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ABSTRACT: Semiconducting molecules of perylene diimide (PDI) with strong
light absorption properties in the near-infrared region and good biocompatibility
have received increasing attention in the ﬁeld of theranostics, especially as
photoacoustic (PA) imaging agents. Herein, we report a series of [64Cu]-labeled
PDI nanoparticles (NPs) of diﬀerent sizes (30, 60, 100, and 200 nm) as dual
positron emission tomography (PET) and PA imaging probes and photothermal
therapy agents. The precise size control of the PDI NPs can be achieved by
adjusting the initial concentration of PDI molecules in the self-assembly process,
and the photophysical property of diﬀerent sized PDI NPs was studied in detail.
Furthermore, we systematically investigated the size-dependent accumulation of
the PDI NPs in the lymphatic system after local administration and in tumors after
intravenous injection by PA and PET imaging. The results revealed that 100 nm is
the best size for diﬀerentiating popliteal and sciatic LNs since the interval is around
60 min for the NPs to migrate from popliteal LNs to sciatic LNs, which is an ideal
time window to facilitate surgical sentinel LN biopsy and pathological examination. Furthermore, diﬀerent migration times
of the diﬀerent-sized PDI NPs will provide more choices for surgeons to map the speciﬁc tumor relevant LNs. PDI NP
theranostics can also be applied to imaging-guided cancer therapy. The NPs with a size of 60 nm appear to be the best for
tumor imaging and photothermal cancer therapy due to the maximum tumor accumulation eﬃciency. Thus, our study not
only presents organic PDI NP theranostics but also introduces diﬀerent-sized NPs for multiple bioapplications.
KEYWORDS: semiconducting nanoparticle, lymph node mapping, photoacoustic imaging, positron emission tomography imaging,
photothermal therapy
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accumulation, but smaller micelles had higher penetration
capacity in the tumor region and better therapeutic eﬃcacy.
Moreover, NP size can be of vital importance to imaging and
treating central nervous system disorders. For example, Liu et
al. used diﬀerent sized 2,3-bis(4-(phenyl(4-(1,2,2triphenylvinyl)phenyl)amino)phenyl)fumaronitrile (TPETPAFN) NPs to evaluate blood−brain barrier (BBB) permeability and found that NPs with size greater than 30 nm do not

he size of nanoparticles (NPs) has a dramatic eﬀect on
in vivo biodistribution, tumor accumulation, pharmacokinetics, therapeutic eﬀect, etc.1−4 In cancer research,
there has been a continuous eﬀort to determine the best sized
NPs to improve tumor diagnosis and treatment.5,6 For example,
Chan et al. studied the size eﬀect of PEGylated gold NPs
(AuNPs) in tumor accumulation, relying on the enhanced
permeability and retention (EPR) eﬀect, and 60 nm AuNP
appeared to be best suited for tumor passive targeting among
20−100 nm NPs.7 Shen et al. investigated the tumor
accumulation and therapeutic eﬀect of a series poly(prodrug)
micelles with diﬀerent sizes ranging from 30 to 200 nm.8 The
results showed that the larger micelles had higher tumor
© 2017 American Chemical Society
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Figure 1. (a) Schematic and cartoon illustrations of the structures of PDI molecules and cartoon of size-tunable PDI NPs. (b) Surface tension
of water as a function of the PDI concentration and the critical aggregation concentration (CAC) of PDIs is 22.5 mg/L in water. Inset:
aqueous solution of PDI NPs. (c) TEM images and (d) dynamic light scattering results of diﬀerent sized PDI NPs.

oligomers with strong absorption in the near-infrared (NIR)
region have been used for the detection of pH change in
tumor,33 oxidative environment recognition,34 drug loading for
cancer therapy,35,36 and so on. Herein, we report perylene
diimide (PDI) derivatives with strong absorption in the NIR
region as PA probes to detect orthotopic brain tumors in
mice.37
In this work, amphiphilic PDI derivatives were developed,
which was further self-assembled into a series of PDI NPs with
diﬀerent sizes of 30, 60, 100, and 200 nm (Figure 1a). The
relationship between the physical properties (absorption, PA,
and photothermal properties) of the PDI NPs and their size
was investigated in detail. The size-tunable PDI NPs were
further labeled with radionuclide [64Cu] for positron emission
tomography (PET) imaging. Here, we systematically investigated the size-dependent accumulation eﬀect of PDI NPs in
the lymphatic system after local administration and in tumors
after intravenous injection by using both PA and PET imaging
approaches. The results revealed that 100 nm is the best size for
diﬀerentiating popliteal and sciatic LNs since the interval is
around 1 h for the migration of NPs from popliteal LNs to
sciatic LNs. The nearly 1 h interval is suﬃcient for the surgeon
to perform SLN biopsy and pathological examination to make
decision for the following surgery. In addition, diﬀerent
migration times of the diﬀerent sized NPs will provide more
choices for surgeons to map the speciﬁc tumor relevant LNs.
The intravenous injection results showed that the NPs with a
diameter around 60 nm demonstrated the best properties for
tumor imaging and photothermal cancer therapy due to the
maximization of tumor accumulation eﬃciency.

extravasate, while NPs of 10 nm could leak from nonischemic
regions of the brain in a photothrombotic ischemia (PTI)
model.9 The various observations of size-dependent eﬀects of
nanotheranostics manifest the need for careful study of the
physicochemical properties of each type of NPs for their
speciﬁc bioapplications.10
Sentinel lymph node (SLN) mapping and biopsy are
standard of care procedures in the clinic for therapeutic
decision-making guidance of various malignant tumors,11−13
such as breast cancer, gastric cancer, and prostate cancer.14−17
Accurate recognition of SLNs and diﬀerentiation from the
second-echelon lymph nodes (LNs) could help surgeons
improve the quality of pathological examination and reﬁne
the selection of LNs for surgical removal. For lymphatic system
mapping, colloidal NPs with multimodality imaging capabilities
are frequently used.15,18,19 Due to the wide size variance of the
colloidal NPs, it is very challenging to match the surgery
window with the NP migration and distribution. For colloidal
nanoparticles used for LN imaging, the size is a critical factor
which determines the rate of diﬀusion through the interstitium,
draining in the lymphatic system, and uptake by the LNs.20,21
After interstitial injection, the colloidal NPs are cleared by
lymphatic drainage with a speed that is inversely proportional
to the particle size.22 To the best of our knowledge, there has
rarely been a detailed study of using suitably labeled sizetunable NPs to control the migration for accurate SLN
mapping.
Photoacoustic (PA) imaging provides deeper tissue penetration and higher spatial resolution than other commonly used
methods, such as ﬂuorescence optical imaging.23−30 PA imaging
also allows portable detection and real-time imaging of SLNs
during the surgery.31,32 Various semiconducting polymers and
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Figure 2. (a) Normalized UV−vis spectra of the diﬀerent-sized PDI NPs in water. (b) Temperature variation of diﬀerent-sized PDI NPs in
aqueous solution as a function of laser irradiation time. (c) Infrared thermal images of diﬀerent sized PDI NPs in aqueous solution and pure
PBS irradiated with 675 nm laser at a power density of 1 W cm−2 for 300 s. (d) Photothermal proﬁles of PDI NPs in PBS upon laser
irradiation at diﬀerent power densities. (e) Representative PA spectra of PDI NPs in an in vivo phantom. (f) PA amplitudes of diﬀerent sized
PDI NPs at 680 nm at the same optical density. *p < 0.05 and **p < 0.01.

RESULTS AND DISCUSSION
Preparation of Diﬀerent-Sized PDI NPs. To prepare
diﬀerent-sized PDI NPs, we ﬁrst synthesized two asymmetric
amphiphilic PDI structures 1 and 2 as shown in Figure 1a. For
structure 1, the hydrophilic block is uncharged methoxy
polyethylene glycol (mPEG2000), and the hydrophobic block
is the PDI molecule and aliphatic chains, which provide an
eﬀective driving force for intermolecular aggregation in water
where the ﬂexible aliphatic chain contributes to uniform
morphology during the self-assembly process. Compound 2 is
structurally homologous to 1, except that an amine group at the
terminus is present to react with the macrocyclic chelator
DOTA (tetraazacyclododecane-1,4,7,10-tetraacetic acid) for
radiometal [64Cu] labeling. DOTA chelator provides strong
coordination with [64Cu]. As shown in Figure S10, no free
[64Cu] was detected in the as-prepared [64Cu]-labeled PDI
NPs, suggesting the labeling eﬃciency was virtually 100%.
The detailed synthesis and characterizations of compound 1
and 2 are described in the Supporting Information (Scheme S1
and Figures S1−S9). When the mixture of 1 and 2 assembled in
water at a ratio of 20:1, the water surface tension (γ) as a
function of concentration was measured, yielding the CAC
value of 22.5 mg/L (Figure 1b). The low CAC value facilitates
self-assembly of the amphiphilic PDIs in aqueous solution and
formation of uniform nanoparticles. PDI NP size can be
precisely controlled from 30 to 200 nm by adjusting the initial
concentration of the PDI molecules. For the preparation of
diﬀerent sized PDI NPs, we ﬁrst dissolved PDIs 1 and 2 at a
mass ratio of 20:1 into tetrahydrofuran (THF) at concentrations of 0.100, 2.00, 20.0, and 60.0 mg/mL, respectively, and
then carefully added water into the above THF solutions. After
slow and complete evaporation of THF, a series of uniform
PDI NPs with sizes of 31.3 ± 3.2, 62.3 ± 4.6, 105.6 ± 13.4, and
195.1 ± 18.6 nm were prepared. The uniform spherical
nanostructures and narrow size distribution of the obtained
PDI NPs were conﬁrmed by TEM images and DLS results, as
shown in Figure 1c,d. A small number of amine groups on the

NP surface can be used for coupling with DOTA, followed by
[64Cu] labeling for PET imaging. The surface charge of PDI
NPs changed from positive to negative after being modiﬁed
with DOTA. The zeta potential of 60 nm PDI NPs changed
from +35.32 to −40.54 eV after DOTA coupling.
Photophysical Properties of Diﬀerent-Sized PDI NPs.
As shown in the normalized UV−vis spectra of the diﬀerentsized PDI NPs in Figure 2a, the absorption peak at 700 nm
became broader when the size of the PDI NPs increased from
30 to 200 nm. Meanwhile, both the H-aggregate band at ∼650
nm and monomer band at ∼700 nm showed greater red shift
with an increase in PDI NP size. This phenomenon is
consistent with previous reports about the diﬀerent-sized
aggregates of semiconducting molecules.38,39 The stability and
biocompatibility of the PDI NPs were further studied in vitro.
All PDI NPs showed great colloidal stability after incubation in
mouse serum at 37 °C for 30 days at a high concentration of 20
mg/mL (Figure S11). The cell viability test indicated that all
NPs had almost no toxicity toward NIH-3T3 cells up to 100
μg/mL of PDI NPs (Figure S12), suggesting the excellent
biocompatibility of the PDI NPs, which is favorable for a variety
of biomedical applications.
The photothermal (PTT) properties of the diﬀerent sized
PDI NPs were further investigated by using a 675 nm laser.
Four kinds of NP solutions with the same optical density (0.1)
at 680 nm (OD680 nm) were irradiated by 675 nm laser for 300 s
at a power density of 1 W cm−2. The variation of temperature
and thermal images of these solutions was monitored using an
infrared thermal camera (Figure 2b,c). The results showed that
the PTT eﬀect of the NPs increased with increasing size. For
example, the solutions of 200, 100, 60, and 30 nm PDI NPs and
PBS were heated to 44, 37, 35, 32, and 23 °C at 300 s postirradiation, respectively. The diﬀerence between infrared
thermal images of the four kinds of NPs in the tubes after
300 s irradiation can be easily distinguished in Figure 2c. PDI
NPs maintained their spherical morphologies after laser
irradiation (Figure S13). We also found that the PTT eﬀect
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Figure 3. Representative (a) PET images and (b) overlaid coronal PA and ultrasound (US) images that show size-dependent uptake in
popliteal lymph nodes (LNs) and sciatic LNs at diﬀerent time points postinjection. Quantitative analysis of the total PDI NP PET signal with
diﬀerent size uptake in (c) popliteal LNs and (d) sciatic LNs. The LN mapping is visualized after footpad injection of PDI NPs at (e) 20 min
and (f) 120 min postinjection. (All white arrows in ﬁgures represent popliteal LNs, red arrows represent sciatic LNs, and white arrowheads
represent injection sites).

which size of PDI NPs is best for LN mapping, a series of PET
images were ﬁrst collected from diﬀerent time points after
injection of the four kinds of PDI NPs, respectively, as shown
in Figure 3a.
At 5 min post injection, the popliteal LN was only visualized
by 30 nm NPs, but no larger sized NPs were visualized within
this time interval. At 20 min, both 60 and 100 nm NPs
migrated to popliteal LNs, while 200 nm NPs did not arrive to
the popliteal LN until 60 min post injection. Sciatic LNs were
not visible at 5 min post injection with all sized NPs. The 30
and 60 nm NPs gradually accumulated in the sciatic LN 20 min
post injection, while 100 and 200 nm NPs were still
undetectable. At 90 min, the sciatic LN was already illuminated
by 100 nm NPs, but 200 nm NPs were only starting to produce
signal. At 120 min, 200 nm PDI NPs lights up the sciatic LN.
The quantitative analysis of the PET signals in popliteal and
sciatic LNs clearly veriﬁed the size-dependent migration and
accumulation tendency of the four sized NPs. At 120 min, all
LNs were illuminated from 30 to 200 nm. The uptakes of
popliteal LN were 4.78 ± 0.92, 7.26 ± 2.56, 9.52 ± 1.65, and
8.82 ± 1.82% ID/g, and sciatic LN were 7.08 ± 1.54, 6.91 ±
1.27, 5.8 ± 0.84, 4.69 ± 0.9% ID/g, respectively (Figure 3c, d).
Obviously, 30 and 60 nm NPs were not able to diﬀerentiate
popliteal and sciatic LNs due to the short interval, and 100 and
200 nm NPs demonstrated better spatiotemporal resolution.
This result also showed that 100 nm is the best size for
recognizing popliteal and sciatic LNs because it takes 20 min to
migrate to the popliteal LN and 90 min to the sciatic LN after
injection of the samples (Figure S14). The nearly 1 h interval is

is relevant to the applied laser power density (Figure 2d). This
interesting phenomenon, deﬁned as enhanced thermal conﬁnement eﬀect,40 arises from the fact that the generated heat is
more diﬃcult to diﬀuse to the outside with increased PDI NP
size.
Many works have reported that the PA performance of
nanomaterials is associated with their PTT property.27 Thus,
we further examined PA intensities of the diﬀerent-sized NPs.
Notably, the PA intensity of the PDI NPs also showed a sizedependent eﬀect. The representative PA amplitude graph of
PDI NPs showed that 680 nm is the optimal wavelength for PA
imaging, as presented in Figure 2e. Under the same OD680 nm
value, PA intensity increased with increasing size of the NPs, as
shown in Figure 2f.
In Vivo PET and PA Lymphatic System Imaging by PDI
NPs. The size-dependent migration of PDI NPs within the
lymphatic system was investigated in a mouse model after local
injection. The popliteal LN was proximal to the injection site,
and the sciatic LN was located at a distal site. Small volume
samples (25 μL containing 125 μg of PDI NPs for each mouse)
were injected in the left rear footpad of FVB mice (3 mice/
group), which were then allowed to move freely. The mice
were anesthetized and the accumulation of PDI NPs was
investigated by PET and PA imaging for up to 2 h. The use of
PET and PA would be complementary and synergetic in clinical
context because the superior sensitivity and depth of
penetration of PET provides presurgical evaluation of the
LNs, and the high spatial and temporal resolution of PA
facilitates intraoperative identiﬁcation of SLNs. To investigate
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Figure 4. (a) Representative decay-corrected coronal small animal PET images acquired at 1, 6, 24, and 48 h after intravenous injection of
diﬀerent sized PDI NPs. White arrows represent U87MG tumors. (b) U87MG tumor and (c) liver uptake of diﬀerent sized PDI NPs over time
as quantiﬁed by PET scans at 1, 6, 24, and 48 h postinjection (n = 3 per group). (d) Biodistribution of the diﬀerent sized PDI NPs in mice at
48 h post injection. (e) Overlaid coronal PA and US images of U87MG tumors acquired at 1, 4, 12, and 24 h after intravenous injection of
diﬀerent sized PDI NPs.

In Vivo PET and PA Tumor Imaging by PDI NPs. To
further explore the PDI NPs as a multifunctional theranostic
agent, we studied the PDI NPs in cancer diagnosis and therapy.
Herein, the tumor accumulation eﬃciency of these NPs in
U87MG tumor model was investigated by dual PET and PA
imaging approaches. PET imaging can provide a whole body
scan to locate the tumor and quantify the size-dependent tumor
accumulation of PDI NPs. Under PET imaging modality, four
groups (three mice in each group) of mice were intravenously
injected with the four kinds of diﬀerent sized [64Cu] labeled
PDI NPs (200 μCi based on [64Cu]), respectively, when the
tumor size reached about 70 mm3. PET images of the mice in
each group were scanned at multiple time points after injection.
From the PET images of the mice at 24 h postinjection (Figure
4a), 60 nm PDI NPs showed higher PET signal in the tumor
region than other sized PDI NPs. ROI analysis of the tumor
and the liver uptake of these diﬀerent sized PDI NPs were
calculated. For tumor accumulation, PET intensity in the tumor
region for each diﬀerent sized NP gradually increased over 24 h
postinjection, as shown in Figure 4b. The tumor accumulation
of PDI NPs from 30 to 200 nm at 24 h postinjection were 6.04
± 0.66, 10.63 ± 1.54, 7.51 ± 1.20, and 3.50 ± 0.94 ID/g,
respectively, whereas 60 nm NPs showed the best accumulation
eﬀect. Enhanced permeability and retention (EPR) eﬀect is a
result of abnormal porous blood capillaries and deﬁcient
lymphatic drainage, which is a nanoparticle size-dependent
phenomenon. Thus, the particles with long blood circulation
time and hence slow clearance from the body tend to have high
tumor accumulation. The relatively high tumor uptake of 60
nm PDI NP is likely due to their longer circulation time and

suﬃcient for the surgeon to perform SLN biopsy and
pathological examination to make a decision for the following
surgery.
As dual modality imaging agents, PDI NPs were further
employed as PA imaging agents to investigate the sizedependent accumulation tendency of the NPs in LNs.
Combining ultrasound (US) and PA imaging methods, the
morphology of LNs was clearly delineated at each postinjection
time point, as displayed in Figure 3b. Compared with PET
images, more physiological information regarding popliteal LN
and sciatic LN could be found in the overlaid US/PA images.
From the PA images, the accumulation tendency of diﬀerentsized PDI NP was consistent with the PET imaging results,
which also showed that 100 nm sized PDI NPs are most
suitable for LN imaging. From PA images, the position and
morphology of the LNs is clearly deﬁned with high resolution.
The strong and nonphotobleaching PA signal could favor
monitoring LNs over a prolonged period for clinical
applications. The quantitative region-of-interest (ROI) curves
(Figures S15 and S16) quantitatively described the accumulation of the PDI NPs. From the 3D PA image of the LNs
(Figure S17), the localization of the NPs in the popliteal and
sciatic LNs was clearly observed at 20 and 90 min postinjection
of the 100 nm PDI NPs. Furthermore, PDI NPs exhibit intense
green color, which can be used for visual tracking during the
surgery. At 20 and 120 min postinjection of 100 nm PDI NPs,
the treated mice showed both their popliteal LN and sciatic LN
sites in Figure 3e,f, respectively, which could be clearly
distinguished by the apparent green color under bright ﬁeld
view.
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Figure 5. (a) Infrared thermal images of mice bearing U87MG tumors under 675 nm laser irradiation (1 W cm−2) at 24 h postinjection of PBS
or PDIs NPs. (b) Temperature changes of the tumor region treated with PDI NPs at 24 h postinjection and irradiated with 675 nm laser at a
diﬀerent power density of 1 W cm−2. (c) Tumor growth curves and (d) survival curves of the mice after diﬀerent treatments. (e) H&E-stained
images of tumor sections collected from mice 1 day postirradiation.

NPs under laser (675 nm) irradiation (1 W cm−2) for 5 min,
monitored by an infrared thermal camera. However, a negligible
temperature increase in the tumor was observed in the mice
treated with PBS. As presented in Figure 5b, the average
temperature in the tumor region was increased with increasing
irradiation time (1 W cm−2). After irradiation, the tumor sizes
and mice weight (Figure S20) were measured every 2 days after
treatment. Remarkably, tumors treated with PDI NPs post laser
irradiation were completely eliminated by day 10 post laser
irradiation (Figure 5c), while mice in the other three control
groups showed accelerated tumor progression and the survival
curves (Figure 5d). In addition, hematoxylin and eosin (H&E)stained images (Figure 5e) of tumor sections collected on 1 day
postirradiation showed that the tumor cells treated with 1 W
cm−2 were severely diminished. Conversely, all of the cells were
healthy in the control groups. The above results suggest that 60
nm PDI NPs with excellent biocompatibility would be
promising agents for imaging guided cancer therapy.

lower liver accumulation than 100 and 200 nm NPs, and slower
clearance than 30 nm NPs, as shown in Figure 4a−c.
The liver uptake results imply that larger sized NPs are more
readily uptaken by the liver (Figure 4c). Figure 4d shows the in
vivo biodistribution of the four kinds of PDI NPs at 48 h
postinjection, observed in the liver (22.00 ± 6.51%, 29.22 ±
4.92%, 31.33 ± 5.50%, and 48.23 ± 6.41% ID/g), and the
spleen (7.22 ± 3.23%, 8.54 ± 2.56%, 10.23 ± 2.23%, and 13.32
± 5.51% ID/g). Uptake increased from 30 to 200 nm,
indicating that the PDI NPs were mainly cleared through the
mononuclear phagocyte system.
Encouraged by the excellent PA performance of PDI NPs,
PA imaging was further employed to test the tumor
accumulation eﬃciency of the four kinds of PDI NPs. In
Figure 4e, we found that the PA signal in the tumor region was
correspondingly increased over time after intravenous injection
of the four kinds of PDI NPs into mice. Based on the results of
average PA intensity (Figure S18) of the tumor at 24 h
postinjection, the tumor accumulation eﬃciency of 60 nm NPs
is higher than that of other sized NPs, which is consistent with
the highest PA signal in the tumor region (Figure 4e). From the
3D PA image of the tumor (Figure S19), we can clearly see the
morphology and calculate the size of the tumors, which is
beneﬁcial and essential for subsequent PA imaging-guided
cancer therapy.
Imaging Guided Photothermal Cancer Therapy by
PDI NPs. Encouraged by the high tumor accumulation
eﬃciency, PTT therapy was further investigated with PDI
NPs in vivo. Based on the PET and PA results, 60 nm PDI NPs
were selected for treatment due to their high accumulation in
tumor at 24 h postinjection. Figure 5a shows the remarkable
temperature increase of the tumor after treatment with PDI

CONCLUSION
In conclusion, we have successfully developed a series of PDI
NPs with diﬀerent sizes of 30, 60, 100, and 200 nm, exhibiting
excellent PA and PTT eﬀects and serving as a dual PET and PA
imaging probe and photothermal agent. The precise size
control over the PDI NPs can be achieved by tuning the
concentration of the initial concentration of PDI molecules in
the self-assembly process. Extremely low CAC value and PEG
protection facilitated the excellent stability and biocompatibility. By taking full advantage of these multifunctional PDI
NPs, PA and PET imaging study revealed size-dependent LN
and tumor accumulation eﬀect. It was demonstrated that 100
nm PDI NPs are most suitable for LN mapping and 60 nm PDI
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was puriﬁed using a PD-10 column with phosphate-buﬀered saline
(PBS) as the mobile phase. The radioactive NPs with diﬀerent sizes
were collected for further experiments.
In Vivo Lymphatic System and Tumor PA and PET Imaging
of Diﬀerent Sized PDI NPs. All animal experiments were approved
by the animal care and use committee (ACUC) of the National
Institutes of Health Clinical Center (NIHCC). For lymphatic system
imaging, the FVB mice (3 mice/group) were used for local injection of
left rear footpad with 25 μL containing 125 μg of diﬀerent sized PDI
NPs. PA and PET images with diﬀerent sized PDI NPs were collected
at various time points post injection.
For in vivo tumor imaging, U87MG tumor xenograft model was
used. The U87MG tumor-bearing nude mice were prepared by
inoculating cells (1 × 106 cells in 100 μL PBS) into the right shoulder
of each mouse (female, 6 weeks old) under anesthesia, and the tumor
was allowed to grow for about 15 days, until the volume was
approximately 70 mm3. For in vivo PA imaging, the PDI NPs solution
in PBS (200 μL, 5 mg/mL) was then injected intravenously into the
tumor-bearing nude mice, and the tumor region of the mice was
scanned with Visual Sonic Vevo 2100 LAZR system equipped with a
40 MHz, 256-element linear array transducer at diﬀerent time points.
For in vivo PET imaging, PDI NPs were labeled with radio-metal
[64Cu]. When the tumor size reached ∼70 mm3, 200 μCi of [64Cu]
loaded onto diﬀerent sized PDI NPs were intravenous tail injected into
each tumor mouse. PET scans and image analysis were conducted
using an Inveon micro PET scanner (Siemens Medical Solutions) at 1,
6, 24, and 48 h postinjection.
In Vivo Phototherml Cancer Therapy. When the tumor volume
was approximately 70 mm3 (15 days after inoculation), 200 μL of 60
nm PDI NP solution with a concentration of 5 mg/mL was injected
into mice under anesthesia (n = 5/group), respectively. At 24 h after
the injection, the entire region of the tumor was irradiated with 675
nm laser at 1 W cm−2 for 5 min. During irradiation, real-time thermal
images of the tumor region were acquired using a SC300 infrared
camera. The average temperature in the tumor region was analyzed
using FLIR analyzer professional software. After laser irradiation, a
caliper was applied to measure the dimensions of the tumor at various
time points. The tumor volume V (mm3) at diﬀerent days of
postinjection was calculated using the formula V = LW2/2, where L
and W are the length and width of the U87MG tumor in millimters,
respectively.

NPs are ideal for passive tumor targeting. Furthermore, this
series of PDI NPs might have potential for other applications
that were not explored in this study, such as using sub-30 nm
PDI NPs to detect cerebrovascular diseases. Thus, our study
not only presents organic semiconducting PDI NP theranostics
but also proposes diﬀerent sized NPs for multiple biomedical
applications.

EXPERIMENTAL SECTION
Materials and Characterization. All solvents unless speciﬁed
were obtained from Sigma-Aldrich and used as received. Synthesis
routes and characterization of PDI molecule could be fund in the
Supporting Information. Transmission electron microscopy (TEM)
was conducted on a Jeol JEM 2010 electron microscope at an
acceleration voltage of 300 kV. UV−vis absorption spectra were
recorded by using a Shimadzu UV-2501 spectrophotometer. 1H NMR
spectra were obtained on a Bruker AV300 scanner using CDCl3 as the
solvent. Dynamic light scattering (DLS) was performed on a Malvern
ZetaSizer Nano. PA spectra and PA/US coregistered images were
acquired with a LAZR instrument (Visual Sonic Vevo 2100 LAZR
Imaging System). PET imaging was performed using Inveon micro
PET scanner (Siemens Medical Solutions).
Preparation of Diﬀerent-Sized PDI NPs. PEG-based PDI 1 and
2 with a ratio of 20:1 were dissolved in 2 mL of THF with diﬀerent
concentrations. Deionized water (1 mL) was slowly dropped into the
above solution with rapid stirring. THF was then removed by argon
ﬂow on the solution surface under stirring at 40 °C. A clear green
aqueous solution was then obtained. The resultant products were
stored at 4 °C for further use. The ﬁnal PDI NPs were reconstituted in
PBS and ﬁltered through a 0.22 μm ﬁlter for the following cell and
animal experiments. TEM and DLS data showed that the as-prepared
PDI NPs are size tunable according to the PDI concentration in initial
THF.
Photothermal Eﬀect of Diﬀerent-Sized PDI NPs. PDI NP
solutions were irradiated along with 100 μL of a control PBS solution.
The solutions were irradiated with a 675 nm laser at a power intensity
of 1 W cm−2 for 5 min. A SC300 infrared camera was used to collect
thermal images and quantify solution temperature.
Cell Viability. In vitro cytotoxicity of PDI NPs was determined in
NIH-3T3 cells by the MTT assay. NIH-3T3 cells were incubated in a
96-well plate in DMEM medium containing 10% FBS and 1%
penicillin/streptomycin at 37 °C in 5% CO2-humidiﬁed atmosphere
for 24 h, and 5 × 103 cells were seeded per well. Cells were then
cultured in the medium supplemented with indicated doses of PDI
NPs with diﬀerent sizes for 24 h. The ﬁnal concentrations of NPs in
the culture medium were ﬁxed at 0.01, 0.1, 1, 10, and 100 μg/mL.
Addition of 10 μL of MTT (0.5 mg/mL) solution to each well and
incubation for 4 h at 37 °C was followed to produce formazan crystals.
Then the supernatant was removed, and the products were lysed with
200 μL of DMSO. The absorbance value was recorded at 590 nm
using a microplate reader. The absorbance of the untreated cells was
used as a control, and its absorbance was used as the reference value
for calculating 100% cellular viability.
PA Analysis of Phantoms. For studying the diﬀerent PA
properties with diﬀerent-sized PDI NPs, a cuboid container was half
ﬁlled with 1% agarose gel to half depth. Diﬀerent-sized PDI NPs with
the same optical density (OD680) aqueous solutions were added to
polyethylene 5 capillaries, and then the capillaries were laid on the
surface of solidiﬁed agarose gel. The capillaries were further covered
with thin 1% agarose gel to make the surface smooth.
Preparation of Radioactive [64Cu]-Labeled Diﬀerent-Sized
PDI NPs. To prepare radiometal [64Cu]-labeled PDI NPs, DOTA was
conjugated on the PDI NP surface according to the reference
procedure. Brieﬂy, DOTA was activated by EDC and NHS at pH 5.5
for 30 min with a molar ratio of DOTA/EDC/NHS = 10:5:4. The
activated DOTA was then reacted with amine based PDI NPs at a pH
of 8.5. Then, the [64Cu]-labeled PDI NPs were prepared by addition of
[64Cu] in 0.1 N sodium acetate (pH = 6.5) buﬀer, followed by
incubation of the solution at 40 °C for 45 min. The resulting mixture
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