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Photoacoustic imaging (PAI) breaks through the optical di®usion limit by making use of the PA
e®ect. By converting incident photons into ultrasonic waves, PAI combines high contrast of
optical imaging and high spatial resolution in depth tissue of ultrasound imaging in a single
imaging modality. This imaging modality has now shown potential for molecular imaging, which
enables visualization of biological processes with systemically introduced functional nano-
particles. In the current review, the potentials of di®erent optical nanoprobes as PAI contrast
agents were elucidated and discussed.
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1. Introduction

Photoacoustic (PA) phenomenon was ¯rst discov-
ered by Bell1 in 1880. He observed a thin sheet of
material exposed to a sunlight beam rapidly inter-
rupted by a rotating slotted disk, emitted an audi-
ble sound signal and di®erent materials produced
di®erent tones in his experience. However, the ap-
plication of this technique had to wait almost a
century until sensitive sensors and intense light
sources for spectroscopy analysis development. In
1971, PA spectroscopy was reported to be sensitive
enough to detect a concentration of 0.01 parts per
million (ppm) of nitrogen oxide (NOx) pollution in
air samples.2 In recent years, with the development

of laser technology and biomedical nanotechnology,
PA imaging (PAI) technology has become a hot
research topic.3–5

The principle of PAI is illustrated in Fig. 1.
When the pulse laser irradiation (thermoacoustic
imaging, especially with the pulse of radio frequency
laser irradiation) in biological tissue, tissue optical
absorption domain will produce ultrasonic signal;
we call this by ultrasonic signal as the excitation
light produced by PA signal.6–12 The PA signal
generated by the biological tissue carries the infor-
mation of optical absorption characteristics of the
tissue, and the optical absorption distribution image
can be reconstructed by detecting the PA signal.
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PAI combines the advantages of characteristic selection
and pure ultrasonic tissue imaging in deep tissue
imaging in high pure optical transmission char-
acteristics, can get image with high resolution and
high contrast, from the principle of avoiding the
in°uence of light scattering, breaking the high res-
olution optical imaging (OI) depth of \soft limit"
(�1mm), tissue imaging deep living can be realized
within 50mm.13–30

Nowadays, PA tomography (PAT) and PA mi-
croscopy (PAM) are the two important instru-
mental embodiments in PAI. PAT is widely
recognized as a robust modality to evaluate the
structure and function of biological tissues with
high optical contrast and high acoustic resolu-
tion.31–33 The combination of PAT with NP (NP)
probes holds promises for detecting and imaging
diseased tissues or monitoring their treatments with
high sensitivity.34 By ultrasonically overcoming the
strong optical scattering, this imaging technology
can reach penetration depth of centimeters while
retaining high spatial resolution in biological tis-
sue.5 PAM refers to the imaging modality in which a
PAI is captured by collecting signal pixel-by-pixel in
an imaging grid. There are two types of PAM
techniques depending on the resolution scale:
acoustic-resolution PAM (AR-PAM) and optical-
resolution PAM (OR-PAM). When a focussed
ultrasound (US) detector is used, it is named AR-
PAM because the imaging resolution is determined
by the US propagation and detection. When a
focussed laser beam is used, it is called OR-PAM
because the resolution is dependent on the focussed

laser beam size in the tissue.35 In addition, some
multimodality imaging methods are also widely
used, such as PA/US imaging system; an integrated
detector with sound-light coaxial/confocal design
and °exible coupling mode is employed for the
combined PA/US imaging strategy.36–38 This
method is able to simultaneously detect the ab-
sorption of chromophores such as hemoglobin and
melanin and the di®erences in acoustic impedance.

There are both endogenous and exogenous PA
contrast agents. Endogenous agents include hemo-
globin,39 melanin40 and myoglobin41 that manifest
diseases depending on the chemical compositions of
themselves. Nevertheless, many diseases and phys-
iological processes usually reveal little or insu±cient
intrinsic PAI contrast. Therefore, it is highly es-
sential and required to develop functional contrast
agents for fully utilizing PAI potentials.

NPs play a more signi¯cant role in PAI. Various
NPs can serve as PAI contrast agents such as gold
nanorods (GNRs),42–49 carbon50,51 and polymer
nanoprobe.52,53 NPs can be made from a variety of
responsive materials that produce signal only under
the in°uence of a chemical cue. In this study, we
discuss recent advances in NP contrast agents in
PAI. We detail di®erent materials and their prop-
erties as well as representative applications that
demonstrate clear advantages in PAI. Finally, we
discuss the challenges and broader impacts of PAI
using functional NPs.

2. Application of Di®erent Functional

NPs in PAI

Generally, light energy is exponential decay with
increasing tissue depth. Utilizing high-e±ciency PA
probes will be helpful for enhancing imaging con-
trast and therapy e±ciency in deeper tissue. Func-
tional NPs are important tools in PAI because they
o®er intense and stable signal and can be targeted
to speci¯c molecular processes. However, these
probes have certain limitations and must be im-
proved before they are widely applied in PA imag-
ing. All in all, we divided the nanoprobes into two
categories: inorganic and organic. Inorganic NPs
include gold nanostructures, carbon nanotubes and
graphene-based NP. These nanoprobes are suc-
cessfully applied in PAI as contrast agents. This
work also introduces the recent progress in organic
NPs such as polymer NPs, which show improved

Fig. 1. The principle diagram of PAI.
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performance in structural and functional PA mo-
lecular imaging.

2.1. Inorganic nanoprobes as PAI
contrast agents

Metal NPs have been employed for PA molecular
tomography because of biocompatibility, easy for
modifying the target, minimized toxicity and localized
surface plasmon resonance (LSPR) peak as well as
enhanced optical signals in near-infrared (NIR) spec-
tral regions.54–56 The optical absorption mechanism of
di®erent gold nanoconstructs such as GNRs, nano-
shells, nanocages, nanostars, nanotripods and nano-
vesicles is based on LSPR.5 The synthesis methods
vary greatly for di®erent kinds of particles. Gold
forms strong gold-thiolate bonds that enable covalent
surface modi¯cations for optimizing biocompatibility
(e.g., polyethylene glycol (PEG) functionalization),57

stability (e.g., silica encapsulation)58 and active tar-
geting. By changing some crucial growth parameters,
NPs in myriad shapes other than spheres can be
obtained. More details about the synthesis procedures
have been introduced in the literature.54–60 Here, we
take the GNRs as an example.

2.1.1. Gold nanorods

Among various gold nanostructures, GNR exhibits
tunable, intense and narrow absorption peaks in the
NIR region. These rod-shaped nanoprobes have
attracted considerable attention as molecular
probes for PAI of in°ammatory response and tumor
imaging. Gold-conjugated iron oxide NPs were used
as dual modality agents for PA molecular tomog-
raphy, compared with single GNRs, and it can
produce much stronger shock waves by absorbing
the optical energy and induced more e±cient cell
death at equal molar concentrations. In addition,
gold forms strong gold-thiolate bonds that enable
covalent surface modi¯cations for optimizing bio-
compatibility such as the following: (1) gold NPs
coated with gadolinium are used as contrasting
agents for magnetic resonance imaging72 and (2)
folic-acid-conjugated GNRs are designed to speci¯-
cally target folate receptor-expressing cancer cells
and GNRs conjugated with FA as targeted absor-
bers were internalized into human epithelial carci-
noma cells.82

As an alternative to molecular targeting ligands,
peptides display high binding a±nity and several

advantages such as convenient synthesis and
chemical modi¯cation, good tissue penetration, low
immunogenicity, favorable pharmacokinetics and
acceptable in vivo stability and integrity.65,66 In this
review, we enumerate iterative phage display se-
lection to identify two novel high a±nity binding
oligopeptides selective and speci¯c for UMR-106
cell. Then, the identi¯ed oligopeptides PT6
(PPTHPPP) and PT7 (PPSHTPT) were, respec-
tively, conjugated to GNRs to develop speci¯c
nanoprobes for PAI of OS shown in Fig. 2(a).53

Brie°y, GNRs were synthesized according to a seed-
mediated silver-assisted protocol.54 Transmission
electron microscope (TEM) images of oligopeptide-
coated nanorods showed no change in morphology
of nanorods (Figs. 2(b) and 2(c)). GNPs show the
highest extinction coe±cient in the NIR range and
high PA conversion e±ciency. PGNR-PT6 and
-PT7 showed morphological and optical properties
similar to unconjugated GNRs (shown in Fig. 2(d)).
From Figs. 3(a) and 3(b), the results suggest that
the oligopeptides might serve as a powerful vehicle
for OS-speci¯c therapeutic delivery, developing
novel targeted oligopeptide–drug conjugates and
re¯ning OS treatment plans in clinical applications.

All in all, application of the GNRs reviewed here
the aggregation concentration in blood vessels and
tissues depend on their size, shape and synthetic
route. Biocompatibility in vivo therefore needs to be
more systematically addressed through a long pe-
riod of time toxicity studies for individual
nanostructures.

2.1.2. Carbon NP

Carbon forms di®erent allotropic structures: carbon
nanotubes, graphene-based nanomaterials and
nanodiamonds. All three classes can be synthesized
to possess an intrinsic absorption in the NIR
range.61 Especially interest is the wide variety of
covalent58–61 and noncovalent modi¯cations with
small molecules (dyes, drugs59 or surfactants), poly-
mers59 and biomolecules,60 which can be used for
targeting, increased solubility and stability, im-
proved signaling properties or increased speci¯city.

Over the past decade, single wall carbon nano-
tubes (SWNTs) with unique intrinsic property had
been intensively explored for biological and bio-
medical applications. One intrinsic property of
SWNTs is their ability to cross cellular membranes
without eliciting cytotoxicity.62 So as a unique quasi

PA molecular imaging with functional NPs
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one-dimensional material, they have been explored
as novel delivery vehicles for drugs,63 proteins64 and
so on. Another intrinsic property of SWNTs is their
strong optical absorbance in the NIR region,65–68

which makes SWNTs appropriate to be used as
agents for PAI.

The dye-enhanced contrast agent provided 300
times higher PA contrast in living tissues than sole

Fig. 2. (a) Synthesis of PEGylated GNRs with PT6 and PT7 oligopeptides. (b) and (c) TEM images of the PEGylated GNRs after
modi¯cation with PT6 and PT7. (d) UV–Vis-NIR absorbance spectra of GNRs before (GNR-CTAB) and after PEGylation (GNR-
PEGs) and oligopeptide conjugation (PGNR-PT6 and -PT7).

(a) (b)

Fig. 3. (a) Sequential PAMIP frames of the tumor site before and after intravenous injection of PGNR-PTC, PGNR-PT6, PGNR-
PT7, with pre-blocking and PBS at pre-administration (0 h), 4 h and 24 h after injection. (b) Representative °uorescence images of
UMR-106 OS tissue sections stained with FITC-labeled PTC, PT6 or PT7 (100 nM).
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SWNT, leading to subnanomolar detection sensi-
tivities. Approximately 20 times fewer U87MG
cancer cells can be detectable by the combined
agent than by sole SWNT. As carbon nanomaterials
su®er from insolubility and e±cient biocompatibil-
ity, a hyaluronic-acid-based biosurfactant was used
to simultaneously disperse carbon NPs and target
SWNT to CD44 receptor-positive tumor cells.69–71

In vivo trimodality PAT/°uorescence/PET imaging
of coated SWCNTs showed high tumor targeting
ability while providing long-term monitoring of en-
zyme events. An SWNT conjugated with cyclic Arg-
Gly-Asp (RGD) peptides can be used as a contrast
agent for PAI of tumours.41 These SWNT–RGD
conjugates bind with high a±nity to ���3 integrin,
which is overexpressed in tumor neovasculature, and
to other integrins expressed by tumours but with
lower a±nity.18,19 The synthesis scheme of SWNT
(plain SWNT) and SWNT–RGDare shown in Fig. 4(a).
From Fig. 4(b), we also validated that the PA signal

produced by SWNTs is in linear relationship with
their concentration with R2 ¼ 0:9997. Three-
dimensional US and PAIs of the mice-bearing
U87MG tumors were shown in Fig. 4(c). In addi-
tion, the surroundings were acquired before and up
to 4 h after injection. The ¯gure shows that the PA
signal in the tumor mice injected with SWNT–RGD
increase obviously then control mice injected with
plain SWNTs. This article illustrated that SWNTs
were able to e±ciently bind to molecular targets,
and their high PA signal allows for high-resolution
3D PAIs with substantial depth of penetration and
could present a unique set of features.72

2.1.3. Graphene oxide in PAI

Graphene is a 2D free-standing honeycomb lattice
made of a single atomic plane of graphite. Com-
pared with carbon nanotubes, graphene is a new
carbon material structure with a large number of

Fig. 4. (a) Schematic illustration of SWNTs conjugated with RGD peptides for targeted PAT of mouse tumor. (b) The PA signal
produced by single-walled carbon nanotubes was observed to be linearly dependent on the concentration (R2 ¼ 0:9997). (c) B-scan
US and PAIs of U87MG tumor acquired along a white dotted line aided by SWNTs. The ultrasound images (gray) show the skin
and tumor boundaries, whereas PAT images (green) show optical absorption (SWNT–RGD) in the tumor. Di®erential images were
obtained by subtraction of the pre-injection image from the 4 h post-injection image.

PA molecular imaging with functional NPs
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surface oxygen groups, with good solubility, a±nity
and polymer. Using strong oxidizing agents, oxy-
genated functionalities in the graphene structure
can produce graphene oxide (GO), which is hydro-
philic and more biocompatible.73–78 Here we enu-
merate a probe with the highest availability of
optical-thermo conversion by using GO and dyes
via �–� stacking interactions. The attached dye
molecules on GO can selectively absorb light energy
due to their narrow absorption spectral pro¯le. GO
e±ciently quenches the dye °uorescence via °uo-
rescence resonance energy transfer (FRET) between
the dyes and GO, enabling the absorbed light en-
ergy to be converted into thermal energy. With a

pulse laser, the absorbed light energy of GO dyes
would e±ciently convert to acoustic waves via the
PA e®ect (Fig. 5). This study shows that GO
quenches the attached dye °uorescence via FRET,
resulting in higher PA signal than the sum of the
separate signals generated in the dye and the GO
(Fig. 6).

These kinds of carbon nanotubes have intrinsic
absorption in the NIR range. Future work of °uo-
rescent molecules in PAT is needed to further in-
crease the conversion e±ciency of laser energy to
acoustic emission. In conclusion, carbon as a good
biocompatibility of the nanoprobe can be further
developed and utilized.

(a) (b)

Fig. 6. Comparison of PAI contrast of tumors after being injected with GO–Abs/Cy7, GO–Abs and Cy7. (a) The ¯rst group of
U87-bearing Balb/c nude mice (n ¼ 3) was injected through the tail vein (IV) with GO–Abs/Cy7 (the ¯rst row). In the second
group (n ¼ 3), separate GO–Abs and Cy7 solutions were injected simultaneously into the same mice (the second row). The PAI in
the ¯rst line represents the mouse group before injection and the second line represents the mouse 6 h after being injected with GO-
Abs/Cy7 or GO-Abs plus Cy7. The white dotted lines on the images illustrate the approximate tumor edges. (b) Quanti¯cation of
the signals in the tumor shows higher in the PA image after injecting GO-Abs/Cy7 compared to before injection and in the other
group (the injection of GO-Abs and Cy7 in the same mouse). The error bars represent standard error (n ¼ 3 mice).

(a) (b)

Fig. 5. (a) Fluorescent dyes with strong absorption, strong °uorescence and weak thermoelastic wave characteristics and (b) �–�
stacking of dyes in close proximity to GO. GO quenches the dye °uorescence via FRET between dye molecules and GO. Using the
pulse laser irradiation, the vast majority of absorbed light energy is converted to acoustic waves.
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2.2. Organic nanoprobes as PAI
contrast agents

2.2.1. Polymer NPs

PAI holds great promise for the visualization of
physiology and pathology at the molecular level with
deep tissue penetration and ¯ne spatial resolution.
Here, we refer NIR light-absorbing semiconducting
polymer NPs: semiconducting polymer nanoparticles
(SPNs) as a new class of contrast agents for PA
molecular imaging.62

Recently, SPNs have been transformed as e±-
cient PA and °uorescent imaging nanomaterials.
Speci¯cally, two semiconducting polymer derivatives,
poly(cyclopentadithio-phene-alt-benzothiadiazole)
(SP1) and poly(acenaphthothieno-pyrazine-alt-
benzodithiophene) (SP2), with molecular structure
were used to prepare functional SPNs.68 The imaging
of reaction oxygen species (ROS) is critical to

understanding the etiology of disease and to opti-
mize therapeutic interventions against potentially
life-threatening conditions. SPN1 itself has high
stability toward ROS, so we coupled it to a cyanine
dye derivative (IR775S) that is sensitive to ROS-
mediated oxidation to design a ratiometric photo-
acoustic probe (RSPN) for ROS imaging (Fig. 7).
One-pot nanoprecipitation process produced
water-soluble functional SPNs at a small diameter
(45 nm) and good size stability for ratiometric PA
detection.

RSPN was applied for the in vivo PA molecular
tomography of ROS in a murine model of acute
edema. The PA signal was simultaneously moni-
tored at 700 and 820 nm, as illustrated by pseudo
green and red colors, respectively. The PA ampli-
tude at 700 nm for both saline and zymosan-treated
mice remained nearly unchanged over time
(Fig. 8(a)). The progressive enlargement in the

(a) (b)

Fig. 8. In vivo PAT of ROS generation from a mouse model of acute edema using RSPN.56 (a) PA/US overlaid images of saline-
treated (i) and zymosan-treated (ii) regions in the thigh of living mice (n ¼ 3). (b) Ratio of PA amplitude at 700 nm to that at
820 nm (PA700/PA820) as a function of time post-injection of RSPN.

Fig. 7. In vitro characterization of RSPN for ROS sensing. Proposed ROS sensing mechanism.

PA molecular imaging with functional NPs
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signaling area was attributed to tissue di®usion of
NPs over time. In contrast, both the PA amplitude
and the area of signal production at 820 nm for
zymosan-treated mice signi¯cantly decreased over
time (Fig. 8(a)). The superposition analysis delin-
eated a progressive pseudocolor variation from yel-
low to green for zymosan-treated mice but not for
control mice (Fig. 8(a)), indicating the in situ gen-
eration of in°ammatory ROS during edema.
Quantitative analysis revealed that PA 700/PA 820
gradually increased to 2.7þ0.31 at 120min post-
injection for zymosan-treated mice, which was signif-
icantly elevated relative to control mice (1.4þ0.22)
(Fig. 8(b)). Thus, RSPN e®ectively detected in vivo
ROS production using a dual-peak ratiometric PA
contrast mechanism, demonstrating the potential of
SPNs for activate PAI of the progression of patholog-
ical processes in real time.

This study demonstrated the feasibility of SPN
for activatable PA detection of pathological ROS
change by a dual-peak ratiometric contrast mech-
anism. However, the biosafety of the polymer
materials should be mass survey. Another infor-
mation we can ¯nd in this study is that ROS
characteristics of some chronic diseases may not be
sensitive enough to be distinguished by this approach.

3. Di®erent PAI Nano Probes for
Di®erent In Vivo Applications

Di®erent functions and properties of nanoprobes
have di®erent applications in vivo PAI. Pu et al.34

have developed an activated NIR PA probe51 with
properties such as the narrow PA spectral pro¯le,
good photostability, for in vivo imaging of ROS, a
hallmark of many pathological processes such as
cancer, stroke and bacterial infections. SPN-based
PA probes e®ectively detect ROS and exhibit great
enhancements in ratiometric PA signals (PA 700/
PA 820) of 25, 7.3 and 2.7 times in solution, in cells
and in living mice (Fig. 8). Liu et al. have reported a
novel activatable PAI nanoprobe79 for in vivo de-
tection of cancer-related matrix metalloproteinases
(MMPs). A black hole quencher 3 (BHQ3) which
absorbs red light is conjugated to NIR-absorbing
copper sul¯de (CuS) NPs via an MMP-cleavable
peptide linker. The obtained CuS-peptide-BHQ3
(CPQ) nanoprobe exhibits two distinctive absorp-
tion peaks at 630 and 930 nm. Inside the tumor
microenvironment where MMPs are present, the

MMP-sensitive peptide would be cleaved, releasing
BHQ3 from the CuS nanoparticles; the former as a
small molecule is then rapidly cleared out from the
tumor and the latter of which as large nanoparticles
would retain inside the tumor for a much longer
time. Such a simple and straightforward strategy
allowed us to use PAI for in vivo detection of a
speci¯c enzyme activity. Compared with traditional
OI used in MMP detection, PAI would exhibit
dramatically enhanced penetration of tissues and is
expected to o®er markedly improved in vivo spatial
resolution during imaging owing to its unique
mechanism. Altogether, the choice of di®erent
nanoprobes for PAI depends on nanoprobes prop-
erties and biological interactions.

4. Discussion and Conclusion

Molecular imaging techniques existing in time and
spatial resolution, depth of penetration, ductility,
energy availability and probe detection limits have
their advantages and disadvantages, and a variety
of imaging technologies combined will provide more
comprehensive information. The design of multi-
functional imaging probe now is a concrete measure
of future development of molecular imaging well not
only in the condition of various kinds of imaging
technology but also has a therapeutic e®ect. How-
ever, the particle size, material composition, shape,
surface chemical properties, the biological activity
of the ligand, the imaging e®ect of the probe,
the biological safety of the probe and other factors
a®ect the clinical application of step.

In this review, we have listed some recent con-
trast agent advancements in design, biochemistry
and theranostic applications for PAI. Indeed, the
versatile optical probes are now increasingly active
in numerous aspects: enhanced sensitivity and
speci¯city, functional biosensing, activatable drug
release/response and imaging of tumor micro-
environments. However, there is no single best
agent for all applications and selection of the most
ideal agent can be ambiguous due to the great
variety of NPs.

In summary, it is expected that further ad-
vancement of this fast-growing topic will continue
to accelerate both basic life sciences and bedside
clinic care. In addition, we hope that PA molecular
imaging with functional nanoparticles will be widely
used in potential clinical applications.
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