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The preclinical landscape of photoacoustic imaging has experienced tremendous growth in the past decade. This
non-invasive imaging modality augments the spatiotemporal capabilities of ultrasound with optical contrast.
While it has principally been investigated for diagnostic applications, many recent reports have described
theranostic delivery systems and drug monitoring strategies using photoacoustics. Here, we provide an overview
of the progress to date while highlighting work in three specific areas: theranostic nanoparticles, real-time drug
monitoring, and stem cell (“living drug”) tracking. Additionally, we discuss the challenges that remain to be
addressed in this burgeoning field.
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1. Introduction data in a non-invasive format with good temporal and spatial resolu-

One of the fundamental goals of drug delivery research is to maxi-
mize the efficacy of therapeutics while minimizing their side effects.
In many cases, this is achieved by delivering a high concentration of
drug to a diseased tissue site or region of interest (e.g. tumor, infection,
or organ). Therefore, in both research and clinical settings, it is critical to
quantify biodistribution and pharmacokinetic parameters with high
precision and accuracy. Increasingly, imaging modalities are being
used to obtain these measurements because they can obtain in vivo
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tion. Furthermore, they can be used in concert with delivery vehicles
that simultaneously carry both imaging and therapeutic agents.
Ultrasound, magnetic resonance imaging (MRI), positron emission
tomography (PET), and single photon emission computed tomography
(SPECT) are all currently used in the clinic for pre- and post-treatment
evaluation [1]. These have recently been pursued pre-clinically as mo-
lecular imaging tools to monitor therapies in real time [2,3]. For exam-
ple, numerous theranostic nanoparticles for MRI have been developed
[4-6] that can co-deliver materials that boost T1 or T2 contrast (such
as gadolinium [7], manganese [8] and iron oxide [9]) with therapeutic
molecules. Similarly, radionuclides are commonly conjugated to bio-
molecules or drugs for probing biological processes (e.g. 2-deoxy-2-
[*8F]fluoro-p-glucose for monitoring glucose metabolism [10]) or phar-
macokinetics using the gamma radiation detectable with PET and SPECT


http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2019.07.003&domain=pdf
https://doi.org/10.1016/j.addr.2019.07.003
jjokerst@ucsd.edu
https://doi.org/10.1016/j.addr.2019.07.003
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/addr

C. Moore et al. / Advanced Drug Delivery Reviews 144 (2019) 78-89 79

[11-13]. Ultrasound can harness the cavitation of microbubbles to in-
crease contrast [14].

These modalities are powerful tools but face a variety of drawbacks.
One of the main challenges in imaging local tissue distributions of drug
molecules is achieving sensitivity to micromolar concentrations. PET,
SPECT, and optical techniques are capable of this, but PET and SPECT
have low resolutions (~1.5 mm), cannot provide anatomical informa-
tion without CT pairing, and require ionizing radiation [15]; meanwhile,
optical imaging is limited by shallow penetration depths and low clini-
cal deployment [16]. MRI has high spatial resolution (<100 um) but is
limited in sensitivity (millimolar) without amplification strategies
[17]. Finally, ultrasound can offer high spatiotemporal resolution but
has low contrast—it is most commonly used in drug delivery as a tool
to improve delivery via heat or cavitation [18].

While ultrasound can image structure in real-time, it can only distin-
guish tissue interfaces via differences in the speed of sound. In recent
years, photoacoustic imaging has emerged as a technique that extends
the contrast of ultrasound from the anatomical to the molecular—it aug-
ments the spatiotemporal resolution of ultrasound with the spectral
contrast of optics [19]. This promising combination has spurred growth
in the field over the past decade, with researchers pursuing applications
in photoacoustic diagnostics/theranostics, surgery, and drug delivery
[20-22].

This technique relies on the photoacoustic effect—energy from light
is absorbed by a material and released as an acoustic vibration [23].In a
typical imaging event, a near-infrared (NIR) laser source is used to pulse
light (1-100 ns) onto a tissue target [24]. At a molecular level, the target
undergoes thermoelastic expansion which generates broadband acous-
tic waves detectable by conventional ultrasound transducers [25]. To
date, it has been implemented in numerous hardware configurations:
photoacoustic tomography and photoacoustic microscopy are the
most widely used for research applications (Fig. 1) [19]. Microscopy

offers excellent spatial resolution but limited depth; tomography has
better penetration but less spatial resolution.

Contrast can arise from both endogenous and exogenous sources.
The main sources of endogenous contrast in photoacoustic imaging
are strongly absorbing molecules such as oxygenated and deoxygenated
hemoglobin [26], melanin [27], lipids [28], and water. These targets
have often been used to image hemodynamics [29], blood oxygen satu-
ration [30], and cancers [31]. However, a wide variety of exogenous con-
trast agents—often small-molecules or nanoparticles—have also been
developed for both boosting contrast and probing specific biomarkers
or disease states [32,33]. From a materials perspective, the current land-
scape of these agents primarily consists of organic small molecules [34],
inorganic nanomaterials [35], and organic nanoparticles [36,37].

2. Photothermal and photodynamic contrast agents

Photothermal and photodynamic therapy are two techniques for
cancer therapy that rely on NIR irradiation. For this reason, they have
frequently been combined with photoacoustic imaging so that the NIR
excitation can be used for both imaging and therapy. In photothermal
therapy, nanoparticles with a high photothermal conversion efficiency
are excited with a pulsed or continuous-wave laser and the generated
heat is harnessed for local tissue ablation.

One of the first examples of photothermal therapy performed with
nanoparticles was published by Hirsch et al. in 2003 [39]. They found
that solid tumors treated with gold nanoshells would undergo irrevers-
ible tissue damage (AT = 37 °C) within 4-6 min of 820 nm laser expo-
sure (4 W/cm?). Since then, a large body of work has been conducted on
photothermal therapy with nanoparticles [40]. Furthermore, many of
these particles have been used in tandem with photoacoustic imaging:
Gold nanovesicles [41], quantum dots [42], graphene oxide [43],
porphysomes [44], semiconducting polymer nanoparticles [45], iron
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Fig. 1. Conventional hardware configurations for photoacoustic imaging. (A) Optical resolution photoacoustic microscopy (OR-PAM): a microscope objective lens is used to focus coherent
excitation onto a sample while a concave acoustic lens focuses the generated acoustic wave to a broadband ultrasound transducer. (B) Acoustic resolution photoacoustic microscopy (AR-
PAM): Dark-field illumination is used to focus a ring of light onto tissue while an acoustic lens focuses the generated sound to a broadband transducer. (C) Photoacoustic tomography
(linear array): the excitation source is coupled to a linear array of ultrasound transducer elements. (D) Photoacoustic tomography (circular array): the excitation source is orthogonal

to a circular array of transducers. Adapted with permission from [38], copyright 2012 AAAS.
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oxide-polydopamine [46], and bimetallic oxide (MoMnOX) nanorods
[47] are a few examples.

One unique example was demonstrated by Chen et al. in 2017; here,
they synthesized nanoparticles from the temperature sensitive poly-
mer, poly(N-isopropylacrylamide) (PNIPAM) and loaded them with
gold nanorods [48]. PNIPAM shrinks when heated above its lower criti-
cal solution temperature. Therefore, when the constructs were raised
above this temperature, the gold nanorods were brought closer to-
gether, resulting in plasmon coupling and a shifted absorption spec-
trum. When these particles were localized to subcutaneous tumors of
mice, they could then be used to photoacoustically monitor
photothermal therapy in real-time while reducing background from he-
moglobin. Though photothermal agents are most commonly metallic,
certain organic materials can also be used. These typically benefit from
enhanced biocompatibility or degradability. For example, Lyu et al. re-
cently developed a method for increasing three key properties of semi-
conducting polymer nanoparticles [49]. They used polymer chemistry
to introduce vinylene bonds to the polymer backbone that are cleavable
by peroxidase, highly expressed in immune cells. This enhanced the bio-
degradability in addition to the absorption coefficient (1.3-fold) and the
photothermal conversion efficiency (2.4-fold).

Photodynamic therapy is an FDA-approved procedure with a track
record in the clinic for treating a variety of conditions including acne
[50], bacterial infections [51], and macular degeneration [52]. In the
past decade, it has been increasingly studied as a cancer therapy
[53,54]. Generally, the mechanism is as follows: A near infrared laser
source is used to excite a photosensitizer molecule, which initiates a
photochemical reaction with oxygen to produce a singlet oxygen mole-
cule. This molecule is an unstable reactive oxygen species (ROS),
possessing an opposite spin pair of electrons that make it highly de-
structive and cytotoxic to its local environment.

Some photosensitizers possess intrinsic photoacoustic contrast,
which can allow real-time treatment monitoring. Ho et al. studied the
photoacoustic behavior of five well-known photosensitizers, and
found that zinc phthalocyanine produced the highest signal [55]. They
subsequently showed that its localization and biodistribution could be
monitored with photoacoustics in mice, revealing a peak tumor concen-
tration at 1 h and clearing within 24 h. However, many photosensitizers
do not absorb in the near infrared which limits penetration depth and
compatibility with photoacoustic imaging. To address this issue, it is
possible to use upconverting particles that absorb near infrared light
and emit visible. Using this strategy, Idris et al. loaded mesoporous-
silica-coated upconversion fluorescent particles with multiple photo-
sensitizers for enhanced photodynamic efficacy in melanoma-bearing
mice [56].

Interestingly, it is also possible to monitor photodynamic efficacy
with photoacoustics by simply harnessing the endogenous contrast of
blood. It is well-established that blood oxygen saturation can be directly
imaged with photoacoustics via the ratiometric absorbance of oxygen-
ated and deoxygenated hemoglobin; therefore, because photodynamic
therapy requires oxygen for ROS generation, the consumption of oxygen
can be monitored in real-time via the decrease in blood oxygen satura-
tion. Shao et al. demonstrated this technique in the mouse ear vascula-
ture using AR-PAM after tail vein injection of the photosensitizer,
Verteporfin [57]. After irradiation with 80 mW/cm?, they observed an
initial decrease in the oxygen saturation followed by a gradual recovery
to baseline.

Photosensitizers can also be conjugated to or loaded into
photoacoustically active nanocarriers. 2-[1-hexyloxyethyl]-2-devinyl
pyropheophorbide-a (HPPH) is a hydrophobic photosensitizer that has
been functionalized to the surfaces of gold nanocages using a poly eth-
ylene glycol layer; these conjugates allowed the slow release of the pho-
tosensitizer in protein-containing solutions [58]. After injection into
tumor-bearing mice, the progress of delivery was monitored with pho-
toacoustic imaging and reduction in tumor volume was observed. It is
also possible for agents to be used for both photothermal and

photodynamic therapy; MoS, nanosheets [59] and Cu,(OH)PO4 quan-
tum dots [60] have both been investigated on this front. These quantum
dots actually absorb within the second optical window (~1700 nm)
making them attractive for deep tissue applications [34]. The clinical
utility of these photothermal/photodynamic agents could be local ad-
ministration or systemic administration to target a disease site followed
by activation and treatment monitoring using near infrared excitation
via photoacoustic imaging [61].

3. Nanocarriers and co-loaded contrast agents

The clinical state of the art for imaging pharmacokinetics is PET/CT
with drug conjugated or co-loaded radiotracers [62]. In the preclinical
space, photoacoustic imaging is being used for monitoring drug release
and localized measurements of delivery. These applications require the
use of in vivo sensors or co-loaded contrast agents because most small-
molecule drugs do not absorb NIR light—a prerequisite for photoacous-
tic contrast in the body. Howevers, it is possible for some materials such
as gold nanomaterials to act therapeutically (e.g. photothermal/photo-
dynamic therapy) while intrinsically generating photoacoustic signal.
This section surveys progress in theranostic nanoparticles and materials
that can act both diagnostically and therapeutically (Table 1).

Gold nanomaterials are a well-studied class of photoacoustic con-
trast agent due to their intense plasmon resonance in the near infrared
[63].In a study by Moon et al., hollow gold nanocages were used to en-
capsulate 1-tetradecanol—a material that undergoes solid to liquid tran-
sition at 38 °C (i.e., a phase-change material) [64]. The gold nanocages
generated photoacoustic contrast, while external heating or high fre-
quency ultrasound could be applied to melt the 1-tetradecanol,
allowing it to diffuse out of the particles. Both methylene blue and Rho-
damine 6G were dissolved in the 1-tetradecanol and shown to release
from the particles at a controllable rate using this mechanism.

In 2012, Wilson et al. took advantage of perfluoropentane phase-
change material to form nanodroplets that encapsulated gold nanorods
for NIR absorption [65]. This is analogous to the strategy used by
Hannah et al., who used perfluorocarbons to encapsulate the small mol-
ecule indocyanine green rather than nanorods [66]. Both groups found
that ultrasound and photoacoustic signal could be drastically boosted
following the vaporization of the droplets. Later, a group incorporated
paclitaxel into the nanorod design for an activatable release scheme at
laser fluence values of 14 mJ/cm? [67]. Zhong et al. found that indocya-
nine green, in addition to generating photoacoustic contrast, could act
therapeutically by generating strong mechanical waves when loaded
in a phospholipid-polyethylene glycol nanoparticle and exposed to con-
stant laser fluence. They used this system for imaging and destroying
cancer cells [68]. Furthermore, Kang et al. demonstrated that the photo-
acoustic intensity of indocyanine green could be boosted 17-fold by en-
capsulation in mesoporous silica nanoparticles [69]. Gold and paclitaxel
have also been integrated by Manivasagan et al., who synthesized chito-
san oligosaccharide gold nanospheres and loaded their surfaces with
paclitaxel [70]. These showed efficacy against MDA-MB-231 cells by
generating reactive oxygen species and disturbing the mitochondrial
membrane potential.

Doxorubicin is another cancer drug that has been investigated by
numerous groups for co-delivery with photoacoustic contrast agents.
In 2014, Tian et al. synthesized rubidium tungsten nanorods, a type of
transition-metal oxide nanostructure with a size dependent plasmon
resonance, and loaded them with doxorubicin [71]. These particles
were able to exert both chemo- and photothermal therapy
(photothermal conversion efficiency: 17.8%), generating a burst drug
release and localized heating following 808 nm laser exposure
(1 W/cm?) for 10 min. They were used for photoacoustic imaging and
treatment of pancreatic cancer (Pance-1 tumor model) in nude mice.
Other transition-metal nanomaterials that have been pursued for pho-
toacoustic drug delivery are molybdenum oxide nanospheres; these
were stabilized with polyethylene glycol and loaded with camptothecin,
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Table 1
Examples of nanoparticle-based exogenous contrast agents for photoacoustic theranostics and drug monitoring.
Description Contrast mechanism Imaging Therapeutic or Model Reference
wavelength target
(nm)
Perfluorocarbon encapsulated gold Heat-induced phase transition (liquid to gas) 770 Paclitaxel Subcutaneous HeLA tumors  Zhong et al. [67]
nanorods of nanodroplets in Balb/c mice
Chitosan oligosaccharide Thermal expansion at the peak plasmon 532 Paclitaxel MDA-MB-213 Manivasagan et al. [70]
stabilized gold nanoparticles resonance of 60 nm gold nanoparticles adenocarcinoma cells
Porphyrinoid-loaded PLGA Complexation of porphyrinoid macrocycles 910 Uranium Healthy mice with Ho et al. 2015
nanoparticles with uranyl cations to impart aromaticity subcutaneous complexed
nanoparticles
RBxWOj3 nanorods Thermal expansion of rubidium tungsten 808 Doxorubicin Pance-1 tumor-bearing mice Tian et al. [71]
nanorods (20-40 x 5 nm)
MOS, nanosheets Thermal expansion 800 Ceb Subcutaneous 4 T1 tumors in  Liu et al. [59]
of MoS; nanosheets (Photosensitizer) Balb/c mice
Mesoporous silica/quantum dot Thermal expansion of gold nanorods, leading 800 Doxurubin, p53  Subcutaneous glioma C6 Duan et al. [77]
coated gold nanorods to release of drug payload through silica layer tumors in Balb/c nude mice
Gold nanocages loaded with Thermal expansion at the peak plasmon 750 Methylene Blue, Controlled release study only Moon et al. [64]
1-tetradecanol (phase change)  resonance of gold nanocages (60 nm side Rhodamine 6G
length)
Fucoidan/doxorubicin capped gold Thermal expansion at plasmon resonance of 532 Doxorubicin MDA-MB-213 Manivasagan et al. [70]
nanoparticles 82 nm gold nanoparticles adenocarcinoma cells
Intradermal optode nanosensors  Shifted optical absorbance following binding ~ 515, 660 Lithium Athymic nude mice Cash et al. [80]
containing crown ether of lithium to chromoionophore
ionophores
Single wall carbon nanotubes with Thermal expansion of nanotubes via near 808 Doxorubicin 4 T1-tumor bearing mice Liu et al. [59]

mesoporous silica/doxorubicin infrared absorbance

a cancer drug that could be controllably released in a mouse model of
pancreatic cancer [72]. Cobalt selenide nanoplates have also been re-
ported as chalcogenide based theranostics, exhibiting high
photothermal conversion efficiency (26 °C temperature increase follow-
ing 808 nm exposure for 10 min at 1 W/cm?), low toxicity, and signifi-
cant absorbance in the near infrared [73]. One of the main benefits of
most metallic carriers is their ability for synergistic chemo- and photo-
thermal therapy.

During the same year, Liu et al. loaded single wall carbon nanotubes
with mesoporous silica and doxorubicin [74]. The goal was to leverage
the loading and release capacity of mesoporous silica with the near in-
frared absorbance and photothermal conversion efficiency of the nano-
tubes. The researchers found that the tumor surface temperature could
be increased to 48 °C when irradiated with 808 nm light at 0.5 W/cm?
for 20 min. Again, this technique showed synergistic chemo—/
photothermal effects against cancer in nude mice with 4T1 tumors. Sim-
ilar efficacy and imaging traits were noted when the nanotubes were re-
placed with reduced graphene oxide, though the photothermal
conversion efficiency is lower [75]. More recently, doxorubicin was de-
livered both via surface conjugation with fucoidan capped gold nano-
particles [76] and mesoporous silica-quantum dot functionalized gold
nanorods [77]. This last example is particularly interesting because it in-
cluded the delivery of p53 pDNA, a mechanism for gene therapy. These
multi-mechanistic particles were capable of photoacoustic/magnetic
resonance/computed tomography, and synergistic gene/chemo—/
photothermal therapy. They could be magnetically guided to the
tumor site under magnetic resonance imaging, and could be verified
with photoacoustic imaging followed by activatable release via laser
fluence or pH. The authors showed effective eradication and suppres-
sion of 4 T1 tumors in nude mice with this system.

4. Therapeutic drug monitoring

The high temporal resolution and contrast of photoacoustic imaging
offers the potential for real-time monitoring and maintenance of drug
concentrations within the therapeutic window. Therefore, there is
growing interest in developing new materials in tandem with photo-
acoustic imaging for therapeutic assays. For example, lithium is an effec-
tive treatment for bipolar disorder between 0.6 and 1.2 mM [78], but

can be toxic at high doses above 2 mM [79]. Cash et al. developed a lith-
ium ionophore-based nanoparticle to measure lithium concentrations
in 15 s using photoacoustic imaging; the binding and release of lithium
cations shifted the absorption and subsequently the photoacoustic in-
tensity of the nanoparticle [80]. This work demonstrated a novel and
safe concept for chronic bipolar disorder management. In another
case, porphyrinoid-containing nanoparticles were used to detect ura-
nium ion concentrations in the parts per billion range [81]. In this
case, uranium ions, though toxic rather than therapeutic, are analogous
to a drug that is being monitored. Finally, photoacoustic imaging can in-
directly monitor therapeutics via genetic indicators. For example, the
tyrosinase-based reporter gene can catalyze the production of endoge-
nous melanin, a strong near infrared absorber [82]. Zheng et al. found
that microRNA-9, a potential gene therapy [83], could silence the trans-
lation of tyrosinase and reduce the photoacoustic signal. [84] Therefore,
the photoacoustic shift could be correlated to the concentration of
microRNA-9 in the cells.

To extend the capabilities of photoacoustics for monitoring drug
dosing, our group has developed a photoacoustic imaging method to de-
tect heparin. Heparin (Fig. 2A) is an indispensable surgical and cardio-
vascular anticoagulant with >500 million doses given annually in the
world [85]. However, it is difficult to maintain safe and efficacious hep-
arin concentrations because it has a variable molecular weight and a
narrow therapeutic window [86]. Furthermore, the current heparin
measurement methods, such as the activated partial thromboplastin
time (aPTT) [87], anti-Xa analysis [88], thromboelastography [89], and
activated clotting time [90], require lab processing and thus a long turn-
around time. The maintenance of inaccurate heparin dosing due to the
belated measurement results can cause severe side effects including
hemorrhage and embolism [91]. Photoacoustic imaging has the poten-
tial to address this problem by rapidly and longitudinally sampling
blood samples. However, the hemoglobin and deoxyhemoglobin in
blood are endogenous absorbers, meaning an exogenous contrast
agent is required to differentiate heparin from blood [92].

In 2016, we described a simple photoacoustic method for real-time
heparin measurement in human blood [93,94]. The method employed
the Federal Drug Administration (FDA)-approved dye methylene blue
(Fig. 2A) as the contrast agent. It generated 31-fold enhanced photo-
acoustic signal when it was bound to 10 U/mL heparin (Fig. 2B). This
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[93,94].

high contrast overcame the noise caused by other components in blood
and was strongly correlated to the heparin concentrations with a loga-
rithmic regression of R? > 0.97 and a detection limit of 0.28 U/mL. This
concentration was lower than the clinical dose of heparin used in com-
mon applications including thromboembolism (7-8 U/mL), acute myo-
cardial infarction (2.5 U/mL), and cardiopulmonary bypass (5.6 U/mL),
suggesting a broad clinical potential.

The rapid and sensitive photoacoustic enhancement of methylene
blue to heparin unlocked the opportunity for developing a bed-side
heparin and clotting assay (Fig. 2C). Therefore, we developed a
nanosensor to immobilize methylene blue on the outer surface of a
peripheral venous catheter for clinical applications (Fig. 2D) [94].
The nanosensor was a silica nanoparticle/agarose hydrogel. However,
simply conjugating methylene blue to the silica nanoparticle decreased
the sensitivity of the photoacoustic enhancement. This was because the
strong negative charges on the silica nanoparticle surface hindered the
electrostatic association of methylene blue with the negative charged
heparin. The photoacoustic signal could be reduced by the addition of
protamine—the known antagonist of heparin.

Recently, we extended this work using the methylene blue deriva-
tive Nile Blue A infused in cellulose to measure heparin in blood sam-
ples. The cellulose sensor was a Whatman filter paper modified with
polyethylene glycol for increased hydrophilicity (Fig. 3A inset). The
Nile Blue A in the cellulose (0.6 nanomoles per mg of cellulose) had
low solubility (< 10 ng/mL) in 0.01 M phosphate buffer saline due to
ionic strength and pH, yet was highly sensitive to heparin with a detec-
tion limit of 0.28 U/mL in plasma (Fig. 3A) and 0.29 U/mL in human
blood [95]. After analyzing the 78 blood samples from 16 patients that
underwent cardiac ablations and received various doses of heparin,
we found that the photoacoustic intensity of the cellulose sensor had
strong linearity with the cumulative heparin dose (Pearson's r = 0.85,
Fig. 3B) and the activated clotting time (Pearson's r = 0.87, Fig. 3C).
These results suggested that the photoacoustic assay could potentially

serve as a point-of-care testing method for heparin and clotting time
measurement. Future work will be devoted to the development of an in-
travenous sensor for real-time heparin detection.

In another example, our lab used photoacoustic imaging to monitor
Ag™ delivered therapeutically (Fig. 4). Ag™* are a well-known antibacte-
rial agent, and Ag nanoparticles can be a reservoir of Ag™ for targeted
therapy of bacterial infections. However, there are no tools to measure
Ag™ in vivo or trigger Ag" release from Ag nanoparticles. Our group re-
cently used photoacoustic imaging with gold nanorods to monitor Ag™
release [96]. The strategy coated the gold nanorods with Ag for hybrid
nanoparticles. This coating decreased their photoacoustic signal. The
as-prepared, Ag-coated Au nanorods (Au/AgNRs) are stable under am-
bient conditions, but the addition of exogenous ferricyanide (1 mM)
or endogenous reactive oxygen species results in oxidative etching of
the silver shell. The photoacoustic contrast is simultaneously recovered
as the silver is released, and this photoacoustic signal offers noninvasive
monitoring of localized release of Ag™.

The released Ag™ ions showed a strong bactericidal efficacy similar
to equivalent free Ag™, and the nanoparticles killed >99.99% of both
(Gram-positive) methicillin-resistant Staphylococcus aureus (MRSA, 32
UM Ag™ equivalent) and (Gram-negative) Escherichia coli (8 uM Ag™
equivalent). The potential of these nanoparticles was further demon-
strated in a pilot rodent study. There was a 730% increase in the photo-
acoustic signal (p <.01) pre- and post- etching, and the bacterial counts
in infected tissues of the treated group were reduced by 1000-fold (log
CFU/g = 4.15 vs 7.75) relative to the untreated cohort.

5. Stem cell delivery

Ultrasound imaging has strong potential for guiding the injection of
therapeutic stem cells (“living drugs”) to specific regions because it is a
real-time imaging modality and the needle tip in soft tissues can be
clearly visualized under the ultrasound transducers (Fig. 5). In 2005,
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Springer and Rodriguez-Porcel et al. from two separate research groups large animals [99]. The ultrasound-guided procedure is less invasive
described ultrasound imaging-guided percutaneous injections of cells and significantly more accurate than open-chest injections. However,
into a mouse infarct model [97,98]. This approach is also applicable to it is difficult to visualize and track injected therapeutic cells with
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Fig. 5. Increasing ultrasound contrast of therapeutic stem cells with nanoparticles. (A) Silica nanoparticles (SiNP) enhance the ultrasound signal of MSCs. (B) SiNP-labeled MSCs are visible
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(d) ELS showed the highest cellular uptake by hMSCs and enhanced the ultrasound signal of hMSCs the most. (c) & (d) are reproduced courtesy of the RSC [108].

ultrasound imaging because these cells have poor ultrasound contrast
relative to the local tissues [ 100]. Moreover, the guided catheter position
does not guarantee sufficient cell delivery at the desired location [101].

The inability to track stem cells leads to blindness of delivery effi-
ciency and retention in patients [102]. However, cell tracking in vivo is
essential to understanding the cell fate, therapeutic efficacy, and safety
issues related to the injected cells [102]. Therefore, it is important to de-
velop in vivo cell tracking techniques. Based on the already-existing im-
aging modalities, novel contrast agents can help better visualize
injected cells. While contrast agents for other imaging modalities have
been investigated [103], the development of ultrasound/photoacoustic
contrast agents for in vivo stem cell tracking is more attractive given
the convenience, low cost, and safety of ultrasound/photoacoustic im-
aging [104,105].

The most common ultrasound contrast agents are microbubbles. Cui
et al. demonstrated that microbubbles could track neural progenitor
cells in vivo [106]. An ultrasound frequency of 7 MHz could detect a single
microbubble-labeled neural progenitor cell. However, the elevated ultra-
sound signal was only maintained for up to 7 days, close to the upper limit
for microbubbles. Due to their large size and instability, microbubbles are
incapable of long-term tracking for therapeutic cells in vivo [107].

Because microbubbles are limited in their utility for stem cell track-
ing by their short lifetimes, we have investigated silica nanoparticles as
ultrasound contrast agents for therapeutic stem cell delivery and track-
ing; these particles are generally biocompatible and have high imped-
ance mismatch with soft tissues.

Our group has studied the echogenicity of solid silica nanoparticles
(SiNPs) [101] and MCM-41 typed mesoporous silica nanoparticles

(MSNs) as therapeutic ultrasound contrast agents [109]. Both nanopar-
ticles increased the ultrasound signal of human mesenchymal stem cells
(hMSCs). The SiNP aggregated within the stem cells to amplify the ultra-
sound backscatter. The ultrasound contrast of SiNP-labeled hMSCs was
6 times higher than unlabeled cells (Fig. 5A). The detection limit of
SiNP-labeled hMSCs in cardiac tissue of rodents was 70,000 via ultra-
sound imaging (Fig. 5B). The MSNs enhanced the ultrasound signal of
hMSCs and increased the stem cell survival via sustained release of
pro-survival agents. The detection limit of MSNs-labeled hMSCs at this
concentration was near 9000 cells via ultrasound imaging. Moreover,
the MSNs could degrade in cells and were cleared in approximately
3 weeks.

Later, the effect of particle morphology on echogenicity was studied
for four types of silica nanoparticles including Stober silica nanoparticles
(SSN), MCM-41 mesoporous silica nanoparticles (MSN), mesocellular
foam silica nanoparticles (MCF), and novel exosome-like silica nanopar-
ticles (ELS) that are reminiscent of the shape of exosomes [108]. The po-
rous silica nanoparticles showed stronger echogenicity than solid
nanoparticles with similar diameter when their mass concentrations
were kept constant (Fig. 5C). In addition, all silica nanoparticles were
biocompatible with hMSCs when the labeling concentrations were no
higher than 500 pg/mL. The ELS nanoparticles showed the highest
cellular uptake and increased the echogenicity of hMSCs the most
(Fig. 5D-E).

Another type of inorganic nanoparticle for ultrasound contrast that
has been used for cell tracking are glass nanospheres. Foroutan et al. de-
veloped glass nanospheres to increase the ultrasound signal of thera-
peutic stem cells [110]. The nanospheres are biocompatible and
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biodegradable, and thus they can be easily metabolized in the body. The
glass nanosphere-labeled MSCs could be measured with ultrasound im-
aging with cell counts as low as 4000.

One limit of these nanoparticles-based ultrasound contrast agents is
that the ultrasound signal does not reflect information about cell death.
However, research involving gene editing makes it possible to specifi-
cally track live cells via ultrasound. Kuliszewski et al. programmed ther-
apeutic stem cells to produce a specific cell surface protein H-2HK,
which is the target of the injected microbubbles [111]. Hence, only
cells that have the unique cell marker will show strong ultrasound sig-
nal. Shapiro's group reported biogenic gas nanostructures as ultrasonic
molecular reporters [112-114]. However, this method has only been
applied in microorganisms up to this point.

While the ultrasound intensity of therapeutic cells can be enhanced
by novel contrast agents, the modality still suffers from low signal-to-
noise due to the lack of spectral contrast. To combat this, photoacoustic
imaging combines the benefits of ultrasound and optical imaging, pro-
viding spectral contrast between targets (e.g. labeled stem cells) and
local tissues [105]. Thus, photoacoustic imaging for therapeutic stem
cell tracking has been more broadly investigated than traditional ultra-
sound imaging [111,115-117].

Gold nanoparticles are some of the most popular photoacoustic
contrast agents due to their high absorption cross sections and
multiplexable absorption peaks [105]. Jokerst et al. labeled MSCs
with silica-coated gold nanorods and could track the labeled MSCs
via photoacoustic imaging (Fig. 6A) [115]. The silica shells stabilized
the photoacoustic signal of gold nanorods and increased cellular up-
take. The simultaneous ultrasound and photoacoustic imaging pro-
vided clearly defined anatomic features and localization of implanted
labeled MSCs. Nam et al. labeled stem cells with gold nanotracers
and could track these cells via ultrasound/photoacoustic imaging
after injection into the lateral gastrocnemius muscle of a rat 5 mm
under the skin [118]. The same group labeled therapeutic stem cells
with gold nanoparticles for treatment of neurodegenerative diseases.
The detection limit of these labeled stem cells in the spinal cord was
1000 cells [117].

Prussian blue nanoparticles are another emerging class of photo-
acoustic contrast agents due to their strong optical absorption in the
near-infrared region. We developed poly-L-Lysine (PLL)-coated Prus-
sian blue nanocubes to label hMSCs (Fig. 6B) [119]. The PLL coating re-
duced the negative charge of the Prussian blue nanocubes and
facilitated cell internalization. The labeled hMSCs showed strong photo-
acoustic contrast when imaged at 730 nm, which allowed photoacoustic
imaging-guided delivery of these therapeutic cells into the desired loca-
tions. The labeled hMSCs were still detectable with photoacoustic imag-
ing two weeks after cell implantation. The detection limit of these
labeled hMSCs through the skulls of rodents was 200 cells/pL.

Organic nanoparticles have also been investigated as cellular photo-
acoustic contrast agents. For example, we developed an iron oxide- and
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide (DiR)-
loaded poly(lactic-co-glycolic acid) (PLGA) nanobubble for trimodal ul-
trasound/MRI/photoacoustic imaging [120]. These nanobubble-labeled
hMSCs had a 3.8-fold ultrasound and 10.2-fold photoacoustic contrast
in cardiac tissue compared to unlabeled hMSCs. These nanobubbles
were also visible with magnetic particle imaging, an emerging imaging
modality.

Melanin nanoparticles are another class of promising photoacoustic
contrast agents. These particles have great potential in translation be-
cause they are natural components of food-grade cuttlefish ink [121].
We recently reported synthetic melanin nanoparticles as photoacoustic
contrast agents for therapeutic stem cell imaging [122]. The photo-
acoustic intensity at 720 nm of these nanoparticles could be enhanced
up to 40-fold by gadolinium doping (Fig. 6C). These nanoparticles
were biocompatible and could be internalized and with hMSCs. The
nanoparticles-labeled hMSCs had a detection limit of 23,000 cells
in vitro.

To increase the penetration depth of photoacoustic imaging, Yin
et al. developed organic semiconducting polymer nanoparticles for pho-
toacoustic tracking of therapeutic stem cells in the second near-infrared
window [123]. The signal-to-noise ratio was increased compared to ex-
citation in the first near-infrared window (Fig. 6D). These polymer
nanoparticle-labeled hMSCs showed 40.6- and 21.7-fold higher photo-
acoustic intensity in subcutaneous and brain imaging than unlabeled
hMSCs.

Researchers have developed many ultrasound/photoacoustic con-
trast agents for therapeutic cells delivery. However, most reported con-
trast agents can only provide information about the location of the
implanted labeled cells with limited information about the cell number
in vivo. It is possible that photoacoustic reporter gene techniques may
overcome some of the existing limitations, especially ones that leverage
dyes with existing FDA approval [124]. Nevertheless, tremendous and
revolutionary research on multiple imaging modalities and contrast
agents is still needed to fully understand the therapeutic efficacy and
cell fate of stem cell therapies [102].

6. Perspective and concluding remarks

One of the remaining challenges for theranostic photoacoustic deliv-
ery systems is to improve the signal-to-background ratio [125]. For
many of these systems, the signal does not change if the drug is released
or not. The ability to quantify released vs. unreleased drug in vivo would
be a highly valuable tool for researchers and clinicians alike. Future
strategies will likely use activatable probes to address these questions
[126]. When it comes to clinical deployment of nanoparticle contrast
agents, the distinctions between inorganic and organic particles must
also be considered. Inorganics have useful optical and magnetic proper-
ties that can be tuned by adjusting their size, morphology, and chemical
composition [35]. Furthermore, their surfaces can be functionalized
with both targeting and drug molecules. Due to effects such as plasmon
resonance, they can drastically enhance contrast relative to most or-
ganic molecules and particles. However, organic nanoparticles (such
as liposomes, micelles, and polymeric nanoparticles) offer better biode-
gradability; they are also ideal for encapsulating drug and targeting
molecules [127]. In addition, recent progress suggests that certain semi-
conducting nanoparticles may match or even exceed the optical advan-
tages of inorganics [36,45,49].

Both types of these particles have recently been explored for imag-
ing in the second optical window (“NIR-II", 1000-1700 nm), a promis-
ing strategy that has followed the developments of NIR-II optical
imaging [127]. These longer wavelengths can penetrate more deeply
through tissue due to reduced scattering and autofluorescence [128].
In addition, the lower energy photons can be used with higher fluence,
which is dictated clinically by the maximum permissible exposure
(MPE) [129]. Some initial materials for NIR-II photoacoustics have in-
cluded plasmonic metal nanoparticles, copper sulfide particles, semi-
conducting polymer nanoparticles, and small molecules [130-133].
Still, certain challenges must be overcome: For example, photoacoustic
imaging systems must implement longer wavelength lasers, the absor-
bance of water at 1450 nm must be avoided, and few existing organic
compounds absorb above 1064 nm [134]. Nevertheless, we will likely
continue to see progress in the second optical window
(1000-1700 nm) for increased penetration depths. This trend has al-
ready emerged in the field of optical imaging [128,135].

Photoacoustic stem cell delivery may benefit in the future from ge-
netically encodable chromophores; these can allow direct visualization
of target tissue or the therapeutic response with extremely high speci-
ficity [136]. Bacterial reporters such as bacteriochlorophyll a, which
change their spectral signature in response to cellular activity, may
also prove useful in the future for photoacoustic monitoring of gene/
drug delivery [137]. Finally, achievable strategies that answer questions
about drug fate relative to drug carrier will likely continue to have value.
Hardware advances such as more affordable excitation sources (LEDs,
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Fig. 6. Photoacoustic imaging of therapeutic stem cells. (A) Silica-coated gold nanorods were internalized by MSCs and enabled photoacoustic cell tracking. Reproduced courtesy of the
ACS. (B) Poly-L-Lysine (PLL)-coated Prussian blue nanocubes were taken up by hMSCs and increased the photoacoustic contrast of hMSCs. Reproduced courtesy of the ACS.
(C) Gadolinium doping increased the photoacoustic intensity of synthetic melanin nanoparticles. Reproduced courtesy of the ACS [122]. (D) Organic semiconducting polymer
nanoparticles that can be excited in the second near-infrared window increased the photoacoustic signal-to-noise ratio compared to the first near-infrared window. Reproduced

courtesy of the ACS [115,119,123].

laser diodes, etc.) could also accelerate clinical translation. At this stage,
much work is still required to reveal the full potential of photoacoustics
for theranostic drug delivery. For the near future, it is likely that strate-
gies that are (1) surface-weighted and (2) leverage molecules with
existing FDA approval, such as methylene blue and indocyanine green,
will have the least regulatory burden for clinical translation. Finally,
photoacoustic imaging may never become as prevalent as PET/CT for
biodistribution and pharmacokinetics; however, it is highly adaptable
for localized imaging and measurements without requiring any ionizing
radiation. It drastically increases the contrast and potential for molecu-
lar imaging of ultrasound, which is already one of the most common
modalities in medicine.
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