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Abstract

Multifunctional nanoparticles with combined diagnostic and therapeutic functions show great 

promise in nanomedicine. Herein, we develop an organic photodynamic therapy (PDT) system 

based on polyethylene glycol (PEG)-coated nanomicelles conjugated with ~20% of chlorin e6 

(PEG-Ce 6 nanomicelles), which functions as an optical imaging agent, as well as a PDT agent. 

The formed PEG-Ce 6 nanomicelles with the size of ~20 nm were highly stable in various 

physiological solutions for a long time. Moreover, Ce 6 can also be a 64Cu chelating agent for in 
vivo positron emission tomography (PET). By simply mixing, more than 90% of 64Cu was 

chelator-free labeled on PEG-Ce 6 nanomicelles, and they also showed high stability in serum 

condition. Both fluorescence imaging and PET imaging revealed that PEG-Ce 6 nanomicelles 

displayed high tumor uptake (13.7 ± 2.2%ID/g) after intravenous injection into tumor-bearing 

mice at 48 h time point. In addition, PEG-Ce 6 nanomicelles exhibited excellent PDT properties 

upon laser irradiation, confirming the theranostic properties of PEG-Ce 6 nanomicelles for 

imaging and treatment of cancer. In addition, PDT was not shown to render any appreciable 

toxicity. This work presents a theranostic platform based on polymer nanomicelles with great 

potential in multimodality imaging-guided photodynamic cancer therapy.
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PEG-Ce 6 nanomicelles synthesized by simple conjugation polyethylene glycol with Ce 6 can be 

served as a 64Cu chelating agent for in vivo PET/optical dual-modality image and photodynamic 

cancer therapy. Our work presents a theranostic platform based on polymer nanomicelles with 

great potential in multi-modality image-guided cancer therapy.
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As of 2012, cancer has overtaken heart disease to become the leading cause of death 

worldwide, claiming the lives of nearly 8.2 million people each year.1 While therapeutic 

strategies have undergone significant improvements over the last decade, cancer rates are 

expected to increase by 50% to 15 million new cases in the year 2020 according to the 

World Cancer Report.2 Current clinical cancer therapies are limited to surgery, radiotherapy, 

and chemotherapy. Unfortunately, these approaches suffer from the risks of killing normal 

cells, destroying the immune system, and the formation of secondary cancers.3, 4 Due to the 

invasive and ineffective approaches for cancer treatment, photodynamic therapy (PDT) is 

emerging as a powerful technique for cancer treatment.5–7 In PDT, tumor cells are 

effectively eliminated by the generation of reactive oxygen species from the transfer of 

photo energy by the photosensitizer to surrounding oxygen molecules.5, 8 Owing to the 

tumor targeting ability of appropriately designed photosensitizers agents and effective light 

irradiation methods, PDT exhibits high selective for malignant tissues and a remarkably 

reduced side effect profile in comparison to traditional methods.9–11

Moreover, image-guided therapy has been developed as a new concept in cancer treatment 

and shows promise in the optimization of therapeutic efficiency.12–15 It can provide useful 

information regarding the size and location of tumors, the optimal time window for photo-

therapy, and the monitoring of therapeutic efficacy. A variety of inorganic and organic-based 

photodynamic agents, such as gold nanostructures,16–18 carbon-based nanomaterials,19–21 

mesoporous silica nanoparticles,22, 23 upconversion nanoparticles,24, 25 and polymer 

micelles6, 26–30 have been widely explored by many research groups including ours for 

image-guided PDT. Although many of the above-mentioned materials have already shown 

high efficacies for image-guided photodynamic cancer therapy in pre-clinical animal 

experiments, most of these studies used inorganic photodynamic agents that are non-

biodegradable and are retained in the body for long periods of time.31, 32 Organic 

nanostructures have been utilized in cancer therapy due to their excellent biocompatibility 

and drug-loading capacity, however, most of them lack of imaging functions.33–35 A few 
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organic photosensitizer nanoparticles, such as porphysome nanovesicles,36, 37 polymer-Ce 

6&IR825 nanocomplex,38 and Abraxance-Ce 6 nanomicelles39 have recently been proposed 

as theranostic agents for PDT or combined cancer therapy. Most of these nanostructures 

display high accumulation in liver and spleen despite active targeting, which is attributed in 

part to their relatively large size (~100 nm) that results in the nonspecific clearance by the 

reticuloendothelial system (RES).38–40 Thus, it is of great importance to design an ideal 

nanoplatform displaying a smaller size and enhanced surface coating to avoid the RES. In 

addition, the nanoplatform must display excellent biocompatibility to prevent an immune 

response after injection and ensure potential clinical translation.

Nuclear imaging techniques such as positron emission tomography (PET) offer high spatial 

resolution and sensitivity as compared to other imaging modalities. PET imaging has been 

extensively employed in the field of molecular imaging for disease diagnosis, patient 

stratification, and monitoring of therapeutic efficacy.41 Herein, we designed a type of 

polymer-Ce 6 nanomicelles for PET imaging, together with fluorescence (FL) image guided 

PDT. By simple conjugation of Ce 6 molecules to an amphiphilic polymer (C18PMH-PEG-

NH2), PEG-Ce 6 nanomicelles were successfully synthesized with uniform size of ~20 nm. 

Without showing any appreciable toxicity to cells, PEG-Ce 6 nanomicelles could serve as an 

effective photodynamic agent to destruct cancer cells under NIR light. As the porphyrin 

structure of Ce 6, the synthesized PEG-Ce 6 nanomicelles acted as good chelating agent to 

label 64Cu2+, a useful PET radionuclide with a 12.7 h half-life,42 for PET imaging. By 

simple mixing, 64Cu was successfully attached on the surface of PEG-Ce 6 nanomicelles 

with high labeling yields and excellent in vivo serum stability. After intravenous injection 

(i.v.) into tumor-bearing mice, ultra-high efficient passive tumor accumulation of PEG-Ce 6 

nanomicelles was observed, attributed to the EPR effect elicited by most solid tumors. In 
vivo PDT was carried out in a mouse tumor model by i.v. injection of PEG-Ce 6 

nanomicelles and a low power density of laser irradiation of tumors, achieving an excellent 

therapeutic efficacy. Therefore, our work presented a simplified approach to fabricate 

biocompatible multifunctional PEG-Ce 6-based theranostic agents with great translational 

potential for multimodality image-guided cancer therapy.

Results and discussion

PEG-Ce 6 nanomicelles were synthesized by conjugating Ce 6 molecules to the amine 

groups on the C18PMH-PEG-NH2 polymer through amide coupling using our previous 

procedures with slight modifications38, 43 (Figure 1a). The maleic anhydride groups of the 

poly(maleic anhydride-alt-1-octadecene) (C18PMH) backbone were reacted with the primary 

Boc-protected amine-terminated poly(ethylene glycol) methyl ethers (Boc-NH-mPEG3350-

NH2). The remaining carboxylic acids of C18PMH were then coupled to additional 

mPEG5000-NH2 via EDC-mediated amide formation to obtain a fully PEGylated polymer. 

Next, trifluoroacetic acid (TFA) was used to remove the protected Boc group to yield highly 

water soluble amphiphilic polymer-containing amine group (C18PMH-PEG-NH2). The Ce 6 

molecules were then conjugated to the amine groups of C18PMH-PEG-NH2 polymer (Detail 

synthesis procedure were seen from experimental section). In order to accurately quantify 

the reaction efficiency, a ninhydrin-based assay was used to quantify the -NH2 group in each 

step.44 In the ninhydrin-based assay, ninhydrin reacts with the primary amine to generate a 
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chromophore in deep blue or purple color, known as Ruhemann’s purple. After the first 

conjugation, 31.02% of -NH2 was left of the C18PMH-PEG-NH2 polymer for conjugating 

Ce 6 molecules. In the next reaction, ~24.93 % of Ce 6 molecules was conjugated to the 

whole polymer (Table S1). 1H nuclear magnetic resonance (NMR) spectra also reflected the 

-NH2 group changing at different synthetic steps (Supporting Figure S1).

Transmission electron microscopy (TEM) image revealed that the nanomicelles were 

spherical with a size of ~20 nm (Figure 1b), agreeing with their hydrodynamic sizes 

measured by dynamic light scattering (DLS, Figure 1c). The formed PEG-Ce 6 nanomicelles 

were highly stable in various physiological solutions, without showing any aggregation in 

PBS or FBS salt solutions (Figure 1c, inset). Unlike Ce 6 molecules loaded in nanomaterials 

by physical adsorption that tended to detach from the system, our PEG-Ce 6 nanomicelles 

were stable for at least a week, suggesting that they could be used as a good drug delivery 

system (Supporting Figure S2). UV-Vis-NIR spectrum revealed the characteristic peaks of 

Ce 6 (404 nm and 650 nm) for PEG-Ce 6 nanomicelles (Figure 1d). From the spectrum, 

~25.17% of the Ce 6 molecules were conjugated to the polymer, which validated the 

findings from the ninhydrin-based assay. Ce 6 is widely used photosensitizer for 

photodynamic cancer therapy and could effectively generate singlet oxygen under light 

irradiation. Compared with free Ce 6, PEG-Ce 6 nanomicelles (Ce 6 concentration of 0.1 

mg/mL) showed similar efficiency of light-triggered singlet oxygen production at the same 

Ce 6 concentrations (Figure 1e), indicating that the synthesized PEG-Ce 6 nanomicelles 

could be used as a high-performance PDT agent. After putting PEG-Ce 6 nanomicelles in 

1% sodium dodecyl sulfate (SDS) solution, we did not find any noticeable quenching effect 

(Supporting Figure S3), also indicating that most of the Ce 6 molecules were conjugated 

onto the surface of the nanomicelles.

To explore the applications of PEG-Ce 6 nanomicelles in biomedicine, we first tested their 

potential toxicity to several types of cells. The standard methyl thiazolyl tetrazolium (MTT) 

assay was carried out to determine the relative viabilities of NIH3T3 (mouse fibroblast cell 

line), HaCaT (human keratinocyte cell line), 4T1 murine breast cancer cells, U87MG human 

glioblastoma cells, and MDA-MB-231 breast carcinoma cells. After incubating with PEG-

Ce 6 nanomicelles at various concentrations for 24 h, no significant cell cytotoxicity of 

PEG-Ce 6 nanomicelles was observed even at high concentrations up to 10 μM (Supporting 

Figure S4). The intracellular behavior of our PEG-Ce 6 nanomicelles after endocytosis was 

also investigated. 4T1 cells were incubated with PEG-Ce 6 nanomicelles for different 

periods of time and imaged with a confocal microscope (Figure 2). From the images, we 

observed Ce 6 signal inside cells after 3 h incubation, which increased as prolonging of 

incubation time. The PDT effect is strongly dependent on the uptake of photosensitizers by 

tumor cells. Next, we used PEG-Ce 6 nanomicelles as the photodynamic agent for in vitro 
cancer therapy under laser irradiation. 4T1 cells were incubated with various concentrations 

of PEG-Ce 6 nanomicelles for 24 h and then irradiated by the 658-nm laser. After that, the 

cells were cultured for another 12 h. MTT assay was performed to quantify the relative cell 

viabilities after PDT treatment (Figure 3a, Supporting Figure S5). A dose and laser power 

density-dependent cellular toxicity was observed. The majority of cells were destroyed after 

incubation with 5 μM of PEG-Ce 6 nanomicelles and exposure to the 658 nm laser with 

power density of 20 mW/cm2 for 15 min. In contrast, the control group (cells incubated 
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without PEG-Ce 6 nanomicelles) was not affected under the same laser irradiation. The PDT 

effects of PEG-Ce 6 nanomicelles on 4T1 cells were further investigated using Trypan blue 

staining. Cells in the control groups showed no color, confirming that laser irradiation alone 

or PEG-Ce 6 nanomicelles incubated alone was not harmful to the cells. Upon laser 

irradiation, most cells incubated with PEG-Ce 6 nanomicelles were killed, as indicated by 

the intense homogeneous blue color (Figure 3b). The amount of cell death gradually 

increased upon increasing the concentrations of PEG-Ce 6 nanomicelles, which was 

consistent with the MTT results. These findings all together revealed that PEG-Ce 6 

nanomicelles hold great promise as an effective photodynamic agent for in vivo tumor 

therapy.

The porphyrin structure of Ce 6 has the intrinsic ability to chelate a variety of metal ions, 

such as Cu2+, Gd3+, and Mn2+, by forming stable complexes.35, 38, 39 In this work, we used 

the porphyrin ring of Ce 6 to chelate 64Cu2+, which could be used as a highly sensitive PET 

imaging probe. By mixing 64CuCl2 with PEG-Ce 6 nanomicelles at 37 °C for 1 h under 

constant shaking, we found that 64Cu2+ was immediately adsorbed by PEG-Ce 6 

nanomicelles (64Cu-PEG-Ce 6) as detected by thin-layer chromatography (TLC) and the 

labeling yield was measured to be as high as 90% after 1 h of incubation (Figure 4a, 

Supporting Figure S6). Moreover, the 64Cu labeling of 64Cu-PEG-Ce 6 nanomicelles was 

highly stable in mouse serum for 48 h, even in a 1,4,7-triazacyclononane-1,4,7-triacetic acid 

(NOTA) competitive situation (Figure 4b, Supporting Figure S7).

Such highly efficient and stable chelator-free labeling of 64Cu-PEG-Ce 6 nanomicelles 

would be suitable for in vivo PET imaging. 4T1 tumor-bearing mice were imaged using a 

microPET Inveon rodent model scanner at various time points post i.v. injection of 64Cu-

PEG-Ce 6 nanomicelles (~10 MBq). Interestingly, the nanomicelles showed an efficient 

time-dependent tumor accumulation after injection (Figure 4c). Quantitative data obtained 

from region-of-interest (ROI) analysis of these PET images revealed that the tumor uptakes 

of 64Cu-PEG-Ce 6 nanomicelles were determined to be 2.5 ± 0.4, 4.4 ± 0.8, 6.7 ± 1.4, 8.3 

± 1.3, 11.6 ± 1.7, and 13.7 ± 2.2 %ID/g at 0.5h, 3 h, 6 h, 16 h, 24 h, and 48 h post-injection 

(p.i.), respectively (n = 3; Figure 4d). The values were much higher than the previously 

reported PDT agents36, 38, 45, 46. Moreover, the tumor-to-muscle (T/M) ratio increased over 

time as well. Even at the later time points, a high signal in the heart suggested a long blood 

circulation time for the nanomicelles. Such an efficient passive tumor homing of the 

nanomicelles could be attributed to the EPR effect of 4T1 tumors. To further confirm the 

accuracy of PET quantification analysis, ex vivo biodistribution studies were carried out at 

24 h and 48 h p.i.. As shown in Figure 4e, the tumor uptake at 48 h p.i. was a slightly higher 

than that at 24 h post injection with values of 9.8 ± 1.6%ID/g and 10.85 ± 1.4%ID/g for 24 h 

and 48 h respectively (n = 3). The quantitative results based on PET and biodistribution 

studies were consistent indicating that serial non-invasive PET imaging accurately reflected 

the distribution of PEG-Ce 6 nanomicelles in 4T1 tumor-bearing mice. In addition, we found 

the signals in liver decreased from 27.5 ± 0.4 %ID/g to 16.2 ± 0.7 %ID/g (Figure 4d) 

suggesting that part of PEG-Ce 6 nanomicelles could be excreted from the body over time. 

In order to further confirm this, 64Cu-PEG5K-Ce 6 polymer was conjugated by the same 

method and i.v. injected into mice for PET imaging (Supporting Figure S8). Most of the 

polymer cleared from the body and displayed low tumor retention after 24 h, which was 
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different from the result of PEG-Ce 6 nanomicelles. However, more detailed studies are still 

required in the future to systematically examine the clearance and potential long-term 

toxicity of PEG-Ce 6 nanomicelles in animals to enable further support for this new type of 

photosensitizer-based nanomicelles in biomedicine.

In vivo fluorescence (FL) imaging was also conducted at different time points after injection 

of PEG-Ce 6 nanomicelles. The fluorescence signal from the PEG-Ce 6 nanomicelles 

increased in the tumor over time, with prominent uptake of the nanomicelles observed in the 

tumor at 24 h p.i. (Figure 5a&b). Ex vivo imaging at 24 h p.i. revealed that Ce 6 

fluorescence signals were mainly in liver, spleen, and tumor tissues (Figure 5c). To confirm 

the accumulation of PEG-Ce 6 nanomicelles in tumor, tumor tissues were sectioned and 

imaged by confocal microscopy. As shown in Figure 5d, strong red fluorescence were 

clearly visualized in tumor sections, verifying the prominent uptake of PEG-Ce 6 

nanomicelles in the tumor at 24 h p.i.. However, there was no fluorescence signal detected 

from the tumor devoid of nanomicelles when using the same imaging conditions. The results 

clearly showed the efficient tumor passive uptake of our PEG-Ce 6 nanomicelles, which was 

consistent with the imaging results.

From the above results, our synthesized PEG-Ce 6 nanomicelles could be successfully used 

as a PET/FL dual-modal imaging contrast agent. Each imaging modality has its own unique 

advantages along with intrinsic limitations.47–49 The main advantages of PET imaging are 

their high sensitivity and lack of tissue penetrating limit, allowing for the identification of 

cancerous tissues at early disease stages and sensitive assessment of malignant versus 
normal tissues. While effective, PET imaging does not provide anatomical information.41, 50 

The advantages of optical imaging includes its high sensitivity, multicolor imaging 

capabilities and no requirement of radioactivity, yet this imaging modality lacks the high 

spatial resolution and poor tissue penetration needed for clinical translation at this time.47 As 

a means to solve these problems, multimodality imaging is a powerful technique that can 

provide more reliable and accurate detection of diseased sites. PET imaging would be able 

to qualify the tumor retention of nano-agents in real-time, while FL imaging could then be 

used in a variety of ways to validate, correlate, or add new information to the observations of 

the other modalities at low cost and possibly on a cellular or molecular level. Most 

importantly, our PEG-Ce 6 nanomicelles could also chelate Mn2+ or Gd3+ for additional 

magnetic resonance imaging, which provides high-resolution images for anatomical 

information. Therefore, the combination of those different imaging modalities (PET/FL/

MRI) would be of great importance to provide valuable information with high sensitivity 

and high resolution, helping physicians design better therapeutic approaches for the 

treatment of cancer.

Encouraged by the high tumor accumulation of PEG-Ce 6 nanomicelles and strong 

capability to induce in vitro PDT, we performed in vivo PDT experiments to confirm the 

efficacy of the nanomicelles. Four mice bearing 4T1 tumors with the average size of ~ 150 

mm3 on their back were i.v. injected with PEG-Ce 6 nanomicelles (200 μL, 1 mg/mL). At 24 

h p.i., each tumor was exposed to the 658-nm laser at a power density of 50 mW/cm2 for 30 

min. Three other groups including untreated mice (Control, n=4), mice exposed to the laser 

(Laser only, n=4), and PEG-Ce 6 nanomicelles injected mice without laser irradiation (PEG-
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Ce 6, n = 4), were used as the controls (with the average tumor volume at ~60 mm3). Tumor 

sizes were measured every two days after treatment. Remarkably, tumor growth in PEG-Ce 

6 injected mice was completely inhibited after NIR laser irradiation (Figure 6a). In contrast, 

neither laser irradiation alone nor PEG-Ce 6 nanomicelles injection without irradiation 

affected the tumor growth (Figure 6b&6c, Supporting Figure S9). These results suggested 

that PEG-Ce 6 nanomicelles were a powerful agent for in vivo PDT of cancer. In order to 

further understand the PDT effects after various treatments down to the cellular level, 

hematoxylin and eosin (H&E) staining was introduced to study the morphology and 

apoptosis of tumor cells after 2 days post-treatment. The results indicated that most cancer 

cells were completely destroyed in the PEG-Ce 6 nanomicelles with laser treatment group, 

while cells in the other three control groups partly or mainly retained their normal 

morphology (Figure 6d) further confirming the efficacy of PEG-Ce 6 nanomicelles for in 
vivo photodynamic ablation of cancer.

Conclusions

In summary, PEG-Ce 6 nanomicelles were successfully synthesized and used for PET/FL 

dual-modal image guided photodynamic cancer therapy. By a simple conjugation, PEG-Ce 6 

nanomicelles with uniform size of ~20 nm exhibited excellent stability and compatibility in 

various physiological solutions. Due to the porphyrin structure of Ce 6 molecules, the 

synthesized PEG-Ce 6 nanomicelles served as a good chelating agent to label 64Cu2+ for 

PET imaging. 64Cu could chelate on the surface of PEG-Ce 6 nanomicelles with great 

labeling yield and high in vivo serum stability. Ultra-high efficient passive tumor 

accumulation of PEG-Ce 6 nanomicelles via EPR effect was visualized based on PET/FL 

dual-modal imaging after i.v. injection into the mice. Finally, in vivo PDT was carried out in 

a mouse tumor model by i.v. injection of PEG-Ce 6 nanomicelles and a low power density of 

laser irradiation to tumors was shown to achieve an excellent therapeutic efficacy. The work 

presented in this study elaborated a simple approach to fabricate biocompatible 

multifunctional PEG-Ce 6-based theranostic agents with great potential for multimodality 

imaging-guided tumor therapy. The small size of nanoparticles or nanomicelles allows for 

partial renal clearance and high tumor uptake behavior in vivo, which will improve future 

applications and potential clinical translation of these theranostic agents.

Methods/Experimental

Materials

Poly (maleic anhydride-alt-1-octadecene) (C18PMH), 1-ethyl-3-(3-(dimethylamino) -

propyl)carbodimide (EDC), and Sulfo-NHS (N-hydroxysulfosuccinimide) were obtained 

from Sigma-Aldrich. Chlorine e6 (Ce 6) were from J&K Chemical Co. Dimethyl sulfoxide 

(DMSO) and trifluoroacetic acid (TFA) were obtained from Sinopharm Chemical Reagent 

Co. mPEG-NH2 (5k), and Boc-PEG-NH2(3350) were obtained from Biomatrik Co., Ltd 

(Jiaxing, China). Deionized water used in our experiments was obtained from a Milli-Q 

water system.
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Synthesis of C18PMH-PEG-NH2 polymer

C18PMH-PEG-Ce 6 polymer was synthesized according to the protocol reported previously 

with sight modification.38, 43 10 mg C18PMH was mixed with 96 mg Boc-PEG-NH2 (3350) 

in 3 mL dichloromethane to render a transparent solution. After adding 6 μL TEA and 6 mg 

EDC, the solution was stirred for overnight. Then, 143 mg mPEG-NH2 (5k) and 6 mg EDC 

predissolved in 2 mL dichloromethane was added to the above solution. After stirring for 

another 24 h, the dichloromethane solvent was dried under N2. Subsequently, 4 mL TFA was 

added under magnetic stirring for another 4 h at room temperature to de-protect the Boc 

group. After evaporating the TFA solvent, the solid was dissolved in water and dialyzed for 

two days in a dialysis bag (MWCO 14 kDa) to remove unreacted PEG polymers and other 

reagents. After lyophilization, the final product (C18PMH-PEG-NH2) in white solid was 

stored at −20°C for future use.

Synthesis of PEG-Ce 6 nanomicelles

The Ce 6 conjugated C18PMH-PEG (C18PMH-PEG-Ce 6) was prepared by conjugating the 

amine-functionalized C18PMH-PEG-NH2 with activated Ce 6. Briefly, 17 mg of Ce 6 was 

mixed with 15 mg EDC and 15 mg Sulfo-NHS in 4 mL anhydrous DMSO for 1 h at room 

temperature. 50 mg of C18PMH-PEG-NH2 in 4 ml DMSO was added afterwards (molar 

ratio of PEG-NH2 : Ce 6 : EDC : NHS=1:2:5:5). After reacting for 24 h at room 

temperature, the above solution was dialyzed against water by a 14 KDa cut-off membrane 

and then lyophilized to obtain PEG-Ce 6 nanomicelles. All polymers and nanomicelles 

obtained at each step were analyzed by 1H nuclear magnetic resonance (NMR).

Quantification of NH2 groups using ninhydrin-based assay

All reagents used for the assay were prepared according to the literature.44 Typically, a 6% 

ninhydrin ethanol solution was prepared by dissolving 2.5 g of ninhydrin in 50 mL of 

anhydrous ethanol. The KCN pyridine solution and 80% phenol solution in ethanol from the 

Kaiser test kit were combined at a 1:1 volume ratio to give a KCN/phenol solution. Briefly, 

200 μL of 6% ninhydrin ethanol solution and 400 μL of KCN/phenol solution were added to 

each 2 mL of C18PMH-PEG-NH2 (150 mg) or PEG-Ce 6 nanomicelle (100 mg) solutions, 

followed by heating at 100 °C for 5 min. After being cooled in an ice bath, 2.4 mL of 60 wt 

% ethanol in water was added. UV-vis spectra were then recorded at 570 nm. A negative 

control with all agents, but no polymers or nanomicelles, was used as the baseline. The -NH2 

on C18PMH-PEG-NH2 or PEG-Ce 6 nanomicelles were calculated using the following 

equation. Each data point represents an average of three replicas.

Characterization

Transmission electron microscopy (TEM) images of the nanomicelles were obtained using a 

FEI Tecnai F30 transmission electron microscope at an acceleration voltage of 300 kV. UV-

vis-NIR spectra were obtained with PerkinElmer Lambda 750 UV-vis-NIR 

spectrophotometer. Fluorescence spectra of different samples were obtained on a FluoroMax 
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4 luminescence spectrometer (HORIBA Jobin Yvon). The hydrodynamic diameters of PEG-

Ce 6 nanomicelles were determined by a ZetaSizer Nano-ZS (Malvern Instruments, UK).

Single oxygen detection

The method for singlet oxygen detection was based on the protocol reported previously.51 In 

brief, 100 mg of SOSG (Molecular Probes, USA) was dissolved in 330 mL of methanol to 

obtain the stock solution of SOSG (0.5 mM). Then, 10 μL of SOSG was added to 2 mL of 

PEG-Ce 6 nanomicelles solution containing 1 μM Ce 6. Next, the sample was irradiated by a 

658 nm laser at a power density of 20 mW/cm2. The same concentration of free Ce 6 

molecules under laser irradiation was used as the control. The fluorescence intensity of 

SOSG was measured with an excitation wavelength of 494 nm.

Cell culture experiment

Mouse fibroblast cells (NIH3T3), human keratinocyte cells (HaCaT), Murine breast cancer 

cells (4T1), human glioblastoma cells (U87MG), and breast carcinoma cells (MDA-

MB-231) were obtained from American Type Culture Collection (ATCC) and cultured at 

37 °C under 5% CO2. All cell culture related reagents were purchased from Invitrogen. 4T1 

cells and MB-231 cells were cultured in normal RPMI-1640 medium containing 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin. NIH3T3, HaCaT, and U87MG cells 

were cultured in DMEM low-glucose medium containing 10% fetal bovine serum and 1% 

penicillin/streptomycin. Cells were seeded into 96-well plates at a density of 1×104 cells per 

well and incubated with different concentrations of PEG-Ce 6 nanomicelles for 24 h. 

Relative cell viabilities were determined by the standard methyl thiazolyl tetrazolium (MTT) 

assay.

To examine the cellular uptake of PEG-Ce 6 nanomicelles, 4T1 cells were plated in 6-well 

plates at 1×106 cells per well. After adhesion, PEG-Ce 6 nanomicelles were added into the 

wells at the concentration of 5 μM (Ce 6) and cultured for different time periods (3 h, 6 h, 12 

h, and 24 h). After washing three times with PBS (pH = 7.4), cells were cells were fixed by 

75% ethanol and labeled with 4′, 6-diamidino-2-phenylindole (DAPI) before imaging with a 

Nikon Digital Eclipse C1 plus microscope.

In vitro photodynamic therapy

For in vitro PDT, 4T1 cells (1×104) were seeded in 96-well plates and added with PEG-Ce 6 

nanomicelles at various concentrations. After incubation for 12 h, the experimental groups 

were exposed to 658 nm laser irradiation under a power density of 20 mW/cm2 for 15 min, 

while the control groups were still cultured in dark. Afterwards, all samples were incubated 

in the dark for another 12 h. In order to determine relative cell viabilities after various 

treatments, the MTT assay was carried out following the standard protocol. After laser 

irradiation, cells were washed with PBS and stained with 0.4% Trypan blue (Sigma) before 

imaged by a Nikon Elipse Ti microscope.

Tumor models

All animal studies were conducted under a protocol approved by the University of 

Wisconsin Institutional Animal Care and Use Committee. The 4T1 subcutaneous xenografts 

Cheng et al. Page 9

ACS Nano. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were generated by subcutaneous injection of 1×106 cells in ~30 μL RMPI-1640 medium 

onto the back of each female Balb/c mice. In order to investigate the optical imaging of 

polymer-Ce 6 nanomicelles, female nude mice were employed. To develop the tumor model, 

1×106 cells in a 1:1 ratio of PBS to Corning Matrigel (Corning Inc., USA) medium were 

injected onto the back of female nude athymic mice. The mice were used when tumor 

volumes reached about ~70 mm3.

64Cu labeling and animal modal for PET imaging
64Cu was produced with an onsite cyclotron (GE PETtrace). Briefly, 64CuCl2 (~150 MBq) 

was diluted in 300 μL of 0.1 M sodium acetate buffer (pH 5.5) and mixed with 100 μL of 

PEG-Ce 6 nanomicelles (0.2 mg/mL). The reaction was conducted at 37°C for 60 min with 

constant shaking. The labeling yield was determined by thin-layer chromatography (TLC) at 

different time points. The resulting 64Cu-PEG-Ce 6 was purified using PD-10 columns with 

PBS as the mobile phase.

The serum stability study was carried out to ensure 64Cu was stably attached on PEG-Ce 6 

nanomicelles. 64Cu-Ce 6-PEG was incubated in PBS and complete serum at 37 °C for up to 

24 h. At different time points, portions of the mixture were sampled and filtered through 

300-kDa MWCO filters. The retained (i.e., intact) 64Cu on 64Cu-PEG-Ce 6 nanomicelles 

was calculated using the equation (radioactivity on filter/total sampled radioactivity × 100%)

NOTA Challenge Study

To demonstrate the stability of 64Cu-PEG-Ce 6 nanomicelles, 20 μL of 1 mM 1,4,7-

triazacyclononane-1,4,7-triacetic acid (NOTA) was added to 250 μL of 64Cu-PEG-Ce 6 

nanomicelles (~300 μCi) in complete mouse serum (pH = 7) at 37 °C under constant shaking 

(550 rpm) for 48 h. At each time point, 25 μL of the mixture was taken out and resuspended 

in 100 μL of NaOAc buffer. A 300-kDa filter was used to separate potential 64Cu-NOTA 

from 64Cu-PEG-Ce 6 nanomicelles. The radioactivity of 64Cu-NOTA and 64Cu-PEG-Ce 6 

nanomicelles was measured using a gamma counter (PerkinElmer).

For PET imaging, 4T1 tumor-bearing mice (3 mice per group) post i.v injection of ~10 MBq 

of 64Cu-PEG-Ce 6 nanomicelles solution were imaged using a microPET/microCT Inveon 

rodent model scanner (Siemens Medical Solutions USA, Inc.). Data acquisition, image 

reconstruction, and ROI analysis of the PET data were performed as described previously.52 

After the PET scans at 24 h and 48 h p.i., ex vivo biodistribution studies were carried out to 

ensure the %ID/g values determined by PET imaging truly represented the radioactivity 

distribution in tumor-bearing mice. Mice were euthanized, and blood, tumor, and major 

organs/tissues were collected and wet-weighed. The radioactivity in the tissue was measured 

using a gamma-counter (PerkinElmer, USA) and presented as %ID/g (mean ±SD).

In vivo fluorescence imaging of PEG-Ce 6 nanomicelles

For in vivo imaging, 200 μL of PEG-Ce 6 nanomicelles with 0.5 mg/mL Ce 6 was i.v. 
injected into each mouse. In vivo fluorescence imaging was conducted using an IVIS 

Spectrum in vivo fluorescence imager. Mice were then imaged using a 675 nm/740 nm 

excitation/emission filter pair under automatic exposure settings, and fluorescence signal 
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was displayed as radiant efficiency. The mice were sacrificed 24 h after i.v. injection, with 

their major organs including the tumor, liver, heart, lung, spleen, and kidneys collected for 

ex vivo imaging. Lastly, the tumor tissues were frozen in optimum cutting temperature 

(OCT) compound (SACURA, USA) medium and cut into 8 μm slices for confocal imaging.

In vivo PDT

To develop the tumor model, 4T1 cells (1×106) suspended in 30 μL of PBS were 

subcutaneously injected into the back of each BALB/c mouse. After the tumor volume 

reached ~150 mm3, mice were randomly divided into four groups (n = 4 per group) for 

various treatments: (i) Control; (ii) Laser only; (iii) PEG-Ce 6 nanomicelles i.v. injection; 

and PEG-Ce 6 nanomicelles i.v. injection + Laser. PEG-Ce 6 nanomicelles, at a dose of 10 

mg/kg, were i.v. injected into mice bearing 4T1 tumors. PDT treatments were conducted 24 

h later, with the 658-nm laser at the power density of 50 mW/cm2 for 30 min. The tumor 

sizes were measured by a caliper every the other day and calculated as the volume = (tumor 

length) × (tumor width)2/2. Relative tumor volumes were calculated as V/V0 (V0 was the 

initial tumor volume). Two days after treatment, the tumors in each group were dissected to 

make paraffin sections for further hematoxylin and eosin (H&E) staining.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization of PEG-Ce 6 nanomicelles. (a) Scheme showing the synthesis of PEG-Ce 6 

nanomicelles and chelate-free labeling 64Cu2+ for PET imaging. (b) TEM image of PEG-Ce 

6 nanomicelles. (c) DLS sizes of PEG-Ce 6 nanomicelles after being incubated in various 

physiological solutions for 24 h. Inset: a photograph of PEG-Ce 6 nanomicelles dispersed in 

water, PBS, cell culture medium and FBS. (d) UV-vis-NIR absorbance spectrum of PEG-Ce 

6 nanomicelles in water. (e) Generation of singlet oxygen by measuring the fluorescence 

intensity changes of SOSG from PEG-Ce 6 nanomicelles and free Ce 6 molecules with the 

same concentration of Ce 6 (0.1 mg/mL). The increase of SOSG fluorescence was a result of 

singlet oxygen generation (n = 3).
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Figure 2. 
Cellular internalization of PEG-Ce 6 nanomicelles. Confocal fluorescence images of 4T1 

cells incubated with PEG-Ce 6 nanomicelles by recording Ce 6 fluorescence with different 

incubation times (0.5, 3, 6, 12, and 24 h). The scale bar is 20 μm.
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Figure 3. 
In vitro PDT of PEG-Ce 6 nanomicelles. (a) Relative viabilities of 4T1 cells treated by PEG-

Ce 6 nanomicelles under 658 nm light exposure with various power density for 15 min. n = 

4. (b) Trypan blue stained 4T1 cells with PBS or PEG-Ce 6 nanomicelles incubation after 

being exposed to the 658 nm laser, with blue indicating dead cells.
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Figure 4. 
In vivo PET imaging of 64Cu-labeled PEG-Ce 6 nanomicelles. (a) Quantified labeling yield 

of 64Cu on PEG-Ce 6 nanomicelles at various time points after incubation (n = 3). (b) 

Stability test of 64Cu labeling on PEG-Ce 6 nanomicelles after incubation in serum with or 

without NOTA competitive reaction at 37 °C for different periods of time. Error bars were 

based standard deviations (SD) of three samples at each time point. (c) PET images of 4T1 

tumor-bearing mice taken at various time points (0.5, 3, 6, 16, 24, and 48 h) post i.v. 
injection of 64Cu-PEG-Ce 6 nanomicelles. Tumors are indicated by yellow arrowheads. (d) 

Quantification of 64Cu-PEG-Ce 6 nanomicelles uptake in the liver, blood, 4T1 tumor, and 

muscle at various time points p.i.. The unit is the percentage of injected dose per gram of 

tissue (%ID/g). n = 3. (e) Biodistribution of PEG-Ce 6 nanomicelles at 24 and 48 h after i.v. 
injection into 4T1 tumor-bearing mice as determined by 64Cu radioactivity measurement in 

various organs and tissues. Error bars were based on the standard error of the mean (SEM) 

of triplicate samples.
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Figure 5. 
In vivo and ex vivo fluorescence imaging. (a) In vivo fluorescence images of 4T1 tumor-

bearing nude mice taken at different time points post i.v. injection of PEG-Ce 6 

nanomicelles. Tumors are indicated by blue arrowheads. (b) Relative fluorescence intensities 

of the tumors at different time intervals based on in vivo fluorescence images shown in (a), n 

= 3. (c) Ex vivo fluorescence images of major organs and tumor dissected from mice 

injected with PEG-Ce 6 nanomicelles at 24 h p.i.. (d) Confocal images of tumor tissues after 

i.v. injection PEG-Ce 6 nanomicelles or not at 24 h p.i.. Red color represents the 

fluorescence signal from Ce 6. The scale bar is 10 μm.
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Figure 6. 
In vivo PDT. (a) Tumor growth curves of different groups of mice after various treatments 

indicated. For the treatment group, four mice injected with PEG-Ce 6 at 24 h p.i. were 

exposed to the 658-nm laser (50 mW/cm2, 30 min). Other three groups of mice were used as 

controls: untreated (Control, n =4); laser only without PEG-Ce 6 injection (Laser only, n 

=4); PEG-Ce 6 injected but without laser irradiation (PEG-Ce 6, n = 4. Error bars were 

based on SD. Statistical analysis was calculated by the methodology of Tukey’s post-test 

(***p <0.001, **p < 0.01, or *p < 0.05). (b) Tumor weight of different groups taken at the 

14th day. (c) Representative photographs of mice from different groups taken at the 14th day. 

(d) H&E stained tumor slices collected from different groups of mice on the following day 

after various treatments.
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