteristics which determine the class of an
MPAC as either an LA, SA or RSA material are (i) the ground state molar extinction

Photochem Photobiol. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Borg and Rochford

Page 5

coefficient (eg) (ii) the excited state molar extinction coefficient (ee) and (iii) the excited
state lifetime (t). RSA materials will show a greater PA amplification as the ratio of excited-
state vs. ground-state absorption coefficients increases (Ce.e¢: Cy.2g) at the incident
wavelength, keeping in mind that the relative concentrations of C, versus Cy are dependent
upon the excited-state lifetime, the laser fluence and the laser pulse width.

Although nonlinear RSA materials are anticipated to be the most promising dye category for
generation of an enhanced nonlinear PA response it must be kept in mind that their
application is very much limited to scenarios where the application of high laser fluences are
feasible. While a number of studies addressing nonlinear PAI have emerged (19, 24, 25, 35,
39-60) very few have involved in vivo studies (54, 56, 57), none of which have relied solely
on a molecular based contrast agent. As such, all of the in vivo imaging applications of
MPACs discussed in this review have been conducted under low laser fluence conditions
where the dye either behaves as a LA or SA material. Nonlinear optical absorption still
represents a great challenge for biomedical imaging, not just in PAI, due to the American
National Standards Institute (ANSI) laser fluence thresholds (61). However, with the
mechanism of a nonlinear PA response now well established this opens up a previously
unexplored avenue of research within the field of PAI itself. Although much work is required
to reduce the laser fluence required to observe a nonlinear PA amplification below ANSI
recommended laser fluence thresholds, in vitro methods using nonlinear NIR absorbing
contrast agents for high-resolution photoacoustic microscopy (PAM) is an area where RSA
materials have not yet been investigated but which hold great promise as PAM is not
restricted by ANSI limitations (10, 29, 30, 42, 45, 47, 49, 51, 62, 63).

MOLECULAR PHOTOACOUSTIC CONTRAST AGENTS

In all cases a desirable MPAC should satisfy at least the following criteria; (i) possess a high
ground-state molar absorptivity at a desired excitation wavelength within the near infrared
(NIR) biological transparency window (9) (ii) exhibit a quantitative photoacoustic response
(LA or RSA depending upon the laser fluence applicable) (iii) have a high solubility and
stability in vivo (iv) exhibit a low toxicity. There are limited commercially available dyes
that meet each of these criteria and only select few have been investigated for PAI. With a
rapidly growing interest in PAI the library of available MPACs will assuredly grow in
coming years. It is the author’s aim that this review may serve as a point of reference for
researchers exploring established and alternative MPACSs, and also for those researchers who
wish to contribute to the design of more efficient MPACSs. There is no class of commercial
NIR dyes that have been studied more than cyanine based dyes, which makes this an
appropriate starting point to review the various dyes investigated for PAI to date.

Cyanine dyes

Cyanine dyes are structurally composed of two nitrogen containing moieties, typically
indoline, oxazole, thiazole or quinoline heterocycles, joined by a linear polymethine chain.
In all cases one of the nitrogen atoms is quarternized and the positive charge is resonant with
the opposite N-heterocyclic ring system through the conjugated polymethine chain, typically
composed of 1, 3, 5 or 7 carbon atoms (64). By extending the polymethine chain the
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absorption and emission properties can be predictably red-shifted. Generally, extending the
chromophore by one vinylene moiety will give rise to a bathochromic shift of about 100 nm.
Examples of Cy3 (1), Cy5 (2) and Cy7 (3) based indocyanine dyes are provided in Figure 1
below (65).

For nearly 25 years researchers have been investigating the PA properties of cyanine dyes.
This began with Braslavsky’s groundbreaking laser-induced optoacoustic spectroscopy
(LIOAS) method to determine the volume changes and thermodynamics associated with the
E-Zphotoisomerization of carbocyanines (66, 67). Laser-induced optoacoustic spectroscopy
is a photoacoustic method that has been used by photochemists as a tool that complements
existing methods used to determine quantum yield, lifetime decay, and energy content of
excited-state molecules (66). In 1994, Braslavsky and coworkers used Cy3 and Cy5 in
photoacoustic calorimetry experiments to record the volume change caused by a photo-
induced £-Zisomerization in the polymethinic chain of the cyanine dyes (67). Around this
time there were similar experiments that used simultaneous luminescence and photoacoustic
experiments as a method to determine the absolute fluorescence quantum yield of Cy5 in an
ethanol solution (68). At this point, the photoacoustic properties of molecular dyes were
being used solely to investigate their fundamental photophysical properties; monitoring PA
amplitude and applying it to PAI did not occur until 15 years later. Today, the majority of PA
investigations of cyanine based dyes are primarily related to applications in biological
imaging.

The Cy3, Cy5 and Cy7 dyes were initially designed for fluorescence imaging applications
due to their tunable absorption and emission spectra, in addition to their possessing high
molar extinction coefficients often reaching 200,000 M~ cm™1 (64, 69, 70). In particular,
the water soluble indocyanine green (ICG, Fig. 2 4) dye has been studied intensely for in
vivo fluorescence imaging ever since it was approved for ophthalmic angiography by the
Food and Drug Administration (FDA) due to its low toxicity (69, 71-76). ICG is a Cy7.5
derivative containing a benzoindole heterocycle (indicated by the 7.5 nomenclature) with
butane sulfonic acid/sodium sulfonate chains at both its indole N-atoms (Figure 2).

As the sodium salt it is water soluble with a Anyax at 780 nm, well within the biological
transparency window, which has made this cyanine dye and its analogues a popular choice in
a wide variety of medical diagnosis, imaging and therapy applications (64, 77). The NIR
absorption, commercial availability, and tunability of cyanine dyes has given rise to a wide
variety of cyanine compounds that are highly stable and soluble in water while maintain

high solubility and fluorescence quantum yields in water (74). FDA approval for
cardiocirculatory monitoring, liver function tests and ophthalmological imaging has made
ICG arguably the most studied NIR dye to date (78). In 1996 Abels and co-workers
published a comprehensive study of the absorption and fluorescence properties of the
disodium iodide salt of ICG (70). While this study did not entail any PA experiments, it did
give critical insight to the photophysical behavior of cyanine dyes in aqueous solutions in the
absence and presence of a protein macromolecule. It was demonstrated that ICG dimerizes
in an aqueous solution at concentrations of less than 3 x 1078 M significantly reducing its
fluorescence quantum yield (monomer @ = 0.027, dimer ®¢ not reported). However,
simply in the presence of the albumin protein (7.3 x 10~* M), dimerization was not observed
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until higher ICG concentrations of ~10° M attributed to adsorption of ICG at the protein

macromolecule which increased ®¢ to 0.040. Similar conclusions were later reported by
Mordon et al. regarding the fluorescence properties of ICG dye in vivo with respect to its
interaction with blood components and/or vessel walls (75).

The earliest PAI investigation of any cyanine dye was by Kim et al. where ICG was
investigated as a bi-functional theranostic agent for early-stage cancer detection by PAI
combined with photodynamic therapy (PDT) (79). The ICG molecule was embedded in an
‘organically modified silicate’ (ormosil) matrix of 100 nm diameter nanoparticles.
Conjugation of the ICG-ormosil nanoparticles to the HER-2 antibody was accomplished
using the PEBBLE (photonic explorers for biomedical use by biologically localized
embedding) method to target LNCaP prostate cancer cells. It was determined that 1011
PEBBLEs/cm?3 were required at a laser fluence of 2.6 mJ/cm? at 800 nm laser excitation to
optimize the PA response. Kim et al. also reported improved stability of ICG embedded in a
silicate matrix when compared to the free ICG dye. This enhanced stability was attributed to
isolation of the ICG molecule within the silicate matrix, preventing dye-dye interactions.
ICG has since been utilized in a similar fashion in the design of many nanoparticle and
polymer based materials for PAI applications (80-90).

In 2010 Laufer et al. reported on the PAI for a series of modified water soluble cyanine dyes
ADS740WS (5) and ADSg3gWS (6) in tissue phantoms (Fig. 3) (91). Unfortunately the
authors concluded that the cyanine dyes were not suitable for quantitative photoacoustic
measurements for three reasons; 1) photoisomerization gave rise to changes in their ground
state absorption spectra 2) dye aggregation caused a similar change in their absorbance
spectra and 3) all three dyes were prone to irreversible oxidative photobleaching.

A 2014 study by Guo et al. incorporated the bis-carboxy cypate cyanine dye (Fig. 4(a) 7)
into MPEG-6-Pas(DA) derived micelles for in vivo tumor imaging using both PA and
fluorescence detection (92). Enhanced photostability, tumor cell permeability and retention
was reported. Co-encapsulation of the chlorin based Ce6 photosensitizer alongside cypate
allowed for PDT subsequent to imaging studies using a dual photothermal therapy/
photodynamic therapy (PTT/PDT) approach. Using an impressive trojan-horse type
approach, PTT was deemed to rupture the micelle assembly leading to cellular release of the
Ce6 photosensitizer and an enhanced PDT efficacy.

In their 2014 study Temma et al. compared the cyanine derivative IC7-1-Bu (Fig. 5 8) to the
ICG reference dye, in the absence of any conjugated targeting strategy, for in vivo PAI of
subcutaneously HeLa inoculated mice (93). In vivo PA tomography performed 24 h and 48 h
post intravenous injection of 8 exhibited a 2.3-fold higher PA contrast relative to ICG,
combined with a high tumor fluorescence. Biodistribution studies confirmed a rapid
clearance of ICG from the liver to the intestine suggesting bioconjugation is required for its
effective application as a PA (or fluorescent) contrast agent to prevent rapid elution. In vitro
fluorescence of tumor homogenates estimated a 10.0 + 0.3% uptake of 8 per gram of tumor,
indicating an improved specificity of 8 relative to free ICG, in the absence of antibody
conjugation, confirming its potential as both as a fluorescence and PA contrast agent.
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Although 8 is an improved PA contrast agent relative to ICG, it still lacks photostability
consistent with ICG (91).

The latter study motivated Onoe et al. to later develop asymmetrical derivatives of 8
functionalized with a 4-nitrobenzyl alcohol group to serve as a triplet quencher moiety (Fig.
6 9 - 11) (94). It was found that these triplet quencher functionalized derivatives displayed in
vitro PA signals that were equivalent to 8 while showing a 1.5-fold increase in photostability.
Interestingly, the singlet oxygen generating property of cyanine dyes, the very characteristic
that was originally deemed undesirable, has since been exploited by researchers to create
theranostic dyes (compounds that have the ability to both image cancer cells and destroy
them using PTT) (77, 95, 96), as well as to trigger the release of therapeutic agents in-vivo
from heptamethine cyanine derived photocages (97).

In their 2014 study Kanazaki et al. conjugated the human serum albumin (HSA) protein with
ICG to enhance its permeability and retention for improved in vivo PAI of allografted
tumors in mice (98). ICG was later conjugated with the poly(ethylene glycol) (PEG)
polymer, again to enhance permeability and retention (99). PEG has demonstrated EPR (20)
in tumor cells, however PEG has a prolonged half-life in the bloodstream which decreases
the desired PA response in targeted tumor tissue, increasing the PA response in healthy
vascular tissue (99, 100). Nanoparticles derived from ICG-PEG conjugates varied in
diameter from 4 — 14 nm depending upon the PEG mass (5 — 40 kDa). By also doping the
PEG polymer with a 111In label (Fig. 7 12), the in vivo biodistribution of PEG derived
nanoparticles was determined in colon26 tumor-bearing mice using a combination of single-
photon emission computed tomography (SPECT) and PAI (99).

Related to the earlier porphyrin-based study by Huynh et al. (vide infra) (101), Hannah et al.
reported a bimodal ultrasound (US) and PA study on ICG-loaded perfluorocarbon
nanodroplets (average diameter = 600 nm) containing an albumin protein shell (102). These
nanodroplets were demonstrated to exhibit an enhanced PA contrast in polyacrylamide-
based tissue phantoms by an optically triggered liquid-to-gas phase transition of the
perfluorocarbon into microbubbles contributing to an enhanced US contrast.

In 2016, Kanazaki et al. also conjugated 1ICG with partially hydrolyzed polyoxazoline (POZ-
ICG) as a tumor-targeted PA probe, again optimizing the in vivo tumor EPR effect (103). It
was observed that increased ICG loading of the polyoxazoline probes significantly enhanced
the PA contrast at equal ICG concentrations (lower probe dosage), likely due to ICG
aggregation induced enhancement of non-radiative decay, consistent with analogous PA
studies in protein submicrospheres which have a low density and good compressibility for
acoustic wave transduction (104). Variation of the polymer weight as well as ICG loading
revealed that 5% hydrolyzed 50 kDa POZ conjugated with 7.8 equivalents of ICG exhibited
optimum tumor uptake and PA contrast by 39% relative to free ICG.

Lin et al. have polymerized a heptamethine cyanine derivative (similar to 6) directly into a
poly(ethylene glycol) o block-poly(p | -lactide),x (PEG-PLA) based nanoparticle (Fig. 8 13)
(105). This approach resulted in a nanoparticle with a particularly high theranostic agent
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loading capacity of greater than 50% with both PAI and near-infrared fluorescence imaging
properties, as well as phototherapeutic properties.

In one of the most ambitions molecular modifications of the cyanine template reported by
An et al. a supramolecular bis-pyrene cyanine dye 14 (Fig. 9) was engineered to self-
assemble into hollow nanovesicles for PAI applications at 10 mM concentration in a
DMSO:H,0 (v:v = 1:99) mixed solution (106). Nanovesicle diameters of 46.6 + 6.0 nm
were reported with a wall thickness of just 4.2 £ 0.7 nm confirming a head-to-head
aggregation within the particles. Compared with the monomeric and reference ICG dyes,
stable nanovesicles derived from 14 exhibited an enhanced contrast during PAI of breast-
tumor-xenografted mice, in addition to improved in vitro and in vivo half-lives.

Scarfe et al. utilized photoacoustic tomography (PAT) of the of IRDye800CW carboxylate
cyanine derivative (Fig. 10 15) to quantify clearance and thus kidney function in severe
combined immunodeficient (SCID) mice with adriamycin-induced nephropathy (107). As a
result, successfully confirming the loss of renal function in experimental animals versus
controls. In a 2016 study Shi et al. incorporated the IR780 cyanine dye (Fig. 10 16) within
an amphiphilic camptothecin@poly(e-caprolactone) copolymer (108). Self-assembly of this
copolymer with 16 at its core, within a helical poly(phenyl isocyanide) (PPI) micellar
nanoparticle shell (60 — 77 nm diameter) was reported including the pH-responsive
rhodamine B (RhB) fluorophore at the micelle core-shell interface. The hydrophilic helical
PPI coronas provided excellent cell membrane permeability whilst in vitro and in vivo
studies confirmed a pH-dependent fluorescence of RhB and strong PA contrast of 16
allowing for bimodal cancer diagnosis. Furthermore, 808 nm irradiation of 16 ruptured the
micelle camptothecin release which was demonstrated to effectively decrease tumor
recurrence rates in HeLa tumor-bearing mice.

In a 2016 study by Biffi et al. stable core—shell silica-PEG nanoparticles, composed of a ~10
nm silica core and a ~5 — 8 nm PEG shell, were covalently doped with both Cy5.5 (17) and
Cy7.5 (18) dyes (Fig. 11) (109). By tuning the ratio of Cy5.5 and Cy7 dyes, which absorb at
670 nm and 810 nm respectively, the fluorescence imaging, PAl and PTT properties of the
nanoparticles were optimized. The authors were keen to highlight how selective
photoexcitation of either 17 or 18 could allow for multiplexing PAI in future studies.

Also in 2016, Wang et al. reported on the fluorescence and PAI dual modal-guided PTT
treatment of Hela tumor bearing mice using a rapamycin/Cy7 (3) loaded lipid-polyaniline
nanoparticle (RDLPNP) where rapamycin is an antiangiogenesis chemotherapeutic drug
(110). This particular study actually utilized the N,V *-dioctadecyl Cy7 dye as a fluorescent
probe and photosensitizer for energy-transfer to the polyaniline acoustic emitter. FRET
induced PTT by selective excitation of the Cy7 dye resulted in enhanced tumor eradication
due to release of the rapamycin chemotherapy agent.

In a novel and recent application of cyanine dyes Mishra et al. reported the synthesis,
characterization and evaluation of a reversible NIR absorbing PAI responsive Ca2*
chemosensor based upon the IR780 (16) template with an appended Ca2* chelating moiety
in (4-hydroxy-2-[2-(morpholin-4-yl)-2-oxoethoxy]phenyl))amino]acetic acid (Fig. 12 19)
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(111). Selective chelation of Ca?* (threefold relative to Mg?*) gave rise to a reproducible
loss of PA signal due to a decrease in molar extinction coefficient of the m—n* NIR
absorption band.

Although cyanine dyes have been comprehensively studied, they do have several drawbacks.
For example, the concentration and optical properties of ICG can change dramatically by
forming aggregates in aqueous environments and binding with intercellular components
such as proteins, lipoproteins, and the cell membrane phospholipid bilayer (71, 75). This
problem is often encountered during optical imaging assays but may in fact be beneficial at
least with respect to generation of a linear PA response. For example, it has been noted that
self-quenching occurs in Cy5, Cy5.5, and Cy7 reducing their fluorescence quantum yield
(74). Additionally, as the polymethine chain increases the fluorescence quantum yield and
absorbance decrease (69). A more serious problem with traditional cyanine dyes is their
photostability (112-116).

Phthalein and Xanthene dyes

Fluorescein (20) is a well-known dye that has a wide variety of uses, from the green glow
often seen in anti-freeze to a reference dye used in spectroscopy for fluorescence quantum
yield measurements (Fig. 13) (117, 118). Fluorescein is structurally similar to the famous
pH indicator phenolphthalein (21) except that it has an oxygen bridge fusing both its
benzene rings making it part of the xanthene family (Fig. 13). Although it is a seemingly
small modification, the fused O-bridge of the xanthene core restricts the rotational freedom
of its conjugated m-system and imparts fluorescein with a high fluorescence quantum yield
(P = 0.925) (119). The increased rotational freedom exhibited by 21 (phthalein dyes lack
the fused O-bridge of the xanthene family) is responsible for its increased linear PA response
when compared to that of 20. Boguta et al. reported that 21 had a PA signal two times
greater than that of 20 (120). Despite the relatively low PA response of 20, it has received a
considerable amount of attention in PA studies, ironically due to its greater popularity as a
fluorescence imaging contrast agent. In some cases, however, it is merely used as a
fluorescent probe to compliment alternative PAI studies (121, 122). In the 1980’s
photoacoustic spectroscopy was used to determine the concentration of 20 adsorbed onto
silica gel and demonstrate the advantage of this nondestructive method for quantitative
analysis (123). McDonald et al. reported a two-fold increase in PA signal following the
adsorption of fluorescein isothiocyanate to elastin submicrospheres, even when the dye
concentration was decreased by four orders of magnitude (104). The increase in PA signal
was caused by the low density and good compressibility of the protein submicrospheres.
These results are consistent with the work of Kanazaki et al. who also reported an increased
PA response by incorporating a cyanine dye into the backbone of a polyoxazoline polymer
(103).

Rhodamine dyes 22 - 24 are structurally very similar to 20 except that their terminal
hydroxyl and ketone moieties are replaced with more electron rich amino groups, effectively
destabilizing their HOMO levels to narrow the optical band-gap and red-shifting their
absorption and fluorescence emission spectra (Fig. 13). Rhodamine B (23) exhibits an
absorption maximum (Amax) at 539 nm and an emission maximum (A¢m,) at 571 nm with a
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®y of 0.66 (124, 125). Rhodamine 6G (24) exhibits a Ayax at 527 nm and a A¢m at 552 nm
with an impressive @¢ of 0.95 (124, 125). In water, the ®5 decreases significantly for 23 and
slightly for 24 with values of 0.40 and 0.94 respectively (124, 125). Due to their high
quantum yields rhodamine based dyes are less amenable as PA contrast agents and, similar
to 20, are often used as reference fluorophores in PAI investigations (108, 126). Fluorescein
and rhodamine based dyes have both been the subject of a fundamental photoacoustic
spectroscopy (PAS) study to accurately determine their fluorescence emission quantum
yields. Niessner et al. used pulsed laser PAS to determine the absolute fluorescence quantum
yield of 24 in ethanol and in water (124). For fluorophores with small Stokes shifts and high
quantum yields, as is with all rhodamine derivatives, inner-filter effects can result in an
inaccurate quantum yield measurements when using the relative method of quantification
(127). Indirectly quantifying @5 by PAS has proven to be very successful as it has provided
results highly consistent with the findings of previously reported fluorescence quantum yield
data. The advantages of using PAS for fluorescence quantum yield determination are its
simple calibration and the decreased interference of reabsorption effects, which is especially
relevant for rhodamine dyes which typically has a narrow Stokes shift. The disadvantage of
PAS is the degradation of samples from high laser fluence which is a requirement of the PAS
method.

Fluorescein and rhodamine based-dyes are however more amenable to the emerging
technique of two-photon absorption enhanced PAI as first reported by Yamaoka et al. (39,
40, 43, 51) and Raaij et al. (41), specifically for the emerging high-resolution in vitro raster
scanning technique of PAM (42, 47, 49, 51). Langer et al. later conducted a comprehensive
bimodal PA/fluorescence study of 23 in homogeneous aqueous solution and heterogeneous
polyethylene microspheres (100 um diameter), relative to carbon fiber and silicon wafer
(44). A concerted nonlinear photon absorption amplification of the homogeneous and solid-
state amplitude was confirmed upon femtosecond pulsed laser excitation (Aeyc = 800 nm; t
=50 fs at 3.968 Hz) and correlated to the complimentary two-photon induced fluorescence
tomography image. Apart from some photobleaching issues, this study demonstrated that
two-photon absorption PAM is a powerful imaging modality that has great potential as an
independent technique or even used in tandem to compliment established two-photon based
fluorescence imaging.

Using the rhodamine based Atto680 dye (Fig. 14 25) dissolved in methanol at 0.1 M, stored
in a polymer capillary and immersed in an aqueous lipid based phantom tissue, Mark et al.
demonstrated how a tailored pump-probe experiment can be used to optimize the PA
amplitude (55). Not to be confused with concerted two-photon or sequential nonlinear
absorption approaches, Mérk et al. elegantly varied the pump-probe pulse delay time (0.0 -
7.7 ns) as well as the lifetime of 25 (&5 = 0.63 1z = 2.6 ns in MeOH) using a KI dynamic
quencher (e.g. @5 = 0.33 at 0.05 M Kl in MeOH) to optimize stimulated emission from the
S, excited state of 25. Use of the KI quencher as well as the second probe pulse to stimulate
emission effectively worked in tandem to modify the PA response of 25 from a linear
absorber (LA) to a saturable absorber (SA) class of MPAC.

One of the most studied MPACs is 3,7-bis[dimethylamino]phenazothionium dye, commonly
known as methylene blue (26) which is part of the xanthene family (Fig. 14). 26 has in

Photochem Photobiol. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Borg and Rochford

Page 12

common with rhodamine two terminal electron-donating amino substituents, however, it has
a bridging S-atom in place of the bridging O-atom of fluorescein and rhodamine derivatives,
which enhances intersystem crossing and the yield of its triplet excited state. 26 has been
used as a reference material in a wide variety of PA studies for many years. As such a full
summary of this work is beyond the scope of this review article. In recent years, with a
growing interest in PAI for biological applications there has been a resurgence PA studies of
MB. These studies have ranged from PAI in tissue phantoms (128) to in vivo PAI of sentinel
lymph nodes (129), to PA lifetime studies for aggregate (130) and in vivo dissolved oxygen
(131) quantification, US/PA dual-modality imaging of MB/perfluorocarbon microbubbles
(Fig. 15) (132) and theranostic PAI/PTT studies of polypyrrole-methylene blue nanoparticles
(133).

A highly noteworthy and very recent PA study of 26 is that by Wang et al. where PAI
confirmed an impressive 492-fold increase in PA amplitude upon encapsulation in sodium
dodecasulfate (SDS) micelles (134). This dramatic increase in PA amplitude was found to be
highly concentration dependent (0.05 mM 26 + 3.47 mM SDS) with a 54-fold decrease in
PA intensity observed upon increasing SDS to its critical micelle concentration (cmc = 8.67
mM). Using the technique of nanoparticle tracking analysis (NTA) the optimum PA
amplitude observed well below the cmc of SDS was attributed to the formation of 26/SDS
clusters as a result of 26 interaction with the sulfate anion of SDS.

Squaraine & croconaine dyes

The molecular structure of squaraine dyes are characterized by a central electron deficient
four membered ring, derived from squaric acid, typically substituted in a trans configuration
with two electron donating moieties, generating a quadrupolar resonance stabilized donor-re-
acceptor-re-donor zwitterionic structure (33, 135). Commercially available squaraine
derivatives are limited both in their structural diversity as well as their absorption which
typically falls just short of the NIR spectral region of the biologically relevant transparency
window, thus there has been significant interest to synthesize derivatives that absorb beyond
700 nm. For example, Umezawa et al. designed the KSQ-2 dye (Fig. 16 27) that exhibits a
Amax at 737 nm and has a high fluorescence quantum yield in low polarity solvents (&g =
0.56 in cyclohexane) (136). Expanding on the structure of 27, Umezawa and coworkers
added several sulfonate functional groups and two A-hydroxysuccimide (NHS) esters into
the structure (Fig. 16 28) (137). These modifications made 28 soluble in an aqueous solution
while also facilitating additional bioconjugation for targeted imaging. 28 exhibits a Ay, at
787 nm and a sharp emission at 812 nm (@5 = 0.08) in a PBS solution at a pH of 7.4 when
conjugated to the bovine serum albumin protein. Water solubility, NIR absorption and low
fluorescence quantum yield make 28 a good candidate for PAL.

The first PAI studies of squaraine dye for PAIl emerged in 2014. An et al. (138) used the 2,4-
bis(4-(dibenzylamino)phenyl)cyclobuta-1,3-diene-1,3-bis(olate) squaraine (Fig. 17 29),
earlier reported by Arunkumar et al. (139), which possesses an absorption maximum at 637
nm (®g = 0.45, T = 2.14 ns) in THF:water (v/v 4:1). This 4-(N, N -dibenzylamino)phenyl
substituted squaraine was loaded into aqueous dispersed albumin nanoparticles causing an
aggregate induced red-shift into the NIR to almost 800 nm, albeit with a concomitant
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broadening and slight reduction in its molar extinction coefficient (138). With commercial
PAT equipment and pulsed laser excitation at 740 nm, 200 uL of 0.5 mM squaraine-loaded
albumin nanoparticle solution generate excellent in vivo PA images of 4T1 tumor bearing

mice (Fig. 17).

Ho et al. conducted a study comparing the PA properties of the commercially available 2,4-
bis [4-(N, N-dibenzylamino)-2,6-dihydroxyphenyl] squaraine dye (@ = 0.037) to the zinc
phthalocyanine, protoporphyrin IX, chlorin 6 and methylene blue dyes in tissue phantoms
(Fig. 18 30) (140). 30 exhibited a PA amplitude of just 0.18 relative to zinc(ll)
phthalocyanine, however, based upon is dual fluorescence and PA properties, as well as
having a singlet oxygen quantum yield of 0.61-0.74, the authors suggested that this
squaraine derivative has the potential to serve in a theranostic manner as bimodal
fluorescence/PA contrast agent as well as a PDT photosensitizer.

Similarly, Zhang et al. reported that phospholipid bilayer liposomes doped with the bis-
(iodo-A-butylindole) squaraine derivative (Fig. 19 31) form H-aggregates and producing an
enhanced in vivo PA contrast in MCF-7 tumor bearing mice (141). The authors determined
that a 1:10 ratio of 31:liposome resulted in the formation of AH-aggregates that produced a PA
response two times greater than the 1:100 ratio of 31:liposome that did not form H-
aggregates. This method proved successful for entire body PAI of mice with the greatest PA
signal recorded in the spleen, and the tumor site exhibiting the second most intense contrast
at 0.7 relative to the spleen based response (Fig 19). Zhang et al. highlighted how
embedding the dye within a vesicle (micelle or liposome) preserves the photo- and
chemical-stability of MPACSs, reducing photobleaching and cytotoxicity (142). Also in 2014,
Duan et al. used a very similar bis-(chloro- A-butylindole) squaraine dye (Fig. 19) as a PAT
agent to determine the pH dependent release profile of the anti-cancer drug doxorubicin in
human breast cancer MCF-7 cells (143). Ex vivo measurements confirmed that at pH < 5 32
formed H-aggregates changing the absorption ratio at 650 nm (monomer) and 698 nm
(aggregate) from 0.44 to 0.79 for an enhanced PA response. Both 32 and the doxorubicin
drug were sequestered within pH sensitive PEG-modified poly(B-amino ester) graft
copolymer based micelles. In the mildly acidic environment of cellular lysosomes the
micelles released both the PA probe and the doxorubicin drug confirmed by fluorescence
and PALI of 32. By encapsulating the MPAC within a pH responsive micelle a novel method
to observe pH controlled drug release was thus established using PAT to provide a high
contrast.

In a later study, Sreejith et al. validated the previous strategy by utilizing the bimodal
fluorescence and PA imaging properties of a PEG-ylated squaraine dye (Fig. 19 33)
encapsulated within a micelle for in vivo imaging of the spinal cord, lung, c. vena cava, liver,
and gallbladder of a mouse (142). PAI at 840 nm excitation exhibited high contrast
combined with deep tissue imaging. PAT images exhibited the strongest response in the liver
and lungs of the mouse as no biomarkers were used to tag specific tissues.

In 2016, Anees et al. introduced an asymmetrical NIR absorbing squaraine dye 34 (in
DMSO Amax = 680 nm, & =1.94 x 10° ML cm™1, A¢y, = 705 nm, &y = 0.27) for in vitro
and in vivo biomodal fluorescence/PA detection of biological thiols (Scheme 1) (144).
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Addition of glutathione, cysteine and homocysteine as biologically relevant thiols to 34 in a
phosphate buffer (pH 7.8) with 4% DMSO (to prevent aggregation) exhibited a decrease in
the 680 nm absorption band with a concomitant decrease in ®¢ and the appearance of a new
band at 380 nm attributed to thiol addition at the cyclobutene ring of the squaraine core. The
same response was confirmed by in vitro fluorescence imaging of human hepatoma (Huh-7)
cell lines and PAT of tissue phantoms. In vivo fluorescence/PAT of severe combined immune
deficiency (SCID) female mice under fasting conditions confirmed the effect of food uptake
on the increased level of aminothiols in blood (Fig. 21).

To provide real-time feedback on cancer therapy, Qiao et al. used a micelle encapsulated
squaraine dye to monitor in vitro reactive oxygen species (ROS) generation in U87
glioblastoma cells by PAI. Micelle encapsulated nile red dye was also investigated by the
authors in parallel experiments as a fluorescent ROS sensor (145). Key to this study was the
tailored ROS-sensitive micelle that was derived from the cytotoxic KLAK peptide
conjugated with a ROS-sensitive amphiphilic poly(B-thioester) copolymer (H-P-K) and a
hydrophillic PEG2000-SH side chain. The KLAK peptide is capable of stimulating cell
mitochondria to constantly produce ROS until cell apoptosis. Upon ROS overexpression,
swelling of the micelle caused release of the squaraine dye into the cytosol where it formed
H-aggregates enabling PA signal generation. Unfortunately, the authors did not identify the
structure of the squaraine dye used.

Related to squaraines are the croconaine class of dyes whose core structure is derived from
the 4,5-dihydroxy-4-cyclopentene-1,2,3-trione (aka croconic acid) 5-membered ring system,
and typically exhibit an impressive NIR absorption (e ~ 10° M~1 cm™1) from 700 nm even as
far as 1000 nm (146). While there has been a growing interest in the application of
croconaine dye’s for in vivo PTT applications (147-151), study of their PA properties has
been restricted to just two reports (149, 151). In 2016 Guha et al. reported on the PTT and
PAI properties of a pH sensitive croconaine dye encapsulated in a rotaxane macrocycle (35)
to reduce aggregation and improve monomer stability and NIR absorption (Scheme 2) (149).
The anionic croconaine:rotaxane assembly was made water soluble by incorporation into 1-
palmitoyl-2-oleoyl-sr+glycero-3-phosphocholine (POPC)-cholesteryl-polyethylene glycol
600 sebacate (Cholo-PEG600) based liposomes as an amphiphilic ion-pair with the 1,2-
dioleoyl-3-trimethylammoniumpropane (DOTAP) cation using a composition of
POPC:Chol-PEG600:DOTAP:Croc (84:10:3:3) resulting in 194 nm diameter nanoparticles.
Upon decreasing an aqueous buffer pH from 7.4 to just 5.0 the 35 doped liposomes exhibited
a red shift from 697 nm to 815 nm of its the lowest-energy absorption band, which was
attributed to N-protonation of the croconaine 2,3-dimethyl-7-nitro-1H-indole substituent. Ex
vivo PAI of 35 doped liposomes was investigated in tissue phantoms at pH 7.4 or 5.0 at
depths of up to 13 mm and exhibited PA signal maxima at 690 nm and 812 nm, respectively,
correlating very well with the pH dependent absorption spectra. Thus, ratiometric in vivo
PAI was subsequently conducted to determine the pH of peritoneal fluid in a living mouse.
A ratiometric comparison of the deprotonated vs protonated PA peak response enabled
confirmation of the in vivo peritoneal pH to be in the range 6.0 — 6.5.

Tang et al. have used PEG-ylated derivatives of the 2,5-bis[(4-carboxylic-
piperidylamino)thiophenyl]-croconaine (36) dye to self-assemble water soluble croconaine-
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PEG based nanoparticles for PAl and fluorescence imaging guided PTT of MCF-7 tumor
bearing mice (Fig. 22) (151). By varying the size of the PEG chain at 36 from PEG132,
PEG2K and PEG5K the nanoparticle diameter was tuned from 200 nm, to 102 nm and 13
nm, respectively, with the 36-PEG5K based nanoparticles reducing to just 5 nm diameter in
blood serum. Comparison of 36-PEG5K nanoparticles to the water-soluble sodium salt of
the 36 monomer confirmed a stronger fluorescence signal from the nanoparticles. However,
its fluorescence response decreased rapidly at > 30 UM concentration with a concomitant
increase in its PA amplitude exceed that of the monomer reference dye. Ex vivo incubation
with MCF-7 cancers cells confirmed the endocytosis ability of both 36-PEG5K
nanoparticles and the sodium salt monomer, however the former exhibited an almost 2-fold
greater PTT efficiency. NIR fluorescence imaging and PAI of 36-PEG5K nanoparticles in
MCF-7 tumor bearing mice indicated an improved EPR effect at the tumor site consistent
with prior PEG-ylated studies.

Tetrapyrrole

While there are early literature reports on the application of LIOAS and PA spectroscopy to
porphyrins related to their fundamental photophysical characterization (152-165), the
porphyrin, and related tetrapyrrole PAI based literature is relatively sparse considering the
rich photochemistry for this class of chromophore. The earliest example of a tetrapyrrole
study related to PAI, to the best of our knowledge, is a 2002 report by Stolik et al. where in
vivo PA spectroscopy was used to record the kinetics of §-aminolevulinic acid (37) induced
protoporphyrin IX (38) production in mice skin (Fig. 23) (166).

It was not until 2011 that a legitimate PAI study was reported by Lovell and co-workers
where a porphyrin-lipid (Fig. 24 39) derived liposome (100 nm in diameter) was engineered
to optimize light absorption, and to promote aggregate induced self-quenching to maximize
the PA amplitude (167). These so-called ‘porphysome’ nanostructures were promoted by the
authors as being enzymatically biodegradable with minimal acute toxicity in mice with
intravenous doses of up to 1 g kg'. In the same study PTT by these porphysomes was
demonstrated for tumor ablation in xenograft-bearing mice. In a subsequent study, Jin et al.
demonstrated that the same nanostructured porphysomes are effective PTT agents for
ablation of hypoxic tumors (168). Furthermore, the same porphysome nanoparticles were
also later used by Ng et al. to develop a thermoresponsive in vivo sensor (169). Porphyrin
aggregation in the liposome causes a 74 nm red shift and concomitant 2.7-fold increase in its
Qy band extinction coefficient. An identical shift is also observed in the fluorescence
emission with aggregate emission in the liposome occurring at 824 nm relative to the
monomer emission at 750 nm. Uniquely, due to thermal reorganization of the liposome,
pophyrin aggregation was reversibly reduced thus allowing for a decrease and Qy band
absorption and hence its linear PA response. Monitoring the PA contrast following 824 nm
irradiation, with increasing temperature an initial increase in PA signal was observed
consistent with an increase in the Griineisen coefficient, however, upon heating above the
transition temperature of the phospholipid/liposome phospholipid, a rapid loss in PA signal
was observed. Successful in vivo PA temperature sensing was reported in a KB-tumor
bearing mice at 824 nm irradiation (allowing resolution from endogenous hemoglobin) over
a temperature range of 25 — 52 °C.

Photochem Photobiol. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Borg and Rochford

Page 16

In a related 2012 study by Huynh et al. a similar porphyrin—phospholipid conjugate was
used to self-assemble a microshell structure (peak diameter ~2.7 + 0.2 um), derived from 1-
stearoyl-2-pyropheophorbide- sn-glycero-3-phosphocholine and 1,2-distearoyl-sn-glycero-3-
phosphocholine (Fig. 24 40), which was used to trap microbubbles based upon a variety of
fluorine based gases (101). An optimum 15 mol % of porphyrin-lipid was recommended for
the phospholipid shell with perfluoropropane the primary gas studied. These microbubble/40
microparticles were found to be excellent contrast agents for both traditional ultrasound as
well as PAI with a low energy resonance frequency of 9-10 MHz. PAT was conducted with
a 700 nm, 5 ns pulsed laser and a 10 MHz ultrasound transducer to demonstrate that PA
contrast was not only dependent upon the pyropheophorbide presence but was also enhanced
by lipid conjugation of the porphyrin to enhance aggregation in the microstructure lipid-
based microbuble shell. In a later study, Huynh et al. also managed to increase the porphyrin
content 3-fold in their microbubble/microparticle assemblies to 50 molar % thereby giving
rise to non-aggregated pophyrin monomers and allowing for a trimodal (fluorescence, US,
PA) contrast agent (170). Their potential as trimodal contrast agents was demonstrated in
KB-tumor bearing mice where B-mode US imaging allowed for soft tissue contrast from the
tumor, complimenting in vivo PAI studies (Fig. 24 (b) — (e)). Ex vivo fluorescence imaging
was conducted following posthumous resection of the tumor.

Inspired by these microbubble/microparticle studies, Paproski et al. later reported on smaller
scale porphyrin nanodroplets (185 nm diameter) with a perfluorobutane core, which
enhanced permeability and retention in tumor vasculature. Irradiation of these porphyrin
nanodroplets into the porphyrin Q band at 705 nm triggered the phase-changing of the
perfluorobutane nanodroplets into microbubbles enhancing US contrast (171), a
phenomenon earlier reported for an liposomal india ink doped (i.e. carbon nanoparticle-
based) perfluorocarbon nanodroplet (172). This result was also replicated by using US B-
mode (21 MHz) imaging. Multispectral US and PAI was demonstrated in a HT1080 tumor in
the chorioallantoic membrane of a chicken embryo. Also a strong PA contrast was observed
from porphyrin nanodroplets in Hep3-GFP and HT1080-GFP tumors in chicken embryos
after intratumoral injection. Doping the nanodroplets with Rhodamine B also allowed for
complimentary fluorescence imaging confirming accumulation of the nanodroplets in the
HT1080 tumor model.

Also utilizing the non-toxic pheophytin-a dye, Zhang et al. have demonstrated noninvasive,
nonionizing trimodal (PA, fluorescence and PET) intestinal imaging with surfactant-stripped
induced frozen micelles (ss-InFroMs) building upon their earlier successful study which
used a naphthalocyanine based micelle (173, 174). In what is probably the first quantitative
structure-activity relationship study dedicated to the optimization of MPACs, Abuteen et al.
reported a series of tetrapyrrole chromophores including three quinoline-annulated
porphyrins and three morpholino bacteriochlorins (Fig. 25 41 — 46) (175). Each of these
dyes absorbed strongly in the NIR (726 — 790 nm in DMF) and exhibited 2.5-fold
improvement in PA contrast compared to ICG (4) in tissue phantoms. The quinolone-
annulated porphyrin derivatives 41 - 43 exhibit poor fluorescence (®5 < 1%), excited-state
lifetimes an order of magnitude shorter than the free base tetraphenylporphyrin (TPP) or
ICG reference dyes, and negligible quantum yields for intersystem crossing, suggesting an
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almost quantitative LA type PA response. The bacteriochlorin 44 and
morpholinobacteriochlorin derivatives 45 and 46 ranged in absorption from 700 — 790 nm
with the red shift attributed to ruffling of the typically planar macrocyclic core. A similar
trend was observed for @ values (0.01 — 1 %) with greater structural distortion enhancing
the rate of nonradiative decay and contributing to a stronger PA contrast.

In a related study, Banala et al. reported on the PAI properties for a series of Co(ll), Ni(ll),
Cu(ll) and Zn(11) metallated quinone-fused porphyrins relative to the free-base analogue and
the ICG reference MPAC (Fig. 26 47 - 50) (176). All porphyrin derivatives exhibited intense
NIR absorption (~ 65,000 M1 L™1) in the range 706 to 732 nm. The quinone functional
groups completely quenched all fluorescence properties even for the free base and Zn(l1)
derivatives. All porphyrins exhibited an enhanced PA amplitude in DMF relative to ICG.
The Zn(11) based system exhibited a 3.2-fold increase in PA contrast relative to ICG at just
half the concentration, with the free base and Cu(ll) systems following just behind. PA
sensitivity at concentrations of less than 3 UM were also demonstrated in addition to PA
contrast studies in swine blood and in chicken muscle phantoms at depths of up to 13 mm.
The Zn(11) quinone-fused porphyrin was also investigated posthumously, after 1 h
intraveneous injection in a live mouse, via ex vivo multispectral optoacoustic tomography
(MSQT) (177) measurements which indicated a fast liver uptake.

The synthesis, photophysical properties and in vivo PAI of a water soluble NIR absorbing
tetra-PEG-ylated quinolone annulated porphyrin has been reported by Luciano et al. (Fig. 27
51) (178, 179). A multifold contrast enhancement in PA amplitude was reported in
comparison to the ICG dye attributed to a short triplet lifetimes, low fluorescence quantum
yield. Ex-vivo PAI experiments at 2.5 cm depth in an Intralipid® tissue phantom
demonstrated a 4-fold greater contrast than a reference sample of rat blood under identical
conditions. In vivo measurements with BALB/c tumor bearing mice demonstrated a 1.6-fold
greater PA contrast relative to ICG but also a low acute toxicity and rapid renal clearance of
the dye was observed.

In 2014, Lee et al. demonstrated in vivo dual-color high resolution PAI of lymphatic
drainage in rat lymph nodes using a single, Pluronic F127 derived, micelle (20 nm diameter)
self-assembled with two different naphthalocyanine dyes having NIR absorption at 707 and
860 nm, respectively, i.e. 5,9,14,18,23,27,32,36-octabutoxy, 2,3-naphthalocyanine (52) and
2,11,20,29,tetra-tert-butyl-2,3-naphthalocyanine (53) (Fig. 28) (180). Having successfully
imaged symphatic lymph nodes at approximately 2.0 — 2.5 mm depth, PAI was again proven
successful at total depths of 6 mm and 10 mm when chicken breast tissue was layered on top
of the rats. Zhang et al. also used the same naphthalocyanince micelles for US and PAI of
the stomach and intestine to determine real-time intestinal distribution in mice (174).

In 2016 Huang et al. described how PEG-ylation of a tin(IV) chloride octabutoxy
metallonaphthalocyanine NIR absorbing dye (54, Amax = 930 nm) prolongs its retention and
circulation for improved vascular PAI (Fig. 29) (100). Intraveneous administration allowed
for brain vessel PAI 24 hours after injection due to a 4-fold increase in half-life and a 10-fold
increase in PA contrast relative to the non-PEG-ylated control.
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Similarly, Zhou et al. (181) reported on the PAI of a NIR absorbing dimethoxyphosphorous
metalled phthalocyanine MPAC 55 inspired by the initial report of Furuyama (Fig. 30)
(182). Utilizing its strong absorption beyond 1000 nm (Amax = 997 nm in aqueous Tween 80
based micelles) the authors successfully demonstrated a strong PA contrast up to a depth of
11.6 cm of chicken breast using PA computed tomography. In vivo PAI was also
demonstrated in tumor bearing mice with pancreatic MIA PaCa-2 xenografts as well as for
intestinal imaging following oral administration. Remarkably, a strong PA contrast was
subsequently presented through the 5 cm arm of a healthy human adult.

In 2017, Mauriello-Jimenez et al. reported on the J-aggregate enhancement of two-photon
PDT and PAI properties of porphyrin- or phthalocyanine-bridged silsesquioxane (Fig. 31 56
and 57) nanoparticles (50 — 250 nm diameter) (183). Endocytosis of these tetrapyrrole based
nanoparticles and their efficiency for intracellular tracking was confirmed in MCF-7 cancer
cells using two-photon excited fluorescence imaging. The porphyrin derived silsesquioxane
nanoparticles exhibited a more effective two-photon excited PDT activity (86% cell death)
relative to the phthalocyanine analogue (21% cell death) with PTT ruled out as a
contributing mechanism. The phthalocyanine-bridged silsesquioxane nanoparticles and a
PEG-ylated version thereof did however exhibit a strong PAI contrast upon 700 nm
irradiation in living mice following 24 h with pharmacokinetic studies confirming
accumulation in the liver.

Li et al. have developed a series of eight NIR absorbing free-base porphyrin derivatives (58
— 65) using the tetracyanoethene(TCNE), 7,7,8,8-tetracyanoquiodimethane (TCNQ) and
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquiodimethane (F4-TCNQ) electron-withdrawing click-
reagents (Fig. 32) (184). The TCNE and TCNQ electron-acceptors imparted the greatest PA
properties on the porphyrin core. A single derivative containing two F4-TCNQ functional
groups was self-assembled into aqueous PBS soluble L-a-phosphatidylcholine:cholesterol
(4:1) liposome nanoparticles (62 — 71 nm diameter) with a porphyrin:liposome mass ratio of
1:10. In vivo PAI was conducted at 860 nm in human breast cancer MCF-7 cells as a model
cell line.

BODIPY dyes

BODIPY is a class of dye based upon the 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
structure that has gained great popularity for its use as a fluorescent probe. In 2014, Frenette
et al. used a 3,5-bis-styryl substituted BODIPY dye to refute the common hypothesis that a
dye with a high fluorescence quantum yield is not an appropriate PA contrast agent (36).
Using 3,5-bis-styryl (MeOPh),BODIPY dye 66 (®f = 0.719) its PA response was compared
to that of the 1,3,5,7-tetrametyl- meso-(4-methoxycarbonylphenyl)BODIPY analogue 67, the
crystal violet reference 68, curcuminBF, 69 and the Cy3 dye 70 (Fig. 33). It should be noted
that the non-fluorescent crystal violet dye 68 was here demonstrated as a very effective
linear absorbing MPAC standard for PA studies at 532 nm photoexcitation.

This study demonstrated that fluorophores possessing a large quantum yield, and which are
capable of excited state absorption, can far exceed the PA response of linear absorbing dyes
with lower quantum yields albeit dependent upon the incident laser fluence which starts to

display RSA PA response characteristics around 125 mJ cm2. This increased PA responses
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is achieved by exploiting Kasha’s rule where the high laser fluence promotes two-photon
absorption whereby the S; excited state further absorbs an incident photon to generate
higher energy electronic excited states which exhibit rapid non-radiative decay back to the
Sy state (37). Irradiating bis-styryl (MeOPh),BODIPY 66 at 532 nm with a higher laser
fluence of 355 mJ cm~2 resulted in a 13-fold increase in the PA response relative to the
single photon PA response of 66 at 125 mJ cm™2. Under the same conditions when going
from low to high laser fluence, 69 showed a 5-fold PA increase where 68 and 70 showed a
linear emission and PA response.

Li et al. have developed the photostable aza-BODIPY PA responsive ratiometric probes 71
and 72 to detect Cu(ll), a metal that plays a key role in Alzheimer’s disease (Fig. 34) (185).
Terminal 2-picolinic ester substituents on 71 and its PEG-ylated, water soluble, analogue 72
are selectively hydrolyzed in the presence of Cu(ll) resulting in an irreversible change in
their photophysical properties and PA response. For example, upon Cu(ll) mediatored
hydrolysis of the picolinic ester group from 72 probe, its absorption maximum shifts from
697 nm to 767 nm due to dissociation of the low pKj; pendant dichlorophenol group. Now
amenable to 767 nm photoexcitation the PA response at this wavelength was turned on
giving rise to a 91.3-fold and 100.5-fold increase in PA amplitude (relative to 697 nm
excitation) in the presence of 1 and 10 equivalents of Cu(ll), respectively.

In 2016, Ni et al. synthesized a water soluble NIR absorbing naphthalene fused BODIPY
dimer 73 that demonstrated high photostability and a greater PA response than the ICG
cyanine dye (Fig. 32) (186). The BODIPY based 73 was encapsulated into a bovine serum
albumin protein for in vivo PA studies in mice bearing Hep-G2-tumors. The results showed
significant passive targeting capabilities due to the increased permeability and retention of
the BSA nanoparticles in tumor regions.

The same authors later reported the synthesis and PAI properties for a series of NIR
absorbing 3,5-bis(vinylaryl) BODIPY dyes 74 — 77 with improved photostability relative to
the ICG dye (Fig. 36) (187). The NIR absorption was strategically tuned by varying the 3,5-
bis(vinylaryl) substituents between 4-(dimethylamino)phenyl (74), 4-(diphenylamino)phenyl
(75), 5-(diphenylamino)thien-2-yl (76) and 5’-(diphenylamino)2,2’-bithiophen-5-yl (77).
Thiophene substitution exhibited an enhanced PA contrast which was attributed to a greater
intramolecular charge transfer. Bovin serum albumin nanoparticles doped with 77 were
subjected to PAI studies in tissue phantoms and in vivo with a Hep-G2-tumor bearing mouse
model.

BODIPY dyes have also been used as PAI based theranostic agents. Hu et al. engineered
micelles composed of 1,2-distearoyl-sr-glycero-3-phosphoethanolamine- V-
[methoxy(polyethylene glycol)-5000] (DSPE-mPEG5000) to sequester the bis-ethynyl bis-
styryl BODIPY dye 78 (Fig. 37) capable of PAI and acid-activatible PDT (188). A549 tumor
bearing mice were injected with 150 pL of 10 pg/mL 78/micelles and irradiated at 730 nm
with a 6.1 mJ cm™2 5 ns laser pulse. Although such bis-styryl BODIPY dyes are capable of a
RSA nonlinear PA response, in this case LA is only likely due to the low laser fluence, far
below the ANSI recommend limit of exposure at 730 nm (61). A strong PA contrast was
recorded just 20—30 minutes post injection with micelle clearance beginning after 50
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minutes and complete clearance confirmed after 24 hours. Hu et al. attributed the highly
efficient PA response to the strong fluorescence quenching effect of the dyes inside the
micelles. By monitoring ROS consumption of dimalonic acid, the authors reported that at a
pH of 5 the 78/micelles consumed 30% of the dimalonic acid present in the solution over a
period of 10 minutes, suggesting that the 78/micelle combination serves as a potent PDT
photosensitizer as well as a very good PA contrast agent under acidic conditions.

In their 2017 study Gawele et al. reported on the efficiency of A-ethylcarbazole linked iodo-
aza-BODIPY dyes 79 — 82 at generating ROS for PDT applications (Fig. 38) (189). It was
found that the non-iodinated aza-BODIPY dyes absorbed between 610-720 nm with a molar
absorptivity of 3.0 and 3.2 x 10* M~ cm™1 for 79 and 80 respectively. The iodinated dyes
were found to have a narrower absorption with a maximum at 652 nm as well as a larger
molar absorptivity of 3.7 and 4.1 x 10* M~1 cm™1 for 81 and 82, respectively. Singlet
oxygen generation efficiency of 81 and 82 was quantified by UV-Vis absorption monitoring
of 1,3-diphenylisobenzofuran photooxidation in acetonitrile — a well-established assay for
10,. Functionalization with iodine enhanced the intersystem crossing efficiency of the
molecules, which exhibit a phosphorescence quantum yields of roughly 0.90 and, more
impressively, 10, generation quantum yields of about 0.70 (67). The authors also
demonstrated that 81 was capable of 10, generation and sufficient simultaneous PAT
contrast for imaging up to 2 cm deep in chicken tissue.

Tang et al. have synthesized a 2,6-diiodo aza-BODIPY dye 83 (Fig. 39) that was used to
prepare NIR absorbing micelle nanoparticles with amphiphilic DSPE-mPEG2K for
photothermal imaging (PTI), PAl and PDT studies (190). An impressive 92% quantum yield
of singlet oxygen was reported following 660 nm photoexcitation making this dye very
attractive as a visible photosensitizer for PDT applications. Taking advantage of its NIR
absorption, photoexcitation at 730 nm yielded a photothermal conversion efficiency of 38%
with negligible photodegredation. PDT studies were carried out on the BODIPY doped
DSPE-mPEG2K nanoparticles in HeL A cells indirectly confirming in vitro generation of
singlet oxygen using the 2’,7’-dichlorofluorescein reactive oxygen species probe. In vivo
studies were conducted in subcutaneous HeLLA derived tumor bearing mice to demonstrate
dual-modal PTI/PALI as well as synergistic PDT/PTT.

Miki et al. reported the PAI properties of PEG or PEG-ylated hyaluronic acid derived
nanoparticles doped with thiophene-bridged bis-BODIPY dyes (84, 85) or a dimeric fused
pyrrolopyrrole aza-BODIPY dye (86) (Fig. 40). PEG-ylated hyaluronic acid conjugated
thiophene-bridged BODIPY dimer-based nanoparticles generated the strongest in vitro PA
response representing an almost 2-fold increase relative to the ICG dye in Colon26 tumor
bearing mice (191). The authors hypothesized that not only was BODIPY aggregation
essential for PA enhancement, but also optimization of the elastic modulus of the self-
assembled polymer nanomaterial. The thiophene-bridged BODIPY dimer doped PEG-ylated
hyaluronic acid nanoparticle also exhibited an enhanced EPR effect in vivo relative to an
analogous ICG doped nanoparticle.

In 2018, Reinhardt et al. have reported the first PA probes 87 — 90 for in vivo ratiometric
nitric oxide (NO) detection based upon the aza-BODIPY chromophore (Fig. 41), whereby
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the NO molecule forms an A-nitroso adduct at a pendant secondary amine of the dye
causing a 91 nm blue shift in its S—S; absorption band (192). These NO probes exhibited
a high selectivity for NO addition over a variety of biologically relevant analytes and in vivo
detection of endogenous NO was successfully achieved using a murine lipopolysaccharide-
induced inflammation model.

Curcumin dyes

The bright yellow curcumin pigment, which occurs naturally in the rhizomes of the curcuma
longa plant, has long been touted to possess antibacterial, antiviral, antifungal, and anti-
tumor properties that have attracted a lot of attention from biomedical researchers (193). In
addition to the biologically active properties that has peaked interest in the curcumin
pigment, it has also become of interest as a molecular contrast agent for PAI. As briefly
discussed earlier, Frenette et al. first demonstrated that the borondifluoride curcumin
derivative 69 exhibits a nonlinear 5-fold increase in PA response due to two-photon
absorption at high laser fluences (Fig. 33) (36). This observation prompted a more
comprehensive investigation where the photophysical properties of the curcumin pigment
were modified by variation of its terminal functional groups. In 2018 Bellinger et al.
reported on a series of quadrupolar donor-rc-acceptor-re-donor curcuminBF, dyes where
incorporation of r-extended aryl and tertiary arylamine electron donating substituents at the
terminal position of the p-diketonate borondifluoride backbone enabled tuning of their
absorption and emission spectra and ultimately their PA response (Fig. 42) (194).
Absorption maxima ranged from 495 nm (e = 8.85 x 10* M~ cm™1) for the simple
bis(phenyl)curcuminBF, derivative to 578 nm (e = 1.17 x 10° M~ cm™1) for the
bis(triphenylamine)curcuminBF, derivative when recorded in toluene. Increasing electron-
donating strength of the terminal curcuminBF, substituents had the general impact of not
only red-shifting the absorption and fluorescence emission maxima but also of increasing the
molar extinction coefficient with the bis(p-dimethylaminophenyl)curcuminBF, exhibiting an
impressive absorptivity of e = 1.63 x 10° M~1 cm™1 at 572 nm. Fluorescence emission
quantum yields @ ranged from 0.23 for the bis(pyrene)curcuminBF, dye to 0.77 for bis(p-
dimethylaminophenyl)curcuminBF also recorded in toluene, however all dyes exhibited
strong solvatochromism with a sharp drop in @ upon switching to acetonitrile. Limited to
532 nm laser excitation and using by PA coupled optical z-scan spectroscopy (aka OPAZ), a
broad range of SA, LA and RSA type behavior was observed across the series of then
curcuminBF, derivatives depending upon the excited state absorption cross-section and
lifetime as well as the laser fluence. Interestingly, all curcuminBF, dyes exhibited a stronger
PA response than the Cy3 cyanine-based dye, and most performed on par with the ideal LA
crystal violet dye which was previous touted by the authors as an excellent and quantitative
standard for PA studies. In particular, the bis(naphtha)curcuminBF, and
bis(carbazole)curcuminBF, dyes exhibited a strong RSA nonlinear enhancement in their PA
response upon increasing laser fluence. A result which was further corroborated by PA
tomography studies (Fig. 42). Although curcumin dyes exhibit highly promising properties
as potential in vivo MPACs the authors also pointed out their questionable photostability in
protic solvents, thus aqueous compatability and NIR absorption are two challenges that must
be met for this class of MPAC.
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Miscellaneous studies

Ho et al. published the first explicitly comparative study for a series of MPACs in 2014
(140). The goal of this study was to focus only on established PDT agents such that a dual-
functional PA-PDT theranostic agent could be identified. The series of five dyes investigated
included zinc phthalocyanine (96), protoporphyrin 1X (38), 2,4-bis[4-(N,N-
dibenzylamino)-2,6-dihydroxyphenyl]squaraine (30), chlorin e6 (97) and methylene blue
(26). While each of these dyes belong to a family of chromophores already classified above
(i.e. tetrapyrrole, squaraine and xanthene), along with Briickner’s prior synthetic approach to
MPAC design (175, 179, 195), this represented a paradigm shift in how the scientific
community was approaching the topic of MPAC choice, in contrast to earlier empirical
approaches by simply choosing a poor fluorophore. Using phantom studies Ho et al.
identified 96 as the most proficient MPAC from the series of dyes investigated. While PDT
studies where not reported in tandem, in vivo PAI was reported for 96 confirming tumor
localization in a MCF-7 tumor bearing mice (Fig. 43). This led the authors to conclude that
PDT photosensitizers which exhibit a suitable EPR effect can also be used effectively as PA
contrast agents to establish real-time in vivo diagnosis of cancer treatment.

In 2015 Fan et al. developed perylene-diimide (98) doped micelles to provide PA contrast for
diagnostic imaging of deep brain tissue in glioblastoma tumor bearing mice (196). A
secondary amine substituted NIR absorbing perylene diimide (Anax = 700 nm) was
incorporated into a 1,2-distearoyl-sr-glycero-3-phosphoethanolamine methoxy-PEG5K
(DSPE-mPEG5K) based amphiphilic micelle (diameter ~ 48 — 53 nm) and exhibited
excellent photostability in contrast to the reference ICG dye (Fig. 44) (196). In vivo PAI was
conducted on orthotopic glioblastoma tumor models by implanting C6-Fluc cells confirming
an enhanced EPR effect of the micelles 1 and 2 days post injection at 3 mm and 4 mm depth,
respectively, at the tumor site.

A benzobisthiadiazole dye, specifically, benzo[1,2-¢;4,5-c’]bis[1,2,5]thiadiazole-4,7-
bis(9,9-dioctyl-9H-fluoren-2-yl)thiophene (99), encapsulated in a f-caprolactone derived
amphiphilic block polymer PEG-6-PCL micelle (diameter ~ 46 — 68 nm), was demonstrated
by Huang et al. to exhibit theranostic properties as a MPAC and PTT agent (Fig. 45) (197).
Taking advantage of its strong and broad NIR absorption at 880 nm, laser excitation (808
nm) with a photothermal conversion efficiency of 40% resulted in rapid and quantitative
detail of HeLa cells. Ex vivo PAI in phantoms confirmed a 10-fold greater contrast for the
benzobisthiadiazole dye-based micelles relative to an animal blood pseudo-endogenous
reference. Further depth profiling established a clear PA contrast beneath chicken breast
tissue at depths of up to 4 cm.

Prior to the related porphyrin-based study discussed above by Li et al. (184), the influence of
the F4-TCNQ electron-acceptor on the PA and photothermal properties of simpler
diphenylacetylene click-derived dyes was reported (Fig. 46 100 - 103) (198). Using a
secondary amine electron-donor to introduce a strong donor-r-acceptor charge-transfer
electronic transition the four dyes presented impressively strong NIR absorption (e ~ 104 M
=1 e¢m™1) in the range of 790 to 831 nm. MSOT measurements confirmed a significantly
greater PA response of all four dyes relative to the ICG reference dye in the photoexcitation
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range of 700 — 960 nm. The aldehyde functionalized dye 103 was subsequently sequestered
into a L-a-phosphatidylcholine:cholesterol (4:1) based micelle (diameter = 79 nm) and
imaged by PAT in MCF-7 tumor bearing mice.

Hatamimoslehabadi et al. have reported on the optical and PA properties for a wide range of
eleven established, and readily accessible, molecular dyes whose properties varied from
symmetric vs. asymmetric, organic vs. inorganic, neutral vs. cationic, fluorescent vs.
phosphorescent, albeit with all dyes restricted to 532 nm excitation outside of the biological
transparency window (Fig. 47) (199). Bearing the structural, and photophysical diversity of
this series in mind, all dyes could be categorized according to the LA, SA and RSA criteria
set out in the introduction of this review. The majority of dyes investigated by
Hatamimoslehabadi et al. have already been reported independently as MPACS and have
been discussed already in this review, i.e. rhodamine B (23), methylene blue (26), BODIPY
(67), crystal violet (68), curcuminBF, (69). The series of dyes investigated by
Hatamimoslehabadi et al. also included zinc(Il) meso-tetraphenylporphyrin (104), nile red
(105), merocyanine 540 (106), Cgo (107) and ruthenium tris(2,2’-bipyridine) (108)
previously unreported as PA contrast agents. The excellent LA properties of 68 imparted it
with the strongest observable PA signal under low laser fluence conditions. A concentration
dependence of PA emission across the series of dyes (conducted at 13 mJ cm=2 and 366 mJ
cm~2 laser fluences) demonstrated that while the PA response under a LA regime is still
influenced by the non-radiative rate constant of each dye, the overall trend in PA amplitudes
was found to be strongly correlated to the magnitude of the S; — S; molar extinction
coefficient at the excitation wavelength. In the RSA regime at high laser fluence (366 mJ cm
~2) 104 exhibited the strongest nonlinear behavior with a 3.8-fold enhancement relative to
the linear PA response of crystal violet. Similarly, 105 and 26 exhibited nonlinear
enhancements of 2.15-fold and 1.38-fold, respectively, relative to 68.

In 2018 Roberts et al. have reported a cell-permeable merocyanine-based PA calcium sensor
which possesses a high selectivity for Ca2* binding by use of the 1,2-bis(o-
aminophenoxy)ethane- N, N,V , V' -tetraacetic acid (BAPTA) chelator (200). The calcium-
free dye exhibits a Amax at 590 nm (e = 116,500 M~1 cm~1) whose cell permeability was
enhanced by incorporation of an acetoxymethyl ester group. In vitro bimodal fluorescence
and PA probed calcium sensing was reported with Chinese hamster ovary (CHO) cells and
human embryonic kidney (HEK 293) cells, where calcium influxe was induced by the Br-
A23187 calcium-specific ionophore realizing a 50% decrease in PA contrast confirmed by
two-photon PA microscopy. The calcium sensing properties of this probe were also tested in
vitro using cultured heart organoids and successfully correlated with the established green
fluorescent calcium indicator Fluo-4-AM. Futhermore, time-resolved fluxes in calcium
concentration where also measured in vivo using with zebrafish larval brain subjects.

CONCLUSIONS

The rapidly growing field of PAI and the increasing interest in engineering advanced
exogenous, molecular-based, PA contrast agents has warranted an up-to-date comprehensive
review of the available literature to date. The fundamental design principles of MPACs has
been presented delineating a contrast agent’s PA response based upon their photophysical
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properties, and properties of the excitation laser pulse. While a conventional design of
MPAC:s is certainly applicable and most relevant to currently meet ANSI limitations for in
vivo PAI (re. Eg. 1), molecular dyes with large fluorescence (®g), or phosphorescence
(Pph), quantum yields are capable of generating an amplified PA response via a nonlinear
photon absorption and enriched non-radiative decay pathway (re. Eq. 3). Photophysical
characteristics which determines MPAC classification as a linear absorber (LA), saturable
absorber (SA) or reverse-saturable absorber (RSA) include the ground state molar extinction
coefficient (eg), the excited state molar extinction coefficient (ee) and the excited state
lifetime (<). Literature examples have been highlighted which demonstrated the exciting
potential of RSA materials for PAI, however significant progress must be made going
forward to develop biologically compatible RSA materials that exhibit a nonlinear PA
response upon photoexcitation in the biological window, whilst also increasing their optical-
limiting properties for application at lower, more benign and ANSI compatible laser
fluences. Although the variety of exogenous MPACs may appear diverse in design, as
illustrated in this review, all but a few MPACs belong to a small recognizable family of
established chromophores, i.e. cyanines, phthaleins and xanthenes, tetrapyrroles and
BODIPY, squaraines and croconaines. Although, intense research is currently underway at
engineering unique MPACs for enhanced NIR light absorption and PA contrast, significant
steps must be taken as this research field grows to better understand and tailor the biological
properties of MPACs in order to maximize their impact in in order to be approved in animal
models of disease for practical applications.
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Figure 1.
Molecular structures of the Cy3 (1), Cy5 (2) and Cy7 (3) indocarbocyanine based dyes (65).
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Molecular structure of the FDA approved indocyanine green (ICG) dye (4).
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(6)

Figure 3.
Structures of the ADS749WS (5) and ADSg3gWS (6) cyanine-based dyes reported by Laufer

et al. (91).
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Figure 4.
(@) Molecular structure of the dicarboxy Cy7.5-based cypate cyanine dye (7) investigated by

Guo et al. (92); (b) In vivo PAI of mice bearing the 4T1 tumor injected with PBS and 7/Ce6-
micelles (7.5 mg/kg dosage) pre-injection and 6, 24, 48 h post-injection. Reproduced with
permission from ref. 92. Copyright 2014 Elsevier.
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(8)

Structure of the IC7-1-Bu (8) molecule reported by Temma et al. (93).

Figure 5.
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Figure 6.
Molecular structures of the asymmetrical cyanine derivatives 9 - 11 reported by Onoe et al.

with enhanced photostability relative to ICG (4) and 8 (94).
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Figure 7.

Molecular structure of the PEG-ylated ICG dye 12 reported by Kanazaki et al. to enhance its
permeability and retention for improved in vivo PAI of allografted tumors in mice (98). This
specific structure also illustrates the covalent conjugation of a 111In label for single-photon
emission computed tomography (SPECT) and PAI (99).
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Figure 8.
(a) Molecular structure of the Cy5 containing co-polymer 13 reported by Lin et al. to form

poly(ethylene glycol) oblock-poly(p | -lactide), (PEG-PLA) based nanoparticles (105); (b)
PAI of a HeLa-tumor-containing mouse administered intratumorally with nanoparticles
derived from 13. Reproduced with permission from ref. 105. Copyright 2016 American
Chemical Society.
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(®)

Figure 9.
(a) The supramolecular bis-pyrene cyanine dye 14 reported by An et al. (106); (b) In vivo

PAI of tumor-xenografted mice with normalized ICG vs. 14 amplitudes at various time
intervals post-injection. Reproduced with permission from ref. 106. Copyright 2015 Royal
Society of Chemistry.
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Figure 10.
Molecular structures of the IRDye800CW carboxylate (15) and IR-780 (16) cyanine dyes.
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Figure 11.
Molecular structures of the triethoxysilane functionalized Cy5.5 (17) and Cy7.5 (18) dyes

reported by Biffi et al. for covalent assembly of silica-PEG based nanoparticles (109).
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Figure 12.
(a) Structure of the PA responsive Ca2* chemosensor 19 reported by Mishra et al. (111); (b)

PA contrast of 19 is illustrated with varying Ca2* concentrations. Irreversibility of Ca2*
binding is also illustrated in the presence of EDTA. Reproduced with permission from ref.
111. Copyright 2016 American Chemical Society.
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Figure 13.
Structures of popular, commercially available fluorescein (20), phenolphthalein (21) and

rhodamine derivatives (22 — 24) previously used for PA studies.
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Page 49

Molecular structure of the commercially available Atto680 dye (25) and methylene blue

(26).
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(a) PA and (b) ultrasound (US) imaging before and after sonication of aqueous, methylene
blue (26) doped, octafluoropropane microbubbles formed with a DPPC:DPPA:MPEG5000
(10:1:1.2) based lipid (132); (c) PA and US signal amplitude before and after sonication.
Reproduced with permission from ref. 132. Copyright 2014 Society of Photographic

Instrumentation Engineers.
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Figure 16.
Structures of the KSQ-2 (27) (56) and KSQ-4 (28) (57) squaraine dyes reported by

Umezawa and coworkers.
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Figure 17.
(a) Molecular structure of the 4-(N, N *-dibenzylamino)phenyl substituted squaraine dye (29)

used for PAI studies by An et al. (138). In vivo PAI of 4T1 tumor bearing mice (b) without
and (c) with 29-albumin nanoparticle administration. Reproduced with permission from ref.
138. Copyright 2014 American Chemical Society.
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Figure 18.
Structure of the commercially available squaraine derivative, 2,4-Bis[4-(N,N-

dibenzylamino)-2,6-dihydroxyphenyl]squaraine 30 investigated by Ho et al. (140).
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Figure 19.
(a) Molecular structures of the iodo (31) and chloro (32) substituted bis(A-butylindole)

squaraine dyes investigated by Zhang et al. and Duan et al., respectively, for PAI (141, 143);
(b) PAI of MCF-7 xenografted tumor bearing mice without (1,111, V) and with (11, IV, VI)
administration of 31:liposome. (1) and (I1) are representative photos of the tumor bearing
mice; (111) and (IV) show one transverse slice in the 3D PA image; (V) and (V1) show
aligned images from the different transverse section. Reproduced with permission from ref.
141. Copyright 2014 American Chemical Society.
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33)

Figure 20.
A PEG-ylated squaraine dye reported by Sreejith et al. (142).
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Set 1: Fasting

Set 2: Post-food

Figure 21.
PAI of live mouse anatomy 40 min post-injection of 34 for (a) fasting and (b) post-food

mice. Negligible signals indicate the formation of 34—thiol adducts in vivo. Reproduced with
permission from ref. 144. Copyright 2016 Royal Society of Chemistry.

Photochem Photobiol. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Borg and Rochford

HO

Page 57

N

(36)

Figure 22.
Molecular structure of the PEG-ylated 2,5-bis[(4-carboxylic-piperidylamino)thiophenyl]-

croconaine (36) dye used Tang et al. (151) for nanoparticle self-assembly and in vivo PAI
studies.
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Figure 23.
Molecular structures of 8-aminolevulinic acid (37) and protoporphyrin 1X (38).
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Figure 24.
(a) Molecular structures of the porphyrin—phospholipid conjugates 39 investigated by Lovell

etal. (167), Jin et al. (168), Ng et al. (169) and 40 investigated by Huynh et al. (101, 170); (b
- €) In vivo imaging in a KB tumor xenograft 10-30 seconds post intravenous injection of
bimodal (b, ¢) and trimodal (d, €) microbubbles derived from 40. US B-mode images show
the soft tissue contrast of the tumor, US contrast mode and PA images illustrate the infusion
of microbubbles (Scale bar 1 mm). Reproduced with permission from ref. 170. Copyright
2014 American Chemical Society.
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Figure 25.

Molecular structures of the quinoline-annulated porphyrin and morpholino bacteriochlorin
based MPACs 41 - 46 reported by Abuteen et al. (175).
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Figure 26.
Molecular structures of the metallated quinone-fused porphyrin MPACs reported by Banala

et al. where M = Co(ll) (47), Ni(ll) (48), Cu(ll) (49) or Zn(1l) (50) (176).
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Figure 27.
Structure of the water soluble NIR absorbing tetra-PEG-ylated quinolone annulated

porphyrin 51 reported by Luciano et al. (178, 179).
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Figure 28.
Structures of the naphthalocyanine dyes studied by Lee et al. (180) and Zhang et al. (180)

where M = Zn, R = t-Bu; R2 = H (52) and M = 2H, R! = H; R = O-(CH,)3CH3 (53).
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Figure 29.

(a) Structure of the PEG-ylated tin(1V) chloride octabutoxynaphthalocyanine (PEG-Sn-ONc,
54) reported by Huang et al. (100); (b — d) Noninvasive PA computed tomography (PACT)
images of brain blood vessels of mice administered with (b) 54 (c) the non-PEG-ylated
derivative ONc and (d) a blank control, 1 h and 24 h post-injection. Reproduced with
permission from ref. 100. Copyright 2016 American Chemical Society.
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Figure 30.
(@) Molecular structure of the phosphorous phthalocyanine based MPAC 55 utilized for PAI

by Zhou et al. (181); (b) Trans-limb PA computed tomography (PACT) for 2 different adult
human volunteers with overlaid PA (color) and US (gray) images. Reproduced with
permission from ref. 181. Copyright 2016 Ivyspring International Publisher.
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Molecular structures of monomeric porphyrin (56) and phthalocyanine (57) dyes utilized for
silsesquioxane bridged nanoparticle synthesis by Mauriello-Jimenez et al. (183).
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Figure 32.
Structures of the NIR absorbing free-base porphyrin derivatives 58 — 65 reported by Li et al.

using the tetracyanoethene(TCNE), 7,7,8,8-tetracyanoquiodimethane (TCNQ) and 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquiodimethane (F4-TCNQ) electron-withdrawing click-
reagents (184).
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(69)
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Figure 33.
(@) Structures of the 3,5-bis-styryl (MeOPh),BODIPY dye 66, the non-styryl meso-(4-

methoxycarbonylphenyl)BODIPY analogue 67, crystal violet (68), curcuminBF, (69) and
Cy3 (70) investigated by Frenette et al. (36). (b) PAI (dimension = 26.40 mm x 6.65 mm) of
the same dyes recorded with a 10 MHz US transducer following 532 nm laser irradiation at a
fluence of 366 mJ cm=2. Samples are dissolved in acetonitrile in sealed glass capillary tubes
(1 mm internal diameter) housed in a room temperature water bath. The color scale
represents the normalized acoustic intensity. Reproduced with permission from ref. 36.
Further permissions related to the material excerpted should be directed to the American
Chemical Society (https://pubs.acs.org/doi/abs/10.1021%2Fja508600x).
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Figure 34.
(@) Molecular structures for the ratiometric aza-BODIPY PA responsive Cu(ll) probes

reported by Li et al. (185). (b) PA images of 72 (10 uM in PBS + 0.1% Cremophor EL, pH
7.4) in fluorinated ethylene propylene tubing overlaid with a 1 cm thick phantom treated
with 0 and 10 equiv of Cu(ll), with excitation at 767 nm. Highest and lowest intensity PA
amplitudes are indicated by white and black, respectively. Scale bar represents 2 mm.
Reproduced with permission from ref. 185. Copyright 2015 American Chemical Society.
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(b) Time: Oh

Figure 35.
(a) Structure of the NIR absorbing naphthalene fused BODIPY dimer 73 reported by Ni et

al. that demonstrated high photostability and a greater PA response than the ICG cyanine dye
(186). (b) Time-dependent in vivo PA images of a Hep-G2-tumor bearing mouse anatomy
after intravenous injection of 73 loaded (2.5 WT%) BSA nanoparticles. Reproduced with
permission from ref. 186. Copyright 2016 Royal Society of Chemistry.
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Figure 36.
Structures of the NIR absorbing 3,5-bis(vinylaryl) BODIPY dyes reported by Ni et al. (187).
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78

Figure 37.

(a§J Structure of the 2,6-bis-ethynyl 3,5-bis-vinyl-4-diethylaminophenyl BODIPY dye 78
used as a PAI based theranostic agent reported by Hu et al. (188). (b) In vivo PAI of A549
tumor-bearing mice at a different times after intravenous injection of 78 doped micelles.
Reproduced with permission from ref. 188. Copyright 2016 American Chemical Society.
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Figure 38.
Structures of the 1,7-bis(N-ethylcarbazole)-3,5-bis(vinylphenyl) halogen substituted aza-

BODIPY dyes 79 - 82 reported by Gawele et al. (189).
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Figure 39.
Structure of the NIR absorbing theranostic aza-BODIPY dye 83 reported by Tang et al. used

to prepare micelle nanoparticles for photothermal imaging (PTI), PAl and PDT/PTT studies.
(190).
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Figure 40.
Structures of NIR absorbing dimeric thiophene-bridged BODIPY (84, 85) and

pyrrolopyrrole aza-BODIPY (86) dyes reported by Miki et al. (191).
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Figure 41.
Molecular structures of the PA nitric oxide probes reported by Reinhardt et al. (192).

Photochem Photobiol. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Borg and Rochford Page 77

95

0 01 0.2 0. .5

- E |
3 0.4 0. 0.6 0.7 08 0.9 1.0

© _ [ismiem? — 150miem? —asomiem?

Relative PA Emission
—
p——

blank &8 96 a7 98 a9 70 69 LER a5

Figure 42.
(a) Molecular structures of difluoroboron curcumin dyes 91 - 99 reported by Bellinger et al.

where a nonlinear reverse saturable absorber (RSA) PA response was tuned by modification
of the terminal substituent (194). (b) PAT image recorded with a high laser fluence (450 mJ
em™2, Agye = 532 nm) and a 10 MHz US transducer including a solvent blank, crystal violet
(68), curcuminBF, (69) and Cy3 (70) for reference. Samples are dissolved in acetonitrile in
sealed glass capillary tubes (1 mm internal diameter) housed in a room temperature water
bath. The color scale represents the normalized acoustic intensity. (c) Plot of PAT amplitudes
for all dyes at low (15 mJ cm~2), intermediate (150 mJ cm~2) and high (450 mJ cm™2) laser
fluence illustrating the /inear absorber (LA), saturable absorber (SA), and RSA behavior.
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Figure 43.
(@) Molecular structures of the zinc(ll) phthalocyanine (96) and chlorin e6 (97) studied by

Ho et al. (140) (b) Time lapse of PAI within 1h post injection of 96 in a MCF-7 xenograft
mice model, demonstrating peak localization of 96 at the tumor site. Reproduced with
permission from ref. 140. Copyright 2016 Macmillan Publishers Limited.
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Figure 44.
(@) Structure of the NIR absorbing perylene diimide MPAC reported by Fan et al. (196), (b)

PAI coronal sections of 98 doped micelles with different concentrations (50 to 0.390625
nM) in agarose gel phantoms.
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Figure 45.
Structure of the benzobisthiadiazole dye, encapsulated in a p-caprolactone derived

amphiphilic block polymer PEG-6-PCL micelle by Huang et al. to for PAl and PTT
applications (197). Photograph of LDPE tubes with blood and BBT-2FT (a) on chicken
tissue, (b) inside a stack of chicken tissue layers, (c) PAI acquired using a 2.25 MHz
transducer at 1 cm and (d) 2 cm depth. Reproduced with permission from ref. 197.
Copyright 2016 Royal Society of Chemistry.
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Figure 46.
Structures of the diphenylacetylene click-derived dyes used in tandem with the F4-TCNQ

electron-acceptor by Li et al. to tune PA and photothermal properties (198).
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Figure 47.

(a) Molecular structures of the additional MPACSs investigated by Hatamimoslehabadi et al.
including zinc(ll) meso-tetraphenylporphyrin (104), nile red (105), merocyanine 540 (106),
Cgp (107) and ruthenium tris(2,2’-bipyridine) (108). (b) PA emission of all MACs
investigated by Hatamimoslehabadi et al. in tetrahydrofuran as a function of concentration
measured at a high laser fluence (360 mJ cm™2, Ay = 532 nm) (199). Reproduced with
permission from ref. 199. Copyright 2017 American Chemical Society.
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Figure 48.
Structures of the cell-permeable BAPTA-merocyanine-based PA calcium sensor (109)

reported by Roberts et al. (200).
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Scheme 1.
Thiol addition at the cyclobutene ring of the NIR absorbing squaraine 34 reported by Anees

et al. for bimodal fluorescene and PA detection of biologically relevant thiols (144).
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Scheme 2.
(a) Acid-based equilibrium of the pH sensitive, rotaxane encapsulated, croconaine dye 35

reported by Guha et al. (149); (b) Ratiometric PA images of two 35 containing phantoms in
pH 5.0 and pH 7.4 buffer at 11-13 mm depth in light scattering media. Reproduced with
permission from ref. 149. Copyright 2016 Royal Society of Chemistry.
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