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Abstract 

Reliable and sensitive imaging tools are required to track macrophage migration and provide a 
better understating of their biological roles in various diseases. Here, we demonstrate the 
possibility of radioactive iodide-embedded gold nanoparticles (RIe-AuNPs) as a cell tracker for 
nuclear medicine imaging. To demonstrate this utility, we monitored macrophage migration to 
carrageenan-induced sites of acute inflammation in living subjects and visualized the effects of 
anti-inflammatory agents on this process. Macrophage labeling with RIe-AuNPs did not alter their 
biological functions such as cell proliferation, phenotype marker expression, or phagocytic activity. 
In vivo imaging with positron-emission tomography revealed the migration of labeled macrophages 
to carrageenan-induced inflammation lesions 3 h after transfer, with highest recruitment at 6 h and 
a slight decline of radioactive signal at 24 h; these findings were highly consistent with the data of a 
bio-distribution study. Treatment with dexamethasone (an anti-inflammation drug) or GSK5182 
(an ERRγ  inverse agonist) hindered macrophage recruitment to the inflamed sites. Our findings 
suggest that a cell tracking strategy utilizing RIe-AuNPs will likely be highly useful in research 
related to macrophage-related disease and cell-based therapies. 

Key words: gold nanoparticles, nuclear bio-imaging platform, macrophage migration, acute inflammation. 

Introduction 
Cell labeling and tracking represent an essential 

factor toward obtaining a better understanding of 
complex biological mechanisms and investigating the 
therapeutic effects of infused cells in a living organism 

[1, 2]. Through various in vivo imaging agents, the 
direct labeling of cells of interest such as macrophages 
[3], dendritic cells [4], and stem cells [5, 6] enables us 
to monitor the fate of infused cells and evaluate their 

 
Ivyspring  

International Publisher 



 Theranostics 2017, Vol. 7, Issue 4 
 

 
http://www.thno.org 

927 

functional effects in the microenvironments 
associated with various diseases.  

Macrophages are among the several types of 
immune cells that play numerous roles in 
inflammation, allergies, diabetes, infection, and 
cancer [7]. Thus, it is essential to monitor their 
biological behaviors in the complex circumstances of 
inflammatory disease to discover therapeutic 
strategies for controlling such disorders.  

Many studies have accomplished the 
visualization of macrophage migration in vivo 
through the use of various molecular imaging 
strategies including fluorescent imaging [8], positron 
emission tomography (PET)/single photon emission 
computer tomography imaging [9, 10], magnetic 
resonance imaging (MRI) [11], and multimodal 
imaging [12] (cf. MRI plus photoacoustic imaging) via 
indirect and direct methods. Among these, nuclear 
medicine imaging is utilized in the clinical setting 
owing to its excellent penetration, sensitivity, and 
capability for quantitative analysis. To facilitate the 
sensitive and quantitative tracking of macrophage 
recruitment using nuclear medicine imaging, the 
development of highly sensitive and stable imaging 
probes is required to distinguish the small population 
of macrophages that have migrated into the inflamed 
lesion from the high background activity that 
originates from physiological uptake of the 
surrounding tissue.  

Recently, we have developed radioactive 
iodide-encapsulated gold nanoparticle probes 
(RIe-AuNPs) for a novel nuclear medicine imaging 
platform that features a simple and straightforward 
approach [13]. As these imaging agents exhibit 
marked sensitivity and stability in living mice, they 
might facilitate the early detection of macrophage 
migration to inflamed lesions as well as the serial 
monitoring of systemic distribution to various organs 
in response to inflammation stimuli, with associated 
easy and rapid quantification based on computed 
tomography (CT) segmentation.  

Here, we attempted to track macrophage 
migration to carrageenan-induced acute 
inflammatory sites in living mice and to monitor the 
therapeutic outcomes of anti-inflammatory agents on 
this process through the use of highly sensitive and 
stable RIe-AuNPs as a cell tracking system for nuclear 
medicine imaging. 

Materials and Methods 
Synthesis of RIe-AuNPs  

Detailed procedures for the synthesis of 
RIe-AuNPs are described in the supplementary 
materials. 

Cell labeling with RIe-AuNPs  
Primary peritoneal macrophages were prepared 

using our previously published methods3. RIe-AuNPs 
(2 nM) were added to the macrophages and incubated 
for three hours. The labeling was completed by 
washing the labeled cells twice with medium and the 
efficiency of cellular labeling was confirmed using a 
dose calibrator.  

Cell proliferation assay  
Both unlabeled and labeled macrophages were 

seeded in 96-well flat-bottom plates. After labeling, 10 
µL CCK-8 solution was supplemented to the 
respective wells, followed by further incubation at 
37°C for three hours. The absorbance at 450 nm was 
determined using a plate reader (BMG Labtech, 
Offenburg, Germany). 

Phagocytic activity assay  
The phagocytic ability of macrophages was 

assessed using previously reported methods [14]. 
Detail procedures are described in the supplementary 
materials.  

Animal studies  
Study 1. The abbreviated scheme for in vivo 

macrophage tracking is illustrated in Fig. S7. Briefly, 
RIe-AuNP-labeled macrophages (3 × 106 cells) were 
intravenously administered to animals (7 mice). At 
day 1 after injection, baseline activity of radionuclides 
was acquired prior to the induction of inflammation. 
For inflammation induction, PBS and 1% carrageenan 
(CG) solution were administered to the respective 
footpads. PET scans were performed at the indicated 
time points. After twenty-four hours, footpads were 
excised, followed by ex vivo imaging.  

Study 2. The experimental scheme for the drug 
intervention study is described in Fig. S9. At day 1 
after the injection of labeled macrophages, mice were 
divided into three groups: vehicle, dexamethasone 
(DEX), and GSK5182 groups (7 mice/group). 
Inflammatory stimuli were generated using the same 
procedure as described above. Either a single dose of 
10 mg/kg DEX, GSK5182, or vehicle was 
administered to an animal with inflammation after 
inflammation induction. PET was conducted to 
determine the recruitment of macrophages at the 
indicated times.  

In vivo PET/CT study  
For the PET/computer tomography (CT) study, 

a 20 minute scan (tumor imaging) was performed 
using LabPET8 (TriFoil Imaging, Waukesha, WI). For 
18F-FDG PET/CT imaging, a 10 minute scan was 
performed using the same animal PET/CT 
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instrument. CT scans were conducted after the PET 
scan. Detail procedures for PET/CT imaging are 
described in the supplementary materials. 

Bio-distribution study 
Mice (7 mice/group) were sacrificed at 0, 3, 6, 

and 24 hours after the injection of macrophages. The 
excised organs were weighed and the radioactivity of 
each organ was measured using a γ counter. 

Results and Discussion 
RIe-AuNP characterization and macrophage 
labeling 

Previously, we successfully established highly 
sensitive and stable imaging agents as a nuclear 
medicine imaging platform (RIe-AuNPs) [13]. Briefly, 
20 nm core gold nanoparticles (AuNPs) were first 
functionalized with thiolated adenine bases (A10), 
which allow for radio-labeling of over 2700 
radioactive iodine molecules (Na124I or Na125I) on each 
adenine-rich-DNA-modified gold nanoparticle 
(A10-AuNP) (Fig. 1a). The labeling of radioiodine on 
A10-AuNPs was rapidly completed within 120 min 
post-reaction (Fig. S1) at room temperature 
(RI-AuNPs). Furthermore, we assessed whether 

differences of labeling kinetics and efficiency could be 
identified between Na124I or Na125I on A10-AuNPs. As 
shown in Fig. S2, no differences of labeling kinetics 
and efficiency were found between the two different 
types of radioactive iodides. Next, the additional gold 
shell was produced to create RIe-AuNPs, which can 
substantively increase their in vivo stability. 
UV-visible spectra of RIe-AuNPs showed 
characteristic extinction spectra in the visible region, 
representing the lack of particle aggregation (Fig. 
S3a). X-ray photoelectron spectroscopy (XPS) analysis 
clearly revealed the existence of Au (4f, 4p1) and 
iodine (3d5) in the RIe-AuNPs (Fig. S3b). Furthermore, 
the core and shell structure with a round shape was 
visible in transmission electron microscopy analysis 
as shown in Fig. 1b and energy dispersive 
spectroscopy also indicated the existence of iodine 
surrounding the core gold nanoparticles (Fig. 1b). 
Finally, the stability of the radioactive iodide on 
nanoparticles is an important factor for biomedical 
imaging. When we examined the stability of 
RIe-AuNPs in human serum, they exhibited marked 
stability without any release of radionuclide from the 
RIe-AuNPs (Fig. S4), unlike that observed for 
RI-AuNPs (without the gold shell).  

 

 
Figure 1. Schematic procedure of RIe-AuNP synthesis. (a) Schematic of RIe-AuNP synthesis. (b) High resolution transmission electron microscope images as well as 
energy-dispersive X-ray analysis of RIe-AuNPs. Blue and red indicate gold and iodine, respectively. 
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The main difference of our probe design 
compared with that of other probes should be noted. 
Numerous other reports have shown the labeling 
strategy of bonding radioiodine onto gold 
nanoparticles through direct incorporation [15-21]. 
However, these methods allow only a small number 
of radioiodine labels to be incorporated on AuNPs; in 
addition, maintaining the stability of labeled 
radioiodine remains challenging within in vivo 
environments. For example, the probe in the report of 
Kim et al. [15] utilized citrate-modified AuNPs with 
NaI conjugated on the surface of the AuNPs through 
Au-I bonds (yielding only 6 iodine molecules per 
AuNP), following which mPEG thiol was used to 
generate stable AuNPs under physiological 
conditions. In contrast, the radio-isotope conjugation 
in the current work differs completely from that 
reported by Kim et al. [15]. Instead, we utilized 
adenine-rich thiolated oligonucleotide modified 
AuNPs as a core, then we covalently labeled 
radio-isotopes with the DNA base (adenine), and 
finally we produced an additional Au shell to yield 
radio-isotope embedded Au-Au core shell 
nanostructures. Thus, based on these improvements 
of our probe design, a highly sensitive and stable 
imaging probe could be produced for use in a living 
organism. 

Promising cell-labeling agents should guarantee 
easy, efficient, as well as stable labeling [1]. 
Macrophages exhibit robust phagocytosis that 
consumes all kinds of tiny particles [22]. Therefore, 
macrophages are able to be simply tagged with 
RIe-AuNPs. The labeling efficiency of the RIe-AuNPs 
into the macrophages increased in a particle 
dose-dependent manner (1.0–8.0 nM), with uptake 
efficiency reaching a peak at 2 nM RIe-AuNPs (Fig. 

2a). Microscopy imaging clearly showed the presence 
of RIe-AuNPs in labeled but not unlabeled 
macrophages (Fig. 2b). For long-term, sensitive, and 
quantitative trafficking of macrophages in vivo, 
imaging agents should be retained in the cells for long 
time periods. As illustrated in Fig. 2c, over 75% of the 
initial radioactivity was maintained in labeled 
macrophages even after 2 days, even though the 
radioactivity of the imaging particles in labeled cells 
was slightly decreased. In contrast, after incubation 
for 3 hours, RI-AuNPs (without gold shells) in 
macrophages revealed a rapid reduction of 
radioactivity owing to the absence of a protective 
layer (Fig. S5). To further demonstrate the stability of 
our imaging platform in vivo, the biodistribution of 
RIe-AuNPs was investigated following intravenous 
injection of particles. RIe-AuNPs were administered 
intravenously to mice and then PET/CT imaging as 
well as biodistribution analyses were conducted at the 
indicated times after injection. As a result, we could 
observe strong accumulation of RIe-AuNPs in the 
liver at 1 and 24 hours after injection (Fig. S6a and 
S6b), which is consistent with the biodistribution 
results (Fig. S6c). Furthermore, whereas we were 
unable to detect the radioactive signal in the thyroid 
using the PET detector because of weak radioactive 
signals, the biodistribution data showed that the 
thyroid exhibited the lowest uptake of injected 
RIe-AuNPs; which might instead have resulted from 
the physiological uptake of a few radioiodine 
molecules that had been cleaved from the 
nanoparticles, suggesting that these particles exhibit 
excellent stability in vivo. The results thus indicate the 
excellent stability of the RIe-AuNPs in macrophages 
as well as in vivo in an organism, effected by the 
efficient protection from the Au shell. 

 
Figure 2. Cellular labeling of RIe-AuNPs. (a) Cellular uptake of various doses of RIe-AuNPs. (b) Bright-field photographs of macrophages after cell labeling with 
RIe-AuNPs (2 nM). (c) Residual radioactivity in macrophages over time. 
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Effect of cell labeling on biological functions of 
macrophages  

For successful application of imaging agents to in 
vivo cell tracking, the viability and function of the cells 
of interest should not be altered after cell labeling. 
Therefore, we examined whether the labeling of 
RIe-AuNPs affects macrophage cell proliferation and 
function. 

The results of a cell proliferation assay using 
CCK-8 agents showed no differences between 
unlabeled and labeled macrophages until 48 hours 
(Fig. 3a). Furthermore, the particles did not lead to 
cellular apoptosis, as determined by cell labeling of 
Annexin V and PI staining (data not shown). 
Macrophage phenotype markers were next evaluated 
using macrophage specific markers (CD86, CD11b, 
and F4/80 antibodies). We could observe the high 
expression of these markers in macrophages (Fig. 3b 
and Fig. S7). In contrast, the gene expression of CD4, a 
helper T-lymphocyte marker, was not visible in 
unlabeled or labeled cells. To determine whether 
phagocytic activity differed between unlabeled and 
labeled macrophages, the cells were co-incubated 
with 7-AAD-tagged bacteria at 4°C or 37°C. As shown 
in Fig. 3c, no difference of phagocytic activity was 
exhibited between the two groups. The percentage of 
unlabeled and labeled cells was 55.9 ± 4.2 and 54.07 
± 5.1%, respectively. Conversely, phagocytic activity 
was completely inhibited at 4°C in both macrophage 
groups (10.7 ± 0.9 and 11.2 ± 1.3%). These results 
suggest that RIe-AuNPs represent biocompatible 
imaging agents for in vivo macrophage tracking 
without concomitant alternation of macrophage 
cellular function.  

 

Tracking of macrophage recruitment to acute 
inflammatory sites by PET/CT  

In vivo macrophage tracking was conducted to 
demonstrate the potential for RIe-AuNPs to serve as 
an in vivo cell tracker (Fig. S8). For the tracking of 
macrophage migration to inflammation lesions, a 
CG-induced acute inflammation model was adopted 
in immunocompetent mice. Carrageenan has 
previously been utilized to induce acute inflammation 
in murine models [23]. In turn, [18F]FDG-PET has been 
applied to evaluate inflammation levels in living 
subjects [24]. When we monitored the mice with 
CG-induced acute inflammation via [18F] FDG 
PET/CT, we detected a strong uptake of radiotracer at 
inflamed lesions (Fig. S9). 

The distribution of labeled macrophages in the 
lung, liver, and spleen was observed at 24 hours 
post-transfer (Fig. 4a-Baseline) by PET scan. At 3 
hours post-inflammation induction, the recruitment 
of macrophages to the inflammatory sites was first 
detected and this migration peaked at 6 hours (Fig. 4a 
and 4b). But, we cannot observe difference of 
radioactivity between inflamed footpads and control 
footpads at 24 hours. Excised footpads also showed 
distinct radioactive signals in CG- but not 
PBS-injected footpads (Fig. 4c, 6h after induction of 
inflammation). In order to verify the PET signal, we 
assessed the levels of inflammatory biomarkers such 
as IL-β, IL-6, and TNF-α at the inflammatory lesions 
through the use of real-time PCR with total RNA 
isolated from CG- or PBS-injected footpads. 
Consistent with the PET signals, we determined that 
the levels of pro-inflammatory cytokines were much 
higher in the CG-injected than PBS-injected footpads 
(Fig. S10). 

 
Figure 3. Effects of cell labeling with RIe-AuNPs on the biological functions of macrophages. (a) Viability of macrophages (black bar: unlabeled; empty bar: labeled). 
(b) Phenotype maker analysis (negative: CD4, macrophage-specific: F4/80, CD86, and CD11b) of unlabeled (black bar) and labeled (empty bar) macrophages. (c) 
Phagocytic activity of macrophages; black and empty bars indicate unlabeled and labeled cells, respectively. 
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The data of bio-distribution analysis were also 
consistent with those of PET imaging. The majority of 
infused macrophages remained in the liver and lung. 
Approximately 0.8–1.0% of the macrophages 
migrated to the inflamed lesion (Fig. 4d and e), with 
peak migration at 6 hours post-inflammation 
induction. Notably, despite the large number (3 × 106) 
of injected macrophages, we could detect only a small 
migrated population at the inflamed lesion by PET 
imaging. Previously, reports from Ren et al. [25] have 
demonstrated the level of macrophage recruitment to 
the inflamed lesion (simplex bone cement-induced 
inflammation) from day 4 after inflammation 
induction using a luciferase reporter gene as a highly 
sensitive reporter; however, it was impossible to 

detect their migration to the inflamed site as early as 
24 hours owing to the low number of infiltrated 
macrophages. More recently, Wattananit et al. [26] 
have demonstrated that only six thousand cells could 
be detected in an inflammation lesion (stroke area) 
among 4 ×  106 i.v.-injected GFP+ monocytes by 
quantitative immunohistochemical analysis. 
Therefore, considering the small population of 
infused cells that successfully migrate into the 
inflamed lesion, our findings emphasize the high 
sensitivity and considerable potential of our imaging 
platform, which allows us to enable the monitoring of 
in vivo biological behavior of a small population of 
macrophages. 

 

 
Figure 4. PET/CT imaging of macrophage migration to inflamed lesions. (a) 3D-PET/CT images and transverse PET/CT images over time. The yellow and white 
circles indicate the PBS- and CG-injected footpads, respectively. (b) Region of interest (ROI) analysis to determine the radioactivity in the footpads. Data represent 
the means ± standard deviations (SDs), n = 7. (c) Ex vivo PET/CT images of excised footpads at 6h. (d) Time-dependent bio-distribution of labeled macrophages in 
whole organs post-transfer. (e) The black box shows the enlarged data to clearly reveal the changes of radioactivity in CG-injected footpads. %ID/g represents 
percentage injected dose per gram. *P < 0.05, NS; not significant. 
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We further examined the presence of infiltrated 
macrophage in CG-injected footpads by 
immunohistological analysis. Gold particles localized 
in various tissues are usually seen as dark color 
particles by hematoxylin and eosin (H&E) staining 
analysis. As seen in Fig. S11, we could observe dark 
color particle-containing macrophages in CG-injected 
footpads by histological analysis based on H&E 
staining; furthermore, their number was highest at 6 
hours after CG-injection, which is consistent with the 
PET signal. However, no dark particle-containing 
macrophages were observed in the PBS-injected 
footpads. 

Additionally, the issue of biocompatibility/ 
toxicity is very important for the further application of 
RIe-AuNPs to both preclinical and clinical situations. 
To evaluate this concern, we determined whether 
RIe-AuNPs induce toxicity in vivo by histological 
analysis using H&E staining. Histopathologic analysis 
of major organs such as the liver, spleen, and kidney 
did not reveal any significant histopathological 
abnormalities in either normal mice or mice receiving 
RIe-AuNP-labeled macrophages until 14 days 
post-transfer (Fig. S12). However, although no 
adverse effects of RIe-AuNPs were observed in vivo, 
further extensive studies should be required to 
evaluate the acute and chronic toxicity of RIe-AuNPs 
after systemic administration prior to their clinical 
application 

These results indicate that RIe-AuNPs represent 
promising nuclear imaging agents for the evaluation 
of in vivo biological behavior in an acute inflammation 
disease model. 

Assessment of the effects of anti-inflammation 
agents on RIe-AuNP-labeled macrophage 
migration to inflammatory lesions using 
established macrophage-tracking strategies 
with RIe-AuNPs  

Next, we attempted to determine whether our 
macrophage tracking approach exhibited marked 
potential to investigate the therapeutic outcomes of 
anti-inflammatory or new candidate agents in living 
subjects with inflammation. Two kinds of drugs, DEX 
and GSK5182, were used for this study. DEX, as a type 
of steroid medication, has been demonstrated to 
inhibit inflammation [27]. GSK5182 is an inverse 
agonist for estrogen-related receptor gamma (ERRγ) 
that is in the orphan nuclear receptor family. It has 
been found that ERRγ has essential roles for cell 
homeostasis and development [28-30]. Although 
several reports have demonstrated that GSK5182 
exhibits therapeutic efficacy against inflammation- 

related conditions such as diabetes and microbial 
infection, no studies have examined the 
anti-inflammatory effects of GSK5182 against acute 
inflammation. Therefore, to evaluate the therapeutic 
efficacy of the respective drugs against acute 
inflammation, labeled macrophages were transferred 
to mice and then CG-induced inflammation was 
generated after 24 h (Fig. S13). Mice received DEX or 
GSK5182 intraperitoneally immediately after 
inflammation induction. As shown in Fig. 5a-c, in vivo 
PET/CT imaging clearly demonstrated the marked 
inhibition of labeled macrophage recruitment to the 
inflammation sites in the DEX- (Fig. 5a-[2]) and 
GSK5182 (Fig. 5a-[3])-treated mice at 6 hours after 
inflammation stimuli. In contrast, the migration of 
labeled macrophages was obviously shown at site of 
inflammation in the control mice (Fig. 5a-[1] and 
5b-3). Furthermore, consistent with the data of PET 
imaging, the measurement of dorsoventral thickness 
of the middle portions of the hind paws, which is a 
standard method for evaluation of the therapeutic 
efficiency of anti-inflammation drugs, showed a 
marked inhibition of paw edema in DEX- or 
GSK5182-treated mice but not in vehicle-treated mice 
(Fig. S14). These results suggest that RIe-AuNPs are 
valuable biomaterials for the evaluation of 
anti-inflammatory drugs in living mice through the 
direct macrophage labeling approach. 

Conclusion 
In summary, the labeling of RIe-AuNPs does not 

induce adverse effects on macrophage function, 
including cell proliferation, phenotype marker 
expression, and phagocytic activity. Notably, the 
recruitment of primary macrophages to the site of 
inflammation was successfully visualized via PET/CT 
imaging using highly sensitive and stable RIe-AuNPs 
in living mice. Furthermore, the inhibitory effects of 
DEX, a potent drug against inflammation, as well as 
of GSK5182, an inverse agonist of ERRγ, on 
macrophage recruitment to the site of inflammation 
were also demonstrated, suggesting not only that 
macrophage tracking strategies with RIe-AuNPs 
represent useful tools to investigate the therapeutic 
outcome of anti-inflammatory agents but also that 
ERRγ is a promising target for drug discovery in 
inflammation disease. 

 

Supplementary Material  
Supplementary figures and methods.  
http://www.thno.org/v07p0926s1.pdf   
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Figure 5. Assessments of the therapeutic outcomes of anti-inflammation drugs by the use of cell tracking technique with RIe-AuNPs. (a) 3D-PET/CT image of 
macrophage migration and axial PET/CT in vehicle-, DEX-, and GSK5182-treated mice. The yellow and white circles indicate the PBS- and CG-injected footpads, 
respectively. Region of interest analysis of PBS- or CG-injected footpads in (b) DEX-treated mice and (c) GSK5182-treated mice. n = 7. *P < 0.05, NS; not significant. 
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