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Abstract

Recent successes in targeted immune and cell-based therapies have driven new directions for 

pharmaceutical research. With the rise of these new therapies there is an unfilled need for 

companion diagnostics to assess patients’ potential for therapeutic response. Targeted 

nanomaterials have been widely investigated to fill this niche; however, in contrast to small 

molecule or peptide-based targeted agents, binding affinities are not reported for nanomaterials, 

and to date there has been no standard, quantitative measure for the interaction of targeted 

nanoparticle agents with their targets. Without a standard measure, accurate comparisons between 

systems and optimization of targeting behavior are challenging. Here, we demonstrate a method 

for quantitative assessment of the binding affinity for targeted nanoparticles to cell surface 

receptors in living systems and apply it to optimize the development of a novel targeted nanoprobe 

for imaging vulnerable atherosclerotic plaques. In this work, we developed sulfated dextran-coated 

iron oxide nanoparticles with specific targeting to macrophages, a cell type whose density strongly 

correlates with plaque vulnerability. Detailed quantitative, in vitro characterizations of 111In3+ 

radiolabeled probes show high-affinity binding to the macrophage scavenger receptor A (SR-A). 

Cell uptake studies illustrate that higher surface sulfation levels result in much higher uptake 

efficiency by macrophages. We use a modified Scatchard analysis to quantitatively describe 

nanoparticle binding to targeted receptors. This characterization represents a potential new 

standard metric for targeted nanomaterials.

Graphical abstract
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INTRODUCTION

Nanomaterials have been widely investigated for use as diagnostic agents and carriers for 

therapeutics. The ability to tune to nanometer size ranges has been ascribed to beneficial 

properties for health applications, including avoidance of rapid kidney clearance, increased 

circulation time, and the delivery of high payloads of imaging agents or drugs.1,2 This class 

of materials holds great potential for clinical application, but assessment for the efficacy of 

nanomaterials for biological applications has lacked quantitative rigor and largely depended 

upon qualitative comparison of changes in image intensity or therapeutic effect.3 Unlike 

small molecule or macromolecule counterparts, nanomaterial binding affinities are typically 

not reported. Without this information, there is a lack of precision in attempts to improve 

target recognition. Quantitative assessments can help to inform design optimization of target 

binding and cellular recognition as well as provide a yardstick against which other 

nanomaterials can be compared.

In a handful of examples, surface plasmon resonance or quartz crystal microbalance with 

dissipation monitoring were utilized for characterization of particle binding affinities, but 

these methods assay the binding of nanoparticles to isolated proteins that are immobilized on 

sensor chips. This need for purified immobilized targets has a number of drawbacks.4,5 The 

unnatural presentation of the target may not reflect the actual interactions between 

nanoparticles and their target of interest found in vitro or in vivo. Also, the purification and 

immobilization of analyte proteins to sensor chips present substantial technical challenges 

and research effort, particularly for transmembrane proteins. Thus, there remains a critical 

need to develop other methods for quantitative in vitro measurements of binding affinity of 

nanomaterials to their targets, especially for membrane-localized receptors. In this work, we 

develop nanoparticles targeted to cell surface receptors found on activated macrophages and 

adapt Scatchard analysis to characterize the binding affinities of the nanoparticles to these 

receptors.

We have previously reported on multimodal positron emission tomography and magnetic 

resonance imaging (PET/MRI) probes targeted to macrophages that accumulated in inflamed 

plaques in a rodent injury model.6–8 These probes are sulfated dextran-coated iron oxide 

nanoparticles (SDIO); surface sulfation allows specific targeting to macrophages through the 

scavenger receptor class A (SR-A) that recognizes dextran sulfate.6–8 The scavenger 
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receptor class A is considered to be one of the primary receptors responsible for modified 

lipoprotein uptake by macrophages, a key factor in the development of atherosclerosis.9 SR-

A is unique to activated macrophages in inflamed vessel lumens9,10 and interacts with a 

broad variety of polyanionic ligands such as maleylated bovine serum albumin.11,12 It can 

internalize bound ligands rapidly and repeatedly recycle through the endosomal 

compartment on the order of 10 min.13–15 Its unique, high expression and efficient uptake 

suggest a capacity for ligand accumulation that makes SR-A an ideal target for probe design.

Given the scavenger receptor’s preference for polyanionic ligands such as dextran sulfate 

and our previous observation that increasing negative charge improves the binding of 

maleylated bovine serum albumin (mal-BSA) to SR-A,16 we hypothesized that increased 

surface sulfation on the dextran coating of the probes would improve binding and cellular 

uptake.12 Herein, we developed a series of SDIO nanoparticles with increased sulfation 

levels and performed quantitative investigation of the effect of different levels of sulfation on 

target binding and macrophage cellular uptake efficiency. We describe radiolabeling studies 

to assess the binding affinities of these SDIO nanoparticles using Scatchard analysis. 

Studying these binding affinities could help elucidate how to optimize attachment of the 

targeting ligands to the nanoparticles for maximum recognition of target and permit 

assessment of multivalency effects that could occur with multiple ligands presented on the 

surface of the particle.

RESULTS

Synthesis and Characterization of SDIO–DO3As

The synthetic route for SDIO–DO3A nanoparticles is shown in Scheme 1. Dextran-coated 

iron oxide nanoparticles (DIO) were synthesized by a coprecipitation method as previously 

reported.7 To achieve a multimodal function, we conjugated a chelator with high stability for 

copper ions and used a simple chelation process for our iron oxide nanoparticles. Although 

DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) is one of the most 

commonly used in vivo ligands for chelation of metals such as 64Cu2+, Gd3+, and 111In3+ 

(Cu2+ - DOTA, log K = 22; In3+-DOTA, log K = 23.9),17–19 the commercially available p-

SCN-Bn-DOTA was difficult to conjugate to DIOs in our previous experience.20,21 This is 

likely due to the steric hindrance caused by the short and rigid arm of SCN-Bn. Therefore, 

we previously developed a new bifunctional DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-

triacetic acid) derivative (Cu2+-DO3A, log K = 26)22,23 that has a more flexible aliphatic 

amine for attachment to the DIO and applied it in this work.21,24 Conjugation of the chelator 

is a two-step reaction directly coupling to the hydroxyl groups in the dextran coating; this 

avoids the steps required for cross-linking and amination of the hydroxyl groups found in 

other bioconjugation approaches.20,25 We sulfated the dextran coating after conjugation of 

the chelator to maximize the sulfate level on the surface. It has been reported in the literature 

that a ratio up to 10:1 can accomplish high sulfation of polysaccharides.26 We used four 

different ratios of sulfur trioxide pyridine complex to hydroxyl groups on dextran (1:5, 1:1, 

5:1, 10:1) and successfully synthesized a series of SDIO nanoparticles with different degrees 

of sulfation. The nanoparticles are denoted SDIO–DO3A-0.2, SDIO–DO3A-1, SDIO–
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DO3A-5, and SDIO–DO3A-10, corresponding to the ratio of sulfur trioxide to hydroxyls on 

dextran.

SDIO–DO3A nanoparticles were verified by elemental analysis and infrared spectroscopy. 

The emergence of sulfur content and new absorption peaks such as an asymmetrical S=O 

stretch at 1221 cm−1 in the IR spectrum (Supporting Information, Figure S1) confirmed 

successful sulfation. The elemental analysis results showed that with a 10:1 ratio of SO3 

pyridine complex to hydroxyls on dextran (S/OH), the surface achieved the highest degree of 

sulfation, with sulfur content (by total mass) of 11.32%, compared to 9.89% (5:1), 3.41% 

(1:1), and 0.42% (1:5). These results are summarized in Table 1 and verify that an increased 

S/OH ratio greatly improved the surface sulfation of the nanoparticles.

Core sizes of the five different nanoparticles were measured by TEM and found to be ~5.8 

± 1 nm in diameter (n = 500 particles) (Figure 1a). Hydrodynamic diameters for the SDIO–

DO3A nanoparticles were observed by dynamic light scattering as in Figure 1b. Generally, 

SDIO–DO3A had larger hydrodynamic sizes than DIO–DO3A, and hydrodynamic size 

increased with degree of sulfation, whereas the core sizes stayed the same. This is likely due 

to the repulsion of negatively charged sulfate groups on the surface causing the 

polysaccharide coat to expand slightly. A size distribution for SDIO–DO3A-10 is shown in 

Figure 1b as an example, with a diameter (volume weighted) of 64.4 ± 17.5 nm and a peak 

at 50.6 nm. The consistent core sizes suggest that once the iron oxide cores are formed, 

surface modification has little effect on the core sizes. This is also in agreement with our 

previous results with DIO that were modified with maleic anhydride.27

Zeta potentials of SDIO–DO3As were measured in deionized water and phosphate buffered 

saline, as shown in Table 1. There is a trend that higher sulfation levels resulted in more 

negative zeta values, until about −45 mV for both SDIO–DO3A-5 and SDIO–DO3A-10, 

suggesting a saturation of sulfate groups on the surface. SDIO–DO3–10 has a high negative 

zeta value, indicating its stability in solution, as high zeta values create strong electrostatic 

repulsion and prevent aggregation resulting from collisions caused by Brownian motion.28

The relaxivity values, r1 and r2, were in a similar range for different SDIO–DO3A 

nanoparticles (r1 = 14–16 mM−1 s−1, and r2 = 70–90 mM−1 s−1) and DIO–DO3A (r1 = 17.9 

mM−1 s−1, and r2 = 103.3 mM−1 s−1; Figure S2, all values per iron concentration), with core 

sizes of 6 nm, but both r1 and r2 relaxivity decreased with a higher sulfation level. This could 

be the result of increased thickness of the coating for the more negative surfaces; the coating 

may physically exclude protons from the coating and reduce residence time within the 

coating zone, thus modulating relaxivity.29 The high r2/r1 ratio, which is larger than 5, 

suggests that SDIO–DO3A could be used preferably as a T2*-weighted MRI contrast agent. 

Relaxivity per particle was ~3.6 × 105 mM−1 s−1 for SDIO–DO3A and 4.5 × 105 mM−1 s−1 

for DIO–DO3A (one particle contains ~4500 iron ions), supporting the notion that the 

nanoparticles will be effective contrast agents.

MRI Studies

T2-weighted images of various concentrations of the SDIO–DO3A nanoparticles in PBS 

solutions were obtained from a 7 T magnet at room temperature (Figure 1c). At the same 

Tang et al. Page 4

Bioconjug Chem. Author manuscript; available in PMC 2018 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



iron concentrations, these nanoparticles showed a similar ability to generate contrast in MR 

images, as expected. This indicates that imaging contrast is more related to the concentration 

of iron oxide, with little influence from the surface coating or hydrodynamic size. The r2 of 

five samples at 7 T and room temperature were (Figure S3, all values as per iron 

concentration) 198 mM−1 s−1 (DIO–DO3A), 189 mM−1 s−1 (SDIO–DO3A-0.2), 161 mM−1 

s−1 (SDIO–DO3A-1), 154 mM−1 s−1 (SDIO–DO3A-5), and 143 mM−1 s−1 (SDIO–

DO3A-10). The values at 7 T were almost doubled compared to that at 1.4 T, and the trend 

that more highly sulfated nanoparticles had a smaller r2 was also observed in 7 T systems.

Binding Studies

Binding assays have been developed mainly for proteins or peptides. We adapted a method 

using Scatchard analysis to assay binding affinity of the targeted nanomaterials for SR-A 

receptors. We chose 111In3+ to radiolabel the probes to take advantage of its relatively long 

half-life (2.8 days), high gamma emission efficiency, and easy chelation by DO3A (log K > 

25).30 Using Scatchard plots of bound/free vs bound for SDIO–DO3A nanoparticles (Figure 

2a–d), we calculated the dissociation constants for the different degrees of sulfation. Linear 

plots were observed for all of the studies, indicating that there were no cooperativity effects. 

The plots showed biphasic character, suggesting that the nanoparticles interacted with more 

than one binding site, with differing affinities, on the receptor. In general, increasing the 

sulfation of the nanoparticles had little effect on the Kd for the site of higher binding affinity; 

for the site with lower binding affinity, there was a decrease in affinity for the more highly 

sulfated particles: SDIO–DO3A-0.2 and SDIO–DO3A nanoparticles had perhaps slightly 

lower dissociation constants than those of more highly sulfated analogues. This implies that 

sulfation level is not the only factor that influences the ability of SDIO–DO3A nanoparticles 

to bind to receptors. Other parameters, such as particle size and coating structure, might also 

change the nanoparticle’s ability to interact with surface receptors. In general, all SDIO–

DO3A nanoparticles had similar high binding affinity to SR-A in the nanomolar range.

However, while the nanoparticles showed similar affinity to SR-A, the more highly sulfated 

nanoparticles appear to interact more avidly with cells, as evidenced by the greater 

accumulation of sulfated SDIO–DO3A-5 and SDIO–DO3A-10 compared to that of their less 

and nonsulfated counterparts (Figure 2e). There is a clear trend that higher sulfation levels 

improve the deposition of nanoparticles on the cells (using chilled cells to restrict 

endocytosis). While affinity and avidity often scale together when describing antibodies, the 

system for which these terms were developed, the nanoparticle system, may differ. As 

relatively large charged bodies, the more highly negatively charged nanoparticles perhaps 

experience fewer nonspecific interactions with the negatively charged cell surface, allowing 

for more frequent opportunities to bind SR-A.

Particularly notable is the much greater binding of the more highly sulfated SDIO–DO3A-5 

and SDIO–DO3A-10 to cells compared to that of DIO–DO3A (Figure 2e). DIO has been 

reported in the literature to label inflamed plaques by nonspecific phagocytosis by 

macrophages. Our results demonstrate that sulfated dextran coatings increase macrophage 

labeling by iron oxide nanoparticles by about 60-fold; this could have a major impact on 
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clinical application and suggests that lower doses of SDIO–DO3A could be used to label 

plaques in vivo with potentially less off-target activity.

We used competition studies to further investigate the multiple binding sites suggested by 

the Scatchard plots. SR-A can recognize a broad range of polyanionic ligands that can share 

the same binding sites and overlapping binding sites for some ligands, as verified by 

nonreciprocal cross-competition of ligands.31 For example, although oxidized low density 

lipoprotein (ox-LDL) inhibits the binding of acetylated LDL (ac-LDL) by SR-A completely, 

ac-LDL can block that of ox-LDL only partially, suggesting the existence of two discrete but 

overlapping ligand binding sites on the receptor.31–33 To examine whether two binding sites 

for SDIO might be at play in our system, we performed a competition study between SDIO–

DO3A-1 and mal-BSA, a ligand that we have previously used to facilitate targeting to SR-A 

(synthesis and characterization are described in Supporting Information, Figure S4).16 The 

results demonstrated that mal-BSA can only partially inhibit the binding of the SDIO–

DO3A-1 (Figure 2f). However, dextran sulfate can block the binding of SDIO–DO3A-1 to 

cells nearly completely. This suggests that SDIO–DO3A binds to a unique site on SR-A and 

also shares another overlapping site with mal-BSA. The overlapping site with mal-BSA may 

be the lower-affinity site revealed in the Scatchard plots. Future studies will examine this in 

more detail.

Cellular Uptake Studies

Uptake of SDIO–DO3A by J774 macrophages at 37 °C was studied to evaluate the effect of 

charge on cellular uptake of the nanoparticles. As shown in Figure 3a, a clear trend of 

decreasing T2 values for cells incubated with increasing concentrations of SDIO–DO3A 

nanoparticles is observable. There is significantly less uptake of the untargeted DIO–DO3A 

(gray bar) at both 50 and 100 μM. Furthermore, the degree of sulfation clearly affected 

uptake; with increasing sulfation on the nanoparticles, the T2 decreased dramatically for 

cells incubated with SDIO–DO3A. This suggests that sulfation of DIO–DO3A facilitates 

SR-A targeting and greatly improves uptake efficiency and accumulation of the 

nanoparticles in macrophages. These results are consistent with those observed in the 

binding studies, which showed greater levels of binding for the more highly sulfated 

nanoparticles. Considering that SDIO–DO3A nanoparticles with higher sulfation levels have 

smaller transverse relaxivities compared with those of DIO–DO3A, the increase in particle 

uptake efficiency for sulfated nanoparticles compared to that for nonsulfated is even greater 

(additional 1.4-fold). Statistical calculations confirmed significant differences between the 

untreated cells and those incubated with SDIO–DO3A with higher sulfation levels. The cell 

lysates were further imaged on the same 7 T Bruker system and demonstrated strong 

contrast enhancement after uptake of SDIO–DO3A with high sulfation levels (Figure S5a). 

A similar uptake study on the P388D1 macrophage cell line also displayed the same trend, 

as shown in Figure S5b.

A competition uptake study was performed with SDIO–DO3A-10 to confirm that 

internalization of the nanoparticles is a receptor-mediated process. With a receptor-mediated 

uptake process, the excess ligand, dextran sulfate, competes for binding to the SR-A on 

macrophages, thus greatly reducing the uptake of the SDIO–DO3A nanoparticles and 
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resulting in a higher relaxation time of cell lysates. On the contrary, dextran, which is not a 

ligand for SR-A, cannot inhibit the uptake of SDIO–DO3A significantly. As shown in Figure 

3b, for cells incubated with 100 μM [Fe] of SDIO–DO3A-10, competing dextran sulfate 

reduced the internalization of the nanoparticles and the T2 increased from 242 to 526 ms 

(70% inhibition). Because we have previously demonstrated that the dextran sulfate itself is 

nontoxic to macrophages7 and the presence of dextran sulfate with SDIO–DO3A particles 

does not cause toxicity (Figure S6a, b), this supports the conclusion that the reduction of 

SDIO–DO3A uptake was not caused by toxicity or other influence on the cells themselves.

Biocompatibility

The toxicity of SDIO–DO3A-10 nanoparticles was evaluated on HepG2 liver cells and 

P388D1 macrophages using the C12-resazurin viability assay. Liver cells were chosen 

because the iron oxide nanoparticles are normally cleared by the liver and spleen, where they 

are metabolized and broken down to free iron ions. Therefore, these cells may be the most 

vulnerable to the toxicity of breakdown products. Viability of cells after incubation with 

different concentrations at different incubation times was compared. Untreated cells (blank) 

served as the control. The results of biocompatibility on HepG2 cells are shown in Figure 

3c. Fluorescent intensities reflecting survival fractions were normalized against the signal 

from the untreated cells. An unpaired two-tailed t-test was performed to compare treated 

cells against the control within each incubation time. With all P > 0.2, there is no significant 

difference between the untreated cells and those incubated with SDIO–DO3A-10 at 

concentrations up to 10 mM. The same assay was performed on macrophages, which are the 

ideal targets of the nanoparticles, exhibiting similar results (Figure S7). These results 

indicate that SDIO–DO3A does not have observable toxicity to mammalian cells, in 

agreement with our past experience.

DISCUSSION

Scavenger receptor class A has been known for its role in immune responses. SR-A contains 

a characteristic collagen domain, which is responsible for ligand binding, and this domain is 

found only in SR-A, compared with other scavenger receptors.33–37 SR-A recognizes a 

broad range of polyanionic macromolecules but not all polyanionic molecules; thus, there 

appears to be a structural as well as charge dependence for receptor binding.9,10,33,38 

Recognized ligands include modified low density lipoprotein (ox-LDL, acetyl-LDL), 

polyribonucleotides (poly-G and poly-I), polysaccharides (dextran sulfate, fucoidan), and 

others.33,35–38

The SDIO–DO3A nanoparticles are designed based on the fact that dextran sulfate is a 

known ligand for SR-A, more specifically, SR-AI/II.37,38 Through literature examination, 

we found that the only other receptors reported to bind dextran sulfate are SR-C, found only 

on insect cells,34,37 and LOX-1. LOX-1 is listed by Canton et al. in their review to recognize 

dextran sulfate.34 LOX-1 may be found on platelets and macrophages after stimulation by 

lipopolysacchrides or tumor necrosis factor, but the expression of LOX-1 by macrophages 

without induction is negligible compared to the high expression of SR-A, which is on the 

order of 5 × 105 per cell.16,37 Tani et al. showed that LOX-1 was not expressed on P388D1 
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cells, and Moriwaki et al. demonstrated that LOX-1 is barely expressed by murine peritoneal 

macrophages without stimulation.39,40 In the unstimulated P388D1 and J774 cell systems 

used in this work, SR-A is the primary receptor available to bind SDIO. However, as noted, 

there may be a neglible amount of LOX-1 present, which may contribute to the biphasic 

character of the Scatchard plot. To isolate contribution from SR-A only, in the future, we 

will perform studies in transfected cells lines that express SR-A and compare these to 

untransfected cells of the same background without SR-A.

In this work, we hypothesized that increased sulfation/anionic character might improve 

binding and/or uptake of SDIO–DO3A. It was demonstrated successfully that increasing 

surface sulfation, thus resulting in a more negative zeta potential for the nanoparticles, 

increased uptake and binding. We had previously observed similar trends for another ligand 

to SR-A, maleylated-BSA, in which increasing the amount of negative maleyl groups 

improved uptake of mal-BSA by macrophages. Optimal uptake was observed for 80% 

maleylation and above.16 SR-A is a somewhat promiscuous receptor in that it recognizes 

polynionic ligands but not all polyanionic molecules; for example, poly-I and poly-G are 

recognized but not poly-A, -T, or -C.33,35,36,38 It appears that anionic character is not the 

only factor that affects binding and uptake, and there must be some structural component for 

how that charge is presented as well. In the current studies of dextran sulfate and our 

previous studies on mal-BSA, we have observed that increasing negative charge for these 

ligands improves uptake and binding.

SDIO–DO3A nanoparticles are designed to target activated macrophages accumulated in the 

inflamed atherosclerotic plaques for in vivo multimodal imaging. Although Kupffer cells 

and some other tissue macrophages may also express SR-A, the specificity for atherogenic 

macrophages lies in geographic segregration because normal vessel walls do not contain 

macrophages. In our previous studies on in vivo imaging of inflamed atherosclerotic plaques 

in mouse and rat carotid injury models, no PET signal or enhanced MRI contrast was 

observed on vessel walls of the uninjured contralateral carotid artery.6 However, PET signal 

correlated to the injured carotid artery, with elevated MRI contrast showing a detailed 

pattern of macrophage distribution on the vessel wall. This suggested that activated 

macrophages expressing SR-A can be targeted by these probes with negligible off-target 

labeling of normal lumen.

CONCLUSIONS

In summary, we have developed iron oxide-based nanoparticles for macrophage imaging and 

demonstrated that nanoparticles displaying ligands to SR-A bind to these receptors with 

similar affinity as that of the free ligands and that greater negative surface charge improves 

uptake by macrophages without causing toxicity to liver cells. Thus, attachment of SR-A 

ligands to nanoparticles does not appear to adversely affect ligand function. Furthermore, the 

probes generate good contrast in MR images. Scatchard analysis, a commonly employed 

tool in the biochemical/biological sciences, was adapted to allow quantitative comparison of 

nanoparticle binding to their target. To date, reports of targeted nanoparticles for imaging 

have largely demonstrated efficacy primarily through qualitative measures such as changes 

in image intensity.3,41 A few reports have attempted more rigorous quantitative approaches 
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using competitive IC50 determination,42,43 but IC50 determinations rely on a number of 

assumptions, including a lack of cooperative binding. Scatchard analysis, on the other hand, 

can reveal cooperative binding, which produces nonlinear plots,44–46 and thus may be a 

more robust choice for assessment of nanomaterial binding properties. Our detailed binding 

studies provide insight into how targeted materials can bind to biomarkers and offer a 

possible standard to compare different imaging probes used for similar purposes. In future 

studies, we will further refine this method for more precise calculation of nanoparticle mass 

and higher accuracy in binding affinity.

Although increasing numbers of nanoparticle-based imaging probes are being reported in the 

literature, few articles comprehensively investigate their biological behavior and their 

advantages over existing materials.47 Intensive biological assays or cytometric analysis are 

highly desirable for elucidating macrophage biology. In the future, similar research related 

to the biological properties of probes could be performed to optimize probe efficiency so 

that a minimal dose could be administrated to avoid side effects and toxicity, which is 

critical for clinical translation.

EXPERIMENTAL SECTION

Synthetic Materials and Methods

General materials and synthetic details are described in the Supporting Information.

Characterizations of SDIO–DO3As

Successful sulfation was verified by infrared spectroscopy with a Shimadzu IR Prestige 21 

spectrophotometer. The samples were also sent to Columbia Analytical Service, Tucson, 

Arizona, for sulfur content analysis by combustion-infrared spectroscopy. The amount of 

iron in SDIO–DO3A was measured with a Varian AA 220FS atomic absorption 

spectrophotometer using an air/acetylene flame. The core sizes of DIO–DO3A and SDIO–

DO3A were measured by transmission electron microscopy (TEM), using a Philips CM-12 

operating at 80 kV. Sample solutions (5 μL) were loaded on a thin carbon film, 400 copper 

mesh grids, and dried naturally. The average core diameter of particles was calculated based 

on 500 particles from different regions on the grids. The average hydrodynamic diameters 

and size distributions were measured by dynamic light scattering (DLS) using a Nanotrac 

150 particle size analyzer (Microtrac, Montgomeryville, PA, USA). The zeta potential of 

SDIO–DO3A was obtained by determining the electrophoretic mobility of the particles 

using a Malvern Zetasizer in both deionized water and PBS (1×) at room temperature.

Longitudinal (T1) and transverse (T2) relaxation times of SDIO–DO3A in PBS solution with 

different iron concentrations were measured at 60 MHz (1.4 T) and 37 °C on a Bruker 

Minispec mq60 (Bruker, Billerica, MA, USA), as reported previously.7 The stock solutions 

of SDIO–DO3A were prepared at 0.1, 0.2, 0.3, 0.4, and 0.5 mM [Fe]. Each solution was 

incubated at 37 °C for 8–10 min before measurement to reach the thermal equilibrium. T1 

values were determined with an inversion recovery sequence with 10–15 data points, 

whereas T2 values were measured using a Carr–Purcell–Meiboom–Gill sequence, with τ = 1 

ms and 200 data points. The longitudinal (r1) and transverse (r2) relaxivities were 
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determined as the slope of the linear plots of 1/T1 or 1/T2 vs iron concentration, with a 

correlation coefficient greater than 0.99.

MRI Studies

MR images were obtained from Bruker Advance Biospec system (Billericia, MA, USA) 

equipped with a 95 mT/m max gradient set and 72 mm i.d. coil operating at 300 MHz, at 

ambient temperature (25 °C). T2-weighted images of DIO–DO3A and SDIO–DO3A in PBS 

solutions with iron concentrations of 67.5, 125, 250, and 500 μM were acquired using a 

spin–echo sequence, with a repetition time (TR) of 5000 ms and various echo time (TE). In 

all experiments, the FOV was 6 × 6 cm2, matrix size was 128 × 128, and slice thickness was 

1 mm. The T2 values of each sample were obtained by taking images of various TE, drawing 

the ROIs, and fitting the curve for T2 relaxation. The transverse relaxivity (r2) at 7 T was 

then determined as the slope of the linear plots of 1/T2 vs iron concentration, with a 

correlation coefficient greater than 0.98.

MRI in vitro studies with cell lysates of SDIO–DO3A were also performed on the Bruker 

Advance Biospec system. Cell lysates were prepared from the uptake study mentioned 

above. A T2-weighted image of cell lysates was obtained using MSME sequence, with a TR 

of 1344 ms and various TE. In all experiments, the FOV was 6 × 6 cm2, matrix size was 128 

× 128, and slice thickness was 1 mm. The T2 values of each sample were obtained with the 

same method.

Binding Affinity

To label the particles with 111In3+, SDIO–DO3A (1.6 mg) was dissolved in 100 μL of 0.2 M, 

pH 5.5, sodium acetate–acetic acid buffer solution in a 1.5 mL Eppendorf vial. 111InCl3 

(~200 μCi) was added to the vial; then, the mixture was vortexed for 5 s to obtain a uniform 

solution, which was incubated at 90–100 °C for 45 min to allow the chelation of 111In to 

DO3A. Ethylenediaminetetraacetic acid (EDTA) aqueous solution (10 μL, 100 mM) was 

then added to chelate the free In3+ ions with a further incubation at 90–100 °C for 15 min. 

The crude product was purified by centrifuge filtration with 10K Da Nanosep filtration tube 

(Millipore Inc., Billerica, MA, USA) at 14 000 rpm for 15 min and washed three times with 

pH 5.5 buffer solutions (100 μL). The product was then recovered by centrifugation at 10 

000 rpm for 2 min. SDIO–111In3+–DO3A (~15 μL) was diluted with CO2-independent 

media for an iron concentration of 1 mM. This stock solution was further diluted to the 

following concentrations for binding studies: 0.3, 1, 3, 10, 30, 100, and 300 μM [Fe].

J774 macrophages were distributed with RPMI 1640 (containing 10% lipoprotein-deficient 

bovine serum) into 24-well plates at a population of 1 × 105 and incubated overnight (0.4 

mL per well). RPMI 1640 was then removed and replaced with CO2-independent medium 

(prewarmed at 37 °C). The cells were adapted to cold, to suppress endocytosis, by placement 

in 4 °C on crushed ice for 15 min. The medium was then replaced with the radiolabeled 

probe (111In-radiolabeling procedure described in Supporting Information) at different 

concentrations in cold CO2-independent media for a 1 h incubation at 4 °C in fridge. When 

the probe was removed, cells were washed with 0.5 mL of DPBS three times and lysed in 

0.5 mL of deionized water. Lysates were transferred into gamma counting tubes. Specific 
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binding was obtained by performing the assay with the presence of 3 mg/mL (45.5 μM) 

bovine serum albumin. The excess BSA occupies nonspecific binding sites and leaves the 

specific binding sites for the radiolabeled probe. The dissociation constant Kd for SDIO–

DO3A then was calculated using Scatchard analysis of plots of bound/free vs bound. To 

determine the number of moles of nanoparticles in a given weight/volume, we calculated the 

molecular weight of the SDIO–DO3A nanoparticles from the core size, density, and iron 

percentage of our iron oxide, as described in the Supporting Information in detail.

Competition binding studies using the competitive binders, dextran sulfate or maleylated 

BSA (mal-BSA), were performed on J774 macrophages. Maleylated BSA was synthesized 

as previously reported and briefly described in Supporting Information.16 The cells were 

cultured, distributed into 24-well plates, and conditioned to cold at 4 °C on crushed ice as 

above. A single SDIO–DO3A-1 concentration (100 μM [Fe] or 22 nM [SDIO]) was used for 

incubation in all wells, and various concentrations of competitor, mal-BSA or dextran 

sulfate, covered 7 orders of magnitude in molar ratio (from 0.001- to 1000-fold of [SDIO]). 

The cells were washed and lysed in the same way as above, and radioactivity was measured 

by gamma counter.

Cellular Uptake Studies

To study the specific cellular uptake of SDIO–DO3A nanoparticles by macrophages, J774 

cells were plated into 6-well culture plates at a concentration of 5 × 105 cell/mL in RPMI 

1640 with 10% lipoprotein-deficient bovine serum (2 mL per well). Cells were incubated at 

37 °C (5% CO2) overnight to adhere to the bottom of the dishes. Solutions of different 

SDIO–DO3A nanoparticles at 50 and 100 μM [Fe] were prepared by dissolving 

nanoparticles in RPMI 1640 with 1% L-glutamine and 10% LPDS. The medium was then 

replaced with fresh medium containing SDIO–DO3A sand incubated for 1 h. After removal 

of the SDIO–DO3A solutions, cells were washed with 2 mL of DPBS three times. 

Deionized water (~1 mL) was then added, and the freeze/thaw (30 min/20 min) method was 

repeated twice to lyse cells. Cell lysates were lyophilized, and DI water (0.3 mL) was added 

to the residue to prepare the solution for T2 measurement by the Bruker Minispec mq60. A 

similar study was also performed on P388D1 cells to confirm the nanoparticles’ targeting to 

SR-A using different macrophage lines. Competition uptake experiments were performed to 

prove that cellular uptake was receptor-mediated. The J774 cells were incubated with SDIO–

DO3A-10 ([Fe] = 50 μM) in the presence of competing dextran sulfate or noncompeting 

dextran as the control at 0, 1, 5, 20, 100, and 500 μM. After 1 h incubation at 37 °C in a 5% 

CO2 atmosphere, cells were washed three times with DPBS and lysed with DI water. The 

lysates were then prepared for relaxation time measurements as above.

Biocompatibility

Biocompatibility of SDIO–DO3A-10 was evaluated on HepG2 and P388D1 macrophages 

using C12-resazurin viability assays. HepG2 cells were maintained in minimum essential 

medium supplemented with 10% FBS, 200 U/mL penicillin, 200 μg/mL streptomycin, 1 mM 

sodium pyruvate, and 1 mM nonessential amino acids at 37 °C in a humidified 5% CO2 

atmosphere. P388D1 cells were maintained in RPMI 1640 with L-glutamine and 10% FBS. 

To perform the viability experiments, HepG2 or J774 cells were plated in 96-well plates at a 

Tang et al. Page 11

Bioconjug Chem. Author manuscript; available in PMC 2018 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentration of 104 cells per well and incubated in a 5% CO2 atmosphere at 37 °C 

overnight. The medium was then replaced with fresh media containing varying 

concentrations of SDIO–DO3A-10 (at 0.04, 0.2, 1, 4, 10 mM [Fe]) and incubated for 4, 24, 

or 48 h. The medium was then removed, and cells were washed with DPBS three times. 

Media containing C12-resazurin (5 μM) was then added to the wells, and after a 15 min 

incubation, fluorescence was measured by a Safire2 monochromator microplate reader 

(Tecan Austria, Groedig, Austria) with excitation at 563 nm and emission at 587 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SR-A
scavenger receptor class A

DIO
dextran-coated iron oxide

SDIO
sulfated dextran-coated iron oxide

DO3A
1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid

SDIO–DO3A-x (x = 0.2, 1, 5, 10)
sulfated dextran-coated iron oxide–DO3A derivative, with numbers indicating the reaction 

ratio of sulfur trioxide to hydroxyls on dextran
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Figure 1. 
Physical properties of SDIO–DO3A nanoparticles. (a) TEM image shows iron oxide cores 

of SDIO–DO3A-10 nanoparticles, with average size of 5.9 nm. Scale bar: 50 nm. (b) 

Hydrodynamic size distribution of SDIO–DO3A-10 was obtained by dynamic light 

scattering, with average diameter (volume weighted) of 64.4 ± 17.5 nm (SD) and a single 

peak at 50.6 nm. (c) T2-weighted MR image of DIO–DO3A and SDIO–DO3A aqueous 

solutions at 7 T (MSME, TR = 5000 ms, TE = 35 ms). From top to bottom, the rows 

represent DIO–DO3A, SDIO–DO3A-0.2, SDIO–DO3A-1, SDIO–DO3A-5, and SDIO–

DO3A-10 solutions, respectively, at iron concentrations of 67.5, 125, 250, and 500 μM from 

left to right, including a blank (PBS solution). The T2 values are shown underneath each 

sample. As expected, a concentration-dependent decrease in signal is observed for all 

nanoparticles, with similar performance.
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Figure 2. 
111In3+-radiolabeled nanoparticle binding studies at 4 °C. (a–d) Scatchard plots of SDIO–

DO3A nanoparticles of four sulfation levels binding to SR-A on cell surfaces. The biphasic 

plots observed for all of the sulfated nanoparticles suggested two different binding sites on 

the receptors with different affinities. (DIO–DO3A can barely bind to the SR-A as displayed 

in panel e, so its Scatchard plot is not shown.) (e) Gamma counts of total and specific 

binding of SDIO–DO3A nanoparticles of different degrees of sulfation (at 1 mM [Fe]) to 

scavenger class A receptors. The more highly sulfated nanoparticles label cells more 

effectively. (f) Competitive inhibition study of binding to SR-A for SDIO–DO3A-1 using 

competitors mal-BSA or dextran sulfate. A single SDIO–DO3A-1 concentration (100 μM 

[Fe] or 22 nM [SDIO]) was used for incubation, while various concentrations of competitor 

covered 7 orders of magnitude in molar ratio. Error bars represent SEM (n = 3). Full 

inhibition can be achieved with dextran sulfate, and only partial inhibition, by mal-BSA, 

suggesting that the binding site for dextran sulfate and the nanoparticles might partially 

overlap with that for mal-BSA.
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Figure 3. 
Uptake studies of SDIO–DO3A by J774 macrophages and cytotoxicity study on HepG2 

cells at 37 °C. (a) Uptake studies of SDIO–DO3A at different iron concentrations at 37 °C. 

Mean T2 values of J774 cell lysates incubated with SDIO–DO3A nanoparticles for 1 h are 

presented. *, P < 0.001; &, P = 0.002; #, P = 0.01–0.02. (b) Competition uptake of SDIO–

DO3A-10 (100 μM [Fe]) by J774 with the presence of competitor (dextran or dextran 

sulfate) at 37 °C. (c) Cell viability studies with C12-resazurin assay. HepG2 cells were 

incubated for 4, 24, and 48 h with different iron concentrations of SDIO–DO3A-10. 

Fluorescent intensities reflecting survival fractions were normalized against the signal from 

the untreated cells. All error bars present SEM (n = 3).
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Scheme 1. Synthesis of SDIO–DO3A Nanoparticlesa

aDMAP, 4-(dimethylamino) pyridine. In this new method, conjugation of the chelator is 

achieved by directly coupling to the hydroxyl groups without a requirement of cross-linking 

and amination. Sulfation is realized after conjugation of the chelator to maximize the 

sulfation degree.
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