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Impact statement

Photoacoustic imaging is an emerging
modality for use in image-guided interven-
tional procedures. This imaging technology
has a unique ability to offer real-time, non-
invasive, cost-effective, and radiation-free
guidance in a real-world operating envi-
ronment. This is substantiated in this article
which sums up the current state and
underlines promising results of research
using photoacoustic imaging in guiding
drug delivery, therapy, surgery, and
biopsy. Hence, this minireview facilitates
future research and real-world application
of photoacoustic image-guided
interventions.

as needle-based biopsy procedures.

Abstract

Photoacoustic imaging has demonstrated its potential for diagnosis over the last few
decades. In recent years, its unique imaging capabilities, such as detecting structural,
functional and molecular information in deep regions with optical contrast and ultrasound
resolution, have opened up many opportunities for photoacoustic imaging to be used
during image-guided interventions. Numerous studies have investigated the capability of
photoacoustic imaging to guide various interventions such as drug delivery, therapies,
surgeries, and biopsies. These studies have demonstrated that photoacoustic imaging
can guide these interventions effectively and non-invasively in real-time. In this minireview,
we will elucidate the potential of photoacoustic imaging in guiding active and passive drug
deliveries, photothermal therapy, and other surgeries and therapies using endogenous and
exogenous contrast agents including organic, inorganic, and hybrid nanoparticles, as well
The advantages of photoacoustic imaging in guided interventions will be discussed. It will,

therefore, show that photoacoustic imaging has great potential in real-time interventions due to its advantages over current
imaging modalities like computed tomography, magnetic resonance imaging, and ultrasound imaging.
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Introduction

Photoacoustic imaging (PAI), also called as optoacoustic
imaging, is an emerging clinical imaging modality that
combines the merits of optical and ultrasound imaging
(US).'® In PAI, a target emits photoacoustic waves after
being illuminated by short-duration laser pulses. The pro-
duced PA waves will then be detected by an ultrasound
transducer for imaging.'* The image contrast in PAI
depends on the optical absorption and is independent of
its mechanical properties and elasticity.® The spatial reso-
lution of PAI is scalable with a penetration depth up to
5 cm, which is much deeper than pure optical imaging tech-
niques in soft tissue."

PAI has a lot of potentials in clinical diagnosis of various
diseases, such as cancer, stroke, atherosclerosis, arthritis,
etc. Applications of PAI in cancers include early detection,
identifying the stages and metastasis, treatment planning
and evaluation."* PAI is revealed to be successful in
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the diagnosis of breast, 3" pros’cate,zo'26 thyroid,”’31
melanoma,®?7%¢ and ovarian®*! cancers. In stroke, PAI is
utilized for imaging and understanding mechanical throm-
bolysis,** vessel segmentation,” and other vessel injuries
that are caused by stroke in the brain.** In atherosclerosis,
PAI helps in evaluating plaque distinction*® and character-
ization,*® and macrophage®” and lipid*® detection in the
plaques. PAI has also been applied in arthritis for inflam-
mation identification,**>° staging,51 and evaluation.>

As an emerging modality, PAI can offer unique capabil-
ities to visualize tissue structurally and functionally. The
acquired structural and functional information can directly
aid other diagnostic and therapeutic procedures.
As a result, PAI has been widely used to guide other inter-
ventions such as drug delivery, therapies, biopsy, and sur-
geries. PAI is a promising modality for guiding
interventions because of a wide range of advantages that
it offers in real-time over current imaging techniques like
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the US, magnetic resonance imaging (MRI) and computed
tomography (CT). Advantages of PAl-guided interventions
in real-time are as follows: (1) non-invasiveness; (2) contin-
uous imaging of structures during interventions; (3) sensi-
tive, faster and inexpensive compared to MRI and CT; (4)
only existing modality that can provide non-invasive
penetration depth in the order of centimeters with optical
contrast and ultrasound resolution; (5) acoustically depen-
dent spatial resolution which is completely independent of
optical absorption; (6) ability to function independently
without requiring any external contrast agents and using
intrinsic agents like hemoglobin and melanin; (7) safe as it
does not produce any ionizing emission; (8) concurrent
measurements of functional parameters like oxygen and
hemoglobin level, temperatures, etc. by only using endog-
enous agents; (9) great optical contrast that highlights blood
vessels; and (10) easily incorporated into the current oper-
ating environment with no laborious efforts."*>*~"2

Because of the aforementioned advantages, PAI-guided
intervention has enormous potential for enhancing the
effectiveness of many treatments and therapies. Its applica-
tion covers a broad range from cells to an entire organ
system in the body.”” PAI-guided interventions have been
developed to use in cardiovascular system,”*” spinal
system,®” nerves,®”® tendons,”® fetus,”” lymph nodes,'*”®
and tumor occurring at different sites in the body.®®*"7%-52
It is extensively used for monitoring delivered drug,®~%
and observing disease conditions, therapeutic outcomes,
and subsequent tissue responses.

The overall structure of this minireview is summarized
in Figure 1. This review is focused on exploring the advan-
ces in PAl-guided drug delivery, surgeries, therapies, and
biopsies. PAI is capable of guiding precise drug release,
monitoring drug distribution, and subsequent therapeutic
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effect. It can guide both passively and actively targeted
deliveries. It also shows great potential in guiding surgeries
mainly with the help of endogenous contrast agents to find
the target and protect the surrounding structures. PAI is
also a powerful tool for guiding photothermal therapy
(PTT), chemo-PTT, chemo-photoacoustic and synergistic
PTT and photoacoustic therapies by using various kinds
of organic, inorganic, and hybrid nanoparticles. Further, it
can also guide biopsies in real-time. Hence, this minireview
intends to highlight the capability of PAI in guiding these
interventions in real-time.

PAl-guided drug delivery

PAI is a promising imaging modality for guiding drug
delivery because it can offer optical contrast with great pen-
etration depth.”® PAI can exploit the rich optical contrast of
drug itself for contrast enhancement when there is a signif-
icant difference in optical absorption between tissue and
the drug.”* PAI also offers good sensitivity”> and high spa-
tial resolution.”*” Additionally, PAT is low cost in compar-
ison MRI and CT, and can be used for real-time monitoring.
Further, PAI can be easily incorporated with current clinical
procedures, and easy to be operated by physicians.®

PAI has been used to track the route of drug administra-
tion,®® and monitor drug release from its carrier, and the
subsequent diffusion process and final distribution.”%"-%
PAIT has also been used to observe the therapeutic effects of
drugs in real-time.*® PAI-guided drug delivery is shown to
be successful in cancer therapy,*~***° anticoagulation ther-
apy,””® bipolar disease treatment,” and coronary heart
disease treatment.®® The investigation and validation of
PAI for continuous monitoring are done on tissue/tumor
phantoms,” animal models”>*® and cell cultures””" by
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Figure 1. Overall structure of this review article with the applications discussed and PAI’s role in each of the applications. (A color version of this figure is available in

the online journal.)



332 Experimental Biology and Medicine Volume 245 February 2020

either directly using the drug®® "% /therapeutic
agents”**% or using a dye that mimics the drug.®**>**
Although sometimes free agents can be directly
used,”?® nanoparticles are the most commonly used exog-
enous contrast agents for contrast enhancements in
PAl-guided drug delivery. A vast number of inorganic
nanomaterials such as metallic and carbon-based nanoma-
terials have been developed due to their desired optical
properties for use as contrast and therapeutic agents.
Recently, organic and semiconducting nanomaterials have
also been deployed in photoacoustic theranostic applica-
tions.*” Overall, drug delivery may be either passive or
active targeting delivery. In passive drug delivery, the posi-
tive outcome of a drug depends on the amount of time it is
present in circulation, whereas, in active drug delivery, the
nanoparticles are tailor-made to bind specifically to a target.
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PAl-guided passive drug delivery

PAI supports both passive and active targeting drug deliv-
ery, which are summarized in Table 1. PAI can guide pas-
sive delivery of drugs through enhanced permeability and
retention effect as well as by coating nanoparticles with
materials like polyethylene glycol (PEG).” Micelles
loaded with doxorubicin (DOX) were used to investigate
the PAl-guided passive drug delivery.”’ This was studied in
the acidic lysosome environment of phantoms made using
human breast cell lines. PAI successfully monitored the
release of DOX and provided real-time visualization of
micelles which were entering the lysosomes through endo-
cytosis. PAI was investigated for passively monitoring hep-
arin concentration using photoacoustic sensors.”® These
sensors were made up of cellulose and Neil blue A and
were used for instantaneous monitoring of heparin concen-
tration in plasma and blood. It was found that PAI could
measure heparin concentration in the plasma and the blood
in 3 min and 6 min, respectively.

cells and mouse embryonic
fibroblast cells

U87MG tumor model, vessel
containing oxygenated

canine blood

U87MG glioma cell line and
Chicken muscle tissue

human epithelial carcinoma
containing titanium oxide,

whole blood

Whole blood and plasma samples
Porcine heart

Human breast cancer cells,
Polyacrylamide phantom
Plastic tubing containing

Targets tested

Drugs /therapeutic

Doxorubicin, paclitaxel

Rhodamine 6G and
methylene blue,
Janus green B,
doxorubicin,
indocyanine green

agents /dye
Drug-eluting stent

Heparin
Lithium
Heparin

PAIl-guided active targeted delivery

PAI is extensively investigated for active targeted drug
delivery using substances like nanoparticles or conjugated
nanoparticles and free agents that can specifically bind to
the target site. One study investigated PAl-guided con-
trolled release of paclitaxel to folate expressing tumor
cells using folate tagged nanorods containing paclitaxel,
and the paclitaxel release was validated both in witro
using breast cancer cell line and in vivo in fibroblasts of
mice.” Another study demonstrated that PAI-guided
instantaneous monitoring of heparin levels is quick and
non-invasive during anticoagulation therapy.”> The methy-
lene blue was capable of directly binding to the heparin
present in the blood. This enabled PAI to monitor heparin
levels in plastic tubes containing whole blood and methy-
lene blue dye. PAI could measure the heparin levels in
blood in 32s. Figure 2(a) shows the PAI of plastic tubing
of blood with varying heparin levels using methylene blue
as a contrast agent for imaging.

In active drug delivery, the nanoparticles enable temper-
ature, ultrasound pulse, and pH-controlled release of drugs

diimide, and NIR dye 825
containing nanoparticles,
perfluorocarbon-based

nanoemulsion
Optode-based nanosensors

hydroxyl-based perylene
Agar gel and silica

(b-amino ester) graft
copolymers, folic acid
gold nanorods loaded

nanoparticles

perfluoro hexane and
N/A

conjugated paclitaxel,

nanoparticles

Gold nanocages, doxorubicin,
N/A

Nanoparticles
PEG-modified poly

Bipolar disorders treatment
treatment

Cancer therapy
Anticoagulation therapy
Cancer therapy
Anticoagulation therapy
Coronary heart disease

Table 1. Advances in applications of PAl-guided drug delivery.
Application

Active/passive
targeting
Passive

Active
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Figure 2. PAl-guided drug delivery. (a) PAI of three replicates of plastic tubing holding blood with increasing concentrations of heparin along with same concentration
of methylene blue. Reprinted (adapted) with permission from Wang J, Chen F, Arconada-Alvarez SJ, Hartanto J, Yap LP, Park R, Wang F, Vorobyova |, Dagliyan G,
Conti PS, Jokerst JV, A nanoscale tool for photoacoustic-based measurements of clotting time and therapeutic drug monitoring of heparin. Nano Lett 2016;16:6265—
71. Copyright © 2016 American Chemical Society. (b) Photoacoustic tomography of injection boundary of lithium-based sensors into mice. Reprinted (adapted) with
permission from Cash KJ, Li C, Xia J, Wang LV, and Clark HA, Optical Drug Monitoring: Photoacoustic Imaging of Nanosensors to Monitor Therapeutic Lithium in Vivo.
ACS Nano 2015;9:1692-98. Copyright © 2015 American Chemical Society. (A color version of this figure is available in the online journal.)

in the target. Moon et al.® studied the temperature-

controlled release of dyes Rhodamine 6 G and methylene
blue using high-intensity focused ultrasound (HIFU) and
PAI These dyes were chosen as they mimic cancer drugs.
PAI contrast was enhanced by using gold nanocages con-
taining HIFU pulse changing material. This study demon-
strated the capability of PAI in guiding controlled drug
release during cancer therapies like photothermal and
chemotherapies. But the testing was not done using any
real-world cancer drugs, and the concept was also not con-
firmed in vivo. PAl-guided pH-controlled release of DOX in
the acidic environment was demonstrated.” In this study,
theranostic perylene diimide responsive to pH was used.
These platforms released DOX when they were in contact
with weakly acidic tumor environment. PAI has demon-
strated potential for concurrently imaging environmental
pH and DOX release both in vivo in tumor containing live
mice and in vitro using cancer cell lines. PAl was also capa-
ble of monitoring lithium levels with high quality and high
penetration supporting the treatment of bipolar disorders
(Figure 2(b)).”* Photoacoustic nanosensors sensitive to lith-
ium were used. These nanosensors experienced a pH
change on encountering lithium in chicken muscle tissue.
It resulted in changes in photoacoustic spectrum. This was
exploited by PAI to monitor lithium level and continuously
measure lithium concentration in the tissue using the nano-
sensors. This study proved that PAI had advantages over

techniques like fluorescent and multiphoton imaging in
monitoring lithium levels.

The drug may be conjugated with or encapsulated
within the nanocarriers during the active drug delivery.
This stimulates precise drug delivery into the target site.
Indocyanine green (ICG), a dye that mimics the cancer
drugs was incorporated into a perfluorocarbon-based
emulsion to study the PAl-guided drug delivery.”® It has
been shown that PAI could improve ICG administration
without altering the photoacoustic spectrum. Another
study used in situ forming implants carrying dissolved
Janus green B for monitoring the diffusion of dye.” It
was tested on a tissue model made of polyacrylamide
using PAI and quantitative US. The implants with dis-
solved dyes were injected as a liquid and then solidified
inside the model. It was concluded in the study that PAI
provided visualization of dye diffusion in real-time, while
the US helped observe the changes in the state of these
implants. Additionally, PAI showed great potential in
addressing the problem of coronary restenosis due to cor-
onary artery disease treatment. Though the development of
drug eluted stent addressed this problem to a considerable
extent, about 20% of those with these stents were still facing
this problem.88 To address this problem, the stent
was coated with a drug surrogate, 1,1'-dioctadecyl-
3,3,3,3/-tetramethylindocarbocyanine  perchlorate. ~ PAI
was successful in constantly monitoring the drug delivery
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in the porcine heart. This proved the possibility of
a reduced likelihood of occurrence of restenosis
monitored by PAL

PAl-guided photothermal therapy

The recent advancements in PAl-guided therapies have led
to the development of numerous nanoparticle-based con-
trast agents. The nanoparticles used in PTT usually possess
a higher absorbance in the near-infrared (NIR) region of the
spectrum.®® When irradiated with a laser, these nanopar-
ticles results in ablation and death of the targeted cells
confined to a small area.”® As the heating effects due to
absorption increase the body temperature above the
normal 37°C, it results in hyperthermia. Depending on
the amount of temperature increase, the effects may range
from denaturation of proteins to permanent cell death.”
PAl-guided PTT utilizes nanoparticles that may be an
organic, inorganic or organic-inorganic hybrid.

PAl-guided PTT using organic nanoparticles

Organic nanoparticles are used as contrast agents in PAI-
guided PTT as they possess excellent biocompatibility”>*%°
and great drug packing capability.”® The organic nanopar-
ticles include polymers, conjugated polymers, and micelle-
based nanoparticles. Polypyrrole is an organic polymer
which possesses excellent conductivity, stability, and
strong absorption in NIR range.'”’ Chitosan which is an
oceanic biological polymer possesses desirable character-
istics like biocompatibility, cheap, plentiful, stable, and
harmless. A combination of chitosan-polypyrrole nanopar-
ticles is a preferred agent for confined tumor PTT as it holds
preferred properties like biocompatibility and efficient PTT
conversion. These were used in PAl-guided photothermal
ablation of tumor in which the cells underwent apoptotic
cell death after reaching tissue temperature of 62°C with
the help of PAI to locate the tumor accurately. Conjugated
polymeric nanoparticles caused cell necrosis in PAI-guided
PTT.' These conjugated polymeric nanoparticles were
decorated with amino acid ligand. These nanoparticles
facilitated PAI in guiding the therapy by providing high
contrast and signal-to-noise ratio. This allowed imaging
of more profound structures. These nanoparticles also func-
tioned as a great PTT agent for localized destruction of
tumor. Melanin-based micelles are ideal as they are biocom-
patible, eco-friendly, and have high PTT efficiency.'®
PAl-guided PTT using melanin-based micelles with poly-
L-lysine loaded with drug imitate on its surface was
confirmed to increase the efficiency of the PTT. This
increase in PTT efficiency was because PAI helped to
refine NIR irradiation time on tissue and this caused cell
necrosis in tumor.

PAl-guided PTT using inorganic
nanoparticles

Inorganic nanoparticles for PAI-guided PTT include metallic
nanoparticles, plasmonic nanoparticles, carbon-based nano-
particles, and quantum dots. The metallic nanoparticles like
gold nanorods can be used as both PAI and PTT agent as

they possess rich optical absorption and surface plasmon
resonance (SPR).*'® But these have safety issues in the
long run.'® Silica-coated gold nanorods have greater ther-
mal strength and intensify the photoacoustic signal to a great
extent.'® They were successfully used in PAl-guided PTT as
they caused cell death in tumor tissue. The whole process
was continuously monitored by PAI through temperature
measurements. Combined PAI and US-guided PTT showed
that these nanoparticles could produce preferred heat
during therapies. Plasmonic nanoparticles are widely
employed in PTT as their absorbance peaks are tunable by
controlling their surface plasmon resonance during their
synthesis.'® Hence, by synthesizing these nanoparticles
with a desired resonating wavelength in the NIR region,
they can serve both as ideal contrast agents in PAI and pho-
tothermal agents in PTT. Gold nanoparticles are excellent
examples of plasmonic nanoparticles in PAl-guided PTT.
For example, gold nanorods offering both high PTT efficien-
cy and NIR absorbance were loaded with graphene oxide,
which offers excellent drug packing capacity.'® These nano-
crystals were successful in cancer therapy at tumor site of
nude mice. Initially, PAI aided in drug release based on the
change in the pH of the medium. This was then followed by
PTT using the same gold nanorods. In the other study, gold
nanostars conjugated with antibody of CD44v6, which is a
surface marker that is expressed on gastric cancer cells, '’
was proven to be successful in destroying cancer cells
through PTT using PAI for guidance. The same study dem-
onstrated successful inhibition of tumor growth and
increased lifetime of tumor-bearing mice using PTT, whereas
PAI was used to calculate the PTT response of the cell.
Superparamagnetic carbon-based nanoparticles are of signif-
icance as they can be used for multiple purposes, including
when imaging using MRI and PAI as well as during thera-
pies like PTT.'® Hégg iron carbide is a superparamagnetic
carbon-based nanoparticle that offers extraordinary absorp-
tion in NIR range and high PTT conversion efficiency. This
can be used to treat the tumor without injuring the nearby
tissue. These nanoparticles successfully aided tumor tissue
to reach a temperature of about 47°C and to lead to necrotic
and apoptotic cell death during PTT. The nanoparticles also
enabled PAI to provide contrast enhancement and subsur-
face tissue organization in PAl-guided PTT. Copper chalco-
genides are one of the quantum dots that can serve both as
PTT and PAI agents due to their extraordinary NIR absorp-
tion and confined SPR.'” They could be combined with iron
oxide to produce tiny, biocompatible and versatile nanodots,
and have also been applied in both MRI and NIR imaging.

PAl-guided PTT using hybrid nanoparticles

Hybrid nanomaterials containing both organic and inor-
ganic nanomaterials are used as contrast agents in
PAl-guided PTT captivating advantage of desirable proper-
ties of both. Hybrid PEGylated liposomes nanocarrier
encapsulating melanin were designed."® These nanocar-
riers showed excellent biocompatibility. They destroyed
tumor completely and increased the PTT conversion effi-
ciency during therapy. PAI was used to guide PTT
by enabling the monitoring of their distribution.



Composite tantalum oxide nanoparticles contained in pol-
ypyrrole nanoparticles served as both good photothermal
and PAI contrast agents."! They showed great compatibil-
ity as well as PTT conversion efficiency with high absorp-
tion in the NIR region. These nanoparticles showed great
promise in PAl-guided PTT both in vivo and in vitro.

PAl-guided PTT combined with other
therapies

PAI can also guide PTT combined and other therapies
including chemo-photothermal therapy,'*'®  chemo-
photoacoustic therapy,” and synergistic PTT and photoa-
coustic therapy.®' The nanoparticles used in chemotherapy
result in hypothermic heating effect when irradiated with
laser. This heating is used to increase the diffusion rate of
nanoparticles, thereby increasing their uptake by cells as a
result of an increase in cellular permeability.""*''> PAI-
guided chemo-photothermal therapy using conjugated
polymeric nanoparticles caused cell death in tumor.'?
Polydopamine nanoparticles are of huge interest recently
since they structurally resemble melanin. They have excel-
lent biocompatibility and high optical absorption in the
NIR range. They also have potential to stack drugs in
them. Being inexpensive, polydopamine nanoparticle
along with peptide was found to be a promising agent for
contrast enhancement in PAIL. Additionally, they were also
therapeutic agents for chemo-photothermal therapy. They
helped to reach 52°C in tumor tissue. This caused cell
death, which can be monitored by high contrast-enhanced
PAL"? Another study showed that PAI-guided chemo-PTT
using hybrid mesoporous silica loaded with Prussian
blue was successful.'”® This hybrid nanoparticle combined
the benefits of mesoporous silica and Prussian blue.
Mesoporous silica is stimuli-responsive and can precisely
carry and release the drug. The Food and Drug
Administration-(FDA) approved Prussian blue can serve
as both PTT thermal agent and PAI contrast agent.
These hybrid nanoparticles were used in PAIl-guided
chemo-photothermal therapy causing localized cell death
in tumor tissue. They also functioned as an exogenous
contrast agent for PAI allowing visualization of contrast-
enhanced tumor morphology and molecular distribution.
PAI successfully guided chemo-photoacoustic therapy
using hybrid organo-inorganic conjugated nanoparticles
containing paclitaxel, perfluorohexane, and gold nano-
rods.”" They provided contrast enhancement for PAI and
enabled quick drug release due to the evaporation of per-
fluorohexane. PAl-guided synergistic interaction of PTT
and photoacoustic therapy on tumor using micelle-based
nanoparticles was found to be capable of exactly locating
and entirely destroying a solid tumor.*' During PTT, the
temperature of the cells increased to 45°C causing apoptotic
cell death, which can be monitored by PAI in real-time with
enhanced contrast. Figure 3 shows the PA images obtained
from tumors in nude mice at 0, 6, 12, and 24-h post injection
of these nanoparticles.
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PAl-guided surgeries and other therapies

Other than PTT, PAI can non-invasively guide other surger-
ies and therapies that are minimally invasive or invasive in
real-time. PAI can aid in the surgical intervention and ther-
apy of tumor,°**”79¢ peripheral neuropathy,”®"'” pain,®
fetal disorders,”” and gastrointestinal diseases."'® PAI plays
different roles in different surgeries, including visualiza-
tion®>¢777 17119 and differentiation”®™® of structures. PAI
can differentiate the cancellous and cortical bones,"® tumor
and normal tissue,'?® and nerves and tendons.”® It ensures
safety by enabling the visualization of nerves and vascula-
ture, thereby avoiding any unexpected damage to these
structures during surgeries. PAI can guide therapies by
imaging deeper ’tissue,82 temperature,121 tumor,113 and
molecular distribution'” along with contrast enhancement.

PAIl-guided minimally invasive surgeries and
other therapies

PAI enabled visualization of blood vessels®®®””” during
surgeries and temperature’’ monitoring during therapies
using the endogenous contrast agent hemoglobin for con-
trast enhancement. Image guidance is critical in guiding
fetal surgeries such as anastomoses photocoagulation.
Fetoscopy is currently used for guiding these surgeries.
However, a large amount of light is scattered by soft
tissue, which is not sensitive enough to image the vascula-
ture below the placental surface. This will lead to partial
photocoagulation and result in post-surgical problems and
increased prenatal mortality. One study showed that PAI
and US could be used simultaneously to image veins that
lay beneath placenta obtained from a cesarean section.”” It
was found that PAI allowed visualization of the veins while
US provided spatial position. During the removal of pitu-
itary tumors, the carotid artery is hidden behind the sphe-
noid bone and causes injuries to it which may even lead to
patient death. Though CT and MRI can support direction
finding, finding arteries are indeterminate. With anticipat-
ed errors, PAI facilitated the visualization of the sphenoid
bone and the blood vessels in a model comprising of the
temporal bone and soft tissue.®” PAI-guided telerobotic sur-
gery was capable of localizing artery from the drill bit using
da Vinci system without any damage to them.®® PAI is also
used for measuring the temperature during cryotherapy of
prostate cancer in real time.”” PAI along with US allowed
continuous monitoring of temperature in canine prostate.
As the photoacoustic response of blood varied with tem-
perature, it provided temperature mapping non-invasively
along with contrast enhancement.

PAI can also guide ultrasound therapy,®* laser abla-
tion,'?! targeted anti-bacterial therapy, and stem cell thera-
py. PAI provided deeper tissue imaging with enhanced
contrast using gold nanorods during ultrasound therapy.*
This study used an integrated system consisting of PAI and
HIFU. The integrated system exhibited efficacy in focusing
and treating the solid tumor by using gold nanorods as
contrast agents. PAI can also guide laser ablation by using
an organo-inorganic hybrid PEG conjugated gold nanorods
holding DOX."*! These hybrid nanorods are harmless and
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Figure 3. PAI obtained from tumor in nude mice at 0, 6, 12, and 24-h post-injection of the micelle-based nanoparticles. Reprinted (adapted) with permission from Du L,
Qin H, Ma T, Zhang T, and Xing D, In vivo imaging-guided photothermal/photoacoustic synergistic therapy with biorthogonal metabolic glycoengineering-activated
tumor targeting nanoparticles. ACS Nano 2017;11(9):8930-43. Copyright © 2017 American Chemical Society. (A color version of this figure is available in the online

journal.)

resistant to immune response. They can selectively destroy
the tumor cells with negligible injury to the surrounding
cells. They caused cell necrosis at temperatures greater than
50°C. PAI monitored the temperature by using them as
exogenous contrast agents. Silver ions have been used in
targeted anti-bacterial therapies under PAI guidance.'?
Their release and bactericidal action were studied success-
fully on both Gram positive and Gram-negative bacteria.
Silver is first coated on the gold nanorods resulting in
reduced photoacoustic signal. But when this silver starts
to get dissolved as silver ions in the infected tissues, the
photoacoustic signal started increasing. This PAl-guided
therapy of bacteria resulted in a low number of bacteria
in vivo in mice. In cardiovascular stem cell therapies, trimo-
dal contrast agent was designed for tracing the stem cells in
the heart.'” The contrast agent was selectively designed
such that it contained iron oxide nanobubble, poly (lacto-
co-gycolic acid) coating and 1,1’-dioctadecyl-3,3,3',3'-tetra-
methylindotricarbocyanine iodide (DiR) for increasing the
signal acquired during magnetic particle imaging, US, and
PAI, respectively. The stem cells were successfully moni-
tored and traced in live mice in real time using all the
three imaging modalities. PAI was also demonstrated to
be capable of tracking stem cell viability in real time.'**
This study employed gold nanorods coated with reactive
oxygen species as a contrast agent for PAI These nanorods
were injected into the mesenchymal stem cells before trans-
plantation into mice. Combined PAI-US successfully
tracked the viability of stem cells in mice with excellent
spatial and temporal resolution. Figure 4 shows ratiometric
PALI of viable transplanted stem cells in mice acquired at
795nm and 920 nm on various days of stem cell therapy.

PAl-guided invasive surgeries

PAI can guide peripheral nerve surgeries and prostatecto-
my using lipid as an endogenous contrast agent”®”*? for
visualizing nerves. Peripheral nerve surgeries are per-
formed for treating the peripheral blocks. These surgeries

are common as many people are affected by it globally. It is
critical to visualize the nerves during these surgeries to
avoid any nerve injuries. However, diagnosis and treat-
ment of these surgeries are limited as no modality could
measure these fibers non-invasively. PAI was successfully
employed in differentiating nerves from tendons with
higher contrast.”® This showed greater potential to avoid
nerve punctures compared to US during the peripheral
nerve surgery. PAI also enabled visualization of particular
nerves with a better resolution by using lipid in myelin
sheath as a contrast agent."” This was validated in chicken
tissue. PAI along with transrectal ultrasound (TRUS) was
confirmed to image periprostatic vessels and produce
enhanced imaging of neurovascular bundle."” This was
further validated with improved localization of a neuro-
vascular bundle in seven cancer patients who underwent
prostatectomy. This study showed that PAI and TRUS
probe were better at visualizing neurovascular bundle
than TRUS alone.

PAI can guide spinal fusion surgeries using bone as a
contrast agent. Spine fusion surgeries are often designed to
be precise to avoid any damage to the surrounding struc-
tures as it can lead to serious complications. PAI could non-
invasively differentiate the cancellous and cortical bones.
This was accomplished by using the difference in character-
istics like amplitude and signal-to-noise ratio in the signals
obtained from the different bones."'

PAl-guided tumor resection surgeries enhanced tumor
visualization using iron oxide nanoparticles as external
agents.””'? Patients undergoing tumor resection have
increased survival on proper removal with no residues
left. This greatly reduces the need for revision surgeries
which would be cost-forbidden. These surgeries when
guided by PAI showed a decreased local reappearance of
tumor in a murine model with invasive mammary carcino-
ma.”” The tumor was completely removed with superior
contrast using targeted iron oxide nanoparticles. It was val-
idated that no residue was left behind using fluorescence
NIR. PAI guidance was also effective in preventing the
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Figure 4. Ratiometric PAI of viable transplanted stem cells in mice acquired at 795 nm and 920nm on 0, 1, 3, 5, 7, and 10th day of stem cell therapy. Reprinted
(adapted) with permission from Dhada KS, Hernandez DS, and Suggs LJ, In vivo photoacoustic tracking of mesenchymal stem cell viability. ACS Nano 2019;13:7791—
7799. Copyright © 2019 American Chemical Society. (A color version of this figure is available in the online journal.)

recurrence of the tumor due to partial resection in brain
tumor surgery.'®® This showed an increase in the number
of recurrence-free survivals in mice. MRI and PAI were
used to locate tumor before and during surgery, respective-
ly. This method used ICG and superparamagnetic iron
oxide as contrast agents as both of these contrast agents
were approved by the FDA.

PAl-guided biopsies

PAI is a promising tool for guiding biopsies as it is non-
invasive and possesses a high penetration depth. PAI can
play a crucial role in biopsies through real-time vision-
based robot control of biopsy needle tips passage in obese
patients,'* and in staging cancer and detecting the metas-
tasis during needle biopsy of sentinel lymph nodes’® and
prostate.’® Needle biopsy remains puzzling in obese
patients as the needle has to travel through many layers
of fat and additional tissue leading to several needle pas-
sages. PAl-guided liver biopsies in these patients were
revealed to be successful robotically with a negligible
error rate using a transducer system placed in the middle
of the needle.'” PAI was used to guide sentinel lymph
node biopsy using ICG as a contrast agent. The needle
insertion was monitored continuously using PAI, demon-
strating the capability of PAL”® Similar capability of PAI
was also demonstrated in visualizing the tumor in canine
prostate.80

Conclusions and future scope

Though PAI possesses significant advantages, it is also true
that it holds some limitations on clinical translation.

The first limitation is the use of exogenous contrast
agents. As PAI frequently requires use of exogenous con-
trast agents, it brings in many safety concerns. The effects of
the dyes over a long-term and their elimination from the
body are the major issues as these agents could cause many
deleterious effects in the body. Image artifacts reduction
remains another notable problem during reconstruction of
the photoacoustic image from the signals. This requires
highly complicated algorithms and has a lengthy process-
ing time. Imaging depth of PAI is also a notable limitation
as the transport of light in soft tissue is strongly limited by
the scattering of soft tissue.

PAI has a broader scope for translation with a range of
new applications such as light emitting diode-based PAI
(LED-based PAI), and wearable PAI. LED-based photoa-
coustic scanners are shown to be capable of measuring
the reactive oxygen and nitrogen species.'?® This has been
validated in vivo in mice. Wearable optical resolution pho-
toacoustic microscopy (W-ORPAM) is one of the wearable
PAI system used for imaging the cerebral cortex in real
time.'” This technology exploits the variation in vascula-
ture under different physiological conditions and was
tested in mice. Another wearable device using PAI for mon-
itoring the periodontal health was proved to be successful
and this was confirmed in human.'*®

In conclusion, though many imaging modalities are
available for guiding interventions in real-time, PAI
stands uniquely among them as it is non-invasive, safe,
real-time, strong optical contrast, and sometimes does not
even need any external contrast agents. Like other imaging
modalities, PAI also has some limitations including imag-
ing depth. But, as it is inexpensive, easy to operate, and has
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strong imaging contrast, PAl-guided intervention holds
great potential for fast clinical translation and may be pre-
ferred over other modalities under certain settings. PAI has
been engaged in newer applications and has also been con-
stantly evolving in its existing applications and could
become commonly applied imaging modality for guiding
interventions in real-time soon.
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