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A
lthough some anticancer drugs can
inhibit tumor angiogenesis by indu-
cing apoptosis and disrupting neo-

vascular growth, many agents suffer from
low drug loading, poor pharmacokinetics,
and adverse systematic side effects.1,2 On
the other hand, neovascularization in tumor
microenvironment often produces insuffi-
cient imaging contrast, leading to inaccu-
rate or delayed response monitoring.3

Recently, metallic nanoparticles, especially
gold nanoconstructs, were extensively ex-
plored for drug delivery or imaging en-
hancement.4�6 In an in vitro model, func-
tional peptide-coated gold nanoparticles

were used to particularly interface with cell
receptors that determine progression or
suppression of angiogenesis.7 Graphene
oxide (GO) nanoparticles possessing two
accessible surfaces with superlarge area
are featured with low production cost and
easy surface functionalization.8,9 They were
reported to exhibit high drug loading and
tumor uptake, and a strong photothermal
effect on mice.10�12 Previously, graphene
nanoparticles were primarily tested to gen-
erate higher photoacoustic (PA) signals than
blood and proposed for in vitro targeted
photothermal therapy and PA imaging.13,14

Nevertheless, theyhaveneitherbeendesigned
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ABSTRACT Conventional evaluation methods of chemotherapeutic effi-

cacy such as tissue biopsy and anatomical measurement are either invasive

with potential complications or dilatory to capture the rapid pathological

changes. Here, a sensitive and resolution-scalable photoacoustic microscopy

(PAM) with theranostic nanoformulation was developed to noninvasively

monitor the therapy response in a timely manner. Ultrasmall graphene oxide

nanosheets were designed as both drug-loading vehicle and photoacoustic

signal amplifier to the tumor. With the signal enhancement by the injected

contrast agents, the subtle microvascular changes of the chemotherapy

response in tumor were advantagely revealed by our PAM system, which was much earlier than the morphological measurement by standard imaging

techniques. High tumor uptake of the enhanced nanodrug with Cy5.5 labeling was validated by fluorescence imaging. At different observation scales, PAM

offered unprecedented sensitivity of optical absorption and high spatial resolution over optical imaging. Our studies demonstrate the PAM system with

synergistic theranostic strategy to be a multiplexing platform for tumor diagnosis, drug delivery, and chemotherapy response monitoring at a very early

stage and in an effective way.

KEYWORDS: early prediction . chemotherapy response . nanocarrier . photoacoustic microscopy . scalable imaging .
graphene oxide . signal amplification
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for simultaneous drug delivery and visualization
improvement nor been explored for in vivo continuous
PA monitoring of therapy response. Here, we devel-
oped a synergistic nanoplatform to overcome two
challenges: simultaneously enhance drug delivery effi-
ciency and boost PA contrast for improved visualiza-
tion in one nanovehicle.
Noninvasive imaging techniques are imperative for

early cancer detection and prediction of chemother-
apeutic efficacy on tumors. However, most standard
imaging techniques provide onlymorphological tumor
information such as density, size, and shape. Positron
emission tomography (PET) as a conventional imag-
ing method can indirectly monitor therapy biochemi-
cal response by measuring metabolic activity and
blood perfusion.15,16 Unfortunately, this radioisotope-
dependent technique involves risky exposure to ioniz-
ing radiation.17 Magnetic resonance imaging (MRI) was
also used to predict therapy response.18,19 The disad-
vantages of MRI include weak functional signals and
suboptimum spatial resolution. Moreover, both PET
and MRI employ costly and nonportable imaging
equipment. Thus, it is greatly desired to develop a
nonionizing and high-resolution imagingmethod cap-
able of directly monitoring chemotherapy response in
a timely manner.
Photoacoustic imaging (PAI) is an emerging optical

imaging mode that can visualize various contrasts at
millimeter depth with unprecedented sensitivity.20�22

By converting incident photons into ultrasound emis-
sion, PAI hybridizes the rich contrast of pure optical
imaging and the high resolution of pulse-echo imaging
in one modality.23,24 PAI, which relies on optical ab-
sorption distribution, is not affected by the autofluor-
escence in biological tissues commonly experienced
by fluorescence imaging.25 Inspired by these attractive
merits, we have custom-built a sensitive photoacoustic
microscopy (PAM) system to monitor and predict
therapy response including tumor development and
hemodynamics by different chemotherapeutic nano-
drugs. Higher ultrasonic frequency, wider bandwidth,
and finer step size increase spatial resolution, but
decrease penetration depth and imaging speed, and
vice versa. As a result, such versatile imaging scalability
allows our PAM prototype to be used formultiple-scale
imaging from diseased organs to local neovasculariza-
tion changes with the same contrast origin.
GO nanoparticles can be functionalized by polyethy-

lene glycol (PEG) to obtain high hydrophilicity in
physiological environments.9,26,27 The surface fabrica-
tion can be realized by either covalent conjugation or
noncovalent coating.10,28,29 In our experiment, we
functionalized GO nanosheets by PEG in the first step
and then linked them to Cy5.5 dye for fluorescence
imaging. Afterward, a large amount of doxorubicin
(Dox) was successfully loaded on the surface of a GO-
PEG-Cy5.5 system via supramolecular π�π stacking.

Enhanced tumor uptake of the nanodrugwas facilitated
by the efficient delivery vehicle. Meanwhile the detec-
tion specificity and sensitivity also significantly bene-
fited from the GO accumulation in the tumor.
Resolution-scalable PAM was developed to evaluate
the treatment progress and compare the therapeutic
efficacy by different drug delivery strategies. Our results
demonstrated that the PAM system offers much deeper
imaging penetration than optical imaging methods,
allowing early-stage and sensitive detection of tumor
angiogenesis and therapeutic evaluation onset. This
prognosis method aided by synergistic nanodrugs
might potentially spare patients from unnecessary suf-
fering in an inefficacious chemotherapy course, result-
ing in a change to a new treatment course if necessary,
and could ultimately impact the survival rate.

RESULTS

The schematic of our homemade PAM system
(nanoPAM Inc.) is depicted in Figure 1a. Briefly, the
light source was supplied by a tunable optical para-
metric oscillator laser pumpedby aQ-switchedNd:YAG
laser (Surelite I20, Continuum) with a 20 Hz pulse
repetition rate. The laser wavelength is tunable from
410 to 2500 nm. In this study, 680 nm was chosen as
the excitation wavelength for PA imaging acquisition.
The laser beam, formed by a spherical conical lens, was
converted to a ring shape and then focused by an
optical condenser on mouse skin for PA signal genera-
tion. The incident laser pulse energy was ∼5 mJ/cm2,
well below the American National Standards Institute
(ANSI) safety standard of 20 mJ/cm2.30

As illustrated in Figure 1a, the animal was placed
underneath a thin clear plastic membrane of a water
tank that has a 4� 4 cm2 opening.31 Produced acoustic
pressureswere detected by a single-element ultrasonic

Figure 1. (a) Scheme of the PAM system used for in vivo
animal imaging. (b) MIP image of three pieces of horse hair
obtained by the PAM system. Scale bar = 1 mm. (c) Image
profile along the red dashed line from part b.
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detector (NDTOlympus) coaxially alignedwith the laser-
focusedpoint. The transducer is replaceable by different
alternatives such as a 20, 10, or 5 MHz detector for
resolution-scalable imaging. A computer controls the
two-dimensional translation stage for raster scanning of
the subject through the opening. The PA data were first
amplified by a low-noise signal amplifier (5072PR,
Olympus) and then transferred to a high-precision data
acquisition (DAQ) card (CS1422, Gage Inc.) in the com-
puter for postprocessing. Light fluencemeasurement of
the laser pulse from a photodiode (DET110, Thorlabs)
was employed to trigger PA data collection and signal
compensation for pulse-to-pulse fluctuations of laser
energy. This PAM system features high imaging sensi-
tivity and resolution scalability.
To characterize the PAM system, three pieces of

horse hair fiber with a diameter from 40 to 90 μmwere
imaged by a 20 MHz ultrasonic transducer. The horse
hair was embedded and stabilized in agar with a
thickness of ∼1 mm, resembling scattering tissue.
The optical absorption distribution of the hair is dis-
played in a maximum intensity projection (MIP) image
with high contrast in Figure 1b. The image profiles
along the red dashed line from the MIP image
(Figure 1b) are plotted in Figure 1c, where the three
sharp peaks correspond to the hair fibers. The full
width at half-maximum (fwhm) of the imaged object
was calculated to be ∼50 μm, which agrees well with
the theoretical calculation of spatial resolution in the
frequency domain.32 The results demonstrate that the
system can resolve micrometer-scale structure with
high contrast.
The synthetic procedure of the nanoformulation is

briefly illustrated in Figure S1 (see details in the Support-
ing Information). First, uniform GO nanoparticles were
prepared from graphite based on amodified Hummer's
method.33,34 Eight-amino-terminated poly(ethylene
glycol) (5 kDa) was conjugated with the carboxylic
groups of GO via amide formation to obtain GO-PEG.
Then PEG-GO was labeled by Cy5.5 probes by amino
and carboxyl group reaction. Afterward, a large amount
of Dox was stacked on the GO surface via π�π stacking.
To verify each step of the synthesis process, UV�
vis�NIR spectra of the four agents (GO, Dox, GO-Cy5.5,
and GO-Cy5.5-Dox) were obtained, as shown in
Figure 2a. The blue line representing GO-Cy5.5 exhib-
ited two characteristic absorption peaks at 230 and
680 nm, indicating the labeling of Cy5.5 on GO. The
absorption spectra of GO-Cy5.5-Dox (red line) exhib-
ited three absorption peaks at 230, 480, and 680 nm,
respectively, suggesting successful conjugation of three
components. The loading capacity ofDox toGOvehicles
was ∼133.32 wt % by calculation (Figure S4).35

Atomic forcemicroscopy (AFM) images depicted the
particle size of GO-PEG in Figure S2a. For statistical
study, 5668 visualizations were randomly chosen to
detail the particle size distribution including the

thickness, area, and volume of the three nanosheets
in Figure S3. After labeling with Cy5.5 dye, the thick-
ness of the GO-Cy5.5 nanoparticles increased to
∼2 nm. Furthermore, the thickness of GO-PEG-Cy5.5-
Dox increased more significantly, shown by the height
profile plotted in Figure S2d and the height distribu-
tion in Figure S3a. Moreover, the surface area and
particle volume of the nanosheets were evidenced,
as shown in Figures S3b and c. This morphological
change is mainly attributable to the large stacking of
small Dox molecules on the surface of GO nanosheets.
The fluorescence emission curves of GO-Cy5.5-Dox
under the 480 and 680 nm excitation, respectively,
are shown in Figure 2b. Under 680 nm excitation, a
significant peak at 695 nm appeared in the emission
curve due to the existence of Cy5.5, while under
480 nm the emission peak was found to be 520 and
590 nm, which is due to the GO nanosheets. In our
study, 680 nm was chosen as the excitation wave-
length to trace the distribution of nanoformulation
pharmacokinetics in the whole body of the mice.
The absorbance of GO-Cy5.5-Dox agents is in a linear

relationship with the concentrations, as shown in
Figure S4. Since the signal-to-noise ratio (SNR) of the
PA signals is proportional to the optical density,36

accumulation of the highly absorbing nanoparticles
can be used to improve the imaging contrast. Mice
bearing H1975 lung adenocarcinoma were intrave-
nously (iv) injected with either GO-Cy5.5-Dox (200 μL,
Dox concentration at 8 mg/kg) or phosphate-buffered
saline (PBS) (200 μL). A volume of 9� 9� 4mm3 of the
tumor before and after the injection was scanned with
a 10 MHz transducer. The PA image before injection
(Figure 2c) revealed the main blood vessels, but the
local tiny structures were almost invisible with low
resolution. Six hours after GO injection, the vascular
network with defined architecture was clearly visible,
as shown in Figure 2d. The microvessels (indicated by
white arrows) in the imaging region were significantly
boosted in contrast. For quantitative comparison, we
selected an identical region-of-interest marked by the
dashed square area in both PAM images before and
after GO injection. In the control group, the PAM image
after PBS injection (Figure 2f), which mainly maps
coarse vessels, was similar to that before injection
(Figure 2e). A two-tailed Student's t test was used to
reveal the variation of these two groups (n = 4/group).
The image contrast after GO addition was enhanced
2.1 ( 0.2 times via calculation, compared with un-
changed contrast in the PBS group. The statistical
image differences also implied that the injected GO-
Cy5.5-Dox agents were effectively enriched in the
tumor region.
To study in vivo behavior of the nanodrugs, we

measured the blood circulation dynamics by record-
ing fluorescence signals of Dox at different time
points. All fluorescence imaging and signal analysis
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was carried out on a commercial Maestro optical
imaging instrument (Caliper Life Sciences, Hopkinton,
MA, USA). GO-Dox-Cy5.5 (200 μL, Dox concentration
at 8 mg/kg) was administered to an H1975 tumor
bearing nude mouse by tail vein injection. Approxi-
mately 20 μL of blood was iv drawn from the nude
mouse. The drawn blood samples were subsequen-
tly excited at 500�720 nm (Dox spectrum, Figure 2b)

and then analyzed. As can be seen in Figure 3a,
no fluorescence signal was detected in the blood
before injection, while a strong signal emerged
3 min after injection and decreased gradually in
time, indicating good circulation of GO-Cy5.5-Dox
nanoparticles in the bloodstream. Specifically,
the fluorescence signal in the blood 3 h after iv injec-
tion was 5.2 ( 0.3-fold weaker than that at 3 min

Figure 2. (a) UV�vis�NIR of GO, GO-Cy5.5, Dox, and GO-Cy5.5-Dox, respectively. (b) Fluorescence spectra of GO-Cy5.5-Dox
excited at 480 nm (black) and 680 nm (red), respectively. (c) MIP image of tumor supply vessels before injection of GO-Cy5.5-
Dox. (d) MIP image of tumor supply vessels 6 h after injection of GO-Cy5.5-Dox. (e) MIP image of tumor supply vessels before
injection of PBS. (f) MIP image of tumor supply vessels 6 h after injection of PBS. Scale bar = 1 mm.
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and 3.3 ( 0.1-fold greater than that at 10 h (n =
4/group, Figure 3b).
In a mechanistic study, Dox released from the GO

vehicle was tested in pH 5.0 buffer (modeling tumor
environment) and pH 7.4 buffer (modeling normal
physiological environment), respectively, as shown in
Figure 3c. The solution was stored in an incubator
shaker under constant stirring at 37 �C, which was
then sampled at various time points for dynamic
release test. The free Dox was separated by centrifuga-
tion (100 kDa) at 10 000 rpm for 15 min and then
quantified by UV�vis�NIR measurement. The results
in Figure 3c show that much more Dox was released in
the acid environment than that in the neural environ-
ment. This phenomenon is attributable to the en-
hanced solubility and hydrophilicity of Dox in the
acid environment.37

To trace the kinetics of the nanoformulation in the
mouse body, we investigated the tumor accumulation
profile of GO-Cy5.5-Dox by fluorescence imaging
(Figure 4a). After iv injection, GO-Cy5.5-Dox began to
gather in the liver and spleen in the first 2 h, but
gradually accumulated in the tumor with a strong
fluorescence signal. Six hours after injection, the GO-
Cy5.5-Dox mouse demonstrated dramatically greater
fluorescence intensity in the tumor area (upper panel
in Figure 4a), as opposed to the relatively low fluores-
cence signal in the Cy5.5-Dox group (lower panel),
suggesting high tumor uptake efficiency of Dox by
the nanocarriers. The background fluorescence signal
does not cover thewholemouse at 48 h because only a
small portion of the probes remained in the blood-
stream and most of them were gradually taken up by
the organs.
Another mouse group injected with GO-Cy5.5-Dox

were euthanized at 48 h postinjection. Optical imaging
of the major organs and tumor is shown in Figure 4b.
A very strong fluorescence signal in the tumor

was detected; however the organs, for example, liver
and kidney, delineated much weaker fluorescence
intensity. The uptake of GO in the liver may be under-
estimated if the tracer was partially degraded due to
fluorescence loss of the metabolites. Liver and tumor
fromothermice groupswere harvested tomeasure the
Cy5.5 fluorescence signal of GO-Cy5.5-Dox at different
time points (n = 5/group), as shown in Figure 4c. The
biodistribution fluorescence measurements indicate
that much more nanoparticles accumulated in the
tumor than in the liver. The signal decrease in the liver
may imply that nanoparticles accumulated in the liver
were cleared gradually 7 days after injection. The
nanoparticle accumulation in different organs de-
pends on the size dimension, surface modification,
functionality design, and its biodegradability, which
requires further systematic investigations.
Two doses (one day apart) of either Dox or GO-Dox

were iv injected into the mice at the same Dox
concentration of 8 mg/kg when the H1975 tumor size
was ∼100 mm3. A 20 MHz ultrasonic transducer was
used to image an area of 4 � 3.5 mm2 on the tumor.
Right after the first administration, vasomotion re-
sponse was continuously monitored (day 0, 3, 6,
and 9), as shown in Figure 5a. In the signal graph, the
postinjection signal strengths were normalized by the
initial value in each group to compare the change
trend, as shown in Figure 5b. The PA images in the Dox
group of Figure 5a showed that the PA signal of the
coarse vessels remained almost unchanged with a
slight signal decrease. In contrast, the vasculature
progression, especially the small blood vessels, in the
GO-Dox group was greatly inhibited on day 6 owing to

Figure 3. (a) Blood circulation of GO-Cy5.5-Dox in mice by
tail vein injection. Blood samples of 5 μL were collected at
indicated time points into Eppendorf tubes for fluorescence
imaging. (b) Fluorescence signal curve quantified from part
a (n = 4/group). (c) In vitro drug release measurement of
GO-Cy5.5-Dox in various pH conditions.

Figure 4. (a) Fluorescence imaging of GO-Cy5.5-DOX dis-
tribution in vivo in H1975-tumor-bearing mice. (b) Fluores-
cence imaging of major organs and tumor collected 48 h
after drug injection. (c) Fluorescence signal of liver and
tumor in mice at different time points by measuring the
Cy5.5 fluorescence signal (n = 5/group).
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the high accumulation of Dox agents by the nano-
carrier. These results suggest that PAM aided by GO
may greatly improve visualization of the chemother-
apeutic process at the early stage.
The results offered by PAM were much earlier than

the tumor response measurement by conventional
PA imaging (Figure 6a and tumor growth curve in
Figure 7a). Statistical significance between the three
groups (n = 6 in each group) was analyzed by Student's
t test at each time point (Figure 5b). Quantitatively, the

treatment efficacy was improved 6.5 times over the
control Dox group, shown in Figure 5b, suggesting the
significantly higher tumor uptake efficiency of the
nanoformulation. Even if all the injected nanoparticles
were diffused away from the tumor at day 9, the PA
signal decrease of the GO-Dox group was still ∼3.1
times (6.5/2.1, 2.1 was the enhanced part by GO) lower
than that of the Dox group.
To further verify that the PA signal reduction is

caused by an antitumor effect of the chemotherapeutic

Figure 5. (a) RepresentativeMIP images of a region-of-interest in tumor receiving GO treatment, Dox treatment, and GO-Dox
treatment, respectively, at different timepoints. Scale bar = 1mm. (b)Quantitative PA signals of blood vessels inhibitedby the
treatments (n= 6/group). *p<0.01. (c) CD31 immunohistochemical histology of the tumor section 6 days after treatmentwith
Dox and GO-Dox chemotherapy. Scale bar = 20 μm.
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drug, blood vessels from frozen sections of tumors
6 days after therapy were stained by anti-CD31 anti-
body (green fluorescence). The CD31 staining protocol
was described in previous literature.3 Numerous
blood vessels are shown in the sections of the control
group (Dox) in Figure 5c. In contrast, a remarkable

decrease in neovessels was found in the GO-
Dox tumors. Quantitative results demonstrate 33 (
4 vessels in the Dox group, compared with 11 (
5 vessels in the GO-DOX group (p < 0.01), indicat-
ing the chemotherapy remarkably suppressed tumor
angiogenesis.

Figure 6. (a) Photoacoustic imaging of the tumor receiving chemotherapy by the conventional PA tomography system
(VisualSonics). Scale bar = 1 mm. (b) Photoacoustic imaging of the tumor receiving chemotherapy by the PAM system. Scale
bar = 1 mm. (c) PA signal change on the tumor measured by the conventional PA system and home-built PAM system (n =
6/group). *p < 0.01. (d) PA signal, total length, and junction number of the vasculature from PAM images (n = 6/group).

Figure 7. (a) Relative tumor volume of untreated and Dox- and GO-Dox-treated mice. (b) Body weight curves of the mice in
the untreated and Dox- and GO-Dox-treated groups. (c) HE staining (10-fold magnification) of the major organs 1 week after
PBS or GO-Dox (Dox concentration at 8 mg/kg) injection.
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To demonstrate the early-stage monitoring ability,
our custom-built PAM was further compared with a
conventional PA imaging instrument. A widely avail-
able commercial PA imaging system (VevoLAZR2100,
VisualSonics) was utilized for imaging as control.
A transducer array (central frequency 21 MHz) was
applied for image acquisition. Light at 680 nm from
a wavelength-tunable laser was used to excite PA
signals. Filtered back-projection was utilized for
photoacoustic tomography (PAT) image reconstruc-
tion.38,39 PAT and ultrasound images were captured
separately and superimposed in one image. After the
second dose injection of GO-Dox (Dox concentration
at 8 mg/kg), therapeutic response was monitored by
both our PAM and the VisualSonics system, as shown
in Figure 6.
The cross section PA images from the VisualSonics

system in Figure 6a representing the sagittal plane for
centrally located tumor showed that the tumor shape
with the PA signal decreased slightly on day 8. Unlike
the PAM imaging system, the linear transducer array
mainly supplies the physical morphology instead of
imaging deliberate structure such as microvessels.40 In
contrast, the PAM results in Figure 6b clearly manifest
that the angiogenic vessels were greatly suppressed
on day 4. At each time point, a two-tailed Student's
t test was applied to evaluate the variation of the two
groups. The 4 days earlier (at least) detection difference
in Figure 6c indicates that the PAM system is sensitive
enough to capture subtle changes of the chemother-
apy response during the treatment course. Moreover,
the normalized changes of the PA signal, total length,
and interconnectivity analysis of the vascular network
from Figure 6b are shown in Figure 6d. The total length
and junction number of the vasculature confirm
the chemotherapeutic depression trend shown in the
PAM images. Specifically, compared to PA signals, the
total vascular length represented by black columns
exhibited later therapeutic signs, while the junction
number represented by blue columns showed slightly
earlier signs.
In general, injected agents need to circulate and

extravasate the vascular compartment, circumvent
reticuloendothelial system (liver and spleen) uptake,
and be delivered to the desired site for therapeutic
purposes. Tumor microenvironment is slightly acidic in
comparison with normal tissues.41 The drugs loaded
on the nanocarrier surface by stimulus-responsive
stacking conjugation would be released in response
to the external tumormicroenvironment, as evidenced
in Figure 3c.42 The physical size measurements of the
tumor in Figure 7a, although reflected later pathologi-
cal information than the PAM monitoring, confirmed
better chemotherapeutic efficacy of the GO-Dox group
over Dox and untreated groups.
The in vivo body weight curve in Figure 7b shows

that the body weight of the GO-Dox mice group

dropped less than that of the Dox mice group. In the
drug delivery, the GO-Dox nanoformulation is less toxic
to the normal tissue than Dox due to the good
biocompatibility of GO. In addition, more Dox agents
in the form of GO-Dox accumulated in the tumor than
sole Dox agents. Thus, after GO loading, fewer Dox
agentswere deposited in the normal tissue, resulting in
less systematic toxicity. Ex vivo hematoxylin and eosin
(H&E) histology (10-foldmagnification) ofmajor organs
was implemented for nontoxicity validation of GO-Dox
(Figure 7c). Higher magnification (40-fold) H&E histol-
ogy images of liver and spleen are also illustrated in
Figure S5. No obvious sign of organ damage was seen
in the HE slides, indicating in vivo application potential
of GO. It is also noteworthy that despite the high
accumulation in the reticuloendothelial system in the
first-day fluorescence imaging (Figure 4a), no obvious
deformity was found in the organs after histological
staining.

DISCUSSION AND CONCLUSIONS

Tumor supply vessels increase oxygen and other
factors to cancer cells and expedite tumor expansion
and metastasis, which is a key criterion of disease
aggression or inhibition.43,44 Tumor neovascularization
level is a superb criterion to evaluate the metastatic
potential and monitor chemotherapy response. There-
fore, neovasculature imaging is essential to assess
tumor behavior, forecasting the treatment response,
changing the therapy strategy if necessary, and ulti-
mately maximizing the therapy effect. Benefiting from
the exquisite sensitivity of PAM and the signal amplify-
ing effect of synergistic nanotheranostics, we im-
proved the imaging prognosis strategy with earlier
outcomes and better image quality. In our study, a
deeper imaging depth can be obtained by using a
longer laser wavelength and a lower frequency ultra-
sound transducer at the expense of resolution
worsening.45 By adjusting the observation scale, ver-
satile PAM is capable of imaging neovascularization
and segment microvessel architecture responses to
angiogenesis inhibitors, enabling tumor angiogenesis
and treatment monitoring.
By using GO-Dox, we successfully amplified the

image contrast for tumor neovasculature visualiza-
tion, providing high detection sensitivity and imaging
specificity. Moreover, the high loading capacity of the
nanovehicle on the surface permits significantly ef-
fective chemotherapy, which can be continuously
monitored by PAM. In our PAM experiments, the data
collection conditions such as pulse energy, signal
amplification, and DAQ card setting were maintained
under the same parameters. Thus, the images
acquired by the same transducer are comparable
between figures. In our results, the PAM system aided
by GO-Dox can detect obvious PA signal variation on
tumor as early as 4 days after the treatment initiation,
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while conventional PA imaging or the tumor growth
curve reflects reduction until 5 days later. Consequently,
combining PAM with GO-Dox allows tumor angiogen-
esis imaging inhibition and therapy response monitor-
ing in a synergistic theranostic platform.
Compared with fluorescence imaging, PAM pro-

mises much higher spatial resolution since ultrasound
pressure was much less scattered than photons in

tissue. In addition, PAM does not require undesirable
fluorescent labeling since all contrast origins can po-
tentially be detected at appropriate wavelengths by
PAM, whereas only a few subsets of molecules in
biological tissues are fluorescent. By upgrading the
light source to a more portable laser with a kHz
repetition rate, our system is highly translatable to
bedside clinics and operation-room applications.

MATERIALS AND METHODS

Reagents. Unless otherwise noted, all solvents and com-
pounds were purchased from Aldrich Chemical Co. (St. Louis,
MO, USA). Cy5.5-NHS ester was purchased from GE Healthcare
Life Science (Piscataway, NJ, USA). Doxorubicin (Adriamycin)
was purchased from Doxil (ALZA Corporation, CA, USA).

Synthesis of GO-Cy5.5-Dox. GO-PEGwas fabricated according to
a modified Hummers method. Briefly, GO solution (1 mg/mL,
5 mL) and 25 mg of PEG were mixed. The solution was then
sonicated for 15 min. N-(3-(Dimethylamino)propyl-N-ethylcar-
bodiimide hydrochloride (EDC) was added in two parts until
5 mM. After 12 h, excess PEGwas washedwith distilled water by
a 100 kDa filter (Millipore Inc.). Then Cy5.5-NHS ester in DMSO
was introduced to label the GO-PEG nanovehicles. The stability
of GO-Cy5.5 was tested in standard bovine blood serum under
constant stirring in 37 �C for 48 h, as shown in Figure S6. The
possible released Cy5.5 was separated by filtration through a
3 kDa centrifugal filter. However, a very weak fluorescence
signal was detected in the extracted solution, indicating rela-
tively strong stability of GO-Cy5.5 in a biological system. Finally,
2 mL of Dox (1 mg/mL) was incubated with 1 mL of GO-Cy5.5
(1 mg/mL) for 24 h. Excess Dox was collected via centrifugation
through a 100 kDa filter and rinsing 6�8 times. The concentra-
tion of the excess Dox was determined by the absorbance
measurement at 480 nm using a calibration curve (Supple-
mentary Figure S4). Thus, the amount of Dox loaded onto GO
can be obtained by subtracting the unbound Dox from the total
Dox amount initially added.

Animal Experiments. Immunodeficient female nudemicewith a
body weight of ∼23 g were used for the animal study. Human
H1975 adenocarcinoma cells (∼106 cells) were subcutaneously
xenografted to the right shoulder of the mice. During the experi-
ment, 1�2% isoflurane mixed with oxygen through a calibrated
vaporizer was used for animal anesthesia. Guidelines on the care
and the use of laboratory animals at Xiamen University and
National Institutes ofHealthwere followed for all animal handling.

H&E Staining. Tissue sections were harvested and immersed
in 10%buffered formalin solution for 2 d and then transferred to
30% sucrose in PBS. Sections were then immersed in optimal
cutting temperature media and frozen for 10 s in an isopentane
bath that was placed in liquid nitrogen. Tissue sections (5 μm)
were sliced and placed on glass slides and imagedwith a bright-
field microscope (Olympus).
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