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Abstract: The biological properties of the lanthanides, primarily based on their similarity to calcium, have been the basis 
for research into potential therapeutic applications of lanthanides since the early part of the twentieth century. Up to date, 
cerium nitrate has been used as a topical cream with silver sulfadiazene for the treatment of burn wounds. A lanthanide 
texaphyrin complex (motexafin gadolinium) has been evaluated through Phase III clinical trials for the treatment of brain 
metastases in non-small cell lung cancer. Lanthanum carbonate (Fosrenol) as a phosphate binder has been approved for 
the treatment of hyperphosphatemia in renal dialysis patients in both the USA and Europe. This review will highlight 
therapeutic applications of the lanthanides for burn wounds, cancer, hyperphosphatemia, immune function, magnetic 
resonance imaging (MRI) contrast agents and osteoporosis, and discuss their future potential in the medical fields. 
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INTRODUCTION 

 The lanthanides consist of elements from lanthanum 
(Z=57) to lutetium (Z=71) plus scandium (Z=21) and yttrium 
(Z=39), with an electronic configuration of [Xe]4f0-145d0-16s2

in the periodic table. In physiological solution, they tend to 
lose the “d” and “s” electrons, forming stable trivalent ions 
(Ln3+), besides Ce and Eu which also exist as Ce4+ and Eu2+.
Ln3+ is easy to bind with oxygen atom through electrostatic 
interaction. The biological properties of the lanthanides are 
primarily based on their similarity to calcium. They have 
similar ionic radii to calcium, but higher charge, which lead 
to higher affinity for Ca2+ site on biological molecules. Ln3+

have excellent flexibility over coordination number range 
from 6-12, with a preferred coordination number of 8-9, 
meanwhile Ca2+ has a preferred coordination number of 6.  

 The physical properties of Lanthanides are crucial to 
their unique biological activities. Based on that, more 
attention has been given to the potential therapeutic 
applications of lanthanides since the early part of the 
twentieth century. One of the earliest therapeutic 
applications of lanthanides was the use of cerium oxalate as 
an anti-emetic. Later the lanthanides were found to have 
anti-coagulant and anti-atherosclerotic properties, but many 
of these early applications have been unsuccessful. Up to 
now, cerium nitrate as a topical cream with silver 
sulfadiazine has been used for the treatment of burn wounds. 
A lanthanide texaphyrin complex (motexafin gadolinium)  
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has been evaluated through Phase III clinical trials for the 
treatment of brain metastases in non-small cell lung cancer. 
Lanthanum carbonate (Fosrenol) as a phosphate binder has 
been approved for the treatment of hyperphosphatemia in 
renal dialysis patients in both the USA and Europe. 
Gadolinium-based complexes as contrast agents have been 
used in magnetic resonance imaging (MRI) (Table 1). This 
review will describe recent advances and success in the 
therapeutic applications of the lanthanides. 

Table 1. Medical Uses of Lanthanide Compounds 

Compounds Uses Status 

Gd-Motexafin Cancer Clinical phase III

Fosrenol Hyperphosphataemia Approved

Flammacerium Burn Approved 

Magnevist, Omniscan, 
OptiMARK, Vasovist, 
MultiHance, Gadovist, 
Dotarem, ProHance, 

Primovist 

MRI contrast agents Approved 

1. BURN WOUNDS  

 Burns and their sequelae are responsible for significant 
mortality and morbidity all over the world, especially in 
developing countries [1]. Over the past five decades, 
advances in the understanding of burn pathophysiology 
resulted in improvements in the clinical problems of burn 
injured patients. As a result, burn mortality rates have 
declined, which may be attributed to the development of 
treatment modalities that including surgical excision of burn 
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wounds and use of topical antimicrobial agents and systemic 
antibiotics [2, 3]. Bacterial and viral infections, notably 
herpes simplex virus (HSV) and cytomegalovirus (CMV), 
are the most common cause of not only wound infections but 
also mortality in burn patients [4, 5]. So the search for an 
ideal topical antiseptic agent with high antimicrobial efficacy 
and low toxicity was performed for decades [6]. 

 Absorption of rare earths (RE) from the skin is known to 
be negligible, however, when the skin was stripped or 
wounded, RE seemed to be absorbed into the body to some 
extent [7]. The initial rationale for using cerium for the 
treatment of burn wounds was based on their antibacterial 
effects at the end of the 19th century. Several cerium (III) 
salts including acetate, stearate, chloride, and nitrate were 
reported to have antibacterial activity. Systematic studies 
confirmed that cerium nitrate had broad-spectrum 
antibacterial activity against a range of bacteria including 
Pseudomonas aeruginosa and Staphylococcus aureus [8]. So 
cerium nitrate was used for the treatment of burn wounds as 
a topical antiseptic agent since the 1976. It was found to be 
especially effective for gram-negative bacteria and fungi [9]. 
It represented a convenient and less expensive alternative.  

 Now cerium nitrate is usually administered in 
combination with silver sulfadiazine in the clinic. This 
combination as Flammacerium was manufactured 
commercially in Europe, and as Dermacerium in South 
America. Although there are several reports that the 
mortality is reduced by Flammacerium treatment compared 
with predicted death rates, the clinical benefit of cerium 
nitrate is unclear. It has been demonstrated that the mixture 
of cerium nitrate and silver sulphadiazine had greater 
synergistic effects on staphylococci, which was generally 

more resistant to silver sulphadiazine alone than other 
microbial species. The findings indicated that the mixture 
was effective in the prevention and treatment of wound 
infections [10]. Monafo et al. [11] reported that whether 
Ce(NO3)3 alone or combined with silver sulphadiazine had 
performed stupendous broad-spectrum antibacterial activity. 
Subsequent studies have demonstrated that cerium nitrate 
has little anti-bacterial activity against common burn 
pathogens, which suggests that there may be an alternative 
mechanism. 

 The disruption of the immune system is one of the major 
contributors to morbidity and mortality from major burns. In 
addition, dysregulation of the immune response is also a 
contributory factor to the systemic inflammatory immune 
response (SIRS) and multi-organ failure syndrome (MOFS) 
associated mortality [8, 12]. Deveci et al. reported that 
treatment by cerium nitrate bathing prevented the elevation 
of tumor necrosis factor-� (TNF-�) level in the early period 
after thermal injury and then might limit the severity of the 
inflammatory reaction [13]. Apart from direct antiseptic 
effects, cerium helps to prevent postburn sepsis and systemic 
inflammatory response by fixing burn toxins [14]. Boeckx et
al. [15] reported that cerium nitrate led to a firm, 
impermeable eschar, but the eschar formed by silver 
sulfadiazine was typically soft, moist, uneven and macerated. 
It was also found that the eschar formed by cerium nitrate 
contained deposits of insoluble pyrophosphate and carbonate 
salts, and calcium. Thus the eschar acting as a biological 
dressing may form an impermeable crust over the wound. 
This covering may prevent both ingress and egress of 
bacteria from the wound and keep the wound in a clean and 
healthy state, thus it is very helpful for a skin graft [16]. 
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Fig. (1). Structures of GdB- and LuB-texaphyrins. 
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 In summary, although the clinical benefit of cerium 
nitrate is unclear, a firm biological dressing formed by 
cerium nitrate treatment may provide a valuable role in burns 
treatment. The mechanism remains to be further studied. 

2. CANCER 

 The development of metal-based agents for the diagnosis 
and therapy of cancer has greatly increased survival rates of 
cancer patients. RE-based compounds have also been 
investigated for their anticancer potential [17]. Early clinical 
reports indicated that cerium (III) iodide had activity against 
solid tumors. Recently much attention has been focused on 
lanthanide complexes. For example, cerium (III), lanthanum 
(III) and neodymium (III) complexes with ligands such as 
hymecromone, umbellipherone, mendiaxon, warfarin, 
coumachlor and niffcoumar have been synthesized. It was 
found that these complexes demonstrated cytotoxicity 
against HL-60 cell line [18, 19]. Recently, new lanthanide 
complexes with dihalo-substituted 8-quinolinol were 
reported to have high cytotoxicity of against liver cancer 
Bel-7402 [20]. Bandyopadhyaya et al. [21] reported that 
some novel m- and p-carboranyl GdB- and LuB-texaphyrin 
complexes (Fig. 1) could kill cancer cells primarily by the 
induction of DNA double strand breaks. A redox active 
gadolinium texaphyrin complex (1) has been evaluated 
through Phase III clinical trials for the treatment of brain 
metastases of non-small cell lung cancer [22]. 
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 Radiopharmaceuticals containing radio nuclides are used 
extensively in nuclear medicine for the diagnosis or therapy 
of various diseases. An ideal radiopharmaceutical is one that 
can damage and/or destroy the target cells without affecting 
the normal cells [23]. Metallic radio nuclides (such as 68Ga 
and 90Y) can provide significant advantages over their 
nonmetal counterparts (such as 11C and 18F) due to their wide 
range of nuclear properties (type of radiation, half-life, 
particle energy and coordination chemistry) and thus can be 
used as radiopharmaceuticals [24]. The lanthanides and 
lanthanide-like radioisotopes, typified by 153Sm, 166Ho, 177Lu, 
149Pm, and 90Y, are excellent candidates for this distinction 
[25-27]. Rasaneh et al. labeled trastuzumab with 177Lu and 
tested their immunoreactivity and toxicity against human 
breast cancer cell line (MCF-7), the results indicated that the 
complex could be used in radio immunotherapy against 

breast cancer [28]. Chakraborty et al. compared the 
radiochemical properties and biological behaviors of 177Lu 
complexes with ethylenediaminetetra-methylene phosphonic 
acid (EDTMP) and 1, 4, 7, 10-cyclododecyltetraamine-
tetramethylenephosphonic acid (DOTMP) in bone metastasis 
by animal models, the latter was found to have slightly faster 
blood clearance along with lower retention in liver and 
kidney [29]. The 166Ho complex with DOTMP agent was 
currently investigated in the treatment of multiple myeloma 
and leukemia via bone marrow ablation in combination with 
total body irradiation and/or high dose chemotherapy [30]. In 
order to find the most suitable candidate for bone therapy, 
numerous 153Sm complexes have been synthesized and 
evaluated in chemical and biological systems. The 153Sm 
complex with EDTMP (2) had relatively high 
thermodynamic stability, high and long lasting bone uptake, 
and rapid blood clearance for a therapeutic bone-seeking 
radiopharmaceutical [31]. Furthermore, 153Sm which was not 
taken up by the skeleton was excreted primarily through the 
kidneys, with most of the activity found in the urine 30 
minutes post-injection. This rapid urinary clearance 
minimized the dose received by non-target organs, while the 
long residence time on bone maximized the skeletal dose 
[32]. Recently studies showed that 1, 4, 7, 10-tetrakis(carbo-
xymethyl)-1,4,7,10-tetraazacyclododecane (DOTA) was the 
most suitable ligand for binding scandium radionuclides 44Sc 
and 47Sc to biomolecules. The 13C NMR studied have shown 
that Sc–DOTA formed complexes in solution with eight-
coordination geometry like Lu–DOTA. 44Sc has better 
nuclear properties, a longer half-life and forms stable 
radiobioconjugates with a structure similar to that of 90Y and 
177Lu, which is important when planning radionuclide 
therapy. Moreover, being a low energy and carrier-free ��
emitter, 47Sc might be an alternative to the carrier-containing 
177Lu radionuclide for targeted radionuclide therapy [33]. 
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 The development of target-specific lanthanide 
radiopharmaceuticals has gained considerable success in 
nuclear medicine by the conjugation of radio nuclides to 
biomolecules for early detection of diseases and radiotherapy 
of cancers. The size of the metal chelate and distance from 
the biomolecule, as well as the overall complex stability are 
important design considerations for target-specific 
radiopharmaceuticals [34]. The 177Lu-labeled antitumor 
antibody was investigated and the results showed that 
intraperitoneal administration of 177Lu-CC49 had antitumor 
activity with only mild or moderate side effects [35]. Now, 
the radio-labeled monoclonal antibody 90Y-ibritumomab 
tiuxetan (3) has been approved by the FDA for the treatment 
of non-Hodgkin’s lymphoma, and it was a significant 
milestone in the area of target specific radiopharmaceuticals. 
Diethylenetriamine pentaacetic acid (DTPA) chelated 90Y
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was attached to the monoclonal antibody through a linker, 
ensuring the tight binding of this tissue-damaging 
radionuclide. The antibody is directed to the antigen CD-20 
which is expressed on the surface of B-cell lymphomas. The 
�-particle, emitted during 90Y decay, has a mean tissue 
penetration distance of 5.3 mm, thus it is useful for killing 
tumour cells that are in close proximity to B-cell lymphomas 
which do not express CD-20, or those that are poorly 
vascularized [34, 36, 37]. Papi et al. further optimized the 
labeling of 90Y-ibritumomab tiuxetan with special regard to 
simplicity, speed, safety and radiation protection because 
90Y-Zevalin labeling especially in high-dose might cause 
finger radiation exposure, where up to 7.4 GBq could be 
injected [38]. 
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 In summary, the future development will be focused on 
the potential use of target-specific radiopharmaceuticals in 
the treatment of cancer. 

3. HYPERPHOSPHATEMIA 

 Hyperphosphatemia which increases serum phosphate 
levels is one of the clinical consequences that accompany 
end-stage renal disease (ESRD). The pathological conse-
quences of hyperphosphatemia are severe. Unfortunately, 
hyperphosphatemia cannot be controlled by normal dialysis. 
Although long, slow and nocturnal dialysis may be effective, 
it presents difficulties for the patients [39, 40]. This means 
that alternative treatment options are needed. 

 The ideal phosphate binder should have a high affinity 
for phosphate and be able to bind phosphate rapidly with 
little or no systemic absorption. In addition, it should be also 
non-toxic, available as a palatable oral dosage form with a 
low pill burden. Aluminum-based binders such as aluminum 
hydroxide were used in the 1970s and early 1980s, they were 
very effective, but aluminum absorbed was found to be toxic 
[41]. As a result, calcium phosphate binders replaced 
aluminum-based phosphate binders in the 1990s, however, 
calcium-based agents resulted in hypercalcemia and 
increased risk of cardiovascular calcification by the 
absorption of calcium [42]. These drawbacks have 
stimulated research into aluminum- and calcium-free 

binders. Renagel (sevelamer hydrochloride) was approved by 
the FDA in 1998 and also gained approval in Europe in 
2000, but its high cost relative to calcium- and aluminum-
based binder and high pill burden are main drawbacks. In 
2004, a new phosphate binding drug based on lanthanum 
carbonate (Fosrenol) was approved in both the USA and 
Europe [43]. 

 Preclinical studies confirmed that Fosrenol was poorly 
absorbed with >90% excreted in the feces, and just 0.001% 
absorbed when given by the oral route. No toxicity was 
observed in animal studies and clinic observations [44-47], 
for example, there was no effect on cardiovascular, central 
nervous system (CNS), calcium, vitamin D or parathyroid 
hormone (PTH) metabolism, also any direct effect on bone. 
Fosrenol can bind phosphate at the lower pH (pH=1) in the 
stomach, and at the higher pH (pH=7) in the small intestine, 
duodenum and jejunum. Lanthanum carbonate was as 
effective as aluminum hydroxide, and more effective than 
either Renagel or calcium carbonate at reducing urine 
phosphate levels. In addition, the distribution studies showed 
that Fosrenol had the best biodistribution profile with little or 
no oral absorption and tissue accumulation, and effectively 
complete elimination in the feces [48].  

 Phase III clinical studies of Fosrenol have been 
performed in both Europe and North America [49-52]. 
Fosrenol reduced and maintained phosphate levels compared 
with placebo group, but it was as effective as calcium 
carbonate. Fosrenol resulted in a decrease in the production 
of calcium phosphate, but had no effects on serum calcium 
levels compared with calcium carbonate or placebo group. 
PTH levels remained stable or showed an increase by 
Fosrenol treated patients. In addition, it was found that 
Fosrenol was safe and well tolerated for over 4 years and 
effective for most patients at doses of 1350–2250 mg per day 
[51]. It was reported that the side effects of Fosrenol were 
mild-moderate and the frequency of the side effects was also 
similar to those of other phosphate binders [53]. The pill 
burden of Fosrenol was 12 tablets, while calcium carbonate 
was 18 tablets [52]. In addition, Fosrenol would achieve the 
best effect when the tablets were taken with or immediately 
after food.  

 In summary, Fosrenol is an alternative non-aluminum, 
non-calcium phosphate binder. It represents a significant 
improvement in treatment options for patients with ESRD. 

4. IMMUNE FUNCTION 

 The immune system is one of the most important means 
by which animals protect themselves from external threats, 
and plays a critical role in surveillance and prevention of 
malignancy. In recent years, immunotherapy has received 
more and more attention. Until now, some contradictory 
effects of the lanthanides on immune function have been 
reported. For example, GdCl3 significantly reduced ED2
expression in Kupffer cells in vivo, but the ED2 expression in 
Kupffer cells was not affected in vitro [54]. La(NO3)3
suppressed the cell-mediated immunity at dose of 20 mg·kg-1,
but promoted at doses of 10.0, 2.0, 0.2, and 0.1 mg·kg-1 after 
oral administration for 6 months [55].  
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 The hepatoprotective effect of GdCl3 towards liver 
damage caused by a variety of toxicants including ethanol, 
CCl4, and cadmium has been reported. It was found that the 
hepatoprotective effect of GdCl3 was primarily due to the 
inactivation and destruction of the Kuppfer cells, which 
resulted in the reduction of cytokine and reactive oxygen 
species (ROS) production [56, 57]. GdCl3 could deplete 
Kuppfer cells in a model of cadmium-induced liver toxicity 
at low, mid and high doses [58]. In addition, the protective 
effect of gadolinium on hepatocytes is also related to 
cytochrome P450 [59]. 

 Immunotherapy for the treatment of cancer is an active 
area of medical research [60, 61]. It was found that 
Gd@C82(OH)22 had anticancer activity arising from 
immunomodulatory effects observed both in vivo and in vitro 
[62]. Gd@C82(OH)22 nanoparticles stimulated T cells and 
macrophages to release significantly greater quantities of 
TNF-�, which played a key role in cellular immune 
processes. This may be caused by stimulating Th0 cells to 
differentiate proportionately more Th1 cells that release 
more TNF-�, then TNF-� triggers a series of signal pathways 
to promote tumor cell apoptosis. 

 Rheumatoid arthritis is an inflammatory disease. RE ions 
may be able to modulate the inflammatory process in 
rheumatoid arthritis. It was found that PrCl3, GdCl3, and 
YbCl3 were able to reduce carrageenin-induced 
inflammation, GdCl3 and Ce(NO3)3 could modulate the 
levels of the inflammatory cytokines such as interleukin-2 
(IL-2) and TNF-� [63, 12]. In addition, it was also found that 
La3+ could reduce ROS production under inflammatory 
conditions. These results suggest that RE ions may have anti-
arthritic properties by immune effects. 

 In summary, the effects of lanthanides on immune 
function are complicated, the therapeutic application of 

lanthanides on immune function remains to be further 
studied.  

5. MRI CONTRAST AGENTS 

 The anionic complexes of Gd(DTPA)2- (4) and 
Gd(DOTA)- (DOTA = 1, 4, 7,10-tetrakis (carboxymethyl)-
1,4,7,10-tetraazacyclododecane) (5) are the first complexes 
used in clinical practice, and Gd(DTPA-BMA) (BMA = 
bismethylamide) (6) and Gd(HPDO3A) (HPDO3A = 1-(2-
hydroxypropyl)-4,7,10-tetraazacyclododecane-N,N',N"-
triacetic acid) (7) are complexes based on the structures of 
the above anionic complexes. These first generation contrast 
agents are very useful with the rise in MRI scans being used 
in diagnosis, but there are some shortcomings, for example, 
they are nonspecific. The next generation of contrast agents 
should be designed to be more specific and effective, with an 
unusually high relaxivity, greater thermodynamic stability. 
The progress on lanthanides in magnetic resonance imaging 
was summarized as follows: 

5.1. Smart Contrast Agents 

 The relaxivity of smart contrast agents is responsive to 
changes including pH, metal ion concentration or enzyme 
activity in physiological surroundings. In 2005, Tóth et al.
reported a pH responsive contrast agent based on fullerenes 
by encapsulating metal atoms into their interior space. The 
availability of water-soluble gadofullerenes is potential in 
this area. It was found that the residence time of this 
complex was longer in vivo, but the relaxivity was lower 
compared with commercially available contrast agents. They 
further characterized the water soluble gadofullerene 
derivatives Gd@C60(OH)x and Gd@C60[C(COOH)2]10 (Fig.
2) in order to elucidate the mechanism. It was observed that 
the relaxivity of two complexes increased considerably (a 
factor of 2.6 for Gd@C60(OH)x and 3.8 for 
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Gd@C60[C(COOH)2]10) with decreasing pH [64]. This 
suggests that the pH and temperature may affect the proton 
exchange rate or the molecular rotation rate. In addition, it 
was found that Gd@C60[C(COOH)2]10 was an attractive 
candidate for ex vivo labeling and noninvasive in vivo
tracking of any mammalian cell via magnetic resonance 
imaging [65]. Thus gadofullerene complexes as pH 
responsive MRI contrast agents may be ideal candidates for 
intercellular MRI applications.  

[C(COOH)2]10

Fig. (2). Structure depiction of gadofullerene derivative 
Gd@C60[C(COOH)2]10

5.2. Redox Responsive Contrast Agents 

 Redox responsive MRI contrast agents are very useful 
diagnostic tools that are used to measure the partial pressures 
of oxygen, which plays a role in tumor progression and 
metastasis, chemoresistance and radioresistance in cancer 
cells [66, 67]. Europium(II) complexes with macrocyclic 
ligands have been proposed as redox responsive contrast 
agents considering that these complexes do not display any 
proton catalyzed dissociation at physiological pH. Merbach 
et al. studied the water exchange kinetics and electronic 
relaxation of the three Eu(II) complexes: [Eu(DTPA) 
(H2O)]3-, [Eu(ODDM)]2- (ODDM4� = 1,4,10,13-tetraoxa-
7,16-diaza-cyclooctadecane- 

7,16-dimalonate), and [Eu(ODDA)(H2O)] (ODDA2� = 1,4, 
10,13-tetraoxa-7,16-diazacyclo-octadecane-7,16-diacetate) 
(Fig. 3). It was found that the redox potentials of these 
complexes were E1/2 = -1.35 V for EuIII/EuII(DTPA), E1/2 = -
0.92 V for EuIII/EuII(ODDM) and E1/2 = -0.82 V for 

EuIII/EuII(ODDA), this indicated that the azacrown ether 
complexes were more redox stable than the DTPA complex 
[68]. A Eu(II) complex with the ligand 4,7,13,16,21,24-
hexaoxa-1,10-diazabi-cyclo[8.8.8]hexacosane (cryptand 
2.2.2) (Fig. 4) has been synthesized and found that it has 
high redox stability. This complex as a redox responsive 
contrast agent may be promising because it has 
characteristics such as stability against oxidation, two inner 
sphere coordinated water molecules, water exchange rates 
within the optimal rate for good relaxivity, and a 
macromolecular structure to allow for slow tumbling of the 
complex. The only problem was that the stability of the 
Eu(II) complex was 107 times higher than that of the Eu(III) 
complex, which meant that the Eu(III) complex might be 
susceptible to dissociation, further releasing toxic Eu(III) 
into the body [69]. In order to solve this problem, 
modification of the 2.2.2 cryptand yielded TETA (TETA = 
1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetate) and 
DOTA (Fig. 4) [70]. However, the Eu(III) complex with 
TETA had a lower stability, this indicated that the size of the 
ligand and the carboxylate groups were unfavorable in the 
reduced state. In addition, it was also found that the TETA 
complex had low relaxivity, but the DOTA complex 
demonstrated a relaxivity rate typical to that shown for low 
molecular weight complexes with one exchangeable water 
molecule. Ratnakar et al. demonstrated that the water 
exchange kinetics and the chemical exchange saturation 
transfer (CEST) properties of EuDOTA–tetraamide 
complexes (8) were acutely sensitive to changes in the 
electronic properties of the ligand, even at a relatively 
remote site, providing these sites can communicate 
electronically with a donor atom coordinated to the metal 
ion. The success generating differences in CEST in a 
chemically reducible system suggests that it may prove 
possible to design redox-responsive systems applicable to 
biology [71]. In summary, it is important to form large 
macromolecules in order to slow down rotation and optimize 
relaxivity in the development of Europium(II) complexes as 
redox responsive contrast agents. 

 Raghunand et al. [72] synthesized DO3A-based thiol 
complexes of gadolinium (9). These complexes can form 
reversible covalent linkages with human serum albumin 
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(HSA), which contains a reactive thiol at cysteine-34. The 
longitudinal water-proton relaxivities of the hexyl and propyl 
complexes at 37°C and 4.7 T were 2.3 and 2.9 mM-1 s-1 in 
saline, respectively. The relaxivities of the HSA-bound 
forms of the hexyl and propyl complexes were calculated to 
be 5.3 and 4.5 mM-1 s-1, respectively. Evidences in vitro and 
in vivo showed reversible redox-sensitive binding of these 
complexes to HSA. The results displayed the potential of Gd 
complexes as redox-sensitive MRI contrast agents. 
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5.3. Nanoparticle-Based MRI Contrast Agents 

 Nanoparticle-based MRI contrast agents have the 
potential for application in targeted diagnostic studies and 
image monitored site-specific drug delivery. 

 In 2000, there was a report on the synthesis of 
nanoparticles loaded with gadolinium and the applicability 
as MRI contrast agents [73]. The polymeric core of the 
nanoparticles consisted of acidic methylacrylic acid 
coordinated with Gd(III), and this core was coated with a 
polymeric shell consisting mainly of ethylacrylate monomers 
(Fig. 5). This structure allowed water to pass through, 
moreover, it also ensured the required rapid exchange and 

biocompatibility. It was found that the relaxation rate was 
significantly reduced compared to the free polymer or free 
water, but the comparison with other contrast agents was not 
reported.  

Fig. (5). Schematic representation of the Gd(III)-loaded core-shell 
nanoparticles. 

 A lipid encapsulated, perfluorocarbon nanoparticle 
featured a Gd-DTPA-BOA (BOA = bis-oleate) complex (10)
was reported and used for the specific and sensitive detection 
of fibrin and the molecular signature of angiogenesis [74-
76]. It was found that the relaxivity was much higher for 
each gadolinium ion than free Gd-DTPA contrast agents. 
The payload is often in excess of 50,000 gadolinium ions per 
nanoparticle, which gives particle based relaxivities of 
around 1, 000, 000 mM-1 s-1 [76]. In order to avoid the loss of 
two coordination bonds to the gadolinium(III) ion for lipid 
attachment, the paramagnetic chelate for Gd-DTPA-PE (PE 
= phosphatidyl-ethanolamine) was developed and found to 
have a relaxivity twice as large as the previously reported 
compound (33.7 mM-1 s-1), but the transmetallation effects 
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were not considered [77]. Another development in this area 
was the incorporation of Gd-MeO-DOTA (MeO = methoxy) 
(11) and Gd-MeO-DOTA-triglycine-PE (12). They 
demonstrated high relaxivity (29.8 mM-1 s-1 and 33.0 mM-1 s-

1 for 11 and 12 respectively) [76]. For these nanoparticulate 
contrast agents, there was an improved retention of 
gadolinium within the nanoparticle. In addition, the 
transmetallation effects were reduced by using the MeO-
DOTA chelates. 

 Bunzli et al. reported the synthesis of luminescent 
lanthanide(III) and gadolinium(III) complexes with a podate 
ligand (Fig. 6) as spherical nanoparticles [78]. The relaxivity 

of this species is a magnitude higher than clinically approved 
contrast agents. This was attributed to the porous structure of 
aggregates which allowed water to freely circulate around 
the contrast agent. In addition, the experimental results also 
indicated that the relaxivity could be controlled depending 
on the physical properties of the nanoparticles. 

 Fayad et al. synthesized a high density lipoprotein-like 
nanoparticulate contrast agent Gd(DTPA-DMPE) (DMPE = 
l,2-dimyristoyl-sn-glycero-3-phosphoethanolamine) (13) in 
order to target atherosclerotic plaques [79]. It was found that 
the relaxivity was independent of gadolinium concentration, 
and accumulation was observed locally to the plaque. The 
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specificity of this nanoparticulate contrast agent may be used 
for the diagnosis and characterization of atherosclerosis 
without invasion.
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Fig. (6). The structure of the podate ligand. 
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 Wooley et al. [80, 81] reported non-immunogenic and 
non-toxic shell-crosslinked knedel-like nanoparticles (SCKs) 
with gadolinium chelates as MRI active structures. The shell 
may act as a reservoir for water molecules because it is 
heavily hydrated, this provides readily exchangeable water 
molecules for their potential application as MRI agents. The 
shell layer consists of amines, amides and ether functional 
groups which may be used to coordinate to the gadolinium 
centre. But this is not viable in biological systems of the 
gadolinium ion due to the toxicity [82]. Thus, a DTPA 
analogue (14) was synthesized; it was found that this DTPA 
analogue had high molecular relaxivity and a large loading 
capacity [83]. Further biological assessments have not been 
reported yet. 
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 A NaY zeolite was reported for imaging of the digestive 
tract, the Na+ was partially exchanged for Gd3+ in this 

compound (Fig. 7). Zeolites are chemically and thermally 
stable aluminosilicates with well-defined pore structures 
[84]. Peters et al. found that destruction of the zeolite 
structure enlarged the cages, and these zeolites were more 
efficient with increasing the longitudinal relaxation of water 
proton. There is a dramatic decrease in diffusion rate of 
water in zeolites when zeolites have smaller pore sizes. 
These results indicated that these materials had potential as 
T1 contrast agents at low field, and as T2 contrast agents at 
high fields [85]. 

Gd3+

Fig. (7). Structure depiction of a NaY zeolite. 

 Quantum dots are nanoparticulate clusters of 
semiconductor material with quantum confinement effects. 
This means that the optical properties of these nanoparticles 
are controlled by their size, rather than their composition, 
which makes them useful for optical imaging agents [86]. 
Mulder et al. [87] have reported that the relaxivity per Mm 
of quantum dots coated with paramagnetic and pegylated 
lipids was of nearly 2000 mM-1s-1. The quantum dots were 
functionalized by covalently linking �v�3-specific Arg-Gly-
Asp (RGD) peptides, and the specificity was confirmed by 
endothelial cells. The biocompatible chitosan nanobeads 
incorporating quantum dots and Gd(DTPA) have been 
synthesized [88]. These compounds can be used as 
multifunctional biomarkers for cell labeling by their 
paramagnetic and fluorescent properties. The quantum dots 
and gadolinium chelate are electrostatically attracted to the 
positively charged chitosan backbone, which forms a three 
dimensional mesh [88]. It was found that the encapsulated 
gadolinium chelate would not be released from mesh-like 
structure, the T1 values dropped as the concentration of the 
gadolinium chelate increased, consequently the signal in 
images increased. In addition, it was also found that r1 values 
of these nanobeads were lower than that of free Gd(DTPA), 
but there was no significant difference. 

5.4. PARACEST Contrast Agents  

 The use of paramagnetic lanthanide complexes as CEST 
named PARACEST contrast agents is favorable as the 
paramagnetic ion induces a large shift in the resonance of the 
nuclei surrounding it, which then causes a more efficient 
transfer of the magnetization. 
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 Aime et al. reported that the Eu[DOTAM]3+ complexes 
(DOTAM = 1,4,7,10-tetrakis (carbamoylmethyl)-1,4,7,10-
tetraazacyclododecane) exhibited an NMR signal for the 
water bound to the metal centre at low temperatures in 
deuterated acetonitrile [89]. Based on these results, Zhang et
al. demonstrated that the resonance of the bound water of a 
similar DOTA-tetra(amide) derivative could be observed at 
temperatures up to 40 ºC. They postulated that the reagent 
might be a useful PARACEST contrast agent by the large 
NMR shift between bound and bulk water in the system [90]. 
The europium(III) or terbium(III) complexes with the same 
DotamGLY ligand (15) was further studied [91]. They have 
two pools of exchangeable protons—the coordinated water 
protons and the amide protons [92]. It was found that 
irradiation at 50 ppm from the bulk water resonance detected 
a response from the europium agent, whilst switching to 
irradiation at 600 ppm from bulk water detected the terbium 
agent. When the rat heptoma tumor cells were treated, and 
then the same irradiation process was repeated, irradiation at 
600 ppm caused exclusive detection of the terbium complex 
containing cells and at 50 ppm the europium containing 
cells. These results further expanded MR imaging to the field 
of cell tracking in vivo [91]. 
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5.5. Site-Specific Contrast Agents 

 Commonly used blood-pool contrast agents are not 
specific to a type of tissue. Recently, MRI contrast agents 
have been rapidly developed to specifically target different 
type of tissue [93, 94]. Gd-chelate-based MR contrast agents 
speed up longitudinal relaxation by shortening tissue T1
values, resulting in positive enhancement in T1-weighted MR 
imaging. Nanoparticle probes detecting inflammation, 
apoptosis, extracellular matrix, and angiogenesis may 
provide tools for assessing the risk of progressive vascular 
dysfunction and heart failure. Various nanoparticles 
containing Gd chelates are promising for imaging 
cardiovascular targets [95]. Lukes et al. reported the 
properties and synthesis of trivalent lanthanide complexes 
with a DOTA-like ligand (4- {[(bis-phosphonomethyl)car-
bamoyl]methyl}-7,10-bis-(carboxymethyl)-1,4,7,10-tetraaza-
cyclododec-1-yl)-acetic acid (BPAMD) (Fig. 8) in order to 
apply this complex to bone imaging [96]. It was found that 
the relaxivity was higher than that of Gd-DOTA with a 
larger rotational correlation time (88 ps). The potential for 
bone targeting was measured by a sorption experiment with 
hydroxyapatite as the model for bone. The uptake was found 
to be 95% within an hour and reversible within about three 

days. In addition, after binding to the apatite, the rotational 
correlation time further lengthens, thus increasing the 
relaxivity again to 24.0 mM-1s-1 at 20 MHz [96]. Recent 
studies showed that the Lu-177 complexes with BPAMD had 
a high affinity for bones, particularly for growth plates and 
teeth with a prolonged retention [97]. These experimental 
results suggest that this complex may be a suitable for the 
MRI of bone tissue. 
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Fig. (8). The structure of BPAMD. 

 In addition, a steroid conjugated contrast agent (16) was 
reported to bind selectively to a receptor that causes a gene 
expression pathway. Meade et al. covalently attached the 
steroid RU-486 (mifepristone) by an aminooxy- 
functionalized linker to a Gd-DOTA analogue [98]. The 
binding of the mutated progesterone receptor to RU-486 
triggers a signal transduction cascade by activating 
transcription of lac-Z, the target reporter gene. This gene 
switch system is particularly useful for tracking the cell 
signaling in vitro and in vivo with an appropriate imaging 
strategy. The relaxivity of this compound was 8.5 mM-1 s-1,
higher than the relaxivity of commercial Gd(III) analogues. 
This may be caused by the hydrophobic nature of the steroid, 
further increase the rotational correlation time and relaxivity. 
This study is currently under further development to 
optimize the linker and chelate in order to provide a useful 
MRI contrast agent that can specifically track certain cell 
line through the body. 

5.6. Relaxivity-Enhancing Contrast Agents 

 The ability of an agent to affect T1 and T2 is characterized 
by the concentration-normalized relaxivities r1 and r2
respectively. The aim of a contrast agent is to maximize this 
value, and there are a number of parameters that can be 
changed to do that. It is thought that the relaxivity of 
complex with more water molecules in the inner sphere 
would be higher, but the overall complex less stable, with the 
gadolinium less shielded from the environment and more 
likely to transmetallate. In fact, the majority of Gd(III) based 
contrast agents only have one water molecule attached, 
which hampers the ability to demonstrate good relaxivity. 

 Hydroxypyridinone(HOPO)-based chelates with higher 
relaxivity and high stability were reported, in the complexes, 
two water molecules were coordinated to the metal centre. 
Raymond et al. [99] reported Gd(HOPO)-based chelate 
attached to a dendron containing 12 hydroxyl functional 
groups (17) to impart aqueous solubility to the molecule. It 
was found that the relaxivity of the compound was three 
times that of the commercially available Gd(DO3A). It was 
one of the first published reagents with a fast water exchange 
and a high relaxivity at the high magnetic fields which was 
used in the new generation of scanners. An analogous 
Gd(III) complex with the octadentate ligand H(2,2)-1,2-
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HOPO (Fig. 9) has also been developed, this complex has 
one coordinated water molecule and shows better 
relaxometric properties than the complexes of ligands based 
on the DOTA or DTPA skeleton [100]. 
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Fig. (9). The structure of H(2,2)-1,2-HOPO ligand. 

 Another method of enhancing relaxivity is the use of 
larger complexes to reduce the rotational tumbling time of 
the molecule. Wong et al. reported the synthesis and 
relaxivity of the contrast agents (18, 19) by using a variation 

on polyaminocarboxylate macrocycles. These compounds 
had relaxivity values of 5.87 mM-1s-1 and 6.14 mM-1s-1 at 20 
MHz and 25 ºC, significantly higher than Gd-DOTA (4.74 
mM-1s-1), this was attributed to their larger size which caused 
lengthening of �R. However, it was found that the water 
exchange rate was slow, which caused a limitation upon the 
relaxivity, indicating that the compounds need to be 
optimized before application [101]. 

5.7. High-Field Contrast Agents 

 Clinical MRI is moving towards to the use of high 
magnetic fields, but commercial Gd(III) based contrast 
agents display poor water relaxivity. It was found that 
dysprosium complexes had potential application as negative 
contrast agents at high magnetic fields due to their efficient 
transverse relaxivity. 

 Muller et al. have demonstrated that the transverse 
relaxivity can be limited by lengthening the residence time 
of water by Dy-DOTA-4AmCE46 (20) [102]. It was found 
that the transverse relaxivity of complex with fast exchange 
of water protons increased with the square of the magnetic 
field and the residence time. A residence time of greater than 
1 ms restricts the relaxivity for dysprosium complex at high 
magnetic fields, whereas residence times of less than 100 ns 
limits the relaxivity at both low and high magnetic fields. 
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Therefore, it is very important to have optimum r2 at the high 
magnetic fields. In addition, the residence time needs to be 
optimized between 0.1 and 1 �s [102]. 

 In summary, it is crucial to design of a suitable molecular 
structure for dysprosium(III) complexes as negative contrast 
agents. In addition, Fine tuning the residence times of the 
water protons and the relaxivity may lead to promising 
contrast agents for high field magnetic resonance imaging. 
This field is still fairly new and remains to be studied. 
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5.8. Luminescent Contrast Agents 

 The trivalent lanthanide ions have been used for 
luminescence studies. Europium(III) and terbium(III) are the 
most commonly used ions because of their characters, for 
example, they emit in the visible spectrum, in the red and 
green regions respectively. In addition, they possess long 
luminescent lifetimes and this means that background 
fluorescence from tissues can be rejected by temporal gating. 
This will aid to the development of new luminescent-based 
contrast agents. 

 Li et al. [103] designed a range of lipophilic chelates 
based on the ligand DTPA-PDA (PDA = 2,6-
pyridinedimethaneamine) (Fig. 10) for MRI and 
fluorescence imaging. The idea of design was to tag the cell 
membrane with the contrast agent in contrast to the more 
common hydrophilic chelates used in aqueous conditions. 
This is not possible in human studies as maintaining a 
gadolinium complex within the body, even if well 
encapsulated would not be recommended based on the 
toxicity of free gadolinium ions [104]. The addition of these 
lipophilic gadolinium complexes to Hela cells resulted in 

rapid uptake into the cell membrane and increase in the 
intensity of T1 weighted images. The mechanism of uptake 
was studied using diffusion enhanced fluorescence resonance 
energy transfer (DEFRET) with the terbium (III) complex 
analogue. Trivalent terbium and europium are efficient 
energy donors in DEFRET imaging, thus they can be used to 
identify localization of the complexes within biological 
systems [103].  
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Fig. (10). The structure of DTPA-PDA. 

 In summary, up to date, gadolinium(III) remains the 
dominant starting material for contrast agent design, but 
other lanthanide ions are also being increasingly investigated 
as alternatives to gadolinium(III). With the current efforts 
devoted to the development of structure–activity 
relationships, it will be fascinating to see how much more 
chemists and their collaborators can achieve in the near 
future. 

6. OSTEOPOROSIS 

 Osteoporosis is a systemic skeletal disease and 
characterized by low bone mass and the microarchitectural 
deterioration of bone tissue [105]. The loss of bone mass in 
osteoporosis is due to an imbalance between the formation 
and resorption of bone, which, in turn, depends on the 
interactions between osteoblasts (OBs) and osteoclasts (OCs) 
[106]. 

 Owing to the similarity of RE ions and Ca2+ in the 
physical and chemical properties, rare earth ions are reported 
to be involved in the pathogenesis of osteoporosis. Available 
evidences suggest that rare earth elements show versatile 
effects in the process of bone remolding in vitro [107, 108]. 
Quarles et al. reported that Gd3+ could stimulate DNA 
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synthesis of MC3T3-E1 OBs in a dose-dependent manner in 
vitro. This was related to Gd3+-activated G-proteins in OB 
membranes [109]. Hartle et al. found that Gd3+ inhibited 
Prostaglandin E (PGE)-stimulated cyclic adenosine 
monophosphate (cAMP) accumulation, but potentiated 
parathyroid hormone (PTH)-stimulated cAMP production 
[110]. Using the model of UMR106 (a rat osteosarcoma cell 
line), we studied the effects of LaCl3, SmCl3, ErCl3, NdCl3,
GdCl3 and DyCl3 on the proliferation, differentiation and 
mineralized function of OBs in vitro [111]. The results 
indicated that all of them inhibited the proliferation of OBs 
at a high concentration of 1.00�10-4 mol/L. At concentrations 
of 1.00�10-9~1.00�10-5 mol/L, all of them stimulated the 
proliferation of osteoblasts. As to alkaline phosphatase 
activity, all of them significantly improved alkaline 
phosphatase activity at concentrations of 1.00�10-7 and 
1.00�10-5 mol/L. LaCl3 promoted the transition of cell cycle 
from G0/G1 phase to S phase and stimulated mineralized 

function at concentrations of 1.00�10-8 and 1.00�10-9 mol/L. 
Wang et al. reported that La3+ exposure enhanced OB 
differentiation in vitro and the effect depended on 
extracellular signal-regulated kinase (ERK) phosphorylation 
via pertussis toxin (PTx)-sensitive Gi protein signaling 
[112]. It was found that effects of CeCl3, YCl3 and DyCl3 on
the proliferation, differentiation, adipocytic 
transdifferentiation and mineralized function of primary OBs 
depended on the concentration, culture time and ion species 
[113-115].  

 We previously studied the effects of LaCl3, SmCl3, ErCl3,
NdCl3, GdCl3 and DyCl3 on bone resorbing function of OCs 
by primary rabbit OCs on bone slices [116]. The results 
indicated that the effects of RE ions on osteoclastic bone-
resorbing activity exhibited a concentration-dependent 
duality, and various rare earth compounds could behave 
differently. LaCl3, SmCl3 and ErCl3 at a concentration of 
1.00�10-8 mol/L promoted bone resorption function, but the 
effect was attenuated and turned to be inhibitory with 
increasing concentration. NdCl3, GdCl3 and DyCl3 did not 
influence osteoclastic bone resorption function at a 
concentration of 1.00�10-8 mol/L, promoted bone resorption 
at a concentration of 1.00�10-7 mol/L, and with further 
increasing concentration, they inhibited bone resorption 
function. At a concentration of 1.00�10-8 mol/L, the 
stimulatory effects of LaCl3, SmCl3 and ErCl3 were more 
effective than those of NdCl3, GdCl3 and DyCl3, but at a 
concentration of 1.00�10-7 mol/L, LaCl3, SmCl3 and ErCl3
had weaker effects than NdCl3, GdCl3 and DyCl3. All of the 
six REs exhibited inhibitory effects at concentration up to 
1.00�10-6 mol/L. As we known, cytosolic free calcium 
([Ca2+]i) affects cytoskeleton and the adhesion properties of 
OCs, we studied the effect of La3+ on [Ca2+]i in isolated 
rabbit mature OCs, with the employment of fluo-3/AM as an 
intracellular calcium-sensitive fluorescent probe by using a 
confocal laser scanning microscope [117]. The results 
indicated that La3+ didn’t alter basal [Ca2+]i levels and cell 
spread area at the concentration of 1.00�10-8 mol/L. 
However, La3+ at higher concentrations (1.00�10-5 and 
1.00�10-7 mol/L) decreased [Ca2+]i levels and cell spread 
area and greater decreases were observed for the higher 
concentrations of La3+. Our results seemed to suggest that 

La3+ inhibited bone resorption by decreasing [Ca2+]i in rabbit 
mature OCs. 

 In addition, the effects of RE on bone metabolism in vivo 
have been reported. Jha et al. [118] found that Pr6O11 and 
Nd2O3 promoted bone resorption by an animal model. Li et 
al. [119] reported that long-term of oral La(NO)3
supplementation at a low dose to rats caused lanthanum 
accumulation in the bone tissue, reduced Ca/P ratio, 
decreased bone density, changed microstructure of bone and 
increased bone crystallinity. Huang et al. [120] examined the 
effects of La on the femur bone mineral of male Wistar rats 
after administration of La(NO3)3 by gavages at the dose of 
2.0 mg La(NO3)3·kg-1·day-1 over a 6-month period. Chemical 
analysis confirmed La accumulation in bone and loss in bone 
mineral. Thermogravimetric analysis showed a decrease in 
the mineral-to-matrix ratio and an increase in carbonate 
content. Fourier-transform infrared spectrometry revealed 
elevation in the contents of labile carbonate and acidic 
phosphate. The synchrotron radiation small-angle X-ray 
scattering study presented a smaller mean thickness of the 
mineral crystals in the bone of La-treated rats. The 
synchrotron radiation-extended X-ray absorption fine 
structure analysis indicated that the La(NO3)3 treatment 
resulted in a lowered disorder in the crystals. These findings 
suggest that La retards bone maturation of rats. 

 In summary, the effects of RE on the proliferation, 
differentiation, and mineralized function of primary OBs and 
OCs depend on the concentration and culture time and rare 
earth species. Moreover, they may be pivotal factors for 
switching the effects of rare earth compounds on bone 
metabolism. This suggests RE may have antiosteoporosis 
activity, but the mechanism remains to be further studied. 

7. OUTLOOK 

 Recent advances in medicinal inorganic chemistry 
demonstrate significant prospects for the utilization of 
lanthanide compounds as drugs, presenting a flourishing 
arena. The future development of lanthanide based drugs 
requires an understanding of the physiological processing of 
lanthanide compounds, to provide a rational basis for the 
design of new lanthanide based drugs. Application of new 
methodologies will be also beneficial for the development of 
lanthanide based drugs. In summary, with the rapid advance 
in molecular biology, combined with innovation, it is 
possible that new lanthanide based drugs will be materialized 
in the near future. 
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ABBREVIATIONS 

MRI = Magnetic resonance imaging 

HSV = Herpes simplex virus  

CMV = Cytomegalovirus  

RE = Rare earth  

SIRS = Systemic inflammatory immune response 

MOFS = Multi-organ failure syndrome  

TNF-� = Tumor necrosis factor-�

EDTMP = Ethylenediaminetetra-methylene 
phosphonic acid 

DOTMP = 1, 4, 7, 10-cyclododecyltetraaminetetra-
methylenephosphonic acid 

DTPA = Diethylenetriamine pentaacetic acid 

ESRD = End stage renal disease 

CNS = Central nervous system 

PTH = Parathyroid hormone 

ROS = Reactive oxygen species  

IL-2 = Interleukin-2 

DOTA = 1, 4, 7, 10-tetrakis(carboxymethyl)-1,4,7, 
10-tetraazacyclododecane  

BMA = Bismethylamide 

HPDO3A = 1-(2-hydroxypropyl)-4,7,10-
tetraazacyclododecane-N,N',N"-triacetic 
acid 

ODDM4� = 1,4,10,13-tetraoxa-7,16-diaza-
cyclooctadecane-7,16-dimalonate 

ODDA2� = 1,4,10,13-tetraoxa-7,16-diaza-
cyclooctadecane-7,16-diacetate 

cryptand 2.2.2 = 4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo[8.8.8]hexacosane 

TETA = 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetate 

CEST = Chemical exchange saturation transfer 

HSA = Human serum albumin  

BOA = Bis-oleate 

PE = Phosphatidyl ethanolamine 

MeO = Methoxy  

DMPE = l,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine 

SCKs = Shell-crosslinked knedel-like 
nanoparticles 

RGD = Arg-gly-asp 

PARACEST = Paramagnetic chemical exchange 
saturation transfer 

DOTAM = 1,4,7,10-tetrakis(carbamoylmethyl)-
1,4,7,10-tetraazacyclododecane) 

BPAMD = 4-{[(bis-phosphonomethyl)carbamoyl] 
methyl}-7,10-bis-(carboxymethyl)-
1,4,7,10-tetraazacyclododec-1-yl)-acetic 
acid  

HOPO = Hydroxypyridinone  

PDA = 2,6-pyridinedimethaneamine 

DEFRET = Diffusion enhanced fluorescence 
resonance energy transfer 

OBs = Osteoblasts 

OCs = Osteoclasts 

PGE = Prostaglandin E  

cAMP = Cyclic adenosine monophosphate  

ERK = Extracellular signal-regulated kinase  

PTx = Pertussis toxin  
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