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Photoacoustic (PA) imaging is a hybrid and nonionizing imaging technology that integrates 

optical excitation with ultrasonic detection based on the PA effect.[1] It provides deeper 

tissue imaging penetration with higher spatial resolution when compared with traditional 

optical imaging techniques (e.g. fluorescence).[2] In biology, naturally occurring light 

absorbers, such as hemoglobin and melanin, can serve as endogenous contrast agents for PA 

imaging to monitor anatomic and physiological changes in diseases including skin cancer 

and atherosclerosis.[3] For most biological and pathological processes, there are no or small 

detectable variations in intrinsic PA contrast, thus small-molecule organic dyes,[4] 

fluorescent proteins,[5] metallic nanoparticles,[6] carbon nanotubes,[7] two-dimensional 

graphene analogues[8] and porphysomes[9] have been studied as exogenous contrast agents. 

However, organic dyes, fluorescent proteins and metallic nanoparticles usually encounter the 

issue of poor photostability; carbon nanotubes and graphenes have broad PA spectra, and 

porphysomes have phototoxicity due to the capability to generate single oxygen upon light 

irradiation (which however turns to advantage in photodynamic therapy).[10] Thereby, new 

contrast agents with improved properties are highly demanded in order to fully explore the 

potential of PA imaging.

Semiconducting polymer nanoparticles (SPNs) are primarily made from optically and 

electronically active semiconducting polymers (SPs) and their nanoparticle formation results 

from collapse of hydrophobic polymer chains owing to substantial decrease in solvent 

hydrophobicity upon transforming from organic solvent to water.[11] SPNs have emerged as 

a new class of optical nanomaterials with high absorption coefficients and controllable 

dimensions.[12] With completely organic and biologically inert components, SPNs 

intrinsically circumvent the issue of heavy metal ion-induced toxicity to living organisms 

and thus possess good biocompatibility. Fluorescent SPNs have been utilized for in vitro cell 

imaging,[13] in vivo cell tracking[14] and targeted tumor imaging,[15] but their imaging 

capability in small animals is constrained by the general limitations of whole-body optical 

imaging techniques such as low spatial resolution and poor tissue penetration. Recently, we 

have improved the SPN-based imaging by taking advantage of their efficient light harvesting 

capability to construct bioluminescent and chemiluminescent probes for in vivo imaging of 

lymph nodes and drug-induced toxicity, respectively.[16] We have also revealed that SPNs 

can efficiently convert photon energy into acoustic waves, permitting the development of 

smart probes for ratiometric PA imaging of reactive oxygen species (ROS) in edema mouse 

model.[17] In addition to high tolerance towards ROS, SPNs have found to be much more 

photostable than gold nanorods and photoacoustically brighter than carbon nanotubes upon 

pulsed laser irradiation.[17-18] However, few PA SPNs have been reported to date and few 
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studies have investigated their underlying mechanisms and the polymer structure-property 

relationship. [19]

We herein report a new series of SPNs composed of low band-gap diketopyrrolopyrrole 

(DPP) based SPs for in vivo PA imaging. We first designed and synthesized three DPP-based 

copolymers and formulated them into PEGylated SPNs through nanoprecipitation (Figure 

1). In order to reveal the relationship between polymer structures and PA properties, we 

systematically investigated and compared these SPNs (SPN2-4) with our previously reported 

poly(cyclopentadithiophene-alt-benzothiadiazole)-based SPN (SPN1) in terms of absorption, 

PA, fluorescence and photothermal properties.[17] At last, we demonstrated the proof-of-

concept application of SPNs for in vivo PA imaging of tumor using the brightest 

nanoparticle among these SPNs: SPN4.

DPP possesses a planar structure with electron deficiency and thus has been widely used as 

the electron acceptor in the design of SPs for optoelectronic applications, particularly in 

organic field-effect transistors and photovoltaic.[20] DPP-based SPs are found to show 

excellent light and thermal stability,[21] which makes them suitable for laser intensive tasks 

such as PA imaging. To fine-tune the band gaps of SPs, DDP was respectively 

copolymerized with three different electron-donating monomers through Stille or Suzuki 

cross coupling reaction. The resultant alternating copolymers (SPs: SP2-SP4) have different 

electron donor-acceptor backbone structures (Figure 1), which are expected to impact their 

fluorescence and PA properties.

The molecular weights of SPs were controlled during the polymerization so as to ensure 

their good solubility in tetrahydrofuran (THF); this is important for the subsequent 

nanoprecipitation process because a well-dissolved THF solution of SP is a prerequisite to 

form homogenous nanoparticles with a narrow dispersity after addition into the poor solvent 

(water) under sonication. To endow SPNs with good biodistribution in living animals, 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly(ethyl eneglycol))-2000] 

(DSPE-mPEG2000) was used to co-precipitate with SPs, affording water-soluble SPNs 

presenting PEG on their surface (Figure 1a). Poly(cyclopentadithiophene-

altbenzothiadiazole)-based SPN1 was formulated in the same way for comparison. Dynamic 

light scattering (DLS) showed the average diameter of the SPNs at 46±3 nm (Figure 1c), and 

transmission electron microscopy (TEM) revealed their spherical morphology (Figure 1d). 

No precipitation was observed for the SPNs after storage at 4 °C for three months (Figure 

1e), and their sizes remained nearly the same (Supporting Figure S1). Besides, the 

physiological stability of SPNs was tested in cell culture medium (10 μg/mL, DMEM with 

10% FBS). No obvious changes in their size and absorption were observed after incubation 

for 24 h. These data indicate good chemical and physiological stability of SPNs for in vivo 
imaging applications.

The absorption spectra of SPN1-4 are shown in Figure 2a with their absorption maxima at 

660, 635, 712, and 748 nm, respectively. Their corresponding peak mass extinction 

coefficients are 0.90, 0.55, 0.60, and 0.76 cm−1 mg−1 mL, respectively. SPN4 exhibits the 

highest PA signal among these SPNs (Figure 2b), followed by SPN3, SPN1 and SPN2. The 

PA amplitudes of SPN1-4 at 710 nm were determined at a series of concentrations from 5 to 
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100 μg/mL (Figure 2c), and all SPNs displayed a linear relationship between PA signal and 

concentration. At each concentration, the PA signal of SPN4 is ~3.70, 5.40, and 3.20 times 

brighter than that of SPN1, SPN2 and SPN3, respectively. Because of the relatively red-

shifted absorption spectrum and higher PA brightness of SPN4 as compared with other 

SPNs, only SPN4 can be detected at 850 nm at the low concentration of 2 μg/mL (Figure 

2d).

To study the effect of surface structures on PA properties, we also prepared SPNs by co-

precipitating SPs with different lipids including dipalmitoylphosphatidylcholine (DPPC), 

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-350] 

(DSPE-mPEG350) and DSPE-mPEG2000. Using SP3 as an example, there is no obvious 

difference in the PA intensities for the synthesized SPN nanoparticle solutions at the same 

mass concentration of SP3 (Supporting Figure S2). This reflects that the organic surface 

coating has minimal influence on the transfer of heat from SP core to surrounding aqueous 

solution.[22] Also, it suggests that the PA intensities of SPNs are mainly determined by the 

molecular structures of SPs.

The excitation energy absorbed by the chromophore is generally dissipated through the 

following pathways: (i) fluorescence emission, (ii) generation of heat through vibrational 

relaxation (thermal deactivation), and (iii) intersystem conversion to long-lived species (e.g. 

phosphorescence).[23] PA property is based on the PA effect that measures the thermal 

deactivation (Pathway ii) of the excited chromophore by means of acoustic detection. As 

these SPNs are not phosphorescent, the pathways i and ii can play a role in determining their 

PA brightness in addition to the light absorption capability related to their mass extinction 

coefficients. Because the PA brightness of SPNs doesn't follow the order of their peak mass 

extinction coefficients, competition between the pathways i and ii should be considered for 

this deviation.

In order to find out the relationship between the PA intensities of these SPNs and their 

energy dissipation pathways (i and ii), we examined their photothermal and fluorescent 

properties upon light excitation. At the concentration of 20 μg/mL in 1×PBS (pH = 7.4), 

SPNs were continuously irradiated with an 808 nm laser for 4 min at 0.24 W/cm2, and the 

temperature of the SPNs solution was measured, which follows the same order of their PA 

intensities: SPN4 > SPN3 > SPN1 > SPN2 (Figure 3a). At 4 min, SPN4 was heated to 45, 

39, 37, and 32 °C for SPN3, SPN1 and SPN2, respectively (Figures 3a). The temperature 

difference among these SPNs can be easily distinguished by their thermal images (Figure 

3b). These data suggest that the PA signals of SPNs are closely associated with their 

photothermal properties.

The fluorescence spectra of SPNs upon excitation at 710 nm are shown in Figure 3c. SPN1 

emits substantially stronger fluorescence as compared to other SPNs, which is 20, 10 and 54 

times as strong as SPN2, SPN3 and SPN4, respectively. Additionally, the IVIS fluorescence 

images of SPN solutions show that the fluorescence intensity of SPN4 is close to that of the 

background (Figure 3d). These results indicate that after light excitation the DPP-based 

SPNs (SPN2-4) favors the pathway of thermal deactivation much more than SPN1 does.
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The optical, PA and photothermal properties of SPNs at the same mass concentration are 

summarized in Table 1. The fluorescence and PA intensities of SPNs at 710 nm are 

normalized to their mass excitation coefficients at this wavelength so the effect of pathways i 

and ii on each SPN can be compared at the same amount of light absorption and shown in 

Figure 3e. Compared at the same mass extinction coefficients, SPN4 has the highest 

normalized PA brightness, followed by SPN2, SPN3 and SPN1. In contrast, the normalized 

PA intensities of SPNs are in the reverse order of their fluorescence intensities (SPN4 < 

SPN2 < SPN3 < SPN1). This is consistent with the PA mechanism that thermal deactivation 

competes with light emission in determining acoustic generation upon light excitation. 

Among these SPNs, SPN4 has the strongest electron donor-acceptor backbone structure and 

narrowest band gap and thus favors non-radiative deactivation more. This distinct 

characteristic of SPN4 leads to the highest ability of transforming photon energy into heat, 

ultimately affording the brightest PA signals among these SPNs.

The potential of SPNs for in vivo PA imaging was first tested with subcutaneous injections 

of matrigel-containing solutions of SPN4, the brightest PA agent among these SPNs, into the 

dorsal area of mice. A linear correlation between mass concentration and PA signal of SPN4 

was observed (Figure 4a and 4c). As the tissue background signal is 25±6 a.u. under the 

experimental conditions, the detection of limit of SPN4 for in vivo PA imaging is 0.60 

μg/mL, which is 3.3-times lower than SPN1 (2 μg/mL) and 14.9-times lower than GNRs (15 

× 40 nm) and carbon nanotubes (1.2 × 150 nm).[17] In addition, no obvious intensity loss 

was observed for the subcutaneously implanted SPN4 (16 μg/mL) after exposure to 2,700 

laser pulses (Figure 4b). This result is similar to SPN1, suggesting that SPNs may generally 

possess excellent photostability.

PA imaging has been demonstrated to permit visualization of microscopic biological 

structures within tissues in living animals.[1] To validate the capability of SPNs for tumor 

imaging, in vivo PA imaging was performed on the HeLa xenograft tumor model using 

SPN4. Before intravenous injection of SPN4 into nude mice through tail vein, the tumor 

shows weak PA signal due to the relatively low intrinsic absorption of oxyhemoglobin and 

deoxyhemoglobin in the NIR region under the experimental conditions (Figure 5a). After 

systemic administration of SPN4, the PA signal in the tumor area gradually increases and 

reaches maximum at 2 h (Figure 5b). At 2 h post-injection, the PA signal is 5.3-fold of the 

background signal. The real-time in vivo PA spectrum extracted from the tumor of SPN4-

injected mice completely differs from that of saline-treated mice (Figure 5c), but closely 

resembles the spectrum of SPN4 in solution (Figure 2b). This confirms that the enhanced PA 

signal in tumor is attributed to SPN4. Furthermore, the 2D maximum intensity projection 

(MIP) and 3D PA images at 2h post-injection clearly delineate that PA signals come from 

the areas within and outside the blood vessels in the tumor, indicating that SPN4 is able to 

extravasate the blood vessels of tumor probably because of their relatively small size (~45 

nm in diameter). The biodistribution of SPN4 in tumor-bearing nude mice at 24 h was 

studied by ex vivo PA quantification of different major organs (Supporting Figure S4). High 

accumulation of SPN4 is observed in skin, tumor, liver and kidney, which is similar to our 

previously reported PEG-coated SPNs.[17] The high accumulation of SPN4 in tumor in 

conjunction with its efficient extravasation validates its utility in tumor imaging in living 

small animals.
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We have synthesized a new series of low-band-gap organic PA nanoparticles using DPP-

based SPs as the optically active components. These PA nanoagents possess small size (~45 

nm in diameter), high aqueous stability and excellent photostability. Systematic study on the 

structure and property relationship reveals the electron donor-acceptor backbones of SPs 

play an important role in determining both PA spectral profile and brightness of SPNs. By 

increasing the electron donating capability of the counterpart structure unit of DPP, SPNs 

show increased photothermal conversion along with deceased fluorescence. The molecular 

engineering of SPNs consequently leads to a substantially improved PA imaging agents 

(SPN4) that is 3.3-times brighter than our previously reported SPN1 when compared in 

living mice. Moreover, variation of particle surface using different lipids has little effect on 

the PA properties of SPNs, indicating the dominant role of molecular structures of SPs in 

defining their PA properties. Using SPN4 as a passive tumor targeting nanoagent, the PA 

signal from tumor area can be enhanced by 5.3-fold after intravenous injection into mice. 

Such a high PA signal enhancement in conjunction with the good biodistribution and low 

cytotoxicity of SPN4 suggests its great promise for in vivo tumor imaging.

In conclusion, this study not only provides the first molecular insights into the design of 

efficient PA organic nanoparticles based on optically active SPs, but also highlights the 

flexibility and potential of SPNs in PA imaging. The high thermal conversion of these SPNs 

also foreshows their effectiveness in photothermal therapy, which in fact has been 

demonstrated with other SPNs such as poly-(3,4-ethylenedioxythiophene):poly(4-

styrenesulfonate) (PEDOT:PSS) and polypyrrole nanoparticles.[24] With the incorporation of 

other therapeutic and imaging agents into SPNs, multimodality theranostic systems should 

be readily achieved. Thus, SPNs can act as a versatile nanoplatform for the development of 

novel light intensive imaging and therapeutic approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SPNs synthesis and nanocharacterization
(a) Scheme illustration of preparation of SPNs via nanoprecipitation and (b) chemical 

structures of SP1 and DPP-based SPs (SP2-4). Representative DLS (c) and TEM (d) of 

SPN4. (e) Photograph of SPNs in aqueous solutions (20 μg/mL). Error bars represent 

standard deviations of three separate measurements.

Pu et al. Page 9

Adv Mater. Author manuscript; available in PMC 2016 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. In vitro absorption and PA properties of SPNs
UV-Vis absorption (a) and PA (b) spectra of SPNs in 1× PBS at pH = 7.4. (c) PA intensities 

of SPNs as a function of nanoparticle concentration in PBS. R2 = 0.997, 0.996, 0.997, 0.993 

for SPN1, SPN2, SPN3 and SPN4, respectively. (d) Representative PA images of SPNs 

solution at the concentration of 2 μg/mL each excited by pulsed laser at 710 and 850 nm, 

respectively. Error bars represent standard deviations of three separate measurements.
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Figure 3. Fluorescence and photothermal properties of SPNs
(a) The solution temperature of SPNs (1× PBS at pH = 7.4) as a function of laser irradiating 

time. [SPN] = 20 μg/mL in 1× PBS at pH = 7.4. (b) Thermal image of the SPNs solutions 

after 808 nm laser irradiation for 4 min at the power intensity of 0.24 W/cm2. Fluorescence 

spectra (c) and image (d) of SPNs in PBS at pH = 7.4. (e) Normalized PA and fluorescence 

intensities based on the same mass extinction coefficients at 710 nm of SPNs solutions (1× 

PBS at pH = 7.4).
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Figure 4. In vivo PA properties of SPN4
(a) PA intensities of SPN4–matrigel inclusions (30 μL) in the subcutaneous dorsal space of 

living mice as a function of nanoparticle mass concentration. The tissue background signal, 

calculated as the average PA signal in areas where no nanoparticles were injected, was 25±6 

a.u. R2 = 0.991. (b) PA amplitudes of SPN4–matrigel inclusion (16 μg/mL, 30 μL) in the 

subcutaneous dorsal space of living mice versus number of laser pulses. (c) PA (upper) and 

PA/ultrasound co-registered (lower) images of the nanoparticle–matrigel inclusions in mice 

at indicated concentrations. The images represent transverse slices through the subcutaneous 

inclusions. A single laser pulse at 750 nm with a laser fluence of 9 mJ/cm2 and a pulse 

repetition rate of 20 Hz was used for all experiments. Error bars represent standard 

deviations of three separate measurements.
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Figure 5. In vivo PA imaging of tumor
(a) Representative PA maximum intensity projection (MIP) (upper) and 3D (lower) images 

of subcutaneous tumors of a living mouse pre-injection and 2h post-injection of SPN4 (30 

μg/mouse). PA images were acquired at 750 nm. (b) PA signals at 750 nm in tumor as a 

function of time post-injection of SPN4. (c) In vivo real-time PA spectra extracted from the 

tumors in living mice after systemic administration of SPN4 or saline for 2 h. Error bars 

represent standard deviations of three separate measurements.
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Table 1

Summary of optical, PA and photothermal properties of SPNs measured at the same mass concentration.

Entry SPN1 SPN2 SPN3 SPN4

PA Intensity (norm.)
a 1.00 0.86 1.46 3.70

Mass extinction coefficient (cm−1 mg−1 mL)
b 0.90 0.55 0.60 0.76

Fluorescence quantum yield (%)
c 0.100 0.005 0.010 0.001

Photothermal temperature (°C)
d 37 32 39 45

a
PA intensities are normalized to SPN1 at 710 nm, which is defined as 1

b
mass extinction coefficients are determined at the absorption maximum in 1× PBS at pH = 7.4 based on the effective absorption components in 

SPNs at their individual absorption maxima

c
fluorescence quantum yields were measured using indocyanine green (ICG) (0.1 μM) as the standard with a known quantum yield of 1% in H2O

d
The photothermal temperatures of SPNs solutions were measured after 808 nm laser irradiation for 4 min at the power intensity of 0.24 W/cm2.
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