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Abstract

Motivated by the goal of developing a fully biodegradable optical contrast agent with translational 

clinical potential, a nanoparticle delivery vehicle was generated from the self-assembly of 

poly(ethylene-glycol)-block-poly(trimethylene carbonate-co-caprolactone) (PEG-b-TCL) 

copolymers. Cryogenic transmission electron microscopy verified that PEG-b-TCL-based micelles 

were formed at low solution temperatures (~ 38 °C). Detailed spectroscopic experiments validated 

facile loading of large quantities of the high emission dipole strength, tris(porphyrin)-based 

fluorophore PZn3 within their cores, and the micelles displayed negligible in vitro and in vivo 
toxicities in model systems. The pharmacokinetics and biodistribution of PZn3-loaded PEG-b-

TCL-based micelles injected intravenously were determined via ex vivo near-infrared (NIR) 

imaging of PZn3 emission in microcapillary tubes containing minute quantities of blood, to 

establish a novel method for minimally invasive pharmacokinetic monitoring. The in vivo 
circulatory half-life of the PEG-b-TCL-based micelles was found to be ~19.6 h. Additionally, 

longitudinal in vivo imaging of orthotopically transplanted breast tumors enabled determination of 

micelle biodistribution that correlated to ex vivo imaging results, demonstrating accumulation 
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predominantly within the tumors and livers of mice. The PEG-b-TCL-based micelles quickly 

extravasated within 4T1 orthotopic mammary carcinomas, exhibiting peak accumulation at ~48 h 

following intravenous tail-vein injection. In summary, PEG-b-TCL-based micelles demonstrated 

favorable characteristics for further development as in vivo optical contrast agents for minimally 

invasive imaging of breast tumors.
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INTRODUCTION

Over the past several decades, significant progress has been made in the construction of 

target-specific and near-infrared (NIR) emissive optical probes (1, 2). For in vivo imaging, 

the magnitude of any fluorescent signal is mainly dictated by its emission wavelength, its 

fluorescent quantum yield, the amount of fluorophore that may be delivered to a specific 

site, the tissue type, and the depth of imaging (3). For instance, Lumicell is one of a few NIR 

emitters that have been developed for intraoperative imaging of lymph nodes during breast 

surgery, which is a highly invasive but potentially paradigm-shifting technique that may 

prolong the lives of breast cancer patients (4). NIR imaging may find broader utility in less 

invasive diagnostic applications, however the lack of a safe, biodegradable, and organic-

based contrast agent with the requisite optical characteristics has hitherto been a major 

technical hurdle to realizing the full potential of deep-tissue and fluorescence-based imaging 

(3, 5–7).

Here, we sought to generate self-assembled and biodegradable nanoparticles comprised of 

poly(ethylene glycol)-block-poly(trimethylene carbonate-co-caprolactone) copolymers 

(PEG-b-TCL) for delivery of an organic-based optical imaging agent to solid tumors 

(Scheme 1A). Our previous work has helped to establish the nanoscale morphologies 

adopted by PEG-block-(ε-caprolactone)- (PEG-b-PCL)-based diblock copolymers upon 

aqueous dispersion (8, 9). In order to generate a robust yield of fluid-phase micelles that 

could be formed at lower temperatures (i.e. < 60 °C) and without the need of an organic 

cosolvent system that could introduce additional processing steps and/or toxicities for in 
vivo applications, we sought to study the nanoscale architectures derived from aqueous 

dispersion of PEG-b-TCL polymers. PEG-b-TCL-based nanoparticles were expected to 

possess fully PEGylated surfaces that could prolong in vivo circulation times and afford 

tumor accumulation via the EPR effect (10, 11). The degradation products of TCL would 

also be expected to be non-acidic, in contrast to the monomeric byproducts of other 

commonly utilized aliphatic polyesters (3, 9), which would provide improved control over 

degradation kinetics and formulation stability (12).

To generate fully biodegradable and organic-based contrast agents for translational clinical 

imaging applications, we focused on utilizing the tris(porphyrin)-based NIR-fluorophore 

PZn3 as the emissive component of our system (Scheme 1A). This high emission dipole 

strength, supermolecular fluorophore is known to possess exceptionally large vis-NIR molar 
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absorptive oscillator strength, to display amongst the highest recorded fluorescence emission 

quantum yields in the NIR spectral region, and to exhibit an enhanced photobleaching 

threshold (3, 13, 14). It was expected that PZn3-loaded PEG-b-TCL-based micelles would 

offer the following advantages over other contrast agents that have previously been 

developed for in vivo optical imaging: (i) a high yield of fluorophore-laden micelles could 

be generated under gentle fabrication conditions (Scheme 1B); (ii) modest PZn3 loading 

would correspond to dispersion of thousands of fluorophores in a single delivery vehicle (7, 

15); and, (iii) as the components of this soft matter assembly are derived from natural and 

biodegradable components (i.e., porphyrins and poly(esters)) (3, 7, 9, 15–21), PZn3-loaded 

PEG-b-TCL-based micelles would be expected to be a safe contrast agent with the requisite 

properties for translational in vivo imaging applications.

In the studies described herein, we examined both the in vitro and in vivo toxicities of this 

novel biodegradable system and utilized NIR optical imaging to study its in vivo 
pharmacokinetics (PK) and tumor accumulation (Scheme 1C). A common limitation 

encountered in many preclinical PK studies is the necessity to sacrifice a multitude of 

animals at different time points in order to collect both organs and blood samples for 

nanoparticle and drug analyses (22–25). We have previously shown that whole-body NIR-

based optical imaging is an inexpensive and easy to use imaging modality that enables 

noninvasive in vivo biodistribution studies to be conducted in mice (3, 17). Here, we 

introduce a novel method to study the PK of PEG-b-TCL-based micelles, utilizing ex vivo 
optical imaging of microcapillary tubes containing minute blood samples collected from the 

same mouse and over several days, which is a minimally invasive technique that eliminates 

the need for animal sacrifice. Finally, we examine the potential of PEG-b-TCL-based 

micelles for tumor delivery, utilizing NIR optical imaging to validate tumor accumulation in 

an orthotopically-implanted mammary carcinoma model.

MATERIALS AND METHODS

Synthesis of PEG-b-TCL diblock copolymers

A reaction scheme for the generation of PEG-b-TCL is depicted in Supplemental Scheme 

S1. ε-Caprolactone (CL, 1.9 g, Aldrich) was dried over calcium hydride (CaH2) at room 

temperature for 48 h and distilled under reduced pressure. Monomethoxy-poly(ethylene 

glycol) (mPEG, 2kDa, Fluka), featuring a terminal -OH group, was purified by dissolution 

in tetrahydrofuran (THF), followed by precipitation into diethyl ether and subsequent drying 

at 40 °C under reduced pressure (10 mm Hg) for 24 h. Polymer grade 1, 3-trimethylene 

carbonate (TMC, Boehringer Ingelheim), stannous octoate (SnOct2, stannous 2-

ethylhexanoate, Sigma), and 1,6-hexanediol (Aldrich) were used as received.

PEG-b-TCL was synthesized by ring-opening polymerization (8, 9). In brief, mPEG was 

delivered to a flamed-dried flask under argon. A known mass of each CL (5.7 mL) and TMC 

monomer (2.25 g) were injected into the flask via a syringe. Two drops of SnOct2 were then 

added to the reaction mixture; the flask was evacuated and immersed in an oil bath at 

130 °C; and, a progressive increase in viscosity of the homogeneous mixture was evident as 

the polymerization reaction progressed. After 24 h, the volatiles were removed; the 

recovered solid residue was dissolved in methylene chloride (DCM); and, the polymer was 

Hofmann et al. Page 3

Nanoscale. Author manuscript; available in PMC 2018 September 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



precipitated with cold methanol/hexane (4 °C). The resulting PEG-b-TCL copolymers were 

dried under vacuum before size fractionation by HPLC and their subsequent characterization 

by GPC and 1H-NMR spectroscopy in CDCl3.

Synthesis of Tris(Porphyrin-based) NIR-Emissive Fluorophore PZn3

The meso-to-meso ethynyl-bridged tris[(porphinato)zinc]-based fluorophore (5,15-

bis[[5′,-10′,20′-bis[3,5-di(3,3-dimethyl-1-

butyloxy)phenyl]porphinato)zinc(II)]ethynyl]-10,20-bis[3,5-di(9-methoxy-1,4,7-

trioxanonyl)phenyl]porphinato)zinc(II)) (PZn3) was synthesized as previously described 

(26). In brief, (5,15-dibromo-10,20-bis[3,5-bis(9-methoxy-1,4,7-

trioxanonyl)phenyl]porphinato)zinc(II) 5 (0.692 g, 5.19 × 10-4 mol), Pd(PPh3)4 (0.046 g, 

3.98 × 10-5 mol), and CuI (0.023 g, 1.21 × 10-4 mol) were added to a 100 mL Schlenk tube. 

Following the addition of 40 ml of dry THF, a solution of (5-ethynyl-10,20-bis[3′,5′-
bis(3,3-dimethyl-1-butyloxy)phenyl]porphinato)zinc(II) (0.307 g, 3.23 × 10-4 mol) and 

diethylamine (0.60 ml, 5.80 × 10-3 mol) in 30 ml of dry THF was added via canula. The 

reaction mixture was stirred under N2 at 55 °C for 65 h, after which time it was quenched 

with water. The organic layer was extracted with CHCl3, washed with water, dried over 

CaCl2, and evaporated. The residue was chromatographed on silica gel using 1:1 

hexanes:THF as the eluent. Analytical data for the PZn3 chromophore matched those 

reported previously; syntheses of key precursor molecules are described in this publication 

(26).

Micelle Formation

Cryogenic transmission electron microscopy (cyro-TEM) was utilized to select for specific 

PEG-b-TCL compositions that self-assembled into micelles in dilute suspension upon 

aqueous hydration of the polymer and addition of heat/sonication at 40 °C as previously 

described (7). Briefly, aqueous suspensions of different molecular weight fractions of the 

PEG-b-TCL diblock copolymer were suspended in solution (~2 μL), deposited onto 

Quantifoil R2/1 holey carbon TEM grids (Electron Microscopy Sciences, Q225-CR1), and 

blotted to create a thin film within the humidity-controlled environment of an FEI Mark III 

Vitrobot. The samples were then vitrified by plunging them into liquid ethane. The grids 

were stored in liquid nitrogen before being transferred to the Gatan cryogenic holder. The 

samples were then imaged on a TEM instrument (FEI Tecnai G2 TWIN, 200kV). Dynamic 

light scattering (DLS) (Malvern Zetasizer, Malvern Instruments) was used to measure the 

hydrodynamic radius of the resultant particles. Samples were measured for 10 s per run; the 

Malvern software optimized the number of runs per experiment; and the experiments were 

carried out in triplicate. The histogram results were then averaged and the data are presented 

as percent intensity versus hydrodynamic radius.

Loading of PZn3 within PEG-b-TCL-based micelles

PEG(2k)-b-TCL(11.2k) diblock copolymer was found to generate micelles of 60 nm in 

diameter by cryo-TEM, corresponding to 110 nm by DLS. To generate NIR-emissive 

micelle constructs, the polymer was dissolved along with PZn3 in DCM at a molar ratio of 

40:1. The polymer/PZn3 solution was then placed on roughened Teflon® and dried under 

vacuum overnight. Each polymer/PZn3 film was hydrated with phosphate buffered saline 
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(PBS, pH 7.4, 290 mOsm/kg) at 40 °C for 1 h. Following hydration, the films were sonicated 

at 40 °C for approximately 90 min. The micelles were then subjected to 10 freeze/thaw 

cycles by submerging in liquid nitrogen followed by sonication at 40 °C, forming a 

distribution of nano-sized micelles centered at around 110 nm in diameter as measured by 

DLS. The zeta potential of the particles was also examined and found to be slightly negative 

to neutral, which was consistent with the results previously obtained with other PEGylated 

nanoparticles with and without PZn3 (15, 16). The monodisperse micelle suspensions were 

sterilized by filtration through a 0.45 μm syringe filter, concentrated to 5 mg/mL using 

Millipore Amicon® Ultra centrifugal filter units (10k MWCO), and stored as aliquots at 

−20 °C.

For determination of PZn3 concentrations and emission intensities, aqueous suspensions (in 

PBS) of PZn3-loaded PEG-b-TCL-based micelles were placed in 2 or 10 mm quartz optical 

cells and electronic absorbance spectra were collected for membrane-incorporated PZn3 

using a Shimadzu spectrophotometer. The extinction coefficients of the PZn3-loaded 

micelles at 497 and 777 nm were determined from known concentrations in PBS using 

Beer’s Law. Using the absorbance spectra of PZn3-loaded PEG-b-TCL-based micelles and 

the calculated extinction coefficients, the micelle concentrations (mg/mL) in unknown 

samples could be determined (based on the initial 40:1 loading ratio of PEG-b-TCL to 

PZn3), following established methodologies (15, 16). At these molar ratios, approximately 

100% of the PZn3 fluorophore was expected to have been loaded within the nanoparticles 

(15, 16). A correction factor was applied to remove scatter. Fluorescence spectra were 

measured on an Edinburgh FLSP920 equipped with a Hamamatsu R2658 PMT; a Xe900 

xenon arc lamp was utilized as the excitation source. All spectra were corrected for spectral 

throughput and detector sensitivity based on calibrations from a NIST calibrated light source 

provided by Edinburgh Instruments.

In vitro Toxicity Studies

Human umbilical vein endothelial cells (HUVEC, Lonza CC-2517) were cultured in EGM-2 

(Lonza; +1% antibiotic/antimycotic). 4T1 mammary carcinoma cells (ATCC®, CRL-2539) 

were cultured in DMEM (Gibco®; +1% antibiotic/antimycotic and +10% fetal bovine 

serum, Sigma). Human mammary epithelial cells (HMEC, Lonza CC-2551) were cultured in 

MEGM (Lonza; +0.5% antibiotic/antimycotic, Sigma). All cells were maintained at 37 °C 

with 5% CO2.

The CellTiterGlo luminescent cellular viability assay (for HUVECs) and a modified 

clonogenic assay (for HMEC and 4T1 cells) were used to study the in vitro toxicities of the 

PZn3-loaded micelles. For the CellTiterGlo assay, HUVECs were plated at 2×103 cells/well 

and were allowed to reach 80–90% confluence. The cells were subsequently treated with 0, 

25, 125, 250, or 450 μg/mL of a suspensions of the 60 nm-diameter (by cryo-TEM) PEG-b-

TCL-based micelles or with cisplatin (20 μg/mL; positive control) in media with 10% 

Dulbecco’s PBS (DPBS, Gibco®). 72 h after addition of each treatment group, cellular 

viability was assessed by luminescence and compared to that of cells that received media 

alone. For the clonogenics assay, HMECs and 4T1 cells were plated in 12-well plates (1×105 

HMECs or 2×104 4T1 cells/well), allowed to attach overnight, and treated with the same 
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experimental groups when they reached 50–70% confluency. At 24 h after treatment, the 

cells were rinsed with DPBS and were trypsinized. Trypsinized cells were collected, along 

with the cells in the initial media and the DPBS rinse for each treatment, and then pelleted 

by centrifugation. All cells were resuspended in media, counted, plated in 6-well plates at 

lower density (1000 HMEC cells/well and 750 4T1 cells/well), and allowed to grow for an 

additional 4–10 days. Colonies were defined as containing at least 20 cells for HMECs and 

50 cells for 4T1s.

Cells were fixed (10% methanol and 10% acetic acid), stained (2% crystal violet in 20% 

ethanol for HMECS and 0.4% crystal violet for 4T1s), and then counted by hand or with a 

ColCount instrument (Oxford Optronix). The resulting colony numbers were normalized to 

the plating efficiency of each cell line (DPBS control). Clonogenic assays were repeated for 

a total of 3 experimental runs that each contained 5–6 measurements per sample point. 

Results are reported as average surviving fraction ± standard error. One-way ANOVA was 

carried out to determine micelle- and dose-dependent toxicity in each cell line. An unpaired 

2-sided t-test was then used to determine significance between each treatment and the PBS 

control.

In vivo Toxicity Studies

Animal studies were conducted under a protocol approved by the Duke University 

Institutional Animal Care and Use Committee. Female BALB/c mice were used for all in 
vivo studies. Tail veins were catheterized using 30G needles and heparinized saline. PBS 

(control), unloaded, or PZn3-loaded PEG-b-TCL-based micelles (150 μL of 5 mg/mL 

polymer in PBS; 2.5 mol% PZn3; λem(max) = 804 nm) were introduced via IV tail-vein 

injection (n=6 animals per group). Mice were monitored for signs of toxicity (i.e., lethargy, 

absence of grooming, weight loss) and by daily weights. At 3 and 14 days post-treatment, 3 

mice from each group were randomly selected for sacrifice. Immediately prior to euthanasia, 

terminal blood draws were conducted via cardiac puncture for serology studies and blood 

count enumeration. After sacrifice, organs were harvested and fixed with formalin for H&E 

analysis.

In vivo Optical Imaging

All NIR imaging was conducted using an IVIS® Kinetic Imaging Instrument equipped with 

a Xenogen XGI-8 Gas Anesthesia system (Perkin Elmer, λex= 745 nm, λem= 810–875 nm). 

Fluorescence images were analyzed with the Living Image® 4.2 software by measuring 

radiant efficiency of regions of interest (ROIs). Radiant efficiency ([photons/s]/[μW/cm2]) 

was used to correct for non-uniform excitation and differences in exposure times, providing 

a consistent measurement between samples (27).

Novel Optical Methods for Minimally Invasive Pharmacokinetic Analysis

Female BALB/c mice were shaved and any residual hair was removed by topical treatment 

with Nair®. Mice received subcutaneous saline at 1.5 h after treatment to avoid dehydration 

(5 mL/kg). Blood was collected at 1, 2.5, 4, 6, and 24 h post administration of the PZn3-

loaded PEG-b-TCL-based micelle suspension. Using a 5.5 mm lancet (Goldenrod), blood 

was drawn from the submandibular vein and collected directly into heparinized capillary 
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tubes (Kimble; 15–100 μL). The capillary tubes were centrifuged for 3 min and were 

immediately imaged after placement on the imaging bed of the IVIS® Kinetic instrument. 

The total radiant efficiency of the plasma in each capillary tube was measured in a ROI of 

consistent dimensions.

The standard curve for radiant efficiency versus micelle concentration was first determined 

by adding solutions of known concentrations of PZn3-loaded PEG-b-TCL-based micelles to 

untreated plasma and by measuring fluorescence from the capillary tubes. Micelle 

concentrations in plasma samples were then calculated based on this standard curve. PK 

results were plotted as a function of plasma micelle concentration versus time and were 

corrected for the decay in PZn3-emission in plasma tubes, which occurred at an average 

half-life over three runs of ~58 h. Note that the decay lifetime was significantly longer than 

the raw in vivo plasma half-life of the micelle fluorescence (15.5 h), indicating the plasma 

fluorescence is decreasing primarily due to clearance in vivo. The area under the curve for 

0–24 hours (AUC), plasma half-life, and mean residence time (MRT) were computed using 

the PK library in R via the non-compartmental estimation function (NCA).

In vivo Biodistribution Experiments in Non-tumor Bearing Mice

The female BALB/c mice that were used in the PK study were simultaneously utilized for 

biodistribution analysis using whole-animal NIR-based optical imaging. Mice were imaged 

after treatment with 1.5–3% isoflurane at 2 L/min via nosecone, using the IVIS® Kinetic 

Instrument. Each imaging session lasted less ≤ 20 min. At 24 h, the mice were sacrificed by 

intraperitoneal (IP) injection of Euthasol® (50 μL), and their major tissues were collected for 

ex vivo fluorescence imaging. The tissues (bladder, bone, brain, cecum, colon, eye, fat, 

heart, kidneys, liver, lungs, ovary and duct, small intestine, spleen, and stomach) were placed 

directly on the imaging bed of the IVIS® Kinetic Instrument. ROIs were drawn around each 

organ to quantify average radiant efficiency. An untreated mouse was used as a control for 

these biodistribution studies. The ratios of spleen/liver radiant efficiencies for each treatment 

were analyzed using an unpaired, 2-sided t-test.

Tumor Accumulation

4T1 mouse mammary carcinoma cells that constitutively expressed RFP and that exhibited 

hypoxia-inducible factor 1 (HIF-1)-coupled GFP emission were cultured in DMEM 

supplemented with 10% FBS and 1% antibiotic/antimycotic (28). Cells were trypsinized and 

rinsed 3 times with PBS and then resuspended in serum-free DMEM. The 4T1 cells (100 μL 

of 5.5 × 106 cells/mL suspension) were injected into the mammary fat pad of female 

BALB/c mice to generate the orthotopic model of breast cancer.

The tumors were allowed to reach 5 mm in diameter, which took approximately 5–7 days 

after transplantation; and, the mice were then administered PZn3-loaded PEG-b-TCL-based 

micelles via IV tail-vein injection (n = 4 animals). The mice were subsequently imaged in an 

analogous fashion to that which was described in the biodistribution study. Optical imaging 

was conducted at 0, 3.5, 6.5, 12, 24, 48, and 72 h after micelle administration. A ROI was 

drawn around the tumor at each time point; each mouse was imaged in three different 

orientations, and the average tumor radiant efficiency was plotted versus time. Mice were 
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monitored for weight loss, tumor size, and mobility after micelle injection and were 

sacrificed when weight loss exceeded 15% of their initial body weight, their tumors 

inhibited their mobility, or at the termination of the imaging study, which concluded at 72 h 

after micelle injection. Following sacrifice, the organs and tumors were harvested and ex 
vivo imaging was conducted as previously described. An unpaired, 2-sided t-test was used to 

compare the ex vivo tumor radiant efficiencies.

RESULTS

Micelle Characterization and Loading of PZn3

Using HPLC-based separation, various molecular weight fractions of PEG-b-TCL were first 

isolated after synthesis of the block copolymer by ring opening polymerization. Cryogenic 

transmission electron microscopy (cryo-TEM) was utilized to screen for specific PEG-b-

TCL compositions that self-assembled into micelles in dilute aqueous suspension, following 

hydration of the dry polymer and the addition of heat/sonication. The molecular weight 

fraction of the PEG-b-TCL that generated a mono-dispersed suspension of polymeric 

micelles was determined by GPC-MALS (Figure S1A). 1H-NMR spectroscopy in CDCl3 

confirmed that this formulation consisted of PEG (2kDa)-b-TCL (11.2kDa) and revealed 

that the copolymer structure consisted of a ratio of PEG:CL:TMC of 45:72:26 in the final 

product (Figure S1B). Differential scanning calorimetry (DSC) confirmed that the 

copolymer had melting temperatures (Tms) of 8.8, 21.6, and 38.2 °C (Figure 1); from this 

DSC data on the neat polymer, one can infer that a fluid-like phase is likely to occur within 

PEG-b-TCL-based micelles upon spontaneous self-assembly at an aqueous temperature of > 

38 °C.

PZn3 was loaded within the hydrophobic core of the micelles following previously 

established methodologies (7, 14, 15); and, cryo-TEM confirmed that stability of the micelle 

architecture when loaded with PZn3 at ~2.5 mol% (Figure 2A), which is a loading level that 

has been previously been shown in multiple polymeric vehicles to maximize emission on a 

per particle basis (15, 16). Aqueous absorption and emission spectra demonstrated the 

characteristic peaks of this water-insoluble NIR-emissive fluorophore when present within 

the hydrophobic core of the micelles; the spectral signatures were nearly identical to those 

observed for PZn3 in organic solution (Figure 2B); and, given our previous experiences with 

the development of polymeric delivery vehicles for this fluorophore (3, 7, 8, 14, 17, 18), the 

emission of PZn3-loaded PEG-b-TCL-based micelles was of requisite intensity to enable in 
vivo optical imaging.

Structural and Optical Stability of PZn3-loaded PEG-b-TCL-based Micelles

In preparation for subsequent in vitro and in vivo experimentation, we next sought to 

investigate the emissive and structural stability of PZn3-loaded PEG-b-TCL-based micelles 

in different in situ environments. A concentrated solution of micelles was formed in PBS 

buffer at pH 7.4 and aliquots were transferred into larger volume solutions of either neutral 

(PBS, pH 7.4) or acidic pH (sodium acetate buffer, pH 5.5). DLS measurements verified the 

stability of the hydrodynamic diameter of the micelles in either suspension and as measured 
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over a 30-day period, establishing that the micelles did not substantially aggregate in either 

pH environment (Figure 2C).

The intensity of the PZn3 emission from PEG-b-TCL-based micelles slowly diminished as a 

function of time (Figure 2D). Measurements of kinetic changes in the AUC helped to 

determine that the half-life of PZn3 emission in the micelle environment was ~~58 h (Figure 

2D), and the diminished intensities were likely attributable to release of PZn3 from the 

micelles followed by subsequent fluorescence quenching in the aqueous environment (15, 

16). Additional experimental runs yielded consistent results (Figure S2). Notably, as the 

half-life of PZn3 emission was substantially longer than the expected half-life of circulation 

for the PEG-b-TCL-based micelles, which was likely to be < 24 h based on their PEGylated 

surfaces and their nanoscaled size distributions (29), additional experiments aimed at 

examining the in vitro and in vivo performance were carried out.

In vitro and In vivo Toxicity Studies

For successful translational applications, it was imperative to screen for potential toxicities 

of our proposed optical contrast agent (3). As in vitro model systems, we utilized several 

established cells lines as well as different cellular viability assays. As the PZn3-loaded PEG-

b-TCL-based micelles were expected to have prolonged circulation times, their potential 

vascular toxicities were examined using human umbilical vein endothelial cells (HUVECs) 

by adopting the CellTiterGlo luminescence assay. Additional toxicities for the same 

formulation were studied using human mammary epithelial cells (HMECs) and 4T1 

mammary carcinoma and by adopting a clonogenic assay; these later cell lines were selected 

in order to examine differential toxicities that could be imparted by PZn3-loaded PEG-b-

TCL-based micelles to normal vs. cancerous cells after in vivo extravasation within tumor 

sites.

In all cases, the cells were incubated with the micelles for 72 h and various concentrations 

were examined, ranging from 25–450 μg/mL. This range was selected in order to simulate 

the tissue exposure levels that would typically be seen during in vivo optical imaging 

applications. For example, intravascular (IV) tail-vein injection of 150 μL of a 5 mg/mL 

suspension of PZn3-loaded polymeric vesicles has previously been shown to enable deep-

tissue optical imaging (3, 8, 17, 20); this dose correlates to a maximum blood concentration 

of 325 μg/mL immediately after injection. PZn3-loaded PEG-b-TCL-based micelles 

displayed no toxicities to HUVECs (Figure 3A), or to 4T1 cells or HMECs (Figure 3B), at 

any dose level. For the positive control (20 μg/mL cisplatin), less than 2% survival was 

observed for all cases (data not shown).

We next examined in vivo toxicities to BALB/c mice following IV tail-vein injection of PBS 

(control), unloaded, and PZn3-loaded PEG-b-TCL-based micelles (150 μL of a 5 mg/mL 

suspension; n = 6 animals per group). The body weights of mice were monitored daily after 

a single dose administration (Figure S3A), which served as a gross indicator of toxicity. At 3 

and 14-days post-treatment, 3 mice from each group were randomly selected and terminal 

blood draws were conducted via cardiac puncture for serologic determination of renal 

studies (Figure S3B), liver function tests (Figure S3C), complete blood counts (Figure S3D), 

and white blood cell differential counts (Figure S3E). After sacrifice, organs were harvested 
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and fixed with formalin for H&E analysis (Figure S4). None of the mice experienced weight 

loss that was in excess of 10% of their initial body mass following treatment; they did not 

show other signs of toxicity, such as lethargy or lack of grooming; they exhibited normal 

serologic and hematologic results; and, there was no evidence of gross architectural 

distortion in any normal organ by histology. As such, both the unloaded and PZn3-loaded 

PEG-b-TCL-based micelles were deemed safe at this dose and follow-up interval, exhibiting 

no signs of acute toxicities to the animals.

Novel Methods for Minimally Invasive Pharmacokinetic Analyses

BALB/c were injected with PZn3-loaded PEG-b-TCL-based micelles via IV tail-vein 

injection (100 μL of a 5 mg/mL suspension; n = 4 mice); and, in vivo imaging commenced 

at various intervals over a 24 h period. The results demonstrated that the micelles could be 

non-invasively and directly observed in the organs of the animal (Figure 4A). Small volume 

blood draws (15–100 μL) were collected from the submandibular vein of each animal at 

analogous time points. Fluorescence measurements made of the microcapillary tubes (Figure 

4B) enabled quantification of the micelle concentration in plasma, using a predetermined 

standard curve (Figure S5). The plots further demonstrated a marked consistency between 

measurements made from different mice and demonstrated that a large amount of the 

micelles remained in the circulation at 24 h after treatment. The average circulatory half-

lives for PEG(2k)-b-TCL(11.2k)-based micelles was determined to be 19.6 ± 4.6 h (Table 1).

Biodistribution Studies in Nontumor-bearing Mice

Whole-animal in vivo fluorescence imaging was also conducted on the same mice and at the 

analogous time points to those described for the PK study (vide supra). The images revealed 

that the majority of the PZn3-loaded PEG-b-TCL-based micelles accumulated within the 

liver and spleen of each animal, which are known organs for nanoparticle accumulation (10, 

30). Ex vivo organ fluorescence measurements of excised organs made upon animal sacrifice 

confirmed these results (Figure 4). In addition, significant fluorescence was observed above 

background in all organs and was most likely due to micelles that were still present in the 

circulation at the time of animal sacrifice, which occurred at 24 h after micelle 

administration. The alfalfa in the chow likely contributed to the fluorescence signals that 

were observed in the gastrointestinal organs.

Tumor Accumulation in an Orthotopic Breast Cancer Model

4T1 tumors were grown in the mammary fat pads of BALB/c mice, establishing an 

orthotopic murine model of breast cancer. Once tumor diameters had reached at least 5 mm 

in diameter, the mice were treated with PZn3-loaded PEG-b-TCL-based micelles via IV tail-

vein injection (150 μL of a 5 mg/mL suspension; n = 4 mice). Using in vivo optical imaging, 

the biodistribution of the micelles was observed in real time by following the emission of 

PZn3 (Figure 4C and S6). The PZn3-loaded PEG-b-TCL-based micelles were distributed 

throughout the systemic vasculature immediately upon injection, and began to accumulate at 

high levels in the livers and tumors of the animals (and at lower levels in their spleens) 

within 3.5 h of administration. By plotting the average radiant efficiency of the tumor versus 

time, they were found to continue to accumulate within 4T1 tumors over a period of days, 

peaking at ~48 h after administration (Figure 4D). The organs of each animal were collected 
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at the time of sacrifice and were imaged using the IVIS instrument (Figure 4E). A plot of the 

relative emission intensities was used to compare the final biodistribution of the micelles in 

each organ (Figure 4F). These ex vivo imaging results strongly correlated with the in vivo 
imaging data and showed that the strongest signal intensities were observed in the tumor and 

in the liver of each animal.

DISCUSSION

Currently available contrast agents for molecular tumor imaging are limited by their high 

costs, low material or signal stabilities, their poor detection sensitivities, and/or their 

inherent material toxicities (3, 31, 32). While optical imaging agents hold tremendous 

potential for the detection of superficial tumors of the breast, head & neck, or skin (33–35), 

and are being further developed in conjunction with endoscopic techniques to detect tumors 

deep in the colon and lungs (36, 37), the lack of highly sensitive and safe probes have 

limited their wide-spread clinical application (3). Our previous studies have established the 

remarkable spectroscopic properties of the NIR fluorophore PZn3 (13, 14, 26) and have 

shown that it may be incorporated in biocompatible polymeric vesicles at high loading 

concentrations (7, 14–16, 18). We have further shown that PZn3 generates highly sensitive 

fluorescent signals that enable optical imaging though deep tissue (3, 7) for both preclinical 

and translational clinical applications (3, 7, 17, 19, 20). In this study, we sought to develop a 

novel nanoparticle vehicle that was specifically designed to deliver this highly-emissive and 

organic-based NIR fluorophore, generating a sensitive and fully biodegradable contrast 

agent aimed at translational optical imaging applications.

A monodisperse suspension of polymeric micelles was generated by spontaneous self-

assembly upon aqueous hydration of PEG-b-TCL polymer followed by gentle heating, 

exhibiting ideal properties for scaled-up manufacturing. The micelles allowed for facile 

incorporation of the high emission dipole strength porphyrin-based fluorophore PZn3, 

exhibiting uniform size, marked colloidal stability, and prolonged emission in physiological 

environments. Previous work in our group has demonstrated that once PZn3 is loaded in 

non-degradable polymeric nanoparticles, it demonstrates consistent optical properties over 

the course of weeks to months in aqueous suspension (7, 14, 15). The fluorophore is 

completely insoluble in the absence of the polymeric vehicle, exhibiting rapid aggregation 

and no discernable emission in aqueous solution. Nonbiodegradable PZN3-loaded 

nanoparticles show no changes in particle size during that time period (by DLS), supporting 

that the particle architecture is stable and hence the consistent emission of PZN3 implies the 

chemical stability of the particles without otherwise leakage of the fluorophore from these 

intact nanoparticles. As such, we have previously utilized changes in PZN3 emission when 

loaded in biodegradable polymeric nanoparticles to serve as a proxy for their rate of 

degradation (16), which result in PZN3 loss to the greater aqueous solution and hence 

quenching of its fluorescence. In this current study, while PEG-b-TCL-based micelles 

demonstrated no changes in their hydrodynamic size as assessed over 30 days in different 

environments (i.e. pH = 7.4 vs. pH = 5.50), they did show loss of their emission intensities. 

While the DLS data show that PEG-b-TCL micelles have consistent sizes in aqueous 

solution, we know from our previous experience that PZn3 does not “leak” from intact 

nanoparticles but rather is only lost (and hence experiences a decay in fluorescence) due to 
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polymer degradation. By mapping changes in the area under the curve (AUC) for emission 

in plasma samples containing PZn3-loaded PEG-b-TCL-based micelles, an emission half-

life of ~58 h was determined; this value serves as a proxy for the rate of loss of polymer in 

plasma at 37 °C from otherwise structurally intact PEG-b-TCL-based micelles.

PZn3-loaded PEG-b-TCL-based micelles demonstrated no in vitro or in vivo toxicities but 

generated highly sensitive optical signals that enabled detection via in vivo optical imaging.

The emission of PZn3-loaded PEG-b-TCL-based micelles in whole blood enabled the 

establishment and validation of a novel method to quantify pharmacokinetics based on ex-
vivo imaging of NIR fluorescence: we demonstrated the use of PZn3 emission in borosilicate 

glass microcapillary tubes, containing blood that was collected at various time points for 

quantification of plasma concentration longitudinally. This novel method was minimally 

invasive, highly robust, and enabled accurate PK determination from small blood volumes (< 

20 μL), obviating the need for repeated anesthesia and imaging, for regular tail-vein 

bleeding, or for the sacrifice of a multitude of mice (22).

The micelles were found to have a prolonged circulatory half-life (~20 h) and to 

preferentially accumulate within orthotopic tumors in a murine model of breast cancer. In 
vivo fluorescence measurements revealed that the micelles continued to accumulate within 

the tumor microenvironment for at least 48 h following their systemic administration, which 

is a time period that is substantially longer than that observed with conventional liposomal 

formulations and which is in contrast with the reported washout of liposomes that has been 

shown to occur after 24 h (38, 39). These properties make PZn3-loaded PEG-b-TCL-based 

micelles particularly attractive for further development as optical contrast agents for in vivo 
tumor detection. Note that although the radiant efficiency can be measured quantitatively in 
vivo, this does not map directly to concentration due to confounding factors including source 

depth, absorption, and scattering. Thus, this approach provides a relative measure of 

accumulation for similarly positioned organs/tumors. In contrast, the capillary tube 

measurements used to quantify plasma concentrations is truly quantitative as it can be 

mapped back to a concentration using the calibration curve (Figure S5).

In conclusion, we demonstrate that PEG-b-TCL-based micelles represent a safe and fully 

biodegradable nanoscale delivery vehicle with ideal characteristics for tumor imaging and 

theranostic development. The incorporation of the highly emissive tris(porphyrin)-based 

NIR fluorophore PZn3 into the micelles introduced a novel optical contrast agent that was 

fully biodegradable and that possessed the requisite sensitivity for deep tissue imaging. In 

order to study the preclinical pharmacology of PZn3-loaded PEG-b-TCL-based micelles, we 

improved upon conventional methods for non-invasive imaging to demonstrate direct 

visualization of in vivo circulation and nanoparticle biodistribution. We further developed a 

novel optical imaging technique that enabled minimally invasive pharmacokinetics analyses, 

using minute quantities of blood that were directly imaged in microcapillary tubes. The 

superior biomaterial properties of PZn3-loaded PEG-b-TCL-based micelles support their 

further development for translational cancer imaging and/or drug delivery applications.
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Figure 1. Differential scanning calorimetry of the PEG(2k)-b-TCL(11.2k) copolymer
The sample was heated between −80 and +80C at 5 °C/min ramp. (A) Plot of its phase 

transitions as a function of temperature. (B) Table of major transitions seen in repeated 

heating cycles. Tg: glass transition temperature, Tc: crystallization temperature, Tm: melting 

temperature.
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Figure 2. In situ Stability of the PZn3-loaded PEG-b-TCL-based micelles
(A) Cryo-TEM image, (B) absorbance spectrum that is corrected for light scattering, and 

(inset) fluorescence emission spectrum of PZn3-loaded PEG-b-TCL-based micelles in 

aqueous suspension (λex = 492 nm). (C) Changes in the hydrodynamic size over 30 days in 

different environments (pH = 7.4 vs. pH = 5.50. (D) Variation of the emission intensities of 

PZn3 in aqueous suspensions of PEG-b-TCL-based micelles that were placed in plasma at 

37 °C and as a function of time. Integration of the emissive signal from PZn3 over time 

(right) was obtained by calculating the area under the curve (AUC) and was used to 

determine its fluorescence emission half-life within micelles suspensions upon transfer to 

plasma. ε: extinction coefficient.
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Figure 3. In vitro and In vivo Toxicity of PEG-b-TCL-based Micelles
Cellular viability assays on established cells lines demonstrating minimal toxicity of PZn3-

loaded PEG-b-TCL-based micelles to (A) HUVECs (CellGlo-Titer assay), (B) 4T1, and 

HMECs (clonogenics assays). For the clonogenics assays, 4T1 and HEMCs were treated 

with micelles for 24 h, plated at low density, and allowed to grow for 4–10 days. The 

numbers of colonies were then counted and compared to the numbers obtained from 

untreated (control) cells. Data presented as mean ± SD. 4T1: mouse mammary carcinoma 

cells, HMEC: human mammary epithelial cells, * p<0.05, unpaired, 2-sided t-test compared 

to PBS control.
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Figure 4. Pharmacokinetics and in vivo tumor accumulation of PZn3-loaded PEG-b-TCL-based 
micelles
(A) Whole-animal optical imaging was performed, gating on PZn3 emissive signals from 

micelles at various time points after systemic administration via IV tail-vein injection. (B) 

Change in plasma concentration over time for each mouse after treatment with PZn3-loaded 

PEG-b-TCL-based micelles, as measured by the fluorescence of plasma samples using the 

IVIS® Kinetic Imaging instrument (λex= 745 nm, λem= 810–875 nm). (C) Representative 

overlay of photographic and fluorescence images of 4T1 tumor-bearing mice at various time 

points after IV tail-vein administration of a suspension of 60 nm diameter PZn3-loaded 

PEG-b-TCL-based micelles. Whole body imaging was conducted with the IVIS® Kinetic 

Imaging instrument (λex= 745 nm, λem= 810–875 nm), exhibiting accumulation of the 
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micelles within the orthotopic 4T1 tumors implanted in the mammary fat pads (arrows), 

livers, and spleens of the animals (n = 2 of a total of 4 treated animal displayed at each time 

point). (D) Changes in the average radiant efficiencies of tumors over time following 

treatment with PZn3–loaded PEG-b-TCL-based micelles, as measured via in vivo optical 

imaging. Thick black line represents the average, error bars ± SEM. (E) Representative 

fluorescence image of excised organs at 48 h after treatment. (F) Ex vivo fluorescence 

quantification of organs from tumor-bearing mice harvested at 48 or 72 h after IV tail-vein 

injection of PZn3-loaded PEG-b-TCL-based micelles.
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Scheme 1. Near-infrared Emissive PEG-b-TCL-based Micelles
(A) Chemical structure of micelles formed from the PEG-b-TCL copolymer and the high-

emission dipole strength, tris(porphyrin)-based fluorophore PZn3. (B) Schematic 

representation of the formation of PZn3–loaded PEG-b-TCL-based micelles under gentle 

fabrication conditions. (C) Schematic representation of the administration of the PZn3–

loaded PEG-b-TCL-based micelles into mice via intravenous tail-vein injection, their uptake 

into tumors by passive targeting, and the applications of these agents. PEG: poly(ethylene-

glycol), TMC: trimethylene carbonate block, CL: caprolactone block, PZn3: ethynyl-bridged 

tris(porphinato)zinc-based NIR fluorophore.
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