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Abstract

We have developed a noninvasive imaging method to quantify in vivo drug delivery 

pharmacokinetics without the need for blood or tissue collection to determine drug concentration. 

By combining the techniques of hyperspectral imaging and a dorsal skinfold window chamber, this 

method enabled the real-time monitoring of vascular transport and tissue deposition of 

nanoparticles labeled with near-infrared (NIR) dye. Using this imaging method, we quantified the 

delivery pharmacokinetics of the native high-density lipoprotein (HDL) and epidermal growth 

factor receptor (EGFR)-targeted HDL nanoparticles and demonstrated these HDLs had long 

circulation time in blood stream (half-life >12 h). These HDL nanoparticles could efficiently carry 

cargo DiR-BOA to extravasate from blood vessels, diffuse through extracellular matrix, and 

penetrate and be retained in the tumor site. The EGFR targeting specificity of EGFR-targeted HDL 

(EGFR-specific peptide conjugated HDL) was also visualized in vivo by competitive inhibition 

with excess EGFR-specific peptide. In summary, this imaging technology may help point the way 

toward the development of novel imaging-based pharmacokinetic assays for preclinical drugs and 

evaluation of drug delivery efficiency, providing a dynamic window into the development and 

application of novel drug delivery systems.

1. Introduction

Targeted therapies hold great promise for the treatment of primary and metastatic cancer by 

sparing injury to normal host tissues and cells. Although small molecular therapies are 

potentially potent agents, they lack specificity for cancer cells.1 Targeting of such agents is 

limiting as conjugation of homing ligands can alter or even abolish the therapeutic index of 

the agent, and even the agents that can be successfully targeted only provide a single payload 

(i.e., one chemotherapeutic agent per target recognition). Larger therapeutic agents, such as 
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gene therapy with herpes simplex oncolytic viral particles (150 nm diameter), offer tumor 

specificity (e.g., replication only in p53 deficient cells) but encounter increasing amounts of 

diffusive hindrance within tumors compared to particles less than 30 nm in diameter.2 These 

large agents are unable to sufficiently penetrate tumor tissue and thus are unable to replicate 

and spread effectively within solid tumors, even with direct intratumoral injection.3 Targeted 

delivery of therapeutics via nanosized delivery systems offers great potential for improving 

tumor specificity over small molecular chemotherapy due to enhanced permeability and 

retention in tumors.4,5 Delivery is also improved in comparison to gene therapeutic particles, 

due to better tumor accessibility of these smaller-sized particles.2,6,7 Combined, these 

properties provide a very useful platform for preclinical drug development. High-density 

lipoproteins (HDL) are natural nanoparticles of ultra-small size (5–12 nm) stabilized by 

apolipoproteinA-I (ApoA-1) protein.8 Functionally, they facilitate the transport of 

cholesterol from tissue back to liver for catabolism through a process known as reverse 

cholesterol transport. The specific receptor involved with HDL cholesterol transport is the 

scavenger receptor class B type I (SR-BI), which can directly transport cholesterol ester 

across the cell membrane through a nonendocytic pathway.9 SR-BI is found in tissues with 

critical roles in cholesterol metabolism, such as liver, adrenal glands, and ovaries, and is also 

highly expressed in many cancer cells, particularly in cancers of ovary, colon,10 lung,11 

prostate,12 and breast.13 Van Berkel and others have used natural HDL as a nanocarrier for 

therapeutics.14 To date, many synthetic HDL nanoparticles have been developed for cancer 

theranostics10,15 as these nanoparticles possess many features that are desirable for drug 

delivery. They are biocompatible and nonimmunogenic and can carry versatile payloads of 

cancer theranostics by multiple labeling approaches.16 Their ultra-small size (<30 nm) 

enables improved diffusive transport through the tumor interstitium, allowing penetration 

and accumulation to reach therapeutically relevant concentrations. In addition, their built-in 

natural SR-BI targeting can be advantageous for many cancer therapies.17–19 The HDL 

particles can also be rerouted to other receptors of choice by integrating with different 

targeting ligands such as the folate,20 EGF protein,21,22 and RGD peptide,23 thus expanding 

their horizon for cancer targeting.

In addition to therapeutic payloads, these HDL particles can also be loaded with fluorescent 

dyes to allow the distribution of HDL to be tracked by imaging methods. In this study, we 

utilized the near-infrared (NIR) probe, DiR-BOA (1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide bisoleate), and quantified the distribution of HDL 

particles within an optical dorsal skinfold window preparation. For successful application of 

HDL-based particles for cancer therapy, detailed knowledge of the pharmacokinetics of 

HDL tumor targeting is required. Conventional pharmacokinetic analysis involves the 

determination of drug concentration in blood and tissue samples at different times post drug 

injection, which offers little information about the transport dynamics of the drug by 

nanoparticles from blood to tumor after systemic administration. Here, we demonstrated the 

utilization of dorsal skinfold window preparation for real-time in vivo tracking of HDL 

delivery, allowing a spatially resolved pharmacokinetic assessment of HDL particle transport 

within the tumor and surrounding tissues.
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2. Materials and Methods

2.1. Preparation of NIR-dye loaded HDL

Reconstituted HDL(DiR-BOA) particles were prepared according to previously reported 

method.20 EGFR-specific peptide, YHWYGYTPQNVI, was synthesized on a PS-3 peptide 

synthesizer (Protein Technologies). The EGFR-specific peptide was then conjugated to 

HDL(DiR-BOA) by classical amide reaction to make EGF-HDL(DiR-BOA) particle (the 

molar ratio of peptide to HDL is 20 to 1).

2.2. Development of imaging method

Dorsal skinfold window chambers were prepared in SCID mice as described previously2 and 

inoculated with either GFP transfected MOS-1 murine osteosarcoma cells (Figs. 1 and 2), or 

A549 human lung adenocarcinoma cells (Figs. 3 and 4). HDL nanoparticles were then 

administered via tail-vein injection, and the animals were anesthetized under isofluorane gas 

and placed in the CRI Maestro hyperspectral imaging system (Caliper Life Sciences, 

Hopkinton, MA, USA) at the appropriate time points post injection. NIR filter and blue 

filters were used sequentially to obtain matching NIR and tissue structure maps for co-

registration. Following the completion of the imaging time course, the individual signals for 

NIR dye (DiR-BOA) (excitation: 710–760 nm; emission: 800 nm long pass), GFP signal 

from tumor (excitation: 445–490 nm; emission: 515–550 nm), and a signal corresponding to 

the decreased absorption coefficient of hemoglobin above 600 nm, were extracted using 

spectral unmixing and either knowledge of pure dye spectra (DiR, GFP), or region of 

interest (ROI) selection and spectral principal component analysis (blood and tissue 

autofluorescence). The TurboReg ImageJ plugin,24 http://bigwww.epfl.ch/thevenaz/

turboreg/) was used to obtain registration landmarks in order to align each time point with 

the previous one, and allow for consistent ROI placement relative to the tumor region. ROIs 

were selected, and either the average value for that region was calculated over time or a 

radial profile was calculated using the Radial Profile Plot ImageJ plugin (http://

rsbweb.nih.gov/ij/plugins/radial-profile.html), which measures across a radial line centered 

on the tumor, averaging the image intensity 360° around the central point (placed at the 

tumor center). The NIR signal intensity values were then graphically plotted over time for 

tumor and peri-tumor areas, blood vessels, and skin interstitium.

3. Results

3.1. Developing imaging technique to visualize drug delivery in vivo

To monitor HDL particles for delivery drugs from blood vessel to tumor site, a NIR dye, 

DiR-BOA, was loaded in HDL as a drug representative to form HDL (DiR-BOA). Tumor 

tissue was implanted in a dorsal window chamber using GFP transfected cancer cells 

(MOS-1 murine transgenic osteosarcoma25). Mice were injected with HDL(DiR-BOA) via 

the tail-vein, and fluorescence was monitored via the CRI Maestro hyperspectral imaging 

system. The images was acquired using fluorescence imaging across a range of wavelengths, 

using two excitation/emission filter pairs: NIR filter for DiR-BOA (Ex. 710–760 nm, Em. 

800 nm long pass), and Blue filter (Ex. 445–490 nm, Em. 515 nm long pass) for: (i) GFP 

signal of tumor tissue (Ex. 445–490 nm, Em. 515–550 nm); (ii) tissue autofluorescence (Em. 

MCKEE et al. Page 3

J Innov Opt Health Sci. Author manuscript; available in PMC 2017 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://bigwww.epfl.ch/thevenaz/turboreg/
http://bigwww.epfl.ch/thevenaz/turboreg/
http://rsbweb.nih.gov/ij/plugins/radial-profile.html
http://rsbweb.nih.gov/ij/plugins/radial-profile.html


540–600 nm); and (iii) hemoglobin (Em. 600–680). The exact spectra used to unmix the 

individual components are shown in Fig. 1(b). It should be noted the detection of 

hemoglobin in this case is likely caused by a shift in tissue autofluorescence in these regions 

due to the increased molar extinction coefficient of both oxy- and deoxy-hemoglobin below 

600 nm, leading to increased absorption of autofluorescence below 600 nm, and a shift in 

apparent spectral emissions to above 600 nm. Figure 1(a) shows a representation of the 

hyperspectral image cube from the blue filter, rendered in such a way as to match what 

would be seen by a camera in the visible spectrum. Spectral libraries were generated from 

the preinjection timepoint (blue filters), and pure dye (NIR filter), blue filter spectral library 

shown in Fig. 1 (b), and the hyperspectral image cube was unmixed using these spectra. 

Figures 1(c), 1(d), and 1(e) show the grayscale individual spectral components 

corresponding to tissue autofluorescence (c), GFP (d), and hemoglobin (e), with Fig. 1(f) 

showing a pseudo-colored composite of these signals. As seen in Fig. 1(g), bottom row, 

there was minimal background fluorescence signal observed in NIR channel (Fig. 1(g), 

bottom row), indicating that autofluorescence has negligible influence on the quantification 

of DiR-BOA signal in this study. Images were recorded with matching exposure times and 

were used to construct a time-dependent fluorescence montage of DiR-BOA using NIR 

channel (Fig. 1(g), bottom row), showing good blood vessel localization immediately 

following HDL(DiR-BOA) administration. For comparison, Fig. 1(g) top row shows the 

tissue autofluorescence, and middle row shows hemoglobin signal, corresponding to each 

time point NIR image. As time progressed [Fig. 1(g)], the DiR-BOA signal in blood vessels 

decreased gradually, while the signal in tumor tissue increased over time, peaking at the 24 h 

time point. After 24 h, the DiR BOA signal in blood vessels was weak while the signal in 

tumor and peri-tumor rim remained elevated up to 36 h following injection. These data 

suggested that HDL can deliver cargo via the EPR effect, extravasating from blood vessels, 

and being selectively retained in the tumor. The spectrally unmixed components 

corresponding to GFP, tissue hemoglobin autofluorescence, and NIR nanoparticle were re-

combined in a pseudo-colored composite [Fig. 1(h)], showing good co-registration between 

the two image filter sets, with clear visualization of the dynamics of HDL nanoparticle 

transport.

3.2. Quantifying the delivery pharmacokinetic of HDL nanoparticle

We next quantified the fluorescence signal intensity of DiR-BOA in blood and tumor 

surrounding areas at different times post-injection to determine the pharmacokinetics in 

detail. This quantification was accomplished with the use of a registration software 

(TurboReg, Image J), that used manual or automated image registration landmarks to align 

multiple images together. This software has previously been used to register images obtained 

from a dorsal skinfold window chamber with sub-cellular accuracy over multiple days, 

illustrating its potential utility in this situation.26 As shown in Fig. 2(a), we quantified the 

fluorescence of DIR-BOA in four radial spatial ranges, which are 0~1 mm, 1~2 mm, 2~3 

mm, and 3~4 mm distances radially from the tumor center. The time-dependent change in 

DiR-BOA fluorescence following nanoparticles administration is presented in Fig. 2(b), 

measured in these radial spatial ranges. The data clearly showed that HDL(DiR-BOA) has 

long circulation in blood stream, with a half-life time greater than 12 h, which is consistent 

with the previously reported 15 h based on blood clearance assay.27 The HDL(DiR-BOA) 
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displayed immediate extravasation within the tumor at 20 min post-injection [Fig. 2(c)], with 

further increase in tumor accumulation and buildup of a gradient of fluorescence extending 

away from the tumor into the periphery. The HDL (DiR-BOA) signal demonstrates clear 

retention and uptake in the tumor and tumor periphery, evidenced by the fact that DiR-BOA 

signal displayed an increasing trend from blood to tumor 6 h after injection (blood <3–4 mm 

area <2–3 mm area <1–2 mm area). The influx of DiR-BOA by HDL delivery continued till 

36 h post injection, and the efflux slowly processed from 36 h to 120 h [Figs. 2(c) and 2(d)], 

indicating that the cargo delivered by HDL can be retained in tumors for a long time (>5 

days). This is a favorable feature for potential theranostic applications of this drug delivery 

platform.

3.3. Developing EGFR-targeted HDL nanoparticles

We have previously validated the rerouting strategy for HDL nanoparticles.20 Here we 

synthesized a EGFR-targeted HDL(DiR-BOA) particles by covalently conjugating particle 

with an EGFR-specific peptide, YHWYGYTPQNVI.28 In vitro fluorescence microscopy 

imaging (Fig. 3) confirmed that the resulting EGF-HDL particles selectively bind to EGFR-

positive tumor cells. Given that EGFR is overexpressed in many tumor cells, this may prove 

to be an attractive tumor targeting strategy.

3.4. Quantifying the selective delivery pharmacokinetic of EGF-HDL nanoparticle

We next investigated whether we could visualize the selective delivery of HDL nanoparticles 

to a tumor overexpressing EGFR (A549) using our developed imaging technique. We 

injected these nanoparticles either alone or with competing free EGFR-specific peptides. As 

shown in Fig. 4(a), like HDL(DiR-BOA), EGF-HDL(DiR-BOA) demonstrated efficient 

delivery into the tumor site. As observed by the fluorescence intensity shown in Fig. 4(c), 24 

h post-injection, the DiR-BOA signal in tumor was three-fold higher than that in the 

surrounding skin. Following co-injection of free EGFR-specific peptide [Fig. 4(b)], the 

delivery of EGF-HDL(DiR-BOA) was significantly inhibited within the first 5 h, as a very 

low DiR-BOA signal was observed in both tumor and skin interstitium. After 24 h, the 

signals in both the tumor and interstitium were slightly increased but were much less than 

that in the mouse without peptide inhibition [Fig. 4(d)]. These data suggested that the EGF-

HDL(DiR-BOA) was able to selectively delivered cargo to tumor via EGFR and that we 

could quantify the selectivity of delivery with our imaging approach. The decrease of 

inhibition efficiency 5 h after injection could be accounted for the rapid clearance of EGFR-

specific peptide (1540.7 Mw) from the circulation.

4. Discussion

Our results indicate that NIR imaging of molecular probes in the dorsal skinfold window 

model can provide a useful method for in vivo noninvasive tracking of biodistribution and 

pharmacokinetics of the drug delivery system. This technique could potentially obviate the 

need for sequential blood draws to determine drug concentration. The use of spectral 

unmixing improves the quantitative ability to relate image-derived intensity to concentration, 

by minimizing contribution from autofluorescence. Likewise, the pseudo-2D nature of the 

dorsal chamber in combination with the use of an NIR fluorophore, helps to minimize the 
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effect of absorption and scattering on the fluorescence intensity of the resulting image, 

allowing us to make the reasonable assumption that fluorescence intensity in the regions of 

interest is directly proportional to the concentration of fluorophore in that region. The 

advantages of NIR fluorophores can be observed directly in the unmixed grayscale images in 

Fig. 1(g), as the NIR channel can visualize more vessels with increased sensitivity and 

decreased noise in comparison to the hemoglobin channel, which was collected at lower 

wavelengths, where absorption and scattering would play more pronounced roles.

We have demonstrated a useful proof of concept that this combination of fluorescent 

imaging, nanoparticles, and imaging processing technologies allows us to quantify the 

dymanic pharmacokinetics of nanoparticle transport from blood vessels to tumor-specific 

sites. This technology may provide a powerful novel method for application toward 

preclinical drug development and pharmacokinetic assessment, aiding in the rapid evaluation 

of nanoparticles for efficient and selective delivery of therapeutics.

This technique could, in principle, be applied to any NIR molecular probe, and even 

multiplexed with multiple fluorophores, assuming reasonably separable emission 

wavelengths. Combining spectral unmixing with this window chamber preparation and 

novel probe chemistries opens a wider array of possibilities of using multiple NIR molecular 

probes to simultaneously assay specific biological activities such as metalloproteinase 

activity (via cleavable probes) or cellular biodistribution (via cell labeling).

In addition, the techniques described here could also have applications in other biological 

model systems. The mouse ear is a convenient pseudo-two-dimensional tissue that is very 

accessible to imaging, allowing for noninvasive tracking of nanoparticle clearance kinetics in 

any mouse model system. This technique may be particularly useful in pharmacokinetic 

studies with genetically engineered mouse models of human disease.

5. Summary

In this study, GFP transfected tumor was developed in the dorsal skinfold window chamber 

mouse model; a NIR dye, DiR-BOA, was loaded in HDL as a drug representative; and a CRI 

Maestro hyperspectral imaging system was used to monitor and quantify the delivery 

pharmacokinetic of HDL nanoparticles in a time-dependent fashion. HDL particles, either in 

native-targeted form or conjugated with EGFR-specific peptide, are observed to exhibit long 

circulation time in blood stream (half-life >12 h), matching with previous by known 

pharmacokinetic information of these same compounds. HDL particles are shown to carry 

cargo DiR-BOA, diffuse through the extracellular matrix, and finally penetrate and retain in 

tumor site. The novel application of this imaging technology to the study of drug transport in 
vivo may help point the way toward the development of optical pharmacokinetic 

assessments to improve preclinical drug testing and evaluation of drug delivery systems, 

providing a novel approach to increasing the throughput of the drug discovery and 

development process.
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Fig. 1. 
Nanoparticle distribution within the dorsal skinfold chamber. Mice were injected via tail-

vein, and near-infrared (NIR) fluorescence was monitored via the CRI Maestro 

hyperspectral imaging system. (a) Hyperspectral data cube (10 nm bandwidth channels from 

500–720 nm) rendered so as to match the visible spectrum. Spectral components 

corresponding to GFP, tissue autofluorescence, and hemoglobin were isolated and defined 

using the spectral library shown in (b), and individual spectrally unmixed channels 

corresponding to tissue autofluorescence (c), GFP (d), and hemoglobin (e) are shown. (f) An 

unmixed color composite image is shown, with hemoglobin assigned to the red channel, 

GFP assigned to the green channel, and tissue autofluorescence assigned to the gray channel. 

NIR DiR-BOA fluorescence was captured using different excitation and emission filters, 

with a time course of NIR fluorescence shown in the bottom row of (g) alongside tissue 

autofluorescence (top row), and hemoglobin (middle row). (h) A color composite of GFP 

(green), hemoglobin signal (cyan) and HDL (DiR-BOA) nanoparticles (red).
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Fig. 2. 
Quantitation of nanoparticle distribution within the dorsal skinfold chamber. The isolated 

NIR spectral component corresponding to nanoparticle distribution within the tumor was 

analyzed by averaging across a radial profile extending fom the tumor center, with four 

radial spatial ranges corresponding to 0~1 mm (within tumor), and tumor periphery: 1~2 

mm, 2~3 mm, and 3~4 mm away from the tumor center, as illustrated in (a). The 

fluorescence intensity within these spatial ranges was quantified in (b). Viewing the data as 

radial profiles over time, nanoparticle influx occurred gradually up to 36 h post injection (c), 

with efflux occurring from 36–120 h post injection (d).
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Fig. 3. 
The fluorescence imaging of the uptake of EGF-HDL (DiR-BOA) on EGFR-positive lung 

cancer A549 and EGFR-negative lung cancer H157 cells. The results showed the selective 

uptake of particles in EGFR high-expressed cells.
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Fig. 4. 
Specific targeting of nanoparticles to receptor overexpressed on the surface of tumor cells. 

Nanoparticles coated with an EGFR-specific peptide were injected into mice either alone (a) 

or in the presence of competing peptide (b) to demonstrate specificity of uptake. Tumor 

images were registered to each other, and regions of blood, interstitial skin, and tumor were 

contoured (as shown) and measured over time in order to determine the kinetics of drug 

uptake and/or competition. (c) The fluorescence intensity of DiR-BOA in blood, tumor, and 

interstitium area corresponding to Fig. 4(a). (d) The corresponding fluorescence intensity of 

DiR-BOA in blood, tumor, and interstitium area for Fig. 4(b).
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