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Abstract

In the past two decades advances in the development of targeted nanoparticles have facilitated

their application as molecular imaging agents and targeted drug delivery vehicles. Nanoparticle-

enhanced molecular imaging of the angiogenic tumor vasculature has been of particular interest.

Not only because angiogenesis plays an important role in various pathologies, but also since

endothelial cell surface receptors are directly accessible for relatively large circulating

nanoparticles. Typically, nanoparticle targeting towards these receptors is studied by analyzing the

contrast distribution on tumor images acquired before and at set time points after administration.

Although several exciting proof-of-concept studies demonstrated qualitative assessment of relative

target concentration and distribution, these studies did not provide quantitative information on the

nanoparticle targeting kinetics. These kinetics will not only depend on nanoparticle characteristics,

but also on receptor binding and recycling. In this study, we monitored the in vivo targeting

kinetics of αvβ3-integrin specific nanoparticles with intravital microscopy and dynamic contrast

enhanced magnetic resonance imaging, and using compartment modeling we were able to quantify

nanoparticle targeting rates. As such, this approach can facilitate optimization of targeted

nanoparticle design and it holds promise for providing more quantitative information on in vivo

receptor levels. Interestingly, we also observed a periodicity in the accumulation kinetics of αvβ3-

integrin targeted nanoparticles and hypothesize that this periodicity is caused by receptor binding,

internalization and recycling dynamics. Taken together, this demonstrates that our experimental

approach provides new insights in in vivo nanoparticle targeting, which may proof useful for

vascular targeting in general.
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Introduction

The application of nanoparticles as targeted contrast agents in molecular imaging and

image-guided drug delivery has matured to an established research field [1, 2]. Several

papers have reported exciting proof-of-concept studies [3-6], but detailed knowledge on in

vivo nanoparticle-target interactions and its effect on nanoparticle accumulation and in vivo

detection remains limited. Such knowledge would not only contribute to the field of

nanoparticle-enhanced molecular imaging, but will have a much broader impact on the

nanoparticle targeting field in general and may contribute to pave the way for the clinical

translation of nanomedicines [7-9].

The conventional way of studying target-specific nanoparticle contrast agents in vivo is by

acquiring images of the pathological site before and at set time points after administration

and subsequently evaluating contrast enhancement distribution patterns. An example of this

approach was described by Mulder et al. [4]. While this approach allows for qualitative

assessment of relative target concentration and distribution, it does not provide quantitative

insight in the nanoparticle targeting kinetics and accumulation rates. These kinetics will not

only depend on nanoparticle characteristics, like target affinity and pharmacokinetics, but

also on receptor binding and recycling kinetics [10]. Since little is known about these

targeting kinetics and how they affect nanoparticle accumulation and detection, their real-

time in vivo monitoring could provide valuable information on nanoparticle targeting, but

also on the properties of the molecular target itself.

One conventional dynamic imaging technique, which is extensively used in both pre-clinical

and clinical studies, is dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)

[11, 12]. In this technique the signal enhancement in a tissue is recorded as a function of

time during and after a bolus-injection of an MRI contrast agent. Quantification of contrast

agent dynamics through compartment modeling provides quantitative information on a

variety of features of the pathological tissue, such as vascular volume and permeability

[13-15]. Moreover, DCE-MRI and compartment modeling may also be employed to study

the in vivo accumulation kinetics and targeting rates of ligand-functionalized nanoparticles.

One focus in in vivo nanoparticle targeting lies on the targeting of endothelial cell surface

receptors. Not only because levels of these receptors are significantly altered in several

pathological processes, but also because they are readily accessible for relatively large

circulating nanoparticles. For example, vascularization and angiogenesis are crucial for solid

tumor growth and therefore important diagnostic and therapeutic targets in oncology

[16-18]. One target that has been extensively studied in this context is αvβ3-integrin, which

is highly up-regulated on angiogenic endothelial cells [19-21]. αvβ3-integrin is a member of

the integrin family which consists of 24 known trans-membrane α-β heterodimers [19, 22].

Their major role on endothelial cells is coupling to the extracellular matrix and neighboring

cells, facilitating signaling, cell survival and migration [19, 22]. Recent in vitro studies with

human endothelial cells have shown that αvβ3-integrin specific nanoparticles are internalized

[4, 23], while at the same time this integrin is known to be recycled back to the plasma

membrane after internalization [22, 24].
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In the present work we used intravital microscopy (IVM) and DCE-MRI to study the tumor

vasculature targeting kinetics of c(Asp-(d)Phe-Lys(S-Ata)-Arg-Gly) (RGD) conjugated

nanoemulsion (RGD nanoemulsion). Conjugation of this cyclic pentapeptide to

nanoparticles results in high affinity and selectivity towards αvβ3-integrin [25]. As control a

non-targeted nanoemulsion (CTRL nanoemulsion) was used, which is known to accumulate

in tumor tissue through a non-specific mechanism termed the enhanced permeability and

retention (EPR) effect [26, 27]. In a recent study we have optimized the RGD nanoemulsion

to most effectively target the tumor vasculature [26]. Our experimental set-up with a

window chamber model and bimodal (MR and optical) nanoparticles offers a unique

platform to assess different aspects of the in vivo nanoemulsion as well as αvβ3-integrin

behavior [26]. A special feature in this study was the use of IVM in the window chamber

model to obtain high quality vascular input functions (VIFs) for the DCE-MRI contrast

agent kinetic processing.

Using the above mentioned experimental set-up we were able to monitor nanoemulsion

accumulation dynamics in the tumor in real-time and quantify nanoparticle targeting rates.

Interestingly, in case of the RGD nanoemulsion a periodicity in the accumulation kinetics of

the agent was observed, which was absent when administering CTRL nanoemlusion. Herein

we hypothesize that this periodicity is caused by integrin binding, and internalization and

recycling dynamics. Taken together, our approach may both serve as a potent tool to

increase our understanding of nanoparticle-receptor interactions as well as provide more

quantitative information about receptor expression levels in vivo.

Methods

Nanoparticle synthesis

Nanoemulsions (see Fig. 1a for a nanoemulsion schematic) were prepared using a lipid film

hydration approach as previously described [26]. The nanoemulsion was composed of 3.3 %

(v/v) soybean oil and 0.83 % (w/v) of an amphiphilic lipid mixture in HBS buffer (2.38 g/L

Hepes and 8 g/L NaCl, pH 7.4). The amphiphilic lipid mixture consisted of 37 mol% 1,2-

distearoyl-sn-glycero-3-phosphocholine (DSPC), 33 mol% cholesterol, 2.5 mol% 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000

(PEG2000-DSPE), 2.5 mol% maleimide-PEG2000-DSPE, and 25 mol% gadolinium-

diethylene-triaminepentacetate-bis(stearylamide) (Gd-DTPA-DSA) (all purchased from

Avanti Polar Lipids). The amount of soybean oil added was 3 mg/μmol amphiphilic lipid.

For fluorescent detection, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-lissamine

rhodamine B sulfonyl ammonium salt (rhodamine-PE, Avanti Polar Lipids) or 1,1′-

Dioctadecyl-3,3,3′,3′-Tetramethylindotricarbocyanine Iodide (DiR, Invitrogen) was

incorporated at 0.1 mol% of the amphiphilic lipid mixture. After preparation, half of each

nanoemulsion suspension was conjugated with c(RGDf(-S-acetylthioacetyl)K) (RGD, 13.5

μg RGD per μmol lipid), as described previously (Hak 2012 #37).
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Nanoparticle characteristics

The hydrodynamic diameter and polydispersity indexes (PDI, defined as standard deviation

divided by the mean) of the nanoemulsions were measured using dynamic light scattering

(DLS, Malvern, Zetasizer Nano PS). Reported values were the average of 3 batches of

nanoemulsions, where the result of each batch was an average of approximately 50

measurements. In previous work, we have measured the T1 and T2 relaxivity (r1 and r2,

respectively) of the Gd in the nanoemulsion to be 3.2 mM−1s−1 and the zeta potential to be

highly negative [26].

Circulation half-life determination

The circulation half-lives of the nanoemulsions were determined by measuring fluorescent

labeled nanoemulsion in blood samples [28]. In short, male athymic Balb/c Nu/nu mice were

injected with CTRL nanoemulsion (n = 3) or RGD nanoemulsion (n = 3) according to the

same injection regime and dose used for DCE-MRI. Blood samples (10–30 μl) were

collected from the saphenous vein before and at 5, 15, 30, 60 min and 2, 4, 6, and 24 h post

injection. DiR fluorescence intensity in the blood samples was measured using an optical

imager (Pearl Impulse, Licor) and normalized to the amount of blood taken. The obtained

fluorescence intensity versus time curves were most accurately fitted by mono-exponentials,

from which the circulation half-lives were obtained.

Animals and tumors

For MRI, xenografts of the ovarian cancer cell line TOV112D (obtained after inoculation of

5 × 106 tumor cells in the flank) in 12 weeks old female athymic Balb/c Nu/nu mice were

used. Three to 5 weeks after inoculation the xenografts were 0.5–1 cm in diameter and used

for experiments.

For measuring VIFs, mice with dorsal window chambers were used. In-house built window

chambers, made of polyoxymethylene, were implanted as previously described [29] in male

athymic Balb/c Nu/nu mice (22–24 g of weight). 24 h after chamber implantation the

animals were used for experiments. All animals were kept under pathogen-free conditions at

a temperature of 19–22 °C, 50–60 % humidity, and 65 air changes per h, and were allowed

food and water ad libitum. All experiments were approved by the institutional ethics

committee and were in accordance with the national and institutional guidelines.

Measurement of the input functions with intravital microscopy

Confocal laser scanning microscopy (CLSM, Zeiss LSM 510 META) was used to measure

VIFs in window chamber mice. The mice were anesthetized by subcutaneous injections of

12 mg/kg midazolam/fentanyl/Haldol/water (3/3/2/4), cannulated in the tail veins, and

placed on a custom built temperature controlled imaging stage. The vasculature was imaged

using a Plan-Neofluor 20×/0.5 objective (in plane spatial resolution of 2.5 × 2.5 μm) at a

temporal resolution of 3.94 s; using 325 frames this sequence lasted 21 min and 14 s.

Rhodamine-PE (excited at 543 nm and detected at 569–643 nm) labeled CTRL

nanoemulsions (n = 5) or RGD nanoemulsions (n = 3) were injected at the start of the 10th

repetition according to the same injection regime and dose used for DCE-MRI. Linearity of
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fluorescence intensity with lipid concentration in the lipid concentration range studied was

confirmed, see supporting info S1. Directly after the dynamic imaging session blood

samples (~50 μl) were obtained from the saphenous vein, in which the Gd concentration was

determined with inductively coupled plasma mass spectrometry. Fluorescence intensity

versus time curves were generated from regions of interest (ROIs) drawn inside the

vasculature using ImageJ (NIH). The fluorescence intensities of the last 4 intravital

fluorescence measurements were averaged and this average intensity was used to determine

the Gd concentration to fluorescence intensity ratio at the end of imaging. The entire

fluorescence intensity vs time curve was subsequently multiplied by this ratio which resulted

in a Gd versus time curve, the input function.

MRI

Magnetic resonance imaging was performed on a 7.05 T horizontal bore magnet (Biospec,

Bruker) with a 72 mm volume resonator for RF transmission and a quadrature mouse brain

surface coil for reception. Mice were anesthetized with isoflurane (2 % in 67 % N2/33 %

O2) and the tail vein was cannulated. Respiration rate and body temperature were monitored

using pressure-sensitive and rectal temperature probes (SA Instruments, New York, NY,

USA). Gas anesthesia was adjusted accordingly and warm water flow in the animal bed

maintained the body temperature at 37 °C.

Pre-injection T1 values were measured using a fast T1 mapping method [rapid acquisition

with relaxation enhancement (RARE)] pulse sequence: echo time (TE) of 7 ms, repetition

time (TR) of 150, 750, 1,500, 2,500, 4,500, 12,500 ms, RARE factor of 2, zero fill

acceleration of 1.34, FOV of 25.2 × 14.4 mm, matrix size (MTX) of 56 × 32, slice thickness

of 1 mm, 1 slice, 1 average, lasting 4 min and 28 s.

A dynamic series of 60 T1-weighted images was obtained at a temporal resolution of 21.6 s

with identical geometry as the T1 map. (RARE: TE of 7 ms, TR of 300 ms, RARE factor 2,

zero fill acceleration of 1.34, 6 averages).

Either RGD nanoemulsions (n = 4) or CTRL nanoemulsions (n = 4) were administered 1

min and 48 s after the start of imaging, at the beginning of the recording of the 6th frame, as

a bolus lasting approximately 20 s at an amphiphilic lipid dose of 80 μmol/kg, equaling a Gd

dose of 20 μmol/kg. At a 10 mM amphiphilic lipid concentration of the nanoemulsion this

resulted in an injection volume of 160 μl per mouse of 20 g. 25 min after DCE-MRI an

anatomical high resolution image was obtained with the same slice planning as the T1 map

and DCE-MRI series (fast low angle shot (FLASH) TE of 5.4 ms, TR of 350 ms, MTX of

224 × 128, 8 averages).

In vitro targeting kinetic measurements

To investigate the integrin targeting dynamics in vitro, αvβ3-integrin expressing human

umbilical vein endothelial cells (HUVEC, Lonza) were incubated with rhodamine-PE

labeled RGD or CTRL nanoemulsion at 1 mM lipid in growth medium under various

conditions. HUVEC were grown to approximately 80 % confluency in 12-well plates in

EGM 2 growth medium (CC-3124 EGM BulletKit (CC-3121 & CC4133)—Lonza) at 37 °C
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and 5 % CO2. Cells were incubated with nanoemulsion containing medium two times for 4

min (referred to as first and second nanoemulsion incubation in the remainder). The time in

between the first and second nanoemulsion incubation was varied and is referred to as

‘pause’. During this pause the cells were exposed to nanoemulsion free medium. Directly

after the first nanoemulsion incubation the cells were washed 3 times with growth medium.

Directly after the second nanoemulsion incubation the cells were washed 3 times with PBS,

trypsinized, resuspended in ice-cold 10 % FBS in PBS and kept on ice until analysis. As a

control we also included a sample in which the HUVEC were incubated with nanoemulsion

only once for 4 min, after which the cells were prepared for anaylsis as described above.

Table 1 shows the 7 incubation conditions which were defined (n = 3 for each RGD and

CTRL sample).

Cellular uptake was quantified with flow cytometry (Beckman Coulter, Gallios), using

excitation at 560 nm and detection at 578–592 nm. 10,000 cells in each sample were counted

and analyzed and the reported values are the median fluorescence intensities per cell

normalized to the median autofluorescence intensity of non-incubated HUVEC.

MR image analysis

Magnetic resonance image data analysis and compartment analysis was performed with in-

house developed software in Matlab (The Mathworks inc.). ROIs containing the tumors

were manually defined in the high resolution anatomical images and downsampled to obtain

low resolution ROIs corresponding to the tumor region in the DCE-MRI and T1 -mapping

data. DCE-MRI analysis was performed on data from ROIs containing only tumor rim (0.5–

1 mm), which were generated using ROI erosion and subtraction. From the DCE-MRI signal

intensities, Gd concentrations were calculated using the pre-injection T1 values, T1 values

from the signal equation of the sequence and assuming constant r1 of the Gd in the

nanoemulsions. Where applicable, the signal intensity was normalized to the average signal

intensity from the 5 pre-injection images. Fourier transformation was performed using

standard Matlab functions.

To study nanoemulsion distribution in the tumor, the distance from each pixel in the tumor

to the tumor core was calculated. These distances were subsequently binned in 10 bins

between 0 and maximum distance and the average signal enhancement in each ‘distance bin’

was calculated. Pixels with negative enhancement were excluded from this analysis. As the

tumors differ in size, the distances were normalized to the maximum distance (the radius) in

each tumor, which made it possible to compute averages for both groups.

Histology

Two hours after injection of the nanoemulsion the mice were anesthetized with isofluorane

and a lethal dose of Pentobarbital (0.3 ml/mouse) was injected intraperitone-ally. 2 min

later, the mice were perfused with 20 ml saline via a needle in the left ventricle while the

heart was still beating. Then the tumors were excised, snap frozen in liquid nitrogen and

stored at −80 °C.
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The tumors were cut into 4 μm thick sections, mounted on glass slides and air dried for 30

min before fixation in 4 % paraformaldehyde for 10 min at room temperature. Next, the

slides were transferred into a DAKO Autostainer. Serum-free Protein Block (Dako) was

applied for 10 min. Endothelial cells were stained with rabbit anti-CD31 (ab28364, Abcam)

at 1:20 dilution with 1 % bovine serum albumin in Tris Buffered Saline (TBS) for 1 h

followed by incubation with goat anti-rabbit FITC (F0382, Sigma) at 1:80 dilution in TBS

for 30 min. Nuclei were counter-stained with VECTASCHIELD® Mounting Medium with

DAPI (Vector laboratories) and coverslipped. Between each step the slides were rinsed

twice with TBS.

Images of sections with either CTRL or RGD nanoemulsion were recorded with identical

settings on an inverted fluorescence microscope Olympus IX71 using a 20× objective.

DAPI, FITC and rhodamine were excited with a Xe–Hg lamp using the following excitation

filters: 325–375, 493–509 and 541–569 nm respectively. The respective emission filters

were 432–482, 507–545 and 581–654 nm.

Kinetic modeling

Dynamic contrast-enhanced magnetic resonance imaging in combination with small

molecular contrast agents is a powerful technique to study contrast agent dynamics and as

such assess and characterize tumor vasculature and function [11, 12]. At the basis of this

success lies a large body of research developing and validating various compartment models

quantifying contrast agent kinetics in terms of physiological relevant parameters. All the

available models make basic assumptions about various concepts in tracer kinetics and

NMR theory [30]:

• The tracer is well mixed in uniform concentration throughout each compartment

• Time invariance of the determined parameters during data collection

• The intercomparment fluxes of the tracer are assumed to be linear in concentration,

i.e. the fluxes are proportional to concentration differences.

• The tracer has a constant r1 throughout the tissue and fast exchange of all mobile

protons is occurring, such that a single T1 exists in the tissue of interest.

One extensively used model was introduced by Larsson [13] and Tofts and Kermode [15]

and has later been developed further into the so called extended Tofts model by them and

others [30-32]. The model describes a tissue containing an intravascular compartment and an

extravascular leakage space to which the agent has access. Bi-directional contrast agent

exchange between these two compartments is taken into account. The model is described by

[30, 33]:

(1)

where

(2)
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with Ct being the total tissue concentration (as determined from the DCE-MRI data), Cp the

plasma concentration (as determined from the VIFs), Vp the plasma volume fraction (in ml

per 100 g tissue), Ki the unidirectional influx constant (in ml min−1 100 g−1), which is a

measure for the transfer of contrast agent from the plasma to the extravascular compartment,

Hct the blood hematocrit, set to 0.38, kep the rate constant between the extravascular space

and the plasma (in min−1), which is a measure for contrast agent backflow from the

extravascular compartment to the plasma, and Ve the volume fraction of the extravascular

space of distribution (in ml 100 g−1). In case of conventional small molecular contrast

agents, Ve represents the total extravascular extracellular space. However in this study it

represents the extravascular space over which the nanoemulsion distributes. No

discrimination between arterial and venous plasma concentration of the contrast agent is

made in this model. In case of low vascular permeability for the agent, as is likely the case

for the large nanoemulsions, this is valid. When backflow of the contrast agent from the

extravascular compartment to the plasma is ignored, which may also be the case for the

relatively large nanoemulsions, Eq. 1 reduces to:

(3)

When dividing Eq. 3 by Cp(t) this results in:

(4)

Equation 4 represents a graphical method for analysis of dynamic contrast imaging data

introduced by Patlak et al. [14, 34]. It comprises one region, which includes the

intravascular compartment, over which the agent can distribute freely and an extravascular

compartment which is irreversibly connected to the other compartments. Contrast agent

which has entered the irreversible compartment is assumed to stay there during the

measurement. A plot of  versus  will result in a straight line after the initial

vascular phase, in which no steady state between the blood plasma and the reversible region

is obtained yet. Ki is the slope of this line and Vp is the intercept with the y-axis. Vp is a

measure for the plasma volume fraction [33]. Importantly, when back diffusion does occur,

the Patlak plot will not be linear, but will rather level off at later time points [33]. In this

case, determination of Ki and Vp from the Patlak plot will result in an underestimation of Ki

and an overestimation of Vp.

Furthermore, it is important to note that the basic assumptions of the nanoemulsion having a

constant r1 throughout the tissue and that fast exchange of all mobile protons is occurring,

may be violated. Moreover, although not considered in existing literature, constant r2 is also

assumed in the presented compartment models. If the dynamics of the contrast agent include

displacement from the intravascular and/or interstitial compartments into an intracellular

compartment, r1 and r2 may be affected. The r1 may decrease due to limited water diffusion
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through the cell membrane and the intracellular membrane compartment (e.g. endosomes).

The r2 may increase due to increased susceptibility effects upon compartmentalization.

Results

Nanoparticle characteristics

See Fig. 1 for an overview of particle characteristics. The diameter of the CTRL

nanoemulsions was 109 ± 5 nm (mean ± SD) and of the RGD nanoemulsion it was 117 ± 12

nm, both with a PDI below 0.2. The measured circulation half-lives were 200 ± 18 min

(mean ± SD) for CTRL nanoemulsion and 83 ± 13 min for the RGD nanoemulsion. We

have previously demonstrated that the RGD nanoemlsion efficiently targets angiogenic

tumor vasculature, using amongst others IVM (Fig. 1c, d). Using IVM, we also observed a

substantial portion of the RGD nanoemulsion to localize in close vicinity of cell nuclei of

cells lining the blood vessels (most likely endothelial cells), being indicative for in vivo

cellular uptake of the RGD nanoemulsion (Fig. 1e).

Vascular input function

For measuring the VIFs, a novel approach was successfully employed. Fluorescently labeled

nanoemulsions were intravenously injected in window chamber mice and the vasculature

was imaged using CLSM before, during and after injection. Snapshots from a resulting

dynamic imaging series (movie in supportive information) are shown in Fig. 2a, visualizing

the nanoemulsion wash in into the vasculature. The obtained average VIFs for the RGD and

the CTRL nanoemulsion are plotted in Fig. 2b. After the wash in, for both nanoemulsions

the concentration hardly decreased over the 20 min time course of the measurement, which

can be explained by their long circulation half-lives (Fig. 1b). These averaged VIFs were

used for analysis of the DCE-MRI data presented below.

Nanoemulsion distribution in the tumor

To study nanoemulsion distribution in the tumor, we determined the relative signal

enhancement in the tumor as a function of distance to the tumor core at 3 different time

points in the DCE-MRI sequence. Although both agents showed relatively low accumulation

in the core, the RGD nanoemulsion more predominantly accumulated in the tumor rim (Fig.

3a, lower panel), whereas the CTRL nanoemulsion distributed more evenly throughout the

tumor (Fig. 3a, upper panel). As angiogenesis is most prevalent in the tumor rim [35], this

confirmed the ability of the RGD nanoemulsion to target angiogenic vasculature.

Interestingly, this trend was already observed at 3 min post injection, demonstrating the

receptor binding to occur shortly after injection. To illustrate the bar diagrams, relative

enhancement maps overlaid on anatomical images are shown in Fig. 3b, c.

Histological analysis

Histologic examination of the tumors confirmed that the RGD (Fig. 4b) and CTRL

nanoemulsions accumulated differently in the tumor tissue (Fig. 4a). In line with previous

work [26], the RGD nanoemulsion mainly colocalized with vascular endothelial cells and

formed circular aggregates, whereas the CTRL nanoemulsion mostly extravasated from the

vasculature and accumulated in a more diffuse pattern in the extravascular space.
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DCE-MRI

Figure 5a shows an overlay of the VIFs (from Fig. 2b) and the average Gd concentration in

the tumor rim versus time as obtained from the DCE-MRI signal intensities. The graphs

illustrate that after the vascular wash-in phase, the Gd concentration in the tissue is

increasing while the Gd concentration in the blood is only slightly decreasing. This did not

only confirm the accumulation of the nanoemulsion in the tumor, but more importantly

demonstrates that these dynamics can be monitored with DCE-MRI. In Fig. 5b the

normalized MRI signal intensity in the tumor rim is plotted as a function of time. In case of

the CTRL nanoemulsion the signal intensity continuously increased upon injection, reaching

a maximum signal enhancement of approximately 7 % at the end of the measurement.

Strikingly, after injection of the RGD nanoemulsion, a periodicity in the accumulation was

observed. A fast initial increase to 5–6 % signal enhancement at approximately 3 min and 30

s post injection was followed by a slight decrease lasting about 2 min (until approximately 5

min and 30 s post injection). After this it increased again to approximately 9 % signal

enhancement at 13 min post injection, after which it again slightly decreased towards the

end of the measurement.

Kinetic modeling

Patlak

To study the observed dynamics and periodicity in more detail, Patlak plots were generated.

From these plots, no single linear regime after the vascular phase was observed, which

indicated that the influx constant was either changing or not unidirectional during the time

course of our measurement (Fig. 6a, b) [14]. However, when a linear portion in the Patlak

plot is found, the ‘net transfer process is effectively unidirectional for that specific period of

time’ [34] and the slope of that period could represent the transfer constant for that specific

time period [34]. In the Patlak plot of the RGD nanoemulsion, parts of the plot are

approaching linearity (Fig. 6b). Therefore, Ki was determined from these linear regions

(Table 2). The first 300 s post injection were excluded from this analysis as this time frame

was assumed to constitute the vascular phase. In case of CTRL nanoemulsion, Ki decreased

during the course of the experiment, which may suggest backflow is occurring. In contrast,

in case of the RGD nanoemulsion the Ki decreased drastically and even became negative

during the course of the experiment. Theoretically this implies diffusion from high to low

concentration to occur. As this is very unlikely, it may be an indication for a decrease in the

r1 or an increase in r2 of the RGD nanoemulsion once the nanoemulsion is bound and

internalized, a phenomena which have been observed in human endothelial cells in vitro

[23]. Hence, the two nanoemulsions accumulate in a distinctly different manner in the tumor

tissue.

Tofts

The extended Tofts model was found to describe the CTRL nanoemulsion data well (Fig.

6c), indicating a backflow of the nanoemulsion which was expected from the Patlak plot.

When fitting the Tofts model to the RGD nanoemulsion data unrealistic values for some of

the fitted parameters were obtained (results not shown). Although obviously this model does

not account for the observed fluctuations, when fixing Vp to 2.1 as was found for the CTRL
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nanoemulsion (under the assumption that Vp was the same in the two groups as the same

types of tumor and mice were used), a reasonable fit was obtained (Fig. 6c). The nature of

the Tofts model does not allow fitting of different subsequent time intervals, as we did using

the Patlak approach. However, to improve the fit and obtain more quantitative information

on initial targeting, we fitted the Tofts model to the first 4.5 min post injection data in which

the fluctuation in the RGD nanoemulsion DCE-MRI data had not manifested itself yet (Fig.

6d). In this case the Tofts model fitted the RGD data very well. It was found that Ki was

much larger for RGD nanoemulsion than for CTRL nanoemulsion, demonstrating targeting

to occur very rapidly in this initial phase (Table 2). Ve was relatively small for both agents

(Table 2). As the RGD nanoemulsion is mainly associated with endothelial cells, which

constitute a small portion of the total voxel volume, this was a reasonable observation. It

also indicated that the CTRL nanoemulsion once extravasated from the vasculature is not

able to effectively diffuse throughout the tumor inter-stitium, but rather accumulates in a

small volume close to the vasculature. This observation was confirmed by the histology and

previous work [26].

Power spectra

To further assess the apparent periodicity in the accumulation rate of the RGD

nanoemulsion, we conducted a Fourier transformation of the normalized signal intensity

curves. From the Fourier transformations the powers for every frequency were calculated.

The obtained power spectra show that the powers at 2.4 and 3.2 mHz, respectively

corresponding to oscillations with periods of 6.9 and 5.2 min, were significantly higher in

the RGD data than in the CTRL data (Fig. 7). Hence, this is a strong indication for the

presence of oscillations in the accumulation rate of the RGD nanoemulsions, which were

absent in case of the CTRL nanoemulsion.

In vitro incubation experiment

To study in vitro αvβ3-integrin targeting dynamics, HU- VEC were incubated for 4 min with

nanoemulsion containing medium, followed by a pause where the cells were exposed to

nanoemulsion free medium, and incubated again for 4 min with nanoemulsion containing

medium. In case of the CTRL nanoemulsion, we did not observe a clear effect of the length

of the pause on total cellular internalization. In case of the RGD nanoemulsion we saw a

marked increase in total cellular uptake with increasing pause between the first and second

nanoemulsion incubation (Fig. 8a). The apparent slight decrease in cellular uptake from the

12 min pause to the 30 min pause samples for both CTRL and RGD, may be due to

intracellular fluorophore quenching, disintegration, or excretion.

Interestingly, in case of the RGD nanoemulsion, the maximum internalization observed (for

a pause of 12 min), was about twice the amount as observed after only 4 min of incubation.

However, the cells incubated for 8 min (the sample with 0 min pause between the first and

second nanoemulsion incubation) only internalized approximately 50 % more than cells

incubated for 4 min only (Fig. 8a). This demonstrated that the amount of internalization

occurring during the second 4 min nanoemulsion incubation is substantially influenced by

the length of the pause. When the RGD nanoemulsion data of the samples with 0-12 min

pause was fitted with a mono-exponential y = a (b – e−ct) we obtained an R2 of 0.99,
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demonstrating a very good fit (Fig. 8b). The rate constant of this curve was 0.24 min−1,

corresponding to a half-life of approximately 2.9 min.

Discussion

Intravital microscopy, DCE-MRI and compartment modeling were successfully used to

study in vivo dynamics of αvβ3-integrin targeted RGD nanoemulsions and non-tar- geted

CTRL nanoemulsions in xenografted tumors in mice. In accordance with previous studies,

the RGD nanoemulsion exhibited a strong preference for the tumor rim where angiogenesis

is most prevalent [4, 36]. In line with our previous work [26], we observed in vivo targeting

of the RGD nanoemulsion within minutes after injection, which has been demonstrated for

RGD conjugated liposomes as well [37]. Importantly, our approach allowed for quantifi-

cation of nanoparticle targeting rates and provided the new insight that ligand targeting

towards endothelial cell surface receptors can introduce a periodicity in nanoparticle

accumulation rates.

Quantitative compartment modeling of the RGD nanoemulsion kinetics over the complete

experimental time frame was complicated by the periodicity. We circumvented this problem

by analyzing the first 4.5 min post injection where the periodicity had not manifested itself

yet. In these first minutes post injection, Ki was much larger for the RGD nanoemulsion than

for the CTRL nanoemulsion, demonstrating efficient and rapid targeting in those first

minutes post injection to occur and that we were able to quantify this. In line with histology

and IVM [26], the Tofts model indicated a relatively small extra-vascular space of

distribution (Ve) for both nanoemulsions, corroborating that this model describes the

nanoemulsion dynamics in the first minutes post injection well. In another study, dynamic

imaging (first imaging time point 30 min post injection, 30 min temporal resolution,) after

injection of αvβ3-integrin specific nanoparticles also showed a faster accumulation in the

target tissue for targeted than for non-targeted particles, which was in line with our findings

[38]. However, the much higher temporal resolution in the current DCE-MRI approach

allowed for the observation of a periodicity in the targeting kinetics upon injection.

In an attempt to understand the observed periodicity in the RGD nanoemulsion

accumulation we sought an explanation in integrin dynamics. αvβ3-integrin is a recycling

receptor; in vitro studies show that it internalizes into intracellular vesicles and is rapidly

recycled back to the plasma membrane with, depending on the intracellular route, a half-life

of either 3 or 10 min [22, 24] ready to interact with the environment again.

In our in vitro targeting kinetics experiment, the cellular uptake of RGD nanoemulsion

increased significantly with increasing incubation pause (time between the first and second

nanoemulsion incubation), whereas no obvious effect of incubation pause on cellular uptake

of CTRL nanoemulsion was observed. In other words, the amount of RGD nanoemulsion

internalization occurring in the second 4 min of nanoemulsion incubation substantially

increased with the length of the pause. The dependency of the total RGD nanoemulsion

cellular uptake on incubation pause was described well by a mono-exponential function with

a rate constant corresponding to a half-life of 2.9 min, nearly equaling the reported αvβ3-

integrin short recycling half-life of 3 min [22]. This strongly indicated a role for integrin
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recycling in our in vitro observation; during the first 4 min integrin is extensively bound and

internalized, and plausibly, during the incubation pause recycled back to the cell membrane.

In an in vivo situation, this could imply that integrin is extensively bound in the first minutes

upon injection, followed by a period during which integrin is internalized and recycled and

thus unavailable for circulating nanoparticles. Therefore, in the DCE-MRI experiment at any

time point post injection, given that the RGD functionalized nanoparticles are still

circulating at sufficient high concentrations, the amount of available luminal αvβ3-integrin is

lower than upon injection. This implies that the initial accumulation rate of RGD contrast

agent will be higher than the accumulation rate at any later time point, which was indeed

observed. Furthermore, when a Fourier analysis of the DCE-curves was performed, the

periods of the detected frequencies were 6.9 and 5.2 min, which is within the range of the

reported αvβ3-integrin recycling half-lives of 3 and 10 min [22, 24].

Taken together this leads us to hypothesize that the observed periodicity was introduced by

integrin binding, internalization and recycling kinetics. The bolus injection of RGD

nanoemulsion will result in the majority of αvβ3-integrin being bound and internalized

within minutes upon injection. Plausibly, the majority of these integrins will also reappear at

a similar time point post injection. Hence, this binding and recycling of a pool of αvβ3-

integrin may cause the periodicity observed after the initial binding of available integrin. A

schematic representation of the hypothesized events introducing the periodicity is presented

in Fig. 9.

In vitro, RGD-conjugated nanoparticles are known to be internalized by αvβ3-integrin

expressing cells [4, 26]. Moreover, indications for cellular uptake of RGD conjugated

particles by αvβ3-integrin expressing cells in vivo can be found in literature as well [39, 40].

Whether this indeed occurred in our study as well was not evident from the histological

analysis. As nanoemulsions retain their structure due to interaction with liquid water, and the

histology involved freezing, cutting, drying and many washing procedures, this plausibly led

to the removal of a significant part of the nanoemulsion from the histological sections. In

IVM experiments however, our RGD nanoemulsion was found close to or in direct contact

with cell nuclei (Fig. 1e), providing a strong indication that RGD nanoemulsion is

internalized upon integrin binding in vivo as well, supporting our hypothesis.

Additionally, it has been demonstrated that upon internalization into endosomes, either

RGD-integrin mediated [23] or not [41], the r1 of Gd based agents decreases, resulting in a

decrease in MRI signal, which is explained by a reduced water access to the Gd [42].

Furthermore, it has also been observed that cellular internalization of Gd-labeled RGD-

conjugated liposomes can lead to an increase in r2 of the Gd as an effect of increased

magnetic susceptibility due to clustering inside endosomes [23]. Although not related to

actual Gd concentration, and not accounted for in conventional compartment models, both

these effects will introduce a decrease in the observed DCE-MRI signal intensity. One

indication for these effects to play a role is the slight decrease in the signal intensity curve of

the RGD nanoemulsion from 3.5 to 5.5 min and after 13 min post injection. Another

indication for these effects to play a role is the negative Ki in the second part of the Patlak

plot of the RGD nanoemulsion. As the RGD nanoemulsion concentration in the plasma is
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only slightly decreasing during the measurement, it is unlikely that the contrast agent is

leaving the tissue and thus a decrease in r1 and/or an increase in r2 upon cellular

internalization could have occurred.

To better understand these initial targeting kinetics and periodicity, a higher temporal

resolution, which may for example be achieved at the cost of spatial resolution, with more

advanced imaging sequences, better scanners, or higher relaxivity contrast agent, will be

important. Investigation of the accumulation with optical or radiotracer techniques to rule

out the effect of possible contrast quenching may also proof useful. Possibly new

compartment models can be created incorporating parameters such as in vivo affinity

constants of the RGD-nanoemulsion for the integrin and rates describing integrin trafficking,

however to date the required knowledge to do so is lacking. Including IVM and the dorsal

window chamber mouse model in our study allowed us to collect low noise population

based VIFs at high temporal resolution. Although in mice experimentally challenging,

obtaining individual input functions may allow for a more accurate quantification of the

investigated parameters as well.

Although additional data are needed to test our hypothesis, a recently published paper does

provide an indication that targeting of MRI contrast agents to endo-thelial cell receptors may

indeed introduce a periodicity in DCE-MRI curves [43]. In that study DCE-MRI was

performed on tumor bearing mice using Gd labeled nanoparticles targeted towards CD13

through conjugation with NGR peptides [43]. CD13, like αvβ3-integrin, is a receptor

upregulated on angiogenic endothelial cells [44]. Although not specifically addressed in the

study, the DCE-MRI curve of the CD13 targeted agent also displays a fast initial rise,

followed by a periodicity, both of which were absent in case of the non-targeted control

[43]. As for RGD functionalized nanoparticles, NGR-conjugated nanoparticles are known to

be internalized into endosomes by cells expressing CD13 in vitro [45, 46]. Furthermore,

CD13 is likely recycled back to the cell membrane after internalization as well [45, 47].

Hence, this periodicity may thus also be explained by our hypothesis.

In conclusion, we developed a useful experimental setup for studying in vivo nanoparticle

targeting dynamics, which allowed us to monitor nanoparticle accumulation kinetics and

quantify targeting rates. It provided us with the new insight that ligand targeting of

nanoparticles can introduce a periodicity in nanoparticle accumulation. Herein we

hypothesize that this periodicity is introduced by receptor internalization and recycling

kinetics. The presented approach can both become a valuable tool to increase our

understanding of in vivo nanoparticle targeting and optimize targeted nanoparticle design as

well as provide more quantitative information on in vivo receptor levels and perhaps

kinetics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Nanoemulsion characteristics. a Nanoemulsion cartoon with legend. b Nanoemulsion

characteristics. Relaxivities were measured at 7T and room temperature. SD standard

deviation. c–e IVM of the tumor vasculature (green) 8 h post injection of CTRL

nanoemulsion (red) (c), 2 h post injection of RGD nanoemulsion (red) (d), and 3 h post

injection of RGD nanoemulsion (red) (e). In e cell nuclei were labeled with an intravenous

injection of Hoechst (blue). The scale bars in c and d represent 100 μm and in e 10 μm. c, d
Were reprinted (adapted) with permission from [27]. Copyright (2012) American Chemical

Society
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Fig. 2.
Measuring the vascular input function using intravital microscopy. a Snapshots from the

dynamic imaging series at the start and different time points after starting the injection of

CTRL nanoemulsion. b The obtained vascular input functions for the CTRL (n = 5) and

RGD nanoemulsions (n = 3). Error bars represent the standard error of the mean
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Fig. 3.
Distribution of nanoemulsion in the tumor. a Normalized signal enhancement (in arbitrary

units, AU) in the tumor plotted as a function of the normalized distance from the tumor core

for CTRL (top row, n = 4) and RGD (bottom row, n = 4) nanoemulsion. x = 0 is at the tumor

core and x = 1 is at the tumor rim. Error bars represent standard error of the mean. b, c
Relative enhancement maps overlaid over anatomical images for CTRL (b) and RGD (c)

nanoemulsion
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Fig. 4.
Histology. Tumor tissue containing CTRL (a) and RGD (b) nanoemulsion. Particles are

shown in red, endothelial cells in green (CD31) and cell nuclei in blue (DAPI stain). The

bars represent 100 μm
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Fig. 5.
DCE-MRI data. a Overlay of the average vascular input functions (dotted lines, scaling to

the left y axis) and the average Gd concentration in the tumor rim (continuous lines, scaling

to the y axis on the right). b Averaged normalized signal intensity in the tumor rim plotted

as a function of time.Error bars represent the standard error of the mean and for both CTRL

and RGD n = 4
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Fig. 6.
Kinetic modeling. a, b Patlak plots for the CTRL (a) and the RGD (b) nanoemulsion

including the fits to 2 intervals (300–700 s in dark grey, and 700–1,296 s in black) which

were considered linear in the RGD nanoemulsion Patlak plot upon visual inspection. The

first 300 s (in light grey) were omitted from analysis as this is assumed to be the vascular

phase. c, d Tofts model fits (solid lines) to the DCE-MRI data (filled circles). In c the total

curves were analyzed and in d the first 4.5 min post injection were fitted
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Fig. 7.
Power spectra obtained from the normalized signal intensity DCE-MRI curves. Error bars

represent standard errors of the mean (RGD n = 4, CTRL n = 4)
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Fig. 8.
In vitro uptake of nanoemulsions by HUVEC as measured with flow cytometry. a Cellular

uptake is plotted as a function of the pause between the first and second 4 min nanoemulsion

incubations, for CTRL-NE in grey and for RGD-NE in black. The cellular uptake after 4

min of nanoemulsion incubation only is plotted as an X. Error bars were omitted as they are

hidden behind the data points. b Monoexponential fit of y = a (b – e−ct) through the RGD

nanoemulsion data of the samples with 0–12 min pause (R2 = 0.99, c = 0.24 min−1,

corresponding to a half-life of 2.9 min)
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Fig. 9.
Graphical representation of the hypothesized chronological events leading to the observed

periodicity. I, II Show the situation before and just after injection. III Depicts the binding/

saturation which leads to the first signal increase. IV Shows the internalization during the

first interval where no signal increase is observed and V shows the recycling of integrin

back to the cell membrane which is occurring towards the end of the first interval with

constant signal intensity. VI Shows the binding which has occurred after the second signal

increase and VII shows internalization/recycling occurring again towards the end of the

measurement
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Table 2

Ki (from both Tofts and Patlak analysis) and Ve (Tofts only) obtained from the fits presented in Fig. 6

CTRL RGD

Patlak Ki (ml min−1 100 g−1) Ki (ml min−1 100 g−1)

300–700 s 0.26 0.59

700–1,296 0.11 −0.083

Tofts Ki (ml min−1 100 g−1) Ve (ml 100 g−1) Ki (ml min−1 100 g−1) Ve (ml 100 g−1)

0–270 s 0.83 4.6 8.43 2.9

0–1,296 s 0.90 5.9 1.98 7.8
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