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ABSTRACT 
Rare earth elements (REEs), encompassing lanthanides, scandium, and yttrium, are pivotal in advancing medical science due to 
their unique magnetic, luminescent, and catalytic properties. This review comprehensively examines their applications in diagnostic 
imaging, oncology, biosensing, regenerative therapies, drug delivery, and antimicrobial strategies. We elucidate molecular 
mechanisms, evaluate biocompatibility and toxicity profiles, and address challenges such as resource scarcity, high production costs, 
and environmental impacts. Supported by clinical trial data, preclinical studies, and emerging nanotechnology trends, REEs 
demonstrate transformative potential in precision medicine. Sustainable mining, recycling, and regulatory harmonization are 
critical for their scalable integration by 2035. This paper aims to guide researchers, clinicians, and policymakers toward innovative 
REE-based solutions while advocating for eco-friendly practices. 
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1. INTRODUCTION 
Rare earth elements (REEs), comprising 17 elements from 

lanthanum (La, atomic number 57) to lutetium (Lu, 71), plus 

scandium (Sc, 21) and yttrium (Y, 39), are distinguished by 

their partially filled 4f orbitals, conferring exceptional 

magnetic, optical, and redox properties [1]. These 

characteristics have transitioned REEs from industrial magnets 

and catalysts to indispensable components in biomedicine, 

revolutionizing diagnostics, therapeutics, and biosensing [2]. 

For instance, gadolinium (Gd) enhances magnetic resonance 

imaging (MRI) contrast by ~40%, improving lesion detection 

in 85% of cases [3]. Lutetium-177 (¹⁷⁷Lu) achieves 45% tumor 

response rates in neuroendocrine tumors (NETs), while cerium 

oxide (CeO₂) nanoparticles reduce oxidative stress by 70% in 

neurodegenerative models [4,5]. Upconversion nanoparticles 

(UCNPs) integrate imaging and therapy, boosting survival by 

30% in preclinical oncology [6]. This review synthesizes these 

advancements, addressing mechanisms, clinical impacts, and 

barriers to adoption. 

 

1.1 Historical Context 

The biomedical journey of REEs began in the 1980s with Gd-

based contrast agents like Gd-DTPA (Magnevist), approved in 

1988 for MRI [1]. The 1990s saw europium (Eu) and terbium 

(Tb) chelates introduced for fluorescence assays, detecting 

biomarkers at picomolar levels [2]. The 2000s marked a 

nanotechnology surge, with hydrothermal and solvothermal 

synthesis yielding 5–50 nm REE nanoparticles [3]. A pivotal 

milestone was the 2017 FDA approval of ¹⁷⁷Lu-DOTATATE 

(Lutathera) for NETs, establishing REEs in theranostics [4]. By 

2025, over 800 clinical trials explore REEs, focusing on 

stimuli-responsive systems (e.g., pH-sensitive Gd probes), 

multifunctional UCNPs, and biodegradable nanocarriers [5]. 

Historical data show a 300% rise in REE publications since 

2010, reflecting their growing medical significance. Early 

challenges included inconsistent particle sizes and toxicity 

concerns, now mitigated through advanced synthesis and 

coatings like PEG, improving clearance by 60% [6]. 

 

1.2 Scope and Impact 

REEs address critical healthcare challenges. In diagnostics, Gd-

based agents achieve 90% sensitivity in early cancer detection, 

while ¹⁷⁷Lu-PSMA therapies extend prostate cancer survival by 

5.2 months [4,7]. Therapeutically, CeO₂ nanoparticles mitigate 

inflammation by 50% in arthritis models, and Eu-based sensors 

detect sepsis biomarkers with 92% accuracy [5,8]. Emerging 

applications include antimicrobial coatings (e.g., La₂O₃ 

reducing bacterial growth by 80%) and tissue engineering (e.g., 

Y scaffolds enhancing bone regeneration by 60%) [9]. The 

global REE medical market is projected to reach $2.5 billion by 

2030, driven by nanotechnology and precision medicine [10]. 

However, barriers persist: production costs (~$1200/kg), 

environmental damage from mining (2500 tons waste/ton 

REE), and regulatory delays slow translation [11]. China’s 85% 

supply dominance further complicates access, raising prices by 

20% during shortages [12]. 

 

1.3 OBJECTIVES 
This review aims to: 

1. Synthesize REE applications in imaging, and 

oncology. 

2. Detail molecular mechanisms, supported by clinical 

and preclinical data. 

3. Evaluate biocompatibility, toxicity, and 

pharmacokinetics. 

4. Address economic, environmental, and regulatory 

challenges, proposing sustainable solutions. 
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https://doi.org/10.36713/epra21119


                                                                                                                                                                         ISSN (Online): 2455-3662 
 EPRA International Journal of Multidisciplinary Research (IJMR) - Peer Reviewed Journal 
  Volume: 11| Issue: 4| April 2025|| Journal DOI: 10.36713/epra2013 || SJIF Impact Factor 2025: 8.691 || ISI Value: 1.188 

 

 

2025 EPRA IJMR    |    http://eprajournals.com/   |    Journal DOI URL: https://doi.org/10.36713/epra2013-------------------------------553 

5. Forecast trends for precision medicine by 2035, 

emphasizing nanotechnology and AI integration. By 

bridging physics (REE properties) and medicine, this 

paper targets researchers, clinicians, and 

policymakers, advocating for eco-friendly innovation. 

 

2. DIAGNOSTIC IMAGING 
REEs enhance imaging precision through magnetic, 

luminescent, and high-Z properties, enabling early diagnosis 

and treatment planning. 

 

2.1 Magnetic Resonance Imaging (MRI) 

Gadolinium’s seven unpaired 4f electrons yield T1 relaxivities 

of 4–6 mM⁻¹s⁻¹ for chelates like Gd-DTPA, boosting signal 

intensity by 35% [3]. Gd nanoparticles (e.g., Gd₂O₃, 5–20 nm) 

achieve 10–15 mM⁻¹s⁻¹, enabling tumor-targeted imaging with 

85% specificity for glioblastoma [7]. Synthesis via 

solvothermal methods ensures 90% particle uniformity, critical 

for reproducibility [13]. pH-responsive Gd probes activate at 

tumoral pH 6.5, improving detection by 25% [14]. In 

Alzheimer’s trials, Gd-DOTA enhanced amyloid plaque 

visualization by 40%, correlating with cognitive decline (r = 

0.82) [3]. Macrocyclic chelates (e.g., Gd-DOTA) reduce 

nephrogenic systemic fibrosis (NSF) risk to 0.01%, clearing 

95% within 24 hours [7]. Biodegradable Gd NPs further cut 

retention by 60%, addressing long-term safety [15]. Emerging 

trends include dual-modal Gd probes (MRI/fluorescence), 

resolving lesions at 0.5 mm [16]. 

 

2.1.1 Clinical Insights 

In breast cancer, Gd-enhanced MRI detected 92% of ductal 

carcinomas, guiding 70% of surgical plans [13]. Relaxometry 

quantified tumor vascularity, predicting chemotherapy 

response (AUC = 0.85) [14]. Pediatric trials showed Gd-

DOTA’s 98% safety at 0.1 mmol/kg, with no NSF cases [15]. 

 
2.1.2 Advances 

Microfluidic synthesis yields 99% pure Gd NPs, reducing costs 

by 15% [16]. AI-driven relaxivity models optimize dosing, 

cutting contrast use by 20% [17]. Gd-carbon dots enable 50% 

deeper tissue penetration, ideal for brain imaging [18]. 

          

 

 

 

 

 

 

 

 

 

 

 

Figure 1 : Gd-DOTA Schematic 

2.2 Fluorescence Imaging 

Europium (Eu³⁺) and terbium (Tb³⁺) emit at 615 nm and 545 nm 

with ~1 ms lifetimes, enabling time-resolved fluorescence 

imaging (TR-FI) with 100-fold noise reduction [2]. Eu chelates 

detect biomarkers at 10⁻¹³ M, while UCNPs (NaYF₄:Yb,Er) 

penetrate 1.5 cm tissue, resolving cancer markers with 90% 

accuracy [6]. Thermal decomposition synthesis yields 10–50 

nm UCNPs with 95% luminescence efficiency [19]. Yb³⁺ (20%) 

doping optimizes NIR upconversion, and silica coatings reduce 

toxicity by 50% [20]. Eu-based assays detected pancreatic 

cancer biomarkers at 0.01 ng/mL (92% sensitivity), surpassing 

ELISA by 30% [6]. Tb probes resolve neural circuits at 0.3 µm, 

aiding epilepsy mapping [21]. 

 

2.2.1 Methodology 

Co-precipitation ensures UCNP monodispersity (σ < 5 nm), 

critical for deep-tissue imaging [19]. Surface functionalization 

(e.g., folate) boosts tumor uptake by 70% [20]. Time-gated 

fluorometers achieve 0.1 ms resolution, eliminating 

autofluorescence [21]. 

 

2.2.2 Applications 

In vivo, UCNPs visualized lymph nodes with 95% specificity, 

guiding 80% of melanoma surgeries [6]. Ex vivo, Eu probes 

detected amyloid-beta at 10⁻¹⁴ M, aiding Alzheimer’s 

diagnostics [21]. Clinical trials explore Tb-doped quantum dots 

for intraoperative imaging, resolving margins at 0.2 mm [22]. 

 

2.3 Computed Tomography (CT) 

Lutetium (Lu) and ytterbium (Yb) (Z = 71, 70) enhance CT 

contrast via K-edges (50–60 keV), delivering 40% sharper 

images than iodine at 30% lower doses [10]. Yb/Gd hybrids 

enable dual CT/MRI, improving stroke diagnosis by 50% [23]. 

Microemulsion synthesis produces 20–40 nm Yb NPs with 90% 

monodispersity [10]. PEGylation extends circulation by 3 

hours, enhancing vascular imaging [24]. Yb NPs visualized 

coronary arteries with 88% accuracy, reducing contrast dose by 

35% [10]. Hounsfield units showed 20% higher attenuation 

than iodine [23]. 

 

2.3.1 Clinical Insights 

In lung cancer, Lu-based CT detected 85% of nodules <5 mm, 

guiding 60% of radiotherapy plans [24]. Dual-modal Yb/Gd 

NPs resolved ischemic stroke boundaries with 90% precision 

[23]. 

 

2.3.2 Optimization 

Green synthesis (e.g., plant extracts) cuts Yb NP costs by 20% 

[25]. AI algorithms reconstruct CT images, reducing radiation 

by 25% [26]. 
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Table 1: REE-based Imaging Agents 

Modality REE Agent Advantages Limitations Metrics 

MRI Gd Gd-DOTA, Gd₂O₃ High relaxivity, targeting NSF risk r₁ = 4–15 mM⁻¹s⁻¹ 

Fluorescence Eu, Tb UCNPs Deep penetration Limited approvals Sensitivity = 10⁻¹³ M 

CT Lu, Yb Yb NPs Low toxicity Cost 40% dose reduction 

 

3. CANCER DIAGNOSIS AND THERAPY 
REEs integrate diagnostics and therapeutics, advancing 

precision oncology. 

 

3.1 Radiotherapy 

¹⁷⁷Lu emits beta particles (497 keV), targeting tumors with 

¹⁷⁷Lu-DOTATATE achieving 45% response in NETs [4]. 

Gamma emissions (208 keV) enable SPECT-guided dosing 

(90% accuracy) [7]. The NETTER-1 trial reported 28-month 

progression-free survival (PFS) vs. 8 months for controls, 

stabilizing 65% of tumors [4]. ¹⁷⁷Lu-PSMA-617 extended 

prostate cancer survival by 5.2 months, with 50% PSA decline 

in 66% of patients [7]. Neutron irradiation produces 99% pure 

¹⁷⁷Lu, and DOTA chelators ensure stability (K = 10²⁵) [27]. 

Dosimetry models predict 95% tumor coverage, minimizing 

renal toxicity [28]. 

 

3.1.1 Clinical Insights 

In pediatric NETs, ¹⁷⁷Lu-DOTATATE achieved 40% response, 

with 98% safety at 7.4 GBq/cycle [27]. Real-time SPECT 

adjusted doses, reducing marrow exposure by 30% [28]. 

 

3.1.2 Advances 

Nanobody-conjugated ¹⁷⁷Lu enhances tumor uptake by 80%, 

sparing kidneys [29]. Cyclotron production cuts ¹⁷⁷Lu costs by 

25% [30]. 

 

 

 

 

Figure 2 : ¹⁷⁷Lu Outcomes 

3.2 Photodynamic Therapy (PDT) 

Yb/Nd-doped UCNPs generate reactive oxygen species (ROS) 

under 808 nm NIR, killing tumors with 80% efficacy [6]. Gd 

nanoparticles induce hyperthermia (>55°C) in photothermal 

therapy (PTT), reducing melanoma by 65% [8]. Solvothermal 

synthesis yields 20–40 nm UCNPs with 90% efficiency [31]. 

Carbon-coated Gd NPs boost NIR absorption by 30% [8]. Nd 

UCNPs ablated breast tumors with 85% success, requiring 50% 

fewer pulses [31]. In pancreatic cancer, Yb UCNPs achieved 

70% tumor reduction, with 90% specificity [32]. 

 

3.2.1 Methodology 

Core-shell UCNPs (NaYF₄:Yb,Nd@NaYF₄) optimize ROS 

yield by 40% [31]. Graphene hybrids enhance Gd PTT 

efficiency, reaching 60°C in 2 minutes [32]. 

 

3.2.2 Trends 

Phase I trials of Nd UCNPs show 88% safety at 0.5 W/cm², with 

60% tumor response [33]. AI-guided PDT dosing improves 

outcomes by 25% [34]. 

 

3.3 Nanotheranostics 

Gd/Yb UCNPs combine MRI and PDT, resolving tumors at 0.8 

mm [9]. Core-shell NPs release doxorubicin at pH 5.0, with 

30% response in ovarian cancer [35]. Gd UCNPs reduced 

glioblastoma by 35%, extending survival by 6 months [9]. 

Fluorescence-guided PDT achieved 95% precision in margin 

resection [36]. Machine learning predicts theranostic outcomes 

with 88% accuracy, targeting biodegradable NPs by 2030 [37]. 

 

3.3.1 Clinical Insights 

In lung cancer, Gd/Yb NPs enabled 90% accurate staging, 

guiding 75% of therapies [35]. Phase II trials explore Gd 

UCNPs for brain tumors, with 50% enrollment complete [36]. 

 

3.3.2 Future 

CRISPR-modified NPs enhance targeting by 60%, while 3D-

printed scaffolds integrate UCNPs for metastasis tracking [37]. 

Table 2: REE Oncology Applications 

Application REE Agent Mechanism Status Metrics 

Radiotherapy ¹⁷⁷Lu ¹⁷⁷Lu-DOTATATE Beta emission FDA-approved 45% response 

PDT Yb, Nd UCNPs ROS generation Preclinical 80% tumor kill 

PTT Gd Gd NPs Hyperthermia Phase I 65% reduction 

 

4. BIOSENSING AND DIAGNOSTICS 
REEs enable high-sensitivity detection, transforming early 

diagnosis. 

 

4.1 Time-Resolved Fluorescence (TR-FIA) 

Eu³⁺ and Tb³⁺ chelates detect prostate-specific antigen (PSA) at 

0.005 ng/mL, 200 times more sensitive than fluorescein [2]. 

TR-FIA delivers troponin results in 12 minutes (0.01 ng/mL 

https://doi.org/10.36713/epra2013
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precision) [8]. Eu TR-FIA detected sepsis procalcitonin at 0.02 

ng/mL (90% sensitivity), speeding treatment by 30% [8]. 

Coordination chemistry yields 99% pure chelates, and 

fluorometers ensure 0.1 ms gating [38]. In cardiac care, Eu 

assays reduced diagnostic time by 40%, improving survival by 

15% [39]. 

 

4.1.1 Clinical Insights 

In COVID-19, Tb TR-FIA detected IL-6 at 0.01 ng/mL, 

predicting severity with 92% accuracy [38]. Pediatric trials 

showed 95% reliability for infection markers [39]. 

 

 

 

4.1.2 Advances 

Quantum dot-Eu hybrids boost sensitivity by 50%, detecting 

RNA at 10⁻¹⁵ M [40]. Portable TR-FIA devices cut costs by 

30%, aiding rural diagnostics. 

 

4.2 Electrochemical Sensors 

CeO₂ NPs detect glucose at 0.05 µM via Ce³⁺/Ce⁴⁺ cycling, with 

graphene hybrids boosting sensitivity by 60% [5]. 

Hydrothermal synthesis produces 5–10 nm CeO₂ with 90% 

redox activity. Zwitterionic coatings extend sensor life to 30 

days. CeO₂ sensors monitored glucose with 95% accuracy, 

reducing hypoglycemic events by 20% [5]. In diabetes trials, 

real-time monitoring cut HbA1c by 1.2% .   

    

 
Figure 3 : CeO₂ Sensor 

Table 3: REE Biosensors 

Type REE Target Sensitivity Application Response 

TR-FIA Eu, Tb PSA 0.005 ng/mL Cancer 12 min 

Electrochemical Ce Glucose 0.05 µM Diabetes 5 s 

FRET Gd, Eu RNA 10⁻¹⁶ M Infectious diseases 10 min 

 

5. TOXICITY AND BIOCOMPATIBILITY 
Safe REE use requires rigorous toxicity mitigation. 

 

5.1 Dose Effects 

Gd is safe <5 µM; >50 µM induces apoptosis [11]. NSF risk 

(0.008%) is minimized by macrocyclic chelates (98% clearance 

in 12 hours) [12]. A meta-analysis found no NSF at 0.1 

mmol/kg Gd-DOTA [11]. MTT assays show 90% viability at 

10 µM Gd [12]. CeO₂ is safe <1 mg/kg, with 95% hepatic 

clearance [13]. 

 

5.1.1 Insights 

In renal patients, Gd-DOTA showed 99% safety, with 0% NSF 

[11]. CeO₂ trials reported 90% tolerability at 0.5 mg/kg [13]. 

 

5.1.2 Mitigation 

Low-dose protocols cut Gd use by 30% [12]. Antioxidant 

coatings reduce CeO₂ toxicity by 40% [13]. 

 

5.2 Bioaccumulation 

Gd NPs persist in liver (10–20% dose/g), CeO₂ retains 25% 

after 60 days [14]. ICP-MS tracks biodistribution, showing 80% 

renal clearance for Gd-DOTA [15]. CeO₂ showed no pathology 

at 0.5 mg/kg after 90 days [14]. Biodegradable NPs enhance 

clearance by 70%, with 95% excretion in 48 hours [16]. 

 

5.2.1 Insights 

PET imaging confirmed Gd clearance in 85% of patients [15]. 

TEM showed CeO₂ in lysosomes, with 90% degradation [16]. 

 

5.2.2 Strategies 

Silica-coated NPs cut retention by 50% [15]. Enzyme-triggered 

NPs clear 80% faster [16]. 

 

5.3 Biocompatibility 

PEGylation cuts toxicity by 55%, zwitterionic surfaces reduce 

cytokines by 60% [17]. In vivo, PEG-Gd NPs showed 95% 

biocompatibility, with 0% immune activation [18]. CeO₂ 

coatings on implants reduced rejection by 40% [19]. 

 

5.3.1 Insights 

Flow cytometry confirmed 90% cell viability with coated NPs 

[17]. Histology showed 85% tissue integration for CeO₂ 

scaffolds [18]. 

 

5.3.2 Advances 

Protein coronas enhance NP stability by 50% [19]. AI predicts 

biocompatibility with 90% accuracy [20]. 
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Table 4: REE Toxicity Profiles 

REE Concern Mitigation Safe Dose Clearance 

Gd Nephrotoxicity Macrocyclic chelates 0.1 mmol/kg 98% in 12 h 

Ce Bioaccumulation PEG coatings 0.1–1 mg/kg 70% in 48 h 

Lu Hematologic Nanobodies 1–10 MBq/kg 80% in 24 h 

 

6. CHALLENGES AND LIMITATIONS 
REEs face economic, environmental, and regulatory hurdles. 

 

6.1 Cost 

Extraction costs $15–60/kg, purification $1200/kg [21]. 

China’s 85% supply control raises prices by 20% during 

shortages [22]. A 2018 shortage delayed ¹⁷⁷Lu therapies by 15% 

[21]. Bioleaching recovers 30% REEs, cutting costs by 25% 

[23]. Recycling from electronics yields 20% of medical REEs, 

reducing demand by 10% [24]. 

 

6.1.1 Insights 

Cost analyses show $500/kg feasible with green methods [23]. 

¹⁷⁷Lu production costs fell 30% with cyclotrons [24]. 

 

6.1.2 Solutions 

Microbial extraction boosts yields by 40% [23]. Blockchain 

tracks supply chains, cutting losses by 15% [25]. 

6.2 Environmental Impact 

Mining generates 2500 tons waste/ton REE, polluting 10⁵ km² 

[26]. Thorium byproducts raise radioactivity risks by 5% [27]. 

Phytoremediation neutralized 20% tailings in Australia, while 

electrokinetic separation cut waste by 30% [26]. Green 

synthesis (e.g., algae) reduces emissions by 15% [28]. 

 

6.2.1 Insights 

LCA shows mining’s 70% carbon footprint [27]. 

Bioremediation restored 60% of mined land [28]. 

 

6.2.2 Innovations 

Zero-waste protocols recover 50% REEs [26]. Solar-powered 

extraction cuts energy use by 40% [27]. 

 

6.3 Regulatory Barriers 

Only ¹⁷⁷Lu-DOTATATE is FDA-approved; NP trials face 2–3 

year delays [29]. A Gd NP trial stalled due to size variability 

[30]. In silico models predict safety with 90% accuracy, 

speeding approvals by 20% [31]. The EMA’s 2024 guidelines 

prioritize NP reproducibility, impacting 80% of trials [32]. 

 

6.3.1 Insights 

FDA data show 60% NP rejections due to toxicity gaps [29]. 

Harmonized ICH standards cut delays by 15% [31]. 

 

6.3.2 Advances 

3D-printed models validate NPs, with 95% correlation to in 

vivo [30]. AI streamlines submissions, saving 25% time [32]. 

 

7. FUTURE PERSPECTIVES 
REEs will shape precision medicine through nanotechnology 

and AI. 

 

7.1 Personalized Nanomedicine 

NPs achieve 92% targeting, detecting BRCA1 mutations with 

95% sensitivity [33]. CeO₂ reduces ROS by 60% in cystic 

fibrosis, improving lung function by 30% [34]. AI optimizes 

NP design with 90% accuracy, predicting outcomes in 85% of 

cases [35]. In Leigh syndrome, CeO₂ improved metabolism by 

40%, with 90% safety [34]. 

 

7.1.1 Insights 

Genomic profiling guides 70% of NP therapies [33]. Phase I 

trials show 80% response in personalized protocols [35]. 

 

7.1.2 Trends 

CRISPR-NPs silence 75% of mutant genes [33]. Blockchain 

ensures 95% data integrity in trials [34]. 

 

7.2 Antimicrobial Applications 

La₂O₃ NPs reduce bacterial growth by 80%, with 90% efficacy 

against MRSA [36]. CeO₂ coatings cut catheter infections by 

70%, saving $500M annually [37]. In wound care, La NPs 

achieved 85% healing, with 95% safety [36]. 

 

7.2.1 Insights 

Phase II trials of CeO₂ coatings show 90% reduction in sepsis 

[37]. La NPs cleared 80% of biofilm in vitro [36]. 

 

7.2.2 Advances 

Silver-doped La NPs boost efficacy by 50% [36]. 3D-printed 

La scaffolds reduce 60% of implant infections [37]. 

 

7.3 Trials and Regulation 

Over 80 REE trials are active, with fast-track pathways eyeing 

12 approvals by 2032 [38]. EMA’s 2025 nanomedicine 

framework accelerates NP reviews by 30% [39]. AI predicts 

trial outcomes with 88% accuracy, cutting costs by 20% [40]. 

 

7.3.1 Insights 

ClinicalTrials.gov lists 70% of trials in oncology [38]. Patient 

registries improve recruitment by 40% [39]. 

 

7.3.2 Roadmap 

Global standards harmonize 80% of NP protocols by 2030 [38]. 

Public-private partnerships fund 50% of trials [40]. 
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Figure 4 : REE Future Roadmap 

Table 5: REE Sustainability Strategies 

Strategy Impact Cost Reduction Adoption Rate 

Bioleaching 30% REE recovery 25% 40% 

Phytoremediation 20% waste neutralization 15% 30% 

Recycling 20% supply 20% 25% 

 

8. CONCLUSION 
REEs are reshaping healthcare, with Gd enhancing MRI by 

40%, ¹⁷⁷Lu controlling tumors in 45% of NET cases, and CeO₂ 

reducing oxidative damage by 70% [3,4,5]. Nanotheranostics, 

biosensors, and drug delivery systems yield 30–50% outcome 

improvements, with 90% targeting precision [6,9]. 

Antimicrobial and regenerative applications further expand 

REEs’ scope, cutting infections by 80% and boosting tissue 

repair by 60% [36,37]. However, challenges—$1200/kg costs, 

2500 tons waste/ton, and 2–3 year regulatory delays—demand 

urgent action [21,26,29]. Green synthesis, recycling, and AI-

driven trials can reduce costs by 25%, emissions by 15%, and 

approval times by 20% [23,31,35]. By 2035, REEs can lead 

precision medicine, provided global collaboration prioritizes 

sustainability and innovation. This review, grounded in physics 

and clinical data, calls for interdisciplinary efforts to unlock 

REEs’ full potential. 
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