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Targeted Contrast Agents and Activatable Probes for 
Photoacoustic Imaging of Cancer 
Zhenxiang Zhao, Chelsea Swartchick, and Jefferson Chan 

Photoacoustic (PA) imaging has emerged as a powerful technique for the high resolution visualization of biological processes 
within deep tissue. Through the development and application of exogenous targeted contrast agents and activatable probes 
that can respond to a given cancer biomarker, researchers can image molecular events in vivo during cancer progression. 
This information can provide valuable details that can facilitate cancer diagnosis and therapy monitoring. In this tutorial 
review, we provide a step-by-step guide to select a cancer biomarker and subsequent approaches to design imaging agents 
for in vivo use. We envision this information will be a useful summary to those in the field, new members to the community, 
as well as to graduate students taking advanced imaging coursework. We also highlight notable examples from the recent 
literature, with emphasis on the molecular designs and their in vivo PA imaging performance. To conclude, we provide our 
outlook and future perspective in this exciting field. 

1. Introduction 

Photoacoustic (PA) imaging is an innovative technology that is 
characterized by the application of light to induce the 
generation of ultrasonic signals via the photoacoustic effect.1 To 
be more specific, the photoacoustic effect starts with the 
excitation of a chromophore with pulsed light, followed by the 
vibrational relaxation to release energy as heat, which leads to 
the local thermal expansion and the generation of pressure 
waves that is detected as sound. Owing to the unique ability of 
sound (at clinically relevant frequencies) to propagate through 
tissue with minimal attenuation, PA imaging is suitable for deep 
tissue applications. Moreover, by considering the speed at 
which sound travels through the body and the time it takes for 
a given signal to reach an ultrasound detector, the origin of the 
signal can be accurately determined to afford high resolution 
images. Although any light-absorbing material can be used for 
PA imaging, those that interact with photons in the near-
infrared range (NIR) (>650 nm) are preferred for in vivo 
applications to limit background interference from PA-active 
molecules. Of note, early PA imaging studies utilized 
endogenous pigments such as the different forms of 
hemoglobin to determine the levels of oxygenation in blood. 
Likewise, melanin was employed to provide contrast which 
enabled the tracking of skin cancer cells. 2-6 However, beyond 
these representative examples, label-free imaging is limited by 

the variety of targets that can be visualized. For instance, most 
biomarkers (e.g., protein receptors), as well as molecular events 
(e.g., respiratory burst) are completely invisible to label-free PA 
imaging.  
 
To satisfy the demand to be able to perform molecular PA 
imaging, a large assortment of targeted contrast agents and 
activatable probes (also known as acoustogenic probes) have 
been developed over the past decade.7-10Molecules belonging 
to both categories must feature a strong PA signal generating 
unit. Representative examples include dyes, self-assembled 
dye-based nanoparticles, encapsulated photoabsorbers, 
semiconducting polymer nanoparticles, and inorganic 
structures to name a few (Figure 1). In addition, targeted 
contrast agents are also equipped with a molecular recognition 
element, often referred to as a ligand, which can bind to the 
imaging target (e.g., cell surface protein) with high selectivity 
and affinity. Since this interaction does not necessarily alter the 
PA signal intensity, contrast is achieved through accumulation 
in the region of interest which is enhanced when unbound 
contrast agent clears from the body. On the contrary, 
activatable probes are often designed using the principles of 
activity-based sensing (ABS) which leverages the unique 
chemical reactivity of the imaging target to induce a change in 
the PA generating unit (e.g., signal enhancement, ratiometric 
response) upon reacting with a responsive trigger.11, 12 
Regardless of the classification, imaging agents for PA have 

Key learning points: 
(1) Advantages of photoacoustic imaging that make it an ideal modality for preclinical and clinical applications in cancer imaging. 
(2) Criteria for selecting an appropriate cancer biomarker for imaging agent development. 
(3) Design strategies that are available to develop targeted contrast agents or activatable probes for this imaging modality.  
(3) Notable examples from the literature to highlight the various cancer biomarker targets, imaging designs, validation experiments and applications. 
(4) Perspective in the cancer PA imaging field. 
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shown tremendous utility as powerful chemical biology tools 
that can facilitate basic scientific research. Moreover, their 
potential for use in human patients for diagnostic testing, real-
time therapy monitoring, and surgical guidance, can have a 
profound impact on how various disease states are managed. 
For instance, in the context of cancer, the ability to visualize a 
primary tumor in three dimensions can inform the extent of 
tissue invasion prior to surgery. Likewise, non-invasively 
determining the presence of a biomarker or reporting on the 
extent of a critical cancer property such as oxygenation, is an 
unmet need in clinical imaging that can be addressed using PA.  
In this tutorial review, we will provide readers with a 
comprehensive step-by-step guide that can be used to aid in the 
selection of a cancer biomarker and the design of both targeted 
contrast agents and activatable probes for cancer. We elected 
to focus on cancer imaging owing to its impact on human 
health. Additionally, biomarkers for this group of like diseases 
are often not exclusive to a specific cancer type (and can be 
present in healthy tissue). Thus, we envision a detailed 
workflow describing the characteristics one must consider 
when selecting an imaging target and how to subsequently 
utilize this information to design an imaging agent would be 
highly beneficial. Each section will begin with a brief discussion 
detailing specific properties of the imaging target with respect 
to cancer. We will then highlight select examples for each 
imaging target while focusing on the key design elements that 
are present and discuss the corresponding in vivo PA 
applications. Lastly, we will provide our outlook and future 
perspective for the field.  

2. Cancer Biomarker Selection 
A cancer biomarker is defined as any analyte or cancer-associated 
process that when detected, may indicate the presence of cancer 

within a patient. On the contrary to biomarkers found in bodily fluids 
such as blood and urine, one that is suitable for molecular imaging 
must be situated close to or within the tumor region. Indeed, careful 

Figure 1. A summarization of representative PA moieties in this review. Reproduced from ref. 52 which is an open-access article 
distributed under the Creative Commons Attribution (CC BY-NC) License, 2015 Ivyspring International Publisher; from ref. 53 with 
permission from American Chemical Society, Copyright 2018; from ref. 55 with permission from Royal Society of Chemistry, Copyright 
2021; from ref. 67 with permission from Elsevier, Copyright 2015; from ref. 70 with permission from Royal Society of Chemistry, 
Copyright 2018; from ref. 82 with permission from Springer Nature, Copyright 2011; from ref. 101 with permission from Springer 
Nature, Copyright 2019; from ref. 120 with permission from Elsevier, Copyright 2017; from ref.141 with permission from Elsevier, 
Copyright 2020; from ref. 145 with permission from American Chemical Society, Copyright 2017; from ref. 191 with permission from 
Elsevier, Copyright 2019; from ref. 287 which is an open-access article distributed under the Creative Commons Attribution (CC BY-NC) 
License, 2021 AAAS; from ref. 302 with permission from American Chemical Society, Copyright 2021. 
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consideration is imperative when deciding whether a biomarker is an 
appropriate target for imaging agent development.  

As a first step, one must recognize that it is rare for a biomarker to 
be exclusively associated with a given cancer type. Specifically, 
cancer cells are derived from normal cells after a sufficient number 
of mutations have accumulated (typically in oncogenes).13-15 Thus, it 
is not uncommon to see terms such as “elevated” or “overexpressed” 
in the literature when describing a biomarker. As such, one must 
approach this with caution since selecting an analyte or process that 
is prevalent will increase the likelihood of a false positive result. For 
instance, the prostate-specific antigen (PSA) screening test is 
notorious for drawing wrong conclusions.16 While prostate tumors 
do often produce high levels of PSA, so too does a urinary tract 
infection, taking certain medications, or even after a vigorous 
exercise session. Therefore, we recommend one must consider other 
conditions that may be associated with a potential imaging target.  

If a biomarker is protein-based, an excellent starting point is to 
review the literature or The Human Protein Atlas (accessible via 
https://www.proteinatlas.org/) to compare the expression level in 
cancer with normal tissue. We recommend that the minimum 
difference should be at least 1.5-fold since it would be extremely 
challenging to distinguish between normal and cancerous levels if 
the recommended threshold was lower. Strategies will be discussed 
below that can improve accuracy while limiting the rate of false 

positives (see section 3). With regards to non-protein biomarkers 
such as a fleeting reactive oxygen or nitrogen species, it will be 
important to search for indirect clues of its levels in cancer. For 
instance, peroxynitrite (ONOO-) that results from the biomolecular 
reaction between superoxide and nitric oxide is believed to be 
elevated in tumors since cancer cells are often characterized by 
oxidative stress (leads to high superoxide) and inflammation (high 
nitric oxide). Since peroxynitrite can nitrosate ortho to the phenolic 
alcohol of a tyrosine residue found within a protein, determining the 
levels of nitrosated proteins can provide vital information to help 
decide.17 In the event one wishes to design an imaging agent to 
detect a novel biomarker, performing the requisite validation studies 
are essential. This includes rigorous in vitro testing to demonstrate 
target engagement, selectivity assays to determine the extent of 
potential off-target effects, and the development of matching 
control imaging agents lacking the design component that responds 
to or recognizes the target. Next, detection of the biomarker should 
be validated in live cells where a result can be confirmed using 
‘blocking’ agents (e.g., small-molecule inhibitor if the target is a 
protein). Alternatively, one should consider experiments that 
increase and/or decrease the concentration of the biomarker to 
assess whether the signal changes accordingly. This can occur using 
genetic manipulation or exogenous supplementation, respectively. 
Lastly, after successfully transitioning into live subjects, post-imaging 
confirmation studies in the form of ex vivo analyses should be 
performed.  

Figure 2. Step-by-step roadmap for cancer biomarker selection and subsequent photoacoustic imaging agent design. Reproduced from 
ref. 120 with permission from Elsevier, Copyright 2017; from ref. 69 with permission of American Chemical Society, Copyright 2017; 
from ref. 141 with permission from Elsevier, Copyright 2020; from ref. 55 with permission from Royal Society of Chemistry, Copyright 
2021; from ref. 79 with permission from American Chemical Society, Copyright 2020; from ref. 377 with permission from John Wiley 
and Sons, Copyright 2019. 
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3. Design of PA Imaging Agents 
There are many design options that one can consider after a cancer 
biomarker has been selected. However, it is important to first 
determine if the target is extracellular (accessible within the TME), 
localized on the cell surface, or found intracellularly. For instance, an 
imaging agent should ideally not be cell permeable if the cancer 
biomarker is extracellular since uptake into adjacent cells can result 
in non-specific staining. Likewise, for intracellular biomarkers, an 
imaging agent should be able to readily enter the cell and exhibit a 
propensity to be retained (at least for the duration of the imaging 
session). The next consideration is whether the biomarker can 
catalyze an enzymatic reaction or mediate a chemical 
transformation. In the event that this is not within the scope of the 
biomarker, one should consider pursuing a targeted contrast agent 
(TCA) design.  

As mentioned in the introduction, there are many scaffolds capable 
of generating a strong PA signal upon irradiation. Depending on the 
chosen scaffold, TCAs are either small-molecule- or nanoparticle-
based. For more details, we refer readers to the following review 
article.18 Of note, the ability to harvest light in the NIR-I (650–900 
nm) and/or NIR-II (950–1300 nm) windows is an important 
requirement since photons in these ranges are safe and can reach 
deeper in tissue relative to ultraviolet and visible light. Decoration of 
a nanoparticle-based TCA with components such as surfactants or 
water solubilizing groups (e.g., PEG) may be necessary if it displays 
poor dispersion in water or if there is propensity to coalesce, 
precipitate out of solution, or form protein coronas when in vivo. In 
the penultimate step, one must determine if a well-annotated 
recognition element (ligand) is available. This may come in the form 
of a small molecule inhibitor (or binder), peptide, protein, affibody, 
or antibody. In our opinion, the corresponding binding affinity should 
be at least in the low micromolar range. Further, the targeting ligand 
should be highly selective, exhibition a minimal propensity to bind to 
interfering species beyond the target biomarker. For instance, 
cyclooxygenases are enzymes involved in the conversion of 
arachidonic acid to prostaglandin H2, which serves as the precursor 
to inflammatory molecules such as prostaglandins.19 One isoform is 
constitutively expressed, while a second isoform, cyclooxygenase 2, 
is elevated in cancer. As such, handpicking a selective small molecule 
inhibitor for the latter enzyme is critical if the intended goal is cancer 
imaging.20, 21 Finally, a strategy must be chosen to append the 
selected targeting ligand to the rest of the imaging agent. 
Conventional bioconjugation strategies such as amide coupling, 
maleimide chemistry, or ‘click’ reactions (e.g., Cu-catalyzed alkyne-
azide coupling) may be appropriate if there is chemical compatibility 
with the functional groups present. An alternative strategy is to 
append the targeting ligand to a secondary component that can 
embed into the nanoparticle through hydrophobic or hydrophilic 
contacts. Along these lines, electrostatic interactions can also be 
employed to attach the targeting ligand, however, one must consider 
how stable this interaction will be as it encounters pH and ionic 
strength gradients within the body. After assembling a TCA, its PA 
properties, solubility, and stability should be tested in vitro. Likewise, 

in cellulo studies must be performed to determine cytotoxicity and 
validate target specificity and engagement. This should be followed 
by in vivo studies using at least one relevant cancer model where the 
biomarker is present to assess targeting, TCA accumulation, and 
clearance. Finally, to confirm an imaging result, we recommend the 
design of robust control experiments (like blocking), PA spectrum 
profile analysis and ex vivo assays.  

With regards to the subset of biomarkers that can mediate the 
activation of a probe, one should utilize an ABS design strategy. As 
mentioned previously, ABS is different from the molecular 
recognition and stoichiometric binding strategies discussed above. 
This approach leverages the unique chemical reactivity of the 
biomarker to induce a change in the PA signal. For instance, 
proteolytic activity of enzymes such as proteases can be employed 
to cleave a substrate element which can unmask a latent dye or 
expose a key functional group that can react further to form a new 
photoabsorber in situ. An alternative approach that can also yield a 
signal change is if the enzymatic reaction changes the solubility of 
the corresponding product which can lead to self-assembly. Of note, 
if there is no product inhibition that results from turnover of the 
substrate, one enzyme can in theory catalyze the activation of many 
probe molecules, presenting an exciting opportunity to generate an 
enhanced signal. The same can be said for non-enzyme biomarkers 
including metal ions, reactive oxygen and nitrogen species, and thiols 
to name a few which can mediate a chemical transformation. It is 
noteworthy that the reactivity of the probe for these biomarkers can 
be adjusted to match the concentration found in cancer. For 
instance, if a biomarker is abundant, the reaction can be attenuated 
to limit false positive results from activation in healthy tissue. 
Alternatively, tuning can be employed to speed up a reaction for 
targets that are fleeting or low abundance. As a first step in selecting 
the appropriate reaction, we recommend that one should survey the 
following reviews, as well as other appropriate articles in the 
literature.11, 12 An alternative is draw from the extensive chemical 
knowledge or consider prominent organic named reactions.22 
However, it is imperative to consider biocompatibility as many of 
these transformations are optimized for abiotic conditions (e.g., 
organic solvents and non-physiological temperatures). As with TCA, 
once an activatable probe has been developed, one should make 
sure the probe exhibits excellent PA properties in vitro to increase 
the likelihood of high-quality PA imaging in vivo. Additionally, the 
dose- and time-dependent response towards the target analyte 
should be established. This will provide vital information to predict 
the in vivo limit of detection and time required for probe activation, 
respectively. Owing to similar reactivity between certain biomarkers 
like members of the ROS family, careful evaluation of probe 
selectivity can help to avoid a false positive result. In cellulo studies 
are also required to obtain preliminary data like cytotoxicity that is 
important for related in vivo work. In the subsequent in vivo studies, 
beyond demonstrating probe activation in the tumor region, reliable 
conclusions can be achieved if one can modify the levels of an analyte 
through the application of inhibitor, scavenger, donor, or promoter 
to show that there is a correlation between the PA signal intensity 
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and the analyte concentration. Finally, ex vivo biodistribution studies 
would also be necessary to determine potential off-target effects 
that may not be apparent during an imaging session. 

4. Targeted Contrast Agents for Photoacoustic 
Imaging  
In this section, we will focus our efforts on describing an impressive 
range of innovative design strategies that have been employed to 
develop TCAs for PA imaging. In general, a contrast agent can 
preferentially localize to a region of interest such as a primary tumor, 
sentinel lymph node, or metastatic lesion to provide a robust PA 
signal that can be used to distinguish between healthy adjacent 
tissue. Such information can then be used for diagnostic purposes or 
leveraged during image-guided surgery where the ability to reliably 
highlight an afflicted area can minimize tumor margins and ensure all 
cancerous tissue has been removed during a surgical debulking 
procedure. However, it is notable that many of the contrast agents 
that exist for this modality operate via passive accumulation 
mechanisms (e.g., the enhanced permeability and retention (EPR) 
effect) and thus, cannot be utilized to report on molecular details.  

On the contrary, a TCA features two key elements which include a 
photoabsorber that can convert absorbed light into an ultrasonic 
readout via the PA effect and a targeting unit for biomarker 
recognition and binding. A photoabsorber can come in many forms 
since any light absorbing molecule can in theory generate a PA signal. 
Likewise, a variety of biomarkers have been targeted for cancer 
which include cell surface proteins, channels, as well as intracellular 
components. We have surveyed the recent literature, identified 
studies that apply TCAs for various cancer applications via PA imaging 
and highlighted select work based on targets listed below. Owing to 
the diversity, we have organized the various targets based on 
alphabetical order. References to additional biomarkers not covered 
in this section are also provided.23-39  

4.1 B7-H3 (CD276) 

Cluster of Differentiation (CD276) or B7 Homolog 3 (B7-H3) is a 
human protein receptor that remains at low levels in normal cells but 
is overexpressed in malignant tissues.40 Through a variety of  

Figure 3. a) Schematic of B7-H3-ICG. b) PA images of normal mice 
before and after injection of B7-H3-ICG (first column) and breast 
cancer-bearing mice before and after injection with B7-H3-ICG, iso-
ICG or B7-H3-ICG with blocking. c) Schematic of ABYB7-H3-ICG. d) PA 
images of normal glands before and after administration of ABYB7-H3-
ICG (first column) and mammary tumors before and after 
administration of ABYB7-H3-ICG, ABYB7-H3-ICG with blocking, and 
ABYSCR-ICG scrambled control. a) and b) are reproduced from ref. 42, 
which is an open-access article distributed under the Creative 
Commons Attribution (CC BY-NC) License, 2017 Ivyspring 
International Publisher. c) and d) are reproduced from ref. 44 with 
permission from American Chemical Society, Copyright 2019. 
 

mechanisms, the expression of B7-H3 is involved in tumor growth, 
metastasis, and evasion of the immune system.41 For these reasons, 
TCAs that interact with this protein have been developed to diagnose 
and identify cancer including those of the cervix, renal, lungs, ovaries, 
prostate, breast, and bladder, which have all been found to 
upregulate the expression of this cancer biomarker.42, 43  

 
In one example, Willman and coworkers sought to develop a TCA 
capable of distinguishing between normal tissue and breast cancer 
tissue using a B7-H3-targeted antibodies conjugated to an 
indocyanine green (ICG) chromophore (Figure 3a).42 In vivo PA 
studies were conducted in transgenic breast cancer mice. Images 
were collected pre-injection, 24, 48, 72, and 96 hours post tail-vein 
injection of either the TCA (B7-H3-ICG) or control agent developed 
by conjugating a non-specific antibody to ICG (isotype-ICG). The PA 
signal in glands that contain breast cancer tissue were 3.01-fold 
higher relative to tissue before injection with the TCA. Moreover, 
none of the control conditions led to a statistically significant 
increase in the PA signal (Figure 3b). To confirm these results, ex vivo 
studies were conducted by excising breast tissue for 
histopathological staining which showed B7-H3 expression was 
elevated in the breast tumor. Researchers were also able to 
distinguish between their unbound TCA, non-targeted control 
agents, endogenous photoabsorbers, and TCA that has engaged with 
the receptor due to a shift in optical absorbance that occurs via 
endocytosis of the TCA. 
 

In another report, Wilson and coworkers employed an affibody 
which was appended to ICG to target B7-H3 in breast cancer (ABYB7-

H3-ICG) (Figure 3c).44 When ICG is conjugated to peptides/proteins, it 
undergoes a well-known bathochromic shift in absorbance to 850 nm 
relative to the free dye. Affibodies exert several benefits over 
antibodies as a targeting motif such as greater affinity for the protein 
of interest, reduced circulation time, and greater stability under a 
variety of physiological conditions. After successful in vitro 
characterization of ABYB7-H3-ICG, the authors collected PA data in 
tumor-bearing mice. Glands containing metastasized carcinomas 
were revealed upon administration of the TCA. Specifically, relative 
to the signal prior to injection, the PA intensity in the region of 
interest (ROI) was 2.1 ± 1.2-fold higher. Control mice, which was 
administered with ABYSCR-ICG, which is a control featuring a 
scrambled affibody sequence, did not yield the corresponding 
increase in signal, demonstrating the high selectivity of the affibody. 
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To validate this result, the authors blocked the B7-H3 receptor in 
tumor-bearing mice with non-conjugated ABYB7-H3 prior to injection 
with the TCA and observed a significant reduction in the PA signal 
(Figure 3d). Lastly, they were also able to differentiate tumor tissues 
compared to healthy mammary tissues in breast cancer mouse 
models. 

4.2 CD44 
 
CD44 is a family of transmembrane glycoprotein receptors involved 
in cell-cell and cell-matrix interactions. Moreover, they regulate 
cellular processes like growth, survival, differentiation, and 
motility.45 Since CD44 is upregulated in many cancer types,46 it has 
been recognized as a potential biomarker for cancer diagnostics and 
therapy.47, 48 Hyaluronic acid (HA) is a non-sulfated linear 
glycosaminoglycan that is widely distributed in the extracellular 
matrix. Due to its high specificity and binding affinity towards CD44, 
it can be exploited as a ligand in the design of CD44-targeted 
molecules including TCAs for PA imaging.46, 49-55  

Figure 4. a) Schematic of the synthesis of B-TiO2@SiO2-HA. b) PA 
images of 4T1 tumors before and at various time points after 

injection of B-TiO2@SiO2-HA. c) Schematic of 5K-HA-HPPS d) PA 
images of 4T1-related SLNs (upper), inflamed LNs (middle) and 
normal LNs (lower) after injection of 5K-HA-HPPS (left), HPPS 
(middle) and 5K-HA-e (right). e) The ratio of PA intensities at the 
center of the LNs compared to those at their periphery. f) Schematic 
of the synthesis of GNS-PEG-CD44v6. g) PA images of subcutaneous 
tumors (Sub) and orthotopic tumors (Situ) before and at various time 
points after injection of GNS-PEG-CD44v6 or GNS-PEG-CD44. h) 
Schematic of the synthesis of P18/AHC⊂L. i) PA images of tumors in 
EJ xenograft mice before and four hours after injection of PBS, 
CD44v6-P18 ⊂L or CD44v6-P18/AHC⊂L. j) PA images of the tumor 
boundary that was treated with CD44v6-P18/AHC⊂L. k) PA images of 
normal urothelium and tumor tissue after treatment with IgG-probes 
(upper) and CD44v6-probes (lower). a) and b) are reproduced from 
ref. 55 with permission from Royal Society of Chemistry, Copyright 
2021. c), d) and e) are reproduced from ref. 54, which is an open-
access article distributed under the CC BY License, 2020 Springer 
Nature. f) and g) are reproduced from ref. 52, which is an open-
access article distributed under the Creative Commons Attribution 
(CC BY-NC) License, 2015 Ivyspring International Publisher. h), i), j) 
and k) are reproduced from ref. 53 with permission from American 
Chemical Society, Copyright 2018. 

In a representative example, the laboratories of Shen and Liang have 
developed a TCA with NIR-II PA imaging capabilities based on B-TiO2 
nanoparticles (NPs) (Figure 4a).55 Of note, TiO2 typically absorbs UV 
light; however, the absorption spectrum can be shifted to include 
NIR-II light through treatment with NaBH4, which incorporates boron 
atoms and introduces oxygen vacancies. After incorporating a SiO2 
shell (B-TiO2-@SiO2), the authors further modified the surface with 
HA via amide coupling to target CD44-overexpressing tumor cells. 
This modification also improved the solubility of the resulting TCA (B-
TiO2@SiO2-HA) in aqueous solutions which is an important 
consideration for in vivo applications. Since B-TiO2@SiO2-HA showed 
a strong photothermal effect, the authors rationalized it could also 
be used for PA imaging by employing a pulsed light source. PA 
imaging was performed in a 4T1 murine breast cancer model, in 
which the maximum signal enhancement in the tumor region was 
observed 12 hours after B-TiO2@SiO2-HA was administered (Figure 
4b).  

Likewise, the laboratories of Luo and Zhang developed a dual 
biomarker-targeting system (5K-HA-HPPS) based on HPPS (HDL-
mimicking peptide-phospholipid scaffold) NPs for detecting sentinel 
lymph nodes (SLN) in breast cancer (Figure 4c).54 A critical design 
element of this TCA includes HA ligands which can target CD44 and 
the intrinsic ability of HPPS to interact with scavenger receptor class 
B type 1, both of which are expressed on the surface of certain breast 
cancer cells. To provide contrast, a NIR cyanine dye (DiR-BOA) was 
encapsulated within 5K-HA-HPPS since it can generate a robust PA 
signal upon irradiation. The authors observed that lymph nodes at 
various stages exhibited characteristic PA signal patterns compared 
with HPPS and 5K-HA emulsion (5K-HA-e), which served as control 
imaging agents. Specifically, for normal lymph nodes (LNs) and 
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inflamed LNs, the signal was localized to the edge of the LNs while 
for 4T1-related SLNs, the PA signal was most pronounced in the 
central region (Figure 4d). To demonstrate the effectiveness of dual-
biomarker targeting, the ratio of the PA signal between the central 
and the edge of the SLNs were measured using K-HA-HPPS and HPPS 
NPs, which was found to be 5.93 and 3.06, respectively (Figure 4e).  

Beyond the use of HA, CD44-specific antibodies are also widely 
employed for CD44 targeting. It is noteworthy that antibodies 
produced for this application target CD44V6, an isoform of CD44 that 
is expressed at a higher cancer-to-healthy tissue ratio relative to 
CD44. The laboratories of Zhang and Cui exploited this approach to 
develop GNS-PEG-CD44v6, a TCA featuring a PA-active gold nano star 
architecture conjugated to CD44v6 monoclonal antibodies to image 
(and treat via the photothermal effect) gastric cancer stem cells 
(Figure 4f).52 In particular, the authors showed that GNS-PEG-CD44v6 
had a higher PA signal (4.7-fold) than that of GNS-PEG-CD44 (2.5-
fold) compared to no TCA in a subcutaneous tumor model. This 
difference was less obvious when orthotopic tumors were imaged. 
Notably, both TCAs showed higher signal than the non-targeted GNS-
PEG counterpart (Figure 4g).  

Similarly, the laboratories of Qiao, Xu, and Wang incorporated 
CD44v6 antibodies onto a liposomal nanoprobe named P18/AHC⊂L 
to detect bladder cancer via PA imaging (Figure 4h).53 To develop this 
TCA, the authors co-encapsulated purpurin-18 (P18) and NH₄HCO₃ 
(AHC) within liposome-based NPs. When confined, P18 is a dye that 
self-assembles to form aggregates which are fluorescently quenched 
to favor the generation of a PA signal upon irradiation. Interestingly, 
the local temperature increase due to the PA effect was sufficient to 
decompose NH₄HCO₃, leading to the local generation of CO2 bubbles. 
These bubbles possess higher acoustic impedance than the 
surrounding tissue, resulting in enhanced acoustic backscattering 
and an amplified signal. The increase of the PA signal due to gas 
generation contributed to the high sensitivity of P18/AHC⊂L that was 
more than three-fold higher compared to the signal of a non-
amplified control known as P18⊂L (Figure 4i). Upon conjugation to 
CD44v6 antibodies, the resulting TCA was able to detect the tumor 
boundary with an 18-fold signal ratio between tumor and healthy 
tissue (Figure 4j), and further, was capable of imaging small bladder 
tumor tissue (< 5mm) with a significantly higher PA signal intensity 
compared to the non-amplified analog and IgG control groups (Figure 
4k). 

4.3 ErbB 

ErbB is a family of tyrosine kinases that include EGFR (ERBB1), HER2 
(ERBB2), HER3 (ERBB3), and HER4 (ERBB4). The expression levels of 
these transmembrane receptors are often elevated in lung, breast, 
gastric, and ovarian tumors, making them excellent cancer 
biomarkers.56, 57 Indeed, the use of ErbB for cancer detection and 
therapeutic delivery is prevalent in the literature.58 For example, 
HER2 is the molecular target for Herceptin® (trastuzumab), which is 
a potent antibody-based chemotherapeutic agent often prescribed 
to treat patients with breast cancer.59 With respect to the 

development of TCA for PA imaging, a number of exciting studies 
have been reported targeting various members of the ErbB family.60-

74  

In 2017, the laboratories of Xing and Cheng employed a donor-
acceptor chromophore-based nanoparticle (DAPs) design to target 
EGFR (epidermal growth factor receptor) which is typically 
responsible for mediating cell growth and division in healthy cells 
(Figure 5a).69 Due to the tunable energy gaps of the parent CH dye 
platform, the authors were able to develop congeners such as 
CH1000 that feature a large Stoke shift (~310 nm) and a moderate 
quantum yield (11.1%), as well as maximum absorbance and 
emission at 700 nm and 990 nm, respectively. These properties 
translate into a versatile multimodal imaging agent after 
encapsulation via nanoprecipitation using phospholipid-PEG since it 
can provide contrast via PA and fluorescence in the NIR-I and NIR-II 
regions, respectively. To augment DAPs with the ability to target 
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Figure 5. a) Schematic of the synthesis of Affibody-DAPs. b) PA 
images of FTC-133 tumors before and at various time points after 
injection of Affibody-DAPs or Affibody-DAPs with blocking. c) 
Schematic of the synthesis of ZEGFR:1907-Ag2S QDs. d) PA images of 
A431 tumor before and at various time points after injection of Ag2S 
QDs, ZEGFR:1907-Ag2S QDs, or ZEGFR:1907-Ag2S QDs with blocking. e) 
Schematic of HER2-targeting IONPs. f) PA images of N87 tumor (high 
expression of HER2) and SUIT2 (low expression of HER2) tumors 
before and 24 hours after injection of SNP20. g) The PA signal 
intensity ratios before and 24 hours after injection of SNP20, NP20, 
or vehicle (PBS). h) Schematic of QRH*-KSP*-E3-IRDye800. i) 
Fluorescence intensity for the heterodimer binding to SKBr3 
(EGFR+/HER+) cells versus OE21 (EGFR+/HER-), OE19 (EGFR-/HER+), 
and QhTERT (EGFR-/HER-) cells. j) PA images of OE33 xenograft tumor 
at two hours after injection of QRH*-KSP*-E3-IRDye800, tumor depth 
was 4.8 mm (blue arrow) and total image depth (red arrow) was 1.2 
cm. a) and b) are reproduced from ref. 69 with permission from 
American Chemical Society, Copyright 2017. c) and d) are reproduced 
from ref. 70 with permission from Royal Society of Chemistry, 
Copyright 2018. e), f) and g) are reproduced from ref. 67 with 
permission from Elsevier, Copyright 2015. h), i) and j) are reproduced 
from ref. 71 with permission from the Royal Society of Chemistry, 
Copyright 2018. 

EGFR, the authors utilized anti-EGFR affibodies, presumably due to 
their enhanced stability to pH and temperature fluctuations relative 
to the larger antibody counterparts. After surface modification with 
this targeting group and in vitro characterization, the resulting 
Affibody-DAPs were evaluated in vivo to map lymph nodes, visualize 
the vascular system, and identify EGFR-positive FTC-133 thyroid 
tumors. In the latter application, the authors observed a time-
dependent PA signal enhancement in the tumor region that 
plateaued after 24 hours. However, the signal was already 
distinguishable four hours post-injection compared to a control 
group of animals that were co-treated with non-conjugated affibody 
which served as the blocking agent (Figure 5b).  

 
Similarly, the laboratories of Cheng, Zhao, and Liu developed anti-
EGFR affibody (ZEGFR:1907)-modified Ag2S quantum dots (QDs) to 
target EGFR-expressing tumors (Figure 5c).70 Since QDs are known 
for their size-dependent correlation with the emission color, careful 
control of the particle size can yield NIR absorbing QDs suitable for 
PA imaging, as in the current example where the absorbance 
maximum is at 800 nm. A unique feature of this TCA is that the 
targeting moiety is not appended through covalent attachment. 
Instead, the authors modified their QDs using ZEGFR:1907 expressed 
with a His-tag to enable Coulombic interactions between the 
positively charged His residues and negatively charged carboxylates 
on the Ag2S QDs surface. With the ZEGFR:1907-Ag2S QDs in hand, in vivo 
targetability was evaluated in A431 tumors that are characterized by 
the overexpression of EGFR. When compared to non-targeted Ag2S 
QDs, which showed a relatively weak signal inside the tumor, the TCA 
gave rise to a signal enhancement four hours post-injection that 
persisted even after 32 hours. Localization of the TCA in the tumor 

was shown to be due to ZEGFR:1907-mediated interactions via a 
standard blocking experiment (Figure 5d).  

Besides EGFR, HER2 is a member of the ErbB family that has also 
attracted significant interest as a drug target, as mentioned above, 
due to its role in cell migration, proliferation, survival, angiogenesis, 
and metastasis. In the context of PA imaging, Saji and coworkers have 
developed a series of HER2-targeted iron oxide nanoparticles 
(IONPs).67 This photoabsorber was selected in this study due to their 
low toxicity, biodegradable properties, and ability to generate a 
strong PA signal upon irradiation in the NIR range (Figure 5e). The 
first TCA developed by the authors leveraged the HER2 targeting 
ability of trastuzumab. However, since one gram of this drug can cost 
up to $10,000 USD, it is desirable to reduce the production cost by 
exploring other options. Thus, the authors also developed two 
additional TCAs using anti-HER2 scFv (single-chain fragment variable) 
and a 12-residue peptide. After assessing biodistribution using 111In 
radio tracing, it was determined that the anti-HER2 scFv-conjugated 
IONPs (SNP20) displayed the highest tumor-to-background ratio. As 
such, SNP20 was selected for subsequent PA imaging. Tumors 
expressing either high or low levels of HER2 were grown using N87 
cells or SUIT2 cells, respectively. Results showed that SNP20 had a 
3.86-fold PA signal in N87 tumors, while the PA signal in the SUIT2 
tumors were unchanged (0.97-fold) 24-hour post-injection. 
Moreover, there was no obvious difference between the signal from 
N87 and SUIT2 tumors when treated with either non-targeting NP20 
and a vehicle (Figure 5f and 5g).  

Notably, TCAs capable of recognizing more than one type of ErbB 
such as EGFR and HER2 have also been reported. For instance, Wang 
and coworkers developed QRH*-KSP*-E3-IRDye800 which can 
efficiently image tumor cells which express both of these biomarkers 
(Figure 5h).71 Critical design elements of this TCA include: 1) a 
peptide targeting moiety based on heptapeptide monomers 
identified by the authors (QRH* for EGFR and KSP* for HER2); 2) a 
NIR dye (IRDye800) for harvesting light necessary to generate a PA 
signal; and 3) a E3 spacer to avoid steric interactions between the 
two heptapeptide monomers and IRDye800. To evaluate the dual-
biomarker targeting capacity, QRH*-KSP*-E3-IRDye800 was tested in 
four cell lines, SKBr3, OE21, OE19, and QhTERT, via confocal 
microscopy. The results show that SKBr3 cells were the brightest 
since they are the only cell line of the four tested expressing both 
EGFR and HER2 (Figure 5i). Likewise, pharmacokinetics and 
biodistribution studies revealed that QRH*-KSP*-E3-IRDye800 had a 
PA tumor to background ratio of 2.44 ± 0.36, which was higher than 
1.44 ± 0.21 for non-targeting control probe. Of note, the maximum 
signal was reached two hours post-injection and clearance was 
complete after 24 hours. Finally, a PA and ultrasound dual-modal 
image was captured in an OE33 xenograft tumor model to assess the 
imaging depth of QRH*-KSP*-E3-IRDye800. The result revealed a 
tumor depth of 4.8 mm and a total image depth of 1.2 cm. (Figure 
5j). 

4.4 Fibronectin 

Fibronectin is a large glycopeptide that serves as a vital component 
of the extracellular matrix where it is known to bind various protein 
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receptors including integrin and is involved in processes like 
embryogenesis and wound healing. While fibronectin is highly 
upregulated in processes like pathologic angiogenesis, its role in 
tumor progression is still being explored. Nevertheless, many 
fibronectin-targeting drug delivery and imaging studies have been 
reported, which highlights fibronectin's potential for cancer 
applications.75-78  

 

Figure 6. a) Synthesis of SQ1 from electron acceptor and donor 
components and schematic of SQ1 nanoprobe assembly. b) PA 
imaging of MDA-MB-231 tumors at various time points after 
injection with SQ1 nanoprobe or SQ1@DSPE control. a) and b) are 
reproduced from ref. 79 with permission from American Chemical 
Society, Copyright 2020. 

For example, the laboratories of Zhang and Wang developed a 
fibronectin-targeting CREKA peptide conjugated to a squaraine-
based nanoprobe with NIR-II fluorescence/NIR-I PA dual imaging and 
photothermal therapeutic capabilities (Figure 6a).79 The squaraine 
dye (SQ1) used in the nanoprobe was carefully engineered based on 
a donor-acceptor-donor structural design. To be more specific, ethyl-
grafted 1,8-naphtholactam was first introduced onto the squaric acid 
core as an electron donor. Subsequently, incorporation of 
malononitrile as an electron acceptor further lowered the band gap 
energy which results in a red-shifted spectrum to afford a dye with 
NIR-I absorption and NIR-II emission. The fibronectin targeting SQ1 
NPs were synthesized through nanoprecipitation of SQ1 with DSPE-
PEG2000-Mal, to provide water solubility. This was followed by 
decoration of the surface with a CREKA targeting peptide via 
maleimide-mediated conjugation. After performing in vitro 
experiments that showed a linear relationship between the PA signal 
and SQ NPs concentration, the authors conducted PA imaging in 
MDA-MB-231 tumor-bearing mice. A clear PA signal enhancement in 
the tumor region was observed in these studies which plateaued 12 
hours post-injection. Conversely, the non-targeting SQ1 NPs had a 
much weaker signal, demonstrating the effectiveness of fibronectin-
targeting (Figure 6b).  

4.5 Folate Receptor 

Folate (folic acid) has been implicated to play a critical role in cancer 
development and progression. Specifically, folate is required to 

produce S-adenosylmethionine (SAM), which is utilized by cells as an 
essential cofactor to methylate DNA and RNA.80 Since cancer cells are 
characterized by uncontrolled cell division and rapid growth, the 
resulting demand for SAM necessitates a means to obtain more 
folate from the local environment. Given that folate enters the cell 
via folate receptors (FR), targeting this cell surface protein has been 
employed to identify and treat numerous cancer types including 
ovarian and uterine tumors, as well as in lung, kidney, and breast 
cancer.81 In the context of PA imaging, the FR is commonly targeted 
to develop TCA for cancer detection.82-97 

In one of the earliest examples, Zhang and coworkers developed a 
bilayer ‘porphysomes’ nanovesicle featuring phospholipid-porphyrin 
conjugates synthesized by attaching a porphyrin unit to the 
secondary alcohol of glycerol through an ester linkage (Figure 7a).82 
A unique feature of this design is an ultrahigh extinction coefficient 
of 2.9 x 109 M-1cm-1 at 680 nm which can be attributed to the 
localization of ~8 x 104 porphyrin chromophores in the bilayer. It is 
important to note that this property is a strong indicator of the PA 
intensity of a molecule. Moreover, the high local concentration of 
porphyrin results in a self-quenching effect which also translates into 
a stronger PA signal. As noted by the authors, switching the 
porphyrin unit from one to another can red shift the absorption 
profile to expand the utility of this design. The authors also prepared 
folate-PEG-lipids in a similar manner, which when incorporated at 
one molar percent, can effectively target FRs. For instance, when 
mice bearing KB fibroblast tumors that overexpress the FR were 
treated with the porphysomes intradermally, the PA signal in the 
tumor region peaked 15 minutes post-injection, demonstrating 
efficient uptake (Figure 7b). It is noteworthy that this TCA is fully 
biodegradable via lipase activity which is a highly desirable property 
for in vivo applications.  

In another example, the laboratories of Hou, Ye, and Li developed 
ICG-MTX-FeIII to target the FR (Figure 7c).97 The assembly of this TCA 
is driven by electrostatic interactions between ferric (Fe3+) ions and 
methotrexate (MTX). MTX serves a dual-purpose in this design by 
functioning as an anti-cancer drug to attenuate folate metabolism by 
inhibiting the enzymatic activity of dihydrofolate reductase and as a 
targeting moiety owing to its resemblance to folic acid. In addition, 
the authors selected ICG as the PA-active chromophore which can be 
incorporated through co-assembly with MTX since the two pendant 
sulfonic acid groups of ICG can also interact with Fe3+ via electrostatic 
contacts. It is noteworthy that iron was strategically selected 
because it is an MRI-active metal ion, and this property presents an 
opportunity for multimodal imaging along with fluorescence and PA. 
To assess the effectiveness of ICG-MTX-FeIII as a TCA for PA imaging, 
the authors generated cervical tumors in nude mice using HeLa cells. 
The PA signal of a group of animals treated with free ICG was barely 
discernible from the background, giving rise to only slight increase 
after six hours. However, when a second group of mice were treated 
with ICG-MTX-FeIII, a time-dependent PA signal increase of four-fold 
could be observed in the tumor region after 24 hours (Figure 7d).  
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Figure 7. a) Schematic of porphysomes. b) PA images before and 15 
mins after injection with porphysomes, showing secondary lymph 
vessels, lymph node, and inflowing lymph vessels. c) Schematic of 
synthesis of ICG-MTX-FeIII. d) PA images in HeLa tumor-bearing mice 
before and at various time points after injection of ICG or ICG-MTX-
FeIII. e) Schematic of FA-PFBT polymer dots. f) PA images of the lymph 
vessel, T-SC, and T-PO in the NCI-H292 tumor-bearing mice before 
and immediately after injection of FA-PFBT polymer dots. g) Ex vivo 
fluorescence imaging of T-SC, T-IN and T-PO lymph nodes. h) 
Schematic of P(DPP-BT/DOX) NPs. i) PA images in HeLa tumor-
bearing mice before and at various time points after injection of 
P(DPP-BT/DOX) NPs. a) and b) are reproduced from ref. 82 with 
permission from Springer Nature, Copyright 2011. c) and d) are 
reproduced from ref. 97 with permission from Royal Society of 
Chemistry, Copyright 2020. e), f) and g) are reproduced from ref. 91 
with permission from John Wiley and Sons, Copyright 2018. h) and i) 
are reproduced from ref. 95 with permission from John Wiley and 
Sons, Copyright 2019.  
 
In other work, Xiong and coworkers developed a folate-
functionalized polymer dot system (FA-PFBT polymer dots) that can 
be utilized for multimodal imaging since it features NIR fluorescence 
and PA imaging capabilities, amongst others, with the goal of 
visualizing metastatic LNs (Figure 7e).91 The polymer dot design 

included poly(9,9-dioctyfluorene-alt-benzothiadiazole) (PFBT) which 
is a fluorescent molecule as the light-absorbing component. When 
doped with the NIR dye, NIR775, there is a shift of the emission 
maximum to the NIR range. Notably, the NIR775 dye allows the 
system to be used for PA imaging in the NIR window along with its 
ability to be implemented for photodynamic therapy. In order to 
target cancer cells overexpressing the FR, 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-(6-((folate)amino)hexanoyl) (PE-FA) was 
also doped into the polymer dots. The use of the polymer dots as a 
TCA for PA imaging was investigated by injecting FA-PFBT polymer 
dots into the footbed of mucoepidermoid carcinoma NCI-H292 
tumor-bearing mice. Immediately after administration, visualization 
of the TCA in the lymphatic vessel and T-PO lymph node was 
apparent. Four hours after the initial injection, strong PA signals were 
observed in T-IN (inguinal), T-SC (sciatic), and T-PO (popliteal) LNs 
(Figure 7f). Ex vivo fluorescence imaging experiments that were 
performed 24 hours after injection provided further support for FA-
PFBT polymer dots’ utility as a PA TCA since these results were 
concordant with those found with in vivo PA imaging (Figure 7g). In 
addition, ROI evaluation of the LNs to background yielded an 
excellent signal-to-noise ratio of 72.24 for the T-PO LNs.  
 
Lastly, the laboratories of Shen and Fan designed a system utilizing a 
diketopyrrolopyrrole (DPP)-based chromophore that exhibits its 
properties in the desired NIR range (Figure 7h).95 In addition to its 
use as a contrast agent, it also serves as a photothermal therapy / 
photodynamic therapy agent. The NPs referred to herein as, P(DPP-
BT/DOX) NPs, also contain the chemotherapeutic drug doxorubicin 
(DOX). The NPs encapsulated the hydrophobic chromophore DPP-BT 
and DOX in an organic phase-change material composed of lauric 
acid and stearic acid with lecithin that is amphiphilic. The NPs were 
functionalized with an amphiphile (DSPE-PEG-FA) containing folic 
acid to target cancer cells expressing the FR. Under irradiation with 
730 nm light, PA signals were generated along with photothermal 
and photodynamic effects, as well as the subsequent release of DOX. 
The authors tested the PA properties of the TCA in tumor-bearing 
mice and observed a 10.5-fold signal enhancement 24-hours post 
injection (Figure 7i). 
 
4.6 GRPR 
 
Gastrin-releasing peptide (GRP) is a neuropeptide that has important 
modulatory functions in different organs, and its role as a growth 
factor in tumor progression has been implicated. The corresponding 
gastrin-releasing peptide receptor (GRPR) is found to be 
overexpressed in certain types of cancers like prostate, lung and 
gastrinoma cancer and thus, has been recognized as a useful cancer 
biomarker,98-100 which has also been leveraged for PA imaging.  
 
An example that targets GRPR comes from the laboratories of 
Gambhir and Emelianov where the authors developed miniaturized 
gold nanorods (AuNRs) with NIR-II absorption that could be used as 
a GRPR-targeting PA imaging agent (Figure 8a).101 By carefully tuning 
the surfactant composition, pH and reductant used in the synthesis, 
the authors were able to obtain AuNRs with an average size that was 
five to 11 times smaller than conventional AuNRs. This property is 
important since the smaller AuNRs were accompanied by a three-
fold higher thermal stability and a 3.5-fold stronger PA signal output 
compared to larger AuNR samples that were optical density (OD)-
matched. Further theoretical investigation revealed that the 
enhancement of the PA signal was quadratically proportional to the 
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nanoparticles' surface-to-volume ratio which rationalizes the 
improvement of the PA performance brought forth by miniaturizing 
the design. To develop TCAs, the authors leveraged the strong thiol-
gold interaction that is often used to modify the surface of various 
Au architectures. For instance, PEG2K-SH, HO2C-PEG2K-SH, and Cy5-
PEG1K-SH each contain a terminal thiol group. These components, 
along with GRPR-targeting peptides were conjugated onto both the 
small and large AuNRs. The PA imaging performance of the resulting 
AuNRs, as well as non-targeted analogs were tested in a murine 
model of prostate cancer. The results showed a PA signal increase in 
tumors after both small and large AuNRs were modified with the 
GRPR-targeting peptide. Moreover, while the difference in the PA 
signal within the non-targeting small and large AuNRs was 
insignificant, the GRPR-targeting small AuNRs showed a statistically 
higher PA signal than that of the OD-matched large AuNRs (Figure 
8b). Of note, a decay of the PA signal for the large GRPR-targeting 
AuNRs was observed while there was no loss of intensity for the small 
AuNRs, which showcases the increase in thermal stability that results 
from reducing the size of the TCA. 

 

Figure 8. a) Schematic of GRPR AuNRs. b) PA imaging of tumor-
bearing mice with non-targeted large and small PEG AuNRs and 
targeted large and small GRPR AuNRs. a) and b) are reproduced from 
ref. 101 with permission from Springer Nature, Copyright 2019. 

4.7 Integrin 

Integrins are a family of cell surface receptors that connect cells to 
the extracellular matrix (ECM) and plays a central role in processes 
like cell migration, invasion, proliferation, and survival, all of which 
are important in tumor progression.102 As such, integrins have been 
exploited for cancer diagnostic and therapeutic applications through 
the development of integrin-targeted imaging agents103 and drug-
conjugates,104 respectively. A common feature of most designs is the 

presence of an appended RGD (arginine-glycine-aspartic acid)-based 

peptide unit that recognizes and binds to integrins with a half-
maximal inhibitory concentration (IC50) value in the nM range.105 
Relative to antibody targeting, RGD-based peptides are readily 
accessible, exhibit low immunogenicity, and can be conveniently 
conjugated to various molecular structures via conventional 
conjugation chemistry. Although a vast number of RGD-based TCA 
for PA imaging have been developed,106-137 we highlight several 
notable examples below.  

For instance, Pu and coworkers have reported an RGD-conjugated 
semiconducting polymer nanoparticle (SPN) to target tumors 
overexpressing integrin.120 The polymer that the authors developed 

is known as SP10 and contains two components, a DPFF segment that 
forms the backbone and an electronically deficient DPPBT segment 
that was incorporated to promote nonradiative relaxation which 
results in an enhancement of the PA signal (Figure 9a and 9b). 
Additionally, a second component known as RGD-PEG-b-PEG-b-PEG-
RGD was also developed. The RGD-targeting moiety could be 
displayed when SP10 and the second component are 
nanoprecipitated to form the resulting TCA (SNP10-RGD). In a proof-
of-concept study, SNP10-RGD was tested in vivo for the PA detection 
of murine 4T1 breast tumors. At the four-hour time point after 
injection, the PA signal of SPN10-RGD-treated animals reached a 
maximum enhancement of 4.7-fold compared to the tumor 
background, while the non-targeted SNP10 control only showed a 
2.6-fold enhancement. Moreover, SNP10-RGD also showed a slower 
tumor clearance as indicated by a persistent PA signal which was still 
evident 24-hour post-injection (Figure 9c). This last finding can be 
useful if multiple imaging sessions are desirable. 

Figure 9. a) and b) Schematic of the synthesis of SNP10-RGD. c) PA 
images of murine 4T1 breast tumors before and at various time 
points after injection of SNP10-RGD or SNP10. d) Schematic of 
A1094@RGD-HBc. e) Synthesis of A1094 f) PA/US images of U87MG 
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brain tumor two hours after injection of A1094@RGD-HBc. g) The 
corresponding PA/US B-scan to demonstrate imaging depth. h) and 
i) in vivo PA/US and SPECT/CT images of U87MG brain tumor two 
hours after injection of 131I-A1094@RGD-HBc. R: rostral rhinal vein; 
S: sagittal sinus. j) Schematic of the synthesis of P1RGD NPs. k) PA 
images of subcutaneous U87 xenograft tumor before and at various 
time points after administration of P1RGD NPs or P1RGDs. l) PA 
images of mouse brain tumor before and at various time points after 
administration of P1RGD NPs or P1RGDs. a), b) and c) are reproduced 
from ref. 120 with permission from Elsevier, Copyright 2017. d), e), 
f), g), h) and i) are reproduced from ref. 128, which is an open-access 
article distributed under the Creative Commons CC BY License, 2019 
John Wiley and Sons. j), k) and l) are reproduced from ref. 124 with 
permission from John Wiley and Sons, Copyright 2018. 
 

Another example comes from the laboratories of Li and Nie, who 
developed an integrin-targeting NIR-II TCA (A1094@RGD-HBc) which 
can be employed for effective in vivo PA/SPECT brain imaging.128 The 
A1094@RGD-HBc TCA was synthesized by encapsulating RGD-
modified hepatitis B virus core protein (RGD-HBc) with A1094, a 
mesoionic dye exhibiting a strong aggregation-induced absorption 
enhancement (AIAE) effect, and 131I which was introduced for SPECT 
imaging (Figure 9d and 9e). The AIAE effect from A1094 is an 
important design element since aggregation of the dye would lead to 
a stronger PA signal as we have seen with other reports. The 
evaluation of A1094@RGD-HBc as a TCA for PA imaging was 
conducted in U87MG brain tumor-bearing mice model. The high 
efficiency of A1094@RGD-HBc to detect such tumors was supported 
by a strong PA signal enhancement observed in brain region even 
with a low imaging agent dose of 100 ug/mL (Figure 9f). Of note, the 
B-scans of PA and US revealed a tumor-depth of 5.9 mm, which was 
nearly 1.47-fold deeper than a previous study  (Figure 9g).138 The 
targeting ability was further verified with maximum amplitude 
projection images of the mice brain obtained two hours post-
injection, in which a tumor PA signal enhancement was observed 
which was consistent with the SPECT imaging results (Figure 9h and 
9i).  

 

Lastly, the laboratories of Zheng and Liu reported P1RGD NPs for 
brain tumor imaging via targeting of the integrin biomarker.124 The 
first component is P1, a conjugated polymer that was designed using 
a donor-acceptor structure, which features a strong NIR-II absorption 
that could facilitate the imaging of deep tissue via NIR-II PA imaging. 
The second component is DSPE-PEG-Mal. The DSPE portion of the 
molecule can interact with P1 during NP assembly since both are 
hydrophobic. On the contrary, the PEG section was included for 
solubility and to render the resulting NP more biocompatible. Finally, 
the maleimide (Mal) functional group served as a reactive handle to 
attach the targeting ligand (c-RGD-SH) through a Michael addition 
reaction with the thiol group (Figure 9j). The PA imaging performance 
of P1RGD NPs was evaluated in vivo with both subcutaneous and 
orthotopic xenograft glioma models with P1 NPs, which lacks the 
RGD targeting moiety, as a control. In the subcutaneous tumor 
model, the authors were able to show that the PA signal of P1RGD 
NPs was two-fold higher than that of P1 NPs three hours post-

injection, and the signal-to-background of P1RGD NPs increased up 
to 95 at the 24-hour time point post-injection while for P1 NPs, the 
ratio only reached a value of 52 (Figure 9k). These results clearly 
demonstrate the importance of targeted delivery of a PA imaging 
agent. For the orthotopic tumor model, the authors were able to 
detect tumors up to 3.2 mm in tissue depth with a significant PA 
signal enhancement, and the position of the tumor was consistent 
with the results from MRI imaging (Figure 9l). Not surprising, in this 
model, the P1RGD NPs also had a signal-to-background which was 
higher than the P1 NPs.  

4.8 Nucleolin 
 
Nucleolin is one of the most prevalent proteins inside the nucleolus. 
Due to its essential role in transcription, translation, cell cycle and 
division, cell survival and differentiation, nucleolin dysregulation is 
frequently involved in tumorigenesis. Further, the overexpression of 
nucleolin has been reported in various cancers like pancreatic cancer, 
thyroid cancer, breast cancer, and colorectal cancer. Notably, while 
nucleolin is mostly inside the nucleolus of normal cells, the relocation 
and accumulation of nucleolin at the cell membrane in cancer cells 
have been observed, making it possible to exploit this as a potential 
cancer biomarker.139 140 

In the context of developing a TCA for PA imaging, the laboratories 
of Tang and Huang developed nucleolin-targeting gold nano 
dumbbells (AuNDs) which could additionally serve as a photothermal 
therapy theranostic agent (Figure 10a).141 The conventional 
approach to red-shift AuNPs' absorption is by adjusting the geometry 
(nanorods, nanospikes, hollow gold NPs, etc.) via modification of the 
localized surface plasmon resonance (LSPR) properties. However, the 
authors applied a unique DNA-encoded seed strategy and 
rationalized that by varying the concentration and the sequence of 
the DNA seed, it would be possible to affect the morphology and 
dimension of AuNPs, hence allowing for fine-tuning of the 
corresponding absorption in a more programmable manner. Utilizing 
this strategy, the authors successfully shifted the AuNPs' absorption 
into the NIR-II window and obtained Ap-AuND which possessed NIR-
II absorption. As we have seen in the above sections with other gold-
based designs, it is common to attach components such as water 
solubilizing PEG groups or targeting ligands via strong thiol-gold 
interactions. Indeed, this is the same approach the authors of this 
work employed. For example, their nucleolin-targeted DNA aptamer, 
AS1411, features a thiol group. Likewise, they decorated the surface 
with mPEG2000-SH through the same chemistry to increase 
biocompatibility. In the reported PA imaging experiments using MCF-
7 breast tumor-bearing mice, the results showed that Ap-AuND could 
be employed for PA imaging in a highly sensitive way upon NIR-II 
laser irradiation, with a 97-fold tumor PA signal enhancement 24 
hours post-injection compared with the pre-injection tumor 
background (Figure 10b). Moreover, Ap-AuND also showed better 
selectivity with a significantly more intense PA signal compared with 
the non-targeting AuND control group.  
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Figure 10. a) Schematic showing synthesis of Ap-AuND from AuNR. 
b) PA imaging of MCF-7 tumors at various time points after injection 
with AuND or Ap-AuND. a) and b) are reproduced from ref. 141, 
which is an open-access article distributed under the Creative 
Commons Attribution (CC BY) License, 2021 AIP Publishing. 

4.9 p32 Protein 

The p32 protein is also known as gC1qR, C1qBP or HABP-1. It is a 
multifunctional protein involved in key biological processes such as 
cellular metabolism, mitochondrial quality control, and apoptosis. 
While it is found in nearly all healthy tissue, the expression of p32 is 
elevated in proliferating cells and pathological tissues like cancerous 
cells, suggesting its potential importance in tumor progression.142-144  

To target this biomarker, Li and coworkers developed Bi-LyP-1 NPs, 
which are ultra-small semimetal NPs comprised of bismuth for use as 
a TCA for multimodal computed tomography (CT) and PA imaging, as 
well as for theranostic treatment (Figure 11a).145 The bismuth NP 
scaffold was selected due to its strong and broad absorption profile 
(vide infra) and favorable optical properties such as a small carrier 
effective mass, a long Fermi wavelength, a small band overlap 
energy, and CT imaging capabilities. The authors modified the 
bismuth NP surface with PEG5000-DSPE to improve biocompatibility. 
Interestingly, ~15% of the PEG5000-DSPE molecules were modified to 
feature a maleimide functional group. This allowed p32-targeting 
LyP-1 peptides to be attached via thiol conjugation. The targeting 
ability of the resulting TCA was assessed in p32-overexpressing 4T1 
tumors where Bi-LyP-1 NP-treated animals showed a 1.7-fold 
enhancement of tumor accumulation compared to a control group. 
This tumor-targeting ability was further confirmed via in vivo PA 
imaging which showed a 3.6-fold PA signal enhancement in the 
tumor region eight hours post intravenous injection using 700 nm 
laser irradiation (Figure 11b). Of note, the broad spectrum of the 
bismuth semimetal nanoparticle core gave similar results when 
irradiated at 800 and 900 nm. While having sharp absorption is 
beneficial and typical of many imaging agents, this example shows 
broad absorption can enable the use of a range of excitation 

wavelengths.  

 
Figure 11. a) Schematic of Bi-Lyp-1 NPs. b) PA images of tumors 
before and at various time points after injection of Bi-Lyp-1 NPs. a) 
and b) are reproduced from ref. 145 with permission from American 
Chemical Society, Copyright 2017. 
 
4.10 Phosphatidylserine 

Phosphatidylserine (PS) is a phospholipid that usually resides on the 
inner face of the plasma cell membrane. While in most instances, PS 
is not accessible when a cell is intact, it can be used to detect 
apoptotic or necrotic cells where the interior components are 
exposed or when the cell membrane becomes permeabilized. This 
feature, together with its prevalence in the cell membrane and 
consistent exposure in necrotic cells, makes PS an attractive 
biomarker for targeting tumor cell death upon drug treatment.146  

Recently, Brindle and coworkers developed a TCA for PA imaging 
(C2Am-750) of early therapy-induced tumor cell death.147 The design 
features a fluorescent dye (VivoTag-S 750-MAL) appended to C2Am, 
which is a PS-targeting protein developed by the same group. 
Relative to its precursor, the C2A domain of Synaptotagmin-I, C2Am 
is smaller in size and retains nM binding affinity towards PS. Of note, 
a cystine residue was incorporated into C2Am at a position distal 
from the PS binding site which was used for conjugation to the 
fluorescent dye via maleimide chemistry. The authors postulated this 
would be essential to avoid attenuating the PS binding affinity. To 
assess the performance of the TCA in imaging tumor cell death, 
Colo205 tumors were employed as the model and MEDI3039, an 
anti-cancer drug, was used to trigger tumor cell death. Further, a 
control probe, iC2Am-680, was synthesized by conjugating IRDye 
680RD to the inactive isoform of C2Am. After demonstrating the 
specificity of C2Am-750 to PS and its efficacy for detection of tumor 
cell death, PA imaging was used to visualize the retention of both 
C2Am-750 and iC2Am-680 in tumors. For C2Am-750, there was some 
PA signal without MEDI3039 treatment; however, the PA signal 
enhancement was substantially higher in the MEDI3039-treated 
tumors seven hours after drug treatment. The signal peaked three-
hours post-probe injection with an apparent focus at the central 
region of the tumor. On the contrary, the non-targeting iC2Am-680 
control showed minimal retention in the tumor with a negligible 
signal change before and after probe injection. Moreover, the 
authors were able to find that the probe was distributed in the entire 
tumor by reconstructing 3D images based on the axial, coronal, and 
sagittal views.  

4.11 Protein Sulfenic Acids 

Protein sulfenic acids are generated by the reversible oxidation of 
protein cysteine residues through the reaction with H2O2. This 
functionality can serve as an indicator of oxidative stress within a cell. 
Due to oncogenic stimulation, increased metabolic activity, and 
mitochondrial malfunction in cancer cells, tumors are frequently 
subjected to oxidative stress conditions and therefore, protein 
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sulfenic acids can be utilized as a target for redox status-based tumor 
targeting.148, 149  

Pu and coworkers developed an activity-based TCA known as rSPN2 
for in vivo PA detection of protein sulfenic acids (S-OH functional 
group) (Figure 12a).150 The authors based the design of rSPN2 on 
SPNs owing to its good biocompatibility, high PA brightness, and 
excellent photostability. A second key design element of the TCA is 
the 1,3-cyclohexanedione group, which can covalently attach to 
protein sulfenic acids under physiological condition through an 
enolization event followed by a selective SN2 reaction.151 Notably, 
the SPN core was shielded with a silica layer and a PEGylated shell 
was also installed. Overall, these modifications were necessary to 
prevent attenuation of the optical properties of rSPN2 from the 
condensation reaction and to maintain a strong absorption band at 
680 nm which remained consistent regardless of the state of the SPN. 
The in vivo PA performance for rSPN2 in protein sulfenic acid 
detection was evaluated in a HeLa tumor-bearing xenograft mouse 
model. The PA signal of rSPN2 in the tumor was 1.3-fold higher 
compared with a non-reactive analog (SPN2) and was 2.2-fold higher 
than the tumor background 36 hours post-injection (Figure 12b).  

 

Figure 12. a) Schematic of rSNP. b) PA images of xenograft HeLa 
tumor mouse model before and at various time points after injection 
of rSNP2 or SNP2. a) and b) are reproduced from ref. 150 with 
permission from American Chemical Society, Copyright 2017. 
 
4.12 Prostate-specific Membrane Antigen 

Prostate-specific membrane antigen (PSMA) is a transmembrane 
protein that is present in normal tissue, but is significantly elevated 
in prostate tumors.152 The role of PSMA in cancer proliferation is 
believed to be related to glutamate release, which triggers a number 
of downstream effects, notably the activation of the PI3K pathway 
which promotes proliferation, cell growth, and angiogenesis. Since 
recognizing its link to cancer, PSMA has emerged as an attractive 
target for the development of diagnostic tools via PA imaging.153-156 

Recently, Li and coworkers utilized a nanobubble platform to develop 
a multimodal TCA for PSMA upregulation in prostate cancer, capable 
of fluorescence, ultrasound, and PA imaging (Figure 13a).154 To 
achieve this, authors loaded phospholipid-based bubbles with ICG 
and appended PSMA-binding peptide (WQPDTAHHWATL) via a 
biotin-streptavidin linkage. After obtaining promising in vitro results, 
they sought to investigate the PA enhancement of their 
nanobubbles, PSMAP/ICG NBs, in vivo. Using cell lines with PSMA+ 
expression, LNCaP and C4-2, xenograft tumors were generated in 
male nude mice and retro-orbital injection of their TCA was 
performed. Importantly, they utilized PSMA- PC-3 tumor-bearing 
mice as a negative control. The result showed a PA signal 
enhancement after PSMAP-IGB NBs injection with a much higher 
enhancement observed in PSMA+ mice, suggesting its usage in 
PSMA+ tumor imaging. The importance of the PSMA targeting moiety 
was further supported by a significantly enhanced PA signal in 
PSMAP-IGB NBs group compared with IGB NBs group in PSMA+ mice, 
whereas there was negligible difference between these two group in 
PSMA- mice. (Figure 13b) 

 

Figure 13. a) Schematic of PSMAP/ICG NB. C3F8 represents the 
perfluorocarbon gas core. b) PA images of LNCaP, C4-2, and PC-3 
tumors before and after administration of PSMAP/ICG NBs or ICG 
NBs. c) Schematic of PAMAM dendrimer conjugated to Cy7.5 and 
PSMA targeting moiety. d) PA images of PSMA+ PIP (right) and 
PSMA− flu (left) tumors before and at various time points after 
injection of Conjugate I, IV, or VI. e) Schematic of DUPA-F127 SPN and 
chemical structures of BTII and DUPA-F127-DUPA. f) PA/US images of 
LNCaP and PC-3 tumors before and at various time points after 
injection of BTII-DUPA SPN. g) PA/US image of BTII-DUPA SPN in a 
polyurethane tube placed in chicken breast tissue to demonstrate 
imaging depth. a) and b) are reproduced from ref. 154, which is an 
open-access article distributed under the CC-BY-NC copyright 
license, 2019 Dove Medical Press. c) and d) are reproduced from ref. 
156 with permission from Royal Society of Chemistry, Copyright 
2021. e), f) and g) are reproduced from ref. 155 with permission from 
John Wiley and Sons, Copyright 2020. 
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In another example, the laboratories of Boctor and Pomper 
developed a TCA based on the poly(amidoamine) (PAMAM) 
dendrimer-scaffold and examined its effectiveness in prostate cancer 
models (Figure 13c).156 PAMAM dendrimers were selected because 
of their highly tunable nature that allows for multiple modalities to 
be accessed in one molecule. The authors designed several PSMA-
targeting dendrimers, with varying numbers of PSMA-targeting 
motifs, chromophore moieties, and capping agents. Through a 
variety of in vitro experiments, the dendrimer with the best targeting 
ability, conjugate IV, was identified. Conjugate IV consists of nine 
suberic acid-lysine-glutamate-urea targeting units, six Cy7.5 signaling 
units, and 52 butane-1,2-diol capping groups that rendered the 
remaining amines of the dendrimer inactive. Overall, this TCA was 
able to selectively accumulate in PSMA+ PC3 PIP better than PSMA- 
PC3 flu cells with a ratio of 6.2 ± 1.2. Conjugate IV was also able to 
accumulate in PSMA+ PC3 PIP tumors in vivo five hours after tail-vein 
injection. The PA intensities of the decomposed dendrimers peaked 
48-hour post-injection, but a strong signal persisted up to the 72-
hour time-point (Figure 13d).  

Finally, the laboratories of Mei and Cheng developed a SPN that can 
target elevated PSMA in prostate cancer (Figure 13e).155 The SPN that 
was employed could absorb light in the NIR-II window, and 
demonstrated impressive photostability. The design of the TCA 
known as BTII-DUPA SPN utilized a bis-isoindigo-based polymer (BTII) 
backbone, with its surface modified with glutamate urea targeting 
ligands (DUPA). In vivo experiments were performed by implanting 
LNCaP (PSMA+) and PC3 (PSMA-) cells on opposing flanks. Upon 
intravenous injection of their TCA, there was a statistically significant 
enhancement throughout the entire volume of the LNCaP tumor, 
while only a surface level enhancement was observed in the 
corresponding PC3 tumor, suggesting non-specific staining. The PA 
enhancement peaked six hours after injection in the LNCaP tumors 
with a 3.9-fold signal enhancement with respect to the background 
signal (Figure 13f). Researchers were also able to image up to a depth 
of 4.2 cm, which is relevant for potential clinical applications (Figure 
13g). Ex vivo analysis 72 hours after injection of their TCA 
demonstrated accumulation of BTII-DUPA SPN in the liver and 
spleen, and a 2.3-fold higher concentration in PSMA+ tumors than the 
PSMA- tumors. In addition, BTII-DUPA SPN was found to be 
biocompatible as there appeared to be no damage to organs nor did 
the animals lose weight after injection with the TCA, which is a 
general indicator of health.  

5. Activatable PA Probes 
In this section, we will highlight various design strategies that have 
been employed to develop activatable probes for PA imaging. An 
imaging agent that is activatable must be able to interact with its 
intended molecular target to afford an observable signal change that 
may come in the form of an increase (or decrease) in the PA intensity 
or a shift in the wavelength of maximum absorbance. One of the 
unique features of an activatable probe is that it does not have to 
rely on stochiometric binding interactions as is the case for many 
TCAs highlighted in section 4. Instead, it is possible to achieve signal 
amplification to detect very low abundance analytes since a single 
equivalent of an imaging target (e.g., enzyme) can in theory activate 
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many copies of a probe before it becomes ‘spent’. Another critical 
feature is the ability to target analytes that do not possess an 
appreciable lifetime or one where the binding interaction is 
transient. This is made possible by leveraging its chemical reactivity 
to induce a signal change (see ABS in section 3). The overall impact 
that ABS designs have had on the field of analyte sensing is the ability 
to visualize an expanded set of analytes. An activatable probe may 
be based on a small-molecule or nanoparticle design. Both have their 
merits and will be highlighted accordingly below. On this note, we 
will be describing activatable probes that exists for six classes of 
analytes including enzymes, metal ions, reactive oxygen and nitrogen 
species, thiols, gradients of the tumor microenvironment, and 
nucleic acids. For biomarkers that are not list above, we refer our 
readers to the following references.157-160 When appropriate, we 
highlight the responsive unit in red to emphasize this important 
design element.  

5.1 Enzymes 
A plethora of enzymes have evolved to ensure that biological 
reactions in our bodies occur within an appropriate time scale. 

Since they are fundamental to our health and survival, it is not 
surprising that the dysregulation of enzymatic activity is linked 
to many pathological states including cancer. In this section, we 
highlight various enzymes that undergo activity and/or 
expression changes during cancer progression, as well as the 
activatable probe designs that have been employed to visualize 
them via PA imaging.  

5.1.1 Alkaline Phosphatase 
Alkaline phosphatase (ALP) is a promiscuous membrane-bound 
enzyme capable of catalysing the removal of phosphate esters from 
a variety of molecular structures. Its name originates from the fact 
that the optimal pH is in the alkaline pH range. Although the activity 
of this enzyme is often used to assess liver function and bone health, 
irregular levels of ALP have also been linked to a variety of cancer 
types.161 For instance, ALP is found to be elevated in breast, prostate, 
and liver cancers, whereas lower levels have been observed in 
ovarian tumors. Despite its prevalence in the body, it has still been 
exploited as a potential biomarker to develop activatable probes for 
PA imaging if potential off-target reactivity can be avoided.162, 163  

Figure 14. a) Reaction of IR775-Phe-Phe-Tyr(H2PO3)-OH under ALP catalysis. b) PA images in the HeLa tumor-bearing mice before and at 
various time points after injection of the probe with or without pre-treatment using an ALP inhibitor. c) Reaction of DPP18 under ALP 
catalysis d) PA images in the breast cancer xenograft autophagy-induced model at various time points after injection of DPP18 or C-
DPP18 (an unreactive control probe). e) Reaction of 1-RGD under caspase-3 catalysis and GSH reduction. f) PA images of U87MG tumor 
(treated with saline or DOX) before and at various time points after injection of 1-RGD. g) 3D PA imaging of DOX-treated tumor at ten 
hours after injection of 1-RGD. h) Reaction of ESOR-PA01 under furin catalysis. g) PA images of LoVo tumor and MDA-MB-231 tumor 
before and one hour after injection of ESOR-PA01. a) and b) are reproduced from ref. 163 with permission from American Chemical 
Society, Copyright 2018. c) and d) are reproduced from ref. 166 with permission from Elsevier, Copyright 2017. e), f) and g) are 
reproduced from ref. 169 with permission from John Wiley and Sons, Copyright 2019. h) and i) are reproduced from ref. 172 with 
permission from American Chemical Society, Copyright 2013. 
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In one example, the laboratories of Cheng and Liang developed a 
cyanine-based activatable PA probe for ALP detection (Figure 14a).163 
This probe, IR775-Phe-Phe-Tyr(H2PO3)-OH, features a IR775 dye 
component appended to a Phe-Phe-Tyr(H2PO3)-OH unit through 
substitution of the meso-Cl group of the parent dye. The design is 
based on the premise that once ALP catalyses the dephosphorylation 
reaction, the dye product becomes more hydrophobic, enters the 
cell, and self-assembles into a nanostructure which yields a PA signal 
enhancement. To test this design, the authors incubated the probe 
with ALP for three hours in vitro. They observed quenching of 
fluorescence due to formation of a non-fluorescent self-assembled 
NP which was confirmed using transmission electron microscopy 
(TEM). Since fluorescence and PA are opposing properties, the loss 
of fluorescence resulted in a 6.4-fold increase in the PA intensity. 
Additionally, the authors treated HeLa tumor-bearing mice with the 
probe via direct tumor injection (Figure 14b). As a control, a second 
group of HeLa tumor-bearing mice were administered an ALP 
inhibitor (L-phenylalanine) prior to injection of the probe. The 
maximum PA signal of the experimental mice was 2.3-fold higher 
than those from the control condition. In addition, ex vivo analysis 
revealed that the PA signal of the tumor was approximately 4.05-fold 
higher with respect to other major organs. It is conceivable this 
design could translate to other triggers if the probe is more 
hydrophobic than the corresponding product.  

5.1.2 ATG4B 

Autophagy related 4B cysteine peptidase (ATG4B) is a cysteine 
protease involved in auto phagocytosis, which is a process that 
eliminates all unneeded contents within a cell via a lysosome-
dependent pathway.164 Damaged organelles and endogenous 
misfolded proteins are obliterated in this process, rendering it 
fundamental to maintaining cell homeostasis. ATG4B has been 
proposed to be used as a biomarker for autophagy efficiency. A 
dysregulation of ATG4B in breast, colorectal, and prostate cancers 
have all been reported suggesting the protease’s role in carcinoma-
related invasion and proliferation.165 Due to this, a number of 
inhibitors and molecular tools have been developed to detect and 
understand this biomarker’s role in cancer progression and 
treatment. 

For instance, Wang and co-workers developed a PA nanoprobe 
known as DPP18 which self-assembles in vivo in order to monitor 
autophagy by detecting ATG4B activity (Figure 14c).166 The authors 
sought to develop a chemical tool to improve the effectiveness of 
autophagy-induced chemotherapeutics and subsequently minimize 
cytotoxicity. Their probe consisted of a hydrophobic P18 dye as the 
PA signal generating motif, an ATG4B peptide substrate 
(GKGSFGFTG), and a poly(amidoamine) dendrimer which served as 
an agent to improve water solubility and probe biocompatibility. 
Once the protease cleaves the peptide, the P18 motif aggregates and 
results in a PA signal enhancement via formation of nanofibrous 
structures, along with an aggregation quenched fluorescence 
response. In its monomeric form, DPP18 generates a high fluorescent 
output, and a negligible PA signal. However, upon incubation with 
ATG4B for two hours, there is a dramatic 3.8-fold PA signal 
enhancement with a concomitant decrease in fluorescence at 735 
nm. When MCF-7 breast carcinoma cells were incubated with DPP18 
and then subjected to a PBS control or rapamycin to induce 
autophagy, the PA signal change resulting from the PBS treatment of 

cells was negligible, while a significant 3.7-fold PA enhancement was 
observed in the rapamycin- treated cells. To confirm the involvement 
of ATG4B, the authors performed crucial knockdown experiments 
and showed subsequent treatment with DPP18 does not yield the 
same PA signal enhancement as was previously observed for the 
unmodified cells. In vivo PA imaging was performed using MCF-7 
tumor-bearing BALB/c mice and P-Bec1 NPs (an autophagy inducer) 
were utilized to generate a breast cancer xenograft autophagy-
induced model system (Figure 14d). Upon intravenous 
administration of DPP18, a PA signal enhancement of 1.1-fold could 
be observed as early as 30 minutes. The intensity continued to 
increase in a time-dependent manner, reaching a signal maximum at 
six hours yielding a 3.1-fold increase. These impressive findings 
demonstrate the feasibility for DPP18 to be utilized as a real-time 
monitoring probe of autophagy in tumors.  

5.1.3 Caspase-3 
Caspases are a family of proteases that are known for their 
proapoptotic activity and play various role in tumor progression. For 
example, caspase-3, when it is present at elevated levels in 
cancerous tissue, triggers apoptosis and the release of growth and 
differentiation factors that result in the proliferation of neighboring 
cells. 167 Due to such an important role in cancer development, 
caspases like caspase-3, caspase-9 have been used as a biomarker for 
tumor detection.168 

An example of an activatable PA probe for caspase-3 was developed 
recently by Ye and co-workers (Figure 14e).169 The design of the 
probe, 1-RGD, was based on a caspase-3-initiated self-assembly 
design strategy. 1-RGD is composed of 2-cyano-6-hydroxyquinoline 
(CHQ) and a D-cysteine residue (D-cys) linked to a caspase-3 substrate 
(peptide with a DEVD sequence), a disulfide bond that can be cleaved 
by GSH, and ICG which serves as the NIR light absorbing dye. To make 
the probe selective for cancer cells, the authors introduced a 
targeting ligand for the ⍺vβ3 integrin receptor which is known to be 
overexpressed within carcinogenic tissue (see section 4.7). The 
activation mechanism requires the probe to interact with caspase-3 
and GSH which liberates the amino and thiol groups of D-cys. 
Subsequently, D-cys undergoes an intramolecular condensation 
reaction with CHQ to yield a rigidified and hydrophobic product, 1-
cycl. The PA signal increases due to aggregation-caused quenching of 
ICG after the product self-assembles into a nanostructure. In vitro 
evaluation revealed that almost full conversion of 1-RGD to 1-Cycl 
occurred within five hours. This could be monitored by observing a 
decrease in the fluorescence intensity (22-fold) since this is 
associated with the proposed cyclization and self-assembly 
sequence. Irradiation at 780 nm yielded a three-fold PA signal 
enhancement after five hours. To test their probe in vivo, the authors 
utilized nude mice bearing subcutaneous glioblastoma (U87MG) 
tumors which were intravenously treated with DOX or saline (Figure 
14f and 14g). As mentioned previously, DOX is a chemotherapeutic 
that triggers an increase in caspase-3 activity, while saline was used 
as a control. Upon intravenous injection of 1-RGD, the PA intensity 
increased and reached a maximum after 10 hours, yielding a 4.4-fold 
enhancement with respect to the saline-treated mice.  

5.1.4 Furin 
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Furin is classified as a proprotein convertase. Enzymes of this sort 
cleave dormant proteins into their biologically active form. Furin is a 
Ca2+-dependent protein that operates through hydrolysing peptides 
at specific sites. It is involved in a variety of processes such as 
embryonic maturation, production of growth factors, and 
pathological development.170 Specifically, irregular levels of furin 
have been observed to enhance the development and progression of 
colon, neck, brain, and skin carcinomas, to name a few.171 As such, it 
is of utmost importance to develop chemical tools capable of 
visualizing this protease’s activity in such malignancies. 

For instance, Gambhir and co-workers developed a furin activatable 
PA probe, ESOR-PA01, that works via a biorthogonal condensation to 
yield aggregates and nanostructures that can be detected by a PA 
signal enhancement (Figure 14h).172 The design of ESOR-PA01 
encompasses of a furin cleavable peptide, RVRR, appended to a 
disulfide protected cysteine and 2-cyano-6-aminobenzothiazole 
(CABT), and a NIR fluorescent dye, Atto740. Researchers also 
generated a control probe, ESOR-PA02, differing only in the peptide 
sequence (RRRV) which does not act as a furin substrate. Once inside 
the reducing environment of the cell, the disulfide is cleaved to 
expose the cysteine residue. Furin then engages with its substrate 
and releases the amino group of the cysteine. Next, a condensation 
reaction between the 1,2-amino thiol moiety and the 2-cyanogroup 
of CABT occur to form dimers, and subsequent oligomers. Finally, 
these oligomeric aggregates form NPs. The aggregation quenches 
the fluorescence of the Atto740 dye leading to an enhancement in 
the PA signal. A six-fold decline in the fluorescent output was 
observed after incubation of ESOR-PA01 under reducing conditions 
for three hours with furin present. TEM studies were conducted to 
confirm the formation of NPs post-furin cleavage. Next, in vitro 
experiments were performed in which the furin-overexpressing 
breast cancer MDA-MB-231 cells and low-furin colorectal cancer 
LoVo cells were incubated with ESOR-PA01. As a result, the MDA-MB-
231 cells elicited a 2.6-fold higher PA signal response of ESOR-PA01 
than in the LoVo cells. In addition, in vivo studies were conducted to 
demonstrate the efficacy of the probe in a living organism (Figure 
14i). A group of MDA-MB-231 tumor-bearing mice underwent tail-
vein injections of ESOR-PA01. All mice reported an average of 2.3-
fold PA signal increase 60 minutes after injection. A separate LoVo-
tumor bearing group of mice similarly underwent a tail-vein injection 
of the probe, and a minute increase in PA signal was reported. 
Impressively, the MDA-MB-231 tumor-bearing mice group elicited a 
7.1-fold higher PA signal than the LoVo tumor-bearing group, 
demonstrating its novel ability to monitor furin proteolytic activity.  

5.1.5 β-Galactosidase 
β-galactosidase (β-Gal) is a glycosidase that catalyses the metabolic 
breakdown of lactose to yield the monosaccharides galactose and 
glucose. This enzyme is often used as a marker of senescence since 
aging cells are characterized by an overexpression of β-Gal.173 
Additionally, its expression is elevated in ovarian tumors, as well as 
in breast cancer, colon cancer, and gliomas.174 A number of 
activatable probes have been developed to sense β-Gal activity in 
cancer using PA imaging.175-179 

In 2018, Pu and co-workers developed a macrotheranostic probe, 
CyGal-P, for sensing β-Gal activity by capping the phenolic alcohol of 
an hemicyanine dye (HD) with a galactose trigger (Figure 15a).176 

Prior to this work, HDs were used extensively for fluorescent probe 
development but its potential for PA imaging had yet to be unlocked. 
The specific dye that was selected in this study features a long PEG 
chain which was included to improve the biodistribution profile of 
the probe. The authors developed a matching control probe (CyGal), 
lacking the hydrophilic PEG group. Owing to the superior solubility of 
CyGal-P relative to CyGal, the turn-on response was 1.8-fold higher 
upon incubation with β-Gal in vitro. The corresponding in vivo studies 
yielded similar results. After establishing ovarian cancer tumors in 
nude mice using SKOV3 cells, the animals were administered either 
CyGal-P or the control. The PA signal increased in a time-dependent 
matter until the maximum response was reached after one hour 
(Figure 15b). The low water solubility of CyGal impeded its ability to 
accumulate in tumor cells, which compromised probe activation. 
Interestingly, CyGal-P was also utilized as a photothermal 
therapeutic agent that was used to treat tumors upon continuous 
irradiation with light. 

Around the same time, Wu and co-workers developed a series of 
activatable probes for PA imaging based on the HD, one of which was 
for β-Gal (Figure 15c).177 The major structural difference between 
this probe (C2X-OR2) and the one discussed above is the use of a 
benzoindolium acceptor to red shift the dye absorption. With C2X-
OR2 in-hand, the authors sought to investigate the ability of their 
probe to visualize ovarian tumors generated using the OVCAR3 cell 
line. After intratumoral injection, an increase in the fluorescent and 
PA signals were observed. Furthermore, the probe was employed to 
image a mimic of metastatic lesions (Figure 15d). A common site of 
metastasis for this cancer type is the abdominal cavity. As such, the 
authors injected ovarian cancer cells into this part of the body to 
mimic the spread of cancer. After several weeks, C2X-OR2 was 
injected intraperitoneally to successfully detect ovarian tumors via β-
Gal activity. After an additional six weeks, enhanced PA images were 
obtained, suggesting steady cancer proliferation over this period. 
Likewise, the probe also applied to detect metastases within the 
lymphatic system (Figure 15e). Specifically, SKOV3 cells were injected 
into the right hind footpad of BALB/c mice and C2X-OR2 was 
administered at various time. The PA imaging data showed a clear 
signal in both primary tumor and SLN after six weeks. Together, this 
shows the authors were able to map the entire metastatic route from 
primary tumor to SLN, suggesting C2X-OR2's potential in metastasis 
visualization.  

5.1.6 Granzyme B 

Granzyme B is a serine protease that is compartmentalized into 
granules within cytotoxic T lymphocytes (CTL) and natural killer 
cells (NTK). Both CTL and NK are a part of an immune response 
that functions by binding to virulent cells and exocytosing the 
contents of the granules into the malignant cell. The release of 
granzyme B assimilates a number of cell-killing pathways to 
yield a potent immune-system mediated cell death response.180 
Granzyme B is a key player in immune-system activation and has 
been proposed to be a promising target for monitoring cancer 
immunotherapy. 

The first granzyme B activatable PA probe was developed in the 
laboratories of Zhang, Pu, and Miao (Figure 15f). Researchers 
synthesized a dual-modal semiconducting polymer nanoprobe 
(SPNP) in which both the fluorescent and PA signal outputs are  
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Figure 15. a) Reaction of CyGal-P under β-Gal catalysis. b) PA images in the SKOV3-tumor bearing mice before and at various time points 
after injection of CyGal-P or CyGal. c) Reaction of C2X-OR2 under β-Gal catalysis. d) PA images of the abdominal cavity of the mice using 
C2X-OR2 at various time points after the injection of OVCAR3 cell. e) PA images of the right hind foot pad of the mice using C2X-OR2 at 
various time points after the injection of OVCAR3 cell. 1: Primary tumor; 2: Lymph vessel; 3: SLN. f) Schematic of SPNP. g) Ratiometric 
turn on (treated and untreated with BEC) of SPNP at various time after injecting into 4T1-tumor-bearing mice. h) PA images of 4T1 
tumours (treated and untreated with BEC) before and at various time points after injection of SPNP under 700 or 760 nm laser irradiation. 
i) Reaction of Rhodol-PA under hNQO1 catalysis. j) PA images of HT-29 and MDA-MB-231 tumors before and at various time points after 
intratumoral injection of Rhodol-PA. k) PA images of the HT-29 and MDA-MB-231 tumors before and at various time points after tail-
vein injection of Rhodol-PA. l) Schematic of the reaction of TCHM@HA under hyaluronidase catalysis. m) PA images of the bladder of 4T1 
cell injected mice and healthy mice (control) using TCHM@HA at various time points after the injection of 4T1 cell. 3: artery; 4: bladder. 
n) PA images of the paw of 4T1 cell injected mice (LN metastasis model) and healthy mice (control) using TCHM@HA at various time 
points after the injection of 4T1 cell. 1: tail bone; 2: paw. o) PA images of the popliteal position of 4T1 cell injected mice (LN metastasis 
model) and healthy mice (control) using TCHM@HA at various time points after 4T1 cell injection. 3: artery; 4: leg. p) 3D MIP MSOT image 
of the 4T1 cell injected mice (lymph-node metastasis model) and healthy mice (control) using TCHM@HA at various time points after 
4T1 cell injection. 1: primary tumor; 2: lymphatic vessel; 3: SLN model. For l), m), n) and 0), both PA images (up) and PA images merged 
with background are shown. a) and b) are reproduced from ref. 176 with permission from John Wiley and Sons, Copyright 2018. c), d) 
and e) are reproduced from ref. 177, which is an open-access article distributed under the Creative Commons Attribution 4.0 
International License, 2018 Springer Nature. f) and h) are reproduced from ref. 181 with permission from John Wiley and Sons, Copyright 
2021. i), j) and k) are reproduced from ref. 184, which is an open-access article distributed under the Creative Commons Attribution 
NonCommercial 3.0 Unported License, 2019 Royal Society of Chemistry. l), m), n), o) and p) are reproduced from ref. 186 with permission 
from John Wiley and Sons, Copyright 2019. 
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altered upon interaction with granzyme B in order to visualize 
activation of the immune system in response to immunotherapy in 
relation to cancer.181 The probe was comprised of an amphiphilic 
semiconducting  cyclopentyldithiophene (CPDT) derived polymer, 
appended to a granzyme B cleavable peptide conjugated to IR800 
dye and further decorated with PEG moieties, all denoted as SPP. SPP 
then self-assembles into SPNP having two distinct signal outputs, 
that of the semiconducting polymer (SP) and the IR800 dye. Once 
activated by the target, the granzyme B-specific peptide (IEFDSG) is 
cleaved and the IR800 dye is released. Indeed, in vitro studies 
revealed that SPNP possessed two absorption maxima at 700 nm and 
780 nm, representing that of the SP polymer and IR800, respectively. 
Once incubated with granzyme B, the PA signal of SPNP at 700 nm 
remained constant, while the PA signal at 760 nm decreased, 
suggesting the anticipated cleavage of the peptide had occurred. 
Incubation with the enzyme resulted in a ratiometric output 
(PA700/PA760) enhancement of 1.4-fold compared to that of prior 
to incubation. After confirming activation by granzyme B, the authors 
sought to investigate SPNP’s response in live cells. For this purpose, 
granzyme B-positive cytotoxic T cells (CD8+ T cells) and granzyme B- 
negative 4T1 breast cancer cells were used, treated with SPNP and 
incubated for four hours. CD8+ T cells that were dosed with the 
nanoprobe revealed a 1.6-fold enhancement in the fluorescent 
signal, from the SP component, relative to the signal from the 
nanoprobe incubated with 4T1 cells. As opposed to the supernatant, 
which yielded a 23.5-fold fluorescent signal increase of CD8+ T cells 
compared to the 4T1 cells. This dramatic increase suggests that 
granzyme B was able to aptly cleave the peptide of the nanoprobe. 
Finally, researchers explored the utility of SPNP to visualize granzyme 
B’s response to immunotherapy in vivo. 4T1 tumors were implanted 
into BALB/c mice, and S-(2-boronoethyl)-1-cysteine hydrochloride 
(BEC) was employed as an agent to evoke an immune response in 
recruiting CTLs. After BEC was intravenously injected into the mouse 
models, SPNP then followed. The PA700 signal increased reaching a 
maximum after 12 hours post-injection and the PA700/PA760 ratio 
reached 1.2-fold higher than that of untreated group at 36 hours post 
injection (Figure 15g and 15h). 

5.1.7 hNQO1  
Human NAD(P)H: quinone oxidoreductase isozyme 1 (hNQO1) is a 
multifunctional enzyme stationed within the cytosol. In normal cells, 
hNQO1 plays important roles in detoxification, metabolism, and 
protection from peroxidative damage.182 However, in cancerous cells 
it is proposed that the overexpression of this enzyme lessens the 
efficacy of chemotherapeutics by reducing their oxidative toxicity, 
ultimately assisting in chemoresistance. A number of cancers have 
been observed to have upregulated levels of hNQO1 such as 
colorectal, ovarian, and lung carcinomas,183 making it a promising 
biomarker for cancer detection.  

Wang, Jiang, and co-workers developed an hNQO1 activatable dual-
modal probe for PA and NIR fluorescence imaging by synthesizing a 
novel spirocyclic xanthene dye appended to a trimethyl locked 
quinone propionic acid trigger (Figure 15i).184 The design takes 
advantage of the equilibrium that exists between the unconjugated 
spirocyclic form and the conjugated red-shifted “open” 
conformation. This allowed researchers to develop a rhodol 
derivative via conjugating the rhodol backbone with a difluorophenol 

motif, denoted as Rhodol-NIR. The esterified dye (Rhodol-PA) adopts 
the closed spirocyclic conformation and upon activation by hNQO1, 
the phenol is uncapped, and conjugation of the dye is restored to 
yield Rhodol-NIR. Rhodol-PA emits a miniscule PA signal from 680 nm 
to 800 nm. However, after incubation with the enzyme, a 11-fold 
signal-to-noise ratio was obtained at 680 nm. Similarly, at 720 nm the 
probe yields negligible fluorescence, but exhibits a signal-to-noise 
ratio of approximately 59 after activation by hNQO1. After 
researchers were able to confirm the ability of their probe to 
visualize hNQO1 in living cells, they turned to investigating it in vivo. 
HT-29 human colon adenocarcinoma cells (with high hNQO1 levels), 
or MDA-MB-231 breast cancer cells (with low hNQO1 levels) were 
implanted in BALB/c mice to generate tumor xenografts. PA images 
were collected at several time points post intratumoral injection of 
Rhodol-PA (Figure 15j). Significant PA signals were observed in the 
HT-29 tumor-bearing mice after only 30 minutes and reached a 
maximum around three hours. As expected, MDA-MB-231 tumor-
bearing mice exhibited negligible PA signals throughout the duration 
of the experiment. The average PA signals of the HT-29 tumors to the 
MD-MB-231 tumors was eight-fold higher, signifying the ability of the 
hNQO1 probe to obtain PA images with high contrast. Further in vivo 
studies were conducted as researchers administered either Rhodol-
PA or PBS control through a tail-vein injection to both the HT-29 and 
MDA-MB-231 tumor-bearing mice (Figure 15k). Similar results were 
obtained as before.  

5.1.8 Hyaluronidase 

Hyaluronidase (HAase) is an enzyme that catalyses the 
depolymerization of hyaluronic acid (HA), which is a massive and 
composite glycosaminoglycan.185 HA increases the permeability of 
the cell membrane and thus, controls how penetrable tissues are. 
The overexpression of HAase in tumor cells increases the breakdown 
of HA into smaller components that allow for the cancer to 
metastasize. Elevated levels of HAase have been reported in cancers 
of the breast, prostate, and bladder. As such, it has become a 
promising cancer biomarker. 

The laboratories of Zeng and Wu developed an HAase activatable 
nanoprobe to visualize and detect tumors in breast cancer xenograft 
and orthotopic bladder cancer models along with visualizing LN 
metastases (Figure 15l).186 The nanoprobe consists of a 
tricyanofuran-containing heptamethine dye integrated with a 
quaternary ammonium moiety to yield a positively charged 
chromophore, denoted TCHM. HA was then revamped to integrate 
acetate groups into the polysaccharide component to alter the 
hydrophobicity property to ensure the generation of NPs. By 
exploiting the electrostatic and hydrophobic interactions between 
the positively charged TCHM chromophore and negatively charged 
HA trigger, the nanoprobe denoted as TCHM@HA was generated. 
Upon interaction with HAase, HA is degraded by the enzyme which 
changes the charge profile. This triggers dissociation of the NP, 
resulting in the release of the aggregated TCHM molecules which 
further disaggregates. The disaggregation event results in a PA signal 
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enhancement at approximately 882 nm which can be leveraged to 
image HAase activity. For instance, 4T1 cells were injected into the 
posterior of the mice to generate a xenograft tumor model (Figure 
15m). The nanoprobe was then injected intratumorally and a 
significant PA signal was observed, suggesting the ability of the 
nanoprobes to be activated in vivo by HAase. The authors obtained 
similar results in an orthotopic bladder tumor model (Figure 15n). To 
do so, T24 cells were injected into the bladder via catheter. 
Administration of the probe employed the same technique. An 
observable PA signal in the bladder was observed five days post-
cancer cell injection, suggesting the signal is indeed produced at 
HAase-enriched locations. Finally, visualization of cancer metastases 
to LNs was also successfully performed (Figure 15o and 15p).  

5.1.9 Matrix Metalloproteinases 
The ECM is an integral component of the tumor microenvironment 
(TME) that undergoes significant structural remodeling as a function 
of cancer progression. In this regard, the enzyme family of matrix 
metalloproteinases (MMPs) are responsible for the degradation of a 
variety of ECM proteins. This in turn releases biologically active 
components that can significantly alter a cell’s behavior. For 
instance, MMP-2 is recognized as a cancer biomarker due to its 
overexpression in various cancer types, including those of the colon, 
prostate, breast, and bladder. This has motivated the development 
of a variety of activatable PA probes for this enzyme.187-195  
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For instance, the laboratories of Ji, Shi, and Gao developed QC, a PA 
probe that is capable of quantitatively detecting and monitoring 
MMP-2 levels in vivo (Figure 16a).193 Their design encompasses an 
MMP-2 peptide sequence, GPLGVRGY, linked to a Cy5.5 dye and a 
Förster resonance energy transfer (FRET) quencher, QSY21. QC is an 
amphiphilic molecule that in aqueous solution self-assembles into 
NPs. Prior to activation, there is a large PA signal at 680 nm and a low 
PA signal at 730 nm. However, upon activation by MMP-2, the PA 
signal at 680 nm decreases, and the intensity at 730 nm remains 

unchanged. These properties allow for QC to be utilized as a 
ratiometric PA probe which is an important design feature since it 
can improve confidence in a given result. After demonstrating QC is 
non-cytotoxic, the authors showed probe activation via MMP-2 

activity in 4T1 breast cancer cells. Further, they employed a 3T3 
fibroblast cell line which served as the negative control owing to the 
low levels of MMP-2 present. The results translated well in vivo as 
the authors were able to successfully show that QC could detect 
different levels of MMP-2 as a f unction of tumor volume (Figure 
16b). 

In another example, Miki, Ohe, and coworkers also employed a self-
assembly strategy to develop activatable probes for MMP-2 (Figure 

16c).195 Their design is based on a photostable NIR naphthalocyanine 
scaffold which is conjugated to a PEG moiety through a MMP-2 
substrate sequence. Cleavage of the peptide results in a 
naphthalocyanine (MNc) product that is poorly soluble in aqueous 

Figure 16. a) Reaction of QC under MMP-2 catalysis. b) PA images of 4T1 tumors of different sizes after injection of QC or control probe 
under 680 nm or 730 nm laser irradiation. c) Reaction of AlNc-pep-PEG under MMP-2 catalysis. d) PA images (with and without merged 
background) of the HT-1080 fibrosarcoma tumor before and after injection of AlNc-pep-PEG or AlNc-PEG under 680 nm or 760 nm laser 
irradiation. e) Schematic of the synthesis and reaction of PEG-pep-Dox-AuNPs under MMP-2 catalysis. f) PA images (with and without 
merged US signal) in SCC-7 tumor-bearing mice before and at various time points after injection of EG-Dox-AuNPs or EG-pep-Dox-AuNPs. 
g) Reaction of AuNS-1 and AuNS-2 with MMP-9. h) 3D PA image in a breast cancer mouse model at 24 hours after injection of saline, control 
probe and MMP-9 probe. Yellow: skin and surface vasculature; red: aggregated nanoparticles; light blue dashed line: tumor boundary. i) 
Reaction of P-Dex under uPA catalysis. j) PA images of the MDA-MB-231 tumor (with or without pre-treatment of 4-CPG) or MCF-7 tumor 
before and at various time after injection of P-Dex or SP. a) and b) are reproduced from ref. 193 with permission from American Chemical 
Society, Copyright 2019. c) and d) are reproduced from ref. 195 with with permission from American Chemical Society, Copyright 2021. e) 
and f) are reproduced from ref. 191 with permission from Elsevier, Copyright 2019. g) and h) are reproduced from ref. 196, which is an 
open-access article distributed under the Creative Commons License, 2021 Elsevier. i) and j) are reproduced from ref. 199 with permission 
from John Wiley and Sons, Copyright 2020.   
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media and thus, spontaneously aggregates in solution. The resulting 
self-assembled particles exhibit an increase in the PA signal at 680 
nm and a decrease at 760 nm which allows for ratiometric imaging. 
It is noteworthy the authors developed two versions based on the 
incorporation of either silicon (SiNc-pep-PEG) or aluminum (AlNc-
pep-PEG). Due to the better performance of AlNc-pep-PEG in cellular 
studies (larger ratiometric response to MMP-2), the aluminum 
analog was evaluated further in vivo. In particular, the authors 
generated HT-1080 fibrosarcoma tumors and intravenously 
administered AlNc-pep-PEG or a non-activatable control probe AlNc-
PEG (Figure 16d). The PA intensity of the control did not change after 
one hour; however, the signal ratio for the probe increased by 2.5-
fold during the same time frame. This result demonstrates the ability 
of their probe to detect elevated MMP-2 activity in live subjects.  

Moreover, Chen, Nie, and coworkers developed a AuNP-based 
theranostic agent known as PEG-pep-Dox-AuNPs, which is equipped 
with therapeutic and imaging capabilities (Figure 16e).191 The design 
exploits the overexpression of MMP-2 in carcinogenic cells to 
generate an assembly of AuNPs. Two sets of AuNPs are each 
decorated with complementary DNA strands on the exterior of the 
NPs, along with DOX appended via a heat-responsive linker. 
Additionally, the AuNPs surface was modified with PEG moieties that 
incorporate an MMP-2 substrate via a peptide linker, allowing for 
both enhanced circulation half-life and specificity. Once the AuNPs 
encounter tissue overexpressing MMP-2, the PEG component is 
cleaved, exposing the complementary DNA strands that allows for 
rapid hybridization, aggregation, and a red shift in the absorption 
profile into the NIR. One group of squamous cell cancer carcinoma 
(SCC-7) tumor-bearing mice were injected with the activatable MMP-
2 probe, while another group was treated with control AuNPs (PEG-
Dox-AuNPs) lacking the MMP-2-responsive peptide (Figure 16f). The 
average PA intensity of the probe in tumors was 1.74-fold higher than 
for the control particle group. Interestingly, the increase in local-
temperature due to the photothermal effect releases DOX for more 
effective cancer killing. This design showcases the potential utility of 
DNA-hybridization-based strategies since other masking-responsive 
groups can be readily employed to block hybridization.  

Besides MMP-2, there is also a PA probe reported for MMP-9. 
Recently, Emelianov and coworkers have developed a gold 
nanosphere (AuNSs)-based MMP-9 probe using a DNA aptamer as 
the binding moiety (Figure 16g).196 Specifically, this MMP-9 probe is 
based on two kinds of DNA-modified 15 nm-sized AuNSs. The first 
AuNSs (AuNS-1) features a surface which was modified with a double 
stranded aptamer for MMP-9 and its partial complementary 
sequence (comp-1). For the second AuNSs, AuNS-2, it was modified 
with a single strand of DNA (comp-2) which was complementary to 
comp-1. In the absence of MMP-9, the MMP-9 aptamer would bind 
to comp-1, preventing the interaction between comp-1 and comp-2, 
hence maintaining the optical properties of both AuNS-1 and AuNS-
2. When MMP-9 is present, it can form a complex with the MMP-9 
aptamer, opening the binding site on comp-1 and allowing the 
binding between comp-1 and comp-2. This binding would lead to the 

aggregation of AuNS-1 and AuNS-2, resulting in plasmon coupling 
effect that results in a red-shifted absorption profile. With this 
design, the authors were able to achieve the MMP-9 specific 
response of this probe in vitro and tested its PA image ability in vivo 
using a xenograft breast cancer model. At 24 hours post-injection, 
the MMP-9 probe showed PA signal with spectrum that matched in 
vitro result, while minimal signal was observed for saline control and 
control sensor (AuNSs modified with random DNA sequence). 
Moreover, the distribution of this probe was further studied 
volumetrically using the TriTom system together with saline and 
control sensor, and the results agreed with previous study that only 
MMP-9 probe showed the aggerated AuNS signal in the tumor, 
demonstrating its potential in in vivo tumor detection. (Figure 16h) 

5.1.10 Urokinase-type Plasminogen Activator 
Urokinase-type plasminogen activator (uPA) is another serine 
protease produced by kidney cells. It is fundamental for a number of 
processes such as embryogenesis, tissue remodeling, and wound 
healing.197 As a protease, it also has pathological roles like degrading 
the EM which facilitates cancer metastasis. Carcinomas that have 
been observed to overexpress uPA include colorectal, gastric, and 
breast cancer.198 Oftentimes, upregulated levels of uPA indicate 
poorer patient prognosis, demonstrating its potential as a cancer 
biomarker.   

The laboratories of Miao and Pu developed a dual-modal 
fluorescence and photoacoustic probe that can detect malignant 
breast carcinoma via targeting uPA, due to its overexpression in 
invasive breast cancer (Figure 16i).199 The authors envisioned the 
probe to be highly specific and sensitive regarding uPA, and have 
suitable renal clearance. As such, the probe, denoted P-Dex, 
consisted of a dextran scaffold to facilitate renal-clearance, a 
hemicyanine dye (CyN3OH), a p-aminobenzyl alcohol self-immolative 
linker, and a uPA targeted peptide substrate (Cbz-Gly-Gly-Arg-OH). 
Throughout their studies, SP was utilized as a control probe, differing 
from P-Dex only by the absence of the dextran backbone. Prior to 
activation by uPA, P-Dex is essentially rendered non-fluorescent and 
not PA-active since the p-aminobenzyl alcohol cages the hydroxyl of 
the HD platform which significantly reduces its electron-donating 
capabilities. Once the uPA cleaves the peptide substrate, a 
spontaneous 1,6-elimination occurs, and a turn-on response is 
observed. Firstly, photophysical data was collected on both P-Dex 
and SP. Both probes had an absorption maximum at 610 nm, along 
with no PA or fluorescent signal output. However, upon incubation 
with uPA for only 20 minutes, both P-Dex and SP experienced a 
notable decrease at 610 nm concurrent with a signal increase at 695 
nm corresponding to the release of the free dye, allowing for 
ratiometric imaging to take place. P-Dex reached a 695/610 ratio 
maximum after only 20 minutes, indicating the complete conversion 
to the free hemicyanine platform. In addition, P-Dex had a 
noteworthy 2.1-fold PA signal enhancement compared to that of SP. 
When the authors assessed the metabolism of the probe via 
examination of the excreted urine from mice 24 hours after 
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intravenous injection of P-Dex or SP, they found P-Dex had a renal-
clearance efficiency of 70% while SP only had a 24% efficiency. The 
probes were then investigated in vivo in MDA-MB-231 and MCF-7 
tumor-bearing mice (Figure 16j). P-Dex was injected intravenously, 
and a maximum PA signal was observed just two hours after. This 
signal was substantially reduced when the mice were pre-treated 
with uPA inhibitor, 4-CPG, to block activation. SP yielded a much 
lower signal due to poor water solubility from the absence of the 
dextran component. No PA or fluorescent signals were observed in 
the MCF-7 tumors, highlighting the ability of P-Dex to distinguish 
between invasive and non-invasive breast cancers in vivo.  

5.2 Metal Ions  
Metal ions like copper (Cu) are indispensable to the survival of 
all living organisms.200 For instance, it serves as a co-factor in 
many enzymes (e.g., superoxide dismutase) that protect the 
body against oxidative stress. Additionally, the labile Cu pool, 
which is defined as Cu bound weakly to intracellular chelators 
such as GSH, has been shown to further function as a transient 
signaling molecule.201, 202 Owing to its general importance, the 
body has evolved a variety of tightly regulated mechanisms 
including the expression of importers, exporters, and chaperons 
to maintain Cu homeostasis. However, when these safeguards 
become dysregulated, Cu can impair cellular health and has 
been reported to be elevated in breast, gastrointestinal and 
lung cancers.203 Accordingly, the development of chemical tools 
that can detect and track aberrant levels of Cu with high 
resolution within the TME is critical to understanding its role in 
cancer progression. 

 
Figure 17. a) PA probes for Cu2+. b) Reaction of PACu-1 under Cu+-
mediated activation. c) PA images of the A549 tumor-bearing mice 
and healthy mice after injection of PACu-1. d) Quantification of 
photoacoustic turn-on from c). c) is reproduced from ref. 208 with 
permission from National Academy of Sciences, Copyright 2021. 

While our group developed the first PA imaging probes for Cu 
(APC-1204 and CRaB-OMe-APC205), other probes (RPS1,206 LET-
2207) have also been reported for Cu brain/plant imaging (Figure 
17a). Each of these examples target the +2-oxidation state 
which is less prevalent in tumors owing to the highly reducing 
intracellular environment found in cancer. As such, we 
developed PACu-1 which features a Cu+-responsive TPA-based 
trigger attached to an optimized aza-BODIPY dye (Figure 
17b).208 Upon binding of Cu+ to TPA, the probe undergoes an 

oxidative cleavage event which separates the chelator and dye 
moieties, restores the push-pull capabilities of the aza-BODIPY, 
and induces a red-shift in absorbance of 91 nm. This latter 
property is important since it allows for accurate ratiometric 
imaging of Cu+ by generating PA signals at the two wavelengths 
corresponding to the probe and dye product. Because the liver 
is a prevalent metastatic site for the cancer types mentioned 
above, we established an orthotopic model of liver metastasis 
using A549 cells to evaluate PACu-1. Prior to in vivo testing, we 
demonstrated that PACu-1 exhibits a robust turn-on in the 
presence of GSH up to 10 mM. This experiment is important 
since the liver and A549 cells are characterized by high levels of 
GSH.208 When compared to mice that received sham surgeries 
(1.06 ± 0.28), the PA fold turn-on was 2.31 ± 0.78 in tumor-
bearing mice (Figure 17c and 17d). Our findings demonstrate 
that it is possible to employ imaging probes to sense aberrant 
metal ions like Cu+ in tumors. 
 
It is worth noting that in addition to the aforementioned Cu 
probes, a number of groups have developed PA imaging agents 
for detection of Li+,209 K+,210, 211 Ca2+ 212-215 and Zn2+ 216, 217. 
Although these have yet to be applied to track metal ions in 
cancer models, we anticipate this will be an exciting avenue to 
pursue in future studies. 

5.3 Reactive Oxygen and Nitrogen Species 
Reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) are collectively known as RONS. In the context of cancer, 
this class of reactive molecules contribute to 
oxidative/nitrosative stress which is linked to cancer initiation, 
progression, and metastasis. In the following sections, we 
highlight activatable PA probes that have been developed to 
image these species in cancer models. 

5.3.1 Hydrogen peroxide 
As one of the most important ROS, hydrogen peroxide (H2O2) 
participates in cellular processes like hypoxic signal 
transduction, cell differentiation, and the immune response.218 
With regards to cancer development, H2O2 is associated with 
many cancer hallmarks related to processes like cell 
proliferation, apoptosis resistance, metastasis, and 
angiogenesis.219-222 Due to the high H2O2 production in tumor 
cells,218, 223 it has been explored as a popular biomarker for 
cancer diagnosis and therapy.224-232 In the PA imaging field, 
there are also many reports related to the H2O2 imaging in 
cancer, some notable examples are discussed below.233-243 
 
A popular design that has been used to generate a H2O2-specific 
response is to leverage the horseradish peroxidase (HPR)-
catalyzed H2O2 oxidation reaction of ABTS,244 which will 
generate ABTS•+ (Figure 18a). This product features a strong NIR 
absorption profile which can be utilized for PA imaging. This 
design approach was first applied in PA imaging by Liu and 
coworkers in their H2O2-responsive liposomal nanoprobe known 
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as Lipo@HPR&ABTS (Figure 18b).234 The use of a phospholipid-
based liposome as the carrier, Lipo@HPR&ABTS was 
synthesized by loading the ABTS into the liposomal membrane 
and encapsulating the HPR enzyme into the aqueous liposomal 
core. Due to the low polarity of H2O2 compared with H2O, H2O2 
can be transported into the liposomal core and induce the 
oxidation of ABTS under HPR catalysis, generating the PA signal 
in a highly selective and sensitive manner. To demonstrate the 
versatility of Lipo@HPR&ABTS, the authors employed it for 
inflammation detection, cancer imaging and photothermal 
therapy. In the cancer detection studies, Lipo@HPR&ABTS was 
first applied in detecting murine breast 4T1 tumors. The authors 
obtained a significantly higher PA signal in the tumor region 
compared with the control experiments where Lipo@HPR or 
Lipo@ABTS were applied (each control is missing one of the key 
components) (Figure 18c). Further, the sensitivity of 
Lipo@HPR&ABTS was tested by detecting tumors as small as ~2 
mm in diameter, suggesting its potential use in the early-stage 
cancer imaging (Figure 18d). Further experiments were 
performed in the orthotopic brain glioma and LN metastatic 
models. Results from both sets of experiments show 
Lipo@HPR&ABTS could be employed to image oxidative stress 
in cancerous tissue with high PA contrast based on the elevation 
of H2O2 (Figure 18e and 18f).  
 
In addition to the example above, another H2O2 probe based on 
HPR catalyzed oxidation of ABTS was reported by Zhang and 
coworkers (Figure 18g and 18h).236 Gd@HRPABTS employs the 
same H2O2-responsive mechanism featuring a protein-assisted 
biomimetic synthesis strategy. This rendered preparation of the 
probe easier and improved the biocompatibility of the resulting 
NP. The role of the HPR enzyme in Gd@HRPABTS was not only to 
catalyse the key oxidation reaction, but also as an incubator, 
stabilizer, and carrier during the synthesis. The authors found 
that Gd@HRPABTS was compatible for both PA and MR imaging, 
and its performance in vivo for oxidative stress detection in 
cancer was extensively studied in a following report from the 
same lab.242 
 
Notably, there has also been efforts to replace HRP with an 
artificial enzyme to achieve the H2O2 response necessary to 
yield a PA signal. One such example comes from the 
laboratories of Nie, Yan and Fan where the researchers 
developed an exosome-like nanozyme known as FA-
RM:GQDzyme/ABTS to image elevated H2O2 levels in 
nasopharyngeal carcinoma (NPC) (Figure 18i).239 The key 
component of this nanozyme design is GQDzyme, a graphene 
that is nano size which possesses intrinsic peroxidase-like 
activity. To construct this exosome-like structure, the authors 
first loaded GQDzyme with ABTS through a π−π interaction 
mechanism, forming the GQDzyme/ABTS NPs which was then 
encapsulated by folate acid conjugated natural erythrocyte 
membranes. The in vivo evaluation of FA-RM:GQDzyme/ABTS 
for NPC imaging was performed in CNE-2 tumor-bearing mice 
with RM-ABTS, RM-GQDzyme and RM:GQDzyme/ABTS as a 
control (Figure 18j). The results showed that minute signal 
appeared when RM-ABTS or RM-GQDzyme was employed. 

However, there was an enhancement in the PA signal for FA-
RM:GQDzyme/ABTS compared with RM:GQDzyme/ABTS, 
presumably due to the tumor-targeting effect from FA ligand 
(section 4.5). 
 
Similarly, Chen, Tian and coworkers discovered that MIL-100, a 
metal organic framework (MOF), also exhibited activity to 
oxidize ABTS in the presence of H2O2 (Figure 18k).245 Specifically, 
the authors noticed that MIL-100 had a 5.2-fold higher catalytic 
activity at pH 6.8 than that at pH 7.4, indicating the reactivity 
will be more pronounced in the acidic TME. Based on their 
discovery, the researchers designed a theranostic nanoreactor 
(AMP NRs) that would possess the PA signal turn on and the 
therapeutic effect in the H2O2 rich, acidic TME. The AMP NRs 
was synthesized by coating ABTS-preloaded MIL-100 with 
poly(vinylpyrrolidone) (PVP), and the feasibility of using AMP 
NRs in in vivo imaging was evaluated in 4T1 tumor-bearing mice 
(Figure 18l). The result showed that AMP NRs could image 
tumors at different stages of development, including sizes as 
small as 20 mm3. Moreover, the AMP NR's response towards 
H2O2 was validated by pre-treating tumors with DMTU (a H2O2 
scavenger) or FEITC (a H2O2 stimulator). The PA images showed 
attenuated signals in the DMTU group, whereas the strongest 
signal was in the FEITC treatment group. 

 
Figure 18. a) Reaction of ABTS under HPR-catalyzed H2O2 
oxidation. b) Schematic of the reaction of Lipo@HRP&ABTS with 
H2O2. c) PA images of the 4T1 tumors before and at various time 
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after injection of Lipo@ABTS, Lipo@HRP or Lipo@HRP&ABTS. 
d) PA images of the 4T1 tumors at different sizes before and at 
various time after injection of Lipo@HRP&ABTS. e) PA images 
of the orthotopic brain glioma tumors before and at various 
time after injection of Lipo@HRP&ABTS. f) PA images of SLNs 
with or without metastasis before and at various time points 
after injection of Lipo@HRP&ABTS. g) Schematic of the 
structure of Gd@HPRABST. h) Schematic of the synthesis of 
Gd@HPRABST. i) Schematic of FA-RM:GQDzyme/ABTS. j) PA 
images of the CNE-2 tumors before and at various time after 
injection of FA-RM:GQDzyme/ABTS, RM:GQDzyme/ABTS, RM-
GQDzyme or RM-ABTS. k) Schematic of the synthesis of AMP 
NRs. l) PA images of the 4T1 tumors (treated with DMTU or 
FEITC, untreated as control) before and at various time after 
injection of AMP NRs. b), c), d), e) and f) are reproduced from 
ref. 234 with permission from National Academy of Sciences, 
Copyright 2017. g) and h) are reproduced from ref. 236 with 
permission from American Chemical Society, Copyright 2018. i) 
and j) are reproduced from ref. 239 with permission from 
American Chemical Society, Copyright 2019. k) and l) are 
reproduced from ref. 245 with permission from John Wiley and 
Sons, Copyright 2019. 

5.3.2 Hypochlorite 
Another biologically relevant ROS is hypochlorite (ClO-) which 
plays a role in various types of cancer-related cellular 
processes246-248 and thus, has attracted attention from 
activatable probe developers.  

 
Figure 19. a) Schematic of the synthesis of SOA NPs. b) PA 
images of subcutaneous 4T1 xenograft tumors before and at 
various time points after the injection of SOA nanoprobe under 
680 nm or 780 nm laser irradiation. a) and b) are reproduced 
from ref. 249 with permission from American Chemical Society, 
Copyright 2017. 
 
For instance, Pu, Fan and coworkers have developed an 
activatable ClO--responsive probe for ratiometric PA imaging 
based on a degradable SPN scaffold (Figure 19a).249 Specifically, 
the authors designed an optically active semiconducting 
oligomer amphiphile (SOA) and incorporated phenothiazine, a 
ROS-oxidizable unit that can react with ClO- in a manner that 
leads to the degradation of the polymer. Due to its amphiphilic 

nature, SOA can self-assemble to form NPs, which can be used 
to encapsulate a ROS-inert dye (NIR775) for use as an internal 
standard. Once SOA has been degraded by ClO-, its PA signal 
becomes attenuated, whereas the PA signal of NIR775 remains 
the same, leading to a change in the signal ratio. After 
demonstrating the selectivity and in vitro reactivity of the SOA 
nanoprobe towards ClO-, in vivo ClO- imaging was performed in 
the subcutaneous 4T1 xenograft tumor model (Figure 19b). The 
PA signals (background subtracted) at 680 nm and 780 nm were 
recorded, demonstrating both PA signals increased over time, 
presumably due to the EPR effect of nanoprobe. However, PA680 

increased at a slower rate than that of PA780, leading to the 
increased PA780/PA680 ratio of 3.15±0.12. 

5.3.3 Nitric oxide 
Nitric oxide (NO) is a short-lived RNS that plays a vital role in 
neurological processes,250 inflammatory conditions,251 and 
tumor progression.252-254 In the context of cancer, it can either 
promote or inhibit tumor growth depending on its timing of 
production and local concentration.253 Therefore, methods 
capable of non-invasive NO detection is critical to delineating its 
dichotomous role in cancer biology. Until recently this was a 
profound challenge owing to the short biological lifetime 
(seconds)255 and low abundance (micromolar range) of NO in 
tumors. However, a number of activatable PA probes for NO 
have been developed.256-260 
 
Our initial foray into NO sensing exploited a nucleophilic N-
alkylaniline trigger, which reacts with NO (in the form of N2O3) 
to afford a N-nitrosated product.256 By installing this trigger 
onto an aza-BODIPY dye, we were able to detect NO in an LPS-
induced inflammation model (millimolar range261); however, 
this first-generation probe lacked sufficient sensitivity to 
visualize NO in tumors. We hypothesized we could improve the 
limit of detection by integrating this trigger onto a new aza-
BODIPY platform where two of the pendant phenyl moieties 
were exchanged for thiophene rings  to afford SR-APNO-3, a 
ratiometric probe that produce a higher PA690/PA790 ratio upon 
reacting with NO. (Figure 20a).258 This modification was 
introduced because thiophenes are smaller, resulting in a red-
shifted absorbance and enhanced extinction coefficient due to 
a more planarized structure and improved orbital overlap. 
Moreover, the sulfur atoms can quench fluorescence via the 
heavy atom effect which also favors a stronger PA signal. With 
this new probe, we successfully detected endogenous NO for 
the first time via PA imaging in a 4T1 breast cancer model. We 
confirmed these results in vivo by treating tumors with L-NMMA 
(potent NOS inhibitor) to attenuate NO biosynthesis. Relative to 
untreated tumors, we observed that the PA response decreased 
by 81% (Figure 20b and 20c). 
 
While SR-APNO-3 showed improved sensitivity, we were 
motivated to devise a complimentary strategy to detect NO in 
cancer. To this end, we developed APNO-1080, a NIR-II PA probe 
for NO, by employing a two-phase tuning approach.259 First, we 
identified a new aniline-based trigger by varying the electronics 
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of the substituent at the para position. Second, we installed the 
optimized trigger onto a panel of five NIR-II absorbing cyanine 
dyes (Figure 20d). The resulting probe absorbs maximally in a 
spectral region where interference from pigments such as 
hemoglobin and melanin are minimized which enables more 
incident light to reach the probe. To test its in vivo performance, 
we implanted A549 lung cancer cells into a deep-seated region 
of the liver in Nu/J mice. It is worth noting that the liver is rich 
in blood and therefore, is a challenging organ to study using PA 
imaging. Relative to control mice, we observed a 1.65-fold turn-
on response in tumor bearing animals, demonstrating the 
enhanced properties of APNO-1080 for deep-tissue NO imaging 
(Figure 20e and 20f). 
 

Figure 20. a) Reaction of SR-APNO-3 with NO via N2O3. b) 
Ratiometric PA turn-on of SR-APNO-3 in the 4T1 breast cancer 
model. c) PA imaging of the healthy tissue, 4T1 tumor and 4T1 
tumor (L-NMMA treated) after SR-APNO-3 injection. Blue color 
bar: 690nm; red color bar: 790nm. d) Reaction of APNO-1080 
with NO via N2O3. e) PA turn-on of APNO-1080 in the A549 lung 
cancer model. f) PA imaging of the healthy tissue and A549 
tumor after APNO-1080 injection. c) is reproduced from ref. 
258, which is an open-access article distributed under the 
Creative Commons Attribution NonCommercial 3.0 Unported 
License, 2019 Royal Society of Chemistry. f) is reproduced from 
ref. 259 with permission from American Chemical Society, 
Copyright 2020. 

5.3.4 Superoxide anion 
Superoxide anion (O2

•-) is known as the precursor of many other 
ROS and free radicals, and it can regulate processes like DNA 
methylation, histone methylation and histone acetylation.262, 263 
Due to the central role of O2

•- in the generation of other ROS, 
selective O2

•- imaging is of interest in understanding the role of 
ROS in cancer development.  
 
One report comes from Zhang and Xing where the authors have 
developed a BODIPY-based molecule, BDP-DOH, as an O2

•- 
activatable PA probe (Figure 21a).264  The key feature of BDP-
DOH is the ortho-phenolic hydroxyl group that can be selectively 
oxidized by O2

•-, which leads to the enhanced PA signal at 750 
nm and the attenuated PA signal at 680 nm. More importantly, 
the authors also demonstrated that the oxidized probe, BDP-DO, 
could be reduced back to BDP-DOH by GSH. They hypothesized 
that the redox cycle of BDP-DO could be utilized to monitor 
cellular redox homeostasis in cancer. After in vitro analyses 

which were employed to confirm BDP-DOH could be activated 
by O2

•- and then deactivated by GSH, the authors conducted in 
vivo experiments in EMT6 tumor-bearing mice using the BDP-
DOH/LP NP formulation, which was synthesized through self-
assembly of BDP-DOH and DSPE-PEG2000-COOH to improve 
biocompatibility and tumor accumulation (Figure 21b). To 
validate their hypothesis, saline, PMA (a stimulator for O2

•- 
generation) or PMA + LPA (a stimulator for the GSH generation) 
were injected intratumorally after the administration of BDP-
DO (Figure 21c and 21d). The results showed an obvious 
enhancement in the PA750/PA680 ratio in the PMA-treated mice 
and a decreased PA ratiometric turn on in the PMA + LPA group, 
indicating O2

•- could activate BDP-DO and GSH could attenuate 
this activation.  
 

Figure 21. a) Reaction of BDP-DOH with O2
•- and GSH. b) 

Schematic of the synthesis of BDP-DOH/LP. c) PA images of the 
EMT6 tumor (treated with saline, PMA, or PMA + LPA) after the 
injection of BDP-DOH/LP under 680 or 750 nm laser irradiation.  
d) PA intensities of the EMT6 tumor (treated with saline, PMA, 
or PMA + LPA) after the injection of BDP-DOH/LP under 680 or 
750 nm laser irradiation. b) and c) are reproduced from ref. 264 
with permission from American Chemical Society, Copyright 
2019.  

5.3.5 Peroxynitrite 
Peroxynitrite (ONOO-) is generated via a rapid reaction between 
O2

•- and NO. It is characterized by its strong oxidizing ability, 
high reactivity, and short biological lifetime. This molecule has 
been linked to DNA injury, mitochondrial dysfunction, and 
surfactant protein damage.265, 266 It has been reported that 
ONOO- can nitrate amino acid residues to modulate the 
function and structure of cancer-related proteins like p53, CD8 
and CCL2, and consequently attenuate tumor 
immunosuppression.267-269 With its unique role in tumor 
progression, activatable probes for this RONS can be beneficial 
in further deciphering these mechanisms in cancer.  
 
In this regard, Pu and coworkers have made considerable 
advances toward PA imaging of ONOO-. For example, the 
authors have developed OSN-B1, an organic semiconducting 
nanoprobe synthesized via nanoprecipitation of a ONOO- 

responsive dye (BBD) and triphenylborane (TPB) under PEG-b-
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PPG-b-PEG assistance (Figure 22a).270 It is noteworthy that 
while the phenylboronic acid pinacol ester trigger in BBD was 
known to react with both ONOO- and H2O2,235 the researchers 
managed to inhibit the H2O2 reactivity through a TPB-doping 
strategy. To be more specific, ~4-fold of TPB compared to BBD 
was added during the nanoprecipitation step which served as a 
shield to prevent the BBD from reacting with H2O2 since only 
ONOO- was strong enough to oxidize TPB and reach the BBD. 
With this ONOO- selectivity, the authors were able to detect 
ONOO- in subcutaneous 4T1 xenograft tumors (Figure 22b). 
During this experiment, one group of mice was pre-treated with 
N-acetyl cysteine (NAC) (a ROS scavenger) and the ratiometric 
PA turn on was calculated. The data showed that, while the 
NAC-treated group had limited ratiometric PA turn on over 24 
hours, the NAC untreated group had an obvious PA turn on that 
was 2.6-fold higher than the NAC treated group when it reached 
maximum at four hours post-injection. 
 
Beside OSN-B1, a small-molecule-based ONOO- probe 
(CySO3CF3) with fluorescence and PA dual imaging ability was 
also reported by the same group (Figure 22c).271 The design of 
CySO3CF3 leveraged the ONOO- selective oxidation of 
trifluoromethyl ketone and the following elimination reaction 
to uncage the HD, generating the fluorescence and PA signal. 
The in vivo imaging capacity of CySO3CF3 was validated in the 
subcutaneous 4T1 xenograft tumor model with the PA signal in 
the tumor region being 2.1-fold higher than the background 
(Figure 22d). 
 

 
Figure 22. a) Schematic of the synthesis of OSN-B1. b) PA images 
of subcutaneous 4T1 tumors (with or without NAC treatment) 
before and 4 hours after the injection of OSN-B1 under 680 nm 
or 750 nm laser irradiation. c) Reaction of CySO3CF3 with ONOO-

. d) PA images of subcutaneous 4T1 tumors before and at 
various time points after the injection of CySO3CF3. a) and b) are 
reproduced from ref. 270 with permission from John Wiley and 
Sons, Copyright 2016. d) is reproduced from ref. 271 with 
permission from American Chemical Society, Copyright 2018.  
 

5.4 Glutathione and Hydrogen Sulfide 

5.4.1 Glutathione  
GSH is a highly abundant tripeptide thiol found in the body. It is 
involved in many important cellular processes including 
antioxidation, immune modulation and detoxification.272 For 
instance, in the liver where levels are as high as 10 mM, an 
enzyme known as glutathione S-transferase (GST) can catalyze 
the addition of GSH to xenobiotic molecules including drugs to 
aid in their removal from the body. Notably, GSH is also found 
to be elevated in many cancer types and plays a complex role in 
cancer development. In particular, GSH can protect normal cells 
from oncogenesis; however, the elevated levels of GSH in 
cancer cells can also attenuate the effect of chemo- and 
radiotherapy.272-274 Therefore, developing GSH probes is of 
interest in understanding its role in cancer development and to 
facilitate the application of GSH-targeted cancer therapy. Due 
to the deep tissue penetration of PA imaging, many activatable 
PA probes have been developed as tools to study the in vivo 
behavior of GSH,275-286 and here we introduce some recent 
progress in this area. 
 
One recent example comes from Fan and coworkers where they 
have reported a GSH activatable PA probe with a ratiometric 
imaging readout (Figure 23a).287 Their reported probe (IR806-
PDA) is based on the IR806 cyanine dye and features a GSH-
responsive disulfide pyridine trigger. Prior to the reaction of 
GSH, the intact trigger is linked to the dye via the amino group 
which donates electron density into the conjugated π-system, 
leading to a blue shifted absorption profile. However, upon 
reaction with GSH, the disulfide trigger is cleaved to unmask a 
nucleophilic thiolate, which undergoes an intramolecular 
substitution of the amino group. The resulting thiol-link trigger 
is red shifted because the sulfur atom is less efficient at electron 
donation and thus, a change in the PA signal is accompanied by 
the reaction. Of note, IR806-PDA can also self-assemble to form 
homogenous NPs in aqueous solution due to its amphiphilic 
nature, which facilitates probe uptake and accumulation in 
tumors presumably via the EPR effect. The ratiometric change 
(PA820/PA620) of IR806-PDA in response to GSH was evaluated in 
vivo after in vitro studies demonstrated activation was 
mediated by GSH. The authors used a subcutaneous HeLa 
xenograft tumor model to show a 2.94-fold change in the 
ratiometric PA response (Figure 23b).  
In another study, Zhao, Zhang, and coworkers reported a GSH-
responsive polyaniline-based NP probe (Fe-Cu@PANI) 
containing an iron-copper co-doped structure (Figure 23c).288 
Utilizing the reductive nature of GSH, the Cu2+ in the Fe-
Cu@PANI probe can undergo a redox reaction to yield NPs with 
a size reduction and a red-shift of the absorbance maximum. To 
evaluate the PA imaging performance of Fe-Cu@PANI, the 
probe was injected into both the normal muscle tissue (bearing 
no tumor) and the xenograft 4T1 tumor side of the mice. An 
apparent PA signal developed on the tumor side after only 30 
min post-injection. On the other hand, there was only limited 
signal found in the normal muscle tissue (Figure 23d). This result 
was supported by another experiment, in which the intravenous 
injection of Fe-Cu@PANI showed a similar result with an 
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obvious signal change that plateaued after four hours post-
injection. Moreover, the in vivo response of Fe-Cu@PANI 
towards GSH was confirmed by the signal enhancement from 
pre-injection of GSH ethyl ester (this is a cell permeable version 
of GSH where the carboxylates are masked). 
 

Figure 23. a) Reaction of IR806-PDA with GSH. b) PA images of 
xenograft HeLa tumors before and at various time points after 
the injection of IR806-PDA under 680 nm or 820 nm laser 
irradiation. c) Schematic of the synthesis of Fe-Cu@PANI. d) PA 
images of normal muscle (left) and xenograft 4T1 tumor (right) 
before and at various time points after the injection of Fe-
Cu@PANI. e) Reaction of PACDx with GSH. f) PA images of the 
xenograft A549 tumor before and one hour after the injection 
of PACDx. g) Stratification based on PA fold turn-on after the 
injection of PACDx. h) PA images of the lung region after the 
injection of vehicle and PACDx in orthotopic lung cancer model. 
i) PA images of the liver after the injection of vehicle and PACDx 
in the liver metastasis model. a) and b) are reproduced from ref. 
287 with permission from John Wiley and Sons, Copyright 2018. 
c) and d) are reproduced from ref. 288, which is an open-access 
article distributed under the CC BY-NC License, 2021 AAAS. e), 
f), g), h) and i) are reproduced from ref. 289 with permission 
from Springer Nature, Copyright 2021. 
 
 
Finally, our group has developed a highly optimized PA imaging-
based companion diagnostic test (PACDx) to selectively detect 

elevated GSH in numerous lung cancer models (Figure 23e).289 
PACDx consists of two key elements, a dye to generate the PA 
signal upon irradiation and a trigger for the selective GSH 
response. The HD platform was chosen for this purpose because 
as others have shown above, it is a highly effective scaffold to 
construct activatable PA probes. Moreover, the lipophilic 

cationic character of the HD dye also favors the tumor uptake 
of the probe and can suppress cross-reactivity between the 
probe and GST. For the responsive-element, we chose the 
2,4-dinitrobenzenesulfonate trigger which has been used 
previously as the starting point for chemical tuning.290 The 
reason this was not used directly was because we noticed it 
was too reactive and unable to discriminate GSH in healthy 
cells from cancerous tissues. In this regard, we leveraged the 
principles of physical organic chemistry to establish the 
structure-reactivity relationship of the probe using Hammett 
plots. Through this strategy, we successfully developed a 
highly optimized trigger featuring an ortho-fluoro group and 
para-nitro substituent. The resulting probe (PACDx) showed 
a dose-dependent turn-on up to 31.6-fold under high GSH 
concentrations, while negligible activation was observed 
with physiological GSH levels in blood or healthy cells. To 
validate the selectivity of PACDx towards different GSH 
concentrations in vivo, we first intratumorally injected PACDx 
into nude mice bearing A549 tumors and observed a ~1.5-
fold turn-on relative to the control after one hour (Figure 23f). 
With this result, we further challenged PACDx by conducting 
a blind study, in which PACDx was used to discriminate mice 
bearing A549 tumors (high GSH level) and U87 tumors (low 
GSH level). Specifically, a group of mice were implanted with 
A549 or U87 cells, then their identities were concealed after 
they were tagged and randomized. After obtaining the 
diagnostic threshold using a group of healthy subjects, we 
successfully stratified these mice into the A549 tumor group 
or the U87 tumor group based on the intensity of the PA 
signal after the administration and imaging using PACDx 

(Figure 23g). The result showed that all our assignments were 
correct with six of seven mice being assigned with greater than 
95% confidence. Finally, we applied PACDx imaging in both 
orthotopic lung cancer and liver metastasis models, and more 
than three-fold PA turn-on response was observed in both 
models, supporting the broad utility of PACDx (Figure 23h and 
23i). 

5.4.2 Hydrogen Sulfide  
Hydrogen sulfide (H2S) is an endogenous gasotransmitter that 
plays a role in cellular processes like vasodilation, anti-
inflammation, and pro-angiogenesis.291, 292 Due to the 
overexpression of the H2S-producing enzymes (CSE, CBS and 
3MST) in many types of cancers, the H2S levels in the tumor cells 
is usually elevated and therefore it is recognized as a biomarker 
for cancer diagnosis and targeted therapy. However, like many 
other cancer biomarkers, the role of H2S in cancer progression 
is not fully studied293, 294 and developing chemical tools to 
visualize H2S concentrations in vivo would be important toward  
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Figure 24. a) Reaction of Au@Cu2O with H2S. b) PA images of 
the HCT tumors before and at various time points after the 
injection of PBS, Au@Cu2O, Au@Cu2O + AOAA, or Au@Cu2O + 
SAM. c) Schematic of the synthesis and reaction of MoO3 NPs. 
d) PA images of HCT116 tumors before and at various time 
points after the injection of PBS, MoO3 or SAM + MoO3 in the 
NIR-I window. e) PA images of HCT116 tumors before and at 
various time points after the injection of PBS, MoO3 or SAM + 
MoO3 in the NIR-II window. a) and b) are reproduced from ref. 
299 with permission from John Wiley and Sons, Copyright 2019. 
c), d) and e) are reproduced from ref. 303 with permission from 
American Chemical Society, Copyright 2021. 
 
this end. In this regard, various H2S activatable PA probes have 
been developed.295-303 
 
For instance, Yang, Tian and coworkers have published a H2S 
activatable probe (Au@Cu2O) based on a metal-semiconductor 
hybrid structure with integrated photothermal therapy 
capabilities (Figure 24a).299 Compared to the previously 
published Cu2O-based probe from the same group,304 Au@Cu2O 
possesses a better PA contrast and improved photothermal 
conversion efficiency due to the LSPR coupling effect between 
Au and Cu9S8, which is generated from Cu2O upon reaction with 
H2S. To demonstrate the ability of Au@Cu2O in detecting 
aberrant H2S levels in tumors, HCT tumor-bearing mice were 
intratumorally injected with PBS, Au@Cu2O, Au@Cu2O + AOAA 
(an endogenous H2S inhibitor), or Au@Cu2O + SAM (an 

endogenous H2S promoter). While little signal appeared in the 
PBS or Au@Cu2O + AOAA injection groups, an obvious signal 
was observed in the Au@Cu2O group, and an even stronger 
signal in the Au@Cu2O + SAM group (Figure 24b). 
 
Another recent example is reported by Zhao and Zhang, where 
the researchers have developed water soluble MoO3 NPs as an 
activatable NIR-II PA probe for H2S detection and for 
photothermal therapy (Figure 24c).303 The MoO3 NPs were 
prepared by ultrasonication and oxidation of Mo2C. Initially, 
there was no light absorption in the NIR region, however a 
broad absorption band ranging from 400 nm to 1350 nm was 
observed after its reaction with sodium sulfide. This significant 
change in the absorption was proposed to be due to the redox 
reaction between H2S and the MoO3 NPs, which generated 
Mo(V) and formed the highly stable polyoxometalate (POM) 
cluster. Due to the wide absorption of the activated MoO3 NPs, 
its H2S imaging performance was evaluated in both the NIR-I 
and NIR-II regions using HCT116 tumor-bearing mice (Figure 
24d and 24e). Specifically, PBS, MoO3, or MoO3 + SAM were 
injected separately into the mice, and their PA signals were 
recorded at both 760 nm (NIR-I) and 1080 nm (NIR-II) 
wavelengths. For both the NIR-I and NIR-II imaging windows, 
the PA signal increased in the MoO3 and MoO3 + SAM groups, 
with a significantly more intense signal enhancement in the 
latter group, demonstrating MoO3 NPs' in vivo response 
towards H2S. More importantly, this result also showed that 
changing the imaging window from the NIR-I to NIR-II region 
could significantly reduce the background signal, which 
highlights the advantage of developing NIR-II PA probes. 
 

5.5 Gradients of the TME 
As mentioned previously, the TME is defined as the complex 
surrounding in which a tumor resides. Several of the most 
fascinating features of the TME that imaging scientists, cancer 
biologists, and drug developers are interested in sensing is the 
extent of oxygenation deficiency (also known as hypoxia) and 
the local pH of cancer tissue. Owing to the heterogeneous 
nature of the TME and the unpredictable nature in which blood 
vessels form when a tumor grows, natural gradients are 
established. For instance, the oxygen content decreases in 
cancer cells that are further away from blood vessels since the 
diffusion of oxygen is limited by distance. Similarly, the pH also 
decreases in regions far removed from blood flow, resulting in 
a condition known as acidosis.  

5.5.1 Tumor Hypoxia  
Tissue hypoxia occurs when the demand for oxygen outweighs 
the available supply. Although this condition is associated with 
a variety of pathological states including coronary and 
peripheral artery disease,305 alcoholic liver injury,306 and 
gastrointestinal inflammatory conditions,307, 308 to name a few, 
it is a hallmark of many solid tumors owing to two critical 
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factors. First, the diffusion of oxygen from blood vessels to distal 
cancer cells limits the amount of oxygen accessible to these 
regions. Second, cancer cells grow at a rapid pace and thus, 
have a high metabolic demand that consumes copious levels of 
oxygen. Several design strategies have been employed to 
develop PA probes to visualize tumor hypoxia.179, 205, 309-323 
 
One approach, introduced by our group in 2017, is based on the 
cytochrome P450 enzyme (CYP)-mediated bio-reduction of a 
new N-oxide-based trigger (Figure 25a) which we installed onto 
an aza-BODIPY dye platform to yield HyP-1.309 One of the 
advantages of this design is that CYPs are ubiquitously found 
throughout the body,324-326 since overexpression is not 
necessary it is possible to use HyP-1 to detect both acute and 
chronic hypoxia. Beyond this first-generation probe, we also 
developed other congeners including rHyP-1 which features 
improved photophysical properties such as a red-shifted 
absorbance profile to facilitate ratiometric imaging.311 Using 
rHyP-1, we were able to reveal the extent and location of 
hypoxic domains in 4T1 breast tumors via 3D reconstruction 
(Figure 25b).  
 
Besides N-oxide, azo compounds can also be reduced under 
hypoxic conditions by P450 enzymes.327 Based on this reactivity, 
Zeng, Wu, and coworkers have developed an activatable 
hypoxia-responsive probe (NR-azo) featuring an azo linkage 
used to append a drug (Figure 25c).317 Upon conversion of the 
azo group into the amine under hypoxia, a red shift in the PA 
signal resulted due to the formation of the activated product 
(NR-NH2). Notably, the reduction of the azo linkage would also 
lead to the release of the masked nitrogen mustard (an anti-
cancer drug). To assess the PA imaging performance of NR-azo 
for the detection of tumor hypoxia, NR-azo, NR-CLB (an inactive 
control probe) and a vehicle control (PBS buffer), were injected 
intratumorally into tumor-bearing mice while healthy mice 
were also used as controls (Figure 25d). The result showed that 
a strong PA signal was only evident in the tumor-bearing mice 
treated with NR-azo. Moreover, to enhance the tumor 
accumulation of NR-azo through the EPR effect, NR-azo was 
encapsulated into liposomes using a phospholipid formulation. 
The resulting Lipo-NR-azo agent was injected intravenously into 
tumor-bearing mice (Figure 25e). A PA signal was apparent in 
the tumor region at one-hour post-injection indicating 
successful delivery. Further, the intensity reached its peak after 
6 hours. Taken together, these results show the potential of this 
probe to detect hypoxia in tumors.  
 
The final strategy involves leveraging the ability of 
nitroreductases (NTRs) which are enzymes elevated in chronic 
hypoxic tissues to reduce aryl nitro groups to the corresponding 
hydroxyl amine or amino products.328 For instance, Cai and 
coworkers developed IR1048-MZ by substituting the meso-
chloro group of IR-1048 with a nitro imidazole trigger (Figure 
25f).312 NTR-mediated reduction of the nitro moiety induces an 
increase in absorbance at 980 nm resulting in an enhancement 
of the PA signal. The authors were able to successfully employ 
IR1048-MZ in A549 lung cancer xenografts to perform 3D PA 

imaging of hypoxia (Figure 25g). Recently, in proof-of-concept 
studies, our group developed PA-HD-NTR which features a 4-
nitrobenzyl trigger appended to a dye platform optimized for PA 
imaging through a cleavable self-immolative linker (Figure 
25h).329 When PA-HD-NTR was applied in vivo to detect hypoxia 
in 4T1 tumors, we observed a 1.4-fold turn-on relative to the 
non-cancerous tissue where the signal change was negligible. It 
is noteworthy that one limitation of NTR-based probes is that 
they are prone to potential off-target activation by bacterial 
NTR, which are oxygen-independent, to give false positive 
results.330-332  

 
Figure 25. a) Reaction of HyP-1/rHyP-1 via CYP activity under hypoxic 
conditions. b) 3D PA imaging of 4T1 tumor using rHyP-1 to reveal 
hypoxic domains in green. c) Reaction of NR-azo via CYP activity 
under hypoxic conditions. d) PA images of tumor bearing mice and 
heathy mice at 0.5 hour after intratumoral injection of PBS, NR-CLB 
or NR-azo. e) PA images of tumor bearing mice before and at various 
time points after injection of Lipo-NR-azo. f) Reaction of IR1048-MZ 
via NTR activity under hypoxic conditions. g) PA images in A549 
tumor-bearing BALB/c nude mice before and at various time points 
after injection of IR1048-MZ. h) Reaction of PA-HD-NTR via NTR 
activity under hypoxic conditions. b) is reproduced from ref. 311 with 
permission from American Chemical Society, Copyright 2018. d) and 
e) are reproduced from ref. 317, which is an open-access article 
distributed under the Creative Commons Attribution (CC BY-NC) 
License, 2019 Ivyspring International Publisher. g) is reproduced from 
ref. 329 with permission from John Wiley and Sons, Copyright 2021. 

5.5.2 Tumor pH  
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The dysregulation of pH in the TME is a known hallmark of 
cancer333 which contributes to poor vascular perfusion, regional 
hypoxia and an increased flux of carbon building blocks through 
fermentative glycolysis of tumor cells.334 It is noteworthy that 
this is different from normal cells in which the intracellular pH 
(~7.2) is lower than the extracellular pH (~7.4). On the other 
hand, cancer cells exhibit the opposite pH gradient where the 
extracellular pH (~6.7-7.1) is lower than the intracellular pH 
(≥7.4).335-338 This unique pH gradient can promote proliferation, 
the evasion of apoptosis, metabolic adaptation, migration, and 
invasion of cancer cells.333 Due to its central role in cancer 
development, the tumor pH is an important biomarker in cancer 
that has been exploited for targeted drug delivery and 
imaging,339-341 as well as the development of many activatable 
PA probes.342-371 Here we highlight some recent examples.  
 
In one example, Liu, Sessler and coworkers have successfully 
developed an expanded porphyrin-based probe, octaphyrin, for 
in vivo imaging of tumor pH.366 Under acidic conditions, 
octaphyrin can undergo a series of proton transfer electron 
transfer (PTET) or concerted proton electron transfer (CPET) 
processes, generating molecules that possess longer absorption 
wavelengths, up to 1200 nm (which is within the NIR-II region) 
(Figure 26a). This is an important property for PA imaging as 
shown in previous examples, since operating in this window 
allows for visualization of deeper tissue. After encapsulating 
octaphyrin using DSPE-PEG2000, the PA imaging performance of 
the resulting probe (OctaNPs) was assessed in a HepG2 tumor 
model. Notably, the authors demonstrated that while tumor pH 
might not be low enough to induce the PCET process, their 
probe could also leverage the reducing nature of tumor tissue 
to facilitate probe activation. In this in vivo experiment, the 
authors observed a statistically significant PA signal in the tumor 
region within only one minute. On the contrary, there was 
negligible signal change in healthy tissue. When comparing the 
overall PA signal intensity between the tumor and healthy 
tissue, the authors found a difference of ~47-fold which 
demonstrates the utility of OctaNPs as a reliable PA probe for 
tumor pH determination (Figure 26b). 
 
In another report, Lin and coworkers developed a pH-
responsive probe (LET-5) based on a croconium dye platform 
which features a 1,2-dicarbonyl motif (Figure 26c).367 The 
chemical structure of LET-5 contains two key elements. The first 
component is an amphiphilic Croc-PEG5K molecule where the 
Croc dye is the pH-sensing moiety capable of generating a PA 
signal change under acidic conditions, and a PEG5K chain to 
render the molecule hydrophilic. The second part is a red blood 
cell membrane (RBCm)-based vesicle, which was introduced to 
improve the tumor accumulation of Croc-PEG5K by enhancing 
its stability and prolonging blood circulation. Finally, these two 
elements were combined through hydrophobic interactions 
between Croc and the RBCm vesicles. The in vivo evaluation of 
LET-5 was conducted in 4T1 tumor-bearing mice. First, the 
authors injected Croc-5K and LET-5 to perform PA imaging 
which allowed a direct comparison of the signal intensities 
within the tumor region. An apparent PA signal was observed 

for the LET-5-treated tumors which was absent in the Croc-5K-
treated tumors. This result demonstrates the successful 
targeting ability of the RBCm vesicle (Figure 26d). However, to 
confirm the signal change was due to pH-mediated probe 
activation, the authors pre-treated tumors with saline (control), 
citrate buffer (pH = 5.0), and a solution of NaHCO3 (pH = 9.0) 
prior to LET-5 administration. Compared to the saline and 
alkaline groups, the PA intensity was strongest for the citrate 
buffer group, providing compelling evidence that LET-5 was 
sensing tumor pH (Figure 26e). 

Figure 26. a) Reaction of octaphyrin under acidic conditions. b) 
PA/US B-scan image of BALB/c nude mice and HepG2-tumor 
bearing mice before and at various time points after injection of 
OctaNPs.  c) Schematic of the synthesis of LET-5. d) PA images 
in 4T1 tumor-bearing mice before and at various time points 
after injection of Croc-PEG5K or LET-5. e) PA images of 4T1 
tumor before and after injection of LET-5 with pre-treatment 
using saline, citrate buffer or a solution of NaHCO3. f) Reaction 
of CypHRGD-C under acidic conditions. g) PA images in A549 
tumor-bearing mice before and at various time points after 
injection of CypHRGD-C. a) and b) are reproduced from ref. 366, 
which is an open-access article distributed under the Creative 
Commons Attribution (CC BY-NC) License, 2019 Ivyspring 
International Publisher. c), d) and e) are reproduced from ref. 
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367 with permission from Elsevier, Copyright 2021. g) is 
reproduced from ref. 370 with permission from American 
Chemical Society, Copyright 2021. 
 
A final notable example comes from Miki, Ohe, and coworkers, 
where the authors reported a pH activatable probe (CypHRGD-
C) with PA and fluorescence dual-imaging abilities.370 This probe 
exploits an ICG-based pH-sensing platform previously published 
by the same group.372 In this design, the cyclization event that 
results from the mercapto group attacking the central carbon 
leads to disruption of π-conjugation which attenuates the PA 
and fluorescent signals. Under acidic conditions, the reversible 
ring-opening process is driven by the protonation of sulfur atom 
which restores conjugation resulting in a turn on response in 
both modes (Figure 26f). Additionally, to modify this platform 
for in vivo tumor imaging, a sulfonate chain was introduced to 
increase water solubility, the methyl group was replaced by a 
bulky phenyl group to prevent aggregation, and a cRGD peptide 
was introduced for enhanced tumor recognition (see section 
5.7). Together, these modifications led to an optimized probe 
which was tested in the A549 tumor-bearing mice for its tumor 
pH sensing capabilities. A clear PA signal appeared within the 
tumor region within three hours and this intensity reached the 
maximum after nine hours (Figure 26g).  

5.6 Nucleic Acids  
Tumor related nucleic acids (DNA, mRNA, miRNA) plays an 
important role in tumor progression and they are upregulated 
in many types of tumors373-376. Therefore, tumor related nucleic 
acids have become a useful cancer biomarker for activatable PA 
probe development.  
 
One example comes from Tang, Li, and coworkers where the 
authors reported a TK1 mRNA targeting PA/FL dual-modal 
imaging probe based on the carboxylated graphene oxide (GO) 
scaffold.377 Specifically, the synthesis of this GO probe starts 
with the covalent conjugation of the amino-modified DNA onto 
the GO, then the Cy5.5 dye conjugated recognition sequence, 
which could bind with TK1 mRNA, was hybridized with the DNA 
on the GO. The hybridization of surface DNA and recognition 
DNA would bring the Cy5.5 dye close to the GO surface, which 
led to quenching of fluorescence signal and enhancement of the 
PA signal (Figure 27a). When TK1 was present, the recognition 
DNA would separate from the GO surface due to the stronger 
binding with TK1 than the surface DNA, which would result in 
an increase in the fluorescent signal and reduction of the PA 
signal from Cy5.5. The TK1 mRNA detection capacity of the GO 
probe was first evaluated in live cells using confocal microscopy. 
The TK1 mRNA overexpression in MCF-7 and HepG2 cells were 
selected as model cell lines, and MCF-10A cells together with 
HL-7702 cells were chosen as control as the expression of TK1 
mRNA is negligible. The results from the imaging studies 
showed a clear fluorescent turn-on response in the MCF-7 and 
HepG2 cells, providing in cellulo evidence that TK1 mRNA 
detection is possible with the GO probe (Figure 27b). Further, in 
vivo TK1 mRNA detection by this GO nanoprobe was performed 

in subcutaneous xenograft mouse models with MCF-7 and 
HepG2 cells. In both models a clear turn-off of the PA signal was 
observed compared to the control probe due to the TK1 mRNA 
expression in these tumors. Of note, in vivo fluorescence 
imaging in the same model was not achieved due to limited 
penetration depth, demonstrating the value of PA imaging 
(Figure 27c). 
 

Figure 27. a) Schematic of GO probe. b) Confocal microscopy 
images of MCF-10A, HL-7702, MCF-7 and HepG2 after 
treatment of GO probe. c) PA images of tumors with MCF-7 or 
HepG2 cells after injection of control probe and GO probe. d) 
Schematic of the synthesis of DMSN-DP@CM. e) Schematic of 
how DNA-PA probe detect miRNA-21 and how fuel DNA amplify 
signal. f) PA image in BALB/c mice with subcutaneous tumor 
before and at various time points after injection of DMSN-
DP@CM. a), b) and c) are reproduced from ref. 377 with 
permission from Royal Society of Chemistry, Copyright 2018. d), 
e) and f) are reproduced from ref. 378 with permission from 
John Wiley and Sons, Copyright 2019. 
 
Besides mRNA, miRNA also attracted significant interest 375. For 
instance, Zhang and co-workers have developed a miRNA-21 
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ratiometric PA probe (DMSN-DP@CM) based on MCF-7 cancer 
cell membrane-encapsulated dendritic mesoporous silica 
nanoparticles (DMSN) (Figure 27d).378 The miRNA activation of 
DMSN-DP@CM was achieved by two key components on the 
DMSN surface. The first is the DNA-PA probe, which consisted 
of three types of DNA strands. The first DNA strand is 
conjugated to IRDye 800CW (F strand) or IRDye QC-1 as 
quencher (Q strand), and the final type of strand served as the 
linker (linker strand) to connect the previous two strands 
together and induce contact-mediated quenching. Of note, this 
linker strand could also be recognized by miRNA-21 which can 
lead to the separation of the F and Q strands. Separation of 
these components result in an increase of the PA780/PA725 ratio. 
The other component was the DNA fuel strands, which was 
designed to be released by GSH. The DNA fuel strand could 
displace the miRNA-21 on the linker strand through a toe-hole 
strand displacement reaction,379 the released miRNA-21 could 
further react with other linker strands and therefore, a strong 
PA signal could be achieved with a low concentration of miRNA-
21 (Figure 27e). The in vivo PA imaging by DMSN-DP@CM was 
conducted in BALB/c mice with subcutaneous tumors. The 
result showed an increase in the PA780/PA725 ratio which 
reached the maximum intensity six hours post-injection (Figure 
27f). To further investigate the origin of the PA signal, PBS buffer 
(control), DMSN-Linker/F/Q@CM (lacking the DNA fuel strand), 
DMSN-DP@CM and DMSN-DP@CM+miRNA-21 were injected 
separately. The PA780/PA725 ratio of DMSN-Linker/F/Q@CM was 
lower than that of DMSN-DP@CM, suggesting the PA signal 
amplification ability of the DNA fuel strands. Moreover, the 
miRNA-21 imaging ability was further validated by an increase 
of the PA780/PA725 ratio when miRNA-21 was co-injected with 
DMSN-DP@CM into the tumor. 
 
6. Conclusion and Future Outlook 

In this tutorial review, we have provided a simple to use, step-by-
step guide that aims to assist developers select an appropriate 
cancer biomarker. We also outline important design criteria to 
consider when developing an imaging agent for PA applications. As 
demonstrated by the vast number of innovative design strategies, it 
is evident that PA imaging is one of the most vibrant and exciting 
fields to have recently emerged. The ability to sense a molecular 
event within a native in vivo context while achieving exquisite spatial 
resolution is no longer confined to the imaging of cell cultures, thin 
tissue slices, or shallow regions of the body. Indeed, extending the 
detection of a cancer biomarker or the visualization of a cancer-
related process into deep tissue has profound implications for 
fundamental scientific research. Particularly, PA imaging agents are 
primed to serve as powerful chemical biology tools to help uncover 
the complex and often confounding mechanistic underpinnings of 
tumorigenesis, cancer progression, and metastasis using live animal 
models. Likewise, many of the examples discussed above have 
shown tremendous potential in a preclinical setting for the early 
diagnosis of cancer, treatment monitoring, and image-guided 
surgery. To translate these impressive results into human patients, it 
will be critical for developers to exploit existing design strategies or 

consider new approaches that focus on increasing the PA signal 
output to reduce the overall dosing requirement which can greatly 
improve safety. Likewise, as can be seen in the various examples 
highlighted throughout this review, more efficient cancer targeting 
and a greater turn-on response after biomarker engagement yields 
more reliable data. However, many PA-active photoabsorbers found 
within the body (e.g., hemoglobin and lipids) can lower imaging 
agent performance, both in regard to high background or 
attenuation of incident light which restricts the penetration depth. 
An emerging area within PA imaging that is primed to address these 
limitations is the shift of the wavelength of maximum absorbance 
into the NIR-II regime where there is less interference from the 
aforementioned endogenous pigments. We anticipate these 
advances will have a significant impact on both the small-molecule 
and nanoparticle imaging moiety fronts. Another approach to 
increase reliability of an imaging result is the development of imaging 
agents that can target two or more cancer biomarkers which will be  
critical in offsetting potential false positive results. For instance, 
beyond the development of activatable probes that simply 
accumulate via passive uptake mechanisms and subsequently ‘turn-
on’ in tumors, the attachment of a cancer-specific targeting ligand 
can improve reliability since multiple conditions must be met prior to 
probe activation. Indeed, in an example we highlighted, the 
attachment of an RGD-targeting moiety to an activatable sensor for 
tumor acidity has allowed for tumor-specific pH monitoring. By 
substituting the targeting group, as well as the responsive trigger, 
additional cancer types and biomarkers can be detected, 
respectively. Lastly, we envision the development of PA imaging 
agents with dual- or multi-modal capabilities can aid in clinical 
translation. If the additional imaging mode is used clinically, existing 
hospital instrumentation can be employed to validate PA imaging 
results. Along these lines, although the availability of suitable PA 
equipment is a potential barrier, we can take comfort that recent 
developments on the instrumentation front have yielded convenient 
hand-held scanners and reliable endoscopy setups designed for 
human use. Together, we envision that progress in these two areas 
(imaging agent design and engineering of new equipment), will help 
to bring PA imaging to the forefront of biomedical imaging 
techniques.  
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