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Abstract

The poor delivery efficiency remains a major challenge in nanomaterial based tumor targeted 

imaging and drug delivery. This work demonstrated a strategy to improve nanoparticle delivery 

and intratumoral distribution using a sub-5 nm (3.5 nm core size) ultrafine iron oxide nanoparticles 

(uIONPs) that can easily extravasate from the tumor vasculature and readily diffuse into the tumor 

tissue compared to iron oxide nanoparticles (IONP) with larger sizes, followed by self-assembling 

in the acidic tumor interstitial space to limit their re-entering the circulation. By combining 

enhanced extravasation and reduced intravasation, improved delivery and tumor retention of 

nanoparticles are achieved. Multi-photon imaging of mice bearing orthotopic tumors co-injected 

with fluorescent dye labeled nanoparticles with different sizes showed that uIONPs exhibited more 

efficient extravasation out of tumor vessels and penetrated deeper into the tumor than larger sized 
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IONP counterparts. Moreover, in vivo magnetic resonance imaging (MRI) revealed that uIONPs 

exhibited “bright” T1 contrast when dispersed in the tumor vasculature and peripheral area at 1 

hour after intravenous administration, followed by emerging “dark” T2 contrast in the tumor after 

24 hours. Observed T1–T2 contrast switch indicated that uIONPs single-dispersed in blood with T1 

contrast may self-assemble into larger clusters with T2 contrast after entering the tumor interstitial 

space. Improved passive targeting and intratumoral delivery along with increased tumor retention 

of uIONP are due to both easy extravasation into the tumor when single-dispersed and restricting 

intravasation back into circulation after forming clusters, thus, exerting the enhanced permeability 

and retention (EPR) effect for nanoparticle delivery to tumors.
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Nanomaterials have demonstrated favorable properties and great potentials for imaging and 

drug delivery applications, especially in cancer diagnosis and treatment. In recent years, a 

rapidly growing number and a wide range of nanomaterials have been developed in recent 

years.1–3 While much greater knowledge and understanding in the interface of nanomaterials 

and biological systems has been gained to guide the rational design and engineering of 

nanomaterials with controlled composition, size, shape, surface properties and functions,4–7 

some major challenges that hinder the further advance of nanomedicine and its clinical 

translation are also recognized.7–9 In particular, the efficiency of delivering nanoparticle 

probes or drug carriers to the targeted diseased tissues (e.g. tumors) is generally poor.8 The 

enhanced permeability and retention (EPR) effect mediated by leaky tumor vasculatures, 

albeit the debate on the presence and extent of the EPR effect given the heterogeneity of 

tumors and tumor microenvironment,10 is widely considered to be a major driving force for 

nanoparticles to reach and accumulate in the tumor, through either passive or active 

targeting.11 However, few strategies have been explored to take advantage of the EPR effect 

for increased tumor specific delivery and efficient intratumoral penetration without 

compromising other favorable properties of nanoparticles or introducing other complications 

(e.g. systematic toxicity, poor clearance and degradation).

Increasing evidence has shown that the interactions between nanoparticles and the biological 

environment, such as cells, tissues and plasma, are strongly associated with their physical 
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and chemical properties, e.g., size, shape, composition, properties and functionalities of 

surface and surface coating materials, which subsequently affect the delivery efficiency and 

tumor accumulation.2,6,9,12–16 Earlier studies have suggested that larger sized nanoparticles, 

e.g., 50–200 nm, could enhance the EPR effect by limiting nanoparticle intravasate back to 

the circulation.17–19 However, in addition to poor biodegradation and clearance,15 which is a 

concern particularly related to the nanoparticles containing metal element(s), nanoparticles 

with larger sizes are also less efficient in extravasation from the leaky tumor vessel and more 

difficult to diffuse or navigate deep into the central areas of a tumor.17,20 On the other hand, 

nanoparticles with small sizes, i.e., <8 nm, are capable of avoiding rapid renal clearance 

compared to low molecular weight small molecules, delaying reticuloendothelial system 

(RES) uptake and then being degraded faster than larger particles in RES organs.15,21 

Moreover, smaller nanoparticles (i.e., core size <15 nm) can permeate farther in the tumor 

with better intratumoral distribution compared with their larger counterparts.22–26 For 

example, 15 nm gold nanoparticles showed the longest permeation distance in the xenograft 

tumors among a series of particles with different sizes (15, 30, 60 and 100 nm) at 48 h after 

intravenously (i.v.) administration.26 One approach to facilitate the EPR effect while 

preserving the clearance advantages of small size nanoparticles is to construct a large 

nanocomplex with smaller nanoparticles in order to restrict the extravasated nanocomplex 

back to the vessel after delivered to the tumor. Delivered nanocomplex then can be 

dissociated to small nanoparticles under the stimulation of external energy or a physiological 

condition that is the characteristic to the tumor environment, e.g., acidic condition.27 

However, such EPR enhancing approach is “one directional” in promoting retention by 

slowing down intravasation, but extravasation of such large nanocomplex from the blood 

vessels to the tumor tissue interstitial is slow and kinetically restricted.

Here, we report that ultrafine iron oxide nanoparticles (uIONPs) with a 3.5 nm core size and 

size dependent bright-to-dark (or T1–T2) magnetic resonance imaging (MRI) contrast 

switching can easily extravasate through tumor vessel and subsequently penetrate deeper 

into the tumor comparing to the IONPs with larger sizes. More importantly, uIONPs can 

self-assemble or form clusters in the tumor interstitial space to prevent the nanoparticles re-

entering into the circulation via blood and lymphatic vessels, thus resulting in improved 

passive tumor targeting and delivery. The possible mechanism of “bi-directionally” exerting 

the EPR effect is illustrated in Figure 1. The EPR driven delivery and intra-tumor clustering 

of uIONPs were visualized in the 4T1 mouse mammary cancer model by MRI, in which 

“bright” signal from longitudinal relaxation time T1 weighted contrast (single dispersed 

uIONPs) switching to “dark” signal from transverse relaxation time T2 weighted contrast 

(clustered or packed uIONPs) was observed. Greater tumor uptake, deeper tumor penetration 

and more extended intratumoral distribution of uIONPs were confirmed by ex vivo 
multiphoton microscopic imaging. Results from this study further demonstrate the critical 

role of the size-dependent effect in nanoparticle drug delivery, especially for intratumoral 

delivery and distribution, and more importantly, introduce a strategy for rational design and 

optimization of engineered nanomaterials for tumor-targeted imaging and imaging-guided 

drug delivery.
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RESULTS AND DISCUSSION

Efficient Delivery and improved Intratumoral Distribution of Sub-5 nm uIONPs

We used multi-photon microscopic imaging to investigate extravasation, penetration and 

diffusion of fluorescent dye labeled uIONPs and larger IONPs in tumors, which not only 

allow us to measure and compare the amount of the nanoparticles in the tissue, but also 

provide the better spatial information and resolution on intratumoral distribution of the 

nanoparticles in 2D sections and in a 3D volume than chemical element analysis or 

conventional in vivo optical imaging2, 6,22 used in several earlier studies on the size 

dependent effect on passive tumor targeting with gold nanoparticles. To investigate the size 

effect exclusively, we co-injected two different types of IONPs, i.e., 3 nm uIONPs labeled 

with a red fluorescent dye tetramethylrhodamine or TRITC (TRITC-uIONP) and 20 nm 

IONP labeled with a green fluorescent dye fluorescein isothiocyanate or FITC (FITC-

IONP20), in the same mice bearing orthotopic mouse mammary tumors, then used different 

readout channels to detect and differentiate the different nanoparticles in the same regions of 

interest. With co-injection, the delivery route and barriers, the intratumoral pressure and 

physiological environment that nanoparticles of different sizes navigate through are the same 

for both types of nanoparticles. As observed by the two-photon microscopy images (Figure 

2) collected 3 h after co-injection of 3 nm TRITC-uIONP and 20 nm FITC-IONP20, both 

types of nanoparticles exhibited mostly dense and heterogeneous distributions around the 

blood vessel as shown in Figure 2a. Imaging analysis based on FITC (green) and TRTIC 

(red) fluorescence over the extended area around the selected tumor blood vessel revealed 

distinct nanoparticle extravasation profiles for TRITC-uIONP and FITC-IONP20, 

respectively (Figure 2b–d and Figure S1). 3D reconstruction of a representative tumor site 

containing a selected blood vessel (Figure 2c, d) showed a 6.4-fold higher accumulation of 

uIONPs in this region than that of larger IONP20 based on the number of particles derived 

from computing and counting pixels with respective fluorescent colors. This quantitation is 

highly dependent on the number of the particles in the voxel or in the selected volume of 

interest regardless the signal intensity, size of the nanoparticles and the amount of iron. 

Compared to the larger IONP20, most uIONPs (> 95%) appeared to extravasate through the 

tumor blood vessel into the tumor interstitial space and reached to the area as far as 60–80 

μm away from the blood vessel wall (n=3) (Figure 2d). In contrast, most of larger IONP20 

diffused within the perivascular space only 10 μm from the same blood vessel. Given the 

same injected dose (i.e., 20 Fe mg/kg mouse weight), delivery route and tumor 

microenvironment encountered by different nanoparticles, this result indicates that the 

extravasation of uIONP from the tumor vessel is more efficient than larger sized 

counterparts. Furthermore, uIONP may be easier to navigate through the tumor interstitial 

space and tumor tissue microenvironment than large nanoparticles.

In addition to the 3D volumetric analysis, we further examined the intratumoral distributions 

of the different particles in different sections of the whole tumors using confocal 

fluorescence microscope. Figure 3 shows the fluorescent signal profiles and signal 

quantifications obtained from confocal fluorescence micrographs. Compared with IONP20, 

smaller sized uIONPs showed more extensive and spread distribution in both the peripheral 

and the central areas of the tumor, although the peripheral area is typically more 
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vascularized. Quantitative analysis of co-localization of different nanoparticles revealed 

more TRITC-uIONPs in the tumor calculated from the number of fluorescent pixels in red, 

over FITC-IONP20 in green (Figure 3f), suggesting the greater penetration and more 

intratumoral distribution of red TRITC-uIONP. By estimating average amounts of 

accumulated TRITC-uIONP and FITC-IONP20 in each field of view from different tumor 

sections (n = 28), we found approximately 1.6-fold higher accumulation of uIONP 

compared with that of IONP20 (Figure 3f). Although there is a discrepancy in particle 

quantitation based on confocal microscopic analysis of sections from the tissue slices and 

based on analysis of 3D volume rendered tumor areas around the selected tumor vessel 

obtained from multiphoton imaging, both consistently showed the higher accumulation and 

intratumoral distributions of uIONPs than the larger particles. In the case of multiphoton 

imaging, the data were obtained from only those areas much closer to a tumor vessel rather 

than more spread areas in 2D confocal images of the tumor slices. Prussian blue staining for 

iron further confirmed the presence of the nanoparticles in the tumors (Figure S2).

Worth noting, unlike larger nanoparticles that were engulfed by Kupffer cells and trapped in 

the RES organs, e.g., liver, uIONPs stayed in the hepatic sinusoids (Figure S3) at the time 

organs and tissue samples were collected. This observation suggests a longer blood 

circulation time of uIONP, which is in consistence with the observation from the other 

studies.8,28 The prolonged circulation time, which is estimated at 10 hours (blood half life 

time, or t1/2) for reported uIONP, has been proven to be a critical factor that contributes to 

the improved efficiency of tumor accumulation and the less loss of nanoparticles in the RES 

organs.5,8,28 Moreover, uIONPs were found in the void space in Bowman’s capsule (Figure 

S4), supporting the early report and MRI observation of the renal excretion and clearance of 

uIONPs,15,21 while larger IONP20 could not cross the capillary wall in glomerulus.

Intratumoral Clustering of uIONPs Revealed by T1–T2 MRI Contrast Switch

IONPs have been intensively studied as MRI contrast agents and drug carriers.2,29 Most 

formulations of IONPs with a core size over 10 nm exhibit strong “darkening” or transverse 

relaxation time T2 weighted contrast in MRI due to very high ratios of the transverse 

relaxivity (r2 or 1/T2) to the longitudinal relaxivity (r1 or 1/T1), i.e., r2/r1 (typically 10–

200).15, 30–31. In comparison, gadolinium chelate based “bright” T1 weighted contrast agents 

widely used in clinical applications have r2/r1 < 1, typically. From our early investigation of 

the relationship between the IONP size and MRI relaxivities,15,32 the uIONPs with a 

diameter of 3.5 nm and an r2/r1 ratio of 3.8 can generate effective T1 weighted MRI contrast 

when the nanoparticles are highly dispersed, e.g., in the circulating blood and at low 

concentrations.15 The T1 contrast is attributed to the ultrafine size, which leads to the higher 

portion of magnetic Fe ions on the particle surface to effectively altering the longitudinal and 

transverse relaxation times of surrounding water protons. In addition, the forms of dispersion 

(i.e., single-dispersed or clustering or self-assembling) of IONPs may affect the relaxation 

times and MRI contrast behaviors, often seeing drastically increasing the T2 contrast effect 

by clustering of the small sized IONPs.33–36 As we reported early, uIONPs induced bright 

T1 contrast when single-dispersed in the circulating blood, whereas turned into dark T2 

contrast when being engulfed and confined in the cells or taken up by the liver.15 This T1 to 

T2 contrast switch caused by the change of surrounding microenvironment and the 

Wang et al. Page 5

ACS Nano. Author manuscript; available in PMC 2018 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dispersion form of uIONPs therefore may enable probing of delivery process and 

intratumoral accumulation of uIONPs in vivo by MRI.

We performed T1 and T2 weighted MRI scans on BALB/c mice bearing orthotopic 4T1 

tumors before and after i.v. administering uIONPs. In the first 5–150 mins after injection, T1 

weighted MRI revealed gradually increased bright contrast (i.e., hyperintensity) in the 

peripheral tumor regions where vasculatures were well developed (Figure 4a), similar to the 

contrast enhancing pattern of the typical T1 weighted contrast enhancement by gadolinium 

chelate based contrast agents that widely used in the clinical imaging (Figure S5). However, 

the hyperintensity from the T1 contrast enhancing effect that induced by the single-dispersed 

uIONPs in the circulating blood diminished at 24 h post injection, whereas the dark T2 

contrast with hypointensity emerged in the tumor in T2 weighted images of the same tumor 

sections. These changes of MRI signal intensity (SI) suggested that uIONPs exhibit the T1 

contrast effect while single-dispersed in the circulating blood and tumor vasculature, and 

turned to the T2 contrast effect while forming clusters in the tumor interstitial. In contrast, 

this T1 to T2 contrast switch was not observed in the groups of tumor bearing animals that 

received larger nanoparticles (i.e., IONP10 or IONP20) under the similar experimental 

conditions (Figure S6). Measurements of pre- and post-injection SI in T2 weighted images 

of tumor showed that the group received uIONPs (Figure 4b) had the most significant SI 

change compared with the groups treated with IONP10 and IONP20, indicating the highest 

accumulation of uIONP in the tumor. Colorimetric methods measuring the total iron amount 

in the collected tumors confirmed the greater amount of uIONPs delivered to the tumors 

than the nanoparticles with larger sizes (Figure 4c).

The observed contrast switch suggested a possible mechanism of “bidirectional” kinetic 

facilitation of the EPR effect by uIONP that leads to the greater tumor accumulation as 

illustrated in Figure 1. Different from the conventional approach that focused on using larger 

nanoparticles with sizes of 80–300 nm which promote the retention part of the EPR effect as 

larger particles may be more effectively trapped in the tumor once extravasate from the 

tumor blood vessels, this bidirectional mechanism of exerting the EPR effect with uIONPs 

emphasizes on improving particle extravasation as well as restricting intravasation of 

nanoparticles, taking advantage of both key elements of the EPR effect. In this case, uIONPs 

are highly dispersed in the vasculature during the circulation and can readily extravasate 

from the blood vessel to the tumor interstitial space with less hindrance than larger particles, 

but may assemble into aggregated clusters in the tumor interstitial space where there is a 

tighter space and relatively lower pH condition or even being endocytosed by the cancer 

cells, thus enhancing the tumor retention by restricting clustered uIONPs circulating back to 

blood or lymphatic vessels.

The reported capability of tissue environment and dispersion-form dependent T1–T2 contrast 

switch in uIONP is important as there is lack of in vivo and non-invasive capability to report 

the temporal and spatial information on the tissue and even cellular compartmentalization of 

the nanoparticle imaging probes and drug delivery systems. For image-guided delivery with 

MRI capable nanoparticles the tissue environment specific MRI contrast switching from T1 

to T2 contrast not only enables anatomically tracking the delivery of the nanoparticle probe/
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carriers, but also reporting the tissue characteristics and environment where the 

nanoparticles accumulate.

In terms of biodistribution of uIONPs, we used in vivo MRI to determine the uptake and 

retention of uIONPs in selected mouse organs, i.e., vessel, spleen, liver, lung, tumor, muscle 

and kidney (Figure S7). In contrast to larger counterparts (IONP10 and IONP20), uIONPs 

showed enhanced T1 signal in vessels while IONP10 and IONP20 showed T2 signal drops. 

In addition, uIONP induced T1 MRI signal in tumor maintained for even after 4 h post 

injection. Notably, the SI in spleen of the mice received uIONPs changed gradually instead 

of getting saturated at first time point (10 min) that exhibited by IONP10 and IONP20, 

suggesting that uIONPs are not as quickly trapped by RES. Bright hyperintense T1 signal 

was observed in kidney of mice received uIONPs during 24 h observation, which is 

attributed to the prolonged half life (t1/2~10 h). Besides the renal clearance as we reported 

earlier15, uIONPs were believed to be cleared quicker than the larger counterpart via biliary 

tract/intestine or drainage by lymph system,37–39 and degraded in major RES organs (i.e. 
liver and spleen) as estimated by the recovering of T2 relaxation times measured by MRI 

non-invasively.15

Confirmation of the Size Dependent MRI Contrast Switch by in vitro Intercellular Imaging

The relaxivities of IONPs were found to be size dependent. Furthermore, enhanced T2 

weighted MRI contrast caused by assembling or clustering single-dispersed magnetic 

nanoparticles has been observed in earlier studies.15,34–36 Usually T2 relaxation accelerates 

substantially after magnetic nanoparticles assembling together, resulting in a large increase 

of the r2 relaxivity and subsequent strong T2 contrast enhancing effect. However, switching 

between T2 and T1 effect is difficult for most magnetic nanoparticles made in larger sizes 

due to their high r2/r1 ratios. Since the r2/r1 ratio of uIONP is significantly low at 3.8–4, thus 

uIONPs can exhibit a sharp relaxivity switch/transition after clustering into larger 

counterparts.

To demonstrate the capability of the size dependent contrast switch with uIONPs, more 

specifically the contrast switch between single-dispersed to the clustered form, we first 

prepared protein (casein) micelle encapsulated uIONPs (CM-uIONPs) to mimic the 

clustered form of uIONPs. MRI of phantoms containing single-dispersed uIONPs or micelle 

encapsulated CM-uIONPs exhibited a clear T1 to T2 contrast switch as shown in Figure 5a, 

presenting as bright to dark, for single-dispersed uIONPs and micelle encapsulated CM-

uIONPs, respectively. The r1 and r2 values were calculated to be 1.7 and 65 mM−1•s−1 (for 

CM-uIONPs, compared to 4.1 and 16.4 mM−1•s−1 for uIONPs. A significant increase of the 

r2/r1 ratio from 4.0 for single-dispersed uIONPs to 44 after uIONPs being clustered and 

micelle encapsulated resulted in a dominant T2 signal darkening effect overwhelming the T1 

effect. The contrast switch between single-dispersed and aggregated forms is attributed to 

the reduction of the total Fe cations on the unit surface of the nanoparticles and the inter-

particle dipolar interactions after clustering, accompanying by the decrease of r1 and the 

increase of r2.

To support the contrast switch as the result of clustering of uIONPs in the tumor interstitial 

space or uptake by cells, we investigated the MRI contrast changes in cells that first 
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internalized uIONPs and then released encapsulated uIONPs when cells were broken down 

after treating with the cell lyzing agent. Mouse macrophage Raw264.7 cells were incubated 

with uIONPs for 4 h, allowing for macrophages becoming labeled with uIONPs, MRI of the 

cell phantoms with suspended labeled cells showed distinct hypointensity (dark T2 contrast) 

resulted from the cellular uptake of uIONPs (Figure 5b). Transmission electron microscopy 

(TEM) images revealed that uIONPs packed in the cell lysosomes in the aggregated/

clustered form. After half of uIONP labeled cells being treated with the cell lysing buffer, 

MRI scans of phantoms containing cell lysing buffer treated cells revealed hyperintense MRI 

signal and bright T1 contrast emerged as a result of the re-dispersion of the intracellularly 

clustered uIONPs released from the lyzed cells. TEM images confirmed the single-

dispersion of the released uIONPs in the lysate (Figure 5b). This T1 to T2 contrast switch is 

similar to the process we demonstrated in the in vivo MRI experiments. Using liver imaging 

as an example, strong T1 contrast resulted from uIONP dispersing in the blood allowed clear 

depiction of the hepatic vasculatures, while the darkening of the liver tissue in the 

background is attributed to the accumulation of uIONPs in hepatic sinusoids (Figure 5c). 

Notably, no such T1 to T2 switch was observed in both in vitro and in vivo MRI when using 

larger IONPs (core sizes of 10 and 20 nm).

In addition to the factors that tight interstitial space and interstitial pressure of the tumor may 

promote the clustering of uIONPs, it is possible that the acidic intratumoral pH may also 

facilitate the uIONP clustering. Indeed, the reported uIONP exhibited pH responsive self-

assembling in vitro when tuning pH conditions to mimic various physiological 

environments, including in blood (pH~7.4), tumor interstitial (pH~6.5), intracellular 

lysosomes (pH 5.5) (Figure 6). While at pH 7.4, uIONPs showed the least T2 effect and 

greatest T1 effect. There is 1.5% SI decrease in T2 weighted imaging along with 222% SI 

increase in T1 weighted imaging, compared with the buffer solution containing no uIONPs. 

The pH responsive SI changes were especially significant at pH 6.5 where a 54% SI change 

in T2 weighted imaging and 120% SI change in T1 weighted imaging were observed. These 

SI changes were 66% and 105% at pH 5.5, 60% and 104% at pH 4.5, respectively. These 

results suggest that the lower pH conditions could promote self-assembly of highly dispersed 

uIONPs to form clusters or larger aggregations, making the switch of T1 contrast (bright) 

into T2 contrast (dark). The pH-responsive behavior and the tissue microenvironment-

stimulated MRI contrast switch may be resulted from the presence of a large number of 

carboxyl and amine groups in the oligosaccharide coating of uIONPs. The surface charge 

was estimated to be −27 mV at pH 7.0 while the carboxyl groups are deprotonated. This 

negative surface charge decreased sharply as the pH decreased, due to gradual protonation of 

the surface carboxyl groups, thus reducing the repelling electrostatic force between particles 

and resulted in self-assembled aggregates. The coexisted carboxyl and amine groups on the 

nanoparticle surface leads to a zwitterionic-like system that is pH responsive and can be 

tuned to a certain pH condition to destabilize mono-dispersed uIONPs and promote 

aggregation of the nanoparticles. Similar phenomena have been observed in the zwitterionic 

small molecules coated gold nanoparticles.40
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CONCLUSIONS

In summary, we demonstrated that sub-5 nm uIONPs enhanced the EPR driven passive 

targeting in tumors and were delivered into the tumor center with a high efficiency 

comparing to the particles with large sizes (i.e. 10 and 20 nm). The greater tumor 

accumulation of uIONPs in orthotopic mouse mammary tumors is attributed to more 

efficient nanoparticle extravasation from tumor vessels and deeper penetration into tumor 

tissue evidenced by two-photon microscopy, accompanied by the less “wash-out” from the 

tumor as the result of tissue environment triggered self-assembling/clustering in the tumor 

interstitial or in the cells. The self-assembling/clustering of uIONPs in the tumor was 

evidenced by the observed switching of bright T1 contrast to dark T2 contrast in MRI. The 

mechanism for uIONP enhancing the EPR effect is “bidirectional”, taking advantage of both 

easy extravasation of single-dispersed uIONPs from the tumor vessels and restricted 

intravasation of clustered uIONPs. Given the tumors are typically acidic, the pH-responsive 

properties exhibited by the reported uIONPs may play a role in forming nanoparticle 

aggregates, however, other possible tumor environment specific conditions promoting 

nanoparticles aggregating may exist and can be used to apply for exerting the EPR effect and 

improving delivery. In addition, adjuvant vessel normalization or extracellular matrix (ECM) 

breakdown is expected to benefit this exertion effect for other tumor types that with very 

poor vascularization or high stromal extent, such as pancreatic tumors.41–42 However, given 

the heterogeneity of different cancers and tumor microenvironment, the applicability of the 

demonstrated EPR enhancing approach need to be further investigated and tested in different 

tumor types and animal models with different nanoprobes. Important to image-guided 

delivery with MRI capable nanoparticles, the tissue environment specific MRI contrast 

switch from T1 to T2 contrast not only enables anatomically tracking the delivery of the 

nanoparticle probe/carriers, but also reports the tissue characteristics and environment where 

the nanoparticles accumulate. As we demonstrated in this work, the size dependent effect in 

delivery, especially in the intratumoral transportation, together with the possible utilization 

of the physiological conditions in the tumor microenvironment as stimulations to control and 

modulate the nanoparticle size in vivo provides an effective strategy for the rational design 

and optimization of engineered nanotheranostics for tumor-targeted imaging and imaging-

guided drug delivery.

EXPERIMENTAL SECTION

Materials

All materials were used as received. Ferric nitrite (FeNO3·9H2O), sodium oleate, 

dimethylformamide (DMF), glucose, chloroform, dimethyl sulfoxide (DMSO), ethanol, 

aceton, sodium hydroxide (NaOH), hydrochloric acid (HCl), ammonium hydroxide 

(NH4OH), fluorescein isothiocyanate (FITC), tetramethylrhodamine (TRITC), 4′,6-

diamidino-2-phenylindole (DAPI), optimal cutting temperature compound (OCT), agarose 

was obtained from Thermo Fisher Scientific (Rockford, IL). Dulbecco’s phosphate-buffered 

saline (PBS), methanol, sodium bicarbonate (NaHCO3), trypsin (0.25%) and fetal bovine 

serum (FBS) were obtained from Mediatech INC (Herndon, VA). Eagle’s Minimum 

Essential Medium (EMEM), Penicillin-streptomycin solution, Trypsin-EDTA solution, 
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Tyrode’s solution, Hank’s balanced salt solution (HBSS), casein, ninhydrin and Toluidine 

Blue O (TBO) were purchased from Sigma (St. Louis, MO, USA).

Synthesis of ultrafine iron oxide nanoparticles

The synthesis of oligosaccharide coated ultrafine iron oxide nanoparticles (uIONP) with a 

3.5 nm core size and iron oxide nanoparticles with larger core sizes at 10 and 20 nm 

(IONP10 and IONP20) were prepared as previously reported.15 The sizes of the prepared 

IONPs were confirmed by TEM (Figure S8). For multiphoton microscopy investigation of 

the size dependent tumor accumulation, the oligosaccharide coated uIONP and IONPs were 

labeled with either green fluorescent dye FITC or red fluorescent dye TRITC through the 

amine groups on the nanoparticle surface that were functionalized using the method reported 

by Josephson et al.43 Briefly, 1 mg IONPs were dispersed in 2 mL ammonia solution, and 

incubated at 37 °C overnight. The functionalized IONPs were washed carefully with ultra-4 

centrifuge tubes for several times to get rid of the free amines. Then the functionalized 

IONPs were redispersed in deionized water and reacted with TRITC or FITC following the 

protocol provided by the manufacturer. For casein milk protein encapsulated uIONP 

micelles that mimic the assembled cluster form, 2 mg pretreated casein were added to 1 mg 

uIONP or IONP aqueous solutions under rapid stirring. 0.4% Glutaraldehyde was added 

dropwise to crosslink casein layer outside uIONP clusters after 1 h stirring. Particles were 

washed by centrifuge for several times to get rid of the unbound casein.

Confirming MRI contrast switching caused by intracellular uptake and packing of uIONPs

To better understand the contrast switching in physiological conditions, MRI scans and TEM 

observations were performed with cells internalized with uIONPs. Mouse macrophage 

Raw264.7 cells were obtained from ATCC (Manassas, VA), and cultured following the 

supplier’s instructions. RAW264.7 cells were seeded in the flask with 10% FBS containing 

RPMI-1640 cell culture medium. After attached for 24 h, the medium was replaced with the 

one containing uIONPs or IONP20 at a concentration of 100 μg Fe/mL. Control cells 

without IONP labeling were treated with fresh medium without nanoparticles. After 

incubating at 37 °C for 4 h, the medium was removed. Cells were washed with PBS twice 

carefully to remove the free nanoparticles. Then the cells were trypsinized by 0.05% trypsin/

EDTA, washed with PBS twice and collected in centrifuge tubes. For each group, cells were 

divided into two equal parts, one of which was treated with cell lysis buffer, while the other 

added with equal volume of PBS. The lysis was allowed to proceed for 30 mins assistant 

with pipette mixing. After suspension, MRI scan of the cell phantoms was performed on a 

3T MRI scanner (Tim Trio, Siemens, Erlangen, Germany) using a T1 and T2 weighted fast 

spin echo sequences. To investigate the internalized nanoparticles in cells by TEM, 

RAW264.7 cells were seeded in 6-well plate at a density of 3×105 cells per well and treated 

under the same conditions. Then the cells were washed with PBS twice carefully and fixed 

with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) and then washed and post-

fixed with 1% osmium tetroxide. After rinsing with de-ionized water, samples were 

dehydrated through an ethanol series to 100% ethanol, and then infiltrated with Eponate 12 

resin (Ted Pella Inc., Redding, CA) overnight. After additional infiltration, samples were 

placed in labeled Beem capsule and polymerized at 60 °C in an oven. Ultrathin sections 

were cut at 70–80 nm thickness on a Leica UltraCut S ultramicrotome (Leica Microsystems 
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Inc., Buffalo Grove, IL). Grids with ultrathin sections were stained with 5% uranyl acetate 

and 2% lead citrate. Ultrathin sections were imaged on a JEOL JEM-1400 TEM (JEOL Ltd., 

Tokyo, Japan) equipped with a Gatan US1000 CCD camera (Gatan, Pleasanton, CA).

Determining pH-responsive clustering of uIONPs

To study the response of uIONPs under different pH conditions, the pH-responsive 

properties of uIONPs were tested by adjusting the solution pH from 2.0 to 7.0 with 1 M 

NaOH or HCl under rapid stirring. The pH adjusted nanoparticle solutions were then 

equilibrated for 30 min, followed by measuring the changes of hydrodynamic size and 

surface charge by dynamic light scattering (DLS, Malvern Zeta Sizer Nano S-90) 

instrument. To determine the changes in MRI contrast as the result of packing or clustering 

of nanoparticles responding to the change of pH, uIONP solutions were prepared at different 

pH conditioned PBS (i.e. pH 7.4, 6.5, 5.5 and 4.5) and balanced for 4 h. T1 and T2 weighted 

fast spin echo images of these phantom solutions were recorded on a 3T MRI scanner (Tim/

Trio, Siemens, Erlangen, Germany) using MRI sequences and parameters reported 

previously.

Animal Model

All animal experiments were conducted following a protocol approved by Institutional 

Animal Care and Use Committee (IACUC) at Emory University. Orthotopic 4T1 breast 

tumor model was established by injecting 2×106 of the 4T1 mouse mammary tumor cells 

into the mammary fat pad of 6- to 8-week old female Balb/c mice (Harlan Laboratories, 

Indianapolis, IN). The tumors were allowed to grow 10–14 days to reach a volume of 

approximately 100 mm3 for in vivo or ex vivo experiment.

Observing Size-dependent tumor accumulation by MRI

Tumor bearing mice were randomly divided into 3 groups (n=3), received i.v. injection of 

uIONPs, IONP10, IONP20, respectively. The dosage is 20 mg Fe per kg of mouse body 

weight. In vivo MR images were obtained before, 60, 100, 150 min and 24 h after i.v. 

administration on a 3T MRI scanner using a fat-suppressed T1 and T2 weighted fast spin 

echo sequence. The parameters were TR = 3600 ms, TE = 86 ms, flip angle = 150, image 

matrix = 154 × 320, field of view (FOV) = 40 × 120 mm2, slice thickness = 1 mm and the 

number of averages = 3. Regions of interest (ROI) with the same areas were drawn in the 

tumor at the same depth. The relative contrast enhancement at different time points was 

calculated as ΔSI= (SIpre−SIpost)/SIpre×100%.

Multi-photon microscopy of IONPs in the dissected tumor tissues ex vivo

Two different sized IONPs labeled with either red or green fluorescent dye, i.e., TRITC-

uIONP and FITC-IONP20 were co-injected to the same animas bearing the 4T1 tumor (n = 

3) at a dose of 30 mg Fe/kg. Mice were euthanized 3 h after receiving the co-injection of 

IONPs with different sizes and fluorescent colors. After tumors were collected, they were 

sliced into 2 mm thick sections which then were placed on glass slides. Fluorescent images 

were taken with two photon microscope (Zeiss LSM 710, Jena, Germany) with a Chameleon 

titanium-sapphire NIR tunable laser (Coherent Inc., CA, USA) at 880 nm. The red 
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fluorescent signal from TRITC and green fluorescent signal from FITC were collected with 

filter sets BP 565–610 (red channel) and BP 500–550 (green channel) simultaneously, with a 

resolution of 512×512 (for NND) or 1024×1024 (for single panel) pixels and a scan speed of 

3.15 μs per pixel. The histograms of the green (FITC) and red (TRITC) fluorescent 

intensities of selected region/areas of interest (indicated by the circular lines surrounding a 

selected blood vessel, Figure S1) in the fluorescence images of tumor sections were 

analyzed by an in-house built MATLAB program. The 3D reconstruction and visualization 

was conducted by also the in-house MATLAB program using 70 layers of Non-Descanned 

Detector (NDD) images (2 μm interval) to obtain a reconstructed tumor volume. Each image 

was processed with a threshold binarization method to visualize and isolate the nanoparticle 

based on the fluorescence distinguished from background baseline.

Analyzing nanoparticle biodistribution by ex vivo confocal microscopy and tissue iron 
measurement

To better quantify the intratumoral distribution and tumor accumulation of nanoparticles, we 

analyzed the collected tumors using ex vivo histological examinations with confocal 

microscope and Prussian blue iron staining, and quantification of iron contents. For confocal 

microscopy, the tumors and main organs (i.e. liver and kidney) were collected 4 after h 

injection of nanoparticles. The tissue samples were embedded in OCT and frozen in liquid 

nitrogen. After cryostated into 8 μm slice, the tumor sections were stained with DAPI, and 

placed under a confocal microscope (Zeiss LSM510, Jena, Germany). Quantitative co-

localization analysis of confocal fluorescence micrographs and red/green fluorescence 

intensities from dye labeled nanoparticles were determined in Zeiss Zen2009. A total of 21 

tumor slices was analyzed to obtain the average levels of red and green fluorescence. 

Prussian blue staining to confirm the localization of IONPs in tissue sections and 

colorimetric method to quantify the amount of iron in tumors was performed as described in 

previous work.15

Statistical analysis

Data were presented as mean ± standard derivation (SD). Statistical differences in cell 

uptake and in vivo imaging were determined by unpaired student t-test. p<0.05 was 

considered as significant.
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Figure 1. 
Schematic illustration of the mechanism of enhancing the EPR effect and tumor 

accumulation by ultrafine iron oxide nanoparticles (uIONPs) with bright-to-dark T1–T2 MRI 

contrast switch. uIONPs extravasate faster and easier from the leaky tumor vessels into a 

tumor with favorable kinetics (increased Kin) and then self-assemble to clusters in the tumor 

interstitial space with relatively low pH (~6.5), thus restricting clustered uIONPs 

intravasation back into circulation (decreased Kout).
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Figure 2. 
(a) Multiphoton images of TRITC-uIONP (red) and FITC-IONP20 (green) distributions in 

the tumor sections. TRITC-uIONP and FITC-IONP20 were i.v. co-injected in the same mice 

bearing orthotopic 4T1 mouse mammary tumors. Images were recorded from the tumor 

collected at 3 h after co-injection. The extravasation of two different nanoparticles from the 

same tumor vessel, which is seen as an irregular donut with the brightest fluorescent 

intensity, can be observed based on two distinct fluorescent colors. 3D rendering of the 

volume reconstructed from z-stacked images of the selected tumor sections showing the 

spatial distributions of TRITC-uIONP (b) and FITC-IONP20 (c) in a tumor after 

extravasating from the vessel (colored in blue), and (d) the corresponding profiles of the 

amounts of nanoparticles with two different sizes over the distance away from the vessel.
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Figure 3. 
Quantitative analysis of fluorescent signals in the selected confocal microscopic images of 

tumor sections collected 3 h after co-injecting TRITC-uIONP (red) and FITC-IONP20 

(green) into an orthotopic 4T1 tumor collected from the tumor bearing mouse. (a-d) 

Representative merged fluorescent images of a tumor section show more uIONPs (indicated 

with the arrow head) in the areas at the peripheral (a, b) and the deeper region (c, d) of the 

tumor. b, d are the magnified regions of interest (ROI) selected from a and c. The scale bar is 

200 μm in a, c and 100 μm in b, d. (e) A representative co-localization plot shows the 

distribution of fluorescent signals in different colors in an individual field of view. Although 

TRITC-uIONP (red) and FITC-IONP20 (green) are co-localized in some pixels (the 

overlapped region), more signals come from the “red” region of TRITC-uIONP. (f) The 

correlation plot describes the overall red and green pixels in each individual field of view. 

The average number of pixels counted from TRITC-uIONPs is 1.6 fold higher than that of 

FITC-IONP20.
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Figure 4. 
(a) T1 and T2 weighted MRI of a mouse bearing orthotopic 4T1 tumors before and after i.v. 

administration of uIONP at different time points. Bright contrast with increasing signal in T1 

weighted MR images was observed in the tumor, particularly peripheral regions (inserted 

panel), at early time points (i.e. 5 – 150 min.) resulted from the single dispersed uIONP, 

while signals in several regions of the tumor turning dark (arrow indicated) was observed in 

T2 weighted images 24 h after uIONP injection because of uIONPs clustering in the tumor 

interstitials. (b) T2 weighted MRI signal changes in the tumors at 24 h in vivo and (c) iron 

contents in the collected tumor tissue measured ex vivo by the colorimetric method (n=3), 

showing that a higher tumor accumulation of uIONPs comparing to those of IONPs with 

larger sizes. Even though the clustered uIONP has lower r2 value than larger counterparts 

(10 and 20 nm), it showed the greatest decrease of SI in tumor because of the highest 

accumulation amount.
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Figure 5. 
T1 to T2 contrast switching is observed when uIONPs are localized in different 

environments. Bright T1 contrast in T1 weighted MRI diminished when uIONPs 

encapsulated in casein micelle CM-uIONPs which turned completed signal void (dark) in T2 

weighted MRI (a). Similarly but in a reverse order, when cell engulfed uIONPs strong T2 

effect and darkened contrast was observed in the cell phantom as uIONPs packed in the 

lysosome, whereas it turned to the bright T1 contrast when uIONPs released from the cells. 

However, this contrast switch is not obvious with IONP20 (b). The scale bar for the insert is 

50 nm. (c) Bright T1 contrast was seen in the hepatic vessel in T1 weighted liver MR images, 

which was induced by the single-dispersed uIONPs, while dark T2 contrast was seen in the 

background liver tissue (c, left). IONP20 with 20 nm core size showed no such dual contrast 

effect (c, right).
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Figure 6. 
pH-responsive properties of the reported uIONP. (a) Surface charge and hydrodynamic size 

of uIONP vary at different pH conditions; (b) pH dependent MR signal intensity changes as 

MRI contrast switching with the different forms of uIONPs.
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